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The Possibility of Predicting the Retention Parameters in Gas-Liquid
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Various methods for the calculation of retention parameters used in gas-liquid chromatography are critically examined in this
review. They have been divided into four groups in accordance with their fundamental postulates. Attention has been concen-
trated on the physicochemical foundations of the methods considered, their generality, and the errors of the calculated quantities.
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INTRODUCTION

Like any other analytical method, analytical gas—liquid
chromatography (GLC) involves qualitative and quantitative
analyses. The physical detection methods and the fairly
simple calculations from output data made it possible to solve,
in the main, the problems of quantitative analysis. However,
the problems of qualitative analysis have not so far been
fully solved. The situation can be accounted for by the

unsatisfactory level of development of the theory of solutions.

which is mainly concerned with the concentration dependence
of the solubility of spherical molecules™? rather than by the
deficiencies of the gas-chromatographic method. The experi-
mental data on the properties of infinitely dilute non-electro-
lyte solutions, one of the components of which is highly vola-
tile and the other is involatile, have become available only
after the introduction of the GLC method and have not so

far been examined with the theory of solutions.

The practice of qualitative analysis in GLC requires the
creation of fairly simple and universal methods for the a
priori calculation of the retention parameters of the sub-
stances to be separated (sorbates); such calculation is
essential despite the availability of a fairly large number of
auxiliary identification methods in GLC.® This is because
each identification method yields an answer with some degree
of uncertainty, which diminishes when data obtained by
another, independent method, are resorted to.

Although more than 400 communications describing various
methods for the a priori calculation of retention parameters in
GLC have been published, their results have not so far been
surveyed. The aim of the present review is to examine the
a priori and correlation methods for the calculation of reten-
tion parameters in GLC and to discuss their physicochemical
basis.

The physicochemical picture of retention in GLC is fairly
complex” and is determined not only by solubility (liquid—gas
equilibrium) but also by a number of adsorption processes
at the interfaces. For a more unambiguous treatment of
retention parameters, we shall examine below mainly systems
where adsorption processes play a negligible role (non-polar
systems or systems with low polarity). The questions of

complex formation via hydrogen bonding are outside the
framework of this review; its limited size also precludes the
consideration of the influence of changes in the nature of the
stationary phase on retention parameters. The data
described are grouped in terms of the methodological prin-
ciples of the approach to the calculation of retention param-
eters.

Il. THE USE OF THE PRINCIPLE OF THE ADDITIVITY OF
THE INCREMENTS IN THE MOLAR FREE ENERGY OF
SOLUTION

The molar free energy of the gas—liquid phase transition
AGg (in the chromatographic literature it is usually referred
to as the molar free energy of solution) is related to the
gas—liquid partition coefficient K by the expression

AG, = —RTINK ~RTInVy, (1)

where Vy is the pure retention volume. The idea of employ-
ing the additivity of the molar free energy of solution in
terms of groups of atoms in the sorbate molecule for the cal-
culation of retention parameters is extremely attractive®®,
although it is based solely on phenomenological observations’.
A test of the applicability of this additivity principle to gas-
chromatographic systems has been described in detail”™'?,
For monofunctional aliphatic compounds, it is possible to
formulate an equation involving the number of methylene
(n_ ) and methyl (n_ ) groups in the sorbate molecule and
CH, CH,
the energy F of the interaction of the atomic group with the
stationary phase (the subscripts x, CH,, and CH; denote the
parameters of the functional group investigated and the
methylene and methyl groups respectively):

InVy = Fepnen, - Fonnen, T Fe o (2)

The total number of carbon atoms in the sorbate molecule

n = nCH3 + nCHz' For n > 5, the last equation can be fitted

by a linear relation of the type!*™°:

. 3
laVy - Fcn,"cu, . X

x
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Eqn.(3) is used most widely in practical qualitative analy-
sis in GLC although the error of the correlations in terms of
the corresponding variables has been estimated in only a
small number of publications!’™°. In precise measurements of
retention parameters, it was found that, even for the homo-
logous series of n-paraffins in non-polar or weakly polar
stationary phases, Eqn.(3) does not hold, and particularly
marked deviations are observed in the case of stationary
phases whose molecules contain cyclic groups of atoms°~2%,
However, despite the reliable data presented in the studies
quoted above, reports are being published from time to time
claiming a satisfactory linear relation between In Vy and n
(see, for example, the report of Wainwright et al.?25, who do
not even indicate the errors of the calculated data and whose
method of calculating the dead retention volume does not
appear trustworthy).

Numerous publications have shown?¢7?? that the slopes of
the relations between In V) and n are not the same for dif-
ferent homologous series. In the presence of polar func-
tional groups, both in the sorbate molecule and in the mole-
cule of the stationary phase, the relation between In V) and
n becomes non-linear?®°3%, Even when non-polar and weakly
polar sorbates and stationary phases are used, the errors of
calculations by Eqgn. (3) for homologous series of sorbates are
at least 3% *! and the linearity of the relation between In Vn
and n holds only for a comparatively small number of members
of homologous series. For example, the linear relation
between I and n (I is the Kovats retention index proportional
to In V) holds only for two—three neighbouring homologues
in the series of phenols [on a column with poly(phenylether)]
and for the series of phenols, it is not even possible to find
linear sections®?, Some investigators®® suggest that an
empirical correction factor be introduced to correct the non-
linearity of the relation between I and n, which converts
Eqn.(3) into a semiparametric equation. When the methyl-
silicone elastomer OV-1 is used, the correlation coefficient for
different homologous series varies in the range from 0.97 to
0.98, which is unacceptable for chromatographic measure-
ments.

The number of carbon atoms in the sorbate molecule is by
no means the only parameter which can be used to construct
linear relations between the free energy of solution and the
chemical composition of the molecule; attempts to set up
correlations between In Vy and I and the number of silicon®*,
sulphur?®®, nitrogen, and oxygen®® atoms, phenyl groups®’,
double bonds®*®’*°, and homogeneous cis—trans configura-
tions*”"*® in sorbate molecules have been described. Param-
eters such as the equivalent chain length Me, **? the steroid
number Ryg in the series of steroids*®** and the equivalent
length of the carbon chain in the case of unsaturated elipha-
tic esters*>™® have an analogous significance.

Eqgn. (3) is not used solely for the interpolation or extrapo-
lation of retention data for a selected homologous series; it
also makes it possible to estimate the contribution of func-
tional groups to the molar free energy of the interaction of
the sorbate with the stationary phase. Thus the increments
in In Vy for a large number of functional groups (H, CH;,
C,Hs, ¥, Cl, Br, I, OCH;, CN, NO,) in anilines, phenols,
pyridines, aromatic hydrocarbons, cyclohexanes, and
hexanes have been determined with the aid of an equation of
type (3) using Carbowax 20M and Apiezon L as stationary
phases"®.

In general, a functional group can be understood not only
as a group containing heteroatoms but as any structural
group distinguished both by the presence of multiple or
aromatic bonds and by a non-linear arrangement of carbon
atoms in space. In particular, for hydrocarbons, the pres-
ence of such structural groups in the molecule can be the
cause of a change in the retention of the sorbate. In order
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to take into account the influence of individual structural
groups as well as groups of carbon atoms linked by multiple
bonds on the free energy of solution, it has been suggested®®
that the homomorphous factor H be calculated:

T 4

where the subscript h refers to a homomorphous paraffin,
i.e. to a saturated hydrocarbon having the same carbon
skeleton as the compound investigated.

The principal information obtained with the aid of Eqn.(4)
characterises the influence of multiple bonds on retention
parameters. The values of H have been determined in a
number of studies®*”® for non-polar and weakly polar sta-
tionary phases. On the other hand, similar measurements
can be carried out also for polar sorbates, for example for
alkylchlorosilanes®® on weakly polar silicone stationary
phases (PMS-100, E-301, SE-30, and DC-550); however, in
such systems account must be taken of the length of the
alkyl group in the member of the homologous series (the
relation between I and n is non-linear). Since the considera-
tions arising in the determination of the homomorphous
factor H do not differ fundamentally from those used to
determine F,., the errors in the calculation of H by Eqn. (4)
are also of the same order of magnitude. For example, the
relative standard error s° is in the range 2—5% for aromatic
hydrocarbons, alkyl sulphides, and ketones®!. The con-
tributions of aliphatic isoalkyl and unsaturated groups of
atoms as well as sulphur atoms in metameric thiatridecanes
have been determined®”.

Since the fundamental non-linearity of the relation between
In V) and n has been demonstrated in numerous studies, a
series of approaches have been devised, using specific math-
ematical modifications of Eqn.(3) to reconcile the calculated
and experimental data with the aid of empirical parameters.
For example, the following relation has been obtained in a
series of studies by Golovnya and coworkers®276?;

[ =k + k4 kyn, (5)

where k represent constants. It has been used to interpret
retention data for n-alkyl sulphides®®, n-alkyl isoalkyl sul-
phides®*, alkyl vinyl, alkyl allyl, and alkyl propyl sul-
phides®®, thiophen, furan, and benzene derivatives®®, ali-
phatic di-isoalkyl sulphides®?, heterocyclic compounds®®, and
di- tri-, and tetra-sulphides with an S—S bond®® on four
stationary phases (Apiezon M, silicone OV-17, Triton X-305,
and PEG-1000).

The relevant considerations do not change fundamentally if
the increments of the free energy of solution of the atomic
groups of the sorbate are replaced by bond increments?®:"?,
The assumption of the additivity of the values of AGg for
different bonds leads to the same computational errors as the
hypothesis that the AGg are additive with respect to atomic
groups’>75, An attempt to take into account the influence of
neighbouring bonds on the retention parameter for a selected
bond has been made in a study’® where the so-called bonding
indices x were used. However, in order to obtain linear
relations, it was necessary to introduce a series of empirical
parameters (for example, the distance A between the neigh-
bouring bonds or methyl groups):

I =200 (x-—1.4142) 4 100 + 4% (6)

This equation has been used to calculate the retention
parameters of isoalkanes’. The influence of neighbouring
bonds and substituents on the increments in I for individual
functional groups has been determined in a study’’ where
mono- and di-alkylbenzenes were separated on squalane,
Yukon LB-550X, and Yukon HB-280X at 100 °C; the average
standard error of the calculation s was six retention index
units.
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The principle of additivity underlying Eqn.(3) is applicable
primarily to monofunctional homologous series. When poly-
functional sorbates are considered, the additivity of the
contributions of the functional groups to the molar free
energy of solution holds only for substances where the func-
tional groups are separated by a linear carbon chain consist-
ing of at least three carbon atoms. In other cases account
must be taken of the mutual influence of the carbon groups,
which is expressed by the so-called second-order incre-
ments® 3% The magnitude of these corrections is so
great that they cannot be neglected: for example, for
paraffins with molecules containing three and four methyl side
groups, they amount to 30 and 40 Kovats index units+
respectively’®. The second-order corrections are particularly
large for very polar sorbates: thus for alcohols they vary in
the range from 170 to 270 units. However, when weakly
polar stationary phases such as methylpolysiloxanes or
phenylmethylsiloxanes of the PPMS type are used, even the
introduction of corrections of this kind does not reduce the
errors of the calculation for polyfunctional sorbates below 4%
and for a-more polar stationary phase (SKTFT-50X) the error
increases to 10%.

The non-additivity of the values of I in a homologous series
is indicated by data presented in numerous publications.
Thus, for the homologous series of isoparaffins on a series of
stationary phases [tetracosane, squalane, dotriacontane,
di(4-isopropylbenzyl)benzene and its analogues], the quan-
tity I varies from 56 to 64 units’’, whereas the value required
by theory is 100 units. According to the results of the same
study’’, the increment in the retention index for alkyl-
benzenes varies from 102 to 95 for the homologous series
investigated. Similar variations have been noted for
n-alkynes on stationary phases of low polarity and, when
polar stationary phases are used, the corresponding incre-
ments are in the range between 84 and 94 units.’®’® The
increment in the retention index in the homologous series is
90—95 units for dibasic acid esters®’, 50—125 units for alkyl-
biphenyls®, 75-105 2 and 60—-100 units®® for alkylbenzenes
on three stationary phases of different polarity, and between
94 and 100 units for olefins®".

Such phenomena indicate the need to seek more complex
mathematical relations for the calculation of experimental
retention parameters. Thus an equation of the type

I-cky -kt kyn? N

has been used’® to calculate the retention indices of
n-alkynes on a highly polar stationary phase—1,2,3-tris(2-
cyanoethoxy)propane. However, no account was taken in the
above study’® of adsorption at the gas—liquid interface.

The data presented indicate a low accuracy of the calcula-
tion of retention parameters in homologous series using only
one variable parameter—the number of carbon atoms in the
molecule. Fairly large errors have also been observed after
the introduction of second-order corrections taking into
account the immediate environment of the functional groups.
These failures are readily explicable in the analysis of the
physicochemical basis of the relations employed. The molar
free energy consists of two components: the molar heat of
solution AHg and the molar entropy of solution ASg. If AHg
is treated to a first approximation as a quantity additive
with respect to the atomic groups of the molecule, then ASg
is determined by the relative positions of the atomic groups
rather than by their complete set. The greater the con-
tribution of the entropy factor to the molar free energy of
solution, the less applicable the principle of additivity to the

+ Henceforth for brevity the expression "Kovdts index
units" will be replaced by "units".
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description for the behaviour of the molar free energy of
solution, i.e. to the calculation of In VN and I.

Despite the lack of a physicochemical basis, the principle
of additivity is so simple and attractive that attempts to use
it in the calculation of retention parameters have continued—
mainly by increasing the number of empirical and semi-
empirical parameters in the overall equation. Thus a multi-
parametric equation has been used®® to describe the retention
of diphenyl ether derivatives on weakly polar stationary
phases. A three-parameter equation has been used®® to
describe the retention of aromatic ethers and their fluoro-
derivatives (taking into account the relative positions of the
substituents).

One of the most fruitful approaches in the empirical calcu-
lation of retention in GLC involved the use of the principles
of topological analysis®”*?®, According to this method, one
must take into account the immediate environment of a given
functional group—the first, second, third, etc. spheres. The
reliability and accuracy of the calculation increase with
increase in the number of surrounding spheres taken into
account but at the same time there is also a sharp increase of
the number of empirical parameters to be determined before-
hand for the calculation, which requires in its turn the
accumulation of extensive experimental data for the retention
of the test compounds. Thus, in the calculation of the reten-
tion of alkanes with allowance for the influence of the first
sphere of the environment, use is made of 14 parameters,
while in the calculation with allowance for the influence of the
second sphere the number of such parameters increases to
2000.7 At the same time it has been shown that’, even when
90 empirical parameters are used for C,—Cj, olefins, the
average standard deviation of the calculated data from
experimental results is 11%. 7 The principles of the topolog-
ical calculation of the retention indices of isoalkanes have
been discussed®’; the same method has been used!® to cal-
culate the retention parameters of 84 linear alkenes (up to
tetradecane) on squalane using 25 empirical parameters. The
average standard deviation of the calculated results from the
experimental data is 3—4 units.

As a rule, in the topological analysis of experimental data
and in the derivation of computational equations, computers
are widely used because of the large number of calculations.
For example, the DARC programme has been used in a series
of investigations®7:*17%%; in calculations by means of this
programme with 18 empirical topological constants, the
average standard deviation from the experimental data for
C;—C, isoalkanes is 3.1 units®* (one should bear in mind that
the experimental data for 50 hydrocarbons must be used to
calculate 17 topological parameters). With increase of the
number of the empirical topological parameters to 23, the
average standard deviation decreases by a factor of two.
However, errors of such magnitude are characteristic solely
of interpolation calculations; in the extrapolation of data the
errors usually increase several times. The application of
other computer programs leads to errors of the same order of
magnitude®S%¢,

Despite the considerable number of experimentally deter-
mined parameters for calculations in accordance with the
topological scheme, the final result depends in many respects
on the intuition of the investigator, who must choose cor-
rectly the test substances’. In order to increase the accu-
racy of the calculations and to reduce the required number
of empirical parameters, the treatment has been restricted in
certain studies to isotopological series of compounds, which
reduces the error of the calculation almost by a factor of
two®. Another (similar) characteristic of the sorbates—the
degree of bonding—has been used also to calculate retention
parameters®®. The bonding indices have been employed to
calculate the retention of polycyclic aromatic hydrocarbons®®?,
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alcohols, ketones, and ethers on polar stationary phases'®’
and of hydrocarbons, ethers, carbonyl compounds, and
aleohols'®? on weakly polar stationary phases. It has been
shown’? that, whereas the employment of bonding indices for
hydrocarbons has resulted in an error of calculation less than
one unit, for oxygen-containing compounds the error is much
greater (between 5 and 190 units). The errors can be
reduced only by employing multiparametric equations.

The data described above permit certain conclusions. The
principle of the additivity of the molar free energy of solution
(for the determination of I, In Vy, and In K) does not hold
even for members of a homologous series and can be used
only for a preliminary estimation of the order of magnitude
of the yields of the test components. The contribution of
each functional group to the molar free energy of solution
depends to a large extent on the influence of the neighbour-
ing groups of atoms, which makes it necessary to resort to
methods of topological analysis for a complete quantitative
estimation of the interaction energy. The method of topo-
logical analysis as well as multiparametric equations with
empirical constants can ensure a comparatively low error of
the calculation (approximately 5-10 units), but such methods
require a large number of preliminary experimental data. The
greater the number of empirical constants used in the calcula-
tion, the greater the accuracy. The value of the data
obtained by this approach is also reduced by the fact that
they are of the interpolation type, the errors increasing
appreciably on extrapolation of the equations to higher
homologues. Consequently the methods employing the prin-
ciple of additivity can be regarded only as a first approxima-
tion in the calculation of retention data and also as a conven-
ient method of an abbreviated formulation of experimental
information for homologous and isotopological series of
sorbates.

I11. CORRELATION BETWEEN THE RETENTION PARAMETERS
AND THE PHYSICOCHEMICAL PROPERTIES OF SORBATES

Purely empirical methods based on the principle of additiv-
ity for the calculation of the retention characteristics require
preliminary experimental studies if sufficiently accurate
results are to be obtained. It is useful to attempt to diminish
the set of predetermined parameters by introducing into the
equations parameters related to the physicochemical proper-
ties of the substances to be separated. The retention param-
eters are related to the properties of the sorbates and of the
stationary phase and their simplest correlations with the
properties of sorbates merit particular attention.

The boiling point of the sorbate Tp is the characteristic
most widely used for correlations, because it is one of the
most readily available. The following relation has been post-
ulated in a series of studies?®®71%%;

InVy =4k, + kT . (8)

Indeed the relative retention volume r can be expressed in
terms of Vy and the activity coefficient v:

r=VuVu, = 11P30 (9
where p° is the vapour pressure of the pure sorbate. Then
Inr = In(yy/v;) + In (pa/ph) (10

According to Trouton's rule (a not altogether correct approx-
imation), the molar entropy of evaporation AS, at the boiling
point of a given substance is constant, whereupon

RTInp® = ky— AH, , (11)
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where AH,, is the molar heat of evaporation. Subject to a
series of significant stipulations, the molar heat of evapora-
tion can be replaced by the boiling point, which permits a
reformulation of Eqn.(11):

Inp’=ky+ kT (12)

Finally, if it is assumed that v,/y, is constant, we obtain an
equation of type (8) linearly relating the boiling point of the
sorbate to its retention.

All the assumptions made virtually reduce the applicability
of the linear relation between the logarithm of the retention
volume and the boiling point of the sorbate to the members
of a single homologous series and even here the relation is
considerably strained. This is indicated by data obtained for
paraffins and olefins on non-polar stationary phases, i.e. for
the most ideal solution; for this correlation, s® = 2%.2°* The
average standard error of the calculation for simple mono-
functional compounds based on the linear relation between I
and Tp amounts to 5 K when Apiezon L and Carbowax-20M
are used as the stationary phases, the error increasing for
the lowest members of the homologous series!*®. The relation
holds accurately for isomeric hydrocarbons, which actually
makes it possible to correct some boiling points of sorbates!!.

The use of the correlation between the boiling points of
sorbates and their retentions can be recommended only for
non-polar stationary phases. With increase of the polarity of
the stationary phase, the correlations become non-linear!®-1% 113
To correct this disadvantage, various correction factors have
been proposed. For example, the ratio z of the number of
carbon atoms in the aromatic ring to the total number of car-
bon atoms in the molecule has been employed’!®. The equation
derived is applicable to alkylbenzenes with Carbowax-1500 as
the stationary phase:

I =6.5T+ 7.662-- 305 . (13)

The average standard deviation of the data evaluated by this
equation for C,—C,; alkylbenzenes is 6.5 units. Particularly
large deviations from the linear relation between I and T} are
observed in cases where there is steric hindrance to the
interaction: for aromatic hydrocarbons®*3*~*'® phenols?’,
and heterocyclic compounds!’®. The claims that the devia-
tions s for correlations of this kind involving a series of
different classes of substances, including polar compounds,
do not exceed one unit are rendered unreliable by all these
factors?!?124,

As stated above, the similarity of the properties leads to
a satisfactory correlation between I and Tp for isomeric
compounds. The difference between Kovidts indices for such

compounds Al is linearly related to Tp :12%126

Al = kAT, , (14)

but the proportionality coefficient k varies within wide limits.
For example, Kovdts and Vehroi’?”>*?® have found it to be 5,
while Gastegnau and Villesot'?® obtained a value of 6.5.

Since the molar heat of evaporation varies somewhat with
temperature, it has been suggested®®’ that the column tem-
perature T, be taken into account by the relation

IV, = ky + ks Toi T (15)

where Vg is the specific retention volume. A family of paral-
lel lines have been obtained in terms of the variables of this
equation for hydrocarbons on the silicone elastomer E-301
and have been used to identify substances in homologous
series'®1713% although more careful studies!®* indicate some
curvature in relations of this kind.

The availability of the boiling points of many organic com-
pounds has led to a large number of attempts to employ T} as
a parameter defining retention. For example, the tempera-
ture retention index has been proposed®®®. It is related to
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the Kovdts index in the following manner:

(]g Ve — !g VN/L), (lg l/‘\('l-*l) - lg V/\’n) =

= (Tbx — sz)/"( Tz.(nﬂ) - Tl:n) 3 (16)

where the subscript x refers to the test substance, n to the
n-paraffin with n carbon atoms in the molecule, and n+l to
the n-paraffin with n+1 carbon atoms in the molecule.

By analogy, the following form of the index has been put
forward!®®:

Iy -= 1000 4 100 (18 Try — 18 Tin) (1€ Topnrsy — 18 Tin) 7
and Shlyakhov et al. proposed yet another formulation!®®:
1 = (Tox — T (Toguany — Toa) -+ 1001 (18)

The average discrepancy between I and I,, is 16 units and
even on non-polar sorbates such as isoparaffins this guantity
is 5.1 units!®*, which significantly reduces the value of such
indices for practical GLS: however, some workers®® believe
that it is possible to employ the temperature retention index
for hydrocarbons. _

The molar volume of the sorbate V is also used to set up
correlations with retention parameters. A linear relation
between V and lgr has been established for a non-polar sta-
tionary phasel®"¥3° put, with increase of the polarity of the
stationary phase, the correlation between these quantities
disappears. A similar correlation has been found for
alkynes'®®. The molar volumes of organic compounds are less
readily available than the boiling points, which has been one
of the main causes of the small popularity of such correlations.
Furthermore, correlations of this kind are valid only for a
limited number of systems.

The refractive index and the molar refraction characterise the
ability of the sorbate to exhibit a dispersion interaction with
the stationary phase. Correlations between these quantities
and the retention parameters have been found in a number of
studies, for example, for acid esters on a silicone stationary
phase!®” and for hydrocarbons on phthalate esters'®*®., In the
latter case the discrepancy between the experimental and
calculated data is on average 4 units. Correlations of the
same type have been found for dimethylbiphenyls and
xylenes'?®, perhalogenoalkanes®*’, and certain other classes
of organic compounds***1*2. The attempts to establish cor-
relations between the retentions and the parachors of sor-
bates has been described!"®.

It has been shown'*® that In V) is proportional to the quan-
tity (M - 170)1/3 for organoarsenic compounds on a silicone
stationary phase (M is the molecular weight of the sorbate).
By analogy with the Kovdts retention indices, a molecular
retention index has been proposed®**, using the molecular
weights of the test substance and n-paraffins. In the pres-
ence of steric hindrance to intermolecular interaction, the
correlation between the retention and the molecular weight
disappears'*®. However, the molecular weight of the sorbate
as well as its refractive index and molar refraction can be
correlated solely with the energy of the dispersion inter-
action and for this reason the application of the above
quantities is limited solely to non-polar systems, where the
dispersion interaction plays the main role.

The orientational and inductive interactions of the sorbate
with the stationary phase can be taken into account by
resorting to the dipole moment of the molecule n (the orien-
tational interaction energy is proportional to the square of
the dipole moment of the species). The following equation
has been proposed!*®’'*7 for the relation between the reten-
tion volume and the dipole moment of the sorbate molecule:

InVy =k + ko« (19)
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However, the dipole moment enters into this equation with a
power exponent of unity, which conflicts with the equation
for the orientational interaction energy. A correlation
between the retention characteristics and the molecular dipole
moment of the sorbate has been found for xylidines*®,
although such correlations have not been observed for
oxygen-containing compounds®*®. The proportionality of the
"polar" component of the retention volume to the square of
the molecular dipole moment of the sorbate has been estab-
lished for mononitro-derivatives of aromatic hydrocarbons®®’;
on passing to dinitro-derivatives, the proportionality ceases
to hold.

We believe that the use of the dipole moment of the entire
molecule in the description of the intermolecular interaction in
gas-chromatographic solutions is incorrect, since the orienta-
tional interactions in such solutions takes place between bond
microdipoles'®*. A correlation between the retention and the
dipole moment of the sorbate molecule is therefore hardly
general. The sanme considerations apply also to another
correlation parameter—the dielectric constant of the sorbate
molecule!®®1%2  An attempt to use the dispersion interaction
as well as the orientational forces to characterise the reten-
tion has been made in a study'® where the bonding param-
eter [the term f(x)] and the dipole moment were introduced
into the equation

Lo () kg i ky (20)

The average discrepancy between the retention parameters
calculated by this equation and found experimentally is 5-6
units.

The linear correlation postulated’®® between Vg and the
viscosity of the sorbate has been tested for a series of
dinitriles in polar stationary phases.

The size and shape of the molecule are taken into account
by the Wiener three-parameter equation for the calculation of
the Kovdts indices of alkylbenzenes!®»57, This approach is
intermediate between the pure empirical calculation from the
atomic group increments and the attempts to employ a definite
physical parameter of the sorbate molecule.

Apart from the physical parameters of sorbate molecules,
chemical characteristics such as the Hammett, Taft, Jaffé,
and Palm constants have also been used to establish correla-
tions with retention parameters. The Hammett—Taft constants
are related to the ionisation potentials of molecules and are
determined empirically from the reactivities of specific func-
tional groups. In particular the Hammett constants charac-
terise the energy of the hydrogen bond with phenols.

A relation was derived!®® for a pair of substituted phenols
(subscripts 0 and x), which includes the Hammett constant o,
the constant k,, and the activity coefficients of the phenol
molecule (y) and of a homomorphous molecule which does not
form a hydrogen bond (y*):

1N (yo/7x) = In (yo/ys) + by (21)

1t follows from Eqn.(20) that, in order to ensure the
linearity of the relation between the activity coefficients and
the Hammett constants, the ratio yg‘/y; must be constant,
i.e. Eqn.(21) is valid only for an isotopical series. As a
rule, this is the case for isomeric compounds where the
hydrogen bond energy makes a significant contribution to
the overall intermolecular interaction energy. When a poly-
ester stationary phase was used, a linear correlation between
In (y;‘/«(*) and ¢ for phenols was observed with a correlation
coefficient of 0.89 and an error s’ of 3%.'%® This correlation
coefficient for GLC data is extremely low, which indicates a
low suitability of the correlation between the retention char-
acteristics and the chemical constants for a priori calculations
in GLC. A detailed thermodynamic analysis of the application
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of Hammett—Taft contants in chromatographic calculations has
been carried out!761,

The application of Hammett, Taft, and other constants is
to some extent justified when there is a significant contribu-
tion of specific interactions (for example, hydrogen bonding)
to the overall molecular interaction energy in the gas-chro-
matographic solution. There is hardly any physicochemical
justification for the application of these constants in the cal-
culation of the retention parameters of aromatic hydrocarbons
and some of their derivatives. However, numerous attempts
to find linear correlations of the type!?%162:170

Inr—=ky + ko,

(22)

have in fact been made for such systems.

A more complex equation, containing a series of Hammett
constants (o;, 0,, and 0;) has been proposed"® for the
retention parameters of derivatives of aromatic hydrocarbons
on Apiezon L and Carbowax 20M:

AInVy =kio, + ky0, -+ kyoy | (23)

The proportionality constants in this equation are found by
regression analysis. The relative average standard devia-
tion of the calculated data from experimental quantities was
1.5% for the system investigated. The comparatively high
accuracy of the proposed computational method can be
explained by the introduction into the equation of three con-
stants with three proportionality coefficients: even without a
physicochemical justification, the use of an empirical three-
parameter equation can ensure approximately this accuracy
of the calculation.

As already stated above, the application of Hammett type
constants for the construction of correlations between the
retention characteristics and the physicochemical properties
of the sorbate is justified only for systems with a significant
specific interaction. For the remaining systems (and these
are the majority in GLC), one has to introduce a series of
correction factors, including the interaction factor i, the
resonance factor R, and the Taft constant g,:'"

Inr =k (0,4 (AGR) - ky .
172-175

(24)

A number of studies , in which the characteristics of
the steric hindrance to intermolecular interaction E]-, the con-
tribution of the structural element of the sorbate molecule to
the retention index I;, and the empirical increment of the
Kovdts index for the selected structural group in the alipha-
tic compounds Il9 were used in the calculations, have been
carried out on the application of the Taft constant to the cal-
culation of the retention indices of bifunctional compounds
(dihalogenoalkanes, halogenoepoxy-compounds, and ethers):

li= 17 + kyo L k,E; . (25)

Correlations between the retention parameters of alkyl-
benzenes and the Taft constants have also been found in
another study'’®. Correlations have also been established
between the retention parameters of tri- and tetra-methyl-
benzenes and the Jaffé constants'’’, between the retention
parameters of aromatic hydrocarbons and their ionisation
potentials'’®'7%, and between the retention parameters of a
series of sorbates and the Palm constants and the Newman's
rule of six'®%*®!  The following equation was found to hold
in the study of alkylpyridines on Carbowax-400, glycerol,
Apiezon L, and dinonyl phthalate with a correlation coeffi-
cient of 0.99 and s = 0.0211n Vy: %

Ya -
g gt R ootk ) Es (26)
yX VX

where Eg is the steric Palm constant. The following equation
has been derived!®® for the retention parameters of phenols

on silicone OV-225 and neopenty! glycol adipate using the
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molecular refraction R, (Ig;—data for the standard com-
pound);

L=bds 4 by Y 0+ ks D Ryt Ky ©n

It has been suggested®'®® that the mean square of the
molecular radius be used in combination with the boiling
point, or the molecular weight, or the density of the sorbate.
The employment of such two-parameter correlations makes it
possible to calculate the retention parameters for isoalkanes
with s ranging from 1.3 to 5.5 units, the error of the calcula-
tion increasing with increase of the number of carbon atoms
in the isoalkane molecule.

The single-parameter relations for the retention parameters
presented above suffer from a very significant disadvantage:
in their derivation it is postulated that the retention in GLC
depends only on the properties of the sorbate, i.e. that the
stationary phase should not make any contribution to the
retention of the sorbate. Such neglect of the influence of
the intermolecular interaction in gas-chromatographic solu-
tions cannot fail to be reflected in the accuracy of correla-
tion calculations of this kind. Only single-parameter rela-
tions describe the behaviour of the pure sorbate and not the
properties of the solution and therefore such relations are at
best useful for the description of the retention of small
groups of sorbates with similar physicochemical properties
using non-specific stationary phases (non-polar phases are
best). An increase in the number of parameters in the cor-
relation equation increases the accuracy of the calculation
not so much because of the more complete allowance for all
the intermolecular interaction factors in solutions as by
virtue of the minimisation of the errors in the employment of
a large number of empirical proportionality coefficients.

One of the successful trends in the use of two-parameter
correlation equations has been developed by Dimov and
coworkers*®*™1% | who postulated a correlation between the
Kovdts indices and the molar volume and the vapour pres-
sure of the sorbate. In the derivation of correlation equa-
tions use is made of the Hildebrand—Scatchard theory of
regular solutions, according to which a relation of the follow-
ing type holds:

r= }"l‘ﬂvzl (28)
(subscripts 12 and 21 show that the given quantity is the
ratio of the corresponding characteristics of substances 1 and
2 being compared). According to this theory, for athermal

solutions the free energy of solution is limited by the change
in molar entropy on dissolution:

AS!=—RInV,, . (29)

The last two relations are based on the so-called physico-
chemical interaction indices (PCI). However, although two
independent parameters of the sorbate were used in the cal-
culations, the accuracy of the calculated data is far from
being acceptable: for example, the mean square deviation of
the PCI from the experimental values of I for isoparaffins on
squalane was 7 units’®. Such deviations are not surprising
bearing in mind that solutions of isoalkanes in a paraffinic
stationary phase can never be treated as athermal®®s,

The significant errors in the calculation caused Dimov and
coworkers to introduce a series of corrections, which are
treated as corrections to the entropy of solution (more cor-
rectly this was an attempt to compensate for the deficiencies
of the extremely simplified model of the gas-chromatographic
solution). This correction (SN) was calculated from the
following equation:

SN =kp+kXy = + 8K HRX + R X+ (30)
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where Xi = ng, X, = np-cH,/ng,, X; = (np +* ncy,)/(ng +
n-nt), X, = nanHS/nL(N - nt), ng is the number of pos-
sible conformations of the carbon chain of the molecule, np
the number of n-butane units in the sorbate molecule, nj, the
length of the n-paraffin chain, n; the number of quaternary
carbon atoms, and n the number of carbon atoms in the mole~
cule.

Although Egn.(30) involves the characteristics of the
molecular structure of the sorbate, no justification for this is
presented. Thus it reduces to a typical equation for correla-
tions using the regression analysis of the experimental data.
As was to be expected, the employment of additional five
empirical proportionality coefficients made it possible to
reduce the error of the calculation for isoalkanes on sgualane
to 1.4 units'®; it must be emphasised that this error char-
acterises interpolation calculations. When attempts were
made to extrapolate the relations to higher homologues or
isoalkanes with a larger number of carbon atoms in the mole-
cule, the error increased severalfold (for practical GLC, the
greatest difficulties arise precisely for alkanes with a large
number of carbon atoms in the molecule, for which as a rule
there are no published retention characteristics). For
example, the employment of the relations obtained!®! in the
extrapolation calculations of the parameters I of isoalkanes
entails an error of approximately 5 units. The method of
Dimov and coworkers has been used for the interpolation
calculations of the Kovdts indices for alkanes!®?, alkyl-
benzenes'®®, and cycloalkanes®®*. _

It has been suggested that the ratio I, /TpV (I are the
retention indices of halogenoalkanes when the standard com-
pounds used in the calculations are not n-alkanes, as for
the Kovdts indices, but the corresponding halogeno-n-
alkanes) be employed for interpolation calculations®®®., For
halogenoalkanes, this ratio is approximately constant, but, on
passing to more polar sorbents, for example, alcohols on
squalane!®’, it becomes variable. On the other hand, when
stationary phases of the type of Carbowax are used in the
separation of n-alkyl alcohols, the above ratio again becomes
constant. Thus a necessary condition for the constancy of
the ratio is the similarity of the physicochemical properties of
the sorbate and the stationary phases. However, even when
this condition is observed, the attempt to apply I/TpV as a
characteristic of isoalkyl alcohols showed that it depends on
the structure of the sorbate molecule *°,

An attempt at a thermodynamic justification of the preferen-
tial employment of the entropy factor for the calculation of
the retention parameters of hydrocarbons has been made®®
using the Flory—Huggins equations. The free energy of mix-
ing was treated!®® as the sum of the contributions of the
entropy of mixing and the residual free energy of solution.
Comparison of the calculated and experimental data for iso-
paraffins on Apiezon M showed that s = 3 units for this
method. A formula has been proposed’®* for the retention
index using the ratios of the molar volumes of the sorbate
and the stationary phase. The error of the interpolation cal-
culations using this retention index for C;—C; isoparaffins
(stationary phase—squalane) is 1.5 units and is close to the
error of experimental data.

Unfortunately, even the two-parameter relations based on
the properties of the pure sorbates do not permit the attain-
ment of the required universality in calculations of the
retention. It is not fortuituous that the method of calcula-
tion using eight additional empirical characteristics, which
require the use of computers for the necessary calculations,
was described in one of the latest communications by Dimov®.
An example of the correlation equations proposed by Dimov
for isoalkanes is given below?°’:

SN = 4.28 —0.79n, + 0.27n;— 0.05n, -+
+- 2.46n¢n, + 1.50n, —2.21n + 0.57n, (31)
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where n; is the number of branches in the main carbon chain
of the sorbate molecule, n; the number of carbon atoms in the
branches of the sorbate molecule, and ng the number of
methylene groups located between the branches of the carbon
chain of the sorbate molecule.

Analogous equations have been derived with a series of
empirical constants for olefins, cycloalkanes, and alkyl-
benzenes. In order to set up the necessary computer pro-
gram, it is necessary to employ the experimental data for 17
to 20 hydrocarbons. The mean square deviation of the cal-
culated data is approximately 2 units. It must be emphasised
that all the calculations are of the interpolation type.

Takacs and coworkers?”’ 72?7 attempted to use not only the
properties of the pure sorbate but also the characteristics of
their interaction with the stationary phase for the derivation
of correlation equations; this is undoubtedly an advance in
the development of scientifically based methods for the cal-
culation of retention in GLC. The properties of the pure
sorbate are characterised by the sum of the atomic contribu-
tion I; and the bond contribution I, while the interaction
with the stationary phase is estimated in terms of the quan-
tity I;:

I=I 4L L Ly s (32)

where I, is the molecular index. The computational scheme
postulates the additivity of all the increments of the equation,
1q is assumed to be 0.1 of the atomic weight of the given atom,
and Ip, is calculated by an iterative method from the experi-
mental data using the number of bonds of the same type. The
ratio of I; and Iy, was chosen in such a way that it is 25% of I
at 100 °C and 25.5% at 50 °C.?°?72°% Unfortunately, the cor-
rection for the influence of the stationary phase was assumed
to be constant for all sorbates, which makes the above con-
cept a variant of correlations with physicochemical properties
of sorbates. The advantages of Takacs's method includes the
endeavour to treat the retention parameters by resorting to
molecular constants, excluding empirical characteristics of
the individual sorbates such as the boiling point, the molec-
ular weight, the refraction, etc.

In the calculation of the retention indices of the Cy—~C,, iso-
paraffins on squalane the error of the calculation was 1.25
units, ?°° which is comparable to the experimental error. In a
later study?®’® this error was as much as 2.7 units. An attempt
has been made®'® to calculate the retention indices of olefins
on squalane using the Takacs method: the average standard
error (based on interpolation data) was then 16.7 units and
for linear undecenes it was 14.5 units. The introduction of
new corrections for the calculation of the Kovdts indices made
it possible to reduce the error to 3.7 units*’®. It has been
found?®°® that the ratio I;/Ip is not the same for different
sorbates; this to a large extent vitiates the Takacs equation.
The large number of empirical parameters and the arbitrary
nature of the derivation of the relations in the Takacs
approach have been pointed out?’!. However, the approach
itself has been applied in a number of subsequent studies.
For example, a method has been described?’® for the calcula-
tion of I for alkylbenzene on Apiezon L, Carbowax-20M,
diethylene adipate, and diethylene sebacate with the aid of a
computer. The Kovdts indices for alkanes have also been
calculated®!®.

An increase of the number of factors involved in the cal-
culation is characteristic of many studies in which the reten-
tion indices of sorbates are related to physicochemical char-
acteristics. A multifactor correlation equation for the specific
retention volume, including the molecular weight of the
sorbate M and the n-electron cloud density p;, has been
proposed?'®2t%; the quantity Eg provides a measure of the
steric hindrance to intermolecular interaction:

InV.c =M - kyoq REg -k (33)

PR
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The coefficients of this equation are calculated by regression
analysis from the experimental retention parameters. How-
ever, even this large number of empirical parameters does
not enable one to obtain sufficiently accurate results in cal-
culations by Eqn.(33); in the calculation of the Vg for poly-
substituted aromatic hydrocarbons the error s’ = 25% and can
be reduced only by taking into account additional empirical
corrections.

Thus the more complex the structure of the sorbate mole-
cule, the greater the number of physicochemical characteris-
tics which must be introduced into the equation for the cal-
culation of retention characteristics. In practice it is
impossible to isolate 1-2 dominant physicochemical parameters
of the sorbate which would ensure a sufficiently high
accuracy of the calculated data. The endeavour of some
investigators to employ for this purpose the methods of fac-
torial analysis®*7??!, where the maximum number of sorbate
parameters are introduced into the computational equations
and then the characteristics which influence the retention
parameters to the greatest extent are selected on the basis
of experimental data, therefore appears to be quite natural.

Studies have shown?®!" that the most important parameters
of the sorbates are the molecular weight, the molar heat of
evaporation, the molar refraction, and the constants of the
equation of state. The molecular weight and the molar refrac-
tion characterise mainly the energy of dispersion interaction,
while the remaining characteristics refer to the overall quan-
titative estimate of the energy of the interaction of the
sorbate molecules with one another. Less important factors
are the boiling point and the logarithm of the vapour pres-
sure of the pure sorbate. Its density, dipole moment, vapour
pressure, and dielectric constant are parameters for which

the correlation with the retention characteristics is very weak.

The smallest error of the calculation (approximately 5 units
for butyric acid esters) is attained when one of two sets of
sorbate parameters is used: (1) the boiling point, the van
der Waals constants, the molar refraction, and the specific
contribution of the ester group to the intermolecular inter-
action and (2) the boiling point, the van der Waals constants,
the specific contribution of the ester group to the intermolec-
ular interaction, and the number of carbon atoms in the mole~
cule’?’. When an attempt was made to calculate the retention
parameters of eighteen aliphatic acid esters on 25 stationary
phases, it was shown’?? that the correlation of the results
with five sorbate parameters ensures s = 2.8 units, an
increase of one in the number of parameters employed reduc-
ing the error to 2.1 units.

A variant of factorial analysis has been used in studies??®
224 where the retention factors P of alkylpyridines and
ketones were calculated using a parameter proportionai to the
size of the sorbate molecule x,, its polarity x,, the charac-
teristic of the steric environment of the functional groups x,,
and the number of pairs of vicinal alkyl groups x,:

P o=k, 4 kyxy 4 gy -+ kyxy 1 gy (34)
A modification of this equation was presented in a subsequent
study by the same workers??®, where the dipole moment of the
sorbate molecule (p) and the number of alkyl substituents in

the a-position relative to the functional group (n,) were usead:

I = by kart + Fgu + begny (35)

The last equation was used to calculate the retention param-
eters of derivatives of aromatic hydrocarbons and pyridine on
stationary phases such as Apiezon L, Carbowax 20M, silicone
XE-60, and diethylene adipate; s’ = 3% for phenols, s = 56
for anilines, ¢ = 14 for alkylbenzenes, and s is up to 32
units for polar benzene derivatives. Such errors show that
the last two equations yield only estimates.
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Thus analysis of the attempt to use only the physicochem-
jcal characteristics of the sorbate without taking into account
intermolecular interaction in gas-chromatographic solutions
permits the conclusion that a more or less accurate calculation
of retention parameters requires the employment of a number
of empirical parameters together with the selected physico-
chemical constants, which is so large that the complexity of
the calculations approaches that of the calculations using
topological analysis. Thus the employment of only the char-
acteristics of the sorbate does not lead to the solution of the
problem of the calculation of retention parameters, because
one then ignores the influence of the stationary phase on the
intermolecular interaction in solution. The choice of one or
several parameters of sorbates for the calculation of retention
parameters can be justified only for a comparatively narrow
range of substances and only for interpolation calculations.

The attempts at quantum-mechanical calculations of reten-
tion indices using the Hiickel method of linear combinations
of molecular orbitals are actually close to the above group of
methods?%¢:

I =kE+ D kQi+ ks (36)
where E is a dimensionless parameter which depends on the
molar volume of the sorbate and the overall energy of the
electrons in the molecule and @; is the effective charge on
the ith atom of the sorbate molecule. The application of Eqn.
(36) to the calculation of Kovdts indices for cyclohexane
derivatives on Apiezon L leads to s = 14.5 units. A reduc-
tion of the errors to 7—8 units is achieved when E is replaced
by the sum of the indices referring to the o- and m-electrons
of the sorbate molecule??’. The average deviation of the
calculated data from the experimental results for 59 deriva-
tives of cholestanyl acetate on SE-30 silicone is 5.7 units,

the error increasing to 19.2 units on QF-1 silicone and to

39 units on more polar stationary phases. In calculations for
narrow groups of sorbates, the error falls to 0.3 of a unit??®
228 The errors of calculations using quantum-mechanical
data show that it is undesirable to employ characteristics of
this kind: quantum-mechanical calculations for complex
molecules are extremely laborious and the information
obtained concerning the distribution of electron density in
the molecule is only partly employed for calculations on the
intermolecular interaction. Finally, the large number of what
are essentially empirical parameters in the quantum-mech-
anical calculations for complex molecules of organic sub-
stances makes these methods similar to purely empirical
procedures.

GLC practice has shown that the influence of the stationary
phase on the retention must be taken into account in all
methods for a priori calculations. Numerous instances have
been described in the literature where a change in the nature
of the stationary phase not only alters the relative retention
parameters but also alters the sequence in which the sub-
stances are eluted from the column. Such phenomena are not
reflected in any of the equations quoted in this section of the
review. From this standpoint, it would appear to be useful
to combine in the computational equations both the properties
of the pure sorbates and the characteristics of the stationary
phase. The latter quantities can be specified in terms of the
Rohrschneider®?® or MacReynolds equations. When the three-
parameter Rohrschneider equation is used, the error s in
calculations for simple monofunctional sorbates is 12.6 units,
while the application of the five-parameter Rohrschneider
equation to the same systems lowers the error to 4.1 units.
An intermediate error (6 units) has been obtained using the
four -parameter Rohrschneider equation?®?, Similar correla-
tions have been used®®’ on 14 polysiloxane stationary phases
for esters; the correct choice of test substances reduced the
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error of the calculation from 6.7 to 4.7 units®*?. The con-
stants of the MacReynolds equation proved to be less suitable
for calculations than the corresponding constants of the
Rohrschneider equation®®®: the errors for the three-param-
eter equation reached 30 units.

A series of column parameters and three—four constants of
the sorbate have been used in the calculations of the values
of I for alcohols, ethers, olefins, and aromatic and aliphatic
hydrocarbons on Apiezon L, OV-25 silicone, and 5CP silar?®*
with the column temperature programmed in the range from
25° to 250—300 °C. The MacReynolds constants, the molecular
weight of the sorbate, its boiling point and molar volume were
used. The discrepancies between the calculated and experi-
mental data were 8-10 units.

An attempt to combine factorial analysis with the topo log-
ical method has been described in a study?®®, where the
advantage of such combinations is emphasised. On the other
hand, the influence of the stationary phase on the separation
is taken into account by the appropriate choice of test sub-
stances, whose initial empirical constants are determined.
The nature of these test substances must be as close as pos-
sible to that of the substances investigated.

Thus the data examined show that, only by resorting to
the characteristics of the interaction of the stationary phase
with the sorbate, can one devise an acceptable method for the
calculation of the retention parameters of sorbates differing
in physicochemical properties. The neglect of the influence
of the stationary phase on the retention converts computa-
tional methods into specific procedures with extremely limited
applications.

1V. THE POSSIBILITY OF USING THEORIES OF SOLUTIONS
FOR THE CALCULATION OF RETENTION PARAMETERS

In contrast to the correlations between the retention param-
eters and the properties of pure sorbates, the application of
the theory of non-electrolyte solutions makes it possible to
relate the intermolecular interaction energy in solution to the
retention parameter of the sorbate. From this standpoint,
the employment of theories of solutions is extremely promising
for a priori calculations of retention parameters. Unfortu-
nately, the lack of a general theory of dilute non-electrolyte
solutions or at least of a theory of gas-chromatographic solu-
tions has largely retarded the application of individual
variants of theories of solutions to practical calculations of
retention parameters. Most of the theories of solutions
employed model ideas which simplify unduly the picture of
the intermolecular interaction in the gas-chromatographic
solution .

Gas-chromatographic solutions have the following specific
properties*5!: (a) the concentration of the solution is
extremely low and as a rule ranges from 0.1 to 0.001%,

(b) the sorbate molecule is much smaller than the molecule of
the stationary phase and the intermolecular interaction there-
fore involves the entire sorbate molecule and part of the
molecule of the stationary phase, and (c¢) the temperature of
the stationary phase in the chromatographic column is usually
closer to its melting point than to its boiling point, which
makes it preferable to use the structure of the solid as an
approximation to the structure of the stationary phase. The
low concentrations of gas-chromatographic solutions suggest
that the main type of interaction in them is that between the
sorbate molecules and the surrounding molecules of the sta-
tionary phase. The concentration effects in dissolution play
only a secondary role for gas-chromatographic solutions,
whereas in the classical theories of solutions mainly concen-
tration effects are investigated!>2.
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In comparing data obtained in the classical theory of
solutions and the quantities characteristic of GLC, one
should note that these two groups of data differ significantly:
in the traditional theory of solutions the principal aim is to
study the changes in the properties of substances on mixing
(the liquid components are mixed), whereas in the study of
gas-chromatographic solutions the main question is the alter-
ation of the energy characteristics of the substance when it
passes from the gas phase to the solution. The only thermo-
dynamic quantity which has the same significance for the two
approaches being compared is the activity coefficient y and
we shall therefore endeavour to confine ourselves to the
consideration of attempts at calculations of this parameter.

Many theoretical concepts of the classical theories of non-
electrolyte solutions are inapplicable, in principle, to gas-
chromatographic solutions. These include all the theories
which treat the liquid as a set of solid spherical particles.

In view of the wide variety of gas-chromatographic systems
consisting of molecules with comparatively complex conforma-
tions, only phenomenological theories of solutions can be used
for gas-chromatographic calculations.

Since the model of the solid state constitutes the best
approximation to the structure of the gas-chromatographic
solution, theories treating the liquid as a quasi-crystal lattice
have gained great popularity in GLC: each atomic group of
the molecules of the stationary phase in the sorbate occupies
one site in such a lattice. The ideas of Miller and Guggen-
heim?*®**7 and of Flory and Huggins?*%2%° constitute the basis
of the equation which represents the excess free energy of
solution, proportional to Iny, as the sum of In v€¢ (v reflects
the change in intermolecular forces on dissolution) and In v$
(this term characterises the entropy contribution due to the
different dimensions of the molecules of the stationary phase
and the sorbate)?*’. For low values of y€, these two param-
eters can be regarded as independent and then, neglecting
the change in the energy of intermolecular forces on dissolu-
tion, one can formulate the following equation®*:

6r. T
1ny=1n(l/r1) +61In 5,1;_1 4 F (37)

where r; is the ratio of the molar volumes of the sorbate and
the stationary phase and F the interaction parameter consist-
ing of the enthalpy (Fp) and entropy components. The
following relation is valid for athermal solutions:

-~ ASYR=1In(l/r) +6In %2 L F, , (38)
5ri+1

where_i\Si is the excess molar entropy of solution. In some
cases Fg makes the main contribution to ASE. 242 gqn.(38)
has been tested experimentally in relation to the retention
parameters of paraffins and cycloparaffins on dinonyl phthal-
ate?3,

A somewhat different form of the Flory—Huggins equation
has been proposed for gas-chromatographic calculations®*":

Iny=Inrg-+r,+1, (39)

The authors®** point out the incorrectness of the representa-
tion of ri by the ratio of the molar volumes of the sorbate and
the stationary phase and suggest that the ratio of the num-
bers of carbon atoms in the linear chains of the molecules of
the sorbate and the stationary phase be used. If it is sup-
posed that Inr; « r,, it is possible to derive the following
correlation equation?*’:

Iny =<k -+kyy o (40)
The Flory—Huggins equation has also been used to calculate
the retention parameters of C,—C; alcohols on poly(ethylene
glycol)-400; 246 the error s in this method of calculation is

4%.
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The Flory—Huggins ideas describe fairly satisfactorily the
energy contributions associated with the difference between
the sizes of the molecules of the stationary phase and the
sorbate; unfortunately the problems of the calculation of
Fg and P—‘h have been inadequately investigated to date. The
Hildebrand—Scatchard theory for regular solutions can be
applied to calculations of Fy using the so-called solubility
parameter 8 = [(AH, — RT)/V1°°. When the latter is taken
into account, Eqn.(36) can be formulated thus:

6ry . A

Iny - In(l/r)+6In—"—+

Y s sy
s

(41)
where V* is the apparent molar volume of the sorbate.

In calculations of the retention parameters of Cs—C, iso-
paraffins, C;—C; olefins, and cycloalkanes with the same
number of carbon atoms in the molecule, the error is
s° = 1.8%. "> However, the quantity V* is to a large extent
formal and all the factors contributing to the entropy of
solutions are not reflected in Eqn.(41); furthermore, the
need to determine the molar volumes and heats of evaporation
increases the difficulty of the preliminary experiments
required for calculations involving this equation.

Eqn.(41) is applicable only to systems in which the species
are linked solely by dispersion forces. On the other hand,
if orientational and inductive forces are manifested in the
solution, it is necessary to introduce the corresponding cor-
rections and the last term on the right-hand side of Eqn. (40)
assumes the following form®'®:

Vr o 2o | (.2 20 ;
F’i‘ [(‘ 1 ‘&:)" = (W ) =1}
where

825107

Vzﬁ“ (l‘i i'71 g P-T:) -
1

(0 — o2 =
The quantity f is a correction for the negative deviation from
Raoult's law. 1t is actually calculated as the discrepancy
between the calculated and experimental data. When this
equation is used for interpolation calculatiens of the retention
parameters of hexenes on dimethylformamide, s’ = 6.7%. "’
The application of the modified Hildebrand-Scatchard equa-
tion to polar systems has been discussed in detail?*®72%%,

When the last equations are employed, there are certain
difficulties associated with the necessity to determine the
molar volumes of the sorbates and the stationary phase. In
order to overcome these difficulties, it is suggested that
these characteristics be calculated by indirect methods, for
example, from the additive contributions of atomic groups?®!
and from the solubility and viscosity®®'2°3; it has also been
suggested?™?%® that the effective molar volume be used as
corrections for the surface tensions of the liquids.

The simplified ideas underlying the Hildebrand—Scatchard
theory preclude the attainment of an acceptable accuracy in
the calculation of gas-chromatographic retention character-
istics for a wide range of compounds. It is difficult to expect
that the two-parameter relation for the molar heat of solution
as a function of AH,, and V will describe correctly the entire
set of forces acting in a gas-chromatographic solution. The
conversion of Eqn.(40) into three- and four-parameter
modifications gives rise to only an apparent effect: it is
known ’!* that, when a three-parameter relation is available,
the minimisation of the experimental proportionality coeffi-
cients can lead to fairly accurate interpolated data regardless
of the nature of the correlation and the parameters employed
for it.

It has also been suggested that the parameter Eh be eval-
uated as the mean (geometrical or arithmetical) of the ener-
gies of the sorbate and stationary phase molecules?®®®

or on
the basis of Barker's theory?°”»2*®, The latter ideas have
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been used in a series of investigations®**"**? in which Fj was
treated as the result of the interaction between the individual
segments of the molecules, which gives the best description
of the real pattern of the interaction in the gas-chromato-
graphic solution. The authors®*°™?%® used the following equa-
tion:

Fr=[g (0 —wp EATIm; (42)

where q, is the total number of points of contact, u;j the
fraction of points of contact of type i for the given molecule,
m, the mole fraction of the stationary phase in solution, and
E; the interaction energy. It has been postulated that E;j is
independent of the medium surrounding the sorbate molecule.
It has been shown®®" that the quantity Fj, characterises the
molar enthalpy of mixing. Barker's theory has also been
used to calculate the retention parameters of alkanes?®° 268,
but no quantitative estimates of the accuracy of the method
employed are indicated.

Prigogine's theory of solutions has been modified for gas-
chromatographic systems?®®:

Frn Ik 4RT, Fy=k (- k)R,

Aol _(k/l’;)z (Rulr)1s ki = (£29 == €01)/%02 y
where 3k, /v is the number of external degrees of freedom of
the molecular segment, k; a constant proportional to the
depth of the potential well for the 1-1 and 2-2 interactions
of the substances and determined from the critical tempera-
ture and the volume of the hard spheres, h; the configura-
tional enthalpy, k, the configurational heat capacity, and ¢
the interspecies interaction potential. The quantity k,/r can
be determined directly. An empirical equation involving the
number of segments in the sorbate molecule has been pro-
posed for this purpose?®,

The activity coefficients of C,—C,;;, n-alkanes in C,,—C;;
n-paraffin stationary phases have been calculated to test
Eqns.(43).?** The experimental data showed that the ratio
k,/7 increases linearly with the number of carbon atoms in
the molecule of the stationary phase (the stationary phase
is designated by subscript 2 and the sorbate by subscript 1).
The authors®** used the following equation for their calcula-
tions:

(43)

F == 18(n; 4 ) [1/(ny + 1) = Vil - DI E/k T (49

The configurational enthalpy and the parameter k; were cal-
culated from the formulae
hy == AH, + RT (45)

(46)

where subscript ¢ refers to the critical parameter and Vis
the van der Waals volume.

The relative average standard deviation of the calculated
quantities from the experimental data was 0.8%. According
to the authors®*", the question of the influence of Fg on the
retention parameters remained unelucidated in view of the
inadequate accuracy of the experimental results. On the
other hand, it has been claimed®’® that F is wholly deter-
mined by Fg, while Fp has the greatest influence on the
experimental error. In fact, however, the neglect or under-
estimate of the contribution of any of the components of F to
the retention parameter distorts the real pattern of the inter-
molecular interaction in gas-chromatographic solutions, where
the influences of the entropy and enthalpy of solution on the
free energy of solution are comparable.

Prigogine's theory of solutions has been used?’! to describe
the properties of solutions of benzene in polyphenyl station-
ary phases. The entropy of mixing was calculated on the
basis of the lattice model of the liquid state and the energy
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of the intermolecular forces was calculated using the theorem
of corresponding states, although the latter employs a num-
ber of assumptions which are by no means correct.

The group method?”* operates, in conformity with its
physical significance, also with two components of the free
energy of the interaction of the sorbate with the stationary
phase, namely the entropy component yg, calculated from the
Flory—Huggins equation, and the group component vj, calcu-
lated from the equation

V= Ay (1g Y — 18 ) (47)

where npj is the number of groups k in the molecule j, ym
the activity coefficient of the structural group k in solution,
and y,",‘, the activity coefficient of group k in the pure solvent.
After a series of simplifications, the following equation has
been proposed for homologous series of sorbates, incorporat-
ing the constants of the interactions of individual structural
groups?72:
gy = ky + kollny + ky) + Roks/ng +
+ naf(ks + o) + kg (ks — m)* . (48)

All the constants in Eqn.(48) (from k; to k¢) are determined
experimentally with the aid of test sorbates. The error of
the calculated data is in this case 5-10%.

The relations for the calculation of the energy of inter-
molecular interaction by the method of the group theory have
been examined in a general form?’>?”, It has been postu-
lated that the interaction energy is additive with respect to
the structural groups of the molecule in the stationary phase
and the sorbate (the groups m}’ and m'{l respectively). For
dilute binary solutions, the excess molar heat of solution is
calculated from the equation

AHS = kys, (49)

where
kip = — Sk (mifs; — mils;) (mifs; — mi/s;) s's®,

uv
3; = 2 m'fs", kuv . guv ()5 (em 4 Euu)

Comparison of the calculated and experimental molar heats of
solution of hydrocarbons of different classes shows that the
average standard error of the calculation is 0.14 kJ mol™'. It
has been noted that the molar entropies of mixing of hydro-
carbons calculated from the Flory—Huggins equation differ
from the experimental values by a factor of 10-20. This
shows that the description of the entropy of solution cannot
be restricted to a single factor—the different dimensions of
the molecules of the sorbate and the stationary phase. As
shown in the next section, the entropy of solution consists
of 4—5 main components, among which the factor associated
with the differences between the dimensions of the molecules
of the sorbate and the stationary phase is not the main one.
Calculations of the activity coefficients by the group
method showed?” that s’ = 1.6% for acids in water, 4.5% for
alcohols in water, 2.4% for alcohols in paraffins, 5% for
ketones in paraffins, 5-8% for cycloalkanes in heptane, and
5—13% for paraffins and cycloalkanes in triethylene glycol. It
is noteworthy that the errors of the calculation are smaller
for extremely non-ideal systems such as those in alcohols and
paraffins, while for solutions close to ideality (solutions of
hydrocarbons in hydrocarbons) the errors of the calculation
are large. This apparently indicates an unsuccessful choice
of test substances for the determination of the empirical
coefficients in the case of non-polar and weakly polar sys-
tems, while the final result of the calculation depends on the
intuition of the investigator, as in factorial analysis. In the
model of the group theory, the activity coefficients are cal-
culated using a large number of empirical corrections intro-
duced in the form of interaction coefficients and the effective
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cross-sections (encounter probabilities) of individual struc-
tural groups s>V, Despite this, the given model is closest
to the approach based on the theory of group additivity and
examined in Section II of this review. The errors themselves
are also of the same order of magnitude as for the purely
empirical methods for the calculation of retention parameters.

The application of the free volume theory to the calculation
of the activity coefficients of spherical molecules has been
described?’®. According to this theory, the potential energy
of the liquid depends on the difference between its real
volume and its calculated van der Waals volume. The intro-
duction of a series of simplifying assumptions made it pos-
sible to calculate the activity coefficients of a number of
molecules containing germanium, silicon, and titanium; the
errors of the calculation proved to be smaller than those
arising in the application of the Guggenheim and Hildebrand—
Scatchard theories. A number of inorganic compounds have
been investigated in a study?’®??”7 where the free volume
theory was also used for the calculations.

The theory of conformal solutions®’®, the theory of athermal
solutions?’®?7? and the theory of regular solutions”*! have
also been used to calculate the retention parameters. The
last two theories are more suitable for correlation calculations,
because the concepts of athermal and regular solutions are
invalid for real gas-chromatographic solutions.

The study of the statistical thermodynamics of solutions
constitutes one of the trends in the theory of solutions,
which are promising from the standpoint of their application
to GLC: no model ideas, i.e. ideas simplifying the real
picture of the interaction, are then put forward. The
energy of the intermolecular interaction is calculated as the
sum of the elementary functions of state of the molecules in
solution: the intermolecular interaction energy of each con-
formation of the molecule and its statistical weight. However,
the a priori determination of these parameters still encounters
difficulties which cannot be overcome and which are associ-
ated with the inadequacy of our information about the real
conformations and interactions of the molecules in solution.
Nevertheless certain ideas on statistical thermodynamics have
begun to be used in calculations of the relative retention; for
example, the relative retentions of the stereoisomers of sub-
stituted cyclohexanoic acids have been calculated?®’, with
errors ranging from 0.1 to 1.5%, from the ratio of the parti-
tion functions based on the parameters of the rotational
spectra of the molecules.

Analysis of the data described in this section permits cer-
tain conclusions concerning the possibility of employing the
theories of solutions for the calculation of retention param-
eters in GLC. According to some results'*?®°, three main
factors contribute to the excess free energy of solution in
GLC: (a) the geometrical effects arising as a consequence
of the difference between the sizes of the molecules of the
stationary phase and the sorbate (see the Flory—Huggins
theory); (b) the energy effect associated with the energy of
the intermolecular forces in solution (F,); (ec) the structural
effect associated with the change in the conformation of the
molecule on dissolution and with the restriction of the number
of degrees of freedom on passing from the gas to the liquid
phase (Fg). The effect (a) has been fairly thoroughly
investigated and has been described mathematically, but its
contribution does not always exceed 5—10% even to the
entropy of solution. For the remaining two effects, the
modern theories of dilute non-electrolyte solutions cannot
provide an adequately accurate mathematical description,
which is the reason why workers in the field of chromatog-
raphy have been disappointed by the application of theories
of solutions to the calculation of retention parameters in GLC.
The significant model limitations (hard spheres, theorem of
corresponding states, etc.) of solution theories preclude
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their application to the description of the properties of a wide
variety of gas-chromatographic systems. The introduction

of additional empirical parameters lowers the value of solution
theories to the level of the methods of empirical calculations
of retention parameters.

V. SEMIEMPIRICAL CALCULATIONS OF THE MOLAR HEATS
AND ENTROPIES OF SOLUTION

Most of the studies on the application of solution theories in
calculations of retention parameters are associated with the
evaluation of the activity coefficients, which are not in gen-
eral direct retention characteristics: the calculation of
activity coefficients requires (in the ideal case) the avail-
ability of data on the fugacity or (usually) the movement of
the saturated sorbate vapour. At the same time the deter-
mination of thermodynamic functions for the phase equilib-
rium in gas-chromatographic systems does not require any
information at all about the vapour pressure or fugacities of
sorbates, i.e. such information in no way assists in the cal-
culation of retention parameters. Furthermore, the molar
free energy of solution (the free energy of the phase transi-
tion) as well as quantities proportional to it (I and In Vy) are
hardly susceptible to calculation by additivity methods or
methods involving the employment of correlations between
the retention parameters and the physicochemical properties
of the sorbates.

Consequently it is useful to seek a compromise, which
combines the main advantages of the theoretical foundations
of the intermolecular interaction, the solution theories, the
correlations with physicochemical properties, and the additive
contribution of individual atomic groups to the interaction
energy. We believe that the application of these ideas is
possible in the separate analysis of two main components of
the molar free energy of solution—the molar heat of solution
and the molar entropy of solution. A series of ideas in sta-
tistical thermodynamics and molecular physics can be related
to each of these thermodynamic quantities, including the
experience accumulated in the employment of the physico-
chemical characteristics of sorbates and stationary phases as
well as purely empirical approximations.

In a series of studies of Sakharov and coworkers?®172%® gag-
chrematographic solutions have been treated as quasi-crystal-
line lattices and the molar heats of solution AHg have been
treated as the sum of the energy of intermolecular forces and
the work of formation of a hole within the solvent in which
the sorbate molecule is accommodated. If the treatment is
restricted to isomeric substances, then the molar heat of
formation of the hole AHp can be neglected for comparative
calculations. The energy of intermolecular forces AHg—RT
can be quite correctly represented as the sum of the incre-
ments (AH;) due to individual atoms (or groups of atoms) in
the sorbate molecule. The energy of the intermolecular
forces between the nth atom of the sorbate molecule and the
stationary phase is calculated as the difference between the
energy of the interaction of an isolated nth atom with the
stationary phase Ep and the quantity En reflecting the inter-
molecular shielding of the same atom in the sorbate molecule,
i.e. AHp represents the effective interaction of the nth atom
with the stationary phase. It has been postulated?®'7?*® that
the values of LEy for isomeric compounds are identical and
that ALE, represents the difference between the molar heats
of formation of these isomers (this claim is not altogether
correct). Finally, it has been suggested that the molar
entropy of solution is proportional to the molar heat of solu-
tion or, in other words, that the molar free energy depends
solely on the molar heat of solution.
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Linear correlations between In r and the difference between
the molar heats of formation of isomers have been found
experimentally for C,—C, alkanes and cycloalkanes using a
non-polar stationary phase. This made it possible to formu-
late the following rule: "of two isomers with similar struc-
ture, the resonance and polar factors in the molecules of
which are equal, the isomer with the greater (molar) heat of
solution in the non-polar solvent has a smaller (molar) heat
of formation"?®1. It is noteworthy that the suggested analogy
between the energy of intermolecular forces in solution and
the energy of formation of the molecule is formal, which is
the reason for the considerable scatter of experimental points
in many instances relative to the calculated relations. For
example, the relations between the Kovdts indices of isomeric
olefins and their molar heats of formation®®® consist of a
family of straight lines with different slopes and each
straight line corresponds to a group of isomers with the same
number of branches in the carbon chain around the double
bond. Similar relations have been found for alkylbenzenes
and certain other classes of compounds. The disadvantages
of this concept include the correlation of the retention char-
acteristics solely with the properties of the isomers being
separated and the neglect of the influence of the stationary
phase on the retention.

It is noteworthy that the approach of Sakharov and cowork-
ers to the treatment of the intermolecular interaction in gas-
chromatographic solutions has yet another positive aspect:
attention is concentrated on the evaluation of the relative
retention parameters r and I. Indeed, in GLC practice the
main criterion of the selectivity of the stationary phase is
the relative retention parameter which makes it possible to
infer whether the separation of the relevant sorbates (r = 1)
on a given stationary phase is possible and how difficult it
is to achieve (the value of r and to some extent the value of
VN or Vg). The simplicity of the calculation of the relative
retention parameters from experimental data, the low experi-
mental error in the determination of these quantities, and
their simplified theoretical treatment, where the effects of
many factors cancel out made the relative retention param-
eters the most popular in GLC practice at the same time and,
which is no less important, the most reproducible®®®. The
principal thermodynamic relations between the relative
retention parameters and the intermolecular interaction
parameters are fairly simple (the superscript 0 denotes a rela-
tive molar thermodynamic function):

AGS = —RT Inr = AH{— TAS, . (50)

It is therefore useful to describe briefly the semiempirical
concept underlying the calculation of the relative molar ther-
modynamic functions of dissolution®®°"?%?, In this concept the
gas-chromatographic solution is regarded as a quasi-crystal-
line lattice where each site is occupied by an atom (or atomic
group incorporating all the chemically linked hydrogen atoms).
Since the sorbate molecule is surrounded on all sides by the
molecules of the stationary phase (infinitely dilute solution),
the calculation of the intermolecular interaction in the given
system reduces to the calculation of the energy of the inter-
action between the atomic groups of the sorbate molecules and
the surrounding atomic groups of the stationary phase, and
the relative positions of the molecules must be selected on the
basis of the minimum potential energy of the system.

In conformity with the traditional ideas concerning the
formation of a solution, the experimental molar heat of solu-
tion AHg can be represented as the sum of the energy of the
intermolecular forces between the sorbate molecule and the
stationary phase E;, the molar heat of formation of the hole,
and the term RT reflecting the change in the energy of the
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system on condensation of the ideal gas into the liquid
phase:

AHg = E; + AHy +RT . (51)

If the treatment is restricted to systems with dispersion
interaction, the calculation of the energy of intermolecular
forces is feasible. Sakharov?®®! proposed the following equa-
tion for the energy of the dispersion interaction of the ith
atom with the stationary phase:

Y 4r = 0.9nhy —2

° (r; - r1)®

Uy=—0.9 j 0.75hv

ri¥ry

a4
r

(52)

where o is the polarisability, p the density of the polarisabil-
ity of the medium, i.e. of the stationary phase (the ratio of
the molar refraction to the molar volume of the stationary
phase), r; the van der Waals radius of the ith atom, h the
Planck constant, v the average vibration frequency of the
molecules of the stationary phase with the ith atom, and r;
the average van der Waals radius of the functional groups of
the stationary phase. Sakharov suggested that the quantity
D = ai/(ri + r1)® be called the "dispersity" of the atom or
atomic group and demonstrated, by analysing the literature
data, a correlation between the Kovdts index and the "dis-
persity".

A somewhat simpler relation between the dispersion inter-
action and the molar heats of solution in a non-polar station-
ary phase has been derived differently®®’. The dispersion
interaction energy of a pair of fairly remote spherical par-
ticles (the distance between them is greater than the covalent
radius) is described by an equation which includes the
polarisabilities of the atomic groups of the sorbate (u;) and
the stationary phase (a,):

Ug= —kaa,r’

(53)

When the interaction of atoms or atomic groups in a gas-
chromatographic solution is considered, then Eqn.(53) is
valid. On replacing the atomic polarisability by the atomic
refraction R,, we obtain the equation

D= RyRual(ri - 15)* . (54)

Indeed the linear correlation between AHg and £Dp holds for
a number of classes of non-polar and moderately polar com-
pounds2?%2%%,

If the term r, + ¥, is represented as the sum of the van der
Waals radii of an atom (or atomic group) in the sorbate and an
atom (atomic group) in the stationary phase, then the values
of Dg can be readily tabulated for all the atoms and atomic
groups incorporating chemically bound hydrogen atoms?°1,
The constants of the intramolecular shielding of the atoms or
atomic groups of the sorbate can be readily calculated on the
basis of the species constructed taking into account stereo-
chemical ideas?®®., Thus the increments of the energy of the
dispersion interaction of the atoms and atomic groups of the
sorbate molecule with the medium (stationary phase) can be
calculated from the molecular characteristics?%?!, The
quantity E; is calculated as the sum of n increments due to
the atomic groups of the molecule:

E; =i KD

n

(55)

where i is the normalising multiplier and K, the coefficient

of the intramolecular shielding of the atomic group of the
sorbate. The normalising coefficient is calculated from the
experimental molar heats of solution of n-paraffins and takes
into account the influence of the real non-polar medium on
the molar heat of solution. It varies non-linearly with the
number of carbon atoms in the n-paraffin molecule, approach-
ing exponentially a limiting value at n > 7.
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Allowance for the work of formation of a hole in the gas-
chromatographic solution is a difficult problem, whose solu-
tion depends on the real structure of the stationary phase.

It has been suggested®®®?°® that the work of formation of a
hole in the solvent is proportional to the surface tension of
the stationary phase and the surface area of the sorbate
molecule. However, such hypotheses are valid only for a
structureless stationary phase, which can be represented
approximately as a system of randomly distributed small
spherical molecules. The real stationary phases in GLC con-
sist of an anisotropic medium with a distinet structure,

which has been confirmed by X-ray diffraction studies®?’.
For example, liquid paraffin stationary phases constitute a
system of mutually oriented linear hydrocarbon chains, which
migrate freely in parallel planes with a minimal energy
expenditure. Therefore, if the accommodation of the sorbate
molecule in a paraffin stationary phase requires merely a
shift of a paraffin molecule in a parallel plane (longitudinal
shift), then the work of formation of a hole is minimal; this
applies to the dissolution of n-paraffins; the work of forma-
tion of a hole in n-paraffins is assumed to be zero in compar-
ative calculations. On the other hand, when the structure of
the stationary phase changes on dissolution, then the work
of formation of the hole can no longer be neglected. For
example, on dissolution of a branched isoparaffin in an
n-paraffin stationary phase the molecules of the stationary
phase move apart in a plane at right angles to their longitu-
dinal axis (transverse shift). In the transverse shift of the
molecules of the stationary phase the work of formation of a
hole is proportional to the number of branches of the hydro-
carbon chain of the sorbate molecule, although in the general
case the relative positions of the branches also influence the
work of formation of the hole’?1?%%,

In the chromatography of polar sorbates on non-polar or
weakly polar stationary phases, a new factor appears—the
concentration effect Ak,?%°72% which is due to the association
of the molecules of the polar sorbate in the non-polar solvent,
which occurs even at infinitesimal concentrations of the solu-
tion. The effect is particularly large for alcohols and other
sorbates forming a hydrogen bond (approximately 14kJ mol™);
for the remaining polar sorbates, the energy of the concen-
tration effect is approximately 3—6 kJ mol™*, 3%

In the determination of the energy of intermolecular forces
of polar sorbates in polar stationary phases account must be
taken of the orientation interaction, which arises under the
influence of the dipole moments of the functional groups of
the stationary phase and the sorbates, which are determined
by stereochemical factors. The bond microdipoles are partly
shielded by the chemically linked atoms or atomic groups;
apart from the bond microdipoles, the so-called secondary
dipoles, formed by chemically non-linked atoms or atomic
groups, participate in the orientation interaction. The con-
tribution of the orientation interaction to the energy of the
intermolecular forces can be determined solely by considering
specific systems with allowance for the optimum relative
positions of the molecules of the sorbate in the stationary
phase. Examples of the determination of the extent of the
orientation interaction in gas-chromatographic systems have
been published??57307,

The intermolecular forces in solutions of aromatic and other
cyclic molecules must be calculated taking into account the
relative spatial distribution of the molecules, the electronic
effects of various substituents in the aromatic ring, and a
number of other features characteristic of systems with steric
hindrance to interaction. These questions have been dis-
cussed in detail®0* 3067316

The calculation of the relative molar entropy of solution for
gas-chromatographic systems involves considerable difficul-
ties. It follows from Section IV that the application of the
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Flory—Huggins equation alone to the solution of this problem
is inadequate. The difference between the molar entropies
of the sorbate in the gas phase and in solution ASg is deter-
mined by the following factors®!’. In the gas phase the
entropy of the molecule includes the entropy of the rotational
movement S,. [the sum of the entropies of the internal (Sy;)
and external (Spe) rotational movements], the electronic
entropy. the vibrational entropy, the nuclear components,
and the translational entropy St,.. On passing to the solu-
tion, the sorbate molecule loses some of its degree of freedom,
i.e. the entropy decreases and the molar entropy of solution,
calculated from gas-chromatographic data, is therefore always
negative. The decrease of the entropy of sorbate molecules
is determined primarily by the decrease in the rotational and
translational entropies; as a consequence of the compara-
tively weak intermolecular forces in gas-chromatographic
solutions, the remaining forms of the entropy of the sorbate
molecules do not change on passing from the gas to the liquid
phase.

Using the fundamental relations of statistical thermo-
dynamics®*®, it is possible to formulate the equation

ASy = RInV'—k, | (56)

where VY is the molar volume of the ideal liquid related to the
van der Waals molar volume of this liquid by the equation

RTINVO=RInM ~RInV 4k, (57)

Eqn. (56) characterises the change in the translational
entropy when the sorbate molecules pass from the gas to the
liquid phase.

The so-called compensation effec , observed for many
gas-chromatographic systems®?°73?? makes a definite con-
tribution to the entropy of solution. The essential feature of
this effect consists in the linear relation between ASg and
AH g for many simple systems, whose slope is an inverse func-
tion of temperature. The following equation is then obtained
for the relative molar entropy of solution (the ratio for the
sorbates x and r):

t319

ASY = ATk, - Rin(Me/M,) —

CRIN(V,T,) - ASh - ASY . (58)

For isomeric compounds, the values of V are approximately
the same. Calculations of the molar entropy of solution have
been performed in a number of studies®?®:32%:32%  yhere the
influence of a change in the rotational entropy on AS, was
demonstrated.

The thermodynamic approach to the calculation of the molar
heat and entropy of solution described above makes it pos-
sible not only to calculate the individual thermodynamic func-
tions of solution but also to calculate, using their combination,
the overall parameters of the selectivity of the stationary
phase—the Kovdts index and the relative retention, and the
knowledge of the relative molar heats of solution makes it
possible to calculate these quantities for any column temper-
ature.

The given method makes it possible to obtain fairly accu-
rately extrapolated retention parameters for extremely com-
plex molecules. For example, the Kovats indices for C, and
C,, isoparaffins on squalane have been calculated with an
average standard error of 2.2 units’*®, Such an accuracy of
extrapolation calculations is not ensured by any of the other
methods considered in this review. The standard error of
the calculation of the Kovdts indices of C, and C, olefins on
squalane by the same method proved to be 5.2 units, which
is also the best result for such systems. In calculations of
this kind, one introduces initially specific relations associated
with the characteristics of the interaction of the individual
structural groups of the sorbate molecules with the stationarv
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phase and then these are used in the evaluation of the ther-
modynamic functions of solution, from which the Kovdts
indices are calculated.

Analysis of different investigations has shown that each
group of methods has definite advantages and that at the
present stage of the development of the theory of non-
electrolyte solutions one cannot neglect any of these proce-
dures.

When fairly extensive experimental data for test sorbates,
grouped in specific series, are available, the optimum inter-
polated retention parameters can be calculated empirically
by combining the methods of the topological and factorial
analyses with the constants (for example, constants of the
Rohrschneider type) for the stationary phase.

For interpolation calculations within narrow groups of
sorbates with similar physicochemical properties, it is most
rational to employ the correlations between the retention
parameters and the physicochemical properties of the sor-
bates. The calculation of the thermodynamic functions of
solution is possible only after a detailed analysis of the
characteristics of the intermolecular interactions in the sys-
tems investigated. However, these are not only interpolation
but also extrapolation calculations, which is particularly
important for high-molecular-weight sorbates, whose reten-
tion parameters are usually unknown. The accuracy of the
calculations using the fundamental functions of solution is
highest among the methods considered.
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