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OBJECTIVES

The main goal of this project is the qualitative and quantitative description of all the

thermodynamical and conformational transitions related to the acid-base behaviour of

several polynuc1eotides in biological environments of low polarity. The emulation of these

special environments has been carried out by using water-dioxane mixtures that keep the

aqueous nature of the biological media and present the desired low polarity due to the

features of their cosolvent.

Owing to the complexity associated with the macromolecular nature of the

polynuc1eotides and with the mixed character of the solvent used, some fundamental

research must be carried out before facing specifically the research about the acid-base

polynucleotide behaviour in water-dioxane mixtures. These previous studies include, on one

hand, the detailed characterization of the water-dioxane mixtures and the interpretation of

their effect on the acid-base behaviour of single solutes and, on the other hand, the study of

the monomeric units of the polynuc1eotides in these mixtures.

In all the work performed, the careful treatment of the experimental data has been a

constant concern. Special attention has been focused on the establishment of Linear

Solvation Energy Relationships (LSER), behaviour models that relate the solute behaviour

to the solvent effect, and on the interpretation of the multivariate data coming from the

monitoring of the macromolecular equilibria of polynucleotides. The former problem has

been tackled by using different kinds of hard-modelling and soft-modelling methods,

whereas the latter has been solved with the application of curve resolution methods, which

do not need the postulation of any chemical model to interpret the variation of the different

species in solution.



STRUCTURE OF THE WORK PRESENTED

The series of articles included in this project shows the whole process followed in

the study of the acid-base behaviour of polynucleotides in low polarity environments,

which begins with the selection and assessment of the solvent descriptors used in the

later characterization of the water-dioxane mixtures (article I), follows with the

microscopic characterization of these hydroorganic solvents and with the interpretation
of their effect on the acid-base behaviour of simple solutes (articles II-VI) and finishes

with the multivariate monitoring and the interpretation of the acid-base behaviour of the

polynucleotides in these solvent mixtures (articles VII-XI).

Thus, article I presents an overview of the evolution in the solvent description,

enhancing the transition from the macroscopic properties (suitable to characterize the

bulk solvent) to the microscopic parameters (more appropriate to characterize the

solvent features in the cybotactic region around the solutes). The microscopic descriptors

proposed by Kamlet et al. to quantify the hydrogen-bonding and the polarity
solute/solvent interactions are used to structure the global solvent space in solvent

groups built according to the similarity of the microscopic features of their members.

This solvent classification is later compared with the classical scheme of Snyder.

The gaps among the groups of pure solvents are filled by the infinite number of

possible solvent mixtures. The water-dioxane system covers a wide zone of the solvent

space and has been selected for the later studies in this project. Articles II, III and IV

include the experimental determination of the microscopic properties related to several

hydroorganic mixtures formed by changing the proportion of dioxane from 0 to 100 %



(v/v) and the determination of some protonation constants of simple solutes dissolved in

the mixtures previously characterized. Simple correlations between different sets of

microscopic parameters, between microscopic parameters and solvent composition and

between protonation constants and solvent descriptors are presented and interpreted.
Articles V and VI are devoted to the establishment of more accurate behaviour models

to explain the solvent effect on the solute property under study. Two possible

alternatives are proposed to build these LSER models: the first involves a robust strategy

to fit the experimental data to a postulated chemical model (hard-modelling approach)

and the latter combines the use of Factor Analysis (FA) and Target Factor Analysis

(TFA), which do not need the use of an initial chemical expression and transform an

abstract model (FA) into a chemically meaningful LSER (TFA) (soft-modelling

approach).

Once the water-dioxane system has been characterized and some simple acid-base

processes have been analyzed in it, the study of macromolecular processes, such as the

acid-base behaviour of polynuc1eotides, can be carried out. Handling the experimental

output coming from these experiments is not a trivial task; therefore, some research has

been previously focused on the improvement of the currently used curve resolution

method, the Alternating Least Squares method (ALS), through the proposal and

assessment of new constraints to be used in the iterative resolution procedure (article

VII). The performance of this method has been compared with the Trilinear

Decomposition (TLD) , another curve resolution method with a different background

(article VIII). Simulated data with a large variety of features and real data have been

used in both chemometric studies. After having confirmed the suitability of the improved
ALS method to handle data with the features of the multivariate output coming from the

monitoring of macromolecular equilibria, articles IX-XI explain in detail the

thermodynamical and conformational transitions related to the acid-base equilibria of the

polyuridylic acid (polyU), polycitydylic acid (polyC) and polyadenylic acid (polyA) in

water-dioxane mixtures and compares these results with others coming from previous
studies carried out in aqueous solution. Articles IX and X are specifically oriented to the

description of the pH-dependent transitions of the polyU-H and the polyC-H systems,

respectively, and of their related cyclic monomeric nuc1eotides. Article XI shows a

compilation of the results shown in articles IX and X and makes an intercomparison



between the chemical conclusions related to these two polynucleotides and to the polyA

H system. This last article stresses as well the big potential of the combined use of

experimental multivariate monitoring and curve resolution techniques for the study of

biomacromolecular equilibria through the systematic exposition of all the different kinds

of information that can be obtained when this approach is followed.
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I. GENERAL INTRODUCTION.



1.1. A historical review of the description ...

CHAPTER I.

SOLVENTS AND SOLUTE/SOLVENT INTERACTIONS.

1.1 A historical review of the description of solvents: from bulk properties
to microscopic parameters.

Progress in all fields of chemistry has been closely connected to the developments in

the understanding of solvents and solutions. From earliest times, there have always been

researchers for whom the solvent was much more than "container of solutes". For them, the

solvent was seen as an active element responsible for the evolution of the chemical

processes occurring in solution (Boerhaave,1733), (Reichardt,1988).

One of the main concerns of the alchemists was the identification of a universal

solvent, the so-called alkahest. For some centuries, numerous attempts were made at

revealing this utopian substance. Though this specific objective was never attained, the

discovery of new solvents and processes helped to increase the general understanding of the

role of solvents and solutes in solution. Certain elementary rules, such as "like solves like"

appeared during this period; however, the concept of solution remained vague and the loss

of the nature of a substance with dissolution was widely accepted. In the 17th century, Van

Helmont was the first to question this theory. He argued that the substance as such

remained in solution, though in an "aqueous" form, and believed it could be recovered from

solution after applying the suitable procedure. This alternative gradually acquired general
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1.1. A historical review of the description ...

acceptance by the end of the 19th century, supported by Van't Hoffs theory of osmotic

pressure and by Arrhenius's theory of electrolyte dissociation.

The first solvent effects reported also date from the end of the 19th century. Thus,

Berthelot and Pean de Saint Gilles were the first to notice the solvent effect in the rate of

chemical reactions in 1862 (Berthelot,1862). Within the kinetic field, Menshutkin' s

contribution in 1890 concerning the solvent effect on the alkylation of tertiary amines with

haloalkanes became a point of reference and many fundamental statements in this study,

such as "a chemical reaction cannot be separated from the medium in which it is performed"
remain valid (Menshutkin,1890). The influence of solvents in chemical equilibria was

revealed separately by Claisen (Claisen, 1896), Knorr (Knorr, 1896) and Wislicenus

(Wis1icenus,1896) in1896 from studies conducted on the keto-enol tautomerism of 1,3-

dicarbony1 compounds.

The key to explaining the solvent effect in all chemical phenomena lies in a good

description of the solvent itself, thus leading to a simpler interpretation of both the nature

and extent of the possible interactions performed on the solutes. For a long time, the solvent

was considered a nonstructured dielectric continuum and physical constants such as the

refractive index (n) and the relative permittivity or dielectric constant (6) were supposed to

be the best properties by which it could be described. These macroscopic properties, while

highly suitable for characterizing the bulk solvent, do not take into account the specific
solute/solvent interactions and often fail to correlate variations in solute properties caused

by solvent effects. Indeed, the solvent around solutes can no longer be considered as a

uniform medium, but as a structured discontinuum consisting of individual solvent

molecules that interact specifically with each other and with solutes.

The complete description of a solvent must then include both macroscopic and

microscopic parameters, the former mainly related to nonspecific solvent/solvent

interactions (e.g., electrostatic contributions) and the latter to the quantitation of specific
solute/solvent interactions (e.g., hydrogen-bonding). Whereas the experimental
measurement of macroscopic properties is an easy task, there is no direct instrumental
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1.1. A historical review of the description ...

access to the microscopic environments. Therefore, microscopic descriptors must be

obtained using alternative experimental strategies to those applied in the determination of

macroscopic physical properties.

Given the close relationship between solutes and solvent, experimental
measurements of solute properties provide information about the solute itself and about the

surrounding solvent. The possibility of obtaining indirect information about the solvent

around the solutes by measuring the effect that the former has on certain well-known and

strongly solvent-dependent processes is the common basis for many empirical scales of

solvent microscopic parameters (Reichardt, 1988). In these processes, the solute involved

behaves as a probe in the solvation shell reflecting changes in the surrounding solvent

through variations in its absorption spectra or in some thermodynamic or kinetic

parameters.

The first empirical scale was defmed by Winstein in 1948 (Winstein,1948). He

proposed a Y parameter to represent the "solvent ionizing power", which was built from the

measure of the kinetic constant related to the SN 1 solvolysis of 2-chloro-2-methylpropane.
Additional examples of scales with kinetic reference processes are the X scale (Gielen, 1963)
or the four parameter approach proposed by Swain et al. (Swain, 1955). Equilibrium

processes have also been employed in the establishment of empirical parameters

(Drago,1965), (Maria, 1985). Gutmann's donor number, DN, is a well known example

proposed as a measure of the solvent Lewis basicity (Gutmann,1966); DN is defined as the

negative value of the molar enthalpy for the adduct formation between antimony

pentachloride and electron-pair donor solvents measured in highly diluted solutions of 1,2-

dichloroethane as inert solvent.

Despite the proven value of empirical parameters based on kinetic or thermodynamic

properties, empirical scales using spectroscopic data are more generally employed because

of the overall simplicity in the recording of the related experimental measurement. Indeed,

solutes absorption spectra show changes in the position, intensity and shape of their

absorption bands due to the solvent-dependent alteration of the energy difference between
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1.1. A historical review of the description ...

the ground and the excited states of their chromophores. In 1951, Brooker suggested the

potential usefulness of solvatochromic dyes in quantifying the solvent microscopic

properties (Brooker, 1951). Seven years later, Kosower set up the first empirical scale based

on spectroscopic properties (Kosower, 1958a; 1958b; 1958c). His Z polarity scale took the

charge transfer transition of l-ethyl-4-(methoxycarbonyl)pyridinium iodide as spectroscopic
reference process.

The many solvatochromic scales which exist are built from UV, visible or near-IR

spectroscopic measurements and often take solvent-sensitive n� n*, n� n* or charge
transfer transitions as reference spectroscopic processes. Though many compounds exhibit

spectral changes due to solvent effects, not all of them are suitable for use as reference

solutes of an empirical solvent scale. An ideal solvatochromic probe should fulfil the

following requirements:
• High sensitivity to changes in the surrounding medium. The solvent

dependent bathochromic or hypsochromic shifts in the position of the wavelength

corresponding to the absorption band maximum must be as large as possible and

always significantly larger than the instrumental accuracy associated with the

wavelength location.

• Large molar absorptivities. Solvatochromic indicators are used to describe

solute/solvent interactions. Therefore, the molar absorptivity of these substances

must be large enough in all the solvents studied to allow one to work with highly
diluted solutions, in which the existence of spectral shifts induced by solute/solute

interactions caused by the aggregation ofprobe molecules can be discarded.

• Absorption band out of the solvent spectral region. The estimation of the

solvatochromic shifts is more accurate if the overlap between the absorption
bands of the probe and the solvent is absent or as small as possible.

• Solubility. The solvatochromic probe must be soluble ,in solvents with many

different features in order to obtain representative empirical scales.

• Low reactivity. The chemical nature of the solvent-sensitive chromophore must

not be altered by any chemical reaction between the indicator and the solvent.
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1.1. A historical review of the description ...

• Stability. The reference solute must be a crystalline substance with a perfectly
defined chemical structure, stable in storage and in solution .

• Availability. The probe must be commercially available or, at least, easily

synthesized.

The evident shortcoming of all the solvatochromic scales is the inherent assumption
that the solvent behaviour around the probe molecule is the same as that around any other

kind of solute. This oversimplification is, however, less dangerous than assuming that the

bulk solvent properties describe the microscopic environment around the solutes. Some

authors recommend the establishment of empirical scales using averaged values coming
from several probes in order to minimize the influence of the different nature of each

reference solute on the microscopic parameter. Nevertheless, this average will only be

meaningful if the dispersion among the results provided by all the indicators considered is

sufficiently small. If this is not the case, the use of single probe-based scales, whose

solute/solvent interactions are clearly defined, will yield more valuable and sound

conclusions about the evolution of solvent-dependent processes than a carelessly averaged

parameter. As an additional recommendation, the use of empirical scales working with

probes and reference processes which are as similar as possible to the solute and the

solvent-dependent process under study will also reduce the differences between the

microscopic environments around the probe and around the solute.

There are two marked approaches to the construction of solvatochromic empirical
scales: the uniparametric and the multiparametric approaches. The former tries to include all

the possible forms of solute/solvent interactions in a single parameter, whereas the latter

associates each kind of solute/solvent interaction (i.e., hydrogen-bonding, polarizability, ...)

with a separate parameter and it is the combined use of all these specific parameters is

which gives a global picture of the solvent. Both approaches can be equally useful owing to

the complementary information they provide, which is related to the global intensity of the

solute/solvent interactions on the one hand and to the nature of these interactions on the

other.
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Most of the uniparametric solvatochromic scales are generally defined as solvent

polarity scales. In this context, the term polarity accounts for the overall solvation

capability, which depends on all possible solute/solvent interactions which do not cause any

definite chemical alteration in the reference solute (i.e., protonation, oxidation, ...). For this

reason, the probes used in these scales are usually substances with a large solvent-dependent

solvatochromism, such as merocyanines or pyridinium N-phenolate betaine dyes, which are

able to interact in many diverse forms with the solutes. Some examples of uniparametric

approaches are the aforementioned Z scale, the ET(30) parameter proposed by Dimroth and

Reichardt (Dimroth,1963), the RPM (Relative Polaritatsmass) scale of Dahne

(Dahne,1975), the � scale of Dubois (Dubois,1966) or the Py scale of Dong and Winnik

(Dong,1982). From all the scales belonging to this family, ET(30) has been chosen as the

uniparametric approach in this project due to the large negative solvatochromism of its

reference probe, to the wide variety of solvents covered by this scale and to the good
correlation found between ET(30) parameter and many other empirical parameters.

In contrast to the uniparametric scales, the solvatochromic indicators used in

multiparametric approaches are selected giving priority to the specificity of the probe for a

certain kind of solute/solvent interaction rather than to the magnitude of the exhibited

solvatochromic shift. The several parameters forming a multiparametric approach are

determined by taking one or more reference solutes sensitive to an only kind of

solute/solvent interaction or, when this is not possible, by taking pairs of solutes whose

difference in solvatochromic behaviour is due to only one source of solute/solvent

interactions. Known examples of multiparametric approaches are those proposed by Koppel
and Palm (Koppel,1971), Krigowski and Fawcett (Krigowski,1975) and Swain et al.

(Swain,1983). The most successful and generally applied multiparametric approach is the

so-called solvatochromic comparison method, proposed by Kamlet, Taft and Abboud. The

different solute/solvent interactions are separated in the solvatochromic parameters a, f3 and

1t* related to the hydrogen bond acidity, hydrogen bond basicity and polarity-polarizability,

respectively (Taft,1976), (Kamlet,1976), (Kamlet,1977). Owing to the great specificity of

each of the parameters above caused by the careful selection of the solvatochromic probes
used in their determination and to their proven ability to describe variations of solvent
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1.2. The Er(30) polarity scale ...

dependent processes with linear models including weighted sums of the solute/solvent

interactions represented by a., p and n*, the solvatochromic comparison method is the

most widely used multiparametric approach and has been selected for use in this project.

Though the application of the most popular empirical scales dates back a number of

decades, the microscopic solvent description is today an active research area. Current

subjects in this field include a clearer understanding of the solvatochromic indicators being
used (Dealencastro, 1994), (Boggetti, 1994), (Ramirez,1995), the proposal of new potential

dyes with better solvatochromic properties or specifically oriented to the interpretation of

some concrete solute processes (Scremin,1994), (Reichardt, 1995a; 1995b),

(Effenberger,1995), (Albert,1996), (Lu,1996), the establishment of new empirical scales

(Drago,1994), (Catahin,1995) or the adaptation of existing parameters so that they might
describe microscopic environments in supercritical fluids (O'Neill,1993), (Sun, 1995),

(Schulte, 1995), gas phase (Koppel,1994), solid phase (Park, 1994), (Li,1995),

(Spange,1996) or microheterogeneous solutions, such as micellar systems

(Drummond,1986).

1.2. The ET(30) polarity scale: a uniparametric microscopic approach.

The ET(30) parameter was proposed by Dimroth and Reichardt in 1963 as a

measure of solvent polarity (Dimroth,1963). The solvent-dependent process used in

establishing this empirical scale is the n � n* electronic transition of the solvatochromic

dye 2,6-diphenyl-4-(2,4,6-triphenyl-l-pyridinio)phenolate and each ET(30) value is defmed

as the molar transition energy (in kcal/mol) of the reference dye dissolved in the solvent

under study measured at 25° C and at normal pressure (Reichardt, 1988). Thus, ET(30) is

evaluated by introducing the wavenumber of the absorption band maximum related to the

aforementioned transition in the following expression:

ET(30) (kcal/mol) = NA h c Vmax
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The dimensionless derivation of the ET(30) scale is the ETN scale, where water and

tetramethylsilane (TMS) are taken as extreme polar and non-polar reference solvents,

respectively (Reichardt, 1983).

The unusually large solvatochromic shift associated with the solvent-dependent

transition employed in the establishment of the ET(30) scale (LlA = 357 nm when going
from water to diphenyl ether) comes from the great difference in solvation between the

ground and the excited state of the betaine dye. This difference stems from the polarity
decrease associated with the charge transfer from the phenolate group to the pyridinium

part of the molecule during the transition (see Figure 1.2.1.).

hv
-

Figure 1.2.1. Chemical forms of the ground and excited states of Reichardt's betaine dye.

The chemical structure of Reichardt's betaine dye is responsible for the great

sensitivity of this molecule to many different kinds of solute/solvent interactions. Thus, the

large permanent dipole of the molecule allows the detection of dipole/dipole and

dipole/induced dipole interactions, the large polarizable n-electron system, which includes

42 electrons, registers the dispersion interactions, and the phenolate group is a rather basic

center, sensitive to the hydrogen-bonding acidity of the surrounding solvent. In contrast,

the solvent hydrogen-bonding basicity cannot be detected because the positive charge of

the pyridinium moiety is delocalized and sterically shielded, thereby preventing the
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establishment of interactions between the basic center of the solvent and the acidic center

of the probe (Reichardt,1994).

Another outstanding quality of the ET(30) scale is the great compatibility of the

reference dye with solvents with a wide range of features and behaviour. Direct measures

of this parameter are reported for more than 350 pure solvents and many common solvent

mixtures. In order to expand the ET(30) scale, Reichardt and col. have devoted

considerable efforts to obtaining new indicators suitable for the determination of this

parameter in solvents where the direct measurement of the ET(30) parameter is not

possible. These substances are substituted betaines that keep the basic skeleton of the

ET(30) reference dye and whose solvatochromic behaviour correlates perfectly with the

behaviour of their parent molecule. The substituents introduced in these new dyes adapt
the probe molecule to a concrete group of solvents; thus, a betaine with tert-butyl groups

has been designed to deal with low polar solvents, in which the ET(30) dye is not soluble,

and slightly acidic solvents can be analyzed by using a betaine with electron-withdrawing

groups, which decrease the basic power of the phenolate group (Reichardt, 1993).

F,c CFJ �t
c: -iFJC �o

Figure 1.2.2. Some solvatochromic indicators obtained by modifying the basic ET(30) dye.

Despite the wide applicability of Reichardt's polarity scale, no ET(30) values can be

experimentally determined, be it with the original ET(30) dye or with their derivatives, in

very acidic solvents and in the gas phase. In the first case, the oxygen atom of the

phenolate group protonates and the charge transfer solvatochromic absorption band
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disappears and, in the second case, the betaine dyes are not volatile enough to allow the

ET(30) measurement in gas phase. The ET(30) values reported for very acidic solvents have

then to be calculated from the mathematical expression correlating this empirical scale with

the Z polarity scale, where experimental measurements for acidic solvents are available

(Reichardt,1983). The gas phase ET(30) value, equal to 27.1 according to a recent review of

Reichardt, is the average of the concordant results evaluated from theoretical and empirical

relationships used in several independent approaches (Richert,1993), (Jano,1992),

(Reichardt, 1994).

1.3. The solvatochromic comparison method: a multiparametric
microscopic approach.

The solvatochromic comparison method was born as an approach to unravel,

quantify, correlate and interpret multiple interacting solvent effects on many kinds of

chemical properties (Kamlet, 1983). Kamlet, Abboud and Taft proposed a series of empirical

microscopic solvent parameters, each of them specially designed to account for a specific
solute/solvent interaction. Thus, a represents the solvent hydrogen-bond donor acidity

(Taft,1976), � the solvent hydrogen-bond acceptor basicity (Kamlet,1976) and n* the

solvent polarity/polarizability (Kamlet,1977). These parameters are usually determined from

spectroscopic measurements, hence the generalized name of solvatochromic parameters.

The solvatochromic parameters were designed to be included in linear models used

in explaining the solvent effect in the solute properties, the so-called Linear Solvation

Energy Relationships (LSER). The most extended form of LSER proposed by Kamlet et al.

has the form:

XYZ = (XYZ)o + an + b� + s(n* + d8) + h8H2 + e�

where XYZ is the solvent-dependent solute property under study, XYZo is the value of this

property in a hypothetical inert solvent unable to interact with the solute, a, � and n* are
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the aforementioned solvatochromic parameters, 8 is a polarizability correction term equal to

o for nonchlorinated aliphatic solvents, 0.5 for chlorinated aliphatic solvents and 1 for

aromatic solvents, �2 is the square of the Hildebrand solubility parameter and accounts for

the solvent contribution to create a solute cavity and S is a coordinate covalency term,

whose value depends on the nature of the basic functional groups present in the solvent.

The coefficients a, b, s, h and e indicate the weight of their related solvent parameters on the

variation of the XYZ solute property. This extended expression can be reduced by several

terms depending on the nature of the solvent-dependent process studied and on the solvents

and solutes used in doing so. Actually, a more basic expression which includes only the

solvatochromic parameters a, f3 and 1t* is often taken as the starting point in the

establishment of LSERs. Linear models constructed from all three parameters or even by

only one or two of them have proved useful in the accurate description of a wide variety of

solvent-dependent processes (Kamlet,1985).

The three solvatochromic a, f3 and 1t* scales are built on the basis of the LSER

philosophy. Thus, the linear model underlying these scales is:

Vmax = v, + aa + bf3 + S1t*

where the spectral shift in the maximum of the absorption band of each reference probe

depends on one or more of the terms in the equation above. Thus, the a and f3 scales work

with pairs of reference solutes whose difference in solvatochromic shift correlates with the

solvent hydrogen-bond acidity and solvent hydrogen-bond basicity, respectively and the 7t*

scale is established by using a set of solvatochromic indicators whose spectral shift is only

correlated with the solvent polarity/polarizability. All the spectral data used in the

determination of a, f3 and 1t* values must be recorded at 25°C to ensure that the spectral

shift detected is due only to variations in the solute/solvent interactions and is not caused by

thermosolvatochromic effects (Nicolet, 1986); the chemical meaning and the accuracy of any

solvatochromic parameter determined from spectra recorded at different temperatures

would be seriously damaged owing to the variations in the position and shape of the probe

absorption band caused by modifications of this chemical variable.
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The n* scale was proposed in 1977 as an empirical measure of solvent

polarity/polarizability (Kamlet,1977). In contrast to previous polarity scales of single

parameters, the concept of polarity is not understood here as being the solvent overall

solvation ability, but as a measure of the solvent effect on the solutes due only to the

establishment of pure polarity/polarizability interactions. The specific nature of this

empirical parameter depends largely on the solvatochromic indicators selected for its

determination. Apart from fulfilling, as much as possible, the general features listed in

section 1.1., the choice of these indicators is also focused on reducing the LSER model Vrnax

= Vo + aa + bf3 + sn* used in the general description of any solvent-dependent spectral shift

to the more specific expression:

Vmax = Vo + sn*

where the spectral shift is shown to be only affected by solvent polarity contributions. The

terms related to hydrogen-bonding drop out from the general LSER model when solvents

not able to develop this kind of interactions (NHB) are analyzed. In this case, not much

attention should be paid to the probe ability to interact via hydrogen-bonding with the

solvent, since a = f3 = O. When dealing with hydrogen-bond acceptor solvents (HBA, a = 0

and f3 '* 0) or hydrogen-bond donor solvents (HBD, a '* 0, f3 = 0), the reference solutes

selected must not present the hydrogen-bonding capacity which complements that of the

solvent studied, i.e., they must be non-acidic solutes (b = 0) for the HBA solvents and non

basic solutes (a = 0) for the HBD solvents. The greatest problem arises when amphiprotic
solvents (HBA-D, a '* 0, f3 '* 0) have to be handled because of the difficulty in finding
reference probes with no hydrogen-bonding abilities and large enough solvatochromic shifts

(i.e., big s values). The best solution here is the combined use ofNHB solutes with lower

sensitivities and weak IIBA probes with higher sensitivities where the hydrogen bonding
interactions with the solute are too weak to be noticed or where the autoassociation of

solvent molecules is more favourable than the disrupting of this self-association to form

hydrogen bonds with the reference solute.
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To avoid the presence of the specific effects of one indicator, the n* values are often

determined from the average solvatochromic behaviour of several reference solutes. Forty
five probes classified according to their compatibility with the different kinds of solvent

were firstly proposed for application in the determination of the n* parameter. All these

substances present p � n* or n � n* transitions whose Vmax are correlated with each other

in non-HBD solvents (and sometimes in HBD solvents as well) and whose spectral shifts are

clearly consistent with the solvent polarity variation and cannot be attributed to other

causes, such as experimental error or spectral anomalies. n* values equal to 0 for

cyclohexane and equal to 1 for dimethylsulfoxide are fixed as reference points on the scale

and the terms Vo and s are calculated for each indicator so that these references are

respected. Despite the classification made in the earliest work of Kamlet et aI.

(Kamlet,1977) concerning the suitability of the indicators proposed for the various kinds of

solvent, the results obtained from the several substances used in the determination of n*

values must be carefully checked before being averaged to prevent the appearance of

meaningless values which could arise from the inclusion of inadequate indicators showing a

behaviour clearly unlike that of the other substances (Cheong,1988). Indeed, several studies

have shown that the n* values are more indicator-dependent than was supposed when this

empirical scale was established (Brady,1982) and the recent tendencies are towards the use

of only one indicator whenever possible. From the primary set of probes proposed by
Kamlet et aI., 4-nitroanisole is considered the best reference substance owing to the

invariability of its band shape from solvent-to-solvent. When the extreme overlap between

the probe and the solvent absorption bands prevents the use of this substance, the N,N

dimethyl-4-nitroaniline (proposed as an alternative to the original probe N,N-diethyl-4-

nitroaniline due to its weaker vibrational structure, i.e., to its less solvent-dependent band

shape) can be used instead (Laurence,1994).

The a and 13 scales used to quantify the solvent ability to interact with the solute via

hydrogen bonding were established in 1976; the a scale was intended to represent the

solvent hydrogen-bond donor acidity (Taft,1976) whereas the 13 scale accounted for the

solvent hydrogen-bond acceptor basicity (Kamlet, 1976).
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The experimental determination of both a and f3 parameters is not as

straightforward as the procedure used to obtain 1t* values. In contrast to the specificity of

the polarity indicators, there is no possibility of finding any probe whose spectral shift is

related only to hydrogen-bonding interactions with the solvent, i.e., no single substance

shows a spectral shift that can be simply defined by LSERs models such as Vrnax = Vo + sf3 or

Vmax = v, + sa because all the solutes capable of developing hydrogen bonding interactions

also show polar interactions.

The protocol followed in isolating and quantifying the contributions related to

hydrogen-bonding interactions involves the selection of pairs of solutes whose only
difference in terms of solvatochromic behaviour is due to their varying ability to establish

acidic or basic hydrogen-bonding interactions. These pairs are formed by one substance

which is able to develop hydrogen-bonding interactions and another one unable to do so;

both substances can be homomorph, such as 4-nitroanisole and 4-nitrophenol used in the

determination of f3 values, or not, such as Reichardt's betaine and 4-nitroanisole used to

determine a values. Whatever the nature of the two solutes involved, the pairs of indicators

applied in the determination of hydrogen-bonding parameters must fulfil the following three

requirements:

a) there must be a linear relationship with a strong correlation between the Vrnax of both

indicators when measured in solvents unable to develop hydrogen-bonding interactions, i.e.,

modifications in the polar solute/solvent interactions must cause the same kind of variation

in the spectral shift ofboth substances,

b) experimental measurements performed in hydrogen-bonding solvents must show a

significant displacement from the aforementioned linear relationship, and

c) the direction and magnitude of the displacements should reflect a reasonable order of

solvent hydrogen-bond donor acidity (for the a scale), when one of the solutes in the pair is

basic, and of solvent hydrogen-bond acceptor basicity (for the f3 scale), when one of the

reference solutes is acidic.

Bearing in mind these conditions, the a scale is built taking advantage of the

enhanced solvatochromic shift for Reichardt's betaine (2) relative to 4-nitroanisole (1) in
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HBD solvents. Thus, from the measurements performed in a series of NHB solvents (in

kK), the following linear model is found:

v(2)max = -1.873v(1)max + 74.58

Experimental v(2)max values clearly deviate from the previous model when they are

measured in HBD solvents owing to the presence of hydrogen bonding interactions between

the acidic solvent and the basic betaine probe which do not take place between the solvent

and the 4-nitroanisole. The solvatochromic displacement associated with the hypsochromic
shift of the betaine probe in HBD solvents can be quantified as:

Illlv(2-1) = v(2)max(exp) - v(2)max(calc)

where v(2)max(exp) is the experimental betaine wavenumber in an HBD solvent and

v(2)max(calc) is the betaine wavenumber calculated for the same HBD solvent by using the

linear model relating v(2)max and v(l)max in NHB solvents. The single fixed reference point
of the solvent hydrogen-bonding acidity scale is the methanol a. value, set equal to one.

Since the methanol solvatochromic displacement, Illlv(2-1), has a value of 6.24 kK, the

calculation of the hydrogen-bond donor acidity for any other solvent will follow the

expression:

0.1 = Illlv(2-1)/6.24

where the SUbscript I in the term 0.1 denotes that this solvent parameter has been evaluated

by using the solute pair formed by probes 1 (4-nitroanisole) and 2 (Reichardt's betaine).

Additional examples of solute pairs proposed to determine the solvent hydrogen-bond

donor acidity are Brooker's merocyanine (3) (Brooker,1965) and 4-nitroanisole (1), which

yield 0.2 values, or Burgess' complex bis[a.-(2-pyridylbenzylidene)-3,4-

dimethylaniline]bis(cyano)iron(II) (5) (Burgess,1970) and N,N-diethyl-4-nitroaniline (6),
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used to obtain the 04 values. Chemical properties which differ from the spectral shifts have

also been applied to determine further aj values.

Analogous to the a scale, the 13 scale is built using the enhanced solvatochromic

shift for 4-nitroaniline (1) relative to N,N-diethyl-4-nitroaniline (2) in HBA solvents. The

linear relationship between the Vrnax (in kK) of both indicators measured in NHB solvents

follows the expression:

v(1)rnax = l.035v(2)rnax + 2.64

Bathochromic shifts associated with the 4-nitroaniline when dissolved in HBA

solvents cause clear deviations in the experimental v( l)rnax values from the previous linear

model. These solvatochromic displacements stem from the presence of hydrogen bonding
interactions between the basic groups of the solvent and the hydrogen atoms of the amino

group in the 4-nitroaniline, interactions which cannot take place with the N,N-diethyl-4-
nitroaniline since the hydrogen atoms linked to the amino nitrogen in its homomorph partner

are replaced by ethyl groups. The solvatochromic displacement associated with the

bathochromic shift of the 4-nitroaniline in HBA solvents is calculated as:

-��v(I-2) = v(l)rnax(calc) - v(l)rnax(exp)

where v( 1 )rnax(exp) is the experimental 4-nitroaniline wavenumber in an HBA solvent and

v(1 )max(calc) is the 4-nitroaniline wavenumber calculated for the same HBD solvent by

using the linear model relating v(2)rnax and v(l)max in NHB solvents. The single fixed

reference point of the solvent hydrogen-bonding basicity scale IS the

hexamethylphosphoramide 13 value, set equal to one. Since -��v(l-2) = 2.8 kK for this

solvent, the hydrogen-bond donor basicity for any other solvent can be calculated as:

1-16



1.3. The solvatochromic comparison method ...

where the subscript 1 in the term PI denotes that this solvent parameter has been evaluated

by using the solute pair formed by probes 1 (4-nitroaniline) and 2 (N,N-diethyl-4-

nitroaniline). The P2 values are determined from the enhanced solvatochromic shift for 4-

nitrophenol (3) relative to 4-nitroanisole (4) in HBA solvents. Owing to the nature of the

solute pairs used to obtain PI and P2 values, PI quantifies better the solvent basicity vs. NR

donors whereas P2 characterizes better the solvent basicity vs. OR donors (Laurence, 1986).

Apart from this last comment, PI values are preferred when measuring the basicity of

amphiprotic solvents because the spectral shifts of its related solute pair are not so clearly
affected as those measured when obtaining the P2 values by the interactions established

between the oxygen atoms in the nitro group of the probes and the acidic groups of the

solvent (Kamlet, 1976). As in the U scale, Pi values can also be determined by using
chemical properties other than spectral shifts, though this alternative is seldom adopted due

to the great complexity of the experimental measurements needed.

The differential nature of the experimental measurements used in the calculation of

the u and P values, the use of a single reference point in the establishment of both scales

and the somewhat solvent family-dependent behaviour of some solute pairs explains the

significant scattering of values originating from the different series of Ui and Pi values. The

dispersion of these results advises against the use of averaged values which are drawn from

diverse Ui or diverse Pi series, as this would lead to a loss of chemical meaning rather than

to a balancing of the differences originating from various experimental measurements; the

adoption of only one Uj series in defining the solvent acidity and only one Pi series in

accounting for the solvent basicity seems to constitute the best alternative for gaining a

reliable picture of the true variation of these microscopic parameters in the different

solvents.
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i.

1.4. Solute behaviour vs. solvent effect: the establishment of Linear

Solvation Energy Relationships (LSER).

The goal of all empirical scales of microscopic parameters is their subsequent use in

interpreting variations in solvent-dependent solute properties as a function of the

modifications of the intensity and the nature of the solute/solvent interactions

(Politzer,1994). The relationship between the solute behaviour and the solvent effect can

often be expressed with simple linear models, the so-called linear solvation energy

relationships (LSER), that present the following general structure:

where XYZ is the solvent-dependent solute property, (XYZ)o is the value of this property in

a hypothetical inert solvent unable to interact with the solute, s, is a solvent parameter

responsible for the variation of the solute property and aj is the regression coefficient of s,

representing the weight of the s, contribution to the variation of the solute property XYZ

(Kamlet, 1981), (Reichardt, 1988), (Pytela,1988).

The simplest LSERs are those which correlate a solute property with only one

polarity parameter. The success of these uniparametric correlations (many have been

reported using the ET(30) parameter (Reichardt,1982), (Johnson, 1986), (Tunuli,1984))
seems to be due to the great similarity between the solvent/probe interactions and the

solvent/solute interactions in the particular solvent-dependent process studied. When a

single probe does not represent all the necessary solute/solvent interactions, LSERs can be

proposed by combining various single parameters whose probes show complementary
solute/solvent interactions (i.e., ET(30), sensitive to polarity and hydrogen bond acidity and

the donor number (DN), sensitive to polarity and hydrogen bond basicity (Krigowski,1975),

(Wrona, 1991)). The only drawback to these combinations is the possible correlation

between the parameters used due to the presence of common solute/solvent interactions in

some of them (e.g., polarity contributions in ET(30) and DN).
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The most recommendable alternative for the establishment of multiterm LSERs is

the use of groups of parameters proposed jointly to cover all the specific solvent/solute

interactions (Kamlet,1981), (Swain,1983), (Drago, 1992). The advantage of working with

parameters belonging to the same original multiparametric approach is that each parameter

is designed to have a maximum specificity and a minimum correlation with the other

parameters in the same group. This yields linear models with better mathematical features,

i.e., with no correlation between terms, and with a clearer chemical sense, i.e., the

specificity of each parameter allows the direct interpretation of the contribution of each

term to the model as the contribution of its related solute/solvent interaction to the variation

of the solute property. The solvatochromic comparison method proposed by Kamlet,

Abboud and Taft is the most widely used multiparametric approach for describing the

solvent effects on a solute property (Taft, 1976), (Kamlet,1976;1977). The LSERs based on

this empirical approach are based on the linear model XYZ = (XYZ)o + an + bB + s(11:* +

do) + h�2
+ e1; (described in section 1.3 above) or on reduced expressions of it, such as

XYZ = (XYZ)o + an + bB + S11:*. According to the solute property determined and to the

solvents used in the study, these expressions can keep all or only some of the terms present

in its more extended form (Kamlet,1983;1985), (Taft, 1985).

The proven success of the solvatochromic comparison method for explaining the

solvent effect in many solute properties has led to the proposal of other general expressions

inspired by the same underlying philosophy of tackling the same problem as the original

approach or analogous problems where the same kind of formulation is supposed to be

adequate. This is the case of the LSERs proposed by Carr (Li,1991), (Carr,1993) and

Abraham (Abraham,1993), where solute-to-solute variations of a measured property in a

fixed solvent are studied. In this case, the changes in the XYZ property are described using

linear models which contain solute descriptors instead of the solvent empirical parameters

present in the original expression of Kamlet, Abboud and Taft. The general equation

becomes then:

XYZ = (XYZ)o + aa.2 + bB2 +S11:*2 + L d.x i2
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where the subscript 2 indicates that the independent variables are solute descriptors. U2, 132

and n*2 are then the solute hydrogen-bond acidity, solute hydrogen-bond basicity and solute

polarity-polarizability, respectively, and L djxj2 are other terms in the model including

additional solute descriptors which depend on the process analyzed and on the empirical

approach applied. U2, 132 and n*2' while sharing the same chemical meaning in both

Abraham's and Carr's formulations, have different numerical values owing to the different

methodologies employed in determining then (Politzer,1994). Merging the Kamlet, Abboud

and Taft basic expression, which works with measures of a property for one solute in a

series of solvents, with the last equation, which handles measures of a property for a series

of solutes in a fixed solvent, a more general equation with crossed-terms showing the solute

and solvent-paired properties involved in each kind of solute/solvent interaction can be

obtained.

Subscripts I and 2 denote solvent and solute properties, respectively. This equation
can be used to describe variations of a property measured for a series of solutes dissolved in

a series of solvents (Kamlet, I 985).

A recent alternative to all these expressions above are the so-called theoretical linear

solvation energy relationships (TLSER), proposed by Famini and Wilson

(Famini,1989;1992). These are general models with the same structure and aim as the

classical LSERs, in which the empirical solute and/or solvent descriptors are substituted by
theoretical descriptors determined from molecular orbital computational methods

(Lowrey,1995). Modelled after the experimental LSER parameters, the TLSER descriptors
have been designed to correlate closely with their empirical pattern descriptors in order to

obtain theoretical models which are as similar as possible to the original LSERs and which

can work in a wide range of applications. Within the domain of linear models using
theoretical descriptors, Murray and Politzer have developed a rather innovative approach
named the general interaction properties function (GIPF) (Murray,1994) (Politzer, 1 994).
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Although it shares the goal of seeking a quantitative linear relationship between a certain

property and some microscopic descriptors, aIPF works with theoretical descriptors which

are not related to those used in LSERs. The general formulation of the aIPF approach is as

follows:

_

-

2Property - f[surface area, IS,min, VS,max, VS,min, II, 0'101 , v]

where IS,min reflects the tendency for charge transfer, VS,max and VS,min are indicators of long

range attraction for nucleophiles and electrophiles, respectively, II accounts for the local

polarity, 0'1012 for the variability of the surface electrostatic potential and v is an

"electrostatic balance" term. The evolution of these theoretical approaches opens up new

possibilities in the interpretation of processes by means of weighted sums of microscopic

contributions, such as the determination of solvent or solute descriptors which are not

available experimentally and, what is more interesting, the prediction of these descriptors
and their related properties for molecules yet to be synthesized, thus contributing to the

intelligent design ofmolecules for special purposes.

In the proposal of any theoretical or empirical LSER, effort must be focused on the

correct establishment of the linear model that will afterwards be used to understand the

solute/solvent interactions responsible for the variation of a certain property and to predict
the values of this property, once the suitable solute or solvent descriptors are known. As

pointed out by most of the authors who have proposed general LSER models, not all the

terms in these expressions must necessarily be included to describe the variation of the XYZ

property of interest (Kamlet, 1981), (Reichardt,1988). The existence and weight of the

different contributions included in the LSER proposed will depend on the nature of the

XYZ property and also on the solutes and solvents employed in its study. At the beginning
of the generalized use of LSERs, the procedures applied 4I establishing these linear models

often tended to work with the whole original expressions regardless of the significance of

each of their terms for the description of the solute property under study. This rough

methodology led some scientists to cast reasonable doubts upon the chemical meaning of

these expressions and to consider LSERs as local empirical rules rather than as behaviour
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models structured as combinations of fundamental microscopic effects (Sjostrom.Ivs l).

Actually, these early overfitted models do not go beyond the category of local expressions
with a limited predictive ability. Nevertheless, owing to the intrinsic quality of their

microscopic descriptors and to their sound chemical meaning, the LSERs established using
reliable methodologies which check the significance of each of the terms included in the

model are valuable expressions that enlighten the nature of the solute or solvent effect on

many different properties (Kamlet,1985).

Identifying methods that can ensure the quality of LSERs is one of the concerns of

the present project. Two strategies with rather different backgrounds are proposed: the use

of hard-modelling methods that fit the experimental data to a postulated chemical model,

and the application of soft-modelling methods, where the final model is built without the use

ofany initial basic expression.

1.4.1. Hard-modelling methods.

All the procedures included within this group share the need of an initial general
model to be used in the establishment of the LSER. When the experimental data to be

handled are related to the variations of a solute property in a series of solvents, as they are

in the case of the examples presented in this project, the reduced expression of Kamlet,

Abboud and Taft, XYZ = (XYZ)o + au + b� + sn*, is a highly suitable initial model.

Once the solute property and the solvent descriptors in the initial model have been

determined for a certain solvent set, the establishment of the LSER can be carried out. This

process includes the following steps:

1. Selection of the solvent descriptors to be included in the LSER. A stepwise

procedure is used to determine which of the solvent descriptors in the initial model must

be present in the LSER. This procedure is a combination of forward selection and

backward elimination of variables, as proposed by Forina et al. (Forina,1988). First of all,

the solvent descriptor showing the largest correlation with the solute property is selected
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as the first independent variable in the LSER. Before the introduction of a new

independent variable, two statistical F-tests are computed. In the first, an F-to-enter

value is calculated for each non-entered solvent descriptor to check if the introduction of

the new descriptor causes a significant decrease in the variance associated with the model

fit; in the second, an F-to-delete value, smaller than the F value in the first test, is

calculated to see ifany of the already selected variables can be removed from the model.

This process continues until any of the non-selected descriptors give F values larger than

the control F value.

2. Detection and removal of the outliers present in the data set. Once the solute

property (dependent variable) and the suitable solvent descriptors (independent variables)
have been selected, a least median of squares regression (LMS) is applied. This robust

approach allows the detection of outliers through the study of the standardized LMS

residuals. A function of these residuals is also applied in the robust diagnostic method

proposed by Rousseeuw and Leroy (Rousseeuw,1981) for outlier detection. Only data

detected as outliers by both previous methods have been removed from the data set in

order to avoid the exclusion of good leverage points from the definitive model.

3. Establishment of the definitive LSER model. A least-squares fit is performed with the

selected solvent descriptors, without including the detected outliers. Despite the

precautions taken in the previous steps to ensure the establishment of a correct LSER, a

last quality control including a r-test to confirm the significance of each of the terms

included in the model and an analysis of the variance to support the existence of a

correlation between the solute property and the solvent descriptors is performed on the

definite LSER expression.

To obtain a clearer idea of the quality of the LSERs established, it is recommendable

to provide information regarding the number of points in the data set, the error associated

with each of the coefficients in the model and certain parameters referring to the global

quality of the correlation, such as the residual standard deviation or the correlation

coefficient.
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1.4.2. Soft-modelling methods.

These model-free methods work with multivariate data sets and allow the

establishment of general LSERs without the need of any initial model. Among the wide

variety of soft-modelling procedures, the combination of Factor Analysis (FA) and Target

Factor Analysis (TFA) is proposed here given its great ability to describe the variation of

multivariate data sets through the establishment of meaningful linear models (Malinowski,

1991).

The experimental data required in understanding the solvent effect on a solute

property are measurements of the property under study in a certain solvent set. Several

solutes are often used to record these series of measurements in order to avoid biased

conclusions about the solvent effect which could arise if the research was performed with

only one solute owing to its concrete features. The measurements obtained for the different

solutes in the selected solvent set can be structured to form a data matrix, as shown in

Figure 1.4.2.1.

Solute 1 Solute 2 Solute n

Solvent 1 a
1n

Solvent 2

Solvent m a
m1

a
mn

Figure 1.4.2.1. Arrangement of solvent-dependent arrays of data to form a data matrix. aij represents the
value of an experimental property for the solute j dissolved in the solvent i.

Each column in the data matrix is the array of data collected for a certain solute;

hence, a solvent-dependent variation is present along the columns of the data matrix
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whereas solute-to-solute differences are responsible for the variation detected along the

rows.

Factor Analysis is a frequently used technique for interpreting the underlying causes

of variation in the data matrices. This chemometrical procedure decomposes the original
data matrix D (r x c) into the product of the scores matrix T (r x n) and the loadings matrix

pT (n x c), whose column vectors and row vectors describe the n independent abstract

sources of variation (factors) along the columns and along the rows of the original data

matrix, respectively. This matrix decomposition can be rewritten as a series of additive

contributions formed by the outer products of each score vector t, by its related loading
T

vector PI .

Hence, the application of FA only makes sense if the original data matrix is intrinsically
bilinear, i.e., if it can be described with a model of additive contributions related to the real

sources ofvariation in the data.

a)

�
I I

I I

D 'T'
-

I I

t1. Itn
b)

p1T p2T pnT

D t1 +

Figure 1.4.2.2. FA decomposition ofa data matrix as a) product of scores and loadings matrices and b) as a

sum of the outer products of related scores and loading vectors.
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The scores and loading matrices are calculated from the diagonalization of the

covariance matrix Z = DTD associated with the D matrix. This process is carried out by

finding a Q matrix such that

The columns of Q are the eigenvectors of the Z matrix and the elements in the A.

matrix are their related eigenvalues. The magnitude of each eigenvalue is linked to the

importance of its related eigenvector when describing the variation of the D matrix. Q
T is

equal to the loadings matrix, pT, and owing to the orthogonality of the Q matrix, the scores

matrix T can be simply calculated as

T=DQ

Due to the process followed in the FA decomposition of a data matrix, there is

always a lack of correlation among the column vectors in the scores matrix T and among

the row vectors in the loadings matrix pT.

When a data matrix such as that shown in Figure 1.4.2.1. is factor-analyzed, the

score vectors represent independent solvent contributions to the overall variation of the data

matrix. These vectors are actually abstract solvent descriptors because they depend on the

solvent features but cannot be directly identified with any chemically meaningful solvent

parameter. The elements in a loading vector are the weights of their related abstract solvent

descriptor for each of the solutes in the original data set. The original data matrix (i.e., the

variations of a solvent-dependent property measured in a series of solutes) is then defined

by using the simplest model of additive contributions formed by the outer products of an

abstract solvent descriptor vector by a vector containing the solute-weighted contributions

of this abstract descriptor on the variation of the property under study.

The FA decomposition of a data matrix recalls the structure of an LSER model;

indeed, by looking at the Figure 1.4.2.3. it can be seen that both ways of expressing the
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original data matrix share exactly the same form. FA and LSER describe the original data

matrix as a sum of solute-weighted contributions of solvent descriptors (abstract in the case

of FA and chemically meaningful in the LSER model) or, in a more compact way, as the

product of a matrix of solvent descriptors by a matrix containing their related weight
coefficients to explain the overall variation of the data matrix.

a)

D

b)

D

=

...

�
'c
0
III
Q)
'0

'E
Q)

�
�
_l

weight coefficients

T

=

...

�
'c

&l
Q)
'0

C
Q)

�
iii
I!!

weight coefficients

Figure 1.4.2.3. Data matrix description by using the FA decomposition or an LSER model.

s

Though FA describes perfectly the variation of the experimental data with an

abstract model, the ideal situation would be to find a procedure by which the abstract

solvent descriptors could be transformed into chemically meaningful solvent parameters.

Target Factor Analysis (TFA) is a technique whose main goal is determining the connection

between the domain of abstract solutions and the domain of real solutions (exemples,).

The combined application of FA and TFA to establish an LSER model includes the

steps listed below, and which are later explained in detail.
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1. Application of FA in determining the number of significant contributions to be included

in the LSER model.

2. Selection of the targets proposed as potential solvent descriptors in the LSER model.

3. Target testing.
4. Building the definitive LSER model by using combinations of accepted targets.

1. Application of FA in determining the number of significant contributions to be

included in the LSER model. In the FA decomposition of a data matrix, the number of

eigenvectors calculated is equal to the number of rows or the number of columns of the

matrix, whichever is the smallest. The eigenvectors are then decorrelated and ranked in

descending order according to their ability to account for the variation present in the

data. Thus, the first eigenvector (factor) lies in the direction of the greatest percentage of

variation in the data, the second in the direction related to the next greatest percentage

and so on, till the complete variation of the data, including the noise contributions, is

explained. Once all these eigenvectors have been calculated, the first point must be

focused on seeking how many of them represent chemically meaningful sources of

variation. The number of significant factors n, i.e., the true rank of the matrix, will

indicate the number of terms to be included in the future LSER model.

Several methods with different backgrounds have been used to determine the

number of significant factors in the data matrix. Based on the theory of error in FA

proposed by Malinowski, the correct number of factors can be found by looking at the

minima in the real error (RE) function and in the IND function (Malinowski, 1987).
These two functions are determined depending on the number of factors considering n,

as follows:

RE=

c

�)'j
j=n+l

r (c - n)
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IND=
RE

(c - n)2

where Aj is the eigenvalue associated with the jth eigenvector, c is the total number of

eigenvectors calculated, i.e., the number of columns in the data matrix if this is the

smallest dimension in the matrix and r is the number of rows in the data matrix. Cross

validation techniques, as proposed by Wold (Wold, 1978) and Malinowski

(Malinowski,1987), have also been applied; in this case, minima in the evolution of the

standard error in prediction (SEP) function indicate the correct number of factors. With a

greater statistical basis than the previous procedures, an F-test (Malinowski,1988) has

also been performed to distinguish the eigenvalues related to noise from those related to

significant factors. All these methods operate rather well when handling matrices with a

randomly distributed error. If the error in the data matrix shows a certain structure, e.g.,

heteroscedasticity, drift, ... , the procedures above tend to overestimate the number of

significant factors in the data set.

2. Selection of the targets proposed as potential solvent descriptors in the LSER

model. This is the essential part of the FA-TFA process. A target vector is a potential
real factor that can be used to explain the variation in the data matrix analyzed.

Therefore, the proposal of targets obeys scientific reasoning and never comes from a

random vector selection. The sounder the knowledge is about the chemical problem
under study, the greater are the possibilities to select appropriate targets to build the real

model related to the variation of the data set.

In the establishment of an LSER model, the targets used must be potential solvent

descriptors, e.g., ET(30), e, p, 1t*, lie, .... There is no limitation to the number of targets

which can be proposed and, in contrast to the hard-modelling procedures, the solvent

descriptors should not come necessarily from only one uniparametric or multiparametric

approach. An additional target must always be proposed in the establishment of any kind

of linear model: the unity target. This vector, whose elements are all equal to one,

accounts for the possible need to include a constant contribution when explaining the
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variation in each column of the original data matrix or, in other words, this target

considers the possibility of introducing an offset in the LSER model.

3. Target testing. This operation assesses the usefulness of the proposed targets in building
the LSER model. The previous application of FA to the data matrix yielded n significant
score vectors which span perfectly the data space. A real factor able to describe the

variation of the data must necessarily belong to this space. The value of a target will

therefore be assessed by testing whether or not the target lies in the space defined by the

score vectors.

From a geometrical point of view, the operation carried out to test each selected

target individually is the projection of this input target, 51, onto the scores space. The

projected vector, the so-called output target, so, belongs to the scores space. Figure
1.4.2.4. shows the target testing procedure for a two-factor system; i.e., an example
where the data space can be graphically represented with a plane.

Figure 1.4.2.4. Target testing procedure on a data space defined by two factors.

Mathematically, the target testing procedure begins with the calculation of a

transformation vector, y, which explains the relationship between the scores space,

represented by the scores matrix, T, and the input target, 51.
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where T+ is the pseudoinverse of the T matrix. Once y is known, the output target can be

calculated as follows:

so=Ty

A perfect target would be a vector for which SI = so. Owing to the experimental error

in the data matrix and in the targets proposed, the strict fulfilment of the aforementioned

equality is practically impossible. In practice, a target is accepted if the SI and So vectors

are close enough to each other, i.e., if the length of the apparent error in the target, el =

So - s" is small enough.

Comparison between analogous elements in the input target and in the output target

provides a rough idea about the quality of the target. However, the acceptance or

rejection of a target must be supported on additional criteria other than this qualitative
observation. Most of the procedures applied are based on the theory of error in Target
Factor Analysis proposed by Malinowski (Malinowski, 1991). This author decomposes
the error in a target in three contributions related in a Pythagorean way, as shown in

Figure 1.4.2.5.

input
S target

RET

output
target

& REP
pure

Sf) target

Figure 1.4.2.5. Errors associated with the target testing procedure.

AET is the length of the apparent error in the target vector, el, RET describes the

real error in the input target and REP the error associated with the output target. By

using combinations of these errors, two different criteria in deciding whether to accept a
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target are proposed. The SPOIL function (Malinowski,1978) has an empirical origin and

is calculated as follows:

SPOIL = RETIEDM

where EDM is the experimental error in the original data matrix, often assumed to be

equal to REP. As a rule of thumb drawn from the study of reference sets of data,

Malinowski recommends the acceptance of targets whose SPOIL value lies between 0

and 3. Larger values of SPOIL indicate that the use of the target tested would introduce

too large errors in the data matrix reproduction. A statistical F-test that compares the

magnitudes of the apparent error in the target and the experimental error in the original
data matrix is also used (Malinowski, 1988). F is calculated as follows:

F=AETIEDM

If the calculated F value is significantly bigger than the theoretical F, i.e., if the

uncertainty associated with the reproduction of the target is larger than the experimental
error of the original data, the target is rejected.

4. Building the definitive LSER model by using combinations of accepted targets.

After target testing, several solvent descriptors have been shown to be suitable

candidates for inclusion in the LSER model. A number of accepted targets equal to the

number of significant factors must be selected. If the number of accepted targets exceeds

the number needed to build the LSER model, the targets chosen will be those with the

lowest SPOIL and calculated F values. The last part of the TFA process consists of

confirming the validity of the LSER model built from the selected real solvent

descriptors. All the real solvent descriptors form the S matrix, equal in size to the scores

matrix. The matrix with the coefficients of these solvent descriptors, A, can be calculated

taking into account the close relationship between the abstract FA model and the LSER

model. The relationship between the matrix having the real targets, S, and the scores

matrix, T, can be expressed as follows:
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S=TY

where the columns of the Y matrix are the y transformation vectors related to each of the

accepted targets. Since both the FA and the LSER model describe the same original

matrix,

TpT = SAT

TpT = TYAT

must be fulfilled and hence:

The reproduction of the original data matrix by means of the LSER model is then

carried out as shown below:

The root mean square error (RMS) is a measure of the quality in the reproduction of

the original data matrix and is expressed with the following equation.

RMS=
rxc

where dij is the ijth element in the original data matrix, dij* is the ijth element of the data

matrix reproduced with the LSER model, D*, and r x c are the number of elements in

the data matrix.
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If the RMS error associated with the reproduction of the original data matrix is

within the range of the experimental error, the LSER model can be accepted. If this is

not the case, a possible correlation exists between some of the targets included in the

model and then a different combination of accepted targets must be used to form a new

LSER model which can be shown to be valid.
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CHAPTER 2.

SOLVENT MIXTURES.

2.1. Seeking the perfect solvent: the alternative of solvent mixtures.

Extensive research into pure solvents and their applications has been carried out

to help chemists select the most suitable solvent for their chemical problems.

Nevertheless, the ideal choice in most situations would be a medium sharing the features

of several pure solvents rather than one specific pure solvent. This solvent, tailored

according to the needs of the user, might actually exist among the large family of solvent

mixtures.

Despite the evident potential of solvent mixtures, the complex behaviour of these

media, where many solvent/solvent and solute/solvent interactions occur, often

discourages the non-expert from using them for practical purposes. Indeed, what is

generally known is that no single property of a solvent mixture can simply be determined

from the composition-weighted sum of the values that the same property has in the

solvent partners of the mixture or, in other words, that the behaviour of a solvent

mixture is seldom linear with respect to its composition.

Thermodynamic studies and theoretical models have described the internal

structure of solvent mixtures and their effect on solutes (Covington, 1974; 1976; 1989),

(Marcus, 1989; 1990). However, these rigorous approaches are quite complicated in

formulation and their application to the study of complex solute processes in solvent

mixtures is either impossible or extremely difficult in practice. Therefore, the use of
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empirical methods which characterize the solvent mixtures might offer a good alternative

which, while less rigorous in formulation, might allow a wider variety of chemical

problems to be tackled.

The need for an operational process for the description of solvent mixtures

immediately suggests the use of the microscopic parameters mentioned in chapter 1.

These parameters would give average values of the solvent mixture ability to develop

various kinds of interactions with the solutes (e.g. polarity, hydrogen-bonding).

Obviously, no information about the identity of the species performing the interaction

with the solute in the solvent mixture (i.e. solvent i, solvent j or a complex formed by
both i andj solvents) could be obtained, but this information does not necessarily have to

be known to interpret the nature and the extent of the overall solvent effect on the solute

processes.

The number and variety of solvent mixtures characterized by means of empirical

parameters is growing continuously and there are many successful examples of LSERs

which describe the effects developed by solvent mixtures on solute processes, such as

those proposed in explaining chromatographic retention mechanisms (Carr,1993)

(Roses,1993) (Li,1991). Nevertheless, the validity of the empirical parameters for

characterizing solvent mixtures is still questioned because of the solute-dependent nature

of the measurements used in determining them. As mentioned in chapter 1, all these

empirical scales inherently assume that the solvent behaviour around the probe molecule

is the same as around the molecule of any other solute. If this statement could be

reasonably accepted for pure solvents, typical phenomena linked to solvent mixtures,

such as the preferential solvation (i.e. the existence of differences between the mixture

composition in the bulk solvent and around the solute molecules), give rise to doubts

about the existence of one common behaviour for a solvent mixture around all solutes.

The first reported use of the ET(30) scale to characterize solvent mixtures dates

from the sixties (Dimroth,1963) and the publication of new values for some other solvent

mixtures and the revision of earlier determinations have not stopped since then

(Maksimovic,1974), (Koppel, 1983a; 1983b), (Dawber,1990), (Bosch,1992),
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(Drago,1994). In addition to the research purely focused purely on the characterization

of mixtures, there has been a constant interest in relating the variation of the ET(30)
values and the composition of the solvent mixtures. Pioneering work was carried out in

this field by Langhals (Langhals,1982), who proposed the first meaningful equation that

expressed the variation of the ET(30) values of diverse binary solvent mixtures as a

function of certain chemical parameters. Langhals' model for binary solvent mixtures is

expressed as:

where cp is the molar concentration of the most polar component in the mixture, ETO(30)
is the ET(30) value for the least polar component and ED and c* are the adjustable

parameters in the model. ED is a measure of the sensitivity of the ET(30) scale towards

changes of cp, whereas c* is the concentration value that indicates the change in the

relationship between ET(30) and Cp. Thus, when cp « c*, a linear relationship between

ET(30) and cp results whereas, when cp » c*, the linear relationship is established

between ET(30) and lnc; The c* parameter separates the zones of linear and logarithmic

dependence between ET(30) and cp and according to Langhals indicates the threshold

value at which the two solvents in the mixture begin to interact with each other.

The non-additive behaviour of solvent mixtures can be clearly seen through the

evolution of ET(30) values with solvent composition. When the components of a solvent

mixture behave as they would do as pure solvents, the following model can be expected:

where ETO(30)i is the value of this parameter for the pure solvent i and Xi is its molar

fraction in the mixture. The fulfilment of this equation seldom occurs and deviations from

the ideal behaviour are indicative of the preferential solvation of the probe (Haak,1986).

The pattern and intensity of these deviations are as diverse as the solvent mixtures
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themselves and this can be clearly seen by looking at the examples provided by the binary

mixtures, the simplest and most widely used mixed media. Apart from methanol-ethanol

(Koppel,1983a) or 1 ,2-dibromoethane-l ,2-dibromopropane (Balakrishnan, 1981), which

belong to the small group of ideal binary mixtures because of the absence or the very

weak specific interactions between the two solvent partners in the mixture, the remaining
mixtures can be classified in different groups according to their particular kind of

preferential solvation on the betaine dye. Thus, in some mixtures one of the solvents is

preferentially involved in the solvation within the whole composition range, either the

most polar (e.g. dimethylsulphoxide-acetone, ethanol-acetone) or the least polar (e.g.

water-methanol), whereas in other mixtures, the preferred solvent changes according to

the mixture composition (e.g. in water-acetone mixtures, mixtures with low water mole

fractions show water preferential solvation whereas mixtures with high water mole

fractions show acetone preferential solvation) (Koppel,1983a), (Dawber,1988). The

deviations from the ideal behaviour in mixtures also show marked differences in intensity.

Thus, as a general rule, hydroorganic mixtures show weaker deviations than mixtures

with two non-aqueous components (Dawber,1983), (Marcus,1994a). In the latter group,

amazing synergetic phenomena can even take place, i.e. the mixture can have ET(30)
values higher than those of the two pure solvents (e.g. acetonitrile-ethanol,

dimethylsulphoxide-tert-butanol); these unusual effects are normally due to the formation

of complexes between the solvent partners which have a solvation power which is

stronger than the pure solvents (Koppel, 1983b). The easiest way to visualize the

presence and pattern of the preferential solvation of Reichardt's betaine using a binary
mixture consists of displaying the ET(30) experimental values vs. the bulk molar fraction

of one of the components (Xi) in the mixture.

Recent efforts in the field of the preferential solvation have focused on the search

for a model that can explain deviations from the ideal behaviour of the solvent mixtures

on a chemical basis. In this sense, the positive contribution of works including the

equilibria of solvent-solvent complex formation in the formulation of the preferential
solvation model must be stressed (Bosch, 1995), (Skwierczynski,1994). Nevertheless, the

most important point to all this research is the fact that the evolution of this empirical
parameter with the mixture composition is very similar to the variation of other kinetic
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and thermodynamic solute processes (Koppel,1983b) (Dawber,1988) and that the

composition of the mixture around the probe is reasonably similar to the composition

predicted when using other theoretical approaches. These agreements confirm the ftnding
that the preferential solvation around the probe can be considered as a good model for a

large number of solutes and that the ET(30) values have chemical meaning when

determined in solvent mixtures.

Similar studies have been conducted to check the validity of a, f3 and 1t*

parameters in solvent mixtures. Though no universal conclusions can be drawn, it seems

that for a large number of solvent mixtures these parameters hold the same chemical

meaning as they hold in pure solvents. The extent of the probe-dependence of these

empirical parameters can easily be seen when they are determined as averaged values

drawn from several probes. In this case, if the preferential solvation changes from probe
to probe, a large scattering in the results from the different probes will be noticed. The

determination of the 1t* parameter for several solvent mixtures has shown that the

spread in the 1t* values derived for the individual indicators in the mixtures is not

significantly larger than the similar spread encountered for pure solvents. Similar results

have been found for the f3 parameter, whereas the spread in a values determined by
different probes seems to be somewhat larger (Migron,1991).

A different treatment is given to the hydroorganic mixtures and to the completely

non-aqueous mixtures (Marcus, 1994a; I 994b). The former group usually presents weak

phenomena of preferential solvation and, therefore, the use of empirical parameters is

less questionable. Non-aqueous mixtures are more strongly affected by the probe

dependent nature of the empirical parameters, but even in this case, through the selection

ofprobes similar to the solutes involved in the processes where the solvent effect is to be

assessed, the empirical approach is still applicable.
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2.2. The water-dioxane example.

Water-dioxane can be considered one of the most singular hydroorganic mixtures

because of the highly distinctive features of its solvent partners. Bearing in mind that

water is an amphiprotic solvent with a high relative permittivity, E = 78.5, and dioxane is

an aprotic ether with a very low one, E = 2.2, this is likely to be one of the few examples

where solvents which are so different are miscible at any ratio. This particularity provides

the chemist with a set of solvent mixtures covering a wide range of chemical features

depending on the different proportion of the two components in the mixture, as can be

seen in table 1.

Table 2.2.1. Some macroscopic properties ofwater-dioxane mixtures.

% dioxane (v/v) Molar fraction Relative permittivity

0 0.000 78.5

10 0.023 70.3

20 0.050 61.4

30 0.083 52.6

40 0.123 44.3

50 0.174 35.7

60 0.241 27.5

70 0.330 19.3

80 0.458 13.5

90 0.655 6.1

100 1.000 2.2

The popularity of this solvent mixture dates from the early forties, when Calvin

and Wilson proposed a systematic working procedure to apply to these solvent mixtures

in the study of complex equilibria (Calvin,1945). The pioneering work of Van Uitert and

Haas (Van Uitert,1952) should be mentioned due to their efforts invested in proposing

procedures for measuring the real pH values in these mixtures and in determining the

1-40



2.2. The water-dioxane mixtures.

relationship between these measurements and those obtained in the aqueous pH scale.

Since then, water/dioxane mixed solvents have been applied to the study of diverse

equilibrium processes because of the solubilizing power of these mixtures for many

compounds insoluble in aqueous solution. The great variation of properties shown by
these solvent mixtures is also very helpful in the interpretation of the solvent effect in

many reaction processes.

In reference to the internal structure of water/dioxane mixtures, some research

has been conducted which has focused on the characterization of these mixtures by

measuring their macroscopic properties, such as relative permittivities (Akerlof,1936),
(Critchfield, 1953), (Mui,1974), while others have studied the solvent interactions

between both partners in the mixture. The latter studies propose a change in the internal

structure of the water/dioxane mixtures as the proportion of organic cosolvent increases.

Thus, there would be an initial water-rich group of mixtures where the typical three

dimensional structure formed by the water molecules would exist and where the dioxane

molecules would fill the cavities left by this water network, and a second dioxane-rich

group of mixtures, where the structure of the water molecules would be broken down

giving as a result free water molecules and water-dioxane complexes of varied

compositions formed via hydrogen-bonding between the hydrogen atoms of water and

the oxygen atoms of dioxane (Langhals,1982), (Burger,1983). The composition

proposed for these water-dioxane complexes ranges from 1: 1 to 1:2 or 2: 1 in most cases

(Arnett,1962), (Glover, 1965), (Mohr,1965), depending on the composition of the

mixture. The breakdown of the water structure supports the explanation of the changes
observed in some classical studies related to the specific solvation associated with

water/dioxane mixtures (Erdey-Gniz,1973). Thus, a preferential solvation performed by

dioxane is found in water-rich mixtures because the "free" cosolvent molecules can have

access to the solute more easily than the network water molecules, whereas this

behaviour is modified in dioxane-rich mixtures, where the water molecules released from

the network structure are preferentially placed around the solutes.
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An additional quality of dioxane/water mixtures is the adequacy of dioxane in a

wide variety of experimental conditions and using various instrumental techniques.

Indeed, dioxane has certain properties which are quite similar to those of water, such as

its boiling point, Teb = 101°C or its density, p = 1.1, and therefore, it does not narrow

the range of experimental working conditions of aqueous solutions. Furthermore, it does

not cause problems in the recording of e.m.f. readings as many organic solvents do and it

performs fairly well in spectrometric techniques, such as UV, where it does not absorb at

"J... > 220 nm, or circular dichroism where, owing to its symmetrical structure, it does not

absorb at all.

2.3. Acid-base equilibria in water/dioxane mixtures.

Acid-base equilibria in water/dioxane mixtures can be formulated as they are in

aqueous solution. Dioxane is an aprotic solvent and, therefore, the autoprotolysis of their

hydroorganic mixtures occurs only because of the amphiprotic character of water. The

presence of dioxane in the hydroorganic mixture is noticed by the hindrance of the water

dissociation tendency, i.e. the decrease in the autoprotolysis constant (K), and by the

shifts induced in other equilibria, but this does not cause the appearance of any additional

equilibrium process governed solely by it (Glover, 1965). However, this does not mean

that dioxane is present in solution as a passive isolated compound. As mentioned before,

the abnormal hydrogen-bond basicity of dioxane in hydroorganic mixtures caused by the

cooperative influence of the oxygen atoms of dioxane in their interaction with water

molecules promotes the formation of dioxane-water complexes with different

stoichiometries depending on the composition of the solvent mixture. So, strictly, the

autoprotolysis equilibrium of this hydroorganic mixture and the acid-base processes

developed in it should be written as

2SH � S- + SH2+

SH + HA � SH2
+

+ A-
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respectively, where SH is the generic representation of the amphiprotic species in the

hydroorganic mixture, i.e. water or any complex dioxane-water and HA is an acidic

solute dissolved in the solvent mixture. As can be seen, this notation is the same as that

used in aqueous solution if SH is substituted by H20. The lack of complexity in the

formulation of equilibria in this solvent mixture is an important feature to be taken into

account since the chemical behaviour of systems as complex as those studied in aqueous

solution can also be understood in media with very different features.

In this project, the study of all the acid-base equilibria was carried out at a

constant ionic strength. This procedure, which has been used by many authors when

working with these solvent mixtures (Mui, I 974), (Das,1980), (Sigel, 1993), greatly

simplifies the calculation of the equilibrium constants since the knowledge of the activity
coefficients related to the species involved in the equilibria is not necessary. Despite

possible objections to this procedure when dealing with solvent mixtures with high
dioxane contents, because of the possible presence of ion pairs formed by the

background electrolyte used in order to keep the ionic strength constant, doubts may be

cast upon the existence of such species in the solutions used in the present work because

of the high water content in the mixtures with the highest dioxane proportion (70% (v/v)

dioxane, water mole fraction = 0.66). These associated species, if present, would

probably not occur in a proportion large enough to affect significantly the evaluation of

the constants related to the equilibria that take place in the solvent mixture.

2.3.1. Potentiometric studies.

The great accuracy of the potentiometric technique in the determination of

equilibrium constants and the nemstian behaviour of most of the electrodic systems in

water dioxane mixtures led to the selection of this instrumental technique for studying
the autoprotolysis equilibria of water-dioxane solutions covering dioxane concentrations

from 10 to 70 % (v/v) and the acid-base behaviour of several simple substances dissolved

in these solvent mixtures.
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There are two problems inherently associated with the pH-related e.m.f. readings

performed in solvents other than water: the increase of the liquid junction potential due

to the different nature of the solvent in the working solution and of the solvent in the

inner solution of the electrodic system and the calibration of the electrodic system due to

the scarce pH standard solutions in the solvent used (Mussini,1984).

In this project, the two difficulties mentioned were solved or at least greatly

diminished by applying the following measures to all the experiments carried out. The

minimization of the liquid junction potential was achieved by using the following

potentiometric cell:

G.E. / working solution, n% dioxane / R.E. (KClsah n% dioxane)

where G.E. is the glass electrode, R.E. is the reference electrode and n is the percentage

(v/v) of dioxane in the solvent mixture used in the working solution and also in the inner

solution of the reference electrode. Problems in the standardization of the electrodic

system have classically been solved with the application of the correction
.

functions

proposed by Van Uitert and Haas (Van Uitert,1953), which relate the pH readings

performed in water-dioxane mixtures with a potentiometer calibrated with aqueous

standard solutions to the actual hydrogen ion concentration in these solvent mixtures.

Despite the wide application of this approach, all these correction functions are

dependent on the nature and concentration of the background electrolyte and the acid

used in their establishment and a reappraisal of them is often required according to the

working conditions adopted by the chemist. For the sake of simplicity, the use of the

Gran method (Gran,1952), an in situ calibration process which gives an individual value

of electrodic standard potential for each experiment without the need of external

standard solutions, was preferred in this project.

All the potentiometric titrations were performed at 25°C, keeping a constant

value of ionic strength. The automation of the potentiometric setup allowed a better

control of the experimental conditions (titrant additions, stability criterion associated
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with the e.m.f. readings, ...) and the storage of the experimental data for their subsequent

processing.

2.3.2. Data treatment

The acidity constants related to the solutes analyzed were calculated by treating
all the experiments related to the same solute together in a given water-dioxane mixture

with a least-squares curve fitting procedure based on the iterative refinement of a

postulated chemical model. This data treatment was applied as implemented in the

SUPERQUAD program by Gans et al. (Gans,1985). This program was specially

designed to deal with e.m.f. or pH data related to acid-base or complexation equilibria
and determines the constants associated with these equilibria by minimisation of an error

square sum based on the experimental measurements.

SUPERQUAD can be applied to experimental data and chemical systems that

fulfil each of the following requirements:

• possible postulation of a meaningful chemical model. A chemical model including
the equilibria that are likely to take place during the titration must be proposed. This

model must define the different reaction processes occurring in solution giving the

stoichiometric coefficients of the species involved and an estimation of the value of

their equilibrium constants.

• compliance of the mass action law in the occurring equilibria. In all stages of a

certain equilibrium, the value of the related constant must remain invariant. This

discards the use of this data treatment for certain macromolecular systems or for

experiments where variations in the equilibrium constant are caused by changes in the

solution temperature, ...

• fulfilment of the mass balance at aU the titration points. The program does not

take into account precipitation phenomena.
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• constant ionic strength throughout the titration process. The equilibrium

constants are calculated as concentration ratios; therefore, the quotient of activity

coefficients must be constant for all the titration points.
• nernstian response of the electrodic system.

• absence of systematic errors in the data. Though total certainty can never be

guaranteed in the fulfilment of this requirement, the chemist should seek to avoid

errors which can be easily prevented, such as those related to a careless experimental

work.

The input needed to run the SUPERQUAD program must include:

• the total concentration of each analyte involved in the titration process, i.e., the sum

of the concentration values ofall its derived chemical species,
• the standard potential of the electrodic system,

• the experimental pairs (titrant volume, measured potential) at each titration point,
• the uncertainties associated with the measures of titrant volume added (0'/) and with

the e.m.f. readings (O'E2) and,

• a chemical model including all the equilibria that are supposed to occur during the

titration with an estimate of their related equilibrium constants.

At each titration point, the error in the measured potential is calculated and the

weight assigned by default to each point is inversely proportional to the calculated

variance at that point. This weighting procedure gives less importance to the data

measured in the extremes of the equilibria processes in which the calculated species
concentrations are known to be affected by higher errors. Other weighting procedures
can be opted for.

The least-squares algorithm always takes the titrant volume as the independent
variable and the e.m.f. measured as the dependent variable. The parameters to be

iteratively optimized are normally the equilibrium constants (all or only some) related to

the chemical system, though some other parameters, such as the standard potential or

various analyte concentrations can also be subject to refmement. Nevertheless, as usual
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in all iterative procedures, the user is warned against the optimization of too many

parameters which might provide results with excellent fits, which are in reality nothing
other than mathematical artefacts lacking chemical sense.

In each cycle of the optimization process, new values for the parameters which

are refined are evaluated and an estimation of the error associated with the results is

given by the parameters 0', which is the ratio between the root mean square of the

weighted residuals and the estimated error calculated from the uncertainties ov
2 and O'E2,

and X2, which gives information related to the distribution of the e.m.f. weighted
residuals. The validity of the chemical model postulated is also assessed in each iterative

cycle and all the ill-defined constants (taken as those with negative values or those with

relative standard deviations bigger than 33% of its value) are removed from the model in

next iterations. The iterative process is finished when convergence is achieved or when a

certain number of iterative cycles is exceeded.

The determination of the autoprotolysis constants of the different water-dioxane

mixtures has been performed with the MINIGLASS program (Izquierdo,1986), quite
similar in terms of mathematical background to SUPERQUAD and that allows the

calculation of the liquid junction potential related to each solvent composition.
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CHAPTER 3.

POLYNUCLEOTIDES IN WATERIDIOXANE MIXTURES.

3.1. Structure of the polynucleotides and particularities of their acid-base

equilibria.

The study of the processes tied to live beings has always been one of the main goals
of Science. Thus, in the ancestral Medicine, the presence of some external signs was

associated with the existence of certain diseases; afterwards, the increasing knowledge of

the internal anatomy helped in a great extent in the diagnostic of organic malfunctions.

Towards the end of the XIXth century, pioneering work was carried out about the main

constituents of alive beings. However, it was not till the XXth century that the development
of new instrumental techniques facilitate the study of the molecular structure of biological
constituents. This fact led to the birth of Biochemistry, a young and active research area

focused on the study of the structure of biomolecules and on the comprehension of the

processes in which these complex compounds are involved.

The large family of biological molecules includes an especially relevant group, the

polynucleotides (Saenger,1984), (Freifelder,1987), (Adams, 1992). Some of them have as

fundamental missions as codifying the genetic information (DNA), transmitting this

information to the ribosomes for replication (messenger RNA, mRNA) or participating in

the protein synthesis by carrying amino acid residues (transfer RNA, tRNA). Several

subunits of these biomolecules also play essential roles, like cyclic adenosine

monophosphate (cAMP) which is the second hormonal messenger and adenosine

triphosphate (ATP), which supplies energy for biological processes. The essential activity
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played by these natural compounds in many biochemical processes led to the use of

analogous synthetic substances (modified bases, nucleosides and nucleotides) as probes in

the study of biological mechanisms and as chemotherapeutical agents with proven antibiotic

and antitumoural properties (Hall,1971), (Bloch, 1975), (Harmon, 1978), (Walker,1979),

(Suhaldonik, 1970; 1979). The most recent tendencies have included the application of

synthetic homopolynucleotides to mmuc more specifically the homologous natural

compounds, thus increasing the specificity in the treatment of certain diseases

(Thang,1992).

The chemical behaviour of polynucleotides cannot be understood without the

previous knowledge of the structure and properties of the basic constituents forming these

macromolecules. A polynucleotide is a high-molecular weight biopolymer which on

complete hydrolysis yields a mixture ofpyrimidine and purine bases, a sugar component and

phosphoric acid; partial hydrolysis gives the compounds known as nucleosides and

nucleotides (see Figure 3.1.1).

Polynucleotide

Figure 3.1.1. A polynucleotide and its basic constituents.
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The monomeric unit of a polynucleotide is called nucleotide. Each nucleotide has

three molecular fragments:

• a cyclic five-carbon sugar. This sugar can be ribose, as in RNA, or deoxyribose,
as in DNA. Both sugars are in a D-furanose form, the only difference between

them being the absence of the 2'-OR group in the deoxyribose. The presence of

this hydroxyl group is responsible for the easier chemical and enzymatic

degradation of polyribonucleotides (Adams,1992). Stereochemically, the sugar

molecules adopt either twist or envelope conformations to minimize the

intramolecular steric hindrance between their substituents (de Leeuw, 1980),

(Saenger, 1984).

• a phosphate group. It can be attached to the 3' or 5' carbon of the sugar

through an ester linkage. This group has the strong negative charge of

nucleotides and presents a tetrahedral structure .

• a nitrogen base. It is linked to the l' sugar carbon by an N-glycosyl bond and

can adopt an anti or a syn conformation with respect to this bond

(Schweizer, 1971). Two main families are distinguished according to the basic

heterocycle present in their structure: the purine bases and the pyrimidine bases.

A common essential feature of all the nitrogen bases is their planar structure,

where the amino groups are in resonance with the 1t system of the aromatic ring.

Such a planar structure, together with a permanent dipole in the molecule caused

by the presence of carbonyl and amino groups, promotes the development of

hydrogen bonding and base stacking. These base-base interactions are key factors

in the formation of the secondary structures ofpolynucleotides.
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Purine bases

a
II

HN
......C'C ...... N�

I II CH

H2N-C�N ......C-N/
H

Purine Adenine Guanine

Pyrimidine bases

o

Pyrimidine Cytosine Uracil Thymine

Figure 3.1.2. Some natural nitrogen bases and their basic heterocycles. a) Purine and purine bases (adenine
and guanine) and b) pyrimidine and pyrimidine bases (cytosine, thymine and uracil).

The nucleotides in a polymeric chain are linked by an ester bond between the

phosphate group of one of the nucleotides and the sugar 3' -OH group of the adjacent
nucleotide. No covalent bonds appear between bases in the whole structure. A

polynucleotide is thus formed by an alternating sugar-phosphate backbone with one

phosphate terminus and one 3'-OH terminus. The partial rigidity of the sugar-phosphate
bonds helps to stabilize ordered macrostructures and, at the same time, allows a certain

rotation in order to reach the minimum repulsion between the constituents of the

polynucleotide (yathindra,1974), (Adams,1992).

The role of polynucleotides in many biochemical processes is conformation

dependent. This explains the usefulness of studies devoted to' assessing the influence of

many chemical parameters (i.e. pH, ionic strength, temperature, polarity, presence of metal

ions, ... ) on the structure of these compounds (Brahms,1966), (Shin,1973), (Ritkind,1976),

(Causley,1982). However, most traditional studies on this subject have been carried out at
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fixed conditions because of the lack of suitable data treatment procedures for multivariate

outputs from macromolecular evolutionary processes. One of the strongest effects on the

structure of the polynucleotides stems from the introduction of hydrogen ions in solution.

Therefore, the study of protonation processes from multivariate data collected during

systematic variation ofpH could clarify dubious results from previous studies performed at

fixed pH, where the detection of coexisting species was not possible and the description of

conformational transitions could only be made in a rough, qualitative and rather intuitive

way.

The study of the thermodynamical and conformational transitions associated with a

polynucleotide protonation process should take into account some features due to the

macromolecular nature of this biomolecule (Buffle,1988) and to the properties of its basic

constituents (Saenger, 1 984), (Burger,1990).

As a macromolecule, some side effects caused by the interaction between

neighbouring protonation sites must be considered, namely:

• polyfunctional effect. This takes place when the monomers in the polymeric
chain are different, as in DNA, and comes from the presence of diverse functional

sites in the macromolecule. This functional variety causes an overlap between the

several occurring equilibria and therefore, the description of the protonation

process associated with each functional site in the polymer becomes more

difficult.

• polyelectrolytic effect. This phenomenon is due to electrostatic changes in the

vicinity of the protonation sites as protonation proceeds. The gradual appearance

or disappearance of charges in the polymer can modify the proclivity of

analogous sites to be protonated. When the polyelectrolytic effect is present,

identical functional sites are no longer equivalent and the value of their

equilibrium constants becomes dependent on the protonation degree of the

macromolecule.
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• conformational transitions. The spatial structure of a polyelectrolyte may

change drastically because of the establishment of some new intramolecular

interactions (i.e. hydrogen bonding) which becomes possible only when the sites

are in a certain protonated form or simply because of spatial rearrangements

oriented to minimize the electrostatic repulsions in the polymeric chain.

The chemical nature and particular stereochemistry of the basic constituents of the

polynucleotides also promote certain kinds of intramolecular interaction, which are

responsible for the formation and stabilization of highly ordered structures (e.g. single-,

double- or multi-stranded helical conformations). There is also evidence of a cooperative
mechanism between the appearance of certain conformations and the proton uptake process

in some polynucleotides (Taylor,1982). A clear example is the formation of the double helix

of the polycytidylic acid, polyC, in aqueous solution; thus, this helix forms only when the

interstrand hydrogen bonding is established between a protonated base and a deprotonated
base and, at the same time, the formation of this double helix contributes to the increasing
stabilization of the protonated bases it facilitates the establishment of the hydrogen bond N

W····N as the helical structure grows (Kistenmacher,1978), (Casassas,1995).

The most important intramolecular interactions in polynucleotides are developed
between the nitrogen bases as a result of the planar structure of these molecules. Two main

groups can be distinguished:

• hydrogen bonding. This interaction involves pairs of coplanar bases and occurs

on the same plane of the bases. The most usual hydrogen bonds are either N

H····N or N-H····O, with a donor N-H amino or imino group. The base-pairing
needs at least two hydrogen bonds to close the typical cyclic structures between

the two bases to be linked (Pullman,1966). It has even been suggested that such

cycles could facilitate the exchange of hydrogen atoms between the donor and

the acceptor centres of the associated bases. Such an atom transfer, if present,

would not entail any change in the general structure of the polynucleotide. The
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formation of hydrogen bonds is more favourable between complementary bases

(adenine:thymine and cytosine:guanine) but is also possible between identical

bases.

Base-pairings are somewhat symmetrical. In double helices, if the symmetry

axis is perpendicular to the bases, the sugar-phosphate backbones in each strand

of the helix are equally oriented, or parallel. If the symmetry axis is parallel to the

base pairs, the two sugar-phosphate backbones are antiparallel, i.e. show

opposite orientations in each strand.

Polynucleotide hydrogen bonding interactions are favoured in solvents with

low acidity and low basicity because of the lesser competition of the hydrogen
bond donor and acceptor sites of the solvent in the formation of the

intramolecular links.

• base stacking. This interaction is developed between bases placed in different

parallel planes and is perpendicular to the base planes. It involves atomic groups,

like those in the nitrogen bases, with an aromatic system and a permanent dipole
caused by the presence of polar functional groups. It is more frequent in polar

media, where the affinity between the organic part of the molecule and the

solvent is very low. Thus, the nitrogen bases stack one above the other forming a

pile that minimizes the contact surface offered to the solvent. The stacked bases

show a certain spatial specificity, with the polar substituents of one base (-C

NH2, -C=N-, -C=O) placed over the aromatic system of the adjacent base. This

specific orientation creates an induced dipole which strengthens this kind of union

between bases (Ts'0,1963), (Bugg,1971). The mechanism of base stacking is

cooperative and therefore, the energy necessary to pile up two bases decreases if

these bases are already stacked with some others.

Although the stabilization of base stacking i� mainly due to the dipole

induced dipole interaction caused by the polarizing effect of the permanent dipole

ofone base on the 7t electronic system of the neighbouring one, other factors, like

the London dispersion forces (pullman,1966), (Hanlon,1966) and the
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hydrophobic interactions are also understood to contribute in this process as well

(Saenger,1984), (Freifelder,1987).
The London dispersion forces are van der Waals forces between neutral

atoms. They increase with the product of the polarizability of the interacting

molecules. This would explain why the pyrimidine bases stack more easily than

the purine bases.

Stacking interactions are much stronger in water than in organic solvents;

nevertheless, hydrophobic interactions are not always considered to be

responsible for the stacking process and there is no agreement either about the

mechanism of such possible interactions (Tanford,1978), (Scheraga,1978),

(Hildebrand,1979), (Friedman,1995). A generalized theory holds that water, due

to its low affinity for aromatic systems, is placed around the bases forming a

clathrate-like structure that includes these nitrogen molecules. This configuration
favours the solvent-solvent interactions more than the base-solvent ones and

increases entropy. If the bases stack, the total surface exposed to the solvent

decreases, the number of water molecules to be ordered around them is lower

and the entropy increase is minimized.

The combined action of the hydrogen bonding and base stacking interactions

explains the stability of the single and multiple helical structures of the polynucleotides

(deVoe, I 962), (Borer, I 974), (Rodley,1976), (Saenger, 1984), (Adams, 1992). Thus, the

tridimensional structure of the single helices is mainly supported on the base stacking
interactions and on the partial rigidity of the phosphate-sugar backbone. The formation of

double and multiple helices would be hardly understood without the occurrence of the

interstrand unions by hydrogen bonding. The base stacking, stronger between paired bases

than in single helical structures, also yields a high degree of compactness to these latter

structures.

All the helical structures share a common property in aqueous solution: the

hydrophilic phosphate-sugar backbone is placed in the external part of the helix, whereas
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the core of the helix is formed by the hydrophobic bases. This spatial arrangement limits the

water access to the less polar polynucleotide constituents.

There are many possible helix symmetries. They can be left- or right-handed and the

number of residues per turn and the helical pitch can be very diverse as well. A helix is

regular if its symmetry axis coincides with the symmetry axis of the base pairs (e.g. double

helix of polyadenylic acid, polyA). An irregular helix presents different grooves between

consecutive strands (e.g. DNA).

3.2. The hydroorganic media used as emulators of biological
environments.

The large percentage of water in all living organisms justifies the generalized use of

this solvent in biochemical studies. Nowadays, the type of interactions developed by water

around proteins or nucleic acids is well known, although the mechanisms of these

interactions are still a matter of research (Saenger, 1984), (pethig,1992). The action of water

goes beyond the usual solvating function on simple solutes and has a decisive influence on

the stabilization of ordered structures, such as the single- or multistranded helices of

polynucleotides. These helices show a sugar-phosphate backbone at the outer edge of the

macromolecule and a less polar core formed by the nitrogen bases. The electrostatic

repulsion between neighbouring phosphate groups is reduced by the presence of

surrounding water molecules and the low affinity of the nitrogen bases to water promotes

the phenomenon of base stacking that hinders the access of water molecules around these

partially aromatic molecules (Freifelder,1987), (Adams, 1992).

The role of water in the polynucleotide structure is an example of the general

solvent effect on these macromolecules. Variations in the solvent properties significantly
affect the development and extent of the base-base interactions; thus, a decrease in solvent

polarity (this term being considered as the overall solvent ability to interact with the solutes)

favours the hydrogen bonding between bases due to the lower competition of solvent

I-56



3.2. The hydroorganic media ...

molecules in the establishment of these bonds and weakens the tendency of bases to stack

since the affinity between the bases and the surrounding solvent increases.

There is an intrinsic interest in studying the solvent effect in the polynucleotide
conformational transitions and the use of solvents with different polarities can also help to

understand the causes and mechanisms of the interactions between bases. Nevertheless,

these are not the only reasons to work with solvents other than water in the study of

polynucleotides. Though water is by far the most suitable solvent to reproduce biological

conditions, low polar biochemical microenvironments, such as active sites of enzymes, side

chains in proteins located in low dielectric cavities, and others, need some other kind of

solvents to be properly emulated (Sigel,1985), (Sigel, 1993), (Delauzon, 1994). The polarity
of these microenvironments is determined analogously to the empirical solvent parameters,

i.e. making the measure of some solvent-dependent solute properties in these environments

and. in other media. The comparison between a complexation constant measured in the

active site of an enzyme and the complexation constants of a solute with the same functional

groups measured in a solvent series with a wide polarity range has long been used to know

indirectly the polarity of the enzyme (Sigel, 1 985). A more recent approach directly based on

the solvatochromic parameters is the enzymichromism (Kanski, 1993). This method uses

solvatochromic indicators chemically similar to those proposed in the empirical scales and

stereochemically adapted to be able to penetrate in the active sites of enzymes to obtain

information about the microscopic properties of the enzyme.

The study of the polynucleotides behaviour in low polar solutions provides a wider

vision of the role of these macromolecules in biochemical processes. There is a large
number of solvents and solvent mixtures less polar than water; however, the choice of the

most suitable medium for these studies should be carried out bearing in mind that the main

reason to use these alternative media is the imitation of some special biological
environments. Hydroorganic mixtures seem to be the ideal solvent for this purpose. On the

one hand, they have a certain amount of water, a feature common to all the biological
environments, and on the other hand, the presence of an organic cosolvent causes the

required polarity decrease. There is also a subtle analogy between the water behaviour in
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the biological environments and in a polynucleotide hydroorganic solution. In biological

systems, the access of water molecules to the mentioned environments is difficult. The

water structure must be broken and consequently, the dipole induced water-water

interactions, which usually enhance the interaction of water with solutes, are weakened. In

short, the process above could be described as a ''water deactivation". Analogously, in a

hydroorganic solvent, the organic cosolvent performs the double function of breaking the

water structure and hindering the access ofwater to the biomolecule.

The passive function of the cosolvent, almost limited to producing a hindrance effect

on water, advises against the use of organic solvents able to create strong or specific
interactions with the polynucleotides. Such solvents would give a distorted vision of the

polynucleotide behaviour, completely different to what really happens in biological systems,

and dependent on the specific solvent selected. Within the large group of hydroorganic

mixtures, water-dioxane mixtures have been chosen because of the diversity of their

characteristics and behaviour and because of the rather passive role of dioxane. Indeed,

when looking at the solvatochromic parameters of both partners in the solvent mixture (see

Table 1), the dioxane solute/solvent interactions are clearly weaker than those developed by

water.

Table 1. Solvatochromic parameters of water and dioxane.

Solvent a.
*

1t

Water 1.17 0.47 1.09

Dioxane o 0.36 0.54

The only objection could be the similar basicity of both solvents. Nevertheless, the similar

chemical nature of the hydrogen bonds formed by both solvents, with an oxygen atom with

an Sp3 hybridation would not cause any spurious effect in the study of biological processes

performed in conditions imitating biological microenvironments.
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Water-dioxane mixtures have been used in biocoordination studies by Sigel et al.

(Sigel, 1993), who have focused their research on the protonation and complexation of

monomeric solutes involved in biochemical processes. These authors and others

(Delauzon,1994) state that most biological microenvironments have dielectric constants

between 30 and 70. This range of values coincides with compositions of water-dioxane

mixtures between 20 and 60 % (v/v) of dioxane. This has led to the choice of the

intermediate compositions of 30 and 50% of dioxane in all the experiments related to this

chapter.

3.3. Selection of the polynucleotides to be studied

The study of the acid-base behaviour of some polynucleotides in water/dioxane

mixtures is within the frame of a large project undertaken by the research group of

Chemometrics and Solution Chemistry in the Departament de Quimica Analitica de la

Universitat de Barcelona. This project is focused on the interpretation of the effect that

various chemical factors, namely the introduction of metal ions or hydrogen ions in solution,

the temperature and the solvent properties, can cause on the thermodynamical and

conformational transitions ofpolynucleotides.

The homopolynucleotides selected have already been studied in aqueous solution.

The study of the chemistry related to these homopolymers is the previous step for the future

research involving natural polynuc1eotides with larger functional variety in their monomers,

such as RNA or DNA. The biopolymers chosen are the following:
- polyurydylic acid, or polyU, where the nitrogen base in all the monomers is uracil.

- polycytidylic acid, or polyC, where the nitrogen base in all the monomers is cytosine.
- polyadenylic acid, or polyA, where the nitrogen base in all the monomers is adenine.

The diverse features of the three selected polynuc1eotides allow a sound assessment

of the influence of the solvent properties and of the different nitrogen bases on the proton

uptake processes. The interest of this work has been focused on the points listed below:
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solvent effect on the macromolecular features of the polynucleotides. In

aqueous solution, polyA and polyC have a clear polyelectrolytic effect, absent in

the polyU protonation process. Concerning the conformational changes in

aqueous solution, polyU keeps a random coil conformation during the whole

protonation process, whereas deprotonated polyA and polyC are found to

present a single-helical conformation which evolves to different spatial structures

as the proton uptake takes place.

• effect of the heterocycle present in the nitrogen base. PolyC and polyU
contain both purine bases in their polymeric chains, whereas polyA has a

pyrimidine base.

• effect of the functional group involved in the proton uptake process. The

polyU protonation site is the N(3) amide-like nitrogen present in uracil. The

deprotonation of this functional group involves the appearance of a negative

charge in the nucleotide. PolyA and polyC both protonate nitrogens in the

aromatic rings of adenine (N(l)) and cytosine (N(3)) providing the protonated

heterocycles with a positive charge.

3.4. Study of the monomeric units of the macromolecule: the model of

cyclic nucleotides.

The complexity of the polynucleotide acid-base equilibria is mainly due to the

macromolecular character of these biomolecules. As a general rule, the most advisable

starting point in facing any study of polymeric substances consists in determining the

chemistry of their monomers. To do so, model solutes similar or equal, when possible, to

the monomers in the polymeric chain are used. This preliminary research provides complete

information about the chemical behaviour of the functional groups and spatial structure of

the monomeric units in the absence of the additional effects that can appear when these
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monomers are placed in a macromolecular structure (i.e. polyelectrolytic effect,

conformational transitions, ...). Therefore, any difference noticed between the

macromolecule and the monomer behaviours can be surely attributed to the presence of the

effects mentioned above.

The composition of homopolynucleotides is perfectly known; therefore, the most

suitable model substance seems to be the only nucleotide present in the macromolecule.

However, the structure of an isolated nucleotide differs from the structure of this molecule

in a polynucleotide chain. The phosphate group of the isolated nucleotide is linked to a

ribose ring, whereas the phosphate group in the polymeric chain bonds the phosphate group

to its own ribose ring and to the ring of the adjacent nucleotide. As a result, the isolated

nucleotide shows one additional free oxygen that can also be protonated. Such a difference

in structure is not noticed when cyclic nucleotides are used as model substances because

they show the same functional groups and also the same protonation sites as the

polynucleotide monomers, as shown in Figure 3.4.1.

AMP

cAMP polyA

Figure 3.4.1. Structure of the nucleotide adenosine monophosphate isolated (AMP), cyclic (cAMP) and in

the polyA chain
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The free oxygen atom in the isolated nucleotide is blocked in the cyclic monomer

owing to the formation of a closed cycle in which this atom is linked to the 3' position of

the ribose ring. Furthermore, the more rigid conformation of the sugar-phosphate bond in

the cyclic nucleotide caused by the presence of the intramolecular cycle is more similar to

the situation of the sugar-phosphate backbone in the polynucleotide chain.

The experimental study of the acid-base equilibria of cyclic nucleotides has been

carried out potentiometrically using the experimental setup and data treatment for small

solutes in hydroorganic media recommended in chapter 2.

3.5. Study of the homopolynucleotide

In all the work presented, the acid-base equilibrium of a polynucleotide has been

interpreted as the equilibrium process of the protonation sites in its monomeric unit.

Therefore, the reaction taken into account in a protonation process is:

deprotonated monomer + H+ � protonated monomer

and the related protonation constant is

[protonated monomer]K = _ _,.!i;;. ---:::=__-=

[deprotonated monomer1H+ ]

The usual concepts in the acid-base equilibria related to the acid concentration also

change accordingly. Thus, the protonation degree is now defmed as:

[protonated monomer]
a -

p
-

[total monomer]
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and the equation to calculate the protonation constant retains the same form as for simple

solutes:

The definition adopted for the acid-base equilibria of polynucleotides leads to the

expression of the polynucleotide concentration in moles of nucleotide per volume unit. In

the absence of macromolecular effects and only in this absence, the numerical treatment of

the data coming from potentiometric or spectrometric titrations can be carried out by using
traditional least-squares curve fitting methods based on the previous postulation of a fixed

chemical model.

The acid-base equilibrium of a macromolecule is as simple as the same process for a

small solute when the protonation sites in the polymeric chain are equivalent, i.e. when the

polyelectrolytic effect is not present. However, this is not the most common situation and

the non-fulfilment of the mass action law is very frequent in macromolecular structures.

Indeed, finding two identical protonation sites is difficult once the proton transfer process

has started. The evolution of an acid-base equilibrium always implies the appearance or

disappearance of charges in the polymer and this fact causes variations in the electric field

on the surface of the molecule that affect the later development of the reaction. It is

understandable that, due to the proximity of analogous sites, the tendency of a neutral site

to be protonated with the two neighbouring sites deprotonated may not be the same as that

of one site affected by the repulsion of two protonated neighbouring sites. Other factors

that can also alter the geometry and intensity of the electric field in the macromolecule are

hydrogen-bonding interactions and changes in the spatial structure of the polynucleotide.

The calculation of a protonation constant in each successive stage of the reaction is

used to identify a polyelectrolytic effect. If the log K values obtained along the whole

protonation process are equal to each other, there is no polyelectrolytic effect and the acid

base equilibrium can be defined with a sole thermodynamical constant, as is done with small
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molecules. Changes in the log K values with the extent of the reaction arise when the

protonation sites are not equivalent, i.e. when the polyelectrolytic effect is present. The K

values related to these latter processes lack thermodynamical meaning and are called

apparent constants (Kapp). Each of these apparent constants should be considered as a

macroscopic average of the microscopic thermodynamical constants associated with each of

the sites reacting between two consecutive stages of the reaction.

In a protonation process with polyelectrolytic effect, the variations of log Kapp are

related to the changes in the protonation degree, ap:

log Kapp = f(ap)

where f(ap) can be a linear or a non-linear function, depending on the pattern of the

polyelectrolytic effect. The acid-base behaviour of the polymer is usually characterized by
the constant calculated through the extrapolation of the mathematical function f(ap) for ap =

O. This theoretical value, which is the intercept of the mathematical model obtained, is

called intrinsic constant (Kintr) and represents the hypothetical value of the equilibrium
constant associated with the protonation site in the polymeric chain when there are no

macromolecular effects caused by neighbouring protonated sites.

3.5.1. Potentiometric monitoring.

Potentiometry is the most accurate technique to study equilibrium processes. The

suitable treatment of the e.m.f. readings obtained in the acid-base titration of a

polynucleotide provides information about the transitions between the different chemical

species involved in the protonation process, namely:

a) the distribution plot of the chemical species, where the evolution of the concentration of

the differently protonated species with the pH is shown,

b) the value of the protonation constant in each titration point, and

c) the detection of the presence and pattern of the polyelectrolytic effect, through the

observation of the evolution of the protonation constants with the protonation degree.
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Though potentiometry does not provide information about the spatial structure of

the chemical species involved in the protonation process, the detection of phenomena like

the polyelectrolytic effect is very often an indication of the occurrence of conformational

transitions linked to the protonation uptake process. In this way, potentiometry also

furnishes hints related to the structural aspects of the acid-base equilibrium.

The main drawback associated with the potentiometric technique is the relatively

high concentration levels of solute required to give reliable results. This has prevented the

application of this technique in the study of polynucleotides with a low solubility in

water/dioxane solutions.

All the quantitative information mentioned above in relation with the polynucleotide

protonation processes is obtained by performing the suitable calculations with each e.m.f.

reading of the potentiometric titrations separately. In the absence of polyelectrolytic effect,

the least-squares curve fitting method explained in chapter 2 is applied afterwards to obtain

the thermodynamical constant associated with the protonation process of the

polynucleotide.

3.5.2. Spectrometric monitoring

The polynucleotide activity in many biochemical processes is clearly conformation

dependent. Base-base interactions, such as hydrogen bonding and base stacking, are mainly

responsible for the variety and singularity of the polynucleotide conformation; therefore,

chemical parameters causing modifications in these interactions also promote variations in

the polynucleotide activity. The interactions between bases are strongly pH-dependent; thus,

base sites involved in a protonation process change noticeably the tendency to form

hydrogen bonds depending on their protonation state and experimental data have confirmed

that the increase in ionic charge produced by protonation or deprotonation processes induce

a stacking decrease betweenpyrimidinic bases (Saenger,1984).
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There is a clear connection between the acid-base equilibria and the conformational

transitions of a polynucleotide: sometimes a certain protonation state favours a given

conformation; at other times, a certain conformation modifies the reaction tendency of a

protonation site. This is why unusual variations in an acid-base equilibrium (i.e. presence of

polyelectrolytic effect) can become an indirect tool to detect possible conformational

transitions.

Nevertheless, the description of the pH-dependent structural changes of a

polynucleotide goes beyond the detection of possible conformational transitions and is

focused on the complete differentiation and identification of all the stereochemical species

present before, during and after the protonation processes. Despite the often close relation

between protonation states and conformational transitions, the assumption of a general one

to-one correspondence between chemical species and conformers is not warranted; i.e. the

number of conformers can be different from the number of chemical species. Indeed, two

different chemical species can share the same conformation and, on the contrary, a sole

chemical species can present more than one conformational form.

The simultaneous acquisition of e.m.f. readings, related to the protonation changes,
and spectra, related to the structural changes of the macromolecule, is the best option to

avoid incorrect correspondences between conformers and chemical species. Such a working

procedure is the base of the spectrometric titrations, whose experimental setup is presented
in Figure 3.5.2. In these experiments, the spectrum and the pH value of the polynucleotide
solution are measured after each titrant addition (acid or base, according to the case) until

the desired pH range is covered.

..;
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Peristaltic pump

Potentiometer

Continuous flow system

Spectrometer

Thermostatted cell

Thermostatted
bath

Figure 3.5.2. Experimental setup of a spectrometric titration.

The information obtained after treating all the spectra collected in a spectrometric
titration includes:

• the concentration of each absorbing species at each titration point (i.e, at each pH

value).
• the pure spectrum of each absorbing species.

The distribution plot (concentration vs. pH) of all the absorbing species is used to

identify those involved in the proton uptake and those that are related to a conformational

transition without any associated chemical reaction. The structural changes linked to

protonation usually take place usually in narrower and more reproducible pH ranges than

the conformational changes due only to spatial rearrangements of the macromolecule. The

results obtained from potentiometric titrations and the information related to the studies of

their cyclic nucleotide also indicate which absorbing species are related to each protonated
state of the macromolecule.

Once the correspondence among conformers and chemical species is established, the

protonation constant in each point of the titration can be calculated as:

K =
L [protonated conformers]

(L [deprotonated conformersD[H+ ]
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Several techniques are available for the study of the structure of polynucleotides.
Most experiments to determine the crystalline structure of these macromolecules are carried

out with solid phase X-ray diffraction techniques. Proton nuclear magnetic resonance and

infrared spectrometry provide information about polynucleotides in solution. Both

techniques, however, require deuterated solvents: in the case of the IH NMR, this is an

intrinsic requirement of the technique, whereas in the IR spectrometry the use of deuterated

solvents is necessary due to the overlap between the spectral absorption ranges of the

polynucleotides and of the water molecule (H20). Spectrofiuorimetry has also been used to

confirm the presence of certain conformations, but it cannot be generally applied to detect

all the species in solution.

UVNisible spectrometry and circular dichroism spectrometry (CD) were chosen for

the structural study of these substances in solution. These techniques share the following
features:

• high sensitivity to variations in the base-base interactions and to the electronic

transitions associated with the acid-base equilibria,
• detection ofall the polynucleotide conformations,
• ability to record the spectra in the usual working solvent, and

• instrumental responses separable in linear additive terms, each of them related to

a different absorbing species.

There is a close relation between the information given by both spectrometries.

Thus, the zones of spectral absorption of the polynucleotides in both techniques coincide

and, when conformational transitions are monitored, the appearance of an optical

phenomenon in one of them is always linked to the simultaneous emergence of a different

optical phenomenon in the other one. The interrelation between the optical activity in both

UVNis and CD spectrometries can be explained because in the UV absorption region, a

chromophore (the nitrogen base) substituted by a chiral moiety (the ribose ring) displays a

Cotton effect. Consequently, any structural transition of a polynucleotide can be noticed
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through the synchronized variation of the UV and the CD signals. This double detection

helps to confirm any conformational change in the macromolecule.

3.5.2.1. UV-visible spectrometry

Acid-base equilibria is often monitored using UVNis spectrometry. Differently

protonated species of a single molecule have different electronic transitions and therefore,

different absorption spectra. A protonation process can be followed spectrometrically

thanks to the appearance of a consistent pH-dependent blue or red shift in the recorded

absorption band of the molecule as the evolution between the chemical species involved in

the acid/base equilibrium takes place.

UVNis spectrometry is applied to study the polynucleotide acid-base equilibria and

to detect their related base stacking variations. The intensity and extent of this base-base

interaction determine the appearance of more or less ordered polynucleotide structures;

therefore, the observation of the base stacking changes occurring during any conformational

transition is enough to describe this structural process. Two stacked bases couple their

chromophores and the intensity of their absorption band is lower than the intensity that the

same spectral band would present if they were isolated molecules. Thus, a conformational

transition leading to a more ordered structure (i.e. with a more intense base stacking, e.g.

single helix � double helix) can be detected through the appearance of a hypochromic
effect. In contrast, hyperchromism is caused by the disappearance of the interactions

established between the 1t electronic systems of adjacent bases, a direct consequence of the

base unstacking linked to any disorder in the polynucleotide structure (e.g. a helix �

random coil transition). Any kind of polynucleotide conformational transition, irrespective
of the chemical variable responsible for it (pH, solvent, T, ionic strength, ...), can be

monitored through the changes in the absorption intensity of. the nitrogen base spectral

band, placed in the wavelength range around 260 nm.

The optical phenomena related to a polynucleotide acid-base equilibrium, though

appearing in the same spectral zone, do not interfere with each other. Whereas the proton
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transfer shifts the spectral band, the pll-dependent conformational transitions only affect the

band intensity. Both processes can then be simultaneously followed owing to their different

related spectral manifestations.

3.5.2.2. Circular dichroism

Many substances rotate the plane of a polarized light. These compounds all present

molecular or crystalline asymmetry and are said to have optical rotatory power. If an

asymmetric molecule can also absorb the two vectorial components of a polarized light
beam differently, the substance presents circular dichroism. Measuring the rotation of the

polarization plane as a function of wavelength is the basis of the optical rotatory dispersion

technique (ORD), whereas combining the measure of the rotation and the differential

absorption of the two components in the polarized light beam is the information used in

circular dichroism spectrometry (CD).

The ellipticity angle, S, is the experimental variable related to CD spectrometry. This

angle appears as a consequence of the difference arising between the absorptivities
associated with the two components of the polarized beam and is expressed as follows:

9 = _7t-'-(BR_-_BL)
A

where ER and EL are the absorptivities of the two polarized components and A is the working

wavelength. S is an absorption measurement, though differential in nature, which can be

described by the following Beer-Lambert-like expression:

9 = [9] 1 c

which linearly relates the ellipticity to the concentration. [S] is the molar ellipticity and I is

the optical pathlength. ER, EL and consequently, e, depend on the working wavelength. The

plot showing the variation of e vs. A is a CD curve or spectrum.
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ORD and CD detect the presence of chiral centres in a molecule and their

experimental curves are also related due to the similarity of the basic optical phenomena

controlling both techniques. ORD gives two types of signal: those coming from the normal

light scattering, the so-called soft curves, and those due to the anomalous light scattering, or

Cotton effect curves. CD spectrometry only detects the signals due to Cotton effect because

these are the only ones involving spectral absorption, one of the essential requirements of

circular dichroism. Concerning the quality of the structural information, the Cotton effect

curves yield more useful responses. The specificity of this signal for the different

chromophores, higher in CD than in ORD, has led to the choice of the former technique to

carry out all the chiroptical studies presented in this project. Priority to the ORD application
would only be given if the molecule to be analyzed did not have any absorbing centre. In

this case, the molecule would not yield any CD signal, whereas some information could be

extracted from the ORD soft curves.

CD has been used successfully in the study of many thermodynamic and

conformational studies of optically active substances. Despite its wide application, the

theoretical basis of circular dichroism is not very clear. Complex molecular theories and

empirical rules valid for limited families of substances are being developed, but the complete

understanding of the optical activity of an unknown compound is not yet possible. The most

usual procedure to interpret CD spectra is comparing the spectrum of the analyte with those

of similar substances with known configurations. The lack of sound rules to explain the CD

data advises the use of additional structural techniques to confirm the configuration of the

substances analyzed.

For polynucleotides, the circular dichroism signal comes from the presence of a

chromophore (nitrogen base) with a chiral substituent (ribose ring) in each of the

monomeric units of the biomolecule. The glycosyl bond is the rotation axis linking the base

and the sugar and the different orientations of these molecular fragments around this axis

are responsible for the main changes detected in the CD spectra.
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The polynucleotide CD signals appear in the same spectral region of the UVNis

signals because there is no possible circular dichroism in wavelength ranges at which the

molecule does not absorb. The position of the spectral bands in both spectrometries
coincides although the shapes are not always similar. This means that any polynucleotide

process usually followed through the UV spectral band shifts can be equally analyzed

looking at the shifts in the analogous CD bands. This is the case of the acid/base equilibria,
where the protonationldeprotonation of the macromolecule is associated with a red or blue

shift in the absorption band.

The pH-dependent conformational transitions of polynucleotides can also be

detected with the CD spectrometry. Whereas the variations in base stacking are detected in

UV spectrometry, the changes in the orientation of the ribose ring and the nitrogen base are

the indicators of structural changes in CD spectrometry. The optical phenomena associated

with the conformational transitions are opposite in the two spectrometries. Thus, transitions

leading to more disordered structures cause the appearance of a hyperchromic effect in UV

and a hypochromic effect in CD. When the evolution of the transition involves an ordination

of the macromolecular structure, the optical CD and UV phenomena both change

accordingly.

3.5.3. Data treatment

The spectrometric data sets related to equilibrium processes of small solutes have

been successfully interpreted with the application of least-squares curve fitting methods

based on the previous postulation of a chemical model (Legget,1977;1983), (Henry,1997).

The well-known chemistry of these simple molecules allows the input of models where the

stoichiometry of all the monitored reactions and an estimate value of their related

equilibrium constants can be defined. An iterative refinement of the initial chemical

parameters is carried out by using a suitable least-squares algorithm (i.e., non-negative least

squares for UV spectral data (Lawson,1974) or classical least-squares for spectral data with

experimental negative values, like CD) to minimize the function:
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U = L L (Aij(exp) - Aij(calci

where Aij(exp) is the experimental absorbance recorded at the ith pH value and the t
wavelength and Aij(calc) is the absorbance calculated for the same experimental conditions by

using the model being refined. When the iterative process has finished, the thermodynamic
constants related to all the equilibrium processes and the unit spectra of all the chemical

species involved are obtained. All these classical model-based procedures inherently assume:

• the fulfilment of the mass action law (i.e., the validity of a fixed equilibrium
constant during the whole reaction) and,

• the one-to-one correspondence between absorbing species and chemical

species.

These two assumptions are responsible for the general failure of these methods

when dealing with spectrometric data connected with macromolecular equilibria (e.g., those

from polynucleotides, proteins, ...). The greater complexity of these polymeric solutes and

their related processes leads to consider the possible presence of the side effects previously
referred breaking the normal rules of simple equilibria, namely:

• polyelectrolytic effects. The mass action law is no longer valid if the tendency of

analogous sites to react in the course of the reaction is somehow modified. If this

happens, log K = itap), where ap denotes the extent of the reaction. The input of

mathematical expressions to model this function is not yet possible because no

information about the presence and the pattern (i.e., linear or non-linear) of the

polyelectrolytic effect is available in advance for an unknown macromolecular

process.

• conformational transitions. Macromolecular biomolecules can show

conformational transitions associated with a chemical reaction or with a spatial

rearrangement of the molecule. If the latter phenomenon takes place, the number

of structural species exceeds the number of chemical species and the assumption
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of a one-to-one correspondence between chemical species and spatial

configurations is illicit.

The unfeasibility of proposing a sound chemical model able to describe all the

thermodynamic and conformational phenomena linked to a macromolecular equilibrium
excludes the use of hard-modelling methods to handle these spectrometric data sets. In

contrast, soft-modelling methods are suitable to work with data sets for which neither

behaviour models nor prior information about the number and identity of the species are

available. Some of these procedures explore the data set and give information on the total

number of species present in the data set (e.g., principal component analysis, peA), the

regions of existence of these species (e.g., evolving factor analysis, EFA) or the number of

species present in each region of the data set (e.g., fixed-sized moving window evolving
factor analysis, FSMW-EFA); some others, the so-called curve resolution methods are used

to identify the contributions related to each pure species (e.g. concentration profile and

spectrum) starting from the mixed information in the original data set. The only requirement
for the use of all these mentioned soft-modelling methods is that the contribution from each

pure instrumental response to the overall measurement behaves following an additive model

or, in other words, that the data matrix to be analyzed must be bilinear. The combined use

of exploratory and resolution methods is the strategy proposed in this project to study the

spectrometric data sets related to the acid-base polynucleotide equilibria.

The experimental data collected during an acid-base spectrometric titration can be

organized in a data matrix D, whose rows are the spectra recorded at each pH value. The

spectra in the data matrix are sorted as they were measured during the titration.

AI 1.,2 1.,3 An

pHI All AJ2

pH2 A21 A22

Amn

Figure 3.5.3.1. Data matrix from an acid-base titration.
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Owing to the evolutionary character of the equilibrium process and to the nature of

the instrumental response, the matrices coming from the acid-base spectrometric titrations

have the special features listed below:

• presence of structure along the rows and along the columns. The rows and

columns of the data matrix are not randomly ordered. Whereas the rows account

for the spectral information, the columns show profiles related to the evolution of

the concentration of the species involved in the equilibrium process. The

sequential appearance and disappearance of the chemical species involved in

these processes allows the use of special techniques that take advantage of this

evolutionary tendency, such as EFA and FSMW-EFA.

• the overall variation of the data matrix can be described by a linear model

of additive contributions. The fulfilment of the Beer-Lambert law allows the

expression of the total absorbance data matrix D as the sum of the n absorbance

matrices corresponding to the pure spectral contributions of the n absorbing

species present.

D = Al + A2 + A3 + ... + An

Each of these n data matrices is the result of the outer product of two

vectors, CI and SIT, where CI is the concentration profile of the ith species (i.e., the

vector having the concentration values of the ith species at each pH value) and SIT is

the unit spectrum of the ith species (i.e., the vector having the values of the molar

absorptivities of the ith species at each wavelength scanned).

A- T T T T
- Cl SI + C2 S2 + C3 S3 + ... Cn Sn

This expression can be written in a more compressed way by column

appending the n CI vectors and row-appending the n SIT vectors, giving:
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where C is a matrix whose columns are the n concentration profiles and ST is a

matrix whose rows are the n unit spectra. This last equation is the basis ofall the

curve resolution methods, which can be applied only when the decomposition of the

data matrix makes sense chemically, i.e., when the instrumental response of one

species needs only one additive term to be described.

3.5.3.1. Exploratory analysis of a spectrometric data set.

The exploratory analysis of a data matrix provides complementary information,

based on the internal structure of the data set to the chemical knowledge of the researcher

about the experiment performed. The many methods devoted to finding out the hidden

information in the data matrix can use either the purest real variables in the data matrix (i.e.,

simple-to-use interactive self-modelling mixture analysis, SIMPLISMA (Windig, 1991) or

orthogonal projection approach, OPA (Cuesta-Sanchez,1996)) or abstract variables, like the

three methods reported below.

3.5.3.1.1. Principal Component Analysis (PCA).

This method describes the real multidimensional data space by means of some

abstract variables known as principal components, PC, which are linear combinations of the

original variables in the real data space. PCA leads to the compression and decorrelation of

the original data space. Thus, each PC is linearly independent from the others and only a

few are necessary to describe the total variation of the data set (Malinowski, 1991).

In an acid-base spectrometric titration, the independent contributions to the

variation of the data set come from the different absorbing species involved in the

equilibrium monitored; therefore, the number of significant PCs could apparently be

associated with the total number of species present in solution. Nevertheless, in any
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instrumental monitoring of a process other phenomena may also be responsible, though to a

lesser extent, for the total variation of the experimental data, e.g. instrumental drift, baseline

contributions or heteroscedastic noise. Rank analysis methods like those described in

section 1.4.2. assume that the matrices are formed by experimental measurements which

possess normally distributed error and tend to overestimate the number of species in the

data set if the identification between number of chemical species and number of significant
PCs is accepted (ref. rank analysis). No rank analysis procedure can distinguish clearly

between chemical and non-chemical contributions to the total variation in a data set.

Generally speaking, the more rigid the criterion (statistical or empirical) to determine the

number of PCs, the greater the number of non-chemical contributions considered significant
to the data set. The most recommendable strategy to determine the number of chemical

species in an acid-base titration would be the use of graphical methods based on the visual

comparison of the eigenvalues related to the different PCs. The magnitude of each

eigenvalue is related to the importance of the source of variation represented by it. As the

variation due to chemical contributions is usually much higher than the variation of non

chemical contributions, the presence of a cut-off in the plot showing the magnitudes of the

log(eigenvalues) vs. the PC number indicates the separation between the PCs related to

chemical contributions and those associated with other sources of variation. Even in this last

case, the number of species obtained should not be considered a fixed parameter, but a

probable value that can be modified if the results obtained with the later application of curve

resolution methods lack chemical sense.

3.5.3.1.2. Evolving Factor Analysis (EFA).

This factor analysis-based method was first proposed by Maeder et al. to treat

spectrometrically monitored equilibria (Maeder,1985;1987) and was afterwards applied to

any other kind of data set coming from dynamic chemical processes (Keller,1991), such as

HPLC-DAD, kinetic transformations, structural transitions,...

The EFA method plots the eigenvalues obtained from the PCA of gradually growing
submatrices of the original data set. PCA is performed repeatedly in submatrices generated
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by increasing the size of the previous submatrix by one row . This size increase is performed
from the top to the bottom of the original data matrix D (forward EFA) and also in the

opposite sense (backward EFA). Thus, forward EFA first carries out PCA on rows I and 2

of the data matrix, then on rows 1,2, and 3 and so on until the final PCA on the n rows of

the whole data matrix D. Backward EFA starts by performing PCA on the rows n and (n-I),
then adds the row (n-2) to the analysis and so forth until the final PCA with the whole data

matrix.

The EFA plot includes the evolution of the eigenvalues (EV) as the submatrix

analyzed grows, i.e., as the evolutionary process in the data matrix goes from the beginning
to the end (forward EFA) or vice versa (backward EFA). The log(eigenvalues) are plotted
vs. the variable responsible for the evolutionary process (e.g. pH in an acid-base equilibrium
or retention time in an HPLC-DAD data set) as shown in figure 3.5.3.1.2.1.

An EFA plot gives the following information:

• the total number of absorbing species in the data set The eigenvalues related

to absorbing species (or more generally, to species with a pure instrumental

response) are higher than the eigenvalues attributable to noise. At the bottom of

the plot, the many overlapping noise eigenvalues define a graphical threshold that

can be considered the noise level of the system. All the eigenvalues above this

limit are chemically significant. The total number of absorbing species can be

determined from the number of significant eigenvalues obtained in the last PCA

performed in both forward and backward data analyses (i.e., with the results in

the right and left extremes of the forward and backward EFA plot, respectively).
• the zones of appearance and disappearance of the absorbing species. The

appearance of a new species is detected in the forward EFA through the

emergence of a new significant eigenvalue. Thus, when the row added to a

certain submatrix includes a new species, the independent information provided

by this species to the data set analyzed will cause a significant increase in the until

then first noise eigenvalue. The chemical variable (e.g. pH, time, ...)
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corresponding to the new row included in the analysis indicates the chemical

conditions in which the new species appears. When performing backward EFA,

the process is followed from the end to the beginning. Therefore, the presence of

a new significant eigenvalue indicates the row, and consequently the chemical

conditions, in which a species disappears.

Forward EFA
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Figure 3.5.3.1.2.1. Construction of an EFA plot related to the spectrometric titration of a diprotic acid

(simulated data). The continuous lines join the EV (circles) obtained in each PCA of forward EFA and the
dashed lines connect the EV (squares) obtained in each PCA of backward EFA.

The evolution of the eigenvalues in the forward and backward EFA is connected to

the formation and decay curves of the absorbing species in solution, respectively. Taking
into account the sequential appearance and disappearance of the differently protonated
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species in acid-base equilibrium, the suitable connections between the lines corresponding to

significant eigenvalues appearing (in forward EFA) and disappearing (in backward EFA)
can provide additional information, such as:

• an abstract distribution plot of the species involved in the acid-base

equilibria. In any acid-base equilibrium, the transitions between differently

protonated species follow a sequential and logical order as the pH values increase

or decrease. Therefore, an abstract distribution plot can be obtained by

connecting the first species appearing in the EFA plot (i.e., the first eigenvalue
arising from the noise level in the forward EFA) with the first species

disappearing (i.e., the last eigenvalue appearing in the backward EFA) and, in

general, the ith species appearing with the ith species disappearing until the lines

corresponding to all the species present are properly connected, as shown in

Figure 3.5.3.1.2.2. These abstract concentration profiles are often used as initial

estimates in iterative resolution methods.
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Figure 3.5.3.1.2.2. a) Real distribution plot and b) EFA distribution plot for a diprotic acid (simulated data
used in figure 3.5.3.1.2.1).
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• the zones of existence of the different species. These regions of existence

(generally known as concentration windows) become evident once the

distribution plot has been traced and then indicate the pH ranges at which the

different species form. A very important information that can be extracted from

this plot is the presence and location of selective zones (i.e., regions of the data

matrix where only one species is present). The existence of these regions 18

essential in the later resolution of the data set.

The EFA method can also be applied in the spectral direction of the data matrix (i.e.,

working with the columns of the original data matrix). However, due to the usually large

overlap between the spectra of the different species in solution, less information is provided,
and it refers only to the total number of species in the data matrix and to the presence of

spectral selective zones.

3.5.3.1.3. Fixed-Size Moving Window-Evolving Factor Analysis (FSMW-EFA).

This method was proposed by Keller and Massart as a derivation of EFA

(Keller,1991) and, like this method, is especially suitable for the study of data matrices

including evolutionary processes. FSMW-EFA scans the original data matrix from top to

bottom by performing PCA on equally sized submatrices. A new submatrix is built by

removing the first row of the previous submatrix and adding the following row in the

original data matrix, i.e., moving a window of a fixed number of rows one row downwards.

The size of the window usually exceeds the number of species by one, though more

information can be obtained ifFSMW-EFA is applied several times using different window

sizes (Toft,1993).

A local rank map (i.e., a graph showing the number of coexisting species in each

zone of the data matrix) is obtained by plotting the eigenvalues obtained in each PCA vs.

the variable responsible for the evolution of the process, as shown in Figure 3.5.3.1.3.1. In
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this plot, the noise level is also defined graphically by the zone in which the noise

eigenvalues appear together. The emergence of one significant eigenvalue from the noise

level zone indicates the presence of only one species in that zone; the presence of two

significant eigenvalues defines the zone where two species coexist, three significant

eigenvalues would detect the overlap of three species, and so on.
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Figure 3.5.3.1.3.1. a) FMSW-EFA plot related to the spectrometric titration of a diprotic acid. The figures
in the diagram indicate the number of species in the zones defmed by the lines. The thick lines mark the
selective zones. Circles are the EV obtained in the PCA of each subrnatrix. b) Real distribution plot of the

diprotic acid.

The local rank map obtained through the application of FSMW-EFA provides the

following information:
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• detection of selective zones. The zones where only one significant eigenvalue is

present are the selective zones of the species. The detection and location of these

regions helps in the later resolution of the data matrix. Spectral selective zones

can also be detected ifFSMW-EFA is performed in this matrix direction .

• detection of minor constituents. FSMW-EFA was initially proposed to deal

with peak purity problems in chromatography. The local analysis of the data

matrix and the clear graphical information contribute to the detection of minor

species, although they are embedded under major constituents.

3.5.3.2. Resolution of a spectrometric data set.

The multivariate output of a spectrometric titration forms a double-structured

bilinear matrix containing mixed information on the evolution of all the absorbing species

present in successive stages of the monitored reaction. Curve resolution (CR) methods are

chemometrical procedures for the treatment of bilinear multicomponent data matrices. The

ultimate goal of the curve resolution methods is the decomposition of the initial mixture

data matrix D in the product of two data matrices C and S, each of them including the pure

response profiles of the n mixture components associated with one of the directions of the

initial data matrix (see Figure 3.5.3.2.1).

s2

+
... �

sn

Figure 3.5.3.2.1. Two graphical views of the decomposition of a bilinear multicomponent data matrix. a)
As the product of the matrices including the pure response profiles, b) as the sum of the products related to

pure contributions of the mixture components.
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In matrix notation, the general expression valid for all CR procedures is:

D=CST +E

where D (r x c) is the original data matrix, C (r x n) and S (n x c) are the matrices

containing the pure response profiles related to the data variation in the row direction and in

the column direction, respectively and E (r x c) is the error matrix, i.e., the residual

variation of the data set that is not related to any chemical contribution. In a spectrometric

titration, the C matrix contains the pure concentration profiles of all the absorbing species
and the S matrix contains their related unit spectra (see Figure 3.5.3.2.2). For the sake of

simplicity, C and S are referred to as concentration profile matrix and spectra matrix,

though this does not mean that the applicability of CR methods is restricted to this kind of

chemical data.
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Figure 3.5.3.2.2. Output obtained from an acid-base spectrometric titration after ALS application. ns means

number of absorbing species.

The decomposition of a single bilinear matrix is inherently affected by two sources

of ambiguity: rotational ambiguity and intensity ambiguity (Lawton, 1971), (Tauler,1995).

Whereas the former accounts for the possibility of correctly reproducing the original data

matrix by using C and S matrices containing linear combinations of the real profiles, the

latter warns about the possibility of having profiles completely correlated with the real ones,

though different in magnitude. In plain words, the correct reproduction of the original data

matrix can be achieved by using response profiles differing in shape (rotational ambiguity)
or in magnitude (intensity ambiguity) from the real ones.
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The mathematical explanation of these two ambiguities is simple. The basic equation

associated with CR methods, D = CST, can be easily transformed as follows:

D = C (T rl) ST

D = (CT) (T-l ST)
D = C' S,T

where C' = CT and S,T = (r1 ST) describe the D matrix as well as the true C and S

matrices do, though C' and S' lack chemical sense. On the basis of the transformation

shown in these equations, the mathematical formulation of the rotational ambiguity problem
indicates that the possible solutions of a resolution method are as numerous as the T

matrices can be, i.e., infinite. However, the inclusion of information related on the internal

structure of the data (e.g. the presence of selective zones) and on their chemical properties
in the resolution process often allows the suppression of this ambiguity or, at least, a large
decrease in the number of feasible solutions.

When a system lacking rotational ambiguity is considered, the basic CR equation can

still be rewritten as shown below:

D = (1/k)C kST

D = C' S,T

where k is a scalar. The concentration profiles of the new C' = (l/k)C matrix have the same

shape as the real ones, but are k times smaller, whereas the spectra of the new S' = kS

matrix are shaped like the S spectra, though k times more intense. This ambiguity cannot be

solved unless external information is introduced in the resolution process. Both rotational

and intensity ambiguities are drastically diminished when several matrices are considered

together.
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The correct performance of the curve resolution methods depends strongly on the

internal features of the data set being analyzed. Regardless of the quality of each method,

the two following conditions must be fulfilled if the true concentration profile and spectrum

of each compound in the data matrix is to be recovered (Manne, 1995):

• The true concentration profile of an analyte can be recovered when all the

compounds inside its concentration window are also present outside.

• The true spectrum of an analyte can also be recovered if its concentration

window is not completely embedded inside the concentration window of a

different compound.

The mathematical background of the CR methods is very diverse (Windig,1988),

(Hamilton,1990), (Tauler,1995). Some of them use only abstract variables, such as window

factor analysis, WFA (Malinowski,1992) or heuristic evolving latent projections, HELP

(Kvallieim,1993), some others prefer the use of real variables, such as the simple-to-use
interactive self-modelling analysis, SIMPLISMA (Windig, 1991) or the orthogonal

projection approach, OPA (Cuesta-Sanchez,1996), and some others transform iteratively
abstract initial estimates into real solutions, such as iterative transformation target factor

analysis, ITTFA (Gemperiine,1984;1986), (Vandeginste,1985) or alternating least squares,

ALS (Tauler,1995;1995b). The CR methods can also be classified according to the data sets

to which they are applicable. Thus, the two-way resolution methods are applied to the

resolution of single matrices, e.g. HELP, WFA, SIMPLISMA, ITTFA, ... , whereas the

three-way resolution methods can deal with two (generalized rank annihilation method,

GRAM (Sanchez, 1986)) or more matrices together (trilinear decomposition, TLD

(Sanchez, 1990), parallel factor analysis, PARAFAC, (Bro,1996) and restricted Tucker

models (Smilde,1994)). Methods like ALS are adapted to one or more matrices.

Among the different CR methods, the Alternating Least Squares method has been

chosen to treat the data coming from the spectrometric titrations for the following reasons:
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• the iterative character. Errors made in the initial estimates can be corrected in

successive calculation steps.

• the possible input of chemical information. Some general features of the

concentration profiles and/or of the spectra can be introduced in the resolution

procedure by the application of suitable constraints.

• the flexibility in the input of constraints. Both the concentration profile matrix

and the spectra matrix can be constrained. Each constraint is optionally applied to

all, some or none of the species in the data set and departures more or less

important from the complete fulfilment of a selected constraint are also admitted.

• the adaptability to work with several matrices. In contrast to most of the CR

methods which are suitable for treating either one data matrix (two-way data) or

a group of them (three-way data), ALS is equally applicable to both kinds of data

set. When compared with other three-way resolution methods, ALS appears to be

much less demanding since it does not limit the number of matrices to be treated

together and only requires a common matrix direction (i.e., equal number of rows

or equal number of columns).

3.5.3.2.1. Alternating Least Squares method (ALS).

The Alternating Least Squares method described in this text has been implemented

by the research group of Chemometrics and Solution Chemistry at the Departament de

Quimica Analitica de la Universitat de Barcelona and has been applied successfully to many

diverse data sets (HPLC-DAD, spectrometric monitoring of kinetic, thermodynamic and

structural transitions, voltammetric process monitoring, ... ) with different degrees of

complexity (multicomponent systems with variable overlap among the concentration

profiles and instrumental responses) (Tauler,1993;1995;1995b), (Saurina,1995),

(Lacorte,1995).

The resolution of a single data matrix by the ALS method includes the following

steps:
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1. Construction of an initial bilinear data matrix D with the experimental data.

2. Determination of the number of species.
3. Building a matrix of initial estimates.

4. Selection of the constraints to be applied in the iterative resolution process.

5. Application of the Alternating Least Squares optimization to obtain the definitive

concentration profiles and spectra matrices.

The detailed explanation of these steps is given below. Some notes concerning the

application of ALS to the particular case of polynucleotide acid-base spectrometric
titrations (NPT) have also been included.

1. Construction of an initial bilinear data matrix D with the experimental data. The

instrumental responses (e.g. spectra, voltammograms, ...) must be structured to form a

bilinear data matrix by sorting the data arrays one under the other as they are recorded to

keep the information related to the evolution of the experiment.
NPT: the spectra must be set in the data matrix following a continuous increasing or

decreasing pH sequence.

2. Determination of the number of species. Prior to the resolution of a mixture data

matrix, the total number of independent and chemically meaningful contributions to this

matrix must be known. As commented in previous sections, the assumption that the number

of principal components equals the number of chemical contributions to the variation of the

data set is usually invalid when dealing with evolutionary data sets; therefore, the graphical
information provided by EFA and FSMW-EFA is generally more helpful than the

application of more rigid statistical andlor empirical criteria to estimate the total number of

species in a data set. However, the number decided in this step can be modified if the final

results of the resolution procedure make no sense chemically.
NPT: in this context, the term species refers to absorbing species; therefore, all the

compounds with different spectra, irrespective of whether they are chemical species or

conformers, are considered equally.
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3. Building a matrix of initial estimates. The iterative process to solve the equation D =

CST begins with two matrices: the initial data matrix, D, and a matrix of initial estimates

(either concentration profiles, eln, or spectra, Sin). The initial estimates are usually built by

the EFA method, as shown in section 3.5.3.1.2, or by some other procedures that take into

account the information in the original data set (e.g. FSMW-EFA, SIMPLISMA, needle

algorithm (de Juan, 1996), ...). Random estimates, much further from the true solutions, are

not introduced since they slow down the iterative process and entail a higher risk of

converging to local minima. Methods using these random estimates, such as the Alternating

Regression, AR (Karjalainen,1989), run the iterative process several times with different

initial estimates and provide a solution band for each response profile; the whole resolution

process then becomes cumbersome and there is no gain of reliability in the final solutions.

NPT: the initial estimates are mostly matrices of concentration profiles because the overlap

between profiles in this matrix direction is usually smaller than in the spectral direction.

4. Selection of the constraints to be applied in the iterative resolution process. In each

iterative cycle, both e and S matrices can be modified according to certain constraints

based on the internal structure of the data matrix D and on the chemical features of the

concentration profiles and instrumental responses. A constraint updates in the response

profiles the elements that do not fulfil a certain condition by some others that do. The use of

all the constraints is optional and they can be applied either to all the profiles in the e andlor

S matrices or only to some of them. Small departures from the conditions imposed by some

constraints are also allowed.

The most essential constraint in the resolution process is selectivity. The selective

zones in a data matrix are those regions related to only one species. Thus, a selective

concentration region covers the range of the evolutionary variable (PH, time, ... ) where only
one species is present, whereas a selective spectral region is the range of wavelengths where

only one species absorbs. If a species has a selective concentration window, its spectrum
can be perfectly recovered and if the selectivity is in the spectral direction, the concentration

profile can be determined correctly. The presence of selective zones for all the species in a

data matrix eliminates the rotational ambiguity and ensures the recovery of the real response
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profiles of the chemical system. EFA and FSMW - EFA are the most suitable techniques to

detect and locate the selective zones of a system, as shown in previous sections. The

selectivity for one species is respected by setting to zero the elements of all the other

response profiles in the selective regions of this species.

In a wide sense, a chemical constraint is any systematic feature present in the

concentration profiles or in the instrumental responses of a chemical system. The most

frequently used are:

• non-negativity. This constraint forces the values in a profile to be equal to or

greater than zero and is applied to all the concentration profiles and to some

experimental responses, such as UV absorbances. The non-negativity constraint is

applied by setting the negative values in a profile equal to zero or equal to an

extremely small positive value.

• unimodality. This constraint allows the presence of only one maximum in each

response profile. It is applied to chromatographic peaks, to the concentration

profiles of some chemical reactions and to some peak-shaped instrumental

responses, such as voltammograms. A possible implementation of the unimodal

constraint consists of suppressing the non-unimodal part of a profile (i.e., the

secondary maxima) and replacing the elements of this part by extremely smaIl

positive values.

• closure. This constraint is applied to closed reaction systems for which the sum

of the concentrations ofall the species involved in the reaction or some of them is

known to be constant at each stage of the reaction. In each row of the

concentration matrix, the elements related to the species involved in the closure

are modified proportionally to make the sum of them equal to the closure

constant.

The performance of the above constraints is graphically shown ill the Figure

3.5.3.2.1.1.
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NPT: selectivity is applied, when exists, in the concentration and the spectral direction. The

concentration profiles are forced to fulfil the non-negativity, unimodality and closure

constraints. The spectra coming from UV titrations are constrained to be positive, whereas

the CD spectra do not observe this constraint.
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Figure 3.5.3.2.1.1. Performance of the constraints in the ALS method. a) Selectivity. The solid line and the
dashed line indicate the selective zones for the compounds 1 and 2,respectively. On the right, the
constrained matrix is shown. b) Non-negativity, c) unimodality and d) closure: the normal line and the thick
line show a response profile before and after the application of the constraint, respectively. d) also presents
the constrained concentration matrix.

5. Application of the Alternating Least Squares optimization to obtain the definitive

concentration profiles and spectra matrices. Once the matrix of initial estimates is built
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and the constraints to be input in the resolution process have been decided, the iterative

optimization starts. Each cycle of this optimization is as follows:

a) Calculation of the S matrix by using the original data matrix D and the matrix of

initial estimates, Cm•

D = c, ST

ST = (CmTCmrl c,T D

or, in a shorter notation,

ST = Cm+ D

where Cm
+

= (CmTCmrl CmT is the pseudoinverse of the Cm matrix (Golub,).

b) Updating of the ST matrix according to the selected constraints. ST � S?

c) Calculation of a new concentration matrix C by using D and S?
D= C SrT
C = D Sr(S? Srr1

C =D (S?t
where (SrTt = Sr(SrT Srr1 is the pseudoinverse of the SrT matrix.

d) Updating of the C matrix according to the suitable constraints. C � Cp

e) Reproduction of the original data matrix by using the constrained matrices C, and

S/.

Analogous steps involving the calculation of the constrained C, and S? matrices in

this order are followed when the matrix of initial estimates contains spectra. When the

reproduced matrix D* and the original data matrix D are similar enough, the iterative

optimization is concluded and C, and S? are taken as final solutions. If this does not

happen, a new iterative cycle is started with the matrix C, playing the same role as the initial

estimate Cm in the first iteration. The iterative process is finished when convergence is

achieved or when a preselected number of iterative cycles is exceeded. The convergence

criterion is here defined in terms of the change in relative standard deviation of the residuals

between two consecutive cycles. When this change is smaller than a selected value, the

optimization process is finished.
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NPT: the concentration profiles and spectra obtained with ALS provide complete

information about the evolution of all the absorbing species present in the acid-base

equilibria and about their spatial structure. Nevertheless, the task of identifying which

transitions take place and which conformations are involved in them is beyond the scope of

the method and depends only on the previous knowledge about the process being analyzed.

The ALS method is easily adapted to handle three-way data sets, i.e., formed by
more than one data matrix. The working procedure of ALS only requires one order in

common between the matrices to be treated together, as shown in Figure 3.5.3.2.1.2. This

means that the number of rows and/or the number of columns of the different matrices must

be the same and the variables in the common order must have the same chemical meaning.
The three-way data set formed by single matrices sharing the same number of rows can be

written as an augmented row-wise matrix, where the single matrices are placed one beside

each other. Analogously, single matrices sharing the same number of columns form an

augmented column-wise data matrix where the single matrices are placed one on top of

each other.
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Figure 3.5.3.2.1.2. ALS application to three-way data sets. a) row-wise augmented data matrix and b)
column-wise augmented data matrix.
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The resolution results obtained for a data matrix included in a three-way data set

will always be better or, at least, equal to those obtained when this matrix is handled alone.

The ambiguities related to the decomposition of a single bilinear data matrix are usually

suppressed or, at least, greatly diminished by the inclusion of further information and

additional constraints when several matrices are treated together. The ALS method follows

basically the same operating procedure presented for a single data matrix when dealing with

three-way data sets. However, slight differences related to the different steps described on

previous pages deserve comment. The explanations given hereafter are related to a column

wise data set because this is the kind of three-way data set obtained from the simultaneous

treatment of several polynucleotide spectrometric titrations. Analogous reasoning can be

applied to the treatment of row-wise data matrices. NPT are also included when necessary.

1. Construction of the initial three-way data set D from the experimental data. The

initial column-wise augmented data matrix is built by placing the single matrices related to

each experiment one on top of each other. The order in which these matrices are appended
does not affect the final resolution results.

NPT: the spectrometric titrations only share the spectral order in common (i.e., the

wavelength range at which the UV or CD spectra have been recorded). The titrations

performed with the same spectrometric technique are treated together.

2. Determination of the number of species. The number of species is independently
determined for each single matrix in the three-way data set.

3. Building a matrix of initial estimates. In the resolution of a column-wise augmented

data matrix, the initial estimates can be either a single spectra matrix or a column-wise

concentration matrix. The column-wise concentration matrix is built by placing the initial

concentration estimates obtained for each single data matrix in the three-way data set one

on top of each other. The appended initial estimates must be sorted as the initial data

matrices are in D and must keep a correct correspondence of species, i.e., each column in

the augmented concentration matrix must be formed by appended concentration profiles
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related to the same species. When no prior information about the identity of the species in

the different data matrices is available, the correct correspondence of species can be

achieved by looking at the resolution results of each single matrix. The matrices of initial

estimates must have the same number of columns to be appended. Since their related

original data matrices can present different number of species, the columns related to absent

species in the initial estimate of a single data matrix are filled with zeros, as shown in Figure
3.5.3.2.1.3.

Matrix 1

(a+ b)

Matrix 2

(b + c)

Matrix 3

(a+b+c)

a b c

0
0
0

0

... � 0
0
0

D c

Figure 3.5.3.2.1.3. Column-wise initial estimate (C) of a three-way data set (D). a, b and c are the species
present in the data set.

4. Selection of the constraints to be applied in the iterative resolution process. The

same constraints applied in the resolution of a single data matrix can be applied to three

way data sets. Selectivity and non-negativity affect the spectrum and the augmented
concentration profile of each species, whereas unimodality is applied separately to each of

the single profiles appended to form the augmented concentration profile. The closure

constraint operates applying the corresponding closure constant to each of the single
matrices in the column-wise concentration matrix.

Apart from these constraints, some others are exclusively applied to three-way data

sets, namely:
• common species have the same spectrum in all the appended data matrices.

This is a constraint inherently present due to the decomposition process of
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column-wise data matrices (see Figure 3.5.3.2.1.2.). The possibility to have only
one spectrum for each species in all the appended data matrices makes the

rotational ambiguity less severe than in the case of single matrices.

NPT: this constraint can be perfectly assumed since the titrations treated together
have been performed in the same experimental conditions (T, ionic strength, ...)
and hence, no variations in the spectrum of a species can be expected among

experiments.
• common species have concentration profiles with equal shape in all data

matrices. In contrast to the previous constraint, this one can be optionally

applied. The ALS decomposition of a three-way data set does not involve any

assumption as to how the concentration profiles of the species change in the

matrices analyzed together. This constraint can only be applied to data sets

formed by matrices with two orders in common that are intrinsically trilinear (i.e.,

owing to the features of the chemical process, the shape of the concentration

profiles of common species is known to be equal among experiments). When this

condition is fulfilled, the resolution process gives unique solutions (i.e., not

affected by rotational ambiguity) even in the absence of selectivity. Some

methods based on the comparison of the rank between matrices augmented in

different directions have been proposed to detect the presence of trilinear

structure in a three-way data set (Tauler,1995).

The application of this constraint (also called trilinearity) in the ALS method is

performed separately on the concentration profile of each species. Thus, the

single profiles forming the augmented concentration profile of a certain species

are placed one beside each other to form a new data matrix. PCA is performed on

this matrix. If the system is trilinear, the score vector related to the first PC must

show the real shape of the concentration profile and the rest of PCs must be

related to noise contributions. The loadings related to the first PC are scaling

factors accounting for the species concentration level in the different appended

matrices. Therefore, the new single profiles will be calculated as the product of

the score vector by their corresponding scaling factor. The constrained single
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profiles are finally appended to form the new augmented concentration profile.

All this process is graphically shown in Figure 3.5.3 .2.1.4.

Original
augmented matrix

Constrained

augmented matrix

. ·1111111111· ,

t tst score

peA

loadings

Figure 3.5.3.2.1.4. Application of the trilinear constraint in the ALS method.

• correspondence between species. In each single matrix of a three-way data set,

the elements in the concentration profiles of absent species are set equal to zero

after each iterative cycle. This constraint is not present in other three-way

resolution methods, such as GRAM or TLD, where all the species are modelled

in each single data matrix, even if some of them are known to be absent.

NPT: the same constraints used for the treatment of a single titration are imposed in the

simultaneous treatment of several experiments. No trilinearity can be applied since the

number of rows (spectra) in each experiment is different. Anyway, even if the experiments
were performed in equal conditions, the inclusion of trilinearity would not be very helpful.
Two data matrices coming from acid-base titrations of the same system performed in the

same conditions only differ in a scaling factor related to the different concentration levels

used in both experiments. This means that the input of a new matrix does not furnish any

new information to be used in the resolution of the data set.
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5. Application of the Alternating Least Squares optimization to obtain the definitive

concentration profiles and spectra matrices. The optimization process follows the same

steps explained before. For a three-way data set, the whole augmented concentration matrix

is treated in the same way as a single concentration matrix in the resolution of a single data

matrix.

The use of three-way resolution methods can also provide quantitative information

about the data set. Since the spectrum of one species is common to all the appended data

matrices, the area of the single concentration profiles of this species is scaled according to

the concentration level of the species in each single data matrix. Thus, the relative

concentration of a particular species in one of the appended matrices can be obtained from

the quotient between the area of its concentration profile and the area related to the

concentration profile of the same species in a matrix taken as reference.

Either dealing with single data matrices or with three-way data sets, the quality of

the ALS results is evaluated by calculating the lack of fit, expressed as follows:

lack offit =

'" (d .. - d�. )2£..J 1J 1J
ij

where dij are the data in the original data set and dij
*

are the same data reproduced by using

the matrices of concentration profiles and spectra obtained with the ALS method.
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Solvent classification based on

solvatochromic parameters: a comparison
with the Snyder approach
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Solvents playa major role in many chemical

processes. Their effect is closely related to
the nature and extent of solute/solvent inter

actions, developed locally in the immediate

vicinity of the solutes. A new generation of

empirical parameters helps to describe the
solvent features in these microscopic envi
ronments. Their adequacy for the establish
ment of linear free energy relationships
(LFER) has been widely proved. A classifica
tion scheme based on the microscopic prop
erties of solvents is proposed, to provide a

clearer insight into the solvent-space struc
ture in terms of the similarity of solute/sol
vent interactions and to help chemists in the
choice of a suitable solvent for each purpose.
The Kamlet and Taft solvatochromic param
eters a, f3 and 1( have been selected as mi

croscopic solvent descriptors, and solvent

groups have been designed according to
the results obtained from the application of
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several multivariate clustering techniques.
The present scheme is. compared with Sny
der's triangle, an earlier solvent representa
tion used extensively in chromatography.
Analogies and differences which arise from
the field of application and from the solvent

descriptors used in each classification
scheme are discussed.

1. Introduction

For centuries chemists have been challenged to

explain the structure of solvents and their interac
tion with solutes. From early times, changes in the

working media were seen to cause alterations in the
extent and direction of chemical equilibria, in the
order and rate of reaction kinetics or in spectro
scopic behaviour, to mention only a few examples,
thus confirming the active role of solvents in the
evolution of chemical processes [ 1 J.

The physical constants of solvents (i.e. their

melting and boiling points, refraction index, dielec
tric constant, etc.) were for many years the only
available descriptors for these substances. How

ever, inconsistencies in the behaviour of solutes
were often found in regard to the properties of the

Copyright © 1997 Elsevier Science B. V. All rights reserved.
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Table 1
Solvatochromic parameters for the selected solvent set

Solvent a 1t'

1 Diisopropyl ether 0.00
2 Di-n-butyl ether 0.00
3 Diethyl ether 0.00
4 Dioxane 0.00
5 Tetrahydrofuran 0.00
6 Anisole 0.00
7 Dibenzyl ether 0.00
8 Diphenyl ether 0.00
9 Fenetole 0.00

10 2-Butanone 0.06
11 Acetone 0.08
12 Ethyl acetate 0.00
13 Ethyl benzoate 0.00
14 Propylene carbo- 0.00

nate
15 Dimethylacetamide 0.00
16 Dimethylformamide 0.00
17 N-Methylpyrrolidone 0.00
18 Tetramethylurea 0.00
19 Triethylamine 0.00
20 Dimethyl sulfoxide 0.00
21 Hexamethylphos- 0.00

phorotriamide
22 Nitrobenzene 0.00
23 Benzonitrile 0.00
24 Acetonitrile 0.19
25 Pyridine 0.00
26 2,6-Dimethylpyri- 0.00

dine
27 Quinoline 0.00
28 Toluene 0.00
29 Benzene 0.00
30 Chlorobenzene 0.00
31 Bromobenzene 0.00
32 Carbon tetrachloride 0.00
33 1,2-Dichloroethane 0.00
34 Methylene chloride 0.30
35 Chloroform 0.44
36 tert-Butanol 0.68
37 Isopropanol 0.76
38 n-Butanol 0.79
39 Ethanol 0.83
40 Methanol 0.93
41 Ethylene glycol 0.90
42 Water 1.17

0.49
0.46
0.47
0.37
0.55
0.22
0.41
0.13
0.20
0.48
0.48
0.45
0.41
0.40

0.27
0.24
0.27
0.55
0.58
0.73
0.80
0.66
0.69
0.67
0.71
0.55
0.74
0.83

0.76
0.69
0.77
0.80
0.71
0.76
1.05

0.88
0.88
0.92
0.83
0.14
1.00
0.87

0.39
0.41
0.31
0.64
0.76

1.01
0.90
0.75
0.87
0.80

0.64
0.11
0.10
0.07
0.06
0.00
0.00
0.00
0.00
1.01
0.95
0.88
0.77
0.62
0.52
0.18

0.92
0.54
0.59
0.71
0.79
0.28
0.81
0.82
0.58
0.41
0.48
0.47
0.54
0.60
0.92
1.09

solvents used. These apparent contradictions
revealed that solvents should not be considered as

macroscopic continua, but as dynamic structures

having molecules that interact differently with
each other and with solutes. The macroscopic pa
rameters can thus be used as descriptors of the bulk
solvent but are unable to provide a reliable picture
of the solvent structure around the solutes, in their
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solvation sphere. Therefore, a new generation of

parameters was needed to define the features of
the cybotactic zone of solutes. The monitoring of
a solvent-sensitive reference process is the com

mon basis of all the methods devoted to establish

ing empirical scales of microscopic parameters
focused on the quantitative description of solute
solvent interactions. In all these scales, the refer
ence solute behaves as a probe within the solvation
shell, reflecting changes in the surrounding solvent

through variations in its absorption spectra [2-6]
or in some well described thermodynamic [7,8] or

kinetic processes [9,10].
The uniparametric scales [ 2,3,9] try to incorpo

rate all solute-solvent interactions in a single pa
rameter, which is often said to be a polarity param
eter (the term polarity being interpreted as a rough
concept involving all specific and non-specific
interactions between solvent and solute [I ]). In

contrast, the multiparametric approaches [4-
6,10,11] associate each kind of solute-solvent
interaction (e.g., hydrogen-bonding or polarizabil
ity) with a separate parameter, and all are necessary
to give a global picture of the solvent. The unipara
metric and multiparametric approaches provide
complementary information, focusing on the extent

and the nature of the solute-solvent interactions,
respectively.

The values of ET( 30) [3] and the group formed

by a, � and n* [ 4-6] are the parameters most used
in the uniparametric and multiparametric
approaches. All of them can be measured from

spectral shifts in the absorption bands of some

reference solutes - hence the name, solvatochromic

parameters. The quantity ET(30) has been defined
as a polarity parameter and a, � and n* are assumed
to represent the hydrogen-bond acidity, hydro
gen-bond basicity and polarity-polarizability,
respectively. Several studies have shown a relation

ship between the two groups of parameters
in pure [12] and mixed [13,14] solvents,
ET( 30) being a linear combination of n* and
a.

The present work is devoted to developing a sol
vent-classification scheme based on the similarity
of the microscopic properties of the solvents, repre
sented here by their a, � and n* values. In order to

avoid the biased criteria of the chemist in the sol

vent-grouping procedure, several clustering meth
ods (hierarchical and non-hierarchical) have been

employed. The diversity of their mathematical
backgrounds allows more solid conclusions to be
drawn, unaffected by specific trends which could

•
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Fig. 1. Correlation matrix forthe selected microscopic parameters, evaluated from the selected solvent set. Double
line: correlation coefficients among the Snyder's parameters. Thick line: correlation coefficients among the solva
tochromic parameters. Single line: correlation coefficients among the Snyder's parameters and the solvatochromic

parameters. The figures in italics are the significant correlation coefficients, according to the results obtained

through the application of a suitable statistical test [33].

arise from the application of a concrete clustering
technique [ 15].

• They are on similar scales, which permits
cluster analysis to be performed on the raw data

and, as a consequence, allows straightforward
interpretation of the final results.
The present three-dimensional solvent space per

mits display of the data set in a plot, the X, Y and Z
axes being the ex, � and n* solvatochromic param
eters (see Fig. 2). Several groups of objects arise
from the space structure, but their degree of tight
ness is quite variable and the assignment of some

objects to a concrete group is quite ambiguous.
Although the human eye is one of the best pattern
recognizers, a simple visual inspection - even

assisted by a powerful 3D graphical spinning
device - would not be rigorous enough to establish
consistent clusters.

The necessary clustering techniques have been
selected according to the data set structure and to

the information requested. The combination of a

display method with one or several clustering tech

niques is a suitable strategy for any grouping proce
dure [ 15]. Principal component analysis (PCA) is
the most recommended visualization technique.
This reduces the redundant original variable space
to an optimal lower dimensional abstract space,
whose variables contain uncorrelated information.
This dimension decrease allows the objects to be

mapped in a two- or three-dimensional space, and
the coordinates of the objects in this new abstract

space, the so-called scores, are often used as input
data in many multivariate clustering techniques.
However, the two main benefits provided by PCA

(i.e. a reduction in the space dimension, and decor
relation of the variables) are not necessary in this

example of solvents since the raw data are three
dimensional and the original variables have proven

2. Data set and clustering procedures

The original data matrix to be clustered is made

up of 42 pure solvents (objects) characterized by
their ex, � and n* values (variables), as shown in
Table 1. The object selection has been performed
taking into account the size and representativeness
of the pool of solvents.

The selection of the variables has been carried
out bearing in mind the microscopic character of
the solvent scheme; therefore, in contrast with other

approaches [16,17], no bulk solvent properties
have been included. Empirical polarity parameters
such as ET( 30), which involve many solute-sol
vent interactions, have also been discarded since
most of them can be described by linear combina
tions of more specific microscopic parameters.
Within this latter group, the selection of the solva
tochromic parameters ex, � and n* proposed by
Kamlet and Taft is justified for the following rea

sons.

I They are easily determined experimentally for

pure and mixed solvents, using spectroscopic
measurements.

• They have widespread use and proven ability to

accurately describe variations in a variety of

solvent-dependent processes through LFER

[18-22].
• Their optimal statistical and chemical features

are reflected in the total decorrelation among
them (as shown in Fig. 1), and in the complete
independence of their chemical meaning.
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Fig. 2. Plot of the selected solvent set in the three-dimensional solvatochromic space. The data labels indicate the
solvent numbers, according to Table 1.

not to be significantly correlated. Despite this rea

soning, a PCA has been carried out on the auto

scaled data and the two first PCs have been found
to account for only 76% of the total variation in the
data. This confirms the inability of PCA to reduce
the dimensions of the solvent space, owing to the

non-redundancy of the original variables.
The character of the above classification scheme,

which is devoted more to finding out the general
features within the different solvent groups than to

obtaining information about individuals, has
excluded the use of clustering methods based on

the similarity among pairs of objects (i.e. single
[24] and complete linkage [25 ]). Group average
(GA) [26], Ward's method (WM) [27] and mode

analysis (MA) [28] have been chosen as our hier
archical methods. All work with grouping criteria is
based on properties either of the whole clusters

(GA and WM) or on characteristics of the space
regions (MA). The less common MA method
works by mapping the density of the original data

space. All the objects are first sorted in decreasing
order of density and then afterwards introduced,
one by one, in the clustering procedure. A new

11-4

object can then become either the nucleus of a

new cluster or a member of an existing group;
owing to its spatial location a new object can also
cause the fusion of two previously separated clus
ters. In the whole process of object introduction a

maximum number of clusters is reached. This max

imum is meant as being the lowest 'natural' clas
sification level of the data set.

Complementary information is also supplied by
using non-hierarchical procedures, such as RELO
CATE [29], based on the successive steps of opti
mization of an initial K-clustering, linkage of the
two nearest clusters, further optimization of the
K-1 clustering, and so forth. The selection of the
initial clustering can affect the final results, leading
the final solutions to a local optimum. Therefore,
the results presented in the present work come from
two different initial configurations: the first, com

pletely random, and the second, whose first K clus
ters were obtained through the application of
Ward's method.

The use of fuzzy clustering procedures, although
recommended for sparse distributions of objects,
has been avoided. These methods assign each
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Fig. 3. Dendrograms obtained from the data set included in Fig. 1, using the solvatochromic parameters as

clustering variables according to hierarchical mode analysis (a), Ward's method (b) and group average method

(c) .

object partially to several groups and consequently
organise the original population in overlapped clus
ters. Since the present work is focused on clarifying
the structure of the microscopic solvent space,
methods providing separate groups of solvents
have been considered more appropriate for this pur
Pose.

All the selected clustering techniques have been

applied as implemented in the CLUSTAN package

[30]. The Euclidean distance has been adopted as

the similarity measurement .

•

3. Results and discussion

The criterion implemented in the hierarchical
mode analysis (MA) [28] has been adopted to

decide the number of significant solvent classes.
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Fig. 4. Clusters plot obtained through the application of several clustering techniques. Thick lines: clusters
obtained using hierarchical mode analysis and Ward's method. Single lines: clusters obtained with the RELO
CATE method, for all the initial clustering distributions used. Dotted lines: clusters obtained from the group-average
method. The data labels indicate the solvent number, according to Fig. 1. The clusters adopted in the solvent

scheme, those circled with thick lines, are labelled with roman numerals as described in the text.

Thus, the solvent data set has been found to enclose
five 'natural' clusters.

The dendrograms in Fig. 3a-c show graphically
the clustering results related to the hierarchical MA,
WM and GA methods, respectively. When the
number of clusters is equal to five, the correspond
ence among the results coming from all the applied
methods can clearly be examined through observa
tion of Fig. 4, where the solvent classes obtained

according to the different procedures have been
drawn on the 3D solvents space. Note that the

shape of the clusters has no mathematical meaning:
the divisional lines are only useful for distinguish
ing which objects belong to each cluster. Fig. 4
shows two main clustering trends: the first, arising
from the WM and the MA methods, and the second

coming from GA and RELOCATE procedures.
Within the former trend described above, two

clustering techniques with different mathematical

backgrounds give rise to the same clusters. When
the latter of trends is analyzed, the total agreement

of the results coming from the RELOCATE proce
dure applied to different initial distributions once

again proves the robustness of the data structure.

Furthermore, the great similarity between the

groups obtained through the use of the GA and
RELOCATE procedures shows that the application
of hierarchical or non-hierarchical methods is not

responsible for the differences in the two detected

clustering tendencies.
The results arising from Ward's method and hier

archical mode analyses have been selected finally
to propose the definitive solvent classification
scheme because both methods give rise to 'natural'
clusters, without any constraint in shape, matching
the usual irregular form of real data clusters. More
over, the degree of discrimination of GA and MA is

greater, and both tend to give similarly sized clus
ters. Indeed, the effect of very isolated objects, such
as water, in the clustering procedures is much

greater for the group average and RELOCATE
methods. For these, the presence of such objects
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leads to the emergence of clusters which are too

small and, as a consequence, to poorer differentia
tion of some other object groups which are closer

among them but tighter and clearly separated.
Nevertheless, clusters equal or quite similar to

those obtained through the application of Ward's
method can also be found by using group average
and RELOCATE methods in some other splitting
levels, i.e. when the total number of clusters (K) is
other than five.

Thus, the definitive solvent classification scheme
includes the following clusters.

Cluster I. Slightly basic solvents (electron pair
donors) with low polarity resulting from their ali

phatic chains. This group contains aliphatic ethers
and substituted aliphatic amines.

Cluster II. Aprotic polar solvents, all are rela

tively basic and moderately or highly polar. It
includes aliphatic cyclic ethers, solvents containing
the carbonyl functional group (esters and ketones)
and nitriles.

Cluster III. Strongly basic and strongly polar
solvents. Pyridines, small amides, sulfoxides,
ureas and phosphoramides belong to this group.

Cluster IV. More heterogeneous than previous
clusters, it includes relatively polar solvents, with
a generally low tendency to form hydrogen bonds.
Within this cluster, the next separation step splits
the solvents 34 and 35 (the only moderate hydro
gen-bond donors) from the rest, yielding two much

tighter subclusters (A and B) with solvents having
more similar features. Subcluster A contains aro

matic compounds (ethers, hydrocarbons and halo

genated species) and apolar aliphatic halogenated
hydrocarbons. Subcluster B has polyhalogenated
polar aliphatic hydrocarbons, whose heteroatoms
cause the inductive effect responsible for the hydro
gen-bond donor interaction.

Cluster V. This solvent class, formed by amphi
protic solvents (alcohols and water) with marked

hydrogen-bond properties (donor and acceptor), is
the most disperse and differentiated group. In suc

cessive splittings, solvents 41 and 42 (glycol and

water, respectively) are separated from the other
alcohols owing to their greater association ability.

Cluster VI. Although their elements are not

represented in the solvent space, this group would
be formed by the aliphatic hydrocarbons with null
solute-solvent interactions, that is to say, with a, �
and n* equal to zero.

All the relevant information concerning this sol
vent scheme (i.e. members of each solvent class,
central coordinates of each cluster) is collected in
Table 2.

The hydrogen-bond basicity appears to be the
most discriminating parameter in the organization
of the solvent scheme. Thus, more significant dif
ferences can be detected among the �-central coor

dinates of the groups than among the values of the a

and n* parameters. This is specially noticeable in
clusters II and IV where the different basicity of
their members is the only element of variation
between the two solvent classes. The effect of
some other solvent features, such as the overall

ability of interaction, is also identified as a cause

of splitting among groups. In this sense, both clus
ters I and III include solvents which can develop
polar and basic interactions with solutes; the only
difference in this case is that the intensity of solute
solvent interactions in group III is larger than in

group I. Cluster V confirms that the hydrogen
bond-donor ability, although less commonly pres
ent, is also a strong differentiating factor among
solvents. A feature common to all the groups estab
lished in this solvent scheme is the variety in size,
functional groups and spatial structure of the mem

bers included in each cluster. This internal diversity
within groups could be considered as one of the
most remarkable characteristics of this solvent clas
sification since it reveals the hidden similar behav-

Table 2
Cluster information according to the results obtained using 0:, � and n* as clustering variables

Cluster
number

Solvent numbers Cluster central coordinates

0: n*

1 1,2,3,19 0.000 0.355 0.265
2 4,5,7,10,11,12,13,14,22,23,24 0.030 0.424 0.735
3 15,16,17,18,20,21,25,26,27 0.000 0.763 0.885
4 A 6,8,9,28,29,30,31,32,33 0.067 0.081 0.654

B 34,35
5 36,37,38,39,40,41,42 0.866 0.745 0.644
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Fig. 5. Plot of the selected solvent set in the three-dimensional Snyder's space. The data labels indicate the solvent
number, according to Table 3.

iour in terms of solute-solvent interactions among
solvents traditionally classified as being further

apart. This fact offers a wide range of possibilities
when a solvent must be selected for a certain chem
ical process, since limitations produced by steric
hindrance or by specific interactions with a certain
functional group can be overcome. Additional

problems related to toxicity, flammability or some

other undesirable properties of certain solvents can

also be avoided by the selection of suitable alter
native compounds.

4. Comparison with Snyder's approach

Before the extended use of most of the micro

scopic solvent parameters, Snyder proposed one of
the most popular and widely used solvent classifi
cations: the solvent-selectivity triangle, which is
known specially in the chromatographic field

[311. Snyder chose the appropriately corrected

logarithms of certain gas-liquid distribution con

stants of some reference solutes, namely dioxane

11-8

[log(Kg")dJ, ethanol [log(Kg")el and nitromethane

[log(Kg")nl as solvent descriptors related to the

hydrogen-bond acidity, hydrogen-bond basicity
and polarity, respectively. For each solvent, the

polarity parameter P' is defined as the sum of
these three logarithms. The terms Xi = 10g(Kg")il
P' (the subscript i referring to the reference solutes

above) represent the weight of each of the solute
solvent interactions associated with dioxane, etha
nol or nitromethane with respect to the global inter
action ability of the solvent. As Xi are relative con

tributions, Xe+Xd+Xn = 1, and this is the base of the

solvent-selectivity triangle, where Xe, Xd and Xn are

the three vertices. Snyder designed his solvent
scheme specially for the selection of mobile phases
in chromatography. This separation technique is
focused on the sequential optimization of both the
total elution time of a multi-compound sample and
the separation of the compounds within this sam

ple. Therefore, Snyder suggested a solvent scheme
where the strength of the solvent, which is related to

the total elution time, and the selectivity of the sol

vent, which is associated with the kind of solute-
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Table 3

Snyder's parameters for the selected solvent set

Solvent P'Xe P'Xn

Diisopropyl ether
Di-n-butyl ether
Diethyl ether
Dioxane

Tetrahydrofuran
Anisole

Dibenzyl ether

Diphenyl ether
Fenetole
2-Butanone
Acetone

Ethyl acetate

Ethyl benzoate

Propylene carbonate

Dimethylacetamide
Dimethylformamide
N-Methylpyrrolidone
Tetramethylurea
Triethylamine
Dimethylsulfoxide
Hexamethylphos
phorotriamide

22 Nitrobenzene
23 Benzonitrile
24 Acetonitrile
25 Pyridine
26 2,6-Dimethylpyridine
27 Quinoline
28 Toluene
29 Benzene
30 Chlorobenzene
31
32
33
34
35
36
37
38
39
40
41
42

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21

Bromobenzene
Carbon tetrachloride
1,2-Dichloroethane
Methylene chloride
Chloroform
tert-Butanol

Isopropanol
n-Butanol
Ethanol
Methanol

Ethylene glycol
Water

1.188
0.901
1.595
1.824
1.722
0.980
0.891
0.700
0.783
1.620
1.944
1.462
1.452
1.860
2.709
2.624
2.665
2.300
1.098
2.275
2.920

1.350
1.610
2.046
2.279
2.021
2.080
0.736
0.870
0.648
0.648
0.510
1.332
1.156
1.232
2.145
2.322
2.067
2.652
3.366
2.538
3.600

0.242
0.136
0.319
1.008
0.798
1.085
0.891
0.924
0.841
0.765
1.296
1.075
1.188
1.680
1.260
1.344
1.365
0.700
0.126
1.755
2.044

1.215
1.196
1.612
1.113
0.774
1.404
0.552
0.840
0.918
0.918
0.646
0.703
0.578
1.716
0.897
0.860
0.819
1.092
1.254
1.242
3.060

0.770
0.663
0.986
1.968
1.680
1.435
1.518
1.176
1.276
2.115
2.160
1.806
1.760
2.460
2.331
2.432
1.820
2.000
0.576
2.470
2.336

1.935
1.794
2.542
1.908
1.505
1.716
1.012
1.290
1.134
1.134
0.544
1.665
1.666
1.452
0.858
1.118
1.014
1.456
1.980
1.620
2.340

solvent interactions responsible for the separation
between chromatographic peaks, could be adjusted
separately. Thus, the pi parameter accounts for the
solvent strength and Xe, Xd and Xn all describe the
solvent selectivity.

The solvent-selectivity triangle and the proposed
solvatochromic solvent scheme, though apparently
analogous, do not allow a direct comparison.
Whereas the former works with relative measures

of solute-solvent interactions (i.e. Xe, Xd and xn),
the latter uses absolute parameters (i.e. a, � and
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n*). Therefore, a transformation must be applied
either to obtain relative solvatochromic contribu
tions or to have absolute Snyder parameters. The
first possibility was chosen in a sound study
reported by Snyder, Carr and Rutan [32]. In this
work, the parameter related to the global interaction

ability was defined as L = a+�+n*, and the relative
solvatochromic contributions, also drawn in a pla
nar triangular structure, as the normalized ratios cct
L, � IL and n" IL. Although globally rather similar,
the solvatochromic triangle provides a better

description of the solvent selectivity than that in

Snyder's approach [31 ].
The separation between solvent strength and sol

vent selectivity, although very valuable in the chro

matographic field, is not always the best approach
for solvent selection. Indeed, in many other sol

vent-dependent processes (e.g., reaction kinetics
or equilibria) both the strength and the nature of
the solute-solvent interactions must be considered

together to permit an understanding of the overall
solvent effect on the process studied. In these situa
tions, the use of a solvent classification based on

absolute parameters appears to be the most suitable

option. A comparison between the (absolute) sol
vatochromic scheme presented here and the Snyder
classification requires the use of the original distri
bution constants (i.e. piXe, piXd and pixn) related to

the latter approach. In Table 3 are collected the piXi
values for the 42 solvents studied. The three
dimensional plot of this new solvent space (PiXe,
piXd and piXn now being the X, Y and Z axes) shows
a continuous distribution (Fig. 5). At first sight, it
seems dangerous to establish solvent classes, since
there are no noticeable groups in the original sol
vent space and the clusters that could arise are likely
to be mathematical artefacts. Moreover, the clear
correlation which exists among the P'Xi parameters
does not suggest their use as clustering variables in

clustering procedures where a Euclidean distance is
taken as a similarity coefficient. The scores plot
coming from principal component analysis could
not reveal any kind of hidden class structure in the

original data, either.
The reason behind the mathematical correlation

of the Snyder parameters lies in the lack of inde

pendence among their chemical meanings, which is

directly related to the mixed nature of Snyder's
reference solutes. Thus, ethanol, dioxane and nitro
methane were supposed to be sensitive only to the
solvent hydrogen-bond basicity, the solvent hydro
gen-bond acidity and the solvent polarity interac
tions, respectively, and this is far from being true.

•
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The correlation analysis between the P'Xi variables
and the solvatochromic parameters shows no direct
one-to-one correspondence (see Fig. 1). As could
be expected, P'Xd correlates with a and n*, since
dioxane can develop hydrogen-bond basic interac
tions (related to the solvent hydrogen-bond acidity,
a) and polar interactions, whereas ethanol corre

lates with a, � and n*, because it shows polar inter
actions and both hydrogen-bond interactions

owing to its amphiprotic nature. When a combined
treatment of stepwise and robust regression is per
formed [ 33 ] each one of the P'Xi variables is mod
elled as follows:

Pxn=( 2.27 ± 0.08)re*
� = 0.96 Scale estimate = 0.35
% points included in the model: 97.6%'

P'Xd = (0.3 + O. 1 )a+( 1.34 + 0.06)re'
� = 0.95 Scale estimate = 0.23
% points included in the model: 92.8%'

P' Xe = (1.8 + 0.2)a+( 0.8 ± O. 1 )re* +( 2.1 ± 0.2)�
� = 0.98 Scale estimate = 0.28
% points included in the model: 85.7%'

*In the three equations, this percentage excludes the
outlier observations.

The confirmed merged nature of P'Xd and P'Xe
makes it difficult to interpret which concrete inter
action causes lower or higher values of these pa
rameters for each solvent.

The solvatochromic and Snyder approaches
share the same underlying philosophy, i.e. they
have the aim of classifying solvents in a micro

scopic way, by looking at their ability to develop
the most essential interactions (hydrogen-bond
acidity, hydrogen-bond basicity and polarity)
with solutes. Although they are fairly similar for

selectivity-based purposes, the solvatochromic

approach is clearly more powerful for dealing
with absolute solute-solvent interactions. The
mixed nature of the Snyder parameters is most

probably the cause of the loss of structure in the

original solvent space, the swarm of points
obtained being unsuitable for establishing a reliable
structure of solvent classes.

5. Conclusions

The proposed solvent classification has been
established by taking into account the solvent prop
erties in the solvation sphere of solutes. Since these
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properties are often sufficient to describe the sol
vent effects in many chemical processes by means

ofLFER, the scheme is presented as a potential tool
to be applied in the essential task of solvent selec
tion. The absolute nature of the solvent descriptors
makes the scheme suitable for a large number of
chemical processes and the clear definition of the
solvent classes facilitates the inclusion of new sol
vents in the groups previously proposed.
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CHAPTER 5.

GOING FROM PURE SOLVENTS TO SOLVENT
MIXTURES: THE WATER-DIOXANE EXAMPLE



5.1. Microscopic characterization of the mixture and determination of

acid-base equilibria.
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Abstract

The behaviour of water-dioxane mixtures as solvents is studied paying special attention to the correlations
which may exist among the solvatochromic parameters of these mixtures, as well as to the correlations
among some of these parameters and the acid-base properties of model solutes (whose acidity constants

are determined). Values of the polarity parameter 71, proposed by Kamlet and Taft, are determined
from measurements of shifts in Amax of 2-nitroanisole, 4-nitroanisole and 4-ethylnitrobenzene, proposed
as reference dyes for amphiprotic solvents. The correlations of 71 values with some bulk properties
and different microscopic parameters of the working solvents are established. Acid dissociation constants
for propionic acid, chosen as a model for aliphatic carboxylic acids, and salicylic acid, for both aromatic

carboxylic and phenolic hydroxyJic acids, in water-dioxane mixtures are determined from e.m.f. data

(at a constant electrolyte concentration 0.2 M and at 25 DC). The solvent composition range studied

comprises from 10 to 70% dioxane (vol./Vol.). Correlations obtained among the values of acid dissociation
constants and the solvatochromic parameters for the solvent mixtures can be useful in helping to

explain the variation of the acid-base character of solutes when properties of solvent are modified.

Introduction

Solvent mixtures have become an important subject
of research because of their frequent use and the
wide field of applications they offer. The most im

portant feature of these mixed solvents is the gradual
variation of properties they show when their com

position is gradually modified.
A very interesting binary mixture is the

water-dioxane mixture, first introduced in solution

chemistry by Calvin and Wilson [1] and later used
and studied by many authors [2, 3]. The difference

between both constituents, especially with reference
to their relative permittivity (E = 78.54 for pure water

and 2.2 for pure dioxane), gives to their mixtures
an unusually big span of properties. Thus, many
different applications of this solvent mixture exist
because of its versatility, among them, the study of
the influence of decreasing polarity on certain phe
nomena related with biologic macromolecules [4]
(stacking, hydrophobic interactions, ... ) or its use as

a SOlvent medium to reach the differentiating titration
of various functional groups in certain natural po
Iyelectrolytes (bumic and fulvic acids). Many studies
have been made to determine macroscopic param-

0020-1693191/$350

eters (relative permittivity [5, 6J, refraction index, ... )
or to try to determine the bulk structure of these

hydroorganic mixtures, but a Jack of investigation of

the microscopic characteristics of the cybotactic zone

of solutes in these solvents is noticed.
It is well-known fact that certain microscopic phe

nomena ofsolutes, such as proton-transfer equilibria,
are strongly influenced by the solvent whicb forms

their solvation sphere, which normally does not have

the same properties of the bulk solvent DOl' frequently
the same composition. In order to characterize fbi:!;

important ZOD.e of the solvent. a new group of

microscopic parameters was proposed. the so-called

solvatochromic parameters. Micmsoopic parameters
can be determined from the -values ofmany diftierenlt
kinds ofproperties (kinetic.tbe� .... j. but

the easiest and most oommonly used procedure
involves the use of some refereoee dye£" calIlIed
solvatochromic indicaoon>, wb!llSe dllTomopborel'
change the frequency of their ammptiOl!ll bamld wbea

the properties of the solvent are modffiOO.. Amcmg
all the microscopic parameters. the JID(}5tt �
and used are the foJIowmg: E,r(3'IJ), � !by
Dimroth and Reichardt (71 t.aJren a'S :lil.sGllift:oi! pQII.l.-.rily
measure, and a, f3 and "Ii. proposed by KamiIlIeI! aJI.ll!l!
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Taft [8-10], to measure respectively the hydrogen
bond acidity, the hydrogen-bond basicity and the

polarity of solvent.
In order to overcome the scarceness of information

about the microscopic environment of the solutes
in water-dioxane mixtures, the values of the sol

vatochromic parameters of these solvent systems are

determined in the present work and correlations

between all of them are proposed or confirmed,
according to previous models [11].

Thus, in this work two different kinds of exper
iments have been carried out: the spectroscopic
determination of the Ti parameter for water-dioxane

mixtures, (a, f3 and ET(30) are already known from

previous studies [12-14]) and the e.m.f. determination

of the acidity constants of certain model solutes,
taken as representatives of different functional

groups. Between both sets of results interesting cor

relations have been obtained that can help to clarify
the acid-base behaviour of the solutes in this hy
droorganic mixture; behaviour that is clearly influ
enced by the properties of the cybotactic zone of
the solutes,

Experimental

Reagents
Dioxane (PROBUS, a.r.) was purified by Eigen

berger's method [15]. Water was deionized and dis

tilled twice over potassium permanganate. 4-Ni
troanisole (Merck, z.s.) was purified by active-carbon
treatment in an acetone solution and recrystallized
from water. 2-Nitroanisole, 4-ethylnitrobenzene and

N-methyl-2-nitroaniline from Aldrich (a.r.). Potas
sium hydroxide (Merck, a.r.) C0z-free solution in
dioxane-water was prepared by the ion-exchange
procedure [l6}. Salicylic acid (Merck, a.r.) was pur
ified by sublimation. Propionic acid and all other

reagents were Merck, a.r.

Apparatus
A Beckman DU-7 spectrophotometer was inter

faced (RS232) to an IBM personal computer. Spectra
acquisition was controlled through Beckman data

capture software. An ORION SA 720 potentiometer
(precision ±0.1 mY) was used. An ORION 90-05

AgCI/Ag reference electrode with a ceramic junction
and internal reference solution of sat. KG in the

working hydroorganic mixture was used in conjunc
tion with an ORION 91-01 glass electrode. A double

walled cell was thermostatted at (25 ±0.1) "C, A

Metrohm 665 Dosimat autoburette (precision 0.01

ml) with an exchange unit of 5 em? was fitted with

an antidiffusion burette tip. A magnetic stirrer was

used. All of the titration apparatus was connected

to a PC computer (HP Vectra ES/12 or HP 9133)
through an interface HP 3421A, which allowed the
full automatization of the titration process.

Procedure

Determination of the polarity-polarizability Tr

parameter
For the determination of the polarity-polarizability

Ti parameter of the studied water-dioxane mixtures,
2-nitroanisole (2-na), 4-nitroanisole (4-na), 4-ethyl
nitrobenzene (4-enb) and N-methyl-2-nitroaniline
(Nm2na) were used as solvatochromic indicators. All

of them were proposed by Kamlet et al. [10} for use

in amphiprotic solvents or amphiprotic mixtures of
solvents.

The spectrum of each test solution (a solution of

a solvatochromic indicator in a given dioxane-water

mixture) is recorded against a blank consisting of

a dioxane-water mixture of identical composition as

the solvent used in the test solution. Three replicates
of each spectrum are obtained from identical in

dependently prepared test solutions. From the dig
italized average spectra, the wavelength of the long
est-wavelength absorption maximum is determined.
For every solvent composition this procedure is fol

lowed at three different concentration levels of the

indicator. The gross average of the wavelengths of
maximum absorption at each solvent composition is
taken as the final value for the calculation of sol

vatochromic parameters.
From the gross average wavelength for each binary

mixture, the values for the Ti parameter are obtained

by the following expression

Ti=(v-vo)/s

where v is the frequency associated with the ex

perimental wavelength, Vo is the frequency of the

absorption maximum of the solvatochromic indicator
dissolved in cyclohexane ('Ii = 0) and s is the sus

ceptibility of the measured property to changes in
the solvent polarity.

Determination of acid dissociation constants in
dioxane-water mixtures
Acid protonation constants for propionic acid and

salicylic acid were determined from e.m.f. readings.
The potentiometric cell used was: GE/working soln.,
0.2 M, n% dioxane/RE (KGsa" n% dioxane) where
GE is the glass electrode, RE the reference electrode
and n is the dioxane percentage in volume in the

working mixture. The solvent of the inner solution
of the reference electrode has the same composition
as that of the working mixture to minimize liquid
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junction potential problems which would originate
from differences in solvents.

The Gran method [17] was used for in situ cal
ibration of the cell and determination of the standard

potential of the working electrode. The ionic product
of the medium and the pH dependence of the liquid
junction potential were also obtained from the strong
acid-strong base titrations performed for calibration.
For each mixture, the ionic product and the liquid
junction potential were determined simultaneously
through an iterative process using the MINIGLASS

program [18]. Though liquid junction potentials (as
sumed to be given by expressions such as EJ =jH[H+]
or EJ=joH[OH-] in acid or basic media, respectively
[19]) cannot be strictly considered constant with time

for a ceramic junction, the small modifications in

the value of the coefficient jOH do not affect sig
nificantly the pKa values calculated considering it as

a constant, since the use of a ceramic junction
minimizes its value and the period of time needed

to perform the titrations is rather short. After cal

ibration, a known amount of acid solute whose pKa
is to be determined was added to the cell and the

TABLE 1. Experimental conditions of potentiometric titrations

189

titration continued until the suitable pH value was

reached.
For all the deprotonation processes studied, several

replicate experiments were performed. The exper
imental conditions of the tit rations performed are

listed in Table 1. As the deprotonation of both
functional groups of salicylic acid occur in very
different pH ranges, they can be studied in separated
experiments, starting from salicylic acid or sodium

salicylate solutions, depending on the studied process.
In all the titrations, the titrand and the titrant

were prepared in solvent mixtures of the same com

position and at the same total electrolyte concen

tration (0.2 M in KN03). The working solutions were

titrated at 25 DC under a continuous flow of nitrogen.
In order to determine the pKa values, the numerical

analysis of e.m.f, data was carried out using the

SUPERQUAD program [20]. The accuracy of the

results is indicated by the parameter o; which rep
resents the ratio of the root mean square of the

weighted residuals to the estimated error in the

working conditions (0.01 ml for the autoburette

volume readings and 0.1 mV for the e.m.f. readings),

Dioxane System No. of Ligand concentration Range of

(%) titrations or concentration range -log[H+]
(mmol I"")

10 Prop-H" 4 6.9 3.0-6.5

Sal1-Hb 3 5.6 2.5-5.5

Sal2-Hc 4 24.8--25.0 10.2-12.5

20 Prop-H 3 6.9 3.5-7.0

SaI1-H 4 8.0 2.5-{).0

Salz-H 4 12.5 10.0-12.6

30 Prop-H 3 34.5 3.5-7.0

Sall-H 4 27.8--28.1 2.5-{).0

Sal2-H 3 12.3 11.0-13.0

40 Prop-H 3 32.8 3.5-7.5

SalJ"H 3 26.0-26.2 2.5-{).0

SaI2-H 3 17.9-18.4 11.5-13.3

50 Prop-H 3 32.4-32.6 4.0-8.0

Sal1-H 3 8.0 3.0-6.0

Salz-H 3 17.9-18.0 11.7-13.7

60 Prop-H 3 32.2-32.8 4.0-8.0

Sal1-H 3 26.1 3.0-6.0

Salz-H 3 18.0 12.0-14.0

65 Prop-H 3 34.5 4.5-8.0

SaJ1-H 4 5.6-27.9 3.0-6.3

Salz-H 3 17.6-17.8 12.2-14.5

70 Prop-H 3 34.5 5.0-9.0

SaI1-H 4 27.8 3.0-7.0

SaI2-H 3 18.0-18.1 12.5-14.7

'Propionic-H. "Salicylic-H (-COOH group). cSalicylic-H (-OH group).
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and by the value of the statistic parameter X2, which

is based on weighted residuals of e.m.f. readings
[20].

Liquid junction potential, given by EJ =jOH[OH-],
must be taken into account in the calculation only
for the deprotonation of the phenolic group ofsalicylic
acid, which occurs in a very basic pH range. In the

pH ranges where the deprotonation of carboxylic
groups of both propionic and salicylic acids occurs,

the influence of the liquid junction potential can be

considered negligible.

Results

Table 2 shows the TT" values obtained from each

solvatochromic indicator for each composition mix

ture (average of values obtained at three different
concentration levels), and the gross-averaged TT" val

ues, calculated as a mean from the three valid

reference dyes, after rejecting the significantly dif

ferent results of N-methyl-2-nitroaniline.
Table 3 gives the pKw and jOH values for the

different water-dioxane mixtures, at 25 °C and a

constant electrolyte concentration 0.2 M, evaluated

using the MINIGLASS program.
Table 4 includes the pKa values for salicylic and

propionic acids for the different water-dioxane mix

tures, at 25 °C and a constant electrolyte concen

tration 0.2 M, evaluated using the SUPERQUAD
program.

Discussion

It can be observed in Table 2 that N-methyl-2-
nitroaniline yields results which are very different
from those obtained with the three other indicators.
The differences are significant, as proved by the

Cheong and Carr graphic method [11,21]. From the
results obtained in the factor analysis of all the data

[22], it must be accepted that these differences arise
from the effect of hydrogen-bond interactions with
the solvent on the spectral shift of this indicator.

Therefore, the TT" values obtained with this dye were

rejected.
Although the results obtained from each one of

the three valid reference dyes show small differences
from each other, attributable mainly to differences
in their basic character, which is of course very weak
in all cases, other parameters proposed as a polarity
measure are affected to a much more significative
degree by the hydrogen-bond interactions. This is

the case of Er(30), proposed by Dimroth and Rei

chardt, evaluated from 2,6-diphenyl-4-(2,4,6-tri"
phenyl-1-pyridinio)phenoxide taken as a solvato
chromic indicator. The structure of this substance
favours the hydrogen-bond interactions between its

phenoxide group and hydrogen atoms of the solvent.

Thus, ET(30) is considered to be a mixed measure

depending on the polarity of the solvent and also

on its hydrogen-bond donor ability. This was observed

by Kamlet and co-workers, who proved that ET(30)
is a linear combination of 7i and a [23], which are

the parameters proposed by them as a measure of

TABLE 2. 'fT. values obtained from each solvatochromic indicator tested and averaged 'fT" values for the different compositions
of water-dioxane mixtures

Composition of the 'fT* �verage
solvent mixture

% dioxane n2 4-na 2-na 4-enb Nmzna"

100 1.000 0.537 0.541 0.543 0.585 0.540
95 0.801 0.637 0.642 0.631 0.706 0.636
90 0.655 0.718 0.714 0.680 0.771 0.704
85 0.545 0.762 0.765 0.718 0.820 0.748
80 0.458 0.787 0.802 0.755 0.870 0.781
75 0.388 0.840 0.836 0.795 0.910 0.823
70 0.330 0.857 0.874 0.815 0.953 0.849
65 0.282 0.890 0.902 0.863 1.017 0.885
60 0.241 0.924 0.935 0.902 1.025 0.920
50 0.174 0.974 1.015 0.978 1.134 0.989
40 0.123 1.042 1.065 1.039 1.227 1.049
30 0.083 1.071 1.113 1.080 1.293 1.088
20 0.050 1.089 1.152 1.132 1.353 1.124
10 0.023 1.106 1.169 1.154 1.366 1.143

5 0.011 1.111 1.177 1.159 1375 1.149

"These values are not included in the final averaged values.
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TABLE 3. Ionic product, pKw, and liquid junction potential
coefficient, JOH, for dioxane-water mixtures of 25 °C and
a constant electrolyte concentration of 0.2 M, calculated

using MINIGLASS program

Dioxane pKw Standard jOH . Standard

(%) deviation deviation

10 13.963 0.004 63 5
20 14.149 0.005 82 22

30 14.3880 0.0004 46 4

40 14.740 0.002 98 3
50 15.100 0.003 103 3
60 15.525 0.005 31 3

65 15.864 0.005 88 2
70 16.09 0.02 80 7

"Values of JOH are given in mY I mol-I.

the polarity and the hydrogen-bond acidity of solvent,
respectively. The different nature of ET(30) and -rr',
both proposed as polarity measures, can be seen

easily from the plot of Tf versus ET(30) (Fig. 1),
where the non-linearity between the homologous
values of each parameter is evident.

191

In a recent investigation, Cheong and Carr [11]
confirmed the mixed nature of ET(30) and proposed
the following general equation, valid for several

hydroorganic mixtures: ET(30) = 31.92( ± 3.8) +

1l.42( ± 5.6)-rr· + 15.96( ± 3.0)a (in parentheses, the
standard deviation associated to the coefficient).

The relationship obtained for water-dioxane mix
tures from a multiple regression analysis using the
-rr' data obtained in this work agrees with the Cheong
and Carr equation and can be expressed as follows:

ET(30) = 31.75 + 1 0.83Tf + 18.06a

standard deviation = 0.295 r=0.9992

As a consequence of the mixed nature of ET(30),
which is sensitive to many solute-solvent interactions,
this parameter has been used to investigate the

phenomena of preferential solvation in many binary
mixtures [24, 25].

According to Dawber et al. [25], if the components
of a binary solvent mixture participate randomly in
the solvation of the solute, a linear relationship
analogous to the Raoult law is expected:
ET(30)mixture = !XjET(30)jO, whereET(30)jO is the value

TABLE 4. Values of logarithm of protonation constants for propionic and salicylic acids at 25°C and a constant electrolyte
concentration of 0.2 M, in water-dioxane mixtures, calculated using SUPERQUAD program

Dioxane System log K Standard a X2
(%) deviation

10 Prop-H" 4.825 0.003 1.534 17.64

Salt-Hb 2.897 0.001 1.590 23.26

SalrHc 12.789 0.008 1.952 18.35

20 Prop-H 5.091 0.006 2.235 24.36

Sa1t-H 3.067 0.003 1.482 7.07

SaI2-H 13.23 0.02 1.010 4.19

30 Prop-H 5.395 0.001 2.450 37.26

Sa1t-H 3.318 0.002 2.863 49.95

SaI2-H 13.43 0.02 1.006 16.23

40 Prop-H 5.6762 0.0006 1.722 28.48

Salt-H 3.524 0.003 2.354 17.33

SaI2-H 13.51 0.02 2.052 1.55

50 Prop-H 6.063 0.001 3.423 18.63

Salt-H 3.789 0.006 2.736 5.6}
SaI2-H 13.94 0.02 1.604 4.95

60 Prop-H 6.4940 0.0005 1.275 32.69

Sa1rH 4.305 0.001 2.318 18.69

SaI2-H 14.12 0.02 2.086 4.67

65 Prop-H 6.745 0.001 2.195 6.01

SairH 4.478 0.003 2.359 56.41

SaI2-H 14.46 om 1.365 4.84

70 Prop-H 6.879 0.002 2.980 41.77
Salt-H 4.654 0.001 2.830 17.48

Sa1rH 14.84 0.02 3.228 27.41

·Propionic-H. bSalicylic-H (- COOH group). cSalicylic-H (- OH group).
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'FT' values were taken from Table 1; ET(30) values are from
the literature [12, 13].
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Fig. 2. Plot of ET(30) vs. nl for water-dioxane mixtures

for an ideal behaviour (-) and for experimental values

(0).

of the parameter for each pure solvent and Xi is

the respective molar fraction in the solvent mixture.
From the plots of ET(30)mixlure versus nl (1 being
the more polar constituent of the solvent mixture),
the existence of preferential solvation can be seen

when a loss of linearity is produced ('preferential'
meaning the presence in the cybotactic zone of a

higher content of the constituent than that predicted
by the linearity assumption).

In the case of water-dioxane mixtures (Fig. 2), a

double behaviour is noticed. If this assumption is

correct, for solutions with n2 <0.55 (% dioxane <85),
the preferential solvation is due to dioxane, and for

higher percentages of this cosolvent, water is the
constituent responsible of this phenomenon.

Knowledge of the different microscopic parameters
of dioxane-water mixtures and the existence of cor-

relations as above allow an approach to be made

to the properties and structure of the cybotactic
zone of solutes. It would be interesting to compare
these characteristics with those present in the bulk
of these solvent mixtures.

In the plot of liE versus "fT' (Fig. 3), both taken
as pure measures of polarity, the first one referring
to the bulk of the solvent and the second one related

with the cybotactic zone of the solute, a colinearity
can be observed for E> 23 (1/e < 0.037), i.e. for

percentages of dioxane (vol./vol.) < 60%, approxi
mately. When values of E decrease, that is, for higher
percentages of dioxane, a clear deviation of the

linearity can be detected. This means that in mixtures
richer in dioxane (% dioxane> 60), the polarity varies

in a different way than in mixtures poorer in this

cosolvent. The behaviour shown by the Figure points
to an increased polarity of the cybotactic zone (mea
sured by 1i) in mixtures richer in dioxane in com

parison with the predicted value given by the linear

correlation found for the poorer mixtures. These

different properties of the bulk solvent and the

solvation sphere may be the reason for the inadequacy
of certain theories that try to explain the proton
transfer microscopic process as a function only of

macroscopic properties of the solvent mixture, as n2

or l/e.
Thus, in the plot of pKw values (Table 3) or pK•

values of propionic and salicylic acid (Table 4) versus

molar fraction of dioxane (Fig. 4) or 1/E (Fig. 5) it

can be seen that no linear correlations are obtained
that are valid for the whole range of studied com

positions. It is in the zone in which deviations start

to be observed where the specific solute-solvent

interactions become more important and the inef
fectiveness of an only macroscopic model more ev

ident.

D�D55
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D."

0.035

�
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0,025
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0,015

0,01
D ....

o

0,88 0,92 0,96

.. "

Fig. 3. Plot of 1/€ vs. 'FT' for water-dioxane mixtures. 'Tf
values are those from Table 1; € values are taken from
the literature [6].
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salicylic acid (0) and pKw values (+) vs. molar fraction
of dioxane.

So, research which could lead to expressions that
relate the acidity constants of solutes with the prop
erties of their immediate environment, well-char
acterized by the microscopic parameters, is justified.

When the plots of pKw and pK. values versus

ET(30) (Fig. 6) are depicted two linear segments
can be observed, whose intersection is between 50
and 60% of dioxane. The different behaviour of both
zones can be attributed to the breakdown (detected
by Langhals [12]) of the hydrogen-bridged structure

ofwater by dioxane when the amount of this cosolvent

begins to be high. Since it has been previously proved
that ET(30) measures the polarity and the hydrogen
bond donor acidity of the solvent and since this last

property will change strongly with the destruction
of the water structure, it is clear that two differ
entiated trends will result in the behaviour of acid

solutes, well noticeable in the last mentioned Figures.
A more general approach is that of Kamlet and

Taft, who suggested a general equation [10] which

explains any solute property varying with solvent

composition as a linear combination of the micro

scopic parameters of the solvent responsible for the
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Fig. 5. Plot of pK. values of (a) carboxylic groups of salicylic
acid (0) and propionic acid (+); (b) phenolic group of

salicylic acid (0) and pKw values (+) vs. 1/€ for
water-dioxane mixtures.

modification of the solute property studied. This

general equation has also been applied to solvent
mixtures and is expressed very commonly as follows

[10]: XYZ=(XYZ)o+aa+bl3+s7T', where a, 13 and
7i are the microscopic parameters previously de

scribed, XYZ is the solute property, XYZo the value
of this property for the same solute in a hypothetical
solvent for which a = 13 = 7i = 0, and a, band care

numerical coefficients related with the susceptibility
of the studied solute property to changes in a, 13
and 7T"', respectively. This equation can include ad
ditional terms or some of its terms can become equal
to zero depending on the property of the solute to

be described [26].
In the present work, several attempts have been

made to find the best form of the Kamlet and Taft

equation to describe the variation of pK values (for
both the autoprotolysis and the acid dissociation

processes) in water-dioxane mixtures.

Multiple regression analysis has been applied to

our data. All possible combinations of solvatochromic

parameters have been checked. The best fit is ob
tained when only the 7T"' parameter is used, yielding
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the following general equation

pK= s"li + p_KO
For each one of the systems studied, this equation

becomes

pKlsal= -5.9(±0.1)'li+9.68(±0.04) r=0.998

pK2saI= -5.9(±0.5)'li+ 19.7(±0.1) r=0.981

pKprop = - 6.8( ± 0.3)'li + 12.77( ± 0.08) r= 0.995

pKw= -7.1(±0.1)'li+22.10(±0.04) r=0.998

(in parentheses, as before, the standard deviation
associated with the coefficient).

These simple equations explain well all the ex

perimental data within the composition range studied.
If the three solvatochromic parameters are forced
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Fig. 7. Plot ofpK. values of (a) carboxylic groups of salicylic
acid (D) and propionic acid (+); (b) phenolic group of

salicylic acid (D) and pKw values (+) vs. 7T' for
water-dioxane mixtures.

into the equation, no improvement is obtained in

the fit. For instance, for the first acid dissociation
of salicylic acid, the equation would be:

pK1sal= -0.4( ± 1)a-1(±5)f3-6( ±2)'li + 11.4

r=0.997 ra=0.167

rJ3=0.155
r",=0.895

The small coefficients in the a and f3 terms and
the big error associated with them, as well as the
small partial correlation coefficients for these two

parameters, confirm that their contribution in the

description of the variation of pK values in

water-dioxane mixtures can be neglected.
Thus, a really useful correlation is finally found,

that shows the linear dependence of acid dissociation
constants with the microscopic polarity of solvent

(expressed by "IT') for the whole range of compositions
in water-dioxane mixtures (Fig. 7). The previous
correlation, which considered 1/€ as a measure of

polarity, has been modified by the introduction of
the microscopic character of this solvent property,
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defined by Ti parameter, which so strongly affects
the proton-transfer process.
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DETERMINACION DEL PARAMETRO DE POLARIDAD-POLARIZABILIDAD 1[* Y CORRELACION DE
ESTE CON E,.(30) PARA MEZCLAS DIOXANO-AGUA

•

POR

E. CASASSAS, G. FONRODONA Y A. DE JUAN

Departament de Quimica Analitica. Universitat de Barcelona Diagonal 647. Barcelona 08028

Recibido el 17 de agosto de 1990
En homenaje al Dr. Alvaro Izquierdo Irazu con motivo de su jubilaci6n.

RESUMEN.-En las mezclas dioxano-agua, cubriendo un intervalo de composiciones
entre el 5 y el 100 % de dioxano (v/v), se ha procedido a la determinacion del pararnetro
1t* de Kamlet y Taft, que mide la polaridad-polarizabilidad del disolvente. Para ello se

han utilizado algunos indicadores solvatocrornicos elegidos entre los recomendados por
Kamlet y Taft para disolventes anfiproticos, caracter otorgado por el agua a las mezclas es

tudiadas. Tambien se ha estudiado la idoneidad de cada uno de los indicadores solvatocr6-
micos escogidos. Por ultimo, se han comparado el pararnetro 1t* de Kamlet y Taft y el pa
rarnetro Er(30) de Reichardt, definidos como medidas de la polaridad del disolvente, con

firmandose en este ultimo la presencia de una contribuci6n importante debida a interac
ciones de puente de hidr6geno por donaci6n de protones, reflejada en la correlaci6n exis
tente entre ambos parametres.

SUMMARY.-Values of the polarity parameter 1t', proposed by Kamlet and Taft, have
been determined for dioxane-water mixtures from measurements of shifts in vmax of refe
rece dyes, so-called solvatochromic indicators, which are carefully chosen according to the
properties of the solvent mixture studied, in order to avoid or minimize the effect of sol
vent-solute hydrogen bond interactions. Substances used for the water-dioxane mixtures
have been 2-nitroanisol, 4-nitroanisol and 4-ethylnitrobenzene, all of them recommended
by Kamlet and Taft for amphyprotic solvents. The mixture composition range covered goes
from 5 to 100 % of dioxane (vIv). A correlation is obtained between 1t* parameter and Er(30)
parameter, both of them proposed as a measure of polarity. The expression obtained shows
that Er(30) is not a pure measure of polarity, but includes a contribution related to hydro
gen-bond donor acidity of solvent, u,

INTRODUCCION la disolucion, La necesidad de superar esta limita
cion ha llevado a la introduccion de otro tipo de pa-

Las caracteristicas propias de las mezclas hidroor- rametros, de caracter microscopico, cuya determi-
ganicas de disolventes, mezclas que sue len poseer nacion se realiza a partir de la medida de ciertas pro-
un poder solubilizante de compuestos organicos ma- piedades de unos solutos de referencia que se yen

yor que el agua y que presentan una variacion gra- modificadas al hacerlo la naturaleza 0 las caracteris-
dual de propiedades al modificar la proporcion de ticas del disolvente que rodea cada una de las parti-
sus componentes, han hecho del estudio de estas culas (rnoleculas 0 iones) de soluto. Los datos expe-
mezclas un importante campo de investigacion en rimentales mas frecuentemente empleados con este

Quimica Analitica, orientado a una mayor caracteri- fin proceden de transiciones espectrales de ciertos
zaci6n de las mismas y al estudio de las aplicaciones solutos de referencia, que reciben el nombre de in-

que pueden derivar de su uso. dicadores solvatocromicos. Se obtienen a partir de
La creciente utilizacion de mezclas hidroorgani- estos datos mediante el tratamiento maternatico ade-

cas de disolventes ha requerido tarnbien un conoci- cuado los Ilamados parametres solvatocromicos, Ha
miento mas profundo de las interacciones que estas sido definida una gran variedad de parametres de
ejercen sobre los solutos. Es bien sabido que el com- este tipo, entre los cuales los mas aceptados y de ma-

portamiento de los compuestos que se hallan en di- yor utilidad son el parametro Er(30), propuesto por
solucion se ve afectado por el disolvente que com- Dimroth y Reichardt como medida de la polaridad
pone la esfera de solvatacion, el cual, a su vez, ve al- (1), y los parametres a, � y 1[' de Kamlet y Taft (2, 3,
terado el valor de sus propiedades COn respecto al 4) que cuantifican la capacidad formadora de puen-
que estas poseen en el seno de la disolucion. Por tes de hidrogeno por donacion (a) 0 aceptacion de
ello, cada vez SOn mas numerosos los intentos de de- protones (�) y la polaridad-polarizabilidad (1t*).
terminar las caracteristicas de los disolventes en la La importante variacion de la polaridad COn la
zona cibotactica, caracteristicas imposibles de cuan- composicion en el sistema binario dioxano-agua,
tificar con los parametros macroscopicos tradicio- constatada por el amplio intervalo de valores de la
nales, que solo SOn reflejo de la estructura global de constante dielectrica (global) que presenta este di-

11-21



612 E. CASASSAS, G. FONRODONA Y A. DE JUAN VOL.8i

solvente mixto, intervalo que va desde 2,2 para el
dioxano puro hasta 74,58 para el agua pura, hace ne

cesario un estudio mas profundo de aquella varia
cion de polaridad desde el punto de vista microsco

pico. Este estudio se realiza en el presente trabajo,
donde se procede a la determinacion del parametro
1(' para las diferentes mezclas binarias dioxano-agua,
cubriendo un intervalo de cornposicion del 5 al
100 % (vIv) de dioxano, e investigando la posible
correlacion existente entre estos valores y los del pa
rarnetro Er(30). Estos ultirnos, que son una medida
de la energia de la transicion electronica del com

puesto betainico [2,6-difenil-4(2,4,6-trifenil)piridin
l-rljfenoxido disuelto en la mezcla binaria de traba
jo, se han tornado de la bibliografia (5, 6).

El parametro 1(' (4) recibe esta designacion por es

tar basado en la determinacion de los desplazarnien
tos que sufren ciertas transiciones espectrales en el
visible 0 el ultravioleta en las que intervienen elec
trones 1( en niveles energeticos antienlazantes, p--'+1t*
o 1(-1(*.

Para que una substancia sea util como indicador
solvatocromico debe cumplir una serie de caracte

risticas generales, que incluyen: presentar absorban
cia en zonas accesibles del espectro, sufrir un des
plazamiento analogo al del resto de indicadores en

disolventes no formadores de puente de hidrogeno
por donacion de protones, poseer una frecuencia de
absorcion que no varie por superposicion con otras

bandas de energia 0 por cambio de forma de la ban
da, y responder con suficiente sensibilidad a los
cambios de polaridad del disolvente.

De todos modos, no todos los solutos que cumplan
las condiciones anteriores pueden utilizarse para de
terminar el pararnetro 1(' de cualquier tipo de disol
verite. Los indicadores idoneos seran aquellos cuya
frecuencia de maxima absorcion solo se yea afecta
da por la variacion de la propiedad del disolvente
que se quiere cuantificar, en este caso, la polaridad.
Esta asercicn confirma la importancia de una

correcta eleccion de los solutos de referencia, que
debe conseguir eliminar todas las contribuciones
ajenas a la propiedad en estudio, especialmente las EI parametro 1(' se determina a partir de los espec
procedentes de la posibilidad de formacion de puen- tros de los indicadores solvatocromicos para cada
tes de hidrogeno entre el indicador y el disolvente 0 cornposicion de la mezcla binaria. Del espectro de
mezcla de disolventes. Asi pues, para el caso de mez- la solucion de indicador solvatocrornico corregido
elas binarias dioxano-agua, de caracter global anfi- por el de un blanco que contiene el disolvente puro
protico conferido por la presencia de agua, los solu- (una mezcla agua-dioxano a la misma cornposicion
tos de referencia a utilizar, por su propia estructura, que la empleada en la solucion del indicador) se de.
han de ser incapaces de formar puentes de hidroge- termina el maximo de absorcion mediante los pro-
no por donacion 0 por aceptacion de protones. De gramas usuales de digitalizacion de espectros.
todas formas, aun cuando es sencillo fijar las condi- Con cada soluto de referencia se han llevado a

ciones teoricas necesarias para que un indicador sea cabo un minimo de tres series independientes de es

eorrecto, no resulta tan facil encontrar substancias pectros a diferente conceritracion de indicador para
que cumplan los requisitos deseados. Es especial- cada cornposicion de la mezcla, numero incrernen-
mente dificil hallar compuestos utiles para disolven- tado cuando los desplazamientos espectrales no

tes anfiproticos, pues si bien existen muchos solutos eran suficientemente grandes 0 reproducibles.
incapaces de formar puentes de hidrogeno, son po- En todos los casos se realiza un barrido de longi
cos los que aunan esta caraeteristica a una sensibi- tudes de onda que cubre un minimo de 100 nm a

lidad suficientemente grande frente a los cambios de una velocidad de 120 nm/min. Cada espectro con'

polaridad del disolvente. En este caso se adopta una tiene un total de 1.000 0 mas datos, ya que las lee·
solucion de compromiso, combinando el uso de in- turas de absorcion se realizan a intervalos de 0,1 nm·

dicadores no formadores de puentes de hidrogeno Para el 2-nitroanisol, el 4-nitroanisol y el 4-etilnitro·
con el uso de otras substancias de tan baja basicidad benceno, el barrido de longitudes se ha realizado en'

que permiten considerar nula su capacidad de for- tre 250 y 350 nm y para la N-metil-2-nitroanilina en'

macion de puentes de hidrogeno sin cometer erro- tre 350 y 500 nm.
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res significativos. Para el caso de la mezcla dioxane
agua hay que utilizar los indicadores recomendado
por Kamlet y Taft para disolventes anfiproricos, que
son: 2-nitroanisol (2-na), 4-nitroanisol (4-na), 4-etilni·
trobenceno (4-enb) y N-metil-2-nitroanilina
(nm2na).

PARTE EXPERIMENTAL

Reactivos y Soluciones

a) Disolventes.
Dioxano (PROBUS p.a) previamente purificado se

gun el metodo de Eigenberger (7). Agua, previamen
te desionizada y bidestilada sobre permanganato.

b) Indicadores solvatocrornicos.
2-Nitroanisol (Aldrich, p.a.); 4-etilnitrobenceno

(Aldrich, p.a.); N-metil-2-nitroanilina (Aldrich, p.a);
4-nitroanisol (Merck, p. s) purificado por reprecita
cion con agua de una solucion en acetona, previa
mente tratada con carbon activo.

Las soluciones stock de los indicadores solvate
crornicos se preparan en dioxano. Las soluciones de
trabajo se preparan a un minirno de tres niveles de
concentracion diferentes (entre 5/10-4 y 10-SM) a

partir de las soluciones stock por dilucion con la
cantidad adecuada de dioxano y de agua para obte
ner la cornposicion requerida del disolvente binario.

Aparatos

Espectrofotometro BECMAN-DU equipado con

cubetas de cuarzo de 1 em de camino optico y una

rendija de 0,5 nm, eonectado a un ordenador IBM·
PC a traves de una interfase RS232. La adquisicion
de los espectros se ha controlado utilizando el soft
ware Data Capture de Beckman.

Tecnica de trabajo

...
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TABLA I

Valores experimentales de las longitudes de onda de maxima absorci6n para las series de espectros indepen
dientes realizadas can cada indicador (en el encabezamiento de cada columna se da la concentraci6n de indi

cador, expresada en mol- 1-1)
- - - -

l-etil-4-nitrobenceno
Amax (nm)

2-nitroanisol
Amax (nm)

N-metil-2-nitroanilina
Amax (nm)

0/0 dioxano 7,3 . 1 0.5 5,8 . 1 0-5 4,4 . 10-5 8, 1 . 1 0-5 1 ,1 . 1 0-4 1 6· 10-4, 4,2.10-5 2,1· 10-4

100 274,2 274,6 273,9 319,9 320,3 319,0 422,7 422,7
95 275,9 275,9 275,5 322,8 322,4 322,5 426,6 425,7
90 276,9 276,6 276,4 324,7 324,4 324,1 427,9 428,2
85 277,6 277,2 277,2 325,5 326,1 325,5 429,6 429,4
80 278,2 277,9 279,3 326,7 326,7 326,6 431,1 430,8
75 279,0 278,5 280,1 327,2 327,8 327,6 433,1 432,1
70 279,5 278,7 279,2 328,6 328,6 328,5 433,4 433,5
65 279,9 280,0 281,2 328,9 329,6 329,3 435,0 435,7
60 280,8 280,5 281,7 329,8 330,4 330,2 435,1 436,1
50 282,1 281,9 282,7 331,9 332,1 332,8 438,5 439,3
40 283,2 283,0 283,3 333,9 333,4 333,6 442,3 441,3
30 283,7 284,1 284,1 334,7 335,1 335,0 444,0 443,7
20 284,8 284,8 285,2 336,1 335,9 336,0 445,8 445,7
10 285,1 285,3 285,3 336,4 336,5 336,5 446,1 446,2

5 285,3 285,3 285,3 336,7 336,7 336,6 446,4 446,5

4-nitroamisol
Amax(nm)

0/0 dioxano 3,04 . 10-5 8 89 . 10-5, 3 04· 10-5, 6 32 . 10-5, 8 89 . 10-5, 4 56 . 10-5,

100 304,5 304,0 304,5 304,3 304,2 304,3
95 306,5 306,5 306,5 306,5 306,4 306,5
90 308,5 308,5 308,5 308,0 307,9 308,3
85 309,5 310,0 309,5 308,4 308,9 309,3
80 309,5 310,5 309,5 309,7 309,9 309,8
75 310,7 312,0 311,2 310,7 310,5 311,0
70 311,0 312,0 311,0 311,2 311,8 311,4
65 312,0 312,5 311,7 312,0 312,6 312,2
60 312,5 312,5 312,5 313,8 313,4 312,9
50 313,5 314,0 313,5 314,3 315,2 314,1
40 314,5 315,5 316,0 316,0 316,3 315,7
30 315,5 315,5 316,0 317,9 316,8 316,3
20 316,0 316,5 316,0 318,2 317,1 316,8
10 316,5 316,5 317,0 318,5 317,4 317,2

5 316,5 316,8 316,7 318,6 317,9 317,3

7[* = (v - !lois) [1]

sus diferentes series a cada composici6n de la mez

cia binaria. EI promedio global de los diversos valo
res de 7[* procedentes de los indicadores empleados
proporcionara los valores de dicho parametro que
seran adoptados como definitivos para posteriores
correlaciones.

Tratamiento numerico de los datos

EI calculo del parametro 7[* se realiza utilizando la
. ,

expresion:

donde VO es la frecuencia del maximo de absorci6n
del indicador disuelto en ciclohexano, s es el factor
de Kamlet y Taft que expresa la susceptibilidad de
la propiedad medida frente a variaciones de la pola
ridad-polarizabilidad (ambos tabulados por Kamlet
y Taft (4» yves la frecuencia del maximo del indi
cador disuelto en el disolvente problema. Los valo
res de n* para cada indicador individual se obtienen
del valor medio de los resultados que provienen de

RESULTADOS Y DISCUSION

En la Tabla I se muestran las longitudes de onda
de absorci6n maxima para cada uno de los indica
dores, a las diferentes concentraciones empleadas y
para cada composici6n del disolvente en estudio.

La Tabla II contiene los valores de n* obtenidos a

partir de los cuatro indicadores diferentes para
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TABLA II

Valores del parametro 1t0 para cada indicador y valor promedio de 1t0 para las diferentes mezclas de
agua-dioxano.

Composicion de la
mezcla disolvente

4-na 2-na 4-enb Nm2na

0/0 dioxano n2
o

1t
o

1t
o

1t 1t0(O)
o

1t

100 1.000 0.537 0.541 0.543 0.585 0.540
95 0.801 0.637 0.642 0.631 0.706 0.636
90 0.655 0.718 0.714 0.680 0.771 0.704
85 0.545 0.762 0.765 0.718 0.820 0.748
80 0.458 0.787 0.802 0.755 0.870 0.781
75 0.388 0.840 0.836 0.795 0.910 0.823
70 0.330 0.857 0.874 0.815 0.953 0.849
65 0.282 0.890 0.902 0.863 1.017 0.885
60 0.241 0.924 0.935 0.902 1.025 0.920
50 0.174 0.974 1.015 0.978 1.134 0.989
40 0.123 1.042 1.065 1.039 1.227 1.049
30 0.083 1.071 1.113 1.080 1.293 1.088
20 0.050 1.089 1.152 1.132 1.353 1.124
10 0.023 1.106 1.169 1.154 1.366 1.143

5 0.011 1.111 1.177 1.159 1.375 1.149

(*) Estos valores no se incluyen en el promedio final.

cada cornposicion de disolvente y el valor adoptado
como definitivo, promedio de los tres indicadores
seleccionados, como se justifica posteriormente.

En la Figura 1 se hallan representados frente a la
fraccion molar de dioxano en el disolvente mixto los
valores del parametro 1t0 procedentes de los indica
dores: 4-nitroanisol, 2-nitroanisol y 4-etilnitrobence
no.

1.. �-----------------�

en la determinacion del parametro 1t0, Y asi justificar
la eliminacion de resultados aparentemente erro
neos. En el caso de los resultados discrepantes de la
N-metil-2-nitroanilina se ha aplicado este criteria.
Para ella se representan los valores de 1t0 de cada in
dicador a cada cornposicion de la mezcla binaria
frente a las medias (obtenidas para cada composi
cion de disolvente) de los valores de 1t0, procedentes
de los diversos indicadores no considerados discre
pantes. Cuanto mas proximo sea el grafico obtenido
a una recta de pendiente unidad y de ordenada en

1.3 -

1.2 -

�Q
1.1 - Q:]

+
Q

o � Q
m

1 -
Q

III

e
0.9 - + B

+ 8
�

0.8 -
+

a+

+ g

0.7 -
+ 6

+

0.6 -

1.4 �------------ -----

1.3 D

D

1.2

0.6

0.5 -r-r+-r-r---r-.-r.---,.�--,.,---r.--,.-,-.-,--,,---1
0.2 0.4 0.6 0.8o 1

1.1
D

•
D

D D" 1
D
u
-

D"
c

D-

0.9
• Dt

D
O.Bn2

Figura I

Valores del pararnetro 1t0 obtenidos con los indicadores
considerados validos (0 2-nitroanisol. 0 4-nitroanisol y +

4·etilnitrobenceno) frente a la fracci6n molar de dioxano.

0.7

De los cuatro indicadores de referencia escogidos,
la N-metil-2-nitroanilina produce resultados que se

desvian de forma notoria de los que derivan de los
tres restantes. Ostensibles diferencias han side ob
servadas en otros casos por W. J. Cheong y P. W.
Carr (8) quienes han propuesto un criterio para ana

lizar la validez de los diversos indicadores utilizados
11-24

0.5 +--....---.--..,---,-.-,----r---,---,-_,

0.5 0.7 0.9 1.1 1.3

Figura 2

Representaci6n de los valores de 1t' procedentes de los cuatro

indicadores utilizados (0 2-nitroanisol. ll. 4-nitroanisol. X
4-etilnitrobenceno y + N·metil-2-nitroanilina) frente a los valores

de 1t0, promedio de los indicadores considerados validos.
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Figura 3

Representacion de los valores del parametro 11' ,fr.ente a sus

homologos de Er(30) para las diferentes composicrones de la
mezcla dioxano-agua,

el origen igual a cero, tanto mas adecuado sera el in
dicador objeto de estudio. La Figura 2 representa los
valores de n' procedentes de los cuatro indicadores
respecto al promedio de valores de n' de los tres in
dicadores considerados validos, para cada composi
ci6n de la mezcla disolvente. La figura manifiesta
claramente el caracter discrepante de los resultados
que provienen del uso de la N-metil-2-nitroanilina
como substancia indicadora. EI comportamiento
an6malo de este indicador debe ser atribuido a las
interacciones de puentes de hidrogeno que estable
ce dicho compuesto con el disolvente.

Si bien todos los solutos de referencia empleados
poseen una minima basicidad que afecta casi imper
ceptiblemente al valor final del parametro n', (de ahi
las pequefias diferencias entre los resultados que
proceden de las diferentes substancias utilizadas y,
por tanto, el uso obligatorio de varias de elIas para
evitar la influencia en el resultado final de interaccio
nes especificas propias de un determinado compues
to) no es menos cierto que otros parametros acusan

la contribucion debida a las interacciones de puen
tes de hidrogeno en un grado mucho mas significa
tivo. Este es el caso del parametro Er(30), que, de
bido a la estructura del compuesto betainico empleado
como indicador solvatocromico para su medida, su

fre un desplazamiento espectral no solo por el cam

bio de polaridad del disolvente, sino tambien por la
formacion de puentes de hidrogeno con este, segun
la capacidad de donacion de protones del mismo.

La representacion de los valores promedio de n'
frente a sus homologos correspondientes de Er(30)
para las diferentes mezclas agua-dioxano (Figura 3)
demuestra claramente la diferente naturaleza exis
tente entre ambos parametres, manifestada por una

funci6n que dista mucho de la linealidad, reflejo de
la falta de analogia entre los desplazamientos espec
trales correspondientes a cada una de las variables
analizadas.

Fue Kamlet (8) el primero en postular que el pa
rametro Er(30) podia expresarse como una combi
naci6n lineal de los parametres a y n', definitorios
de las contribuciones de interaccion por puentes de

hidrogeno y de polaridad antes mencionadas. Mas
tarde W. J. Cheong y P. W. Carr, en sus estudios so

bre la naturaleza de diferentes mezclas hidroorgani
cas, propusieron la siguiente ecuacion general:

Er(30) = 31,92 (+3,8) + 11,42 (+5,6) n*
+ 15,95 (±3,0) a [2]

a la que se ajustaban los datos provenientes de todas
las mezclas por ellos estudiadas (8).

Para las diferentes mezclas dioxano-agua, toman

do los valores del parametro n* determinados en el
presente trabajo y los valores de la bibliografia para
Er(30) (5, 6) y a (9) se obtienen las siguientes ecua-

•

Clones:

- Con los valores de n' procedentes del 4-nitroa
nisol:

ET(30) = 30,79 + 12,34 n* + 17,49 a Desv.
est. = 0,181 r = 0,9997

- Con los valores de n' procedentes del 2-nitroa
nisol:
ET(30) = 31,80 + 10,68 n* + 17,86 a Desv.

est. = 0,295 r = 0,9992
- Con los valores de n' procedentes del 4-etilni

trobenceno:
Er(30) = 32,66 + 9,29 n* + 19,08 a FDesv. est. = 0,399

r = 0,9986
La ecuacion final que establece la relacion exis

tente entre los parametres en estudio es la siguiente:
ET(30) = 31,75 + 10,83 n* + 10,06 a Desv.

est. = 0,295 r = 0,9982
obtenida a partir de los valores medios de n' adop
tados como definitivos, procedentes de los tres indi
cadores conjuntamente. Para todas las ecuaciones
anteriores dev. est. representa la desviacion estan
dar de los residuales, esto es, de las diferencias en

tre los valores de Er(30) estimados a partir de la
ecuacion de ajuste y sus valores experimentales.

Todas estas expresiones concuerdan con la pro-
,

puesta por los dos auto res ya mencionados, corro

borando la diferencia de significado fisico de los pa
rametros que se comparan, n* y Er(30).
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Solvatochromic Parameters for Binary Mixtures
and a Correlation with Equilibrium Constants.
Part I. Dioxane-Water Mixtures
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The values of the solvatochromic parameters a and � were determined at
25°C for dioxane-water mixtures from 0 to 100% ofdioxane. These values
as well as those of the Reichardt polarity parameter £.r(30) and the
polarity-polarizability 1t* are correlated with acid dissociation constants
and other equilibrium constants in solvent mixtures of the same composi
tion. As a general rule, two linear zones with different slopes are obtained,
one zone covering water-rich solutions, and the other dioxane-rich solu
tions. The change in behavior takes place at about 55% (vlv) dioxane for
all equilibria studied. A fit ofpK to an equation of the multiparametric
form proposed by Kamlet and Taft shows in most cases a linear depen
dence on 1t* alone, in other cases a dependence on 1t* and �.

KEY WORDS: Binary mixtures; dioxane-water; Kamlet and Taft a. � and
1t* parameters; £.r(30) parameter.

1. Introduction

Recently, considerable effort has been devoted to the determina
tion of empirical parameters for the description of the fundamental

properties of pure solvents in order to develop expressions for the

prediction of the effects of solute-solvent interactions on the properties
of solutes. The field of binary solvent mixtures has been much less ex

plored, although research has been reported concerning the variation of
some solute properties, for instance, of several equilibrium constants

(mostly for the acid-base dissociation of solutes or for complex-forming
reactions of some solutes with metal ions) as a function of composition
of binary solvent mixtures over limited ranges of solvent composition.

The correlation of these equilibrium constants with several
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composition-depending functions, such as the solvent polarity expressed
as a function of bulk properties of the mixture (e.g., the relative permit
tivity) or of its microscopic parameters, has been attempted in spite of
the fact that in solvent mixtures the concept of polarity has a limited

meaning. The correlations found have never been fully satisfactory,
especially when the composition range covers the full span from 0 to

100%. Since most of the solvent mixtures used in practical applications
contain a polar constituent, for which hydrogen-bonding interactions
with acid-base solutes or complexing solutes can be important, in the

present paper an attempt is made to relate the variation of equilibrium
constants with the solvatochromic parameters of Kamlet and Taft which
measure the hydrogen-bond interactions a. for hydrogen bond-donor and

� for hydrogen bond-acceptor solvents, in order to establish the extent to

which these parameters will modify known relationships with the

polarity parameter 1t*.
The use of solvatochromic parameters with mixed solvents has

been discussed'" on the basis that no theoretical meaning can be as

signed to these parameters in such environments, since the procedures
for their measurement and the microscopic scale at which they are ap
plied involve molecular properties of each constituent of the solvent
mixture and the solute studied. The application of the empirical values
of solvatochromic parameters to solutes in solvent mixtures implies,
then, the assumption that the properties of the solvation shell of certain
reference solutes (the solvatochromic indicators) are quite similar to
those of any other solute. Actually, it is known that in the solvation
shell of any solute in a mixed solvent, a sorting-in of the more polar
component (dielectric enrichment) is produced which is mainly deter
mined by the charge or dipole features of the solute molecule. In any
case, this apparent oversimplification is much less dangerous than that
which tries to defme the cybotactic zone of the solute through the bulk

properties of the solvent mixture.
Thus, the empirical scales of microscopic parameters can be con

sidered the best tool now available to explain solvent-dependent micro
scopic processes because they are the ones that reflect most reliably the
complete picture of all intermolecular forces acting between solute and
solvent molecules. Their usefulness for binary solvent mixtures has
been widely confirmed in different fields of chemistry. Reichardt
reported many studies on the use of ET(30) in solvent mixtures.P' and
Langhals worked in the same sense.P' Recently, this parameter has been
applied to binary mixtures to investigate the existence of specific sol
vation of solutes.(4,s) In a more practical way, ET(30) has been applied
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to the interpretation of chromatographic features, such as retention
times(6,7) and selectivities. (8)

According to Langhals,(3,9) for binary mixtures of solvents, the

relationship between �(30) and composition is given by
ET(30) = EDln(Cp/C· + 1) + ET(30)o (1)

where cp is the molar concentration of the more polar component, ED
and c· are adjustable parameters which are specific for the binary mix
ture under study, ET(30) and �(30)o are the polarity parameters for the
mixed solvent and for the pure more-polar component, respectively.
Equation (1) is not valid for certain solvent mixtures such as dioxane
water over the full range of miscibility where two regions of linear be
havior with different slopes are obtained. The parameter c· defines the
point of transition between them. Furthermore, for dioxane-water mix
tures it was observed (10) that (a) the log of the autoprotolysis constant
also correlates with ET(30) through two linear expressions with the same

transition point defined by Langhals and (b) the log of the acid dissocia
tion constant for the carboxyl group in 3-hydroxy-2-naphthoic acid

(hnca) follows the same behavior and shows the full range of mixture

compositions divided into two linear zones with an inflexion point at the
critical concentration c· of about 60% (v/v) dioxane. In this paper, the

general validity of the two linear-segments principle is tested using the

protonation constants for several other acids [two carboxylic acids

(glycine and hnca) and three ammonium cationic acids (NH! groups in

glycine and ethylenediamine)] and some complex formation constants

for several systems [Kh K2, and K3 for the complexes in Ni(II)-glycine
and Zn(II)-ethylenediamine systems] in dioxane-water mixtures.

The now widely used multiparametric approach proposed by
Kamlet and Taft, (11·13) which separates solute-solvent interactions into

pure contributions (hydrogen-bond acidity, hydrogen-bond basicity,
polarity-polarizability) has also been applied to binary mixtures.v? This

approach, applied to the microscopic parameters of the mixed solvents
used as mobile phases in liquid chromatography, yields correlations
useful to rationalize capacity factors(IS,16) eluotropic strength''?' and

many other chromatographic parameters. The solvatochromic para
meters find application also in the same field as measures of acidity,
basicity and polarity in order to classify solvent, and have been used by
Snyder and coworkers in order to re-evaluate their famous solvent

triangle. (18)

The parameters a, � and 1t. were determined by Kamlet, Taft and
co-workers'P' for many pure solvents but data are scanty for binary mix-
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Table I. Spectral Data for the Betaine Dye (2) and the ET(30)
Parameter in Dioxane-Water Mixtures=

% %
Dioxaneb nzC v(2)rnaxd Er(30)e Dioxaneb nzC v(2)maxd E,-(3W

100 1.000 12.59 36.0 65 0.282 18.00 51.5
95 0.801 15.66 44.8 60 0.241 18.29 52.3
90 0.655 16.33 46.7 50 0.174 18.75 53.6

85 0.545 16.79 48.0 40 0.123 19.45 55.6
80 0.458 17.14 49.0 30 0.083 19.97 57.1
75 0.388 17.57 50.2 20 0.050 20.50 58.6

70 0.330 17.80 50.9 10 0.023 21.37 61.1

a All Et(30) data given are taken from Ref. 5 except those at 95, 75 and 65% dioxane,
which are evaluated in the present work by use of the equation: Et(30) = h� NA =

hJVa I Vmax. Concentrations of betaine dye used were 1.8xlO-4, 3.7xlO-4 and 4.8xlO-4
mol-L-1. bVolume % dioxane. cMole fraction dioxane. dUnits: kK. eUnits:
kcal-mor1.

tures of solvents. In the present work, the values for ET(30), (Xl and �2
for some binary mixtures of dioxane-water covering a wide range of
compositions were determined. Correlations of these parameters with
the values for the protonation constants of some acids and the stability
constants of some complexes are explored.

2. Experimental
Dioxane (Probus, r.a. and Merck, p.a.) previously purified by

Eigenberger's method was used.?" Water was first deionized and twice
distilled over potassium permanganate. The solvatochromic indicators
used were: pyridinium N-phenoxide betaine dye (obtained from Prof.
E. Bosch), 4-nitroanisole (Merck, previously purified by recrystalliza
tion and treatment with carbon black), and 4-nitrophenol (Fluka, r.a).
Stock solutions of indicators in dioxane were used to prepare the test
solutions at several concentrations of indicator, around 2xI0-4M, and at
the desired solvent composition (by addition of the required amounts of
dioxane and water).

In the spectrometric studies a Beckman-DU7 spectrophotometer,
equipped with 1 em quartz cells and attached to an IBM-PC through a

RS232 interface, was used. The spectra acquisition was controlled by
the Beckman Data Capture Software.

The spectra of the test solutions of each indicator were recorded
against a blank consisting of the dioxane-water mixture of identical
composition as the test solution. Three replicates were obtained of each
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Fig. 1. ET(30) parameter vs. volume fraction of dioxane (D), or vs. molar fraction (+) of
cosolvent in dioxane-water mixed solvent and vs. reciprocal of the dielectric constant

(0) of these solvents. Broken lines unite abscissae values for the same solutions.

Table II. Spectral Data for 4-Nitroanisole(1) and Betaine Dye(2)
and the a1 Parameter in Dioxane-Water Mixtures a

% %
Dioxane v(l)max v(2)max (XI Dioxane v(l)max v(2)max (XI

100 3286 1259 -0.07 65 32.03 18.00 0.55

95 3263 15.66 0.35 60 31.96 18.29 0.57

90 3243 16.33 0.40 50 31.84 18.75 0.61

85 3234 16.79 0.45 40 31.68 19.45 0.67

80 3228 17.14 0.48 30 31.61 19.97 0.74

75 3215 17.57 0.51 20 31.57 20.50 0.81

70 3211 17.80 0.54 10 31.53 21.37 0.94

a All (XI values given were evaluated using the equation: (XI = VC:I..I) / 6.24 from spectral
data reported in the present work. Concentrations of betaine dye were as in Table I,
concentrations used of 4-nitroanisole were 3xlO's, 6.6xlO·s, and 8.9xlO·s mol-L·I. For
units see Table I.

spectrum from identical independently prepared test solutions. From the

digitalized average spectra (softened according to usual computer
programs) the wavelength of the absorption maximum was evaluated.

For every solvent composition this procedure was followed at

three different concentration levels of the indicator. The gross average
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Fig. 2. U1 parameter vs. volume fraction of dioxane (0), or vs. molar fraction (+) of

cosolvent in dioxane-water mixed solvent and vs. reciprocal of the dielectric constant

(0) of these solvents. Broken lines unite abscissae values for the same solutions.

Table ill. Spectral Data for 4-Nitroanisole (4) and

4-Nitrophenol (3) and the In Parameter in Dioxane-Water Mixtures a

% %
Dioxane v(4)max v(3)max �2 Dioxane v(4)max v(3)max �2

100 3286 3280 0.419 60 31.96 31.58 0.596
95 3263 3210 0.632 50 31.84 31.52 0.575
90 3243 31.92 0.636 40 31.68 31.49 0.525
85 3234 31.82 0.640 30 31.61 31.50 0.494
80 3228 31.77 0.638 20 31.57 31.51 0.474
75 3215 31.71 0.613 10 31.53 31.57 0.432
70 3211 31.64 0.628 5 31.52 31.57 0.428
65 3203 31.61 0.610

a All �2 values given were evaluated using the equations: �2 = -V(3-4) / (2.80)(0.825),
from spectral data obtained in the present work. Concentration of 4-nitroanisole were as

given in Table II; concentrations of 4-nitrophenol were: 2xlO"6 2xlO"s and 4xlO"s
1

' ,

mol-L" . For units see Table I.
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Fig. 3. �2 parameter vs. volume fraction of dioxane (0), or vs. molar fraction (+) of
cosolvent in dioxane-water mixed solvent and vs. reciprocal of the dielectric constant

(0) of these solvents. Broken lines unite abscissae values for the same solutions.

of the wavelengths of maximum absorption at each solvent composition
was taken as the final value for the calculation of the solvatochromic

parameters.

3. Results

In Table I the ET(30)-values for several dioxane-water mixtures

(from the Iiterature'" or evaluated in the present work) are shown. The

dependence of Er(30) on the volume fraction and mole fraction of this
dioxane and on the reciprocal of the dielectric constant of the mixed sol
vent are shown in Fig. 1.

In Tables II and III the 0.1 and �2 values, respectively, are given
for several dioxane-water mixtures. The dependences of these par
ameters on the same composition-dependent variables as for ET(30) are

depicted in Figs. 2 and 3.
For dioxane-water mixed solvents, the ionic product K; of the

medium were determined potentiometrically by the Gran(lO) pro
cedure. The dependence ofpKw on 0.1 and �2 is shown in Fig. 4.

Correlation of the protonation constants of the carboxyl group in

glycine(21) and in hnca acid(lO) and of the NH! group in glycine and

ethylenediamlne.P" in dioxane-water mixtures with the ET(30), 0.1 and
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Fig. 4. The reciprocal logarithm of the ionic product in dioxane-water mixtures
as a function of the IX (D) and � (+) parameters.

�2 values found in this work are shown in Fig. 5. Stability constants for

Ni(II)-glycine and Zn(II)-ethylenediamine complexes in dioxane-water
solutions at several solvent compositionsv" also were correlated with
ET(30), (Xl and �2 values found in the present work and are shown in

Fig. 6.

4. Discussion

It has been observed for all acid-base equilibria considered that
the correlation of the acid-dissociation constants with ET(30) yields two

linear segments (Fig. 5a), similar to what was observed earlier with
hnca. (10) The linearity of the two segments, as well as their intercept, are

well defined in the case of carboxylic acids but have a poorer definition
for the deprotonation of ammonium groups. The intercept of both linear
segments occurs at about 56% dioxane (v/v) (n2 = 0.212), the exact

values are given in Table IVb. The dependence of all these acid-base
equilibrium constants as well as those of the ionic product of the
medium on (Xl or on � follow analogous patterns (Fig. 5b, 5c and 4),
the �2 correlation being perhaps less clear as the regression coefficient
values in Table IVa show.

The trends observed for the formation constants of binary com

plexes in dioxane-water solutions show a similar pattern to that
described for acid dissociation constants: two linear segments appear in
their plots vs. ET(30), (Xl or �2 (Figs. 6a-c), with an inflection point at
about the same solvent composition as before, as given in Table V,
where the parameters for the linear equations and their regression coef-
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Table IVa. Parameters in the Linear Equations for the Acid
Dissociation Constants of Selected Compounds a

Water-Rich Zoneb Dioxane-Rich Zonec

System s I C.C. s I C.C.

ET(30)
hnca 0.162(5) 12.44(2) 0.999 0.36(4) 23.15(8) 0.985
glYl 0.114(1) 9.276(1) 0.999 0.27(1) 17.58(3) 0.998
glY2 0.023(3) 11.02(1) 0.993 0.12(1) 16.01(1) 0.997
enl 0.05(1) 3.98(3) 0.984 0.1(2) 11.84(4) 0.974

en2 0.03(1) 7.97(2) 0.986 0.10(1) 15.28(3) 0.986

0.1
hnca 3.9(3) 6.14(5) 0.992 12.0(1) 11.24(8) 0.985
glYl 2.7(3) 4.83(5) 0.993 9.6(5) 8.95(4) 0.996
glY2 0.5(1) 10.09(2) 0.974 4.2(3) 12.23(2) 0.995
enl 1.27(8) 5.95(1) 0.998 3.6(5) 8.71(3) 0.979

en2 0.81(2) 9.23(1) 0.998 3.8(4) 11.90(2) 0.991

�2
hnca 0.70(5) 7.8(6) 0.995

glYl 5.69(2) 0.078(1) 0.999

glY2 1.1(1) 9.08(1) 0.993

enl 2.5(4) 8.16(3) 0.984

en2 1.6(2) 10.65(1) 0.986

a logK = sX + I [where X = E,.(30), 0.1 or �2] (hnca, 3-hydroxy-2-naphthoic acid; gly,
glycine; en, ethylenediamine); values in parentheses are standard deviation in the last

significant figure; C.C., correlation coefficient. b Four data are used to do the regression
analysis for every substance. C Four data are used to do the regression analysis for hnca;
three data are used for the rest of substances.

ficients are also given.
These results confirm the existence of a change in the nature of

the solute-solvent interactions in dioxane-water mixtures which occurs

around 55% volume fraction or 0.205 mole fraction as was previously
described in a study on the acid-base behavior of hnca.(lO) The change
in behavior as postulated by Langhals'" has to be a consequence of a

change in the solvent structure.
The mixed solvent under study is amphiprotic in nature as far as

the formation of hydrogen bonds is concerned: the water component has

strong hydrogen bond donor (HBD) ability, and both components show

important hydrogen bond acceptor (HBA) properties. Then, the acid-
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TableIVb. Abscissae of the Intercept of the Two
Linear Segments a

System X = ET(30) X=a. X=pb

hnca 53.3 0.609 0.565

glY1 53.1 0.602 0.576

glY2 52.7 0.589 0.584

en1 52.5 0.572 0.589

en2 52.6 0.579 0.586

Average Value" 52.8 0.590 0.580

a See Table IVa for abbreviations. b The linear equation for the dioxane
rich zone is not given in Table IVa because of a rather bad correlation
coefficient C These average values belong to solutions with the follow

ing compositions: 56% dioxane (nz = 0.212) for X = ET(30); 55%
dioxane (nz = 0.205) for X = a or �.

base or complex-forming properties of solutes should be related to the

microscopic parameters of the solvent mixture through an equation of
the general linear-combined type used by Kamlet and Taft

X; = X; + ao: + b!3 + S1t* + ... (2)
where X is the concerned property and a, b, and s are constants which
measure the susceptibility of this property to changes in HBD acidity,
HBA basicity and solvent polarity, respectively.

Thus, a correlation of the whole set of data with the microscopic
parameters according to the general expression has been stepwise tested.
In the first place, only the two parameters 0.1 and 132 have been used and,
since the resulting correlation was poor, values of 1t*(22) had to be intro
duced in the linear regression analysis. Then, a rigorous statistical treat

ment was applied to find out which multiparametric approach is the best
to explain the variation of each equilibria in the full range of mixture

compositions. It is well known that the fit quality of a linear regression
cannot be ensured only by a high value of its correlation coefficient
(C.C.),(23) since this parameter can be increased by the inclusion of un

necessary variables which overfit the set of data.
The procedure used in this work to determine which set of inde

pendent variables provides the best description of the behavior of each
one of the data sets studied begins with an attempt of fit using the most
extended form of the Kamlet-Taft equation, which includes all the pos
sible variables that could explain the variation of the complex formation
constants or protonation constants. The program used yields the cor-
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Table Va. Parameters in the Linear Equations for the Complexation
Constants in Selected Systems=

Water-Rich Zoneb Dioxane-Rich Zone"

System s I C.C. s I c.c.

ET(30)
A.Kl 0.15(1) 14.86(3) 0.998 0.26(1) 20.88(1) 0.999

A.Kz 0.14(1) 13.13(3) 0.998 0.20(2) 16.50(6) 0.985

A.K3 0.11(1) 10.00(2) 0.998 0.22(1) 15.65(2) 0.999

B.KI 0.09(1) 11.51(5) 0.990 0.26(1) 20.45(2) 0.998

B.Kz 0.09(1) 10.17(5) 0.988 0.30(2) 21.13(6) 0.993

B.K3 0.05(1) 4.94(3) 0.984 0.20(2) 13.14(5) 0.991

(X

A.Kl 3.5(6) 9.11(8) 0.986 9.2(9) 12.53(6) 0.989

A,Kz 3.4(6) 7.70(8) 0.984 7.0(1) 10.07(7) 0.976

A.K3 2.7(5) 5.65(6) 0.986 7.6(6) 8.72(4) 0.993
B.g1 2.3(6) 6.55(8) 0.968 9.3(8) 12.04(5) 0.993

B.Kz 2.2(6) 6.55(8) 0.965 10(1) 11.5(1) 0.979

B.K3 1.3(3) 2.87(5) 0.958 7(1) 6.5(7) 0.976

�
A.KI 7.3(4) 2.78(3) 0.998 16(7) 2.7(2) 0.859

A.Kz 6.9(3) 1.72(2) 0.999 12(6) 1.4(2) 0.826

A.K3 5.5(3) 0.87(2) 0.998 13(6) 3.7(2) 0.838

B.KI 4.7(1) 3.73(1) 0.999 16(7) 3.1(2) 0.836

B.Kz 4.6(2) 2.57(1) 0.999 19(8) 6.2(2) 0.863

B.K3 2.7(2) 0.58(1) 0.997 13(5) 5.6(2) 0.862

a logK = sX + I [where X :: ET(30). (Xl or �2l. A. Ni(Il)-gly system; B. Zn(II)-en
system); values in parentheses are standard deviation in the last significant figure; C.C.
= correlation coefficient. b Four data are used to do the regression analysis for every
substance. C Three data are used to do the regression analysis for every substances.

relation coefficient and the values of a, b, and s, with their associated
errors, and furthermore, it checks through application of the t-test,
whether these constants are significantly different from zero,(24) and only
such constants were retained. The constants that are given in Table IV

yield the best fits using these criteria.
From the equations obtained for all the complex-forming reac

tions (independently of the nature of the metal and the ligand) an iden
tical behavior is observed. The variation of the stability constants in the
whole range of compositions of the water-dioxane mixtures can be ex-
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Table Vb. Abscissae of the Intercept of the Two
Linear Segments=

System X = ET(30) X=a. X=�

Ni(II)-gIYl 53.28 0.610 0.576

Ni(II)-glyz 54.89 0.640 0.557

M(II)-gIY3 53.65 0.616 0.570

Zn(II)-enl 53.13 0.602 0.577

Zn(II)-enz 52.75 0.592 0.585

Zn(II)-en3 53.40 0.608 0.576

Average Valueb 53.51 0.611 0.573

a See Table Va for abbreviations. bThese average values belong to

solutions with the following compositions: 55% dioxane (nz = 0.205) for
X = ET(30); 53% dioxane (nz = 0.192) for X = a., and 54% dioxane (nz =

0.198) for X = �.

plained by means of the reduced Kamlet and Taft equation
pK = pKo + S1t* (3)

where the microscopic polarity 1t* appears as the solvent property
responsible for the changes in the complexation equilibria.

Analogous conclusions can be deduced from the linear relation

ships obtained for the protonation constants in the cases of acidic solutes
with carboxylic groups and of the amino group of glycine. A different

expression is reached for the two constants of ethylenediamine, in which
the hydrogen-bond basicity of the solvent (�) must be included in the

multiparametric equation, which now becomes

pK = pKo + b� + S1t* (4)
Even though the definitive fit is statistically doubtful because the

pK data show only a slight variation along the full range of composi
tions, the result obtained is significant. The introduction of a new vari
able � can be understood because of the positive charge of the pro
tonated species which could enhance the interactions with the hydrogen
bond acceptor groups of the solvent mixture. Since the pK data used in
this work are the only data available that cover an extensive range of
solvent composition, the small number of data in each of the structural
zones of the solvent do not justify a separate application of mul
tiparametric fit.
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Table VI. Values of the Coefficients of the Kamlet and Taft
General Expressiona

System
Full Solvent Composition Range"

a b s C C.C.

Acid-Base
hnca -6.6(2) 10.36 0.996

gly-K1 -4.9(2) 8.04 0.993

gly-K2 -1.6(2) 11.41 0.96

en-K1 -6(2) -3(1) 13.65 0.820

en-K2 -6(2) -3.3(9) 16.43 0.89

Complex Formation

Ni-gly-Kl -5.3(1) 12.20 0.9980

Ni-gly-K2 -4.80(8) 10.42 0.9992

Ni-gly-K3 -4.4(1) 8.42 0.9990

Zn-en-K1 -4.5(3) 10.98 0.99

Zn-en-K2 -4.6(1) 9.89 0.98

Zn-en-K3 -3.4(3) 5.58 0.98

a General expression: pK(101v) = C + aCJ. + b� + SIt" obtained for the acid-base and com

plex systems studied, in the full solvent composition range.
b Eight data are used to do

this regression analysis for hnca; seven data are used for the rest of substances.

5. Conclusion

Equilibrium constants for some acid-base and complex-forming
reactions in water-dioxane mixtures show a different linear relationship
to ET(30) (taken as a measure of solvent polarity) for solvents with
dioxane contents richer or poorer than 55-50% (v/v) (mole fraction =

0.2, implying a molar dioxane-water ratio of about 1:4).
When the equilibrium constants VS. some of the solvatochromic

parameters over the full range of compositions are subjected to Kamlet
and Taft's general equation by an iterative fitting process, in all cases

linear functions of only the polarity-polarizability parameter 1t* are ob

tained, except for the deprotonation of ethylenediamine which requires a

multiple linear regression involving the two parameters 1t* and B, In all

cases, the variation of the equilibrium constants is described well by the

microscopic properties of the solvent in the cybotactic zone of the
solutes.
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Abstract

Casassas, E., Fonrodona, G., de Juan, A. and Tauler, R., 1991. Assessment of solvent parameters and their correlation with

protonation constants in dioxane-water mixtures using factor analysis. Chemometrics and Intelligent Laboratory Systems, 12: 29-38.

The effect of the composition of dioxane-water mixtures on wavelength shifts of different solvatochromic indicators and on pKa
values of different carboxylic acids are studied using factor analysis. Target factor analysis is subsequently applied to find out which
are the physicochemical parameters affecting the observed data variation. For wavelength shifts of the selected solvatochromic
indicators three main sources of variation are found: solvent polarity, 'IT *, the hydrogen-bond donor acidity of solvent, lX, and the

hydrogen-bond acceptor basicity of the solvent, p. For pKa values of carboxylic acids the main source of variation is identified as

being the polarity of the mixed solvent.

INTRODUCTION ET(30), proposed by Dimroth and Reichardt [7] as

a measure of polarity, or a, [3 and 7T *, proposed
by Kamlet and Taft [8] to quantify the hydrogen
bond donor acidity (a), hydrogen-bond acceptor
basicity ([3) and the polarity-polarizability of the
solvent (7T *). In the present work the real mean

ing of certain solvent microscopic parameters as

applied to water-dioxane mixtures is assessed. In

spite of some doubts that have been cast upon the

physical significance of solvatochromic parame
ters in general when they are applied to solvent
mixtures [9], these parameters are useful oper
ational tools which have been applied to correlate
several solute properties with mixed solvent com

position [10].
Microscopic parameters for a given solvent are

calculated from the frequencies of the main spec-

Factor analysis (FA) has been used in the study
of pure solvent effects on certain physicochemical
properties [1-3], but it has not been applied to a

similar study for binary mixtures of solvents. A

generally accepted assumption for these systems is
that every property, e.g. pKa for acidic substances,

. or spectroscopic data for absorbing compounds,
depends on the concentration ratio of constituents
in the mixed solvent.

Solvent effects on some properties of solutes
can be quantified [4] by the use of macroscopic
parameters such as n2 (molar fraction) or f (di
electric constant) or microscopic parameters, such
as Y (solvent ionizing power) [5], or Z (polarity
parameter) [6], or the more commonly used
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tral bands of certain reference solutes, the exact

position of these bands depending on the solute
solvent interaction in the cybotactic zone.

Reference substances have been proposed
whose spectral shifts are supposed to be sensitive

only to the property which has to be measured

(e.g., polarity) or to a linear combination of some

of these properties (e.g., polarity, hydrogen-bond
effects). Whether this is the case or some strange
factor affects the value of the shift can be shown

by using FA since this method enables the predic
tion of how many causes of variation include the

original data without assuming previously any
model nor any kind of behaviour. Once the num

ber of factors of which the spectral data are de

pendent is known, the nature of these factors can

be determined through target factor analysis
(TFA). Among the targets taken in consideration
in the present work are the microscopic parame
ters of the solvent.

The same chemometric techniques, FA and
TFA, and the same targets are used in a second

part of the work to interpret the variation of pKa
of several selected solutes in water-dioxane mix
tures.

The fact that these parameters have never been
assessed before by using these 'hypothesis-free'
methods (FA), the recognized importance of these

microscopic parameters to get over the lack of
information about the properties of the solvation

sphere, very different from those of the bulk

solvent, especially for solvent mixtures, and the

improvement that the use of these parameters
introduces in the explanation of complex micro

scopic solvent-dependent processes, such as pro
ton transfer equilibria in solvent mixtures, justifies
the objectives of the present work.

The present work introduces an 'abstract' way
to deal with the spectral shifts of the substances

adopted as solvatochromic indicators when solved
in a mixed hydroorganic solvent, in order to

evaluate the degree of purity of the measures that

they afford of every given mixed solvent property.
The same hypothesis-free method is applied to the

study of the variation of acid-base properties of
some selected solutes. To reach the goals above,
two sets of data are first analyzed using FA [1] in
order to determine the number of independent
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parameters affecting the data. One set consists of
the wavelength shifts of different solvatochromic
indicators and the other one of the pKa

values of

carboxylic acids in the same solvent mixtures.

Target factor analysis, TFA [11], is afterwards

applied to the same data to identify the indepen
dent parameters, to check the validity of some

previously accepted physical models and, eventu

ally, to propose new ones.

EXPERIMENTAL

Reagents

Dioxane (PROBUS, r.a.) purified by Eigen
berger's method [12]. Water deionized and dis
tilled twice over potassium permanganate. 4-
Nitroanisole (Merck, z.s.) purified by activated
carbon treatment in an acetone solution and re

crystallization in water. 2-Nitroanisole (Aldrich,
r.a.). 4-Ethylnitrobenzene (Aldrich, r.a.). N

Methyl-2-nitroaniline (Aldrich, r.a.). 4-Nitro

phenol (Fluka Chemie puriss.). 4-Nitroaniline

(Carlo Erba, r.a.). 2,6-Diphenyl-4-(2,4,6-triphenyl-
1-pyridinio)phenolate (obtained from Prof. E.

Bosch, whose kind co-operation is acknowledged).
Potassium hydroxide (Merck, r.a.), CO2-free solu
tion in dioxane-water, prepared by the ion-ex

change procedure [13]. Nitric acid (Merck, r.a.).
Potassium nitrate (Merck, r.a.). Salicylic acid

(Merck, r.a.) purified by sublimation. Propionic
acid (Merck, r.a.). 3-Hydroxynaphtalene-2-carbox
ylic acid (Merck, r.s.) purified by activated carbon
treatment and recrystallization from ethyl alcohol.
Potassium chloride (Merck, r.a.).

Apparatus

Beckman DU-7 spectrophotometer interfaced

(RS232) to an IBM personal computer. Spectral
acquisition was controlled through Beckman data

capture software. ORION SA 720 potentiometer
(precision + 0.1 mV). ORION 90-05 AgCljAg
reference electrode with ceramic junction and in
ternal reference solution of saturated KCI in the

working hydroorganic mixture. ORION 91-01

•
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glass electrode. Double-jacketed cell thermostated
at (25 + 0.1)

0 C. Metrohm 665 Dosimat auto

burette (precision 0.01 ml) with an exchange unit
of 5 em' with an antidiffusion burette tip. Mag
netic stirrer. The complete titration set-up is con

nected to a PC computer (HP Vectra ESj12 or

HP 9133) through an HP 3421A interface, which
allows the full automation of the titration process.

Experimental procedure

Assessment of solvent parameters
For the determination of microscopic parame

ters of solvents, Kamlet and Taft [8] proposed the
use as indicators of several substances whose ab

sorption spectra are sensitive only to the solvent

properties to be measured and which are free from
contributions produced by other causes. For

amphiprotic solvents or amphiprotic mixtures, they
proposed the following substances: 2-nitroanisole,
4-nitroanisole, 4-ethylnitrobenzene and N-methyl-
2-nitroaniline (all of them showing spectral shifts
sensitive only to the polarity of the solvent), 2,6-
diphenyl-4-(2,4,6-triphenyl-l-pyridinio)phenolate
(betaine) (the spectral shifts of which are sensitive
to the polarity and to the hydrogen-bond donor

acidity of the solvent), 4-nitrophenol and 4-

nitroaniline (with spectral shift sensitive to the

polarity and to the hydrogen-bond acceptor basic

ity of solvent). All of them are used in the present
work, but for the case of betaine several of its

frequency values are taken from the literature [14].
The spectra of the test solutions of each indica

tor are recorded against a blank consisting of the

pure solvent (a dioxane-water mixture of identical

composition to the test solution). Three replicates
are obtained of each spectrum from identical,
independently prepared test solutions. The wave

length of the longest-wavelength absorption maxi
mum is determined from the digitized average
spectra. For every solvent composition this proce
dure is followed at three different concentration
levels of the indicator. The gross average of the

wavelengths of maximum absorption at each
solvent composition is taken as the final value for
the calculation of solvatochromic parameters.
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Correlation of solvent parameters with protona
tion constants in dioxane-water mixtures

Acid protonation constants for 3-hydroxynaph
thalene-Z-carboxylic acid (HNCA), propionic acid
and salicylic acid were determined by the authors
from e.m.f. readings [15]. The Gran method [16]
was used for in-situ calibration of the cell and
determination of the standard potential. After

calibration, a known amount of acid solute was

added to the cell and the titration continued until
a suitable pH value was reached. In all the titra

tions, the titrand and the titrant were prepared in
solvent mixtures of the same composition and at

the same total concentration of inert electrolyte
(0.1 M KN03 for 3-hydroxynaphthalene-2-
carboxylic acid and 0.2 M KN03 for both sali

cylic and propionic acids). Experimental values
were processed by the SUPERQUAD [17] pro
gram in order to determine the pKa values. pKa
values for succinic acid were taken from the litera
ture [18].

Data treatment

Different statistical tests, as proposed by
Malinowski in the TARGET90 computer proce
dure [11], have been applied and are described

briefly in Scheme 1.

Input data referring to the different properties,
pKa values or spectral shifts, which vary with the

composition of the mixed solvent, are collected to

build up the experimental data matrix D. The
columns of the spectral shift data matrix are

centred about the mean and normalized by divid

ing by their standard deviation (correlation about
the mean). No pretreatment has been necessary in
the case of the pKa value data matrix. Factor

analysis (FA) is used primarily to determine how

many sources of independent variation (factors)
are implied in the data. Two different tests are

applied for this purpose, one derived from the

application of the theory of error in FA as pro
posed by Malinowski [1], and the other one de

rived from the application of cross validation

techniques [19,20]. Both the empirical indicator

function, IND, which is calculated from the mag
nitude of the eigenvalues, and the standard error
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Scheme 1.

of prediction, SEP, used in the second test, should
have a minimum for the correct choice of factors.

Once the number of factors has been de
termined unambiguously, target factor analysis,
TFA, is applied to identify the physical nature of
these factors. The F statistical test as proposed by
Malinowksi [11] has been used for this purpose;
each of the targets is tested to be a possible
candidate as a real factor: from the apparent error

in the target, AET, and the error from the data

matrix, EDM, the SPOIL value associated with
the target is calculated [11,21]. Targets which lie in
the factor space should have values of SPOIL
below 3 and a percent significance level, %SL,
above 5%. Those targets which are confirmed as

possible real factors are used afterwards for the
calculation of their target loadings and for the
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reproduction of the data matrix. The best combi
nation of target test vectors which most accurately
describes the data matrix is the one that yields the
lowest error on the estimation of the loadings and
the lowest root mean square error, RMS, in the

reproduction of the data matrix. The best combi
nation finally achieved is used to infer chemical
information about the system and about the real
causes affecting the properties of the solvent mix
tures.

All the data treatment was performed using the
TARGET90 program [11].

RESULTS AND DISCUSSION

Assessment of solvent parameters

Table 1 includes the data matrix. Results of

eigenvalue analysis are shown in Fig. 1, where the
evolution of IND (indicator function (1)) is plotted
against the number of factors. Results of complete
cross validation, plotted in Fig. 2, show the evolu
tion of SEP (standard error of prediction func

tions) calculated according to Malinowski [19] or

according to Wold [20]. A minimum at three fac
tors can be seen for IND function and a common

minimum at four factors for both Malinowski and
Wold SEP functions. Since the RMS error ob
tained in the reproduction of the data matrix

using three factors is quite acceptable, RMS =

0.041, this number of factors has been adopted for
the target testing and for the combination of

targets. Table 2 shows the results of target testing
and the loadings associated with the targets taken
as a definitive model.

Since the values of the longest-wavelength ab

sorption maxima of the solvatochromic indicators
have been preprocessed for correlation about the

mean, the targets have been modified accordingly.
This mathematical treatment has been used be
cause of the big differences existing between the

magnitude of the variations of the spectral shifts
for indicator I and those for the other substances.
In this way, a correction was made for the other
wise excessive statistical weight given to the data
of betaine (indicator I) which would hide any
other factor that did not directly depend on the
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Fig. 1. Evolution of the IND function vs the number of factors. Fig. 2. Evolution of the SEP functions according to Malinow
ski (D) and according to Wold (+) vs. the number of factors.

shift of this substance. The normalization process
enables to discover all the factors implied in the
variation of the matrix data and does not cause

any important loss of information because the

origin of the targets tested is arbitrary.
The results of the eigenvalue analysis show that

the variation of the absorption maxima of the

compounds studied depends on three factors.

Among all the sets of three targets which were

combined, the one which best reproduced the

original data matrix included a, 13 and 7T
*

param
eters, reflecting the hydrogen-bond solute-solvent
interactions (a and 13) and the influence of solvent

polarity (7T *), as was expected from the model

proposed by Kamlet and Taft.

TABLE 1

Data matrix. Frequency (in kK) of the longest-wavelength absorption maxima for several solvatochromic indicators in water-dioxane

mixtures

I: 2,6-Diphenyl-4-(2,4,6-triphenyl-l-pyridinio)phenolate; II: 4-nitroanisole; III: 4-nitrophenol; IV: 4-ethylnitrobenzene; V: 2-

nitroanisole; VI: N-methyl-2-nitroaniline; VII: 4-nitroaniline.

Indicator

I II III IV V VI VII

10% 21.37 31.53(7)
*

31.57(1) 35.06(1) 29.72(0) 22.41(0) 26.06(3)
20% 20.50 31.57(8) 31.51(4) 35.09(2) 29.76(1) 22.44(0) 26.05(2)
30% 19.97 31.61(9) 31.50(6) 35.21(2) 29.86(1) 22.53(1) 26.13(2)
40% 19.45 31.68(6) 31.49(3) 35.31(1) 29.97(2) 22.65(3) 26.26(2)
50% 18.75 31.84(6) 31.52(2) 35.43(4) 30.10(3) 22.78(2) 26.47(4)
60% 18.29 31.96(6) 31.58(5) 35.58(6) 30.29(2) 22.95(3) 26.52(5)
65% 18.00 32.03(3) 31.61(4) 35.67(7) 30.37(2) 23.01(5) 26.71(1)
70% 17.80 32.11(4) 31.64(3) 35.82(4) 30.44(0) 23.07(0) 26.82(6)
75% 17.57 32.15(5) 31.71(4) 35.81(8) 30.53(2) 23.14(0) 26.97(4)
80% 17.14 32.28(4) 31.77(1) 35.91(8) 30.61(0) 23.20(1) 27.06(2)
90% 16.33 32.43(3) 31.92(1) 36.15(3) 30.83(2) 23.32(5) 27.23(1)
95% 15.66 32.63(0) 32.10(6) 36.26(2) 31.00(2) 23.43(6) 27.46(2)

100% 12.59 32.86(2) 32.80(1) 36.46(4) 31.25(2) 23.61(7) 28.30(4)
*

Values in parentheses are the associated errors with the last figure.
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The experimental uncertainty of the frequency
data can be expressed by the mean value of the
individual standard deviations associated with
each indicator in each water-dioxane mixture;
this value is 0.032 kK.

Since the factor analysis for the working data
matrix has been performed using normalized data,
a comparison of the RMS error with the experi
mental uncertainty requires that this last magni
tude be also normalized. The normalized experi
mental uncertainty is obtained as the average of
the normalized standard deviations for each indi
cator by dividing the mean of the standard devia
tions associated with each experimental measure

ment for each solvent ratio (shown in parentheses
in Table 1) by the same normalization factor used
for the data matrix; that is, the standard deviation

of the related frequency data (data columns of
Table 1).

The associated RMS error in the reproduction
of the data matrix is 0.049. This is a good descrip
tion of the model since the normalized experimen
tal uncertainty is equal to 0.078. The relatively
large errors associated with some factor loadings
can be explained because of the small importance
of the contribution to which they are related.

The final loadings found for each solvato
chromic indicator show the validity of all these

compounds for the characterization of the solvent
mixture studied. The criterion is that an indicator
is really useful when it shows big loadings which
are associated only with the causes of variation
which are attributed to it. Thus, among the sub
stances proposed as being sensitive to the change

TABLE 2

Target test and target loadings for spectral shift data

Target test

Number of factors = 3

Summary of target errors using 3 factors based on covariance.

Target AET EDM SPOIL

n2 1.20E - 01 3.86E- 02

1/£ 1.15E - 01 5.06E - 02

a 3.86E - 02 8.10E - 02

f1 1.08E - 01 1.01E - 01
71* 1.94E - 02 2.76E - 02

2.94
2.04
0.00

0.38

0.00
0.00

F dfl df2 %SL

3.95 10 4 9.9
2.12 10 4 24.4

0.09 10 4 99.9
0.47 10 4 84.9
0.20 10 4 98.2
0.15 10 4 99.3

99999.99 10 4 0.0
ETN 3.09E - 02 5.06E - 02

Unity 1.14E + 00 9.80E - 06

AET: Apparent error in the target (9)
EDM: Error from data matrix (9)
SPOIL: SPOIL associated with the target (9)
df1 and df2: Degrees of freedom (9)
%SL: Percent significance level (9)

115694.40

Target loadings
Number of factors = 3

Factor loadings based on covariance.

Alpha Beta 71*

I 0.65(2)
*

0.029(6) 0.37(2)
II 0.06(5) -0.07(2) -1.08(5)
III 0.06(5) -0.58(2) -1.12(5)
IV -0.00(6) -0.03(2) -0.98(6)
V -0.03(2) -0.00(8) -0.97(2)
VI -0.20(6) 0.12(2) -0.76(6)
VII - 0.18(8) - 0.17(3) -0.86(8)
*

Values in parentheses are the errors associated with the last figure.
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of polarity, a property which is well-defined by
the 7T

* parameter, the indicators II, IV and V

display a much larger value for the loading associ
ated with 7T

* than for those related to a and {3.
This is a demonstration of the purity of their

spectral shifts, which are related only to the solvent

property that they measure. Indicator VI, by con

trast, must be rejected as a polarity-measuring
substance because of the important effect the hy
drogen-bond interactions have on its spectral shift.
These conclusions about the quality of this set of
indicators agree with previous ones [22], reached

using the graphic method proposed by Cheong
and Carr [23]. Similar conclusions can be deduced
for the rest of solvatochromic indicators.

The combination formed by ET(30) and {3,
which should offer the same chemical information
as above, since ET(30) is a linear function of

parameters 7T
* and a, yields a larger RMS error

(0.154). This increase in error can be explained
because of the fact that ET(30) does not allow the

separation of the contributions that it contains,
and these are not present simultaneously at the
same ratio in all of the solvatochromic indicators
used in this work.

Correlation of solvent parameters with protonation
constants in dioxane-water mixtures

Table 3 includes the data matrix for protona
tion constants. Throughout the whole range of

composition of the mixed solvent, each acidic

compound has been studied in the presence of a

TABLE 3

Data matrix. Acid dissociation constants (pKa) of several

carboxylic acids in water-dioxane mixtures

Succinic1 Succinic2 Propionic Salicylic HNCA

10% 6.15 7.82 4.825(3) *
2.877(1) [2.773]

**

20% 6.57 8.27 5.091(6) 3.061(3) 2.964(2)
40% 7.04 8.99 5.676(1) 3.524(3) 3.448(7)
50% 7.34 9.36 6.063(1) 3.750(6) 3.762(4)
60% 7.71 9.92 6.494(1) 4.300(1) [4.028]
70% [8.30] [10.72] 6.879(2) 4.655(1) 4.653(2)
*

Values in parentheses are the associated errors with the last

figure.
**

Values in brackets are extrapolated.
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Fig. 3. Evolution of the IND function vs. the number of
factors.

constant concentration of inert electrolyte. Ionic

strength, which affects the particular numerical
value of a protonation constant in every given
medium, does not seem to be a factor which
modifies the kind of variation of pKa with solvent

composition in water-dioxane mixtures, since it is
maintained constant over the full range of com

positions studied and it is kept low enough to

avoid spurious solvation influences. Actually, other
authors have reached the same conclusions con

cerning the final correlations between pKa and

solvent-composition-dependent properties using
very different working conditions (different inert

electrolyte and different ionic strenghts). Although
the protonation constants of the acidic substances
used in this work have been determined at differ
ent values of ionic strength, this fact does not

include the ionic strength as a new cause of varia
tion of pKa with solvent composition, but as a

constant contribution to the pKa value of each

compound in the same way as the different chem
ical nature of each substance. The results of eigen
value analysis are shown in Fig. 3, where the
evolution of IND (indicator function) is plotted
against the number of factors. The results of com

plete cross validation, plotted in Fig. 4, show the
evolution of SEP (standard error of prediction)
calculated according to Malinowski or according
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TABLE 4

Target test and target loadings for pK. data

to Wold. A common minimum is obtained for the
three functions when the number of factors is

equal to two. Thus, the variation of the pK.
values in water-dioxane mixtures, according to

the results of factor analysis depends on two fac
tors.

Table 4 shows the results of target testing and
the loadings associated with the targets chosen as

a definitive model. Among all the pairs of targets
combined, a very good reproduction of the data
matrix is obtained by combining '1T

* and unity as

factors, with a RMS error = 0.086. Similar accu

racy in the process of combination is reached

using n2 and unity as factors. These results do not

justify the assumption that n 2 and '1T
*

are equally
valid in order to explain the variation of the pK.
values. It is a well known fact that the linear

relationship between pKa and n2 [15] is broken
when the amount of organic cosolvent is high. The

Target test

Number of factors = 2

Summary of target errors using 2 factors based on covariance.

Target AET EDM SPOIL F dfl df2 %SL

0.00 0.32 4 3 85.1

2.50 2.41 4 3 24.8
6.99 16.55 4 3 2.2

2.06 1.75 4 3 33.8
0.00 0.27 4 3 88.3
1.31 0.90 4 3 55.7

0.85 0.57 4 3 70.5

,,* 3.36E - 02 3.44E - 02

a 8.72E - 02 3.24E - 02

f3 1.51E - 02 2.15E - 03

1 if 3.33E - 03 1.45E - 03,

II, 1.22E - 02 1.36E - 02
-

ET(30) 2.52E + 00 1.53E + 00

Unity 2.39E - 02 1.82E - 02

.>\ET: Apparent error in the target (9)
EDIVI: Error from data matrix (9)
SPOIL: SPOIL associated with the target (9)
dfl and df2: Degrees of freedom (9)
c,: SL: Percent significance level (9)

Target loadings
Number of factors = 2

Factor loadings based on covariance.
-

-*
" unity

•

Succinicl

Succinic2

Propionic
Salicvlic
H]'\C.-\

- 6.6(4)
*

- 9.2(4)
-6.9(3)
- 6.0(2)
- 6,0(3)

13.9(4) *

18.5(5)
12.8(3)
9.8(2)
9.7(3)

.,
Values in parentheses are the associated errors with the last figure.

•
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lack of pKa data from the literature for dioxane
water mixtures at high cosolvent concentrations
does not allow extension of the matrix to show the
true difference between the two pairs of targets
compared. The correct reproduction of the data
matrix using the target 'IT

* and unity implies that
the Kamlet and Taft general equation is reduced
in this case to only two terms to describe the
modification of the property studied in dioxane
water mixtures: the first one, derived from the

target unity, represents the value of the acid dis
sociation constant of the different solutes in a

hypothetical solvent with a = f3 = 'IT
*

= 0, and the
second one is related to the polarity-polarizability
of the solvent, which is well characterized by the
'IT

* parameter.
Since the solvent polarity is identified as the

main cause of variation of the pKa values in the
dioxane-water mixtures, it seems surprising that
other parameters proposed as a measure of polar
ity, such as ET(30) and 1/£, yield much larger
errors in the reproduction of the original data
matrix. When the combination of ET(30) and

unity is tested, there is an increase in the RMS
error to 0.165. This unexpected behaviour can be
attributed to the' polluted' nature of the ET(30)
parameter, which contains an important contribu
tion from the hydrogen bond interaction, which
leads to a significantly worse description of the

system.
On the other hand, the bad results obtained

from the combination of 1/£ and unity, with an

RMS error = 0.174, confirm that the bulk proper
ties of the solvent (macroscopic properties) are

very different from those related with the cybo
tactic zone (microscopic properties). Only a

knowledge of these microscopic properties re

flected by the solvatochromic parameters will pro
vide a correct description of microscopic processes,
such as acid-base equilibria.
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Factor analysis applied to the study of the effects
of solvent composition and nature of the inert electrolyte
on the protonation constants in dioxane-water mixtures

E. Casassas, N. Dominguez, G. Fonrodona and A. de Juan

Departament de Quimica Analitica, Universitat de Barcelona, Avda. Diagonal 647, 08028 Barcelona (Spain)
(Received 10th September 1992; revised manuscript received 8th December 1992)

Abstract

The effect of solvent properties on protonation constants was studied for water-dioxane mixtures covering a wide

range of solvent compositions, from data sets on several solutes with a variety of functional groups. The establishment

of the model was carried out using different approaches: the use of a classical procedure, where the best

multiparametric fit to the Kamlet and Taft equation was evaluated for each substance; and the application of

combined factor analysis and target factor analysis to quantify and identify the factors affecting the variation of the
whole data sets, without the need to postulate any a priori hypothetical model. Further, a preliminary overview of the
influence of different inert electrolytes on the values of the solute protonation constants in this solvent mixture was

also obtained through factor analysis.

Keywords: Dioxane; Factor analysis; Protonation constants; Solvatochromic parameters; Solvent effects; Waters

Factor analysis (FA) has been demonstrated to

be a powerful technique in the study of complex
chemical phenomena, whose interpretation re

quires multivariate approaches [1]. It has often
been used to explain solute-solvent interactions,
as a helpful tool in the field of linear free energy

relationships [2] when medium effects have to be
described and to understand better some solvent
effects on solute physico-chemical properties [3-
5]. This wide application in the study of pure
solvent effects contrasts with the scarceness of

analogous works devoted to solvent mixtures.
In the latter field, in previous studies [6] FA

was used to find the number of factors involved
in the variation of the protonation constants of

carboxylate groups of several substances when

Correspondence to: E. Casassas, Departament de Quimica
Analitica, Universitat de Barcelona, Avda. Diagonal 647,
08028 Barcelona (Spain)

the composition of water-dioxane mixtures is
modified and target factor analysis (TFA) was

then applied to identify these factors. The anal

ysed data set revealed that this variation could be

expressed through the general equation pKs =

pKo + S7T *, where 7T
* is the microscopic polarity

parameter proposed by Kamlet et al. [7], and S is
a constant.

In this work, the same study was extended to

several acidic solutes with different functional

groups (phenolic and amino groups) and to a

wider composition range of mixtures, in order to

propose a more general model. To achieve this

objective, two different parallel approaches were

applied, as described briefly in Scheme 1.

The first attempt was carried out in a classical

way, trying to fit the behaviour of each substance
to a previously proposed model, using the more

extended form of the multiparametric equation
proposed by Kamlet et al. [7], XYZ = XYZo + aa

0003-2670/93/$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved
•
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I II

Data vector Data matrix

Substance n Substances

pK,. pK data pK" pK'2 pK'J'" pK,.
Solvent pK2• Solv. pK2' pKn pK2J ... pK2•
composition pKJft cornp. pKJI pKJ2 pKJJ ... pK",

•
•

• • •

• • • • •
• • • • •

pI<"., pK,., pI<"" pK,., ... pK",.

r---------------------------,

Stepwise
• : adopted as :

Factor analysisregression i independent variahles I
I

I I
L__________________________ �

Choice of significant Solvent Determination of

independent variables parameters the number of factors

r------------- -------------,

Robust
• : adopted as : Target Factor Analysisregression I

I target vectors i
l___________________________ J

Outliers detection Target testing
Calculation of target loadings

Least squares regression Reproduction of the data matrix

Establishment of individual Establishment of a general
correlation models correlation model

Chemical
information

Scheme 1. Outline of the approaches used: classical approach (data treatment I) and FA + TFA approach (data treatment II).
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+bf3 +S7r*, where a, f3 and rr
"

are solva
tochromic parameters related to the hydrogen
bond acidity, hydrogen bond basicity and polar
ity-polarizability, respectively [7-9], XYZ is the
solute property studied (pKs) and XYZo is the

hypothetical value for this property in a solvent
where a = f3 = 7r

* = O. For this purpose, a step
wise procedure was first applied to select the

significant solvent properties to be included in
the model. Thereafter, a robust analysis was per
formed to detect outliers, and finally a least

squares fit was carried out with the appropriate
data and variables to lead to the definite expres
sions for each compound. The second approach
involved the application of the hypothesis-free
model technique, FA, to establish how many
sources of variation affect the solute property
studied. Thereafter, these factors were identified

using TFA and combined to yield the best gen
eral model for all the substances studied .

.

The classical approach gives force-fitted equa-

tions, whereas FA provides a much less arbitrary
criterion for selecting the quantity and nature of
the possible causes of variation in the data sets,
avoiding the introduction of a priori hypotheses.
From the combination of the two procedures,
interesting conclusions can be inferred relating to

the variation of protonation constants with the

solvent composition in water-dioxane mixtures.
To complete the study of the acid-base be

haviour of solutes in water-dioxane mixtures, a

preliminary overview of the influence of different
inert electrolytes on the values of the solute pro
tonation constants in this solvent system by FA
was also obtained.

EXPERIMENTAL

Reagents
Analytical-reagent grade chemicals were used,

unless indicated otherwise. Water was deionized
and distilled twice over potassium permanganate.

Dioxane (Probus) was purified by Eigenber
ger's method [10]. 4-Nitroanisole (Merck) was

purified by treatment with active carbon in an

acetone solution and recrystallization in water.

2-Nitroanisole, 4-ethylnitrobenzene and N,N-di-

E. Casassas et al. /Anal. Chim. Acta 283 (1993) 548-558

ethyl-4-nitroaniline were obtained from Aldrich,
4-nitroaniline and sodium salicylate from Carlo
Erba and 2,6-diphenyl-4-(2,4,6-triphenyl-1-pyri
dinio)phenolate from Professor E. Bosch. Potas
sium hydroxide (Merck) was prepared as a CO2-
free solution in dioxane-water by the ion-ex

change procedure [11]. Sodium hydroxide, nitric
acid, propionic acid, potassium nitrate, sodium
nitrate and potassium chloride were obtained
from Merck. Salicylic acid (Merck) was purified
by sublimation and 3-hydroxynaphthalene-2-
carboxylic acid (Merck) by treatment with active
carbon and recrystallization from ethanol.

Apparatus
A Beckman DU-7 spectrophotometer was in

terfaced (RS232) to an IBM personal computer.
Acquisition of spectra was controlled through
Beckman data capture software. An Orion SA
720 potentiometer (precision + 0.1 mV), an Orion
90-05 AgCl/Ag reference electrode with ceramic

junction and internal reference solution of satu

rated KCl in the working aqueous-organic mix

ture, an Orion 91-01 glass electrode, a double

jacketed cell thermostated at 25 + O.loC, a

Metrohm 665 Dosimat autoburette (precision 0.01
ml) with an exchange unit of 5 cm

' with an

antidiffusion burette tip and a magnetic stirrer
were used. The whole titration set-up was con

nected to a personal computer (HP Vectra ES/12
or HP 9133) through an HP 3421 A interface,
which allows full automation of the titration pro
cess.

Determination of acid dissociation constants

(pKa) of several acidic solutes in water-dioxane
mixtures

pKs values for 3-hydroxynaphthalene-2-car
boxylic acid (HNCA), propionic acid and salicylic
acid using KN03 as inert electrolyte were deter
mined previously [12,13]. Values for propionic
acid in other inert electrolytes were obtained by
potentiometric titrations performed at a constant

temperature (25°C) and constant ionic strength.
The potentiometric cell used was GE/working
solution (b mol l-l)-n% dioxane.z Rfi (KClsat,
n% dioxane), where GE is the glass electrode,
RE the reference electrode, b the constant con-
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centration of inert electrolyte and n the percent
age of dioxane in the working aqueous-organic
mixture. The Gran method [14] was used for in
situ calibration of the cell and determination of
the standard potential. After calibration, a known
amount of acid solute was added to the cell and
the titration continued until a suitable pH value.
The experimental e.m.f. readings were processed
with the SUPERQUAD program [15] to obtain
the pKs values. Glycine pKs values were taken
from the literature [16]. All the pKs values and
the experimental conditions used in their deter
mination are given in Table 1.

ter; both 2,6-diphenyl-4-(2,4,6-triphenyl-1-pyri
dinio)phenolate (whose spectra shifts are sensi
tive to the polarity and to the hydrogen bond
donor acidity of solvent) and 4-nitroanisole were

used to determine the a parameter and both
4-nitroaniline (with spectral shifts sensitive to the

polarity and to the hydrogen bond acceptor basic
ity of solvent) and N,N-diethyl-4-nitroaniline
(whose spectral shifts are sensitive only to the

polarity) were used to deterrnine the f3 parame
ter. All the wavelength values used to evaluate
the solvatochromic parameters were determined

by the authors [12,13,17], except several betaine

wavelengths values which were taken from the
literature [18].

To determine the required wavelengths, the

spectrum of each test solution (solvatochromic
indicator in the binary mixture) is recorded

against a blank formed by a solvent mixture of

composition identical with that of the solvent
used in the test solution. Both the test solution
and the blank circulate through continuous-flow

systems in which the mixture composition is

changed stepwise with additions of dioxane until
the whole composition range of the binary mix
ture is covered. Replicates of each spectrum are

made from identical independently prepared test

solutions. Thereafter, a digitization procedure
yields the wavelength corresponding to the ab-

Determination of soloatochromic parameters in

water-dioxane mixtures
Solvatochromic parameters were determined

from spectroscopic measurements of certain sub

stances, the so-called solvatochromic indicators,
whose shift in the wavelength of maximum ab

sorption is sensitive only to the solvent property
that must be measured and is free from contribu
tions produced by other causes. For amphiprotic
solvents or amphiprotic mixtures, the solvato
chromic indicators proposed by Kamlet and Taft
were used as follows: 2-nitroanisole, 4-nitroani
sole and 4-ethylnitrobenzene Call of them showing
spectral shifts sensitive only to the polarity of the
solvent) were used to determine the 7T

*
pararne-

TABLE 1

Experimental conditions and acid dissociation constants (pKa) of several acidic compounds in water-dioxane mixtures

Experimental conditions

Substance Propionic acid Propionic acid Salicylic acid a Salicylic acid b HNCA a,c Glycine a Glycine d

Ionic strength (1).1) 0.2 0.2 0.2 0.2 0.1 0.1 0.1
Inert electrolvte KNO) NaNO) KN03 KN03 KN03 NaCI04 NaCI04
Dioxane (o/c, \'/v) pKa values

10 4.825 4.8334 2.897 12.789

20 5.091 3.067 13.23 2.964 2.6 9.64

30 5.395 5.382 3.318 13.43 3.171
40 5.676 3.524 13.51 3.448 2.94 9.7

50 6.063 6.0236 3.789 13.94 3.762 3.17 9.76

6() 6.494 4.305 14.12 3.45 9.84

65 6.745 4.478 14.46 4.382
70 6.879 6.861 4.654 14.84 4.653 3.81 9.98
75 7.052 4.998 4.05 10.07
80 5.289 4.33 10.23

u COOH group.
b OH group.

C HNCA = 3-hydroxynaphthalene-2-carboxylic acid. d NH2 group.
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TABLE 2

Solvent parameters for water-dioxane mixtures

Dioxane (%, v/v) a f3 7T* n2

10 0.94 0.217 1.143 0.023

20 0.81 0.296 1.124 0.05
30 0.74 0.379 1.088 0.083
40 0.67 0.433 1.049 0.123

50 0.61 0.474 0.989 0.174

60 0.57 0.486 0.92 0.241

65 0.55 0.465 0.885 0.282
70 0.54 0.469 0.849 0.33
75 0.51 0.501 0.823 0.388
80 0.48 0.532 0.781 0.458

85 0.45 0.552 0.748 0.545
90 0.4 0.551 0.704 0.655
95 0.35 0.518 0.636 0.801

100 -0.07 0.360 0.54 1

Study of the variation of protonation constants

in water-dioxane mixtures
Classical approach. For each substance, a cor

relation model based on the general equation of
Kamlet et al. [7], XYZ = XYZo + a a + bf3 + S7T *,
where XYZ is the property of the solvent studied

(in this instance pKa) and ex, f3 and 7T
*

are the

microscopic parameters related to hydrogen bond
donor acidity, hydrogen bond acceptor basicity
and polarity-polarizability of the solvent, respec

tively, is proposed. As was pointed out by Kamlet
and Taft [19], the number of terms in the equa
tion can be larger or smaller depending on the

significance of the different solvent parameters
with respect to the solute property being studied.

The effect of the different solvent properties
(quantified through solvatochromic parameters)
on the variation of pKs values of one substance
over the entire range of mixture compositions
(dependent variable) is first analysed using a

stepwise procedure, in which ex, f3 and 7T* are

the possible independent variables, whose signifi
cance is tested. The stepwise procedure used is a

combination of both forward selection and back
ward elimination of variables, as implemented in
the PARVUS statistical package [20]. For each
selection step of a new independent variable the

sorption maximum. The gross averages of the
different wavelengths obtained for each solvent
composition conveniently processed give the val
ues of the solvatochromic parameters. The f3
values have been revised and modified in this
work. Numerical values for ex, f3 and 7T* parame
ters are given with some other solvent parameters
in Table 2.

TABLE 3

A.1 and A.2 data matrices a: pKa values for several acidic compounds in water-dioxane mixtures of different composition

Compound bDioxane

(%, vIv) HNCA glyl gly2 PropK Sail Sal2

20
30

40
50
60
70

75
80

.,.-------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------_.-----------,

! 2.964 2.6 9.64 5.091 3.067 13.23
;
j 3.171 2.71 9.67 5.395 3.318 13.43
! 3.448 2.94 9.7 5.676 3.524 13.51
I

i 3.762 3.17 9.76 6.063 3.789 13.94

I 4.288 3.45 9.84 6.494 4.305 14.12

! 4.653 3.81 9.98 6.879 4.654 14.84 i
�-.--------------------------------------.-------------------------------_._---------------_ __..._----_----._--------------_ .._----------------------------------------.- ...--.-------.... -�

4.998
5.289

4.05
4.33

10.07
10.23

a Dashed box = A.1 data matrix; solid box = A.2 data matrix. b HNCA = 3-hydroxynaphthalene-2-carboxylic acid (COOH group);
glyl = glycine (COOH group); gly2 = glycine (NH2 group); PropK = propionic acid at ionic strength 0.2MKN03; Sail = salicylic
acid (COOH group); sal2 = salicylic acid (OH group).
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program computes alternatively one of the follow

ing F-tests. In the first, an F-to-enter value is

computed for each non-entered variable to evalu
ate the significance of the decrease in variance in
the fit. In the second F-test, an F-to-delete value
is computed for the variables already entered.
The process continues until anyone of the unse

lected variables gives F values larger than the
user-defined control F value. Once it has been
decided which of the variables in the model are

significant, the regression analysis is performed
by using the PROGRESS program [21]. The first

step in this program includes a robust approach
[least median of squares regression (LMS)] to

detect the presence of outliers. The outliers diag
nostic is performed through the application of
two different high breakdown point methods, such
as the study of the standardized LMS residuals
and the robust diagnostic method proposed by
Rousseeuw and Leroy [21]. To avoid the removal
of good leverage data points, only data to be
considered as outliers through both previous
methods have been removed by the authors.

Thereafter, a least-squares fit is performed to

obtain the definite model for each substance.
FA and TFA approach. Input data referring to

pKa for all substances and all mixture composi
tions are collected to build up two different ex

perimental data matrices. In the first (A.I data

matrix), the main interest is in finding a general
model for substances with different functional

groups; in the second (A.2 data matrix), the gen
eral model is deduced from pKa data for a smaller
number of solutes, but covering a wider range of
mixture compositions. This separate treatment

was adopted to avoid the use of extrapolated pKs
data, which necessarily would come from the

application of an external hypothetical chemical
model. For both matrices, no pretreatment of the
data was necessary. The A.I and A.2 data matri
ces are shown in Table 3.

Factor analysis (FA), also known as principal
component analysis (PCA), has been primarily
used to determine how many causes affect the
variation of pKa values with solvent composition.
The correct number of abstract factors is ob
tained through (1) the application of the IND
function [22], (2) the study of the evolution of
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standard error in prediction (SEP) function,
through cross-validation techniques, as proposed
by Malinowski [22] and Wold [23], (3) the applica
tion of an F-test to check the significance of the

eigenvalue [24] and (4) the study of the real error

(RE) [22]. Both the empirical indicator function,
IND (which is calculated from the magnitude of
the eigenvalues), and standard error of predio
tion, SEP, should have a minimum for the correct

number of factors (NF). When the F-test is per

formed, the number of factors is obtained from
the break in the evolution of the values of the

percentage of significance level (%SL, Table 6)
associated with the successive F values evaluated
for an increasing number of factors. The correct

NF is given by the RE function when the differ
ence between the calculated value of this func
tion and the experimental error passes through a

minimum. These tests yield the number of factors
which explain the variation of data; they are

abstract factors and the assignment of a physical
meaning to them requires further information
and data treatment.

For the A.l data matrix all four methods were

applied, whereas for the A.2 data matrix only
methods 3 and 4 were used.

When the number of factors has been estab

lished, TFA is developed to identify the chemical
nature of these factors. Up to this point, in con

trast with the classical approach, no hypothetical
model is necessary. A target is defined as a vector

representing known experimental data other than
those under analysis, which is tentatively pro
posed as a possible real factor causing the ob
served variation of the data within the original
data matrix. Geometrically, a target vector ao

cepted as a real factor lies in the space deter
mined by the abstract factors found in FA.

As both the A.I and A.2 data matrices are

for med by equilibrium constants determined at

different solvent compositions, the variation
within the original data matrices has to be related
to modifications in the solute-solvent interac

tions, well described by the Kamlet and Taft

parameters. Hence these solvent parameters and
the mole fraction are accepted as targets and
checked as possible real factors present in a fu
ture general model. No other solvent parameters
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TABLE 4

20 40 50 70 60

cance level, %SL, for the F-test above 5. The

accepted targets are thereafter combined to re

produce the original data matrix. The best combi
nation of target test vectors is that which yields
the lowest error in the estimation of the loadings
and the lowest root mean square error (RMS) in
the reproduction of the data matrix.

All the data treatment was performed using
the TARGET90 program [24].

B.l and B.2 data matrices a: pKa values for several acidic

compounds in water-dioxane mixtures of different composi
tion

Com

pound b
Dioxane (0/0, vIv)

..---- -------_-------_-_-_-------_--------------------.-------------- ---- ..
,
,
,
,
,

HCNA 2.964 3.762 4.653 4.288
,

3.448

Sail 3.067 3.524 3.789 4.654 4.305

Sal2 13.23 13.51 13.94 14.84 14.12

PropK 5.091 5.676 6.063 6.879 6.494
,

glyl
,

2.6 2.94 3.17 3.81 3.45,
,
,
,
,

gly2
,

9.64 9.7 9.76 9.98 9.84I
I
l__________________________________________________�________________ ......

(macroscopic or microscopic) have been proposed
as possible targets, because previous studies

yielded much worse results for them in compari
son with those related to the chosen parameters
[6]. The validity of each target is analysed through
an F-test [24] and evaluating its SPOIL function

[25]. Targets which lie in the factor space should
have SPOIL values below 3 and a percent signifi-

Study of the effect of the inert electrolyte on the
determination of protonation constants in water

dioxane mixtures
Because it has not been possible to accept any

general model that could explain the effect of

using different inert electrolytes on the values of

protonation constants in water-dioxane mixtures,
no classical procedure of model fitting was used
for data treatment.

FA was then applied to detect the possible
existence of the effect referred to above, by com

parison of the number of factors calculated for
the two following matrices: (B.l) pKs data for
several solutes deterrnined at the same solvent

composition and using the same inert electrolyte
(KN03); and (B.2) the B.l data matrix enlarged

a Dashed box = B.l data matrix; solid box = B.2 data matrix.
b See Table 3.

TABLE 5

Individual oK; correlation models, according to the classical approach

Significant variable b Correlation model c.dSolute'

Propionic acid,
1= 0.2 M KN03
Propionic acid,
1= 0.2 M NaN03
Sail,
1= 0.2 M KN03
Sa12,
1= 0,2 M KN03
HNCA,
I=D.IMKN03
Glyl,
1=0.1 M NaCI04
Gly2,
1=0.1 M NaCI04

a '1T
*

, pK = -1,3(2)a - 5.4(3)'1T* + 12.1(1)
r

2
= 0.999; sc.est. e

= 0.03

pK = - 6.7(3)'1T * + 12.5(3)
r2 = 0.994; sc.est. = 0,08

pK = - 5.9(1)'1T * + 9.7(1)
r2 = 0.996; sc.est. = 0.04

pK= -5.9(5)'1T* + 19.7(5)
r2 = 0.960; sc.est. = 0.1

pK = -6.6(2)'1T* + 10.4(2)
r2 = 0.991; sc.est. = 0.09

pK = - 4.9(3)'1T * + 8.0(2)
r2 = 0.980; sc.est. = 0.08

pK = -1.4(1)'1T* + 11.2(1)
r2 = 0.950; sc.est. = 0.04

a For abbreviations, see Table 3. b Significant variables were deduced through stepwise regression (SR). c Correlation models were

obtained from the successive application of robust regression [least median of squares regression (LMS)] and least-squares
regression without the presence of outlier data. d Values in parentheses are the errors associated with the last figure. C Scale

•

esttmate.
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by the inclusion of pKs data for both glycine
functional groups, determined employing NaCl04
as an inert electrolyte.

An increase in the number of factors from B.l
to B.2 could probably be attributed to the effect
of the new different electrolyte. The determina
tion of the correct number of factors was carried
out with the four methods listed previously, The
small size of the B.l data matrix limited the range
of procedures to the study of RE and the signifi
cance of eigenvalues, whereas with the B.2 data
matrix all methods were applied. Both B.l and
B.2 data matrices are given in Table 4.
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Stud» 0.( the cariation 0.( protonation constams

i" dioxane-water mixtures

Table 5 gives the results provided by the classi
cal approach. For each substance, the significant
independent variables selected by applying the

stepwise procedure to bui.ld up the model are

listed, together with the definitive fit to the ap

propriate form of the Kamler and Taft equation
with its associated quality parameters.

The results obtained with the application of
F,I\ for both the ,1\.1 and ,1\.2 data matrices are

presented as follows, Table 6 shows RE values
and tile study of the significance of the eigenval
ues through an F-test. For the .1\.1 data matrix"
Fig, 1 plots the evolution of IND function "'S.

number of factors and Fig . .2 the evolution 01' SEP
(standard error or prediction) functions \'S, num-

ber of factors, evaluated according to Malinowski
and Wold cross-validation techniques.

For both the A.I and A.2 data matrices, all the
methods used lead to the confir Illation that two

factors are sufficient to explain the variation of
the studied data sets. Hence this number of fac
tors was adopted for the target testing.

Table 1 shows the results of testing the Kamlet
and Taft parameters, with ll:! and unity as tar

gets. The target vector unity must be included in
the target set in order to take into, account the
chemical nature of each substance, this nature

being a constant contribution in all data referring
to each substance. For the A.I data matrix Ill'
..

* and unity were accepted as targets lying in
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Fig. 2. Evolution of the SEP functions according to (.)
Malinowski and ( + ) Wold vs. the number of factors for the
A.1 data matrix.

the factor space. Of the two reasonable combina
tions of targets, 'IT*-unity and n2-unity, the for
mer reproduces the data matrix with an RMS =

0.052, whereas the latter yields an RMS = 0.060.
Even though the difference does not seem very

significant, the results of target testing for the A.2

TABLE 7

Summary of target errors using two factors based on covari
ance for A.1 and A.2 data matrices

Target A.l data matrix a

AET EDM SPOIL F dfl df2 SL

(%)

a 3.59 X 10-2 6.55 X 10-3 5.39 9.14 4 4 2.7

f3 4.55 X 10-2 2.19 X 10-3 20.78 131.50 4 4 0.0
7T* 1.76 X 10-2 8.15 X 10-3 1.92 1.42 4 4 37.1

Unity 8.91 X 10-3 3.50x 10-3 2.30 1.97 4 4 26.4

n2 1.33 X 10-2 4.72 X 10-3 2.63 2.40 4 4 20.8

A.2 data matrix a

AET EDM SPOIL F df1 df2 SL

(%)

a 3.51 X 10-2 2.91 X 10-3 11.98 55.30 4 1 10.0

f3 4.73xI0-2 9.70X10-4 48.80 911.59 4 I 2.5
7T* 9.08xlO-33.77X10-3 2.19 2.22 4 1 46.1

Unity 5.07xI0-31.83xI0-3 2.58 2.93 4 1 40.9

nz 3.27xI0-2 1.59xlO-3 20.56 162.16 4 1 5.9

a AET = apparent error in the target; EDM = error from data

matrix; SPOIL = spoil associated with the target; df1 an df2 =

degrees of freedom; SL = percentage significance level.
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TABLE 8

Factor loadings for the reproduction of the A.l and A.2 data

matrices

(Number of factors = 2. Factor loadings based on covariance)

Compound a A.l data matrix b A.2 data matrix b

7T* Unity 7T* Unity

PropK - 6.4(2) 12.4(2)
Sail - 5.8(2) 9.5(2)
Sal2 - 5.4(4) 19.3(4)
HNCA - 6.3(1) 9.9(1) - 6.7(2) 10.5(2)
Glyl - 4.38(9) 7.5(1 ) -4.9(2) 8.1(2)
Gly2 -1.18(9) 10.95(9) - 1.6(2) 11.4(1)
a For abbreviations, see Table 3. b Values in parentheses are

the errors associated with the last figures.

data matrix confirm clearly the superiority of the

'IT*-unity over the n2-unity combination. When
the composition range includes a higher percent
age of dioxane, n2 is not admitted as a correct

target, and only 'IT
* and unity are considered to

be valid. For the reproduction of the A.2 data

matrix, the combination of 'IT
* and unity yields

an RMS = 0.060. Definite loadings [which are

defined as coefficients related to the weight of
each real factor in each different column (each
different substance) of the original data matrix]
for the reproduction of the A.1 and A.2 data
matrices are given in Table 8.

This study confirms the greater usefulness of

microscopic parameters, such as 'IT *, over bulk

parameters, such as n2, in the explanation of

microscopic processes, as the solvent properties
in the cybotactic zone, which are often very dif
ferent from those in the bulk solvent, are the
ones which affect directly the solutes when a

process such as acid-base equilibrium occurs.

The application of FA and TFA to the study
of the effect of solvent properties on the solute
protonation constants in water-dioxane mixtures
confirms the model suggested in the classical
attempt for most substances, leading to the re

duced form of the Kamlet and Taft equation
pK = pKo + S'IT *, independent of the functional
group and composition range studied.

Only for propionic acid, determined at I = fJ.2
M in KN03, should the a parameter also be
introduced into the model, according to the step-
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wise procedure. This difference in the model is

actually of minor significance, because 1T
*

ex

plains 98.9% of the total variance in the data, and
the introduction of a increases the level of expla
nation to 99.8%. In fact, the expression obtained

including only 1T* yields a high-quality fit: o K; =

(-6.5 + 0.2)1T* + (12.5 + 0.2); r? = 0.996; scale
estimate = 0.05.

The subtle numerical differences between

loadings and correlation coefficients for every
substance are easily explained, as the amount of
data used for establishing the two parallel models
is not always the same and in the case of the
amino group of glycine one outlier has been
removed. Of the expressions obtained by the two

methods, individual models are to be preferred,

because they are built using a larger number of

quality-checked data.
The results obtained in the study of the effect

of the inert electrolyte on the protonation con

stants does not lead to very clear inferences,
There is no evident variation in the number of
factors when data determined with a different

electrolyte are added to the B,l data matrix, as

can be seen from Table 9 and Figs. 3 and 4. As
the size of the B.l data matrix used is small
(other work is in progress), the only tentative
conclusion that can be extracted from the present
data sets is that no apparent electrolyte effect can

be observed or, at least, that if it is present, its

magnitude is so small that it is masked by some

other main effects,

Determination of the number of factors, NF

TABLE 9

NF B.I data matrix B.2 data matrix

RE a Log(EVl F(calc.) SL(%) b RE a Log(EV) F(calc.) SU%) b

I U.364 3.011 536.19 0.0 0,362 3,263 777.54 0.0
2 0.050 c 0.197 42.79 2.3 c 0.055 c 0.489 57.45 0.5 c

3 0.007 -1.695 22.57 13.2 0.034 -1.396 1,97 29.5
4 - 3.650 0.011 -1.891 6.11 24.5
5 -3.153

a RE = real error, according to [22]. b SL = percentage significance level associated with each F-value, calculated using log(eigen·
values) [log(EVl] according to [24]. C Values in italics indicate the correct number of factors according to the different criteria.
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