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Abstract

We have carried out phase polymorphism studies of 4-n-hexadecyloxybenzoic acid (160B) in temperature range: from 10 to
150 °C with the use of Differrential Scanning Calorimeter, Thermal Microscopic Polarization and Transmitted Light Intensity.
160B is a liquid crystal which has smectic C phase (SmC) and rich polymorphism in solid phase. Particularly interesting is
one of the transitions in solid state possessing characteristic clear exothermic effect (during heating cycle) which is associ-
ated with the transition between the metastable and stable phases. Fourier transform infrared spectroscopy as a function of
temperature was used to analyze changes in the nature of hydrogen bonds. The exact analysis of effects shows an existence
of the metastable phases. The stable and metastable phases differ from each other in the structure made of hydrogen bonds.
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Introduction

N-alkoxybenzoic acids are mesogenic compounds, they are
characterized by the presence of: nematic phase (N) (for n
from 3 to 6 carbon atoms in the alkyl chain), nematic and
smectic C (SmC) phases (for n=7-14) and only SmC phase
for n> 14 [1]. Alkoxybenzoic acids are most often found in
the form of dimers due to intermolecular hydrogen bonds.
The nature of these bonds has been and is widely studied
by various groups of physicists, both in pure acids and in
mixtures with their participation [2-8]. Alkoxybenzoic acids
are a group of compounds that is interesting for both cogni-
tive and numerous applications. The applicability of these
compounds is related to their use as intermediates in the
syntheses of liquid crystal materials [e.g. 9-13], materials
of biological significance [e.g. 14], as components of liquid
crystal mixtures [e.g. 7, 15, 16] and as independent research
materials [17]. Most of the studies presented in the litera-
ture concern acids with an average alkoxy chain length. For
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our research, we chose hexadecyloxybenzoic acid (160B),
which is a monomorphic liquid crystal having an enantio-
tropic SmC phase. Compounds having SmC phases can be
desirable ingredients in mixtures with chiral additives that
generate an SmC* phase over a wide temperature range. The
160B acid also turned out to be interesting due to the phe-
nomenon of the phase transition in the solid phase, the exo-
energetic transition. The exo-energetic effect occurs when
a substance is cooled from a liquid phase to a solid phase
characterized by a slow crystallization rate (e.g. transition
to a glassy phase). Heating of such a phase causes the accu-
mulation of thermal energy in it, the release of which leads
to an anomaly (cold crystallization) below the melting point.
In some materials, the glass transition effect is observed not
during cooling, but during heating. The first materials in
which the cold crystallization effect were observed were
polymers [18-22]. Further studies proved that the tendency
to accumulate energy before the melting point is also shown
by other materials, such as: liquid crystals [23-26], ionic
liquids [27], some organic materials [e.g. 28, 29] and com-
plexes of organic compounds with metals e.g. [30]. Research
on monomolecular crystalline materials provided some clues
as to the structure of these compounds [23—30]. In order for
thermal energy to be stored, the molecule should contain
flexible groups, which increases the degree of mobility and
the possibility of creating numerous isomers. Even a slight
change in the geometry of the isomer can determine the
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possibility of cold crystallization. It is also desirable that the
liquid phase consists of several phases with varying degrees
of ordering, which disturbs the homogeneity of the system.
The 160B acid molecule contains a long flexible element in
the form of a 16-carbon terminal chain and a rigid element
which is a benzene ring connected by an ether bond with
an alkyl chain and a carboxyl group. The easy formation
of intermolecular hydrogen bonds, especially in the open
form, causes that the structure composed of many 160B
molecules creates flexible, spatial systems resembling poly-
mer structures. The formation of such structures promotes
the agglomeration of thermal energy, the release of which is
visible in the DSC diagrams in the form of an exo-energetic
effect.

The aim of our work is to determine the acid phase poly-
morphism (160B) during heating and cooling, with particu-
lar emphasis on the dynamics of the exo-energetic transition.
FTIR spectroscopy as a function of temperature changes pro-
vided us with information about the nature of intermolecular
hydrogen bonds in individual 160B phases.

Fourier transform infrared (FTIR) spectroscopy shows
the changes occurring at the molecular level that accompany
phase changes. The changes affect the dynamics of vibra-
tions and are observable as changes in the parameters of the
absorption bands: wave number, full-width and half-width
(FWHM), area and height. These changes are observed in
infrared spectra measured successively as a function of tem-
perature [31].

In alkoxybenzoic acids, carboxyl groups (HO-C=0) play
a major role in the formation of hydrogen bonds. The region
of stretching vibrations of the carbonyl group (C=0), which
can form hydrogen bonds with the —OH group of the adja-
cent molecule or with hydrogen atoms in the aromatic core,
is particularly sensitive. Changes in the dynamics of vibra-
tions accompanying the formation and breaking of hydrogen
bonds in alkoxybenzoic acids observed in FTIR spectra were
widely discussed [4, 5].

Experimental
Material

We obtained the 160B acid in our laboratory in accord-
ance with the procedure generally used for the preparation
of alkoxybenzoic acids, [e.g. 36]. We bought substrates for
the synthesis (hexadecyl bromide, p-hydroxybenzoic acid,
methanol, ethanol, toluene, potassium bromide and other
necessary compounds from Sigma-Aldrich. The purity of the
final compound was examined by thin layer chromatography
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(Merck aluplates, Kieselgel 60 F254) using ethyl acetate-
methylene chloride 1: 1), and confirmed by FTIR and 1H
NMR.

Synthesis

A solution of 4-hydroxybenzoic methyl ester (0,11 mol),
potassium carbonate (0,15 mol) and 25 mL butanon-2 heated
to dissolve the 4-hydroxybenzoic acid methyl ester, then hex-
adecyl bromide (0,12 mol) was added and the mixture was
heated under reflux for 10 h. the reaction mixture was poured
into ice water, stirred well and filtered. The obtained prod-
uct was hydrolyzed in a solution: 25 mL water and 150 mL
ethanol containing 28 g of KOH at reflux temperature et 5 h,
after which the mixture was cooled to room temperature
and acidified with HCI (4 M). The precipitate was filtered,
washed with water and 3 X recrystallized from ethanol to
give the pure product 4-heksadecyloxybenzoic acid white
solid, 89% yield. Phase transition temperatures: 99,8 °C (Cr-
SmCQ), 131,5 °C (SmC-I); IR: » HO---H (2563-2728 cm™),
VOH (3473 cm™"), vC=0 (1688 cm™"); '"H NMR (500 MHz,
CDCl;) 6 8.00 (d, 2 Ar-H), 7.03 (d, 2 Ar-H), 4.04 (t, 2H
OCH,), 1.94-1.69 (m, 2H), 1.53-1.31 (m, 26H), 0.89 (t,
3H).

DFT calculations

Quantum-chemical calculations of DFT were performed
using TURBOMOLE v7.3. [35]. For a single 160B mol-
ecule and its dimer, quantum-chemical DFT calculations
were performed with the base def2-TZVPPD set for all
atoms [36] with the B3-LYP functional [37], applying
corrections for D4 dispersion [38]. The B3LYP func-
tional is a hybrid (correlation/exchange) functional
known to be one of the best and certainly the most used.
Semi-empirical dispersion corrections are important in
the case of large, flexible molecules, e.g. liquid rod-
like crystals, where weak non-covalent intramolecular
interactions of medium and long range affect the con-
formational state of the molecules, as well as vibration
frequencies, especially those in which there are labile
hydrogen atoms. In the case of the dimer, two function-
alities B3-LYP and PBE-3 h were used. The optimized
dimer (with both methods) is not perfectly linear, the
angle between the chains is approx. 3.2 degrees, and the
angle of mutual twisting of the rings—approx. 1 degree.
The 3.2 degree angle can be a little bigger, at the cost of
a really minimal energy change, well below the thermal
energy. Thus, the dimer exhibits oscillation at a pair of
hydrogen bonds that tolerate such changes in angle well.
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This is an important feature of this type of dimer, the
longer the chain, the less stable the dimer. The most ener-
getically beneficial conformations are shown in Fig. 1.

Methods

Phase polymorphism studies in temperature range: — 10 °C
to+ 150 °C were executed using scanning calorimeter DSC
Mettler Toledo 822e and polarizing microscope Optatech
equipped with the heating stage THMSE 600 LINKAM. A
first order lambda plate was used for microscopic studies.
Transform light intensity (TLI) measurements were made
in the system: source of light, polarizing microscope,
detector and recorder. Light after passing through sample
fell on photodiode and the voltage of this photodiode was
recorded as a function of temperature and time. Precise
description of TLI measurement set was presented in work
[39]. The sample was placed in a 6 pm glass cell for the
TLI and POM studies. All measurements were obtained
with rate 2° min~".

Temperature FTIR spectra were recorded on MAGNA IR
760 NICOLET spectrometer equipped with the heating stage
THMSE 600 LINKAM. Temperature was controlled with
the process controller TMS 93 LINKAM with an accuracy
of +0,1 °C. IR spectra were made with resolution 1 cm™!

.

b Ce e vl v Lo e .

using 64 co-added scans. Samples were formed into KBr
pellets.

Results

The calorimetric and temperature IR studies were performed
by the following chronology:

(a) Measurement in the temperature range of —10 °C
to+ 150 °C for a fresh sample of 160B.

(b) Repeated measurement in the temperature range
—10°Cto+150 °C.

(c) Measurement for the sample previously melted within
the temperature range from -10 °C to+ 120 °C (melting
the sample into SmC phase).

(d) Repeat the cycle c).

(e) The next measurement was in the range from — 10 °C
to+ 80 °C (in the area of the solid phase without fus-
ing)

(f) Repeat the cycle e)

For microscopic investigations (POM and TLI), cycles
b)-f) were performed. It was impossible to measure a ‘fresh’
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Fig.2 DSC curves of 160B obtained from cycles a—f during heating (left side) and during cooling (right side)

Table 1 Temperatures (7},) of phase transitions and enthalpies (AH) obtained in calorimetric measurements in a)-f) cycles

Cycle Process Phase transition T/°C AH/J g7 Cycle Process Phase transitions T/°C AH/J g7
a) Heating Crl-Crll 52.3 -1.30 d) Heating CrV-CrtM 48.9 -2.33
CrII-SmC 99.8 —141.27 CrM-CrS 59.3 22.00
SmC-Izo 131.5 —28.89 CrS-SmC 99.8 —141.15
Cooling 1zo-SmC 130.4 24.38 Cooling SmC-CrIlI 89.2 82.47
SmC-CrlIII 89.4 81.55 CrIII-CrIV 46.1 2.33
CrllI-CrIV 46.3 1.98 CrIV-CrV 20.1 4.05
CrlV-CrV 20.7 2.90 e) Heating CrV-CtM 49.8 —2.48
b) Heating CrV-CtM 49.2 -2.10 CrM-CrS 59.9 22.02
CrM-CrS 59.8 24.90 Cooling CrS-CrVI 46.2 1.45
CrS-SmC 100.3 —143.44 f) Heating CrVI-CrvIl 47.7 -2.05
SmC-Izo 131.2 -29.59 Cooling CrVII-CrVI 46.3 2.14
Cooling 1zo-SmC 130.6 25.53
SmC-CrlII 89.4 83.48
CrlII-CrIV 46.2 2.25
CrIV-CrV 20.4 4.53
c) Heating CrV-CtM 49.1 —-1.71
CrM-CrS 59.9 21.84
CrS-SmC 100.0 —141.04
Cooling SmC-CrllI 89.4 81.55
CrllI-CrIV 46.1 1.88
CrIV-CrV 194 2.87
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sample (cycle a)) because the acid had to be melted to fill
the measuring cell.

Calorimetric studies

Phase situation of 160B obtained during heating and cool-
ing is presented on Fig. 2. The temperature of phase transi-
tions and the corresponding enthalpies is included in the
Table 1. We introduced the numbering of the crystalline
phases in the order of their occurrence, starting with heat-
ing from — 10 °C, and cooling the sample.

DSC measurements show that heating a “fresh” crystal-
line sample shows no exo-energetic effect. There is one low-
energy CrI-CrlI transition in the solid phase at 52.3 °C. At
99.8 °C, the Crll phase passes into the SmC phase, which
at 131.5 °C passes into the isotropic phase. Cooling the iso-
tropic phase generates the following transitions: [SmC
(130.4 °C), SmC-CrlIII (89.4 °C), CrlII-CrlIV (46.3 °C),
CrIV-CrV (20.7 °C) (cycle a, Fig. 2). Reheating the sample
from a temperature of—10 °C (cycle b) leads to a transition
between the crystalline phases with a clear exo-energy effect
at 58.9 °C (AH=241 g71), so the following phase situation
is recorded during heating: low energy transition (AH=2.1]J
g_l) CrV-CrM (49.2 °C), CrM-CrS (exo-energy transition at
58.9 °C), CrS-SmC (100.3 °C); SmC-I (131.2 °C).

This behaviour of the solid phase in 160B may indicate
that during cooling of the isotropic phase (cycle a) there
are difficulties with the alignment of the conformers due
to the interaction of long chains, which could freeze some
conformations of the molecule. Heating the phase marked
as CrV causes its glass transition at 49.2 °C and then cold
crystallization at 59.8 °C to the phase which we have marked
as CrS. The observed thermal behavior of the 160B sample
is similar to that of polymers [e.g. 19] and others in materials
with a typical glassy phase [e.g. 41, 42].

Cooling the isotropic phase generates the following
phase transitions (cycle b): [-—SmC (130.6 °C), SmC-CrIII
(89.4 °C), CrlII-Cr1V (46.2 °C), CrIV-CrV (20.4 °C), phase
situation is the same as in the cooling down of cycle a). In
order to check whether the temperature to which the sample
is heated has an influence on the changes in the crystal-
line phase, subsequent measurement cycles (cycle c—f) were
performed.

In two measuring cycles (cycle c, d) the sample was
heated to the SmC phase (temp. 120 °C) and then the SmC
phase was cooled. It turned out that it is enough to melt
the sample without reaching the refining point for the exo-
energetic effect to occur. The phase situation during heating
and cooling in these cases was analogous to that in cycles b).

In the next cycle e), the sample was heated to 80 °C,
(20 °C above the exo-energetic transition). When cooling
the sample from 80 °C, only one low-energy transition
(AH=117 g7!) is visible between the crystalline phases at

46.2 °C. In the heating cycle (cycle f) of the sample from
— 10 °C to 80 °C, one pass is visible at 47.7 °C without exo-
energetic effect. Recooling the sample (cycle f) reproduces
the situation in cycle e).

The above measurements show that the sufficient condi-
tion to obtain the exo-energetic effect (cold crystallization)
in 160B is the substance melting, moving to the SmC phase.
Isotropization is not necessary.

The influence of the rate of temperature changes on the
change of the parameters of phase transitions and the range
of phase occurrence was noticed. We performed another
measurement with different heating and cooling rates (1,
2,3,5,10° min~' in the range of 0-150 °C), (cycle g) We
presented the results in the form of a table (Table 2) and
graphs in Fig. 3.

Two phase transitions depend on the rate of changes in
the heating/cooling rate of the sample: the first is related to
the exothermic effect (CrM — CrS transition) occurring dur-
ing heating (Fig. 3b), and the second occurs in the cooling
cycle at a temperature of about 20 °C, CrIV — CrV transition
(Fig. 3d). The remaining phase transitions are practically
independent of the rate of temperature changes (Fig. 3a, c)
and minor differences in transition temperatures are within
the experimental error. For the CrM — CrS transformation,
an increase in the transition temperature was observed with
the increase in the rate of temperature changes (Fig. 3b), and
the increase was linear. The range of CrM phase occurrence
slightly increases: from 8.8 deg. at a rate of 1 K min~! to
10.5 deg. at a rate of 10 K min~!. The extrapolated transi-
tion temperature for a rate of 0 K min™! is 57 °C. On the
other hand, for the CrIV — CrV transformation, a decrease
in the transition temperature is visible with the increase in
the rate of temperature changes (Fig. 3d), and the decrease
is polynomial. The extrapolated transition temperature at
0 K min~" is 25.8 °C.

In order to determine the effect of time on the stabil-
ity of the 160B phase situation, the sample after measure-
ments was left at room temperature for 17 days, and then the
measurement cycle was carried out at the rate of 5 K min~".
(Fig. 4). The DSC curve shows that during heating from
room temperature to 125 °C (to the SmC phase), the ther-
mal situation of the sample is analogous to the g cycle
(5 K min~") (Table 2), with the transitions characterized
by lower enthalpy changes. The value of AH of the exo-
energetic transition is lower by 15.4 J g™! than in the cycle
g), which may suggest temporary disappearance of the “exo”
effect. Cooling the SmC phase causes the same situation as
in cycle g, Table 2).

The sample was left at room temperature for another
40 days, and then a full DSC measurement cycle was car-
ried out at 5 K min~!. (heating to 125 °C and cooling to
0 °C). The obtained situation is analogous to that in cycle
a) (Fig. 2, Table 1). No exo-energetic effect was observed.
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Table 2 Phase transition temperatures (7},) and enthalpy changes (AH) for 160B in DSC measurements made with different temperature change

rates
Rate of tem- Process Phase transition ~ 7,/°C AH/T g7! Rate of tem- Process Phase transition ~ 7,/°C AH/T g7!
perature change perature change
1 K min~! Heating  CrV-CrtM 49.2 -2.54 5 K min™! Heating  CrV-CrtM 49.5 -2.14
CrM-CrS 58.0 22.81 CrM-CrS 63.6 25.45
CrS-SmC 99.9  —142.63 CrS-SmC 100.3  —141.40
SmC-Izo 131.3 —28.38 SmC-Izo 131.5 -26.30
Cooling  1zo-SmC 130.7 26.32 Cooling  1zo-SmC 130.1 28.84
SmC-CrlIl 89.4 82.83 SmC-CrlIII 89.44 84.09
CrIII-CrIV 46.2 2.32 CrIII-CrIV 46.14 2.59
CrIV-CrV 24.1 3.74 CrIV-CrV 15.71 3.93
2 K min~! Heating ~ CrV-CrM 492 —2.10 10K min~! Heating  CrV-CrM 49.6 —-2.00
CrM-CrS 59.8 24.90 CrM-CrS 68.5 34.06
CrS-SmC 100.3  —143.44 CrS-SmC 100.1  —142.29
SmC-Izo 131.2 —29.59 SmC-Izo 131.9 -30.23
Cooling  1zo-SmC 130.6 25.53 Cooling  Izo-SmC 129.7 28.37
SmC-Crlll 89.4 83.48 SmC-CrlII 89.32 84.53
CrIlI-CrIV 46.2 2.25 CrIII-CrIV 46.1 2.45
CrIV-CrV 20.4 4.53 CrIV-CrV 8.6 2.56
3 K min~! Heating  CrV-CrtM 49.5 -2.83
CrM-CrS 60.4 21.91
CrS-SmC 99.9  —142.39
SmC-Izo 131.4 —28.65
Cooling  1zo-SmC 130.3 26.88
SmC-Crlll 89.2 83.77
CrlIII-CrlV 46.3 221
CrIV-CrV 19.1 4.15

(T,-peak temperature) (cycle g)

This may suggest, that the sample left for 40 days at room
temperature obtained its initial crystal phase order.

POM analysis

We recorded the textures of the phases during heating and
cooling with a temperature change rate of 2 K min~". the
sample was placed in a measuring cell 6 um thick. Photos
of textures are presented in Figs. 5 and 6. The registration
of textures was consistent with the cycle b) of DSC tests
(Fig. 2).

The texture of the CrM phase obtained during the heat-
ing of the 160B sample (according to cycle b, Fig. 2)
shows clear transverse “cracks” (Fig. 5), which are charac-
teristic for glass phases present in liquid crystal materials
[42]. During cooling, the textures of the crystalline phases
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(CrlII, CrIV and CrV) are very similar and it is impossible
to distinguish the phases by observing the textures.

TLI analysis

The measurements of the transmitted light intensity (TLI)
are shown in Fig. 7a during heating and Fig. 7b during
cooling, respectively. In this figures, we can observe tran-
sitions to: CrS phase, SmC phase and isotropic phase (dur-
ing heating), and transition to SmC phase and crystalliza-
tion (during cooling). Low energy transitions identifiable
in DSC in the TLI method are invisible.

FTIR study

Fourier transform infrared spectroscopy is a good tool to
identify phase transitions, even very subtle ones associated
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with minor structural changes caused, for example, by van
der Vaal’s forces. The changes affect the dynamics of vibra-
tions and are analysed by changing the parameters of the
absorption bands of individual functional groups, especially
the stretching vibrations of the carbonyl group v(C=0).

We performed FTIR 160B measurements as a function of
temperature. Spectra were recorded according to DSC meas-
urement cycles at 2 K min~! (Fig. 2). We focused mainly on
three spectral ranges:

— Carbonyl stretching area v(C=0) in the range 1560—
1760 cm™.

— Stretching area of ether 1(C-O-C,,) and v(C-O) carbox-
ylic ethers groups in the range of 1110-1370 cm™".

— Aromatic bending area 6(C,—H) outside the plane in the
range of 750870 cm™".

— Selected IR spectra of the carbonyl group stretching
vibrations corresponding to individual phases in 160B
during cooling and heating are shown in Fig. 8.

In the area of the stretching vibrations of the carbonyl
group v(C=O0) in the crystalline phases of the “fresh” sam-
ple, a doublet is visible with the maxima at 1672 cm~! and
1689 cm™!, respectively (Fig. 8), which may indicate the
presence of Crl and CrIl multimeric structures involving
hydrogen bonds. The parameters of the »(C=0) bands in
the CrI and CrlI phases are almost the same. Based on the
characteristics of the bands in both phases, it is not possible
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Fig.4 DSC curve for 160B taken after the sample has been at room temperature for 17 days since the last measurement

CrS/70 °C SmC/155 °C

Fig.5 The 160B phase textures obtained during heating from — 10 to
150 °C (2 K min™})

to identify the Crl — CrII transition, which proves the high
structural similarity of these phases. After melting the 160B
sample, the band characteristics changed, the doublet disap-
pears and a single v(C=0) band is visible at 1686 cm™! in
the SmC phase and at 1690 cm™! in the isotropic phase.
Moreover, in the isotropic phase at 1737 cm™! there is a
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Crv/10 °C

CHII/75 °C

Fig.6 The 160B phase textures obtained during cooling from 150 to
—10°C 2 Kmin™")

single low intensity band which proves the presence of a
“free” carbonyl group when the interactions are released.
The transitions Cr— SmC and SmC — Izo are distinguished.
Cooling the SmC phase leads to the formation of the CrlIII
phase. In the area of the CrlIlI phase, the band of stretching
vibrations of the C=0 group is visible as a single one at
1678 cm™! with a slightly outlined shoulder at 1689 cm™!. In
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the CrIV and CrV phases, the characteristic of the v(C=0)
bands is similar to the £(C=0) in CrlII, the difference is the
outline of the band’s shoulder, the lower the temperature of
the phase, the clearer the outline. A change in the outline of

Wavenumbers/cm=1

the C=0 band shoulder and slight shifts towards a higher
wavenumber may identify CrlIl — CrIV — CrV phase tran-
sitions. In the CrM phase that occurs during the heating of
the CrV phase, the v(C=0) band at 1678 cm™! retains a

@ Springer



10672 A. Rudzki et al.
[1258 om{[ 1255 o
J ﬁ/
\g\
s /- /
A~ Aty A
o 5 ; sme N —
~ / 3 i N
e |
/i) i

CrII // j

/

e

\ ”Jw

NJ/\/\\J

CrM

1258 cm‘1 1255 cm‘1

1370 1350 1330 1310 1290 1270 1250 1230 1210 1190 1170 1150 1130 1110 1370 1350 1330 1310 1290 1270 1250 1230 1210 1190 1170 1150 1130 1110

Wavenumbers/cm™1

Wavenumbers/cm™1
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shape very similar to the CrV phase, but with a clearly lower
intensity (Fig. 8). The CrV — CrM phase transition (glass
transition) can be identified by changing the intensity of the
v(C=0) band. In the CrS phase, formed during the heating
of the CrM phase, the characteristic of the £(C=0) band is
different than in the CrM phase. Two maxima are visible, at
1672 cm™" and 1689 cm™'. The CrM — CrS$ transition is well
identifiable by the FTIR method. The general characteristics
of the v (C=0) band in the CrS phase are preserved in the
CrVI phase formed during the cooling of the CrS phase and
in the CrVII phase formed during the heating of the CrVI
phase. There are slight differences in the intensities of the
maximum. In the areas of existence of the CrS, CrVI and
CrllI phases, the bands of stretching vibrations (C=0) form
doublets, differing in the intensity of the peaks, at 1672 cm™!
and 1689 cm™'.

@ Springer

Other regions of the FTIR spectrum sensitive to struc-
tural changes in the crystalline phases are found in the
wave number regions: at 1300-1130 cm™! w(C-0-C,)
and v(C-0) carboxylic stretching vibrations) (Fig. 9) and
at 900-750 cm™! (vibrations bending beyond the o(C,—H)
plane (Fig. 10) These regions are sensitive to structural
changes occurring, for example, after the vitrification
process.

The parameters of the bands of stretching vibrations
of the groups v(C-0-C,,) (1200-1350 cm™!) and v(C-0)
(1100-1190 cm™!) in the CrI and CrlI phases are almost
identical (Fig. 9). In the CrlII phase, the v(C-O) band
in the carboxyl group gives a doublet with a maximum
at 1171 cm™! and 1182 cm™!, a sharp band of vibra-
tions v(C-0O-C,,) at 1255 cm~!. Bands observable in
the CrIV and CrV phases are characterized by similar
parameters. In the CrM phase in the wavenumber range
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Fig. 10 The aromatic 6(C,—H) out-of-plane bending region of infrared spectrum of 160B

1160-1190 cm™" there is also a doublet, but its intensity
is much smaller. The multiplet in the 1290-1350 cm™!
range is poorly scratched. In the CrS phase resulting from
the exo-energetic effect, the v(C-0O) vibrations give a
single band at 1171 cm~!. The multiplet in the range
of 1280-1350 cm™! is clearly scratched from the maxi-
mum at 1305 cm™!. Thus, it is possible to identify the
CrM — CrS transition. The above shows that the areas
of stretching vibrations v(C-O-C,,) in the wave number
range 1290-1350 cm™" and »(C-0) at 1160-1190 cm™"
are sensitive to structural changes taking place with
the participation of hydrogen bonds after the vitrifi-
cation process. The vibration area v(C-O-C,,) in the
1240-1280 cm™! area is basically insensitive to struc-
tural changes.

When analysing the area of aromatic bending vibra-
tions 8(C,—H), a difference is noticeable in the param-
eters of the bands in the CrM and CrS phase in the wave

numbers range 840-900 cm~! and 760790 cm~'. In the
CrM phase, the band at 849 cm™! has a clearly defined
shoulder with a maximum at 896 cm™', which is not pre-
sent in the CrS phase. The band at 772 cm™! in the CrM
phase is characterized by greater half-width (FWHM)
and lower intensity than in CrS. The identification of the
CrM-CirS transition is therefore also possible in the area
of aromatic bending vibrations 6(C,—H). There is also a
difference in the characteristics of the 6(C,—H) band at
895 cm™! between the CrlII and CrIV phases (Fig. 10).

Changes in the parameters of the absorption bands
v(C=0) and v(C-0) carboxyl recorded in FTIR spectra are
related to structural changes resulting from non-covalent
interactions. The formation of various structures with the
participation of hydrogen bonds is possible [32]. Changes
in the area of bending vibrations 6(C,—H) suggest that
structures involving aromatic hydrogen atoms may be
formed (Fig. 11).
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The quantum-mechanical calculations performed
for a single molecule and its closed dimer at the lowest
energy level (Fig. 1), show that very small energy pulses
may cause a change in the angle of the molecules, break
the hydrogen bond, and switch to an open dimer. The
open dimer has the ability to create new intermolecular
hydrogen bonds with the creation of long chain structures
resembling polymer systems (Fig. 11).

Conclusions
From carried out studies it results:

1. 4-haxadecyloxy benzoic acid (160B) is characterized
by the presence of the enantiotropic SmC phase and the
polymorphism of the crystalline phases.

2. The presence of an exo-energetic effect during heating
is characteristic.

3. The DSC method is very consistent with the FTIR
method. However, in the FTIR method, transitions
between phases with a very similar structure are not
noticeable and they are identifiable by the DSC method
(e.g. CrI-CrII and CrIV-CrV)

4. The analysis of FTIR spectra as temperature function
shows that the exothermic effect during heating is con-
nected to the transition between phases: metastable and
stable.

5. From FTIR spectra and calorimetric data it occurs
that CrlIlI, CrIV, CrV and CrM are metastable phases.
Remaining crystalline phases (Crl, CrIl, CrVI, CrVII,
CrS) are stable.

6. Metastable phases can exist at room temperature for a
long time.

7. The FTIR tests show that dimer systems occur in liquid
phases. The structure of closed dimers dominates in the
SmC phase (Fig. 11b)), while in the isotropic phase,
open dimers dominate (Fig. 11a).

8. We assume the existence of chain structures in the meta-
stable phases (Fig. 11c). The multimeric structure shown
in Fig. 11d) may also be present in a minor amount.

9. In the stable phases, the multimeter structure shown in
Fig. 11e) is dominant.
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