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Abstract. The correlations between the retention parameters and
the physicochemical properties of sorbates are examined and the
possibility of their use for the identification of compounds in gas —
liquid chromatography is discussed. It is shown that the
chromatographic retention can be most accurately fitted by
multifactorial equations based on structural and topological
parameters. The bibliography includes 256 references.

1. Introduction

A number of reviews and monographs have been devoted to the
problem of the preliminary calculation of retention parameters
and the identification of substances in gas—liquid chromatog-
raphy (GLC).!—4 At the present time, this topic continues to
interest investigators, particularly in connection with the universal
chemical analysis system being developed.> ¢ The methodology
underlying such a system involves using a computerised standard
reference data bank to derive individual retention parameters and
functional relations between the retention parameters and the
physicochemical properties of the substances analysed.

Considerable advances have been achieved in qualitative
analysis with the aid of so called standard-free identification
methods”® based on the correlations between retention
parameters and various physicochemical characteristics of the
substances being separated. An advantage of these methods is
that they do not require the availability of the postulated
components of the test mixture.

The interaction in the sorbate—sorbent system, which
determines the chromatographic retention of a substance, is a
result of the structural units of the molecule being brought into
contact. The mathematical modelling of the retention, which
reflects the characteristics of such interactions, gives rise to the
possibility of not only identifying the compound but also of
predicting the chromatographic behaviour of its molecule as a
whole, i.e. of achieving a predictive calculation of retention
parameters on the basis of the postulated structural formula.®—12
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The correlations between the structure of substances and
chromatographic parameters frequently assume the form of linear
equations, although other types of functions are also possible:
fractional-linear, third degree, etc.!3 14 The retention parameters
used in correlation equations are proportional to the free energy
change associated with the chromatographic distribution process.
The relations between the structures of the substances separated
and their chromatographic parameters can be regarded as an
example of the linear free energy relations (LFER).'S

The correlations between the physicochemical properties of
sorbates, obtained mainly on non-polar and weakly polar
stationary phases, for which adsorption effects do not exert a
significant influence on the retention parameters, are analysed in
this review.

I1. Dependence of retention parameters on the
number of carbon atoms and the molecular mass

A relation of the following type is frequently used in practice for
chromatographic identification:

R=an+b, m

where R are logarithms of the corrected retention time or volume,
the specific or relative retention volume, or the retention index,
a is a constant characterising the contribution of the interaction
energy of a CH, group with the stationary phase, b is a constant
reflecting the contribution of the interaction of the functional
groups with the sorbent to the retention energy, and n is the
number of carbon atoms. The validity of Eqn. (1) for homologous
series of different compounds has been confirmed in both
early’ 1618 and later'®—23 studies. A relation of type (1) is
characteristric of a wide range of organic substances (Table 1).

A linear relation holds more accurately for non-polar
stationary phases, the retention on which is determined by
dispersion forces. However, it has been noted? that the first
members of a homologous series do not obey a linear correlation.
This effect is apparently due to the fact that the properties of the
methyl (or methylene) group located close to a functional group
change under the influence of the latter. It has come to be assumed
that the linear relation (1) holds rigorously starting from the third
or fourth member of a homologous series, but there have been
frequent instances of the breakdown of the linear relation up to
the fifth to eighth members*® and above.*! Rohrschneider?? noted
the breakdown of linearity in the series of n-alkanes up to Cs,
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Table 1. Homologous series of compounds for which the linear relation (1) has been established.

Homologous series R Stationary phase Refs.
Cy—Cy9 n-alkanes gty Squalane, phases with cyano-groups 24
Cs—Cg n-alkanes, alkenes g Ve Porapak Q, Polysorbate-2, Polysorb 25
C;-Ci2 n-alkanes lgth SE-30, OV-25, Silar 7CP 26
Cs—Ci4 n-alkenes I PEG 4000, poly(phenyl ether), OV-101,
1,2,3-tris-(2-cyanoethoxy)propane 27-29
n-Alkanes, cycloalkanes, I SE-30 30
C4—C; cycloalkenes
Cg—Ci2 aromatic hydrocarbons I Squalane, OV-101 31,32
Cs—Cs alkylphenols and alkylanilines I Apiezon M 8
Cg¢—Cjp alkyl- and alkenylpyridines lgVr PEG 1000 33
C4—Cyp aldehydes I Carbowax 1540 34
C,-C; aliphatic alcohols and amines I Apiezon L, PEG 2000 8,35
C;-C;; aliphatic amines I Apiezon L, Triton X-305, PEG 1000 36
C;—Cy aliphatic amines I SE-30 30
Methyl esters of Cj2—Ca4 aliphatic acids I SE-30, OV-225, Silar 5CP 37
Methyl ethers of C7—Ci7 phenols gV Apiezon L, poly(ethylene glycol succinate) 38
Cs—Ci4 esters 4 Squalane, Carbowax 1540 39

while Grigor’eva and Golovnya® showed that Eqn. (1) does not
hold for any sequence of homologues containing more than 7-8
members. As regards the prediction of retention parameters, the
above limitations extend over the interpolation range, the
expansion of which leads to an increase in the error of the
determination.**

The distortion of the linear relation is influenced by the parity
of the number of carbon atoms: the free energy of solution
increment for the methylene group in n-alkanes with an even
number of carbon atoms is greater than in those with an odd
number.?

The inaccurate determination of the ‘dead’ volume, the use of
methane as the non-sorbable component, and the assumption that
its retention volume is zero may also cause deviations from
linearity. Reviews*>46 have been devoted to these questions and
to comparing the characteristics of the computational methods for
the determination of the ‘dead’ volume.

In order to take into account the non-linear variation of
retention parameters as a function of the number of carbon atoms,
various equations have been proposed (Table 2). The majority of
them describe the gas-chromatographic parameters of n-alkanes.
Comparison of the retention parameters calculated by Egns. (2) -
(9) and determined experimentally showed that the highest
accuracy of the calculation is achieved on the basis of Eqns. (4)
and (8).53 At the same time the error of the determination of
retention indices by Eqn. (8), which is 3—6 units, restricts its
application in identification with the use of a computer.3

The wuniversal equation (10), describing the gas-
chromatographic behaviour of all the members of any
homologceas series R,X on stationary liquid phases of different
polarity with an accuracy sufficient for the identification of
homologues, including the first members, is free from this
disadvantage.

It is easy to show that the change in the length of the
hydrocarbon chain of the molecule by one CH; group (or another
group or atom) leads to the corresponding change in the molecular
weight of the compound, so that

R = aMs+b, an

where Ms is the molecular weight of the sorbate.

Eqn. (11), which was already noted by James,’¢ has been
confirmed in relation to various classes of compounds. 21.35.57 It
is based on the enhancement of the dispersion interaction with
increase in the volume and mass of the molecule and holds most
rigorously for homologous series.’®>® For non-polar systems,
this relation is linear % and standard deviations of the calculated
retention indices are 4 — 7 units>® but can be also higher. They can
be reduced with the aid of multifactorial equations. Thus the
retention indices of 1-haloalkanes calculated by the equation
I = f(n, My) differ from the experimental values by 1 -2 units.5!

In polar systems, the correlation coefficient for Eqn. (11) is
appreciably smaller 2 or this relation does not hold at all.®3

Table 2. Non-linear equations for the calculation of the retention parameters in GLC as a function of the number of carbon atoms.

Homologous series Equation No. of equation Refs.
n-Alkanes, n-alkenes lgVy=an—-n/2-b 2) 47
lgty=an+blg(n—4)+c¢ (€)) 48
n-Alkanes lgVy=an+b/(n—c)+d 4) 49
lgty =an+blgn+clg(lgn) +d Q) 50
lgV™ =an+bn® +cn® +d+ Dy 6) 51
n-Alkanes, n-alkenes, n-alkynes lgthy=an+ bn? 4 ¢ (@) 29
n-Alkenes, amines, sulphides, aliphatic I=an+b/n+c ®) 36, 37
acids, alhehydes, ketones
n-Alkenes, alkyl trichloroacetates lgthy=an+bnt+cn’ +d )} 52
n-Alkanes,, amines, alcohols, I=an+b(gn)/n+c/[(n—2)* +0.1]+d 10$) 43, 53-55

aldehydes, ketones, sulphides,
carbamates, alkylbenzenes
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III. Correlation between the retention, the yields
vapour pressure, and the boiling point R=aTy +b. (14)

A linear relation between the retention and the vapour pressure of
the sorbate is valid for homologous series:

lgV, =algp’ +b. (12)

It can be obtained from the fundamental Herington equation and
the dependences of the vapour pressure and the activity coefficient
on the number of carbon atoms in the molecule.5*

Eqn. (12) holds over a wide temperature range up to a pressure
of several atmospheres and can be used for identification.> The
correlation improves if a term incorporating the activity
coefficients of substances analysed is introduced into Eqn. (12).4.64

Dimov and Shopov!! proposed a more accurate equation for
the calculation of the retention indices of hydrocarbons on non-
polar phases:
lg(pava/P3v3)

lg(P3va/Phs1v i)
where v2, V9, v are the molar volumes of substances x and of
n-hydrocarbons containing n and n+ 1 carbon atoms. Since the
retention indices calculated by Eqn. (3) differ from the
experimental Kovats indices, corrections must be applied in order
to convert I, v° into 1. The error of the calculation for isoalkanes
in squalane is then reduced to 1.4 units, but the number of
empirical corrections becomes as much as five, which renders the
calculation extremely complex and cumbersome.

Relations similar to Eqn. (12) have been found for isoalkanes
and cycloalkanes,5° aromatic hydrocarbons,3? and the
hydrocarbons in petrol [gasoline] fractions.5¢

The linear dependence of retention parameters on the vapour
pressure on non-polar phases has been widely used for the solution
of the converse problem: the determination of the vapour pressure
from GLC data.’”® The boiling points of compounds are most
often used for the determination of correlations with
chromatographic retention parameters. The simultaneous
solution of Eqn. (12) and

Lo yo = 100 + 100n, (13)

lgp® = b —aTy

Egn. (14) does not hold rigorously even for homologous
series, since the dependence of the boiling point on the number of
carbon atoms is non-linear.? In homologous series, an increase in
the boiling point per methylene group is approximately constant.
However, in reality this difference between the boiling points
diminishes with increase in the number of carbon atoms, i.e. it
depends on the type of homologous series and Ms. Thus the
difference between the boiling points for successive Co—Cig
n-alkanes decreases from 23.5 to 17.0 °C.57

Over a wide range of boiling points, deviations from linearity
are observed even for hydrocarbons, especially for the lower
members of this series.> % These deviations are most notable in
series of polar compounds such as phenols,® pyridines,
quinolines, %7 etc.”! Table 3 presents a list of homologous series
for which Eqn. (14) is valid.

‘When a two-parameter relation I = f(T%, n) is used, the linear
correlation improves and the predictive power of the
computational method for the determination of retention indices
increases.*»® A similar equation for esters may include the
numbers of carbon atoms in the acid and alcohol fragments.!®

The generalised dimensionless parameter ¢, called the
retention number, is used for the identification of related
compounds:? 13

p=2Ye—18Va _ Tow — Toq
gV, —18Ve  To)— Toy’

where Ve, Ve, Ve, Tow), Toay, and Tyz) are respectively the
retention volumes and boiling points of the related substances: the
unknown substance x and the known substances 1 and 2. In the
calculation of ¢, it is essential to use standard compounds
belonging to the same homologous series as the test substance.
When n-alkanes are used as reference substances, the parameter ¢
acquires the functions of the temperature retention index, which is
unambiguously related to the Kovats index. The index ¢ is
independent of the temperature of the analysis and the stationary
phase.

Table 3. Homologous series of compounds for which the linear relation (14) has been established.

Homologous series R Stationary phase Refs.
n-Alkanes, n-alkenes, cycloalkanes I Squalane 72
C¢—Cy2 n-alkenes lg ¢! SKTFT-100, penta(phenyl ether) 73
n-Alkanes, isoalkanes, cycloalkanes I Squalane, dinonyl phthalate 66
Cg—Cyo isoalkanes I Squalane 3,68
Cs-C;g cycloalkenes, cycloalkadienes 1 Squalane 74
Aromatic hydrocarbons
Cs—Ci2 lg trRFI Squalane 75
Cs-Cny 1 Squalane, UCON LB-550X, SOHB-280X,
tributyl acetylcitrate, PEG-2CM 76
Cs~Co I Dinonyl phthalate, PEG-4000 77
CG—Cm 1 Squala.ne 78
Chlorobenzenes I Apiezon M, OV-210 79
Methy! ethers of phenols I Apiezon L 38
Cs—Cg alkylpyridines I n-Tetracosane, squalane, n-dotriacontane,
Apiezon L 60
Cg—-Cy; alkylquinolines I 0OV-101, UKON LB-550X 80
Aliphatic amines
Ci—-Cis I Liquid paraffin, tristearin, PEG-1000,
Twin-80, Triton X-305 7
Ci-Cyy I Apiezon M, PEG 2000 8, 35,81
C,-C,2 n-alkyl sulphides, n-alkyl disulphides I SE-30, DC-550, diphenylamine, Apiezon M 82
C3~C; aliphatic n-aldehydes, I Squalane, PEG 1540, 29 different 19
C2-Co ketones, C,—Cg esters, stationary liquid phases
C3-Cy aliphatic alcohols
Aliphatic n-alcohols 1 OV-101, PEG 20M 83
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It has been established®® that the relation between the
retention indices and boiling points is most accurately described
by an expression similar to the Antoine equation:

B

To=4-77C

The standard deviations of the boiling points calculated from
the retention indices of polar compounds are 3.3 °C on polar
stationary phases, 2.3 °C on non-polar phases, and less than 1.1 °C
for hydrocarbons.

Using the principle of linear free energy relations, Sojak8
obtained a modified Hammett equation for the relation between
the retention indices of alkylbenzenes and their boiling points:

1 I,
1g Typ(a) = 18 Ty > (lg 1—' - b) ,
a

where Ty and Ty are respectively the boiling points of the
alkylbenzene and toluene (adopted as the standard), I, and I are
the retention indices of the alkylbenzene and toluene respectively,
and p and b are constants. The maximum deviations of the boiling
points calculated by Eqn. (15) do not exceed 0.6 °C and those of
the retention index do not exceed 0.6 unit.

The use of the universal equation (10) made it possible to
achieve the predictive calculation of the boiling points of members
of homologous series of polar organic compounds (such as
amines, alcohols, carboxylic acids, and their nitriles) with a high
accuracy: the standard deviation of the calculated boiling points
Ty, did not exceed 2 °C.%7

The widely used second Kovats rule,?® based on the similarity
of properties, reflects a linear correlation between I and Ty for
isomeric compounds on non-polar stationary phases:

3 = kdTy,

where 8 and 3T} are respectively the differences between the
retention indices and boiling points for two isomersand k£ = 5isa
proportionality coefficient.

Further studies showed that k differs from 5 for certain
isoalkanes and isoalkenes.? Wide ranges of values of k have been
found for alkylbenzenes (1.7-8.2)31:8% and alkylpyridines
(0.8-6.4).5° For isomeric C19— Ci1 alkylquinolines, k = 3.9-4.2
on OV-101 and increases with increasing polarity of the stationary
phases.7 %0

An important characteristic is the temperature coefficient of
the retention indices df/dT, which is frequently used for the
identification of components.?’ The identification is based on the
dependence of the temperature coefficients on the molecular
structures of the substances analysed: on the degree of saturation
and branching,”? on the number of carbon atoms,?* and on the
position of the multiple bond.2”-28 Sojak and coworkers have
shown8¢- 94 that the temperature coefficients for alkylbenzene
vary within comparatively wide limits and reflect the fine structure
differences between the hydrocarbons: they are directly
proportional to the polarity of the stationary phases and inversely
proportional to the symmetry of the molecules and the number of
their alkyl substituents.

Relations have been established between the quantities dI/dT
and the molecular structures of amines,3 35 alkylpyridines,®
alkylquinolines,57-% alkylphenols,3® alcohols and ethers,>* and
hydrocarbons.3!-32 89,95

(15)

IV. Dependence of the retention on the
molecular refraction and the dipole moment

In systems formed by polar and weakly polar phases, the
chromatographic retention is determined by the strength of the
dispersion forces, which is proportional to the polarisability of the
substances interacting, i.. to their refractions. It has been
shown® that the dependence of the logarithms of the retention

volumes of substances in a homologous series on the molar
refraction is expressed by a linear function:

lgVy =aRu +b. (16)

Numerous publications indicate that Eqn. (16) is valid for
different homologous series of organic substances.5%97-%% Thus
the correlation coefficient for the equation

I=aRy +b

reaches 0.999-1.000 for the homologous series of hydrocarbons
on non-polar and weakly polar phases with a standard deviation
of 0.5-2.0 units. For cycloalkanes, the analogous data are
0.990-0.997 and 3.4—4.4 units respectively.”® The impairment
of linearity for cycloalkanes is apparently associated with the
manifestation of the effect of intramolecular shielding.

In order to improve the correlation, the specific and molar
refractions are frequently used in two-parameter equations in
combination with 73,76-77-99-1%0 the dipole moment,!?! or the
Hammet constant.!%?

Multiple correlation equations including the molar refraction
and the refractive index as independent variables are used for the
description of various mechanisms of the intermolecular
interaction,”4 76,103

Equations of type (16) make it possible to determine the molar
refractions from GLC data with a high accuracy.'* 95 Thus the
average value of Ry for n-pentylbenzene, calculated from five
equations for different polyester phases, is 50.00, while the value
found from familiar formulae using the experimental densities and
refractive indices is 49.96.%8

According to the theory of intermolecular interactions, the
dipole moments of substances exert a direct influence on their
retention in GLC.5¢ The retention indices of alkyl halides are
related to the dipole moments as follows:106

Alizp = 6ARy + S0uc_x,

where Al 3o is the difference between the retention indices on polar
and non-polar stationary phases at 130 °C, AR is the difference
between the refractions of the C—X and C—H bonds
(X = halogen), and y is the dipole moment of the C —X bonds.

Franc'?’ established a linear relation between the relative
retention times and the dipole moments of isomeric alkylphenols,
aromatic amines, and nitro-compounds:

lgV™ =au+b. amn

Itis noteworthy that the dipole moment enters into Eqn. (17) with
an exponent of unity. This conflicts with the equation for the
orientation interaction energy.!%® At the same time, the majority
of compounds are characterised by having a quadrupole moment
as well as the dipole moment.!® The factors listed are the cause of
the appreciable deviations from linearity when Eqn. (17) is
used.62: 109110 Therefore Eqn. (17) holds only for a limited
number of compounds belonging to separate homologous
series.”’»7® The replacement of p by p? in Eqn. (17) makes this
relation valid for the estimation of the orientation and inductive
interaction energies.

Sakharov!!! suggested that the difference between the
retention parameters of two substances having equal molar
refractions be determined as follows:

2701
RTAlngzéér‘;—(l _E)’

(18)
where Ap? is the difference between the squares of the dipole
moments of the sorbates, r is the molecular radius, and & the
dielectric constant of the solvent. The requirement that the molar
refractions are equal is stipulated to eliminate the effect of the
electronic polarisability.

Eqn. (18) makes it possible to estimate the dipole moments of
substances from GLC data with a greater accuracy than Eqn. (17).
In the derivation of Eqn. (18), a simplified model of the interaction
of the sorbates and the stationary phase, which does not take into
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account the mutual polarisation of two molecules, was used.
According to Onsager,!'> when account is taken of such
polarisation, the following relation should hold:'!3

A g1
T 2%e+1° (9

It is widely used to characterise the intermolecular interaction in
various systems,!13-115

In the multiple regression equations employed, the dipole
moment functions as a descriptor of the polarity of the solute.3562
Apart from the dipole moment, such equations include the
molecular weight, the sum of the steric factors,52 the molar
refraction,''® the number of carbon atoms, the ionisation
potential, the sum of the steric factors,3> the molecular connec-
tivity index,’!'”-1'8 and topological, electronic, and quantum-
chemical parameters.!'%120 the correlation coefficients for the
proposed equations are fairly high, amounting to 0.740-0.975 on
polar phases and to 0.940-0.999 on non-polar phases.

At the same time, the use of the dipole moment of the molecule
for the description of the intermolecular interaction does not
correspond to the real nature of the orientation interaction.?! It
is known that specific interactions between the molecules of
sorbates and the stationary phase depend to a greater extent on the
local polarity of these molecules than on the overall dipole
moment.'19-122 The electronic topological index (ETI) has been
proposed for the quantitative description of the differences
between the polar properties of sorbates.!?3 It is calculated by the
summation of the absolute differences between the excess charges
on all the atomic pairs of the given molecule divided by the squares
of the corresponding interatomic distances. The correlation
equations based on the ETI have a high level of statistical
significance for chromatographic parameters obtained on both
non-polar and polar stationary phases.

Among other parameters associated with the energy character-
istics of sorbates and used in correlations, mention should be made of
the electronic polarisability,'? 124 the ionisation potential, 5% 98,125,126
the diamagnetic susceptibility,®® the electron density in molecules, !’
and the resonance energy of the n-electron system,!28

RT lgV, =

V. Relation between the retention and the molar
volume of the sorbate

The dependence of the retention indices on the molar volume
follows from Eqn. (13), which has been used to predict the
retention indices of different hydrocarbons.!?® It has been
shown® 131 in relation to alkylsilanes,'3® alcohols, hydro-
carbons, and their derivatives that the relation between the
retention parameters and the molar volumes of sorbates is linear:

I(orlgV,)=aVm+b. (20)

The validity of Eqn. (20) has been confirmed for short
homologous series of aromatic hydrocarbons (r = 0.999 and above)
but for the series of Cg—Ci11 alkylbenzenes the correlation coefficient
was found to be only 0.88 on squalane and 0.77 on PEG-20M.%° The
correlations considered can be improved with the aid of two- and
three-parameter equations including the boiling point and the specific
refraction together with Vi as independent parameters.’>-77 The
correlation coefficient for such an equation reaches 0.998 on polar
stationary phases and more than 0.999 on non-polar ones.

Other physical properties of sorbates which have found
applications in correlations include the heat and energy of
formation,!3 surface tension,%* density,6% 6897132 vyigcosity,!33
and heats of crystallisation, evaporation, and combustion,!34.135
Since such characteristics have been determined for a small
number of compounds, the possibility of predicting the retention
parameters on their basis is extremely limited.

VI. The retention parameters and the principle
of linear free energy relations

The interaction of a substance with the stationary phase,

determined by the free energy change, can be described by the

Hammett equation: 36
R

Ig P 21
where R and Ry are the retention parameters of the given and
standard compounds, their ratio being a measure of the free
energy change on passing from the standard component to the
given component within the limits of the homologous series
investigated, o is the inductive constant of the substituent which
serves as a quantitative characteristic of the effect of the
substituent on the electron density at the given centre, and p is a
constant characterising the stationary phase.

The linear relation between the retention parameters of
aromatic hydrocarbons and the Hammett constants of stationary
phases was first noted by Araki and coworkers and by Nabivach
and coworkers!37-14% and was then discovered for a whole series
of similar systems.!#!.142 This relation was subsequently used to
characterise the selectivity of solvents— with the aid of the ratio of
the activity coefficients of the sorbates.!*3

The application of the Hammett constants proved to be
extremely useful when there is a significant contribution by the
specific interaction forces (for example, by the donor—acceptor
bond) to the overall intermolecular interaction energy. The series
of correlations

R
lg—=ac+5b
gRo

(o is the Hammett constant for the corresponding substituent in
the sorbate molecules) have been established for derivatives of
phenol, aniline,'*-147 methyl benzoates, !4’ alkylbenzenes, 148, 149
and nitrobenzenes.!5®

The Taft equation has come to be widely used for the
description of the characteristics of intermolecular interactions: 5!

R ..

Ig x-r
in which the parameters Ry, p*, and ¢* are analogous to the
corresponding quantities in Eqn. (21). It is assumed that the
constant ¢* characterises the purely inductive polar effect of
substituents. The linear relation based on Eqn. (22) has been
demonstrated for series of alkylbenzenes,?®: 149 haloalkanes, halo-
derivatives of epoxy-compounds, ethers,!!>152 ethoxyalkanes,
amines, alcohols,'?? and alkylquinolines,7- 90

A methed has been proposed for the determination of the
induction constant of the methyl group (arbitrarily assumed to be
zero) for which the principle of the additivity of the change in the
quantity ¢* corresponding to a change in the length of the alkyl
group of alkylbenzenes per methylene group holds under GLC
conditions.”® An experimental test confirmed the legitimacy of
such calculation of ¢* for the methyl group based on the
correlation with the retention indices for different series of
alkylbenzenes.

A complex equation has been proposed for the calculation of
the retention indices of aniline, phenol, and pyridine
derivatives: '

(22)

AlgVy = p161 + pror + pgoE,
where 61, o g, and oz were derived from literature data with the aid
of factorial analysis and were found to be close to the
corresponding Taft induction and resonance constants.

The Taft equation for the estimation of the steric effect of
substituents!®!

R
lg— = SEs,
8o S (23)
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where Eg are the steric constants of the substituents, can be used to
characterise the quantitative measures of the steric effects of
individual groups in the vicinity of the reaction centres of
molecules, in the separation of polar compounds on polar
stationary phases. Experimental data have shown that the
Taft57:90:14% and Palm57.90.155 steric constants as well as their
sum52192 can be used with equal success in equations of type (23).

In order to increase the correlation coefficient for Eqn. (23) for
a series of aromatic hydrocarbons containing branched
substituents (for example, butylbenzene isomers), a corrected
Palm constant has been proposed:®®

E gw =E (S) -9,
where EY is the Palm steric constant and ¢ is the contribution of
the p-interaction arising between the groups of the substituent
linked directly.’S The use of E} instead of EJ increases the
correlation coefficient of Eqn. (23) for butylbenzene isomers from
0.87 t0 0.99.

By combining Eqns (22) and (23), we obtain the Hammett —
Taft equation, which makes it possible to describe more complex
types of intermolecular interaction'%!57 and to estimate
quantitatively the role of each effect.

The Hammett - Taft equation has been improved by French
investigators, 33 158 who proposed the following relation:

lgthy = p*8" + 0Es + h(nyg - 3),

where ny is the number of hydrogen atoms at the carbon atom in
the a-position relative to oxygen. Assessment of the resulting
coefficients showed that the contribution of Es is much smaller
than the contributions of the remaining terms of the equation,
which can be rewritten in the form

lgth = p*0" + h(ng ~ 3).

The application of this equation to a series of oxygen-containing
compounds yielded satisfactory results.

VII. The use of the principle of the additivity of
properties for the prediction of retention
parameters

A general relation for the calculation of the chromatographic
retention, based on the additivity of the contributions by
structural fragments, has been proposed by Berezkin and
coworkers: 159 160
K
R=> niCy+ Co, (24)
i
where Cj is the contribution of a particular structural fragment
(atoms, a group of atoms, bonds) to R, and ny is the number of
structural fragments in the molecule. Bonds were selected as the
computational structural fragments taking into account the
immediate environment. If more distant environment is also
taken into account, it is possible to obtain more accurate results.

The simplest expression for the additivity rule—Eqn. (1)—is a
special case of Eqn. (24). Eqns (11), (14), and (20) are also special
cases of this kind.

The principles formulated by Berezkin have found
applications in the predictive calculation of retention parameters
in accordance with an additive scheme by the summation of
increments corresponding to subtypes of bonds between carbon
atoms? 16! or functional groups.!62

The additivity of the retention characteristics considered
logically presupposes also the additivity of the retention
indices, 62 whose calculation is based on the principle of the
additivity of the intermolecular interaction energies for individual
groups of molecules.!0¢

The increments in the differences between the retention
indices, measured on stationary phases of different polarity and

reflecting the specific interaction between the test molecules and
the stationary phase, are also additive. 163166

The functional retention index proposed by Swoboda!6?
reflects the dispersion and specific interactions of the functional
group of the sorbate with the sorbent:

Hx = IR_x — Ir-n,

where X is the functional group and R—-H the homomorphic
n-alkane with the same number of carbon atoms. The functional
group is understood not only as a group containing a heteroatom
but also as any structural group differing in its multiple or
aromatic bond or in the arrangement of carbon atoms in space.

Schomburg? proposed that the quantity H be called the
homomorphy factor and showed that it is extremely sensitive to
the characteristics of the fine structure of the molecule.!58

Andersons and coworkers® 35 introduced the concept of two
homomorphy factors: Hy describes the effect of the substitution
of a hydrogen atom by a functional group and Hc¢ describes the
effect of the substitution of a carbon atom by a heteroatom or a
group of atoms.

Among compounds for which the values of H have been
determined and the corresponding correlations with the structure
have been established, mention should be made of cycloalkanes,
cycloalkenes, cycloalkadienes,”® alkylbenzenes,2%8%169 j]kyl-
naphthalenes,!’  alkylpyridines,® amines, alcohols, and
ethers.% 3%

Extensive experimental data on the increments for various
functional groups or individual fragments, used in accordance
with Eqn. (24) for the predictive calculation of retention indices
and for the identification of components of complex mixtures, are
available in the literature,!71-173

The principle of additivity breaks down when the structural
fragments of the molecule are close to one another, on passing
from unbranched to branched compounds, and with increase in
the polarity of stationary phase and in the capacity of the
functional group for specific interactions.

The non-additivity of the retention indices and their
increments in homologous series is also indicated by data in
numerous publications.!” 175 Correction coefficients are usually
introduced in such cases or one calculates second-order
increments, taking into account the positions and interaction of
functional groups, the nature of the bonds in the molecule, steric
factors, and other effects of substitution and the environment.

The causes of non-additivity and procedures for the reliable
prediction of retention indices based on allowance for the non-
identity of the energy contributions of identical alky! groups have
been described in detail.179-185-

One of the causes of the breakdown of additivity is the
presence in the molecule of a heteroatom or a functional group,
the degree of shielding of which by neighbouring alkyl groups
affects appreciably the specific forces of the interaction of the test
substance with the stationary phase. Linear relations for such
compounds (alkylphenols, alkylpyridines, alkylquinolines,
alkylanilines, etc.) are therefore characterised by a low correlation
coefficient. In order to take into account the shielding effect, the
entire set of compounds (for example, alkylpyridines) can be
usefully divided into three groups: alkylpyridines with a non-
shielded nitrogen atom, i.e. with alkyl groups in the 3-, 4-, and 5-
positions, alkylpyridines with one alkyl group in the o-position
relative to the nitrogen atom, and alkylpyridines with two alkyl
groups in the 2- and 6-positions.!55 Such subdivision is based on
the change in the n-electronic charges on the reaction centre under
the influence of the alkyl groups introduced into the molecule.
This factor is responsible for the linear variation of the basicity of
alkylpyridines as a function of the groups indicated, which makes
it possible to represent the dependence of the retention indices on
the dissociation constants of alkylpyridines by three equations,
whose correlation coefficient is 0.995.
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The system for the predictive calculation of retention indices
developed by Takacs and coworkers'#6- 188 provides for the use of
not only the properties of the pure sorbates but also of the
characteristics of their interaction with the stationary phase:

I=L+hL+1

where I, is the contribution of atoms, I, the contribution of bonds,
and I; the contribution of the interaction in the sorbate and the
stationary phase.

The Takacs system is based on the separate determination of
all the factors responsible for the chromatographic retention of
the test substance; its undoubted advantage is the use of
molecular constants instead of empirical characteristics or
sorbates such as the boiling point, the vapour pressure, and the
molar refraction. At the same time, the semiempirical nature of
the determination of the components of the index and the need to
calculate a large number of empirical parameters give rise to
considerable difficulties in the practical application of this
system. 189

VIIL. Calculation of retention parameters with
the aid of structural and topological parameters

The effect of molecular size on chromatographic retention was
first noted by Hively and Hinton,”> who concluded that the
quantity d7/dT increases with increase in the cross-sectional area
of the isoalkane molecule.

Similar results were obtained by Littlewood!%° for n-alkanes
and their derivatives, whose retention is proportional to the
surface area of the molecules calculated with the aid of a
computer.

Altenburg? %1 developed a method for the determination of
the retention indices of hydrocarbons and their derivatives based
on the correlation with the square of the molecular radius:

Y]
I= I()+szd+CaA;,
1
where d is the density of the hydrocarbon, Iy a constant which
depends on Mg, R? the mean square molecular radius, a; the
length of a carbon —carbon single bond, and 5 and c are constants
of the equation.

More accurate results were obtained by using equations

including, together with R2/a}, the boiling point:3 68
7)
I=a+ b(T, — 273.15) —+-Cai;,
1
Y]
I=a+b(Ty — 273.15) + C(Ty — 273.15)* +%+
1

(%)
+E(= | + Fd+ Gd%.
ai

The error of the calculated retention indices of isoalkanes varies in
the range 0.3—5.5 units. For example, equations of the following
type are valid for the homologous series of alkylbenzenes:

RrZ
a;

with a correlation coefficient of 0.994 and above.!92-193

Correlation equations relating the retention index to the shaps
parameters of the molecules, which have been calculated on the
basis of the van der Waals radii of the hydrogen atom for
polycyclic aromatic hydrocarbons!'®* or the van der Waals surface
areas for polychlorinated dibenzofurans,!®S have been proposed.

Correlations based on the van der Waals volumes of sorbate
molecules ¥w have come to be widely used. Hammers and
De Ligny!% already showed that the thermodynamic functions of
solution in squalane, calculated from the retention volumes, are
linearly related to Vw for hydrocarbons in different homologous
series.

Linear relations between retention indices and the van der
Waals volume have been observed for the homologous series of
alcohols, ketones, aldehydes, ethers,’7 n-alkanes and
isoalkanes,!?® ketone derivatives,?! alkylbenzenes®-105.199 and
alkylphenols.?® The correlation coefficients of such equations are
0.999-1.000 for hydrocarbons on non-polar phases and 0.994 —
1.00 for other compounds. When the above relation is applied not
to short homologous series but to the entire set of isomeric
compounds (for example, alkylbenzenes), the correlation
coefficient falls as a function of the polarity of the stationary
phases to 0.88-0.98. The level of correlation can be improved by
combining Vw with characteristics of sorbate such as the boiling
point, the refractive index, and the specific refaction within the
framework of three- and five parameter equations.?6: 79.99, 197

When correlations in the structure-retention system are
considered, various methods for the conversion of molecular
structures into unique characteristic structural descriptions,
expressed by numerical indices, are very promising. For this
purpose, one uses chemical graph theory, according to which the
chemical structural formula of a compound is expressed by a
mathematical graph. The mathematical graph describes abstract
vertices connected by faces. Each molecular graph can be
represented either by a matrix, or by a polynomial, or by
numerical index (topological index).?®! The topological index
contains information about the size and shape of the molecule,
about the connections between atoms and structural groups, and
about their mutual disposition.2%?

More than 40 different topological indices are known at the
present time. An approximate classification, the characteristic
principles of the derivation of topological indices, and their
realistic possibilities as a means of describing chemical structures
when correlations of the structure —property type are considered
have been described in detail in a number of reviews, 20 ~208a

The topological index W proposed by Wiener?%® for the
comparison of carbon skeletons is defined as the sum of the C-C
bonds between all the pairs of carbon atoms in the molecular
graph:

W:%ZD,-,-.
i

The smaller this number, the more compact the corresponding
structure.

Correlations between the Wiener index and the
chromatographic retention parameters of various hydrocarbons
have been described.!05.199.210-212 A disadvantage of the Wiener
index is the fact that part of the information contained in the
distances matrix is lost during the summation of its elements. This
explains the finding that the values of W referring to different
isomers frequently overlap. It has been established that,
compared with W, a higher level of correlation is ensured by the
molecular connectivity index,105.199, 212

The concept of the connectivity index, which is one of the most
popular topological indices in theoretical chemistry, was
introduced by Randic.?'> Later this method of topological
analysis was used as a basis of the molecular connectivity
system.214

Molecular connectivity constitutes a topological description
of the molecular structure and represents mathematically coded
information about the size of the molecule, the degree of its
branching, cyclisation, and unsaturation, and about its content of
heteroatoms.  The first-order connectivity index is most
common:2

X
=) 68)"
g=1

where J is the difference between the numer of valence electrons
and the number of hydrogen atoms connected to the given atom,
i and j are the atoms of the molecule formally connected by the
bond under consideration, §; and §; are the values of & for two

25
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atoms involved in a bond ¢, and X is the total number of bonds in
the molecule.

The second-order to fourth-order and higher-order
connectivity indices are calculated similarly. These take into
account the numbers of two, three, four, and more of
neighbouring bonds respectively. In Eqn. (25), the first-order
connectivity index takes into account the pair interactions of
neighbouring atoms in the molecule. A disadvantage is that it
does not distinguish the m- and p-isomers of aromatic compounds.
Higher-order connectivity indices, taking into account not only
the nearest pair interactions but also remote interactions between
atoms in the molecule, ensure a more complete description of the
structural features of the test compounds.

Thus molecular connectivity is a fundamental parameter and
expresses structural information in the form of a weighted sum of
all the types of bonds in the molecule. Compared with other
indices, the molecular connectivity model is more flexible, since it
makes it possible to relate both general and local structural
properties of molecules.

The application of connectivity indices in GLC in order to
establish the sorption-structural correlations for different
compounds has proved especially fruitful.””100.215-221 Table 4
presents data on the correlations based on connectivity indices.
A significant advantage of this index compared with the Wiener
index is the possibility of describing a compound with polar
functional groups. Although a high level of correlation is
observed mainly on non-polar phases, it does not reduce the
practical value of the proposed equations,”6:239-242

The application of multiparameter equations, including, apart
from the connectivity indices of different orders, also other
physicochemical constants of sorbates (the number of carbon
atoms, the boiling point, the molar refraction, the dipole moment)
makes it possible to increase the correlation coefficient of the
equations and to reduce the standard deviation.24!-243 It has been
concluded that satisfactory results for compounds of different
classes are obtained when a multiparameter equation of the
following type is used; 105 199,200

I= f(VW71x .. 'nXm)7 (26)

where n is the order of the connectivity index and m the
designation of the chain or branching index. In Eqn. (26) the
van der Waals volume describes the size of the solute and the
connectivity indices of different orders characterise the fine
structure features of its form. A close relation has been noted?44
between the indices obtained in accordance with graph theory and
by quantum-chemical methods.

Eqn. (26) has been successfully tested for alkylbenzenes and
alkylarylcarbamates,105.199.245  alkylphenols,20%:246  alkylquin-
olines,?” aliphatic alcohols,2*® and alkylanilines.2*®  The
correlation coefficients of the above equations are 0.996—1.000
and the standard deviations are 0.5—8.0 units.

The program packs developed for the calculation of
connectivity indices?5°-252 and also the combined program for the
determination of sorption—structure correlations on the basis of
topological indices>>> greatly facilitate chromatographic
identification and permit its automation using computers.? 25

Another topological system (DARC)?%5 involves the arbitrary
specification in each molecule of a focus (the given functional
group) and its environment—the first, second, third, and
subsequent spheres. The reliability and accuracy of the
calculations increase with increase in the number of surrounding
spheres taken into account. This leads to an increase of the
prespecified empirical parameters for the calculation, whose
number can reach 2000 and more.256

Despite the complexity of the calculations and the large
amount of the information used, the accuracy attained in the
determination of the retention indices varies within wide limits
(3—48 units). Comparison with other computational methods
showed that the DARC system has no special advantages and its
use for the prediction of the retention parameters involves
considerable difficulties.?

Analysis of the studies examined shows that the simplest
correlations between chromatographic retention and the
physicochemical properties of sorbates can be used for a
homologous series of compounds in order to characterise their
retention on non-polar stationary phases. However, the
prediction of the retention parameters is then rather difficult, since
physicochemical properties have been determined for a limited
number of substances.

Table 4. Characteristics of the correlation equations based on connectivity indices.

Compound Equation Stationary Correlation Standard Refs.
phase coefficient deviation
n-Alkanes, isoalkanes I=a'y+b Squalane 0.994 17.3 198
lg =a'y+b Dimethylsulpholan 0.996 0.1 222
Alkylbenzenes I=ad'y+b Squalane, SE-30 0.999-1.000 - 223
Alkylnaphthalenes I=1(y...5,) Hepta(phenyl ether) 0.998 43 224
Polycyclic aromatic I=a'y+b SE-52 0.996 8.8 225
hydrocarbons (PAC) I=a'y+b 0V-101 0.998 36.9 226
Nitro-derivatives of PAC I=1("...%x,) SE-52 0.999 23 227
Chloroalkanes I=10'1,%%, s Xper 51p) PEG-20M 1.000 - 228
Chlorobenzenes I=1("y,*2,) SE-30 0.988 - 229
Chlorobiphenyls g = f('y,* Lpe> 5 Xp) SE-54 0.999 0.006 230
Alkylpyridines I=10%...%,) 0v-1 0.996-0.999 3.6-8.4 231
Nitrogen-containing I= 100, *40e, 32y S 2 S2pe) ov-1 0.960 54.0 232
heterocycles
Alkylpyrimidinone I=aly+b ov-1 0.970 - 233
derivatives
Cyclic methyl esters and I=d'y+b SE-30 0.952 322 234
alcohols
Aliphatic alcohols I=a'y+b Squalane 0.950 - 235
I=dy+by+c Squalane 0.994 - 236
Esters I=a'y+b*y,+c Squalane 0.996-0.998 - 237
Ethers I=a'y+b Squalane 0.968 - 236
5,5-Disubstituted I=ad P SE-30 0.996 - 238

barbiturates
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Correlation equations taking into account the deviations from
additivity in the intermolecular interaction energy [in particular
the universal equation (10)] as well as equations based on the
structural and topological parameters of compounds (for
example, the van der Waals volume and the connectivity indices)
are more reliable and promising. Such sorption-structure
correlations can be used in schemes for the automatic
identification of complex mixtures with the aid of computers.

References

1. A NKorol’ Usp. Khim. 51 1225 (1982) [Russ. Chem. Rev. 51 698
(1982)]

2. DN Grigor’eva, R V Golovnya Zh. Anal. Khim. 40 1733 (1985)

3. MSVigdergauz, L V Semenchenko, V A Ezrets, et al. Kachestvennyi
Gazokhromatograficheskii Analiz (Qualitative Gas-
Chromatographic Analysis) (Moscow: Nauka, 1976)

4. A A Anderson, M V Shimanskaya Usp. Khim. 48 1337 (1979)
[Russ. Chem. Rev. 48 714 (1979)]

5. L A Gribov, Yu A Zolotov, V I Kalmanovskii, et al. Zh. Anal. Khim.
37 1104 (1982)

6. N F Belyaev, M S Vigdergauz, Zh. Anal. Khim. 41 1882 (1986)

7. RV Golovnya, G A Mironov, I L Zhuravleva Dokl. Akad. Nauk
SSSR 163 369 (1965)

8. A Andersons, S Jurels, M V Shimanskaya Izv. Akad. Nauk Latv.
SSR, Ser. Khim. 677 723 (1973)

9. G Schomburg J. Chromatogr. 23 1 (1966)

10. V Pacakova, E Smolkova Chem. Listy 60 1130 (1966)

11. N Dimov, D Shopov J. Chromatogr. 44 170 (1969)

12. JK Haken J. Chromatogr. Sci. 11 144 (1973)

13. A VKiselev, AV Iogansen, K I Sakodynskii, et al.
Fizikokhimicheskoe Primenenie Gazovoi Khromatografii
(Physicochemical Applications of Gas Chromatography)
(Moscow: Nauka, 1973)

14. R V Golovnya, D N Grigor’eva, I L Zhuravleva Izv. Akad. Nauk
SSSR, Ser. Khim. 1825 (1981)

15. 'V Palm Osnovy Kolichestvennoi Teorii Organicheskikh Reaktsii
(Fundamentals of a Quantitative Theory of Organic Reactions)
(Leningrad: Khimiya, 1977)

16. VI Yakerson, L I Lafer Izv. Akad. Nauk SSSR, Ser. Khim.

611 (1965)

17. J R Ashes, J K Haken J. Chromatogr. 6239 (1971)

18. A Radecki, J Grzybowski J. Chromatogr. 152 211 (1978)

19. F Saura-Calixto, A Garcia-Raso, P M Deya J. Chromatogr. Sci.
207 (1982)

20. E Matisova, F Kovaci¢ova, Ha Pham Thi, et al. J. Chromatogr.
475113 (1989)

21. L F R Cafferata, A I Canizo, G N Eyler J. High Resolut.
Chromatogr. 12 423 (1989)

22. V ATerent'ev Zh. Anal. Khim. 42 1870 (1987)

23. SV Gribanova, Yu Ya Kharitonov, D N Dzhabarov, et al. Zh. Anal.
Khim. 451009 (1990)

24, N S Zakirov Zh. Anal. Khim. 35725 (1980)

25. K I Sakodynskii, L I Panina Polimernye Sorbenty dlya
Molekulyarnoi Khromatografii (Polymeric Sorbents for Molecular
Chromatography) (Moscow: Nauka, 1977)

26. M S Wainwright, J K Haken, D Srisukh J. Chromatogr. 188 246
(1980)

27. S Rang, K Kuningas, A Orav, et al. Chromatographia 10 55 (1977)

28. A Orav, K Kuningas, S Rang, et al. Izv. Akad. Nauk Est. SSR,
Khimiya 29 18 (1980)

29. S Rang, K Kuningas, T Strenze, et al. J. Chromatogr. 406 75 (1987)

30. CTPeng, S F Ding, R Hua, et al. J. Chromatogr. 436 137 (1988)

31. VM Nabivach, P Bur’yan, J Macak Zh. Anal. Khim. 33 1416 (1978)

32. V A Gerasimenko, V M Nabivach Zh. Anal. Khim. 37 110 (1982)

33. L G Sednevets, A G Pankov Zh. Anal. Khim. 321039 (1977)

34. F Saura-Calixto, A Garcia-Raso J. Chromatogr. 216 326 (1981)

35. A Andersons Gazovaya Khromatografiya Aminosoedinenii (Gas
Chromatography of Amino-compounds) (Riga: Zinatne, 1982)

36. R V Golovnya, I L Zhuravleva, Yu P Kapustin Zh. Anal. Khim.
30 2241 (1975)

37.

38.

39.

41.
42.
43.

45,

47,

48.
49,

50.

51.
52.

53.

54.
55.

56.
57.
58.

59.

60.
61.
62.
63.

65.
66.
67.

68.
69.
70.
71.
72.
73.

74.
75.
76.
71.
78.
79.
80.
81.
82.
83.
84.
85.

86.

88.

R V Golovnya, V P Uralets, T E Kuz’menko Zh. Anal. Khim.
32340 (1977)

U Lille, H Kundel, N Kaidas, et al. Izv. Akad. Nauk Est. SSR,
Khimiya, Geologiya 25 101 (1976)

F Saura-Calixto, A Garcia-Raso Chromatographia 14 143 (1981)
J K Haken, D K M Ho, M Wainwright J. Chromatogr. 106 327
(1975)

P Buryan, J Macak, J Hriviiak J. Chromatogr. (1977) 137 425

L Rohrschneider Chromatographia 2 437 (1969)

D N Grigor’eva, R V Golovnya Zh. Anal. Khim. 40 1733 (1985)
A F Shlyakhov, M S Telkova Zavod. Lab. 30 9 (1973)

M S Wainwright, J K Haken J. Chromatogr. 184 1 (1980)

V S Vigdergauz, E I Petrova Chromatographia 25 589 (1988)

A Grobler A kdolaj és foldgdz kémiaja és kemiai feldolgozdsa
konferencia Budapest, 1965 p. 1

R Luft, CPin C.R. Acad. Sci. 266 537 (1968)

V M Sakharov, Yu N Bogoslovsky, K I Sakodynsky

J. Chromatogr. 58 103 (1971)

V G Arakelyan, Candidate’s Thesis in Chemical Sciences, State
Institute for the Nitrogen Industry, Moscow, 1969

M S Vigdergauz, V I Semkin Zh. Fiz. Khim. 46 948 (1972)

F J Heeg, R Zinburg, H J Neu, et al. Chromatographia

12 790 (1979) .

R V Golovnya, D N Grigor’eva, | L Zhuravleva Izv. Akad. Nauk
SSSR, Ser. Khim. 1825 (1981)

R V Golovnya, D N Grigor’eva Zh. Anal. Khim. 40 316 (1985)

A M Makogon, I V Bubentsova, V L Trostyanetskaya, et al.

Zh. Anal. Khim. 39 353 (1984)

A T James Anal. Chem. 28 1564 (1956)

P Buryan, J Macak, J Ttiska, et al. J. Chromatogr. 391 89 (1987)
B A Markov, T I Rybkina, V A Kochetov, et al. Zh. Anal. Khim.
35 1347 (1980)

T I Rybkina, E A Kirichenko, V A Kochetov, et al. Zh. Anal. Khs1.
44 105 (1989)

V M Nabivach, V P Dmitrikov Zk. Anal. Khim. 34 2412 (1979)

N Dimov, R Milina J. Chromatogr. 463 159 (1989)

V Satcs, A Avots, V A Belikov Zh. Anal. Khim. 32797 (1977)

C A Streuli, M Orloff J. Chromatogr. 101 23 (1974)

G Castello, G D’Amato J. Chromatogr. 107 1 (1975)

N C Saha, G D Mitra Technology 8 3 (1971)

M Kh Lunskii, I L Paizanskaya Zh. Anal. Khim. 43 127 (1988)

R Kremann, M Pestemer Physikalische Eigenschaften und
Chemische Konstitution (Translated into Russian).
(Moscow — Leningrad: ONTI, 1939)

A A Martynov, M S Vigdergauz Neftekhimiya 10 763 (1970)

A Kreyenbuhl, H Weiss Bull. Soc. Chim. France 1880 (1959)

A W Decora, G U Dinneen Anal. Chem. 32 164 (1960)

CM White, A Robbat, R M Hoes Chromatographia 17 605 (1983)
L Sojak, J Krupgik, J Rijks Chromatographia 7 26 (1974)

E I Petrova, E Yu Gerasimova, M V Sosnina, et al. Jzv. Vyssh.
Uchebn. Zaved., Khim. Khim. Tekhnol. 31 81 (1988)

J Bermejo, C G Blanco, M A Diez, et al. Chromatographia

2333 (1987)

VI Kulikov, M E Sorokin Zh. Anal. Khim. 30 1594 (1975)

J Bermejo, M D Guillen Chromatographia 17 664 (1983)

K Heberger Chromatographia 25 725 (1988)

P P Alikhanov, K I Sakodynskii, G N Kuznetsov Zh. Anal. Khim.
47712 (1987)

J Bermejo, C G Blanco, M D Guillen J. Chromatogr. 31 237 (1985)
P Buryan, ] Macak, Yu S Berlizov, et al. Chem. Prim. 36 88 (1986)
A Andersons, P Mekss, M V Shimanskaya Izv. Akad. Nauk Latv.
SSR, Ser. Khim. 515 (1982)

R V Golovnya, Yu R Arsen’ev Izv. Akad. Nauk SSSR, Ser. Khim.
1402 (1972)

S Boneva Chromatographia 23 50 (1987)

L V Semenchenko, F I Lapteva Zh. Fiz. Khim. 522319 (1978)

R V Golovnya, V G Garbuzov, T A Misharina Izv. Akad. Nauk
SSSR, Ser. Khim. 103 (1976)

L Sojak Ropa a Uhlie 27 356 (1985)

D N Grigor’eva, R V Golovnya, T E Kuz’'menko Zh. Anal. Khim.
42 1104 (1987)

E Kovats, in Advances in Chromatography (Edited by J C Giddings)
(New York: Marcel Dekker, 1965) Vol. 1, p. 229



32 V M Nabivach, V P Dmitrikov
89. J Macak, VM Nabivach, P Buryan, et al. J. Chromatogr. 140. V M Nabivach, V I Dal’ Gazovaya Khromatografiya
234 285 (1982) Koksokhimicheskikh Produktov (Gas Chromatography of Coke-
90. Yu S Berlizov, VM Nabivach, V P Dmitrikov Zh. Anal. Khim. Chemical Products) (Kiev: Tekhnika, 1967)
421119 (1987) 141. V M Nabivach Collect. Czech. Chem. Commun. 42 259 (1977)
91. E Matisova J. Chromatogr. 438 131 (1988) 142. A Ono Nippon Kagaku Zasshi 92 242, 433 (1971)
92, R A Hively, R E Hinton J. Gas Chromatogr. 6 203 (1968) 143. A A Gaile, Ya I Leitman Zh. Fiz. Khim. 41 2886 (1967)
93. W Engewald, U Billing, T Welsch, et al. Chromatographia 144. B L Karger, Y Elmehrik, R L Stern Anal. Chem. 40 1227 (1968)
23 590 (1987) 145. B L Karger, Y Elmehrik, W Andrade J. Chromatogr. Sci.
94. L Sojak, J Janak, J A Rijks J. Chromatogr. 138 119 (1977) 7 209 (1969)
95. V A Gerasimenko, A V Kirilenko, V M Nabivach J. Chromatogr. 146. M Kremser, M Jernejcic, L Premru J. Chromatogr. 65 129 (1972)
208 9 (1981) 147. AV Kiselev, D P Poshkus, Y A Yashin Molekulyarnye Osnovy
96. L N Vorob’ev Collect. Czech. Chem. Commun. 27 1045 (1962) Adsorbtsionnoi Khromatografii (Molecular Foundations of
97. M Ts Yanotovskii Zh. Fiz. Khim. 44 2451 (1970) Adsorption Chromatography) (Moscow: Khimiya, 1986)
98. V M Nabivach, A V Kirilenko Chromatographia 13 93 (1980) 148. J Krupcik, O Liska, L Sojak J. Chromatogr. 51 119 (1970)
99. J Bermejo, J S Canga, O M Gayol, et al. J. Chromatogr. Sci. 24252  149. A Ono Nippon Kagaku Zasshi 92 429, 986 (1971)
(1984) 150. Yu N Arsen’ev, R V Golovnya Izv. Akad. Nauk SSSR, Ser. Khim.
100. K Heberger Anal. Chim. Acta 223 161 (1989) 851 (1980)
101. M Luo, X Yan, S Xu, et al. J. Wuhan. Univ. (3) 72 (1987) 151. R W Taft J. Am. Chem. Soc. 74 3120 (1952)
102. A Radecki, J Grzybowski, H Lamparczyk, et al. J. High Resolut. 152. V VKeiko, B V Prokop’ev, L P Kuz’menko, et al. Izv. Akad. Nauk
Chromatogr. 2 581 (1979) SSSR, Ser. Khim. 111 (1972)
103. J Bermejo, M Guillen Anal. Chem. 59 94 (1987) 153. R Fellous, L Lizzani-Cuvelier, R Luft, et al. J. Chromatogr.
104. O Papp, M Jozan, Gy Szasz, et al. J. Chromatogr. 403 11 (1987) 110 13 (1975)
105. V M Nabivach, V E Vasil’ev Izv. Vys. Ucheb. Zaved., Khim. Khim. 154. G H E Nieuwdorp, CL De Ligny J. Chromatogr. 154 133 (1978)
Tekhnol. 30 (10) 72 (1987) 155. V A Dektyarev, K I Sakodynskii Novye Sorbenty diya
106. A Wehrli, E Kovats Helv. Chim. Acta. 42 2709 (1958) Molekulyarnoi Khromatografii: Shornik Nauchnykh Trudov po
107. J Franc Collect. Czech. Chem. Commun. 25 1573 (1960) Gazovoi Khromatografii (New Sorbents for Molecular
108. W H Keeson Physik. Z. 22 129 (1921) Chromatography: Collected Reports on Gas Chromatography)
109. E Kovats, P Weisz Ber. Bunsenges. Phys. Chem. 69 812 (1965) (Moscow: Izd. NIFKhI im Karpova, 1973) Nos. 20—21
110. A Avots, V Satcs Izv. Akad. Nauk Latv. SSR, Ser. Khim. 475 (1971) 156. S VYVitt, E A Paskonova, M G Bezrukov, et al. Izv. 4kad. Nauk
111. VM Sakharov Gazovaya Khromatografiya. Trudy 2 Vsesoyuznoi SSSR, Ser. Khim. 1712 (1971)
Konferentsii (Gas Chromatography. Proceedings of the 2nd 157. S Hillers, A V Eremeev, V G Andrianov Zh. Fiz. Khim. 52 2330
All-Union Conference) (Moscow: Nauka, 1964) p. 346 (1978)
112. L Onsager J. Amer. Chem. Soc. 58 1486 (1936) 158. R Fellous, L Lizzani-Cuvelier, R Luft, et al. Bull. Soc. Chim. France
113. V A Granzhan, I M Shevchuk Neftekhimiya 8 908 (1968) 2482 (1974)
114. BIAnvaer, A A Zhukhovitskii, I I Litovtseva, et al. Zh. Anal. Khim.  159. V G Berezkin, V S Kruglikova Neftekhimiya 2 845 (1962)
19 178 (1964) 160. G L Gromova, O E Grikina, V G Berezkin, et al. Neftekhimiya
115. V V Keiko, B V Prokop’ev, L. P Kuz’menko, et al. Izv. Akad. Nauk 13767 (1973)
SSSR, Ser. Khim. 2697 (1972) 161. V G Berezkin, V S Kruglikova Izv. Akad. Nauk SSSR, Ser. Khim.
116. R Kaliszan, H-D Héltje J. Chromatogr. 234 303 (1982) 1505 (1964)
117. M Gassiot-Matas, G Firpo-Pamies J. Chromatogr. 187 1 (1980) 162. V N Kobzar* Zavod, Lab. 37 543 (1971)
118. A Voelkel Chromatographia 25 655 (1988) 163. M S Vigdergauz Usp. Khim. 36 1810 (1967) [Russ. Chem. Rev. 36
119. L Buydens, D L Massart, P Geerlings Anal. Chem. 53 738 (1983) 777 (1967))
120. A IErmakov, E A Zharikova, E A Kirichenko Zh. Fiz. Khim. 164. RV Golovnya, I L Zhuravleva, N I Svetlova Zh. Anal. Khim.
62 1260 (1988) 36 742 (1981)
121. A N Korol’ Nepodvizhnye Fazy v Gazozhidkostnoi Khromatografii 165. V N Nabivach Zh. Anal. Khim. 35 952 (1980)
(Stationary Phases in Gas— Liquid Chromatography) (Moscow: 166. 10 O Korhonen J. Chromatogr. 315 185 (1984)
Khimiya, 1985) 167. P A T Swoboda Gas Chromatography (London: Butterworths,
122. K Osmialowski, J Halkiewicz, A Radecki, et al. J. Chromatogr. 1962)
346 53 (1985) 168. G Schomburg Anal. Chim. Acta 38 45 (1967)
123. K Osmialowski, J Halkiewicz, R Kaliszan, et al. J. Chromatogr. 169. W Engewald, L Wennrich Chromatographia 9 540 (1976)
361 63 (1986) 170. W Engewald, L Wennrich, E Ritter J. Chromatogr. 174 315 (1979)
124. AV Kiselev Mezhmolekulyarnye Vzaimodeistviya v Adsorbtsii i 171. V A Gerasimenko, V V Voskoboinikov Zh. Anal. Khim. 42 2043
Khromatografii (Intermolecular Interactions in Adsorption and (1987)
Chromatography) (Moscow: Vysshaya Shkola, 1986) 172. NP Dimov, A L Tsoutsoulova Izv. Khim. Nauki Blg, Akad. Nauk
125. R Sidorov, A N Denisenko, M P Ivanova, et al. Teor. Eksp. Khim. 17 700 (1989)
5697 (1969) 173. G J Price, M R Dent J. Chromatogr. 483 1 (1989)
126. A Voelkel Chromatographia 23 195 (1987) 174. RV Golovnya, D N Grigoryeva Chromatographia 17 613 (1983)
127. A E Ermoshkin, V A Kuznetsov, A N Egorochkin, et al. Dokl. Akad. 175. R V Golovnya, D N Grigoryeva, A V Vasilyev J. High Resolut.
Nauk SSSR 227 366 (1976) Chromatogr. 13 47 (1990)
128. ‘W Ecknig Z. Chem. 25 240 (1985) 176. W Engewald, U Billing, I Topalova, et al. J. Chromatogr. 446 71
129. D Papazova, N Dimov J. Chromatogr. 216 321 (1981) (1988)
130. M Wourst, J Churagek J. Chromatogr. 70 1 (1972) 177. N Dimov, O Mekenyan J. Chromatogr. 471 227 (1989)
131. G Castello, G D’Amato J. Chromatogr. 76 293 (1973) 178. D T Stanton, P C Jurs Anal. Chem. 61 1328 (1989)
132. 11IBardyshev, V I Kulikov Dokl. Bolg. Akad. Nauk 11 342 (1967) 179. RV Golovnya, D N Grigor’eva Izv. Akad. Nauk SSSR, Ser. Khim.
133. A E Habboush, N M Said Separ. Sci. Techn. 14 345 (1979) 596 (1987)
134. VIKulikov, V'V Trostyanskaya Zh. Fiz. Khim. 59 1300 (1985) 180. RV Golovnya, A L Samusenko. L B Dmitriev Zh. Anal. Khim.
135. F Wang, Y Ma Anal. Chem. (Jpn.) 15 839 (1987) 42 699 (1987)
136. L P Hammett Fundamentals of Physical Organic Chemistry 181. R V Golovnya, V V Shenderyuk, I L Zhuravleva Zh. Anal. Khim.
(Translated into Russian) (Moscow: Mir, 1972) 44 2037 (1987)
137. T Araki, R Goto, A Ono Nippon Kagaku Zasshi 82 1081 (1961) 182. IL Zhuravleva, M B Terenina, V V Shenderyuk, et al. Zh. Anal.
138. T Araki Bull. Chem. Soc. Jpn. 36 879 (1963) Khim. 45 722 (1990)
139. V M Nabivach Neftepererabotka i Neftekhimiya (12) 25 (1963) 183. IL Zhuravleva, V'V Shenderyuk, EV Yakush, et al. Izv. Akad. Nauk
SSSR, Ser. Khim. 1338 (1990)
184. R V Golovnya J. Chromatogr. 346 193 (1986)



Correlation equations for chromatographic retention

33

185.

186.
187.
188.
189.
190.
191
192.

193.
194.

195.
196.
197.

198.
199.
200.
201.
202.
203.
204.
20S.
206.
207.

208.

208a.

209.
210.

211.
212.
213.
214.

21s.
216.
217.

218.
219.
220.
221.
222
223.

224.

225.
226.

227.
228.
229.
230.
231.
232.
233.
234,
235.
236.
237.
238.
239.
240.
241,

242.
243.

R V Golovnya, I L Zhuravleva, E V Yakush Chromatographia

23 595 (1987)

J Takacs, C Szita, G Tarjan J. Chromatogr. 56 1 (1971)

J Takacs, Zs Talas, I Bernath, et al. J. Chromatogr. 67 203 (1972)
J Taks, E Kocsi, E Garamvolgyi J. Chromatogr. 81 1 (1973)

G Tarjan J. Chem. Sci. 14 309 (1976)

A B Littlewood Wiss. Z. Karl-Marx-Univ. 26 361 (1977)

K Altenburg J. Chromatogr. 44 167 (1969)

W Engewald, L Wennrich, J Pérschmann Chromatographia

11 434 (1978)

V A Gerasimenko, VM Nabivach Zh. Anal. Khim. 43 109 (1988)
A Radecki, H Lamparczyk, R Kaliszan Chromatographia

12 595 (1979)

W J Dunn, M Kochler, D Stalling, et al. Anal. Chem. 58 1835 (1986)
W E Hammers, C L De Ligny Rec. Trav. Chem. 90 175 (1971)

F Saura-Calixto, A Garcia-Raso Chromatographia 14 596 (1981);
15771 (1982)

F Saura-Calixto, A Garcia-Raso Chromatographia 15 521 (1982)
V M Nabivach, V E Vasil’ev Zh. Fiz. Khim. 62 1873 (1988)

V M Nabivach, P Buryan, J Macak Zh. Anal. Khim. 43 1288 (1988)
R Kaliszan CRC Crit. Rev. Anal. Chem.16 323 (1986)

N Trinajsti¢ Kem. Ind. 33 311 (1984)

T Gérnerova Petrochemia 23 172 (1983)

A T Balaban J. Chem. Inf. Comp. Sci. 25 334 (1985)

L Ekiert, J Bojarski, J L Mokrosz Wiad. Chem. 40 65 (1986)

M §ingliar Petrochemia 27 4 (1987)

S Hala Sb. Prazhskogo Khim-Tekhnol. Inst., Tekhnologiya Topliv
46 229 (1982)

M I Stankevich, I V Stankevich, N S Zefirov Usp. Khim. 57 337
(1988) {Russ. Chem. Rev. 57 191 (1988)]

Chemical Applications of Topology and the Theory of Graphs
(Translated into Russian), (Moscow: Mir, 1988)

H Wiener J. Am. Chem. Soc. 69 17 (1947)

D Bonchev, G Protié¢, O Mekenyan, et al. J. Chromatogr. 176 149
(1979)

N Trinajsti¢, G Protié, V Svob, et al. Kem. Ind. 28 527 (1979)

L Buydens, D L Massart Anal. Chem. 53 1990 (1981)

M Randié J. Am. Chem. Soc. 97 6609 (1975)

L B Kier, L H Hall Molecular Connectivity in Chemistry and Drug
Research (New York: Academic Press, 1976)

Z Yu Bulycheva, B A Rudenko Zh. Anal. Khim. 44 197 (1989)

W Chen, X Chen, Y Wang Fenxi Huaxue 12 688 (1984)

Z Suprynowicz, W M Buda, M Mardarowicz, et al. J. Chromatogr.
333 11 (1985)

H Lamparczyk, R J Ochocka Chromatographia 21 409 (1986)

H Masuda, S Mihara J. Chromatogr. 366 373 (1986)

S Zhang, G Zhao, G Wang J. Dalian Inst. Technol. 133 (1988)

F Khorosheh, M R Gray, M L Selucky J. Chromatogr. 481 1 (1989)
J S Millership, A D Woolfson J. Pharm. Pharmacol. 30 483 (1978)
J Bermejo, J S Canga, O M Gayol Intern. J. Environ. Anal. Chem.
11271 (1982)

V M Nabivach, V E Vasil’ev, V A Gerasimenko Zh. Fiz. Khim.

61 3354 (1987)

P J Doherty, R M Hoes, A Robbat Anal. Chem. 56 2697 (1984)

B A Rudenko, Z Yu Bulycheva, L V Dylevskaya Zh. Anal. Khim.
39 344 (1984)

A Robbat, NP Corso, P J Doherty, et al. Anal. Chem. 58 2072 (1986)
A Sablji¢ J. Chromatogr. 314 1 (1984)

A Sabljié J. Chromatogr. 319 1 (1985)

A Robbat, G Xyrafas, D Marshall Anal. Chem. 60 982 (1988)

V M Nabivach Zh. Anal. Khim. 44 1615 (1989)

O Papp, G Szasz, M Farkas, et al. J. Chromatogr. 403 19 (1987)
G Szasz, K Valko, O Papp, et al. J. Chromatogr. 243 347 (1982)

P Kaliszan Chromatographia 10 529 (1977)

Y Michotte, D L Massart J. Pharm. Sci. 66 1630 (1977)

L B Kier, L H Hall J. Pharm. Sci. 68 120 (1979)

R Carbo, A J Farre Afinidad 37 491 (1980)

A H Stead, R Gill, A T Evans, et al. J. Chromatogr. 234 277 (1982)
R Kaliszan, H Lamparczyk J. Chromatogr. Sci. 16 246 (1978)

J'S Millership, A D Woolfson J. Pharm. Pharmacol. 32 610 (1980)
Z Yu Bulycheva, B A Rudenko, L V Dylevskaya, et al. Zh. Anal.
Khim. 40 330 (1985)

N P Dimov J. Chromatogr. 360 25 (1986)

R H Rohrbaugh, P S Jurs Anal. Chem. 58 1210 (1986)

244,

245.
246.

247,
248.
249.
250.
251.

252.
253.

254,

255.
256.

L Benedetti, G B Gavioll, C Fontanesi J. Chem. Soc., Faraday
Trans. 2 329 (1990)

V A Gerasimenko, V M Nabivach J. Chromatogr. 498 357 (1990)
P Buryan, V M Nabivach, V P Dmitrikov J. Chromatogr. 509 3
(1990)

V M Nabivach Zh. Fiz. Khim. 62 2152 (1988)

AV Volkov, VM Nabivach Zh. Anal. Khim. 45 812 (1990)

V M Nabivach, S A Dyachenko Zh. Anal. Khim. 45 1107 (1990)

I V Peredunova, V E Kuz’'min, Yu P Konovorotskii Zh. Struk:.
Khim. 24 (4) 145 (1983)

L M Shtain, A S Kabankin, M A Landau Zh. Strukt. Khim. 26 (6)
129 (1985)

IV Peredunova, Yu A Kruglyak Zh. Strukt. Khim. 29 (1) 174 (1988)
1 I Baskin, M I Stankevich, R O Devdariani, et al. Zh. Strukt. Khim.
30(6) 145 (1989)

D N Grigor’eva, R V Golovnya, I L Zhuravleva, et al. Zh. Anal.
Khim. 34 2434 (1979)

J E Dubois, D Laurent, H Viellard C.R. Acad. Sci. 263 764 (1966)
V G Berezkin, G L Gromova, O E Grikina, et al. Neftekhimiya

10 754 (1970)



