
ABSTRACT 

COLLINS, CHRISTOPHER M. Characterization and Classification of Solvation Properties 

of Interactive Phases in Coacervates, MEKC, and RPLC. (Under the direction of Dr. Morteza 

Khaledi). 

A Reversed Phase Selectivity Triangle (RST) was constructed using the system 

parameters derived from linear solvation energy relationships (LSER) for 42 Reversed Phase 

High Performance Liquid Chromatography (RPLC) systems.  Three clusters were visible 

using this modeling system, with each cluster representing the three types of isoelutropic 

mobile phase used. These systems were further analyzed by multivariate tools such as 

principal component analysis (PCA) and cluster analysis and the classification results 

compared favorably with the RST. 

A full analysis of the five catanionic perfluoroalcohol induced coacervates (PFAIC) 

and Na2SO4 Salt-Aqueous Two Phase Systems (SATPS) was carried out. This includes phase 

diagrams, coacervate volume analysis, water content analysis, HFIP content analysis, and 

surfactant/salt content analysis. This data was used to discuss possible mechanisms for 

PFAIC formation. 

A Coacervate Selectivity Triangle (CST) was also constructed from the same LSER 

model for 10 coacervate systems, three Na2SO4 SATPS, and octanol/water. Principal 

component analysis was used to classify these systems into two clusters based on the 

chemical interactive properties of the partitioning of solutes in the two phases. The CST was 

also combined with the 11 MEKC pseudo-phases from the Micellar Selectivity Triangle 

(MST) constructed in this lab by Fu as a comparison of these two related systems. In 

conjunction with PCA and cluster analysis, two clusters were observed for the classification 

of these 25 systems, and a detailed description of the properties of each cluster is discussed. 



Finally, the RST was combined with the MST to choose an RPLC system and a 

MEKC pseudo-stationary phase with similar selectivity profiles. These two systems were run 

using an external set of nine samples. The k’ values were calculated on each system and the 

validity of the triangle scheme for modeling selectivity was confirmed by showing equivalent 

retention order between MEKC and RPLC. With LSER, RST, and MST used in concert, this 

model can be used to transfer methods between MEKC and RPLC, which has never been 

shown before. 
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  CHAPTER 1

INTRODUCTION 

 

Reversed Phase High Performance Liquid Chromatography (RPLC) is a separation 

technique that uses a polar aqueous mobile phase and a non-polar stationary phase to separate 

mixtures of compounds. The mechanism of separation in RPLC is based on the partitioning of 

solutes between the mobile phase and the stationary phase. Separation and elution time may be 

altered by adjusting the relative polarity of the mobile phase. RPLC has become the leading 

separation technique for complex mixtures, and is widely used in research and industrial settings. 

Due to the vast expanse of options related to the stationary phase chemistry, as well as ways to 

alter the chemistry of the mobile phase, great attention has been drawn to characterizing and 

classifying both the mobile and stationary phases in order to predict retention. 

Micelle Electrokinetic Chromatography (MEKC) was developed by Shigeru Terabe in 

the 1990s that allows capillary electrophoresis to be used to separate neutral molecules. The 

mode of separation is similar to RPLC, in that the electroosmotic flow (EOF) behaves similarly 

to the mobile phase in RPLC, and the micelles are considered a pseudo-stationary phase. EOF 

forces solutes to migrate toward the detector in the column, while partitioning in and out of the 

micelles due to the same hydrophobic interactions that affect separation in RPLC. As a result, 

MEKC and RPLC separation mechanisms are nearly identical, with the same chemical 

interactions affecting retention and separation. 

Due to these similarities, Linear Solvation Energy Relationships (LSER) has been widely 

used to study the retention mechanisms for both RPLC and MEKC. [1-15] In 2009, Fu and 

Khaledi reported the development of a novel Micellar Selectivity Triangle (MST) for 
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visualization of the LSER classification of 70 MEKC pseudo-stationary phases.[14, 15]. This 

work will examine the use of LSER to classify 42 RPLC systems, using 14 RPLC columns and 

three isoletutropic mobile phases: Acetonitrile: Water (1:1), Methanol: Water (3:2), and 

Tetrahydrofuran (THF): Water (62:38). In addition, the concept of the MST will be applied to 

construct a Reversed Phase Selectivity Triangle (RST) for the visualization and comparison of 

these systems. Also, multivariate analyses will be used for classification, such as principal 

component analysis and cluster analysis. 

Method Development in RPLC is often a labor intensive task, often requiring the analyst 

to have many types of stationary bonded phases and mobile phase solvents at their disposal in 

order to develop a robust and efficient method. The task is extremely time consuming and 

expensive, and many people have dedicated many years to improving the speed and efficiency of 

method development procedures. One goal of this research is to combine the MST with the RST 

into a Unified Selectivity Triangle that will allow the selection of MEKC pseudo-phases with 

similar retention properties and mechanisms as corresponding RPLC systems. Since the retention 

mechanisms are similar between these two techniques, we will show that method transfer is 

possible between MEKC and RPLC. This could prove to be a major breakthrough in the speed 

and cost of RPLC method development. The cost of MEKC buffers is very inexpensive in 

comparison to RPLC stationary phases and mobile phase solvents. The ability to develop a 

method in MEKC and transfer that method to an RPLC system would save in time and money for 

the method development process. 

Coacervates form as two-phase aqueous solutions where amphiphiles in solution are 

forced to phase separate with the addition of salts[16, 17], pH changes[18], temperature 

change[16], alcohols[19], or other compounds.[20, 21] Coacervates are commonly divided into 
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simple and complex, depending on their composition. Simple coacervates involve a single 

amphiphile in solution phase separating due to the addition of salt, alcohol, etc. They may also 

involve two similarly charge amphiphiles that separate based on the repulsion of their charges, 

and each amphiphile is extracted into separate phases. Complex coacervation is the result of 

oppositely charge, or catanionic, amphiphiles in solution undergoing a phase transition where one 

phase is rich in the complex, and the other phase is lean in this complex. 

The mechanism for coacervation largely remains unknown; however, coacervation is 

known to separate and concentrate a large variety of different solutes.[22-25] Partitioning for 

extraction systems have been characterized by the same LSER that we have used for 

classification of RPLC and MEKC systems. In this work, we employed LSER to classify and 

characterize these simple and complex coacervates. Additionally, we constructed Selectivity 

Triangles to aid in the visualization of the interactive properties of these systems. Coacervates 

were also classified using principal component analysis and cluster analysis. 

Jenkins discovered perfluoroinated alcohol induced coacervation (PFAIC) while 

attempting to modify micelles for MEKC pseudo-stationary phase analysis.[26] Since these types 

of systems are so closely related, a combined Selectivity Triangle wass developed to compare the 

selectivity differences in MEKC pseudo-stationary phases and PFAICs. Multivariate analysis 

was once again used for classification of these systems, using principal component analysis and 

cluster analysis. 

We also performed a full analysis of the chemical composition of the simple and complex 

coacervates, including phase diagrams, coacervate volume analysis, water analysis, HFIP 

content, and surfactant concentration. This work will help in the elucidation of the structure and 

mechanism of these coacervate systems. 
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  CHAPTER 2

Using Linear Solvation Energy Relationships and Reverse Phase Selectivity Triangle 

for the Characterization of Chemical Selectivity in Reversed Phase High Performance 

Liquid Chromatography 

 

Abstract  

A selectivity triangle (RST) is developed to characterize the chemical selectivity of 42 

Reversed Phase High Performance Liquid Chromatography (RPLC) systems consisting of 14 

stationary phases and three isoelutropic mobile phases consisting of Acetonitrile, Methanol, or 

Tetrahydrofuran and water. The chemical selectivity differences between these systems are 

determined based on their relative positioning in three ternary plots, where the coordinates are 

determined based on the relative scales of their hydrogen bond donor ability (Xb), hydrogen bond 

acceptor ability (Xa), dipolarity (Xs), and ability to interact with lone pair and π electrons. The 

RST scheme groups these systems into 3 clusters, organized roughly based on their mobile phase 

organic modifier type, although a large overlap exists between the methanol based systems and 

the acetonitrile based systems. Principal component analysis and cluster analysis are also used in 

conjunction to characterize these systems. Three distinct clusters were found, which roughly 

agree with the assignment in the RST. Principal component analysis found that all five LSER 

system parameters are required to give a full characterization of all of these systems. The LSER 

analysis results were validated for three columns and nine systems in total by using an external 

solute test set. Experimental log k’ values showed strong correlation with the log k’ values 

predicted by the LSER model. 
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Introduction 

 Since its development by Horvath and Lipsky in the late 1960s, high performance liquid 

chromatography (HPLC) has become the preeminent separation technique in academia and 

industry.[1-3]  Characterization of selectivity in reversed phase HPLC (RPLC) has been of 

particular interest for many years. To affect selectivity in RPLC, the two most important 

variables are the composition of the mobile phase and the type of stationary phase selected. First, 

selecting the best mobile phase solvent composition has been a large area of focus in the 

literature. Researchers have shown that solvents can be classified according to solvent strength 

and solvent selectivity. Solvent strength is the ability of the solvent to modify retention without 

changing the relative spacing of the solute bands. Solvent selectivity is the tendency of the 

solvent to change the relative retention and spacing of the solute bands. The goal in RPLC 

method development is to optimize the mobile phase mixture to provide reasonable retention, and 

sufficient selectivity to separate the solute bands of interest. 

Several authors have presented different methods for characterizing solvent selectivity in 

mobile phase. Rohrschneider characterized the selectivity of 82 solvents based on their gas-liquid 

partition coefficients.[4] Snyder quickly followed by using Rohrschneider’s data to calculate 

three solvent parameters that had more meaning for individual properties of the solvents. These 

three parameters were considered proton acceptor, proton donor, and strong dipolar interaction. 

Snyder created what is now known as the Solvent Selectivity Triangle (SST) by plotting the three 

parameters for each solvent in a triangular graph. Using the three parameters as the apices of the 

triangle, one should expect to find solvents with similar properties to be in the same region of the 

triangle. Eight different classes of solvent groupings were found, and their position in the triangle 

tended to reflect their solvent properties.[5, 6] Glajch and Kirkland, along with Snyder, improved 
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the use of the SST to define a process for the optimization of solvent selection to enhance 

retention and selectivity. Notably, they outlined the strategy of using solvents found on the apices 

of the SST to maximize the greatest difference in the type of solvent interactions for both RPLC 

and normal phase (NPLC). Based on this strategy, the recommended solvents for RPLC were 

acetonitrile, methanol, and tetrahydrofuran.[6, 7] 

Carr and Snyder later showed that the original SST was flawed, in that the test 

compounds used were susceptible to more than one of the three interactions. As a result, Snyder 

redeveloped the SST to use the solvatochromic approach proposed by Kamlet and Taft using 

dipolarity, hydrogen bond acidity, and hydrogen bond basicity terms that were inherently free 

effects from multiple interactions.[8] Essentially, this updated SST is very comparable to the 

original model. As a result, the SST has been adopted as the best qualitative classification of 

solvents in terms of selectivity.[9] 

Linear free energy relationships (LFER) were developed by Kamlet and Taft to 

quantitatively characterize physico-chemical and biological processes, where the parameters are 

derived specifically from Gibbs free energy (ΔG) values. The LFER model was adapted to use 

solvatochromic properties of solvents, and was referred to as the linear solvation energy 

relationships (LSER). LSER has been successfully used as a model for the retention of solutes in 

various chromatographic techniques.[10-16] The LSER equation can be correlated to different 

intermolecular interactions and the chromatographic retention parameter k’ as shown below in 

Equation 2-1: 

ÌÏÇὯ ὧ ὺὠ ὦὄ ὥὃ ίὛὩὉ Equation 2-1.x 

The solute terms are defined as follows: V is the McGowan characteristic volume of solute; B is 

the hydrogen bond accepting (HBA) strength or hydrogen bond basicity; A is the hydrogen bond 
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donating (HBD) strength or hydrogen bond acidity; S is the solute dipolarity; E is the excess 

molar refraction. Each solute term has a complementary system parameter. This allows for the 

full characterization of each molecular interaction and how it affects retention. The system 

parameters are defined as follows: v is the cohesiveness of the system; b is hydrogen bond 

acidity; a is hydrogen bond basicity; s is dipolarity/polarizability; e is the ability to interact with n 

and π electrons of the solute. The system constant, c, is composed of information about the model 

that is not explained the by the five system parameters. When correlated to the retention 

parameter k’, the phase ratio of the system is the major contribution to this term.[17, 18] 

McGowan’s characteristic volume of solute, V, is the energy required to create a cavity 

the size of the solute in a solvent. The values for V are calculated by the addition of the atomic 

volumes of all atoms in the molecule and subtracting 6.56x10-6 m3/mol, the average bond volume 

as calculated from water, for each bond, regardless if it is a single, double, or triple bond. 

McGowan has calculated these values in m3/mol units for all atoms.[19-22] Excess molar 

refraction, E, is easily obtained from the refractive index of the molecule, which is an additive 

property of the individual functional groups.  

Solute dipolarity, S, values were determined by gas-liquid chromatography (GLC) 

retention analysis on five standard polar stationary phases by Françoise Patte and Paul 

Laffort[23]. Abraham used these data to construct a new scale for this factor, which is the scale 

currently used for solvatochromic data analysis. He used an “inverse matrix” method to analyze 

the original data, along with multiple linear regression using the known GLC column parameters 

to calculate the solute dipolarity-polarizability values.[24] 

Hydrogen bond acidity, Aor
2

Ha , values were determined by analyzing the log K for the 

interaction of acids with a reference base in the presence of tetrachloromethane. Since they are 
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related by log K, hydrogen bond acidity and basicity values are all related to Gibbs free energy. 

A regression was constructed of the log K of the acids versus the log K of the reference base. 

When the resulting regression lines for different reference bases are plotted in the same chart, 

they all tend to intersect at (-1.1, -1.1). Abraham derived an equation for 
2

Ha  as follows: 

2 (log 1.1) / 4.636H H

AKa = +       Equation 2-2. 

Hydrogen bond basicity, B or
2

Hb , values were determined in a similar manner where log 

K values were calculated for the interaction of bases with a reference acid in the presence of 

tetrachloromethane. A regression was composed for the log K of the bases versus the log K of the 

reference acid. As for the acidity plots, the resulting regression lines for differing reference acids 

all intersect at the “magic point” (-1.1, -1.1). An equation for 
2

Hb was derived as follows: 

2 (log 1.1) / 4.636H H

AKb = +       Equation 2-3. 

Commonly, hydrogen bond acidity and basicity values are referenced using the notation Σ
2

Ha and 

Σ
2

Hb . This notation reflects the fact that hydrogen bonding interactions are not always 1:1 

interactions, and some molecules can undergo multiple hydrogen bonding interactions.[25] 

 In LSER, the solute descriptors have already been determined as described above, and a 

predetermined solute set is run on the LC columns of interest using a singular mobile phase 

concentration to obtain the capacity factors of the test solutes on those columns. Once the data 

are collected, multivariate linear regression is performed to obtain the system parameters, which 

characterize the differences in interaction properties of the mobile phase and stationary phase. 

When the data is collected for all columns on a singular mobile phase, the system coefficients 

characterize the stationary phase. The LSER descriptors in this research are characteristic of the 
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difference between the complementary interactive properties of the stationary phase and the 

mobile phase, not a direct measurement of either. The large positive v means that the stationary 

phase is more hydrophobic than the aqueous mobile phase. A positive e descriptor signifies that 

the stationary phase is more polarizable than the mobile phase. The negative s coefficient 

indicates that the stationary phase is less dipolar than the mobile phase. The negative a 

coefficient means that the mobile phase is more capable of accepting a proton than the stationary 

phase. The large negative b coefficient signifies that the mobile phase has much stronger 

hydrogen bond donor acidity than the stationary phase.  

 In RPLC, the mobile phase interacts with the stationary phase and adsorbs onto the 

surface. This adsorption of water and organic modifier onto the alkyl-bonded silica stationary 

phase, solvates the chains and unreacted silanol groups on the silica surface that alters the overall 

interactive properties of the phase.[26-28] Snyder has attributed the increased hydrogen bond 

basicity of C18 phases after end-capping to adsorbed water on the silica-bonded phase 

surface.[29] Adsorption of organic modifiers will also alter the other LSER descriptor properties 

of the stationary phase, depending on the properties of the organic modifier. 

 Many researchers have attempted to characterize RPLC stationary phase selectivity using 

different models. In the late 1970’s, Horavath examined several octadecylsilica columns and 

reported their characteristics based on what he termed solvophobic interactions. Differences in 

solute retention were correlated to phase ratio of the columns, surface tension, polarity of the 

bonded phase, and dispersion of the bonded phase. In the mid 1980’s, Snyder characterized the 

selectivity of seven columns differing by manufacturer and bonded phase type using the 

solvophobic interactions proposed by Horvath.[30] This model was later used successfully for 

method development and separation optimization.[31, 32] Ying and Dorsey classified the column 
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retentivity of fourteen different columns using the retention of 26 compounds in water as well as 

plotting ln k’ versus ET(30) which is a probe that is used to predict solvent polarity. Column 

retentivity is also known as column strength and is generally proportional to bonding phase 

density and phase ratio.[33] 

Cruz et. al. used a combination of the analysis of the chemical properties of the stationary 

phases and statistical analysis to characterize 30 RPLC columns. These columns were evaluated 

chemically according to density of alkyl chains (kAB), hydrophobicity (α(CH2)), steric selectivity 

(αT/O), hydrogen bonding capacity (αC/P), ion exchange capacity (αA/P) at pH>7, ion exchange 

capacity (αA/P) at pH<3, 2,3- and 2,7-Dihydroxynaphthalene efficiency ratio test (DERT), 

investigation of metal content, and efficiency. Statistically these columns were evaluated using 

Principle Component Analysis (PCA) and cluster analysis for the representation of seven-

dimensional space.[34] 

In 1999, Neue wrote about a procedure Waters Corporation had used to classify silica-

based RPLC stationary phases. They determined the stationary phase packing hydrophobicity by 

obtaining the retention factor for a hydrophobic compound such as acenaphthene. They also 

considered the selectivity of a pair of basic and neutral compounds, amitriptylene and 

acenaphthene. These two values were plotted with hydrophobicity (ln k) on the X axis and 

selectivity of base/neutral compounds (ln α) on the Y axis. This provides a simple visual tool to 

choose equivalent phases or very different phases based on their position on the X and Y 

axes.[35, 36]  

 Colin Poole wrote a review paper in 2002 that related the use of the LSER model to GC, 

HPLC, and MEKC, which reported a number of studies using LSER to characterize selectivity of 

mobile phase and stationary phase.[37] All of these studies used varying sample sets, all of which 
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claimed to be representative of the broad range of possible solute-solvent interactions.[14, 15, 38, 

39] Park and co-workers used LSER to characterize six silica based columns with different 

bonded phase ligands using a sample set of 24 compounds of widely varying chemical properties. 

eE, which accounts for ability of the solute to interact with n and π electrons and excess molar 

refraction of the phases, was not included in Park’s LSER model. They compared the data 

collected on each column for 20% and 40% organic modifier, where the organic modifiers were 

methanol and acetonitrile. 

In the late 1990’s, Tan and Carr released a short series of papers discussing the 

applicability of the LSER model to RPLC. However, like Park, they failed to include eE in their 

LSER equation. The first paper used a sample set of 87 compounds to analyze five columns with 

different silanol acidity in (50:50) acetonitrile: water to examine the stationary phase 

properties.[14] Their second paper used 75 test solutes to analyze one column at 20-50% 

acetonitrile, methanol, and tetrahydrofuran to examine the mobile phase related properties.[15] 

They did come to similar conclusion as Park, that the aA and sS terms were of little significance 

when comparing selectivity in RPLC, while vV and bB were the dominant terms. 

Abraham initially proposed the idea of using coefficient ratios instead of relying on the 

comparison of the coefficients themselves for comparing selectivity of phases.[40] Carr used a 

comparison of five columns to prove that when comparing selectivity of two columns, the 

coefficient ratios and not the absolute value of the coefficients are most predictive of selectivity 

differences. The system constant ratios are represented as e/v, s/v, a/v, and b/v. Significant 

variance in at least two of these ratios must be apparent for selectivity changes in band pair to be 

observed.[41] 
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In a series of papers beginning in 2002, Snyder and Dolan proposed a new model for the 

characterization of RPLC stationary phase selectivity called the hydrophobic-subtraction model, 

which is built on the idea that five solute-column interactions are responsible for selectivity in 

RPLC.[29, 42-48] These five interactions as represented in Equation 2-4 are hydrophobicity 

(η’H), steric resistance (σ’S*), hydrogen bonding of acidic solutes with basic column groups 

(β’A), hydrogen bonding of basic solutes with acidic column groups (α’B), and cation exchange 

with ionized silanols (κ’C). 

The hydrophobic-subtraction model (S-D model) is related to the equation 

log α = log (k/ kref) = η’H - σ’S* + β’A + α’B + κ’C Equation 2-4. 

where η’, σ’, β’, α’, and κ’ are eluent and temperature dependent properties of the solute and H, 

S, A, B, and C are eluent and temperature independent properties of the stationary phase. 

Ethylbenzene is incorporated into the solute test set as the reference solute (log kref) , whose 

retention is determined primarily by hydrophobicity. The identities of these terms were derived 

based on the correlation of the solute and column parameters to the structure of the solutes. The 

solute parameters were defined such that η’ is solute hydrophobicity, σ’ is molecular bulkiness or 

the resistance of the insertion of the solute into the stationary phase, β’ is the solute hydrogen 

bond basicity, α’ is the solute hydrogen bond acidity, and κ’ is the approximate charge on the 

solute molecule. The corresponding column parameters were designated as H for hydrophobicity 

of the column, S* is steric resistance to the insertion of the solute into the stationary phase, A is 

hydrogen bond acidity of the column due to non-ionized silanols, B is hydrogen bond basicity of 

the column primarily due to adsorbed water on the stationary phase, and C is column cation 

exchange activity due to ionized silanol groups. C is a pH dependent term, and has been 

determined for pH values of 2.8 and 7.0. All of the terms in this model represent attractive forces, 
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except the S* coefficient, which is repulsive. S* has a negative sign in the equation because an 

increase in the steric resistance to insertion of the solute in the stationary phase will result in 

fewer interactions, and therefore a decrease in retention. 

 The S-D method was used to characterize the selectivity of more than 300 RPLC 

columns.[29, 48] In addition, a column comparison function was developed to demonstrate 

column equivalence for any two columns: 

1

' 2 * * 2 2 2 2 2
2 1 2 1 2 1 2 1 2 1{[12.5( )] [100( )] [30( )] [143( )] [83( )] }SF H H S S A A B B C C= - + - + - + - + -

           

 Equation 2-5. 

This equation calculates the column selectivity value '

SF which is defined as the distance between 

two columns, 1 and 2, plotted in five-dimensional space. The weights for each descriptor are the 

reciprocal of the change allowed in the individual parameter to alter α by 1%. A value of '

SF ≤ 3 

can be considered equivalent by this method. 

 In 2009, Fu and Khaledi reported the characterization of MEKC pseudo-phase selectivity 

using a novel micellar selectivity triangle (MST), which is conceptually similar to Snyder’s 

solvent selectivity triangle. The MST incorporates the same selectivity descriptors used by 

Snyder in the SST: hydrogen bond acidity, hydrogen bond basicity, and dipolarity. The SST only 

describes LC solvent properties, but the MST is based on linear solvation energy relationships 

which describe the selectivity of the bulk solvent and the micellar phase. Coefficient ratios, as 

proposed earlier by Abraham, were used to characterize the selectivity of 74 pseudo-phases for 

MEKC.[49, 50] 
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 Fu described a system for scaling the LSER descriptors so that all parameters fall within 

the range of 0 to 1 using Equations 2-6 to 2-8: 

          I=i/v   Equation 2-6. 

       

low
i

high low

I I
U

I I

-
=

-
  Equation 2-7. 

i
i

a b S

U
X

U U U
=

+ +
  Equation 2-8. 

where i = a, b, s, or e. This prevents any single coefficient ratio from dominating the effects of 

the other parameters by normalizing them to the same scale. For Equation 2-7, Ilow and Ihigh are 

defined as the lower and upper range of the coefficient ratios. Another important note is that the 

U terms in the denominator of Equation 2-8 will change based on the apices of the selectivity 

triangle being used, such that the sum of all Xi for the systems in any selectivity triangle will be 

unity. For example, if Xa, Xb, and Xe were the apices, Equation 2-8 would be i
i

a b e

U
X

U U U
=

+ +
.  

 Since LSER results for a single micellar phase can vary depending on the lab, sample test 

set, or different buffer conditions, Fu showed that all 14 SDS systems tested in his lab and from 

literature converged around the same area when plotted in the MST. This was an important step 

in proving the viability of using this method for widespread characterization. It is noted, 

however, that the best results would come from using the same training set as Fu used to collect 

the data for the 74 pseudo-phases. 

 Hydrogen bond acidity (Xb) was shown to have the greatest effect on selectivity, therefore 

only those MST plots containing Xb were considered viable options. As a result, the three options 

were (Xb, Xa, Xs); (Xb, Xa, Xe); and (Xb, Xs, Xe). For the (Xb, Xa, Xs) triangle in Figure 2-1, four 
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different pseudo-phase clusters have been identified: Group A was comprised of Sodium 

dodecylsulfate (SDS) and its analogs; Group B included the strongest hydrogen bond donors and 

weakest acceptors, consisting of fluorinated micelles; Group C included bile salts, 

microemulsions, alkyl methacrylate based polymeric micelles, liposomes, and octanol-water 

systems; and Group D contained the cationic surfactant TTAB and AGENT polymeric micelles. 

MST for the other two options showed the same type of clustering with the four distinct groups. 

The MST chosen for further analysis was the (Xb, Xa, Xs)due to the better separation of the 4 

groups, and the compatibility with Snyder’s SST. Fu concluded that the MST model is useful for 

the characterization and rational selection of pseudo-phases for the optimization of MEKC 

separations.[49] 

 Zhang and Carr used Fu’s approach to the MST to construct a stationary phase selectivity 

triangle based on the S-D method. They used a shortened approach to this method, using a 

training set of 10 solutes for the testing of type B alkyl silica columns, and a set of 18 solutes for 

other types of columns. This shortened version was shown to give accurate results compared to 

the larger sample set used to build the model for the ACN based systems. The same 

normalization approach was used as in the MST, where all of the terms were converted to 

coefficient ratios by dividing by the hydrophobicity term, H, then normalized based on Equations 

2-6 to 2-8. Four triangles were created using different combinations of the parameters Xa, Xb, Xs, 

and Xc as the apices. The triangles were (Xs, Xb, Xc),  (Xs, Xa, Xc), (Xa, Xb, Xc), and (Xs, Xa, Xb). 

In this study, 366 stationary phases were characterized on all four selectivity triangles using 

50:50 ACN: water mobile phase, buffered at pH 2.8 using 30mM phosphate buffer. As a result, 

the C coefficient in this analysis was C(2.8) only. “Extreme phases” were noted that spanned a 

wider range in the triangles than the bulk of the stationary phases tested. These columns were 
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marked as possible orthogonal columns, and tests showed that for certain solute mixes, this was 

the case. The “extreme phases” consisted mostly of phases with embedded polar groups or using 

stationary phase supports other than high purity silica. The analysis of all four triangles 

concurrently was recommended to properly characterize the selectivity of stationary phases for 

RPLC.[51] 

 Analysis of the LSER parameters and ternary plots alone cannot help with determining 

the optimum number of variables needed to fully characterize the model, or to what extent each 

variable affects solute partitioning. Two multivariate analyses are commonly used for this type of 

classification: principal component analysis and cluster analysis. These two chemometric 

methods are very powerful tools for processing large data sets that are inter-correlated and 

multidimensional, and each has its own strengths and weaknesses. Used in conjunction, these two 

methods can provide clear visual and quantitative data to justify the number of variables used for 

characterization, and the influence of each variable on retention. 

 Principal component analysis (PCA) is a statistical method for reducing the 

dimensionality of a data set with a large number of highly correlated variables, while retaining as 

much variance in the data set as possible. This is accomplished by creating a new, smaller set of 

uncorrelated variables, where the first few variables preserve most of the variance from all of the 

original variables. These new variables are the principal components (PCs). In the current data 

set, we have a data matrix X, with m x ndimensions, where m is the number of RPLC systems, 

and n is the number of LSER variables that describe the RPLC systems. The data are adjusted by 

subtracting the mean from each dimension, which yields a data set with a mean centered at zero 

in matrix Xc. As a result, the covariance matrix S of the data can be written as follows: 

Ὓ ὢὢ Equation 2-9 
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where T is the transpose of the matrix. Since the matrix is a square 5x5 matrix, it is possible 

to calculate eigenvalues and eigenvectors using Single Value Decomposition (SVD).  SVD 

can be written here as follows: 

ὢὧ Ὗ ὠὝ Equation 2-10 

where U is an m x m square matrix that consists of the principal components, Σ is an m x n 

diagonal matrix where the nonzero values are the square root of the eigenvalues, and V
T
 is a 

n x n square matrix and the n columns of V
T
 are the eigenvectors. Finally, the principal 

components matrix z can be written as: 

ᾀ ὢὠ  Equation 2-11 

The eigenvalues can be ordered from highest to lowest, which will place the components in 

order of significance based on their variance. The first principal component always explains 

the largest variance in the data.[52]  

 Cluster analysis is another multivariate method for characterizing RPLC systems. 

Cluster analysis attempts to place the data into groups where the members of the groups are 

similar with respect to their variables, and the clusters themselves are distinctive. Linkages 

and similarities are evaluated based on their inter-point distances. JMP is a visual data 

analysis software package created by SAS, and will be used here for multivariate analyses. 

Five linkage types are  are available for comparison: Average, Centroid, Ward, Single, and 

Complete. Average linkage uses the average distance between pairs of observations, one in each 

cluster. The distance is calculated as: 

Ὀὑὒ В В
ὨὼὭȟὼὮ

ὔὑὔὒ
Ὥ‭ὅὒὭ‭ὅὑ  Equation 2-12 
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where DKL is the distance between the observations in clusters CK and CL, CK is the Kth cluster, 

d(xi, xj) is the Euclidian length of the vector x, and NK is the number of observations in CK. 

Centroid linkage uses the squared Euclidian distance between the means of the clusters to 

calculate distance: 

 Ὀὑὒ ᴁὼὑ ὼὒᴁ
ς Equation 2-13 

where ὼӶ is the mean vector for cluster CK. 

Ward clustering seeks to minimize the variance of the cluster being merged by using the 

ANOVA sum of squares using the following equation: 

 Ὀὑὒ
ᴁὼὑ ὼὒᴁ
ρ

ὔὑ

ρ

ὔὒ

ς
 Equation 2-14 

Single clustering uses the “nearest neighbors” from the clusters to calculate the minimum 

distance between the clusters, where the distance equation is: 

Ὀὑὒ ÍÉÎὭ‭ὅὑÍÉÎὮ‭ὅὒὨὼὭȟὼὮ Equation 2-15 

Complete clustering uses the maximum distance between the elements of the clusters, or the 

“farthest neighbors,” where the distance equation can be quantified as: 

Ὀὑὒ ÍÁØὭ‭ὅὑÍÁØὮ‭ὅὒὨὼὭȟὼὮ Equation 2-16 

Since each of these options can produce very different results, criteria must be set to determine 

the optimal linkage method and the appropriate number of clusters needed to accurately represent 

the data. Two methods exist in JMP to determine the appropriate number of clusters for each 

linkage method. First, a Scree Plot can be seen beneath each dendrogram which plots the number 

of clusters against the distance for each cluster. Using the “elbow” method described for the PCA 

Scree Plot, the point where the plot suddenly increases is the cutoff point where the optimum 

number of clusters is determined. Secondly, the cubic clustering criterion (CCC) can be used to 
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determine the ideal number of clusters for the data, by looking for the largest CCC value. A CCC 

value greater than 3 indicates that the clustering is a good fit, and higher values mean a better fit. 

 Two methods of clustering analysis are available that will provide orthogonal analysis of 

the data. Hierarchical clustering is a “bottom up” approach where each point begins as its own 

cluster. The distance between each cluster is then calculated and the two closest clusters are 

combined to form a new cluster. This continues until all of the data points are in one large 

cluster. The cluster are represented in a dendrogram, which is a tree-like structure, and the 

clustered data points are connected by inverted U-shaped links called the fusion of the data 

points. The height of each U bar represents the similarity of the data points being clustered. 

Shorter height means more similarity exists between fused data points. Using the dendrogram, 

the user can then determine the optimal number of clusters for the given model. 

 In contrast, k-means clustering is a “top down” approach to clustering.  k-means is an 

iterative process where the data points are fitted to a predetermined number of clusters. The data 

points are then clustered based on their distance from the centroid of each cluster. This process is 

repeated until the sum total of the distances is at a minimum and no changes are seen in the 

clusters. 

 Principal component analysis and cluster analysis have been successfully implemented 

for a wide range of fields of study such as providing characterization for the provenance of 

certain foods[53-55], facial recognition[56], speech pattern recognition[57], and genetic 

sequencing and expression[58], and many others. Fu used these techniques to characterize 

MEKC pseudo-stationary phases.[59-61] Many researchers have used these chemometric 

methods to distinguish retention and selectivity differences between different stationary and 

mobile phases in HPLC and GC.[62-64]  Specifically, Atapattu and Poole have used PCA and 
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cluster analysis to characterize gas chromatography stationary phases.[65] These chemometric 

methods have also been widely employed for characterization of the complex chemical 

interactions that affect partitioning in high performance liquid chromatography (HPLC). Carr et. 

al. have used PCA and LSER to model retention for many HPLC stationary phases. In one study, 

they evaluated alkyl, aromatic, and fluorinated stationary phases and showed that PCA was more 

accurate than LSER in prediction of solute retention, but PCA failed to explain all the data in the 

three classes of bonded phase[66]. 

 In this chapter, linear solvation energy relationships are used in conjunction with ternary 

plots to characterize 42 unique stationary phase and mobile phase combinations for 

characterization in RPLC. Additionally, principal component analysis and cluster analysis are 

applied as multivariate analyses to reduce the dimensionality and the number of correlations in 

the data to model retention in these systems. 

 

Experimental Section 

Materials 

All data were collected on an Agilent HP1100 HPLC system with a binary pump and a 

multiple wavelength UV-Vis detector. The detector was used at a wavelength of 254nm, the 

column temperature was controlled at 25°C, and the mobile phase flow rate was 1.0mL/min. 

Uracil was used to provide a peak to represent the void volume of the system for calculating the 

capacity factor. Retention times for the peaks were recorded at the peak maximum using Waters 

Empower version 2.0 or Thermo-Electron Atlas version 8.1. 

All solutes for the training set were purchased from Aldrich (Milwaukee, WI) and were 

used as received. Mobile phase solvents were purchased from EM Science (Gibbstown, New 
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Jersey). The solutes were diluted in a 25mL volumetric flask with methanol to a level where the 

peaks were visible and able to be integrated by the software. A standard solution was prepared 

that included uracil, to mark the void volume, and benzyl chloride. The standard was injected at 

the beginning, middle, and end of the chromatographic sequence to determine the suitability of 

the HPLC system based on %RSD ≤ 1.5% of the peak retention times (RT). Data calculations 

and linear regression analysis were performed using Microsoft Excel 2010. Ternary plots of the 

data and multivariate analyses were performed using JMP 10.0 made by SAS Institute. 

 

Methods 

A training set of 35 solutes varying in polarity, polarizability, hydrogen bonding ability, 

and size were carefully selected as listed in Table 2-1. The test solutes were run on 14 columns 

varying by manufacturer and type of bonded phase, which are listed in Table 2-2. To maintain 

the same solvent strength, each column was run with isoelutropic mixtures of the three common 

hydro-organic mobile phases: 50:50 ACN: water, 60:40 MeOH: water, and 38:62 THF: water. 

These mobile phase and stationary phase combinations have resulted in 42 different RPLC 

systems to classify using the LSER model. This experimental design will prove to characterize 

the complete interaction between the solute, the mobile phase, and the stationary phase. 

 

Results and Discussion 

Linear Solvation Energy Relationships for RPLC Systems 

 Linear solvation energy relationships (LSER) were successfully used by Cexiong Fu to 

quantitatively characterize solute partitioning in Micellar Electrokinetic Chromatography 
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MEKC). LSER is used here to characterize 42 different RPLC systems. The LSER regression 

was run on these systems, given the LSER solute descriptors in Table 2-1. The samples in Table 

2-1 are divided into three distinct groups based on their hydrogen bonding characteristics: 

hydrogen bond donor (HBD), hydrogen bond acceptor (HBA), and non-hydrogen bonding 

(NHB) for comparison of RPLC systems based on selectivity of solutes with different hydrogen 

bonding properties. 

 The calculated solute retention factor (k’) values from the chromatographic sequences 

according to Equation 2-17: 

' 0R

R

t t
k

t

-
=  Equation 2-17. 

where tR is the retention time of the solute of interest, and t0 is the void volume of the system as 

measured by the retention time of uracil. The coefficients of the regression are the five system 

descriptors: v, b, a, s, and e, and are calculated based on the LSER regression for the 42 RPLC 

systems. The calculated parameters are compiled for each system in Table 2-3. LSER 

methodology has helped the understanding of the interactions that control retention and 

selectivity in MEKC, and how they are affected as the composition of the pseudo-phase is 

changed. The physico-chemical interactions that affect partitioning between an aqueous based 

mobile phase into reversed phase stationary phases and that between a bulk aqueous solvent and 

micelles should be fundamentally the same. Thus, LSER is an ideal model for understanding 

similarities and differences in retention behavior in MEKC and RPLC. The training set that was 

used in this study to characterize RPLC systems is the same as that used for the development of 

the LSER models for 74 MEKC pseudo-phases in this lab (Table 2-1). 
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 Selectivity triangles have successfully been used over the years to classify the selective 

properties of LC solvents, mobile phases, and stationary phases.[9] Fu used selectivity triangles 

to classify 74 MEKC pseudo-phases.[49] Zhang and Carr followed up by using Fu’s scheme for 

normalization and selectivity triangle characterization for RPLC columns using the S-D 

model.[51] As a result of the recent success, a selectivity triangle scheme was selected to 

characterize the 42 RPLC systems reported here using LSER. Because of the difference in the 

directionality of the axes used by Snyder, the RPLC mobile phase solvents were plotted using the 

directionality of the axes used in this research, as shown in Figure 2-2 for ease of comparison. 

 First, the RPLC system descriptors from the LSER analysis were converted to coefficient 

ratios via Equation 2-6, by dividing each system coefficient by the hydrophobicity term (vV), as 

shown in Table 2-4. The X terms should not be dependent on the v coefficient. The poor 

correlations shown in the plots in Figure 2-3 confirms that the X scale is independent of the 

magnitude of the v coefficient.  

 The normalized RPLC system descriptors, as calculated from Equations 2-7 and 2-8 can 

be found in Table 2-5. Using this data, an RST was developed based on Snyder’s solvent 

selectivity triangle and Fu’s MST using hydrogen bond donor acidity (Xb), hydrogen bond donor 

basicity (Xa), and dipolarity (Xs) for all 42 RPLC systems (Figure 2-1). In general, the systems 

appear to cluster in regions specific to the organic modifier used. Data collected using THF 

creates a discernible cluster that is segregated from the methanol and acetonitrile systems (Figure 

2-1, group C). When THF is used as the mobile phase organic modifier, it controls the selectivity 

of the system, as observed by the tight clustering of the systems towards the bottom of the 

triangle. In other words, the brand and bonded phase of the column are of little consequence 

when trying to affect selectivity of the method when using THF. The stationary phase ligands 
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vary greatly with respect to their chemical structures. While all ligands are bound to a silica 

substrate, the ligands in these columns are C8, C14, C18, C30, phenyl, phenylhexyl, and 

perfluorinated alkyl chains. In addition, many manufacturers incorporate proprietary embedded 

groups in these ligands to further enhance selectivity of the bonded phases. Due to the wide range 

of stationary phase chemistry, it is surprising that the composition of the mobile phase appears to 

play such an important role in the selectivity of these systems, particularly in the THF based 

systems. For method development purposes, changing the mobile phase organic modifier 

appears to be more efficient for altering selectivity than changing the stationary phase. The 

systems that use THF in the mobile phase cluster in a very narrow region, and are clearly 

delineated from the systems that use methanol and acetonitrile in the mobile phase. From 

examining Figure 2-1, this is due to increased hydrogen bond basicity, and decreased 

hydrogen bond acidity when compared to the systems using acetonitrile (group B) and 

methanol (group A). An interesting note is that the range of values for all system parameters 

is more limited for THF based systems than for ACN and MeOH. This is most noticeable for 

the hydrogen bond basicity strength where the systems have a narrow range of 0.398 ≤ Xa ≤ 

0.450 for THF. In general, the overall ranges of hydrogen bond basicity and dipolarity for all 

systems are fairly narrow (0.052 ≤ Xa ≤ 0.458 and 0.117 ≤ Xs ≤ 0.520) for this model which 

accounts for the tight spacing of the groups. Also, a comparison of the clusters in Figure 2-1 

to the positioning of the organic modifiers in the SST in Figure 2-2 provides information on 

the role of the bonded phase as a whole on the selectivity of these systems. This comparison 

is possible because the data in Figure 2-1 is based on the same solvatochromic data upon 

which the LSER model is based. The difference in Figures 2-1 and 2-2 is that Figure 2-1 is 
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based on the differences in the interactive strength of the individual LSER descriptors of the 

mobile and stationary phases, while Figure 2-3 is based only on the LSER descriptors of the 

individual solvents. All three systems appear to be shifted to an area of lower dipolarity in 

the triangle in Figure 2-1 as compared to Figure 2-2. This can likely be attributed to the lower 

dipolarity of the stationary phases employed in RPLC, which are generally non-polar. These 

systems are also shifted to regions of increased hydrogen bond acidity, which is due to both 

adsorbed water on the stationary phase and the acidity of the unprotected hydroxyl groups 

from silanols in the stationary phase. Also the Figure 2-2 is based on pure organic solvents, 

while Figure 2-1 is based on water-organic solvent binary mixtures. Water is one of the 

strongest hydrogen bond acids observed in Figure 2-2, which would contribute to this 

observation. A strong overlap can be seen of the methanol and acetonitrile systems, which 

means that certain methanol systems are equivalent in selectivity to acetonitrile systems. 

While this is not new information for the practicing chromatographer, this could make 

finding equivalent methods using different mobile phase modifiers and columns a much 

simpler task. 

 

Interpretation of the Reversed Phase Selectivity Triangle 

 Using the RST to select equivalent columns is an area of importance. The Zorbax Bonus 

RP (21) and Waters SymmetryShield C18 (36) have been selected as possible “equivalent” 

systems using (60:40) methanol: water as the mobile phase. These systems have very similar 

normalized descriptors, each differing by no more than 0.01 units. A correlation plot of the k’ of 

the test solutes for each column shows high correlation (Figure 2-4). The more linear the k’-plot 
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is, the more similar the mechanism of retention for the two systems. k’-plots can be utilized to 

track trends among groups of solutes, retention changes for individual solutes, and selectivity 

differences in the columns. In Figure 2-4, test solutes have been separated into groups as non-

hydrogen bonders (NHB), hydrogen bond acceptors (HBA), and hydrogen bond donors (HBD) to 

aid in making assessments of columns differences, if any are present. In Figure 2-4, all groups of 

solutes fall along the regression line, with correlation coefficient R2=0.99. 

 Subtle differences in two columns that share similarities are distinguishable with the 

application of k’ plots. Using (50:50) acetonitrile: water mobile phase, Zorbax Bonus RP (20) 

and Zorbax SB Phenyl (27) have similar dipolarity; however the Bonus RP column is more 

hydrogen bond basic and less acidic than the SB Phenyl. The correlation in Figure 2-5 is not as 

good as that in Figure 2-4 (R2=0.94). Of particular interest in this plot, the hydrogen bond donor 

solutes have more affinity for the Bonus RP column than the SB Phenyl column, as seen by the 

fact that the hydrogen bond donor solutes area all situated below the regression line in Figure 2-5. 

The reason for this difference in retention is the hydrogen bond accepting ability of the Bonus RP 

system is higher than for the SB Phenyl system, which induces increased interaction of the 

hydrogen bond donor solutes with the Bonus RP column. 

 Two systems that were selected to have very different retention properties were Luna 

Phenylhexyl with MeOH mobile phase (7) and Zorbax SB Phenyl with THF mobile phase 

(Figure 2-6).  The correlation of these systems is poorer than the previous system comparisons 

(R2=0.80), as the hydrogen bond acceptors have a marked affinity for the Phenyl THF system, 

and the hydrogen bond donors appear to have slightly more affinity for the Phenylhexyl MeOH 

system.  
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 The coefficients used for the characterization of selectivity in RPLC by the triangle 

scheme were chosen based on the fact that the v and b coefficients have the largest absolute 

value. Since v is factored into the normalized terms via coefficient ratios, hydrogen bond acidity 

of the pseudo-phase was considered the second most important factor and must be one of the 

apices of any RST. Two other selectivity triangle combinations that included Xb as a point in the 

triangle were possible and must be investigated: (Xb, Xa, Xe), and (Xb, Xs, Xe). These two options 

were investigated for use in the RST. To build a RST from these two options, the treatment of the 

normalization from Equation 2-8 must be recalculated using Ub + Ua + Ue, and Ub + Us + Ue, 

respectively, in the denominator to rescale the X values such that their sum will be unity. The 

normalized RPLC X coefficients for these two triangles are shown in Table 2-6.  

 The second RST was constructed with the coefficients (Xb, Xa, Xe) as illustrated in Figure 

2-7. Replacing the dipolarity coefficient (Xs) with polarizability (Xe) the dispersion of the RPLC 

systems data points throughout the triangle increases significantly. Analysis of the coefficients of 

the 42 RPLC systems helps to understand why this is the case. For most of the systems, as is the 

case with the Luna C18(2) column with MeOH mobile phase (Xs=0.188, Xe=0.419), they have 

increased interaction with n and π electrons, but much lower dipolarity. For others, the 

coefficients are very close in value or Xs> Xe, as is the case with the Zorbax SB-C8 column with 

THF mobile phase (Xs=0.414, Xe=0.402). Again, group C is the systems that used THF in the 

mobile phase, and is segregated from the acetonitrile and methanol based systems. Groups A and 

B are methanol and acetonitrile based systems, respectively, and they exhibit increased overlap 

compared to Figure 2-1, due to the similarity of the hydrogen bonding abilities of the two 

systems. The hydrogen bond acidity still exhibits a narrow range (0.108≤Xa≤0.444), but is 

slightly better than in Figure 2-1. 
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 The third and final RST was prepared with the coefficients (Xb, Xs, and Xe), as 

demonstrated in Figure 2-8. This model shows an overall larger distribution in the pattern of the 

data compared to Figures 2-1 and 2-7. The THF systems in group C are closer in proximity to the 

acetonitrile systems, demonstrated by the Zorbax Bonus RP with THF (20)  lying very close to 

the Waters Symmetry C8 with ACN (40). Additionally, the spread of the THF data is much 

larger than in previous triangles. Methanol (group A) and acetonitrile (group B) based systems 

have a large amount of overlap in this triangle. The (Xb, Xa, Xe) plot from Figure 2-7 does not 

show any real advantages over the (Xb, Xa, Xs) or (Xb, Xs, Xe) triangles. Also, the hydrogen bond 

basicity term is very small or zero for most systems in RPLC, which accounts for the low range 

in the Xa term in Figures 2-1 and 2-7. Substituting Xs for Xa shows a large distribution change in 

the data due to the wider range of dipolarity (Xs) values compared to hydrogen bond basicity 

(Xa). 

 Multiple triangles have been represented here for comparison. A close examination of the 

data between multiple triangles shows that the difference in the proximity of these systems can 

change when the apices of the triangles change. For example, systems 20 and 21 are in 

distinctively different clusters in Figure 2-1 for the (Xb, Xa, Xs) triangle. However, in Figure 2-7 

for the (Xb, Xa, Xe) triangle, these two systems nearly overlap and would be considered very 

similar. This is one of the main disadvantages of looking at only three out of the four possible 

parameters affecting selectivity and retention. The main advantage of the triangle scheme is the 

ease of visualizing the selectivity differences of the phases in the model. 

 

Multivariate Analyses 

 Table 2-7 is the correlation matrix (R) for the LSER system parameters for all  systems in  
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Table 2-3. The matrix shows that several medium to strong correlations exist between the LSER 

system parameters of the systems presented here. A strong negative correlation exists between 

the parameters s and e, which means that when one of these variables increases, the other 

decreases. This relationship is clearly represented in the scatterplot matrix shown in Figure 2-9. 

Additionally, v has medium negative correlations with the b and s terms. A weaker positive 

correlation was observed between v and e, and a weaker negative correlation was observed 

between a and b. With inter-correlation between the parameters, as well as the multi-

dimensionality of the data, multivariate analysis is ideally suited for the characterization of 

chromatographic systems. 

 

Principal Component Analysis 

 Principal component analysis (PCA) will reduce the dimensionality of the LSER data set, 

while retaining as much variance in the data set as possible. The inter-correlated variables will be 

replaced with new variables that are uncorrelated, but still a function of the original LSER 

variables. Additionally, the first couple of new variables will retain most of the variance present 

in all of the original variables. While PCA is very powerful when used to provide information on 

chemical interactions that affect retention, the main drawback is that it does not give a visual 

representation of the differences in the clusters. 

 Principal component analysis was applied to the LSER coefficients for the 42 

chromatographic systems in Table 2-3. Table 2-8 expresses the contribution of each of the system 

parameters to each of the five principal components as an eigenvector. A table of eigenvalues for 

each principal component is given in Table 2-9. The first principal component accounts for the 

majority of the variance in the model at 52.2%. The combination of the first and second principal 
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components accounts for 88.1% of the total variance. Incorporating the third principal component 

brings the total up to 94.9% of the total variance. Two principal components appear to explain 

most of the variance in the data. 

 The Loading Plot in Figure 2-10 shows the projection of a multi-dimensional set of axes 

onto a two-dimensional plane. The vectors are all standardized to be of unit length and represent 

the axes of the original space; however, because they are projected onto a plane, the axes that lie 

within that plane appear longer than the ones that are orthogonal to it. An axis that is completely 

orthogonal to the plane would not appear in this plot at all, as its projection onto the plane would 

have zero length. The Loading Plot presented here has five axes, all of which are approximately 

equal in length, extending nearly the entire radius of the circular area of the plot, and as such they 

all lie within the selected plane. As a result, we can assert that this is the best representation of all 

5 variables, since they all lie completely in this 2 dimensional slice of the 5 dimensional plane. 

 Further examining Figure 2-10, the first principal component is shown to have a positive 

correlation to hydrophobicity v and lone pair electrons e, and a negative correlation to hydrogen 

bond acidity b and dipolarity s. The second principal component is positively correlated to a 

mixture of three system constants, dipole-dipole interactions s, hydrogen bond accepting a, and 

hydrophobicity v, and negatively correlated with b and e. The third principal component 

correlates positively to a, b, and e. Principal component 4 coincides with factors s and e. 

Principal component 5 correlates to factors v, b, s, and e. Based on this initial PCA analysis, the 

best representation of the RPLC systems is made only when all 5 factors are included. It is worth 

noting that the hydrophobicity term “v” is integral to both principal components 1 and 2, which is 

not surprising considering that hydrophobic interactions have been shown to be of primary 

importance in reversed phase HPLC. 
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 Here, we must decide how many principal components are required to efficiently 

represent the model with the most variance possible, without including too many points. Several 

options for this determination can be found in the literature. For our purposes, examination of the 

Scree Plot and application of Kaiser’s Rule will be used. Figure 2-11 is a Scree Plot, which was 

first introduced by Cattell in 1966 for factor analysis. He described the method of plotting the 

eigenvalues with respect to each principal component, then connecting the points on the graph to 

look for the break point in the data. Zhu and Ghodsi, called this point the “elbow” where the 

graph begins to flatten out. Cattell leaves it open to the user whether to include the point at the 

elbow or to exclude it. Using Figure 2-11, the “elbow” is clearly at principal component 3, 

leaving the decision of whether to include principal component 3 or to eliminate it. In 1960, 

Kaiser recommended using the method of eliminating all factors with an eigenvalue less than 1, 

due to the fact that any principal component with an eigenvalue less than 1 would contain less 

variance than one of the original variables. In 1972, Jolliffe determined based on simulation 

studies that using a margin of 0.7 would be more accurate than using 1 as the cutoff. In either 

case, the third principal component eigenvalue is 0.34, which is much less than 0.7 and 1, and is 

therefore eliminated.  Figure 2-12 is a representation of a 3D Plot of the first 3 principal 

components. The five vectors are representative of the five LSER descriptors. This is similar to 

Figure 2-10, but it includes the third principal component in a third dimension. The fact that all 

five vectors are fully contained within the three dimensional space demonstrates that no more 

than three principal components are required to describe the majority of the variance in this 

model. It is apparent that much less variance exists in the data in the direction of the third 

principal component, than is present in the first two, which further supports the use of two 

principal components in the model. As discussed previously, the first two principal components 
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account for 88.1% of the total variance, while the third principal component only contains 6.75% 

variance, bringing the total up to 94.9% of the total variance. Components 4 & 5 are also very 

small contributors to the total variance at 3.15% and 1.97% respectively, as showin in Figure 2-

13.  Figure 2-13 shows the relationship of each of the five principal components against all of the 

others. Score plots containing principal components 3, 4, and 5 in Figure 2-13 display narrow 

groupings in either one component or both, resulting in narrow bands or tight circular clusters, 

which graphically demonstrates the small range of variance for these components.. 

 The Score Plot shown in Figure 2-14 is a plot of principal components 1 against principal 

component 2 for all 42 RPLC systems. Clearly, the selected stationary and mobile phases occupy 

a large range of the selectivity space for the five LSER system constants, demonstrating the 

largest variance of the data. Even though the hydrogen bond acidity term seems to have a 

negative correlation with both principal components, evaluation of the Biplot for principal 

components 1 and 2 in Figure 2-15 reveals that a large portion of the selectivity space is 

composed of systems that appear to have hydrogen bond acidity as a dominant property of the 

separation mechanism.  

 Although it is difficult to select a boundary between the systems, 4 clusters can be seen 

with close examination of Figure 2-14. Cluster I consists almost entirely of stationary phases 

using the THF based mobile phase. This location in the Biplot makes sense as this is the region 

around the hydrogen bond acceptor vector and the dipolarity vector. THF is the strongest 

hydrogen bond acceptor organic solvent in this analysis, as well as the second strongest dipolarity 

solvent. Additionally, these systems are all positively correlated with the second principal 

component, which was previously shown to be positively correlated with s, a, and v. This is in 

good agreement with the LSER analysis, which shows that the THF mobile phase based system 
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had the highest s values in Table 2-3, and all had higher hydrogen bond acceptor term values than 

the same stationary phases using acetonitrile and methanol as the mobile phase. The only 

exception is the Agilent Zorbax Bonus RP column with the acetonitrile based mobile phase, 

which falls in this group.  The Zorbax Bonus RP stationary phase is a C14 alkyl chain ligand 

based stationary phase; however, the main difference between this alkyl stationary phase and the 

others in the table is the embedded amide linkage that stabilizes the alkyl chain in high aqueous 

mobile phases, even up to 100% water. The embedded amide group clearly provides unique 

selectivity as well, due to the hydrogen bond accepting character added to the stationary phase 

ligand. In addition, the acetonitrile in the mobile phase has hydrogen bond acceptor properties 

which likely enhances this characteristic and moves the system into this cluster. 

 Cluster II is a small group of somewhat unique phases compared to the other stationary 

phase ligands in Table 2-2, using both acetonitrile and methanol based mobile phases. The 

Thermo Fluophase stationary phase is a perfluorinated C6 ligand, which is unique to the set of 

stationary phases included in these analyses. Agilent Zorbax SB-Aq is a proprietary alkyl chain 

column designed for use in high aqueous mobile phases. The Zorbax SB-Phenyl column is a 

phenethyl bound ligand, where the binding is on a shorter alkyl chain than the Phenylhexyl 

column discussed above, making it less hydrophobic so that the separations will occur more 

based on π-bond interactions than on the hydrophobicity of the binding alkyl chain. These 

systems are all in the bottom left corner of Figure 2-14, which means they are negatively 

correlated with both principal components. This is in good agreement with the LSER, as all of 

these systems appear to have very low hydrophobicity and higher hydrogen bond acidity than the 

other systems. 
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 Cluster III consists mostly of alkyl chain stationary phases with either acetonitrile or 

methanol based mobile phases. The lone exception in this group is the Phenomenex Luna 

Phenylhexyl column in both acetonitrile and methanol mobile phases. Even though this ligand 

contains a phenyl group in the ligand, it is linked to the silica by a six carbon hexyl linkage, 

which lends dual selectivity to this ligand from the hydrophobic alkyl chain and the pi bond 

interactions from the phenyl group. These systems are all negatively correlated with principal 

component 2. As a result, these systems generally have the lowest hydrogen bond basicity and 

dipolarity. However, since principal components 1 and 2 are both positively correlated with 

hydrophobicity, this correlation requires a closer look. The systems that are negatively correlated 

with principal component 1 have a lower hydrophobicity than those that are positively correlated, 

which is in alignment with the idea that the systems in the lower left quadrant are all negatively 

correlated with both principal components, and hydrophobicity. 

 Cluster IV consists solely of alkyl chain stationary phases with methanol as the mobile 

phase. These systems are all positively correlated with principal component 1, but are split 

between a positive and negative correlation of principal component 2. As such, all of these 

systems have large positive values for hydrophobicity and ability to interact with lone pair and π 

electrons. In addition, they also have small values for hydrogen bonding ability, as well as 

dipolarity. 

 

Cluster Analysis  

 Hierarchical clustering was used to provide a more visual classification of the systems 

shown in Table 2-3. Using Single linkage, hierarchical clustering was performed on the RPLC 

system data and the output is in Figure 2-16. Examination of the Scree Plot does not reveal any 
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break point to allow for easy selection of the number of clusters. The CCC plot shows that 30 is 

the optimal number of clusters, with a CCC value of 23.893. For a data set of 42 clusters, 

reducing the data to 30 clusters is not reasonable. It is worth noting that the second highest CCC 

for this linkage was for 3 clusters with a CCC value of 23.067. Centroid linkage provided a 

similar result, and is presented in Figure 2-17. The clustering method resulted in 30 clusters with 

a CCC value of 27.749, followed closely by 3 clusters with CCC equal to 27.453. 

 Figure 2-18 shows the dendrogram and CCC plot for the Ward linkage evaluation. Ward 

linkage demonstrates more reliable results, yielding 3 clusters with a CCC value of 29.578. 

Similar results are shown in Figure 2-19 for Complete linkage, where 3 clusters are the best 

representation, with a CCC score of 29.578 as well. Figure 2-20 represents the best linkage 

method, where Average linkage is used, and the CCC score for 3 clusters is 29.782. The Scree 

Plot confirms the classification for all 3 methods. All three methods produce very similar results, 

as 3 clusters are identified and the only difference is the classification of the Zorbax Bonus RP 

column with 50% ACN as the mobile phase. Average linkage puts this system in Cluster 1, while 

Ward and Complete linkage place this system in Cluster 2. As a result of the information listed 

here, the Average linkage method will be the preferred hierarchical clustering approach for this 

set of data. Cluster 1 is comprised of all of the THF based mobile phase systems. The lone 

exception is the Zorbax Bonus RP column that is discussed above. This cluster is identical to 

Cluster I identified previously by PCA. As further confirmation of this classification, this system 

appears to be the closest system in proximity to the THF clusters in all three of the ternary plots 

presented for the RST. Figure 2-21 identifies these clusters from the Loading Plot from PCA, 

which can be found in Figure 2-14. The difference in the cluster representation is that the 

grouping based on PCA is more subjective as it is left open to the user to make the identification 
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based on visual analysis. This confirms the assertion that PCA is not as good at identifying the 

differences in the systems for visual presentation, but will provide the user with information 

about the differences in the chemical properties of those systems. Four clusters were selected 

based on Figure 2-14 when no clustering information was available. Heirarchical clustering gives 

great visual representation of the clustering of the RPLC systems; however, it does not give 

information about the chemical properties of these systems that separate them into those clusters. 

Figure 2-22 is a plot of the (Xb, Xa, Xs) ternary plot with each cluster from hierarchical clustering 

highlighted in different colors: Cluster 1 is black, Cluster 2 is blue, and Cluster 3 is red. As 

expected the clusters more or less separate based on organic modifier in the mobile phase, with a 

small region of overlap between acetonitrile based systems and methanol based systems where 

several columns with acetonitrile modifier fall into Cluster 2 instead of Cluster 3. Only 3 

methanol based systems fall into Cluster 3, all of which are the stationary phases from Cluster II 

which were discussed as being slightly unique in the PCA analysis. 

 k-means clustering is another clustering technique used to investigate the relationship of 

the RPLC systems. To begin, we must assign a number of clusters to be fitted. Since the data 

have thus far shown 3 or 4 clusters, k means was run with both options to determine the best fit 

for the data. When the clustering sequence is carried out, the centroids of the predefined number 

of clusters are assigned and the data points are randomly assigned to clusters around these 

centroids. The distances are calculated to each centroid, and the data points are rearranged to 

each cluster to minimize the distances to the centroid. When the sum of distances of all points has 

reached a minimum, the algorithm is complete. 

 The cubic clustering criterion was used to determine the best fit for the data. While 4 

clusters had the largest CCC value at 1.05, and 3 clusters yielded only 0.65076 CCC score, it is 
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important to note that a CCC < 3 notes that the clustering is not a very good representation of the 

data. This is likely because there are too few data points for this clustering method. k-means 

clustering is best used for larger data tables from 200 to 100,000 measurements, and this data set 

falls short of that mark. Still, we will discuss the results in the context of this data set. 

 The three cluster model was completed in 4 iterations where Cluster 1 contains 15 

systems, Cluster 2 contains 10, and Cluster 3 contains 17. Comparing the Biplot in Figure 2-23 to 

the hierarchical clustering results in Figure 2-21 shows that the cluster assignments are identical. 

Table 2-10 shows the mean and standard deviation of the variables for each cluster after k means 

clustering. Systems in Cluster 1 have much stronger hydrogen bonding acidity from the mobile 

phase, low interaction with lone pair and π electron from the stationary phases, and low hydrogen 

bonding basicity. Cluster 2 is comprised of the low hydrophobicity stationary phases, lower 

hydrogen bond acidity mobile phases, weakest polarity mobile phase compared to the stationary 

phase, and largest hydrogen bond basicity mobile phases. Cluster 3 consists of the most 

hydrophobic stationary phases, the most dipolar mobile phase, and the highest interaction with 

lone pair and π electrons for the stationary phase. This analysis has a visual representation in the 

scatterplot matrix shown in Figure 2-24, where the factors affecting these cluster assignments can 

be seen. 

 Using a four cluster model, k means was completed in 5 iterations, with Cluster 1 

containing 14 systems, Cluster 2 contains 8 systems, Cluster 3 contains 13 systems, and Cluster 4 

contains 7 systems. The Biplot in Figure 2-25 is more similar to the four clusters grouped in 

Figure 2-14 from PCA. The main differences are that the Zorbax SB-C8 and Luna Phenylhexyl 

columns with acetonitrile mobile phase are grouped into Cluster 2. Also, the YMC Carotenoid 

and Hypersil BDS C18 with acetonitrile mobile phase are grouped into Cluster 3, along with the 
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Zorbax Bonus RP column with acetonitrile and methanol as the mobile phases. Additionally, the 

4th Cluster is broken out from Cluster 3. The main differences between this Cluster 4 and the one 

in Figure 2-14 are that the Bonus RP column with methanol mobile phase has been moved from 

Cluster 4 to Cluster 3, and the Luna C18(2) column with acetonitrile mobile phase is removed 

from Cluster 3 and assigned to Cluster 4. Based on Table 2-10, Cluster 1 contains the most 

hydrogen bond acidic mobile phases, which are also conversely the least hydrogen bond basic, 

and the stationary phases have the weakest interaction with lone pair and π electrons. Cluster 2 is 

composed of the weakest dipolarity mobile phase compared to the stationary phase, the strongest 

hydrogen bond accepting mobile phase, the weakest hydrogen bond donor mobile phases, and the 

lowest hydrophobicity stationary phases. Cluster 3 is mid-range for all variables, although, it is 

second highest in hydrogen bond accepting mobile phase, and the second highest stationary 

phase cluster for interaction with lone pair and π electrons. Cluster 4 is comprised of the 

strongest stationary phases for interaction with lone pair and π electrons, the most dipolar mobile 

phases in comparison to the stationary phases, which consequently yields the most hydrophobic 

stationary phases, and the second highest hydrogen bond acidity mobile phases. A more visual 

representation of these characterizations can be seen in the Biplot in Figure 2-26. It can be clearly 

seen, for example, how the increased hydrophobicity of the stationary phases have affected their 

segregation into Cluster 4 in this analysis. 

 

Validation of RPLC Selectivity Triangles 

 A sample set was selected that was different than the solutes run for the LSER analysis to 

validate the predicted model of retention based on the LSER model. The nine solutes selected for 

this analysis and their LSER descriptors are included in Table 2-11. Selecting solutes that 
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represent the high or low values of the range for any single descriptor is very difficult due to the 

correlations shown in Table 2-7 for the LSER parameters. This sample set represents samples 

that are representative of a typical sample set with solutes with high and low range values for 

each of the LSER descriptors. 

 Three columns were selected for validation from Table 2-3: Agilent Zorbax SB-Phenyl, 

Phenomenex Luna Phenylhexyl, and Waters Symmetry Shield C18. The test solutes were 

analyzed using the three stationary phases and three isoelutropic mobile phases, to create nine 

test cases for this study. For each solute k’ and log k’ (Tables 2-12 and 2-13, respectively) were 

calculated, along with the Theoretical log k’ (Table 2-14) based on the system parameters in 

Table 2-3 and solute descriptors in Table 2-11. A correlation plot was created for each RPLC 

system for the log k’ versus the theoretical log k’ and the correlations were collated in Table 2-

15. 

 Figure 2-27displays the correlation plot for the log k’ of the 9 solutes in the test set versus 

the theoretical log k’for the Agilent Zorbax SB-Phenyl column with 60% Methanol as the mobile 

phase. The correlation (R2) for this analysis was 0.9239. 5-Phenyl-1-pentanol (5) was the largest 

outlying data point from the trend line, as it was retained significantly less than was predicted by 

the model. Overall, the correlation was quite good, especially given the age of this columns used 

for this analysis, and this is among the lowest correlations observed in Table 2-15. 

 Figure 2-28 represents the correlation for the log k’ of the test solutes versus the 

theoretical log k’for the Phenomenex Luna Phenylhexyl column with 38% Tetrahydrofuran as 

the mobile phase.  This correlation is very strong with a correlation (R2) 0.9907, among the 

strongest correlations in Table 2-15. All solutes in the sample test set seem to correlate well with 

their theoretical log k’ values, which were predicted from the model. We should note that N,N-
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Dimethylacetamide (7) elutes very early in every system. In fact, it is unretained on 2 systems 

(Waters Symmetry Shield C18 column 50% Acetonitrile and 38% THF) and had to be removed 

from those correlation, because its k’ value was zero, which has an undefined logarithm. The 

strong correlations of experimental log k’ versus the theoretical log k’ for all nine systems 

(>0.90) validates the use of the RSTs for retention modeling and selectivity. 

 

Conclusions 

 A reversed phase selectivity triangle (RST) was developed for 42 RPLC systems using 

the LSER model parameters, which is similar to Fu’s Micellar Selectivity Triangle, developed in 

this same lab, with the same LSER sample set. Three triangles were developed using hydrogen 

bond acidity (Xb), hydrogen bond basicity (Xa), dipolarity (Xs), and polarizability (Xe). Three 

clusters were observed in these triangles, mainly associated with mobile phase organic modifier 

type. However, the acetonitrile and methanol clusters show some overlap, which could prove 

useful for finding similar systems for method development purposes, or for having alternative 

methods in place in the case of a solvent shortage or if a column is phased out by the 

manufacturer. The ternary plots provide a useful visual comparison of the similarity and 

differences in the selective properties of these systems. We can easily see how a change in 

mobile phase organic modifier or column stationary phase type will affect the selectivity of the 

system. A comparison of selectivity differences between the phases using these triangles is 

possible using techniques such as k’ plots. 

 In addition, chemometric methods were utilized to add complementary characterization 

of the 42 RPLC systems from the LSER analyses. PCA worked well to reduce the dimensionality 
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of the data from five dimensional space, down to two dimensions, where a better visual analysis 

can be performed on the data. PCA determined that all five LSER parameters are required for the 

most complete analysis of the chemical selectivity differences of all 42 RPLC systems. The five 

LSER parameters are all represented as having a contribution to the first two principal 

components which explain a total of 88.1% of the variance in the data, which is considered to be 

sufficient for the classification of these RPLC systems. Both PCs are positively correlated with 

hydrophobicity, which has the largest contribution to the model, which is not surprising since 

hydrophobicity has been shown to be of primary importance in RPLC. Both PCs are negatively 

correlated to hydrogen bond donor acidity, and is the second largest chemical interaction that 

affects retention in RPLC. PC1 is also positively correlated with the interaction with lone pair 

and π electrons. PC2 is positively correlated with dipolarity and hydrogen bond accepting 

basicity.  

 Cluster analysis was utilized to delineate the boundary of each cluster for the RPLC 

systems, since PCA does not excel in that area. Hierarchical clustering provided a clear 

characterization of the RPLC systems into 3 distinct clusters, which proved to be complementary 

to the PCA results by relating the clusters obtained from average linkage clustering to the Score 

Plot in Figure 2-21PCA combined with clustering proved to be a very powerful tool for the 

characterization of RPLC systems. We have shown that multivariate tools may be used to 

characterize the selectivity of RPLC systems. The combination of PCA and hierarchical 

clustering grouped systems into very similar clusters as those defined by the organic mobile 

phase of each system in the LSER Selectivity Triangle scheme presented earlier. In addition, the 

use of LSER and the RST was validated by using an external sample set and which showed 

strong correlations between experimental retention and the prediction based on the model. 
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Table 2-1. Solute training set of 35 compounds based on polarity, polarizability, hydrogen 

bond accepting, hydrogen bond donating, and size. 

 
 Sample ID E S A V B Hydrogen 

Bonding 
Type 

1 Chlorobenzene 0.72 0.65 0.00 0.84 0.07 NHB 

2 4-Chlorotoluene 0.71 0.67 0.00 0.98 0.07 NHB 

3 Bromobenzene 0.88 0.73 0.00 0.89 0.09 NHB 

4 4-Bromotoluene 0.88 0.74 0.00 1.03 0.09 NHB 

5 Iodobenzene 1.19 0.82 0.00 0.98 0.12 NHB 

6 Toluene 0.60 0.52 0.00 0.86 0.14 NHB 

7 Benzene 0.61 0.52 0.00 0.72 0.14 NHB 

8 Propylbenzene 0.60 0.50 0.00 1.14 0.15 NHB 

9 Butylbenzene 0.60 0.51 0.00 1.28 0.15 NHB 

10 Ethylbenzene 0.61 0.51 0.00 1.00 0.15 NHB 

11 O-Xylene 0.66 0.56 0.00 1.00 0.16 NHB 

12 Napthalene 1.34 0.92 0.00 1.09 0.20 NHB 

13 1-chloro-4-nitrobenzene 0.98 1.17 0.00 1.01 0.25 HBA 

14 Nitrobenzene 0.87 1.11 0.00 0.89 0.28 HBA 

15 Benzyl chloride 0.82 0.82 0.00 0.98 0.33 HBA 

16 Benzonitrile 0.74 1.11 0.00 0.87 0.33 HBA 

17 3'-Chloroacetophenone 0.92 1.07 0.00 1.14 0.40 HBA 

18 2-Methyl 
Methylbenzoate 

0.77 0.87 0.00 1.21 0.43 HBA 

19 Methylbenzoate 0.73 0.85 0.00 1.07 0.46 HBA 

20 Ethylbenzoate 0.69 0.85 0.00 1.21 0.46 HBA 

21 acetophenone 0.82 1.01 0.00 1.01 0.48 HBA 

22 Phenyl Acetate 0.66 1.13 0.00 1.07 0.54 HBA 

23 Phenethyl Alcohol 0.78 0.83 0.30 1.06 0.66 HBD 

24 Benzyl Alcohol 0.80 0.87 0.33 0.92 0.56 HBD 

25 4-methylbenzyl alcohol 0.81 0.88 0.33 1.06 0.60 HBD 

26 4-ethylphenol 0.80 0.90 0.55 1.06 0.36 HBD 

27 m-Cresol 0.82 0.88 0.57 0.92 0.34 HBD 

28 3,5-dimethylphenol 0.82 0.84 0.57 1.06 0.36 HBD 

29 phenol 0.81 0.89 0.60 0.78 0.30 HBD 

30 4-Fluorophenol 0.67 0.97 0.63 0.79 0.23 HBD 

31 4-Iodophenol 1.38 1.22 0.68 1.03 0.20 HBD 

32 3-chlorophenol 0.91 1.06 0.69 0.90 0.15 HBD 

33 3-bromophenol 1.06 1.15 0.70 0.95 0.16 HBD 

34 3-nitrophenol 1.05 1.57 0.79 0.95 0.23 HBD 

35 resorcinol 0.98 1.00 1.10 0.83 0.58 HBD 

 

NHB = non-hydrogen bonding, HBD = hydrogen bond donating, HBA =hydrogen bond 

accepting 
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Table 2-2. RPLC stationary phase columns and their physical properties 

 

Manufacturer Phase Dimensions Pore Size 

(Å) 

Particle 

Diameter (μm) 

Agilent Zorbax SB-C8 150x4.6mm 80 3.5 

Agilent Zorbax Bonus-RP 
b
 150x4.6mm 80 3.5 

Agilent Zorbax SB-AQ 
a
 150x4.6mm 80 3.5 

Agilent Zorbax SB-Phenyl 150x4.6mm 80 3.5 

Agilent Eclipse XDB-C8 150x4.6mm 80 5 

Phenomenex Hypersil C18 BDS 150x4.6mm 130 3 

Phenomenex Luna C18(2) 150x4.6mm 100 3 

Phenomenex Luna Phenylhexyl 150x4.6mm 100 3 

Phenomenex Luna Synergy 

Hydro RP
 

150x4.6mm 80 4 

Thermo Fluophase 150x4.6mm 100 5 

Waters Symmetry C8 150x3.9mm 100 5 

Waters SymmetryShield 

C18
 b
 

150x4.6mm 100 3.5 

Waters XBridge C18 150x4.6mm 135 3.5 

Waters YMC Carotenoid  

S-3 (C30)
 a
 

150x4.6mm N/A 5 

a 
Column not end-capped. 

b
 Embedded polar group
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Table 2-3. RPLC system descriptors determined from LSER regression.   

 

JMP ID # Brand Stationary Phase Mobile 
Phase 

e s a v b 

1 Agilent Zorbax SB-C8 38% THF -0.071 
(0.153) 

-0.162 
(0.132) 

0.011 
(0.085) 

1.372 
(0.195) 

-1.803 
(0.153) 

2 Agilent Zorbax SB-C8 50% ACN 0.001 
(0.112) 

-0.184 
(0.097) 

-0.407 
(0.062) 

1.215 
(0.143) 

-1.273 
(0.112) 

3 Agilent Zorbax SB-C8 60% MeOH 0.025 
(0.121) 

-0.364 
(0.105) 

-0.350 
(0.067) 

1.866 
(0.155) 

-1.457 
(0.122) 

4 Phenomenex Luna C18(2) 38% THF -0.058 
(0.161) 

-0.227 
(0.146) 

-0.011 
(0.089) 

1.471 
(0.145) 

-1.864 
(0.185) 

5 Phenomenex Luna C18(2) 50% ACN 0.046 
(0.151) 

-0.360 
(0.129) 

-0.420 
(0.083) 

1.514 
(0.191) 

-1.623 
(0.150) 

6 Phenomenex Luna C18(2) 60% MeOH 0.201 
(0.172) 

-0.685 
(0.148) 

-0.425 
(0.095) 

2.065 
(0.219) 

-1.942 
(0.172) 

7 Phenomenex Luna Phenylhexyl 38% THF -0.014 
(0.167) 

-0.099 
(0.156) 

-0.046 
(0.102) 

1.190 
(0.234) 

-1.623 
(0.185) 

8 Phenomenex Luna Phenylhexyl 50% ACN 0.049 
(0.220) 

-0.253 
(0.186) 

-0.413 
(0.121) 

1.038 
(0.277) 

-1.247 
(0.225) 

9 Phenomenex Luna Phenylhexyl 60% MeOH 0.145 
(0.186) 

-0.232 
(0.160) 

-0.411 
(0.103) 

1.619 
(0.237) 

-1.516 
(0.186) 

10 Waters YMC Carotenoid S-3 
(C30) 

38% THF 0.009 
(0.185) 

-0.234 
(0.159) 

-0.096 
(0.102) 

1.283 
(0.236) 

-1.711 
(0.185) 

11 Waters YMC Carotenoid S-3 
(C30) 

50% ACN 0.143 
(0.107) 

-0.327 
(0.097) 

-0.398 
(0.059) 

1.396 
(0.097) 

-1.285 
(0.123) 

12 Waters YMC Carotenoid S-3 
(C30) 

60% MeOH 0.182 
(0.142) 

-0.385 
(0.122) 

-0.386 
(0.078) 

1.896 
(0.181) 

-1.584 
(0.142) 

13 Thermo Fluophase 38% THF -0.122 
(0.159) 

-0.153 
(0.137) 

0.005 
(0.088) 

1.018 
(0.203) 

-1.207 
(0.159) 

14 Thermo Fluophase 50% ACN -0.174 
(0.118) 

-0.095 
(0.102) 

-0.364 
(0.065) 

0.983 
(0.151) 

-1.144 
(0.118) 
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Table 2-3. Continued 

 

JMP ID # Brand Stationary Phase Mobile 
Phase 

e s a v b 

15 Thermo Fluophase 60% MeOH -0.371 
(0.138) 

0.000 
(0.119) 

-0.523 
(0.076) 

1.419 
(0.176) 

-1.287 
(0.138) 

16 Waters Xbridge C18 38% THF -0.013 
(0.182) 

-0.231 
(0.157) 

-0.069 
(0.101) 

1.232 
(0.232) 

-1.679 
(0.182) 

17 Waters Xbridge C18 50% ACN 0.110 
(0.162) 

-0.419 
(0.140) 

-0.428 
(0.090) 

1.441 
(0.207) 

-1.522 
(0.163) 

18 Waters Xbridge C18 60% MeOH 0.214 
(0.151) 

-0.610 
(0.131) 

-0.338 
(0.084) 

2.002 
(0.193) 

-1.847 
(0.152) 

19 Agilent Zorbax Bonus RP 38% THF -0.086 
(0.144) 

-0.114 
(0.120) 

0.032 
(0.079) 

1.435 
(0.130) 

-1.834 
(0.165) 

20 Agilent Zorbax Bonus RP 50% ACN 0.041 
(0.107) 

-0.136 
(0.092) 

-0.133 
(0.059) 

1.399 
(0.137) 

-1.607 
(0.107) 

21 Agilent Zorbax Bonus RP 60% MeOH 0.169 
(0.123) 

-0.350 
(0.106) 

-0.067 
(0.068) 

1.809 
(0.157) 

-1.800 
(0.124) 

22 Agilent Zorbax SB-AQ 38% THF -0.035 
(0.169) 

-0.141 
(0.145) 

-0.016 
(0.093) 

1.220 
(0.215) 

-1.568 
(0.169) 

23 Agilent Zorbax SB-AQ 50% ACN -0.034 
(0.105) 

-0.071 
(0.090) 

-0.358 
(0.058) 

1.056 
(0.134) 

-1.136 
(0.105) 

24 Agilent Zorbax SB-AQ 60% MeOH -0.088 
(0.128) 

-0.092 
(0.111) 

-0.373 
(0.071) 

1.660 
(0.164) 

-1.194 
(0.129) 

25 Phenomenex Luna Synergi Hydro RP 38% THF -0.004 
(0.199) 

-0.280 
(0.171) 

-0.176 
(0.110) 

1.281 
(0.254) 

-1.788 
(0.199) 

26 Phenomenex Luna Synergi Hydro RP 50% ACN 0.133 
(0.162) 

-0.462 
(0.140) 

-0.487 
(0.090) 

1.429 
(0.207) 

-1.539 
(0.163) 

27 Phenomenex Luna Synergi Hydro RP 60% MeOH 0.236 
(0.146) 

-0.655 
(0.126) 

-0.506 
(0.081) 

1.971 
(0.186) 

-1.891 
(0.146) 
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Table 2-3. Continued 

 

JMP ID # Brand Stationary Phase Mobile 
Phase 

e s a v b 

28 Phenomenex Hypersil C18 BDS 38% THF 0.020 
(0.213) 

-0.327 
(0.184) 

-0.140 
(0.118) 

1.371 
(0.272) 

-1.886 
(0.213) 

29 Phenomenex Hypersil C18 BDS 50% ACN 0.208 
(0.292) 

-0.553 
(0.252) 

-0.490 
(0.162) 

1.051 
(0.372) 

-1.021 
(0.292) 

30 Phenomenex Hypersil C18 BDS 60% MeOH 0.212 
(0.237) 

-0.650 
(0.204) 

-0.449 
(0.131) 

1.656 
(0.302) 

-1.809 
(0.237) 

31 Agilent Zorbax SB Phenyl 38%THF -0.015 
(0.189) 

-0.135 
(0.163) 

0.055 
(0.105) 

1.088 
(0.242) 

-1.549 
(0.190) 

32 Agilent Zorbax SB Phenyl 50% ACN 0.027 
(0.146) 

-0.124 
(0.126) 

-0.341 
(0.081) 

0.905 
(0.186) 

-1.043 
(0.146) 

33 Agilent Zorbax SB Phenyl 60% MeOH 0.011 
(0.198) 

-0.110 
(0.171) 

-0.432 
(0.110) 

1.492 
(0.253) 

-1.178 
(0.199) 

34 Waters SymmetryShield C18 38%THF -0.010 
(0.202) 

-0.263 
(0.174) 

-0.066 
(0.112) 

1.359 
(0.257) 

-1.865 
(0.202) 

35 Waters SymmetryShield C18 50% ACN 0.101 
(0.115) 

-0.247 
(0.099) 

-0.322 
(0.064) 

1.411 
(0.147) 

-1.651 
(0.115) 

36 Waters SymmetryShield C18 60% MeOH 0.217 
(0.139) 

-0.385 
(0.120) 

-0.180 
(0.077) 

1.823 
(0.177) 

-1.944 
(0.139) 

37 Agilent Eclipse XDB-C8 38%THF -0.043 
(0.186) 

-0.192 
(0.161) 

-0.041 
(0.103) 

1.277 
(0.238) 

-1.726 
(0.187) 

38 Agilent Eclipse XDB-C8 50% ACN 0.041 
(0.142) 

-0.300 
(0.122) 

-0.419 
(0.078) 

1.363 
(0.181) 

-1.478 
(0.142) 

39 Agilent Eclipse XDB-C8 60% MeOH 0.119 
(0.182) 

-0.558 
(0.154) 

-0.240 
(0.100) 

1.888 
(0.230) 

-1.690 
(0.187) 

40 Waters Symmetry C8 38%THF 0.016 
(0.253) 

-0.275 
(0.219) 

-0.015 
(0.140) 

1.280 
(0.323) 

-1.521 
(0.254) 
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Table 2-3 Continued 

 

JMP ID # Brand Stationary Phase Mobile 
Phase 

e s a v b 

41 Waters Symmetry C8 50% ACN 0.032 
(0.131) 

-0.287 
(0.113) 

-0.395 
(0.073) 

1.322 
(0.168) 

-1.429 
(0.132) 

42 Waters Symmetry C8 60% MeOH 0.093 
(0.218) 

-0.387 
(0.188) 

-0.318 
(0.121) 

1.807 
(0.278) 

-1.698 
(0.218) 
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Table 2-4. RPLC coefficient ratios determined from LSER regression. 

 

JMP ID # Brand Stationary Phase Mobile 
Phase 

e/v s/v a/v b/v 

1 Agilent Zorbax SB-C8 38% THF -0.052 -0.118 0.008 -1.314 

2 Agilent Zorbax SB-C8 50% ACN -0.001 -0.152 -0.336 -1.048 

3 Agilent Zorbax SB-C8 60% MeOH 0.013 -0.195 -0.187 -0.781 

4 Phenomenex Luna C18(2) 38% THF -0.039 -0.154 -0.008 -1.267 

5 Phenomenex Luna C18(2) 50% ACN 0.031 -0.238 -0.277 -1.073 

6 Phenomenex Luna C18(2) 60% MeOH 0.097 -0.331 -0.206 -0.940 

7 Phenomenex Luna Phenylhexyl 38% THF -0.012 -0.083 -0.039 -1.364 

8 Phenomenex Luna Phenylhexyl 50% ACN 0.047 -0.244 -0.398 -1.201 

9 Phenomenex Luna Phenylhexyl 60% MeOH 0.089 -0.144 -0.254 -0.936 

10 Waters YMC Carotenoid S-3 
(C30) 

38% THF 0.007 -0.182 -0.075 -1.334 

11 Waters YMC Carotenoid S-3 
(C30) 

50% ACN 0.102 -0.235 -0.285 -0.921 

12 Waters YMC Carotenoid S-3 
(C30) 

60% MeOH 0.096 -0.203 -0.203 -0.835 

13 Thermo Fluophase 38% THF -0.120 -0.150 0.005 -1.187 

14 Thermo Fluophase 50% ACN -0.177 -0.096 -0.370 -1.164 

15 Thermo Fluophase 60% MeOH -0.262 0.000 -0.368 -0.907 

16 Waters Xbridge C18 38% THF -0.011 -0.187 -0.056 -1.363 

17 Waters Xbridge C18 50% ACN 0.076 -0.291 -0.297 -1.057 

18 Waters Xbridge C18 60% MeOH 0.107 -0.305 -0.169 -0.923 

19 Agilent Zorbax Bonus RP 38% THF -0.060 -0.079 0.023 -1.278 

20 Agilent Zorbax Bonus RP 50% ACN 0.041 -0.097 -0.095 -1.148 

21 Agilent Zorbax Bonus RP 60% MeOH 0.094 -0.193 -0.037 -0.995 
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Table 2-4 Continued 

 

JMP ID # Brand Stationary Phase Mobile 
Phase 

e/v s/v a/v b/v 

22 Agilent Zorbax SB-AQ 38% THF -0.029 -0.115 -0.013 -1.285 

23 Agilent Zorbax SB-AQ 50% ACN -0.032 -0.067 -0.340 -1.076 

24 Agilent Zorbax SB-AQ 60% MeOH -0.053 -0.055 -0.225 -0.719 

25 Phenomenex Luna Synergi Hydro RP 38% THF -0.003 -0.218 -0.137 -1.397 

26 Phenomenex Luna Synergi Hydro RP 50% ACN 0.093 -0.323 -0.341 -1.077 

27 Phenomenex Luna Synergi Hydro RP 60% MeOH 0.120 -0.332 -0.257 -0.958 

28 Phenomenex Hypersil C18 BDS 38% THF 0.014 -0.239 -0.103 -1.376 

29 Phenomenex Hypersil C18 BDS 50% ACN 0.198 -0.526 -0.467 -0.972 

30 Phenomenex Hypersil C18 BDS 60% MeOH 0.128 -0.392 -0.271 -1.092 

31 Agilent Zorbax SB Phenyl 38%THF -0.014 -0.124 -0.051 -1.423 

32 Agilent Zorbax SB Phenyl 50% ACN 0.029 -0.137 -0.376 -1.152 

33 Agilent Zorbax SB Phenyl 60% MeOH 0.008 -0.074 -0.290 -0.790 

34 Waters SymmetryShield C18 38%THF -0.007 -0.194 -0.048 -1.372 

35 Waters SymmetryShield C18 50% ACN 0.072 -0.175 -0.228 -1.170 

36 Waters SymmetryShield C18 60% MeOH 0.119 -0.211 -0.099 -1.067 

37 Agilent Eclipse XDB-C8 38%THF -0.034 -0.151 -0.032 -1.352 

38 Agilent Eclipse XDB-C8 50% ACN 0.030 -0.220 -0.308 -1.085 

39 Agilent Eclipse XDB-C8 60% MeOH 0.063 -0.296 -0.127 -0.895 

40 Waters Symmetry C8 38%THF 0.013 -0.215 -0.011 -1.189 

41 Waters Symmetry C8 50% ACN 0.025 -0.217 -0.299 -1.081 

42 Waters Symmetry C8 60% MeOH 0.052 -0.214 -0.176 -0.940 
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Table 2-5. Normalized RPLC system descriptors for the (Xb, Xa, Xs) triangle. 

 

JMP ID # Brand Stationary Phase Mobile 
Phase 

Xa Xb Xs 

1 Agilent Zorbax SB-C8 38% THF 0.424 0.161 0.415 

2 Agilent Zorbax SB-C8 50% ACN 0.155 0.424 0.421 

3 Agilent Zorbax SB-C8 60% MeOH 0.218 0.501 0.282 

4 Phenomenex Luna C18(2) 38% THF 0.420 0.199 0.381 

5 Phenomenex Luna C18(2) 50% ACN 0.220 0.422 0.358 

6 Phenomenex Luna C18(2) 60% MeOH 0.262 0.499 0.239 

7 Phenomenex Luna Phenylhexyl 38% THF 0.414 0.122 0.464 

8 Phenomenex Luna Phenylhexyl 50% ACN 0.108 0.315 0.471 

9 Phenomenex Luna Phenylhexyl 60% MeOH 0.194 0.445 0.360 

10 Waters YMC Carotenoid S-3 (C30) 38% THF 0.421 0.165 0.414 

11 Waters YMC Carotenoid S-3 (C30) 50% ACN 0.185 0.500 0.315 

12 Waters YMC Carotenoid S-3 (C30) 60% MeOH 0.218 0.489 0.292 

13 Thermo Fluophase 38% THF 0.398 0.247 0.355 

14 Thermo Fluophase 50% ACN 0.134 0.347 0.520 

15 Thermo Fluophase 60% MeOH 0.099 0.448 0.453 

16 Waters Xbridge C18 38% THF 0.447 0.138 0.415 

17 Waters Xbridge C18 50% ACN 0.212 0.464 0.323 

18 Waters Xbridge C18 60% MeOH 0.275 0.480 0.245 

19 Agilent Zorbax Bonus RP 38% THF 0.413 0.176 0.411 

20 Agilent Zorbax Bonus RP 50% ACN 0.315 0.274 0.399 
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Table 2-5 Continued 

 

JMP ID # Brand Stationary Phase Mobile Phase Xa Xb Xs 

21 Agilent Zorbax Bonus RP 60% MeOH 0.337 0.367 0.296 

22 Agilent Zorbax SB-AQ 38% THF 0.410 0.181 0.408 

23 Agilent Zorbax SB-AQ 50% ACN 0.144 0.379 0.477 

24 Agilent Zorbax SB-AQ 60% MeOH 0.172 0.488 0.340 

25 Phenomenex Luna Synergi Hydro RP 38% THF 0.428 0.122 0.450 

26 Phenomenex Luna Synergi Hydro RP 50% ACN 0.185 0.493 0.322 

27 Phenomenex Luna Synergi Hydro RP 60% MeOH 0.231 0.514 0.255 

28 Phenomenex Hypersil C18 BDS 38% THF 0.450 0.141 0.409 

29 Phenomenex Hypersil C18 BDS 50% ACN 0.052 0.831 0.117 

30 Phenomenex Hypersil C18 BDS 60% MeOH 0.271 0.483 0.246 

31 Agilent Zorbax SB Phenyl 38%THF 0.448 0.077 0.475 

32 Agilent Zorbax SB Phenyl 50% ACN 0.124 0.348 0.495 

33 Agilent Zorbax SB Phenyl 60% MeOH 0.147 0.497 0.364 

34 Waters SymmetryShield C18 38%THF 0.458 0.130 0.412 

35 Waters SymmetryShield C18 50% ACN 0.265 0.321 0.414 

36 Waters SymmetryShield C18 60% MeOH 0.328 0.354 0.318 

37 Agilent Eclipse XDB-C8 38%THF 0.439 0.139 0.422 

38 Agilent Eclipse XDB-C8 50% ACN 0.195 0.421 0.385 

39 Agilent Eclipse XDB-C8 60% MeOH 0.242 0.393 0.237 

40 Waters Symmetry C8 38%THF 0.412 0.263 0.325 
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Table 2-5 Continued 

 

JMP ID # Brand Stationary Phase Mobile Phase Xa Xb Xs 

41 Waters Symmetry C8 50% ACN 0.201 0.418 0.381 

42 Waters Symmetry C8 60% MeOH 0.255 0.441 0.304 
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Table 2-6. Normalized RPLC system descriptors for the (Xb, Xa, Xe) and (Xb, Xs, Xe) triangles. 

 

      
Xb, Xa, Xe Coefficients 

  

  
Xb, Xs, Xe Coefficients 

  

JMP 
ID # 

Brand Stationary Phase Mobile 
Phase 

Xb Xa Xe Xb Xs Xe 

1 Agilent Zorbax SB-C8 38% THF 0.165 0.437 0.398 0.167 0.432 0.402 

2 Agilent Zorbax SB-C8 50% ACN 0.405 0.147 0.447 0.323 0.320 0.357 

3 Agilent Zorbax SB-C8 60% MeOH 0.465 0.202 0.332 0.439 0.247 0.314 

4 Phenomenex Luna C18(2) 38% THF 0.197 0.415 0.388 0.205 0.391 0.404 

5 Phenomenex Luna C18(2) 50% ACN 0.362 0.189 0.449 0.324 0.274 0.402 

6 Phenomenex Luna C18(2) 60% MeOH 0.386 0.203 0.412 0.393 0.188 0.419 

7 Phenomenex Luna Phenylhexyl 38% THF 0.125 0.425 0.450 0.119 0.453 0.428 

8 Phenomenex Luna Phenylhexyl 50% ACN 0.315 0.108 0.577 0.248 0.296 0.455 

9 Phenomenex Luna Phenylhexyl 60% MeOH 0.403 0.176 0.421 0.350 0.284 0.366 

10 Waters YMC Carotenoid S-
3 (C30) 

38% THF 0.151 0.387 0.462 0.153 0.383 0.465 

11 Waters YMC Carotenoid S-
3 (C30) 

50% ACN 0.415 0.154 0.431 0.375 0.236 0.389 

12 Waters YMC Carotenoid S-
3 (C30) 

60% MeOH 0.427 0.190 0.383 0.401 0.240 0.359 

13 Thermo Fluophase 38% THF 0.262 0.421 0.317 0.274 0.393 0.332 

14 Thermo Fluophase 50% ACN 0.426 0.165 0.410 0.289 0.433 0.278 

15 Thermo Fluophase 60% MeOH 0.616 0.137 0.247 0.414 0.419 0.166 

16 Waters Xbridge C18 38% THF 0.128 0.415 0.457 0.132 0.391 0.471 

17 Waters Xbridge C18 50% ACN 0.363 0.166 0.471 0.334 0.233 0.434 

18 Waters Xbridge C18 60% MeOH 0.381 0.218 0.400 0.390 0.200 0.410 

19 Agilent Zorbax Bonus RP 38% THF 0.188 0.441 0.372 0.188 0.440 0.372 
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Table 2-6 Continued 

 

      
Xb, Xa, Xe Coefficients 

  

  
Xb, Xs, Xe Coefficients 

  

JMP ID 
# 

Brand Stationary Phase Mobile 
Phase 

Xb Xa Xe Xb Xs Xe 

20 Agilent Zorbax Bonus RP 50% ACN 0.274 0.315 0.412 0.254 0.363 0.383 

21 Agilent Zorbax Bonus RP 60% MeOH 0.323 0.397 0.380 0.336 0.270 0.394 

22 Agilent Zorbax SB-AQ 38% THF 0.183 0.415 0.402 0.184 0.414 0.402 

23 Agilent Zorbax SB-AQ 50% ACN 0.403 0.152 0.445 0.297 0.374 0.329 

24 Agilent Zorbax SB-AQ 60% MeOH 0.520 0.183 0.297 0.440 0.307 0.252 

25 Phenomenex Luna Synergi Hydro RP 38% THF 0.107 0.377 0.516 0.105 0.389 0.506 

26 Phenomenex Luna Synergi Hydro RP 50% ACN 0.360 0.135 0.505 0.327 0.214 0.459 

27 Phenomenex Luna Synergi Hydro RP 60% MeOH 0.386 0.173 0.441 0.379 0.188 0.433 

28 Phenomenex Hypersil C18 BDS 38% THF 0.120 0.384 0.496 0.124 0.361 0.514 

29 Phenomenex Hypersil C18 BDS 50% ACN 0.419 0.026 0.554 0.406 0.057 0.537 

30 Phenomenex Hypersil C18 BDS 60% MeOH 0.322 0.181 0.497 0.328 0.167 0.505 

31 Zorbax Zorbax SB Phenyl 38%THF 0.076 0.444 0.480 0.074 0.458 0.468 

32 Zorbax Zorbax SB Phenyl 50% ACN 0.348 0.124 0.529 0.260 0.345 0.395 

33 Zorbax Zorbax SB Phenyl 60% MeOH 0.497 0.147 0.356 0.407 0.302 0.291 

34 Waters SymmetryShield C18 38%THF 0.119 0.421 0.460 0.124 0.396 0.480 

35 Waters SymmetryShield C18 50% ACN 0.281 0.232 0.487 0.248 0.321 0.431 

36 Waters SymmetryShield C18 60% MeOH 0.298 0.276 0.426 0.301 0.270 0.429 

37 Zorbax Eclipse XDBC8 38%THF 0.137 0.432 0.431 0.139 0.422 0.438 

38 Zorbax Eclipse XDBC8 50% ACN 0.365 0.169 0.466 0.313 0.287 0.400 

39 Zorbax Eclipse XDBC8 60% MeOH 0.393 0.242 0.366 0.411 0.207 0.383 

40 Waters Symmetry C8 38%THF 0.237 0.372 0.391 0.257 0.318 0.424 
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Table 2-6 Continued 

 

      
Xb, Xa, Xe Coefficients 

  

  
Xb, Xs, Xe Coefficients 

  

JMP ID 
# 

Brand Stationary Phase Mobile 
Phase 

Xb Xa Xe Xb Xs Xe 

41 Waters Symmetry C8 50% ACN 0.366 0.176 0.458 0.316 0.288 0.395 

42 Waters Symmetry C8 60% MeOH 0.390 0.226 0.384 0.374 0.258 0.368 
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Table 2-7. Correlation Matrix of LSER System Parameters for RPLC 

 

Row e s a v b 

e 1 -0.8248 -0.3803 0.5298 -0.0599 

s -0.8248 1 0.3045 -0.7069 0.2530 

a -0.3803 0.3045 1 0.2118 -0.5101 

v 0.5298 -0.7069 0.2118 1 -0.7221 

b -0.0599 0.2530 -0.5101 -0.7221 1 
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Table 2-8. Eigenvectors for LSER analysis of RPLC systems. 

 

LSER 
Parameter 

PC1 PC2 PC3 PC4 PC5 

e 0.49618 -0.35223 0.44734 0.64984 0.08563 

s -0.56326 0.22783 -0.06555 0.52005 0.59673 

a -0.04018 0.67487 0.71741 -0.07773 -0.14904 

v 0.56123 0.24580 -0.08730 -0.32917 0.71318 

b -0.34634 -0.55512 0.52278 -0.43915 0.32517 
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Table 2-9. Eigenvalues for the five principal components. 

 

Number Eigenvalue Percent Cum 
Percent 

1 2.6082 52.164 52.164 

2 1.7980 35.960 88.125 

3 0.3376 6.751 94.876 

4 0.1575 3.151 98.026 

5 0.0987 1.974 100.000 
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Table 2-10. Variable means and standard deviations after k means clustering for 3 and 4 

clusters. 
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Table 2-11. LSER descriptors for the sample set selected for validation. 

 

ID # Sample ID E S A V B 

1 1-Methyl naphthalene 1.34 0.90 0.00 1.23 0.20 

2 Propylbenzoate 0.68 0.80 0.00 1.35 0.46 

3 Anisole 0.71 0.75 0.00 0.916 0.29 

4 4-Cyanophenol 0.94 1.63 0.79 0.93 0.29 

5 5-phenyl-1-pentanol 0.79 0.86 0.37 1.48 0.58 

6 tert-Butylbenzene 0.62 0.49 0.00 1.28 0.18 

7 N,N-Dimethyl 
acetamide 

0.26 1.01 0.00 0.79 0.83 

8 1,3,5-
Trichlorobenzene 

0.98 0.73 0.00 1.08 0.00 

9 1-nitrohexane 0.20 0.95 0.00 1.13 0.29 
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Table 2-12. k’ data for the validation sample set of 9 RPLC systems. 

 

 Zorbax 
SB 

Phenyl 

Zorbax 
SB 

Phenyl 

Zorbax 
SB 

Phenyl 

Phenomenex 
Luna 

Phenylhexyl 

Phenomenex 
Luna 

Phenylhexyl 

Phenomenex 
Luna 

Phenylhexyl 

Waters 
Symmetry 

Shield 

Waters 
Symmetry 

Shield 

Waters 
Symmetry 

Shield 

 50% 
ACN 

60% 
MeOH 

38% 
THF 

50% ACN 60% MeOH 38% THF 50% ACN 60% MeOH 38% THF 

1-Methyl 
naphthalene 

4.71 3.92 10.01 8.87 10.43 13.22 12.70 17.22 17.46 

Propylbenzoate 3.39 3.21 6.84 5.46 6.11 8.05 7.16 6.92 9.78 
Anisole 1.23 0.99 3.04 2.88 2.85 4.97 4.94 2.63 5.31 

4-Cyanophenol 0.84 0.39 2.10 3.02 0.88 3.58 0.94 1.07 2.77 
5-phenyl-1-

pentanol 
1.64 1.49 3.46 3.25 4.78 6.49 2.61 4.52 7.48 

tert-
Butylbenzene 

3.22 6.91 13.54 0.90 14.41 17.03 14.69 20.28 33.60 

N,N-Dimethyl 
acetamide 

0.24 0.27 0.32 3.15 0.21 0.31 0.00 0.07 0.00 

1,3,5-
Trichlorobenzene 

3.12 2.95 14.76 10.80 18.34 17.36 18.80 26.99 34.32 

1-nitrohexane 2.44 1.35 6.22 5.43 5.27 6.60 5.45 4.89 12.55 
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Table 2-13. log k’ data for the validation sample set of 9 RPLC systems. 

 

 Zorbax 
SB 

Phenyl 

Zorbax 
SB 

Phenyl 

Zorbax 
SB 

Phenyl 

Phenomenex 
Luna 

Phenylhexyl 

Phenomenex 
Luna 

Phenylhexyl 

Phenomenex 
Luna 

Phenylhexyl 

Waters 
Symmetry 

Shield 

Waters 
Symmetry 

Shield 

Waters 
Symmetry 

Shield 

 50% 
ACN 

60% 
MeOH 

38% 
THF 

50% ACN 60% MeOH 38% THF 50% ACN 60% 
MeOH 

38% THF 

1-Methyl 
naphthalene 

0.67 0.59 1.00 0.95 1.02 1.12 1.10 1.24 1.24 

Propylbenzoate 0.53 0.51 0.84 0.74 0.79 0.91 0.85 0.84 0.99 
Anisole 0.09 0.00 0.48 0.46 0.45 0.70 0.69 0.42 0.73 

4-Cyanophenol -0.07 -0.40 0.32 0.48 -0.05 0.55 -0.03 0.03 0.44 
5-phenyl-1-

pentanol 
0.22 0.17 0.54 0.48 0.68 0.81 0.42 0.65 0.87 

tert-
Butylbenzene 

0.51 0.84 1.13 -0.05 1.16 1.23 1.17 1.31 1.53 

N,N-Dimethyl 
acetamide 

-0.61 -0.58 -0.50 0.50 -0.68 -0.51 N/A -1.15 N/A 

1,3,5-
Trichlorobenzene 

0.49 0.47 1.17 1.03 1.26 1.24 1.27 1.43 1.54 

1-nitrohexane 0.39 0.13 0.79 0.73 0.72 0.82 0.74 0.69 1.10 
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Table 2-14. Theoretical log k’ data for the validation sample set of 9 RPLC systems. 

 

 Zorbax 
SB 

Phenyl 

Zorbax 
SB 

Phenyl 

Zorbax 
SB 

Phenyl 

Phenomenex 
Luna 

Phenylhexyl 

Phenomenex 
Luna 

Phenylhexyl 

Phenomenex 
Luna 

Phenylhexyl 

Waters 
Symmetry 

Shield 

Waters 
Symmetry 

Shield 

Waters 
Symmetry 

Shield 

 50% 
ACN 

60% 
MeOH 

38% 
THF 

50% ACN 60% MeOH 38% THF 50% ACN 60% MeOH 38% THF 

1-Methyl 
naphthalene 

0.67 0.67 1.03 0.94 1.06 1.17 1.14 1.28 1.30 

Propylbenzoate 0.5 0.62 0.86 0.74 0.79 0.91 0.84 0.88 1.01 
Anisole 0.25 0.36 0.62 0.43 0.36 0.68 0.52 0.45 0.75 

4-Cyanophenol -0.06 0.12 0.57 0.48 -0.11 0.57 0.10 0.04 0.48 
5-phenyl-1-

pentanol 
0.37 0.61 0.86 0.45 0.67 0.85 0.70 0.82 0.92 

tert-
Butylbenzene 

0.77 0.76 1.14 -0.01 1.16 1.31 1.27 1.41 1.52 

N,N-Dimethyl 
acetamide 

-0.43 -0.11 -0.15 0.56 -0.79 -0.37 -0.66 -1.03 -0.50 

1,3,5-
Trichlorobenzene 

0.76 0.67 1.13 1.09 1.12 1.35 1.27 1.39 1.52 

1-nitrohexane 0.45 0.49 0.80 0.66 0.59 0.92 0.72 0.65 0.99 
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Table 2-15. Correlation coefficients for log k’ versus Theoretical log k’ for 9 RPLC systems in the validation of the RST. 

 

 Zorbax 
SB 

Phenyl 

Zorbax 
SB 

Phenyl 

Zorbax 
SB 

Phenyl 

Phenomenex 
Luna 

Phenylhexyl 

Phenomenex 
Luna 

Phenylhexyl 

Phenomenex 
Luna 

Phenylhexyl 

Waters 
Symmetry 

Shield 

Waters 
Symmetry 

Shield 

Waters 
Symmetry 

Shield 

 50% 
ACN 

60% 
MeOH 

38% 
THF 

50% ACN 60% MeOH 38% THF 50% ACN 60% MeOH 38% THF 

R2 0.9236 0.9239 0.9633 0.9809 0.9893 0.9907 0.9051 0.9927 0.9817 
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Figure 2-1. RPLC selectivity triangle for 42 RPLC systems using hydrogen bond acidity 

(Xb), hydrogen bond basicity (Xa), and dipolarity (Xs). 
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Figure 2-2. Plot of RPLC solvent data from Snyder’s SST.[9] 1) Methanol 2) Tetrahydrofuran 

3) Acetonitrile 4) Water 
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a)  

 

b)  

 

c)  

 

Figure 2-3. Poor correlations between a) Xb b) Xa and c) Xs and v shows that for the RST the 

X scale is not dependent on the v coefficient. 
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Figure 2-4. k’ plot for Zorbax Bonus RP and Waters SymmetryShield C18 columns with 

(60:40) methanol: water mobile phase. 
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Figure 2-5. k’ plot for Zorbax Bonus RP and Zorbax SB Phenyl columns with (50:50) 

acetonitrile: water mobile phase. 
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Figure 2-6. k’ plot of systems with poor correlation, and distinctively different selectivity. 
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Figure 2-7. RPLC selectivity triangle for 42 RPLC systems using hydrogen bond acidity 

(Xb), hydrogen bond basicity (Xa), and polarizability (Xe). 
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Figure 2-8. RPLC selectivity triangle for 42 RPLC systems using hydrogen bond acidity 

(Xb), dipolarity (Xs), and polarizability (Xe). 

.1

.1

.1

.2

.2

.2

.3

.3

.3

.4

.4

.4

.5

.5

.5

.6

.6

.6

.7

.7

.7

.8

.8

.8

.9

.9

.9

HB Acidity (Xb)

Dipolarity (Xs)

P
o
la

ri
z
a
b
ili
ty

 (
X

e
)

1

2

3

4

5

6

7

8

9

10

11
12

13

14

15

16

17
18

19

20

21

22

23

24

25

26
27

28

29

30

31

32

33

34

35 36

37

38

39

40

41

42

C

A

B



 

76 

 

 
Figure 2-9. Scatterplot Matrix of the LSER system parameters for RPLC 
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Figure 2-10. Loading Plot for principal component 1 versus principal component 2. 
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Figure 2-11. Scree plot for principal component analysis. 
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Figure 2-12. 3D Plot of the first 3 principal components. The vectors represent the five LSER 

descriptors. 
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Figure 2-13. 3D Plot of the first 3 principal components. The vectors represent the five LSER 

descriptors. 
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Figure 2-14. Score Plot for Principal Components 1 versus Principal Component 2. 
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Figure 2-15. Biplot for principal components 1 and 2. 
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Figure 2-16. Dendrogram output from Heirarchical Clustering using Single linkage, and 

Cubic Clustering Criterion plot. 



 

84 

 

 
 

Figure 2-17. Dendrogram output from Heirarchical Clustering using Centroid linkage, and 

Cubic Clustering Criterion plot. 
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Figure 2-18. Dendrogram output from Heirarchical Clustering using Ward linkage, and 

Cubic Clustering Criterion plot. 
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Figure 2-19. Dendrogram output from Heirarchical Clustering using Complete linkage, and 

Cubic Clustering Criterion plot. 
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Figure 2-20. Dendrogram output from Heirarchical Clustering using Average linkage, and 

Cubic Clustering Criterion plot. 
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Figure 2-21. Score Plot of PC 1 versus PC 2 with the 3 clusters from Average linkage 

Heirarchical Clustering identified. 
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Figure 2-22. Ternary Plot for Xb, Xa, Xs LSER parameters with clusters from hierarchical 

clustering clusters highlighted (Cluster 1 = black, Cluster 2 = blue, Cluster 3 = red). 
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Figure 2-23. Biplot representation of the assignment of the 3 clusters from k-means 

clustering. 
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Figure 2-24. Scatterplot matrix for the assigned variables and how these interactions affect 

clustering for the 3 Cluster k means analysis. 
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Figure 2-25. Four cluster model for RPLC systems from k means clustering. 
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Figure 2-26. Scatterplot matrix for the assigned variables and how these interactions affect 

clustering for the 4 Cluster k means analysis. 
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Figure 2-27. Plot of the correlation between log k’ and theoretical log k’ based on the LSER 

model for Zorbax SB-Phenyl 60% Methanol.   
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Figure 2-28. Plot of the correlation between log k’ and theoretical log k’ based on the LSER 

model for Phenomenex Luna Phenylhexyl 38% THF. 
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  CHAPTER 3

Characterization of Phase Separation in Simple and Complex Coacervate Systems 

Induced by Perfluoro- Alcohols 

 

Abstract  

 Coacervate systems have tremendous potential for widespread application in 

academic and industrial settings. However, a better understanding of their phase transition 

properties and chemical composition is needed in order to effectively utilize their true 

capabilities in various applications. This work investigates the composition of simple and 

complex coacervates induced by HFIP addition to aqueous solutions of cationic, anionic, 

zwitterionic, and mixed catanionic surfactants, with phase separation. The analysis of the 

phases demonstrated that in simple and complex coacervate systems alike, the coacervate 

phase contained high concentrations of HFIP and surfactant, while generally maintaining a 

small amount of water. DTAB simple coacervates contained the lowest water concentrations, 

which could prove beneficial for processes that require low water content.  
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Introduction  

 Coacervation was first described by Beirjerinck in 1896 and 1910[1]; however, 

Bungenberg de Jong first coined the term coacervation in 1930, when he created a complex 

coacervate composed of gum arabic and gelatin, two oppositely charged biomolecules, in 

water.[2] Coacervation is defined as the aggregation of amphiphiles which form a separate 

stable phase, and is completely immiscible with the other phase. Coacervates can be 

separated into simple or complex systems depending on their composition. Simple 

coacervates are composed of either a single amphiphile or a mixture of similarly charge 

amphiphiles. For simple coacervates consisting of a single amphiphile, coacervation 

generally results from a reduction in solubility of the amphiphile with respect to the bulk 

aqueous phase. When similarly charged amphiphiles are in solution, coacervation largely 

results from electrostatic repulsion. Each of the two resulting phases is enriched with one of 

the two moieties present in the system. Complex coacervates consist of two oppositely 

charged amphiphilic molecules in an aqueous solution. The amphiphilic molecules can range 

from surfactants[3-5] to polymers[6, 7], to lipids[8], or even proteins and polysaccharides.[9-

11] Electrostatic attraction is the driving force behind complex coacervate formation, where 

the oppositely charged amphiphiles form a catanionic complex and two phases are formed 

with one phase being rich in this complex, while the other phase is amphiphile-lean. 

 Coacervate formation can be facilitated by changes in certain experimental conditions 

including temperature[12, 13], pH[14], addition of salt[15, 16], addition of alcohols[17, 18], 

and other polar molecules.[19, 20] Phase separation induced by changing temperature is 

known as cloud point separation.[21, 22] In cloud point separation, the surfactant becomes 
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less soluble in solution with the change in temperature, and phase separation occurs as a 

result of the surfactant phase separating from the bulk aqueous phase. This work focuses on 

coacervate formation induced by the addition of fluoroalcohols, specifically 1,1,1,3,3,3-

hexafluoroisopropanol (HFIP), although all of the previously mentioned conditions will play 

some role in the phase separation mechanisms studied. Coacervate formation induced by 

perfluorinated alcohols and acids was first discovered in our lab by Sam Jenkins.[23] Khaledi 

and Jenkins reported the formation of Perfluoro- alcohol/acid Induced Coacervates (PFAIC) 

phases for an unprecedented broad classes of amphiphiles and over wide ranges of 

concentrations, mole fractions, and types of perfluorinated solvents.[24] While Jenkins’ 

report focused mainly on complex coacervation of catanionic surfactant systems, this work 

will look at the composition and chemical characterization of both simple and complex 

coacervate systems of cationic, anionic, and zwitterionic surfactant systems. 

 The possible applications for coacervates are almost endless: microextraction of small 

molecules[25], bioadhesives[26], medium for chemical reactions[27], drug encapsulation 

[28, 29], waste water cleanup[30, 31], and protein pre-concentration and purification[32]. For 

selection of optimum systems for specific applications, knowledge about the chemical 

composition and properties of the coacervate phases is imperative. The objective of this work 

is to determine the phase transition behavior and chemical compositions of the aqueous and 

coacervate phases in representative Simple- and Complex-PFAIC systems made of 

surfactants. Such information would be important in characterization of solvation properties 

of the PFAIC systems (CH 4) and would also be useful in achieving a better understanding of 

the underlying mechanism for the fluoro-alcohol induced coacervate formation phenomenon.  
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Experimental Section 

Materials 

Dodecyltrimethylammonium bromide (DTAB) was purchased from TCI America 

with purity ≥ 98% and was the cationic surfactant for the complex coacervate and simple 

cationic coacervate system. Sodium dodecyl sulfate (SDS) was purchased from Affymetrix 

(Cleveland, OH) as “Ultrapure.” SDS was the anionic surfactant for the complex coacervate 

and simple anionic coacervate system. 3-(N,N-dimethylmyristylammonio) propane sulfonate 

(DMMAPS) was purchased from Acros Organics and was used as a zwitterionic surfactant 

for a simple coacervate system. Sodium Sulfate (Na2SO4) was purchased from Fischer 

Scientific as the salt addition for the Salt-Aqueous Two Phase System (SATPS). 

Hydrochloric Acid (HCl) was purchased from Fischer Scientific and was used in the SDS 

based simple coacervate. Tris (hydroxymethyl)aminomethane was purchased from Acros 

Organics and was used as a buffering agent in the DTAB simple coacervate system.  

For the DTAB titrations, the anionic surfactant sodium dodecyl sulfate (SDS) was 

purchased from Affymetrix as “Ultrapure” and used as the titrant. Ethanol, ACS Grade, was 

purchased from Fischer Scientific. Sulphan blue, an anionic dye, was purchased from 

Spectrum Chemicals. Dimidium bromide, a cationic dye, was purchased from Alpha Aesar. 

Concentrated sulfuric acid (H2SO4) was purchased from Fischer Scientific. Chloroform, 

CHCl3, was used as the organic phase was purchased from Fischer Scientific. 
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Methods 

Phase Diagrams 

 Phase diagram experiments were performed to determine the concentration at which 

phase transitions occur as changes are made in the composition for the various components 

of each coacervate system. Phase diagrams will aid the user in choosing optimum 

composition for creating coacervate systems for sample extraction or analysis. Phase 

diagrams were made for DTAB simple coacervate system using 400mM or 800mM stock 

solutions of DTAB in water and 500mM Tris Buffer pH 8.0. 1.5mL Tris buffer was pipetted 

into a 15mL centrifuge tube, followed by DTAB stock solution and the required volume of 

HFIP to reach the target % HFIP, which was diluted to 15mL total volume with deionized 

water to obtain solutions of the prescribed concentrations. For SDS simple coacervate, 

400mM and 800mM stock solutions of SDS were used, along with concentrated HCl. Since 

the solutions must be approximately 4M HCl for coacervation, one third of the solution was 

required to be concentrated HCl, which is approximately 12.2M. In a 1.5mL centrifuge tube, 

333.3µL HCl was pipetted, along with the SDS stock solution, and the appropriate volume of 

HFIP to reach the desired % HFIP for the solution, which was then diluted with deionized 

water to 1.0mL. 

The same stock solutions of SDS and DTAB were used for the SDS:DTAB complex 

coacervate system. To make these coacervates, both surfactants could not be in the same 

solution without HFIP, because mixing SDS and DTAB in pure water would result in 

precipitation, which could lead to problems with trying to dissolve the precipitate, along with 
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anything that would be trapped inside the crystal structure of the precipitate. Therefore, SDS 

was initially added to a 1.5mL centrifuge tube, followed by the amount of HFIP necessary to 

obtain the desired % HFIP of the solution. Then, DTAB was added in an amount equivalent 

to the amount of SDS added, and the solution was diluted to 1.0 mL with deionized water. 

For the zwitterionic coacervate system, a 600mM stock solution of DMMAPS was used. A 

specific volume of DMMAPS stock solution was pipetted into a 1.5mL centrifuge tube, 

followed by the desired volume of HFIP and diluted to 1.0mL with deionized water. For the 

Na2SO4 SATPS, a 600mM stock Na2SO4 stock solution was added to a 1.5mL centrifuge 

tube, followed by the required volume of HFIP, and then diluted to 1.0mL with deionized 

water. 

For all of the solutions in this experiment, the samples were vortexed for 2 minutes 

each, mixed overnight on a sampler rotator, and after 24 hours they were centrifuged for 30 

minutes at 13,000 RPMs for 1.0mL solutions and 3,000 RPMs for 15mL solutions at 23ºC. 

After full equilibration, the samples were examined visually to determine the existing phases 

in solution. This analysis was performed on triplicate preparations of each coacervate system 

prepared at the same time in separate vials. Plots were constructed for the coacervate systems 

for the volume percentage of HFIP versus the total surfactant or salt concentration. 
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Compositional Analysis 

Karl Fischer Analysis 

 

A Karl Fischer titration was performed to determine the variations in water content 

(% w/w H2O) in the coacervate and aqueous phases of the coacervate systems with different 

concentrations of surfactant(s), salt, as well as % HFIP (v/v). This experiment was carried 

out on a 701 KF Titrino (Metrohm Ltd.; Herisau, Switzerland). This is a one component 

system, using methanol as the solvent and HYDRANAL Composite 5 as the reactant. 

Samples were prepared as shown for the Phase Diagram experiments in triplicate. The 

aqueous phase and coacervate phase were separated from one another with a Pasteur pipet 

and placed in separate vials for analysis. The system was calibrated with 20uL deionized 

water to determine the titer value of the Composite 5 titrant each day, as daily fluctuations in 

humidity level can have a dramatic impact on the true titer value. The nominal value is 5mg 

titrant per mL H2O. 25uL of the phase was injected and titrated to determine the water 

content. 

 

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy Analysis (ATR-IR) 

for % HFIP 

 

ATR-IR was used to determine the % HFIP composition of each phase in the 

coacervate systems. This experiment was performed to show how % HFIP changes for each 

phase with respect to changes in total surfactant or salt content, as well as % HFIP content of 

the original solution. The use of ATR-IR was necessary since the other analytical techniques 
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normally used for this analysis were not feasible due to the nature of the coacervate systems. 

For example, the use of surfactants precluded the use of GC or MS analysis, since both of 

these are incompatible with surfactants. Conventional infrared spectroscopy is not suitable 

due to the large signal from water, which would interfere with the respective IR bands for 

HFIP. 

All ATR-IR experiments were performed on a Bio-Rad (Hercules, CA) Digilab 

Excalibur FTS-3000 Fourier transform infrared (FT-IR) spectrometer. The sample was 

placed on a mounted GladiATR™ diamond attenuated total internal reflection (ATR) 

sampling attachment (Pike Technologies Inc., Dual Reflection ATR; Madison, WI) with a 

normal spectral response of 650-1667 cm
-1 

and 2500-4500cm
-1

. While diamond is the most 

rugged material for IR sampling, due to its hardness and ability to handle samples in a pH 

range of 1-14, the main disadvantage is the intrinsic absorption from 1667-2500cm
-1

. Since 

the fingerprint region for HFIP is known to be lower than 1667m
-1

, and low pH samples will 

be run with the SDS simple coacervate system, the diamond ATR was considered the 

optimum crystal for measurement. With the diamond GladiATR
TM

 attachment, there is a dual 

reflection with a spot size of approximately 100 microns onto the detector. The infrared light 

is focused onto the photodiode of a narrow band gap mercury-cadmium-telluride (MCT) 

detector with a normal spectral response of 650 to 7000 cm
-1

. The detector is cooled with 

liquid nitrogen at least 20 minutes prior to the start of every run. The spectrometer and 

GladiATR
TM

 attachment were purged with dry compressed air at ~60psi to minimize the 

atmospheric water and CO2 contamination of the spectra. The ATR-IR spectra presented in 

this work are an average of 64 scans. All spectra were recorded at room temperature, 
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approximately 23 ± 1° C with a resolution of 2 cm
-1

. The spectra were converted from 

transmittance into absorbance units by taking the negative of the log ratio of a sample spectrum 

to that of an air background spectrum. 

A series of calibration standards was made using binary mixtures of HFIP and water 

ranging from 1-60% v/v HFIP. The samples were prepared exactly as they were for the Karl 

Fischer experiment, with the exception of SDS based simple coacervates. These systems 

contained 4M HCl to induce coacervation, which makes the samples very highly acidic. This 

acid concentration will destroy the metal brazing on the platform of the ATR plate. In order 

to run these samples, they were diluted such that the acid content would not damage the 

instrument during analysis. A 1:10 dilution was tested and no damage was observed on the 

metal brazing; therefore, the aqueous and coacervate phases were diluted by a factor of 10 in 

water before analysis. Consequently, the linearity for these samples was adjusted such that 

the curve would include values below 1% HFIP to account for samples with low HFIP 

concentration. Instead of calibrating from 1-60% v/v HFIP, as with other systems, the 

calibration curve for SDS based systems was 0.4-8% v/v HFIP, with a 10:1 conversion factor 

applied to bring the linear range to 4-80% v/v HFIP. 

 

Analysis of HFIP Concentration in biphasic water (Na2SO4) - HFIP Systems by Gas 

Chromatography with Thermal Conductivity Detection. 

 

 Due to the interference from SO4 stretching bands in ATR-IR, Gas Chromatography 

(GC) was used to perform the analysis of HFIP content in Na2SO4 Salt-Aqueous Two Phase 

Systems(SATPS). The Na2SO4 system is not a coacervate system like the other four systems 
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described in this work. Na2SO4 is a kosmotropic salt that induces a salting out effect on 

HFIP, where the salt interaction with the water molecules increases the hydrophobic 

interactions with HFIP, causing the HFIP molecules to form a separate phase from the bulk 

aqueous phase; a two phase system similar to the coacervate systems. Unlike surfactant 

systems, diluted salts systems are amenable to analysis by Gas Chromatography. This 

analysis was also performed as a comparison and confirmation of the Karl Fischer results. 

 The GC used in this experiment was an Agilent HP7890 Gas Chromatograph. The 

column was an Agilent DB-624, 30m x 0.32mm x 1.8µm wall coated open tubular (WCOT) 

capillary column. The carrier gas was helium at 3.5mL/min constant flow. The sample was 

injected manually at 0.5 µL with a 50:1 split ratio. Because the samples were injected 

manually, an internal standard was incorporated to correct for variations in the injection 

volume. The injector and detector temperatures were both held at 250ºC. A temperature 

gradient was run on the column beginning at 100ºC with a 3 minute hold, then a 30ºC/min 

ramp up to 170ºC with a 1 minute hold, for a total run time of 6 minutes. 

 A set of standards were prepared from binary mixtures of HFIP and water from 1 to 

100% HFIP. An internal standard was prepared by diluting 1.0mL 1-propanol to 25mL in a 

volumetric flask with N,N-Dimethylformamide (DMF). Samples and standards for analysis 

were prepared by pipetting 100µL of the internal standard and 100µL of the sample or 

standard into a vial and diluting to 1000µL with DMF. 
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Elemental Analysis for Surfactant/Salt Concentration 

 The goal of this experiment is to determine the amount of surfactant and salt in each 

phase of the coacervate system. This includes analysis for the counter ions for the surfactants, 

as the counter ions might partition differently than the related hydrophobic tail and charged 

head group. All methods used in this section are standardized methods for elemental analysis 

and were sent out for to an external lab. Information for the methods used can be found in the 

reference Standard Methods for the Examination of Water and Wastewater.[33] Bromide (Br
-

) analysis was performed for SDS:DTAB and DTAB coacervate systems, using Ion 

Chromatography Method # 4110. Nitrogen analysis was performed using Combustion 

Infrared Total Organic Carbon Method # 5310 for total nitrogen in the SDS:DTAB 

coacervate systems to quantitate DTA
-
 concentration. Sodium ion (Na

+
) concentration for 

SDS simple coacervate, Na2SO4 SATPS, and SDS:DTAB complex coacervate and sulfur 

concentration for Na2SO4 SATPS, SDS and DMMAPS simple coacervates, and SDS:DTAB 

complex coacervate was determined using the Inductively Coupled Plasma Method # 3120.   

 

DTA
+
 Content of the DTAB Simple Coacervate Phases by Titration 

 

 The goal of this experiment is to determine the concentration of DTA
+
 in the aqueous 

and coacervate phase of the DTAB simple coacervate system. The method is a simple 

titration of SDS in the presence of cationic and anionic dyes, and a color change will signal 

the end point. 
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 200mg dimidium bromide (cationic dye) was weighed in a 100mL volumetric flask, 

and filled with approximately 70mL ethanol: water (10:90). The flask was sonicated for 5 

minutes to dissolve, and then the solution was diluted to the mark with ethanol: water 

(10:90). Sulphan blue (anionic dye) was prepared by accurately weighing 100mg into a 

100mL volumetric flask and diluted to the mark with ethanol: water (10:90). 2.5M sulfuric 

acid was prepared by diluting 7.0mL concentrated sulfuric acid (36N) to 100mL with 

deionized water. A mixed dye solution was prepared by pipetting 10.0mL dimidium bromide 

solution, 10.0mL Sulphan blue solution, and 10.0mL 2.5M H2SO4 into a 250mL volumetric 

flask. This solution was diluted to the mark with deionized water. 

 19.99mM SDS solution was prepared by accurately weighing 2.8824 grams SDS into 

a 500mL volumetric flask and diluting to the mark with deionized water, to use as the titrant 

solution. Samples of the aqueous phase were prepared by pipetting 5.0mL of the aqueous 

phase into a 125mL Erlenmeyer flask filled with 10.0mL deionized water, 10.0mL mixed dye 

solution, and 50mL Chloroform. Samples of the coacervate phase were prepared by pipetting 

100µL of the coacervate phase into a 125mL Erlenmeyer flask filled with 10.0mL deionized 

water, 10.0mL mixed dye solution, and 50mL Chloroform. A 50.0mL burette was filled with 

the SDS titrant and the initial volume of the burette was recorded. A stir bar was placed in 

the Erlenmeyer flask and placed on a stir plate to ensure proper mixing. 

 The mechanism for this titration is that the DTAB will react with the anionic dye 

(Sulphan blue) in solution. This product is not soluble in top aqueous phase, but will 

precipitate and solubilize in the bottom chloroform phase. This gives the chloroform the blue 

color before the titration begins. As the titration occurs, the DS
-
DTA

+
 complex is formed and 
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is solubilized by the chloroform phase. The Sulphan blue is then extracted back into the 

aqueous phase, turning that phase blue again. At the equivalence point, all of the DTA
+
 has 

been reacted with DS
-
, and the chloroform phase becomes cloudy and gray. Immediately 

after the equivalence point, the excess DS
-
 reacts with the cationic dye (dimidium bromide), 

forming a salt that is insoluble in the aqueous phase and is extracted into the chloroform 

phase. This salt gives the chloroform a light pink color just after the equivalence point. All 

samples were prepared and analyzed in triplicate. 

 

Coacervate Phase Volume 

 

 The goal of this experiment was to determine the volume of the coacervate phase and 

the volume of coacervate relative to the total volume of the solution as the surfactant or salt 

concentration changed, as well as determining how volume changed when the concentration 

of HFIP was varied. These results would be advantageous for determining information about 

the composition of each phase. Information on the % coacervate volume will be beneficial 

when these systems are later used for extraction. Samples for this analysis were the same as 

those used for the phase diagrams listed above. Methylene blue, a hydrophobic dye, was 

added to these systems for confirmation that the bottom phase was indeed the surfactant rich 

phase. As observations were made concerning the types of phases present in the solutions, 

the volumes of the coacervate phases were also recorded. The coacervate volumes were 

determined by comparison with premade standards of water at specific volumes in centrifuge 
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tubes from the same batch. These standards were prepared by pipetting specific volumes of 

water using micropipetters. These analyses were performed on triplicate preparations.  

 

Results and Discussion 

Phase Diagrams 

 Figures 3-1 through 3-5 demonstrate the effects of the increase of HFIP concentration 

on four different PFAIC systems and the Na2SO4 - SATPS. These figures can be used as a 

reference to create coacervate system using the provided surfactant or salt concentrations and 

HFIP concentrations. For each system represented, the phase diagrams have been plotted as 

% HFIP (v/v) added versus the total molar concentration of surfactant or salt (Figures 3-1 

through 3-5). The range of total surfactant concentration for simple coacervate systems 

started as low as 10mM up to 200mM and for the SDS:DTAB complex coacervate system, 

the range was from 20mM up to 400mM total surfactant . For the Na2SO4 - SATPS system, 

the salt concentration ranged from 350mM up to 1000mM Na2SO4 . The HFIP concentrations 

required to induce coacervation in simple coacervates ranged from 0.6%to 20.1% v/v for 

10mM DTAB, 12% to 66.7% v/v for SDS systems, and 1% to 31% v/v for DMMAPS 

system. For the SDS:DTAB complex coacervate system, the range was as low as 2% v/v for 

20mM total surfactant up to 60% v/v for 400mM total surfactant. The SATPS system formed 

two phases over a wide range of 4% to 76% v/v. Also noteworthy is that all of these systems 

are bottom phase coacervates, due to the large density of HFIP (1.60 g/mL) relative to water 

(1.00 g/mL). Since HFIP has a pronounced affinity for the surfactant due to the 
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hydrophobicity of the fluorine groups, the coacervate phase is highly concentrated in HFIP, 

increasing the density of the coacervate, causing the droplets to coalesce and gravitate to the 

bottom of the centrifuge tubes. 

 For the DTAB simple coacervate system in Figure 3-1, coacervate was formed as low 

as 0.6%v/v HFIP added. Within the range tested (10-200mM), coacervate was always formed 

with at least 2%v/v HFIP added. Below this boundary, only a single clear liquid phase exists 

in solution. The HFIP concentration at the upper boundary of coacervate formation is close to 

20%v/v at concentrations up to 50mM DTAB where the upper boundary required %v/v HFIP 

for dissolution of the coacervate begins to drop to 14% at 75mM DTAB and plateaus up to 

200mM DTAB. For this coacervate system, the pH plays an important role in the formation 

of coacervate. The pKa of HFIP is 9.5, therefore at pH 8.0 HFIP is partially ionized (FIP
-
). 

Ion pairing of the FIP
-
 and DTA

+ 
facilitates the formation of the coacervate. However, we 

have found that the pH of DTAB solutions decrease with increasing DTAB concentrations in 

water with pH 5.8 at 50mM DTAB, decreasing to 5.0 at 200mM DTAB. The pH of 

coacervate solutions were measured from 50 to 20mM DTAB with the pH 8.0 buffer and 

HFIP. The measured pH was lower than 8.0, beginning at pH 6.5 at 50mM DTAB and 

decreased to pH 5.4 at 200mM DTAB. Accurate pH measurements in non-aqueous solution 

are generally problematic due to the inherent low ionic strength of organic solvents, which 

creates difficulty for the probe in giving accurate measurements. Additionally, DTA
+
 may 

interact with the pH probe and interfere with the accuracy of the measurements. While the 

pH measurements may not reflect the exact pH of the solution, this experiment has yielded 

evidence that the pH of the coacervate solution drops below pH 8.0 beyond 50mM DTAB at 
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higher HFIP concentrations, causing the FIP
-
 to protonate, removing the possibility of ion 

pairing, thereby facilitating the dissolution of the coacervate phase. Above the upper 

boundary in Figure 3-1, the structure of the coacervate phase collapses, and one clear liquid 

phase is again formed. 

 The SDS phase diagram produced in Figure 3-2 has an interesting feature due to the 

fact that 4M HCl is used to induce coacervation in an anionic simple coacervate system. The 

addition of HCl at 4M concentration lowers the pH such that the sulfate group on the SDS is 

fully protonated, essentially creating a nonionic surfactant in solution. Pérez-Bendito et al. 

first reported this phenomenon and determined that phase separation occurs based on cloud 

point.[34] At room temperature they reported that SDS and 4M HCl would require nearly 24 

hours to phase separate. The presence of HFIP in this simple coacervate likely reduces the 

cloud point to much lower temperatures, as the phase separation occurs immediately with its 

addition above 12-15% v/v HFIP. The concentration of HCl is maintained at a consistent 

level by pipetting 333.3µL of concentrated HCl into a 1.5mL centrifuge tube for a 1.0mL 

total volume solution. Since concentrated HCl is approximately 12M, this ensures that the 

final concentration will be in the range where coacervation will occur. As a result, only 

66.7% of the solution remains, making this the upper limit on the percentage of HFIP that is 

possible in this solution. The red line in the upper portion of the graph represents the upper 

limit on the percentage of HFIP that will make coacervate for these systems. Coacervate 

formation begins at much higher %v/v HFIP with simple anionic surfactant coacervate than 

for the simple cationic surfactant coacervate studied previously. Coacervation begins as low 

as 12%v/v HFIP for 200mM SDS and all systems tested (10-200mM SDS) have a fully 
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formed coacervate phase by 15%v/v HFIP. For all concentrations tested, coacervate was 

formed up to the 66.7%v/v HFIP limit; however, starting with 25mM SDS, a separate phase 

boundary was formed where insoluble surfactant was also found in the bottom phase after 

centrifugation. This area of the phase diagram is likely not suitable for reliable extraction or 

analysis. Prior to centrifuging, the aqueous phase of these samples was very turbid, similar to 

the turbidity observed in cloud point separations, and precipitate was seen on the interface of 

the aqueous and coacervate phases. The formation of precipitate was observed as low as 

40%v/v HFIP for 200mM SDS, and as high as 65%v/v HFIP for 10mM SDS. 

 A phase diagram for the complex coacervation of 1:1 SDS:DTAB solutions was 

generated in Figure 3-3 by changing the total surfactant and HFIP concentrations in solution. 

Coacervate was formed for total surfactant concentrations in the range tested (20mM-

400mM) with at least 5%v/v HFIP, and the earliest coacervate formed was at 2%v/v HFIP at 

20mM and 50mM SDS:DTAB. At low HFIP concentration (1-2%v/v), the surfactant is not 

completely soluble and some insoluble surfactant is seen in the bottom of the test tube with a 

single clear liquid phase. A narrow region exists where coacervate is formed, but some 

insoluble surfactant remains in the coacervate phase for 250-400mM total surfactant 

concentration, and varies by concentration in the range of 2-4%v/v HFIP.  Immediately 

above this region two clear liquid phases exist until the upper boundary is reached where the 

coacervate phase collapses and a single clear liquid phase exists again. The upper HFIP 

concentration, where the coacervate phase is dissolved and the (L/C) transitions to a single 

phase (L), increases with the total surfactant concentration. As the surfactant concentration 

increases, the addition of HFIP helps to increase the hydrophobic environment around the 
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SDS:DTAB complex causing it to phase separate from the aqueous phase forming a 

surfactant and HFIP-rich coacervate phase. At 20mM total surfactant, two phases exist up to 

19%v/v HFIP, but at 400mM total surfactant this range increases up to 60%v/v HFIP. At this 

high concentration of fluoroalcohol, it has been proposed that the hydrophobic effect is no 

longer the driving force in the aggregation of the surfactant molecules into an organized 

network of structures.[24] As a result, the surfactant aggregates are disassembled and the 

catanionic surfactant complex interacts strongly with small clusters of HFIP molecules, 

thereby creating the single clear liquid phase structure.[24] 

 DMMAPS is a zwitterionic surfactant that can form a simple coacervate with only the 

addition of HFIP (i.e. in contrast to CTAB or SDS that required basic or highly acidic 

conditions). The phase diagram for this surfactant system is shown in Figure 3-4. 

Surprisingly, upon the addition of a small amount of HFIP, DMMAPS precipitates partially 

as insoluble surfactant is observed at the bottom of the centrifuge tube below 1%v/v HFIP for 

10 and 25mM DMMAPS and 2% v/v HFIP from 50-200 mM DMMAPS. At 2%v/v HFIP for 

125mM and 150mM DMMAPS coacervate is formed; however, some insoluble surfactant 

solid also remains in the bottom of the centrifuge tube. Coacervate is initially formed as a 

very viscous gel phase in this system, at all DMMAPS concentrations, which is unique to this 

system. Formation of a gel is not observed in the phase diagrams of the other four systems 

observed in this work. This clear gel phase is very cohesive and is often viscous enough to 

remain intact when the centrifuge tube is inverted. As the % HFIP increases, the gel phase 

becomes less cohesive until it becomes a clear liquid coacervate phase. In this work, 

characterization of a phase as a gel will be assigned if the phase appears to be very cohesive 
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and viscous when the centrifuge tube is moved at an angle and allowed to flow down the 

sides of the tube. The gel phase transitions to a liquid coacervate phase (L/C region) in the 

range of 12-14%v/v HFIP in the DMMAPS concentrations analyzed in this work. The liquid 

coacervate phase remains until the HFIP concentration becomes too large and the organized 

structures are disassembled and a single clear liquid phase is created. Two different regions 

are identified where this transition occurs. The first is between 10mM and 75mM DMMAPS, 

where the transition (L/C to L) occurs between 13-20% v/v HFIP followed by a sudden jump 

to a plateau region at 30-31% v/v HFIP at DMMAPS concentrations of 100mM to 200mM. 

This trend is unique compared to the other systems, but it is similar to the SDS:DTAB 

system in Figure 3-3. The comparison between the two figures shows that the transition for 

both systems starts at low %v/v HFIP at lower surfactant concentrations, but the transition 

increases in %v/v HFIP increases on both. The obvious difference is that the complex 

coacervate system does not plateau, but continues to increase with increase surfactant 

concentration. The DMMAPS Phase Diagram in Figure 3-4 displays the opposite trend of the 

DTAB simple coacervate system in Figure 3-1. This simple coacervate phase diagram shows 

a sudden drop to a lower plateau region, in contrast to the increase seen for DMMAPS at 

100mM.  

 The final phase diagram is for the Na2SO4 Salt-Aqueous Two Phase System 

(SATPS), which is somewhat unique due to the absence of an amphiphilic molecule; thus it 

is not a coacervate system. The mechanism for phase separation in this system is related to 

the salting-out effect. Both Na
+
 and SO4

2-
 are kosmotropic ions as characterized by the 

Hoffmeister series. Kosmotropes are considered “water structure makers” because they are 
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strongly hydrated, and prevent the formation of a cavity in water. This is important especially 

for proteins, because the kosmotropic ions in the Hoffmeister series decrease the solubility of 

proteins, forcing them to aggregate and fall out of solution. A couple of distinct differences 

between the SATPS and surfactant based separations are observed in comparing Figures 3-1 

through 3-5. First, for surfactant based systems, the transition to a two phase system occurs at 

much lower surfactant concentrations than the SATPS salt concentrations. Secondly, the % 

v/v HFIP required for phase transition is much higher in SATPS than in surfactant based 

coacervates. The first transition from one clear liquid phase to two clear liquid phases shifts 

from high HFIP concentration to much lower concentrations as the Na2SO4 concentration 

increases. This is a result of the increase in Na2SO4 concentration necessarily creating a 

salting-out effect due to the kosmotropic nature of the aqueous phase. The HFIP then 

aggregates creating a more stable bottom phase, relatively free from the Na2SO4 and lean in 

water composition. At 100mM Na2SO4 the transition occurs at 40%v/v HFIP, but at 500mM 

Na2SO4 the transition occurs at only 8%v/v HFIP and begins to plateau slightly, such that the 

transition to a two phase system occurs at 4%v/v HFIP at 1000mM Na2SO4. The transition 

from two clear liquid phases occurs at much higher concentration HFIP than in other 

systems. First, a transition is seen where insoluble solid is present in the bottom HFIP-rich 

phase. This transition occurs starting with 200mM Na2SO4 at 73%v/v and continues to 

decrease to 59%v/v HFIP at 1000mM Na2SO4. The final transition to one clear liquid phase 

is more plateaued than the other two, since the range for transition is 75%v/v HFIP at 

100mM Na2SO4 and decreases to 71%v/v HFIP at 1000mM Na2SO4. At 100mM Na2SO4 the 
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presence of a transition from two clear liquid phases to one with insoluble surfactant solid in 

the bottom phase is not observed. 

 

Karl Fischer % Water Analysis 

 The analysis of % H2O (w/w) in the aqueous phase of DTAB simple coacervate is 

presented in Figure 3-6 and the coacervate data is represented in Figure 3-7 for the change in 

DTAB concentration at 5%v/v and 10%v/v HFIP. Figures 3-6 and 3-7 show that the % H2O 

(w/w) for all concentrations of DTAB increases in the coacervate phase with an increase in 

% v/v HFIP in the solution, and the % H2O (w/w) decreases in the aqueous phase with 

increased % v/v HFIP in the solution, due to the extraction of water from the aqueous phase 

into the coacervate phase. Additionally with increasing DTAB concentration, the % H2O 

(w/w) decreases in the aqueous phase, and increases in the coacervate phase. The data point 

at 200mM DTAB appears to be an outlier for this trend. The reason for this outlier is 

currently unknown. The samples were reprepared and Karl Fischer was run again, and the 

results were confirmed. 

 Figure 3-8 demonstrates the change in % H2O (w/w) in relation to the % HFIP for 

10mM DTAB. For the aqueous phase, the % H2O (w/w) decreases with increasing % HFIP. 

The coacervate phase shows the opposite trend, where the % H2O (w/w) increases with % 

HFIP. This makes sense for the aqueous phase because adding HFIP to the bulk solution 

means that there is less water overall in the system. For the coacervate phase, increasing the 

HFIP concentration in the total solution means more HFIP molecules will be extracted into 

the coacervate phase, which brings more water from the hydration layer into the coacervate 
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along with it. The trend is not linear for the coacervate phase, which could be related to the 

error associated with measuring water in the small volumes of coacervate associated with the 

lower concentrations of DTAB. Figure 3-9 shows similar trends for the 200mM DTAB 

system. Of note in the DTAB simple coacervate system is the extraordinarily low % H2O 

(w/w) present in the coacervate, ranging from 3.28% w/w in 2% HFIP 10mM DTAB up to 

16.34% w/w in 19% HFIP 10mM DTAB.  

 The % H2O (w/w) in each phase for SDS simple coacervate systems is represented in 

Figures 3-10 through 3-12. Figure 3-10 shows that the % H2O (w/w) does not change 

significantly with increasing SDS concentration for the aqueous phase. Figure 3-11 

demonstrates that the % H2O (w/w) increases slightly with increasing SDS concentration for 

the coacervate phase. The slope for the coacervate phase is much larger than the extremely 

shallow slope of the aqueous phase, which is not changing appreciably. This can be 

explained with the salting out mechanism of non-ionic surfactants in the presence of organic 

solvents and salts, first reported by Matkovich[35], and later by Horvath and Huie.[36] 

Tabata et al. reported the salting out of water soluble organic solvents for extraction of metal 

chelates.[37] We have found that 4M HCl will phase separate with 20% HFIP in solution due 

to the large concentration of Cl- in solution creating a salting out effect on the HFIP. While 

SDS is an anionic surfactant, the low pH of this solution would protonate the sulfate groups 

on the dodecylsulfate chain, effectively creating a non-ionic surfactant in solution. Non-ionic 

surfactants can phase separate based on cloud point temperature. The cloud point of SDS 

alone is >100ºC. The cloud point of H
+
DS

-
 has not been reported, but would be expected to 

be much greater than room temperature. The addition of HFIP to this acidified surfactant 
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solution likely reduces the cloud point temperature, allowing phase separation based on cloud 

point and the salting out effect. Using this mechanism, the HFIP would suppress cloud point 

temperature below room temperature, and dehydrate the SDS, removing the surfactant from 

the aqueous phase into a phase that is more concentrated in SDS and HFIP, and less 

concentrated in water. Small amounts of water would be trapped in the structure of the 

coacervate phase by extraction with the HFIP. This small amount of water would be 

negligible with respect to the large volume of the aqueous phase, but makes a difference in 

the % H2O (w/w) in the smaller coacervate phase. Figure 3-12 shows that the % H2O (w/w) 

decreases for both the aqueous phase and the coacervate phase with increasing % HFIP (v/v) 

for 10mM and 200mM SDS systems. This trend is the opposite of what is seen in Figure 3-9 

for 200mM DTAB. In the DTAB system, while the aqueous phase water content is 

decreasing the coacervate phase water content increases. This trend is thought to be related to 

the rapidly increasing coacervate phase volumes. Factoring that with the increased weight of 

SDS in the coacervate phase, the weight percent of water in the phase will continue to drop 

as the volume/mass of the other components increase, even if the actual volume of water is 

increasing in the solution. 

 The SDS:DTAB (1:1) complex coacervate system % H2O (w/w) analysis plots are 

observed in Figures 3-13 through 3-15. The % H2O (w/w) increases in the aqueous phase 

with an increase in total surfactant concentration, as represented in Figure 3-13. Additionally, 

the % H2O (w/w) in the coacervate phase decreases with increase % v/v HFIP in the solution. 

Figure 3-14 shows that the % H2O (w/w) decreases in the coacervate phase with total 

surfactant concentration. The change is slight at 10% v/v HFIP, and the water content does 
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not change significantly with changes in total surfactant concentration. At 20% v/v HFIP, the 

decrease is sharper with surfactant concentration change. Also, the % H2O (w/w) increases 

with increasing % v/v HFIP in solution. Figure 3-15A demonstrates that the % H2O (w/w) in 

the aqueous phase decreases linearly with HFIP concentration, but increases linearly with 

HFIP concentration in the coacervate phase at 50mM total surfactant concentration. Figure 3-

15B shows the same trends are present at 300mM total surfactant concentration, but the slope 

is much shallower with increased surfactant concentration, meaning the increase is more 

dramatic at lower total surfactant concentrations. 

 The simple coacervate composed of the zwitterionic surfactant DMMAPS was also 

analyzed for water content. It is important to note that the DMMAPS gels were very difficult 

to analyze and the results consequentially may not be as accurate as the results for other 

systems. Due to the viscosity of the gels, accurately removing 25µL of the gel into a gas-tight 

syringe for analysis without introducing air bubbles was very difficult. As a result, the weight 

of the gel was entered into the instrument for analysis, but the volumes collected were likely 

not accurate at 25µL, as one would ideally prefer. Figures 3-16 through 3-18 depict the 

results of these analyses. Figure 3-16 shows that the % H2O (w/w) in the aqueous increases 

linearly with increasing DMMAPS concentration, and that the water content decreases with 

increasing HFIP content. For the coacervate phase, Figure 3-17 shows that the % H2O (w/w) 

decreases with increasing DMMAPS concentration for the coacervate phase. Additionally, 

the water concentration appears to decrease more rapidly at higher HFIP concentration. At 

increased HFIP concentration (15% HFIP), the % H2O (w/w) is higher in the coacervate 

phase than at lower HFIP concentration (10% HFIP), but the % H2O (w/w) at 15% HFIP is 
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nearly equivalent to the 10% HFIP coacervate % H2O (w/w) at 200mM DMMAPS. Figure 3-

18 shows that the % H2O (w/w) increases in the coacervate phase and decreases in the 

aqueous phase with increasing % v/v HFIP for both 50mM and 200mM DMMAPS. At 

50mM DMMAPS, the % H2O (w/w) of the coacervate phase increases much more rapidly 

than in 200mM DMMAPS, which likely relates to the increased hydrophobicity of the 

coacervate from higher surfactant concentration, and the fact that water would find a more 

water friendly environment in the aqueous phase. 

 Na2SO4 aqueous two phase systems were analyzed for water composition, and the 

results may be observed in Figures 3-19 and 3-20. In Figure 3-19, it is clear that in the 

aqueous phase the % (w/w) H2O does not change with change in Na2SO4 concentration. 

Equally striking, there is obviously no change in % (w/w) H2O in the aqueous phase when 

increasing the % v/v HFIP from 15% to 50% in the solution. Figure 3-20 shows the % (w/w) 

H2O in the coacervate appears to decrease slightly with increasing Na2SO4 concentration. 

Also, the % (w/w) H2O in the aqueous phase appears to decrease with an increase in the % 

v/v HFIP from 15% to 50% in the solution. This is likely due to the decreased overall water 

content in the solution containing 50% v/v HFIP in comparison to 15% v/v HFIP. These 

trends are in close agreement to the observations made for the SDS simple coacervate 

system. The difference in these systems is in the alkyl chain on the SDS, and the acidity of 

the SDS system from the addition of HCl. SDS contains the Na
+
 as the counter ion, and the 

SO4
2-

 is attached to the alkyl chain as the negatively charged head group. The alkyl chain 

clearly provides a level of hydrophobicity that is not present in the Na2SO4 system. This 

difference can account for the fact that there is almost no change in the % (w/w) H2O in the 
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coacervate phase with respect to the change in the Na2SO4 concentration. Figure 3-21A 

represents the change in the % (w/w) H2O for both phases at 350mM Na2SO4, while Figure 

3-21B shows the same for 1000mM Na2SO4. In both instances, no change is apparent in the 

aqueous phase with increasing % v/v HFIP, but a slight decrease in % (w/w) H2O of the 

coacervate is observed for increasing % v/v HFIP. Due to the similarities and differences 

compared to the SDS system, it seems that the Na2SO4 system phase separates based on 

salting out of the HFIP in the presence of Na2SO4 and water. 

 After a comprehensive review of the data, the trends for % w/w H2O were obviously 

similar for SDS:DTAB complex coacervate and DMMAPS simple coacervate systems: 

increasing surfactant concentration necessitated a decrease in % w/w H2O of the coacervate 

and an increase of % w/w H2O in the aqueous phase, and increasing %v/v HFIP resulted in 

an increase in the % w/w H2O in the coacervate and a decrease in the % w/w H2O in the 

aqueous phase. The remaining systems all displayed trends unique unto themselves, which 

could be indicative of their own specific mechanisms. 

 

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy Analysis (ATR-

IR) for % HFIP 

For a detailed review of FTIR peak assignments and details about the analysis of 

these samples, please refer to the Appendix at the end of this chapter. The SDS simple 

coacervate system was analyzed by ATR-IR for HFIP concentration. Figure 3-22 is a 

representative spectrum for the SDS anionic simple coacervate system aqueous and 

coacervate phases. Figure 3-22A depicts the spectrum of the aqueous phase. HFIP peaks 4-11 
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are visible in the fingerprint region, however, due to the dilution performed on these phases 

the SDS related peaks are not visible at all. The SDS concentration for the aqueous phase 

should be very small in an undiluted solution, so it is not surprising that the SDS peaks are 

not visible in these spectra. Figure 3-22B represents the coacervate phase of the 200mM SDS 

15% HFIP system. The HFIP peaks are visibly larger in this spectrum compared to the one 

for the aqueous phase. Also, the SDS peaks are not visible even though the concentration is 

much higher than in the aqueous phase. The dilution required once again makes them too 

small to be detected in these spectra. 

Figure 3-23A shows that at 15% v/v HFIP in the total solution, the coacervate phase 

contains in excess of 50%w/w HFIP, while the aqueous phase contains much less. In fact, the 

coacervate has much more HFIP in the coacervate at all concentrations of SDS. As the 

concentration of SDS increases in the total solution, the %HFIP w/w of the aqueous phase 

and coacervate phase decreases. This trend has more to do with the much larger mass of the 

SDS (288.372 g/mol) in each phase, compared to the mass of HFIP (168.05g/mol) and water 

(18.016g/mol). The volume of HFIP in each phase is not decreasing, as one might expect by 

first glance at this plot. The standards were prepared by % v/v HFIP originally and converted 

for % w/w HFIP analysis. To determine the volumes in Table 3-2, these standards were 

converted back to % v/v and a new calibration was calculated on the % v/v analysis of the 

samples. In addition, the results were multiplied by the phase volumes reported at the end of 

this chapter to determine the actual volume of HFIP in each phase. The results are shown in 

Table 3-2A, where the total volume of HFIP in each phase was determined at increasing SDS 

concentration. It is clear to see that as the SDS concentration in the total solution increases, 
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the volume of HFIP in the aqueous phase decreases, while the volume of HFIP in the 

coacervate phase increases. This trend is easily explained by the fact that the coacervate 

phase is rich in the hydrophobic surfactant. As the amount of surfactant in the total solution 

increases, the amount of surfactant in the coacervate also increases. The hydrophobic 

attraction of the HFIP to the surfactant works to extract the HFIP from the aqueous phase 

into the coacervate phase. The % w/w HFIP in the aqueous phase is approximately 

equivalent to the % v/v HFIP added to the total solution at low SDS concentration, but 

decreases as the SDS concentration increases. 

At 25% v/v HFIP in the total solution, the opposite trend is observed for the aqueous 

phase. The % w/w HFIP begins to increase in the aqueous phase as the concentration of SDS 

increases in the total solution, while the % w/w HFIP in the coacervate appears to remain 

constant within the range of reported error, which is different than the data for 15% HFIP. 

The reason for this difference is unknown. Table 3-2B shows that as the total volume of 

HFIP in the aqueous phase consistently increases with increasing SDS concentration. HFIP is 

miscible with water, found in large quantities in the aqueous phase. As a result, the % w/w 

HFIP in the aqueous phase is just below the total % v/v of HFIP in the total solution, while 

the remaining HFIP is extracted into the coacervate phase, along with the hydration layer of 

water. 

For 10mM SDS solutions, the % w/w HFIP in the aqueous and coacervate phases do 

not change significantly with increasing % v/v HFIP added to the total solution as seen in 

Figure 3-24A. As discussed earlier, the coacervate phase volume increases significantly with 

% v/v HFIP added to the total solution. The change in volume, presumably from increased 
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water content in the coacervate phase, would account for the lack of a change in % w/w 

HFIP. This means that the coacervate and aqueous phase volumes increases are proportional 

to the increase in the HFIP content of the solution. Figure 3-24B represents a similar set of 

data for 200mM SDS solutions. However, as % v/v HFIP added to the total solution changes, 

the % w/w HFIP in the aqueous phase increases. This means that over the same range of % 

v/v HFIP, larger SDS concentrations are directly related to a more gradual change in 

coacervate volume. The consequence at higher SDS concentration is that the coacervate 

HFIP % w/w stays the same, but the aqueous phase does not increase as rapidly, resulting in 

a higher concentration of HFIP in the lower relative volume of the aqueous phase. 

The DTAB cationic simple coacervate systems were also prepared and run by ATR-

IR to analyze the HFIP content in each phase. Figure 3-25 is representative of the overlay of 

the spectra for the aqueous phase and coacervate phase for the DTAB systems. The aqueous 

phase has much larger water peaks than the coacervate phase, while the coacervate phase 

contains much larger peaks for DTAB and HFIP, as expected. Figure 3-26 represents the 

trend of HFIP content in each phase as the % v/v HFIP in the total system increased for 

10mM and 150mM DTAB systems.  

In Figure 3-26A, something interesting occurs at low total % v/v HFIP for the 10mM 

DTAB system. The % w/w HFIP in the aqueous and coacervate phases is nearly equivalent at 

2% and 5% v/v HFIP, as can be seen in Table 3-3A. This case is an exception, as the 

concentration of HFIP in the coacervate phase is considerably higher than that in the aqueous 

phase for all systems and under all conditions tested. At first glance, this was unexpected, but 

with further thought this should not be surprising, and provides great insight into the 
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mechanism of extraction in coacervation. HFIP solvates the surfactant, creating a highly 

hydrophobic environment, and induces intermolecular association between the surfactant 

molecules, which facilitates the phase separation. As shown above, this new phase is not only 

surfactant-rich, but it is also HFIP-rich, compared to the bulk aqueous phase. The head group 

region in  the surfactant assembly in the coacervate phase is solvated by water and HFIP that 

is extracted from the bulk aqueous phase, where the amount of water and HFIP in the 

coacervate is similar to the amount found in the bulk aqueous phase, but also contains a 

larger excess of HFIP. The data represented here shows that the excess HFIP in the 

coacervate increases with the % v/v HFIP added to the total solution. Relating back to the 

10mM DTAB system with 2% HFIP, this system contains nearly equivalent concentrations 

of HFIP in the aqueous and coacervate phases. Likely due to the very dilute concentrations of 

both the surfactant and fluoroalcohol in solution, a large surplus of HFIP is not detected in 

the coacervate phase for this system. As the % v/v HFIP increases from 2% to 5%, we see 

again that the aqueous phase and coacervate results are practically equivalent, without a 

significant HFIP surplus. However, once the % HFIP reaches 10% v/v, the % w/w HFIP in 

the coacervate increases dramatically to approximately 50% w/w, and continues to increase 

up to 71% w/w at 19% v/v. Figure 3-26B for 150mM DTAB shows that as the HFIP 

concentration increases in the overall solution, the amount in the coacervate phase stays 

fairly consistent around 70% w/w, but the amount in the aqueous phase increases from 3.06% 

w/w to 13.21% w/w. In every case, the % w/w in the aqueous phase is very similar to the % 

v/v in the total solution.  
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Also, interesting to note, is that the % w/w HFIP increase in the coacervate phase is 

directly correlated to the Vc/Vt of the coacervate. Figure 3-27 shows an overlay of the Vc/Vt  

of the coacervate phase and the HFIP composition of the coacervate phase at 5% HFIP. The 

largest change in Vc/Vt of the coacervate is from 0.80% at 10mM DTAB to 1.40% at 25mM 

DTAB, where the % w/w HFIP increases from 8.37% to 65.13%. After this sharp change, 

both the Vc/Vt of the coacervate and % w/w HFIP increase up to 75mM DTAB, and then 

begin to decrease through 200mM DTAB, although the rate of the decrease in Vc/Vt of the 

coacervate is much lower than the % w/w HFIP decrease in the coacervate, such that it 

appears to plateau. Note that the decrease in coacervate phase volume with [DTAB] 

concentration is an anomaly as with all other systems, coacervate phase has a direct 

relationship with surfactant concentration. In this specific case, inadequate buffering of the 

system and fluctuations in pH with concentration could be a possible source for the behavior. 

Figure 3-28 depicts the trends for % w/w HFIP in each phase with respect to 

changing DTAB concentration at 5% and 10% v/v HFIP. In general, the HFIP content of 

each phase is not affected by changing the DTAB concentration, with the exception of 10mM 

DTAB where the large excess of HFIP in the coacervate phase is not observed, as discussed 

previously. This trend is similar to that discussed previously for the SDS simple coacervate 

system. 

Figure 3-29 shows that the % w/w HFIP content decreases in both phases of the SDS-

DTAB system as the total surfactant concentration increases. For the coacervate phase this 

makes sense due to the rate of increase of the coacervate phase volume with the change in the 

total surfactant concentration. For the aqueous phase, this is simply due to a lower volume of 
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HFIP in the aqueous phase resulting from extraction into the coacervate phase because of the 

hydrophobic attraction of the fluorocarbons in the HFIP to the hydrocarbon tail of the 

surfactants. In Figure 3-30, we can see the relationship of % w/w HFIP in each phase as the 

% v/v HFIP in the total solution changes. Again, the HFIP content is always much higher in 

the coacervate phase than in the aqueous phase. The HFIP content in the aqueous phase 

increases with % v/v HFIP added to the total solution.   At 50mM total surfactant 

concentration, % w/w HFIP in the aqueous phase is similar to the % w/w added to the total 

solution. However, at 300mM total surfactant concentration, the aqueous phase % w/w HFIP 

is always lower than the % v/v HFIP added to the total solution, which is due to the solution 

density being much greater than 1, due to the HFIP and surfactant. 

DMMAPS zwitterionic simple coacervate systems were analyzed first by changing 

the DMMAPS concentration, while keeping the % v/v HFIP in the total solution constant. 

Note that even though many of the samples analyzed for DMMAPS were gels, no change in 

preparation was necessary for the gels compared to the liquid coacervates. Figure 3-31 

demonstrates that increasing the DMMAPS concentration causes a decrease of the % w/w 

HFIP in the phases at 10% v/v HFIP.  However, at 15% v/v HFIP no change in the % w/w 

HFIP is observed with increasing DMMAPS concentration. At all concentrations of 

DMMAPS, a gel is formed with 10% v/v HFIP, but with 15% v/v HFIP a liquid coacervate 

phase is observed. While the decrease in % w/w HFIP in each phase at 10% is not 

understood, we believe that this trend is in some way related to the formation of this gel 

phase, and is possibly a function of the density of the gel. Figure 3-32 reveals that the total % 

v/v HFIP in the solution does not  have a significant impact on the HFIP content of the 
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coacervate phase, but increasing % v/v HFIP does increase the % w/w HFIP in the aqueous 

phase at 50mM and 200mM DMMAPS. 

 

Analysis of HFIP Concentration in Na2SO4 Systems by Gas Chromatography with 

Thermal Conductivity Detection 

 As discussed earlier, HFIP content in Na2SO4 could not be quantified by ATR-IR due 

to interferences from the salt. Since GC is capable of running salt solutions, this was 

considered the optimal alternative. Inorganic salts will deposit onto the column and plug it 

over time; however, the use of a glass liner and a split mode injection in this experiment 

allowed the salts to deposit on the liner as the water evaporated in the injection port 

preventing them from reaching the column. 

 Figure 3-33 shows the calibration curves for the binary mixtures of HFIP and water. 

Both curves show good linearity with correlation coefficients (R
2
) ≥ 0.995. It is noted that the 

y-intercept is not close to zero in Figure 3-33B, which is likely due to the fact that the 

solvents used in this experiment were not anhydrous. Using these calibrations, the % w/w 

HFIP and % w/w H2O were calculated for Na2SO4 aqueous two phase systems. Figure 3-34 

shows that at 15% v/v and 35% v/v HFIP in the total solution, the % w/w HFIP decreases in 

the top aqueous phase, while the % w/w HFIP increases in the HFIP-rich bottom phase with 

increasing concentration of Na2SO4. It is noted that the rate of change in HFIP concentration 

is much shallower in the systems with 35% v/v HFIP compared to 15% v/v HFIP. This 

phenomenon is likely a function of the change in the structure of HFIP at 30% v/v, where 

micelle-like clusters are formed in solution. With these clusters, the hydroxyl groups are 
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positioned on the outside of the clusters, allowing for stronger hydrogen bonding with water, 

which would account for the change in the rate of HFIP observed at 35% v/v HFIP compared 

to 15% v/v HFIP. At constant Na2SO4 concentration, Figure 3-35 shows that some 

differences are also recognized between high and low concentration. In Figure 3-35A, at 

350mM Na2SO4 the % w/w HFIP in the bottom HFIP-rich phase increases, while the % w/w 

HFIP in the top aqueous phase decreases. However, at high Na2SO4 concentration 

(1000mM), the % w/w HFIP in the bottom phase remains relatively constant, while the top 

phase shows a very shallow decrease in the % w/w HFIP. Table 3-5 shows a comparison of 

350mM Na2SO4 data and 1000mM Na2SO4 data. The assertion that the % w/w HFIP remains 

constant becomes clear, but one can also see that the % w/w HFIP in the aqueous phase of 

the 350mM Na2SO4 system is nearly double that of the 1000mM Na2SO4 system with the 

exact same % v/v HFIP in the total solution. This is due in large part to the increased mass of 

Na
+
 and SO4

2-
 in the top phase at 1000mM, which will dramatically decrease the ability of 

the water to create a cavity for the HFIP, reducing the HFIP content of the top phase. 

 Since water analysis is also possible with the thermal conductivity detector, this 

analysis was also carried out on these solutions within the same injection. Figure 3-36 shows 

an example chromatogram of the standards run in this experiment at 85% w/w H2O and 15% 

w/w HFIP. Figure 3-37 is the representative chromatogram for the top phase of the 350mM 

Na2SO4 40% HFIP system. Figure 3-38 is the bottom phase chromatogram for the 350mM 

Na2SO4 40% HFIP system, and is representative of the bottom phases examined throughout 

this experiment. Notice by comparison, that the HFIP peak at 2.0 minutes is much larger in 



 

136 

 

the bottom phase than in the top phase of this aqueous two phase system, as is expected, and 

the water peak by comparison is significantly smaller. 

 The results of the water analysis are shown in Tables 3-6 and 3-7, as a favorable 

comparison to the results obtained by Karl Fischer analysis reported earlier. Based on the 

results from this table, the results are comparable within at least ±2%, which is acceptable. 

The main difference is that the highest % v/v HFIP useable for 1M Na2SO4 was 35%. At 

40% and 50% HFIP, the solutions contained a large mass of solid Na2SO4 in the solution 

after phase separation. This is much different than the previous report from Figure 3-5A that 

the transition from Liquid/Coacervate to Liquid/Solid+Coacervate happens at 59% v/v HFIP. 

The reason for this is a bit unclear, and any number of variables could have affected these 

sample prep results. Two distinct possibilities are: 1) temperature differences in the lab 

between the two experiments could be such that this affected solid precipitation or 2) the 

volume of the preparations for water analysis were much larger at 15mL than for the phase 

diagram experiment at 1.5mL, and the large difference in the volume of the sample 

preparation led to these differences. As a result, the highest % v/v HFIP tested was 35% for 

the data used in Table 3-7, so the range for 1000mM Na2SO4 % v/v HFIP content was 

adjusted to contain five concentrations within the ranges where two phases are observed. 

This accounts for the lack of data at 10% and 30% v/v HFIP for 1000mM Na2SO4 in Table 3-

7. 

 

 

 



 

137 

 

Elemental Analysis of Surfactant/Salt Concentration 

 Table 3-8 shows the change of bromide concentration in the aqueous and coacervate 

phase of the DTAB simple coacervate system. First, this data shows that the Br
-
 in the DTAB 

dissociates in solution and remains in the more hydrophilic aqueous phase, which is not 

surprising given that the charged ions in solution would be expected to be highly polar, 

therefore, more interactive with the bulk aqueous phase. However, as the initial DTAB 

concentration in the solution increases, the bromide ion appears to trend toward equal 

preference for both phases at 100mM DTAB and 5%HFIP. As will be shown, this trend is 

unique in this system, but the reason for this is trend is currently unknown. With increasing 

% v/v HFIP, the bromide ion decreases in the aqueous phase due to the increase in HFIP in 

the phase. The increase in HFIP in the overall solution not only causes the HFIP 

concentration of the aqueous phase to increase, but the partitioning of the HFIP into the 

coacervate phase also pulls in water from the hydration layer, increasing the water content of 

the coacervate phase. This process causes the polarity of the two phases to become 

increasingly similar, and the counter ion will start to have slightly less preference for the 

aqueous phase. 

The concentration of the DTA
+
 in the aqueous and coacervate phases of DTAB 

simple coacervate system was determined through volumetric analysis using standard SDS 

solution as the titrant and the data is recorded in Table 3-9. With increasing initial DTAB 

concentration, the % DTA
+
 in the aqueous phase decreasesand the % in the coacervate phase 

increases. While the % DTA
+
 decreases in the aqueous phase, the number of µmoles DTA

+
 

actually increases, as do the µmoles DTA
+
 in the coacervate phase. This trend is similar to 
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that seen in all other systems studied. For increasing % v/v HFIP from 5% to 10%, the % 

DTA
+
 increases in the coacervate phase and decreases in the aqueous phase. In addition, the 

number of µmoles DTA
+
 decreased in the aqueous phase, while increasing in the coacervate 

phase. This trend shows that with increasing HFIP concentration partitioning of DTA
+
 

increases, moving out of the aqueous phase, into the coacervate phase. 

 For the SDS simple coacervate, Na
+
 analysis by ICP-AES showed that essentially 

100% of the Na
+
 remains in the aqueous phase with all changes in surfactant and HFIP 

concentration, as shown in Table 3-10. Sulfur analysis by ICP-AES results are displayed in 

Table 3-11. The results show that the amount of the dodecylsulfate in the coacervate phase 

increases with increasing initial concentration of SDS in the total solution. Additionally, with 

increasing % v/v HFIP from 15% to 25%, the percentage of DS
-
 in the coacervate decreases, 

while it increase in the aqueous phase. This trend is expected, as the HFIP will partition into 

the coacervate and displace a small amount of the surfactant, which will partition into the 

aqueous phase. 

 The SDS:DTAB complex coacervate was analyzed for the content of the surfactant 

and counter ions for both SDS and DTAB, and the data for the counter ion (Na
+
 and Br

-
) 

content for each phase is found in Table 3-12 while the corresponding surfactant alky chain 

(DS
-
 and DTA

+
) content data for each phase is found in Table 3-13. First, it is clear that the 

counter ions have a strong attraction to the aqueous phase due to the inherent polarity due to 

their charged state. Increasing the total surfactant concentration shows an initial increase in 

the % Br
-
 in the aqueous phase and a decrease in the coacervate phase, which appears to 

plateau at 100mM total surfactant concentration. Increasing the % v/v HFIP in the solution 
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leads to a decrease in the % Br
-
 in the aqueous phase and an increase in the coacervate phase. 

The % Na
+
 appears to decrease in the aqueous phase with increased total surfactant 

concentration, and increase in the coacervate. The reason for this difference in the counter 

ion trends is unclear. With increasing HFIP content, the % Na
+
 decreases in the aqueous 

phase and increases in the coacervate phase, as described in previous systems.  

 Table 3-13 demonstrates that the percentage of surfactant alkyl chain and head group 

(DTA
+
 and DS

-
) does not change significantly with increasing total surfactant content. The 

number of moles present in each phase does increase with increasing total surfactant 

concentration, as one might expect. Increasing the % v/v HFIP, appears to have a slight effect 

on the surfactant composition, showing a slight partitioning of surfactant from the aqueous 

phase and into the coacervate phase. 

 DMMAPS zwitterionic surfactant data are compiled in Table 3-14. Increasing the 

surfactant content in the initial solution, necessitates an increase in the % of DMMAPS in the 

coacervate phase, showing an increase from 90.2% to 99.0% from 10mM to 200mM 

DMMAPS in the initial solution.  This results from the partitioning of the DMMAPS from 

the aqueous phase, which shows a decrease in the percentage of DMMAPS in the phase from 

9.8% to 1.0% over the same range. While the percent of total DMMAPS is decreasing in the 

aqueous phase, there is still an increase in the total number of micromoles within that phase, 

while the same is also increasing in the coacervate phase. This shows that the structure 

formed by the surfactant system is continuing to grow with increasing concentration in the 

coacervate. Increasing the % v/v HFIP in the solution appears to have a similar effect, 
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causing the DMMAPS to partition out of the aqueous phase, back into the coacervate phase, 

due to increasing HFIP concentration in the aqueous phase. 

 The Na2SO4 SATPS system is unique in that there is no alkyl chain in the Na2SO4 salt 

molecule to provide hydrophobic interactions, and is composed of two oppositely charged 

counter ions. As a result, the salt dissociates in aqueous media and the two oppositely 

charged counter ions are highly polar. Table 3-15 shows the data for Na
+
 and SO4

2-
 

concentration determined by ICP. This shows that the top phase of this two phase system is 

highly concentrated in both counter ions. Without the hydrophobic tail group associated with 

the surfactant molecules in the other systems studied, very little is present in the bottom 

phase other than water and HFIP. With increasing salt concentration, the amounts of both 

counter ions increases in the top phase, and decreases in the bottom phase. Additionally, with 

increasing HFIP concentration, the counter ions appear to continue to partition out of the 

bottom phase into the top phase. 

 

Coacervate Phase Volume Analysis 

 Coacervate  volume %  (volume of coacervate/total volume) was measured with 

changing total surfactant or salt concentration, as well as the HFIP concentration. Figure 3-39 

shows the trend for % coacervate volume for DTAB analyzed at 75mM and 200mM DTAB 

with a change in %v/v HFIP. In the DTAB simple coacervate system, coacervation takes 

place with the addition of at least 2% HFIP in every system tested. However, the changes in 

% coacervate volume with respect to the change in %v/v HFIP varies based on the 

concentration. For 75mM DTAB (Figure 3-39A & B), coacervate growth occurs linearly 
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with increasing % v/v HFIP concentration from 2 to 7%. Beyond 7% v/v HFIP, the 

coacervate structure begins to dissipate, until only one liquid phase exists beyond 14.3% v/v. 

The profile for 200mM DTAB is not quite as Gaussian as that for 75mM DTAB. The 

coacervate grows from 2% v/v HFIP up to 10% HFP in a linear fashion. At this point, the 

coacervate begins to dissolve rapidly, such that no coacervate is formed after 14% v/v HFIP. 

It is also possible that the non-Gaussian shape of these coacervate volume curves is due to 

the large uncertainty in measuring the volumes of coacervate phases in the low microliter 

range associated with the DTAB simple coacervates. However, the shape of these plots 

closely resembles those reported by Dhruv et. al for the coacervate volume of gelatin-acacia 

complex coacervate system.[51] 

Figure 3-40 represents the change in % coacervate volume with respect to DTAB 

concentration over a range of 10-200mM DTAB with 5% and 10% HFIP. The coacervate 

volume increases up to 320µL or 2.1% at 75mM DTAB, then the coacervate volume 

decreases to 1.3% or 200 µL at 200mM DTAB. At 10% HFIP, the % coacervate volume 

generally increases as the DTAB concentration increases in a linear fashion, except for one 

outlying data point. It is important to note that for every other system we have observed a 

linear growth of coacervate volume with increasing surfactant/polymer concentration. The 

reason for this difference is unknown, but we believe that the effective pH of the solution 

plays a role in DTAB coacervate formation and dissolution. Decreasing pH with increasing 

DTAB concentration means less deprotonated HFIP will be available for ion pairing with 

DTA
+
, which is an important factor in coacervate formation. The reason for 125mM being an 

outlier is unknown at this time. Looking at every point in the 125mM DTAB data, suggests 
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this concentration is a bit of an outlier at almost every point, being higher in volume than 

both 100 and 150mM DTAB at the same %v/v HFIP. If we examine 10 % HFIP and consider 

the trend that increasing DTAB concentration directly relates to increasing coacervate 

volume, we can see that this is very similar to what is reported by Menger and Sykes for the 

simple coacervate AOT with NaCl as the coacervator, as well as by Jenkins for SDS:CTAB 

and Nejati for PMA:CTAB coacervates.[24, 52, 53]  

Dhruv et. al reported a linear increase in coacervate volume with final pH, as well as 

with the ratio of gelatin to acacia. They found that the complex coacervate volume grew with 

increasing temperature up to 40ºC, and decreased significantly thereafter.  Additionally, 

increased colloid concentration showed a similar trend, where the coacervate volume 

increased up to 4% w/v colloid concentration, and decreased at higher concentrations.[51] 

Temperature was not factored into the current study, as all determinations were performed at 

room temperature. For the DTAB simple coacervate systems, volume increases linearly with 

DTAB concentration at all HFIP concentrations except at 5% HFIP. The concentration of the 

coacervator (HFIP) appears to cause linear coacervate growth up to an optimum 

concentration, after which the coacervate volume decreases fairly rapidly.  

Figure 3-41 shows the effect of increasing % HFIP concentration on the coacervate 

volume for the SDS simple coacervate systems at 10mM & 125mM SDS concentration. The 

linear increase in coacervate volume shown here is representative of the trend for all 

concentrations of SDS. It is also clear that the increased SDS concentration from 10mM to 

125mM SDS creates larger coacervate volume %, although it doesn’t appear that the 

difference in the coacervate volume % is very large considering the large difference in 
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coacervate concentrations. In contrast to the cationic DTAB coacervate system, the anionic 

SDS coacervate forms at a much higher HFIP concentration, and form much larger 

coacervates than DTAB coacervate systems. The SDS coacervate volumes are in the range of 

6.5% Vc/Vt to 92%Vc/Vt (relative to the total solution volume), whereas the DTAB systems 

ranged from only 0.1%v/v to 4.0%v/v. Coacervation is not induced in the SDS system until 

the HFIP concentration is at least 12%v/v for the concentrations of SDS tested in this work. 

For 10mM and 25mM SDS systems, coacervation was not observed until the HFIP 

concentration was as high as 15%v/v. A similar trend is seen for the increase in SDS 

concentration and % coacervate volume in Figure 3-42 to that seen in Figure 3-41 for % v/v 

HFIP. However, the extremely shallow slopes for the change in SDS concentration versus the 

relatively large slopes for changing HFIP concentration show that increasing the HFIP 

concentration has a more dramatic effect on increasing the volume of the coacervate than 

does changing the SDS concentration. This is also fairly obvious when observing the 10mM 

and 125mM SDS systems in Figure 3-41 that the volumes are very close in relation to 

changing SDS concentration versus the wide difference in coacervate volumes in Figure 3-42 

for increasing the % v/v HFIP.  In the phase diagram for SDS simple coacervate in Figure 3-

2, we can clearly see that the coacervate phase also contains some insoluble surfactant in 

solution, which is the reason for the reduced number of data points in the systems with 

125mM SDS in Figure 3-41 and 45% HFIP in Figure 3-42. 

 For the catanionic SDS:DTAB (1:1) complex coacervate system, coacervate 

formation was observed for all systems tested in this work with at least 4%v/v HFIP added. 

For 20mM, 50mM, and 300mM, coacervate was formed as low as 2%v/v HFIP. It is also 
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interesting to note how the range of coacervate formation can vary as the total surfactant 

concentration increases. At 20mM, coacervate is formed in the range of 2-19%v/v HFIP; 

however, at 400mM, coacervate can be formed in the range of 4-60%v/v HFIP. This large 

difference in the range is not found in the simple coacervates tested here, but it is noted that 

this is similar to the observations made by Jenkins for the SDS:CTAB (1:1) coacervate 

system with HFIP as the coacervator.[23] 

Figure 3-43 shows that the % coacervate volume increases with increasing %v/v 

HFIP for all total surfactant concentrations analyzed for SDS: DTAB (1:1). The relationship 

is clearly not linear, but the increase in % coacervate volume is quite dramatic, especially at 

higher total surfactant concentrations. Coacervate volume % as high as 98.3% was observed 

for 400mM SDS: DTAB with 60% v/v HFIP, as shown in Figure 3-43. Comparing 100mM 

to 200mM SDS: DTAB in Figure 3-43, a small change in coacervate volume % is apparent 

with increasing total surfactant concentration. Figure 3-44 displays the change in % 

coacervate volume with respect to total surfactant concentration at 5% and 20%v/v HFIP. 

The increase in coacervate volume % is fairly linear with some slight deviations in those with 

20% HFIP, possibly due to inherent error in making the solutions. The trend here is very 

similar to the SDS simple coacervate system, where the coacervate volume % increases with 

total surfactant concentration; however, the slopes are very shallow in Figure 3-44, compared 

to the dramatic increases with % v/v HFIP see in Figure 3-43. This indicates that increasing 

% v/v effects coacervate volume % to a much larger extent than total surfactant concentration 

changes. 
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DMMAPS was used to make the zwitterionic coacervate systems shown in Figure 3-

45. For this surfactant system, coacervation began as low as 1%v/v HFIP at 25mM 

DMMAPS, but all concentrations produced coacervates (gel phase) by 3%v/v HFIP addition 

as shown in Figure 3-4. Based on the trends in Figure 3-45, coacervate volume growth has a 

strong correlation with % v/v HFIP added to the solution for DMMAPS systems. 

Additionally, comparison of the two sets of data in Figure 3-45 shows that coacervate 

volume appears to increase with DMMAPS concentration when comparing 25mM and 

200mM DMMAPS. Another interesting observation in Figure 3-45 is that the slopes are quite 

different at 25mM and 200mM DMMAPS. Further investigation in Table 3-16 shows that as 

the initial concentration of DMMAPS increases, the slope increases for this correlation. This 

means that with increasing DMMAPS concentration, the effects of HFIP on the coacervate 

volume growth are enhanced. This could be an indication that the interaction of DMMAPS 

and HFIP creates a salting out effect, efficiently increasing the aggregation of DMMAPS and 

HFIP, creating separate stable aqueous and coacervate phases. In the case of lower HFIP 

concentration, one might wonder if having lower concentrations of HFIP and water allows 

electrostatic attraction of the opposing charges on the DMMAPS molecule, forming a 

continuous framework within the bottom phase to create the gel phase. 

Figure 3-46 shows that % coacervate volume increases with increasing DMMAPS 

concentration, just as shown in Figure 3-45. As seen before, the slopes for changing 

DMMAPS concentration are very small, which indicates that HFIP is much more efficient at 

increasing the coacervate volume than DMMAPS concentration. This trend would fit with 

the assertion that the salting-out effect is the mechanism for phase separation, because higher 
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concentrations of HFIP would create a more hydrophobic environment which would force 

stronger aggregation of the hydrophobic portion of the DMMAPS. Since coacervate volume 

increases with both DMMAPS and HFIP concentration, the highest volume coacervate 

observed for this zwitterionic system is at 200mM DMMAPS and 30% HFIP, with 26.7% 

coacervate volume, or 410µL in a 1500µL system. 

 The final system is the Na2SO4 salt-aqueous two phase system (SATPS).Figure 3-

47A, shows the relationship between % v/v HFIP and bottom phase % volume for this two 

phase system at 350mM and 1000mM Na2SO4. Note that a strong correlation exists for 

increasing bottom phase volume and initial HFIP concentration. However, it also seems to 

indicate that Na2SO4  may play very little role in the increase of the bottom phase % volume, 

since 350mM and 1000mM Na2SO4 are practically overlapping at all HFIP concentrations. 

An exception to this trend is the 100mM Na2SO4 system shown in Figure 3-47B.  The 

100mM Na2SO4 system is a unique outlier in that two phases are not formed until 40%v/v 

HFIP, and the % bottom phase volume was 95%, or 950 out of 1000µL, which is very high 

starting bottom phase volume. Increasing the % HFIP decreased the bottom phase volume to 

900µL from 45-60% HFIP, and then it increased to 975µL at 75% HFIP. The plot resembles 

a U shaped curve, compared to the nearly linear curves for the other Na2SO4 concentrations. 

 Figure 3-48 shows the correlation between coacervate % volume and total Na2SO4 

salt concentration for the simple coacervate systems with 35% and 50% HFIP in solution. 

The plot for 35% HFIP coacervate systems is slightly curved but very close to linear with a 

correlation coefficient R
2
 = 0.9861. At 50% HFIP, the plot is clearly not linear (R

2
 = 0.9547), 

and more closely resembles a plot of a cubic function (R
2
 = 0.9977), although the % 
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coacervate volume still increases with Na2SO4 concentration. This deviation from linearity is 

likely linked to the kosmotropic behavior of the Na
+
 and SO4

2- 
ions in solution.[54] The SO4

2- 

ion is one of the strongest kosmotropes in the Hoffmeister series, which has traditionally 

referred to the ability of the ion to stabilize the hydrogen bonded water molecules in solution. 

Chaotropes refer the destabilizing ability of the hydrogen bond structure of water molecules. 

In 2003, Omta et al. stated that in aqueous solutions, the viscosity increases due to the 

addition of Na2SO4 were fully explained by the rigid nature of the anion and it’s first layer of 

hydration.[55] In 2010, Tielrooij et. al. showed that combining two strong kosmotropes such 

as Na
+
 and SO4

2- 
in solution strongly affects the dynamic structure of water molecules, and 

locks them in a rigid formation. In addition, the hydration numbers are not additive, so more 

water molecules interact, which extends this rigid structure beyond just the initial shell of 

hydration, lending to the increased viscosity.[56] Relating this to our system, the solvation 

layer consisting of water and HFIP is likely locked in more loosely with increased HFIP 

content. At higher Na2SO4 concentration and higher HFIP, the increased concentration of 

strong ionic kosmotropes creates a change in the hydrogen bonding of the water and HFIP in 

such a way that there is a disruption in the structure and density of the solvation layer 

surrounding the ions, thereby promoting a change in the way the increasing concentration of 

the salt affects the change in coacervate phase volume. 

 

Conclusions 

 This work has focused on learning about the composition, and possibly the 

mechanism of formation, of simple and complex coacervates. In the process, we have 
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observed several characteristics for all systems, all of which are summarized in Table 3-17. 

This table is a useful tool for identifying trends in each coacervate system. First of all, 

coacervate volume increases for every system with increasing surfactant concentration and 

with increasing HFIP concentration, although HFIP always appears to play the most 

important role. Secondly, elemental analysis showed that the counter ions for the surfactants 

and salts in all systems remain highly concentrated in the aqueous phase due to their high 

polarity, which was expected, but had not been definitively shown to this point. 

The DTAB cationic simple coacervate system displays some rather unique qualities. 

The volume of the coacervate is extremely small in comparison to every other system we 

have presented in this work. When the DTAB concentration changes, there is no effect on the 

% w/w HFIP in either phase. The volume of the coacervate increases with the concentration 

of DTAB in the solution due to increasing %w/w water and surfactant concentration in the 

coacervate phase. Along with these changes in the coacervate phase, the aqueous phase loses 

water and surfactant, as they partition from the aqueous phase into the coacervate phase.  

With increasing % v/v HFIP in the solution, the coacervate volume also increases. Once 

again, water and surfactant are extracted into the coacervate from the aqueous phase. At low 

DTAB concentration, HFIP also appears to partition into this phase more readily than at high 

DTAB concentration. The DTAB simple coacervate grows as a result of these changes. The 

coacervate phase volume study shows that with increasing the % v/v HFIP, the coacervate 

volume increases up to an optimal HFIP concentration, then the coacervate begins to dissolve 

until only one liquid phase remains at high HFIP concentration. The mechanism for this 
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simple coacervate system is likely related to the salting-out of the surfactant with the addition 

of HFIP. 

The SDS simple coacervate system composition shows slightly different trends than 

the DTAB simple coacervate system. When the SDS concentration increases in solution, the 

coacervate volume increases due to increased partitioning of water and surfactant into the 

coacervate phase from the aqueous phase, combined with partitioning of HFIP out of the 

coacervate into the aqueous phase. Increasing the initial % v/v HFIP, the coacervate volume 

increases due to increased mass of surfactant in the coacervate phase. The water composition 

of the coacervate decreases, and % HFIP remains unchanged, except at high surfactant 

concentration where it increases. The mechanism for this phase separation appears to be 

salting-out of the surfactant due to HFIP.  

The catanionic complex coacervate SDS:DTAB coacervate volume increases with 

increased total surfactant concentration. This results from increased partitioning of the 

surfactant into the coacervate phase. Increasing the total surfactant concentration leads to a 

decrease in the amount of water in the phase due to increased hydrophobicity in the phase 

forcing water to partition back into the aqueous phase. The % w/w HFIP does not increase in 

the coacervate with increasing total surfactant concentration, which was somewhat 

surprising. An increase in the % v/v HFIP in the complex coacervate causes a growth of the 

coacervate as HFIP partitions into the coacervate phase, and brings in more water from the 

hydration layer, while the concentration of surfactant in the coacervate continues to increase. 
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 DMMAPS zwitterionic simple coacervate behaves somewhat similarly to the 

SDS:DTAB complex coacervate. With increasing surfactant concentration, the coacervate 

volume increases as a result of increased concentration of surfactant in the phase. Water 

partitions out of the coacervate, back into the aqueous phase, while no change occurs in the 

HFIP concentration in the coacervate. Increasing % v/v HFIP causes coacervate growth by 

increased partitioning of surfactant and water into the coacervate. Again, no change in the 

HFIP concentration is observed in the coacervate phase. 

 Na2SO4 SATPS is interesting because it is similar to SDS, only lacking the 

hydrophobic chain, thus removing hydrophobic interactions from the surfactant tail in the 

two phase system. Increasing the salt concentration creates a high concentration of Na
+
 and 

SO4
2- 

in the top aqueous phase. This creates a more water friendly environment due to the 

kosmotropic nature of the dissociated ions in aqueous solution. As a result, the water 

partitions back into the top aqueous phase. With the increase in salt concentration, the HFIP 

partitions into the coacervate phase at low salt concentration, but at high salt concentration 

no change occurs in the HFIP concentration of the coacervate. This activity causes growth in 

the volume of the bottom phase. With increasing the % v/v HFIP, the bottom phase also 

grows due to increased partitioning of HFIP into the bottom phase. This causes a 

displacement of water out of the bottom phase, back into the high aqueous environment of 

the top phase. 

 Based on the data presented, each system has its own unique composition, and is 

influenced differently with changing surfactant and HFIP concentrations. Because of this, 
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clearly stating differences between simple and complex coacervates based solely on 

composition becomes rather difficult. The difference in the chemical properties of the 

cationic, anionic, and zwitterionic surfactants create different environments in the coacervate 

phases, each creating differences in the way surfactant, HFIP, and water partition between 

the phases. HFIP plays a large role in every system in increasing the coacervate volume, even 

more than surfactant concentration itself. Further complicating the picture is the possibility of 

salting-out effects in these systems, since we cannot quantify the extent of the contribution of 

salting-out effects to the formation of these stable bottom phases. 
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Table 3-1. Peak assignments for ATR-IR spectra for HFIP based on Reference [42]. 

 

Vibrational Frequency 

(cm-1) at 10% HFIP 

Vibrational Frequency 

(cm-1) at 100% HFIP ɲ ŎƳ-1 Peak assignmentsa 

736 736 0 δs(CF3) 

845 840 5 νs(CF3), ν
s(C-C) 

896 895 1 νs(CF3), ν
as(C-C) 

1105 1098 7 νas(CF3), π(CH) 

1131 N/A N/A νas(CF3) 

1190 1173 17 νas(CF3), δ(HCO) 

1221 1220 1 νas(CF3) 

1226 1229 3 νs(CF3), ν
as(C-C), π(CH) 

1263 1257 6 

νs(CF3), ν
s(C-C), 

δ(HCO), δ(OH) 

1288 1286 2 δ(OH) 

1381 1377 4 π(CH), νs(C-C) 

a
 ν is stretching, δ is in-plane bending (scissoring), π is out-of-plane bending, the superscript 

“s” is symmetrical, and superscript “as” is asymmetrical 
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Table 3-2 Changes in the volume of HFIP present in aqueous and coacervate phases of SDS simple coacervate systems with 

changing the concentration of SDS in the total solution for A) 15% v/v HFIP and B) 25% HFIP in the total solution. 

 

A) 

[SDS] Aqueous 
Phase Volume 

(uL) 

Coacervate 
Phase Volume 

(uL) 

Volume HFIP in 
Aqueous Phase 

(uL) 

Volume HFIP in 
Coacervate Phase 

(uL) 

Total 
Volume 
HFIP (uL) 

% Error 

10 920 80 102.9 53.3 156.2 -4.13 

25 890 110 79.4 73.1 152.5 -1.65 

50 875 125 71.5 78.9 150.3 -0.23 

75 860 140 62.8 85.0 147.8 1.45 

100 840 160 60.0 93.2 153.2 -2.12 

125 825 175 58.3 97.6 155.9 -3.90 

150 800 200 42.9 102.4 145.3 3.15 

200 750 250 24.8 117.0 141.9 5.42 

 

 B)  
[SDS] Aqueous 

Phase Volume 
(uL) 

Coacervate 
Phase Volume 

(uL) 

Volume HFIP in 
Aqueous Phase 

(uL) 

Volume HFIP in 
Coacervate Phase 

(uL) 

Total 
Volume 
HFIP (uL) 

% Error 

10 753.3 246.7 89.4 162.0 251.4 -0.6 

25 738.3 261.7 89.8 167.0 256.8 -2.7 

50 720.0 280.0 95.8 178.0 273.8 -9.5 

75 710.0 290.0 104.9 176.5 281.4 -12.6 

100 700.0 300.0 106.0 177.3 283.2 -13.3 

125 693.3 306.7 109.8 167.5 277.4 -11.0 

150 680.0 320.0 114.6 166.2 280.8 -12.3 

200 670.0 330.0 116.6 164.8 281.4 -12.6 
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Table 3-3. Change in the % w/w HFIP in aqueous and coacervate phases of DTAB simple coacervate systems when changing the 

% v/v HFIP in the total solution for A) 10mM DTAB and B) 150mM DTAB.     

  

A) 

 10mM DTAB    

% v/v HFIP Aqueous %w/w HFIP 95% CI Coacervate % w/w HFIP 95% CI 

2 4.71 0.91 4.83 0.49 

5 8.06 0.21 8.37 0.24 

10 14.08 0.48 50.09 1.36 

15 22.70 0.93 59.98 0.41 

19 26.87 1.07 71.07 1.02 

 

B)  

 150mM DTAB    

% v/v HFIP Aqueous %w/w HFIP 95% CI Coacervate % w/w HFIP 95% CI 

4 3.06 0.25 66.59 1.97 

5 3.91 0.09 66.92 2.09 

7 5.86 0.02 69.32 1.08 

10 11.68 0.14 68.74 0.93 

12 13.21 0.49 68.24 0.64 
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Table 3-4. Example comparison of the difference between the quantified % w/w HFIP results using the peaks at 1105 cm
-1

 and 

1190 cm
-1

. The results at 1190 cm
-1

 artificially increased due to the interference of peaks related to Sodium Dodecyl Sulfate. 
 

Sample % HFIP Phase Prep Absorbance 
1105cm-1 

%HFIP Absorbance 
1190cm-1 

%HFIP   

200mM 
SDS:DTAB 

5 Coacervate 1 0.44848 52.22 0.662 68.87   

200mM 
SDS:DTAB 

5 Coacervate 2 0.43928 51.20 0.6622 68.89   

200mM 
SDS:DTAB 

5 Coacervate 3 0.44904 52.28 0.66416 69.10   

    Average 51.90 Average 68.95 Mean of 6 60.43 

    STDEV 0.61 STDEV 0.13 STDEV of 6 9.35 

    %RSD 1.17 %RSD 0.19 95% CI 9.81 
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Table 3-5. The % w/w HFIP in the aqueous and HFIP-rich phases in SATPS A) 350mM 

Na2SO4 and B) 1000mM Na2SO4 

 

A) 

 350mM Na2SO4    

% v/v HFIP 
Aqueous Phase % 

w/w HFIP 95% CI 

HFIP-Rich Bottom 
Phase % w/w 

HFIP 95% CI 

15 18.08 0.90 54.04 5.43 

25 16.39 0.48 60.46 1.75 

35 12.56 0.48 71.18 5.25 

40 11.87 1.59 72.61 9.55 

50 9.72 0.48 77.33 8.17 

 

B) 

 1000mM Na2SO4    

% v/v HFIP 
Aqueous Phase % 

w/w HFIP 95% CI 

HFIP-Rich Bottom 
Phase % w/w 

HFIP 95% CI 

10 10.49 1.23 75.93 5.26 

15 9.80 0.28 75.25 3.00 

25 9.03 1.25 77.28 4.20 

30 8.68 1.65 76.48 4.59 

35 7.97 0.93 75.81 7.89 
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Table 3-6. Comparison of the water results obtained by GC and the results obtained by Karl Fischer for Na2SO4 systems at 

constant % v/v HFIP, but changing Na2SO4 concentration in the total solution. 

 

 15% HFIP 
   

[Na2SO4] 

Top Phase % 
w/w H2O by 

GC 
Top Phase % 

w/w H2O by KF 
Bottom Phase % 
w/w H2O by GC 

Bottom Phase % 
w/w H2O by KF 

350 87.76 86.93 47.44 46.96 

750 88.93 88.39 36.72 37.19 

1000 87.88 87.79 32.64 32.71 

     

 
35% HFIP 

   

[Na2SO4] 

Top Phase % 
w/w H2O by 

GC 
Top Phase % 

w/w H2O by KF 
Bottom Phase % 
w/w H2O by GC 

Bottom Phase % 
w/w H2O by KF 

350 90.84 90.41 40.40 39.85 

750 86.30 N/A 28.04 N/A 

1000 84.28 85.91 25.81 26.18 
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Table 3-7. Comparison of the water results obtained by GC and the results obtained by Karl Fischer for Na2SO4 systems at 

constant Na2SO4 concentration, but increasing % v/v HFIP in the total solution. 

 

 
350mM Na2SO4 

   

% HFIP 
Top Phase % 

w/w H2O by GC 
Top Phase % w/w 

H2O by KF 
Bottom Phase % 
w/w H2O by GC 

Bottom Phase % 
w/w H2O by KF 

15 87.76 86.93 47.44 46.96 

25 88.72 88.13 45.60 44.64 

35 92.90 90.41 40.40 39.85 

40 89.20 88.66 37.39 36.66 

50 90.84 88.71 33.23 33.33 

     

 
1000mM Na2SO4 

   

% HFIP 
Top Phase % 

w/w H2O by GC 
Top Phase % w/w 

H2O by KF 
Bottom Phase % 
w/w H2O by GC 

Bottom Phase % 
w/w H2O by KF 

10 89.38 N/A 35.30 N/A 

15 87.88 87.79 32.64 32.71 

25 89.60 88.80 31.09 31.64 

30 89.83 N/A 27.81 N/A 

35 84.28 85.91 25.81 26.18 
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Table 3-8. Bromide ion concentration in the aqueous and coacervate phases of DTAB simple coacervate systems. 

 

Initial 

[DTAB] 

% v/v 

HFIP 

%Br- in 

Aqueous 

Phase 

%Br- in 

Coacervate 

Phase 

95% 

CI 

µmol Br- in 

Aqueous 

Phase 

95% 

CI 

µmol Br- in 

Coacervate 

Phase 

95% 

CI 

10 5 99.3 0.7 0.3 127.3 22.8 0.83 0.62 

50 5 76.8 23.2 7.1 525.0 322.7 157.2 12.2 

100 5 49.9 50.1 1.9 713.8 186.9 716.2 93.2 

100 10 70.6 29.4 3.9 1034.0 294.1 428.9 24.6 

 

Table 3-9. DTA
+
 concentration in the aqueous and coacervate phases of DTAB simple coacervate systems. 

 

Initial 

[DTAB] 

% v/v 

HFIP 

%DTA+ in 

Aqueous 

Phase 

%DTA+ in 

Coacervate 

Phase 

95% 

CI 

µmol DTA+ 

in Aqueous 

Phase 

95% 

CI 

µmol DTA+ in 

Coacervate 

Phase 

95% 

CI 

[DTA+] in 

Coacervate 

Phase 

(µmol/µL) 

10 5 8.0 92.0 2.1 12.8 7.4 147.3 13.1 0.736 

50 5 6.3 93.7 1.3 47.0 18.5 698.8 44.7 0.776 

100 5 4.9 95.1 0.2 70.2 11.6 1364.7 129.0 0.910 

100 10 4.3 95.7 0.1 65.8 6.9 1451.6 142.0 1.320 
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Table 3-10. Na
+
 concentration in the aqueous phase and coacervate phases of SDS simple coacervate systems.  

 

Initial 

[SDS] 

% v/v 

HFIP 

%Na+ in Aqueous 

Phase 

%Na+ in 

Coacervate Phase 

95% 

CI 

µmol Na+ in 

Aqueous Phase 95% CI 

µmol Na+ in 

Coacervate Phase 95% CI 

10 15 99.9 0.07 0.01 16.2 3.9 0.01 0.00 

50 15 99.9 0.07 0.02 77.0 21.4 0.05 0.05 

100 15 99.8 0.21 0.04 166.3 26.2 0.36 0.06 

100 25 99.8 0.17 0.05 146.1 25.2 0.25 0.11 

 

Table 3-11. DS
-
 concentration in the aqueous phase and coacervate phase of SDS simple coacervate systems. 

  

Initial 

[SDS] 

% v/v 

HFIP 

%DS- in 

Aqueous 

Phase 

%DS- in 

Coacervate 

Phase 

95% 

CI 

µmol DS- in 

Aqueous Phase 

95% 

CI 

µmol DS- in 

Coacervate 

Phase 

95% 

CI 

[DS-] in 

Coacervate 

Phase 

(µmol/µL) 

10 15 13.0 87.0 0.5 1.7 1.1 11.6 2.2 0.146 

50 15 8.0 92.0 1.8 5.5 0.9 62.9 7.9 0.503 

100 15 6.8 93.3 1.6 10.2 2.7 140.6 32.5 0.469 

100 25 5.8 94.2 7.6 32.5 0.8 139.5 6.9 0.872 
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Table 3-12. Surfactant counter ion concentration in the SDS:DTAB complex coacervate aqueous and coacervate phases. 

 

[Total 

Surfactant] 

% v/v 

HFIP 

%Br- in 

Aqueous 

Phase 

%Br- in 

Coacervate 

Phase 95% CI 

µmol Br- in 

Aqueous 

Phase 95% CI 

µmol Br- in 

Coacervate 

Phase 95% CI 

20 10 82.6 17.4 2.254 12.7 2.0 2.7 0.6 

100 10 90.0 10.0 0.541 65.3 15.2 7.2 1.0 

200 10 89.1 10.9 0.414 132.7 7.1 16.3 1.5 

200 5 93.0 7.0 0.740 138.1 7.7 10.2 2.2 

         

[Total 

Surfactant] 

% v/v 

HFIP 

% Na+ in 

Aqueous 

% Na+ in 

Coacervate 95% CI 

µmol Na+ in 

Aqueous 

Phase 95% CI 

µmol Na+ in 

Coacervate 

Phase 95% CI 

20 10 91.94 8.1 0.8 13.9 1.8 1.2 0.4 

100 10 84.66 15.3 3.5 57.0 2.6 10.3 2.6 

200 10 82.59 17.4 1.4 118.3 7.9 24.9 4.3 

200 5 85.97 14.0 0.8 128.7 4.7 21.0 4.2 
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Table 3-13. Surfactant concentration in the aqueous and coacervate phases SDS:DTAB complex coacervate system. 

 

[Total 

Surfactant] 

% v/v 

HFIP 

% DTA+ in 

Aqueous 

Phase 

% DTA+ in 

Coacervate 

Phase 

95% 

CI 

µmol 

DTA+ in 

Aqueous 

Phase 

95% 

CI 

µmol DTA+ in 

Coacervate 

Phase 

95% 

CI 

[DTA+] in 

Coacervate 

Phase 

(µmol/µL) 

20 10 0.36 99.6 0.06 0.05 0.02 14.1 1.3 0.704 

100 10 0.36 99.6 0.06 0.27 0.07 73.0 4.2 0.812 

200 10 0.38 99.6 0.05 0.53 0.05 140.7 11.0 0.938 

200 5 0.27 99.7 0.02 0.42 0.09 154.0 5.7 1.027 

          

[Total 

Surfactant] 

% v/v 

HFIP 

% DS- in 

Aqueous 

Phase 

% DS- in 

Coacervate 

Phase 

95% 

CI 

µmol DS- 

in 

Aqueous 

Phase 

95% 

CI 

µmol DS- in 

Coacervate 

Phase 

95% 

CI 

[DS-] in 

Coacervate 

Phase 

(µmol/µL) 

20 10 0.49 99.5 0.25 0.10 0.02 14.1 0.5 0.707 

100 10 0.37 99.6 0.16 0.27 0.14 72.1 14.6 0.801 

200 10 0.24 99.8 0.02 0.35 0.07 148.3 5.4 0.989 

200 5 0.21 99.8 0.03 0.34 0.06 157.5 6.8 1.050 
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Table 3-14. DMMAPS concentration in the aqueous and coacervate phase of the zwitterionic simple coacervate system. 
 

[DMMAPS] % v/v 

HFIP 

% DMMAPS in 

Aqueous 

% DMMAPS in 

Coacervate 

95% 

CI 

umol 

DMMAPS in  

Aqueous 

95% 

CI 

umol 

DMMAPS in 

Coacervate 

95% 

CI 

[DMMAPS] 

in 

Coacervate 

(µmol/µL) 

10 5 9.8 90.2 2.1 1.5 0.2 13.4 1.5 0.891 

100 5 1.6 98.4 0.1 2.5 0.4 150.6 16.0 2.008 

200 5 1.0 99.0 0.2 3.2 0.2 302 25.9 2.157 

200 15 0.46 99.5 0.1 1.4 0.3 309.9 16.3 1.409 
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Table 3-15. Na
+
 and SO4

2-
 concentration in the top and bottom phases of the Na2SO4 SATPS. 

 

Initial 

[Na2SO4] 

% v/v 

HFIP 

%Na+ in Top 

Phase 

%Na+ in 

Bottom Phase 

95% CI umol Na+ in 

Top Phase 

95% 

CI 

umol Na+ in 

Bottom  Phase 

95% 

CI 

350 15 96.2 3.8 2.1 566.9 183.7 22.2 5.6 

750 15 98.0 2.0 0.1 1515.0 176.6 31.1 4.2 

1000 15 98.8 1.2 0.4 2011.8 126.6 23.9 9.4 

1000 25 99.7 0.26 0.40 2069.9 200.6 5.4 8.0 

         

Initial 

[Na2SO4] 

% v/v 

HFIP 

%SO4 in Top 

Phase 

%SO4 in 

Bottom Phase 

95% CI  umol SO4 

in Top 

Phase 

95% 

CI 

 umol SO4 in 

Bottom Phase 

95% 

CI 

10 15 97.4 2.6 0.8 318.1 22.8 8.4 2.0 

50 15 98.6 1.4 0.7 779.1 71.9 11.4 5.4 

100 15 99.2 0.8 0.63 999.5 96.7 7.8 6.7 

100 25 99.4 0.6 0.21 1019.7 113.7 6.2 2.9 
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Table 3-16. Slope of the correlation between coacervate volume % vs. HFIP% at different 

[DMMAPS].  

 

[DMMAPS] Slope of Correlation 

10 0.0684 

25 0.1532 

50 0.3059 

75 0.3035 

100 0.5912 

125 0.6092 

150 0.6467 

200 0.6539 



 

166 

 

Table 3-17. Summary table for coacervate composition as a function of surfactant/salt concentration and % v/v HFIP. (“+” 

indicates increasing values for increasing concentration, “-” indicates decreasing values for increasing concentration, NC indicates 

no change) 

 
      % % % % 

Parameter V 

Coac
a 

H2O Coac
a 

H2O Aq
a 

HFIP Coac
a 

HFIP Aq
a 

Surf Coac
a 

Surf Aq
a 

Counter 

Ion 

Coac
a 

Counter 

Ion Aq
a 

[DTAB] + +@ 5% 

+ @ 10% 

- @ 5% 

- @ 10% 

NC @ 5% 

NC @ 10% 

NC @ 5% 

NC @ 10% 

+ - + - 

HFIP% 

DTAB 

+ + @ 10mM 

+ @ 200mM 

-@ 10mM 

-@ 200mM 

+ @ 10mM 

NC @ 150mM 

+ @ 10mM 

+ @ 150mM 

+ - - + 

          

[SDS] + + @ 15% 

+ @ 25% 

NC @ 15% 

NC @ 25% 

-@ 15% 

-@ 25% 

- @ 15% 

+ @ 25% 

+ - + - 

HFIP% SDS + - @ 10mM 

- @ 200mM 

- @ 10mM 

- @ 200mM 

NC @10mM 

NC @ 200mM 

NC @10mM 

+ @ 200mM 

- + - NC 

          

[SD:DTA] + - @ 10%  

- @ 20% 

+ @ 10% 

+ @ 20% 

- @ 5% 

- @ 10% 

- @ 5% 

- @ 10% 

NC DTA 

+ DS 

NC DTA 

- DS 

-Br +Na +Br -

Na 

HFIP% 

SD:DTA 

+ + @ 50mM 

+ @ 300mM 

- @ 50mM 

- @ 300mM 

NC @ 50mM 

+ @ 300mM 

+ @ 50mM 

+ @ 300mM 

- DTA 

NC DS 

+ DTA 

NC DS 

+Br -Na -Br 

+Na 

          

[DMMAPS] + - @ 10% 

- @ 15% 

+ @ 10% 

+ @ 15% 

- @ 10% 

NC @ 15% 

- @ 10% 

NC @ 15% 
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Figure 3-1. Phase Diagram for DTAB simple coacervate with 50mM Tris Buffer pH 8.0 and 

HFIP reported as % HFIP (v/v) and mM DTAB concentration. 
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Figure 3-2. Phase Diagram for SDS simple coacervate with 4M HCl and HFIP reported as % 

HFIP (v/v) and mM SDS concentration. 
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Figure 3-3. Phase Diagram for SDS:DTAB (1:1) complex coacervate and HFIP reported as % 

HFIP (v/v) and total surfactant concentration (mM) 
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Figure 3-4. Phase Diagram for DMMAPS simple coacervate and HFIP reported as % HFIP (v/v) 

and mM DMMAPS concentration. 
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Figure 3-5. Phase Diagram for Na2SO4 and HFIP SATPS reported as % HFIP (v/v) and mM 

Na2SO4 concentration. 
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Figure 3-6. The relationship of the % water (w/w) with respect to DTAB concentration in the 

aqueous phase for 5% v/v HFIP (blue) and 10% v/v HFIP (red) for the DTAB simple coacervate.  
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Figure 3-7. The relationship of the % water (w/w) with respect to DTAB concentration in the 

coacervate phase for 5% v/v HFIP (blue) and 10% v/v HFIP (red) for the DTAB simple 

coacervate.  
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Figure 3-8. The relationship of % water (w/w) and % HFIP (v/v) for the aqueous phase (red) 

and the coacervate phase (blue) for 10mM DTAB. 
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Figure 3-9. The relationship of % water (w/w) to % HFIP (v/v) for the aqueous phase (red) 

and the coacervate phase (blue) for 200mM DTAB. 
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Figure 3-10. The relationship of the % water (w/w) with respect to SDS concentration in the 

aqueous phase of the SDS simple coacervate for 15%v/v HFIP (blue) and 25%v/v HFIP (red). 
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Figure 3-11. The relationship of the % water (w/w) with respect to SDS concentration in the 

coacervate phase of the SDS simple coacervate for 15%v/v HFIP (blue) and 25%v/v HFIP (red). 
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A)  

 

B)  

 

Figure 3-12. The relationship of % water (w/w) to % HFIP (v/v) for the aqueous phase (red) 

and the coacervate phase (blue) for A) 10mM and B) 200mM SDS systems. 
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Figure 3-13. Plots representing the change in % H2O (w/w) in the aqueous phase of the 

SDS:DTAB (1:1) coacervate system with respect to the change in total surfactant 

concentration for 10% HFIP (blue) and 20% HFIP (red). 
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Figure 3-14. Plots representing the change in % H2O (w/w) in the coacervate phase of the 

SDS:DTAB (1:1) coacervate system with respect to the change in total surfactant 

concentration for 10% HFIP (blue) and 20% HFIP (red). 
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A)   

B)   

 

Figure 3-15. Plots representing the change in % H2O (w/w) in the A) 50mM and B) 300mM 

SDS:DTAB (1:1) coacervate system with respect to the change in % HFIP (v/v) for aqueous 

phase (red) and  coacervate phase (blue)    
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Figure 3-16. Plots representing the change in % H2O (w/w) in the aqueous phase of the 

DMMAPS simple coacervate system with 10% (blue) and 15% (red) HFIP with respect to 

the change in total DMMAPS concentration. 
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Figure 3-17. Plots representing the change in % H2O (w/w) in the coacervate phase of the 

DMMAPS simple coacervate system with 10% (blue) and 15% (red) HFIP with respect to 

the change in total DMMAPS concentration. 
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A)  

B)  

Figure 3-18. Plots representing the change in % H2O (w/w) in the A) 50mM and B) 200mM 

DMMAPS simple coacervate system with respect to the change in % HFIP (v/v) for 

coacervate (blue) and aqueous phase (red) 
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Figure 3-19. Plots representing the change in % H2O (w/w) in the aqueous phase of the 

Na2SO4 aqueous two phase system with respect to the change in total salt concentration for 

15% (blue) and 50% (red) HFIP. 
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Figure 3-20. Plots representing the change in % H2O (w/w) in the HFIP-rich bottom phase 

phase of the Na2SO4 aqueous two phase system with respect to the change in total salt 

concentration for 15% (blue) and 50% (red) HFIP. 
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A)  

B)  

Figure 3-21. Plots representing the change in % H2O (w/w) in the A) 350mM and B) 

1000mM Na2SO4 SATPS with respect to the change in % HFIP (v/v) for HFIP-rich bottom 

phase (blue) and aqueous phase (red). 
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A)   

B)  

 

Figure 3-22. ATR-IR spectra of the A) aqueous phase and B) coacervate phase of the SDS 

anionic simple coacervate system. 
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A)   

B)   

 

Figure 3-23. The % w/w HFIP was quantitated by ATR-IR for the coacervate and aqueous 

phases of the SDS simple coacervate systems with A) 15% v/v HFIP in the total solution and 

B) 25% v/v HFIP in the total solution.  
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A)    

B)    

 

Figure 3-24. ATR-IR results for the % w/w HFIP in the aqueous and coacervate phases of a 

A) 10mM SDS simple coacervate system and B) 200mM SDS simple coacervate system 

when changing the total % v/v HFIP added to the overall solution. 
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Figure 3-25. Overlay of ATR-IR spectra of the aqueous phase (blue) and coacervate phase 

(red) of the DTAB cationic simple coacervate system. 
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A)  

B)  

Figure 3-26. The % w/w HFIP was quantitated by ATR-IR for the coacervate and aqueous 

phases of the DTAB simple coacervate systems with changing % v/v HFIP in total solution 

for A) 10mM DTAB and B) 150mM DTAB.   
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Figure 3-27. Change in % v/v coacervate and % w/w HFIP in the coacervate as the DTAB 

concentration increases at 5% v/v HFIP in the total solution. The % v/v coacervate is directly 

correlated with the % w/w HFIP in the coacervate. 
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A)  

B)  

Figure 3-28. The % w/w HFIP was quantitated by ATR-IR for the coacervate and aqueous 

phases of the DTAB simple coacervate systems with A) 5% v/v HFIP in the total solution 

and B) 10% v/v HFIP in the total solution. 
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A)  

 

B)  

 

Figure 3-29. The % w/w HFIP was quantitated by ATR-IR for the coacervate and aqueous 

phases of the SDS:DTAB complex coacervate systems with A) 5% v/v HFIP in the total 

solution and B) 10% v/v HFIP in the total solution. 
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A)    

B)    

 

Figure 3-30. The % w/w HFIP was quantitated by ATR-IR for the coacervate and aqueous 

phases of the SDS:DTAB complex coacervate systems with changing % v/v HFIP in total 

solution for A) 50mM total surfactant concentration and B) 300mM total surfactant 

concentration. 
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A)  

B)  

Figure 3-31. The % w/w HFIP was quantitated by ATR-IR for the coacervate and aqueous 

phases of the DMMAPS simple coacervate systems with A) 10% v/v HFIP in the total 

solution and B) 15% v/v HFIP in the total solution. 
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A)  

B)  

 

Figure 3-32. The % w/w HFIP was quantitated by ATR-IR for the coacervate and aqueous 

phases of the SDS:DTAB complex coacervate systems with changing % v/v HFIP in total 

solution for A) 50mM total surfactant concentration and B) 300mM total surfactant 

concentration. 
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A)    

B)    

Figure 3-33. Linearity of calibration standards in GC analysis for A) HFIP and B) Water. 
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A)   

B)   

Figure 3-34. Comparison of the change in % w/w HFIP  in the top aqueous and HFIP-rich 

bottom phases with changing Na2SO4 concentration for A) 15% v/v HFIP and B) 35% v/v 

HFIP in the total solution. 
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A)   

B)   

Figure 3-35. Comparison of the changes in % w/w HFIP in the aqueous and HFIP-rich 

bottom phases at A) 350mM Na2SO4 and B) 1000mM Na2SO4 as the % v/v HFIP in the total 

solution increases. 
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Figure 3-36. Chromatogram showing an injection of the standard solution for 15% w/w HFIP 

and 85% w/w H2O, with the peaks identified. The view is expanded for enhanced viewing of 

the 1-propanol and HFIP peaks. 
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Figure 3-37. Chromatogram for the top phase of the 350mM Na2SO4 40% HFIP system. The 

view is expanded for enhanced viewing of the 1-propanol and HFIP peaks. 
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Figure 3-38. Chromatogram for the HFIP-rich bottom phase of the 350mM Na2SO4 40% 

HFIP system. The view is expanded for enhanced viewing of the 1-propanol and HFIP peaks.
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A) 

 

B) 

 

C) 

 

D) 

 

 

Figure 3-39. Changes in % coacervate volume with respect to changes in %v/v HFIP for DTAB simple coacervates: A) 75mM 

DTAB and B) 200mM DTAB showing just the portion where linear coacervate growth occurs. For C) 75mM DTAB and D) 

200mM DTAB, the entire range is displayed showing coacervate growth followed by dissolution.
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Figure 3-40. Dependence of coacervate % volume on DTAB concentration for 5% (blue) and 

10% HFIP (red). 
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Figure 3-41. Change in % coacervate volume with respect to changes in %v/v HFIP for SDS 

simple coacervates. The trend is a linear increase of coacervate volume with increasing % v/v 

HFIP.   
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Figure 3-42. Dependence of coacervate % volume on SDS concentration for 25% and 45% 

v/v HFIP solutions. The trend is a linear increase of coacervate volume with increasing SDS 

concentration. 
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Figure 3-43. Changes in % coacervate volume with respect to changes in %v/v HFIP for 

100mM and 400mM SDS:DTAB (1:1) complex coacervate systems. 
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Figure 3-44. Relationship between coacervate % volume on total surfactant concentration in 

SDS:DTAB (1:1) complex coacervate systems in 5% and 20% HFIP solutions. 
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Figure 3-45. Change in % coacervate volume with respect to changes in %v/v HFIP for 

DMMAPS zwitterionic simple coacervates for 25mM and 200mM DMMAPS. 
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Figure 3-46. Relationship between coacervate % volume on total surfactant DMMAPS for 

the zwitterionic coacervate systems in A) 5% and B) 10% HFIP solutions. 
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A)   

 

B)   

 

Figure 3-47. Changes in % HFIP-rich bottom phase volume with respect to changes in %v/v 

HFIP for Na2SO4 SATPS: A) 350mM & 1000mM Na2SO4 and B) 100mM Na2SO4. 
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Figure 3-48. Relationship between coacervate % volume on total Na2SO4 salt concentration 

for the Na2SO4 SATPS in A) 35% and B) 50% HFIP solutions. 
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Appendix A 

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy Analysis (ATR-

IR) for % HFIP  

 ATR-IR analysis was performed on the aqueous and coacervate phases for all systems 

presented in this chapter to quantify the % HFIP content in each phase. A calibration curve 

was constructed using binary solutions of HFIP and water from 1-60% v/v HFIP. The 

infrared spectrum of water has become well known and documented in recent years. [38-41] 

The characteristic water peaks observed in the fingerprint region for HFIP are at 600 cm
-1

, 

1680 cm
-1

, 3380 cm
-1

, and a very broad, low intensity peak at 2150 cm
-1

. These peaks are 

very wide, ranging from 200 wavenumbers to about 1000 wavenumbers, due to the 

tremendous hydrogen bonding properties associated with water in aqueous solution. Looking 

at Figure A-1A, water peak 1 begins around 600 cm
-1

 and ends around 1000 cm
-1

, but is 

removed by baseline correction due to interference with peaks in the fingerprint region for 

HFIP. Baseline correction was performed with Origins Pro 9.0, using Peak Analyzer. The 

algorithm in the software allows the user to select points along the baseline where no peaks 

are found, sets those points equal to zero, and adjusts the remaining points on the spectrum to 

level the baseline to zero. This will have a minor impact on peak shape, and as a result, peaks 

in the region from 600 – 1000 cm
-1

 will not be used for quantitation. 

 Water peak 2 is found at 1640 cm
-1

, while water peak 3 is observed at 3380 cm
-1

. 

Water peak 2 is about 200 wavenumbers wide, while water peak 3 is much broader, 

stretching approximately 1000 wavenumbers. This broad peak interferes with the peaks 

related to CH2 stretching in SDS, DTAB, and DMMAPS solutions. A fourth water peak is 
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normally present around 2150 wavenumbers at low intensity; however, as discussed earlier, 

the diamond plate used by the mounted GladiATR™ apparatus has a characteristic 

absorbance from  1667 to 2550 cm
-1

, which interferes with the observation of this peak in the 

reported spectra. 

The infrared spectrum for 1,1,1,3,3,3-hexaflouro-2-propanol (HFIP) was 

characterized in the literature by Czarnik-Matusewicz et. al. in 2008.[42] Table 3-1 shows the 

ATR-IR peak assignments for HFIP based on this characterization, where ν is stretching, δ is 

in-plane bending (scissoring), π is out-of-plane bending, the superscript “s” is symmetrical, 

and superscript “as” is asymmetrical. Shown in Figure A-2, HFIP peaks 1-3 are found on the 

slope of water peak 1. Since this area is subject to severe baseline correction, these peaks are 

not ideal for quantitative purposes. This is a result of the probable changes in peaks shape 

related to the baseline correction for water peak 1. HFIP peak 1 in the HFIP spectrum at 736 

cm
-1

 is due to CF3 symmetrical scissoring (δ
s
(CF3). Peak 2 at 840 cm

-1
 is related to CF3 

symmetrical stretching (ν
s
(CF3)), as well as C-C symmetrical stretching (ν

s
(C-C)). Peak 3 at 

895 cm-1 is representative of (ν
s
(CF3)), as well as C-C asymmetrical stretching (ν

as
(C-C)). 

The largest peak at 1098 cm-1 is representative of CF3 asymmetrical stretching (ν
as

(CF3)) 

and out-of-plane bending of C-H (π(CH)). 

The next important region in the HFIP spectrum is in the area from 1050-1400 cm
-1

, 

where the highest concentration of HFIP related peaks are found. Peak 4 is the largest peak at 

1098 cm
-1

. This peak was the first of three peaks (peaks 4, 5, and 9) used by Jenkins and 

Liang to quantitate HFIP in previous experiments in this lab. [24, 43] Peak 5 at 1173 cm
-1

 is 

generated from ν
as

(CF3) and δ(HCO) HFIP modes. This peak also has a high absorbance, and 
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strong linear correlation, but is not as well separated from the other peaks. However, it was 

proven consistent enough to be used by Liang. HFIP Peak 6 is created from the ν
as

(CF3) 

mode at 1220 cm
-1

 and peaks 7 at 1229 cm
-1

 is from three modes: ν
s
(CF3), ν

as
(C-C), and 

π(CH). These two peaks, however, are not very well separated from the surrounding peaks, 

as can be seen in Figure A-2, and almost completely overlap each other. Peak 8 at 1257 cm
-1

 

corresponds to ν
s
(CF3), ν

s
(C-C), and δ(HCO) modes. δ(OH) is solely responsible for the 

signal of HFIP peak 9 at 1285 cm
-1

. This peak was also used in Liang’s study for HFIP 

calibration. Using peaks associated with intermolecular hydrogen bonding for quantitation is 

generally avoided, because the bands can shift depending on the hydrogen bonding 

environment.[44] HFIP is a very strong hydrogen bond donor and water is a very strong 

hydrogen bond donor and acceptor molecule; therefore, using a peak such as peak 9 at 1285 

cm
-1

 should likely be avoided where possible. Finally, HFIP peak 10 is fairly well resolved 

from this dense cluster of peaks, but lacks the strong absorbance of the other bands in this 

region, which would lead to issues with sensitivity. At 1377 cm
-1

, this peak is the result of 

ν
s
(C-C) and π(CH). Jenkins found that peaks 5, 8, and 10 gave the most linear responses, but 

only peak 10 was well separated. He showed that there was essentially no difference in the 

results from using 5 peaks, 3 peaks, and 1 peak (peak 10) for quantitation. 

Infrared peaks have been shown to shift significantly in different chemical 

environments.[44] It should be expected that the peaks observed will shift based on their 

environment in the aqueous phase versus the coacervate phase. For the HFIP- Water binary 

calibration standards, the peak at 1105 cm
-1

 started at 1105 cm
-1 

for 1% HFIP in water, but as 

the concentration of HFIP increased to 60%, the peak shifted to 1100 cm
-1

. In aqueous phase, 
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this peak was observed for many systems at 1106 cm
-1

, and at 1100 cm
-1

 in the coacervate. 

Another peak at 1190 cm
-1

 ranges from 1192 cm
-1

 at low HFIP concentration, down to 1183 

cm
-1

 at high HFIP concentration in the calibration standards. In the aqueous phase, this peak 

is found around 1192 cm
-1

 in the aqueous phase, and 1179 cm
-1

 in the coacervate phase. The 

final peak at 1265 cm
-1

 fluctuates between 1265 cm
-1

 at low HFIP concentration in the binary 

calibration standards down to 1261 cm
-1

 at low HFIP concentration. For the aqueous phase 

samples, the peak is located around 1263 cm
-1

, while in the coacervate phase it is found 

around 1260 cm
-1

. The peak shifting to lower wave numbers in the aqueous phase and 

coacervate phase spectra would appear, based on this limited information, to be related to the 

HFIP concentration of the phase. The further the shift to lower waver numbers, would relate 

to a higher HFIP concentration. However, the chemical interactions in these phases are very 

complex, and this may not be a reliable measure of HFIP content for all systems, especially 

when other hydrogen bond acceptors are present in the solution. Increased concentration of 

hydrogen bond acceptor or donor molecules in solution has been shown to have large impact 

on the chemical shifts in infrared spectra. [44] 

Figure A-3 displays the spectrum for 10% HFIP in water overlaid with a zoomed 

view of 100% HFIP of Figure A-2. This spectrum is important because in the comparisons to 

the zoomed in view of Figure A-2, we can see the shifting of the HFIP peaks as the 

concentration increases to 100% HFIP. These peak shifts have been documented in Table 3-

1, along with the absorbance maxima for each peak.  Peak shifting is significant for 

quantitation because a shift in (1/λ)max could change the molar absorptivity, thereby affecting 

the results based on Beer’s Law. The largest Δ cm
-1

 is for peak 5 is 17 cm
-1

 from 1173 cm
-1

 at 
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100% HFIP up to 1190 cm
-1

 at 10% HFIP, which might make this the least desirable peak for 

quantitation.  

Also of particular interest is the appearance of peak 11 at 1131 cm
-1

 between peaks 4 

and 5. At high concentrations, peak 11 is not visible because peak 4 is very large and 

overlaps this band. As a result, peak 4 may not be the best peak for quantitation since at low 

concentrations these two bands are resolved from one another. On the other hand, since peak 

height is usually the mode of quantitation, the change in height may not be affected by this 

peak as much as the width, due to their relative positions in the spectrum. Increasing the 

width would affect peak area, rendering this issue irrelevant. This debate could be resolved 

by examining the correlation coefficient of an adequate calibration curve. A strong 

correlation between low concentration and high concentration HFIP standards could mean 

that this peak is acceptable for quantitation. 

 Surfactant peaks are also noted in the reported spectral data. SDS, DTAB, and 

DMMAPS all have significant spectral peaks associated with their structures in infrared 

region. 400mM DTAB has symmetric (νs(CH3)) and asymmetric (νas(CH3)) C-H stretching 

bands from the CH3 groups in the hydrophobic tail at 2870 and 2943 cm
-1

, respectively 

(Figure A-4, DTAB peaks 1 and 2).[45] CH2 scissoring bands (δ(CH2)) are best observed in 

Figure A-4B as DTAB peaks 3 and 4 at 1464 and 1472 cm
-1

. N-CH3 scissoring (δas(N-CH3)) 

is observed at 1480 cm
-1

 and is DTAB peak 5 in Figure A-4B. CH2 wagging bands can be 

found between 1300 and 1400 cm
-1

; however, they are too small to be detected easily in the 

current work. Other bands not visible in this spectrum due to low concentration are N-CH3 

vibrations around 2960 cm
-1

 and C-N vibrations at 911 cm
-1

.[45] 
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 400mM SDS spectra are shown in Figure A-5. SDS peaks 1 and 2 are indicative of 

the symmetrical vibrations of the SO2 head group (νs(SO2)) at 970 and 1060 cm
-1

, 

respectively. SDS peaks 3 and 4 overlap around 1220 cm
-1

, and represent the asymmetrical 

vibrations of the SO2 headgroup (νas(SO2)). These peaks are broad, and appear to interfere 

with the peak around 1190 cm
-1

 in HFIP, which mean that this peak is not suitable for 

quantitation in SDS related systems. SDS peak 5 is a small broad band associated with CH2 

scissoring (δ(CH2)) at 1466 cm
-1

. SDS peak 6 is due to symmetric CH2 stretching (νs(CH2)) 

and SDS peak 7 is asymmetric (νas(CH2)) C-H stretching in the surfactant’s hydrophobic tail. 

While these peaks are designated as CH2 stretching modes, the CH3 stretching modes are in 

this region as well, although they are usually much lower intensity and not seen in this work. 

Peaks for CH2 wagging are also not observed here in the region of 1300-1400 cm
-1

.[45] 

 To our knowledge, the zwitterionic surfactant DMMAPS (3-(N,N-

dimethylmyristylammonio)propanesulfonate) has not been characterized by FTIR in the 

literature. However, the structural characteristics are very similar to DTAB and SDS; 

therefore, one would expect very similar absorbance bands as seen for those compounds. 

Figure A-6 represents the spectrum for 100mM DMMAPS. DMMAPS peak 1 is related to 

the symmetrical vibrations of the SO2 headgroup (νs(SO2)) at 1060 cm
-1

. DMMAPS peaks 2 

and 3 overlap around 1220 cm
-1

, and represent the asymmetrical vibrations of the SO2 

headgroup (νas(SO2)). This is the same group in the SDS spectrum that interferes with the 

peak in HFIP at 1190 cm
-1

, which means that peak 5 in Figure A-3 is not suitable for 

quantitation in DMMAPS systems. DMMAPS peak 4 at 1470 cm
-1

 is designated for CH2 

scissoring (δ(CH2)), while DMMAPS peak 5 at 1490 cm
-1

 is indicative of N-CH3 scissoring 
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(δas(N-CH3)). DMMAPS peaks 6 and 7 are the C-H stretching bands at 2860 and 2960 cm
-1

, 

for symmetric (νs(CH2)) and asymmetric (νas(CH2)) C-H stretching, respectively, in the 

hydrophobic surfactant tail. 

 The ATR-IR spectrum for Na2SO4 has also been documented in the literature. [46] A 

very strong absorbance band for νs(SO4) was observed at 1100 cm
-1

.[47] As a result, Na2SO4 

was not deemed to be suitable for analysis by ATR-IR, since this peak interferes strongly in 

the HFIP fingerprint region, as can be observed in Figure A-7. Quantitation of HFIP in 

Na2SO4 based aqueous two-phase systems (ATPS) will be discussed in a later section. 

 Each day a new set of HFIP standards was run to calibrate the ATR-IR instrument. 

For all systems except SDS simple coacervates, the calibration standards were run from 1-

60% v/v HFIP, or approximately 2-70% w/w. For SDS simple coacervates, the system was 

highly acidic at 4M HCl, which would destroy the metal brazing on the ATR-IR plate. To 

accommodate these samples, they were dilute 1:10 with deionized water. To account for this 

dilution, a smaller calibration curve was run for these samples from 4-80% v/v HFIP or 6-

86% w/w, where the standards were prepared at 0.4-10.0% v/v HFIP. Figure A-8 shows the 

calibration curves for three peaks: 1105 cm
-1

, 1190 cm
-1

, and 1285 cm
-1

. Figures A-8 A and 

B show that peak 4 (1105 cm
-
1) and peak 5 (1190 cm

-
1) are linear with correlation 

coefficients close to 1, R
2
 = 0.991 and 0.999, respectively. Peak 9 at 1285 cm

-1
 is clearly 

nonlinear with R
2
 = 0.985 and a very clear curve in the plot. This nonlinear response is likely 

due to the fact that this peak is related to the δ(OH) mode, which can be strongly affected by 

hydrogen bonding interactions. Although peaks 4 and 5 are in questions due to overlapping 

peaks and large Δ cm
-1

, their large correlation coefficients in the calibration curve show that 
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these factors do not mitigate the ability of these peaks to accurately calculate the HFIP 

concentration. 

For the diluted standards for SDS analysis, Figure A-9 represents the calibration 

curves for the same three peaks shown above. In dilute solution, all three peaks at 1105 cm
-1

, 

1190 cm
-1

, and 1288 cm
-1

 are linear with R
2
= 0.994, 0.998, and 0.998, respectively. For 

consistency, all HFIP data will be reported as the average of the data at 1105 cm
-1

 and 1190 

cm
-1

. 

 The linear response for peak 9 at 1288 cm
-1

 in this instance is probably due to the 

decreased concentration of HFIP in solution, which corresponds to weaker hydrogen bonding 

interactions between HFIP molecules. Goto et al. used small angle X-ray scattering to show 

that HFIP forms hydrophobic clusters at an optimal concentration of  30% v/v HFIP.[48] 

This clustering is promoted by the presence of multiple F groups on the fluoroalcohol. 

Furthermore, they showed that the hydrophobic –CF3 groups orient on the inside of these 

micelle-like structures, exposing the hydroxyl groups to the water for increased 

intermolecular hydrogen bond interactions. At higher alcohol concentrations, clustering is 

inhibited by the loss of water, because water plays a key role in separating the individual 

clusters. Yoshida confirmed that HFIP and water have strong intermolecular hydrogen 

bonding interactions, and form oligomers in solution using large angle x-ray scattering 

(LAXS), small angle neutron scattering (SANS), NMR, and mass spectrometry data. [49] 

Yamaguchi et al. showed that while the hydrophobic interactions for HFIP are generally 

strong at these concentrations, the intermolecular hydrogen bonding interactions are fairly 

weak, when compared to hydrogen bonding interactions between HFIP and water.[50] 
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Additionally, they claimed that a hydrogen-bonding type interaction can occur between the F 

atom of the –CF3 group and the oxygen in water, which had been theorized, but never 

proven. 

The SDS:DTAB complex coacervate system was analyzed for HFIP content by ATR-

IR. For quantitation, the optimal (1/λmax) was determined to be 1105 cm
-1

 for this system. 

The peak at 1285 cm
-1 

was clearly not linear, as seen in Figure A-9C. While the peak at 1190 

cm
-1

 is linear in Figure A-9B, peaks 3 & 4 related to SDS in Figure A-5 interfere with the 

1190 cm
-1

 peak and artificially increase the amount of HFIP quantified using that peak. Table 

3-4 shows an example of how this impacts the results for the coacervate of the 200mM 

SDS:DTAB system at 5% HFIP, where the value is increased from 51.90% w/w HFIP at 

1105 cm
-1

 to 68.95% w/w HFIP at 1190 cm
-1

. 

  



 

230 

A)

 

B)

 

Figure A-1. ATR-IR spectrum for 100mM DMMAPS solutions: A) full spectrum and B) 

expanded window highlighting five DMMAPS-related infrared peaks. 
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Figure A-2. Full spectrum baseline corrected ATR-IR spectrum of 100% HFIP.  
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Figure A-3. Baseline corrected ATR-IR spectrum of 10% HFIP (blue) with 100% HFIP (red). 

Peak shifting to lower wavenumbers is observed as HFIP concentration increases. Also, peak 11 

becomes visible at lower concentrations. 
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Figure A-4. ATR-IR spectrum for 400mM DTAB solutions: A) full spectrum and B) 

expanded window highlighting the three DTAB infrared peaks. 
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Figure A-5. ATR-IR spectrum for 400mM SDS solutions: A) full spectrum and B) expanded 

window highlighting five SDS-related infrared peaks. 
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Figure A-6. ATR-IR spectrum for 100mM DMMAPS solutions. 
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Figure A-7. ATR-IR spectrum for 500mM Na2SO4 solutions. The peak at 1100 cm
-1

 

interferes with the HFIP bands used for quantitation in the fingerprint region. 
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A)  

B)  

C)  
 

Figure A-8. Calibration curves for HFIP peaks at A) 1105 cm
-1

 B) 1190 cm
-1

 and C) 1285 

cm
-1

. The curve for 1285 cm
-1

 is not linear and cannot be used for quantitation. 
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A)  

B)  

C)  
 

Figure A-9. Calibration curves for HFIP peaks in diluted standards for SDS simple 

coacervate analysis at A) 1105 cm
-1

 B) 1190 cm
-1

 and C) 1285 cm
-1

. 

y = 0.0009x - 0.0032 
R² = 0.9935 

0

0.02

0.04

0.06

0.08

0.1

0 20 40 60 80 100

A
b

so
rb

a
n

c
e 

% HFIP 

1105cm-1 Calibration Curve 

y = 0.0015x - 0.0035 
R² = 0.9978 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 20 40 60 80 100

A
b

so
rb

a
n

c
e 

% HFIP 

1190 cm-1 Calibration Curve 

y = 0.0007x - 0.001 
R² = 0.9979 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 20 40 60 80 100

A
b

so
rb

a
n

c
e 

% HFIP 

1288cm-1 Calibration Curve 



 

239 

  CHAPTER 4

Characterization of Chemical Selectivity in Coacervate Systems Using Linear Solvation 

Energy Relationships and Selectivity Triangle Visualization 

 

Abstract  

Coacervates are viable greener and more cost effective alternatives to organic 

solvents and ionic liquids for extraction of broad classes of compounds from various 

matrices. Linear Solvation Energy Relationships (LSER) was applied in this work for the 

characterization of the underlying interactive properties of thirteen simple and complex 

coacervates and the Na2SO4 Salt-Aqueous Two Phase System (SATPS) affecting separation 

and extraction. The systems were normalized and plotted in a Selectivity Triangle for ease of 

visualization of the comparison between the chemical selectivity of these systems. Principal 

component analysis was used to determine that three principal components were required to 

describe all of the variance in the data. Cluster analysis, however, was not able to break these 

12 systems down into smaller clusters, due to the small number of systems available. 

Chemical selectivity of the coacervates was compared with 12 micellar pseudo-

phases using the Selectivity Triangle approach. Many of these coacervate systems lie very 

close to the fluorosurfactant micelle systems of LiPFOS. Principal component analysis and 

cluster analysis were again used to evaluate the combined data set. Two principal 

components were found to describe most of the variance in the data, and the 24 systems were 

reduced to three clusters based on their chemical selectivity properties determined in the 

LSER analysis. 
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Introduction 

The term coacervate is derived from the Latin prefix “co” meaning together and the 

Latin word “acervus” meaning aggregation. This term was first conceived by H.G. 

Bungenberg de Jong and H.R. Kruyt in 1930.[1, 2] Coacervation occurs with the aggregation 

of amphiphiles in solution that results in the formation of a separate immiscible phase. One 

phase is rich in the amphiphiles, while the other phase is lean in the amphiphiles. Numerous 

macromolecules, surfactants, and biomolecules have been reported to form coacervates in 

aqueous solution. The term coacervator refers to compounds that induce phase separation in 

colloidal solutions. Many compounds have been found to induce phase separation in such 

mixtures including resorcinol[2], organic alcohols[3], salts[4, 5], and most recently 

perfluorinated alcohols and acids[6-8]. The exact nature of the mechanisms that promote the 

formation of a second phase is still largely unknown, although various groups have studied 

the phenomena for many years.[9-11]  

Despite the lack of understanding of the mechanism, coacervates, and aqueous two 

phase systems in general, have found wide spread applications for the extraction and 

concentration of various compounds such as essential oils in plants[12], water 

contaminants[13, 14], ionizable solutes[15], metals[16], preservatives[17], 

pharmaceuticals[18], and proteins.[19] For most applications, the selection of the type of 

colloids and coacervator in the extraction is very important in affecting the separation. 

Coacervates reported in this work are composed of aqueous solutions of cationic, 

anionic, and zwitterionic surfactants and 1,1,1,3,3,3-hexafluoroisopropanol (HFIP). 
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Additionally, Na2SO4 Salt Aqueous Two Phase Systems (SATPS) are included in this work, 

with phase separation induced by HFIP addition. The surfactants have a hydrophobic chain 

of hydrocarbons, as well as a hydrophilic charged head group. At concentrations above their 

critical micelle concentration these surfactants will form micelles in solution. The polar head 

groups tend to interact with water, while the non-polar hydrophobic moiety does not have 

any affinity for water. As a result, self-aggregation of the amphiphiles occurs where the 

hydrophilic head groups face outward to interact with the water, and the hydrophobic tails 

assemble together with minimal contact with the water. The resulting aggregates form either 

spherical or cylindrical structures, at lower concentrations, and at higher concentrations can 

form bilayered structures.  

The hydrophobic alkyl chains are directed toward the center of these micro-structures, 

while the hydrophilic and charged head groups are at the surface. Solute partitioning from the 

bulk aqueous phase into these microstructures is primarily driven by hydrophobic interaction, 

whereas dipolar and hydrogen bonding interactions play secondary but important roles. 

Linear solvation energy relationships have been previously shown to work well in 

characterizing the chemical interactions that play a role in partitioning from aqueous media 

into alkyl-bonded phases in RPLC, pseudo-stationary phases in MEKC, and into bulk organic 

solvents like octanol in biphasic systems. Linear solvation energy relationships can then be 

used to determine the balance of the underlying interactions that control solute partitioning 

from aqueous-rich phases into coacervates in perfluoro-alcohol induced coacervate (PFAIC) 

systems. This work will analyze the LSER models for various PFAICs and use the ternary 

plot system to aid in data visualization. Additionally, since these PFAICs are primarily 
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composed of surfactant assemblies, comparison will be made with portioning into micelles 

using published MEKC data by Cexiong Fu.[20, 21]. Principal Component Analysis and 

Cluster Analysis will once again be utilized as an alternative method for classification of 

these coacervate systems, and showing their relationship to the MEKC data reported by 

Cexiong Fu.[20, 21] 

Methylene selectivity (αCH2) has also been used as a measure of hydrophobicity in 

chromatography [22-25]  and liquid-liquid extraction.[22, 26] When analyzing a homologous 

series, the log of the partition coefficient (log K) is directly proportional to the number of 

methylene groups (nCH2). In this work, three sets of homologous series will be analyzed: 

alkylbenzenes, alkylphenones, and alkylphenols. For each coacervate system tested, the 

methylene selectivity with respect to each homologous series will be utilized to probe the 

hydrophobic characteristics of the microenvironments in the coacervate systems. 

 

Experimental Section 

Materials 

Dodecyltrimethylammonium bromide (DTAB) was purchased from TCI America 

with purity ≥ 98% and is the cationic surfactant for the complex coacervate and simple 

cationic coacervate system. Sodium dodecyl sulfate (SDS) was purchased from Affymetrix 

(Cleveland, OH) as “Ultrapure.” SDS was the anionic surfactant for the complex coacervate 

and simple anionic coacervate system. 3-(N,N-dimethylmyristylammonio) propane sulfonate 

(DMMAPS) was purchased from Acros Organics and was used as a zwitterionic surfactant 
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for a simple coacervate system. Sodium Sulfate (Na2SO4) was purchased from Fischer 

Scientific and was used for the SATPS. Hydrochloric Acid (HCl) was purchased from 

Fischer Scientific and was used in the SDS-based simple coacervate. Tris 

(hydroxymethyl)aminomethane was purchased from Acros Organics and was used as a 

buffering agent in the DTAB simple coacervate system. All solutes for the training set and 

organic solvents were purchased from Aldrich (Milwaukee, WI) and used as received 

without any further purification. 

 The analyses were conducted on a Waters HPLC system (Milford, MA) composed of 

a W1550 Binary Pump, a W2489 UV/VIS detector, and a W2707 Autosampler. The data 

were collected and analyzed with Waters Breeze 2 software. The HPLC method conditions 

will be discussed in great detail in the scope of method development later in this chapter. 

Data calculations and linear regression analysis were performed using Microsoft Excel 2010. 

Ternary plots of the data and multivariate analyses were performed using JMP 10.0 made by SAS 

Institute (Cary, NC). 

 

Sample Preparation Method Development 

Critical to the LSER analysis is the sample handling for the coacervate solutions. 

Different methods of sample preparation have been used in the literature, but we based our 

preparation on the shake flask method[27], and equilibration and phase separation was based 

on the extensive work by Kaler et al.[28]. With the shake flask method, samples are prepared 

and lightly shaken over a selected period of time to prevent the formation of emulsions, 



 

244 

followed by centrifugation, then phase separation. Hansch and Leo, recommended analyzing 

the solute in one phase, and determining the amount in the other phase by difference[27]. 

However, since different solutes could adhere to the glass or other surfaces, we chose to 

analyze both phases in all cases. The solutes were introduced into the system by dissolving 

the solutes in HFIP at approximately 60mM, and the resulting HFIP solution was pipetted 

into a centrifuge tube at the required volume to the surfactant or salt solutions to induce 

coacervation or phase separation. 

 

Determination of Partition Coefficient (K) 

The partition coefficient, K, is a measure of solute partitioning between two immiscible 

solvents phases in equilibrium. In coacervate solutions, this would be the measure of partitioning 

between the aqueous and coacervate phases at equilibrium. Partition coefficients are calculated 

by the following equation: 

ὑ
    

    Ȣ
 Equation 4-1. 

where K is the partition coefficient, and the final term in the equation accounts for the 

dilution of the coacervate phase. 

After treatment with the sample equilibration procedure described earlier, the phases 

were separated with a glass pipette, carefully removing the top aqueous phase without 

disturbing the bottom aqueous phase. Since the coacervate phase droplets are generally more 

concentrated with the solutes, pulling any coacervate droplets into the aqueous phase would 

have a dramatic impact on the final results. To mitigate this possibility, a generous amount of 
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the aqueous phase was left at the interface with the coacervate phase. This portion around the 

interface was then removed with a glass pipette and discarded to waste. Finally, 5.00µL of 

the coacervate phase was pipetted into a vial containing 995µL 40% Trifluoroethanol in 

water. The aqueous phase and dilute coacervate phases were injected on the HPLC, the peak 

areas were recorded, and used to calculate K using Equation 4-1. 

 

Reproducibility Study 

We set out to ensure that the coacervate phase was homogeneous, at least for the 

range of samples tested in this experiment, such that sampling would not be an issue from 

anywhere within the phase. Reproducibility of the partition coefficient of a test solute, 4-

chlorotoluene, in the coacervate system of 100mM SDS: CTAB with 9% HFIP was used as a 

measure of homogeneity of different preparations of the coacervates. Table 4-1 shows that 

sampling from three different solutions, at the top of the coacervate phase near the interface 

with the aqueous phase, and sampling at the bottom of the coacervate phase, near the bottom 

of the vial, gave similar reproducible results for log K, with % RSD = 0.6%. As a result, the 

coacervate phase was deemed to be homogeneous throughout for the extracted molecules. 

In the literature, equilibration times for two phase extraction solutions range 

anywhere from 1-2 minutes to six months or even longer.[27, 29] To determine the optimal 

time frame for phase equilibration of fluroalcohol induced coacervates, a study was designed 

to observe the changes in partition coefficients with equilibration time. For this study, 

benzene, propylbenzoate, and bromobenzene were selected from the LSER sample set as 
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representative solutes. Table 4-2 shows that the partition coefficients increased dramatically 

over the first 24 hours. However, after 24 hours very little change was observed. As a result 

of this study, the equilibration time was set to 24 hours. 

Through the course of these initial studies, it was observed that while the peak area 

for the coacervate phase was quite consistent from sample to sample, large fluctuations were 

often observed in the corresponding peak area for the aqueous phase. A study was 

constructed to determine which sample preparation procedures improved the equilibration 

and consistency of the results in each phase to obtain the most robust sample prep and 

equilibration procedure possible. The preparation procedures that were analyzed in this study 

were vortexing time, centrifuge rotational speed, and centrifuge time. Additionally, overnight 

mixing on a rotisserie mixer was incorporated for all samples. This study was performed with 

the 100mM SDS: CTAB with 9% HFIP coacervate system, using benzene as the solute of 

interest from the LSER sample set. After preparation, the samples were vortexed. The effect 

of vortex time on the equilibration was studied after 2 minutes and 10 minutes of vortexing. 

The samples were placed on rotisserie mixers overnight to mix slowly, but continuously. The 

theory is that this would mimic the “shake flask” method, and allow for more efficient mass 

transfer between the phases as they are mixed overnight, instead of being allowed to sit and 

equilibrate overnight with only the interface of the two phases available to facilitate mass 

transfer.[27] Additionally, after overnight mixing, the samples were placed in a temperature 

controlled centrifuge for 30 minutes at 23ºC, which is approximately room temperature. The 

centrifuge was run at 8,000 RPMs and 13,000 RPMs to determine the effect on equilibration. 

Table 4-3 demonstrates that vortexing for 2 minutes, and centrifuging at 13,000 RPMs for 30 
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minutes gave sufficient reproducibility for these solutions, in conjunction with the overnight 

mixing. Additionally, this dramatically improved the reproducibility of the aqueous phase 

results, as can be observed in the last column of the table. Vortexing for 10 minutes showed 

the best reproducibility, however, this would prove to be too cumbersome for lengthy 

analyses such as LSER analysis, where a set of 34 solutes were analyzed in each of the two 

phases for 13 coacervate systems in triplicate measurements; so a compromise was reached 

to sacrifice some reproducibility for convenience. 

It is important to note that the processes of shaking, vortexing, and centrifuging that 

were used to improve equilibrium and mixing would introduce a significant amount of shear 

stress and strain on the structure of the coacervate. As a result, it is important to reproduce as 

closely as possible the conditions used to reach the equilibrium state. Changes in mixing 

time, temperature, and centrifuging speed can all affect the structure of surfactant assemblies 

which would have an effect on partitioning and equilibrium in solution.[30-32] 

 

RPLC Method Development 

Method development began with column selection, and since the sample set consists 

of small organic compounds and they would all be injected separately, column selection is 

relatively inconsequential. Since a new Agilent Eclipse XDB-C8 column (15x4.6mm, 

3.5mm) was available in the lab, this was selected as the preferred column for the method. 

However, almost any alkyl-bonded RPLC column would be suitable for this method. 
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Development of the RPLC method for analysis of the phases was made difficult with 

the presence of surfactants, and more importantly, the surfactant complexes in solution. After 

separating the phases of the coacervate solution, the aqueous phase was generally injected 

neat, as most of the solutes were significantly less concentrated in the aqueous phase than in 

the coacervate phase. The coacervate phases are generally very highly concentrated in the 

solutes and require dilution in order to be analyzed by UV. As a result, at 200-fold dilution 

was performed on the coacervate samples by pipetting 5.00uL coacervate phase into a vial 

containing 995uL of the sample diluent. The sample diluent was selected as 40% 

Trifluoroethanol (TFE) in water due to the fact that Jenkins showed that the SDS: CTAB 

complex was completely soluble above 35% TFE.[7] 

The sample diluent played a significant role in selecting the optimal gradient 

conditions for the RPLC method. 40% TFE is a strong solvent mixture, and as a result, the 

gradient needed to start close to 40% organic content to prevent diluent effects on the peaks 

as much as possible. Diluent/mobile phase mismatch can lead to band smearing (i.e. tailing 

and fronting) or peak splitting, which was observed during method development at low 

organic gradient conditions. The other element playing the key role in selecting gradient 

conditions was the hydrophobic nature of some of the solutes in the sample set. For example, 

butylbenzene is very hydrophobic and will retain heavily on C18 stationary phases. As a 

result, running a gradient up to 100% organic was necessary to ensure elution of all solutes 

within the gradient time. Additionally, at 5 minute hold at the end of the gradient was 

deemed necessary to provide a highly nonpolar environment to further ensure the elution of 

strongly retained solutes. The final gradient is shown in Table 4-4. The flow rate was 
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determined to be optimal at 0.8mL/min instead of the standard 1.0mL/min due to the small 

particle size of this column (3.5µm). Figure 4-1 shows the chromatogram of resorcinol, 

which is the earliest eluting peak in the LSER data set. Resorcinol has a Gaussian peak 

shape, and does not suffer from diluent/mobile phase mismatch peak smearing or splitting 

seen earlier in method development. 

As mentioned before, the surfactant complexes present in the coacervate phase made 

this method challenging. This was due to permanent modification of the stationary phase, 

specifically at the head of the column with the complex as it was injected onto the column. 

The first symptoms presented as high back pressure up to the 4000 p.s.i. limit of the system. 

Soon, the peaks begin to split with increasing intensity. At first, a small bump formed at the 

base of the peak, and then eventually the peak would fully split. Initially, prolonged washing 

of the column would reverse the damage, but after further interactions with the complex, the 

damage became irreversible. Turning the column around to reverse the flow corrected the 

peak shape which gave the evidence to the theory that the head of the column was being 

modified. When the sample plug is injected onto the head of the column the sample plug 

interacts strongly with this modified stationary phase, which leads to the peak shape issues. 

Turning the column around minimizes these interactions, as the solutes only interact briefly 

as they are eluting from the column. 

The catanionic complex is formed by electrostatic attraction, specifically DS
-
 CTA

+
. 

In the complex coacervate systems, Kruyt and Bungenberg de Jong have stated that the 

complex can be dissolved when the counter ions for the colloids are reintroduced to the head 

groups.[2] With this in mind, a wash cycle was attempted on the column with 20mM NaBr to 
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try to break apart the complex on the column, but this was unsuccessful since the back 

pressures were still high and peak splitting was still present after this wash. This result led to 

the conclusion that the stationary phase had been irreversibly modified. Preventing the 

complex from reaching the column was the only way to avoid ruining the column. To give 

maximum protection, an in-line filter and guard column were put in place as a first line of 

defense. The in-line filter was a Varian (Lake Forest, CA) 0.5µm filter and the guard column 

was a C18 guard column from Supelco (Saint Louis, MO). Over the course of these analyses, 

this set-up worked very well. At the first signs of high pressure, the in-line filter was 

exchanged for a fresh replacement. Eventually, the guard column became contaminated and 

the peaks began splitting again in conjunction with the high back pressure that was observed. 

By replacing the guard column at the first signs of peak splitting, the analytical column is 

fully protected and maintains a much longer lifetime. 

 

Results and Discussion 

Linear Solvation Energy Relationships for Coacervate Systems 

Partition coefficients of 34 solutes in the LSER training set (see Table 2-1 in Chapter 

2) in 9 coacervate and 3 Na2SO4 SATPS systems were determined, with the lone exception of 

benzyl chloride. Benzyl Chloride was removed from the sample set due to an apparent 

incompatibility with HFIP. When dissolved in HFIP, an apparent chemical reaction occurs 

between the solute and the solvent. Initially a beige solid began to form. Over time, the 

solution gradually became deep green and released fumes when the vial was opened. This 
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reaction is believed to be similar to the SN1 solvolytic reactions in fluorinated alcohols 

reported by Bentley et al.[33] In this reaction, the strong nucleophilicity of HFIP enhances 

the rate of the solvolytic reaction with the benzyl chloride. The HFIP solvates the Cl
-
 leaving 

group, creating a delocalized carbocation where the where the charge is delocalized onto the 

π-electrons of the benzyl ring. This process allows for substitution and rearrangement 

reactions in the solution, which explains the observations made over a short time with benzyl 

chloride dissolved in HFIP. Injections of the coacervate and aqueous solutions after 24 hours 

equilibration often displayed numerous peaks, which indicated that the reaction continues in 

the coacervate solution and the extraneous peaks are the by-products of the reaction. As a 

result, the data for this solute was not deemed to be reliable in these systems and was 

removed from the sample set. 

 The LSER model relates the partition coefficients of solutes to their structural 

descriptors according to Eq. 4-2: 

ÌÏÇὑ ὧ ὺὠ ὦὄ ὥὃ ίὛὩὉ Equation 4-2. 

 

The parameters listed above are identical to those discussed for Equation 2-1, except that K is 

partition coefficient from the aqueous-rich phase into the coacervate phase 

Table 4-5 is a compilation of the K values obtained for each solute in the LSER 

sample set in each of the nine coacervate systems, three Na2SO4 SATPS, and partitioning in 

Octanol/Water system, which is a widely used measure of solute hydrophobicityFor the 

SATPS systems, the bottom phase is referred as HFIP-rich phase for convenience in this 

chapter to make a distinction with coacervates, in spite of the fact that the coacervate phases 

are also enriched by HFIP. Table 4-6 shows the K values from Table 4-5 converted to log K 
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values with the 95% Confidence Intervals in parenthesis. The correlation coefficients for the 

LSER models of all coacervate systems were R
2
≥0.97, which will allow for valid 

comparisons to be made between these systems for the purposes of classification. Table 4-7 

shows the LSER system parameters for the same Aqueous Two-Phase Systems (ATPS) in 

Table 4-5. The large positive v terms mean that the coacervate phases and HFIP-rich phase in 

Na2SO4 SATPS are less cohesive, more hydrocarbon-like (thus more hydrophobic) than the 

top aqueous-rich phase, which is to be expected. Large negative b coefficients demonstrate 

that the top aqueous-rich  phases are stronger hydrogen bond donor than the coacervate and 

HFIP-rich phases, while the single case of positive b value means that the Na2SO4 SATPS 

HFIP-rich bottom phase (at 750 mM Na2SO4) is a better H-bond donor than the top aqueous-

rich phase. The large negative a coefficients signify that the aqueous-rich phase is a stronger 

hydrogen bond acceptor than the coacervate or HFIP-rich bottom phases. Negative values of 

the s coefficient indicate that the aqueous phase is more dipolar than the coacervate phase. A 

negative e term defines the aqueous phase as being more polarizable than the coacervate 

phase, while a positive e term means the opposite.  

The first observation concerning this data is the range and magnitude of the 

hydrophobicity term (v). As described in Chapter 2, the v terms were all very close to 1 for 

the RPLC systems. Figure 4-2 demonstrates the wide range of v values observed, ranging 

from 0.93 for 350mM Na2SO4 15% HFIP to 3.81 for 100mM SDS:CTAB 10% HFIP. 

Octanol/water displays the largest hydrophobicity at 4.14. This system is the control, as 

octanol-water partitioning has become the de facto measure of solute hydrophobicity. As 

such, it is not surprising to see that all of the coacervate and SATPS systems have smaller v 
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terms than this model system, since the coacervates and HFIP-rich bottom phases all contain 

significant concentrations of water and are more cohesive than octanol. It is interesting to 

note that the lowest hydrophobicity is attributed to the 350mM Na2SO4 15% HFIP system, as 

should be expected since this system does not contain a hydrophobic surfactant and also is 

comprised of the lowest percentage of HFIP. The large v terms that were observed for the 

complex and two simple coacervates are similar to those observed for micellar pseudo-phases 

reported by Fu. [34] 

In general, the b coefficients are large negative values close to, or much greater than 0 

ranging from -2.63 to 0.86 in the analyzed systems. Figure 4-3 is a bar chart that clearly 

demonstrates the wide range of values covered by the b parameter in the coacervate systems, 

and shows that 750mM Na2SO4 is an exception to the rule that the b coefficients are negative 

values. It is surprising that these values are largely negative, meaning that the top aqueous-

rich phase is stronger hydrogen bond donor than the coacervate or HFIP-rich bottom phases. 

Given the high concentration of HFIP shown in the bottom phases in Chapter 3, one might 

expect that the coacervate or HFIP-rich phases would display more hydrogen bond acidity. 

The exact reason for this apparent discrepancy is currently unknown, however one can 

develop a hypothesis based on the intra- and inter-molecular interactions involving HFIP. As 

mentioned above, in binary HFIP-water solutions, the HFIP molecules can associate with 

water molecules though hydrogen bonding at lower HFIP concentrations, while they can 

form clusters starting approximately in the range of 30%-60% HFIP; and finally in HFIP-rich 

phases there would be stronger intramolecular interactions between HFIP molecules. The 

ability of HFIP and water molecules to engage in hydrogen bonding and dipolar interactions 
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would logically vary in these different concentration regimes. In addition, in coacervate 

systems the HFIP and water molecules interact with the surfactant molecules that would 

further influence their hydrogen bonding characteristics. Thus, there is no simple and direct 

relationship between the hydrogen bonding donor or acceptor strengths of these phases or 

their dipolarity/polarizability with the concentration of HFIP in coacervate or HFIP-rich 

phases. The octanol/water system represents the largest negative b term, and all of the 

coacervate and SATPS systems display less hydrogen bond acidic aqueous phases.  

The a parameter for each system is shown in the bar chart in Figure 4-4. The 

octanol/water system has the only positive value for a; although, it is very close to zero, 

signifying that the octanol and water phases demonstrate very similar hydrogen bond 

accepting capabilities. In contrast, one of the most distinguishing characteristics of the 

750mM Na2SO4 15% HFIP SATPS system is its large negative a term, indicating the relative 

strong hydrogen bond accepting character of the aqueous phase. This is due to the strong 

kosmotropic behavior of this salt, in combination with its high concentration in the aqueous 

phase enhancing the hydrogen bonding nature of water. For the SATPS, increasing the salt 

concentration increases the hydrogen bond accepting nature of the aqueous phase. Increasing 

HFIP concentration generally trends toward less hydrogen bond accepting aqueous phases, 

with the exception of the SDS simple coacervate system, which sees a slight increase in the a 

term for the aqueous phase.The s parameter shows an interesting trend when examining the 

bar chart in Figure 4-5. Octanol/water as the model system displays the strongest dipolarity 

for the aqueous phase for all systems, with the largest negative s term. For the coacervate and 

SATPS phases, it appears that the dipolarity of the phases is dependent upon the 
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concentration and composition of the surfactant/salt in the system. Those systems that are 

low in concentration of surfactant or salt and the simple coacervate systems have more 

dipolar coacervate phases in comparison to the higher concentrated simple coacervates and 

complex coacervate systems. The s parameter covers the range -0.77 to 1.35 in the systems 

analyzed, with 350mM Na2SO4 15% HFIP exhibiting the strongest dipolarity HFIP-rich 

bottom phase or coacervate with the largest s term at 1.35. The SATPS, SDS simple 

coacervates, DTAB simple coacervate, and SDS:DTAB 20% HFIP complex coacervate 

systems all have the most dipolar coacervates or HFIP-rich bottom phases, especially 

compared to DMMAPS simple coacervates and all other complex coacervate systems and  

SATPS. For the SATPS, increasing salt concentration significantly increases the dipolarity of 

the aqueous phase. Increasing the surfactant concentration shows a similar trend, best 

exemplified by the fact that the complex coacervates have the most dipolar aqueous phases in 

comparison to the coacervate phase, and are very similar in comparison to DMMAPS simple 

coacervates and the concentrated 750mM Na2SO4 SATPS. Increasing HFIP concentration 

also appears to decrease the dipolarity of the coacervate phase or HFIP-rich bottom phases. 

The exception is the DMMAPS simple coacervate phase, which has a slightly less dipolar 

aqueous phase with addition of HFIP. 

Figure and 4-6 shows the distribution of the eparameter for all systems. The control 

system octanol/water demonstrates the strongest positive polarizability in the bar chart, 

which conveys that the bottom octanol phase has the strongest interaction with π or lone pair 

electrons. The DTAB simple coacervate was noted to have a polarizable and dipolar 

coacervate phase compared to its aqueous phase. However, for other systems the trend for 
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polarizability is almost reversed from that observed for dipolarity. The DMMAPS systems 

are still in the same vicinity as the complex coacervates, and the 750mM Na2SO4 SATPS. 

Increasing salt/surfactant concentration appears to orient toward more polarizable coacervate 

or HFIP-rich bottom phases. HFIP concentration increases lead to more polarizable 

coacervate or HFIP-rich bottom phases as well. Again, the exception here is DMMAPS 

simple zwitterionic coacervates, as increasing HFIP concentration produces a more 

polarizable aqueous phase by comparison. 

A selectivity triangle scheme was constructed to visualize the interactive 

characteristics of these coacervate systems as defined by a set of three normalized LSER 

parameters. The details of the construction of the selectivity triangles can be found in 

Chapter 2. Table 4-8A shows the coefficient ratios calculated from the LSER regression 

parameters for the nine coacervate systems and three Na2SO4 SATPS. Important for the next 

step in the normalization procedure is determining the high and low ranges for each of the 

coefficient ratios. Because this data will also be combined with the MEKC data presented by 

Fu, great care was taken to compare both sets of data when setting these high and low ranges. 

The ranges for each parameter were significantly different between the two types of systems. 

It is important that the ranges are of the same magnitude for each the coefficients to ensure 

that each of the axes for the ternary plots is on the same scale so that the data are not 

improperly skewed. 

The data were scaled to a range (i.e. difference between high and low parameter 

ratios) of 2.5 (Table 4-8B), which worked to reasonably scale every data point in the 

coacervate and MEKC systems between 0 and 1 for the normalized system descriptors. The 
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point of the triangle scheme is not to look at absolute positioning within the ternary plot, but 

the relative position of one system to the others is the important factor. Table 4-9 shows all of 

the normalized system parameters for the octanol/water and the 13 coacervate and SATPS 

systems on each of the three ternary plots: (Xa,Xb,Xs), (Xa,Xb,Xe), and (Xe,Xb,Xs). Using 

these parameters, coacervate selectivity triangles (CST) were constructed in Figures 4-7 

through 4-9. 

Figure 4-7 represents the (Xa,Xb,Xs) ternary plot for the coacervate systems. The oval 

in the lower left of the triangle designates a cluster containing DMMAPS and the complex 

coacervate systems,, where hydrogen bond basicity is large and dipolarity and acidity are 

low. Based on this cluster, it appears that changing surfactant concentration or % v/v HFIP 

has little effect on the chemical interactions responsible for partitioning in these systems. 

Also within this cluster is (13) 350mM Na2SO4 25% HFIP. This is noteworthy because (7) 

350mM Na2SO4 15% HFIP and (8) 750mM Na2SO4 15% HFIP lie far away from this cluster 

on opposing corners of the triangle. (7) 350mM Na2SO4 15% HFIP lies in the far right corner 

of the triangle where hydrogen bonding character is very low, but dipolarity is extremely 

high. (8) 750mM Na2SO4 15% HFIP is closer to the upper corner of the triangle than any 

other system, showing strong hydrogen bond donor ability, low dipolarity, and mid-range 

hydrogen bond acceptor ability. The significance of these three data points is that changes in 

salt and HFIP concentrations have a dramatic impact on the solvation properties of these 

SATPS systems. The 100mM SDS 15% HFIP system (6) lies just outside of the bigger 

cluster, exhibiting similar hydrogen bond basicity, but higher dipolarity, and slightly lower 

hydrogen bond acidity. Increasing the % v/v HFIP of the SDS simple coacervate to 100mM 
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SDS 25% HFIP (12) slightly decreases the dipolarity and hydrogen bond accepting character 

of the system, but significantly increases the hydrogen bond donor ability. It is also important 

to note that the SATPS are not coacervates, but a binary salt system that phase separates 

based on salting out of the HFIP. Salting out was also found to be important for the 

coacervate formation of SDS simple coacervates. The cluster composed of complex 

coacervates and DMMAPS simple coacervate do not seem to involve salting out as a 

mechanism for coacervate formation, and the change of interactive properties is almost 

negligible with changes in composition, as opposed to those systems where salting out plays 

an important role. 100mM DTAB 10% HFIP (5) displays unique selectivity as well. The 

hydrophobicity (v) term for this system is unique because of its small positive value (0.36), in 

contrast with the other systems whose values are generally much greater than 1. As a result 

of this characteristic of the system, other interactive properties of the system are greatly 

enhanced as they have more of an impact on selectivity than hydrophobicity. This is most 

apparent with the hydrogen bond basicity term (a) when the parameters are normalized by 

the hydrophobicity (v) term. Normalization of a by v creates a normalized value that is 

extraordinarily large (-4.00), causing it to fall far outside of the low to high range of -2.5 to 0 

from Table 4-8 discussed earlier. Increasing the range was not a satisfactory resolution for 

this issue because of the impact that would have on the scale, pushing the data in the plot 

further into the bottom left corner. Since the normalized a term was unusually small, and no 

other systems were in close proximity to this point, we decided to force the normalized 

system parameter to zero in Table 4-9 as it would still be represented in the triangle with very 

different selectivity and not adversely affect the rest of the data. Additionally, 100mM DTAB 
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10% HFIP (5) has very strong hydrogen bond acidity, even higher than 750mM Na2SO4 15% 

HFIP (8), and mid- range dipolarity. This shows great promise for the ability to use this 

triangle plot to find aqueous two phase systems with orthogonal chemical selectivities which 

would be useful for sample preparation method development. 

Figure 4-8 depicts the (Xa,Xb,Xe) triangle for coacervate systems. In this plot, the 

cluster still resides in the in an area of low hydrogen bond acidity, with large hydrogen bond 

basicity, and low dipolarity. The selectivity differences due to chemical composition in the 

SDS-HCl (6, 12) and SATPS systems (7, 8, 13) are still notable. Three systems are distinctly 

separated from the cluster in this plot: (7) 350mM Na2SO4 15% HFIP, (8) 750mM Na2SO4 

15% HFIP, and (5) 100mM DTAB 10% HFIP. System (7) 350mM Na2SO4 15% HFIP is in a 

different position in this plot, since its high polarity is not a factor. This system lies higher on 

the Polarizability (Xe) axis, close to (5) 100mM DTAB 10% HFIP, displaying very low 

hydrogen bond basicity, mid-range hydrogen bond acidity, and the highest polarizability on 

the graph. In comparison to Figure 4-7, 350mM Na2SO4 15% HFIP (7) shifts significantly in 

this plot due to the exchange of polarizability and dipolarity. 750mM Na2SO4 15% HFIP (8) 

is very close to the central point of this plot. It is separated from the other systems by having 

significantly higher hydrogen bond acidity. One other system seems to lie slightly outside of 

the cluster, having slightly higher polarizability than the rest of the cluster, which is (9) 

100mM SDS:CTAB 20% HFIP. Once again, 100mM DTAB 10% HFIP (5) was set to zero 

for the a term, separating this system from all other systems except 350mM Na2SO4 15% 

HFIP (7). It is important to remember with this plot, that the hydrogen bond basicity is still 

much lower than 350mM Na2SO4 15% HFIP (7), so these systems could have significantly 
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different selectivity, specifically for hydrogen bond donors. Additionally, 100mM DTAB 

10% HFIP (5) has high hydrogen bond acidity (b) and polarizability (e), placing it far to the 

right side of the plot in the middle of the polarizability (e) axis. 

The final ternary plot for the coacervate systems is the (Xe,Xb,Xs) triangle in Figure 4-

9. Interestingly, the same cluster of systems is present discussed in Figures 4-7 and 4-8, but 

since hydrogen bond acidity is removed from this plot, the cluster is shifted closer to the 

central point of the plot. Systems (9) 100mM SDS:CTAB 20% HFIP and (6) 100mM SDS 

15% HFIP lie just outside of the cluster, but should not be ignored as their slight differences 

in the parameters could prove useful when small chemical selectivity differences would make 

a difference in a separation. System (9) 100mM SDS:CTAB 20% HFIP is in a region of the 

plot with slightly higher polarizability and lower hydrogen bond acidity. This system 

displays the highest polarizability of all systems in the plot, similar to octanol/water. 

Octanol/water is very similar to this system in terms of interactive properties using this plot, 

as octanol/water only seems to have slightly higher hydrogen bond acidity (b). System (6) 

100mM SDS 15% HFIP has higher dipolarity than the cluster, separating it slightly with (10) 

100mM SDS:DTAB 20% HFIP. Once again, system (7) 350mM Na2SO4 15% HFIP is in the 

far right corner of the plot, exhibiting distinctly higher dipolarity than any other system. 

Furthermore, this system has the lowest hydrogen bond acidity of all of the systems. System 

(8) 750mM Na2SO4 15% HFIP separates itself from the cluster, manifesting much higher 

hydrogen bond acidity than the other systems, as well as the lowest dipolarity. It is also worth 

noting that 100mM DTAB 10% HFIP (5) is in the cluster with DMMAPS and complex 
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coacervates in this plot. It appears that the hydrogen bond acceptor ability (a) is the factor 

that sets this system apart in terms of its interactive properties.  

Comparing all three plots, it appears that a large group of these coacervates exhibit 

very similar chemical properties, which results in similar patterns of solute partitioning into 

these coacervate systems. Five systems (100mM SDS:CTAB 20% HFIP (9), 100mM SDS 

15% HFIP (6), 350mM Na2SO4 15% HFIP (7), and 750mM Na2SO4 15% HFIP (8)) all 

exhibit unique chemical characteristics from the LSER analysis and separate themselves 

from the cluster in one or more of the plots. It is very important to be cognizant of the fact 

that the values observed in their placement in the triangle are not absolute, and change with 

the axes that are used. However, when comparing all three ternary plots, similar clustering 

and spacing can be observed in all three. For example, the cluster of DMMAPS simple 

coacervates and complex coacervates are present in all three plots. Also, the SDS-HCl (6,12) 

and SATPS (7, 8, 13) set themselves apart in all three plots due to their changes in selectivity 

with changes in composition. 100mM DTAB 10% HFIP (5) shows differences only when 

hydrogen bond acceptor strength (a) is considered. 

Cexiong Fu developed the Micellar Selectivity Triangle for classification of chemical 

selectivity of micellar pseudo-phases in this lab.[20, 21, 34] Since the PFAIC systems were 

discovered as the result of creating PFA modified micelles, it is only natural to compare the 

MST with the data presented here in the CST. Eleven micellar pseudo-phases reported by Fu 

were selected for comparison and analysis with a combined selectivity plot. The selected 

systems and their LSER parameters are recorded in Table 4-10.[20, 21, 34] The MEKC 

parameters are combined with the coacervate systems from Table 4-8 and the coefficient 
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ratios are reported in Table 4-11 for all 25 systems. The coefficients were then renormalized 

via the range of 2.5 as shown earlier in this chapter and the normalized system parameters are 

reported in Table 4-12. Figures 4-10 through 4-12 represent these combined selectivity 

triangles. In all three triangles, the coacervate systems reside in the area directly overlapping 

with the MEKC systems. The hydrogen bond donor micelles 0.04M LiPFOS (19) and 0.04M 

LiPFOS with 0.4M HFIP (21) are clustered with 100mM DMMAPS 20% HFIP (11) and 

350mM Na2SO4 25% HFIP (13), which are two of the systems with increased HFIP 

concentration. In addition, 100mM SDS 25% HFIP (12) lies very close to these systems, but 

is slightly more hydrogen bond acidic (b). In Figure 4-9, 100mM DTAB 10% HFIP (5) is 

very similar to these systems when hydrogen bond basicity is removed from the apices of the 

triangle. A second cluster includes more hydrophobic micelles including 100mM SDS:CTAB 

10% HFIP (1), 200mM SDS:CTAB 10% HFIP (2), 200mM SDS:DTAB 10% HFIP (3), 

100mM DMMAPS 10% HFIP (4), 0.04M SDS (15), 0.04M SDS and 0.4M TFE (17), 0.04M 

SDS and 0.4M HFIP (18), and 0.04M LiPFOS and 0.4M PtOH (20). The third visible cluster 

is in the lower left, composed of octanol/water (14) and hydrogen bond acceptor micelles: 

0.04M SDS and 0.4M PtOH (16), 60mM Sodium Cholate (22), 15mM DPPG (20%) DPPC 

(80%) and 6mM cholesterol (23), AGENT siloxane polymeric micelles (24), and 0.04M 

CTAB (25). In Figure 4-9, this cluster remains in the bottom left of the plot, but these 

systems also have high polarizability, so they become associated with 100mM SDS:CTAB 

20% HFIP (9) as well. The remaining systems have their own uniqueness that sets them apart 

from the clusters, such as 100mM SDS 25% HFIP (6) and 100mM SDS:DTAB 20% HFIP 

(10), which have higher dipolarity (s) than these clusters. This is apparent when changing 
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from Figures 4-7 to Figure 4-8 where dipolarity (s) is replaced with polarizability (e), and 

these two systems move in and associate with the second cluster of more hydrophobic 

micelles. 

 

Log K Plots 

 Patterns in the linear relationships between partition coefficients in different systems 

(log K plots) can be utilized to recognize similarities and differences in interactive properties 

and selectivities of different systems. In addition, one can track trends in partitioning 

behavior among groups of solutes. A hypothesis behind Linear Free Energy Relationships 

(LFER) is that better linear correlations are indicative of similar underlying interactive 

properties and/or mechanisms. 

Similarly, log k’  plots were used in Chapter 2 to show the selectivity of different 

RPLC systems for various classes of molecules, using retention factor (k’) as the measure of 

the partition constant between the mobile phase and the stationary phase. Using the same set 

of samples in Chapter 2, log K plots were analyzed for each pair of coacervates. log K was 

plotted for all solutes for each pair of coacervates, SATPS, and octanol/water. The solutes are 

identified in Table 4-13 as non-hydrogen bonding (NHB), hydrogen bond accepting (HBA), 

and hydrogen bond donating (HBD), based on their functional groups, as well as their LSER 

descriptors to aid in making assessments of system differences, if any are present. It is 

important to note, that while these systems have been segregated by hydrogen bonding 

ability, each solute has its own dipolarity, polarizability, and hydrophobicity characteristics, 

which will also affect partitioning. Furthermore, HBD solutes, for example, have HBA 
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character as well, which further complicates the classifications. However, as one can see in 

the following plots, these classifications prove to represent the partitioning and interactive 

properties of these systems very well. 

The octanol-water partition coefficient (log P) has been studied in great depth in the 

literature, and has come to be the accepted quantitative scale for measuring 

hydrophobicity.[27, 35] For this reason, octanol-water partition coefficients  are listed for the 

34 solutes in Table 4-13 and log K for each coacervate and SATPS system was plotted 

against log P for visual comparison (Figures 4-13 through 4-25). The ID # in Table 4-13 

refers to the labels used in the log K vs. log P plots. To begin, common themes exist 

throughout, especially for the NHB solute. These solutes generally exhibit greater 

partitioning into the octanol phase of the octanol/water (14) system than into the coacervate 

phase or HFIP-rich bottom phase of the SATPS systems. Additionally, the log K vs. log P for 

NHB solutes bears a very linear relationship in nearly all systems, especially in comparison 

to HBA and HBD solutes. Some outliers exist, and those will be discussed on an individual 

basis for the affected systems. Also, the overall correlations for these systems is very poor 

with respect to log P. Table 4-14 references the correlations (R
2
) for the log K - log P plots 

for each pair of systems. The poor correlations are primarily due to selective partitioning 

behavior of the HBA and HBD groups; with HBA solutes having preferential affinity toward 

the coacervates that are stronger HBD and HBD solutes having stronger interactions with 

octanol due to its stronger HBA property. . [27, 35]  

Figure 4-13 shows the plot of the log K values for 350mM Na2SO4 15% HFIP (7) 

versus log P for octanol-water (14). 350mM Na2SO4 15% HFIP (7) is a SATPS, where 
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salting out of the HFIP is the predominant mechanism for phase separation. Based on their 

positioning in the Triangle plots in Figures 4-7 through 4-9, these two systems exhibit very 

different interactive properties. In Figure 4-7, these systems show similar hydrogen bond 

acidity (b), but are on opposite ends of the hydrogen bond basicity (a) and dipolarity (s) 

scales, with octanol/water (14) having low dipolarity (s), but strong hydrogen bond basicity 

(a), while 350mM Na2SO4 15% HFIP (7) shows the opposite for both. Figure 4-8 shows 

differences, where 350mM Na2SO4 15% HFIP (7) has larger polarizability (e) and hydrogen 

bond acidity (b), but still maintains much lower hydrogen bond basicity (a) than 

octanol/water (14). In Figure 4-9, they are more similar in the hydrogen bond acidity (b), but 

differ significantly with respect to dipolarity (s) and polarizability (e), as discussed 

previously. The correlation noted for this system in Table 4-14 is very poor (0.190), meaning 

that their interactive properties are indeed very different. Figure 4-7 shows that octanol/water 

(14) is the strongest hydrogen bond acceptor (a) and 350mM Na2SO4 15% HFIP (7) is very 

weak. This is confirmed by the selectivity of the hydrogen bond donor (HBD) compounds, 

which show much greater selectivity with log P with a range of log P from 1.05-3.00, while 

the range of log K for 350mM Na2SO4 15% HFIP (7) is much narrower from 0.66-1.04. This 

difference is best exemplified in resorcinol (29), as it contains two hydrogen bond donor 

groups, and log P is 0.57 in contrast to -0.90 log K for 350mM Na2SO4 15% HFIP (7). Log P 

0.57 shows that the resorcinol does partition into the octanol much more than in the bottom 

phase of 350mM Na2SO4 15% HFIP (7), which has a negative log K at -0.90. Note that 

resorcinol (29) is a very strong hydrogen bond donor, and has very little partitioning into the 

coacervate phase in all systems. In these K plots, resorcinol will have negative log K values 
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and lie far away from the rest of the hydrogen bond donors. Comparing hydrogen bond 

acidity (b) for these two systems showed stronger hydrogen bond acidity in 350mM Na2SO4 

15% HFIP (7) compared to the octanol/water (14) system, with b values of -1.00 and -3.98, 

respectively. This is depicted very well in Figure 4-13, where the HBD solutes share similar 

partition coefficients as the  HBA solutes for octanol/water (14), but a greater very clear 

separation between these classes of compounds are observed for the 350mM Na2SO4 15% 

HFIP (7) system. For example, 4-methylbenzylalcohol (32) is a HBD solute and 

acetophenone (19) is a HBA solute. In octanol/water (14) the partition coefficients for these 

two solutes are 1.56 and 1.58, respectively, showing very similar partitioning. In the 350mM 

Na2SO4 15% HFIP (7) system, the partition coefficients are 1.00 and 1.64, respectively. This 

demonstrates better selectivity for HBA solutes over HBD solutes in 350mM Na2SO4 15% 

HFIP (7) (b = -1.00), as well as decreasing partitioning for the HBD solutes in this weak 

HBA system (a = -1.97). The NHB solutes partition mostly based on hydrophobic 

interactions and Figure 4-13 establishes this fact very well, demonstrating much larger 

partition coefficients for NHB solutes in octanol/water (14) than in 350mM Na2SO4 15% 

HFIP (7), and the correlation for the partition coefficients appears very high for these solutes. 

The partition coefficient of Butylbenzene (5), for example, is 1.87 in 350mM Na2SO4 15% 

HFIP (7), but increases dramatically in octanol/water (14) to 4.52. This correlates well to the 

LSER coefficient for hydrophobicity (v) from Table 4-7 for each system, where 350mM 

Na2SO4 15% HFIP (7) v is 0.94 and octanol/water v is much larger at 4.14. 

Figure 4-14 shows log K for 350mM Na2SO4 25% HFIP versus log P octanol/water 

(13). This plot is very similar to Fig. 4-13, as the only difference in the SATPS is the increase 
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of % v/v HFIP from 15% to 25%. Based on the triangles in Figures 4-7 through 4-9, 350mM 

Na2SO4 25% HFIP (13) is a medium strength hydrogen bond donor (b) system. In addition, 

this system demonstrates low to mid-range dipolarity (s), and mid-range HB basicity (a) and 

polarizability (e). Table 4-14 shows a correlation for these two systems at 0.468, which is 

still very poor. The main difference from Figure 4-13 is shown in the NHB solutes where 

they demonstrate much stronger partitioning into the HFIP-rich bottom phase of 350mM 

Na2SO4 25% HFIP (13) than the 350mM Na2SO4 15% HFIP (7) system. Butylbenzene (5) 

log P is 4.52 versus log K 2.99 for 350mM Na2SO4 25% HFIP (13). By comparison, the log 

K for butylbenzene (5) was 1.87 for 350mM Na2SO4 15% HFIP (7). This corresponds quite 

well to the difference in the hydrophobicity (v) term for these two SATPS systems, where 

350mM Na2SO4 15% HFIP (7) v is 0.94 and 350mM Na2SO4 25% HFIP (13) v is 2.08 versus 

4.14 for octanol/water. 

Figure 4-15 depicts the relationship between log P octanol/water (14) and 750mM 

Na2SO4 15% HFIP (8). The correlation is very poor, R
2
 = 0.209 in Table 4-14. The triangles 

show that 750mM Na2SO4 15% HFIP (8) is a very strong hydrogen bond donor system (b), 

with low hydrogen bond basicity (a) and dipolarity (s). This system also exhibits medium 

strength polarizability (e), although there is some discrepancy between the Figures 4-8 and 4-

9 on the difference in the polarizability (e) with respect to octanol/water (14). Figure 4-8 

reveals little difference in the polarizability (e) of these two systems, but Figure 4-9 offers a 

more distinct separation of these systems based on polarizability (e).  The first striking detail 

of Figure 4-15 is the wide spread in the HBD solutes. The HBD solutes partition more 

strongly into the octanol of the octanol/water (14) system due to its strong hydrogen bond 
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basicity (a), than in HFIP-rich bottom phase of the 750mM Na2SO4 15% HFIP (8) system. 

Closer examination shows that the weakest hydrogen bond donor solutes are phenethyl 

alcohol (22), 4-methybenzyl alcohol (32), and benzyl alcohol (34). It appears that these 

solutes in particular interact with the 750mM Na2SO4 15% HFIP (8) system as hydrogen 

bonding acceptors, as they partition more strongly into the bottom phase of this system and 

are clustered more with the HBA solutes in the plot. Additionally, more selectivity is 

apparent for the halogenated phenols in octanol/water (14) than in 750mM Na2SO4 15% 

HFIP (8) due to much higher interaction with lone pair electrons (polarizability (e)), as 

projected in Figure 4-9. As it was mentioned earlier, 750mM Na2SO4 15% HFIP (8) shows 

stronger partitioning and selectivity towards HBA solutes than does the octanol/water (14) 

system due to its strong hydrogen bond acidity described previously. NHB solutes are more 

retained by the octanol/water (14) system again, due to its strong hydrophobicity compared to 

750mM Na2SO4 15% HFIP (8) (4.14 versus 1.93, respectively). An interesting note on the 

NHB solutes is the alkylbenzenes display relatively good selectivity in both 750mM Na2SO4 

15% HFIP (8) and octanol/water (14). However, the halogenated alkylbenzenes are less 

retained and exhibit very little selectivity in 750mM Na2SO4 15% HFIP (8) compared to 

octanol/water (14), due to the increased polarizability (e) of octanol/water (14), similar to the 

observations for the halogenated phenols. 

Figure 4-16 shows the relationship of log P with log K of 100mM SDS 15% HFIP 

(6). 100mM SDS 15% HFIP is an anionic simple coacervate system that was previously 

shown to phase separate due to a mixed mechanism of salting out of the HFIP and cloud 

point extraction of the SDS. In the triangles in Figures 4-7 through 4-9, these two systems 
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have similarly low hydrogen bond acidity (b), but octanol/water (14) has significantly higher 

hydrogen bond basicity (a), while 100mM SDS 15% HFIP (6) has higher dipolarity. Figures 

4-8 and 4-9 show a discrepancy in the polarizability (e), where Figure 4-8 shows these two 

systems as having almost equivalent polarizability (e), while Figure 4-9 shows that octanol 

water is significantly more polarizable than 100mM SDS 15% HFIP (6). Table 4-14 displays 

a correlation of 0.660 between these systems which is still poor. 100mM SDS 15% HFIP (6) 

exhibits better selectivity between the HBD and HBA solutes than in the octanol/water (14) 

system, as the HBA solutes partition slightly more into the coacervate of this system than the 

HBD solutes due to its lower hydrogen bond acceptor ability (a). There is very little 

selectivity between the solutes in the HBD group or in the HBA group in 100mM SDS 15% 

HFIP (6), while the selectivity within both groups is fairly high in octanol/water (14), which 

is shown in the spread of the HBA and HBD solutes along the log P axis from 1.05 for 

benzyl alcohol (34) to 3.00 for 4-iodophenol (26). 

Figure 4-17 correlates log P (14) with 100mM SDS 25% HFIP (12). 100mM SDS 

25% HFIP (12) has fairly high hydrogen bond acidity (b), low dipolarity (s), and medium 

strength hydrogen bond basicity (a) and polarizability (e). Table 4-14 displays a very low 

correlation for these two systems at 0.313. 100mM SDS 25% HFIP (12) has selectivity 

between the HBD and HBA solutes. However, this plot is similar to Figure 4-15, in that 

benzyl alcohol (34), 4-methylbenzyl alcohol (32), and phenethyl alcohol (22) all behave 

more as hydrogen bond acceptors than donors due to the strength of the hydrogen bond 

acidity (b) of this system. Hydrogen bond donor solutes are retained more strongly in this 

system than in octanol/water (14), and displays significant selectivity for these solutes 
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Simple cationic coacervate 100mM DTAB 10% HFIP (5) is plotted against log P (14) 

in Figure 4-18. These systems are not very well correlated as can be seen clearly in the plot, 

but Table 4-14 confirms the correlation is extremely poor at 0.160. The triangles in Figures 

4-7 through 4-9 prove that 100mM DTAB 10% HFIP (5) has very different interactive 

properties than octanol/water (14). The hydrogen bond acidity (b) for this system is very 

high, similar to that seen for 750mM Na2SO4 15% HFIP (8), much larger dipolarity (s) than 

octanol/water (14), and extremely low hydrogen bond basicity (a), such that this system had 

to be scaled to zero for a so that the data would not be compacted and more difficult to 

observe differences in the systems in the triangle plots. Octanol/water (14) also exhibits 

much larger polarizability (e) than 100mM DTAB 10% HFIP (5). First of all, the range of log 

K is much lower in the 100mM DTAB 10% HFIP (5) than in octanol/water (14), and a 

distinct lack of methylene selectivity in this system, as is apparent by observing the nearly 

horizontal straight line one could draw between the alkylbenzenes (solutes 1-5). The only 

two NHB solutes that display different selectivity in 100mM DTAB 10% HFIP (5) at all are 

iodobenzene (11) and naphthalene (12), which are the two NHB solutes with much larger 

polarizability (e) aiding in their increased log K versus the rest of the NHB solutes since 

100mM DTAB 10% HFIP (5) has fairly strong polarizability (e). 100mM DTAB 10% HFIP 

(5) does indicate selectivity between HBA and HBD solutes, but very little selectivity 

between the HBD solutes as a group, relating to its uniquely low hydrogen bond basicity (a). 

However, the strong hydrogen bond acidity (b) of this system increases the partitioning of 

benzyl alcohol (34), 4-methylbenzyl alcohol (32), and phenethyl alcohol (22) out of this 
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group, increasing the interaction with their hydrogen bond acceptor groups, and are clustered 

directly between the NHB and NHA solutes in this plot. 

Figure 4-19 plots log P versus 100mM DMMAPS 10% HFIP (4), which is a 

zwitterionic simple coacervate system. This system is in the middle of the cluster in Figures 

4-7 through 4-9 that are associated with the complex coacervates and DMMAPS, and the 

mechanisms for coacervate formation are not associated with salting out, and the interactive 

properties do not change significantly with changing the composition of either the surfactant 

or the HFIP. The correlation between the two systems is listed at 0.667 in Table 4-14, which 

is poor. 100mM DMMAPS 10% HFIP (4) is a slightly weaker hydrogen bond acceptor (a) 

than octanol/water (14), but it is still high on the scale. 100mM DMMAPS 10% HFIP (4) is 

slightly more dipolar (s) and hydrogen bond acidic (b), but slightly less polarizable (e). Even 

though this system exhibits fairly high hydrogen bond basicity (a), the HBD solutes do not 

display very good selectivity with 100mM DMMAPS 10% HFIP (4). The HBA solutes are 

retained slightly more in the DMMAPS system (4), demonstrating good selectivity from the 

HBD solutes, but do not show great selectivity between the individual HBA solutes. The 

NHB solutes are once again partitioned more into the octanol phase of the octanol/water 

system (14) than into the 100mM DMMAPS 10% HFIP (4) coacervate. This difference in 

hydrophobicity is also reflected in the v term from the LSER, where octanol/water v is 4.14 

and 100mM DMMAPS 10% HFIP (4) v is 3.05.  Additionally, octanol/water (14) appears to 

display a much higher methylene selectivity for the alkybenzenes (solutes 1-5) than the 

100mM DMMAPS 10% HFIP (4) system, as the interval between these solutes is much 

greater for octanol/water (14).Log P (14) is plotted against 100mM DMMAPS 20% HFIP 
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(11) in Figure 4-20. Table 4-14 discloses a low correlation between these two systems at 

0.525.  Based on the triangles in Figures 4-7 through 4-9, 100mM DMMAPS 20% HFIP (11) 

is a medium strength hydrogen bond donor (b) system. In addition, this system displays low 

to mid-range dipolarity (s), and mid-range HB basicity (a) and polarizability (e). It is 

noteworthy that 100mM DMMAPS 20% HFIP (11) is overlapping or very close to 350mM 

Na2SO4 25% HFIP (13) in all triangles. There is selectivity between HBD and HBA solutes 

for 100mM DMMAPS 20% HFIP (11). Most of the HBD solutes partition less into the 

DMMAPS coacervate than into the octanol phase of octanol/water (14). However, benzyl 

alcohol (34), 4-methylbenzyl alcohol (32), and phenethyl alcohol (22) appear to have nearly 

equivalent selectivity on both systems, and lie above the trendline between the HBA and 

HBD systems in the plot, appearing to share the partitioning behavior of both solute types. 

Figures 4-21 through 4-25 depict log P against log K of the following catanionic 

complex coacervates, respectively: 100mM SDS:CTAB 10% HFIP (1) (Figure 4-21), 

200mM SDS:CTAB 10% HFIP (2) (Figure 4-22), 200mM SDS:CTAB 10% HFIP (3) 

(Figure 4-23), 100mM SDS:CTAB 20% HFIP (9) (Figure 4-24), and  100mM SDS:DTAB 

20% HFIP (9) (Figure 4-25). Table 4-14 displays the highest correlations among these 

systems with octanol water, compared to previous systems; however, the correlations are still 

very low with the high correlation at 0.715 for 200mM SDS:CTAB 10% HFIP (2). Based on 

the triangle plots in Figures 4-7 through 4-9 these complex coacervate systems lie at the 

center of the cluster of systems including DMMAPS that form coacervate without the salting 

out mechanism, and the interactive properties appear to change very little with changing 

surfactant or HFIP concentrations. As such, we will discuss these systems as a group as the 
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interactive properties are so similar. The complex coacervates have generally strong 

hydrogen bond basicity (a) and polarizability (e), but weak hydrogen bond acidity (b) and 

dipolarity (s). With respect to octanol/water (14) it is slightly more hydrogen bond acidic (b) 

and dipolar (s), but less hydrogen bond basic (a) and polarizable (e). All of these systems 

have slightly less partitioning than octanol/water (14) for the NHB solutes as the 

hydrophobicity (v) for these systems are generally very high, only slightly lower than  

octanol/water (14), with the exception of 100mM SDS:CTAB 20% HFIP (9) which has a 

much lower v at 1.89, compared to 3.81 with 100mM SDS:CTAB 10% HFIP (1). To 

illustrate this, butylbenzene log P is 4.52, while the log K in 100mM SDS:CTAB 10% HFIP 

(1) is very similar at 4.46. For 100mM SDS:CTAB 20% HFIP (9), however, log K for 

butylbenzene is only 2.68. The main distinction between all of these complex coacervate 

systems and octanol/water (14) is the higher hydrogen bond basicity (b), which leads to 

better selectivity and partitioning for many of these solutes. In the complex coacervate 

systems, very little selectivity exists between the HBD solutes and the window for the range 

of log K values for these solutes is very narrow, with the obvious exception of resorcinol. 

The HBD solutes interact with the complex coacervate phases to a much smaller extent than 

the HBA and NHB solutes which both seem to correlate very well to octanol/water (14) as a 

group. This difference between these systems and octanol/ water (14) is directly related to the 

strong hydrogen bond basicity of octanol/water (14) and its interactions with the hydrogen 

bond donor groups in the HBD solutes. Additionally, Figure 4-24 shows that the increased 

polarizability (e) of 100mM SDS:CTAB 20% HFIP shows greater selectivity for the 

halogenated solutes compared to the other complex coacervate systems. 3-bromophenol (25), 
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4-iodophenol (26), 4-fluorophenol (27), 3-nitrophenol (28), and 3-chlorophenol (31) display 

clear selectivity in 100mM SDS:CTAB 20% HFIP in the group of HBD phenols, which is 

not found in the other complex systems. The same is obvious with the halogenated benzenes: 

chlorobenzene (7), bromobenzene (9), and iodobenzene (11). 

In Figure 4-7 through 4-9, 100mM SDS:CTAB 10% HFIP (1) and 200mM 

SDS:DTAB 10% HFIP (3) project a great deal of overlap based on their interactive 

properties, and leading to the obvious conclusion that these two systems share very similar 

partitioning behavior. Figure 4-26 shows a very linear relationship for all three types of 

hydrogen bonding solutes, and the correlation for these two systems from Table 4-14 exhibits 

a very strong correlation at 0.974. This plot confirms that the positioning of these systems 

within the triangle should indeed project a large overlap due to their very similar chemical 

and interactive properties. 

Another pair of systems that also shows great overlap across all triangles in Figure 4-

7 through 4-9 are 100mM DMMAPS 20% HFIP (11) and 350mM Na2SO4 25% HFIP (13). 

Since the physical compositions of these systems are significantly different (zwitterionic 

simple coacervate versus binary salt-aqueous two phase system), these systems were chosen 

as an excellent test case for the reliability of these triangle plots, since in all three ternary 

plots these systems coincide at almost the exact same point because they have very similar 

chemical properties based on the normalized LSER parameters. Figure 4-27 shows the log K 

plot for these two systems, in which they exhibit a strong linear correlation for all three types 

of hydrogen bonding solutes. The correlation in Table 4-14 for these two systems is 0.965, 

which confirms the strong linear correlation observed in the plot. The two solutes that may be 
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considered to deviate significantly from the line are 4-iodophenol (6) and naphthalene (12), 

which have high hydrophobicity (v) as NHB solutes, and strong polarizability (e). Table 4-7 

reveals that 100mM DMMAPS 20% HFIP (11) has slightly higher polarizability (e) at 0.17 

versus -0.36 for 350mM Na2SO4 25% HFIP (13), which means that the coacervate phase in 

100mM DMMAPS 20% HFIP (11)  is more polarizable than the HFIP-rich bottom phase of 

350mM Na2SO4 25% HFIP (13). This produces an environment that tends to interact stronger 

with the lone pair electrons of the 4-iodophenol (6) and the π-electrons of the conjugated 

rings of naphthalene (12), leading to increased partitioning in the 100mM DMMAPS 20% 

HFIP (11) coacervate. 

100mM DTAB 10% HFIP (5) cationic simple coacervate and 350mM Na2SO4 15% 

HFIP (7) SATPS are interesting comparisons because in Figures 4-7 and 4-9 these two 

systems are quite far apart due to the extremely high dipolarity (s) of 350mM Na2SO4 15% 

HFIP (7) and its low polarizability (e). In addition, in reality, the hydrogen bond basicity (a) 

of 100mM DTAB 10% HFIP (5) is much lower than it shows on the plot. The hydrogen bond 

basicity for this system would actually move off of the plot further to the right of the axis 

line. Because of that, this system appears closer to 350mM Na2SO4 15% HFIP (7) than it 

actually would if the a for 100mM DTAB 10% HFIP (5) were not forced to be zero, and the 

systems were normalized based on the true value of a for 100mM DTAB 10% HFIP (5). 

Figure 4-8 removes the dipolarity (s) from the triangle and 100mM DTAB 10% HFIP (5) 

moves further down the right axis, toward the center of the plot, while 350mM Na2SO4 25% 

HFIP (7) moves up along that same axis so the two systems are very close to one another. 
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Table 4-14 shows that the correlation between these two systems is 0.820, which is not a very 

strong correlation. 

In Figure 4-28, we can see that the HBD solutes have similarly low partition 

coefficients in both systems, although several of these are slightly more retained by the 

350mM Na2SO4 25% HFIP (7), since it does have slightly higher hydrogen bond basicity (a) 

than 100mM DTAB 10% HFIP (5). Better selectivity is observed with phenethyl alcohol 

(22), 4-methylbenzyl alcohol (32), and benzyl alcohol (34), as they are segregated from the 

other HBD solute, showing partitioning closer to the NHB and HBA solutes in 100mM 

DTAB 10% HFIP (5). This is due to the strong hydrogen bond acidity of the 100mM DTAB 

10% HFIP (5) system interacting with the hydrogen bond acceptor site on these weak HBD 

solutes and affecting their partitioning so that they lie between HBA and HBD solutes on the 

plot. The NHB solutes clearly have different partitioning mechanisms between these two 

systems. These solutes are on a much steeper slope than the trend line running through the 

NHB and HBA solutes. The retention of these solutes in 100mM DTAB 10% HFIP (5) is 

very poor, and one can see that the selectivity is very poor, even between the alkylbenzenes. 

This is due to the extremely low hydrophobicity value for 100mM DTAB 10% HFIP (5) at 

0.36, as can be seen in Table 4-7. These solutes interact more with the HFIP-rich bottom 

phase and more selectivity is exhibited in 350mM Na2SO4 25% HFIP (7) since its v is larger 

at 2.08. 4-iodophenol (11) and naphthalene (12) are more retained than the other NHB 

solutes in this system because they have high polarizability descriptors and  partition more 

into the coacervate of 100mM DTAB 10% HFIP (5) due to its stronger interaction with lone 

pair and π-electrons (e). As a result of their increased partition coefficients, their partitioning 
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is in the same range as the HBA solutes which partition slightly more into the coacervate 

phase than the NHB solutes. This partitioning is due to the strong hydrogen bond donor (b) 

ability of this system, but the partition coefficients are still very low with the largest log K = 

1.72 for 1-chloro-4-nitrobenzene (15). 350mM Na2SO4 25% HFIP (7) is a weak hydrogen 

bond donor (b), which contributes to the lack of selectivity between NHB and HBA solutes 

in this system. 

Another interesting system to compare with 100mM DTAB 10% HFIP (5) is 100mM 

SDS 25% HFIP (12). The SDS simple anionic coacervate system phase separates based on 

salting out and cloud point extraction. In Figure 4-7, 100mM SDS 25% HFIP (12) is a strong 

hydrogen bond donor (b), but it isn’t nearly as strong as 100mM DTAB 10% HFIP (5). 

100mM SDS 25% HFIP (12) is a strong hydrogen bond acceptor (a), but is slightly less 

dipolar (s) than 100mM DTAB 10% HFIP (5). A discrepancy comes into play with 

polarizability (e). According to Figure 4-8, 100mM DTAB 10% HFIP (5) has strong 

polarizability (e) and is significantly stronger than 100mM SDS 25% HFIP (12). However, 

once hydrogen bond basicity is removed from the plot in Figure 4-9, the polarizability (e) of 

100mM DTAB 10% HFIP (5) observed in Figure 4-8 decreases, along with the dipolarity (s), 

and hydrogen bond acidity (b) observed in Figure 4-7. As a result 100mM DTAB 10% HFIP 

(5) moves toward the left center of the graph close to 100mM SDS 25% HFIP (12). The 

correlation for these two systems in Table 4-14 is 0.850, which is poor.  

Figure 4-29 shows the correlation plot for these two systems. The HBD solutes fall 

along the trend line for these two systems but some interesting trends detailing the differing 

selectivity of these two simple coacervate systems can be observed in this group of solutes. 
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First, the low hydrophobicity of 100mM DTAB 10% HFIP has been discussed in detail, and 

the increase in hydrophobicity related to 100mM SDS 25% HFIP (12) is first observed when 

looking at the alkyl-substituted phenols: phenol (23), m-Cresol (24), 4-ethylphenol (30), and 

3,5-dimethylphenol (33). The last three solutes are distinctive in that they are phenols with 

one to 2 methyl or methylene groups added. We cannot determine methylene selectivity from 

these since they are substituted in different positions; however, we can see a general trend 

that increasing the number of methyl or methylene groups substituted around the ring 

increases the partitioning much more for 100mM SDS 25% HFIP (12) than it does for 

100mM DTAB 10% HFIP, which is demonstrated by the sharply changing slope of that 

particular line of solutes compared to the trend line. In addition, almost no selectivity is 

observed for the halogenated and nitro-substituted phenols, which have strong polarizability 

descriptors. Those solutes are 3-bromophenol (25), 4-iodophenol (26), 4-fluorophenol (27), 

3-nitrophenol (28), and 3-chlorophenol (31). These solutes are in a horizontal line across the 

plot with log K very close to 1. Almost no difference is observed in the log K for these 

solutes, which indicates that polarizability (e) does not play a factor in the partitioning of the 

100mM SDS 25% HFIP (12) system, but it does play a key role in 100mM DTAB 10% HFIP 

(5), as some selectivity is present between these solutes, except for 3-chlorophenol (31) and 

4-Fluorophenol (27). The NHB and HBA solutes partition much more strongly into the 

coacervate of the SDS simple coacervate system due to its strong hydrophobicity (v) and 

hydrogen bond donor ability (b). No selectivity is observed between the NHB and HBA 

solutes in 100mM SDS 25% HFIP (12), which is unexpected given the strong hydrogen bond 

donor (b) ability of this system. As expected, however, the NHB solutes partition much more 



 

279 

strongly into the coacervate of the 100mM SDS 25% HFIP (12) system, which is manifested 

in the sharp change in direction for the slop of that group of solutes relative to the trend line.  

 

Methylene Selectivity, ŬCH2 

The methylene group selectivity data was conveniently, with the addition of 

alkylphenones and para-substituted alkylphenols added to the sample set. Homologous series 

of alkylbenzenes, alkylphenones, and alkylphenols were extracted in the coacervate systems 

to compare the methylene selectivity values as a measure of hydrophobicity.  

The sample set used for this data can be referenced in Table 4-16. In Table 4-17, the 

coacervate systems are listed, along with the measured methylene selectivity (αCH2) for each 

homologous series, the average of all three series, and the hydrophobicity (v) term from the 

LSER analysis for comparison. A linearity plot was created for the log K versus the number 

of methylene (CH2) groups in the alkyl chain. Table 4-18 shows the correlation coefficients 

(R
2
) for each set of homologous series for each system. All of the correlations were greater 

than 0.9, with most values greater than 0.99. 

Figure 4-39 shows the linearity plot for the log K versus the number of methylene 

groups (nCH2) in the alkyl chain extracted in the coacervate of 100mM DMMAPS 10% HFIP. 

Notice that the slopes of the lines are almost equivalent, but the intercepts are different. The 

difference in the magnitude of the intercepts due to the difference in the rest of the molecule 

and from benzene ring, to phenol group, and the aromatic ketone of the phenone group. The 

slope of the line for these plots is the value calculated for methylene selectivity shown in 

Table 4-17. Figure 4-40 shows a similar plot for 100mM DMMAPS 10% HFIP, with slightly 
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different results. In this plot, the alkybenzenes and alkylphenols have nearly equivalent 

slopes as they are parallel to one another. The alkylphenone series has a slope that is slightly 

shallower by comparison. This shows that the hydrogen bond acceptor C=O group in the 

alkylphenones has different interactions with the phases than the –OH of the phenols, or the 

purely hydrophobic chain of the alkylbenzenes, resulting in a different partitioning behavior.  

For each system, when increasing the % HFIP concentration, the hydrophobicity in 

the form of the αCH2 decreases. For 100mM DMMAPS, the change in % v/v HFIP from 10% 

to 20% yields a change decrease in αCH2 from 0.4522 to 0.3013, nearly a full 1/3 reduction in 

the hydrophobic nature of this separation. This is compared quite well with the LSER 

hydrophobicity system parameter (v) for each of these systems. For 100mM DMMAPS, the v 

system parameter decreases from 3.05 to 2.26, again almost a full 1/3 reduction in the 

measured hydrophobicity. The same trend is observed in αCH2 for every system in Table 4-17. 

Some differences are observed between this trend and the trend for the v LSER system 

parameter. For example, in the 100mM SDS system, increasing the % HFIP from 15 to 25% 

in the system, αCH2 decreases as expected; however, the v parameter actually increases. The 

cause of this discrepancy is unknown at this time. 

When changing the concentration of the surfactant in solution, no change is seen in 

the αCH2 for the surfactant systems. For 100mM SDS:CTAB 10% HFIP  αCH2 is 0.5082 and 

for 200mM SDS:CTAB 10% HFIP αCH2 is 0.4852. The salt-HFIP system seems to behave 

differently as the change in Na2SO4 concentration from 350mM to 750mM produces a much 

larger αCH2 change from 0.1426 to 0.3227. This shift is also observed in the LSER parameter 

v with a shift from 0.94 to 1.93. Changing the length of the alkyl chain in the surfactant 
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produces no real change in αCH2 for complex coacervate systems shown here. The alkyl chain 

of the cationic surfactant DTAB is 12 carbons long, while the alkyl chain for CTAB is 16 

carbons long. The αCH2 of this system remains essentially the same when these two are 

exchanged as the αCH2 for 100mM SDS:CTAB 10% HFIP is 0.3843, and the αCH2 for 100mM 

SDS:DTAB 20% HFIP is 0.4291. 

 

Functional Group Selectivity 

 Similar to methylene selectivity, the selectivity of different functional groups can be 

determined each system. Table 4-19 is a compilation of the average selectivities of several 

different functional groups for different coacervate or SATPS systems. Functional group 

selectivity is calculated by removing the functional group of interest to create a “base” 

molecule. For example, the unique functional group in phenol is –OH. Removal of the –OH 

from the phenol leaves a benzene ring as the “base” molecule. Subtracting the log K value of 

these molecules reveals the functional group selectivity. Since the same functional groups are 

found throughout the solute sample set, an average was taken across the entire sample set, 

and the data were compiled in Table 4-19. 

 The first functional groups listed in the table are halogens. Chlorides were shown 

observed to cause an increase in the partition coefficients for nearly every system. The 

exception was for the 750mM Na2SO4 15% HFIP system no real change in the K was 

observed, averaging a 0.01 increase in K. In fact, looking across the table, this system 

showed very little selectivity change with respect to the halogens. The reason for this is 

unknown at this time. Bromides appear to cause a slightly larger increase in partition 
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coefficient compared to chlorine, and iodine increase the partition coefficients even more. 

This trend is possibly be related to their electronegativity, as partitioning appears to increase 

with decreasing electronegativity of the halogens. Fluorine is also a halogen but stands apart 

from the other halogens in this list as it exhibits very little effect on partitioning, being the 

most electronegative halogen. This fact, in combination with the fact that the coacervator 

used in these systems is a fluorinated alcohol, could be the reason that this substitution has 

little effect on partitioning. For 200mM SDS:DTAB 10% HFIP, fluorine selectivity is -0.51 

which is very large by comparison with the low values for other systems in this table. The 

only fluorinated solute in this set was 4-Fluorophenol, meaning that these selectivity values 

are derived from a single data point. The reasons for this very high negative value are 

unexplained with any certainty at this point, and could be due to an aberrant data point. 

For all halogens, the functional group selectivity decreases with increasing % v/v HFIP. 

 Selectivity of the nitro group (-NO2) varies wildly from system to system. This fact is 

probably related to the strong hydrogen bond acceptor capability of this functional group. 

350mM Na2SO4 15% HFIP shows increased partitioning into the bottom phase with the nitro 

group added, with a nitro selectivity value of 0.49. In contrast, 750mM Na2SO4 15% HFIP 

shows decreased partitioning into the bottom phase with the nitro group added, with a nitro 

selectivity value of -0.21. For complex coacervates, increasing the HFIP concentration 

appears to decrease the nitro selectivity of the system. In simple coacervates, the reverse is 

true, showing an increase in the nitro selectivity with increasing HFIP concentration. No 

significant change in selectivity was seen with increasing surfactant concentration, but with 

increasing salt concentration in the SATPS from 350mM to 750mM, a fairly large decrease 
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in the selectivity was observed, where the nitro compounds appear to prefer the top aqueous 

environment. 

 The selectivity of the hydroxyl group –OH shows large negative values across all 

systems in the table. This is due to the hydrophilicity of this moiety, causing these 

compounds to prefer the top phase over the coacervate phase. This leads to a dramatic 

decrease in the partition coefficient with the addition of –OH to the solutes. For the 

coacervate systems, an increase in % v/v HFIP leads to an increase in the amount of HFIP in 

the aqueous phase, creating an environment that is less hydrophilic, which causes an increase 

in partitioning into the coacervate phase, and likewise in the hydroxyl selectivity. For the 

SATPS, increasing the % v/v HFIP created a decrease in hydroxyl partitioning, and more 

negative hydroxyl selectivity. Increasing the salt concentration displayed a similar effect on 

hydroxyl selectivity. 

 Acetate selectivity (C2H3O2) is also available, but only phenyl acetate was run in this 

sample set, so this is the result of a single data point and not an average of two or more. For 

the Na2SO4 SATPS systems, the acetate group causes an increase in partitioning, resulting in 

rather large acetate selectivities as seen in Table 4-19. Increasing the % v/v HFIP in these 

systems decreases partitioning, and likewise the acetate selectivity. For simple coacervates, 

acetate selectivity increases very sharply with increased % v/v HFIP, as does partitioning into 

the coacervate phase. For the complex coacervates, the acetate moiety prefers the aqueous 

phase. This is enhanced with the increase of % v/v HFIP, as well as with the concentration of 

surfactant. 
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Multivariate Analyses 

Table 4-10 is the correlation matrix for the LSER system parameters for coacervate 

systems. The matrix displays strong correlations between several of these parameters. Strong 

negative correlations exist between v and s, as well as v and b. Another strong negative 

correlation exists between s and e. This means that when one of these parameters is 

increasing, the other parameter will be decreasing. A weaker negative correlation is shared 

between a and b. For a system of high dimensionality, correlations such as these are not 

uncommon, as seen before in the RPLC data from Chapter 2. This means that the tools 

available from multivariate analysis are well suited for characterization of coacervate 

systems. 

 

Principal Component Analysis of Coacervate Systems 

PCA was used to analyze the data for the LSER coefficients for these 12 

coacervate/two phase systems. Table 4-10 shows the contribution of each of the system 

parameters to each of the five principal components as an eigenvector. Based on the 

information in this table, PC1 has strong contribution from hydrophobicity (v), hydrogen 

bond basicity (a), and polarizability (e). PC2 has large contributions from hydrogen bond 

basicity (a) and dipolarity (s). PC3 is strongly related to hydrogen bond basicity (a) and 

hydrogen bond acidity (b), and polarizability (e). Consequently, this proves that all five 

parameters are necessary to completely and accurately represent the coacervate systems. This 

fact is the reason that LSER analysis has been so strong for this type of analysis over the 

years. Table 4-11 displays the eigenvalues of each of the principal components. According to 
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this table, the first principal component contains 51.2% of the total variance in the model. 

The first and second principal components combine to account for 77.1% of the variance. 

The first three principal components contain 92.5% of the variance. Two principal 

components explain the majority of the variance in the model, but a third principal 

component may be required to explain the variance in all five components. To make this 

determination, Jollife’s alteration to Kaiser’s Rule as described in Chapter 2 was applied to 

the analysis of Table 4-11.[36] The first 3 eigenvalues are all greater than 0.7, which 

confirms that three principal components are indeed required to explain all of the variance in 

the model for coacervates. Additionally, the Factor Loading Plot in Figure 4-22 shows the 

five principal component vectors in two- dimensional space for the first three principal 

components. For PC1 versus PC2, vectors b and s are of similar length and occupy the largest 

area of the circle, which means they lie within the selected two-dimensional slice of the five 

dimensional plane. The vectors for a, v, and e are slightly shorter than s and b, meaning that 

they may lie more completely within the plane of another principal component other than 

PC1 or PC2.  Analysis of the plot for PC1 versus PC3 demonstrates that the variance in v and 

e are explained by these two principal components. The plot for PC2 versus PC3 explains the 

variance associated with the a component since that vector has the greatest length. In total, 

these plots demonstrate that the variance in all 5 components is described by the first three 

principal components.  

The Score Plot in Figure 4-23 shows the plot of the three principal components versus 

one another. In each plot, circles are drawn representing the location of clusters, and outside 

of those clusters are outlying data points. In the plot of PC1 versus PC2, 350mM Na2SO4 
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15% HFIP (10) lies in the top left quadrant, which is correlated with dipolarity (s) by 

comparison with the Factor Loading Plots in Figure 4-22. This segregation is logical in terms 

of the ternary plots, because 350mM Na2SO4 15% HFIP is by far the most dipolar of the 

systems (s = 1.28) and lies deep in the corner closest to the Xs in these plots. Also in the plot 

of PC1 versus PC2, 750mM Na2SO4 15% HFIP (12) lies in the bottom left quadrant, which is 

correlated with hydrogen bond acidity (b). This system has the highest magnitude b (0.84) 

term, and in all ternary plots, this system lies near the apex of the graph nearest the maximum 

Xb value. In the plot of PC1 versus PC3, two clusters are observed. The first is in the bottom 

right quadrant, composed of systems with very large v terms. These systems are all very 

hydrophobic, and the quadrant they lie in is associated with a strong correlation with v. The 

second cluster lies in the middle of the plot, and is composed of all other systems, except 

350mM Na2SO4 15% HFIP (10). Again, this system is associated with high dipolarity, and it 

lies right on the border line between the top and bottom left quadrants, exactly in line with 

the vector for s in Figure 4-22. In the plot of PC2 versus PC3, a single cluster is present in the 

center of the plot. Lying far to the left is 750mM Na2SO4 15% HFIP (12). Again, with the 

largest hydrogen bond acidity (b) term, this system lies closest to the b vector in this plot. 

 

Cluster Analysis of Coacervate Systems 

Average, Centroid, Simple, Complete, and Ward linkage hierarchical clustering 

analyses were performed on the set of coacervate LSER data, and is shown in Figures 4-24 

through 4-28. Analysis of the Scree Plots does not reveal any break points to allow for easy 

selection of the number of clusters. Cubic Clustering Criterion shows that one cluster is the 
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best representation of the data, which does not help with providing useful information for the 

classification of these systems, except to know that there is statistically no significant 

difference in these systems for clustering to differentiate them from one another. 

k-means clustering was performed on two to five cluster models. Due to the low 

number of data points in this set, the data is not well suited for k-means clustering. k-means 

clustering yielded no results, as the recommended number of clusters from hierarchical 

clustering was one. k-means clustering in JMP will not yield results for sets of data 

composed of a single cluster. 

 

Principal Component Analysis of the Combined Coacervate and MEKC Pseudo-Stationary 

Phase Systems 

PCA was used to analyze the data for the LSER coefficients for the 12 coacervate 

systems, as well as 12 MEKC pseudo-stationary phases from the work of Cexiong Fu.[20, 

21, 34] The MEKC pseudo-stationary phases selected for this analysis, along with their 

LSER parameters are shown in Table 4-12. Table 4-13 shows the contribution of the system 

parameters to each of the five principal components as an eigenvector. PC1 has major 

contributions from hydrophobicity (v), hydrogen bond basicity (a), and polarizability (e). 

PC2 has large contributions from hydrogen bond basicity (a) and polarizability (e), as well as 

smaller contributions from dipolarity (s) and hydrogen bond acidity (b). This shows that all 

five parameters are once again required to accurately describe these systems with LSER. 

Table 4-14 displays the eigenvalues of each of the principal components. According to this 

table, the first principal component contains 62.2% of the total variance in the model. The 
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first and second principal components combine to account for 80.2% of the variance. The 

first three principal components contain 93.0% of the variance. Two principal components 

explain the majority of the variance in the model. Using Jolliffe’s alteration to Kaiser’s Rule, 

two principal components are will explain the majority of the variance in the model, since 

PC1 and PC2 are greater than 0.7. Additionally, the Scree Plot in Figure 4-30 shows a very 

clear elbow at 2 principal components, providing further evidence that two principal 

components are sufficient to describe the majority of the variance. Examining the Factor 

Loading Plot in Figure 4-31 reveals the five principal component vectors in two- dimensional 

space for the first two principal components. Since they are all of similar length, this means 

they lie within the selected two-dimensional slice of the five- dimensional plane, meaning 

that they are all required to give an accurate representation of the data. 

The Score Plot in Figure 4-32 shows the plot of the two principal components versus 

one another. This plot makes the disadvantages of relying solely on PCA for classification 

very clear. The chemical meaning of different systems can become very clear based on their 

principal components; however, determining how those systems are grouped may not be so 

obvious. In this figure, a quick guess at the possible cluster has been attempted, but without 

these markings, determining how to segregate these systems is challenging at best. Three 

clusters have been selected in this plot, with two outliers. Cluster 1 is composed of simple 

coacervates, Na2SO4 SATPS systems, and LiPFOS based micelles. Cluster 2 is composed of 

the most hydrophobic coacervate systems, including all but one of the complex coacervate 

systems and 100mM DMMAPS 10% HFIP. Cluster 3 is a large group of the cationic and 

anionic surfactant based micelles, one LiPFOS micelle system modified with pentanol, as 
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well as 100mM SDS:CTAB 20% HFIP complex coacervate system. The two outliers were 

350mM Na2SO4 15% HFIP (10) and the AGENT siloxane polymeric micelle (22). While in 

PCA, cluster assignment is an inexact science, the cluster analysis in the next section will 

help to further clarify the classifications.  

 

Cluster Analysis of Coacervates and MEKC Pseudo-Stationary Phases  

Hierarchical clustering was used to provide a more visual classification of the systems 

shown in Tables 4-8 and 4-12. Using Single and Centroid linkages, hierarchical clustering 

was performed on the RPLC system data and the output is in Figure 4-33 and 4-34. For both 

of these analyses, the Cubic Clustering Criterion recommends 19-20 clusters from this data 

set with a score of 2.206-2.443, which is a very low score. This observation reflects on the 

fact that too few samples are in this set for a very accurate analysis. The Scree Plots, 

however, contain a fairly sharp elbow at three clusters. Cluster Analysis using these linkage 

types provide us with the same solution: essentially two outliers are segregated from one 

large cluster. The two outliers are 350mM Na2SO4 15% HFIP (10) and 750mM Na2SO4 15% 

HFIP (12). The remaining systems are grouped together in one large cluster. The reasons for 

these two systems being outliers from the group have been discussed earlier, where both 

systems are SATPS, compared to the surfactant based micelles or coacervate systems. In 

addition, 350mM Na2SO4 15% HFIP (10) is much more dipolar than other systems, and 

750mM Na2SO4 15% HFIP (12) has much greater hydrogen bond acidity (b). 

Average and Complete linkages are represented in Figures 4-35 and 4-36. These 

linkages gave identical output for cluster analysis, yielding three clusters based on the Scree 
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Plot. The CCC was 2.443 for 19 clusters. However, the low score is statistically insignificant, 

therefore we default back to the Scree Plot. The first cluster (blue) is the 350mM Na2SO4 

15% HFIP (10) SATPS as a single system, for the reasons previously discussed. The second 

cluster (green) contains the two remaining Na2SO4 SATPS systems (11 & 12), the SDS 

simple coacervates (8 & 9), 100mM DMMAPS 20% HFIP simple coacervate (7), 100mM 

SDS:DTAB 20% HFIP complex coacervate (4), and two LiPFOS micelle pseudo-stationary 

phases (17 & 19), one of which is modified with HFIP. Cluster 3 (red) contains all remaining 

systems. Looking at the LSER parameters for these systems, it is difficult to determine the 

similarities between the systems in Cluster 2. However, by observing Cluster 3, we can see 

that many of these systems are the most hydrophobic systems. Those in this cluster with 

lower hydrophobicity (e.g. 100mM SDS:CTAB 20% HFIP & Agent siloxane polymeric 

micelles) are highly interactive in other areas. 100mM SDS:CTAB 20% HFIP, for example, 

has one of the lowest hydrophobicities (v) in the cluster, but has an aqueous phase that is very 

hydrogen bond acidic (b), as well as hydrogen bond basic (a), and dipolar (s), while its 

coacervate has strong interaction with π and lone pair electrons (e). 

Ward linkages represent the final hierarchical clustering analysis, and the output is 

presented in Figure 4-37. Cluster 1 (blue) is the combination of Clusters 1 and 2 from 

Average and Complete linkages, with the addition of the outlying 350mM Na2SO4 15% HFIP 

system into this cluster. Cluster 2 (green) appears to be composed of systems that are largely 

hydrophobic (v). These systems include the series of modified SDS micelles (13-16), 100mM 

SDS:CTAB 20% HFIP (2), 0.04M LiPFOS + 0.4M PtOH (18), 60mM Sodium Cholate (20), 

Agent siloxane polymeric micelles (22), and CTAB (23). Cluster 3 contains a group of strong 
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hydrophobicity (v) and strong hydrogen bond acidic (b) systems. These include 100mM 

SDS:CTAB 10% HFIP (1), 200mM SDS:CTAB 10% HFIP (3), 200mM SDS:DTAB 10% 

HFIP (5), 100mM DMMAPS 10% HFIP (6), 15mM DPPG 20% DPPC 80% 6mM 

cholesterol (21), and Octanol/Water (24). 

k-means cluster analysis was run on both three clusters since hierarchical clustering 

was in complete agreement on 3 clusters. The CCC value for this analysis was -2.661, 

therefore this analysis is not statistically relevant, but it reported for information only. The 

Biplot for the three cluster model is shown in Figure 4-38. Table 4-15 shows the mean LSER 

values for the systems in each cluster. Cluster 1 is a cluster of five coacervate/SATPS 

systems, which includes 750mM Na2SO4 15% HFIP (12). This group is characterized by 

having large hydrogen bond acidity (b) by comparison to the other systems. Cluster 2 is 

composed of four systems, including the 350mM Na2SO4 15% HFIP (10) SATPS, as well as 

40mM LiPFOS, and 40mM LiPFOS + HFIP. This cluster has the lowest hydrophobicity (v), 

the largest hydrogen bond basicity (a) of the aqueous phase, and the strongest interaction 

with π and lone pair electrons (e) of the aqueous phase. Cluster 3 is composed of the most 

hydrophobic coacervate systems, the remaining MEKC pseudo-stationary phases, and 

100mM SDS:CTAB 20% HFIP complex coacervate. This cluster features the most 

hydrophobic (v) systems, strong negative hydrogen bond acidity (b), the largest negative 

dipolarity value, and the strongest positive interaction with π and lone pair electrons (e). 

Keep in mind that in MEKC, the positive terms suggest a favorable interaction for solute 

partitioning, while the negative terms suggest one that is not energy favorable. Because this 

data makes sense with all of the information presented, three clusters will be the 
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recommended model from k-means clustering. With all of this in mind, it is important to 

remember that k-means clustering is meant for very large data sets, and is very unreliable for 

small sets of data. The aforementioned negative CCC value is indicative of this. Therefore, 

hierarchical clustering analysis will be given much more weight than the k-means clustering 

analysis. 

The result of the low CCC scores for all cluster analyses leaves the appropriate model 

to select for clustering ambiguous. Based on the body of work presented here, the 

hierarchical clustering models from Average and Complete linkage will be represented here. 

The main reason for this is that it had the highest CCC score, along with the Ward linkage. 

However, based on previously studied models, 350mM Na2SO4 15% HFIP (10) always 

appears as an outlier from the rest of the data due to its extremely high dipolarity term. As 

such, Figure 4-39 shows the Score Plot from Figure 4-32 plotted once again with the new 

cluster assignments from cluster analysis. 

 

Conclusions 

 First of all, a sample preparation and equilibration procedure was developed for the 

extraction of small molecules in coacervate systems. Also, an RPLC gradient separation 

method was developed for the analysis of extracted samples in coacervate systems for LSER 

analysis. LSER analysis was successfully applied to 12 PFAIC and SATPS systems for 

characterization of the chemical interactions that govern the extraction properties of simple 

and complex coacervates. The LSER parameters were normalized and they were plotted in 
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ternary (triangle) plots for easy visualization of the differences in the chemical properties of 

each system. Multivariate analysis was performed on the LSER data for an orthogonal 

characterization of these systems. Principal component analysis showed that three principal 

components were needed to account for most of the variance in the systems, and those three 

principal components contain the characteristics of all five of the LSER system variables. 

Due to the low number of systems included in this work, cluster analysis showed that one 

cluster was sufficient for describing the 12 systems reported here. 

 Since the coacervate systems are close in relation to MEKC pseudo-stationary phases, 

12 MEKC pseudo-stationary phases were plotted in the triangle plots with the coacervate 

data for comparison. The scale of these systems was changed to match the scale for the 

coacervate data, which had a full range of 2.5, compared to 1.5 for MEKC. As expected, 

many of these systems were in close proximity in the plots to the fluorosurfactant micelle 

LiPFOS-based pseudo-phases. Multivariate analysis was used, where two principal 

components were shown by the PCA to explain the majority of the variance in the systems. 

Again, these two principal component contained character from all five of the LSER system 

parameters, which explains why LSER has been so successful for characterizing these types 

of systems. Cluster analysis again showed that three clusters were necessary to fully 

characterize all 24 MEKC and coacervate phases. 

 K plots were presented for pairs of systems to show differences in selectivity and 

partitioning mechanisms. The Na2SO4 SATPS systems were showed significantly different 

selectivity from most of the coacervate systems. Increasing the % v/v HFIP did appear to 
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improve their correlations, however. As expected, the complex coacervates generally showed 

increased partitioning into the bottom phase over the SATPS or simple coacervate systems. 

 Methylene selectivity was determined from the linearity of three sets of alkyl-based 

homologs, and was shown to correlate with the hydrophobicity term from the LSER model 

(v). Methylene selectivity was shown to decrease with increasing % HFIP, but to remain 

fairly constant with increasing surfactant concentration and surfactant chain length. In the  

Na2SO4 SATPS systems, increasing the salt concentration yielded a strong increase in 

methylene selectivity. Alkylphenols and alkylbenzenes generally shared very similar 

selectivities, as shown by their very similar slopes. Alkylphenones were also similar, but in 

certain systems, such as 100mM DMMAPS 20% HFIP, the hydrogen bond acceptor group 

would allow for changes in the slope of the methylene selectivity for these solutes. 

 In addition, functional group selectivity for several different functional groups was 

calculated for the systems. Halogenated solutes were generally extracted more into the 

coacervate phase, although the preference for the coacervate tended to increase with decrease 

electronegativity. Fluorinating a solute generally did not affect partitioning very much, which 

is likely due to the similarity with the fluorinated alcohol used to induce coacervation, 

combined with its very high electronegativity. Hydroxyl groups added to solutes dramatically 

inhibited partitioning into the coacervate phase. Acetate and nitro selectivity were highly 

dependent on the composition of the system. Being hydrogen bond acceptors, these solutes 

generally have preference for the coacervate phase due to their interaction with the strong 

hydrogen bond donor solvent, HFIP. 
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Table 4-1. Homogeneity study of the 100mM SDS:CTAB 9% HFIP coacervate phase by 

comparison of the partition coefficients observed from sampling from the top and bottom of 

the coacervate. 

 

Compound Prep 
# 

Phase 
Location 

K Avg. K log K Avg. 
log K 

STDEV %RSD 

4-Chlorotoluene 1 Top 8310.7 8603.0 3.920 3.934 0.023 0.59 

4-Chlorotoluene 2 Top 8571.4  3.933    

4-Chlorotoluene 3 Top 8926.8  3.951    

4-Chlorotoluene 1 Bottom 7686.3 8227.9 3.886 3.915   

4-Chlorotoluene 2 Bottom 8227.0  3.915    

4-Chlorotoluene 3 Bottom 8770.3  3.943    
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Table 4-2. Results of the equilibration time study on 3 compounds. The partition coefficients 

changed markedly after 24 hours equilibration, but did not change significantly at 48 hours. 

 

 Solute 
Time 
Point 

Average 
K 

Average Log 
K 

Benzene Initial 117.4 2.069 

Benzene 24 Hour 186.9 2.27 

Benzene 48 Hour 212.7 2.321 

        

Propylbenzoate Initial 2744.8 3.438 

Propylbenzoate 24 Hour 6874.7 3.834 

Propylbenzoate 48 Hour 5166.3 3.713 

        

Bromobenzene Initial 511.6 2.708 

Bromobenzene 24 Hour 1582.6 3.199 

Bromobenzene 48 Hour 1791.8 3.253 
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Table 4-3. Results of a study of the optimal equilibration conditions: vortexing and 

centrifuging speed and time. 

 

Equilibration Conditions K Avg. K STDEV %RSD Aqueous Phase 
Peak Area 

Benzene 10min Vortex  
13k RPM Centr. Prep 1 

35.71 35.31 0.58 1.63 406935 

Benzene 10min Vortex  
13k RPM Centr. Prep 2 

34.65    429851 

Benzene 10min Vortex  
13k RPM Centr. Prep 3 

35.58    412877 

Benzene 10min Vortex  
8k RPM Centr. Prep 1 

29.77 33.65 3.36 9.99 411503 

Benzene 10min Vortex  
8k RPM Centr. Prep 2 

35.53    418728 

Benzene 10min Vortex 
 8k RPM Centr. Prep 3 

35.65    415591 

Benzene 2min Vortex  
13k RPM Centr. Prep 1 

35.56 36.66 1.44 3.92 341164 

Benzene 2min Vortex  
13k RPM Centr. Prep 2 

38.28    299924 

Benzene 2min Vortex  
13k RPM Centr. Prep 3 

36.12    297764 

Benzene 2min Vortex  
8k RPM Centr. Prep 1 

25.43 25.31 3.11 12.31 381523 

Benzene 2min Vortex  
8k RPM Centr. Prep 2 

22.13    350258 

Benzene 2min Vortex  
8k RPM Centr. Prep 3 

28.36    415691 
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Table 4-4. RPLC gradient program for LSER analysis of coacervates. 

 

 Time (min) Flow Rate (mL/min) % Water % Methanol 

0.00 0.8 60 40 

10.00 0.8 0 100 

15.00 0.8 0 100 

15.10 0.8 60 40 

20.00 0.8 60 40 
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Table 4-5A. Compilation of K values for 34 LSER solutes in three Na2SO4 SATPS systems and SDS and DTAB simple 

coacervates. 

 

 350mM Na2SO4 350mM Na2SO4 750mM Na2SO4 100mM SDS 100mM SDS 100mM DTAB 

Compound 15% HFIP 25% HFIP 15% HFIP 15% HFIP 25% HFIP 10% HFIP 

Benzene 22.1 61.3 303.3 60.0 101.0 19.1 

Toluene 33.3 148.4 698.7 155.2 198.2 21.5 

Ethylbenzene 44.0 289.6 1245.0 249.4 385.8 22.8 

Propylbenzene 66.1 511.3 2626.7 480.7 756.7 26.5 

Butylbenzene 74.7 967.9 4392.5 952.9 1310.4 28.9 

O-Xylene 43.9 188.8 959.1 210.9 276.3 23.2 

Chlorobenzene 60.3 107.7 426.6 198.6 134.9 22.4 

4-Chlorotoluene 77.1 231.8 753.5 488.9 309.0 22.6 

Bromobenzene 57.4 110.6 471.9 190.6 147.9 21.5 

4-Bromotoluene 72.8 236.6 750.5 246.4 302.0 24.5 

Iodobenzene 48.8 163.7 623.4 3411.6 173.8 44.1 

Naphthalene 56.7 158.4 1528.3 92.1 362.0 50.3 

Nitrobenzene 124.4 95.5 279.8 83.9 154.9 30.3 

Benzonitrile 124.4 81.4 661.8 54.8 117.5 35.2 

1-chloro-4-nitrobenzene 219.6 155.6 559.6 104.6 234.4 51.9 

3'-Chloroaceto-phenone 115.4 148.1 1289.8 148.9 537.0 42.7 

Methylbenzoate 73.8 135.9 1063.9 125.7 582.6 30.5 

Ethylbenzoate 105.3 278.3 4772.6 175.0 1464.2 34.9 

acetophenone 42.3 93.5 752.3 76.0 93.5 34.5 

2-Methyl Methylbenzoate 100.2 290.9 2535.1 155.8 1153.1 40.5 
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Table 4-5A Continued 

 
Phenyl Acetate 148.7 82.5 2337.0 66.7 446.7 46.2 

Phenethyl Alcohol 9.0 27.8 459.4 14.8 69.2 14.5 

Phenol 5.3 5.3 8.7 5.8 5.3 3.8 

m-Cresol 5.9 8.8 18.5 5.9 15.8 4.8 

3-bromophenol 6.3 7.8 4.4 9.8 8.4 4.1 

4-Iodophenol 6.3 11.3 6.5 12.0 9.7 6.0 

4-Fluorophenol 5.7 6.6 8.9 5.4 6.8 3.2 

3-nitrophenol 9.1 6.4 1.7 6.4 8.3 3.7 

resorcinol 0.13 0.39 0.67 0.11 0.55 0.71 

4-ethylphenol 11.1 19.4 52.0 19.7 19.4 4.9 

3-Chlorophenol 6.9 6.0 3.1 15.3 8.1 3.2 

4-methylbenzyl alcohol 12.1 19.1 217.7 11.9 61.7 15.5 

3,5-dimethylphenol 4.6 18.3 48.9 10.3 43.7 5.6 

Benzyl Alcohol 10.6 12.7 162.2 744.4 33.1 11.7 
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Table 4-5B. Compilation of K values for 34 LSER solutes for Na2SO4 SATPS systems and SDS and DTAB simple coacervates. 

 
 100mM 

DMMAPS 
100mM 

DMMAPS 
100mM 

SDS:CTAB 
100mM 

SDS:CTAB 
200mM 

SDS:CTAB 
100mM 

SDS:DTAB 
200mM 

SDS:DTAB 
Octanol/Water 

 10% HFIP 20% 
HFIP 

10% 
HFIP 

20% HFIP 10% HFIP 20% HFIP 10% HFIP N/A 

Compound 107.9 33.5 146.5 46.4 146.4 64.7 134.0 183.4 

Benzene 365.5 80.0 427.9 78.4 510.4 223.2 445.9 1030.9 

Toluene 780.5 178.5 1825.8 163.2 1405.4 463.7 1456.6 3521.2 

Ethylbenzene 2275.2 312.2 5701.4 257.2 7475.7 1410.7 5985.3 10397.3 

Propylbenzene 7888.0 543.9 30966.9 481.6 17395.4 4232.1 10712.4 33802.0 

Butylbenzene 1052.0 181.4 740.2 117.2 1577.3 310.0 1333.9 1223.2 

O-Xylene 805.8 64.6 425.1 98.1 573.7 120.2 224.7 850.5 

Chlorobenzene 1715.3 152.0 2462.2 222.4 2683.2 436.5 2118.1 3559.8 

4-Chlorotoluene 910.9 73.1 586.5 145.7 801.5 158.5 439.9 1081.6 

Bromobenzene 2125.8 162.0 2451.1 173.7 4045.3 524.8 2346.3 5149.0 

4-Bromotoluene 1199.4 100.7 1309.6 217.3 1039.9 151.4 990.0 2704.9 

Iodobenzene 2262.9 301.3 2094.4 302.1 2595.5 175.3 2183.0 3796.6 

Naphthalene 173.5 53.8 140.9 29.7 143.4 45.7 173.9 33.7 

Nitrobenzene 185.2 32.7 150.6 27.3 153.7 26.9 146.5 20.8 

Benzonitrile 365.8 97.8 326.9 56.3 359.8 74.1 3116.7 218.5 

1-chloro-4-nitrobenzene 384.0 100.8 426.2 64.6 391.4 98.2 407.5 144.1 

3'-Chloroaceto-phenone 263.2 88.2 340.6 42.9 360.3 59.2 287.6 142.8 

Methylbenzoate 909.5 206.2 990.8 70.7 1671.4 97.3 1007.7 504.6 

Ethylbenzoate 159.4 59.2 170.5 20.3 155.3 71.2 190.8 38.4 

acetophenone 623.6 153.9 1050.8 69.2 965.8 97.2 1124.5 296.5 

2-Methyl Methylbenzoate 89.2 91.8 103.2 12.6 82.8 40.7 130.0 28.5 

  



 

302 

Table 4-5B Continued 

 
 100mM 

DMMAPS 
100mM 

DMMAPS 
100mM 

SDS:CTAB 
100mM 

SDS:CTAB 
200mM 

SDS:CTAB 
100mM 

SDS:DTAB 
200mM 

SDS:DTAB 
Octanol/Water 

Compound 10% HFIP 20% HFIP 10% HFIP 20% HFIP 10% HFIP 20% HFIP 10% HFIP N/A 

Phenyl Acetate 23.0 22.3 14.6 8.9 24.6 7.8 26.4 21.1 

Phenethyl Alcohol 9.6 4.4 5.2 4.0 7.4 4.3 8.6 26.3 

Phenol 24.8 12.6 11.2 8.2 23.5 8.1 13.1 78.2 

m-Cresol 32.1 9.7 9.8 8.5 35.9 8.2 29.8 336.5 

3-bromophenol 36.4 12.5 21.3 13.2 48.5 10.8 21.3 1006.0 

4-Iodophenol 8.6 5.5 7.6 3.9 9.3 4.9 2.7 53.3 

4-Fluorophenol 11.9 9.5 8.7 4.5 12.8 6.4 11.7 31.6 

3-nitrophenol 0.14 0.58 0.05 0.15 0.75 0.15 0.10 3.7 

resorcinol 74.3 23.4 47.9 14.0 68.7 29.7 71.3 267.6 

4-ethylphenol 23.9 8.1 17.0 8.0 26.5 7.2 22.7 181.7 

3-Chlorophenol 35.6 23.1 53.1 11.3 52.4 13.5 46.6 36.1 

4-methylbenzyl 
alcohol 

62.0 13.3 47.9 16.6 69.9 21.8 37.4 311.5 

3,5-
dimethylphenol 

14.3 11.0 21.0 6.9 28.6 5.3 14.0 11.3 
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Table 4-6A. Compilation of log K values for 34 LSER solutes in three Na2SO4 SATPS systems and the SDS and DTAB simple 

coacervate systems. 

 

 350MM NA2SO4 350MM NA2SO4 750MM NA2SO4 100MM SDS 100MM SDS 100MM DTAB 

Compound 15% HFIP 25% HFIP 15% HFIP 15% HFIP 25% HFIP 10% HFIP 

Benzene 1.34 

(0.03) 

1.79 

(0.12) 

2.48 

(0.31) 

1.78 

(0.05) 

2.00 

(0.06) 

1.28 

(0.02) 

Toluene 1.52 

(0.02) 

2.17 

(0.06) 

2.84 

(0.21) 

2.19 

(0.10) 

2.30 

(0.09) 

1.33 

(0.30) 

Ethylbenzene 1.64 

(0.04) 

2.46 

(0.11) 

3.09 

(0.10) 

2.40 

(0.09) 

2.59 

(0.10) 

1.36 

(0.00) 

Propylbenzene 1.82 

(0.02) 

2.71 

(0.02) 

3.42 

(0.09) 

2.68 

(0.09) 

2.88 

(0.07) 

1.42 

(0.01) 

Butylbenzene 1.87 

(0.01) 

2.99 

(0.06) 

3.64 

(0.08) 

2.98 

(0.18) 

3.12 

(0.12) 

1.46 

(0.11) 

O-Xylene 1.64 

(0.06) 

2.28 

(0.06) 

2.98 

(0.06) 

2.32 

(0.10) 

2.44 

(0.07) 

1.37 

(0.01) 

Chlorobenzene 1.78 

(0.04) 

2.03 

(0.03) 

2.63 

(0.03) 

2.30 

(0.01) 

2.13 

(0.03) 

1.35 

(0.03) 

4-Chlorotoluene 1.71 

(0.04) 

2.37 

(0.01) 

2.88 

(0.02) 

2.69 

(0.07) 

2.49 

(0.05) 

1.35 

(0.03 

Bromobenzene 1.76 

(0.11) 

2.04 

(0.03) 

2.67 

(0.05) 

2.28 

(0.03) 

2.17 

(0.02) 

1.33 

(0.07) 

4-Bromotoluene 1.75 

(0.06) 

2.37 

(0.00) 

2.88 

(0.02) 

2.39 

(0.08) 

2.48 

(0.09) 

1.39 

(0.02) 

Iodobenzene 1.69 

(0.02) 

2.21 

(0.02) 

2.79 

(0.03) 

2.22 

(0.03) 

2.24 

(0.06) 

1.64 

(0.01) 

Naphthalene 1.75 

(0.04) 

2.2 

(0.02) 

3.18 

(0.09) 

1.96 

(0.05) 

2.56 

(0.04) 

1.70 

(0.03) 

Nitrobenzene 2.09 

(0.08) 

1.98 

(0.02) 

2.45 

(0.06) 

1.92 

(0.05) 

2.19 

(0.02) 

1.48 

(0.04) 

Benzonitrile 2.09 

(0.01) 

1.91 

(0.24) 

2.82 

(0.11) 

1.74 

(0.01) 

2.07 

(0.08) 

1.55 

(0.04) 

 

  



 

304 

Table 4-6A Continued 

 

 350MM NA2SO4 350MM NA2SO4 750MM NA2SO4 100MM SDS 100MM SDS 100MM DTAB 

Compound 15% HFIP 25% HFIP 15% HFIP 15% HFIP 25% HFIP 10% HFIP 

1-Chloro-4-nitrobenzene 2.24 

(0.02) 

2.19 

(0.05) 

2.75 

(0.05) 

2.30 

(0.00) 

2.37 

(0.03) 

1.72 

(0.04) 

3'-Chloroaceto-phenone 2.06 

(0.14) 

2.17 

(0.03) 

3.11 

(0.07) 

2.17 

(0.05) 

2.73 

(0.11) 

1.63 

(0.02) 

Methylbenzoate 1.87 

(0.07) 

2.13 

(0.03) 

3.03 

(0.09) 

2.10 

(0.02) 

2.77 

(0.04) 

1.48 

(0.02) 

Ethylbenzoate 2.02 

(0.06) 

2.44 

(0.03) 

3.68 

(0.04) 

2.24 

(0.01) 

3.17 

(0.02) 

1.54 

(0.02) 

acetophenone 1.64 

(0.07) 

1.97 

(0.03) 

2.88 

(0.09) 

1.88 

(0.22) 

1.97 

(0.13) 

1.54 

(0.07) 

2-Methyl Methylbenzoate 2.00 

(0.03) 

2.46 

(0.05) 

3.40 

(0.08) 

2.19 

(0.01) 

3.06 

(0.06) 

1.61 

(0.03) 

Phenyl Acetate 2.17 

(0.05) 

1.92 

(0.03) 

3.37 

(0.09) 

1.82 

(0.09) 

2.65 

(0.07) 

1.66 

(0.08) 

Phenethyl Alcohol 0.95 

(0.02) 

1.44 

(0.08) 

2.66 

(0.08) 

1.17 

(0.01) 

1.84 

(0.02) 

1.16 

(0.02) 

Phenol 0.73 

(0.03) 

0.73 

(0.03) 

0.94 

(0.04) 

0.76 

(0.02) 

0.73 

(0.03) 

0.58 

(0.05) 

m-Cresol 0.77 

(0.00) 

0.94 

(0.05) 

1.27 

(0.04) 

0.77 

(0.02) 

1.20 

(0.05) 

0.50 

(0.01) 

3-bromophenol 0.8 

(0.01) 

0.89 

(0.03) 

0.64 

(0.06) 

0.99 

(0.03) 

0.93 

(0.06) 

0.61 

(0.02) 

4-Iodophenol 0.68 

(0.01) 

1.05 

(0.07) 

0.81 

(0.07) 

1.08 

(0.05) 

0.99 

(0.03) 

0.78 

(0.01) 

4-Fluorophenol 0.72 

(0.07) 

0.82 

(0.02) 

0.95 

(0.05) 

0.73 

(0.04) 

0.83 

(0.07) 

0.50 

(0.02) 

3-nitrophenol 0.96 

(0.00) 

0.81 

(0.06) 

0.23 

(0.17) 

0.81 

(0.00) 

0.92 

(0.08) 

(0.57) 

(0.00) 
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Table 4-6A Continued 

 

 350MM NA2SO4 350MM NA2SO4 750MM NA2SO4 100MM SDS 100MM SDS 100MM DTAB 

Compound 15% HFIP 25% HFIP 15% HFIP 15% HFIP 25% HFIP 10% HFIP 

resorcinol -0.90 

(0.08) 

-0.41 

(0.10) 

-0.17 

(0.06) 

-0.95 

(0.20) 

-0.26 

(0.14) 

-0.15 

(0.03) 

4-ethylphenol 1.04 

(0.04) 

1.29 

(0.01) 

1.72 

(0.06) 

1.29 

(0.26) 

1.29 

(0.01) 

0.69 

(0.06) 

3-Chlorophenol 0.78 

(0.07) 

0.77 

(0.04) 

0.49 

(0.05) 

1.19 

(0.02) 

0.91 

(0.02) 

0.50 

(0.02) 

4-Methylbenzyl Alcohol 1.00 

(0.08) 

1.30 

(0.08) 

2.34 

(0.03) 

1.07 

(0.20) 

1.79 

(0.06) 

1.19 

(0.01) 

3,5-dimethylphenol 0.66 

(0.02) 

1.26 

(0.05) 

1.69 

(0.06) 

1.01 

(0.02) 

1.64 

(0.03) 

0.75 

(0.02) 

Benzyl Alcohol 1.03 

(0.02) 

1.10 

(0.03) 

2.21 

(0.01) 

0.88 

(0.10) 

1.52 

(0.03) 

1.06 

(0.00) 
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Table 4-6B. Compilation of log K values for 34 LSER solutes in DMMAPS simple coacervates, 5 complex coacervate systems 

and octanol/water. 

 
 100MM 

DMMAPS 
100MM 

DMMAPS 
100MM 

SDS:CTAB 
100MM 

SDS:CTAB 
200MM 

SDS:CTAB 
100MM 

SDS:DTAB 
200MM 

SDS:DTAB 
OCTANOL
/WATER 

Compound 10% HFIP 20% HFIP 10% HFIP 20% HFIP 10% HFIP 20% HFIP 10% HFIP N/A 

Benzene 
2.03 

(0.05) 
1.52 

(0.04) 
2.17 

(0.05) 
1.67 

(0.03) 
2.17 

(0.01) 
1.81 

(0.03) 
2.13 

(0.01) 
2.26 

(0.39) 

Toluene 
2.56 

(0.01) 
1.90 

(0.04) 
2.63 

(0.08) 
1.89 

(0.02) 
2.71 

(0.02) 
2.35 

(0.04) 
2.65 

(0.01) 
3.01 

(0.11) 

Ethylbenzene 
2.89 

(0.07) 
2.25 

(0.05) 
3.26 

(0.13) 
2.21 

(0.06) 
3.15 

(0.01) 
2.67 

(0.02) 
3.16 

(0.00) 
3.55 

(0.01) 

Propylbenzene 
3.36 

(0.02) 
2.49 

(0.04) 
3.76 

(0.08) 
2.41 

(0.04) 
3.87 

(0.02) 
3.15 

(0.02) 
3.78 

(0.02) 
4.02 

(0.13) 

Butylbenzene 
3.90 

(0.03) 
2.74 

(0.06) 
4.49 

(0.13) 
2.68 

(0.11) 
4.24 

 (0.32) 
3.63 

(0.01) 
4.03 

(0.02) 
4.52 

(0.35) 

O-Xylene 
3.02 

(0.01) 
2.26 

(0.04) 
2.87 

(0.01) 
2.07 

(0.02) 
3.20 

(0.01) 
2.49 

(0.03) 
3.12 

(0.06) 
3.09 

(0.14) 

Chlorobenzene 
2.91 

(0.04) 
1.81 

(0.03) 
2.63 

(0.01) 
1.99 

(0.05) 
2.76 

(0.00) 
2.08 

(0.04) 
2.35 

(0.02) 
2.93 

(0.07) 

4-Chlorotoluene 
3.23 

(0.04) 
2.18 

(0.01) 
3.39 

(0.01) 
2.35 

(0.00) 
3.43 

(0.00) 
2.64 

(0.05) 
3.33 

(0.01) 
3.55 

(0.04) 

Bromobenzene 
2.96 

(0.04) 
1.86 

(0.07) 
2.77 

(0.01) 
2.16 

(0.01) 
2.90 

(0.01) 
2.20 

(0.04) 
2.64 

(0.17) 
3.03 

(0.27) 

4-Bromotoluene 
3.33 

(0.06) 
2.21 

(0.05) 
3.39 

(0.09) 
2.24 

(0.03) 
3.61 

(0.01) 
2.72 

(0.06) 
3.37 

(0.06) 
3.70 

(0.18) 

Iodobenzene 
3.08 

(0.07) 
2.00 

(0.03) 
3.12 

(0.14) 
2.34 

(0.04) 
3.02 

(0.00) 
2.18 

(0.07) 
3.00 

(0.00) 
3.43 

(0.18) 

Naphthalene 
3.35 

(0.05) 
2.48 

(0.03) 
3.32 

(0.05) 
2.48 

(0.01) 
3.41 

(0.05) 
2.24 

(0.07) 
3.34 

(0.01) 
3.58 

(0.11) 

Nitrobenzene 
2.24 

(0.01) 
1.73 

(0.02) 
2.15 

(0.00) 
1.47 

(0.01) 
2.16 

(0.01) 
1.66 

(0.03) 
2.24 

(0.00) 
1.53 

(0.15) 

Benzonitrile 
2.27 

(0.00) 
1.51 

(0.02) 
2.18 

(0.01) 
1.44 

(0.00) 
2.19 

(0.00) 
1.43 

(0.01) 
2.17 

(0.02) 
1.32 

(0.12) 

1-chloro-4-nitrobenzene 
2.56 

(0.02) 
1.99 

(0.01) 
2.51 

(0.01) 
1.75 

(0.02) 
2.56 

(0.00) 
1.87 

(0.04) 
2.50 

(0.03) 
2.34 

(0.16) 

3'-Chloroaceto-phenone 
2.58 

(0.01) 
2.00 

(0.06) 
2.63 

(0.00) 
1.81 

(0.09) 
2.59 

(0.01) 
1.99 

(0.00) 
2.61 

(0.01) 
2.16 

(0.05) 
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Table 4-6B Continued. 

 
 100MM 

DMMAPS 
100MM 

DMMAPS 
100MM 

SDS:CTAB 
100MM 

SDS:CTAB 
200MM 

SDS:CTAB 
100MM 

SDS:DTAB 
200MM 

SDS:DTAB 
OCTANOL
/WATER 

Compound 10% HFIP 20% HFIP 10% HFIP 20% HFIP 10% HFIP 20% HFIP 10% HFIP N/A 

Methylbenzoate 
2.42 

(0.01) 
1.95 

(0.04) 
2.53 

(0.17) 
1.63 

(0.07) 
2.56 

(0.02) 
1.77 

(0.00) 
2.46 

(0.04) 
2.15 

(0.16) 

Ethylbenzoate 
2.96 

(0.02) 
2.31 

(0.03) 
3.00 

(0.01) 
1.85 

(0.06) 
3.22 

(0.25) 
1.99 

(0.02) 
3.00 

(0.03) 
2.70 

(0.34) 

acetophenone 
2.20 

(0.02) 
1.77 

(0.06) 
2.23 

(0.03) 
1.31 

(0.08) 
2.19 

(0.00) 
1.85 

(0.00) 
2.28 

(0.01) 
1.58 

(0.02) 

2-Methyl Methylbenzoate 
2.79 

(0.01) 
2.19 

(0.03) 
3.00 

(0.00) 
1.84 

(0.01) 
2.98 

(0.00) 
1.99 

(0.01) 
3.05 

(0.04) 
2.47 

(0.13) 

Phenyl Acetate 
1.95 

(0.00) 
1.96 

(0.04) 
2.01 

(0.08) 
1.10 

(0.05) 
1.92 

(0.08) 
1.61 

(0.06) 
2.11 

(0.02) 
1.46 

(0.13) 

Phenethyl Alcohol 
1.36 

(0.01) 
1.35 

(0.04) 
1.16 

(0.03) 
0.95 

(0.02) 
1.39 

(0.00) 
0.89 

(0.05) 
1.42 

(0.02) 
1.32 

(0.01) 

Phenol 
0.98 

(0.01) 
0.65 

(0.03) 
0.72 

(0.05) 
0.60 

(0.03) 
0.87 

(0.00) 
0.64 

(0.01) 
0.94 

(0.03) 
1.42 

(0.02) 

m-Cresol 
1.39 

(0.02) 
1.10 

(0.01) 
1.05 

(0.03) 
0.91 

(0.01) 
1.37 

(0.01) 
0.91 

(0.03) 
1.12 

(0.01) 
1.89 

(0.08) 

3-bromophenol 
1.51 

(0.01) 
0.99 

(0.02) 
0.99 

(0.00) 
0.93 

(0.04) 
1.55 

(0.00) 
0.91 

(0.01) 
1.47 

(0.00) 
2.53 

(0.10) 

4-Iodophenol 
1.56 

(0.01) 
1.10 

(0.03) 
1.33 

(0.01) 
1.12 

(0.02) 
1.69 

(0.00) 
1.03 

(0.02) 
1.33 

(0.01) 
3.00 

(0.14) 

4-Fluorophenol 
0.93 

(0.01) 
0.74 

(0.04) 
0.88 

(0.02) 
0.59 

(0.01) 
0.97 

(0.00) 
0.69 

(0.04) 
0.43 

(0.01) 
1.73 

(0.01) 

3-nitrophenol 
1.07 

(0.01) 
0.98 

(0.03) 
0.94 

(0.00) 
0.65 

(0.00) 
1.11 

(0.01) 
0.81 

(0.00) 
1.07 

(0.00) 
1.85 

(0.09) 

resorcinol 
-0.87 
(0.13) 

-0.24 
(0.17) 

-1.27 
(0.18) 

-0.81 
(0.07) 

-0.12 
(0.05) 

-0.82 
(0.12) 

-1.02 
(0.07) 

0.57 
(0.05) 

4-ethylphenol 
1.87 

(0.05) 
1.37 

(0.04) 
1.68 

(0.05) 
1.15 

(0.02) 
1.84 

(0.00) 
1.47 

(0.03) 
1.85 

(0.01) 
2.43 

(0.03) 

3-Chlorophenol 
1.38 

(0.01) 
0.91 

(0.03) 
1.23 

(0.00) 
0.90 

(0.01) 
1.42 

(0.01) 
0.85 

(0.02) 
1.36 

(0.00) 
2.26 

(0.06) 

4-methylbenzyl alcohol 
1.55 

(0.02) 
1.36 

(0.01) 
1.73 

(0.02) 
1.05 

(0.04) 
1.72 

(0.11) 
1.13 

(0.08) 
1.67 

(0.00) 
1.56 

(0.02) 

 

  



 

308 

Table 4-6B Continued. 

 
 100MM 

DMMAPS 
100MM 

DMMAPS 
100MM 

SDS:CTAB 
100MM 

SDS:CTAB 
200MM 

SDS:CTAB 
100MM 

SDS:DTAB 
200MM 

SDS:DTAB 
OCTANOL
/WATER 

Compound 10% HFIP 20% HFIP 10% HFIP 20% HFIP 10% HFIP 20% HFIP 10% HFIP N/A 

3,5-dimethylphenol 
1.79 

(0.01) 
1.12 

(0.05) 
1.68 

(0.01) 
1.22 

(0.00) 
1.84 

(0.00) 
1.34 

(0.06) 
1.57 

(0.02) 
2.49 

(0.06) 

Benzyl Alcohol 
1.16 

(0.02) 
1.04 

(0.01) 
1.32 

(0.00) 
0.84 

(0.02) 
1.46 

(0.00) 
0.72 

(0.13) 
1.14 

(0.01) 
1.05 

(0.02) 
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Table 4-7. LSER system parameters for the 10 coacervate systems, 3 SATPS systems, and 

Octanol/Water and their 95% Confidence Intervals. 

 

JMP ID # Coacervate System v b a s e c 

1 100mM SDS:CTAB  
10% HFIP 

3.81 
(0.55) 

-2.63 
(0.43) 

-2.00 
(0.24) 

-0.40 
(0.37) 

-0.17 
(0.43) 

0.13 
(0.56) 

2 200mM SDS:CTAB  
10% HFIP 

3.43  
(0.45) 

-2.36 
(0.35) 

-1.49 
(0.20) 

-0.77 
(0.30) 

0.19 
(0.35) 

0.46 
(0.46) 

3 200mM SDS:DTAB  
10% HFIP 

3.71 
(0.54) 

-2.43 
(0.42) 

-1.90 
(0.23) 

-0.33 
(0.36) 

-0.03 
(0.42) 

-0.04 
(0.55) 

4 100mM DMMAPS  
10% HFIP 

3.05 
(0.44) 

-2.53 
(0.35) 

-1.80 
(0.19) 

-0.29 
(0.30) 

0.17 
(0.34) 

0.43 
(0.45) 

5 100mM DTAB 
10% HFIP 

0.37 
(0.17) 

0.17 
(0.13) 

-1.48 
(0.07) 

0.26 
(0.11) 

0.28 
(0.13) 

0.65 
(0.17) 

6 100mM SDS  
15% HFIP 

2.05 
(0.36) 

-2.03 
 (0.29) 

-1.71 
(0.16) 

0.29 
(0.25) 

-0.61 
(0.28) 

0.90 
(0.38) 

7 350mM Na2SO4  
15% HFIP 

1.00 
(0.34) 

-0.94 
(0.27) 

-1.97 
(0.15) 

1.35 
(0.23) 

-0.74 
(0.26) 

0.66 
(0.35) 

8 750mM Na2SO4  
15% HFIP 

1.93 
(0.37) 

0.84 
(0.29) 

-2.69 
(0.16) 

-0.60 
(0.25) 

-0.13 
(0.29) 

1.42 
(0.38) 

9 100mM SDS:CTAB  
20% HFIP 

1.89 
(0.35) 

-1.87 
(0.27) 

-1.33 
(0.15) 

-0.56 
(0.23) 

0.47 
(0.27) 

0.58 
(0.36) 

10 100mM SDS:DTAB  
20% HFIP 

2.94 
(0.46) 

-2.49 
(0.36) 

-1.28 
(0.20) 

-0.41 
(0.31) 

-0.53 
(0.36) 

0.59 
(0.48) 

11 100mM DMMAPS  
20% HFIP 

2.26 
(0.30) 

-1.07 
(0.24) 

-1.33 
(0.13) 

-0.05 
(0.20) 

-0.07 
(0.24) 

0.13 
(0.31) 

12 100mM SDS  
25% HFIP 

2.50 
(0.41) 

-0.41 
(0.33) 

-1.88 
(0.18) 

0.10 
(0.28) 

-0.49 
(0.32) 

0.36 
(0.43) 

13 350mM Na2SO4  
25% HFIP 

2.08 
(0.22) 

-1.15 
(0.17) 

-1.64 
(0.09) 

0.00 
(0.15) 

-0.36 
(0.17) 

0.68 
(0.22) 

14 Octanol/Water 4.14 
(0.41) 

-3.98 
(0.32) 

0.06 
(0.18) 

-1.47 
(0.28) 

0.72 
(0.32) 

0.17 
(0.42) 
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Table 4-8. A) LSER coefficient ratios for the 10 coacervate systems, 3 SATPS systems, and 

Octanol/Water. B) High and low ranges for the coacervate coefficient ratios and MEKC 

coefficient ratios. 

A) 

JMP ID # Coacervate System b/v  a/v s/v e/v  

1 100mM SDS:CTAB 10% HFIP -0.69 -0.52 -0.10 -0.04 

2 200mM SDS:CTAB 10% HFIP -0.69 -0.43 -0.22 0.06 

3 200mM SDS:DTAB 10% HFIP -0.65 -0.51 -0.09 -0.01 

4 100mM DMMAPS 10% HFIP -0.83 -0.59 -0.10 0.06 

5 100mM DTAB 10% HFIP 0.46 -4.00 0.70 0.76 

6 100mM SDS 15% HFIP -0.99 -0.83 0.14 -0.30 

7 350mM Na2SO4 15% HFIP -1.06 -2.10 1.44 -0.79 

8 750mM Na2SO4 15% HFIP 0.44 -1.39 -0.31 -0.07 

9 100mM SDS:CTAB 20% HFIP -0.99 -0.70 -0.30 0.25 

10 100mM SDS:DTAB 20% HFIP -0.85 -0.44 0.14 -0.18 

11 100mM DMMAPS 20% HFIP -0.47 -0.59 -0.02 -0.03 

12 100mM SDS 25% HFIP -0.16 -0.75 0.04 -0.20 

13 350mM Na2SO4 25% HFIP -0.55 -0.79 0.00 -0.17 

14 Octanol/Water -0.96 0.01 -0.36 0.17 

 

 

B) 

e/v low = -1.25 high = 1.25 

s/v low = -0.75 high = 1.75 

a/v low = -2.1 high = 0.4 

b/v low = -1.5 high = 1 
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Table 4-9. Normalized coacervate system parameters for the ternary plots. 

 

 
  

Xa, Xb, Xs 
  

Xa, Xb, Xe 
 

Xe, Xb, Xs 

JMP ID 
# Coacervate System Xa Xb Xs Xa Xb Xe Xe Xb Xs 

1 
100mM SDS:CTAB 

10% HFIP 0.520 0.267 0.213 0.410 0.211 0.379 0.500 0.278 0.222 

2 
200mM SDS:CTAB 

10% HFIP 0.555 0.270 0.175 0.413 0.201 0.386 0.538 0.281 0.182 

3 
200mM SDS:DTAB 

10% HFIP 0.513 0.273 0.214 0.405 0.215 0.380 0.498 0.282 0.220 

4 
100mM DMMAPS 

10% HFIP 0.533 0.236 0.231 0.404 0.179 0.416 0.540 0.233 0.227 

5 
100mM DTAB 10% 

HFIP 0.000 0.574 0.426 0.000 0.465 0.535 0.398 0.346 0.256 

6 
100mM SDS 15% 

HFIP 0.475 0.191 0.334 0.425 0.171 0.404 0.462 0.196 0.342 

7 
350mM Na2SO4 

15% HFIP 0.002 0.166 0.832 0.004 0.378 0.618 0.214 0.131 0.656 

8 
750mM Na2SO4 

15% HFIP 0.229 0.628 0.143 0.173 0.475 0.352 0.376 0.508 0.115 

9 
100mM SDS:CTAB 

20% HFIP 0.592 0.216 0.192 0.382 0.140 0.478 0.645 0.188 0.167 

10 
100mM SDS:DTAB 

20% HFIP 0.519 0.204 0.277 0.458 0.180 0.363 0.461 0.228 0.311 

11 
100mM DMMAPS 

20% HFIP 0.463 0.314 0.223 0.377 0.256 0.367 0.456 0.318 0.226 

12 
100mM SDS 25% 

HFIP 0.388 0.385 0.227 0.338 0.335 0.327 0.380 0.390 0.230 

13 
350mM Na2SO4 

25% HFIP 0.436 0.315 0.249 0.366 0.264 0.370 0.439 0.313 0.248 

14 Octanol/Water 0.729 0.156 0.115 0.489 0.124 0.387 0.642 0.207 0.151 



 

312 

Table 4-10. 11 MEKC pseudo-stationary phases and their system descriptors.[20, 21, 34] 

 

JMP ID 
# 

MEKC Pseudo-Stationary 
Phase 

v b a s e 

15 0.04 M SDS 2.948 -1.760 -0.173 -0.537 0.412 

16 0.04 M SDS+0.4 M PtOH 2.846 -2.403 -0.035 -0.893 0.513 

17 0.04 M SDS+0.4 M TFE 2.767 -1.627 -0.315 -0.474 0.375 

18 0.04 M SDS+0.4 M HFIP 2.718 -1.380 -0.626 -0.384 0.199 

19 0.04 M LiPFOS 2.349 -0.540 -0.711 0.312 -0.456 

20 0.04 M LiPFOS + 0.4 M PtOH 2.546 -1.626 -0.293 -0.502 0.019 

21 0.04 M LiPFOS + 0.4 M HFIP 2.140 -0.480 -0.920 0.350 -0.500 

22 60mM SC 2.750 -2.510 0.080 -0.650 0.550 

23 15mM DPPG 20% DPPC 80% 6 
mM Cholesterol 3.380 -3.700 0.260 -0.590 0.580 

24 AGENT siloxane polymeric 
micelle 2.070 -1.925 0.447 -0.073 0.759 

25 CTAB 2.874 -2.662 0.844 -0.270 0.454 
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Table 4-11. LSER coefficient ratios for the 10 coacervate systems, 3 SATPS systems, 

Octanol/Water, and 11 MEKC pseudo-stationary phases. 

 

JMP 
ID# System b/v  a/v  s/v  e/v 

1 100mM SDS:CTAB 10% HFIP -0.690 -0.525 -0.105 -0.045 

2 200mM SDS:CTAB 10% HFIP -0.688 -0.434 -0.224 0.055 

3 200mM SDS:DTAB 10% HFIP -0.655 -0.512 -0.089 -0.008 

4 100mM DMMAPS 10% HFIP -0.830 -0.590 -0.095 0.056 

5 100mM DTAB 10% HFIP 0.459 -4.000 0.703 0.757 

6 100mM SDS 15% HFIP -0.990 -0.834 0.141 -0.298 

7 350mM Na2SO4 15% HFIP -1.064 -2.096 1.436 -0.787 

8 750mM Na2SO4 15% HFIP 0.435 -1.394 -0.311 -0.067 

9 100mM SDS:CTAB 20% HFIP -0.989 -0.704 -0.296 0.249 

10 100mM SDS:DTAB 20% HFIP -0.847 -0.435 0.139 -0.180 

11 100mM DMMAPS 20% HFIP -0.473 -0.588 -0.022 -0.031 

12 100mM SDS 25% HFIP -0.164 -0.752 0.040 -0.196 

13 350mM Na2SO4 25% HFIP -0.553 -0.788 0.000 -0.173 

14 Octanol/ Water -0.961 0.014 -0.355 0.174 

15 0.04 M SDS -0.597 -0.059 -0.182 0.140 

16 0.04 M SDS+0.4 M PTOH -0.844 -0.012 -0.314 0.180 

17 0.04 M SDS+0.4 M TFE -0.588 -0.114 -0.171 0.136 

18 0.04 M SDS+0.4 M HFIP -0.508 -0.230 -0.141 0.073 

19 0.04 M LiPFOS -0.230 -0.303 0.133 -0.194 

20 0.04 M LiPFOS + 0.4 M PtOH -0.638 -0.115 -0.197 0.007 

21 0.04 M LiPFOS + 0.4 M HFIP -0.224 -0.430 0.164 -0.234 

22 60mM SC -0.913 0.029 -0.236 0.200 

23 
15mM DPPG 20% DPPC 80% 

6 mM Cholesterol -1.095 0.077 -0.175 0.172 

24 
AGENT siloxane polymeric 

micelle -0.930 0.216 -0.035 0.367 

25 CTAB -0.926 0.294 -0.094 0.158 
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Table 4-12. Normalized system parameters for 10 coacervate systems, 3 SATPS systems, Octanol/Water, and 11 MEKC pseudo-

stationary phases. 

 

  Xa, Xb, Xs Xa, Xb, Xe Xe, Xb, Xs 

JMP 
ID # 

Coacervate 
System 

Xa Xb Xs Xa Xb Xe Xe Xb Xs 

1 

100mM 
SDS:CTAB 10% 

HFIP 
0.520 0.267 0.213 0.410 0.211 0.379 0.500 0.278 0.222 

2 

200mM 
SDS:CTAB 10% 

HFIP 
0.555 0.270 0.175 0.413 0.201 0.386 0.538 0.281 0.182 

3 

200mM 
SDS:DTAB 10% 

HFIP 
0.513 0.273 0.214 0.405 0.215 0.380 0.498 0.282 0.220 

4 

100mM 
DMMAPS 10% 

HFIP 
0.533 0.236 0.231 0.404 0.179 0.416 0.540 0.233 0.227 

5 
100mM DTAB 

10% HFIP 
0.000 0.574 0.426 0.000 0.465 0.535 0.398 0.346 0.256 

6 
100mM SDS 15% 

HFIP 
0.475 0.191 0.334 0.425 0.171 0.404 0.462 0.196 0.342 

7 
350mM Na2SO4 

15% HFIP 
0.002 0.166 0.832 0.004 0.378 0.618 0.214 0.131 0.656 

8 
750mM Na2SO4 

15% HFIP 
0.229 0.628 0.143 0.173 0.475 0.352 0.376 0.508 0.115 

9 

100mM 
SDS:CTAB 20% 

HFIP 
0.592 0.216 0.192 0.382 0.140 0.478 0.645 0.188 0.167 

10 

100mM 
SDS:DTAB 20% 

HFIP 
0.519 0.204 0.277 0.458 0.180 0.363 0.461 0.228 0.311 
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Table 4-12 Continued. 

 

  Xa, Xb, Xs Xa, Xb, Xe Xe, Xb, Xs 

JMP 
ID # 

Coacervate 
System 

Xa Xb Xs Xa Xb Xe Xe Xb Xs 

11 
100mM DMMAPS 

20% HFIP 
0.463 0.314 0.223 0.377 0.256 0.367 0.456 0.318 0.226 

12 
100mM SDS 25% 

HFIP 
0.388 0.385 0.227 0.338 0.335 0.327 0.380 0.390 0.230 

13 
350mM Na2SO4 

25% HFIP 
0.436 0.315 0.249 0.366 0.264 0.370 0.439 0.313 0.248 

14 Octanol/ Water 0.694 0.177 0.130 0.489 0.124 0.387 0.642 0.207 0.151 

15 0.04 M SDS 0.581 0.257 0.162 0.445 0.197 0.358 0.527 0.290 0.183 

16 
0.04 M SDS+0.4 M 

PTOH 
0.657 0.206 0.137 0.472 0.148 0.380 0.606 0.237 0.157 

17 
0.04 M SDS+0.4 M 

TFE 
0.571 0.262 0.166 0.438 0.201 0.361 0.523 0.292 0.185 

18 
0.04 M SDS+0.4 M 

HFIP 
0.539 0.286 0.175 0.422 0.224 0.355 0.496 0.313 0.192 

19 0.04 M LiPFOS 0.455 0.322 0.223 0.411 0.290 0.299 0.378 0.367 0.255 

20 
0.04 M LiPFOS + 

0.4 M PtOH 
0.584 0.253 0.163 0.456 0.198 0.346 0.516 0.295 0.189 

21 
0.04 M LiPFOS + 

0.4 M HFIP 
0.433 0.331 0.237 0.396 0.303 0.301 0.366 0.369 0.264 

22 60mM SC 0.659 0.182 0.159 0.482 0.133 0.385 0.607 0.210 0.183 

23 

15mM DPPG 20% 
DPPC 80% 6 mM 

Cholesterol 
0.689 0.128 0.182 0.512 0.095 0.393 0.630 0.153 0.217 

24 
AGENT siloxane 

polymeric micelle 
0.643 0.158 0.199 0.487 0.120 0.393 0.592 0.181 0.227 

25 CTAB 0.661 0.158 0.181 0.517 0.124 0.358 0.574 0.199 0.227 
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Table 4-13. Solute training set of 34 compounds based on polarity, polarizability, hydrogen bond 

accepting, hydrogen bond donating, and size. 

 
ID # Sample ID E S A V B Hydrogen 

Bonding 
Type 

1 Benzene 0.61 0.52 0.00 0.72 0.14 NHB 

2 Toluene 0.60 0.52 0.00 0.86 0.14 NHB 

3 Ethylbenzene 0.61 0.51 0.00 1.00 0.15 NHB 

4 Propylbenzene 0.60 0.50 0.00 1.14 0.15 NHB 

5 Butylbenzene 0.60 0.51 0.00 1.28 0.15 NHB 

6 O-Xylene 0.66 0.56 0.00 1.00 0.16 NHB 

7 Chlorobenzene 0.72 0.65 0.00 0.84 0.07 NHB 

8 4-Chlorotoluene 0.71 0.67 0.00 0.98 0.07 NHB 

9 Bromobenzene 0.88 0.73 0.00 0.89 0.09 NHB 

10 4-Bromotoluene 0.88 0.74 0.00 1.03 0.09 NHB 

11 Iodobenzene 1.19 0.82 0.00 0.98 0.12 NHB 

12 Napthalene 1.34 0.92 0.00 1.09 0.20 NHB 

13 Nitrobenzene 0.87 1.11 0.00 0.89 0.28 HBA 

14 Benzonitrile 0.74 1.11 0.00 0.87 0.33 HBA 

15 1-chloro-4-nitrobenzene 0.98 1.17 0.00 1.01 0.25 HBA 

16 3'-Chloroacetophenone 0.92 1.07 0.00 1.14 0.40 HBA 

17 Methylbenzoate 0.73 0.85 0.00 1.07 0.46 HBA 

18 Ethylbenzoate 0.69 0.85 0.00 1.21 0.46 HBA 

19 acetophenone 0.82 1.01 0.00 1.01 0.48 HBA 

20 2-Methyl Methylbenzoate 0.77 0.87 0.00 1.21 0.43 HBA 

21 Phenyl Acetate 0.66 1.13 0.00 1.07 0.54 HBA 

22 Phenethyl Alcohol 0.78 0.83 0.30 1.06 0.66 HBD 

23 phenol 0.81 0.89 0.60 0.78 0.30 HBD 

24 m-Cresol 0.82 0.88 0.57 0.92 0.34 HBD 

25 3-bromophenol 1.06 1.15 0.70 0.95 0.16 HBD 

26 4-Iodophenol 1.38 1.22 0.68 1.03 0.20 HBD 

27 4-Fluorophenol 0.67 0.97 0.63 0.79 0.23 HBD 

28 3-nitrophenol 1.05 1.57 0.79 0.95 0.23 HBD 

29 resorcinol 0.98 1.00 1.10 0.83 0.58 HBD 

30 4-ethylphenol 0.80 0.90 0.55 1.06 0.36 HBD 

31 3-chlorophenol 0.91 1.06 0.69 0.90 0.15 HBD 

32 4-methylbenzyl alcohol 0.81 0.88 0.33 1.06 0.60 HBD 

33 3,5-dimethylphenol 0.82 0.84 0.57 1.06 0.36 HBD 

34 Benzyl Alcohol 0.80 0.87 0.33 0.92 0.56 HBD 

 

NHB = non-hydrogen bonding, HBD = hydrogen bond donating, HBA =hydrogen bond 

accepting 
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Table 4-14. Correlation (R
2
) for the log P and log K plots for each pair of octanol/water, coacervate, and SATPS systems. 

 

  Octanol/Water 350mM 
Na2SO4 

350mM 
Na2SO4 

750mM 
Na2SO4 

100mM 
SDS 

100mM 
SDS 

100mM 
DTAB 

100mM 
DMMAPS 

100mM 
DMMAPS 

100mM 
SDS:CTAB 

100mM 
SDS:CTAB 

200mM 
SDS:CTAB 

100mM 
SDS:DTAB 

  N/A 15% 
HFIP 

25% 
HFIP 

15% 
HFIP 

15% 
HFIP 

25% 
HFIP 

10% 
HFIP 

10% 
HFIP 

20% 
HFIP 

10% 
HFIP 

20% 
HFIP 

10% 
HFIP 

20% 
HFIP 

Octanol/Water N/A 1                         

350mM 
Na2SO4 

15% 
HFIP 

0.190 1            

350mM 
Na2SO4 

25% 
HFIP 

0.468 0.816 1           

750mM 
Na2SO4 

15% 
HFIP 

0.209 0.734 0.868 1          

100mM SDS 15% 
HFIP 

0.660 0.820 0.948 0.733 1         

100mM SDS 25% 
HFIP 

0.313 0.807 0.932 0.927 0.830 1        

100mM DTAB 10% 
HFIP 

0.160 0.875 0.820 0.870 0.738 0.850 1       

100mM 
DMMAPS 

10% 
HFIP 

0.668 0.720 0.965 0.693 0.935 0.791 0.679 1      

100mM 
DMMAPS 

20% 
HFIP 

0.525 0.775 0.961 0.829 0.911 0.914 0.785 0.926 1     

100mM 
SDS:CTAB 

10% 
HFIP 

0.643 0.710 0.943 0.742 0.934 0.835 0.691 0.972 0.941 1    

100mM 
SDS:CTAB 

20% 
HFIP 

0.707 0.652 0.880 0.652 0.908 0.741 0.645 0.976 0.885 0.956 1   

200mM 
SDS:CTAB 

10% 
HFIP 

0.715 0.623 0.905 0.694 0.890 0.791 0.615 0.964 0.921 0.968 0.943 1  

100mM 
SDS:DTAB 

20% 
HFIP 

0.702 0.625 0.902 0.663 0.918 0.748 0.582 0.936 0.897 0.958 0.924 0.944 1 

200mM 
SDS:DTAB 

10% 
HFIP 

0.632 0.717 0.938 0.734 0.930 0.834 0.695 0.968 0.955 0.974 0.942 0.964 0.944 
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Figure 4-1. Chromatogram of Resorcinol with the RPLC method developed for LSER 

analysis. Resorcinol is the earliest eluting peak, and is not distorted by diluent/mobile phase 

mismatch.
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Figure 4-2. The range of values observed for the v parameter in the LSER analysis of 13 coacervate/two phase systems and 

Octanol/Water. 
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Figure 4-3. The range of values observed for the b parameter in the LSER analysis of 13 coacervate/two phase systems and 

Octanol/Water.  
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Figure 4-4. The range of values observed for the a parameter in the LSER analysis of 13 coacervate/two phase systems and 

Octanol/Water.  
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Figure 4-5. Distribution of values observed for the s parameter in the LSER analysis of 13 coacervate/two phase systems and 

Octanol/Water.  
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Figure 4-6. Range of values observed for the e parameter in the LSER analysis of 13 coacervate/two phase systems and 

Octanol/Water. 
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Figure 4-7. Coacervate Selectivity Triangle for 13 coacervate/two phase systems and 

octanol/water using hydrogen bond acidity (Xb), hydrogen bond basicity (Xa), and dipolarity 

(Xs). This numbering of the systems corresponds to the numbers assigned in Table 4-8. 

 

  

100mM DTAB 

10% HFIP 
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15% HFIP 

350mM Na2SO4 

25% HFIP 



 

 

 

325 

 

 

 
 

Figure 4-8. Coacervate Selectivity Triangle for 13 coacervate/two phase systems and 

octanol/water using hydrogen bond acidity (Xb), hydrogen bond basicity (Xa), and 

polarizability (Xe). This numbering of the systems corresponds to the numbers assigned in 

Table 4-8. 
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Figure 4-9. Coacervate Selectivity Triangle for 13 coacervate/two phase systems and 

octanol/water using hydrogen bond acidity (Xb), dipolarity (Xs), and polarizability (Xe). This 

numbering of the systems corresponds to the numbers assigned in Table 4-8. 
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Figure 4-10. Selectivity Triangle for 12 coacervate/two phase systems and 12 select MEKC 

systems using hydrogen bond acidity (Xb), hydrogen bond basicity (Xa), and dipolarity (Xs). 

The MEKC systems are the open diamonds. The orange open diamonds are LiPFOS based 

MEKC systems. 
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Figure 4-11. Selectivity Triangle for 12 coacervate/two phase systems and 12 select MEKC 

systems using hydrogen bond acidity (Xb), hydrogen bond basicity (Xa), and polarizability 

(Xe). The MEKC systems are the open diamonds. The red open diamonds are LiPFOS based 

MEKC systems. 
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Figure 4-12. Selectivity Triangle for 12 coacervate/two phase systems and 12 select MEKC 

systems using hydrogen bond acidity (Xb), dipolarity (Xs), and polarizability (Xe). The 

MEKC systems are the open diamonds. The orange open diamonds are LiPFOS based 

MEKC systems. 
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Figure 4-13. Plot of log P octanol-water (14) versus log K of 350mM Na2SO4 15% HFIP (7). 

NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, HBD = hydrogen bond 

donor. 
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Figure 4-14. Plot of log P octanol-water (14) versus log K of 350mM Na2SO4 25% HFIP 

(13). NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, HBD = hydrogen 

bond donor. 
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Figure 4-15. Plot of log P octanol-water (14) versus log K of 750mM Na2SO4 15% HFIP (8). 

NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, HBD = hydrogen bond 

donor. 
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Figure 4-16. Plot of log P octanol-water (14) versus log K of 100mM SDS 15% HFIP (6). 

NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, HBD = hydrogen bond 

donor. 
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Figure 4-17. Plot of log P octanol-water (14) versus log K of 100mM SDS 25% HFIP (6). 

NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, HBD = hydrogen bond 

donor. 
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Figure 4-18. Plot of log P octanol-water (14) versus log K of 100mM DTAB 10% HFIP (5). 

NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, HBD = hydrogen bond 

donor. 
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Figure 4-19. Plot of log P octanol-water (14) versus log K of 100mM DMMAPS 10% HFIP 

(4). NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, HBD = hydrogen bond 

donor. 
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Figure 4-20. Plot of log P octanol-water (14) versus log K of 100mM DMMAPS 20% HFIP 

(11). NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, HBD = hydrogen 

bond donor. 
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Figure 4-21. Plot of log P octanol-water (14) versus log K of 100mM SDS:CTAB 10% HFIP 

(1). NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, HBD = hydrogen bond 

donor. 
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Figure 4-22. Plot of log P octanol-water (14) versus log K of 100mM SDS:CTAB 20% HFIP 

(9). NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, HBD = hydrogen bond 

donor. 
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Figure 4-23. Plot of log P octanol-water (14) versus log K of 200mM SDS:CTAB 10% HFIP 

(2). NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, HBD = hydrogen bond 

donor. 
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Figure 4-24. Plot of log P octanol-water (14) versus log K of 100mM SDS:CTAB 20% HFIP 

(9). NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, HBD = hydrogen bond 

donor. 

  



 

 

 

342 

 

 

 
 

Figure 4-25. Plot of log P octanol-water (14) versus log K of 200mM SDS:DTAB 10% HFIP 

(3). NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, HBD = hydrogen bond 

donor. 
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Figure 4-26. Plot of log K 100mM SDS:CTAB 10% HFIP (1) versus log K of 200mM 

SDS:DTAB 10% HFIP (3). NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, 

HBD = hydrogen bond donor. 
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Figure 4-27. Plot of log K 350mM Na2SO4 25% HFIP (13) versus log K of 100mM 

DMMAPS 20% HFIP (11). NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, 

HBD = hydrogen bond donor. 
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Figure 4-28. Plot of log K 100mM DTAB 10% HFIP (5) versus log K of 350mM Na2SO4 

15% HFIP (7). NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, HBD = 

hydrogen bond donor. 
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Figure 4-29. Plot of log K 100mM DTAB 10% HFIP (5) versus log K of 100mM SDS 25% 

HFIP (12). NHB = non-hydrogen bonding, HBA = hydrogen bond acceptor, HBD = 

hydrogen bond donor.  
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Figure 4-30. Scree plot for principal component analysis of coacervate and MEKC pseudo-

stationary phases.  
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Figure 4-31. Loading Plot for principal component 1 versus principal component 2 for 

coacervate and MEKC LSER analysis. 
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Figure 4-32. Score Plot for PC1 versus PC2 for the coacervates and MEKC pseudo-stationary 

phases. 
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Figure 4-33. Heirarchical Clustering with Single Linkages for MEKC and coacervate 

systems. Cubic Clustering Criterion recommends 20 clusters. Scree Plot recommends 3 

clusters. 
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Figure 4-34. Heirarchical Clustering with Centroid Linkages for MEKC and coacervate 

systems. Cubic Clustering Criterion recommends 19 clusters. Scree Plot recommends 3 

clusters. 
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Figure 4-35. Heirarchical Clustering with Average Linkages for MEKC and coacervate 

systems. Cubic Clustering Criterion recommends 19 clusters. Scree Plot recommends 3 

clusters. 
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Figure 4-36. Heirarchical Clustering with Complete Linkages for MEKC and coacervate 

systems. Cubic Clustering Criterion recommends 19 clusters. Scree Plot recommends 3 

clusters. 
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Figure 4-37. Heirarchical Clustering with Ward Linkages for MEKC and coacervate systems. 

Cubic Clustering Criterion recommends 19 clusters. Scree Plot recommends 3 clusters. 
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Figure 4-38. Biplot of the k-means clustering for three clusters. 
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Figure 4-39. Score Plot for PC1 versus PC2 for the coacervates and MEKC pseudo-stationary 

phases, showing the assignment of 3 clusters from Average and Complete linkage 

hierarchical clustering. 

1 

2 3 
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  CHAPTER 5

Method Transfer Between MEKC and RPLC Using a Unified Selectivity Triangle 

Abstract 

 A Unified Selectivity Triangle (UST) for MEKC pseudo-stationary phases and RPLC 

systems is developed for the comparison of selectivity between the two systems by 

combining the Reversed Phase Selectivity Triangle and Micellar Selectivity Triangles 

previously developed in this lab. Choosing one MEKC pseudo-stationary phase (0.04M SDS 

+ 0.4M TFE) and one RPLC system (Agilent Zorbax SB-Phenyl column with 60% Methanol 

as the isocratic mobile phase) with similar selectivity from the (Xa, Xb, Xs) triangle, a 

sample set of eight solutes was run on both systems. The retention behavior in these two 

systems are highly correlated as evident from high correlation coefficient (0.9329) between 

log k’ for a test set of eight solutes. The elution orders for eight test solutes are identical in 

both systems with equivalent chemical selectivity. The preliminary results presented in this 

chapter support the hypothesis that method transfer is possible between these two analytical 

separation systems.  
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Introduction 

Reversed phase HPLC is a pressure driven system that has become the premier 

separation technique for solutes in both academia and industry. Retention, selectivity, and 

ultimately separations in RPLC are dependent on hydrophobic and other dipolar and 

hydrogen bonding interactions that control solute partitioning between an aqueous-based 

polar mobile phase and a non-polar stationary phase. Micellar electrokinetic chromatography 

(MEKC) is an electrically driven system where solutes are separated based on partitioning 

between a polar aqueous phase and a non-polar micellar phase. Both of these techniques have 

their strengths and weaknesses. The advantages of RPLC are robustness, reproducibility, a 

broad range of easily adjusted solvent strength and selectivity, compatibility with an array of 

biological and chemical applications including prep scale, and ease of interfacing with mass 

spectrometry for detection and peak identification. The advantages of MEKC are that it is 

much more cost efficient to run, has low sample requirements, provides much higher 

efficiency than RPLC, and shorter analysis times. The main disadvantages of MEKC are the 

difficulty of interfacing with mass spectrometry for detection and the presence of an elution 

window. These shortcomings have been a large reason that MEKC has yet to realize its 

potential for industrial applications. 

Ferguson and Goodall reported the separation of alkyl benzenes and substituted 

phenols in RPLC and MEKC based on partitioning between an aqueous phase and an alkyl 

phase. Equivalent partition coefficients between the two techniques were reported, which 

suggested that in MEKC and RPLC partitioning is similarly related to hydrophobic 

interactions.[1] Detroyer et. al. evaluated the retention of 21 basic pharmaceutical 
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 compounds in RPLC and MEKC using Principle Component Analysis (PCA) . They 

determined that the first principle component of these techniques was indeed hydrophobic 

interactions.[2] Both RPLC and MEKC have been used on many occasions to estimate the 

octanol-water partition coefficient, which is a surrogate measurement for hydrophobicity.[3-

6] Cexiong Fu characterized 70 MEKC pseudo-stationary phases using Linear Solvation 

Energy Relationships and plotted the data in a Micellar Selectivity Triangle (MST) for visual 

comparisons and selection based on the interactive properties of these phases.[7-9] Although 

these authors and many others have examined these similarities in the techniques, no 

systematic characterization of their retention similarities has ever been undertaken. 

Method development for RPLC is a very expensive process in terms of both time and 

money. RPLC method development is very often dependent on the experience of the analyst, 

and has historically been based on educated guesses and trial and error. The increasing 

expense of solvents and stationary phase columns has begun to place a large burden on the 

companies that depend heavily on this work. Industries are actively investigating faster, 

cheaper method development alternatives. On the other hand, the pseudo-stationary phases in 

MEKC are typically made of commonly used  and inexpensive surfactants or even charged 

polymersIt is the goal of this research to develop the universal selectivity triangle as a 

possible tool for method development. This method development too would allow the user to 

select a micellar phase that will facilitate the desired separation, and then use the UST to 

select the RPLC system that has selectivity similar to the chosen MEKC pseudo-stationary 

phase for the development and validation of the final method. 
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Experimental 

 A Beckman PACE MDQ with a UV detector was used for the MEKC data 

collections. 32 Karat Software was use for instrumental control and data collection. An 

Agilent HP110 Modular HPLC system was used to collect the RPLC data included here. HP 

Chemstations was used for instrument control and data collection.  

 

Results and Discussion 

A UST was created for the (Xb, Xa, Xs) data for 70 MEKC systems from Fu’s data 

and 42 RPLC systems from Chapter 2 as shown in Figure 5-1. The MEKC data are 

represented by blue diamonds, and the RPLC data are represented by red circles. Fu argued 

that the (Xb, Xa, Xs) triangle was the best triangle for the MST because it showed better 

separation of the 4 groups of MEKC pseudo-phases. The MEKC data overlaps with the 

RPLC data and appears to allow for the two techniques to have complementary methods for 

comparison. Examining the data for the two methods in the triangle, they appear to both have 

similar ranges of dipolarity, while MEKC seems to have a much wider range of hydrogen 

bond basicity and a slightly larger range of hydrogen bond acidity values. The selection of 

two phases with similar selectivity is shown in Figure 5-2. It is clear that the MEKC pseudo-

stationary phase 0.04M SDS + 0.4M TFE and the RPLC system Agilent Zorbax SB-Phenyl 

with 60% Methanol have very similar values for all 3 parameters when comparing their 

position on each axis of the ternary plot. 

Table 5-1 shows the selection of eight solutes used as the solute test set, and their  
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LSER descriptors. These solutes were selected as representative of high and low range values 

of each of the five LSER parameters. Let it be noted that it is very hard to select solutes that 

are represented by a single large solute descriptor, so these solutes may include more than 

one descriptor with a value that is in the high range for that particular descriptor. 

The data in Table 5-2 shows the retention data collected for the eight solutes that 

were selected external to the LSER sample training sets used to build the model using the 

selected MEKC and RPLC systems listed above from Figure 5-2. The data reflects that the 

elution order is identical between the two systems, although the retention factors are 

different, due in part to the presence of a retention window in MEKC. Figure 5-3 is the 

MEKC electropherogram of the eight solutes, with methanol as the EOF marker and 

decanophenone as the micelle marker. Figure 5-4 shows the RPLC chromatogram of these 

eight solutes from the Agilent Zorbax SB-Phenyl column using 60% Methanol as the 

isocratic mobile phase. Comparing the two chromatographs shows that the peaks are indeed 

in the same order of elution shown in Table 5-2. Figure 5-5 represents the log k’ correlation 

between the Agilent Zorbax SB-Phenyl 60% Methanol RPLC system and the 0.04M SDS + 

0.4M TFE MEKC pseudo-stationary phase system. The correlation (R
2
) between log k’ for 

these two systems is 0.9329, which is fairly strong, and better than one might expect for these 

two different separation techniques. This data validates that the selectivity triangles using the 

normalized LSER parameters is capable of visibly displaying systems of similar selectivity. 

To our knowledge this type of method transfer between these two analytical separation 

techniques has never been reported. Although future work will be required to show that this 

is repeatable with data in other MEKC and RPLC systems, this proves that modeling  
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retention in both RPLC and MEKC and transfer from MEKC to a comparable RPLC system 

to allow for more efficient method transfer is possible using the combination of the LSER 

model and the Universal Selectivity Triangle (UST).
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Table 5-1. List of eight solute sample set and their associated LSER descriptors. 

 

Solute V B A S E 

4-Cyanophenol 0.93 0.29 0.79 1.63 0.94 

5-phenyl-1-pentanol 1.48 0.58 0.37 0.86 0.79 

Benzamide 0.97 0.67 0.49 1.50 0.99 

N,N-Dimethylacetamide 0.79 0.83 0.00 1.01 0.26 

1,3,5-Trichlorobenzene 1.08 0.00 0.00 0.73 0.98 

1-nitrohexane 1.13 0.29 0.00 0.95 0.20 

Anisole 0.92 0.29 0.00 0.75 0.71 

t-Butylbenzene 1.28 0.18 0.00 0.49 0.62 
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Table 5-2. Table of data comparing k’ data for eight solutes from a sample set external to the LSER sample set used in this report. 

 

 
40mM SDS + 400mM TFE 

   Zorbax SB-Phenyl 
60% MeOH 

 

 teo tR tmc k Elution 
order 

 t0 tR k Elution 
order 

1-Nitrohexane 5.4 14.48 21.96 4.93 5  1.876 4.411 1.35 5 

4-Cyanophenol 5.4 7.87 21.96 0.71 3  1.964 2.738 0.39 3 

5-Phenyl-1-pentanol 5.4 18.15 21.96 13.62 6  1.966 4.892 1.49 6 

Anisole 5.4 9.91 21.96 1.52 4  1.969 3.922 0.99 4 

Benzamide 5.4 7.01 21.96 0.44 2  2.059 2.537 0.23 2 

N,N-
Dimethylacetamide 

5.4 5.53 21.96 0.03 1  2.08 2.132 0.03 1 

tert -Butylbenzene 5.4 20.01 21.96 30.39 7  1.891 6.908 2.65 7 

1,3,5-Trichlorobenzene 5.4 20.71 21.96 49.75 8  1.876 7.406 2.95 8 

  Average 
tmc 

21.96        
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Figure 5-1. Unified Selectivity Triangle to compare RPLC and MEKC retention using 

hydrogen bond acidity (Xb), hydrogen bond basicity (Xa), and dipolarity (Xs). 
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Figure 5-2. Selection of RPLC and MEKC systems with similar system parameters, thus 

similar selectivity. 
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Figure 5-3. MEKC electropherogram of 8 solutes, plus methanol as the EOF marker (teo) and 

decanophenone as the micelle marker (tmc) using 0.04M SDS + 0.4M TFE MEKC in pH 7.0 

phosphate buffer as running buffer. 
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Figure 5-4. RPLC chromatogram of 8 solutes showing peaks at the retention times shown in 

Table 5-2 with an Agilent Zorbax SB-Phenyl column and 60% Methanol as the isocratic 

mobile phase. (DMA= N,N-Dimethylacetamide) 

  

DMA 

Benzamide 

4-Cyanophenol 

Anisole 

1-Nitrohexane 

5-Phenyl-1-pentanol 

t-Butylbenzene 

1,3,5-Trichlorobenzene 



 

 

 

372 

 

 

 

Figure 5-5. Log k’ correlation between Agilent Zorbax SB-Phenyl column with 60% 

Methanol (RPLC) and 40mM SDS + 400mM TFE (MEKC) for eight solutes. 
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