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SUMMARY

Two interaction energy parameters, D and ¢, characterizing the interaction
between solute and stationary phase in gas-liquid chromatography have been sug-
gested. In the calculation of these parameters, molecular values like atomic group
refractions, dipole moments and Van der Waals radii have been used. Moreover, it
has been attempted to consider mutual orientations of the interacting molecules.

INTRODUCTION

The prediction of retention data is one of the main tasks in the study of chro-
matographic processes as well as in the methodical development and analytical ap-
plication of chromatography. James and Martin! already started these investigations
with a useful increment system for homologous fatty acids in gas-liquid chromato-
graphy (GLC). Since then, besides chromatographic increment systems, many
relationships between retention data and substance properties and methods of sta-
tistical thermodynamics have been published to describe and predict the chromato-
graphic retention.

Increment methods are mostly based on Kovats retention index system? and
the Rohrschneider?* and McReynolds® constants. Fundamental contributions to the
incremental description of the gas chromatographic retention of linear, branched and
cyclic hydrocarbons and their derivatives were made by Schomburg®, Takacs’, Ha-
ken et al.® and Engewald ez a/.°. Recently, more complex polar molecules are included
in the increment system investigations, such as aromatic esters®, polar substituted
benzenes!® or nitrated polycyclic aromatic hydrocarbons!?, The deviation from lin-
earity of additivity of group contributions, mainly of the first species of a homologous
series, is now taken into consideration by means of the non-linear relationships pro-
posed by Golovnya and Grigoryeva'?. Many authors have published empirical and
semi-empirical rules and relationships between retention data and physical properties
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of the solute or stationary liquid molecules, such as molecular weight, carbon number,
boiling temperature, vapour pressure, molecular refraction, parachor, dipole mo-
ment, average molecular radii and dielectrical constants (for references see ref. 13),
The meaning of the solubility parameter in GLC is described by Rohrschneider4.
Relationships between infrared spectroscopic solvent effect (frequency shifts) and
retention data are described and reviewed by Ecknig!3. He has combined the IR-
frequency shift with the average molecular polarizability in an empirical multipara-
meter relationship. Later, the parameter corresponding to the dispersion forces has
been calculated on basis of the London concept'*, Martire!® used NMR chemical
shifts to describe GLC partition coefficients. Recently, besides connectivity indi-
ces!® 18 the Van der Waals volumes!”-18 and the average molecular polarizability!?,
some quantum chemically calculated molecular energy parameters were successfully
correlated to retention data for aromatic hydrocarbons?® and polar species such as
aliphatic esters?!.

Methods of statistical thermodynamics have also been used for prediction of
retention data?273*, The “solution of groups™ model has been successfully applied for
calculating limiting activity coefficients at infinite dilution2°—31, Kiselev and coworkers
carried out molecular statistical calculations for the adsorption of complex hydro-
carbon molecules on the flat surface of graphitized thermal carbon black3?34, Re-
cently these calculations could be successfully extended from hydrocarbons to oxy-
gen-containing polar molecules3+.

The methodical development of the procedures for prediction of retention data
shows that polar solute and liquid phase molecules are increasingly taken into con-
sideration. However, for polar chromatographic systems the approximation used in
the calculation of retention data is limited by difficulties arising, for example, from
the understanding of the contributions by polar groups to the dispersion forces and
from the dependence of orientation and induction forces on the intermolecular angles
between the interacting groups.

In this paper we attempt to calculate the parameters D and ¢, for non-polar
and polar interaction respectively, on the basis of a simplified geometric model. D
is calculated using the London concept!4-35 which includes the interacting contri-
butions of polar groups. ¢ is calculated according to the concepts of Keesom?9 and
Debye??, taking into account energetically preferred intermolecular orientation
angles. The structure of the solution is considered on basis of the lattice model taking
into consideration the four nearest neighbours.

The molecules are divided in atomic groups suitable for calculation procedure
described. Therefore, groups are formed which permit the calculation of the dipole
interaction, considering the specific orientation angle of the interacting groups.

CALCULATION OF THE NON-POLAR PARAMETER D

The parameter D is a measure of the energy of dispersion forces acting between
solute and stationary phase molecules. D has been calculated by the equation

™m n

D= % % Dy Ki-W, )

i=1 j=1

summing the interaction contributions D;; of all of the interacting groups 7 and j of
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the solute and the stationary phase molecules, respectively, corrected by introducing
the shielding factor K; and the contact point concentration W; The number of
interacting atomic groups i and j are given by m and », respectively, D;; is calculated
by

R; - R;

6
rij

Dij =

(2

and describes the dispersion interaction between two interacting atomic groups i and
J. Eqn. 2 was given by Korol?8.*® who applied the London concept on non-polar
GLC systems. The distance r;; between interacting groups is the sum of their Van
der Waals radii. R; and R; are the atomic group refractions.

K; and K;, defined as the number of contact points of an atomic group, are the
number of sites on which the molecule is able to interact with neighbouring molecules.
The number of contact points is determined by statistical thermodynamics, assuming
that each atomic group can interact with the four nearest neighbours. Nearest neigh-
bours may be atoms or atomic groups of the interacting molecules as well as chem-
ically bonded atomic groups of the molecular groups considered. Consequently, the
value of K; or K is 4 if interacting groups are not shielded, and 0 in case of total
shielding. Increasing the number of nearest neighbours did not improve the precision
of the retention data calculated.

W, is the concentration of contact points belonging to the atomic group j in
the stationary phase molecules defined by

IK;
W, = 3
g Ktotal

ZK; is the number of all interacting contact points of atomic group j. Ko is the
total number of contact points of all different atomic groups contained in the sta-
tionary phase molecules. The calculation procedure of the parameter D for
ethanol-oxidipropionitrile dispersion interaction is given in Table I. The contact
points (O) of the interacting molecules ethanol and oxidipropionitrile are schemat-
ically illustrated by (a) and (b), respectively

o o o O 00 O 00 ©0 0 0
(a) © CH;-CH,-OH © (b) © N=C-CH,CH,-O-CH,CH,-C=N O
o o0 O 0o © OO O 0 O

As atomic groups we consider either single atoms, such as =C-, N= and -O-, or
groups consisting of an atom chemically bonded with hydrogen, such as -CHj,
—CH,- and -OH. Because of the small diameter of the hydrogen atom and of the
short bond length between hydrogen and other atoms these groups are considered
to be spherical, similar to single atoms.
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CALCULATION OF THE POLAR PARAMETER ¢

The parameter ¢ is a measure of the energy of association interaction given
by the sum of the intermolecular interactions (dipole-dipole, induction, H-bonding,
charge transfer), caused by polar functional groups*°-41,

We have selected chromatographic systems (solutes and liquid phases) where
either dipole-dipole (p,,) or induction forces (¢;,q) gives the most important contri-
bution to the association forces. In our model, the H-bonding contribution is con-
sidered to be a dipole-dipole interaction and n-systems are regarded to contribute to
the induction forces.

@or and @;nq have been calculated by the equation

mr nt

p= 2 X off K, W, 4)

=1 0v=1

where p and v are termed contact segments belonging to the polar atomic groups i
and j chosen on basis of the following three principles:

(1) Each atom may have four nearest neighbours (interacting or chemically
bonded groups).

(2) Orientations of the interacting polar groups providing minimum potential
energy are preferred.

(3) In order to achieve the minimum potential energy (maximum interaction
energy), all of the contact segments of the solute will interact with the stationary
phase molecule, provided that it is not hindered sterically.

The first principle is considered in the determination of K, and W,. The second
principle is the basis for the calculation of orientation angles and the distance r;;.

The contact segment is defined as that part of the molecular surface area, where
the polar groups may contact during the intermolecular interaction. For each inter-
acting dipole, a maximum of four nearest neighbours have been taken into account
(comparable to the contact points). However, the contact segments are determined
regarding the mutual orientations between the interacting groups. In Fig. 1 the con-
tact segments of the ethanol-oxidipropionitrile interaction are demonstrated.

@} is the energy parameter of the orientation interaction (@ff) or induction
interaction (¢*?) between the polar groups i and j on the contact segments y and
v; K, is the number of contact segments p, which are characterized by equal inter-
action energy, W, is defined by

Zv

W, = &)

Viotal

where Zv is the sum of energetically equal contact segments. v 4., is given by the total
sum of all contact segments of the stationary phase molecule which are geometrically
able to interact with the corresponding contact segments p of the solute molecule.
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Oxidipropionitrite  {stationary phase

Ethanol ( solute)

CH

Fig. 1. The most probable arrangement of contact segments (shaded areas) on the molecular surfaces of
oxidipropionitrile and ethanol for the interaction between these molecules.

The calculation of the energy parameter @t
The orientation forces acting between two polar atomic groups i and j on the
contact segments g and v are calculated by the formula of Keesom?39:

o = — ”—rsf‘—’ [— 2cos 6; - cos 8 + sin ;- sin 6, + cos (&; — B,)] (6)
ij

In practice, eqn. 6 is simplified by neglecting the third term, because the interaction
energy has a maximum only in the case of a planar orientation between the dipoles.
The orientation angles and distances are defined as it is illustrated in Fig. 2. »; and
y; are the dipole moments of the groups i and j, respectively.

‘fc;( = - '&r:‘L ‘[—25959; cos® + sing - sin @ - ces (§ <P l:]

Ul

Fig. 2. Interaction energy of the two dipoles i and j between the polar interacting groups i and j. §;, 8;,
®;, @; = orientation angles, y;, p; = dipole momen*s of the groups i/ and j, r; = distance between the
geometrical centers.
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The induction forces are calculated by the formula of Debye?”:

Ut -a;-(3cos b, + 1)
T (7
where «; is the group polarizability of the interacting group ;.
The orientation angles f; and 6; and the distance r;; have been calculated on
basis of the Van der Waals radii R of the interacting two-atomic groups consisting
of the atoms 1 and 2 using the geometrical model shown in Fig. 3. 0; Is the angle
between the line a, connecting the geometrical centers of the interacting dipole
groups, and the line d, being the symmetry axis of these groups. #; is the angle
between line a and b. The distance r;; between these geometrical centers depends on
the orientation of the interacting groups influenced by the sterical structure of the
interacting molecules and on the Van der Waals radii R;;, Riz, Rj; and R;; of their
atoms.

group
6- 6/ !

p

Fig. 3. Geometrical model for calculation of the distance r;; and the angles of mutual orientations 6; and
6; between two dipole groups i and j. (Calculation scheme given in ref. 41.)

The influence of the orientation angles 6;; and the distance r;; on the energy of
the dipole-dipole interaction are shown in Table II for interacting CN- and
CH,Cl-groups. Obviously, the highest interaction energy will be obtained if the in-
teracting dipole groups are arranged nearly parallel (planar). Consequently, in GLC
systems, parallel orientations should be preferred because they are energetically fa-
voured. Calculations performed for other polar functional groups studied here lead
to the same result.

The induction interaction energy between a nitrile group and a phenyl ring has
been calculated using a similar geometrical model. The energetically favoured orien-
tation is a nearly parallel orientation between the ring plane and the symmetry axis
of the nitrile group shown in Table IIL.

As shown in Table II, unfavourable sterically hindered orientations lead to
smaller interaction energies (example 4 and 6) or to repulsion effects (example 5).

Using these results we derived the most probable arrangements of the contact
segments for all of the molecules studied.



82 Th. KLEINERT, W. ECKNIG

TABLE 11

ENERGY PARAMETERS ¢ff OF THE INTERACTION BETWEEN A NITRILE GROUP AND A
CH,-Cl GROUP AT DIFFERENT ORIENTATIONS 8; AND 8;

Number  Interaction —2c¢os B;cos 0y + 1y (nm) o (D*nm3)
sin 6; sin 8;

1 (‘.3 0.998 0.345 170.5
(6) | | |

e

2 (e 0.585 0.352 94.1
3 ‘3 0.707 0.400 775
[ )
4 ~0 0.432 0
-2 Repulsion

; @ﬁeﬁ
6 ' Orientations are sterically hindered
(%E 'B by chemically bonded

neighbouring atoms

TABLE Il

ENERGY PARAMETERS ¢{i¢ OF THE INTERACTION BETWEEN A NITRILE GROUP AND A
PHENYL RING AT DIFFERENT ORIENTATIONS 6,

Interaction 3cosB; + 1 R (mlimol) ri; (nm) o] D? 10~
i mol nm?

ray
@a 1.388 29.93 0.359 126.8

@ 4.000 14.94 0.387 1153

(9) 4.000 29.93 0.463 78.8
@z—) 1.000 14.94 0.491 6.91
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According to the third principle, in addition to the two interactions (u; ... v;)
(see Fig. 1) giving a maximum interaction energy and being possible from the geo-
metrical viewpoint, a third interaction (g, ... v,) must be taken into the account. The
calculation of the parameter ¢ for this case is demonstrated in Table IV.

CONCLUSION

For GLC systems the interaction energy parameters D and ¢ are complex
values, depending on contributions of all non-polar and polar atomic groups. In
order to calculate the parameter ¢, representing polar interaction forces, the mutual
positions of the interacting molecules must be known. These positions have been
chosen so, that they correspond to maximum interaction energy.
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