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Vapor adsorption of organic compounds of different polarity on graphite-like adsorbent Carbopack Y
modified by a monomolecular layer of a «double swallowtail typey» liquid crystal was studied using gas
chromatography. Adsorption thermodynamic characteristics (differential molar heats of adsorption and the
entropy change during adsorption) were determined through the temperature dependencies of the Henry constant.
Adsorption thermodynamic characteristics of the original carbon adsorbent and the adsorbent covered with the
liquid crystal monomolecular layer were compared. The theoretical model of delocalized adsorption (model of an
ideal two-dimensional gas) is used to analyze the change in entropy values. It is shown that the modification as a
whole leads to the increase of the adsorption localization. Analysis of values of the thermodynamic characteristics
revealed that they are influenced by possible monomolecular layer structure of liquid crystal. Possible structure
of a monolayer of the «double swallowtail typey liquid crystal on a flat uniform carbon surface of Carbopack Y is
proposed. The nature of the adsorption entropy change leads to the conclusion that the liquid crystal molecules
are self-organized in the monolayer as a regular structure with little linear size intervals not permitting the
interaction of the substrate with the adsorbate molecules.

Key words: adsorption, gas-adsorption chromatography, modified carbon adsorbents, monolayers, liquid
crystals, adsorbate-adsorbent interactions.
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NCCIEAJOBAHUE AJCOPBIIMOHHOI'O CJI10sd HEMATHYECKOI'O ME3OI'EHA
C PA3ZBETBJIEHHBIMHU KOHHEBBIMU ®PAI'MEHTAMMU
HA HNOBEPXHOCTHU YIJIEPOAHOI'O AJCOPBEHTA

Camapckuil HalMoOHATBHBINA UCcenoBaTenbCckuii yauBepcuteT uM. akan. C. I1. Koponera,
yi. Axaz. [1asnosa, 1. 1, 443011 Camapa, Poccus. E-mail: kirko87@inbox.ru

C ucnonvzosanuem memooa 2az060U Xpomamozspaguu npoeedeHo Ucciedosane aocopoyuu napos
Op2aHU4eCcKUx COeOUHEeHUU PA3IUYHOU NOJAPHOCIU HA YelepOOHOM epadumonododbrnom adcopbenme Carbopack Y,
MOOUPUYUPOBAHHOM MOHOMONEKYISAPHLIM CIOEM HCUOKO20 KPUCMANLA MUNA «O8OUHOU JAACMOYKUH X8ocmy. H3
memMnepamypHelx  3aeucumocmeti  KoHcmawm — lenpu  adcopbyuu  onpedeneHvl  MEPMOOUHAMUYECKUE
xapaxmepucmuxu aocopoyuu (Oug@epenyuanvhvle MOISPHbIE MENIOMbl AOCOPOYUU U BETUHUHLL UMEHEHUS
owmponuu npu  aocopoyuu). Ilpoedeno conocmagienue HOLYUEHHBIX MEPMOOUHAMUYECKUX XAPAKMEPUCTUK
aocopoyuu Ha UCXOOHOM YenepOOHOM adcopbeHme u adcopbeHme ¢ MOHOCI0eM HCUOKO20 Kpucmaiia. [na anaiuza
UBMEHEHUSL BelUYUH DHMPONUU NPUBTEYEHAd MEeoPemuUdecKas Mooenb OelOKATU308AHHOU adcopbyuu (Moodenb
udeanbHo2o 0gymepnozo easa). Iloxkasano, umo mooughuyuposanue 6 yeiom NpPugooUm K YCULeHUIo 10KATU3Ayul
adcopoyuu. Ha ocnose ananuza mepmoouHamuyeckux 6eautut Guis8leHa Céa3b MeHCOy XAPAKMeEPOM Ux UsmMeHenus
U BO3MOIICHBIM CIMPOEHUEM MOHOMOAEKVISIPHOZ0 CLOsL HCUOK020 Kpucmaina. IIpednosiceno 8osmodichoe cmpoetue
MOHOCNOSI HCUOKO20 KPUCMANIA MUNA «OBOUHOU AACMOYKUH XBOCM» HA NJIOCKOU OOHOPOOHOU Y2nepoOoHOl
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NOBEPXHOCMU MBepPA020 Hocumens. YKA3aHo, 4mMo Xapakmep USMEHeHUs GeluduH OSHMPOnuu aocopoyuu
N0360J5lem 2080PUMb O MOM, 4MO MOJEKYIbl HCUOKO20 KPUCMALLA 8 MOHOCIOe CAMOOP2AHUZVIOMCA 8 8Uude
PERVIAPHOU CIMPYKMYPbI, UMeloujeti npoMeNCymKU MAbIX JUHEUHbIX pA3Mepos, NPAKmMuyecky He 0OnYCKarouux

83AUMOOCUCMEUR NOONONCKU C MONEKYAAMU A0CopOamos.

Knrouesvle cnosa: adcopdoyus, 2a3o-adcopbyuouHas xpomamozpadus, Moouuyuposanuvie y2iepooubie
aocopbenmbl, MOHOCIOU, AHCUOKUE KPUCMATLIbL, 83AUMOOCUCMBUs «adcopdam — adcopbenmy.

Introduction

One of the methods of obtaining
supramolecular, mono- or multilayer systems on the
phase boundary is adsorption or chemical modification
of solid surfaces which allows their chromatographic
study. The nature of the solid carrier bares great
importance in such modification is very important,
since its surface structure has great impact on the
structure and the degree of ordering of the formed
modifier layer. In this regard, the study of the
monomolecular  layers of  mesogenic  and
nonmesogenic compounds with anisometric molecules
is very interesting, because their spatial structure of
molecules contributes to a spontaneous self-ordering
on the substrate surface [1, 2].

At present there are sufficiently many studies of
gas phase organic compound adsorption on mono- and
polylayers of various mesogens (liquid crystals (LC)),
as well as their structures [3—7]. Mesogen compounds
with branched end fragments belong to a special
group. In accordance with the adopted in the literature
terminology, such liquid crystals are called
«swallowtail» or «double swallowtail» mesogens [8].
They form a class of compounds allowing a variation
of the molecular structure in a fairly wide range that
leads to a diversity of possible mesophases.

The purpose of this work was the gas
chromatographic study of vapor adsorption of organic
compounds of various polarity at the Carbopack Y
(CpY) carbon adsorbent modified by the
monomolecular layer of a nematic liquid crystal of the
«double  swallowtail» type —  bis[2,2’-di-(n-
hexyloxycarbonyl)ethynyl]phenyl ether of 4,4’-
biphenyldicarboxylic acid (BAHPh).

Experiment

Carbopack Y (Supelco Inc.), non-porous carbon
adsorbent-carrier, characterized by the geometric and
chemical homogeneity of the surface (specific surface
area 33,6 m’/g) was selected as a solid substrate for
LC monolayer formation.

The BAHPh modifier* (fig. 1) was applied from
a chloroform solution in the amount required for
obtaining dense monomolecular layer. To determine
the needed quantity of the modifier the landing site of
the LC molecule was calculated as to 485 A”. The mass
of the modified adsorbent in the column (I m x 2 mm)
was 1,2726 g (CpY — 1,2708 g, BAHPh — 11,7 mg).
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Fig. 1. Structure and phase transition temperatures of
BAHPh

The experiment was conducted using the inverse
gas chromatography method on Tsvet-100 chro-
matograph with a flame ionization detector. Based on
the experimental data Henry adsorption constants were
calculated according to the formula:

K =vT :([R_IM)'FPH,TC ]32 _ (tR_tM)'F}i’,T(‘ (1)
" ’ WS S Ws Sy ’

where ¢, — the retention time of the studied substance;

ty — the retention time of the nonsorbent; W, — the
adsorbent mass; s, — absorbent specific surface arca

CpY (assuming the specific surface area of the
adsorbent does mnot change after the modifier
application); F, , — rate of volume flow of the carrier

gas at the column outlet at the column temperature;
j32 — James-Martin coefficient; F, — rate of volume
flow of the carrier gas reduced to the column
temperature and the pressure averaged over the length

of the column determined via the «cold» calibration
method [9].

*Synthesized in the Martin Luther University (Halle, Germany)
and kindly provided for research by the Doctor of Chemical
Sciences, Professor of Saint Petersburg University Sokolova E.P.
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Differential molar heat of adsorption (g, ;) as
well as the entropy change during adsorption (AS’I‘L)

were  determined  through the temperature
dependencies of the Henry constant according to the
known ratio [10]:

Gurs  AS,
1nKIC:§+A=%+#+1, )
T RT R
where g, =-AU - differential molar heat of adsorp-

tion; AS =S -87., S —standard (I'= 1 mcmol/m’)
differential entropy of the adsorbed substance, §;C -

standard adsorbate entropy in the gas phase with
concentration C= 1 memol/cm’.

Considering that the coefficients A and B in the
first approximation do not depend on the temperature
and determining the coefficients from linear
dependencies InK, = f(1/T), the experimental values

of the adsorption thermodynamic characteristics of the
studied substance were determined.

Results and Discussion

Fig. 2 shows temperature dependencies of the
Henry constants of n-hexane, cyclohexane, benzene
and butanol-1 adsorption on the original (CpY) and
modified (CpY/BAHPh) adsorbents. After
modification Henry constants' reduction has been
observed for all researched substances. That is specific
for modifications of graphite thermal soots by
molecules forming dense monolayers capable of
shielding the carbon substrate surface [6, 10].

The analysis of the Henry constants of
adsorption indicates that n-alkanes are adsorbed
slightly better on the modified adsorbent than arenes
with the same number of carbon atoms in the molecule
(n-hexane comparing to benzene, fig. 2). Moreover, it
should be noted that the CpY modification in case of
cyclohexane and butanol-1 leads to a much smaller
reduction of Henry constants comparing to the original
CpY than for the arenes and alkanes of the normal
structure.
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Fig. 2. Temperature dependencies of the Henry constants of adsorption on the examined adsorbents; benzene (a),
cyclohexane (b), n-hexane (c) and butanol-1 (d); CpY (1), CpY/BAHPh (2)

Table represents the numerical values of the
thermodynamic  characteristics  of  adsorption,
calculated from the temperature dependencies of the
Henry constants in comparison with the data for the
non-modified adsorbent.

The data shows that in n-alkanes modification leads
to a reduction of the heat of adsorption and to an increase
of the absolute value of the entropy change. The n-hexane
is an exception. Its — ASy, value almost does not change.
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For the heat of adsorption values a similar
trend is evident for aromatic hydrocarbons.
However, arenes' entropy change except for benzene
is almost identical on the original and modified
adsorbents (| AASY, [~2-5 J/(mol'K)). A similar

situation is evident for pyridine. Presence of a
monolayer polar to BAHPh leads to an increase of

the thermodynamic characteristics of adsorption for
studied spirits. Carbon tetrachloride, cyclohexanone
and tetrahydrofuran behave similar to spirits. Thus,
when BAHPh is applied as a polar modifier the
nature of the change of the adsorption
thermodynamic characteristics is determined by the
adsorbate molecule polarity.

Table. Thermodynamic characteristics of adsorption of the researched substances
on CpY and CpY/BAHPh adsorbents

Ne Adsorbates a, A3 4.y, kl/mol —AS li)c » J/(mol-K)
CpY CpY/BAHPh CpY CpY/BAHPh

1 | n-Hexane 11,78 41,94+0,9 36,0+1,8 108,7+2,1 109,8+4,4
2 | n-Heptane 13,62 48,6+2,0 45,2+1,7 114,9+4,6 123,7+4,1
3 | n-Octane 15,45 54,3+1,3 50,1+1,2 118,9+£2,8 126,8+2,8
4 | n-Nonane 17,29 59,6+1,0 55,7£1,5 120,9+£2,2 132,4+3,4
5 | n-Decane 19,10 — 59,1+1,3 — 132,4+2.9
6 | n-Undecane 20,96 — 64,8+6,9 — 137,5£15,0
7 | n-Dodecane 22,79 — 68,6+4,2 — 138,7+8,8
8 | Cyclohexane 11,01 32,7+0,4 33,9+0,5 95,4+1,1 106,8+1,4
9 | Benzene 10,43 40,0+0,8 38,7+1,6 107,242,1 118,9+4,2
10 | Toluene 12,27 47,242 .8 41,0+1,5 112,2+6,3 114,1£3,6
11 | Chlorobenzene 12,40 47,5+0,9 43,9+1,1 110,1£2,1 116,6+2,7
12 | Ethylbenzene 51,5+1,0 44,7+1.4 116,1+2.3 115,8+3,2
13 | o-Xylene 14.10 55,3+1,4 49.4+1,1 118,2+3,0 123,1+2,7
14 | m-Xylene ’ 54,4126 47,4+1,8 117,2+5,8 119,4+4,3
15 | p-Xylene 56,2+0,8 46,9+1,9 120,3£1,8 117,2+4,4
16 | Butanol-1 35,819 39,6+1,9 105,6+4,9 120,6+5,0
17 | 2-Methylpropanol-1 8,75 34,3+1,3 36,8+5,6 104,6+3,4 116,2+15,2
18 | 2-Methylpropanol-2 32,0422 36,1£5,0 103,4+5,7 118,9+13,5
19 | Pentanol-1 10.60 — 47,8+1,3 — 131,7+3,3
20 | 3-Methylbutanol-1 ’ - 44,9422 — 125,7+5,7
21 | Hexanol-1 12,42 — 52,2+1,6 — 134,2+4,0
22 | Cyclohexanol 11,65 40,5+0,3 42,5+0,9 105,0+0,7 115,4+2,2
23 | Cyclohexanone 11,10 39,8+0,3 42,4+1,0 104,0+0,7 115,4+2,5
24 | 1,3-Dioxane 361 35,0+0,3 35,8+0.4 104,3+0,8 110,3+1,0
25 | 1,4-Dioxane ’ 34,840,3 35,1+0,4 104,2+0,8 109,2+1,1
26 | Pyridine 9,73 46,9+0,7 40,8+1,3 123,3+1,7 119,1+3,4
27 | Tetrahydrofuran 7,98 33,6+1,0 36,8+2,0 107,0£2,5 121,5£5,3
28 | Cyclohexene 10,70 36,8+0,2 39,714 103,3+0,6 121,443,6
29 | Carbon tetrachloride 10,30 30,2+0,7 32,9+1,3 94,6x1,7 107,8+3,4

Non-polar and low-polar compounds with cyclic
molecular structure constitute a special group of
compounds. For example, the heat of adsorption on both
adsorbents are nearly the same for -cyclohexane,
cyclohexene, and isomeric dioxanes. Entropy changes after
modification are greater on average by 5-18 J/(mol-K).

In general, the heat of adsorption values on CpY
and CpY/BAHPh adsorbents increase  with
polarizability (size) growth of the adsorbate molecules
(fig. 3, table). For spirits in case of the modified
adsorbent the heat of adsorption is higher than for
hydrocarbons approximately by 9—15 J/(mol'K) (e.g.,
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cyclohexanol and cyclohexane, hexanol-1 and n-
hexane). That corresponds well to the typical energy
values of the hydrogen intermolecular bond. It is
common for both adsorbents that increase in the
degree of branching of a hydrocarbon radical in a
spirit molecule leads to some decrease of the heat of
adsorption. In case of the original adsorbent that
comes from the weakening of intermolecular bonds of
the spirit molecules with the flat surface, thus, with the
decrease of energy of the dispersion interaction. While
in case of the CpY/BAHPh adsorbent it comes from
steric hindrances in hydrogen bond formation. Toluene
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— chlorobenzene combination, whose molecules have
virtually the same molecular volumes, is also

characterized by the same ¢g,., values on the CpY

adsorbent. Because in this case, the energy of
interaction is determined only by dispersion
interactions. Modification leads to a weakening of the
dispersion interactions for both compounds, but
provides a contribution to the dipole-dipole
interactions in the overall energy of adsorption for
chlorobenzene leading to an increase of its heat of
adsorption.
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Fig. 3. Relation between the differential molar heat of adsorption and the polarizability of the adsorbates on the examined
adsorbents; CpY (a), CpY/BAHPh (b); lines are drawn through the n-alkane points

Entropy dependence analysis demonstrates that
in general adsorption on the surface of the original
adsorbent is delocalized in nature (fig. 4, a) and in the
first approximation is described by the following
equation [11, 12]:

—AS?, ey = 65.27+4.157 In(MT) 3)

where M — adsorbate molar mass (g/mol), T —
temperature (K).

It can be noted that in case of the modified
adsorbent the experimental values of the absolute
entropy change for all compounds are slightly higher
than it is predicted by the model of an ideal two-
dimensional gas (fig. 4, b). This demonstrates the
lesser mobility of the adsorbed molecules on the
modified surface comparing to a flat homogeneous
surface along which adsorbate molecules can move
freely.
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Fig. 4. Relation between the differential molar entropy change during adsorption and the molar mass
of the adsorbates for examined adsorbents; CpY (a), CpY/BAHPh (b); lines are drawn based on the equation (3);
for all adsorbates the temperature T = 403,15 K

Such nature of the entropy dependence for
CpY/BAHPh reveals the heterogeneity of the
BAHPh's monolayer surface and suggests that the
movement of the adsorbed molecules along the surface
overall ceases to be free. This effect may also be
observed in a case where modifier molecules are
loosely adjacent to each other in the monolayer
leaving part of the substrate open. Thereby the
adsorption capacity of the modified surface varies
periodically along the way. Those parts of the surface
which correspond to the potential minima are the
centers of the partial localization of the adsorbed
molecules. In our case the effect of the adsorption
localization on the surface of the modified adsorbent is
weak. That comes from the fact that observed entropy
changes (no more than ~140 J/mol-K) do not reach in
absolute value the expected levels for the full
localization of molecules, i.e. complete loss of all
three degrees of freedom of translational motion.

Based on the collected data it can be assumed
that in the monolayer on a carbon substrate surface the
BAHPh molecules are located in such a way
that between their hard central fragments, as well as
between the branched end groups, intervals may arise

(fig. 5).
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Fig. 5. Supposed BAHPh monolayer structure on the CpY
flat surface
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Presence of available substrate surface between
BAHPh molecules should have lead to a growth of the
thermodynamic characteristics of adsorption, as this
would have increased the energy of the «adsorbent-
modifier-adsorbate» disperse interaction by increasing
the number of intermolecular contacts between the
carbon substrate, LC and adsorbate molecules. Similar
results were observed researching another liquid
crystal [13]. However, in case of the BAHPh
monolayer the width of the formed intervals is not
enough even for small adsorbate molecules to
penetrate them embedding in the monolayer structure.

Conclusions

Modification of the carbon adsorbent surface by
an LC monolayer of the «double swallowtail» type
shields the surface. That is expressed in the Henry
constants reduction for all researched compounds
compared to the original CpY adsorbent. It has been
revealed that the decrease in the heat of adsorption
resulting from the decline in the adsorption capacity of
the firm substrate after modification is poorly offset by
the specific interactions in addition to the disperse
interactions. The nature of the adsorption entropy
change leads to the conclusion that the BAHPh
molecules are self-organized in the monolayer as a
regular structure with little linear size intervals not
permitting the interaction of the substrate with the
adsorbate molecules.

The work is done with the support of the Ministry of
Education and Science of the Russia n Federation within
the government research grant Ne. 4.5883.2017/8.9.
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