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Abstract

An improvement in the characterization and the determination of the solvation parameters allows, not only a better knowledge of solutions, bu
also of some biological phenomena. In this paper, we test several published data and approaches in the field of solubility and solvation paramete
in two ways: (i) the mutual independence of the parameters and (ii) their ability to take into account recently published gas-liquid chromatographic
data. From this enquiry it arises that the most suitable published values are those of Abraham concerning 314 solutes. It also arises that
parameters of dispersion and orientation of this published data set are appreciably improved using two simple equations. In addition, a new s
of optimized values for 133 solutes is given, by derivation from retention indices in gas—liquid chromatography (GLC) on five selected stationary
phases, published by Kats and co-workers and in the present study. The two sets have a total of 373 defined compounds.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction provide an accurate and simple procedure to generate parame-
ters of solutions in order to establish them for compounds for

According to several authors, intermolecular forces similar tavhich odorous properties are known. In the present study, two

those involved in solutions (reflected by parameters of solutiong)reliminary steps will be pursued, the theoretical aspects being

can, in many cases, at least partially, account for the response lefit aside:

a biological system to a biologically active agent. In this way,

the most recent and successful results are due to Abraham @) Testing the several sets of parameters of solutions already

al. in domains as different as blood—brain distribution, skin per-  published and, if possible, improving them. As we will see,

meation, eye and nose irritatigh—4]. In some way, this can a selection of values results from this first step concerning

be considered from the same perspective as the old strategy of 314 soluteg15], improved by using two simple equations.

quantitative structure-activity relationship (QSAR) in pharma-(2) Providing a set of optimized values for 133 solutes by using

cology of HanscH5]. The success of this strategy, however, is  retention indices in gas—liquid chromatography (GLC) on

generally only partial in the field of recognition of odorous sub- five selected stationary phases.

stances by olfactory receptor cells, the field of interest of Laffort

and co-workerg6-13], in spite of a recent remarkable excep-  The two sets have a total of 373 defined compounds. In order
tion [14]. Indeed, one of the difficulties of superimposition of {5 increase the clarity of the paper, it will be divided in two
odorous and physicochemical properties lies in the fact that bothections corresponding to the two steps.

types of properties are often not available for the same sets of
compounds. Therefore, our general purpose in this field is ta Mutual improvements of several approaches

* Corresponding author. Fax: +33 3 80 68 16 01. A semi-theoretical approach of solutions by means of sol-
E-mail address: |affort@cesg.cnrs.fr (P. Laffort). ubility parameters of solutes and solvents was elaborated by
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Snyder[16] and further developed by Karger et §.7,18] In this context, the general retention indices in gas—liquid
These authors expanded the solubility parameter of Hildebranchromatography, RI, can be written according to the following
et al. theory[19] to five partial parameters, which they called equation:

parameters of dispersion, orientation, induction, basicity angy _ Rlp = D*disp-+ @*orient+ P*polariz

acidity. They developed from this a general model of reten-

tion, valid for several kinds of chromatography, which takes + A*acid+ B*basic 1)
into account the partial solubility parameters of the solutes, sol-In whichD, @, P, A andB stand for associated solvation param-
vents and adsorbents, and the molar volume of the solutes. Theyers of stétibnéry phases andyRor the retention index of
proposed an equation with five terms for gas—liquid chromatogmethane (=100, according to the definition of retention indices
raphy. The number and the nature of the terms were kept by Two thought processes have been principally applied in order

the authors that later entered this field, but not the names of thg check the proposed data sets of solvation parameters:
parameters and the ways to obtain them. In particular, the prod-

ucts of the molar volume and the partial solubility parameterg1) Checking the mutual independence of the parameters, via
of solutes according to Karger et $1.7,18] are now consid- Pearson correlation coefficients. For a given sample of
ered as given characteristics of solutes, forming each one a solutes, the correlation coefficients between parameters
whole, which we will callsolvation parameters, as proposed must be as low as possible. Otherwise, the total informa-

by Abraham et al[20], in order to avoid any confusiohThis tion for solute-solvent affinity needs more than five terms to
modification presents the additional interest to have one param- be carried. For example, McReynolds suggested 10 terms
eter varying with the size of the molecules @folar term): [28].

the dispersion parameter, and four parameters constant alo®) Optimizing the parameters by the use of the multiplicative
homologous series (so-callgdlar terms): the parameters of matrix analysis (MMA) algorithm, applied in the present
orientation, induction-polarizability, acidity and basicity). study with experimental solution data: a set of gas—liquid

Several data sets of solubility and solvation parameters of chromatography for 133 solutes and 10 stationary phases.
solutes have been published approximately in the same period The MMA algorithm was developed by Robin and Laffort
than Karger et al[17,18] (1976-1982): Laffort and Pat{é1], and firstly described by Laffort and Paftil].

Patte et al[21], Thomas and Eckef22], whom contributions _ .
will be checked below. The suggestion of Laffort and Patte?-/- Experimental and data processing
[11] to replace the former index of induction by a new one of
polanzablllty, part|ally derived from the refractive index a_nd These experimental data will be called in brief, the %380
independent of the size of the molecule should be underllneck . .

i I . ovats data set. Part of them (s€able 1), are the retention
The importance of this index in chromatography has been COM: dices obtained from GLC of 133 solutes on two apolar phases
firmed in 198712], and it has also been shown in 1993 that this P b

parameter is an integral part of some olfactory phenorfietia (alkime_s 7 and Gog), determined in the present study, at
. . A 30°C in packed columns. These two alkanes are members of
It was only adopted by other authors in physical chemistry otl

; . . . - ~the homologous series shownfiig. 1 (right side). Retention
_sql_utlons n 1.990’ by Abraham et §20], who |mproyed its def indices on an hypothetical#-hydrocarbon phase of the same
inition (we will see below the arguments). In previous works of

Abraham, Doherty, Kamlet, Taft and their co-work{28—26] series wer,e calculated by interpolation, t_)ased on previous stud-
- . . ies of Kovats and co-workerf29] where it was shown, every
an oversimplified expression of the polarizability, cBl] was

o . ! thing being equal, that the retention index is inversely propor-
applied: zero except for poly halogenous aliphatic compoundtcionaI to the molecular weight of the stationary phase
(=0.5) and for aromatic compounds (=1). '

: : From this latter finding the relationship of the retention
In order to make the pragmatic comparisons between the sey- . L . .
. - -Indices on the &g hydrocarbon is given in the equation:
eral approaches easier, the original names for solutes according
to each author will be kept, but associated with the general iderRlIc,, = 0.4035 Rk, + 0.5965 Rk, (2)

tifications as follows:

2.1.1. The experimental set of retention indices in GLC

Similarly, the indices on a hypothetical alkane of infinite

. . . molecular weight were extrapolated by using the following equa-
DISPER: for the dispersion solvation parameters. : ¢ P y g geq

ORIENT: for the orientation/dipolarity solvation parameters. tion

POLARIZ: for the polarizability/induction solvation parame- Rlc,, = 2.8611Rkt,,; — 1.8611 Rk, 3)
ters.

ACID: for the acidity (or more correctly hydrogen bond donor)
solvation parameters.

BASIC: for the basicity (or more correctly hydrogen bond
acceptor) solvation parameters.

Differences between the retention indices of the same 133
solutes on eight polar stationary phases and on the previous
mentioned Gg hydrocarbon, also measured at 280in packed

2 The retention indices in gas-liquid chromatography were defined batsov
[ [27] as the real hypothetical number of carbon atoms:i-plaraffins having
1 In previous studies of Laffort and co-workeffd1,12,21), the concept of  the same retention time, everything being equal, than the solute under study,
solvation parameters was called solubility factors. multiplied by 100.
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Table 1
Name and structural details of the stationary phases synthesized and usedaly &V co-workerf80-33] (™ ) and in the present work: (experimentalignd
interpolated or extrapolated using E¢®) and(3)™)

Abreviated name  Formula Chemical name Functional group Structurgsdfr@nches for polar phases
Cs7 Cg7H136 19, 19-diethyl-14, 24-ditridecylheptatricontane Without
(67 carbon atoms)
Cio3’ Ci03H208 28, 28-diethyl-23, 33-dicosylpentapentacontaneWithout
(103 carbon atoms)
Crg™ CrgH1sg 19, 24-dioctadecyldotetracontane (78 carbon ~ Without
atoms)
Coo” (infinite carbon atoms) Without
POH™ C77H1560 18, 23-dioctadecyl-1-untetracontanol Primary alcohol X=20H Y = CH,CHz
TTF™ CrgHi4eF112 19, 24-bis-(18, 18, 18-trifluorooctadecyl)-1, 1, 1, Tetrakistrifluoromethyl X=Y =CH,CF3
42,42, 42-hexafluorodotetracontane
MTF™ CrgH1s5F3 1, 1, 1-trifluoro-19, Monotrifluoromethyl X=CHCF; Y =CH,CHjs
24-dioctadecyldotetracontane
pcL™ Cr7H155CI 1-chloro-18, 23-dioctadecyluntetracontane Primary chloro X sCH Y =CH,CHjs
PBR™ C77H15Br 1-bromo-18, 23-dioctadecyluntetracontane Primary bromo X z/82H Y =CH,CHs
T™MO™ Cr4H1500 17, 22, bis-(16-methoxyhexadecyl)- 1, Tetramethoxy X=Y=0CHjz
38-dimethoxyoctatricontane
PSH™ Cr7H156S 18, 23-dioctadecyl-1-untetracontanethiol Primary thiol X =6H Y =CH,CHz
PCN™ C7gH1s5N 1-cyano-18, 23-dioctadecyluntetracontane Primary cyano X5QDH Y =CH,CHs

columns, were published in four papers by Ktw and co- erties[20]. In fact, from information published by Kés and
workers[30—33] The original retention indices for polar phases co-workerg30-33] the logarithm of the reduced retention vol-
were therefore restored and listed with the apolar indices immes, log/g, can be derived from all retention indices reported
Table A.1of Appendix A The set under study in the present in Table A.J, by the simple following general equation (valid for
work includes the indices on the eight polar phases and those dl > 500):
the two alkanes &g and C. RI

The polar phases are all isochoric and isosteric with the C log V, = (0.29100> —-04
skeleton depicted iRig. 1 (left side). All the polar phases have
78 heavy atoms (other than hydrogen), with the heavy atoms of More details on Eq(4) can be seen if84] (see also the last
the polar groups substituting for methylene or methyl groups ircolumn of Table 2.
the hydrocarbon skeleton. The constancy of the multiplicative coefficient in €g) is

The alkanes are more branched than the polar phases; hergge to the similar molecular structure of the stationary phases.
they have a lower melting point. For example, the melting poinf_et us remember that McReynol{28] reported values of this
of Czgin the hydrocarbon family is around 60-70, whilstthat  multiplicative coefficient, called b, varying from 0.17 to 0.30,
of Crg hydrocarbon in the polar family is over 10GQ. Strictly  according to the nature of the phases.
speaking, the alkanes’ family representedrig. 1 (right part),
only concerns compounds with odd number of carbon atoms.1.2. The multiplicative matrix analysis (MMA)
The Gg alkane has been derived fromCGand Gos (EQ. (2)), This algorithm, previously called Robin—Laffort programme,
in order to be compared with the polar phases (left part). was first applied in 1972 by Dravnieks and Laff¢&5]. It

Itis sometimes argued that the retention indices as defined hyas presented in several circumstances, among others at the
Kovats[27], are not directly related to thermodynamical prop-11th International Symposium on Advances in Chromatogra-

(4)

Y

H2n+1cn Y\/\QN\( CnH2n+1

H20+1Cn CnHzn+1

C67 :n=13
C103:n=22

Structure of polar phases Structure of alkane phases

Fig. 1. Schematic representation of the stationary phases synthesized and usedtsyaiid\co-workerf29-33] and used in the present work. The polar phases,
with X and Y representing different functional groups (see dkole ) are indicated on the left. The structures of apolar phases are indicated on the right.
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In practice, the program starts with a classical multi linear

I
1 o ! B . . . .
! Pearson correlation coefficients of A i regression, with R as independent variables and A as dependent
b ! . ! variables. A first matrix B of solvent parameters is obtained,
L[ ! . ! which in turn is considered as fixed. A first comparison between
: f: ! ' § ! R and the product A B is made. In a second step, a multi linear
i é experimental T E g ?;?:;?if: : regression is applied Fo B an.d Rand a seco.ndl value of matrix A
LS retention s o e indices \ of solute parameters is obtained. Further, similar steps are used
! § | ' C | until two successive cycles do not provide an improvement of
! igl R I ! g A'B I reconstruction of matrix R (it is experimentally observed that
Ik i P B i the system is convergent).
i A t ! i A t :
! ' 1 I 2.1.3. Several sets of solvation parameters of solutes
! Standard error of R | Before starting a short description of the selected INPUT
: INPUT [ : OUTPUT ! g P
1

data sets to be applied to the MMA algorithm, let us remember
some definitions around the molar volume and the molar refrac-
Fig. 2. Diagram of the INPUT/OUTPUT of the multiplicative matrix analysis tion, which are both involved in several proposed solvation

(MMA). The correlations between input and output parameters A depend on
the nature of the input parameters, for a given experimental matrix R, where
the standard error on the reconstruction of matrix R only depends on the chosen
number of parameters.

U]
phy (Houston, 1976[11]), at the Advanced Study Institute

on Theoretical Advancement in Chromatography and Related
Techniques (Ferrara, Italy, 19936]), and more recently by
Chauvin[34]. It is a tool to test theories on the basis of experi-
mental data, whenever products of matrices are involved, as in
Eq. ().

The first interest of this tool, compared with more classical
ones such as the step-wise multi linear regression analysis, is.
that it provides a test for each of the elements of the matrix,
independently of their weight in the given sample of experimen-
tal data. For example, in the case of Kfy), each of the five
solvation parameters of solutes proposed by several authors can
be tested only on the criterion of its initial definition, in spite
the fact that the dispersion parameter is much more involved
in chromatographic phenomena than each of the four other
parameters. A second interest of the MMA algorithm is that
the output parameters values should be more precise than the
input parameters values, on the condition that experimental data
(chromatographic data in the present case) are overabundant and
precise enough (sdeg. 2). This aspect will be considered in
Section4.

The formal principle of the MMA algorithm as well as its
expression in MATLAB language are specifieddppendix B
wheread=ig. 2summarizes how it works. For a given matrix of
experimental data R (here the 1830 Kovats data set of reten-
tionindices reported ifiable A.J), a data set of parameters to be
tested A (here, the solvation parameters of solutes, according to(iv)
one or another author) is placed in INPUT. The programme runs
by using successive iterations, until the reconstruction of the
experimental matrix in OUTPUT is optimal. The quality of this
reconstruction (R compared toAB) only depends on the num-
ber of input parameters A, not of their nature. By contrast, the
output parameters A resemble to the input parameters only when,,
the later are involved in the phenomenon under study (here the
solute-solvent affinity when the molecular weight of the solvent
is much greater than that of the solute). We will further verify
these two points by using random data for the input matrix A.

agaram eters:

The molar volume at 26C:

M
Voo = — 5
20=— )

in which M stands for the molar mass addstands for
the density in liquid state at 2@. Vg is not an additive

property.

(ii) An expression supposed to reflect the intrinsic molecular

volume,Vy, obtained by means of molecular increments,
according to Abraham and MacGowggY].

(iii) The molar volume at boiling pointy,. Because at boil-

ing point the intermolecular forces of cohesion in con-
densed phases are exactly equilibrated by those of thermal
motion, theV}, expression has been often considered as
reflecting the intrinsic molecular volume. Few experimen-
tal values are available and several expressions have been
proposed to evaluate them. Chauvin and Laffa8] pro-
posed one by means of molecular increments, c&f@g‘a

and another onéjy*, supposed to be more precise:

Vo = Voo(1 + 0.5545 — 0.5345% + 0.2965° — 0.0665%)

(6)
in which g is given by:
t—20
~ 293 @

with ¢ being the boiling point it C.

According to[38], bothV,* andVj, top fit experimental
Vp values better thaWy.
The function of index refraction:

n2—1
n=—— 8
n2 42 ®

wheren is the index of refraction at line D of sodium at
20°C.

The molar refraction, according to Lorentz and Lorenz
relation:

Rm=fn Vyq

(9)

Rm is an additive property.
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(vi) The molar refraction, according to Abraham et[2D]: They are determined by combining the heat of hydrogen bond-
ing for n-alcohols and the heat of hydrogen bonding between

RM = fn Vy (10) non-associated compounds and suitable solvents acceptors
RM is also an additive property. and donors of hydrogen bonds, respectively, via spectroscopic
(vii) Anindex of polarizability, according to Laffort and Patte. =~ Measurements.
[11]: 144 x 5 Eckert data set. These values are from Thomas and
Voo Eckert[22]. The original partial solubility parameters of dis-
-y, (1) persion &), of polarity (), of induction (), of acidity ) and

of basicity (8) have also been multiplied 0. They are estab-
lished by combinations, not detailed here, of several elements
of structure, the dipole moment and the refractive index.

This expression reflects similar information than fn, but
is, in addition, constant along homologous series.
(viii) An index of polarizability, according to Abraham et al.

[20]: 75 x 5 Laffort data set. These values are from Laffort and
v 52553 Patte [11]. The original solvation parameters (also called
Ry = 1—OXO(10fn+ V — 2.83195) (12) “solubility factors”) of dispersion ¢ as apolar), orienta-
X

tion (w), polarizability €), acidity (r as proton donor) and
This expression, called by the authors “an excess of molarbasicity (8) are derived from the retention indices in GLC
refraction”, is also constant along homologous series.  on five stationary phases: Zonyl E-7 (a fluorinated ester),
(ix) Anindex of polarizability, according to Chauvin and Laf- Carbowax 1000, tricyanoethoxypropane (TCEP), polyphenyl
fort [38]: ether-6 rings (PPE) and diethylene glycol succinate (DEGS),
74134 established by McReynold42].

Vo

Ros = & (10fn+

B 28115) (13) 240 x 5 Patte data set. These values are from Patte et al.

[21]. The solvation parameters, similar in their expression
as in the 75« 5 Laffort data setd, w, ¢, w, B) are derived

from the retention indices in GLC measured by the authors
) i i __on five similar stationary phases (with the exception of Car-
We left aside the published sets of data with less than five oy 1540 instead of 1000). Surprisingly, rules of derivation,

parameters Sf SOIUJES’ for e;(ample those of H?] hand ¢ not specified here, are different than in the previous set, and
Hanssen and Beerbowpt0] (three parameters) and those o therefore solvation parameters values are also different for

lessenlet al{41] (fouhr p?ranje;ers), Zlnce there is presently %S lutes. ChauvifB4] suggests a rewriting of these equations of
general agreement that five independent parameters are nee rivation, supposed to be more appropriate, which provides

(this factis verified in Sectio®.2). In these conditions, five input a so called 24& 5 Patte modified data set. These equations
data sets have been selected: are:

This expression, very similar to EL2), is based on
the molar volume expressed by instead ofVy.

DISPER  «ag, = 0.6454Z +0.909C —0.5068r —0.5504D
ORIENT  wg, = 0.1551Z —0.3544C  +0.1993r

POLARIZ &5, = —0.7228 —0.6920C +0.2771 +0.6969P +0.4408D (24)
ACID gy = +0.8343C —-0.1663 —0.4925P —0.1755D

BASIC Bs, = 0.095% +0.0892C —-0.031Z —-0.1539P

where: Z= (Rl — 100)/100 on Zonyl E7( = (Rl — 100)/100

on Carbowax 1540; T=(RI—100)/100 on TCEP;
46 x 5 Karger data set. These values are from Karger et al. p=(R|I—100)/100 on PPE 6 ringsp =(RI— 100)/100

[17,18] The original partial solubility parameters of dispersion gn DEGS.
(84), orientation §y), induction @in), acidity 65) and basicity
(8p) have been multiplied by-o, in order to be homogeneous 314 x 5 Abraham data set. Abraham and co-workers started

to the so-called solvation parameters and to(&y. in 1990[20] new definitions of five solvation parameters of
DISPER: V2034 is homogeneous to fHio. solutes, which were improved in a series of papers and which
ORIENT: V208, is homogeneous to the dipole momantfor can be considered as fixed since 1993]. These parameters
compounds possessing a single polar functional group. are defined as follows:

POLARIZ: Vog8in is homogeneous to the square of the dipole DISPER: Two parameters are proposed: the molar voldme
moment,.2, for compounds possessing a single polar func- already cited, according f87] and log L*°, the Ostwald solu-
tional group. bility coefficient of the solute on-hexadecane at 298 K. The
ACID, BASIC: V208, andV20d, are homogeneous to indices  later should be more suitable for chromatographic purposes
of acidity and basicity, constant along homologous series. (not for QSAR ones).
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ORIENT: The parametet} is called of dipolarity— polar- two hydroxyl functions at the extremities of the molecule,
izability. Initially considered as identical to the Kamlet-Taft ~ Which is a very low proportion for molecules of molar mass
solvatochromic parametet;, it was further derived from of 1000 or 1540.

chromatographic dafd3].

POLARIZ: The parameteR,, according to Eq(12). This Finally, the Abraham data sgt5] appears as the most sat-

expression, constant along homologous series, carries thgfactory of the already published sets, but it can be slightly
same information than that of Laffort and Patte,Visy/Vp improved by using the following modifications of the disper-
(Eg.(11)), but we will see that it is more suitable. sion and orientation parameters, respectively callednd w;
ACID and BASIC: These two parameters are certainly the(unpublished until now§:

harder to establish, since no singl@d can serve as unique H

reference of hydrogen bonding against a seriefsugfs nor 82 =log 116 - 0.532r; — 0.894R, — 0.115
the reverse, and the rules to adjust results obtained with sev-
eral references are not evident. Fortunately, Abraham ant2 =

co-workers, using the complexation of a series of acids |, fact s, is homogeneous to the product of the molar volume
against a number of reference bases in dilute solution iRy poiling pointVi, and the function of index refraction fn. The
tet_rachloromethane, and reciprocally, found these rules O[Sarametekoz is homogeneous to the dipole moment for com-
adjustment [@44], [45]). The a‘_JthOLS call thHese Wo param- nonds with a sole polar group, but it has a positive value for
eters, in the most recent versidw, and%p; . compounds with two polar groups in an opposite side, and there-
fore having a dipole moment equal to zero (as, for example, the

In [15], the polar solvation parameters are given for 340 1,4-dioxane), in a similar way than the prod¥eps, according

solutes, and the complete set of parameters for 314 out of therto Karger et al[17,18]
In addition to these five INPUT solvation data sets, five new

data sets have been established for 125 out of the 133 solutes fap. 2. Application of the MMA algorithm to the 133 x 10

which retention indices are available on ten stationary phasegovdts data set of retention indices

The values are partially found in the published sets and par- This second way of checking and possibly improving the
tially evaluated by using the rules provided by the authors okoplvation parameters already published, confirms and specifies

1.5237 — 0.538585 — 0.837R; (15)

extrapolated. the first way.
In fact, the MMA algorithm was only applied on 125 com-
22 Results pounds out of the 133 compounds listedTable A.1 since
input values A could not be established for three hydrocarbons
2.2.1. Mutual independence of the solvation parameters of and three silicon, one fluoride and one tin compounds.
solutes We saw above that one of the characteristics of the MMA

Matrices of Pearson correlation coefficients have been estaglgorithmis thatthe quality of reconstruction of the experimental
lished for the five published data sets (left sid&if. 3 and for ~ Matrix R of retention indices only depends on the number of the
variations on these data (right side). To make the reading easitPut parameters A, not of their nature. Thendard error is
in Fig. 3 absolute values greater than 0.5 have been highlighted€fined as follows:

without suggestion of significance. Several points can be noted: >
(AxB-R)
standard erroe= N1 (16)
(1) The suggestion of Laffort and Paffiel], to replace/g din N

by V20/Vp-8d (i.e. RmA#/p) noticeably improves the correla- in which A, B and R stand for the matrices describedig. 2

tion matrix of Karger et alf17,18] The same phenomenon andn stands for the number of cases.

is observed for th&20 Q parameter of Thomas and Eckert  The MMA algorithm has been applied to the 1230 data set

[22]. In fact, before 1990, with the exception of Laffort and of retention indices R, according Table A.1 The application

co-workers’ data, only four independent parameters wergenerates, for any input matrix A (including random numbers),

identified. the diagram of standard error of retention indices versus the
(2) Another observation concerns the data of Patte ¢2a]:  number of terms in Eq1), reported orFig. 4.

the multiple high values of correlation coefficients indicate  |n agreement with the several authors involved in this field

that their rules of derivation from the retention indices of for more than 30 years, the number of terms in the(Ephave

solutes on five GLC phases are certainly wrong, and thabeen fixed to five for the optimization of the input solvation
the modification suggested in Ed.4)is probably suitable.
However, as it can be observed in this modified matrix as—
well as in the Laffort and Patte matrjt1], there is a lack 3 The expressions of, and w; in Eq. (15) have been obtained using the
of independence between the acid and basic parameteMMA algorithm applied to the 125 10 Kovats data set of retention indices, as

. . . . in the next paragraph, with the set ffg) 12, Ros, Zot, Tab] as input solutes
Certamly due to the faint aCIdlty character of the Sta_tlonaryparameters. Then, the output values for the dispersion and orientation parameters
phases Carbowax 1000 and Carbowax 1540, as pointed Oklve been expressed as functions of the Abraham parameters using a step-wise

by Abraham et al20]. These polymers are poly-ethers with regression analysis.
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DISPER ORIENT POLARIZ  ACID DISPER ORIENT POLARIZ  ACID
Karger et al., 1976, 1978 Modified according to Laffort and Patte (1976)
ORIENT | V080 0.24] Voo 0.24
POLARIZ | V20 8in 0.52 0.89 Vao0/Vb 8 d 039 -0.28
ACID Vda -0.17] -0.08 -0.20 Vo da -0.17]  -0.08 -0.10
BASIC V2db 0.11 0.33 0.27, 0.1 'd Vo db 0.11 0.33 -0.27 0.7
Vz2odd Vaodo Vaodin Voda Vaodd VeaodoVaoVodd Vada

Laffort & Patte, 1976 N=75

ORIENT |78 -0.45

POLARIZ | €78 -0.09  -0.30

ACID [T -0.30  -0.058 -0.17
Basic | Pre 046l 044 0371 072

Ol7e W76 €76 Tt7e

Patte et al., 1982 Modified according to Chauvin {1998) (eq. 14)
ORIENT | (a2 0.15 's2 -0.03
POLARIZ | €2 0.31  -053 €' 027 025
ACID  |Tee 019 047 -0.58 T's2 042 -0.48 -0.30
BAsic | PBee 00s 078 -059 o6 B's2 011 o018 -0.35 078
Ols2 a2 £s82 JTs2 Cl'.'sz (1)'32 6'82 J'E'sz

Thomas & Eckert, 1984 |N = 144| Modified according to Laffort and Patte (1976)

OREENT | V2T -0.26 Vao T -0.26

POLARIZ | V20 Q 0.98 -0.32 VaolVb A, -0.01  0.09

ACID Vao OL -0.09 006 -0.12 Vao O -0.09  0.06 0.07

BASIC | V2P 015 058 -0.16 028 Vof -0.15 056 -0.13 0.26
Voo V20T  VaoQ V2o VoA VaT VaVbA Voo

Abraham, 1993 N =314 Modified according to the present work (eq. 15)

ORIENT | 7 0.45 2 0.06

POLARIZ | Rz 0.52]  0.61 Ra 0.24] -0.02

AcD | Zo 014 032 015 Zaf 008 027 0.5

Basic | =B 0.06, 031 -0.14 o.14| B 0.08 024 -0.14 0.4

log L16 e Re  Zof 02 w2 Rz Zaf

Original data sets e Slightly modified data sets

Fig. 3. Pearson correlation matrices for the solvation parameters proposed in five publications (on the left) and with some parameters sliggth{lgmibdifight).
The solvation parameters are supposed to be as mutually independent as possible, i.e. the correlation values should be low. Absolute valtims cdefficents
>0.5 are highlighted.

parameters A of solutes. This corresponds approximately to a maodified version. At this stage, no dramatic differences are
standard error of 1 unit of retention index in the reconstruction  observed between the mutual independence withinthese two

of the matrix R of retention indices, as it can be seeRim 4 sets and within the final set proposed in the present work.
(mean value in the 12% 10 data set of retention indices: 797 (2) The correlations A between the input and output parameters
units). of solutes. They are supposed to be as high as possible, in
Three criteria have been used for testing the input solutes contrast to that obtained with random data, as it can be seen
parameters in applying the MMA algorithm to the 12% in Fig. 6 (second column). To make the reading easier in
Kovats data set of retention indices: this figure, values of correlation coefficients lower than 0.9

have been highlighted. At this stage, again, no significant
(1) The mutual independence of the output parameters of differences are observed between the results obtained with
solutes, in a similar way as for the values published by the the Abraham data and those suggested in the present work.
authors, reported ifig. 3. The obtained results, shown in (3) An absence of negative values in the output matrix B
Fig. 5(and third column oFig. 6), exhibit similar trends as of solvent parameters, since negative values are difficult
inFig. 3 i.e. agood mutual independence for dataaccording  t0 be interpreted in terms of physicochemical meaning.
to Thomas and Eckef22] and Abrahanj15], both in their When they occur, negative values probably also reflect a
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14 (1) The most suitable published data are those of Abrgdthain
concerning 314 defined compounds.

(2) Two equations (Eq15)) allow to appreciably improve them
by simple internal reorganization.

(3) An additional improvement of two of these published
parameters, those of dispersion and induction/polarizability,
can easily be obtained by using E(—(8) and(13)applied
to information available in Chauvin and Laffd&8] and in
the Handbook of Chemistry and Phys|d§].

12 4

10 |

Standard error

The remaining challenge is the easy determination of solva-
. ‘ . . . ‘ : , tion parameters for new compounds. The aim of SeQ@imto
o 1 2 3 4 5 6 7 8 9 10 start this purpose on the basis of the results obtained in Section

Number of terms 2.
A multiple linear regression analysis of the output parame-

Fig. 4. Standard errors (expressed in Rl units) in the reconstruction of th PR
125x 10 Kovats matrix R of chromatographic retention indices, as a function‘fers of solutes versus the retention indices reporté’ame Al

of the number of terms in Eq1), by using the MMA algorithm. The results are for 125 SOIUteSv_ Qlearly shows that five statlorlary phases (sol-
independent of the nature of the input matrix A of solvation parameters. vents) are sufficient to account for the entire phenomenon
(range of correlation coefficients: 0.99—-1.00). The rules to estab-

lack of independence of solute parameters. At this stagdish the final parameters of solutes proposed in the present

a slight better performance of the final data set proposed/©rk, from the retention indices on five stationary phases, are
in the present work can be observed (fourth column ofdiven by Eq.(17). The correspondent solubility parameters for

Fig. 6). the 133 solutes offable A.1 are presented iffable C.1of
Appendix C
DISPER: 63=-5.828 +6.578P —0.256F
ORIENT: w3 = —0.679P —0.971H +1.416F +0.234)
POLARIZ : &3 =+4.2071 —4.080P —0.127F (17)
ACID : a3 = —1.5021 +1.046P —1.202F +1.658)
BASIC : B3 = —0.784P +1.230H —0.4467

in which I, P, H, F and ¢ are (Rl standing for reten-
tion indices): I=(RI—100)/100 on the paraffin phase
The comments orFigs. 5 and 6will be more detailed i C_, (infinite); P=(RI—100)/100 on the paraf-
in the Discussion section, but we can summarize the resultgn phase in Gg; H=(RI—100)/100 on the primary
presently reached by the assessment that the solvation paramgeohol phase; F=(RI—100)/100 on the tetrakistrifluo-
ters of Abrahaniil5] are the most suitable already published, ONromethyl phase;¥=(RI—100)/100 on the tetramethoxy
the condition to modify the dispersion and orientation paramphase.
eters, according to E(15). An additional improvement is  As can be seen iRigs. 3, 5 and fone of the difficulties with
obtained by replacing, by the expression of the molar refrac- simplified notations of the solute parameters, is that each author
tion fnV}, and the induction-polarizability parame#®s by Res.  has his own (some authors have several. One of the results
The numerical values for ¥}, and Ry can easily be obtained of the present study is that the first parameter, which we called
from Handbooks of physicochemical constants, by using Eqsy as apolar in previous works, seems to be rather related to the
(6)~(8) and (13) Topological rules are also provided in molar refraction than to the molar volume. Therefore, the name
[38]. 8 as dispersion seems appropriate. The letieasid 8 are the
The remaining problem to solve is how to obtain easily datanost used by several authors to refer to acidity and basicity; we
for new substances. The answer in the present study will bgherefore keep them. The letterhas been used to call too dif-
limited to the method of gas-liquid chromatography applied toterent properties (proton donor ability, polarity, polarizability);

the 133 compounds dfable A.1 we therefore discard it, and keep, for the orientation/polarity
parameter, the lettes. For the polarizability-induction param-

3. A suitable determination of solvation parameters for eter, we keep the lettet, chosen by us since 19735], as

133 solutes by using gas-liquid chromatography reminiscent of electron donor ability: this parameter exhibits

high values for molecules with multiple bonds, with pi elec-
The two methods applied in Sectidhto reconsider the trons (halogens, oxygen, sulfur) and with high connectivity
already published solvation parameters of solutes, converge {egycles). The subscript 3 is added to avoid confusion with other
similar results: definitions.
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DISPER ORIENT POLARIZ ACID DISPER ORIENT POLARIZ ACID
Karger et al., 1976, 1978 Modified according to Laffort and Patte (1976)
ORIENT | V2080 -0.51 V0 do -0.50
POLARIZ | V208in -0.48 0.63 V20lVb & d -0.07  -0.05
ACID Vaoda -0.08f -0.01 -0.03] Voda -0.09 0.08 -0.09
BASIC V2od b -0.28 0.65 0.23 0.32‘ Vo db -0.27 0.62| 0.18 0.38
Voodd Vwdo Vadin Voda Vodd VwdoVolVodd Vda
Laffort & Patte, 1976
ORIENT | W7s -0.44
POLARIZ | €78 -0.300 -0.13
ACID Tt7s 0.01 -0.100  -0.20
Basic [P 2040, 061 -0024 042
(o 4] Wr7e €78 JT76
Patte et al., 1982 N =125 Modified according to Chauvin (1998) (eq. 14)
ORIENT | ez -0.39 ®'s2 -0.50
POLARIZ | €82 -0.61 -0.06) £'s2 -0.07  -0.05
ACID Tte2 0.00 -0.23| -0.10 82 -0.09 0.08 -0.09
BASIC | Pe2 000 068 -047 0.14 B's2 027 062 018 0.38
Cls2 sz Es2 Tls2 (I'sz (D'az E'az :Il:'sz
Thomas & Eckert, 1984 |N=125 Modified according to Laffort and Patte (1976)
ORIENT | V2T -0.48 Va T -0.49
POLARIZ |V20 Q 0.92 -0.53 VaolVb A -0.18)  0.22
ACID Vao O -0.10  -0.18] -0.08] Voo O -009 -019 -0.06
BASIC |VaooP 024 043 -025 044 V2P 024 043 002 044
VoA V2T  veQ Voo VoA  VaT VaVbA Voo
Abraham, 1993 N =125 Modified according to the present work (eq.15)
ORIENT | -0.03 w2 -0.44
POLARIZ | Rz 0.25 0.58 R2 -0.19 0.03]
ACID Zaf -0.07 0.06) 0.05 Zad -010 -0.08 0.05
BASIC ZpY. 0.02 0.71 0.36 0.28‘ ZpY. -0.27 0.35) 0.36 0.28
logLie R2  Zof o2 2 Rz Zoff
Present work
ORIENT 2 -0.38
POLARIZ | Ros -0.14 0.03
ACID Zaof -0.12|  -0.08]  0.05
BASIC ZpY. -0.22 0.35 0.35 0.28‘

fnVb 02 Res Zof

Output matrices A, from input Output matrices A, from input
matrices according to authors =  matrices slighted modified

Fig. 5. Pearson correlation matrices for the output matrices A of solutes parameters obtained by using the MMA algorithm applied toltb&aZits matrix
of retention indices R, with several hypothesis of input matrices A. Input data are partially original, partially calculated according to tleméndidae authors
and partially extrapolated. As ifig. 3, the correlation values should be low. Absolute values of correlation coefficignfsare highlighted.

It should be noted that, as in previous studles21] values  py using the Eq(19)for gases! For the 133 solutes under study,
of parameters have been fixed such as the following relation ighe correlation coefficient obtained with the relation 18 is 0.99

verified: (therefore, Eq(18) can be an additional tool to estimate one of
the parameters when it is missing, if the ICE value and the other

ICE = a3 + w3 + £3 + a3 + f3 — 1.867 (18) parameters are available).

where internal cohesive energy (ICE) is equal to the negative, ICEys = ((Th/4028) + 0.6168F — 2.45 (forr, < 25°C), (19)

decimal logarithm of the saturated vapor pressure atC25 \yheres, andT; being, respectively, the temperature at boiling poirit@nand
expressed in atmospheres, for liquids and solids, and calculated
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INPUT/OUTPUT correlations A Number
of Number of
r| = 0.5| neg. values

MODELS DISPER ORIENT POLARIZ ACID BASIC | infig.5 | in matrix B
random numbers 0.04 0.10 0.00 0.12 0.07 3 zero

0.13 0.15 0.10 0.06 0.17 2 zero

0.02 0.13 0.15 0.00 0.06 5 Zero
Karger et al. (original) Vodd Vado Vadin Voda Vodb ( param. 3)

0.97 0.80 0.86 0.95 0.85 3 6
Karger et al., (modified) V2odd Vado VaolVbdd Vwda Vadb

0.98 0.91 0.82 0.96 0.93 2 zero
Laffort & Patte (original) Qa7e w76 €78 T76 s ( param. 4)

0.98 0.99 0.94 0.99 0.95 1 10
Patte et al. (original) Ols2 Ws2 €82 Tls2 Pz ( param. 4)

0.88 0.99 0.62 0.98 0.83 2 8

] ] 1 ] ] ]

Patte et al. (modified) O 82 W 82 € 82 w2 Pls2 (param. 5)

0.96 0.98 0.94 0.96 0.95 2 9
Thomas & Eckert (original) | V2oA V20T  ypQ Voo Vof ( param. 3)

0.98 0.94 0.94 0.95 0.94 2 10
Thomas & Eckert
(modified) Vah  VoT  VavbA Voo Vaf

0.98 0.94 0.80 0.95 0.94 zero zero
Abraham (original) gLt  ® R2 Zaf  ZBY ( param. 4 & 5)

1.00 0.99 0.91 0.98 0.98 2 15
Abraham (modified) 02 w2 R2 Zoy  ZpY ( param. 4)

0.99 0.97 0.91 0.98 0.98 zero 6
Present work faVb 2 Res Zay  ZpE

0.98 0.97 0.92 0.98 0.98 zero zero

Fig. 6. Three criteria for testing the input solute parameters by applying the MMA algorithm to the 3 RBvats data set of retention indices: the input/output
correlations A, the mutual independence of the output solutes parameters (a summarfigf Syelus analogous results with random data) and an absence of
negative values in the matrix B. Unfavorable results are highlighted.

The EQq.(20) give the rules to estimate the values of the ver-  Similarly, the rules to establish the final parameters of sol-
sion of solute parameters here presented, from already publishednts D3, W3, E3, A3 and B3 proposed in the present work,
properties used as input of the MMA algorithm in the previousfrom the retention indices on five selected solutes, are given
section. To avoid any confusion, the parameters in thgH)). by Eq. (21) (Latin upper-case characters for solvents corre-
are marked with an asterisk superscript: spond to Greek lower-case characters used for solutes, in the

DISPER  §3* = 7.88nV,/100— 0.092 (Egs6, 8) (- = 0.98, N = 125)

ORIENT  w3* = wp (Eq. 15) (- =0.97, N = 125)
POLARIZ &3* = 0.729Rg6 (Eqs 6,8,13) (- =0.93 N = 125) (20)
ACID az* = 2.825%" o} [Ref. 15] (- = 0.98, N = 125)

BASIC  fs* = 07283 g [Ref. 15] ( = 0.98 N = 125)
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Table 2 the following comments are referred, as in the other sections
Solvents pargmeterssDW& Es, A3 and B of the ten stationary phases under of the present study, to thelvation parameters, i.e. the prod-
study, according to Eq20) uct of thesolubility parameters strictly speaking and the molar

Phases 5] W3 Es Az Bs b volume.

Coo 202.7 75.4 287.0 15.2 21.8 0.288

Crs 202.7 76.9 308.8 12.8 26.4 0.293 4.2, The number of parameters

POH 202.7 96.21 299.4 39.9 1148 0.291

TTH 202.7 1471 289.4 18.3 83.6 0.288 i . .

MTE 202.7 94.7 2872 193 43.9 0291 The initial Co_ncept of the sol_u_blllty parameter pf Hildebrand
PCL 202.7 94.4 293.9 19.3 388 0.293 €t al.[19] has first been specified in three partial parameters
PBr 202.7 92.8 298.8 17.6 38.7 0.291 (dispersion, orientation and hydrogen bonding) by 88} and
T™MO 202.7 137.5 3124 784 59.1 0291  Hansen and Beerbow§40]. Tijssen et al[41] extended the
PSH 202.7 90.6 295.6 21.6 38.2 0.286

hydrogen bonding parameter by separating the proton donor and

proton acceptor contributions. In Sect@we detailed that since

Also the slopes b of lod/y vs. number of carbon atoms farparaffins are 1976, the number and the nature of the partial parameters is

presented. As already seen in qu), they are almost equal to 0.29. Values in in principle fixed to five by everybody, but that in practice the

bold suggests the most appropriate phases to be selected. . . .
independence of values has been achieved only in the present

study. It should be noted that in olfactory studies of Laffort and

PCN 202.7 137.9 306.9 45.4 61.3 0.291

adapted Eq(l)):

D3 = +0.2896/

Wz = —-0.3368 +0.9446V —0.351%

E3 =+40.562% +1.1602v —25926H —0.3403L +1.6754 (21)
Az = —0.0852 +1.0657L —0.723%

B3 =-1.60920 —2.0605V +3.34254 +0.4051L

where: =Rl — 100 of octane/N=RI— 100 of nitropropane;

H=RI—-100 of 2-hexanone;L=RI-100 of 1-butanol . . Lo
¥=RI— 100 of pyridine. co-workers previous to 1976, a similar evolution is observed:

§1ree molecular parameters in 1969-185,3], four parameters
of Table 1 are presented iable 2 In 1972-19749,10,35]and finally five parameters since 1976

Eq.(17)andTable 2are of limited interest for the reader, since [11]
these stationary phases have been synthesized in small quan-
tity for internal use and are not commercially available. They#3. The dispersion parameter
clearly show, however, that the best set of commercial phases
for further determinations of solute parameters from gas—liquid In our previous works, thigipolar term was identified to
chromatography, should include two non-polar phases of ver{he molar volume at boiling poin¥,. For some authors, it
different molecular weight and three polar phases: a strongly fluvas the molar polarizability defined by the product4p and
orinated, a classical polyether and an alcoholic (as, for exampléor others, the Ostwald solubility coefficient of the solute on
diglycerol). n-hexadecane 6. We found more consistent results in the
The immediately applicable results of the second section ifPresent study with the molar polarizability expressed by the
the present study are tfiable C.1and the Eq(20). In addition, ~ Product frV, (the competitions betweeMy, Voo, Vx, fnV2o
Egs.(21)could be useful in the future, for checking and selectingand fiv, have not been detailed figs. 3, 5 and Gby con-

The correspondent solubility parameters for the 10 solvent

further sets of stationary phases commercially available. trast, the advantage df,, homogeneous to in, over L'
proposed by Abrahanfil5], appears very clearly ifrigs. 3

4. General discussion and 6.

4.1. Comparisons of several studies 4.4. The orientation parameter

The purpose of the present study is not at all a competi- It can be considered as the most ancient to have been sepa-
tion game. It is quite logical to observe, as it is summarizedated from the global entity of free enthalpy of vaporization.
in Figs. 3, 5 and 6that older studies are less suitable thanlt corresponds to the expression pblarity used by chro-
more recent ones, but the latter are based on the former amdatographists. The orientation parameter has been often refined
the merit of the various contributions cannot be compared. Thby many authors, not all cited here. The more recently pub-
main purpose is to refine more and more the determination dfshed values, due to Abrahditb] and expressed aé' exhibit
the data values, but mentioning the successive principal cora lack of independence with the basicity and the polarizability-
tributions since the pioneers. In order to avoid any confusioninduction parameters, as it can be seerfrigs. 3 and 5The



P. Laffort et al. / J. Chromatogr. A 1100 (2005) 90-107 101

alternative expressions, andws, proposed here, appear more py Kovats and co-workerp8,29]° Claverie[49] and Laffort

suitable. and co-workerg12,36] suggested and partially demonstrated
that this property inversely proportional to the molecular weight
4.5. The acidity and basicity parameters could be “the density at a given temperature, which reflects the

relative absence dioles of the solvent, or in other words its

As already underlined above, these two parameters have catempactability”.
tainly been the hardiest to establish, since no single acid can
serve as unique reference of hydrogen bonding against a seriés$. Meaning of some negative values of solutes parameters
ofbases northereverse. Itis the merit of the pioneers Tijssen, Bil-
liet, Schoenmakerd1], Karger, Synder, Eofi17,18], and more
recently of Abraham and co-workee4,45], to have overcome
this difficulty. The more recent values, published by Abrahal
[15], do not need any improvement, accordingigs. 3,5 and 6

In the Appendix G few negative values are observed for the
four polar parameters: strongly for the polarizability-induction
parameter, slightly for the basicity parameter and in between

for the two other ones. Since the solute parameters are defined
with methane as reference, the general explanation should be
o ) that such negative value for a given compound means that the
4.6. The polarizability-induction parameter corresponding property is lower than that for methane. Some

] ) . . small negative values, however, could be interpreted as included
Because this parameter is strongly involved in olfactory propy,ithin the confidence intervals for parameter values equal to
erties, Laffort and co-workers have proposed several successiV@, This question will be re-open in a further study.
definitions since 196f5]. By contrast, probably because its role
in solutions is smaller, this parameter has been ignored a lon

9o, Application of the present study to a classification of

time or incorrectly expressed in the physicochemical IlteratureGLC stationary phases

as it has been seen in the present study (periods with three and

four solubility parameters, oversimplified characterization ofthe  geveral classification methods have been proposed in liter-
fifth parameter). Between 19761] and 199738] Laffort and  ature, the most popular being that of McReynd[2i&], which
co-workers defined this parameter as the ratio between the mOléfoposed ten terms. More recent attempts of classification of
polarizability and the molar volume (E@11)). It can clearly  stationary phases for open-tubular coluniss,52] are based

be observed irrigs. 3 and Sthat this expression appreciably on the Abraham approach, which is, as we saw, not completely
improves the expressions of Karger e{&¥., 18]as well asthose  satisfactory for the dispersion and orientation parameters. In
of Thomas and Ecke[2]. However, the bilinear expression of other respects, sets of phases covering the five solvation param-
molar polarizability and molar volume (instead of their ratio) eters were not found in these recent publications of Santiuste
proposed by Abraham et 420], calledR> (Eq.(12)), provides  and Garéa-Doninguez[51] and Poole et af52]: none of the
better results (seéig. 6). The expressioRgs (Eq.(13)), which  selected stationary phases are hydrogen-bond acids, and defi-
we prefer, is just an improvement &b ([38] and the present cjencies are noted for the solvent parameter associated with the

study). polarizability-induction solute parameter. This last deficiency
could be overcome using two apolar phases of very different
4.7. Meaning of[he solvents parameters molecular WEIght In all cases, E(Ql) pI’OVideS an alterna-

tive method, perhaps simpler and clearer than those proposed

In the general case, the retention indices must be previousKy these authors, to characterize the up-dated solvation solvent
transformed into logarithm of the reduced retention volumedactors.
log Vg, when the slopes b of log, versus the number of carbon
atoms forn-paraffins are not constant, before trying to under-4.10. Comparison between the two data sets of solute
stand the meaning of the solvents parameters as reported farameters
Table 2 This amounts to the same thing as multiplying the ) )
parameters oTable 2by the slopes b. We saw, however, that The search foramutual mdependence_ofpubllshed sglute sol-
in the present study a constancy of these slopes b is observ¥gtion parameters as well as the comparison between input and
(Eq. (4) and last column oTable 2; the solvent parameters of ou.tpu't parameters using the MMA algorithm, allowed us to opti-
Table 2can therefore be left as they are. The comparison offlize in Sectior2, the parameters for a set of 314 solutes (from
the structure of the phases describedable 1and the solvent Abraham aqd co-w_orkers studies). This search also allowed us
parameters reported ifable 2 clearly shows that Ais iden- to propose in SectioB, a new method of parameters’ deter-

tified to a basicity character,380 acidity and W to polarity, ~ Mination for 133 solutes (derived from Kats and co-workers
similarly to the solute parametefs, a3, andws. The product GC measurements). Both sets can be considered as valuable and

D3"b being a constant in the present study, no relation with the
molecular structure can be suggested from the datareported herg:———

Th ter i | | | lated t | | "In fact, if Martire[47] was apparently the first to observe in 1974 a so-called
e B parameter is also clearly related to a molecular prOp};olarity of hydrocarbon phases of high molecular weight, he did not identified

erty inversely proportional to the molecular weight, everythingihe corresponding solute property, i.e. as we saw, the polarizability-induction
being equal, as already shown in some way by MaftiT@ and  parametee. This was done by Laffort in 197[B0].
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they together make up a solid basis for further derivations ofrersity of Bourgogne) for fruitful discussions and criti-
parameters from the molecular structure. The question remainsal reading. They are also grateful to P.J. Schoenmakers
for further experimental determinations (always more reliableand two anonymous referees for their help in editing this
than predicted from the structure), which approach is the mogtaper.

suitable. The entirely chromatographic method could perhaps This study benefited from financial support by the RATP
be easier, using a pentacolumn device similar to that we useg@Régie Autonome des Transports Parisiens), the Pir Villes (Pro-
in 1982[21], but up-dated: Columns in parallel rather than ingramme Interdisciplinaire de Recherches sur la Ville) of CNRS
series, open tubular columns rather than packed (if possiblegnd the Conseil Bgional de Bourgogne.

better panel of stationary phases, and including an high level Measurements were made at the Vegapiniversity in the

of automation. However, some solutes of very low volatility arecontext of a project of the Foundation Pro Arte Chimica Helveto-
difficult to study using GLC and, therefore, both methods couldPannonica jointly financed by the Ecole Polytechnigaeirale
perhaps be developed in parallel. de Lausanne and the firm Firmenich SA @ee.
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Table A.1
GLC retention indices for 133 solutes on 12 stationary phases afd,3tccording td30—-33](polar phases) and the present study (apolar phases)

C67 C103 C78 Cinf OH TTF MTF PCL PBR TMO PSH PCN

1 1-Butanol 591.0 594.9 592.6 602.2 658.9 633.6 608.5 609.7 609.9 690.4 611.6 657.4
2 2-Methyl-2-propanol 467.8 471.2 469.2 477.5 528.8 511.4 4842 482.1 482.5 543.4 481.2 519.0
3 1-Pentanol 696.1 699.8 697.6 706.7 765.5 739.3 712.9 714.3 714.8 797.2 715.9 764.1
4 2-Methyl-2-butanol 596.3 598.2 597.1 601.7 652.9 637.0 610.2 610.5 610.5 669.4 609.8 646.3
5 1-Hexanol 798.4 801.7 799.7 807.8 868.3 8415 814.6 816.4 817.7 901.0 818.0 867.2
6 Cyclohexanol 848.7 854.0 850.8 863.9 916.6 887.1 864.1 867.9 869.6 940.4 869.8 912.7
7 2-Methyl-2-pentanol 689.2 691.2 690.0 694.9 745.2 730.7 703.1 703.3 703.3 762.1 703.1 739.3
8 1-Heptanol 900.2 903.1 901.4 908.5 971.3 943.7 916.6 918.5 919.9 1003.7 919.8 969.0
9 2-Methyl-2-hexanol 785.5 786.2 785.8 787.5 841.9 827.2 799.6 799.0 799.4 858.5 798.5 835.4
10 2-Butanol 543.9 546.2 544.8 550.5 603.7 585.0 559.6 559.7 560.1 626.7 560.3 599.1
11 2-Pentanol 643.1 645.5 644.1 650.0 704.4 685.8 659.5 658.9 659.5 727.1 659.4 699.4
12 2-Hexanol 743.8 746.0 744.7 750.1 805.5 786.7 759.9 759.6 760.3 829.0 760.2 801.0
13 2-Heptanol 843.8 845.9 844.6 849.8 906.2 886.7 859.5 859.6 860.3 929.9 860.3 901.5
14 2-Phenylethanol 1050.6 1058.3 1053.7 1072.6 11352 11143 1073.2 10784 1080.6 1188.6 1081.2 1145.4
15 Benzyl alcohol 969.9 978.3 973.3 9939 1059.6 1024.8 992.7 999.6 1001.4 1125.6 1003.3 1072.7
16 Pentanal 644.7 647.7 645.9 653.3 687.8 709.8 664.7 663.9 664.7 695.1 661.6 696.4
17 Hexanal 747.1 749.5 748.1 754.0 790.9 812.6 766.8 766.2 766.8 798.4 764.3 800.0
18 2-Butanone 533.1 536.8 534.6 543.7 580.7 607.3 557.5 553.8 553.4 587.2 552.2 591.3
19 2-Pentanone 627.3 628.9 627.9 631.9 674.6 700.1 649.6 647.4 646.8 680.0 644.5 684.0
20 Cyclopentanone 737.8 742.8 739.8 752.1 800.2 817.3 763.1 763.2 764.4 802.6 760.4 807.4
21 2-Hexanone 728.8 730.9 729.6 734.8 777.5 802.8 751.0 749.5 749.0 782.4 746.5 786.7
22 Cyclohexanone 851.2 856.7 853.4 866.9 915.1 931.9 877.0 877.6 878.5 915.0 875.1 921.8
23 2-Heptanone 829.7 831.2 830.3 834.0 879.2 904.2 851.8 850.2 850.5 883.6 847.4 887.9
24 Dipropylether 655.3 655.5 655.4 655.9 671.7 671.5 659.9 660.1 660.4 670.5 659.5 668.3
25 Dibutyl ether 854.0 853.6 853.8 852.9 870.0 870.3 858.3 858.1 858.8 868.6 857.8 866.4
26 Tetrahydrofuran 607.7 612.3 609.6 620.9 648.0 646.4 621.6 622.2 623.3 640.8 622.0 641.9
27 1,4-Dioxane 667.3 672.1 669.2 681.0 716.5 717.7 683.3 683.7 684.6 716.6 683.4 709.9
28 Methyl phenyl ether (anisole) 905.3 912.8 908.3 926.8 935.0 953.8 921.1 924.0 924.7 956.4 936.2 951.2
29 Phenetole 974.7 981.0 977.2 992.7 1004.7 1021.1 990.3 991.5 992.2 1022.3 1000.2 1017.3
30 Nitroethane 563.5 568.0 565.3 576.4 612.6 665.1 593.2 593.0 592.5 657.7 590.3 655.5
31 1-Nitropropane 659.6 662.9 660.9 669.0 706.5 757.7 688.0 688.3 687.6 747.7 684.1 747.1
32 1-Nitrobutane 763.1 766.3 764.4 772.3 809.5 860.0 791.8 791.4 791.2 849.3 787.4 849.6
33 1-Nitropentane 864.8 868.2 866.2 874.5 911.8 961.8 893.7 893.2 893.2 950.7 889.0 950.6
34 1-Nitrobenzene 1045.2 1054.6 1049.0 1072.1 1095.3 1140.0 10815 1077.2 1077.8 1136.2 1073.8 1130.7
35 1-Cyanoethane 484.3 489.3 486.3 498.6 543.5 592.2 521.9 514.9 514.2 571.5 514.3 575.9

36 1-Cyanopropane (Butyronitrile) 584.3 587.8 585.7 594.3 641.6 688.3 617.5 614.2 614.2 668.1 609.6 674.2
37 1-Cyanobutane (valeronitrile) 691.6 694.4 692.7 699.6 749.6 795.3 724.2 721.8 721.9 774.5 716.9 781.6
38 1-Cyanopentane 793.6 796.3 794.7 801.3 852.5 897.5 826.2 824.3 824.3 877.0 819.3 884.4
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c67 C103 C78 Cinf OH TTF MTF PCL PBR TMO PSH PCN
39 Pyridine 719.3 7264 7222 7396 7856 7782 7399 7416 7443 7788 7413
40 2-Picoline 798.7 805.1 801.3 817.0 866.1 850.5 816.3 817.6 820.5 849.6 817.8
41 3-Picoline 840.4 847.6 8433 8610 9156 9053 863.1 863.1 866.7 899.7 863.4
42 4-Picoline 8385 8464 8417 8611 9164 9054 861.3 863.3 8659 8987 8617
43 2,3-Lutidine 930.6 938.2 9337 9523 1003.6 988.6 9495 9516 9535 982.6 951.9
44 2,4-Lutidine 9154 9224 9182 9354 991.0 9756 9333 937.1 938.7 966.3 9354
45 2,5-Lutidine 9154 9226 9183 936.0 9885 9721 9342 9359 937.8 9645 934.1
46 2,6-Lutidine 869.2 875.0 8715 8858 9349 9157 887.0 8852 887.7 913.8 887.8
47 3,4-Lutidine 981.0 989.5 984.4 1005.3 1070.5 1057.3 1004.9 1005.7 1008.6 1044.9 1008.2
48 3,5-Lutidine 959.6 967.5 962.8 982.2 1043.2 10309 982.7 984.3 986.0 1019.3 985.2
49 3-Chloropyridine 881.0 888.9 8842 903.6 930.7 9279 896.6 901.1 9027 941.8 901.3
50 1-Acetoxypropane 6359 636.6 636.2 6379 6781 696.1 6543 650.8 6495 6821 647.9
51 1-Acetoxybutane (butyl acetate) 738.2 738.7 738.4 739.6 781.3 798.6 756.3 753.0 752.3 784.4 749.9
52 1-Acetoxypentane (pentyl acetate) 839.2 839.0 839.1 8386 8822 899.0 8569 853.6 853.0 8854 850.3
53 1,1,1-Trifluorooctane 726.5 721.8 724.6 713.1 735.5 781.4 742.4 732.3 730.9 754.1 727.5
54 Fluorobenzene 6639 668.2 6656 6762 6834 7015 6754 676.6 6768 7055 6755
55 Hexafluorobenzene 549.9 549.3 549.7 548.2 558.3 610.8 566.6 557.2 554.7 586.6 551.8
56 Trifluoromethylbenzene 656.8 658.0 657.3 660.2 6747 7148 673.0 669.1 667.6 7042 664.7
57 Dichloromethane 497.0 505.5 500.4 521.3 524.7 528.2 511.3 513.7 514.9 559.7 5135
58 Trichloromethane 6016 608.2 6043 6205 630.0 6214 6119 6151 6164 6695 616.6
59 Tetrachloromethane 675.2 680.8 677.5 691.2 683.8 679.1 676.6 682.3 683.2 697.2 683.2
60 1-Chlorobutane 638.3 641.7 639.7 6480 6547 6674 6472 649.6 650.1 669.8 6485
61 1-Chloropentane 740.8 744.3 742.2 750.8 758.2 770.8 750.2 751.9 752.4 772.0 751.1
62 1-Chlorohexane 8424 8456 8437 8516 860.1 8728 8520 8534 8539 873.8 8527
63 Chlorobenzene 861.4 869.0 864.5 883.1 884.5 893.8 872.0 876.3 877.7 905.1 876.8
64 1-Bromopropane 6265 630.7 6282 6385 6454 6526 636.1 638.7 639.6 659.8 639.4
65 1-Bromobutane 729.8 734.4 731.7 743.0 749.2 756.6 739.9 742.1 743.1 762.5 742.5
66 1-Bromopentane 832.4 836.4 834.0 843.8 851.7 859.7 841.8 844.4 845.5 864.9 844.8
67 Bromobenzene 955.9 964.7 959.5 981.1 981.7 986.0 965.5 972.4 974.0 1002.4 974.2
68 1-Butanethiol 714.8 718.7 716.4 726.0 733.0 729.2 720.8 726.8 728.1 746.5 726.8
69 1-Pentanethiol 817.2 821.0 818.7 828.1 836.0 832.2 822.6 828.8 830.3 848.9 830.1
70  n-Hexanethiol 9189 922.6 9204 9295 939.0 9353 9245 9309 9319 9509 932.1
71 Thiophene 680.2 687.5 683.1 701.1 702.8 706.5 691.2 694.2 695.6 721.6 694.2
72 1-Hexene 584.4 585.4 584.8 587.3 587.4 589.5 585.6 586.9 587.3 592.2 587.0
73 Cyclohexene 704.2 706.8 705.2 711.6 712.3 703.7 704.7 708.8 710.1 714.8 709.6
74 1,4 Cyclohexadiene 7225 7282 7248 7388 736.2 7311 7263 7313 7326 7436 7324
75 1,3 Cyclohexadiene 687.8 691.8 689.4 699.2 701.0 697.9 692.6 695.6 696.4 707.8 695.9
76 1-Heptene 684.8 6849 6848 6851 6882 6904 6864 6874 687.8 693.0 687.4
77 1-Octene 783.9 784.7 784.2 786.2 787.6 789.7 785.4 786.2 786.7 792.0 786.4
78 1-Nonene 884.6 885.1 884.8 886.0 8885 890.8 886.3 8869 887.7 8926 8875
79 1-Decene 984.4 985.0 984.6 986.1 988.2 990.4 985.9 986.7 987.2 992.3 987.0
80 1-Pentyne 481.6 481.6 484.4 488.5 498.2 503.7 491.7 491.5 491.9 514.9 491.0
81 1-Hexyne 586.7 588.5 587.4 591.8 601.3 606.7 593.8 594.8 594.8 618.6 594.6
82 2-Hexyne 643.4 6427 643.1 6414 6569 656.6 6469 6494 649.7 666.1 649.3
83 3-Hexyne 620.3 620.2 620.3 620.0 632.8 628.0 623.1 625.8 626.4 642.0 626.0
84 1-Heptyne 687.8 688.6 688.1 690.1 7029 708.0 6947 696.0 6959 720.2 695.6
85 1-Octyne 787.4 788.3 787.8 790.0 802.5 808.0 794.1 795.3 795.0 819.6 795.2
86 4-Octyne 810.2 809.7 8100 808.8 8215 8199 8125 8147 8156 829.8 8150
87 1-Nonyne 887.7 888.6 888.1 890.3 9029 908.7 8945 8957 896.1 920.0 895.6
88 1-Decyne 987.7 988.8 988.1 990.8 1003.0 1008.6 9945 9959 9959 1019.9 9955
89 Benzene 6735 679.3 6758 690.1 6928 701.3 6834 6853 686.2 7047 6855
90 Toluene 782.0 7883 7845 800.0 8014 8120 7920 7940 7952 8124 794.2
91 Ethylbenzene 872.0 8779 8744 8889 890.8 899.8 8813 883.8 884.8 9019 8843
92 Naphthalene 1208.2 1221.1 1213.4 12451 1248.1 1257.4 12248 12315 12313 1262.0 1232.7
93 Azulene 1319.9 1334.6 1325.8 1362.0 1361.7 13655 1334.6 1344.1 1346.3 13824 1347.4
94 Pentane 500.0 500.0 500.0 500.0 500.0 500.0 500.0 500.0 500.0 500.0 500.0
95 Cyclopentane 587.9 5885 588.1 589.6 590.2 5815 5861 589.5 590.6 591.1 590.8
96 2,2-Dimethylbutane 541.1 540.7 540.9 540.0 541.2 544.7 542.3 541.0 540.6 541.9 539.4
97 2,3-Dimethylbutane 572.6 573.0 572.8 573.7 573.4 575.6 573.5 573.5 573.4 574.0 571.2
98 Hexane 600.0 600.0 600.0 600.0 600.0 600.0 600.0 600.0 600.0 600.0 600.0
99 Cyclohexane 693.1 6946 6937 6974 6964 6876 6921 695.0 6965 696.4 696.3
100 2,2-Dimethylpentane 628.4 627.6 628.1 626.1 628.0 632.8 629.6 628.2 627.6 628.8 626.9
101 2,3-Dimethylpentane 679.3 679.3 6793 679.3 679.8 6816 680.2 679.9 679.8 680.2 6789

775.9
848.1
900.4
900.5
984.3
968.4
966.2
912.0
1050.4
1023.9
932.8
677.4
780.!
881.
750.8
696.5
580.8
695.3
543.2
644.6
687.8
666.7
769.1
870.8
897.1
656.5
759.6
862.0
994.5
742.0
845.0
946.9
710.9
588.8
712.1
739.5
703.9
689.6
788.9
889.8
989.2
503.5
607.3
659.2
634.3
708.7
808.3
822.9
908.7
1008.9
700.4
808.9
898.2
1257.(
1380.6
500.0
590.2
540.9
572.8
600.0
695.4
628.0
679.4
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102 2,4-Dimethylpentane 628.4  628.9 6286 629.8 6281 6326 6299 6286 6285 6288 6274 627.9
103 2,2,3-Trimethylbutane 6504 6523 651.2 6558 6532 6583 6546 651.6 651.0 6525 650.0 651.6
104 Heptane 7000 700.0 700.0 700.0 700.0 700.0 700.0 700.0 700.0 700.0 700.0 700.0
105 Cycloheptane 8358 8394 8373 8461 8414 830.0 8354 838.8 8402 840.3 8412 8397
106 Methylcyclohexane 7576 7594 7583 7627 7612 755.0 757.8 7593 760.0 760.6 759.5 759.4
107 2,3-Dimethylhexane 765.8 7654 7656 7647 7659 7682 766.3 766.1 765.8 766.5 765.3  766.0
108 2,4-Dimetylhexane 733.2 7330 7331 7326 7329 737.1 7346 7328 7328 7330 7319 7328
109 3,4-Dimetylhexane 779.3 7811 7800 7844 780.6 7821 7809 780.3 780.1 781.0 780.0 780.6
110 2,2,4-Trimethylpentane 696.5 6942  695.6 689.9 6958 7026 6984 6955 6949 6956 6941 694.9
111 2,3,4-Trimethylpentane 765.8 7654  765.6 764.7 766.9 769.0 766.8 766.0 7655 766.9 7655  766.2

112 cis-1,2-Dimethylcyclohexane 866.5 869.9 867.9 876.2 871.8 865.5 868.3 869.3 870.7 870.7 870.7 870.2
113 trans-1,2 Dimethylcyclohexane 836.7 839.1 837.7 843.6 840.9 836.7 837.7 838.6 839.3 839.9 839.4 839.3
114 cis-1,4-Dimethylcyclohexane 836.4 839.4 837.6 845.0 840.5 836.0 837.7 839.0 839.6 840.2 839.7 839.6
115 trans-1,4 Dimethylcyclohexane 814.8 817.9 816.1 823.7 818.6 815.9 816.9 817.1 817.4 818.5 817.7 817.5

116 Octane 800.0 800.0 800.0 800.0 800.0 800.0 800.0 800.0 800.0 800.0 800.0 800.0
117 Cyclooctane 963.0 968.4  965.2 978.4 9705  957.7 961.9 967.0 968.5 969.2 969.1 968.2
118 Nonane 900.0 900.0  900.0 900.0 900.0 900.0 900.0 900.0 900.0 900.0 900.0 900.0
119 Decane 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0
120 Cyclodecane 1177.3 11843 1180.1 1197.3 11856 1172.0 11753 11834 1182.1 1185.7 1183.4 1183.9
121 cis-Hydrindane 1032.0 1038.5 1034.6 1050.6 1041.1 1027.7 1033.8 1038.1 1039.6 1040.2 1039.2 1038.9
122 trans-Hydrindane 999.1 1004.7 1001.4 1015.1 1005.3 994.8 1001.0 1003.9 1003.9 1005.6 1003.1 1003.5
123 cis-Decalin 1150.5 11579 11535 1171.7 1159.3 1146.0 11540 1157.2 1156.3 11584 1156.8 1157.3
124 trans-Decalin 1109.1 11158 1111.8 1128.3 1118.0 1106.4 11123 1114.1 11153 1116.5 1115.2 1115.1
125 Adamantane 1133.6 11409 11365 11545 11479 1126.1 11334 1139.8 11404 11426 11427 1140.6
126 Undecane 1100.0 1100.0 1100.0 1100.0 1100.0 1100.0 1100.0 1100.0 1100.0 1100.0 1100.0 1100.0
127 Dodecane 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0
128 Tridecane 1300.0 1300.0 1300.0 1300.0 1300.0 1300.0 1300.0 1300.0 1300.0 1300.0 1300.0 1300.0
129 Tetradecane 1400.0 1400.0 1400.0 1400.0 1400.0 1400.0 1400.0 1400.0 1400.0 1400.0 1400.0 1400.0
130 Tetramethylsilane 4255 4221 4241 4158  427.3 4309 433.0 430.0 4285 4326 428.4  430.7
131 Hexamethyldisilane 688.1 681.6 685.5 669.5 685.0 697.0 690.7 686.2 685.9 688.0 683.7 687.1
132 Hexamethyldisiloxane 599.5 590.1 595.7 572.6 595.4 611.7 602.9 595.2 593.5 600.6 591.1 596.1
133 Tetramethylthin 602.6 600.4  601.7 596.3 605.3 607.8 604.8 604.3 604.5 608.4  602.5 607.5

See theTable 1for identification of phases. From experimental indices gp&hd Gz, indices on Gg and C,, are derived, according to Eq&) and (3) Indices
on Grg and G, and on polar phases are called in brief, in the present study, the 183ovats data set, and also the matrix R.

Appendix B
t _ at
B.1. Theoretical basis of the multiplicative matrix analysis A xAxB=AXR
(MMA) where A is the transposed form of A.
Finally, in order to determine B, one should reverse the square

The system to be solved does not correspond t0 & squaRyn-singular matrix Ax A with dimensionn x n (while the
matrix, and cannot be treated with classical numerical method§>quare matrix with dimensiom x m resulting from Ax Al is

Let: singular). When this matrix can be inverted, the problem is
solved. Experiment and the hypotheses cited confirm that it

A: matrix containing the solute factors could not be otherwise. Therefore, we have:

B : matrix containing the solvent factors
. - . L t -1 t
R : matrix containing the experimental retention indices B=(A"xA) "xA xR

By applying a system of shuttles, one determines alternately

Matrices A and B are unknown while R is known (exper- h | H ) q hod .
imentally determined). Moreover, A is initialized with values t e values of the matrices A and B (method of successive approx-

taking into account the phenomenon under study (here the intefnations, it is assumed that the system converges). Therefore,

molecular forces involved in solutions). According to Ety), the final equation is:
we have: AxB=R

AxB=R
A x B xB'=R x B!

Now, matrix A is not square, therefore cannot be inverted.
Thence, the necessity to transform the above relation: A=RxB!'x (B x Bt)—l
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B.2. Programme in MATLAB language

function [A, B, count, corrA, errBl=mma(R, A, epsilon);

Y%usage [A, B, count,corrA,errB J=mma(R, A, epsilon);
Aold=A; % keeps the initial value of A

[nlr,ncr]=size(R);  %dimension matrix R
[nla,ncal=size(A); %dimension matrix A

N=nlr*ncr; %number of elements of R

B=rand(nca,ncr);  %initialize B
test=1; %initialize test

count=0; %initialize count

while sum(sum(abs(test) > epsilon)),
AB=A*B;
count=count+1
B=pinv(A)*R;
A=R*pinv(B);
test=(A*B)-AB;
SSD=sum(sum( (R- A*B) ~2));  %sum of squares of differences between AB and R

errB(count)= sqgrt( SSD / (N-1)); %standard error
end;
corrA=corr_mat(A, Aold); %correlation A predicted and A experimental

save Acalc.txt A /ascii
save Bcalc.txt B /ascii
save corrA.txt corrA /ascii

save errB.txt errB /ascii
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Appendix C
SeeTable C.1

Table C.1

Solvation parameters values for 133 solutes, according t¢1EJ.

Compounds 83 w3 o3 B3 ICE

Alcohols
1-Butanol 1.77 0.17 0.35 0.98 0.38 2.07
2-Methyl-2-propanol  1.23 0.19 0.30 0.60 0.40 1.28
1-Pentanol 2.32 0.16 0.33 1.01 039 254
2-Methyl-2-butanol 2.09 0.19 0.14 0.65 0.36 1.66
1-Hexanol 2.88 0.16 0.29 1.06 039 2386
Cyclohexanol 2.85 0.08 0.51 0.85 0.41 2.66
2-Methyl-2-pentanol 2.52 0.21 0.15 0.63 0.36 197
1-Heptanol 3.44 0.16 0.24 1.08 0.40 3.30
2-Methyl-2-hexanol 3.18 0.21 0.02 0.68 0.37 245
2-Butanol 1.76 0.19 0.19 0.79 0.36 1.63
2-Pentanol 2.24 0.20 0.20 0.79 0.37 210
2-Hexanol 2.76 0.20 0.17 0.81 0.37 2.48
2-Heptanol 3.27 0.20 0.17 0.83 0.38 2.99
2-Phenylethanol 3.45 0.38 0.72 1.22 0.40 3.99
Benzyl alcool 2.98 0.25 0.80 1.60 0.38 4.38

Aldehydes
Pentanal 2.10 0.61 0.23 -0.06 0.30 1.35
Hexanal 2.69 0.62 0.17 —0.03 0.30 1.87

Ketones
2-Butanone 1.43 0.70 0.29 -0.14 0.33 0.92
2-Pentanone 2.19 0.69 0.08—-0.06 0.34 1.33
Cyclopentanone 2.25 0.66 0.42—-0.08 0.46 1.82
2-Hexanone 2.62 0.69 0.13-0.08 035 1.77
Cyclohexanone 2.73 0.66 0.47-0.13 048 221
2-Heptanone 3.20 0.70 0.06 —0.06 036 2.29

Ethers
Dipropylether 2.67 0.11 0.00 0.05 0.13 1.03
Dibutylether 3.73 0.11 -0.06 0.06 0.13 194
Tetrahydrofuran 1.76 0.22 0.43-0.09 0.33 0.67
1,4-Dioxane 2.00 0.34 0.43 0.03 037 1.28
Anisole 2.80 0.50 0.72 —0.03 011 231
Phenetole 3.32 0.46 0.60-0.01 0.14 2.66

Nitrogen compounds
Nitroethane 1.40 1.17 0.34 0.17 0.17 157
1-Nitropropane 2.05 1.13 0.22 0.15 0.17 1.88
1-Nitrobutane 2.58 1.11 0.21 0.14 0.18 234
1-Nitropentane 3.06 1.11 0.23 0.13 0.18 2.80
1-Nitrobenzene 3.11 1.04 0.86 0.00 0.18 343
1-Cyanoethane 0.92 1.14 0.38—0.05 032 124
1-Cyanopropane 1.64 1.10 0.23 0.00 032 161
1-Cyanobutane 2.26 1.09 0.16 0.02 0.34 2.00
1-Cyanopentane 2.78 1.09 0.15 0.03 0.34 243
Pyridine 1.92 0.31 0.66 0.00 0.53 1.57
2-Picoline 242 0.18 0.60 —0.03 058 1.82
3-Picoline 2.48 0.31 0.67 —0.08 0.64 2.09
4-Picoline 2.37 0.31 0.74 -0.11 0.66 2.09
2,3-Lutidine 2.89 0.21 0.71 —-0.13 0.64 244
2,4-Lutidine 2.89 0.22 0.65 —0.15 0.68 2.39
2,5-Lutidine 2.87 0.19 0.68 —0.15 0.66 2.36
2,6-Lutidine 2.86 0.11 0.55 —0.04 059 213
3,4-Lutidine 2.96 0.34 0.79 —-0.19 0.79 2380
3,5-Lutidine 2.96 0.32 0.73 —-0.17 0.74 2.65
3-Chloropyridine 2.63 0.30 0.76 0.14 032 211

Table C.1 Continued)

Compounds 83 w3 £3 o3 B3 ICE
Esters
1-Acetoxypropane 2.40 0.55 0.00 0.02 0.31 1.38
1-Acetoxybutane 2.93 0.54-0.03 0.02 0.32 185
1-Acetoxypentane 3.53 0.54-0.10 0.06 0.32 227
Halogen compounds
1,1,1-Trifluorooctane 3.61 0.77-0.56 -0.02 0.00 1.70
Fluorobenzene 2.08 0.43 0.40 0.07 0.04 0.99
Hexafluorobenzene 2.15 0.87-0.14 -0.10 -0.06 0.95
Trifluoromethylbenzene  2.44 0.75 0.05 0.04 0.00 1.29
Dichloromethane 0.69 0.30 0.84 0.34 0.03 0.26
Trichloromethane 1.50 0.15 0.66 0.63 0.03 0.59
Tetrachloromethane 2.05 0.01 0.57 0.160.01 0.84
1-Chlorobutane 211 0.32 0.31 0.04 0.05 0.86
1-Chloropentane 2.60 0.32 0.33 0.02 0.06 1.39
1-Chlorohexane 3.14 0.32 0.30 0.03 0.07 2.10
Chlorobenzene 2.62 0.32 0.75 0.04 0.06 1.81
1-Bromopropane 1.95 0.25 0.40 0.08 0.07 0.74
1-Bromobutane 2.40 0.25 0.44 0.04 0.08 1.28
1-Bromopentane 2.99 0.26 0.38 0.06 0.08 1.81
Bromobenzene 2.92 0.26 0.88 0.07 0.08 2.23
Sulfur compounds
1-Butanethiol 2.45 0.09 0.39 0.20 0.07 1.23
1-Pentanethiol 2.97 0.09 0.38 0.20 0.08 1.72
n-Hexanethiol 3.48 0.10 0.36 0.19 0.09 231
Thiophene 1.77 0.23 0.73 0.09 0.07 0.98
Hydrocarbons
1-Hexene 2.24 0.06 0.10 0.03 0.00 0.61
Cyclohexene 2.62 —0.07 0.27 0.08 0.04 0.93
1,4-Cyclohexadiene 2.25 0.02 0.58 0.03 0.06 0.89
1,3-Cyclohexadiene 2.32 0.05 0.40 0.06 0.06 0.88
1-Heptene 2.86 0.07 0.01 0.06 0.01 1.13
1-Octene 3.25 0.06 0.08 0.03 0.01 164
1-Nonene 3.79 0.07 0.04 0.04 0.01 213
1-Decene 4.27 0.07 0.06 0.04 0.01 2.59
1-Pentyne 1.61 0.21 0.15 0.21 0.03 0.30
1-Hexyne 2.10 0.21 0.16 0.22 0.03 0.76
2-Hexyne 2.75 0.11 -0.09 0.24 0.07 1.37
3-Hexyne 2.57 0.04 —-0.02 0.27 0.06 0.90
1-Heptyne 2.74 0.21 0.06 0.26 0.04 1.37
1-Octyne 3.22 0.22 0.07 0.25 0.04 215
4-Octyne 3.55 0.07 —0.06 0.23 0.05 1.75
1-Nonyne 3.71 0.22 0.07 0.25 0.04 2.40
1-Decyne 4.18 0.22 0.09 0.24 0.04 2.76
Benzene 1.95 0.26 0.57-0.04 0.08 0.90
Toluene 241 0.29 0.62-0.10 0.08 1.43
Ethylbenzene 2.92 0.26 0.58-0.07 0.08 1.90
Naphthalene 3.54 0.40 1.28-0.20 0.21 3.44
Azulene 3.84 0.35 1.47 —0.08 0.19 3.89
Pentane 1.98 0.00 0.00 0.00 0.00 0.18
Cyclopentane 2.34 -0.11 0.07 0.11 0.01 0.38
2,2-Dimethylbutane 2.22 0.05-0.04 -0.02 0.00 0.38
2,3-Dimethylbutane 2.28 0.04 0.03-0.03 0.00 0.51
Hexane 2.47 0.00 0.00 0.00 0.00 0.70
Cyclohexane 2.73 -0.11 0.16 0.06 0.02 0.89
2,2-Dimethylpentane 2.71 0.07-0.09 -0.01 0.00 0.86
2,3-Dimethylpentane 2.86 0.03 0.00-0.01 0.00 1.04
2,4-Dimethylpentane 2.53 0.06 0.05-0.06 —-0.01 0.89
2,2,3-Trimethylbutane 2.44 0.08 0.18-0.13 0.02 0.87
Heptane 2.96 0.00 0.00 0.00 0.00 1.22
Cycloheptane 3.15-0.14 0.38 0.01 0.04 1.53
Methylcyclohexane 3.00 —0.07 0.19 0.01 0.03 1.22
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Table C.1 Continued) [15] M.H. Abraham, Chem. Soc. Rev. 22 (1993) 73.
[16] L.R. Snyder, in: J.J. Kirkland (Ed.), Modern Practice of Liquid Chro-

Compounds % @3 °s *3 Ps ICE matography, Wiley, New York, 1971, p. 125 (translated in French,
2,3-Dimethylhexane 3.33 0.040.04 0.00 0.00 1.51 Gauthier-Villars, Paris, 1973, p. 103).
2,4-Dimetylhexane 3.15 0.06-0.03 —0.04 0.00 1.40 [17] B.L. Karger, L.R. Snyder, C. Eon, J. Chromatogr. 125 (1976) 71.
3,4-Dimetylhexane 3.10 0.03 0.180.07 0.00 1.55 [18] B.L. Karger, L.R. Snyder, C. Eon, Anal. Chem. 50 (1978) 2126.
2,2,4-Trimethylpentane 3.26 0.160.25 0.00 0.00 1.19 [19] J.H. Hildebrand, J.M. Prausnitz, R.L. Scott, Regular and Related Solu-
2,3,4-Trimethylpentane 3.33 0.040.04 —0.01 0.01 1.45 tions, Van Nostrand, New York, 1970.
cis-1,2-Dimethylcyclohexane  3.32-0.07 0.35-0.05 0.04 1.66 [20] M.H. Abraham, G. Whiting, R.M. Doherty, W.H. Shuely, J. Chem. Soc.,
trans-1,2-Dimethylcyclohexane 3.36-0.04 0.25-0.04 0.03 1.56 Perkin Trans. 2 (1990) 1451.

cis-1,4-Dimethylcyclohexane  3.22-0.04 0.31-0.05 0.02 1.57 [21] F. Patte, M. Etcheto, P. Laffort, Anal. Chem. 54 (1982) 2239.
trans-1,4-Dimethylcyclohexane 3.16-0.02 0.32-0.07 0.02 1.53 [22] E.R. Thomas, C.A. Eckert, Ind. Eng. Chem. Process Des. Dev. 23 (1984)

Octane 346 0.00 0.00 0.00 0.00 1.73 194.

Cyclooctane 3.52-0.15 0.56-0.04 0.05 2.09 [23] M.J. Kamlet, R.M. Doherty, J.L.M. Abboud, M.H. Abraham, R.W. Taft,

Nonane 395 0.00 0.00 0.00 0.00 225 Chemtech. 16 (1986) 566.

Decane 445 0.00 0.00 0.00 0.00 2.67 [24] M.H. Abraham, R.M. Doherty, M.J. Kamlet, R.W. Taft, Chem. Br. 22

Cyclodecane 4.35-0.15 0.73-0.07 0.04 3.09 (1986) 551.

cis-Hydrindane 3.70-0.15 0.68—-0.06 0.05 2.65 [25] M.J. Kamlet, R.M. Doherty, M.H. Abraham, R.W. Taft, QSAR 7 (1988)

trans-Hydrindane 3.67-0.12 0.58-0.06 0.03 2.34 71.

cis-Decalin 416 -0.15 0.78-0.10 0.05 2.81 [26] M.H. Abraham, P.L. Grellier, I. Hamerton, R.A. McGill, D.V. Prior, G.S.

trans-Decalin 4.05-0.13 0.70-0.10 0.06 2.30 Whiting, Faraday Discuss. Chem. Soc. 85 (1988) 107.

Adamantane 410-0.24 0.77-0.04 0.11 3.50 [27] E.sz. Kowts, Helv. Chim. Acta. 41 (1958) 1915.

Undecane 494 0.00 0.00 0.00 0.00 3.09 [28] W.O. McReynolds, J. Chromatogr. Sci. 8 (1970) 685.

Dodecane 543 0.00 0.00 0.00 0.00 3.67 [29] G. Déefayes, D.F. Fritz, T. Grner, G. Huber, C. De Reyff, E.sz. Kats,

Tridecane 593 0.00 0.00 0.00 0.00 4.16 J. Chromatogr. 500 (1990) 139.

Tetradecane 6.42 0.00 0.00 0.00 0.00 4.66[30] K.S. Reddy, J.C. Dutoit, E.sz. Kats, J. Chromatogr. 609 (1992) 229.
Silicon compounds [31] K.S. 'Reddy, R. Cloux, E.sz. Kats, J. Chromatogr. A 673 (1994) 181.

Tetramethylsi.la.ne 207 009036 018 000 005 [32] (C:;nggailgjs- K.S. Reddy, A. Dallos, E.sz. Kag, J. Chromatogr. A 699

Egizmgm:g:z:ﬁzzne 33)'32 g';zg'gg 8';‘ :8'85 1;2 [33] K.S. Reddy, R. Cloux, E.sz. Kés, J. Chromatogr. A 704 (1995) 387.

' ’ ' ' ' ' [34] F. Chauvin, thesis, University of Bourgogne, France, 1998.

Miscellaneous [35] A. Dravnieks, P. Laffort, D. Schneider (Eds.), Olfaction and Taste 1V,

Tetramethylthin 2.78 0.07-0.23 0.12 0.01 0.84 Wissens-Verlag-MBH, Stuttgart, Germany, 1972, p. 142.

- - - - — - [36] P. Laffort, P. Callegari, M. Devos, in: Advanced Study Institute on Theo-

The parameters are of: dispersidg)( orientation {3), polarizability-induction retical Advancement in Chromatography, Related Separation Techniques,
(e3), acidity (@3) and basicity g3). Also shown are ICE values (as internal Ferrara, Italy, August 1991.
cohesive energy): negative decimal logarithm of saturated vapour pressure [@17] M.H. Abraham, J.C. McGowan, Chromatographia 23 (1987) 243.
25°C, expressed in atmospheres. [38] F. Chauvin, P. Laffort, J. Chim. Phys. 94 (1997) 1216.

[39] K.L. Hoy, J. Paint Technol. 42 (1970) 76.
[40] C. Hansen, A. Beerbower, H.F. Mark, et al. (Eds.), Kirk-Othmer Ency-
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