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AHHOTANNUA

p-n-AJKWI- U p-n-alKUIOKCH-0CH30MHbIE KUCIOTHI — 3TO J1Ba H3BECTHBIX Kilacca
KUJKOKPUCTAIUIMYECKUX COCIUHEHHH C pPa3HOOOpa3HbIM TNPUMEHEHHEM B
pa3IMYIHBIX 00JacTsAX. B 3TOM cTaThe MBI TIPOBOIUM CPAaBHUTCIIHHBIN aHAIHM3
HAIIWX HpeAbITYIINX HCCICIOBAaHUN, yAesst 0co00e BHUMaHUE TeMIIepaTypam
(hazoBOro MEpexo/1a U PEOJOTHIESCKAM XapaKTEPUCTUKAM 3TUX JIBYX H3BECTHBIX
KJIACCOB XHUIKOKPUCTAJUIMYECKUX COSAMHEHNH. TakuM 00pa3oM, MBI CTPEMHUMCS
BBISIBUTD J'I}O6I)Ie 3aMETHBIC CXOJCTBA WM pPa3jvndugd B HX PCOJTOTrMYCCKUX
npoduisax. AHaNU3 HAMPSDKEHUS CIABUTa, YIJIOBOW YacTOTHI M CKOPOCTHU CIIBUTA
BBISIBJISIET MHTEPECHBIE Pa3NiMuvs B HAOMIOZaeMOil peakiuu 3TUX MaTepHalioB.
[IpucyTcTBHE KHCIOpOJa B p-n-adKWIOKCHOEH30MHBIX Kuciotax (nOBA)
MOBBIILIAET TeMIepaTypbl (a3oBbIX NHepexonoB. bomee Toro, u3-3a mx Oomee
BBICOKOT'O COOTHOIICHHUSI CTOPOH M HEIJIOCKOH CTPYKTYPHI p-n-aKUIOCH30{HbIE
KHUCJIOTHI (nBA) MPOSIBISIOT OOJBITYIO BA3KOYTIPYTOCTh IO cpaBHeHHUIO ¢ nOBA
KUCJIOTaMH.
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Introduction

Many materials go through a transition from a
structured crystalline state to a uniform liquid phase.
But certain substances deviate from this norm,
transforming into fluids with directional properties.
These ordered liquids occupy a unique state, which is
an intermediate between a solid crystalline phase and
an isotropic fluid phase, denoted as a liquid crystal (LC)
phase or mesophase. LCs are the core technology
behind the displays of most smartphones, computers,
televisions and other devices. They are also employed
in several other intriguing applications. Recent studies
have emphasized the critical role of liquid crystals in
the development of advanced holographic plastics [1].
The use of liquid crystals represents a major
technological advancement, enabling the production of
thicker and more diverse structures with superior
mechanical properties [2]. Eventually, thermotropic
liquid crystals have become the most technologically
important materials as they find applications in various
fields due to their unique properties. They are used in
displays, optical devices, biomedical imaging, smart
windows, sensors, photonics, cosmetics and
lubrications, microwave components and devices,
constant current device and in diagnosis of cancer [3—
7]. Two of the most notable candidates among these are
p-n-alkylbenzoic acid and p-n-alkyloxybenzoic acid
mesogens (from now on, they will collectively be
referred to as p-n-alkyl(oxy)benzoic acids). These
mesogens have unique molecular structures and
intrinsic qualities (Fig. 1). These compounds find utility
as intermediates in synthesizing liquid crystal materials
[8—11] substances of biological importance [12], and as
standalone research materials [13].

In material science, rheology plays a critical role
in unlocking the secrets of liquid crystals. This field of
study analyzes how materials flow and deform under
stress. The flow behaviour of complex fluids is hard to
understand. By employing techniques like oscillator
and steady shear, rheology provides valuable insights
into how liquid crystal molecules align themselves
under various flow conditions [14]. Changes in
microstructure  directly impact the rheological
properties of the liquid crystal. Understanding this
interplay between flow and internal structure is
essential for predicting the behaviour of liquid crystals
and developing new applications, ranging from
lubricants to coatings [15—17].

The study of liquid crystal rheology is a
fascinating aspect of condensed matter physics, as it
explores the flow behaviour and viscoelastic properties
of materials that exhibit both liquid-like and crystalline
characteristics. In a prior work, we characterized the
rheological characteristics of “OBA compounds [18,
19]. Here, we present a comparative analysis of these
rheological measurements with the results from our
earlier study on the nBA series [20]. Figures 2-6
replicate the data and presentation style of
corresponding figures from earlier publications [18—
20]. This comparative analysis aims to elucidate how
the presence of ether linkages and the variation in alkyl
chain length within these #OBA molecules influence
their flow and deformation behaviour when compared
to the nBA series. By focusing specifically on
homologues with » = 5-8, we aim to uncover
correlations between molecular structure and
rheological behaviour.

Molecular Structure

Alkoxy- or alkyl-substituted aromatic acids
exhibit mesomorphism due to dimer formation through
carboxylic acid hydrogen bonding [21]. p-n-
Alkyl(oxy)benzoic acid mesogens are the organic
compounds frequently used in the liquid crystal
research. Molecules of #nBA have alkyl groups attached
to the benzene ring, while HOBA have alkyloxy groups
attached, where the alkyloxy groups consist of an alkyl
chain linked to the benzene ring through an oxygen
atom. Both alkyl(oxy)benzoic acids exhibit a roughly
planar molecular shape due to the presence of a benzene
ring. However, the attachment of the alkyl group in
alkyl benzoic acids and the alkyloxy group in alkyloxy
benzoic acids results in slight differences in molecular
conformation.

i
R C—OH

Fig. 1. Molecular structure of mesogenic alkyl(oxy)-benzoic
acids, where R= C,Hz,+; (alkyl) and R=OC,H;+,
(alkyloxy), n — indicates the homologue number
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In alkyloxybenzoic acids, carboxylic acid
functional groups (HO-C=0) are crucial in the
formation of H-bonds. These bonds occur in the region
associated with carbonyl (C=0) stretching vibrations
and can bond with either the hydroxyl group (—OH) of
nearby molecules or with hydrogen atoms attached to
the aromatic ring [22]. Because alkoxy benzoic acid
molecules contain ether oxygen atoms, they can interact
more strongly between layers formed by benzoic acid
dimers. This stronger interaction is due to resonance-
assisted hydrogen bonding in the nOBA series
compared to the nBA series. Additionally, the highly
electronegative oxygen atom contributes to the overall
conjugation system within the hydrogen-bonded
dimers, further strengthening the hydrogen bonds.

Experimental methods

As cross-polarized visual observation is a faster
method for determining and evaluating the boundaries
of phase regions, we measured the phase transition
temperatures with a Meopta polarizing optical
microscope (POM). For rheological measurements, we
used a controlled stress rheometer (ARG2, TA
Instruments) with a 40 mm parallel plate setup. We
heated the samples to their clearing point and
isothermally held for 5 minutes. Throughout various
temperatures and shear rates, we observed no edge
fracture. Since we employed the same experimental
methods for both p-n-alkyl(oxy)benzoic acid
mesogens, we were able to directly compare their
specific behaviour under identical conditions. This
enabled us to assess the rheological properties of each

series without introducing confounding variables from
different methodologies.

Results and discussions

Phase behaviour

The studied nBA molecules can form a nematic
phase. Table 1 displays the phase transition
temperatures of nBA, which are consistent with values
reported in existing literature [23, 24].

Table 1. Phase transition temperatures of p-n-alkyl-
benzoic acids

Mesogens Mesomorphic range (°C)
5BA 82.0—N—117
6BA 95.2—N—112.5
7BA 102.5—N—117.5
8BA 99.1—N—109.6

The nOBA compounds with n = 5, 6 display
schlieren nematic texture, while those with n = 7, 8
exhibit schlieren smectic C texture at lower
temperatures [25-28]. It is observed that the
temperature ranges over which the liquid crystal
exhibits the smectic phase increased with increasing
alkyloxy tail length in benzoic acid derivatives.
Conversely, the nematic phase temperature range
shrinks with longer alkyloxy tails. Table 2 displays the
obtained phase transition temperatures. Figure 2
illustrates the nematic and smectic C textures of HOBA
compounds.

Table 2. Phase transition temperatures of p-n-alkyloxybenzoic acids

Mesogens Mesomorphic range (°C)
50BA 121.6—N—145.5
60BA 101.9—N—150.5
70BA 89.8—SmC—+97.5-N-—109.6
80OBA 95.1——SmC——-102.4—N—136.2

It has been noted that both the series have
showed even-odd effect [29] and nOBA series possess
higher transition temperatures than »nBA. This
difference can be attributed to the presence of an
oxygen atom which introduces electronic effects in the

alkyloxy group. This can also be attributed to the nOBA
series' extended conjugation compared to the nBA
series, where the hydrogen bond strength is
significantly increased due to the involvement of a
conjugated m-electron system.
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Further, it is noteworthy that the 7BA and §8BA
homologues do not exhibit smectic phase, in contrast to
representatives of the nOBA homologues. The
combined effects of disrupted m-n interactions, limited
conjugation region and reduced stacking tendency
collectively explain the absence of smectic phases in
the higher homologues within the #BA series [30].
Blending of alkyl(oxy)benzoic acids results in the

formation of unique, asymmetric heterodimers. These
heterodimers, like their individual homodimer
counterparts, can form a mesophase, but with distinct
phase transition temperatures and altered viscosity
properties. Yadykova et al. demonstrated that equimolar
blending of these easily accessible mesogens achieves
the liquid crystal phase at lower temperatures [31].

Nematic phase

Smectic C phase

Fig. 2. Textures of nHOBA compounds

Strain sweep behaviour

In the linear regime of deformation, rheological
measurements provide a clear picture of a material's
molecular structure because these measurements are
more sensitive to molecular interactions compared to
the non-linear regime. The strain sweep test gives the
specific findings related to the occurrence of
nonlinearity and the extent of linear viscoelastic
behaviour (LVR) exhibited by the samples. The
investigation of LVR is carried out at different
frequencies, but focuses on the LVR at 1Hz for both and
presented in Fig. 3. The stress is consistent with strain
and at low strain amplitudes in both the groups. nBA
and nOBA compounds were tested in their nematic
region.

The onset of nonlinear behaviour (the limit strain
amplitude — yc) of nBA appears independent of the
carbon chain length of the molecules. The graph

suggests that for 7BA, the applied strain amplitude has
exceeded the limit of its linear viscoelastic behaviour.
Interestingly, under conditions of high strain amplitudes
and frequencies, SBA, 6BA, and 8BA show a constant
value of the linear viscoelastic region.

Contrary to this, the strain at which nonlinear
behaviour starts (yc) depends on the carbon chain
length for nOBA. Even-chain samples show a larger
linear region. Odd-chain samples have a lower critical
strain, with 70BA showing nonlinearity at only 0.1 %.
It is also observed that 60BA has the lowest value of
complex modulus.

Upon comparison, the extent of LVR is almost
the same for both nBA and nOBA. But the onset of
nonlinear behaviour of nBA homologues is chain length
independent and odd-even effect is observed for nOBA
homologues.
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Fig. 3. Strain sweep behaviour of #BA (a) and nOBA (b) homologues

Frequency sweep behaviour

In this experiment, the angular frequency is a
measure of how quickly the shear stress is applied to the
liquid crystal samples. Measuring the storage (G') and
loss moduli (G") in a frequency sweep test yields
important insights into the viscoelastic behaviour of
materials. Figure 4 represents the findings revealed by
these measurements. The frequency sweep measurements
for each individual compound were conducted within its
own linear viscoelastic region (LVR).

The influence of chain length and frequency on
the viscoelastic behaviour of #nBA mesogens
demonstrated a transition from liquid-like to solid-like
response at high frequencies and stronger elastic
character with longer chains. However, the specific
frequency dependence of G' and G" varied with chain
length. For homologues with n = 5-7, the storage
modulus (G") consistently exceeded the loss modulus
(G") at the highest frequencies tested. In contrast, for
8BA, the loss modulus (G") was observed to be higher
than the storage modulus (G'). The variation of moduli
with chain number of #BA homologues is presented in
Fig. 4. Crossover frequencies and relaxation times are
identified for each compound. For SBA and 6BA the
viscous character has dominated and in the case of 7BA
and 8BA, the storage of elastic energy has prevailed
over the dissipation of viscous energy. These results are
consistent with viscosity measurement in steady shear
experiment showing higher viscosity.
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Fig. 4. Variation of complex modulus (G*)
of nBA homologues

In the nOBA series, it is common for smectic
phases to display a higher complex modulus when
compared to nematics. It is noticed that storage and loss
moduli of 60BA are lesser than other homologues.
Based on a previous study on texture transitions 60BA,
this material marks the first instance of a texture
transition occurring directly from a crystalline phase to
a nematic phase [32]. These sub phases could
potentially decrease viscoelasticity by inducing
disorder or disrupting the molecular arrangement of the
liquid crystal.
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Fig. 5.Variations in the storage modulus (G") and the viscous modulus (G") with frequency

Upon comparison, at low frequencies, the
homologues of both series exhibit similar behaviour,
displaying a frequency-independent plateau in the
moduli. This suggests that the material contains
cooperative rearrangements as in rubber polymers [33].
Figure 5 illustrates variations in the storage modulus G’
and the viscous modulus G” with frequency for nematic
and smectic phases. However, the storage and loss
moduli of nOBA homologues are lower than those of
nBA homologues. The storage modulus or loss modulus
is primarily determined by intermolecular interactions,
molecular packing, molecular mobility, and aspect
ratio, which may differ between alkyl(oxy)benzoic
acids regardless of their transition temperatures.

Steady shear behaviour

The steady shear test has a substantial impact on
liquid crystal rheology. It provides useful information
regarding a liquid crystal's flow behaviour, elasticity,
and appropriateness for different technological
applications.

The nBA homologues described the shear
thinning behaviour at low shear rates, characterized by a
decrease in viscosity with increasing shear rate. Which is
a distinct feature compared to isotropic liquids. This is
attributed to the alignment of rod-like molecules in the
flow direction under shear, reducing resistance to flow.
The viscosities exhibited a three-region flow curve,
consistent with the Onogi-Asada model.
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At low shear rates, the viscosity displayed a
slight dependence on molecular structure. However, at
higher shear rates, the deformation of the molecular
chains dominated the behaviour, leading to a decrease
in viscosity (Region II). Ultimately, a constant viscosity
was reached (Region III). This pattern was consistently
observed across the studied materials. Region I would
typically show a constant viscosity. It is observed that
at low shear rates, 6BA has higher viscosity and SBA
has least viscosity over the range of shear rates. While
investigating the physical, chemical, optical and
insulating properties of alkyl benzoic acids, Mirtunjai
Mishra et al., observed that SBA has the highest O—H
bond stretching [34]. The stretching of O—H bond can
induce a decrease in viscosity with increase in shear
rate. If SBA has O-H bonds that can stretch
significantly, it means these bonds are quite weak and
flexible. This flexibility could make it easier for
molecules to line up, causing the liquid to flow more
easily, which means that it would have low viscosity.
Higher shear forces and lower viscosity ratios are
commonly noted in liquid crystals experiencing
substantial molecular realignment under shear stress.
Among the members of the series under our study,
pentyl benzoic acid (SBA) exhibits a high value in a
specific ratio, suggesting a strong alignment of its
molecules.

For nOBA, steady shear behaviour aligns with
the Carreau model [35], featuring a power index
ranging from 0.7 to 1.2. In the smectic phase, the
viscosity of 8OBA at low shear rates resembles that of
robust gels. In the nematic phase, there is shear thinning
at low strains, followed by a consistent viscosity plateau
at high strains. On the other hand, the smectic phase
displays no plateau and undergoes continuous variation
with strain. We observe that the smectic phase of HOBA
exhibits non-Newtonian viscosity, with the highest
viscosity observed for 70BA. Kucherepa et al. [36]
observed similar results and attributed them to strong
interlayer interactions. These interactions arise from
dimers formed by hydrogen bonds between carboxylic
acid groups and ether oxygen atoms, along with
aromatic protons. As the length of the aliphatic chain
increases, the molecules gain greater mobility,

weakening the influence of hydrogen bonding relative
to the weaker van der Waals forces. Hence the viscosity
of 8OBA consequently falls in comparison to the 7OBA
homologue. However, at temperatures corresponding to
the nematic phase and particularly the isotropic liquid
phase, Newtonian viscosity was observed. The smectic
phase of 7OBA is much higher than other homologues
including smectic phase of 8SOBA due to odd-even
effect. At high shear rates, molecules may not always
perfectly align and can undergo a tumbling motion that
partially aligns and then rotates; the extent of shear
thinning is influenced by the molecular structure and
rigidity of the molecules in the liquid crystal. Here also,
there is evidence to suggest that 6OBA has lowest shear
viscosity. It is also mentioned that 6OBA has oligomers
[29] near the clearing point. Considering this, we
assume that these oligomers are not well-aligned or
they disrupt the ordering of molecules, contributing less
to viscoelasticity and viscosity compared to other
homologues.

In the context of steady shear, Fig. 6 illustrates
that both alkyl(oxy)benzoic acids share similarities
such as shear thinning. Notably, the viscosity of HOBA
homologues is observed to be lower than that of their
nBA counterparts. The shear viscosity of a substance
depends on several factors, such as its molecular
structure, intermolecular interactions, and arrangement
of molecules. The discrepancies in molecular structure
can cause differences in shear viscosity. According to
the published crystallographic data [30], every
molecule within the nBA series is distinguished by a
non-planar configuration and n»OBA with planar
structure. Non planar structure results in complicated
molecular arrangements and interactions, which make
it harder for them to flow smoothly, like traffic jams on
a busy road. Whereas planar molecules of nOBA
generally have more uniform molecular arrangements
and allow for more efficient molecular alignment under
shear stress, leading to smoother flow and potentially
lower shear viscosity. Mixing these liquid crystals in
equal parts creates a new mixture with a lower viscosity
than either of the original liquid crystals by themselves
[31].
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Fig. 6. Shear rate vs viscosity for alkyl(oxy)benzoic acids in the nematic and smectic regions

Our studies on flow properties reveal some key
differences between the nBA and nOBA series. The
presence of oxygen atoms in the nBA series seems to
lower the temperature at which they undergo a phase
transition (change in molecular arrangement). The non-
planar structure of #nBA molecules further hinders their
flow compared to the flatter nHOBA molecules. Overall,
both nBA and nOBA series exhibit interesting flow
properties making them appropriate for a range of uses
based on particular requirements. The nBA series is
highly suitable for use in absorbance or transmittance
application devices. Additionally, at room temperature,
these molecules exhibit excellent performance in
insulating application devices [31].

The rheological properties of alkyloxybenzoic
acids play a vital role in determining their effectiveness
across various industrial applications, especially in
lubrication. Benzoic acids are extensively utilized as
additives in cutting fluids and lubricants, to improve

performance. According to a study on alkyloxy benzoic
acid antimicrobial activities, 4OBA, 60BA, and 70BA
demonstrated a passable level of antibacterial activity
in a spent coolant. Additionally, in a test using cast iron
chips, aqueous solutions of 60OBA demonstrated
outstanding corrosion resistance [37].

Research has shown that not only do pure
benzoic acids exhibit good lubricating properties, but
their combinations such as the 4-acryloyloxyphenyl
ester of 4'-n-80BA and a system consisting of 30BA
and p-n-propyloxy-p'-cyanobiphenyl in liquid paraffin,
were examined under boundary friction conditions
These studies, conducted on both pure substances and
their solutions in a liquid paraffin base, revealed that the
tribological properties are influenced by the chemical
structure and concentration of the additives. The
presence of these triboactive additives in lubricants not
only enhances lubrication performance but also
stabilizes it under heating highlighting the versatility
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and potential of benzoic acid-based compounds [38].
The cholesteryl ester of p-n-dodecyloxybenzoic acid
exhibits a broad temperature range for its mesomorphic
phase, spanning from 127 to 195 °Cand demonstrated
best lubricating properties. In the tribosystem, it also
shows the lowest friction coefficient ranging from 0.06
to 0.08 [39]. Two derivatives of 4-dodecyloxybenzoic
acid [40] were evaluated as antioxidants for Egyptian
base oil. The compounds were evaluated by monitoring
changes in both total acid number and viscosity.

Conclusion

The oscillatory viscoelastic properties and steady
shear viscosities of p-n-alkyl(oxy)benzoic acids are
compared and explained. The extent of linear visco-
elastic region is almost the same for both nBA and
nOBA. During frequency sweep, at low frequencies,
the homologues of both series exhibit similar
behaviour, displaying a frequency-independent plateau
in the moduli. The steady shear behaviour of nBA aligns
well with Onogi-Asada’s three region model and of
nOBA with Carreau model. The viscosity of nOBA
homologues is observed to be lower than that of their
nBA counterparts. The inclusion of oxygen in alkyloxy
benzoic acids modifies their molecular interactions,
resulting in increased transition temperatures and low
viscoelastic properties in comparison with alkyl
benzoic acids. These findings offer valuable insights
into potential applications across various fields like
lubrication applications.

Funding: the authors gratefully acknowledge Young
mind creations technologies private limited, Bangalore for
providing financial assistance No. EXT/R&D/LCD/NU/SSS-
05, dated 15-08-2023.

References

1. Dan W., Sen L., Wei W., Hongxi G., Yun Z., Xingping Z.
Holographic plastics with liquid crystals. Macromol.
2024, 57(6), 2557.
DOI:10.1021/acs.macromol.3c02011.

2. Keroles B.R., Suong V.H., Paula M.W.A. Photocuring
graphene oxide liquid crystals for high-strength
structural materials. ACS Omega. 2022,7,21192.
DOI: 10.1021/acsomega.2c02084.

3. Tangl.,LiZ., Xie M., Luo Y., YulJ., Chen G., Chen Z.
Liquid crystal-based label-free optical sensors for
biochemical application. Photonic Sens. 2024, 14 (2),
240203 (32 p.).DOI: 10.1007/s13320-024-0707-3.

10.

11.

12.

13.

14.

15.

Maltisovs M., Pikulins D. Study of electrical properties
of bistable smectic-A liquid crystal displays. Latv.J.
Phys. Tech. Sci. 2019, 56(5), 3—11.
DOI:10.2478/1pts-2019-0026.

Maltisovs M., Krumins K., Ozols A., Pikulin D. Study
of the operational properties of bistable smectic-A liquid
crystal displays. Latv. J. Phys. Tech. Sci. 2018, 55 (3),
54-62. DOI: 10.2478/Ipts-2018-0021.

Kishor M.H., Madhu Mohan M.L.N. Experimental
realization of constant current device using hydrogen
bond ferroelectric liquid crystals. Eur. Phys. J. E. 2023,
46, 7 (6 p.).DOI: 10.1140/epje/s10189-023-00264-z.
Tomilin M.G., Povzun S.A., Kurmashe A.F., Gribano-
va E.V., Efimova T.A. The application of nematic liquid
crystals for objective microscopic diagnosis of cancer.
Ligq. Cryst. Today. 2001, 10 (2), 3-5.

DOI: 10.1080/14645180110074819.

Sariki P., Balireddy V., Gowri Sankara Rao B., Ratna
Raju M. Legendre wavelet transform for the study of
phase transitions in hydrogen-bonded liquid crystals.
Braz. J. Phys. 2022, 52, 210.

DOI: 10.1007/s13538-022-01212-6.

Mouna D., Taoufik S., Ahlem G., Naoufel B.H., Erwann J.,
Yves C. Synthesis, thermal, dielectric and electro-optic
properties of new series of fluorinated hydrogen-bonded
liquid crystals. J. Mol. Lig. 2022, 367, 120510.
Alhaddad O.A., Abu Al-Ola K.A., Hagar M., Ahmed H.A.
Chair- and V-shaped of H-bonded supramolecular
complexes of azophenyl nicotinate derivatives.
Mesomorphic and DFT molecular geometry aspects.
Molecules. 2020, 25(7), 1510-1526.

DOI: 10.3390/molecules25071510.

Al-Mutabagani L.A., Alshabanah L.A., Naoum M.M.,
Hagar M., Ahmed H.A. Experimental and computational
approaches of newly polymorphic supramolecular H-
bonded liquid crystal complexes. Front Chem. 2020, 8,
Article 571120.DOI: 10.3389/fchem.2020.571120.
Meco-Navas A., Ebiloma G.U., Martin-Dominguez A.,
Martinez-Benayas 1. SAR of 4-alkoxybenzoic acid
inhibitors of the trypanosome alternative oxidase. ACS
Med. Chem. Lett. 2018, 9, 923.

DOI: 10.1021/acsmedchemlett.8b00282.

Isik B., Cakar F., Cankurtaran H., Cankurtaran O.
Thermotropic liquid crystalline 4-(nonyloxy)benzoic
acid: phase transition temperatures, thermodynamic
characterization, and separation of structural isomers.
Korean J. Chem. Eng., 2023, 40, 2724-2734.

DOI: 10.1007/s11814-023-1508-x.

Lintuvuori J.S., Wiirger A. Active microrheology of
fluids with orientational order. Condens. Matter. Phys.
2024, 27(1), 13801. _DOI: 10.5488/cmp.27.13801.
Chen H., Xu C., Xiao G. Ultralow friction between steel
surfaces achieved by lubricating with liquid crystal



A. Bindu Madhavi, R. Chandra Krishna, K. Vijaya Lakshmi, S. Sreehari Sastry 95
Comparative analysis of phase transition temperatures and rheological characteristics...

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

after arunning-in process with acetylacetone. Tribol.
Lett. 2018, 66, 68. DOI: 10.1007/s11249-018-1020-3.
Wayiiska B., OkowiakJ., KofaczS., Maysa A.
Tribological properties of paraffin oil doped with liquid
crystalline mesogenes. Opto-Electron. Rev., 2008, 16,
267-270. DOI: 10.2478/s11772-008-0014-3.
Usol’tseva N.V., Smirnova A.l. Liquid crystals as
lubricants. Lubricants. 2019, 7(12), 111 (25 p.).

DOI: 10.3390/lubricants7120111.

Sreehari Sastry S., Bindu Madhavi A., Vishwam T., Ha
Sie Tiong. Rheological studies in p-n-alkoxy benzoic
acid liquid crystals. IJERT. 2017, 6, 353-568.
https://api.semanticscholar.org/CorpusID:104339068.
Sreehari Sastry S., Chandra Krishna R., Bindu Madhavi A.,
Vindhya Kumari T., Ha Sie Tiong. Visco-elastic
properties of low molar mass p-n-alkoxybenzoic acid
mesogens. IJERT. 2014, 3, 1731-1736.

Sreehari Sastry S., Bindu Madhavi A., Ha Sie Tiong.
Visco-elastic properties of low molar mass p-n-
alkoxybenzoic acid mesogens. IJIRSER. 2013, 3,11417-
11424.

Shoji M, Tanaka F. Theoretical study of hydrogen-
bonded supramolecular liquid crystals. Macromol.,
2002, 35, 7460-7472.

Rudzki A., Chrusciel J., Zalewski S. Thermal analysis
and FTIR study of 4-n-hexadecyloxybenzoic acid
(160B). J. Therm. Anal. Calorim. 2023, 148, 10663—
10677. DOI:10.1007/s10973-023-12431-7.

Sreehari Sastry S., Salma Begum S., Vindhya Kumari T.,
Murthy V.R.K., Ha Sie Tiong. Effect of magnetite nano
particles on p-n-alkyl benzoic acid mesogens. E.-J.
Chem. 2012, 9(4), 2462-2471.

Micael D.M., Chavez F.V., Maria T.M.R., Euse-
bio M.E.S., Sebastido P.J., Silva M.R. Self-assembled
liquid crystals by hydrogen bonding between bipyridyl
and alkylbenzoic acids: solvent-free synthesis by
mechanochemistry. Lig. Cryst. 2014, 41,1743-1751.
DOI: 10.1080/02678292.2014.950048.

Hilbert A.J. Transition temperatures and transition
energies of the p-n-alkoxy benzoic acids from n-propyl
to n-octadecyl. Trans. Faraday Soc.1967, 63, 555-560.
DOI: 10.1039/TF9676300555.

Sreehari Sastry S., Nageswara Rao C., Mallika K.,
Lakshminarayan S., Ha Sie Tiong. Determination of
phase transitions of p,n-alkyloxy benzoic acid mesogens
using legendre moments and image analysis. WJCMP.
2013, 3, 54-61. DOI: 10.4236/wjcmp.2013.31010.
Pisipati V.G.K.M., Ramakrishna M., Nanchara Rao,
Datta Prasad P.V. Orientational order parameter in
alkoxy benzoic acids — optical studies. Mol. Cryst. Lig.
Cryst. 2010, 528, 49-63.
DOI1:10.1080/15421406.2010.504515.

Sreehari Sastry S., Vindhya Kumari T., Nageswara Rao C.,
Mallika K., Lakshminarayana S., Ha Sie Tiong.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Transition temperatures of thermotropic liquid crystals
from the local binary gray level cooccurance matrix.
Adv. Cond. Matter. Phys.,2012,2012, 9.

DOI: 10.1155/2012/527065.

Swathi P., Kumar P.A., Pisipati V.G.K.M. Induced
smectic-G phase through intermolecular hydrogen
bonding. Part IX: Comparative thermal and phase
behaviour studies on two distinct structural isomers
possessing linear and bow shapes. Z. Naturforsch. 2001,
56a, 692—696. DOI:10.1515/zna-2001-0915.

Kuz’mina L.G., Pestov S.M., Kochetov A.N., Chura-
kov A.V., Lermontov E.Kh. Molecular and crystal
structure of 4-hexylbenzoic acid: Design of the
mesophase. Crystallogr. Rep. 2010, 55, 786—792.

DOI: 10.1134/S1063774510050111.

Yadykova A.Y. Konstantinov LI, Vlasova A.V.,
Varfolomeeva L.A., Ilyin S.O. Alkyl benzoic and
alkyloxy benzoic acid blending for expanding the liquid
crystalline state and improving its rheology. Int. J. Mol.
Sci., 2023,24(21), 15706—15734.

DOI: 10.3390/ijms242115706.

Sparavigna A., Mello A., Montrucchio B. Texture
transitions in the liquid crystalline alkyloxybenzoic acid
60BAC. Phase Transit. 2006, 79, 293.
DOI:10.1080/01411590600748132.

Krishna Prasad S., Geetha Nair G., Bhargavi R.,
Jayalakshmi V., Shankar G., Yelamaggad C.V. Soft
glass rheology in liquid crystalline gels formed by a
monodisperse dipeptide. J. Phys. Chem. B, 2010,
114,697-704. DOI: 10.1021/jp9071394.

Mirtunjai M., Narinder Kumar, Khem B.T., Rawat B.S.,
Reena D., Devendra Singh, Devesh Kumar. Physical,
chemical, optical and insulating properties of alkyl
benzoic acid derivatives liquid crystal due to extension
alkyl chain (CNH2N+1) length: A DFT study.
Kragujevac J. Sci. 2023, 45, 21-28.

DOI: 10.5937/KgJSci2345021M.

Carreau P. Rheological equations from molecular
network theories. J. Trans. Soc. Rheol. 1972,16 (1), 99—
127. DOI: 10.1122/1.549276.

Kucherepa N.S., Samigullin F.M., Malatsion S.F.,
Rodnikova M.N., Syrbu A.A. A viscometric study of the
liquid crystalline phase of alkyloxy benzoic acids. Russ.
J. Phys. Chem. A., 2009, 83, 2054-2057.

DOI: 10.1134/S0036024409120097.

Watanabe S., Fuyjita T., Sakamoto M., Endo J.L,
Kawahara H.J. Para-alkoxy bezoic acids as additives in
water based cutting fluids. J. Mater. Sci., 1992, 11, 498.
Novikov V.V., Syrbu S.A., Kuvshinova S.A.,
Burchenkov K.S., Lisitsyn R.Yu. Tribological properties
of p-n-alkyloxy benzoic acid derivatives and their
systems. Lig. Cryst. and their Appl., 2017, 17 (3), 63—69.
DOI: 10.18083/LCAppl.2017.3.63.



96 JKuoxue kpucmanivl u ux npakmuiecxkoe ucnonavszosanue. 2024. T. 24, Ne 4
Liquid Crystals and their Application. 2024. Vol. 24, No 4

39. Novikov V.V., Syrbu S.A., Naumov A.J. Effect of
mesomorphism  on  lubricating  efficiency  of
nanomaterials under boundary friction. J. Friction and
Wear. 2018, 39, 376-380.

DOI: 10.3103/S1068366618050136.

40. Ashmawy M., Osman D.I., Elnaggar El-Sayed M.E.,
Nessim M.I. The effect of some liquid crystals as
antioxidants for base oil. ZJNRES. 2017, 3(2), 36-45.

Contribution of the authors:
All authors equally contributed to this paper.

Declaration: The authors declare no competing
interests.

Bindu Madhavi A. — Orcid: 0000-0003-3383-2332
Vijaya Lakshmi K. — Orcid: 0009-0005-6228-7419
Chandra Krishna R. — Orcid: 0009-0007-3028-8067

Sreehari Sastry S. — Orcid:0000-0002-0065-7630

Received 29.08.2024, approved 30.09.2024, accepted 2.12.2024



