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Gas chromatographic indicator of the ability of five- and
six-membered heterocyclic nitrogen-containing compounds
for self-association in pure liquids
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The retention indices of five- and six-membered nitrogen-containing heterocyclic com-
pounds (pyrrole, pyrazole, imidazole, 1,2,4-triazole, pyridine, pyridazine, pyrimidine, pyrazine,
1,3,5-triazine, isoxazole, and oxazole) were determined on a capillary column with the
OV-101 nonpolar stationpary phase. The difference between the experimentally determined
boiling point of the sorbate and that calculated from GC data (37, ) was proposed as a gas
chromatographic indicator sensitive to the ability of substances to form selif-associates in pure

liquids.
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Previously,'~3 during investigations devoted to the
search for the regularities of the gas chromatographic
behavior of heterocyclic nitrogen-containing compounds,
we have studied aromatic heterocycles, including py-
ridines, pyrazines, oxazoles, thiazoles, and some substi-
tuted imidazoles. The influence of substituents on the
retention time of heterocycles was examined, and addi-
tive schemes for the calculation of retention indices of
these compounds on capillary columns with different
polarities were offered. The schemes take into account
that the contributions of individual substituents in differ-
ent positions relative to the heteroatom are nonequivalent.2

The purpose of this work is the search for a depen-
dence of retention indices determined on a nonpolar
capillary column on the physicochemical properties of
five- and six-membered heterocyclic aromatic com-
pounds. In addition, it is of interest to compare the gas
chromatographic retention parameters of heterocycles
with their ability for self-association in neat liquids and
to find a gas chromatographic indicator of this ability.

Experimental

Gas chromatographic analysis was camried out on a Pye
Unicam 104 chromatograph with a flame-ionization detector
{the chromatograph was adapted for work with capillary col-
umns) and a glass capillary column (0.3 mmx50 m) with the
OV-101 nonpolar liquid phase prepared according to the
procedure described previously.® The thickness of the phase
layer was d; = 0.4 pm, the temperature of analysis was 110 °C,
and the temperature of the injector and detector was 200 °C.
Helium was used as the carrier gas, and the split ratio of the

gas flow was | : 30. For the calculation of retention indices,
the "hoid up time” was determined from the retention of
methane, injected into the column with a sample of n-alkanes
C¢—C;y,. Samples (0.2—0.4 pL) of 1-—2% solutions of hetero-
cyclic compounds in diethyl ether (whereas imidazole was
dissolved in benzene) were analyzed.

Standard samples of pure compounds listed in Table 1 were
purchased from Fluka, Sigma, Aldsich, Merk-Shuchardt, and
Reakhim.

Results and Discussion

The main physicochemical parameters of
nonsubstituted five- and six-membered aromatic hetero-
cyclic compounds and their retention indices are pre-
sented in Table 1.

The molecules of the compounds studied are shaped
as planar cycies whose geometric parameters, electron
density distribution, and physical and physicochemical
parameters are available from the reference literature>—3
and original works.?—!2 Comparison of the published
data shows that the introduction of additional heteroat-
oms into the nitrogen-containing cycle affects the polar-
izability, dipole moment, acid-base properties, and other
parameters of the molecules, which has an effect on the
values of retention indices on a ponpolar colurnn packed
with OV-101 (see Table I).

In GLC analysis of polar substances on a column
with a nonpolar liquid phase, the partial molar free
energy of the interaction of the sorbate with this phase is
mainly determined by the dispersion and induction in-
teractions.!3 The energy of the intermolecular interac-
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Table 1. Physical and physicochemical parameters of five- and
six-membered aromatic nitrogen-containing heterocyclic com-
pounds3--2—! and their retention indices

Com- Bp. 7* o« p M%vga 8Ty
pound /°C fem®  (au) /D (iu) /°C

-
N 130 694 549 174 747 +I9

N
=N
L/NH 187 68.0 493 221 864 +45

l\/NH 256 66.1 492 384 1042 +73

N
=N
'/ NH 260 — 438 272 1116 +61
N
\ 11 89 615 2.22 739 +6
_..N\
\ /N 208 726 538 4.22 915 +54

N=\
<\ /,N 123 788 538 233 744 +13

N 118 777 56.1 0 722 +14
P

Y y — — 477 0 663 —
\

O 94 641 423 276 590 +28

NN\
l\/o 70 658 430 1.50 538 +21

* The molar ratio ¥, was caiculated by the formuia ¥ =
M/d, where M is the molecular weight, and 4 is the density of
the substance.

tion is proportional to the static polarizability a of
interacting molecules, their ionization potentials (/P),
dipofar moments (p), and molar volumes (7).

As can be seen in Table 1, the five-membered het-
erocycles exhibit a nonadditive change in the retention
indices as the number of N atoms in the molecule
increases, for example, on going from pyrrole to pyrazole
and },2,4-triazole. The position of N atoms in the cycle
also substantially affects the retention index. In particu-
lar, the presence of the "pyridine® N atom in the
a-position to the “pyrrole” nitrogen results in an in-
crease in the retention index by 117 units (cf. indices of
pyrazole and pyrrole), and its transition to the B-posi-

tion corresponding to the transition from pyrazole to
imidazole gives an increase of 178 i.u. Pyrazole and
imidazole are characterized by almost the same values of
polarizability a, close values of the molar volume Vm
(see Table 1), and close ionization potentials /P,14 but
differ substantially in retention indices: 864 and 1042
i.u., respectively. This cannot be related entirely to the
difference in the values of dipole moments p of these
compounds, which result in an additional contribution
of the inductive component to the total energy of the
interaction of the sorbate with the liquid phase. This
contribution usually does not exceed 10% for chroma-
tography of polar substances on the nonpolar liquid
phase. The order of GC clution of another pair of
compounds {imidazole and 1,2,4-triazole) correlates with
neither polarizability, nor dipole moments. Pyridine pos-
sesses a significantly higher polarizability than pyrazole,
and the dipole moments of these heterocycles virtually
do not differ. Nevertheless, the retention index of pyri-
dine is 125 i.u. fower than that of pyrazole. One more
pair of compounds (isoxazole and 1,2,4-triazole) is a
more striking example of noncorrespondence of their
GC retention values and physicochemical parameters of
sorbate molecules: despite close values of the dipole
moments and polarizabilities, their retention indices
differ by almost twice.

Let us consider the influence of the number and
mutual arrangement of N atoms in six-membered aro-
matic heterocycles on the their GC behavior. The polar-
izability values a decrease as the number of N atoms in
the cycle increases.!? Symmetrical triazine is character-
ized by the lowest a value. It possesses the zero dipole
moment and, hence, has the lowest (in this group)
retention index, which is close to that of benzene deter-
mined under the same conditions.!’ However, these
substances differ substantially in the a and [P values: the
polarizability of benzene is considerably higher than that
of 1,3,5-triazine,!® whereas the latter has higher values
of ionization potentials.” The mutual compensation of
these factors in the absence of specific interactions with
the stationary phase results in the fact that the values of
retention indices of these substances on the nonpolar
column are close. As in the case of five-membered
cycles, the mutual arrangement of N atoms has a strong
effect on the retention. For example, in the group of
diazines, pyrazine with a zero dipole moment has the
lowest retention index. Bringing together of N atoms is
accompanied by an increase in the dipole moment and
retention index: the jump is 171 i.u. on going from
pyrimidine to pyridazine. Pyridazine has an anoma-
lously high boiling point as imidazole (see Table 1).

Thus, the expected order of increasing the energies
of the dispersion and induction interactions of the sor-
bates with the stationary phase does not coincide with
the real sequence of elution of the five- and six-mem-
bered cycles containing one, two, and three N atoms.
This is most likely due to the difference in the vapor
pressure at the temperature of analysis, ie., this is
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related to the thermodynamic parameters of substances
in the pure liquid and in solutions in the nonpolar phase
under conditions of infinite dilution during chromatog-
raphy.

We assumed that the difference between the energy
of evaporation of the pure liquid and the sum of the
energy of transition from the gas phase to the liquid
stationary phasc and the energy of solution of individual
molecules in the nonpolar liquid phase under conditions
of infinite dilution plays the main role in the specific
features of sorption of these compounds. It is known16:17
that in gas chromatography the partial molar free energy
of sorption AG; is negative and can be divided into two
parts, one of which corresponds to the energy of sorp-
tion in the ideal solution AGy and the other corresponds
to the excess partial molar energy of mixing AGy related
to a change in the free energy of sorption when one
mole of sorbate is mixed with the stationary phase at the
temperature of analysis:

~aGg = AG, + AGg. 1

Equation (1) is valid only for “ideal” substances,
which do not form associates in pure liquids. In this
case, the energy of evaporation of the pure liquid and
the energy of transition from the gas phase to the
stationary liquid phase during chromatography are equal
and differ in sign only. However, the compounds under
study are characterized by the ability to form associates
in a pure liquid. The energy AG’y, necessary for evapora-
tion of one mole of substance from the pure liquid can
be described by the sum

AGy = AG t+ AG,, @

where AG, is the partial molar free energy spent in the
transformation of one mole of associate into individual
molecules, and AGy, is the partial molar free energy of
evaporation in the transition of individual molecules
from the pure liquid to the gas phase.

Comparison of Egs. (1) and (2) shows that |AG] <
laG’\{, because the individual molecules (not their
associates) are removed from the vapor phase to the
liquid stationary phase. This difference between AG,
and AG’,, allows one to obtain information on the
ability of substances to self-associate in the pure liquid
using GLC.

The boiling temperatures of pure liquids reflect the
energy of evaporation of one mole of sorbate from the
pure substance, and the boiling points of the sorbate
calculated from the retention parameters reflect the
energy of evaporation of the sorbate from its solution in
the stationary phase containing no associates.

ft is known that substances are eluted according to
their boiling points during analysis on a column with
the nonpolar stationary phase. This dependence is
especially well fulfilled in the case of hydrocarbons
that exhibit no polar interactions with the phase and
give no associates in the pure liquid. If the retention

indices of the substance and boiling points of
n-alkanes taken for its calculation are used for the
determination of gas chromatographic boiling points,
the T, pGC values obtained differ from the experi-
mcntally determined boiling points of these com-
pounds Tb_ p. by the value of

8Ty, ». T, ’. Tb_p_cc. (3)

For the compounds studied, we calculated T, , €,
using the scale of n-alkanes, by the equation

TL.p.GC(X) = Thp.(cn) +

0.8Coit) (C,)
‘100 Top, (Iy - 100n), @)

where T, , (C) and T, , (C,,,) are the boiling points of
n-alkanes between whlch substance X is eluted, and Iy
is the retention index of substance X.

The 67y, values obtained are presented in Table 1.
For all the compounds studied, the experimentally de-
termined boiling points, which depend on the degree of
association of the pure substance, are higher than the
T, GC values calculated by the data of gas chromatog-
raphy, i.e, 8T, , > 0. The 5Tb values vary from 6 °C
for pyridine to 93 °C for 1mldazolc

The ability to self-associate is most pronounced for
the compounds in which high dipole moments are com-
bined with strong proton-donor and proton-acceptor
properties,12:18:19 resufting in the formation of intermo-
lecular hydrogen bonds. Associates of pyrazole are two-
and three-unit nonstrained cycles,” and imidazole and
1,2,4-triazole form linear or macrocyclic oligomers in
which the number of units reach 20 and more mol-
ecules.20.21 Molecules of aromatic heterocycles are ca-
pable of stacking interactions resulting in associates in
the form of stacks.2%23 It is probable that weak hydro-
gen bonds exist between the pyrrolic proton (in pyrrole)
or hydrogen atom of the cycle and the n-electron system
of the adjacent molecule, and n—n-interactions between
the cycles are also probable.”-#4

Thus, the 87, , value reflects the total effect rather
than the difference in the value of the free energy of
evaporation from the pure liquid and the energy of
condensation to the liquid phase under conditions of
infinite dilution. The calculated T,  S€ value also de-
pends on the AGg value. On the nonpolar column, the
AGg value is due to the induction component of the
energy of intermolecular interactions of the sorbate with
the liquid phase; however, its contribution is insignifi-
cant.

The 87T, , value calculated from the GLC data de-
pends mamly on the energy of association of the sorbate
in the pure liguid. Therefore, when studying self-asso
ciation of substances, all measurements should be car-
ried out on the nonpolar liquid phase only.

The STb values obtained indicate that the five- and
six- mcmbcrcd heterocycles are most likely arranged by
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the energy of associate formation in the following order:
imidazole > 1,2,4-tnazole > pyridazine > pyrazole >
isoxazole > oxazole > pyrrole > pyrazine =~ pyrimidine >
pyridine.
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