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CHAPTER 1
INTRODUCTION

Every year more than a thousand new chemical compounds are innovated and released in
to the environment as products, byproducts or waste. The environmental and biological fate of
these chemicals depends on various environmental and biological processes. To understand the
behavior, bioavailability and the effect of these compounds in different environmental and
biological compartments, it is important to determine their physicochemical and biochemical
properties. Since the experimental determination of some of these properties is expensive and
time consuming, and in some cases non-trivial, data are not available for all chemicals in use.
Also experimental measurements of these properties show considerable variation due to the
extreme difficulty of direct measurements. In this situation correlation models represent an
attractive and practical approach for their estimation. However, suitable models depend on the
availability of accurate experimental values to construct a correlation model that connects the
available experimental data with a set of descriptors encoding structural or easily determined
experimental properties for the compounds. These mathematical models provide the connection
between two types of properties, the properties that are easy to measure and the properties that
are difficult to measure.

Many of the chemical, biological and environmental processes can be related to free
energy terms such as equilibrium constants, rate constants, retention factors, and so on.
Therefore the free-energy related multi-parameter correlation models have been most successful
at bridging the data divide and adequately represent all possible interactions between the
compounds and complex environmental and biological systems. Whether or not these studies
involve the estimation of retention in separation systems, environmental fate monitoring, the

distribution of compounds across biological membranes, and understanding the effect of



chemicals on human health and safety, etc., the ultimate goal is to establish suitable correlation
models to facilitate the prediction of a wide range of physicochemical, environmental and
biological properties for compounds lacking experimental values [1-7].

As a fundamental phenomenon of chemistry, a compounds structure contains generic
encodes within it, which explain the compound’s entire chemical, physical and biological
properties. The correlation between these properties and structural properties results in the
structure property or structure activity relationships (QSPR or QSAR). This starts with
generating reasonable and manageable number of solute descriptors that describe the properties
of compounds and/or the behavior of compounds in the selected system. These descriptors are
then used to build linear or nonlinear QSPR or QSAR models.

The application of these kinds of relationships was first recorded more than a century
ago by Crum-Brown and Fraser in their attempt to correlate physiological properties of a
substance in a certain biological system as a function of its chemical constitution [8].To give a
more quantitative picture of individual contributions to the free energy processes, in 1937 Louis
Hammett established the well-known “Hammett equation” in which he described linear free
energy relationships for the substituent constant and reaction constant to describe reaction rates
and equilibrium constants [8,9]. In the 1950s, Traft introduced the first steric parameters for
separating polar, steric and resonance effect in linear solvation energy relationships (LSERS)
[10]. The contributions of Hammett and Traft laid the foundation for modern relationships
between solute-solvent interactions and physicochemical properties. In 1962 Hansch et al.
combined the new hydrophobic constants, which represent the relative hydrophobicity of a
substituent, with Hammett constants to build the Hansch equation and its various extended
versions. [11]. These models triggered the rapid explosion in QSAR/QSPR analysis and related

applications.



At present, many of the QSPRs/QSARs are multiparameter correlation models and
commonly use a wide range of solute descriptors of different types to capture the full range of
molecular properties of a compound. A large number of theoretical descriptors with different
perspectives can be calculated using structure based computational and theoretical methods,
including for example, COSMO-RS, CODESSA, DRAGON, OASIS, MolConnZ [12, 13]. The
great advantage of these computational and theoretical methods is that they can be used to
calculate descriptors for compounds which are not available or not yet synthesized. Since the
molecular structure is the only requirement for their calculation, these descriptors are
reproducible. The main drawback of these theoretical approaches is that the descriptors may be
difficult to explain and may lack obvious chemical significance. Also, many of these descriptors
are target oriented and have specific applications. Therefore, the best set of solute descriptors for
any given property cannot be considered as the best set of descriptors for any other (often
similar) property. Even though the systems are closely related the term-by-term comparison of
systems is not possible under these circumstances [14].

On the other hand, for compounds that are currently available, experimental methods
provide a more sensible approach for determining descriptor values. Experimentally derived
descriptors get around the above problems and can be used to develop less flexible models with a
small number of descriptors (usually 5 to 10). Several methods and different statistical
techniques are employed to generate these solute descriptors [8,11,15,]. Among these, multiple
linear regression analysis (MLRA) is the most widely use mathematical technique in
QSPRs/QSARs. Regression models are simple, manageable and easy to understand, and for this

reason, most descriptors are derived using MLRA.



1.1. Solvation parameter model

M.H. Abraham and co workers developed a reliable linear solvation energy relationship
using MLRA to describe the solvation processes and to introduce a new set of solute descriptors
for organic compounds [16-20].This is generally known as the solvation parameter model and is
widely used to model the equilibrium and rate properties of a system. The solvation parameter
model assumes a cavity model of solvation and uses a series of descriptors to define solute
properties and a complementary series of system constants to represent solvent properties. The
transfer of one mole of solute from one phase to another (gas to liquid or liquid to liquid) occurs
in three steps: a cavity of the same size as the solute is created in the solvent; the solvent
molecules reorganize themselves around the cavity to establish favorable interactions with the
solute; and finally, the solute enters the cavity and establishes the appropriate intermolecular
interactions with the solvent. Cavity formation requires disruption of solvent-solvent interactions
and varies with the cohesive energy of the solvent. Reorganization of the solvent molecules
around the cavity to new positions more favorable for solute interactions occurs with little
change in the free energy of the system. It can generally be ignored in estimating the change in
free energy of the system accompanying solvation. The set up of solute-solvent interactions
when the solute is placed in the cavity are delineated as dispersion, interactions of a dipole-type,
and hydrogen-bonding. For the case where solute-solvent interactions in the condensed phase
with respect to the gas phase exceed solvent-solvent interactions of the condense phase transfer
of the solute to the condensed phase occurs with a distribution constant that reflects the
difference in free energy for the two contributing processes. For quantitative calculations it is
necessary to parameterize the model, resulting in Eg. (1.1) for transfer from the gas phase to a

solvent and Eq. (1.2) for transfer between two condensed phases [14, 21].



logSP=c+eE+sS+aA+bhB +IL (1.2)
logSP =c + eE +sS + aA +bB + wW (1.2)
In these equations the solute-solvent interactions are correlated with a solute property (SP), such
as an equilibrium constants or some other property that can be described using free energy terms.
1.1.1. Solute descriptors and system constants

The capital letters in Eq. (1.1) and (1.2) are the solute descriptors that define the
capability of a solute for electron lone pair interactions, E, dipole-type interactions, S, hydrogen-
bonding interactions with the solute acting as a hydrogen bond acid, A, or base, B, the gas-liquid
partition coefficient on n-hexadecane at 298.2 K, L, and McGowan’s characteristic volume, V.
The lower case letters are the system constants that describe the complementary system
properties to the solute descriptors with e determined by interactions with electron lone pairs, s
dipole-type and induced dipole-type interactions, a hydrogen-bond basicity (because a hydrogen-
bond acid solute will interact preferentially with a hydrogen-bond base solvent), b hydrogen-
bond acidity, and | and v are determined by the difference in the work require to form a cavity in
the receiving and donating phases and contributions from dispersion interactions that are not
self-cancelling in the two phases.
1.1.2. Determination of solute descriptors

Of the six descriptors used in the solvation parameter model, the value for V descriptor
and the value for E descriptor for liquids can be easily obtained by calculation. Their remaining
four descriptors are always determined by experiment. Any experimental free-energy property
that is convenient to measure and can be accurately determined could be used to estimate
descriptor values for compounds that can be processed by the same technique. The V
(McGowan’s Characteristic volume) descriptor can be calculated from structure according to the

Eq.1.3. So can the E descriptor for liquids according to the Eq.1.4 with measured refractive index



values. For solids refractive index values can be easily obtained using computational
methods.[14,22-24]
V = [Z(all atom contributions) — 6.56(N-1 + Rq)] / 100 (1.3
Where N is the total number of atoms and Ry the total number of ring structures. V has the units
of (cm*.mol™ / 100).
E =10V [(n>—1)/ (n?+ 2)] — 2.832V + 0.526 (1.4)
Where n is the refractive index of the compound at 20°C for the sodium D-line and V is the
McGowan’s characteristic volume obtained by Eq. (1.3). E is given in units of (cm*.mol™ / 10).
The S, A, B and L descriptors are always determined by experiment, although advances continue
to be made in fragmentation methods, and others, for the estimation of descriptors from structure
[14]. The S, A, B, and L descriptors are usually determined as a group, since there are few
experimental methods suitable for the determination of individual descriptors. They are also
generally determined from multiple experimental measurements to take advantages of averaging
effects to handle extreme values from individual measurements and by using different
experimental techniques to take advantage of different model characteristic properties. Systems
with large system constants are preferred for descriptor measurements since the uncertainty in an
individual descriptor measurement is usually estimated as the ratio of the standard deviation of
the residuals for the model used to describe the process divided by the model system constant for
the associated descriptor.

The L descriptor is the gas-liquid partition coefficient for the solute in n-hexadecane at
298 K. For volatile compounds it can be determined directly using gas chromatography with n-
hexadecane as the stationary phase [28]. Alternatively, the L descriptor can be determined

together with the other descriptors on a series of stationary phases of different polarity.



To determine the S, A, B and L descriptors it is necessary to set up a series of equations
similar to Eq. (1.1) and (1.2) with known system constants that allow the convenient
measurement of the partition or retention property for the solute. The descriptors are calculated
by finding the unique values for each descriptor that simultaneously minimizes the difference
between the experimental solute properties and the model predicted properties across all
equations [14, 20, 21].Chromatographic and liquid-liquid partition methods are the most useful
methods for the experimental measurement of solute descriptors. Their higher intrinsic accuracy,
higher compound throughput, and the possibility of defining standard systems and reference
substances using a defined protocol allow high quality descriptors to be easily and rapidly
calculated.

1.2. Gas chromatography

Gas chromatography is the unique method to obtain the L descriptor and this method is
also suitable for the S and A descriptors. Partition coefficients are combined with retention
factors obtained by gas chromatography to calculate the L descriptor and to assist in the
calculation of the S and A descriptors. Stationary phases commonly used for gas chromatography
have no hydrogen-bond acidity (b = 0), therefore, gas chromatography is considered unsuitable
for determining the B descriptor [34]. B descriptor can be determined by an alternative
technique, and in this case the totally organic biphasic systems are particularly useful.

More than 50 open-tubular columns are available for lower temperature conditions 60-
140 °C and these columns are suitable to determine the descriptors for low molecular weight
compounds [33]. This system constant database has been extended by introducing 14 columns
for intermediate temperature conditions,160-240 °C [35]. Some stationary phases of different

selectivity and their system constants at 100°C are summarized in Table 1.1.



Table 1.1 System constants for columns selected from different selectivity groups at 100°C (b =
0 for all column types)

Column type % polar System constants
monomer e S a I
Poly(methyloctylsiloxane) 0.175 0.067 0 0.647
Poly(dimethyldiphenylsiloxane) 5 -0.02 0.332 0.247 0.572
Poly(dimethyldiphenylsiloxane) 50 0.054 0.851 0.377 0.566
Poly(methyltrifluoropropylsiloxane) 50 -0.46 1.377 0.195 0.455
Poly(biscyanopropylsiloxane) 100 0.027 2.044 1.947 0.427
Poly(ethylene glycol) 100 0.205 1407 2.117 0.511

Poly(methyloctylsiloxane) can be considered as the best column for determining the L
descriptor, since only L and E make significant contribution to retention.
Poly(dimethyldiphenylsiloxane) columns are less suitable for determining the L descriptor
directly due to significant dipole type (s) and hydrogen bond base (a) system constant values.
Poly (methyltrifluoropropylsiloxane) and Poly(ethylene glycol) stationary phases are useful for
determining the S and A descriptors, respectively. The Poly(biscyanopropylsiloxane) stationary
phase is strongly dipolar/polarizable (large s system constant) as well as strongly hydrogen bond
basic (large a system constant) and can be used to determine S, A and L descriptors
simultaneously.

1.2.1. Current requirements

To study the complex compounds with high molecular weight it will be necessary to
develop a method to calibrate columns at higher temperatures than those achieved previously and
to identify the columns suitable for determining the B descriptor. Many of the GC columns can
be operated above 300°C.To optimize the operating condition and to determine the descriptors
for thermally stable compounds it is necessary to calculate the columns for high temperature
conditions. Any group of calibration compounds are suitable for use over a modest temperature

range governed by their volatility and the retention window for each column. The calibration



compounds established for the temperature range 60-140°C are unsuitable for higher
temperatures. It is necessary to increase both the number of compounds and range of descriptor
values to obtain robust models as well as increasing the number of characterized columns to
include all those required for descriptor measurements. Although the system constants are
temperature dependent polar interactions persist to the highest temperatures studied so far (the
numerical values of the system constants are large enough to minimize the error in the descriptor
values). The object is to remove the obstacle presented by the temperature range of calibrated
columns for descriptor measurements and allow GC to be used as one tool in the calculation of
descriptors for compounds with low volatility.
1.3. Liquid-liquid partition

Aqueous liquid-liquid partition can be considered as a standard method for estimating the
S, A and B descriptors since a number of these biphasic systems have large values for the
associated system constants [20]. Aqueous biphasic systems with octanol, chloroform,
cyclohexane, and toluene as the counter solvents were shown to be suitable for the calculation of
the S, A, and B descriptors for compounds with reasonable water solubility [45]. A difficulty
arises for compounds of low water solubility and for compounds that are unstable in water.
Compounds of low water solubility result in partition coefficients that are too large to measure
accurately or conveniently. General examples include compounds of low-polarity and all large
compounds that lack hydrogen-bonding functional groups. Some specific examples include
organosilioxanes, terpenes and related fragrance compounds, plasticizers (phthalate and alkyl
esters), and polycyclic aromatic hydrocarbons, steroids, and triglycerides. For these compounds
totally organic biphasic systems have the advantage that the compounds are reasonably soluble
in organic solvents and yield partition coefficients in a convenient measurement range. Based on

the separation properties following totally organic biphasic systems are the most useful for
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descriptor measurements: n-heptane-formamide for the S, A and B descriptors; n-heptane-
ethylene glycol for the A and B descriptors; n-heptane-propylene carbonate for the A and S
descriptors; n-heptane-2,2,2-trifluoroethanol for the B descriptor; diisopentyl ether-ethylene
glycol for the B descriptor; and n-heptane-dimethyl sulfoxide for the A descriptor.

However, the selectivity space covered by totally organic biphasic systems is not large
and further systems are needed to minimize the uncertainty in descriptors. Several methods are
available to determine the partition coefficient of a solute that includes shake flask method,
generator column method, liquid-liquid chromatography, and countercurrent chromatography
[40,41]. When it is supplemented with chromatographic measurements the shake flask method is
flexible, economical and simple to standardize for routine measurements.

1.3.1. Current requirements

Agueous biphasic systems are dominated by the large v system constant resulting in low
solubility except for compounds with considerable polar interactions. For the majority of these
systems the variation of properties is not so large and demonstrates the overriding controlling
influence of water on selectivity .This is not the case for totally organic biphasic systems which
stand for the high level of individuality and a wide range of selectivity. None of the organic
solvents are as cohesive or as hydrogen-bond acidic as water as indicated by the small v and b
system constants, which are generally less than 2 (for water often close to 4). For molecules of
larger size (large value of V) the organic biphasic systems facilitate separations based on
differences in polar interactions that for aqueous biphasic systems become largely minimized by
the high cohesive energy of water driving these solutes into the counter solvent.

Even though totally organic biphasic systems have attractive properties for the separation
purposes, those characterized to date lack sufficiently large system constants to stand out for the

descriptor measurements. The question becomes how to identify suitable polar solvents. Gas
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chromatography suggests that formamide would be a suitable solvent to determine the S and A
descriptors [42]. Ethylene glycol (or glycerol) is a reasonable choices for determining the A and
B descriptors. Propylene carbonate and dimethyl sulfoxide (DMSQO) are other useful organic

solvents that can be considered for descriptor measurements.
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CHAPTER 2
TOTALLY ORGANIC LIQUID-LIQUID PARTITION SYSTEMS

2.1. Introduction

A resurgence of interest in liquid-liquid partitioning as a sample preparation method
stems from a series of developments in different formats that facilitated its use on a small scale
(liquid-phase microextration) thus minimize many of the disadvantages responsible for its
replacement by (largely) solid-phase extraction methods over the previous decade [1-3]. Solvent-
based methods are generally more tolerant of matrix burden and afford a wider selectivity range
than is possible with commonly available sorbents. Solvent properties are more reproducible
than those of sorbents and liquid-phase microextraction methods compare favorably in terms of
cost and equipment needs compared with sorbent-based methods. The new liquid-phase
microextraction methods are viewed as competitive or viable replacements for solid-phase
extraction methods, both of which are expected to continue to figure prominently in laboratory
practice during the next decade [4-6]. Useful liquid-liquid partition systems require the formation
of biphasic systems of low mutual solubility. This tends to dictate that the majority of systems
described so far have water as one phase and a low to moderately polar organic solvent as the
other [4,7,8]. For many applications this is not a problem, but for compounds and sample
matrices of low water solubility, or for compounds that are water unstable, predominantly
aqueous biphasic systems are of limited use. Totally organic biphasic systems are an attractive
alternative for compounds of this type but limited in choice by the high mutual solubility among
organic solvents. Suitable systems include n-heptane-ethylene glycol [9], n-hexane-acetonitrile
[10], n-heptane-N,N-dimethylformamide [11], n-heptane-2,2,2-trifluoroethanol[12], n-heptane-
1,1,1,3,3,3-hexafluoroisopropanol [12], toluene-perfluoromethylcyclohexane [13], and n-alkane-

dimethyl sulfoxide [11,14], n-heptane-methanol [11], systems. These systems are limited by the
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low solubility of some analytes in n-alkane solvents and by the complete miscibility of the
counter solvents listed above with more polar solvents than n-alkanes. They afford systems with
complementary properties to aqueous-based partition systems but with limited flexibility. It is
desirable to have available alternative totally organic biphasic solvent systems that allow a wider
range of solubility and selectivity properties to be exploited.

A common application of water—based biphasic systems is the determination of
molecular descriptors for use in the solvation parameter model and other models employed for
estimating biopartitioning and environmental distribution properties [8,15]. An attractive feature
of predominantly aqueous biphasic systems for descriptor measurements is the availability of
complementary systems with large values for the s, a, and b system constants which facilitate the
calculation of solute descriptors with low uncertainty [17]. Once a full set of descriptors are
defined for a compound they can be used to predict the properties of that compound in a wide
range of chromatographic [8,15-20], environmental [21-23], and biological [21,24] processes, in
addition to liquid-liquid partitioning systems [8]. For the reasons stated in the previous paragraph
aqueous biphasic systems are unsuitable for the accurate determination of descriptor values for
compounds virtually insoluble or unstable in water. To overcome this problem totally organic
biphasic systems with large system constants or distribution properties strongly determined by a
limited number of system constants are attractive. The biphasic system n-heptane-ethylene
glycol was shown to be suitable for estimating hydrogen-bonding descriptors for peptides [9].
The biphasic systems n-hexane-acetonitrile, n-heptane-N,N-dimethylformamide and n-heptane-
2,2,2-trifluoroethanol were used together with chromatographic retention factors to determine a
complete set of descriptors for organosilicon compounds [25,26] and for a variety of other
compounds difficult to study using water-based partition systems [15,16]. These systems

provided a working alternative for those compounds that could not be studied using aqueous
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biphasic systems but do not afford the desired balance between the relative range of system
constant values best suited for estimating descriptor values, especially the hydrogen-bond
basicity B descriptor. The second purpose of this work is to identify additional totally organic
biphasic systems suitable for estimating descriptor values for compounds of low water solubility
and stability.

The search for an organic solvent with the desired qualities to create flexible biphasic
systems for extraction and descriptor measurements led us to reflect on the properties of water
that have resulted in its widespread use for these applications. These are its high cohesive energy
(which allows it to form so many biphasic systems with different solvents) and its overall
capacity for polar interactions (which enable it to selectively extract polar compounds). Our
goals could be met by a solvent described as water-like but “water light”. This solvent should be
sufficiently cohesive to form a reasonable number of biphasic systems with a range of solvents
of different selectivity but not so cohesive that compounds of low polarity reside almost totally
in the counter solvent. The solvent should also have a sufficient capacity for dipole-type and
hydrogen-bonding interactions to provide a reasonable range of selectivity that we would hope to
moderate by choice of different counter solvents to enhance selectivity. These considerations led
us to evaluate formamide, ethylene glycol, propylene carbonate and dimethyl sulfoxide for use as
suitable base solvents and n-heptane, 1,2-dichloroethane, n-octanol and isopentyl ether as
counter solvents forming biphasic systems.

2.2. Experimental
2.2.1. Materials

Formamide, ethylene glycol, propylene carbonate and dimethyl sulfoxide (base solvents)

were obtained from Acros Organics (Morris Plains, NJ, USA) and dried over molecular sieves

before use. Heptane, 1, 2-Dichloroethane, 1-octanol and isopentyl ether (counter solvents) were
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obtained from Sigma-Aldrich (Milwauke, WI, USA). Common chemicals were of the highest
purity available and obtained from several sources. The 30 m x 0.32 mm id HP-5 open-tubular
column, 0.25 pum film thickness, was obtained from Agilent Technologies (Folsom, CA, USA).
2.2.2. Instrumentation

Gas chromatographic measurements were made with an Agilent Technologies (Palo Alto,
CA, USA) HP 6890 gas chromatograph fitted with a split/splitless injector and flame ionization
detector using ChemStation software (rev.B.04.01) for data acquisition. Nitrogen was used as
carrier gas at a constant flow rate of 2.5 mL/min (velocity 47 cm/s). The split ratio was set to
30:1, septum purge 1 mL/min, inlet temperature 275°C, and detector temperature 300°C.
Separations were performed using a temperature program with an initial temperature of 150°C
for one minute and then raised to 280°C at 10°C/min. Occasionally, a slightly modified program
was required to handle co-elution of solutes with the internal standard or solvent peaks.
2.2.3. Determination of partition coefficients

The solvation parameter model was set up as shown below in a form suitable for
modeling partition coefficients (log Ky for neutral compounds in biphasic systems.
logK,=c+eE+sS+aA+bB+vW (2.1)
The method used to determine partition coefficients is described in detail elsewhere [10-12, 39].
The 2.0 mL screw-capped sample vials with PTFE-lined caps (Supelco, Bellefontaine, PA, USA)
were charged by syringe with 0.75 mL of base solvent, 0.75 mL of counter solvent, 1-10 pL of
liquid sample, and 1 pL internal standard. Solid samples were dissolved in either the counter
solvent or base solvent (depending on solubility) at a concentration of about 0.5-1.5 mg/mL and
added to the vial as described for the pure solvent. Smaller sample sizes were used in some cases

to avoid saturation in one of the phases. The vials were shaken for 30s and allowed to stand for 1
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h or overnight at room temperature (22 = 2°C). Sample volumes of 1 puL from each phase were
taken for calculation of the partition coefficients using the relationship

Kp = (Ses/Shs) (In/les)Kp' (2.2)
where K, is the partition coefficient for compound S, Ssc and Sps the peak area for compound S in
the counter solvent and base solvent, respectively, Isc and I, the peak area of the internal standard
in the counter solvent and base solvent, respectively, and Kp'S the partition coefficient for the
internal standard. The internal standards used for totally organic liquid-liquid partition systems
and their partition coefficients are listed in Table 2.1.

Table 2.1. Internal standards and their partition coefficients.

Biphasic system Internal standard Partition coefficient

Heptane-formamide 4-nitrotoluene 0.968 + 0.002 (n =10)
1, 2-dichloroethane-formamide 4-chloro-3-methylphenol 1.340 £ 0.004 (n =10)
1-octanol-formamide 5-chloro-2-nitroanisole 1.309 + 0.007 (n =10)
Isopentyl ether-formamide 5-chloro-2-nitroanisole 1.014 £ 0.006 (n =10)
Heptane-propylene carbonate Biphenyl 0.857 £ 0.010 (n =10)
Isopentyl ether -propylene carbonate Biphenyl 1.132 £ 0.004 (n =10)
1-octanol -propylene carbonate Acenaphthene 1.306 £ 0.007 (n =10)
Heptane-ethylene glycol 5-chloro-2-nitroanisole 0.766 = 0.001 (n =30)
Isopentyl ether-ethylene glycol. 1,3-dinitrobenzene 0.950 = 0.003 (n =10)
1,2-dichloroethane-ethylene glycol. 4-phenylphenol 0.933 £ 0.003 (n =10)
Heptane-dimethyl sulfoxide (for Kp) Acenaphthene 1.022 £ 0.020 (n =10)
Heptane-dimethyl sulfoxide (for Kgs19)  Acenaphthene 0.978+0.010 (n=7)
Heptane-dimethyl sulfoxide (for K pyy) Acenaphthene 1.104 £ 0.012 (n =10)
Isopentyl ether-dimethyl sulfoxide Acenaphthene 1.104 £ 0.012 (n =10)

2.2.4. Calculations

Multiple linear regression analysis and statistical calculations were performed on a Dell
Dimension 9200 computer (Austin, TX, USA) using the program PASW v18.0 (PASW,
Chicago, IL, USA). The solute descriptors were taken from an in-house database [15,39,40] and

are summarized in Tables 2.3-2.6, 2.10-2.12, 2.15-2.17, 2.19 and 2.20 together with the
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experimental partition coefficients. The Kennard-Stone algorithm programmed in visual basic
for use in Excel 2007 (Microsoft Corporation, Redmond, WA) was used to split the data set into
a training set and a test set [41] for validation purposes.
2.3. Results and discussion

The solvation parameter model provides a suitable mechanism for studying liquid-liquid
partition systems capable of revealing the contribution of intermolecular interactions responsible
for differences in individual partition coefficients and for simulating the separation properties
(partition coefficients) for compounds with known descriptor values that lack experimental
values [8,15,42]. This requires the calculation of the system constants of the solvation parameter
models for the partition systems involving the measurement of partition coefficients for a
number of varied compounds with known descriptor values. Several methods have been
proposed to define a minimum number of compounds to solve Eq. (2.1) by multiple linear
regression analysis [43-45]. Models based on small data sets, even if they meet the minimum
number requirement, are often of limited utility for predicting further partition coefficients
[46,47]. A contributing factor is that the error in the partition coefficients is not random and
tends to be correlated with the size of the partition coefficient. Both large and small partition
coefficients have larger errors because of the higher uncertainty in the determination of the low
concentration of the compound that exists in one of the phases. In practice, the number of solutes
should be sufficient to obtain a stable model and to facilitate splitting of the data set into a
training set and test set for validation purposes [43,46-49]. The solutes selected to build the
model define the descriptor space, which for practical applications should be as wide as possible.
The descriptor values for the selected solutes should be somewnhat evenly distributed over the
descriptor space and each series of descriptors should have a low correlation with each other.

The experimental partition coefficients should span a reasonable range of values to facilitate
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modeling. Histogram-type plots for each descriptor were scrutinized to visualize how well the
descriptor values cover the descriptor space and additional solutes selected were needed [20,42].
Principal component analysis with the descriptor values as variables offers an alternative
approach to assess how well the descriptors cover the descriptor space [50]. Unintentional
correlation between individual or pairwise descriptor series (r > 0.8) result in a loss of capability
of the multiple linear regression algorithm to distinguish between the complementary system
effects [18,46,47]. The cross-correlation matrix for each model was checked to ensure this was
not a problem. The solutes used to define each model were optimized for each system to ensure
that a useful range of partition coefficients was maintained. As a consequence, the compounds
identified in Tables 2.3-2.6.2, 2.10-2.12, 2.15-2.17, 2.19, and 2.20 are not the same for each
system but cover a similar range of descriptor values.
2.3.1. Models for formamide-organic solvent partition system

Relevant solvation properties for water and formamide are summarized in Table 2.2 [28-
30]. Formamide has a high cohesive energy compared with typical organic solvents, roughly
two-thirds the value for water. It has an extensive three-dimensional hydrogen-bonded structure
similar to water at room temperature [31]. Relatively rare for an organic solvent it has a
dielectric permittivity higher than that of water. Spectroscopic measurements of chemical probes
indicate that it is almost as dipolar/polarizable as water, a significant hydrogen-bond acid but not
as hydrogen-bond acidic as water, and about as hydrogen-bond basic as water. Surfactants are
known to form micelles in formamide, a property generally associated with aqueous solvents
[30,32,33]. In analytical chemistry formamide has been widely used as a non-aqueous solvent for
titration, electrochemistry, and electrophoresis [28,29,34], as a denaturing agent for DNA [35],
as an additive in supercritical fluid chromatography to modify the polarity of carbon dioxide

[36], and as a stationary phase in high performance liquid-liquid chromatography [37]. Abraham
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et al. [38] have studied gas-solvent and hypothetical water-solvent partition systems for a number
of amides including formamide. They demonstrated that as a solvent it was moderately cohesive,
strongly hydrogen-bond basic, and quite dipolar and hydrogen-bond acidic. This combination of
solvation properties set it apart from a database of eighteen common organic solvents.

Table 2.2. Characteristic solvent properties of water and formamide.

Property Water Formamide
Cohesive energy (J/cm®) 2302 1575
Dipole moment (D) 1.83 3.37
Dielectric permittivity 78.4 111
Refractive index (20°C) 1.3325 1.4468
Kamlet-Taft parameters

* 1.09 0.97

o 1.17 0.71

B 0.47 0.48
Reichardt’s E1" 1.00 0.775
Gutmann’s donor number (kJ/mol) 138 151
Gutmann’s acceptor number (kJ/mol) 54.8 39.8

This work can be considered as an extension of these works applying the solvation
parameter model to a wider range of biphasic systems containing formamide 