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Hydrogen bonded liquid crystal mixtures are derived from: (i) non-mesogenic compounds of diglycolic
acid (DGA), (ii) mesogenic compounds of 4-amyloxybenzoic acid (5OBA) and (iii) 4-hexyloxy benzoic
acid (6OBA). The existence of intermolecular H-bond is confirmed with FTIR and validated using
the density functional theory studies. Polarized light microscopy and differential scanning calorimetry
are used to observe the phase variations and transition temperature. In addition, enthalpy values
of different mesogenic phases are determined. It is worth mentioning that the nematic mesogenic
defects with S = ±1 and S = +1/2 are also analyzed. In order to discuss the induced higher order
smectic F phase and its stability, the density functional theory study is applied. The band gap energy
of the hydrogen bonded liquid crystal mixtures is found to be 5.1780 eV, based on the HUMO–LUMO
approach. This induced thermochromic effect of hydrogen bonded liquid crystal mixtures is a useful
phenomenon that can be utilized in optical device applications. In this paper, variation on liquid
crystal parameters as well as the formation of H-bond between an acceptor and a donor, along with the
extension of a chain length, are also reported.
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1. Introduction

Among soft materials, a liquid crystal (LC) is
unique and characterized by the molecular order
and its mobility [1]. LC is an efficient material
used in the transportation of molecules, sensors
and catalysts. The existence of the self-assembling
property in an LC molecule, such as weak inter-
action of H-bonding, π–π stacking, charge trans-
fer mechanism and dipolar interactions etc., plays
a vital role in the fabrication of LC devices [1, 2].
An interrelation between the molecular structure
exhibits mesomorphism in an LC complex [3]. Kato
and Frechet [4] reported that novel supramolec-
ular LCs were obtained by the molecular recog-
nition through intermolecular H-bonds. A novel
mesophase is induced in the binary mixture through
an H-bond interaction between two different
molecules [5, 6].

An interruption in the LC molecular alignment,
direction and topological arrangement may cause
defects in mesophases. Generally, a defect is found
experimentally in an isolated point or disclination
line [7]. The defect plays an important role in con-
densed matter materials because it is used to cal-
culate the potential, efficiency, optical property and

electrical conductivity of the materials [8]. During
the phase transition, the molecular order breaks
down [9] or is kinetically captured. The color
change in thermotropic LCs was reported by var-
ious research groups [10, 11]. The reversible ther-
mochromic effect was observed for Schiff base sub-
stitute complexes [12]. The thermochromic effect
was recognized in polydiacetylene for a bio-sensing
activity during heating and cooling [13]. Change-
able chromic characteristics were evaluated for or-
ganic materials due to their lowest discoloration
temperature and their wide applications [14]. Ther-
mochromic LCs were calibrated to identify the re-
lation between color and temperature for the accu-
rate measurement [15]. Due to their degradable na-
ture, some of thermochromic liquid crystals (TLCs)
are not stable [16, 17]. A thermochromic effect in
LC materials is mainly used in printing technology,
military, textiles [18, 19], bio-medical and electro-
optical device applications [20]. Abdullah et al. [15]
reported that TLCs were mostly used in a ther-
mal imaging tool and the heat transfer mechanism.
From the optimized geometry, we can identify var-
ious parameters and they are compared with the
hypothetical methods using the density functional
theory (DFT) [21–23].
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With our previous knowledge concerning the de-
sign, synthesis and characterization of single [24],
double [25] and multiple hydrogen bonded liquid
crystals [26], a successful attempt has been made
to characterize the DGA+nOBA (n = 5 and 6) hy-
drogen bonded liquid crystals (HBLCs). Also, the
experimental values are compared with theoretical
DFT calculations. In this paper, we mainly focused
on the induced thermochromic effect and nematic
defects in the DGA+nOBA (n = 5 and 6) HBLC
mixture.

2. Materials and methods

A non-mesogenic compound of DGA and meso-
genic compounds of 5OBA and 6OBA were
obtained from Sigma Aldrich, Germany, and
an E. Merck grade solvent was used. The meso-
morphic textural changes and their phase transition
temperatures were recorded by an Olympus polar-
ized optical microscope (POM) connected to a Sony
CCD.17.UH310 USB CCD 3.1MP camera. Fur-
ther, POM was interconnected with an MHCS400
(MicroOptik) hot and cold stage temperature con-
troller with a resolution of ±0.1◦C, using MTDC600
software. The enthalpy value for the correspond-
ing mesophase was obtained by a differential scan-
ning calorimeter (DSC, Shimadzu DSC-60Plus with
TA60 software, version 2.21). A FTIR spectrum
was recorded for the DGA+6OBA mixture using
ABB FTIR, MB3000. Gaussian 09 package was
used to perform DFT studies. The basis set of
B3LYP/6-311G (d, p) was used to optimize the
DGA+6OBA double HBLC mixture.

2.1. Preparation of DGA+nOBA HBLC mixture

The dimeric nature of 4-n-alkoxybenzoic acid
(nOBA) was converted to a monomer using excess
tetrahydrofuran (THF) and nOBA (n = 5, 6) was
dissolved (separately) in THF and stirred for 12 h
with 750 rpm, using a magnetic stirrer. A white
crystalline compound of nOBA was obtained. Also,

Fig. 1. Molecular structure of the DGA+nOBA
(n = 5 and 6) hydrogen bonded LC mixture.

Fig. 2. FTIR spectra of the DGA+6OBA hydro-
gen bonded LC mixture.

DGA and nOBA monomers were appropriated in
a 1:2 mole ratio and the mixture was kept in a sili-
con oil bath by melting the proper amount of mix-
ture above their clearing point. Then, slowly cooled
for 3 to 5 h at an ambient temperature, a white
crystalline HBLC mixture was obtained as an end
product. The molecular structure of DGA+nOBA
and its preparation is depicted in Fig. 1.

3. Results and discussion

3.1. Experimental studies on FTIR

The FTIR spectrum was an important tool in
determining the functional group and its corre-
sponding vibrational mode. Stretching frequencies
of the DGA+6OBA HBLC mixture were experi-
mentally studied. The formation of a hydrogen
bond itself was confirmed by experimental FTIR
studies (see Fig. 2). In [27], it was reported that
a C=O stretching vibration was observed at 1685
and 1695 cm−1. In [28], an aromatic stretching vi-
bration of C–H was reported at 3100–3000 cm−1. In
the case of the DGA+6OBA HBLCmixture, a C=O
stretching vibration was noticed at 1668 cm−1, the
alkyl group (C–H) stretching frequency was ob-
served at 2362 cm−1 and 2864 cm−1, while a sharp
peak of a ν(O–H) stretching vibration was noticed
at 2939 cm−1.

3.2. Optical studies

The prepared HBLC mixtures were highly sta-
ble at room temperature of around 30◦C which was
confirmed using repeated thermal scanning. The
mesophase transition and the respective textural
changes were recorded using a CCD camera con-
nected to a POM. Its transition temperature was
controlled by a MicrOptik temperature controller.
The DGA+nOBA (n = 5 and 6) HBLC mixture ex-
hibits different characteristic textures, i.e., schlieren
texture with a defect (nematic) and mosaic texture
(Sm F). This result was compared with the texture
reported in [29]. The phase transition temperature
(see Table I) as well as its corresponding textures
are shown in Fig. 3.
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TABLE IMesophase transition temperature and corresponding enthalpy values of the DGA+nOBA
(n = 5 and 6) HBLC mixture. H — heating, C — cooling, N — nematic, F — Sm F

HBLC
mixtures

Mesophase
variance

Study Cycle
Cry. to
melt

Nematic Sm F Crystal

DGA+5OBA NF

POM
H 123.3◦C 149.4◦C 145.3◦C
C 148.4◦C 144.7◦C 115.2◦C

DSC

H
122.2◦C

(53.48 J/g)
148.3◦C

(1.32 J/g)
144.4◦C

(1.22 J/g)

C
147.5◦C

(1.05 J/g)
143.8◦C

(3.69 J/g)
114.1◦C

(44.9 J/g)

DGA+6OBA NF

POM
H 104.3◦C 150.6◦C 146.9◦C
C 148.9◦C 145.9◦C 94.6◦C

DSC

H
104.2◦C

(41.78 J/g)
149.7◦C

(2.29 J/g)
145.7◦C

(3.03 J/g)

C
147.5◦C

(2.50 J/g)
144.4◦C

(1.65 J/g)
93.2◦C

(37.81 J/g)

In the DGA+nOBA HBLC mixture, the nematic
defects were experimentally viewed using POM.
The elastic constant has a distinct orientation order
and its magnitude is smaller than that of the crys-
tal. Therefore, the defects increase not only in the
order of a certain atomic distance but they can also
be measured in micrometers. Figure 3a represents
the singularity with two- and four-brush nematic
schlieren defects. Similarly, the schlieren texture of
the nematic phase with two and four-brush defects
was reported in [30]. The defect appeared in the
central core which has two or four darkened regions
which are called brushes.

The defect region was black because the order
parameter S is zero at that particular point. Also,
the nematic brush was black since its field direc-
tor (n) is parallel or perpendicular to the analyzer
and polarizer. Schlieren defects have strength (s)
and their sign denotes the number of brushes di-
vided into four segments. The sign also depends
on the director, the lengthy axis of the spatial and
the direction of orientation. The sign determina-
tion was done by the rotation of the LC sample
between two crossed polarizers. When the nematic
brush rotates in the clockwise direction, it becomes
positive, whereas the negative sign denotes the an-
ticlockwise direction. While the synthesized HBLC
mixture was observed under the crossed polarizer,
the binary mixture shows a line defect visualization
strength of S = +1, S = −1 and S = +1/2. A simi-
lar disclination strength, however, with four values,
i.e., S = ±1,±1/2, was reported, e.g., in [31–34].
Importantly, two and four brushes were identified
due to the symmetry breaking.

Thermochromic changes (primary RGB color) in
nematic with two- and four-brush defect are dis-
played in Fig. 3b and c. In the HBLC mixtures, the
nematic defect phase was related to the thermal dis-
similarity. Due to its thermal agitation, the reorien-
tation of the molecule disturbs the refractive index

Fig. 3. Mesogenic textures of the DGA+nOBA
(n = 5 and 6) HBLC mixture: (a) schlieren tex-
ture of nematic with two- and four-brush defect,
(b) thermochromic change of nematic with two-
and four-brush defect, (c) RBG color of nematic
with two- and four-brush defect, (d) mosaic texture
of SmF.

which, in turn, induces thermochromic changes in
the DGA+nOBA HBLC mixture. As the tempera-
ture decreases, the primary colors texture, such as
red, green and blue, is observed, as shown in Fig. 3c.
It should be noted here that the temperature varia-
tion is accurately identified with respect to the col-
ors. Thus, such a kind of thermochromic effect can
be very useful in medical and optoelectronic device
applications, such as optical filters, polarizing filters
and heat transfer applications. On further cooling,
the nematic schlieren defect is turned to a higher or-
der Sm F phase (see Fig. 3d) with a mosaic texture
and finally reaches the crystal. The phase sequence
of DGA+nOBA (n = 5 and 6) is given below

Iso 
 N 
 Sm F ↼ crystal. (1)
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3.3. Thermal studies

In the case of the HBLC mixture, the mesophases
transition temperature and its enthalpy values are
depicted in Table I. As the enthalpy value < 1, the
first order transition from the isotropic to nematic
phase was observed. Figure 4 represents the DSC
thermogram of DGA+nOBA for n = 5 and 6 at the
scan rate of 5◦C/min. These compounds exhibit
three endothermic and exothermic peaks. Transi-
tion temperatures of corresponding phases are val-
idated with the POM results and found to be the
same in both cases, n = 5 and n = 6.

The thermal span width of nematic and Sm F
phase was determined from the DSC spectrum in
a cooling cycle. The span width of nematic and
Sm F phase of DGA+5OBA was revealed to be 3.7
and 29.7, respectively. Similarly, the nematic and
Sm F span width for DGA+6OBA was observed
as 3.15 and 51.25, respectively. When the alkoxy
chain number increases in the HBLC mixture, the
thermal span width also increases (Sm F phase).
Note that this Sm F is a higher order phase because
its molecular orientation is tilted to the side of its
hexagon. This result clearly indicates the appear-
ance of the higher order phases at the lower tem-
perature. In the DSC thermogram, the origination
of the crystal in the HBLC mixture was indicated
by a sharp peak whereas its corresponding phase
changes were recognized in POM studies.

In the cooling and heating cycle, two phases are
observed for both n = 5 and 6 of DGA+nOBA.
However, an additional peak represents crystal to
crystal transition in the DGA+6OBA HBLC dur-
ing the heating cycle due to the rearrangement of
molecules near the critical temperature.

3.4. Phase stability factor

Phase stability typically depends on the ther-
mal phase width of the LC phases [35, 36]. Also,
it is a significant LC parameter to identify the
efficient material for optical device fabrications.

Fig. 4. DSC thermogram for the DGA+nOBA
(n = 5 and 6) HBLC mixture.

TABLE II

Phase stability for the DGA+nOBA (n = 5 and 6)
HBLC mixture.

HBLC
mixtures

Nematic Sm F

DGA+5OBA 539 3810
DGA+6OBA 459 6087

The mesophase transition temperature is affected
by two symmetric end chains [37]. An individual
LC phase and its significance were studied by the
calculation of the phase stability factor [38]. The
DGA+6OBA HBLC mixture was a representative
case in which Sm F was discussed for phase stability
factor. Phase stability increases from the nematic to
the Sm F phase due to pseudo-hexagonal molecular
packing with long-range positional ordering. The
stability factor of the Sm F phase was given by

SF = Tmid∆TF, (2)
where Tmid is the average transition temperature
of SmF and crystal phase; ∆TF is the Sm F ther-
mal range. Based on the results shown in Table II,
it becomes clear that the nematic phase possesses
lower thermal stability than the Sm F phase. The
increasing chain length in the HBLC mixture and
steric hindrance influence the thermal stability.

4. DFT studies

4.1. Optimized geometry
and frontier molecular orbital

The DGA+6OBAmixture shown in Fig. 5a–c was
optimized using the correlation function (B3LYP).
The same was used to analyze the H-bond angle
(see Fig. 5b) and bond length (see Fig. 5c), and
dihedral angle and its dipole moment. According
to [39], the molecule had a stable potential en-
ergy which was derived from the optimized geom-
etry. The molecular interaction of DGA+6OBA,
O37 . . .H81-O50, O51 . . .H47-O35, O2 . . .H33-O2 and
O36 . . .H48-O3 are shown in Fig. 5a.

Chemical properties were calculated by fron-
tier molecular orbital studies [40, 41]. From
the HOMO and LUMO studies, dynamic stabil-
ity and optical absorption of the HBLC mixture
has been obtained [42]. The band gap energy of
the DGA+6OBA HBLC mixture was calculated to
be 5.1780 eV (see Fig. 6). This mixture shows
a higher stability of the present HBLC mixture. Us-
ing Koopman’s equation [43], the chemical descrip-
tors electron negativity χ = 3.888 eV, the chemi-
cal potential µ = −3.888 eV, the global hardness
η = 2.589 eV, the global softness s = 0.1931 eV, the
maximum electronic charge ∆n max = 1.501 eV, the
global electrophilicity index ω = 2.919 eV and the
total dipole moment 0.8182 D for the DGA+6OBA
HBLC mixture were calculated. The existence of
lower global softness shows that the HBLC molecule
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Fig. 5. Optimized geometry of the DGA+6OBA
of HBLC mixture.

Fig. 6. HOMO–LUMO band gap energy of the
DGA+6OBA HBLC mixture.

has a soft nature. In HOMO–LUMO studies, it
was found that the bandgap energy increases while
increasing the phase stability in the Sm F. Simi-
larly, the highest bandgap energy shown is a clear
evidence for the chemically stable HBLC mixture.
Also, the same was experimentally proved by re-
peated thermal scanning performed using DSC at
a different scanning rate.

4.2. Binding energy of intermolecular hydrogen
bond in DGA+6OBA mixture

In the HBLC mixture (DGA+6OBA), the
H-bond was identified between O-H—O bonding.
It was already reported [44] that the H-bonding
formation energy considerably reflects the strength
of O-H—O bond which affects the phase stabil-
ity and mesophases transition temperature range.
Therefore, to compute the binding energy of the
DGA+6OBA HBLC mixture by the DFT method,
one uses

∆E = EAB − (EA + EB) (3)
or

Ebind = Edim
opt −

(
Emon1

opt + Emon2
opt

)
, (4)

where EAB — the total energy of the DGA+6OBA
dimer, EA — the total energy of the DGA monomer
and EB — the total energy of 6OBA monomer.

The corrected binding energy of the DGA+6OBA
mixture is then

∆E′ = EAB − (E′A + E′B) . (5)
The corrected energy ∆E′ and dissociation energy
∆E are calculated to the basis set superposition er-
ror, namely

BSSE = ∆E′ − ∆E. (6)
From the optimization, the uncorrected energy
was found to be −1996.618 a.u., whereas the
counterpoise corrected energy was obtained as
−1996.425 a.u. In the DGA+6OBA HBLC mix-
ture, the counterpoise dissociation energy was cal-
culated as −22.61 kcal/mol, whereas the bind-
ing energy −19.27 kcal/mol and BSSE energy
3.34 kcal/mol. Fedorov et al. reported [45]
that A1 . . .B1, A2 . . .B2 and A3 . . .B3 complexes
had strong intermolecular H-bond. Similarly, in
DGA+6OBA, the calculated binding energy clearly
reveals the existence of a strong intermolecular
H-bond between on-mesogenic (DGA) and meso-
genic (6OBA) compounds which is responsible for
inducing rich phase polymorphism.

5. Conclusion

The DGA+nOBA (n = 5 and 6) hydrogen
bonded liquid crystal has been designed and char-
acterized. The induced thermochromic effect and
nematic schlieren defects have been analyzed and
the reason for the same has been reported. The for-
mation of the H-bond between the compounds and
the order parameter of the individual mesophase
has been experimentally observed and theoretically
(DFT) validated. The presence of the disclination
in the nematic phase has been experimentally ex-
plored together with possible reasons.

In addition, experimental observations have been
validated by hypothetical studies (DFT). Also, the
designed structure of the double hydrogen bonded
LC mixture has been successfully optimized. The
possible use of the present HBLC mixtures in op-
tical devices has been reported. The desirable
changes in LC parameters and their importance in
the HBLC mixtures are also discussed.
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