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a b s t r a c t

The phase behaviour and structural organization of hydrogen-bonded liquid crystals were investigated
under confinement to mesoporous molecular sieves. As such liquid crystalline compounds, 4-hex-
ylbenzoic and 4-butylcyclohexanecarboxylic acids with different head group structure and alkyl chain
length where selected and filled in the AlMCM-41 sieves. With FTIR spectroscopy it was found that some
part of incorporated acid molecules, presumably located in the inner space of the AlMCM-41 pores, is in
undissociated form of open dimers or chain associates and thus shows spectroscopic features charac-
teristic to the bulk-like species. The other FTIR spectra components indicate strong interaction of the
incorporated monomeric molecules with the pore surface. Two specific mechanisms are shown to be
involved in molecular interactions at the interface: (1) deprotonation of monomeric acid molecules on
the pore surface with formation of COO� carboxylate ions and (2) bonding of these ions to the pore
surface by a coordinated bond ReCOO�

…Alþ with Lewis acid sites. Differential scanning calorimetry
revealed that these near-surface processes lead to complete suppression of mesomorphic properties of
the studied acids under confinement to nanopores.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

During last two decades, behavior of condensed matter under
confinement to nanoporous inorganic matrices has received
considerable attention both from theoretical and experimental
points of view. The academic interest is mainly associated with
possibility of studying properties of organic materials in a highly
dispersed state, where interfacial interactions and steric constraints
play a very important role [1e3]. The reason of such interest is that
the confinement drastically changes properties of many materials
typical for them in the bulk state. On the other hand, these hybrid
nanocomposite materials allow one to develop innovative appli-
cations in areas of optics, electronics, energy, sensorics, biology,
medicine, industrial chemistry, etc. List of specific devices and
materials includes elements for optical storage, fuel and solar cells,
catalysts, membranes and sensors [4,5].
Among the brightest representatives of such systems studied up
to date are liquid crystals (LC) confined to inorganic porous
matrices [6,7]. A unique feature of LCmesophases is high sensitivity
to spatial restriction of nanometer scale. As confining matrices for
LCs, different porous media such as high-silica porous glasses
[6,8e10], porous silicon [11e13], porous anodic oxide layers [14],
Anopore membranes [15,16], aerosils [17e19], molecular sieves
[20e24], etc. were applied. Depending on pore creation technology
these matrices have random or regular system of pores. These
studies revealed that the confinement might lead to drastic
changes in thermal, optical and dielectric properties of LCs. In
particular, it was found that the confinement to nanopores affects
stability of LC compounds [24], leads to broadening of nematic e

isotropic (NeI) phase transition and suppression of some smectic
mesophases [9,25], irreversible non-linear optical response
[8,26e28], ignition of excimer radiation [12,29] and slowing down
of dielectric relaxation [30e32]. It has been found that these
properties are shownwith a pore size smaller than a certain critical
value at which the surface and volume fraction of LC molecules in
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the pores become comparable. To explain these observations, such
factors as spatial constraints, surface chemistry, fractality, and
confining topology have been considered [33]. Yet, many physical
features of confined LCs are still open questions fundamentally,
such as theoretical treatment of LC mesophases under external
fields induced by confinement or the mechanisms of interfacial
interactions.

In most studies devoted to confined LCs was used the class of
liquid crystalline cyanobiphenyls, primarily, n-pentyl-n'-cyanobi-
phenyl (5CB). The latter single-component substance with the
nematic mesophase extended to room temperature is well studied
and widely used as a model material in LC researches. Unique
properties of this material in the nanopores are associated with the
interfacial interaction at the pore walls, mainly via hydrogen
bonding between the OH groups of the pore surface and the ter-
minal polar CN groups and/or electrons of aromatic rings of 5CB
molecules [20,21,29,34].

It seems even more interesting to investigate H-bonding of LC
molecules with the pore walls for the LCs with hydroxyl and/or
carbonyl groups forming hydrogen bonds of classical type. The
brilliant materials of this type are so named hydrogen bonded LCs
(H-LCs). In these LCs, the mesogenic properties are inherent only
for supramolecules in a form of H-bonded dimers, while single
molecules are non-mesogenic. The H-LCs currently attract great
interest because of their unique properties and related application
capabilities, such as newmesophases [35], wide temperature range
blue phases [36], coordinative nanoporous organic materials [37],
etc. Study of these supramolecular LCs in a confined state is doubly
interesting, because effective interaction of its molecules with the
pore walls should impede dimerization and thus significantly affect
LC properties. About the restriction of dimerization in nanopores
testify previous results obtained for the liquid crystalline cyanobi-
phenyls [12,24,29]. Despite these fundamental reasons and appli-
cative potential, to the best of our knowledge, the molecular
association and phase states of H-LCs confined in inorganic porous
matrices were not studied. The present paper is an attempt to fill
partially this gap.

For systematic research we chose two model compounds, 4-
hexylbenzoic acid (4-HBA) and 4-butylcyclohexanecarboxylic acid
(4-BCA) (Fig. 1), known as building blocks for commercial H-LCs.
They both show a liquid crystalline nematic phase formed by H-
bonded cyclic dimers.
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Fig. 1. Molecular structure of the studied m
The dimeric ring forms a central core of H-bonded complex
which contains two benzene (or two cyclohexane) rings besides a
dimeric one. The combination of a hard core with flexible side
radicals is favourable for mesophase formation. At the same time,
these twomolecules have different geometry, alkyl chain length, as
well as dipole moment in monomeric state. As a main confining
matrix, Al-doped MCM-41 (AlMCM-41) molecular sieves with high
Si/Al ratiowere selected, and as subsidiary ones the undopedMCM-
41 were involved. These materials are characterized by high pore
volume and large surface area, as well as parallel and ideally shaped
hexagonal pore structure. The high surface area accommodates a
large number of binding active centres, and the hexagonal pore
channels of large diameter of about 4 nm allow an easy penetration
of organic molecules. The aim of the present research was to study
the effect of bonding strength between the organic and inorganic
components on thermotropic properties and molecular dynamics
of confined H-LCs. Specifically, the structural rearrangements and
thermal stability of the confined H-LC were investigated with the
help of FTIR spectroscopy and differential scanning calorimetry
(DSC).

2. Experimental

2.1. Materials

Undoped siliceous molecular sieves MCM-41 which were used
as subsidiary in this research are the most studied member of this
family of mesoporous materials, and their synthesis is well
described (see e.g. Ref. [20] and references therein). Synthesis
procedure of Al-doped MCM-41 was somewhat different as
described below. To obtain mesoporous aluminosilicate molecular
sieves AlMCM-41 with high Si/Al ratio, a reaction mixture of the
molar ratio 16.2 SiO2: Аl2O3: 5.4 Nа2O: 13.8 СТАВ: 1767 Н2O was
used in accordance with the method described in Ref. [38]. As an
organic precursor, cetyltrimethylammonium bromide, C19H42BrN
(CTAB), was used. The reaction mixture was subjected to thermal
hydrolysis at 150 C during 48 h, and then the obtained product was
thoroughly rinsed with water, dried in open air, and sintered at
550 �C for 6 h. The prepared nanoporous AlMCM-41 molecular
sieves with Si/Al ratio as high as 7.8 and unidimensional meso-
porous structure were kept in dry atmosphere in a desiccator. X-ray
diffraction (XRD) and electron microscopy confirm a uniform pore
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structure with hexagonal pores of about 4 nm in diameter. The
structure of AlMCM-41 consists of amorphous silica pierced with
hexagonal channels. So, the walls of the mesopores are essentially
amorphous with local atomic arrangement similar to amorphous
aluminosilicates. The building blocks of AlMCM-41 walls are SiO4
and AlO4 tetrahedra, which are bonded together by oxygen atoms
forming a series of SieOeSi and SieOeAl linkages. For each
SieOeAl linkage a cation is required to maintain charge neutrality.
If the cation is Hþ, a bridged hydroxyl group, Sie(OH)eAl, is formed,
which functions as a Brønsted acid site. At the same time, the off-
lattice aluminium ion compensating the excess of the negative
charge in the lattice or acting as cation valence-bonded to the ox-
ygen anion of the SiO4 tetrahedron are associated with Lewis acid
sites [38]. Due to their open porous structure allowing both the
“guest” molecules incorporation into the internal crystal space and
their interaction with the active centers, the sieves are suitable
hosts for inclusion of large organic species.

The 4-BCA and 4-HBA materials were obtained from Sigma
Aldrich (98% purity). Incorporation of 4-BCA or 4-HBA into the
porous AlMCM-41 matrix was carried out from their melts
(isotropic phase) by dipping the powder AlMCM-41 samples into
the melted material and soaking them for 24e48 h at controlled
temperature of 100e120 �C. The obtained samples were thoroughly
washed with hexane to eliminate residual species on the external
surface of the pores, and dried in an open air at 120 �C for 10 h. The
absence of the residual species on the external pore surface was
controlled with FTIR spectroscopy monitoring of the rinse solution
till the disappearance of characteristic absorption bands of the LCs.
2.2. Thermal analysis

The thermotropic properties of the confined H-LCs were
investigated with the help of a differential-scanning calorimeter
from PerkineElmer (model DSC7) equipped with a refrigerated
cooling unit CCA-7. The measurements were carried out in the
temperature range of 20e150 �C, in the heating and cooling modes.
The scanning rate was 8 K/min. Such slow rate enabled to detect
very small temperature shifts in the heat flux curves for the sam-
ples under study. The samples were encapsulated into small-
volume aluminium hermetic pans using mechanical press. In or-
der to keep the melt peaks as narrow as possible, the masses of
samples were low as 1e2 mg. The heat flux and temperature cali-
bration was done using metal indium standard.
Fig. 2. DSC thermograms (heating run) of 4-HBA (a) and 4-BCA (b) in the bulk and under co
arrows indicate corresponding nematic-to-isotropic transition points of bulk 4-HBA and 4-
2.3. Infrared spectroscopy

FTIR spectra (400e4000 cm�1) weremeasured in the 23e180 �C
temperature range using Bruker IFS-88 spectrophotometer. The
spectra were recorded with 1 cm�1 resolution, and averaged over
64 scans. Bulk H-LC samples were prepared by depositing a small
amount of powder acid between the two polished KBr windows
with subsequent acid melting and further it cooling down to obtain
a thin solid film. Samples of H-LC confined in the pores of MCM-41
were prepared by gentle grinding the synthesized compound with
dehydrated KBr in the ratio of 1:100 with following pressing of the
mixture in a die to make transparent discs. OPUS 4.2 software
packagewas used for spectral data processing. Graphical separation
of the IR spectral bands onto the components was performed with
PeakFit computer program. All measurements were performed at
room temperature.

3. Results and discussion

3.1. DSC results

Differential scanning calorimetry (DSC) is used to investigate the
phase transitions and physical states of H-LC loaded inside the
pores of AlMCM-41. Fig. 2 shows the DSC thermograms (heating
run) of bulk 4-BCA and 4-HBA compared to those loaded inside the
pores of AlMCM-41 sieves. Upon cooling, both studied bulk mate-
rials undergo sequential phase transitions from isotropic to liquid
crystalline (nematic) and solid crystalline phase. Within our reso-
lution, two phase transitions can be seen in heating run for 4-HBA
with corresponding temperatures: 96.2 (solid crystal I- nematic)
and 116.5 �C (nematic-isotropic), and three for 4-BCA: at 30.3 (solid
crystal I e solid crystal II), 50.2 (solid crystal II- nematic), and
99.6 �C (nematic-isotropic). The major enthalpy change occurs at
the crystalline-to-nematic phase transition, while nematic-to-
isotropic phase transition enthalpy is relatively low which is
typical for aliphatic compounds [39] where small conformational
changes may result in structural phase transitions. The observed
character and temperatures of phase transitions for bulk 4-BCA and
4-HBA are in good agreement with those known from the literature
[39e42].

For interpretation of these results, it is worth to compare them
with similar results for LC 5CB. According to [43], the isotropic-to-
nematic phase transition in 5CB confined in nanopores is severely
weakened and broadened; its character changes from a strong first
nfinement to AlMCM-41. The insets show expanded plots for the confined samples. The
BCA.
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order transition in bulk to continuous glassy-like transition. This
effect was explained by spatial restrictions hindering molecular
ordering of dipoleedipole dimeric 5CB molecules inside the pores.
By contrast to 5CB case, no sign of phase transition to crystalline,
liquid crystalline or glassy state can be seen for either 4-HBA or 4-
BCA confined inmesoporous AlMCM-41matrices (Fig. 2a, b, insets).
In other words, the confinement even stronger influences the phase
behavior of H-LC. This may be caused by the fact that, together with
spatial constraints, strong molecular interaction between the
incorporated molecules and the AlMCM-41 surface active centers
impedes molecular dimerization which is an absolutely necessary
condition for mesomorphic properties of these compounds. To
prove this suggestion, we further investigated interfacial interac-
tion and molecular structure of the confined H-LCs by FTIR trans-
mission spectroscopy.

3.2. FTIR spectroscopy

The spectra of the H-LC/AlMCM-41 composites are rather
complicated since they contain the absorption bands due to both
the organic component and AlMCM-41. Therefore, we consider first
the spectra of the individual components.

3.2.1. Mesoporous AlMCM-41 molecular sieves
The assignment of the IR spectra of these porous samples was

earlier reported by Frunza et al. [22e24,44] and Puchkovska et al.
[20,21,45] as well as Handke et al. [46] based on handbooks of A.V.
Kiselyov [47] and K. Nakamoto [48]. The bands in the region below
1500 cm�1 correspond to vibrations of the framework-forming
AlO4 and SiO4 tetrahedra: strong absorption band centered at
1075 cm�1 is associated with SiO4 n3(F2) stretching vibration, the
shoulder at 951 cm�1 is due to r(OH) bending of adsorbed water,
the bands at 801 and 459 cm�1 correspond to SiO4 (A) stretching
and SiO4 (E) bending vibration, respectively, while the shoulder at
570 cm�1 is assigned to the combination of SiO4 (F2) and AlO4 (A1)
modes. It worth mentioning that according to [38] in the spectra of
AlMCM-41, compared with those of undoped MCM-41, no essential
changes are observed in the region of framework vibration
(1700e400 cm�1), which confirms that the Alþ cations on the
MCM-41 pore surface do not have any impact on its framework
structure. Mesoporous structure of AlMCM-41 tends to adsorb
water vapours from the air, so the strong asymmetrically shaped
broad band centered at 3420 cm�1 is due to OH stretching vibra-
tions of surface silanols and adsorbed water molecules which
indicate that the silica framework is hydrophilic. The stretching
vibration of water molecules at around 3420 cm�1 is associated
with bending vibration of water molecules at around 1640 cm�1

having a characteristic and fixed integrated peak intensity ratio of
1:6. As follows from curve fitting of the broad OH stretching band
centered at 3420 cm�1 [20,21] it is separated at least into four
components with peak positions at 2970, 3240, 3420, and
3640 cm�1. Moreover, the large width of the OH stretching band
indicates inhomogeneity and the presence of a broad distribution of
different hydroxyls. The proportion of various components varies
with temperature indicating the differences in the binding energies
of structurally different hydroxyls on the AlMCM-41 surface. Upon
heating up to 200 �C in air, AlMCM-41 shows the dehydration
process of the pore surface e the intensity of the bands centered at
3240 and 3420 cm�1 assigned to OH stretching vibrations of
physisorbed water, drastically decreases at elevated temperatures.
When AlMCM-41 samples are heated up to 170 �C, the emergence
of the absorption bands centered at 3690 and 3640 cm�1 is
observed, which are assigned to stretching vibrations of hydrogen-
bonded bridging AleOH…O and SieOH…O groups. As the treat-
ment temperature is raised above 400 �C, the small narrow
absorption peak at 3760 cm�1 can be seen which is ascribed to the
fundamental stretching vibrations of the “free” terminal SieOH
silanol groups. However, it is obvious that the temperature of
200 �C is not enough to completely remove physisorbed water
coverage from the AlMCM-41 surface. It should be mentioned
though that the applied surface pre-treatment improves AlMCM-41
activity, since it facilitates binding of incorporated organic mole-
cules to active surface sites. The transparency region of AlMCM-41
molecular sieves ranges from 1500 to 3000 cm�1 so they are suit-
able matrices for FTIR monitoring of spectral changes in main
characteristic bands of the incorporated compounds.

3.2.2. Bulk samples of 4-HBA
4-HBA and 4-BCA are typical representatives of liquid crystal

materials formed via hydrogen bonding within the dimer mole-
cules. Because of this, crystal structure and IR absorption features of
these compounds as well as their close homologues in a bulk state
have been intensively studied both experimentally and theoreti-
cally [49e52]. It was reported [52] that in the crystalline state, the
4-HBA and 4-BCA molecules are arranged in cyclic dimers by
hydrogen bonding, and only their dimeric form is observed. In Ref.
[42] it was found that in the nematic phase, the non-hydrogen-
bonded monomeric molecules could appear, their amount in-
creases with a temperature. This is consistent with the finding of
[26,53,54] that only the presence of a conveniently large proportion
of closed cyclic dimers of trans-isomer of H-bonded carboxylic acid
molecules allows the nematic mesophase to be established.

Herewe carry out the FTIR spectroscopy studies of 4-HBA and 4-
BCA bulk samples in different phases in order to elucidate tem-
perature behavior of spectral parameters of characteristic absorp-
tion bands, to monitor changes in hydrogen bonds system and
variation of the amount of different conformers in different phases.
The frequencies of the IR absorption bands and their assignment to
the vibrations of corresponding groups of 4-HBA and 4-BCA were
obtained on the basis of available literature data [49e51,47,48,55].
The peak positions of main IR absorption bands of the bulk 4-HBA
and 4-BCA corresponding to the transmission windows of AlMCM-
41 as well as their assignment to vibrations of functional groups are
given in Table 1. Since both 4-HBA and 4-BCA belong to the same
class of mesogenic carboxylic acids and their molecular dynamic
behavior is very similar, we describe here in detail only the results
obtained for 4-HBA compound and mention just specific features
for 4-BCA.

Fig. 3 shows the room temperature FTIR absorption spectra of
bulk 4-HBA and those of 4-HBA/AlMCM-41 sample. Major absorp-
tion bands of bulk 4-HBA are also presented in its spectra in the
confined state, which confirms fairly good incorporation of the 4-
HBA molecules into the AlMCM-41 pores. The FTIR spectra of
bulk 4-HBA in crystalline state show strong absorption band at
1694 cm�1 due to the carbonyl stretching n(C]O) mode of dimeric
molecules (Fig. 3a). The dimeric form of 4-HBA molecules is man-
ifested as a characteristic broad absorption band of hydrogen bond
n(OH) stretching vibrations appearing as a broad absorption band
spreading between 2400 and 3200 cm�1 with its center of gravity
at ~2900 cm�1 (Fig. 3b). The H-bond enthalpy inside the 4-HBA
dimers was estimated from the frequency shift of the n(OH) band
and was found equal to ~5 kcal/mol [56].

Some other bands characteristic of 4-HBA, can be clearly iden-
tified such as: the peaks centered at 3072 and 3010 cm�1 due to
aromatic CH stretching vibrations; those at 2955, 2925, 2872 and
2855 cm�1 due to CH3 and CH2 asymmetrical and symmetrical
stretch; at 1611, 1576 and 1514 cm�1, to C...C ring vibrations; at
1466, 1457, and 1425 cm�1, to the coupled vibrations of CH2
banding and ring vibrations; at 1379 cm�1 to CH2 wagging; at 1321
and 1293 cm�1, to coupled CH bending and CC ring vibrations. It



Table 1
Main IR absorption band frequencies and their assignment tomolecular vibrations of 4-HBA and 4-BCA in the bulk and the state of confinement in AlMCM-41molecular sieves
(T ¼ 25 �С).

4-HBA

Bulk 4-HBA (crystalline phase) 4-HBA/AlMCM-41

Wavenumber, cm�1 Assignment [49e51] Wavenumber, cm�1 Assignment [48,50]

1293 s n(CeO)
1321 s ds(CH3)
1379 w (CH2) wagging 1379 w
1425 s d(COH) 1440 s ns(COO�)

1448 sh
1457 m r(CH2)
1466 m das(CH3)
1514 w n(C...C) 1515 w n(C...C)

1560 s nas(COO�)
1576 s b(...CH)þn(C...C) 1575 sh b(...CH)þn(C...C)

1602 s n(C...C)
1611 s n(C...C) 1611 s n(C...C)

1628 sh
1640 m d(OH) (H2O adsorbed on AlMCM-41)

1658 sh n(C]O)
1694 vs n(C]O) 1698 m n(C]O) bulk-like open dimers

1745 w n(C]O) bulk-like monomers
2554 m
2600 sh FR with n(OH…)
2674 m
2855 s ns(CH2) 2859 s ns(CH2)
2872 s ns(CH3) 2872 s ns(CH3)
2900 sb n(OH…) cyclic dimers
2925 vs nas(CH2) 2929 s nas(CH2)
2955 s nas(CH3) 2955 s nas(CH3)
3010 w n(...CH) 3050 mb n(OH…) open dimers
3072 w n(...CH)

3240 sb n(OH…) adsorbed water in AlMCM-41
3420 sb n(OH…) capillary water in AlMCM-41
3630 s n(OH) surface hydroxyls AlMCM-41
3690 w AleOH, SieOH

4-BCA

Bulk 4-BCA (crystalline phase) 4-BCA/AlMCM-41

Wavenumber, cm�1 Assignment [47,50] Wavenumber, cm�1 Assignment [48,55]

1377 w g(CCC), b(CCH)
1419 m d(HCH)
1450 m b(COH),n(CeO) 1452 w

1460 s ns(COO�)
1466 m b(HCH) 1468 m b(HCH)

1573 s nas(COO�)
1630 m d(OH) (H2O adsorbed on AlMCM-41)

1700 vs n(C]O) (cyclic dimers) 1699 w n(C]O) (cyclic dimers)
1710 m n(C]O) (open dimers)
1741 w n(C]O) (monomers)

2650 mb FR with n(OH)
2852 vs ns(CH2) 2855 m ns(CH2)
2872 vs ns(CH3) 2872 s ns(CH3)
2923 vs nas(CH2) 2932 m nas(CH2)
2956 vs nas(CH3) 2959 m nas(CH3)
3100 mb n(OH…) cyclic dimers 3100 vw n(OH…) cyclic dimers

3240 sb n(OH…) in adsorbed water on AlMCM-41
3420 sb n(OH…) capillary water on AlMCM-41
3640 s n(OH…) surface hydroxyls on AlMCM-41
3690 w AleOH, SieOH

Note: n e stretching; d,g,b-in-plane bending; r e out-of-plane bending; subscript “s”-symmetric, “as”-asymmetric vibrations; designation of intensity: s-strong, vs-very
strong, m-medium, w-weak, sh-shoulder, b-broad; FR- Fermi resonance.
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should be mentioned that most of these vibrations cannot be truly
described as a single vibrational mode belonging to a certain
functional group, since they generally are combinations of several
normal modes.

Temperature-dependent FTIR spectra of the bulk samples were
measured in the wide temperature range covering the phase
transition temperatures. From the changes of spectral parameters
of characteristic IR absorption bands, a conclusion about the
changes in the molecular conformation and hydrogen bond trans-
formation in different phases could be made. As an example, Fig. 4
shows the variation of carbonyl stretching n(C]O) vibrationmodes
of bulk 4-BCA as a function of temperature. When temperature
increases, the peak position of n(C]O) band moves to higher
wavenumbers, and an additional absorption maximum can be seen
on its high-frequency slope when approaching the isotropization
temperature. We performed spectral deconvolution of this band



Fig. 3. Fragments of FTIR transmission spectra of bulk 4-HBA and 4-HBA/AlMCM-41 confined system in the regions of carbonyl stretching (a) and OH stretching (b) vibrations. The
4-HBA spectra were normalized by CH stretching vibrations band at 2855 cm�1 and magnified for convenience. The 4-HBA/AlMCM-41 spectra were normalized by SiO4 n3(F2)
stretching vibration band of AlMCM-41 at 1075 cm�1.

Fig. 4. Temperature dependence of n(C]O) carbonyl stretching vibration mode in FTIR
spectra of bulk 4-BCA.

Fig. 5. Peak position of n(C]O) carbonyl stretching (a) and r(OH) out-of-plane bending (b)
and circle symbols in (a) show the changes in position of n(C]O) band respectively for dim
CeN and NeI transition points.
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using the PeakFit software package, and Fig. 5 shows the variation
of peak positions of the components. As seen from Fig. 5(a), in the
crystalline state (below 51.6 �C), only one component is observed
centred at 1703 cm�1, which originates from the hydrogen-bonded
molecular dimeric form. However, once the temperature increases,
the position of this band gradually shifts to higher wavenumbers
(1710 cm�1) while approaching the nematic-to-isotropic phase
transition point, Tc. Since the frequency of carbonyl stretching band
involved in hydrogen bonding increases when the H-bond enthalpy
decreases [57], this observation suggests that H-bonding within the
dimeric LC molecules became weaker when the temperature in-
creases. As it was shown in Ref. [42], the enthalpy of the H-bonds
decreases by 10e20% with temperature increasing. This is accom-
panied with changes in the dimeric ring dynamics, which leads to
dissociation of H-bonded dimeric molecules, and gives rise to the
formation of different types of molecular associates with lower H-
bond strength. These could be H-bonded open dimers or linear
polymeric chains. With temperature approaching themelting point
Tc, another high-frequency component could be seen on the
carbonyl stretching band at about 1745 cm�1 that corresponds to
monomeric non-hydrogen-bonded 4-BCA molecules. The intensity
of this band increases upon heating; an abrupt increase has been
vibration bands in FTIR spectra of bulk 4-BCA as a function of temperature. The square
eric (cyclic and open) and monomeric 4-BCA molecules. The dotted lines indicate the



Fig. 6. Schematic representation of possible mechanism of a carboxylic acid adsorp-
tion on Al-MCM-41 surface.
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observed at the melting point where the monomeric species
dominate.

At the same time, the position of r(OH) out-of-plane bending
vibrations band centred at 950 cm�1 (Fig. 5b) shifts to the low-
frequency side of the spectrum, which confirms that the enthalpy
of H-bonding decreases at the phase transition. This makes the
dimeric ring less stable and increases the probability of gradual
formation of open associates and monomers when temperature is
approaching the nematic-to-isotropic phase transition point.

3.2.3. 4-HBA/AlMCM-41 samples
To analyse the mechanisms of molecular interactions at organ-

iceinorganic interface in 4-HBA/AlMCM-41 composite, we select
the regions of structure-sensitive vibrations of 4-HBA molecule:
carbonyl (1400e1750 cm�1) and OH (2800-3800 cm�1) stretching
vibrations regions. The carboxylic acid groups are known to be
capable of subsequent bonding with the oxide surface either by
physisorptionwith hydroxyls or chemisorption due to formation of
a coordinatively bonded carboxylate [47]. As seen in Fig. 3, signif-
icant changes of some absorption bands are observed upon 4-HBA
confinement into the mesopores of AlMCM-41. In particular, n(C]
O) stretching band of 4-HBA centered at 1694 cm�1 becomes
broaden and weaken, its peak position being shifted to higher
wavenumbers by 4 cm�1 compared to that of the bulk. Curve fitting
with PeakFit software has been performed for the carbonyl
stretching region for 4-HBA in the bulk and confined in AlMCM-41
pores. The results are shown in Table 1. As seen from the Table 1, in
the confined 4-HBA/AlMCM-41 system, the broad weak n(C]O)
band can be separated (using decomposition of this complex band
into Gaussian curves with PeackFit application) into two compo-
nents centered at 1698 and 1745 cm�1. The peak position of the
component at 1698 cm�1 is by 5 cm�1 higher than that for C]O
stretching in the bulk 4-HBA, suggesting a weaker hydrogen
bonding. It could be assumed that this band is due to an insignifi-
cant amount of undissociated 4-HBAmolecules with different types
of dimer conformation (open dimers or chain-like associates)
which, according to DSC results (Fig. 2), are not able to form a liquid
crystalline nematic phase inside the AlMCM-41 matrix. The
carbonyl band centered at 1745 cm�1 is ascribed to free non-
hydrogen-bonded C]O group of monomeric 4-HBA molecules,
which also exist in the inner space of AlMCM-41 pores.

The two new strong absorption bands centered at 1560 and
1440 cm�1 are seen in the FTIR spectra of 4-HBA/AlMCM-41 system.
These bands are characteristic of ionized carbonyl group [57] and
therefore suggest deprotonation of the 4-HBA molecules inside the
AlMCM-41 pores. Usually, a broad band in the 1560-1570 cm�1

region is assigned to the asymmetric carboxylate stretching vibra-
tion nas(COO�). The asymmetrically shaped band in the
1440e1460 cm�1 region is due to the corresponding symmetric
carboxylate stretching vibration ns(COO�). This confirms the
deprotonation of carboxylic acid group of monomeric 4-HBA mol-
ecules on the AlMCM-41 pore surface, with 4-HBA being further
chemisorbed as coordinatively bonded carboxylate. This assign-
ment is in agreement with other works on chemisorption of car-
boxylic acids on metal oxide surfaces [58e61]. The peak separation
value d¼ nas(COO�) -ns(COO�) is known [47,48,57] to determine the
coordination type of the carboxylate. Three main types of coordi-
nation are distinguished, such as bridging bidentate, chelating
bidentate, and monodentate, each giving a characteristic peak
separation. The d values obtained for 4-HBA (120 cm�1) indicate a
bidentate coordination for the carboxylate ion to aluminium cation
on the AlMCM-41 pore surface (Fig. 6). Summarizing, the following
possible interaction mechanisms of the carboxylic acid molecules
with AlMCM-41 surface active centers could be proposed. At the
first stage, the H-LC dimers dissociate in confined volume due to
spatial restrictions and interaction with surface hydroxyl coverage,
and then the carboxyl group of the acid loses the hydrogen atom
bound to the hydroxyl oxygen, so that the hydroxyl oxygen be-
comes negatively charged, and the carboxylate ion (COO�) is
formed. At the second stage, the carboxylate ion is involved in co-
ordinated bond ReCOO�

…Alþ with Lewis acid sites.
Benzene ring breathing n(C...C) vibration bands of 4-HBA at 1611

and 1576 cm�1 also markedly vanish and broaden upon confine-
ment. In addition, two new bands shifted to lower wavenumbers
emerge at 1602 and 1575 cm�1. This suggests that significant
changes occur in charge distribution in the benzene ring electronic
system due tomolecular interactionwith theMCM-41 pore surface.
In the region of 1425e1466 cm�1, the intensity of CH bending
modes markedly dropped upon confinement, though their peak
positions can hardly been distinguished since they are super-
imposed with carboxylate stretching vibration ns(COO�) at
1440 cm�1. The spectral changes observed in this spectral range
indicate that confinement has a significant effect on conformational
structure of the incorporated LC molecules suggesting the forma-
tion of new molecular conformations with different geometry and
local environment.

Notable changes are also observed in the region of OH stretching
vibrations (Fig. 3b). As seen, no broad absorption is observed in the
range of 2500e3000 cm�1 caused by OH stretching vibrations in 4-
HBA dimeric molecules, which proves that major part of 4-HBA
molecules in AlMCM-41 is in a monomeric state. In addition, the
shape of OH stretching vibrations band of AlMCM-41 is changed
upon incorporation of 4-HBA. In particular, the intensity of the
component at ~3200 cm�1 decreases as compared to that of bare
AlMCM-41 indicating that chemisorbed 4-HBA molecules could
displace some hydroxyls from the pore surface while forming
coordinative bonds with AlMCM-41 active sites. This is also
confirmed by the appearance of hydrogen-bonded SieOH and
AleOH stretching vibrations band at 3690 cm�1 (Fig. 3b). The in-
tensity of the component centered at 3420 сm�1 slightly increases
due to additional water molecules generated from the acid
deprotonation process. The subtle new OH stretching bands
centered between 3000 and 3100 сm�1 are indicative of the pres-
ence of some amount of different types of dimer conformations of
4-HBA molecules (kinds of open dimers or chain associates) with
weaker hydrogen bonds.

So, the observed changes in spectral parameters of characteristic
FTIR absorption bands of 4-HBA/AlMCM-41 composites (Fig. 3) give
evidence of effective interaction between the acid molecules and
active sites on the AlMCM-41 pore surface. First, this clearly in-
dicates that upon confinement to AlMCM-41 channels the dimeric
nature of the 4-HBA is broken, and it prefers to exist in a mono-
meric form. Moreover, with FTIR spectroscopy it was possible to
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identify the bulk-like undissociated LC molecules inside the pores,
which were in form of open dimers or chain associates. Next, the
appearance of two new absorption bands at 1560 and 1440 cm�1 is
attributed to symmetric and asymmetric stretching vibrations of
ionized COO� carbonyl group, which are generally observed, e.g. in
the IR absorption spectra of carboxylic acid salts. It means that upon
interaction with AlMCM-41 surface, the monomeric 4-HBA mole-
cule dissociates losing the hydrogen from the hydroxyl group, so
that the hydroxyl oxygen becomes negatively charged, and the
carboxylate ion (COO�) is formed. This carboxylate ion then is able
to link to the AlMCM-41 pore surface by forming a coordinated
bond ReCOO�

…Alþ with Lewis acid sites.

3.2.4. 4-BСА/AlMCM-41 samples
The reason of involving second acid in this research is twofold.

On the one hand, we wanted to clarify how general are the regu-
larities received for 4-HBA. On the other hand, it was interesting to
clarify how changes in molecular structure influence properties of
these compounds in the confined state. According to Fig. 1, 4-BCA
has different geometry and length of alkyl tail comparing with 4-
HBA. Also, the 4-BCA molecular cyclic dimers are more flexible
and essentially non-planar. This may influence efficiency of incor-
poration in nanopores, interfacial interaction and other properties.

Fig. 7 depicts room temperature FTIR absorption spectra of 4-
BCA before and after nanoconfinement to AlMCM-41 matrix.
Table 1 shows main IR absorption bands and their assignment to
molecular vibrations for pure and confined 4-BCA in the trans-
mission window of AlMCM-41 molecular sieves. The infrared ab-
sorption bands and their assignment for bulk 4-BCA are given
according to [55]. Because of close proximity of the CeC bonds force
constants in cyclic and linear alkanes, the most of vibrational
modes of 4-BCA molecule cannot be described as single form of
normal vibrations. Instead, they all are represented as mixture of
different types of vibrational modes. Among the major absorption
bands of 4-BCA are strong absorption band of carbonyl stretching
vibrations centered at 1700 cm�1, those at 2956, 2923, 2872, and
2852 cm�1 due to CH3 and CH2 asymmetrical and symmetrical
stretching vibrations.

A broad absorption band centered at 3100 cm�1 is assigned to
n(OeH) stretching mode of medium-strong hydrogen bond inside
4-BCA cyclic dimers. Some other characteristic bands of 4-BCA can
be identified such as the peaks at 1450 and 1377 cm�1 due to CH3
Fig. 7. FTIR spectra of bulk 4-BCA and 4-BCA/AlMCM-41 confined system in the regions
normalized by CH stretching vibrations band at 2855 cm�1 and magnified for convenience. T
of AlMCM-41 at 1075 cm�1.
bending as well as at 1419 and 948 cm�1 due to in-plane and out-
of-plane OH bending vibrations. Major absorption bands of bulk 4-
BCA are present in the FTIR spectra of the composite 4-BCA/
AlMCM-41 system, which indicates the incorporation of the 4-BCA
molecules into the AlMCM-41 pores. However, total amount of
incorporated 4-BCA molecules, as evidenced from the intensity of
characteristic IR absorption bands of CH stretching vibrations at
~2855 and 2932 cm�1 (Fig. 7b), is much less compared to that of 4-
HBA/ALMCM-41 system (Fig. 3b).

In general, changes in the shape and intensity of OH stretching
vibrations bands of 4-BCA molecules due to their chemisorption on
the AlMCM-41 pore surface are less pronounced than those for 4-
HBA, which is in accordance with lower adsorptive capacity of 4-
BCA molecules. Hydroxyl coverage of AlMCM-41 pore surface
characterized with n(OeH) stretching vibrations of absorbed water
molecules (Table 1) is only slightly perturbed by 4-BCA adsorption
due to insignificant amount of chemisorbed species (Fig. 7b).

Fig. 7a shows a fragment of 4-BCA FTIR absorption spectra in the
region of carbonyl stretching vibrations. As seen from the Table 1
and Fig. 7a, in the confined state, similarly to the discussed above
4-HBA, a single strong carbonyl stretching band of bulk 4-BCA
centered at 1700 cm�1 is vanished and instead a weak broad
band is seen with asymmetric contour and its center of gravity at
1699 cm�1, where three main components centered at 1699, 1710,
and 1741 cm�1 (assigned to minor fraction of bulk-like cyclic di-
mers, open associates, and small number of free monomers,
respectively) could be separated using decomposition of this
complex band into Gaussian curves. At the same time, the emer-
gence of two new bands at 1573 and 1460 cm�1 is observed in the
FTIR spectra of confined 4-BCA similar to those found for 4-HBA.
Such changes in carbonyl absorption features suggest similar
mechanisms of molecular interactions with active centers on the
pore surface for both compounds, i.e. partial ionization of C]O
group during the acid adsorption onto the AlMCM-41 silica surface
so that the СОО� carboxylate ion is formed which is further coor-
dinated to aluminium cations on the AlMCM-41 pore surface. It
worth mentioning that changes observed in the region of ОН
stretching vibrations of 4-BCA molecules upon their incorporation
into the AlMCM-41 pores (Fig. 7b) suggest that some changes in the
hydrogen bonding system also occur. Like in the case of 4-HBA, no
band of OH stretching vibrations of hydrogen-bonded 4-BCA mo-
lecular dimers is observed at 3100 cm�1, which confirms that major
of carbonyl stretching (a) and OH stretching (b) vibrations. The 4-BCA spectra were
he 4-BCA/AlMCM-41 spectra were normalized by SiO4 n3(F2) stretching vibration band
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part of adsorbed 4-BCA molecules in the pores of AlMCM-41 is in a
monomeric form. So, the analysis of the observed changes in the IR
spectra of the both studied model compounds, 4-HBA and 4-BCA
mesogenes, indicates that due to interaction with AlMCM-41 pore
active centers, the major part of the H-bonded molecules dissoci-
ates forming deprotonated carboxylate ion СОО� which is able to
link to the pore surface by forming a coordinated bond ReCOO�

…

Alþ with surface active centers.

3.2.5. 4-HBA/MCM-41 samples
To bring additional arguments for the conclusion about forma-

tion of ReCOO�
…Alþ bonds at the interface, we additionally

investigated the composites consisting of H-LC confined to mo-
lecular sieve without Al dopant. If our conclusion is correct, no new
bands related to ionized carbonyl groups of H-LC should arise in
these samples. As a sieve of this type we used siliceous molecular
sieve MCM-41 with a mean pore radius of about 4.6 nm. H-LC 4-
HBA was selected for confinement because of its larger adsorptive
capacity.

The carbonyl region of the FTIR spectra of investigated com-
posites and their components is depicted in Fig. 8. As can be seen,
unlike the previous case of AlMCM-41 confining matrix, no new
bands related to ionized carbonyl group arise in the spectra of 4-
HBA/MCM-41 composite. Also, unlike the previous case, the
carbonyl band of bulk 4-HBAmolecules in dimeric state centered at
1695 cm�1 is just slightly lowered. This means that much smaller
part of dimers is broken due to weaker interaction with the pore
walls. These facts suggest that dominatingmechanism of interfacial
interaction in case of MCM-41matrix is different from coordination
bonding.

To shed light on this mechanism, consider other features of the
spectrum of 4-HBA in MCM-41 sieves (Fig. 8). It is evident that in
the pores the mentioned carbonyl band centered at 1695 cm�1 is
broaden and shifted towards higher frequencies by 6 cm�1. The
overall shape of this bond becomes complicated suggesting that
there are different states of C]O groups in the pores. Decomposi-
tion of this complex band into Gaussian curves (not shown here)
yields three components centered at 1675, 1695, and 1741 cm�1.
According to [62e64], these components can be attributed to the
Fig. 8. FTIR spectra of 4-HBA/MCM-41 composite system in the region of carbonyl
stretching vibrations compared to those of 4-HBA and bare MCM-41. The 4-HBA
spectra (of the bulk and confined one) were normalized by CH stretching vibrations
band at 2852 cm�1, and then the confined 4-HBA spectra were magnified for
convenience.
following states of C]O groups: (1) hydrogen-bonded with silanol
groups on the pore surface, (2) in the bulk-like dimers, and (3) in
monomers of 4-HBA, respectively. Arising of the first component
suggests that the hydrogen bonding of the type eSieOH…O]C is
the mechanism determining interfacial interaction in the 4-HBA/
MCM-41 samples.

Analysis of spectral features in the range of 2900e3700 cm�1

corresponding to OH groups stretching vibrations may specify
other types of hydrogen bonds at the interface. Correct interpre-
tation of these spectra requires a very thorough treatment of the
molecular sieves to remove water adsorbed in the pores. Precise
assignment of this spectral range left beyond the scope of this work.

Thus, the results for the 4-HBA/MCM-41 composites supports
the conclusion that the metal cations on MCM-41 pore surface
initiate ionization of carbonyl groups of H-LCs opening way for
formation of coordinated bonds between these groups and Lewis
acid sites at the surface of metal-doped siliceous molecular sieves.
If these cations are absent, hydrogen bonding is a prevailing
mechanism of interfacial interaction.

4. Conclusions

In this study, the 4-HBA and 4-BCA carboxylic acids with
different head group structure and alkyl chain length where
selected as representatives of hydrogen-bonded LCs, i.e. the LCs
having mesomorphic properties due to dimerization of their mol-
ecules via hydrogen bonding. The peculiarities of structural orga-
nization and interfacial interaction of these compounds are studied
under their confinement to nanoporous AlMCM-41 molecular
sieves and compared with their properties in the bulk state. The
hydrogen-bonded LCs are shown to be easily incorporated into this
porous material.

With DSC measurements it is shown that thermal properties of
the H-LC are radically changed by confinement to AlMCM-41. In
contrast to conventional nematic LCs in nanoporous media [9,25],
no any traces of crystallization ormesophase formation is observed.
Instead, H-LCs incorporated in nanopores behave as amorphous
materials in a wide temperature range of 10e120 �C covering
crystal, nematic and isotropic phases of these materials in the bulk
state. This happens due to the fact that the dimerization is strongly
restricted in the pores due to limited space and interactionwith the
pore walls. As shown by FTIR spectroscopy, upon confinement into
AlMCM-41 porous matrix, the majority of molecular hydrogen
bonds are broken, reflecting decay of molecular dimers. At the same
time, FTIR spectroscopy detected some amount of the bulk-like
undissociated LC molecules. These molecules, presumably located
in the inner space of the pores, were in the form of open dimers or
chain associates. The DSC results suggest that the amount of these
dimers was well below the level needed for formation of LC
mesophases.

The appeared monomeric acid molecules at the interfaces
strongly interacted with the pore surface. The active sites on
AlMCM-41 pore walls, or Lewis acid sites associated with Alþ cat-
ions, are found to be capable of deprotonation of the carboxylic acid
groups of H-LC molecules, resulting in the formation of carboxylate
ions. FTIR results indicate that most of the loaded monomeric
molecules of both 4-HBA and 4-BCA are chemisorbed to the surface
of AlMCM-41 by coordination bond ReCOO�

…Alþ in a bidentate
way to aluminium cation on the AlMCM-41 pore surface. This
finding is well supported by the fact that the intensive character-
istic bands of the mentioned coordinated bonds are completely
absent if the studied acids are filled into Si-MCM-41 molecular
sieves having no Alþ cations. Our next efforts will be aimed at
ascertaining the impact of the H-LC terminal group structure on the
coordination bonds strength.



I. Gnatyuk et al. / Journal of Molecular Structure 1126 (2016) 19e2828
Acknowledgements

This work was supported in part by NAS of Ukraine under the
program “Nanophysics and Nanoelectronics” (project No. VC-157).

References

[1] J. Klafter, J. Drake (Eds.), Molecular Dynamics in Restricted Geometries, Wiley,
New York, 1989.

[2] J. Drake, J. Klafter, P. Levitz, R. Overney, M. Urbach (Eds.), Dynamics in Small
Confining Systems, MRS Symposia Proceedings No. 651, MRS, Pittsburg, 2001.

[3] F. Laeri, F. Schüth, U. Simon, M. Wark (Eds.), HosteGuest Systems Based on
Nanoporous Crystals, Wiley-VCH, Weinheim, 2003.

[4] G. Kickelbick (Ed.), Hybrid Materials: Synthesis, Characterization and Appli-
cations, Wiley, Weinheim, 2007.

[5] C. Sanchez, B. Julian, P. Belleville, M. Popall, J. Mater. Chem. 15 (2005)
3559e3592.

[6] F. Aliev, Dynamics of liquid crystals confined in random porous materials, in:
T. Pinnavaia, M.N.Y. Thorpe (Eds.), Access in Nanoporous Materials, Plenum,
New York, 1995, p. 335.

[7] G.P. Crawford, S. Zumer (Eds.), Liquid Crystals in Complex Geometries Formed
by Polymer and Porous Networks, Taylor & Francis, London, 1996.

[8] YuA. Reznikov, O.V. Yaroshchuk, Ukr. J. Phys. 36 (7) (1991) 1062 (in Russian).
[9] G.S. Iannacchione, G.P. Crawford, S. �Zumer, J.W. Doane, D. Finotello, Phys. Rev.

Lett. 71 (1993) 2595.
[10] G. Schwalb, F.W. Deeg, Phys. Rev. Lett. 74 (1995) 1383.
[11] R. Gu�egan, D. Morineau, R. Lefort, A. Mor�eac, W. B�eziel, M. Guendouz, J.-

M. Zanotti, B. Frick, J. Chem. Phys. 126 (2007) 064902.
[12] YuP. Piryatinski, L.O. Dolgov, O.V. Yaroshchuk, S. Lasorouk, Mol. Cryst. Liq.

Cryst. 467 (2007) 195.
[13] Q.-l. Ma, R. Xiong, Y.M. Huang, J. Lumin 131 (2011) 2053.
[14] C. Hong, T.-T. Tang, C.-Y. Hung, R.-P. Pan, W. Fang, Nanotechnology 21 (2010)

285201.
[15] J.W. Doane, D. Finotello, J. Chem. Phys. 96 (1992) 7788.
[16] S.A. Rozanski, R. Stannarius, H. Groothues, F. Kremer, Liq. Cryst. 20 (1996) 59.
[17] M. Kreuzer, T. Tschudi, R. Eidenschink, Mol. Cryst. Liq. Cryst. 223 (1992) 219.
[18] A.V. Glushchenko, G.Ya Guba, N.Yu Lopukhovich, V.M. Ogenko,

V.Yu Reshetnyak, YuA. Reznikov, O.V. Yaroshchuk, Mol. Cryst. Liq. Cryst. 262
(1) (1995) 111.

[19] H. Haga, C.W. Garland, Phys. Rev. E 56 (1997) 3044.
[20] I. Gnatyuk, G. Puchkovskaya, O. Yaroshchuk, Y. Goltsov, L. Matkovskaya,

J. Baran, T. Morawska-Kowal, H. Ratajczak, J. Mol. Struct. 512 (1999) 189.
[21] T. Gavrilko, I. Gnatyuk, G. Puchkovskaya, Yu Goltsov, L. Matkovskaya, J. Baran,

M. Drozd, H. Ratajczak, Vibr. Spectr. 23 (2000) 199.
[22] L. Frunza, S. Frunza, H. Kosslick, A. Sch€onhals, Phys. Rev. E 78 (2008) 051701.
[23] A.R. Br�as, S. Frunza, L. Guerreiro, I.M. Fonseca, A. Corma, L. Frunza, M. Dionísio,

A. Sch€onhals, J. Chem. Phys. 132 (2010) 224508.
[24] L. Frunza, S. Frunza, M. Poterasu, T. Beica, H. Kosslick, D. Stoenescu, Spec-

trochim. Acta Part A 72 (2009) 248.
[25] G.S. Iannacchione, D. Finotello, Phys. Rev. Lett. 69 (1992) 2094.
[26] O. Yaroshchuk, Yu Reznikov, G. Pelzl, SPIE 2647 (1995) 243e246.
[27] L. Shanski, A. Tereshchenko, O. Yaroshchuk, V. Reshetnyak, J. Lindau, G. Pelzl,

F. Janovski, K. Otto, SPIE 3488 (1998) 56.
[28] O. Yaroshchuk, K. Otto, G. Pelzl, F. Janovski, P.S. Ramanujam, Mol. Cryst. Liq.

Cryst. 359 (2001) 315.
[29] Yu Piryatinskii, L. Dolgov, O. Yaroshchuk, T. Gavrilko, S. Lazarouk, Opt. Spec-

trosc. 108 (1) (2010) 70.
[30] F.M. Aliev, Z. Nazario, G.P. Sinha, J. Non-Cryst. Solids 305 (2002) 218.
[31] J. Leys, C. Glorieux, J. Thoen, J. Phys. Condens. Matter 20 (2008) 244111.
[32] S. Frunza, L. Frunza, A. Schoenhals, H.-L. Zubowac, H. Kosslick, H.-E. Carius,

R. Frickec, Chem. Phys. Lett. 307 (1999) 167e176.
[33] P. Huber, J. Phys. Condens. Matter 27 (2015) 103102.
[34] G.A. Puchkovskaya, YuA. Reznikov, A.A. Yakubov, O.V. Yaroshchuk,

A.V. Glushchenko, J. Mol. Struct. 381 (1996) 133e139.
[35] N. Pongali Sathya Prabu, M.L.N. Madhu Mohan, J. Mol. Liq. 182 (2013) 79.
[36] I. Gvozdovskyy, Liq. Cryst. 42 (10) (2015) 1391, http://dx.doi.org/10.1080/

02678292.2015.1053001.
[37] S. Ishihara, Y. Furuki, J.P. Hill, K. Ariga, S. Takeoka, J. Nanosci. Nanotechnol. 12

(2012) 7885.
[38] I. Gnatyuk, T. Gavrilko, G. Puchkovskaya, I. Chashechnikova, J. Baran,

H. Ratajczak, J. Mol. Struct. 614 (2002) 233.
[39] J.S. Chickos, W.E. Acree, J.F. Liebman, J. Phys. Chem. Ref. Data 28 (6) (1999)

1535.
[40] K.V. Lakshmi, S.S. Sastry, Bull. Pure App. Sci. 27D (2008) 75e83.
[41] S.S. Sastry, S.S. Begum, K. Mallika, K.B. Mahalakshmi, Ha Sie Tiong, Int. J. Inn.

Res. Sci. Eng. Tech. (IJIRSET) 2 (9) (2013) 4641.
[42] L.M. Babkov, G.A. Puchkovskaya, I.N. Khakimov, J. Mol. Struct. 325 (1994) 177.
[43] G.S. Iannacchione, C.W. Garland, J.T. Mang, T.P. Rieker, Phys. Rev. E 58 (1998)

5966.
[44] S. Frunza, L. Frunza, A. Sch€onhals, J. Phys. IV Fr. 10 (7) (2000) 115.
[45] T. Gavrilko, I. Gnatyuk, G. Puchkovskaya, Yu Goltsov, L. Matkovskaya, J. Baran,

M. Drozd, H. Ratajczak, Vibr. Spectr. 23 (2000) 199.
[46] W. Mozgawa, Z. Fojud, M. Handke, S. Jurga, J. Mol. Struct. 614 (1e3) (2002)

281.
[47] A.V. Kiselev, V.I. Lygin, Infrared Spectra of Surface Compounds, John Wiley &

Sons, New York, 1975.
[48] K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordination

Compounds, Part B, Applications in Coordination, Organometallic, and Bio-
inorganic Chemistry, sixth ed., Wiley, 2009. P. 424. ISBN: 978-0-471-74493-1.

[49] L.M. Babkov, E.S. Vedyaeva, G.A. Puchkovskaya, J. Struct. Chem. 42 (1) (2001)
32.

[50] L.M. Babkov, G.A. Puchkovskaya, S.P. Makarenko, T.A. Gavrilko, IR Spectros-
copy of Hydrogen Bonded Molecular Crystals, Naukova Dumka, Kyiv, 1989, p.
159 (in Russian).

[51] M. Karabacak, Z. Cinar, M. Kurt, S. Sudha, N. Sundaraganesan, Spectrochim.
Acta Part A 85 (2012) 179.

[52] L.G. Kuz’mina, S.M. Pestov, A.N. Kochetov, A.V. Churakov, E.Kh Lermontova,
Crystallogr. Rep. 55 (5) (2010) 786.

[53] G.W. Gray, B. Jones, J. Chem Soc (1953) 4179.
[54] H. Kelker, R. Hatz, Handbook of Liquid Crystals, Verlag Chemie, Weinheim,

1980.
[55] L.M. Babkov, E.S. Vedyaeva, G.A. Puchkovskaya, J. Struct. Chem. 43 (6) (2002)

1106 (in Russian).
[56] L.M. Babkov, E.S. Vedyaeva, S.I. Tatarinov, G.A. Puchkovskaya, A. Yakubov,

J. Mol. Srtuct 482e483 (1999) 457.
[57] L.J. Bellamy, The Infrared Spectra of Complex Molecules, 1, Springer,

Netherlands, 1975, p. 433.
[58] J. van den Brand, O. Blajiev, P.C.J. Beentjes, H. Terryn, J.H.W. de Wit, Langmuir

20 (2004) 6308.
[59] H.E. Evans, W.H. Weinberg, J. Chem. Phys. 71 (12) (1979) 4789.
[60] H. Hu, J. Saniger, A. García-Alejandre, V.M. Casta~no, Mater. Lett. 12 (1991) 281.
[61] M.R. Alexander, S. Payan, T.M. Duc, Surf. Interface Anal. 26 (1998) 961.
[62] R.N.A.H. Lewis, R.N. McElhaney, W. Pohle, H.H. Mantsch, Biophys. J. 67 (1994)

2367.
[63] S.N.W. Cross, C.N.H. Rochester, J. Chem. Soc. Faraday Trans. 77 (1981) 1027.
[64] L. Frunza, S. Frunza, I. Zgura, T. Beica, N. Gheorghe, P. Ganea, D. Stoenescu,

A. Dinescu, A. Sch€onhals, Spectrochim. Acta Part A 75 (2010) 1228.

http://refhub.elsevier.com/S0022-2860(16)30397-0/sref1
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref1
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref2
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref2
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref3
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref3
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref3
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref4
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref4
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref5
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref5
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref5
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref6
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref6
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref6
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref7
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref7
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref7
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref8
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref9
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref9
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref9
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref10
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref11
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref11
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref11
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref11
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref11
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref12
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref12
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref13
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref14
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref14
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref15
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref16
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref17
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref18
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref18
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref18
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref19
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref20
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref20
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref21
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref21
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref22
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref22
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref23
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref23
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref23
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref23
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref24
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref24
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref25
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref26
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref26
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref27
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref27
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref28
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref28
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref29
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref29
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref30
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref31
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref32
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref32
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref32
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref33
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref34
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref34
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref34
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref35
http://dx.doi.org/10.1080/02678292.2015.1053001
http://dx.doi.org/10.1080/02678292.2015.1053001
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref37
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref37
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref38
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref38
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref39
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref39
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref40
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref40
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref41
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref41
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref42
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref43
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref43
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref44
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref44
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref45
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref45
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref46
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref46
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref46
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref47
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref47
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref48
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref48
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref48
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref49
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref49
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref50
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref50
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref50
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref51
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref51
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref52
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref52
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref53
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref54
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref54
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref55
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref55
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref56
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref56
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref56
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref57
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref57
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref58
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref58
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref59
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref60
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref60
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref61
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref62
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref62
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref63
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref64
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref64
http://refhub.elsevier.com/S0022-2860(16)30397-0/sref64

	Structural and thermotropic peculiarities of hydrogen-bonded liquid crystals confined in mesoporous molecular sieves
	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Thermal analysis
	2.3. Infrared spectroscopy

	3. Results and discussion
	3.1. DSC results
	3.2. FTIR spectroscopy
	3.2.1. Mesoporous AlMCM-41 molecular sieves
	3.2.2. Bulk samples of 4-HBA
	3.2.3. 4-HBA/AlMCM-41 samples
	3.2.4. 4-BСА/AlMCM-41 samples
	3.2.5. 4-HBA/MCM-41 samples


	4. Conclusions
	Acknowledgements
	References


