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Abstract—High-performance liquid chromatography is used under near-equilibrium conditions to study the
adsorption of isomeric dipyridyls and their derivatives from water–acetonitrile, water–methanol, and water–
isopropanol solutions onto Hypercarb™ graphite-like carbon material in the region of Henry’s law. Hyper-
carb™ graphite-like carbon material exhibits high adsorption selectivity in separating the investigated iso-
meric dipyridyl and its derivatives. It is shown that the possibility of forming strong intramolecular C–H–N'-
hydrogen bonds in a molecule of 2,2'-dipyridyl or its derivatives strengthens the adsorption bonding of adsor-
bate molecules and the surface of the graphite-like material due to stabilization of their planar conformation.
Destabilizing this intramolecular hydrogen bond by adding substituents in different positions of the pyridine
rings enhances the specific intermolecular interaction between adsorbate molecules and the solvent’s com-
ponents and distorts the planar conformation of dipyridyls, weakening their retention on the Hypercarb™
material. Positive adsorption from the water–organic medium on the carbon adsorbent is observed for all of
the investigated dipyridyls, with the exception of 2,2'-dipyridyl-N,N '-dioxide, which is adsorbed weaker than
the solvent components. Anomalous medium–property dependences are found for the thermodynamic char-
acteristics of the adsorption of dipyridyls on porous graphitic carbon, and are attributed to the predominance
of adsorbate–adsorbent π–π interactions over hydrophobic ones and the resolvation of adsorbate molecules
with acetonitrile in proportion to lowering the content of water in the bulk solution.
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INTRODUCTION
Micro- and mesoporous carbons are of interest to

researchers as promising materials used in adsorption
gas-accumulation systems; as components of semi-
conducting, photoactive, and electrode materials; as
carriers for heterogeneous catalysis; and as adsorbents
in processes of concentration and separation [1–7].
Notable among them are graphite-like structures with
a unique selectivity in the adsorption separation of
substances with similar molecular structure [8–10].

Hypercarb™ carbon material, which is produced
through the pyrolytic decomposition and subsequent
graphitization of phenol-formaldehyde oligomer in
pores of mesoporous silica, is used in chromatography
[11–13]. Porous graphitic carbon (PGC) exhibits high
selective adsorption ability in the separation of com-
pounds with different spatial molecular structures
(including isomers) via high-performance liquid chro-
matography (HPLC) [14–18]. In addition, using
PGC as a stationary phase for HPLC allows the sepa-
ration of hard-to-split mixtures whose molecules have

similar spatial structures but differ in their numbers of
π-electrons [15–18].

At the same time, the mechanism of adsorption
onto PGC during liquid-phase separation is not yet
fully understood. Almost no data are available on the
effect the quantitative and qualitative composition of
the liquid phase has on the thermodynamic character-
istics of the adsorption (TCA) of different classes of
compounds on PGC. We also have no reliable infor-
mation on the contribution from the specific and dis-
persive interactions of adsorbate molecules with PGC
surfaces for different compositions of the bulk solu-
tion. It is therefore difficult to optimize the conditions
for separating complex multifunctional organic com-
pounds (including isomers) on PGC by means of
HPLC.

The aim of this work was to determine the TCA for
isomeric dipyridyls and some of their derivatives on
Hypercarb™ graphite-like carbon material from
water–organic solutions in the region of Henry’s law
by means of HPLC, and to determine the TCA depen-
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Table 1. Structural formulas of the adsorbates

Adsor-
bate Name Structural formula

1 2,2'-Dipyridyl

2 4,4'-Dipyridyl

3 6-Methyl-2,2'-
dipyridyl

4 6,6'-Dimethyl-
2,2'-dipyridyl

5 5,5'-Dimethyl-
2,2'-dipyridyl

6 4,4'-Dimethyl-
2,2'-dipyridyl

7 Di(2-pyr-
idyl)ketone

8 2,2'-Dipyridyl-
N-oxide

9 2,2'-Dipyridyl-
N,N '-dioxide
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N N CH3
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dence on the adsorbate’s molecular structure, along
with the composition and the nature of the liquid
phase.

EXPERIMENTAL
Isomeric dipyridyls and their derivatives were pur-

chased from Sigma Aldrich (Table 1) and used as
adsorbates. Chromatographic measurements con-
firmed the purity of the investigated compounds.

Commercial Hypercarb™ PGC (Thermo Scien-
tific, United States) with a specific surface area of
Ssp = 120 m2/g was used as the adsorbent. The size of
the adsorbent particles was 5 μm. A stainless steel
chromatography column 50 mm long with an internal
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
diameter of 2.1 mm was used. The mass of adsorbent
in the column was g = 0.2 g.

Binary water–organic mixtures were used as
mobile phases. Organic components were acetonitrile
(MeCN), methanol (MeOH), and isopropanol
(i-PrOH), all of HPLC grade. Deionized water was
prepared with a DME-1/B membrane deionizer sys-
tem (BMT, Russia). MeCN concentration ФMeCN was
varied from 0.40 to 0.90 volume fractions in incre-
ments of 0.10. The concentrations of MeOH and
i-PrOH were held constant at ФMeOH = Фi-PrOH = 0.70
volume fractions.

TCA measurements of isomeric dipyridyls from
solutions were made under the conditions of a
dynamic adsorption experiment using chromato-
graphic equipment. The initial chromatographic data
were obtained on an Agilent 1100 Series liquid chro-
matograph equipped with a diode bar detector, a mobile
phase deaerator, and a Rheodyne sampling valve with a
sample loop of 20 μL. The elution of 10−4 M solutions of
individual adsorbate samples was conducted in the
isocratic mode. The volume flow rate of the mobile
phase was 1 mL/min. The proper Gaussian shape of
chromatographic peaks indirectly confirmed the
proximity of the experimental conditions to the region
of Henry’s law. Temperature T of the column was var-
ied from 313 to 333 K with steps of 10 K. The column
was thermostatted for 30 min prior to the dynamic
adsorption of dipyridyls.

The initial experimental chromatographic data
were used to determine the values of the Henry con-
stant (K1,c, μL/m2), the standard differential molar
changes in the Gibbs energy (∆aG°, kJ/mol), the
enthalpy (∆aH°, kJ/mol), and the entropy (∆aS°,
J/(mol K)) for adsorption as described in [18]. The
calculated TCA values corresponded to the harmonic
mean temperature of the investigated range of tem-
peratures: Tav = 323 K. The values of the dead volume
(VM = 270 μL), the volume of the adsorption phase
(va = 61 μL), and the thickness of the adsorption layer
(t = 2.54 nm) were used in calculating the TCA.
Tables 2–4 present the TCA data calculated for iso-
meric dipyridyns and their derivatives.

The molecular geometry of the investigated com-
pounds were optimized, and the corresponding dipole
moments were calculated with the Gaussian 09 soft-
ware [19], based on the density functional theory
(DFT) with hybrid functional B3LYP and basis set 6-
31+G(d,p). The calculations were performed for mol-
ecules in a vacuum.

RESULTS AND DISCUSSION
The data from Tables 2 and 4 demonstrate the

strong influence the molecular structure of the dipyr-
idyls had on the Henry constants of their adsorption
K1,c and the standard differential molar changes in the
l. 93  No. 9  2019
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Table 2. Henry adsorption constants (K1,c, μL/m2) and standard differential molar changes in Gibbs energy (ΔaG°, kJ/mol)
upon the adsorption of dipyridyls and their derivatives on PGC from solutions of MeCN–H2O with different volume frac-
tions ФMeCN at Tav = 323 K

Adsor-
bate

ФMeCN = 0.40 ФMeCN = 0.50 ФMeCN = 0.60 ФMeCN = 0.70 ФMeCN = 0.80 ФMeCN = 0.90

K1,c −ΔaG° K1,c −ΔaG° K1,c −ΔaG° K1,c −ΔaG° K1,c −ΔaG° K1,c −ΔaG°

1 156.1 11.1 96.9 9.8 69.0 9.0 52.4 8.3 43.1 7.8 36.8 7.4
2 31.8 7.0 20.7 5.9 15.8 5.3 14.8 5.1 14.6 5.1 16.5 5.4
3 352.6 13.3 206.9 11.8 136.3 10.7 98.7 9.9 76.1 9.2 59.3 8.6
4 1067.7 16.2 590.8 14.6 362.7 13.3 245.2 12.3 174.8 11.4 126.7 10.6
5 1948.2 17.8 1024.7 16.1 614.0 14.7 423.9 13.8 316.1 13.0 241.4 12.3
6 938.8 15.9 504.3 14.2 310.8 12.9 218.5 12.0 167.0 11.3 131.3 10.6
7 21.6 6.0 14.1 5.0 10.1 4.3 8.0 3.8 6.7 3.5 6.2 3.3
8 12.3 4.7 9.7 4.2 9.1 4.1 10.2 4.3 11.6 4.6 16.3 5.4
9 –0.9 –1.2 –0.7 –0.8 –0.9 –1.2 –0.5 –0.5 –0.6 –0.7 0.5 0.5

Table 3. Standard differential molar changes in enthalpy (ΔaH°, kJ/mol) and entropy (ΔaS°, J/(mol K)) upon the adsorp-
tion of dipyridyls and their derivatives on PGC from MeCN–H2O solutions with different volumetric fractions ФMeCN at
Tav = 323 K

Adsor-
bate

ФMeCN = 0.40 ФMeCN = 0.50 ФMeCN = 0.60 ФMeCN = 0.70 ФMeCN = 0.80 ФMeCN = 0.90

−ΔaH° −ΔaS° −ΔaH° −ΔaS° −ΔaH° −ΔaS° −ΔaH° −ΔaS° −ΔaH° −ΔaS° −ΔaH° −ΔaS°

1 10.9 –0.5 11.0 3.8 14.2 16.4 13.3 15.5 13.1 16.5 14.7 22.7
2 6.1 –2.8 5.1 –2.8 7.8 7.7 6.3 3.6 7.1 6.2 8.0 8.1
3 13.5 0.7 13.9 6.2 14.9 12.7 15.5 17.5 16.1 21.2 17.4 27.3
4 15.6 –2.0 15.2 1.7 16.8 10.6 18.0 17.7 18.8 22.9 20.1 29.4
5 16.6 –4.1 15.7 –1.4 16.8 6.2 17.5 11.5 17.8 14.9 20.0 24.1
6 15.5 –1.0 15.3 3.2 15.98 9.2 16.6 14.2 17.4 19.1 20.2 29.4
7 5.48 –2.1 5.9 2.7 5.9 4.8 8.9 15.6 9.1 17.3 10.1 21.1
8 0.4 –13.5 1.2 –9.5 2.9 –3.6 4.7 1.3 8.0 10.5 8.4 9.4
9 4.5 17.5 – – – – – – – – – –

Table 4. Thermodynamic characteristics of the adsorption of dipyridyls and their derivatives on PGC from water–alcohol
solutions with volume fractions Фi-PrOH = ФMeOH = 0.70 of the organic component at Tav = 323 K

Adsorbate

i-PrOH–H2O MeOH–H2O

K1,c,
μL/m2

−ΔaG°, 
kJ/mol

−ΔaH°, 
kJ/mol

−ΔaS°, 
J/(mol K)

K1,c,
μL/m2

−ΔaG°, 
kJ/mol

−ΔaH°, 
kJ/mol

−ΔaS°, 
J/(mol K)

1 14.7 5.1 — — 104.4 10.0 20.2 31.4
2 3.7 2.4 — — 59.5 8.6 21.3 39.3
3 32.8 7.1 9.6 7.9 223.0 12.0 21.4 28.7
4 88.4 9.6 11.0 4.2 589.2 14.6 24.1 29.2
5 128.6 10.6 10.1 –1.4 1298.1 16.8 27.7 34.0
6 68.7 8.9 8.1 –2.8 580.3 14.6 25.2 32.7
7 1.8 1.4 — — 25.3 6.4 17.2 33.2
8 2.1 1.6 — — 18.4 5.7 12.9 22.5
9 –2.5 –11.0 — — 0.2 0.2 — —
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Gibbs energy ∆aG° when they were adsorbed from the
solutions on the PGC surface. Upon moving from
2,2'-dipyridyl (substance 1) to 4,4'-dipyridyl (sub-
stance 2), the magnitude of K1,c fell by approximately
500% for adsorption from the solutions with low volu-
metric contents of MeCN (ФMeCN = 0.40–0.60), by
approximately 400% for adsorption from the MeCN–
H2O solution with ФMeCN = 0.70, and by approxi-
mately 300% for adsorption from the mixture
MeCN–H2O with the higher volume content
ФMeCN = 0.80–0.90 of the organic component.

It should be noted that the molecules of both iso-
mers are nonpolar for both adsorbates, as quantum-
chemical calculations show: μ = 0.000 D. The stronger
adsorption of 2,2'-dipyridyl (substance 1) compared to
4,4'-dipyridyl (substance 2) was in our opinion due to
the molecules of substance 1 having a planar geometry
(Tables 2, 4). The planar conformation of 2,2'-dipyr-
idyl is strongly stabilized by two intramolecular C–H–
N' hydrogen bonds between the hydrogen atom at
position 3 of one pyridyl radical, the nitrogen atom of
the adjacent cycle, and the π–π-conjunction between
pyridine cycles. As a result, the nitrogen atoms in the
2,2'-dipyridyl molecule are opposite each other [20,
21]. The anti-conformer of 2,2'-dipyridyl is 27 kJ/mol
more stable than the cis-conformer [21]. According to
[20], complexing in a solution with the nitrogen atoms
of 2,2'-dipyridyl can destroy existing intramolecular
C–H–N' hydrogen bonds, resulting in possible
changes of the trans-orientation of nitrogen atoms in
2,2'-dipyridyl while its molecule acquires nonplanar
geometry. However, the stronger adsorption of 2,2'-
dipyridyl (substance 1) from water-organic media rel-
ative to 4,4'-dipyridyl (substance 2) on the PGC sur-
face (Tables 2 and 4) indicates there is no such com-
plexing, so it appears that 2,2'-dipyridyl in these solu-
tions solvates through van der Waals interactions with
the solvent.

Lowering the content of MeCN in the solution
from which adsorption proceeds reduces the differ-
ence between the Henry constant of the adsorption of
2,2'-dipyridyl (substance 1) and 4,4'-dipyridyl (sub-
stance 2), which reflects the weakening of the system’s
selectivity of adsorption toward these isomers. At the
same time, the difference between the magnitudes of
K1,c of these two isomeric dipyridyls is enough even at
ФMeCN = 0.90 for their complete separation by HPLC
when using PGC as the stationary phase (Tables 2 and
4). The adsorption bonding of 4,4'-dipyridyl (sub-
stance 2), for which the angle between the cycles is
37.2° [22], and the PGC surface is weaker than for
2,2'-dipyridyl (substance 1). This is likely due to its
molecule not having planar geometry, which cannot
be acquired from the π–π conjunction between aro-
matic cycles.

Adding one methyl radical at position 6 of the 2,2'-
dipyridyl molecule further reinforces the adsorption
bonding of adsorbate molecules with the PGC surface
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
(Tables 2 and 4). The value of K1,c for 6-methyl-2,2'-
dipyridyl (substance 3), whose molecules have weak
polarity (μ = 0.536 D), is almost twice that of its
unsubstituted nonpolar analog. This results from the
increased number of contacts between adsorbate mol-
ecules and the graphite-like surface of the carbon
material after adding a methyl group, and the elevated
electron density on the nitrogen atom of the substi-
tuted ring, which is due to the methyl’s electron-donor
properties. The elevated electron density promotes the
formation of intramolecular C–H–N' hydrogen
bonds and thus stabilizes the planar conformation of
this adsorbate. Adding a second methyl group at posi-
tion 6' of the adjacent pyridine ring upon the transition
to 6,6'-dimethyl-2,2'-dipyridyl with μ = 0.000 D,
(substance 4) almost triples the magnitude of K1,c
(Tables 2 and 4), another result of the increased num-
ber of contacts between the adsorbate molecules and
the carbon adsorbent, and the stabilization of the
molecular f lat geometry in favor of a planar orienta-
tion during adsorption on the graphite-like surface.

The transition from 6,6'-dimethyl-2,2'-dipyridyl
(substance 4) to its structural isomer 5,5'- dimethyl-
2,2'-dipyridyl, for which μ = 0.000 D (substance 5),
almost doubles the retention on the PGC. As with the
isomeric 2,2' and 4,4'-dipyridyls, the increased con-
centration of MeCN in the mobile phase somewhat
reduces the difference between the K1,c values of iso-
meric dimethyl-2,2'-dipyridyls but does not prevent
their full separation in columns with PGC under
HPLC conditions (Tables 2 and 4). The doubled
adsorption bonding of 5,5'-dimethyl-2,2'-dipyridyl
and PGC compared to 6,6'-dimethyl-2,2'-dipyridyl is
perhaps due to the presence of two methyl groups at
the meta-positions relative to the carbon atoms at
positions 3 and 3' of the pyridine rings enhancing the
electron-donor properties of the hydrogen atoms in
the vicinity of these carbon atoms. This contributes to
the strengthening of the intramolecular C–H–N'
hydrogen bonds, which stabilizes the planar confor-
mation of the 5,5'-dimethyl-2,2'-dipyridyl molecule.

In contrast, Tables 2 and 4 show that another iso-
mer, 4,4'-dimethyl-2,2'-dipyridyl, for which μ =
0.094 D, (substance 6), adsorbs on the PGC surface a
bit more weakly than 6,6'-dimethyl-2,2'-dipyridyl
(substance 4). In our opinion, this is because the two
methyl groups at positions 4 and 4' slightly reduce the
electron-acceptor properties of the hydrogen atoms
occupying the positions 3 and 3', respectively. This
weakening could be due to the positive inductive effect
of methyl radicals and the hyperconjugation effect. As
a result, it prevents the formation of strong intramo-
lecular C–H–N' hydrogen bonds stabilizing the pla-
nar conformation of the 4,4'-dimethyl-2,2'-dipyridyl
molecule. This adsorbate with the nonplanar geome-
try is thus not retained on PGC as well as 6,6'-
dimethyl-2,2'-dipyridyl (see Tables 2 and 4).
l. 93  No. 9  2019
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Fig. 1. (Color online) Logarithm of the distribution con-
stant of the investigated dipyridyls versus the reciprocal
temperature upon their adsorption in PGC from the solu-
tion of MeOH–H2O with ФMeOH = 0.70; below, the
numbers on the curves correspond to those of the sub-
stances listed in Table 1. 
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Important factors that determine the character of
adsorption of isomeric dipyridyls and their substituted
analogs from water–organic solutions on Hypercarb™
carbon material are thus the geometry of adsorbate
molecule and the number of its possible contacts with
the graphite-like PGC surface. The presence of sub-
stituents in the adsorbing molecule that stabilize the
planar conformation greatly enhances the adsorption
bonding of dipyridyls and the PGC surface. The main
factor that allows the adsorption bonding of dipyridyl
molecules and PGC is in this case the possibility of
almost complete contact between its atoms and the
graphite-like surface. We thus have adsorbate–adsor-
bent π–π interactions and additional electrostatic
forces between the molecules with f lat geometry and
the f lexible π-electron system of graphite-like PGC
surface, rather than interaction between the polar cen-
ters of adsorbate molecules and the residual polar
functional groups of the graphite sheet, as is observed
for graphitized thermal black [23, 24].

The latter point is confirmed by the weak adsorp-
tion of molecules with a nonplanar geometry. For
example, Tables 2 and 4 show that di(2-pyridyl)ketone
(substance 7) is adsorbed on PGC from water–
organic media much more weakly than its closest ana-
log, 2,2'-dipyridyl (substance 1). 2,2'-Dipyridyl-N-
oxide and 2,2'-dipyridyl-N,N '-dioxide (substances 8
and 9, respectively), which contain semi-polar bonds,
are also adsorbed weakly on PGC. Molecules of di(2-
pyridyl)ketone and 2,2'-dipyridyl-N,N '-dioxide have
dipole moments (μ = 4.299 and 2.048 D, respec-
RUSSIAN JOURNAL O
tively), so they participate in strong orientation inter-
actions with polar solvent molecules. At the same
time, the 2,2'-dipyridyl-N,N '-dioxide molecule has
no dipole moment, and it cannot interact with the sol-
vent through orientation forces. These adsorbates are
likely solvated not only through a mechanism of van
der Waals interactions with the polar solvent but also
through the formation of intermolecular hydrogen
bonds between the basic pyridine nitrogen atoms of
the adsorbate molecules and the acid centers of the
solvent components. Along with the nonplanar geom-
etry of these adsorbates, such solvation results in their
fast elution from a column under the conditions of
dynamic adsorption.

The presented values of ∆aG° show that the adsorp-
tion equilibrium shifts toward the formation of adsorp-
tion complexes of adsorbate molecules with the PGC
surface (Tables 2 and 4). The only exception is 2,2'-
dipyridyl-N,N '-dioxide (substance 9), the molecule of
which is nonpolar and contains two semi-polar bonds.
Due to the combination of weak adsorption bonding
with the graphite-like surface and strong solvation
through the water–organic solvent, this substance is
adsorbed more weakly than the solvent itself; i.e., it is
characterized by negative adsorption on the PGC sur-
face from water–organic solutions. This is apparent
from its negative values of K1,c and the positive values
of ΔaG° (see Tables 2 and 4), which show a shift of
adsorption equilibrium in the case of 2,2'-dipyridyl-
N,N '-dioxide (substance 9) toward the breakdown of
adsorbate–adsorbent adsorption complexes.

Figure 1 shows the dependences of the logarithm of
the distribution constants for the investigated dipyr-
idyls on the reciprocal temperature upon their adsorp-
tion on the PGC surface from an MeOH–H2O solu-
tion with ФMeOH = 0.70. As with the adsorption of
dipyridyl from MeCN–H2O and i-PrOH–H2O
media, these dependences are functions that grow lin-
early, reflecting the exothermic character of the liq-
uid-phase adsorption of the investigated substances on
the PGC surface. For example, Tables 3 and 4 demon-
strate the variations in the standard differential molar
changes in enthalpies ∆aH° and entropies ∆aS° during
adsorption. It is seen from these data that the liquid
phase adsorption of all the investigated compounds is
characterized by negative values of ∆aH°, regardless of
the nature and composition of the bulk solution from
which adsorption proceeds. This is due to the predom-
inant gain in energy caused by the interaction between
adsorbate molecules and the PGC surface over the
energy costs of overcoming the solvation interactions
between adsorbate molecules and the solvent, and the
desorption of preliminarily adsorbed solvent mole-
cules on the PGC surface. In addition, however, the
adsorption of most of the investigated substances is
characterized by negative values of ∆aS° that reflect
the predominance of losses in the degrees of freedom
of the adsorption system, caused by the adsorption
F PHYSICAL CHEMISTRY A  Vol. 93  No. 9  2019
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Fig. 2. (Color online) Dependences of the thermodynamic
characteristics of the adsorption of (a) 2,2'-dipyridyl,
(b) 6-methyl-2,2'-dipyridyl, and (c) di(2-pyridyl)ketone
in PGC from solutions of MeCN–H2O on volume frac-
tion ФMeCN. 
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bonding of adsorbate molecules and the PGC surface,
over the release of additional degrees of freedom
caused by solvent molecules being added to the bulk
solution due to degradation of the solvation spheres of
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
adsorbate molecules and the desorption of prelimi-
narily adsorbed solvent. An exception is the adsorption
from the maximally watered-down MeCN–H2O
solutions and from the i-PrOH–H2O solution, where
positive variations in entropy are observed when a
molecule moves from the bulk solution into the sur-
face layer (Tables 3 and 4).

The maximum absolute magnitudes of ∆aH° and
∆aS° are characteristic of the adsorption from the
MeOH–H2O solutions of the investigated dipyridyls
on the PGC surface. Intermediate values of ∆aH° and
∆aS° are observed for adsorption from the MeCN–
H2O solutions, and minimal changes in the absolute
magnitude of TCA are observed for adsorption from
the i-PrOH–H2O solutions (Table 4). The values of
K1,c and the absolute magnitudes of ΔaG° of the inves-
tigated dipyridyls fall in the same way upon moving
from the MeOH–H2O solutions to the MeCN–H2O
media, and then to the binary solvents i-PrOH–H2O
(Tables 2 and 4). As is known from [18], this is due to
the strong association between the MeOH–H2O mix-
tures resulting in more effective displacement of
adsorbate molecules from the MeOH–H2O media
onto the nonpolar surface. This sequence of the
reduction of TCA absolute magnitudes upon varying
the nature of the water–organic solvent results from
the higher concentration of preliminarily adsorbed
acetonitrile on the nonpolar surface, compared to
methanol [18].

Along with the nature of organic component of the
bulk solution from which adsorption proceeds, the
composition of the binary solvent has a strong impact
on the TCA values of dipyridyls (Tables 2 and 3). At
the same time, we can see from the dependences of
different TCA values of the investigated dipyridyls on
the volumetric fraction of acetonitrile in the mobile
phase shown in Fig. 2 that as expected, the absolute
values of ΔaG° fall monotonically when content ФMeCN
of acetonitrile in the solution is raised. This weakening
of adsorption bonding in most of the investigated
dipyridyls is associated with the enhanced solvating of
their molecules by acetonitrile and the reduced hydro-
phobic interactions resulting from the destruction of
the network hydrogen bonds in the bulk solution. The
specified drop in the absolute magnitudes of ΔaG°
upon an increase in ФMeCN is characteristic of almost
all dipyridyls (Figs. 2a–2c). An exception is 2,2'-
dipyridyl-N-oxide, for which absolute magnitude
ΔaG° falls slightly as ФMeCN grows. In contrast, it then
rises somewhat to values exceeding ΔaG° in absolute
magnitude, which are typical of adsorption from
watered-down solvents (Table 2). This is apparently a
result of the initial rise in the concentration of aceto-
nitrile in the solution enhancing the solvation of the
pyridine rings of this adsorbate and thus weakening its
retention. In contrast, a further increase in the volume
content of acetonitrile probably prevents the specific
l. 93  No. 9  2019
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Fig. 3. Correlation between the changes in standard differ-
ential molar enthalpy and entropy, measured upon the
adsorption of 6-methyl-2,2'-dipyridyl on PGC from solu-
tions of MeCN–H2O with different volume fractions
ФMeCN. 
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changes of the Gibbs energy upon adsorption of the inves-
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solvation of 2,2'-dipyridyl-N-oxide molecules with
water on sites containing semi-polar bonds, so reten-
tion grows somewhat (see Table 2).

While the monotonically falling dependences of
−ΔaG° on ФMeCN are characteristic of most of the
investigated dipyridyls, the medium–property depen-
dences for the absolute magnitudes of standard differ-
ential molar changes in enthalpy ΔaH° and entropy
TΔaS° for all the investigated compounds are of a non-
trivial growing character. Depending on the nature of
adsorbates, these dependences are characterized by
either extrema or inflections, or turn out to be monot-
onous (see Table 3 and Fig. 2). In the case of 2,2'-
dipyridyl and 4,4'-dipyridyl, the dependences of the
enthalpic and entropic constituents of the Gibbs
energy of adsorption on the composition of the
MeCN–H2O medium are characterized by an extre-
mum in the vicinity of ФMeCN = 0.60 (Fig. 2a). With
6-methyl-2,2'-dipyridyl, the dependences of the abso-
lute magnitudes of ΔaH° and TΔaS° on the composi-
tion are monotonous, but also exhibit nontrivial
growth (Fig. 2b). With di(2-pyridyl)ketone, inflec-
tions in the medium–property dependences for
enthalpic and entropic constituents of the Gibbs
energy of adsorption are observed near ФMeCN = 0.6–
0.7 (Fig. 2c). The growing character of the medium–
property dependences for enthalpy and entropy is
likely to result from changes in the dependences of the
composition of adsorbed solution as the content of
water in the bulk solution is reduced. As a result, π–π
interactions begin to predominate upon adsorption
from solutions with large volume fractions of acetoni-
RUSSIAN JOURNAL O
trile, and the impact from hydrophobic interactions is
naturally reduced. The presence of extrema or inflec-
tions in the medium–property dependences is proba-
bly due to oversolvation of the adsorbate molecules by
acetonitrile as the content of water in the bulk solution
is reduced.

For each of the investigated adsorbates, there is
compensation between the values of ΔaH° and ΔaS°
measured upon the adsorption of one substance from
MeCN–H2O media of different composition.
Figure 3 presents one such compensation diagram that
is characteristic of 6-methyl-2,2'-dipyridyl. At the
same time, the regions of mobile phase compositions
in which extrema or regions of inflection are observed
for the medium–property dependences of the TCAs of
the investigated dipyridyls are the same for the enthal-
pic and entropic constituents of the Gibbs energy of
adsorption (Fig. 2). Since the values of ΔaH° and ΔaS°
are parts of the Gibbs−Helmholtz equation, simulta-
neous variation of these values results in the disap-
pearance of the extrema and inflections on the curves
of ΔaG°(ФMeCN) (Fig. 2) [25].

Variations in the composition of the MeCN–H2O
medium and the nature of the mobile phase upon
moving to MeOH–H2O and i-PrOH–H2O media did
not alter the adsorption selectivity of the investigated
systems, or the order of the elution of adsorbates from
the column with PGC, as is apparent from the linear
correlations between the values of ΔaG° in the series of
studied dipyridyls. Figure 4 shows these correlations
between the values of ΔaG° measured upon the adsorp-
F PHYSICAL CHEMISTRY A  Vol. 93  No. 9  2019
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tion of dipyridyls from liquid media of different
natures.

The data obtained in this work enabled us to predict
the adsorption behavior of the investigated dipyridyls,
their derivatives (including isomers), and their analogs
upon the separation of liquid phases in PGC.
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