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Within the entire mesomorphic range, high-precision dielectric anisotropy data with the high-temperature
resolution is presented for a highly polar smectic-A liquid crystal 8CB (octylcyanobiphenyl) as well as 8CB
nanocomposites doped with both pristine multi-walled carbon nanotubes (p-MWCNTs) and carboxyl group
(-COOH) functionalized MWCNTs (f-MWCNTs). The temperature variation of the nematic order parameter
across both the nematic-isotropic (N-I) and the nematic–smectic-A (N-Sm-A) phase transitions of the neat
8CB and 8CB+MWCNT nanocomposites has then been derived from the dielectric anisotropy data within
the framework of the Maier-Meier theory. With the inclusion of MWCNTs, both the N-I and the N-Sm-A
transition temperatures have been noted to shift to lower temperatures as compared to the 8CB host. Also, for
all 8CB+MWCNT nanocomposites, regardless of the surface functionalization, it has been well documented
that the N-I transition is weakly first order, whereas the N-Sm-A transition remains continuous within the
experimental resolution. For all investigated samples, the temperature dependence of the nematic order parameter
has been shown to be quasitricritical, within the experimental resolution. From the attentive inspection of the
dielectric anisotropy data in the vicinity of the N-Sm-A transition, the upper limits for a possible latent heat
�HNA for the 8CB host and all 8CB+MWCNT composites, for the first time, have been derived. The so-derived
�HNA values for all investigated samples have also been compared with those extracted from the optical
birefringence data, and an excellent consistency has then been noted. The N-Sm-A pretransitional anomaly
has been investigated and the effective specific heat capacity exponent α values have been yielded from the
power-law analysis of our high-resolution �ε(T ) data across the N-Sm-A transition for all investigated samples.
It has been well documented that the incorporation of MWCNTs to the 8CB host leaves the N-Sm-A transition
essentially bulklike. We discussed that, to some extent, the compliance of MWCNTs does not drive the N-Sm-A
transition to 3D-XY -like behavior, that is the strength of de Gennes coupling will remain the same for all
nanocomposites. This issue can be ascribed to the weaker nature of MWCNT disorder. In this work, for the
first time, high-resolution �ε(T ) data has been shown to be very adequate and offer an easy way to investigate
the N-Sm-A transition as compared to calorimetric methods.

DOI: 10.1103/PhysRevE.107.024702

I. INTRODUCTION

Liquid crystalline phases, i.e., mesophases, are known to
be characterized by orientational order while the positional
order has disappeared or is reduced to some extent. Those
mesophases exhibit intermediate physical properties in be-
tween the isotropic liquid (I) and the three-dimensionally
ordered solid. Two of the most extensively studied phases,
both experimentally and theoretically, are the nematic (N) and
the smectic-A (Sm-A) phases for thermotropic liquid crystals
(LCs). In the orientationally ordered nematic phase, with the
absence of positional order, the molecules tend to point in
the same direction, the so-called director. Besides the orien-
tational order, the smectic-A exhibits partial positional order
with that the molecules are arranged in layers [1,2]. More-
over, in recent years, a substantial interest has been drawn
to the inclusion of various types of nanomaterials, such as
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nanoparticles (NPs), carbon nanotubes (CNTs), quantum dots
(QDs), and also nanowires, to LCs for various electro-optical
applications especially due to their gray-scale capabilities as
well as due to elastic-mediated interactions between the LC
host and aforesaid nanomaterials. Up to date, the dispersion
of those nanomaterials in LCs has been shown to influence
and improve their structural, mechanical, viscoelastic, electro-
optical, and dielectric properties ([3–9] and references cited
therein). Also, large mechanical stiffness, large electrical con-
ductivity anisotropy, and huge aspect ratio together with the
shape compatibility to LCs raise CNTs as promising materi-
als from both technological and scientific aspects among the
abovementioned nanomaterials. Hence, more recently, many
studies have been devoted to this issue ([10–16] and refer-
ences cited therein).

Additionally, regarding the scientific standpoint, LCs have
been well documented as appealing model systems for test-
ing the general concepts of phase transitions, particularly
the first- or second-order (continuous) character of the tran-
sition as well as the universality of the associated critical
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phenomena [2,17–19]. To date, the N-Sm-A transition has
probably been one of the most exhaustively studied but
at the same time is the most controversial transition since
there exists no consensus between theory and experiments
and between one experimental method and the other as
well [2,17,19–21]. Various experimental studies have revealed
nonuniversal critical behavior ([2,21] and references cited
therein). Within the mean-field approximation, theories to
date advocated that the N-Sm-A transition exhibits a crossover
behavior from the 3D-XY -like second order to the first or-
der via a Gaussian tricritical point (TCP) by assuming the
coupling between the N and the Sm-A order parameters,
the so-called de Gennes coupling [1,2,17]. As also demon-
strated experimentally ([2,21] and references cited therein),
the strong coupling, which corresponds to a narrow N range,
gives rise to a first-order N-Sm-A transition, while the weak
coupling, claiming a wide N range, yields a second-order
(continuous) transition. However, it was subsequently claimed
by Halperin, Lubensky, and Ma (HLM) [22,23] that if a finite
coupling between the nematic director fluctuations and the
Sm-A order parameter is taken into account, in analogy with
type-I superconductors, then the transition is always weakly
first order.

During the past four decades, the aforementioned theoret-
ical predictions have been experimentally tested via various
high-resolution methods, especially for alkylcyanobiphenyl
(nCB) and alkyloxycyanobiphenyl (nOCB) homologs as well
as their binary mixtures [21,24–26], because those are known
to be photochemically stable and also to combine low melting
points with reasonably high nematic-LC transition points [27].
In this regard, as a well-characterized LC, exhibiting I-N-Sm-
A polymorphism, the 8CB (octylcyanobiphenyl) compound is
the most representative one, from both fundamental and ap-
plicational perspectives. To date, any evidence for a first-order
character of the N-Sm-A transition for 8CB has been revealed
neither calorimetrically [28] nor optically [29]. Moreover, in
literature, one can find out high-resolution calorimetric studies
concerning the influence of different type nanomaterials such
as BaTiO3 [30], CdS [31], CdSe NPs [32] as well as magnetic
NPs with different surface coatings [33] on the phase transi-
tion characteristics of the 8CB LC host. Additionally, Mertelj
etal. reported optical birefringence data of 8CB+BaTiO3

nanocomposites to understand the impact of those NPs on the
N-Sm-A transition [34] and recently, a correlation between
dielectric properties and phase transitions of 8CB+Sn2P2S6

nanocomposites has been presented as well [35]. However,
in the past, a calorimetric study on the phase transitions
of 8CB+MWCNT nanocomposites (MWCNT refers here to
multi-walled carbon nanotube) was presented by Sigdel and
Iannacchione [36]. Very recently, high-resolution optical bire-
fringence measurements of 8CB+MWCNT nanocomposites
were presented by our group [37].

Nonetheless, regarding experimental techniques, particu-
larly interesting are static dielectric permittivity studies since
they are known to be not only a crucial parameter character-
izing the response of the LC medium to the external electric
field but also directly proportional, via dielectric anisotropy, to
the nematic (orientational) order parameter itself [38]. Also, it
is of fundamental interest to know the temperature behavior
of the nematic order parameter to test any model of liquid

crystalline behavior [39]. As far as the phase transitions of
LC+nanomaterial composites are concerned, static dielectric
permittivity and high-resolution dielectric anisotropy studies,
which are utilized to probe the behavior of the nematic order
parameter especially in the vicinity of the N-Sm-A transi-
tion, have still been quite surprisingly limited [40,41]. In the
past, the pretransitional behavior only in the vicinity of the
N-I transition of 5OCB+BaTiO3 [40] and the I-Sm-A tran-
sition of 12CB+BaTiO3 [41] nanocomposites were studied
via static dielectric permittivity measurements. The evidence
for the pretransitional behavior seen in dielectric properties
for different liquid crystalline systems, especially across the
N-Sm-A transition, still seems quite limited. Thus, due to
the lack of those kind studies, we report, in this work, high-
resolution dielectric anisotropy measurements covering the
N and the Sm-A phases of both 8CB and 8CB+MWCNT
nanocomposites. We have derived the upper limit of the latent
heat of the N-Sm-A transition by deducing the nematic order
parameter from our dielectric anisotropy data, and finally,
then, we have discussed the pretransitional anomaly related
to this transition. Afterward, the comparison of the results
with those by high-resolution optical birefringence data [37]
is presented as well. To the best of our knowledge, apart from
this work, there seems no systematic study documenting the
upper limit of the latent heat of the continuous N-Sm-A transi-
tion deduced from high-resolution dielectric anisotropy data.
It is noteworthy that, in the present paper, as dopants to the
8CB host, both pristine MWCNTs (p-MWCNT) and -COOH
(carboxyl) group functionalized MWCNTs (f-MWCNT) have
been utilized.

II. THEORETICAL BACKGROUND

A. Nematic order parameter and the nematic-isotropic
transition

It is notable that the orientational order parameter, speci-
fying the orientational distribution of the long molecular axis
around the director, characterizes the long-range orientational
order in LCs. Additionally, the uniaxial symmetry of both the
N and Sm-A phases is known to result in anisotropic behav-
ior for several physical quantities and hence, any anisotropic
physical quantity can be a measure of orientational ordering
in the N phase, as pointed out first by de Gennes [1]. As far
as dielectric anisotropy �ε (�ε = ε|| − ε⊥, with ε|| and ε⊥
static dielectric permittivities along and perpendicular to the
nematic director, respectively) measurements are concerned,
one can pursuit these high-resolution �ε data to get an insight
information on the degree of orientational order in the liquid
crystalline phases. Particularly, the �ε data can be used to in-
vestigate the temperature dependence of the N (orientational)
order parameter S(T ). Recall that in the past, high-resolution
optical birefringence data have successfully been used by our
group to probe both the temperature behavior of the N order
parameter and the pretransitional effects in the vicinity of both
the N-I and the N-Sm-A transitions in several liquid crystalline
systems, such as in pure LCs [29,42] and their binary mix-
tures [25,26] as well as some LC+nanomaterial composites
[37,43]. In the present case, high-resolution �ε data has been
exploited to probe those pretransitional effects. Furthermore,
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static dielectric permittivity, as well as dielectric anisotropy
has been well documented by using the Maier-Meier theory
[44], which is itself the extension of the Onsager theory to
LCs. As per this theory, dielectric anisotropy �ε is given by

�ε = NhF

ε0

[
�γ − Fμ2

2kBT
(1 − 3cos2ϕ)

]
S, (1)

where ε0 is the permittivity of free space, kB is the Boltzmann
constant, T is the absolute temperature, �γ is the polariz-
ability anisotropy, μ is the resultant dipole moment of the
molecule, ϕ is the angle between the dipole and the long
molecular axis, and N is the number density of molecules.
Here F is the feedback factor and h = 3ε/(2ε + 1)with ε =
(ε|| + 2ε⊥)/3. Additionally, the polarizability anisotropy �γ

is given as �γ = γl − γt , with γl and γt longitudinal (parallel)
and transverse (perpendicular) polarizabilities relative to the
long molecular axis, respectively.

Besides, regarding the weakly first-order character of the
N-I transition [45,46], through high-resolution data, a four-
parameter generic power-law expression has recently been
shown to well portray the temperature variation of S(T ).
Also, by taking into account the scaling condition that the
nematic order would be perfect at T = 0 K, as elsewhere
[25,26,37,47,48], one can write down the S(T ) as follows:

S(T ) = S∗∗ + (1 − S∗∗)|τ |β, (2)

with τ = 1 − T/T ∗∗, here T ∗∗ refers to the effective second-
order transition temperature, i.e., the spinodal temperature of
the N phase, β is the critical exponent related to the fluctua-
tions at the N-I transition TIN . Thus, �T ∗∗ = T ∗∗ − TIN is the
temperature metric of the discontinuity of the N-I transition,
which is still one issue for debate. Then, combining Eqs. (1)
and (2) and also considering only the explicit temperature
dependence seen in those equations allows one to describe the
temperature variation of �ε(T ) as

�ε =
(

C1 + C2

T

)
[S∗∗ + (1 − S∗∗)|τ |β], (3)

where the constants C1 and C2 are given by

C1 = NhF

ε0
�γ , (4a)

C2 = −NhF 2μ2

2ε0kB
(1 − 3cos2ϕ). (4b)

Thereby, the N order parameter S(T ) can be deducted di-
rectly from the �ε(T ) data, by utilizing the following relation:

S(T ) = �ε(T )(
C1 + C2

T

) . (5)

To further check the validity of Eq. (5), we have then used
the S(T ) data extracted from the optical birefringence �n data
given in Refs. [49] and then compared it with the one deduced
via Eq. (5) for pure pentylcyanobiphenyl (5CB) LC. We have
then observed a good agreement between those S(T ) values
with that typical error is 1.5% over the entire temperature
range investigated. As will be discussed herein below, Eqs. (3)
and (5) will be used in deriving the N order parameter and

also upper limit of the latent heat �HNA for the continu-
ous N-Sm-A transition of the 8CB host and 8CB+MWCNT
composites and then also used for the comparison with the
previously published results, obtained from optical measure-
ments [29,37]. We must remark here that during the past few
decades, in literature, the so-called fluidlike model has thor-
oughly been exploited to quantify the temperature dependence
of the static dielectric permittivity in the vicinity of the N-I
transition of rodlike LC molecules, whose permanent dipole
moments are approximately parallel to their long axes, as in
the case of 8CB [40,41,50–55]. We must notice here that,
in the abovementioned studies, the nematic order parameter
S(T ) was not derived from the �ε data presented and neither
any latent heat values �HNA nor the pretransitional effects
were also addressed for the samples exhibiting the N-Sm-A
transition. However, unlike the “fluidlike” model presented in
Refs. [40,41,50–55], in this work for the first time, we have
deduced the order parameter S(T ) via Eq. (5) based on the
Maier-Meier theory and then we have used it to produce the
latent heat values of the samples under investigation. Besides,
in the past, although Thoen and Menu presented an expression
very similar to Eq. (3) to quantify their �ε data for the 8CB
host [56], no value for the latent heat in the vicinity of the
N-Sm-A transition was addressed by the authors of Ref. [56].

Apart from the N-Sm-A transition, the N-I transition seems
to be a subject of various studies both experimentally and
theoretically [2,18,21,38]. The nature of the N-I transition
is shown to be weakly first order with a small latent heat
and substantial pretransitional fluctuation effects have also
been well documented [2,18,21]. Additionally, the critical
exponent values obtained from various physical quantities
near the transition are shown to be in line with the tricritical
hypothesis (TCH) [45,57]. Moreover, the simplest description
of the thermodynamic behavior of the N-I transition is given
by phenomenological Landau–de Gennes mean-field theory
[17,18]. It is worth noting that the tricritical hypothesis with
this transition was first conjectured by Keyes [57] and it was
shown within the mean-field approach by assuming a sixth-
order term in the Landau–de Gennes free-energy expansion
[45,58]. Hence, for a uniaxial nematic LC, as in the case of
8CB, the nematic free-energy density FN can be written as an
expansion of the powers of the nematic order parameter S as
follows:

FN = FI + 1
2 AN S2 − 1

3 BN S3 + 1
4CN S4 + 1

6 EN S6, (6)

where FI is the free-energy density in the isotropic phase.
The temperature-dependent coefficient AN is assumed to be
AN = ( a0

TIN
)(T − T ∗) with a0 > 0 and T ∗ the lower stability

limit of the isotropic phase. The constant BN > 0 makes the
N-I transition first order and its value can be reduced by
molecular biaxiality [58,59]. However, by focusing on the N-I
transition near the tricritical point, one can proceed as follows.
As the tricritical phase transition is approached, the coefficient
BN is getting smaller, so it can be neglected and the coefficient
CN is taken to be small and negative as discussed elsewhere
[58]. Thus, by following up the strategy given by Salud etal.
[58] and taking BN = 0 and CN = −C0 with C0 > 0, the fi-
nite discontinuity in the nematic order parameter at TIN , viz.
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SIN , and also the entropy discontinuity �SIN at TIN can be
obtained as

SIN =
√

3C0

4EN
, (7a)

�SIN = 3a0C0

8TIN EN
= a0S2

IN

2TIN
= �HIN

TIN
, (7b)

with �HIN the latent heat at the N-I transition.

B. The Nematic–Smectic-A Transition

Since the Sm-A phase is characterized by a two-
component, a magnitude 	, and a phase φ order parameter,
the isotropic 3D-XY model would be expected to be the
simplest model for the N-Sm-A transition. But, as briefly
discussed in Sec. I, the nature of this transition is rather
complicated due to the presence of some deviations from the
isotropic 3D-XY behavior. The first type of deviation is due to
the coupling, namely the de Gennes coupling, between the N
and the Sm-A order parameters and it results in the crossover
from second-order in nature to first order via a TCP. The
second type of deviation is due to the coupling between the
nematic director fluctuations and the Sm-A order parameter
(viz. δn̂ − 	2 coupling) and gives rise to very weakly first-
order N-Sm-A transition. However, regarding the 8CB LC,
high-resolution calorimetric [28] and optical [29] methods
have well documented a continuous N-Sm-A transition. Thus,
for discussing the pertinent thermodynamic description of this
transition, only the de Gennes coupling term seems enough to
include in the free-energy density of the Sm-A phase, yielding
in the following form:

F = FN + 1

2
aA(T − TNA)	2 + 1

4
bA	4 + 1

6
dA	6

− cA	2δS + 1

2χN
(δS)2, (8)

with the expansion coefficients (aA, bA, dA, cA) > 0 and here
TNA refers to the N-Sm-A transition temperature. Also, δS
represents here the extra nematic order due to the presence
of the smectic layering, while χN is the nematic susceptibil-
ity, whose value depends on the nematic temperature range
NR (NR = TIN -TNA) and is larger in the vicinity of TIN as
well. From the minimization with respect to δS one can get
δS = cAχN	2, then upon elimination of δS from F reads

F = FN + 1
2 aA(T − TNA)	2 + 1

4 b′
A	4 + 1

6 dA	6, (9)

with b′
A = bA − 2c2

AχN . Notice that if χN is small, which
results in a wide N range, then b′

A > 0, and a continuous
N-Sm-A transition occurs. As χN grows, the point b′

A = 0
is reached which corresponds to TCP. For larger χN where
b′

A < 0, giving rise to a narrow N range, the N-Sm-A transition
is of first order. Finally, by taking into account the free-energy
densities given in Eqs. (6) and (9) and also by following the
steps, whose details were published in our previous work [29],
a relationship between the entropy change �S and the nematic
order parameter change �SNA in the immediate vicinity of the

N-Sm-A transition TNA will be given as

�S = a0

TIN
SNA�SNA, (10)

where SNA = [SA(TNA) + SN (TNA)]/2 and �SNA(TNA) = SA −
SN . In this way, one can obtain the latent heat for the first-order
(discontinuous) N-Sm-A transitions as well as the upper limit
of the latent heat for the second-order (continuous) N-Sm-A
transitions via the following expression:

�HNA = TNA�S = a0RMSNA�SNA, (11)

with RM = TNA/TIN , the so-called McMillan ratio. Notice that
as discussed elsewhere [29], the forms of Eqs. (10) and (11)
are valid also within the framework of the HLM theory. To
date, the usage of Eq. (11) has successfully been tested solely
via high-resolution optical birefringence measurements for
several liquid crystalline systems [25,26,29,37,43]. Hence,
in this work for the first time, as far as we know, we have
discussed its validity via high-resolution dielectric anisotropy
�ε measurements for both 8CB host and 8CB+MWCNT
composites.

III. METHODOLOGY

A. Samples

The smectic-A LC host 8CB, with a molecular mass of
291.44 g/mol, (assay 99.8%) was procured from AWAT Co.
Ltd., Warsaw, Poland, and no further purification was per-
formed. Both unfunctionalized, namely pristine, and -COOH
group surface functionalized MWCNTs (with a nominal pu-
rity of 98%) have 5-8 nm in diameter and 1–5 μm in length
and they were kindly donated by BAYER, Germany. We
have prepared both 8CB-f-MWCNT and 8CB-p-MWCNT
composites by solvent dispersion method, details of which
can be found elsewhere [37,60–63]. We have prepared two
different types of 8CB+MWCNT dispersions with MWCNT
mass fractions χ of 0.007 and 0.07. We must note here that,
for comparison purposes, both p-MWCNT and f-MWCNT
contents in this work were chosen to be the same as those of
MWCNTs given in our previous studies [37,62,63]. Also, for
the ease of presentation, gathered in Table I are the sample
codes used throughout this work and the properties of the
samples used in the experiments.

B. Experimental methods

The temperature-dependent static dielectric permittivity ε

measurements were conducted at a frequency of 10 kHz and at
a probing voltage of 0.3 Vrms via a GW-Instek Model 8110-G
precision LCR meter with a relative accuracy of 0.1%. It is
imperative to note that this frequency is out of the region
of the dielectric relaxation of the LC and no dispersion was
reported up to 100 kHz as well [56,60,64]. Additionally, at this
frequency, MWCNTs have been reported not to exhibit space
charge or dipole orientation dynamics [60,61]. During the
static dielectric permittivity measurements, the temperature
was measured and controlled by means of an RTD sensor
(Omega Eng. Corp.) and a Lake Shore Model 335 temper-
ature controller with a resolution and measured stability of
0.001 K. Of note, during data acquisition, the temperature
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TABLE I. Codes and properties of the samples under investigation in this work.

Sample Mass fraction of MWCNT χ Surface functionalization of MWCNT

8CB host 0 —
p-0.007 0.007 None (pristine)
p-0.07 0.07 None (pristine)
f-0.007 0.007 carboxyl group (-COOH)
f-0.07 0.07 carboxyl group (-COOH)

step was 4 mK, and also the waiting times were always larger
than 60 s until the temperature stability (within 0.001 K) was
achieved. We stress here that all ε measurements were carried
out upon cooling since the better alignment of LCs is expected
to be better than that in heating cycles. Furthermore, that the
whole setup is fully computerized and runs under a LabVIEW
(National Instruments) must be noted. It must be stressed that
to check the accuracy of our ε measurements, the dielectric
constants of 5CB LC compound have also been measured via
our set-up and the close agreement with the reported values
[65,66] in literature was achieved. The high-resolution per-
mittivities ε|| and ε⊥ along and perpendicular to the director,
respectively, were obtained by measuring the capacitance of
appropriately aligned sample cells, details of which can be
found elsewhere [62,63]. Further details on the preparation
of appropriately aligned sample cells were also described in
Refs. [62,63], while the alignment check procedure and the
cell thickness test were discussed elsewhere [42]. Henceforth,
no more detailed explanation of those issues will be given.
Prior to measurements, the structure of all MWCNT-doped
samples was observed under polarizing microscope (POM).
Textures of the samples were homogeneous and similar to that
of the 8CB host, indicating a uniform nematic director field,
as presented previously [62]. Thus, concluding is that both
p-MWCNT and f-MWCNTs are uniformly dispersed and the
inclusion of them does not exhibit any visible aggregation in
the doped system [60–63,67].

IV. RESULTS AND DISCUSSIONS

A. Overview and the phase transition temperatures

The high-resolution dielectric anisotropy �ε measure-
ments of both neat 8CB and 8CB+MWCNT blends have
been performed over the temperature interval of 297K �
T � 318K. Our �ε(T ) data were collected upon cooling
from the isotropic liquid phase down to the Sm-A phase.
Notice that, in literature, there exist several reports on di-
electric measurements of the neat 8CB over the interval
295K � T � 333K ([56] and references cited therein). But,
quite interestingly, none of those studies have yet reported
on the upper limit of the latent heat of 8CB near the N-
Sm-A transition based on their dielectric data, contrary to
the present work. Illustrated in Fig. 1 is the overview of the
thermal variation of our high-resolution �ε data as a func-
tion of the shifted temperature T − TIN for all investigated
samples. One can notice that in the isotropic liquid phase of
all investigated samples �ε is zero, confirming no long-range
orientational order due to the absence of elastic interactions in
the isotropic phase. Thus, one can consider the TIN transition

temperatures to be the lowest temperature value correspond-
ing to the zero dielectric anisotropy in the isotropic phase,
as in the case of the optical birefringence measurements
[25,26,43]. As seen in Fig. 1, all samples including the neat
8CB exhibit a large positive dielectric anisotropy, as expected,
due to the presence of a strong dipole moment of the terminal

FIG. 1. Dielectric anisotropy �ε versus shifted temperature T −
TNI (here, TNI is the N-I transition temperature of the related sample)
for (a) the 8CB host and 8CB+pMWCNT nano composites and
(b) the 8CB host and 8CB+f-MWCNT nano composites. Note that in
the figures, p refers to pristine-unfunctionalized-MWCNTs, while f
refers to -COOH functionalized MWCNTs. Different MWCNT con-
tents χ for both p-MWCNT and f-MWCNT dopants are disclosed in
the figures.
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TABLE II. Overview of the thermal behavior of the neat 8CB and 8CB+MWCNT blends produced from the high-resolution �ε data.
Presented are the change in the phase transition temperature �TIN , TNA of the 8CB+MWCNT system with respect to those of the 8CB
host. Here, �TIN = TIN − T 0

IN and �TNA = TNA − T 0
NA represent the shifts of the N-I and the N-Sm-A transition temperatures, respectively.

T 0
IN and T 0

NA refer to the N-I and the N-Sm-A transition temperatures of the neat 8CB. Also shown are the nematic phase temperature range
NR (NR = TIN − TNA), the upper limit of the latent heat �HNA across TNA, so obtained under atmospheric pressure, and the extracted effective
critical exponent α via Eq. (19) for 8CB+MWCNT blends as well as the 8CB host. For the meaning of the abbreviations appearing in the first
column, please refer to Table I. The N-I and N-Sm-A phase transition temperatures of the neat 8CB are T 0

IN = 313.37K and T 0
NA = 306.11K.

Sample �TIN [K] �TNA [K] NR [K] �HNA [J/kg] α

8CB host 0 0 7.26 3.03 ± 0.30 0.3214 ± 0.0003
p-0.007 −3.05 −5.93 10.14 8.97 ± 0.85 0.3217 ± 0.0001
p-0.07 −3.82 −6.74 10.18 8.85 ± 0.60 0.3220 ± 0.0008
f-0.007 −1.88 −2.83 8.21 7.75 ± 0.60 0.3220 ± 0.0002
f-0.07 −1.34 −2.49 8.41 9.70 ± 0.80 0.3218 ± 0.0012

-CN group (≈ 5D), oriented along the long molecular axis in
nCB homologs [1,38,52]. After a discernible change at TIN ,
for the neat and all MWCNT-doped 8CB samples, �ε(T )
grows up with decreasing temperature due to the increase in
the orientational order over the entire nematic phase. For all
samples, with further decreasing temperature toward the Sm-A
phase, a substantial increment in �ε(T ) takes place, since the
quasi-long-range order (the phrase “quasi” is because of the
Landau-Peierls instability [1]) in the Sm-A mesophase builds
up, signaling the growth of one-dimensional positional order
together with the orientational order [1,7,20]. But it is notable
that the temperature variation of �ε(T ) in the Sm-A phase
seems more sluggish as compared to the N phase. Recalling
that one can attribute this increment in �ε(T ), accordingly in
S(T ), to the better packing of the molecules in the smectic-A
phase and an associated density effect as well [20]. Thus,
we have precisely located the N-Sm-A transition temperatures
TNA, for all samples, as the peak temperature of the local
slope Dε(T ) [Dε = −d (�ε)/dT ], by following up on the
literature [53,54,68–71]. In Table II, we have summarized our
experimental findings concerning the thermal behavior of both
8CB+p-MWCNT and 8CB+f-MWCNT composites together
with the neat 8CB, extracted from our high-resolution �ε(T )
data. We emphasize here that the TIN and TNA phase transi-
tion temperatures of all MWCNT-doped 8CB samples were
also determined from different techniques and previously pre-
sented elsewhere [37,62,63]. The changes in the transition
temperatures extracted from our �ε(T ) data relative to those
produced from the other methods were 2% and 4% on average
for the TIN and TNA temperatures, respectively. Also, for the
neat 8CB, the TIN and TNA temperatures are in good agreement
with the reported values via high-resolution a.c. calorimetry
[30]. It is apparent from Table II that the inclusion of both
types of MWCNTs, namely p-MWCNTs and f-MWCNTs
to 8CB induces downward shifts in the TIN and TNA phase
transition temperatures by demonstrating a nonlinear χ de-
pendence. Also notice that a nearly 20% change, on average,
in the nematic temperature range NR (NR = TIN -TNA) for the
8CB+MWCNT composites, is indicative of no substantial
suppression of the orientational ordering relative to the smec-
tic order due to the inclusion of MWCNTs [31]. The widths
of the nematic temperature range for all samples including
the 8CB host were found to be in good agreement with the
those obtained via high-resolution optical birefringence data

within the experimental uncertainties [37]. Those downward
shifts raise the fact that, in the composites, the surface dis-
tribution of p-MWCNT and f-MWCNTs for the 8CB host
yields disordering and dilution effects from the elastic forces,
which usually tends to decrease the transition temperatures.
For the MWCNT-content regime studied here, presumably the
floating of MWCNTs in the LC host medium rather produces
disordering effects, resulting in a decrease in transition tem-
peratures. We also emphasize that, as seen in Table II, the TNI

and TNA temperatures of 8CB+p-MWCNT blends decrease at
a higher rate relative to those of 8CB+f-MWCNT samples,
which might be probably due to the effect of -COOH surface
functionalization [62,63,72]. Furthermore, hydrogen bonding
is also well known to be possible between the cyano group of
8CB LC and the -COOH functionalization group of MWCNT
[62]. Hence, this interaction may lead to an increase in the
ordering of 8CB+MWCNT composites as compared to the
8CB+p-MWCNT system. At this stage, to get more insight
into the depression of the phase transition temperatures with
the inclusion of MWCNT, it would be reasonable to focus
on the changes in the transition temperatures with respect
to those of the 8CB host, namely �TIN = TIN − T 0

IN and
�TNA = TNA − T 0

NA. Here, T 0
IN and T 0

NA refer to the N-I and
the N-Sm-A transition temperatures of 8CB (cf. Table II). At
first glance, one can see that both �TIN and �TNA decrease
for the 8CB+p-MWCNT system with increasing the dopant
content χ . However, for the 8CB+f-MWCNT system, while
the quantities �TIN and �TNA decrease first, cf. for the f-
0.007 sample, then they start slightly to rise with increasing
χ , but while still keeping lower than zero. For the f-0.07
sample f-MWCNTs could interact with each other via the
8CB host molecules, producing somehow an ordering effect
as compared to p-MWCNT dopants. Thus, one can assert
that due to the presence of p-MWCNTs, the local arrange-
ment of 8CB is distorted, while the arrangement of the 8CB
host seems less distorted to some extent with the inclusion
of f-MWCNTs because of the surface treatment. A quite
similar �TIN behavior was reported in the 5OCB+BaTiO3

system based on static dielectric permittivity measurements
by Starzonek etal. [40] as well. Apart from those, since our
8CB+MWCNT samples are reported as uniform, namely in a
dilute MWCNT regime, based on POM observations [62], the
suppression seen in the phase transition temperatures could
not be due to elastic distortions. Thus, if a phenomenological
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theory is wanted to construct, one should keep in view the
MWCNT-LC host interface energy as well in a Landau-type
free-energy expansion. To achieve this, some surface disor-
dering terms, like W1S2 and W2	

2 with W1,W2 > 0, must be
added up in the free energy, which could affect the TIN and
TNA transition temperatures [73–75]. Here, W1 and W2 refer
surface disordering potentials leading to the nonlinear shifts
in the transition temperatures. We must emphasize here that
when bearing in mind quite different behaviors of the quanti-
ties �TIN and �TNA for p-MWCNT and f-MWCNT dopants,
the W1 and W2 surface disordering potentials could also be
different for p-MWCNTs and f-MWCNTs. In the recent, quite
similar phenomenological theories were discussed for some
LC+NP systems, with a nematic LC host, as well [40,76,77].
However, we remark here that even if the abovementioned
terms are included in the free-energy density, the form of
Eq. (11) will remain the same. However, the disordering
mechanism in the 8CB+MWCNT system studied here seems
still predominant due to the long alkyl chain of 8CB, as com-
pared to the shorter-chain-length homologs. In the literature,
in some very recent studies, similar considerable decreases
in the phase transition temperatures have been reported for
some dispersions of LC+carbon-based nanostructures and
also some NPs dispersed in the 8CB host. Herein, we
refer to some experimental studies on this issue; 8CB+p-
MWCNT [36], 5CB+p-SWCNT [78,79], 8CB+GO (grahene
oxide) [80], E5CN7+f-MWCNT [81], 6CHBT (4-(trans-4′-n-
hexylcyclohexyl)-isothiocyanatobenzoate)+f-MWCNT [82],
7OBA (4-(heptyloxy) benzoic acid)+GO [83], gold NPs, sil-
ver NPs and Sn2P2S6 NPs, all of which are dispersed in the
8CB host [72,84]. Of note here is that E5CN7 refers to the
eutectic mixtures of 5CB and 7CB LCs [13]. In addition, de-
spite those numerous experimental studies, theoretical aspects
regarding how changing the generic dopant (CNTs, NPs)
features affect the LC host properties are still scarce. Even
recently, by Monte Carlo simulations, Orlandi and coworkers
[85] investigated how the addition of rodlike NPs, like CNTs,
affects the resulting liquid crystalline behavior. A general
decrease in the transition temperatures and also a reduction in
the temperature variation of the LC orientational order were
concluded. Additionally, similar conclusions have also been
drawn by others via a computational study [86].

Eventually, this nonlinear change of the phase transition
temperatures with χ might be due to the interfacial properties
of the MWCNT surface and 8CB LC molecules, giving rise
to the changes in �ε as well as the optical birefringence �n
[36,37,62,63,81,87]. Except those, as was also reported by
several studies [7,72,83,88,89], it is apparent from Fig. 1, the
dielectric anisotropy �ε of 8CB+MWCNT blends decreases
as compared to that of the 8CB host over the entire tempera-
ture interval spanning the N and Sm-A phases. But for only the
p-0.07 sample, the dielectric anisotropy �ε nearly equals that
of the host. Furthermore, we could stress here that the substan-
tial reduction observed in �ε for MWCNT-doped samples is
caused by the decrease in ε||, however, the ε⊥ values demon-
strate nearly the same values as that of the 8CB host [62,63].
This observation was reported for several types of LC-based
nanocomposites as well in literature [7,72,78,82,90,91]. Rea-
sonably, one can infer that the inclusion of MWCNTs in
the 8CB host could result in the emergence of chains, then

being able to produce an anti-parallel dipole moment to the
longitudinal dipole moment of the 8CB host as well. Hence,
the effective dipole moment of the composite system dimin-
ishes leading to decreasing in ε|| and acordingly also �ε

values [7,62,82,90]. Additionally, as compared to the lower
MWCNT-content composites, the increase in �ε values of
both p-0.07 and f-0.07 blends could be attributed to the for-
mation of an increased number of MWCNT-8CB-MWCNT
capacitors, as outlined elsewhere [62,92]. We will not give
further details on the aforementioned issues, since our main
goal in this work is to produce the latent heats �HNA values
and to investigate the pretransitional anomaly across TNA from
our �ε(T ) data.

B. The nematic order parameter, the nematic-isotropic
transition, and the spinodal temperature of the nematic phase

In this subsection, we present the thermal variation of
the nematic order parameter S(T ) produced from our high-
resolution �ε(T ) data and its limiting behavior in the
vicinity of the N-I transition for both the neat 8CB and
8CB+MWCNT composites. Also, we discuss the spinodal
temperatures T ∗∗ and the so-called the temperature metric
of the discontinuity of the N-I transition, viz. �T ∗∗ = T ∗∗ −
TIN , being still a puzzling issue, and then compare our results
with the reported values based on different measurements.
Moreover, the T ∗∗ temperature is known to be effectively
used in magnetic birefringence and light scattering studies
[1]. As a first step, our experimental �ε(T ) data have been
fitted to Eq. (3) with the free parameters C1, C2, S∗∗, T ∗∗,
and β. To probe the nematic order parameter, the analysis
of our �ε(T ) data has proceeded through a nonlinear least-
squares fitting procedure, a subroutine of MATLAB, which
has been used successfully up to date [42,43,49,63]. This
fitting procedure is based on the so-called conjugate gradient
technique, a detailed and comprehensive description of which
was reported elsewhere [47,93,94]. Collected in Table III are
the most significant fitting parameters obtained via Eq. (3).
Also, since all samples exhibit the N-Sm-A transition, we
have further checked the influence of the pretransitional Sm-A
behavior in the N phase. We have then documented a dis-
tinguishable pretransitional smectic behavior in a region up
to 3.1 K on average for 8CB+MWCNT blends above TNA,
whereas for the neat 8CB, the observed is a 2-K-wide pretran-
sitional range. We must discuss here that for all samples, the
reported pretransitional smectic behavior temperature ranges
in this work agree well with the ones obtained by high-
resolution optical birefringence �n(T ) data previously [37].
However, it is imperative to recall that in Ref. [56], for the
8CB host, quite surprisingly, Thoen and Menu did not divulge
any pretransitional smectic behavior during the fitting of their
�ε(T ) data to an equation similar to Eq. (3) presented in this
work.

For the neat 8CB, the temperature metric of the discon-
tinuity �T ∗∗ has been found to be 0.06 ± 0.01 K. For the
sake of comparison, in literature, one can find some reported
values for this metric �T ∗∗ for the neat 8CB based on
various high-resolution measurements. In Ref. [56], Thoen
and Menu reported that �T ∗∗ = 0.1 K via �ε measure-
ments. Besides, Zywocinski found �T ∗∗ ≈ 0.11 K via molar
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TABLE III. Fitting parameter values extracted from the fitting of �ε data with Eq. (3) within the N phase of 8CB+MWCNT blends as
well as the 8CB host. Of note is that T ∗∗ refers to the effective second-order phase transition temperature seen from below TIN , and S∗∗ is the
value of the N order parameter at T = T ∗∗. For the meaning of the abbreviations appearing in the first column, please see Table I.

Sample C1 C2 S∗∗ T ∗∗ − TIN [K] β

8CB host 22.50 ± 2.07 −3261.61 ± 135.50 0.2352 ± 0.0040 0.06 ± 0.01 0.247 ± 0.002

p-0.007 57.20 ± 1.28 −13221.40 ± 138.44 0.0120 ± 0.0002 1.08 ± 0.02 0.235 ± 0.001
p-0.07 70.76 ± 3.62 −16922.68 ± 159.09 0.0190 ± 0.0009 1.93 ± 0.03 0.232 ± 0.002

f-0.007 79.08 ± 1.92 −20376.10 ± 183.70 0.0408 ± 0.0025 0.24 ± 0.02 0.242 ± 0.003
f-0.07 51.18 ± 6.40 −11878.22 ± 181.50 0.1205 ± 0.0005 0.03 ± 0.001 0.233 ± 0.003

volume data [95], while ASC (adiabatic scanning calorimetry)
data gives 0.09 K [28]. Optical measurements [43,47] gives
�T ∗∗ ≈ 0.2K on average for the neat 8CB as well. Further-
more, across the N-I transition, some conflicting results have
been reported for the same parameters, like the values for
�T ∗∗, in fitting equations, when produced from measure-
ments of different physical properties [2,17,21,42,46,51,52].
Some additional theoretical and experimental studies seem
necessary for resolving those kinds of inconsistencies. Given
the published values for �T ∗∗, our reported 0.06-K-value
seems to be consistent with them and reasonable to assess the
metastable region of the 8CB host as well and hence could
be used as a standard reference for further theoretical and
experimental studies. As followed from Table III that for all
doped (8CB+MWCNT) samples, the average value of the
temperature metric �T ∗∗ was found to be 0.82 ± 0.02 K,
while this value was reported as 0.67 ± 0.03 K based on
�n(T ) data previously [37]. One can attribute this difference
to the presence of quite small pseudonematic domains in the
isotropic liquid phase, quite frequently encountered during
dielectric measurements [60,62,63,67]. To date, there exists
neither a theory nor an experimental study to enable a link
between the value of the temperature metric �T ∗∗ and how
the nanosized particles and their interactions depend on the
nature of the LC structure. The responses to those issues seem
essential for further future studies related to the N-I transition
[40,41,52]. At first glance, from Table III, for p-MWCNT-
doped samples, the �T ∗∗ values are seen to exhibit a clear
trend with p-MWCNT content, while for f-MWCNT samples
the values have no such a trend, and additionally, for the f-0.07
sample, the �T ∗∗ is seen to be as small as that of the 8CB
host. The shorter-tail LCs are known to exhibit a narrower
metastable temperature regime [50]. Thus, it is quite plausible
to expect a wider metastable temperature regime, due to the
longer alkyl chain of the 8CB LC host, for 8CB+p-MWCNT
samples. But for f-MWCNT-doped samples, the surface treat-
ment is known to give rise to well dispersion of MWCNTs in
the 8CB host. Thus, this treatment would probably cause the
8CB+f-MWCNT system to act as an effectively shorter-tail
system together with an isotropic orientational distribution of
f-MWCNTs as compared to p-MWCNT-doped samples. Also,
due to the surface treatment, f-MWCNTs could come into
play to act like a mesogenic dopant in the 8CB host, resulting
in a decrease in �T ∗∗ values. Also, for the 8CB+p-MWCNT
composites, there could exist some particular domain struc-
tures enforced by the increasing disorder, giving rise to higher

�T ∗∗ values. Additionally, a uniform nematic director field
for all MWCNT-doped samples was observed previously [62]
via POM, which signals no phase-separate on the macroscopic
level. However, the nanoscopic phase separation and diffusion
of MWCNT in LC media could still be possible, which might
result in this type of �T ∗∗ behavior.

Besides, the critical exponent value (cf. Table III) for the
neat 8CB was found to be β = 0.247 ± 0.002, the same as
the one reported by Thoen and Menu [56]. In addition, the
abovementioned computational studies [85,86] discussed the
change in the value of the exponent β as a simple indicator
of the effects of adding nanomaterials to LCs. In those stud-
ies, although the Haller extrapolation [47,50] technique was
used, the matter was to present the change in the value of β

due to nanomaterials. The authors obtained a 15.6% change
in the β exponent with the inclusion of rodlike NPs to the
neat LC via simulations [85,86]. In the present �ε study, to-
gether with our previous birefringence �n study, we claimed
a 4% change in the β value due to the addition of MWC-
NTs. Hence, our result for this change seems more reliable
than that given in Refs. [85,86] since our fitting expression
has proven to be superior to using the Haller approximation
[37,42,43]. There besides, the average value of the exponent
β, characterizing the limiting behavior of the nematic order
parameter near TIN , was documented as 0.23 ± 0.002 (cf.
Table III), which has good consistency with the previously
reported value based on �n(T ) measurements [37]. Thereby,
together with a finite jump in �ε at TIN (cf. Fig. 1) and
considering the margin of the error, the obtained values of
the exponent β (cf. Table III) are all around 0.25, which is
itself in good accord with TCH [45,57], as was advocated first
by Keyes and Anisimov [45,57] and subsequently outlined by
many other groups [47,48,51,53,55,96–98]. Although the β

values of MWCNT-doped 8CB samples are a bit less than
that of the host 8CB, the pretransitional behavior across TIN

seem still within the tricritical regime for all doped 8CB
samples. In the past, Simeão etal. showed that [99–101], by
using the experimental data from various anisotropic physical
quantities, the behavior of the N phase could exhibit a global
universal behavior consistent with TCH, at least in pristine
LCs. Given our present results together with those based on
high-resolution �n(T ) data [37,43], a lack of impact of the
MWCNTs on the universal properties of the N-I transition can
be concluded. Particularly, experiments based on imposing
external fields could allow closer approaches to the possible
tricritical regime.
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FIG. 2. Detailed plot of S − SNA versus T − TNA in the vicinity of
the N-Sm-A transition of all samples over a 4K temperature window
of below and above the TNA. Different MWCNT contents χ are
indicated in the figure.

C. The nematic–smectic-A transition: The upper limit of the
latent heat and the pretransitional anomaly

Turning to the N-Sm-A transition of both the 8CB host and
8CB+MWCNT composites, in this subsection, we present
the upper limit of the latent heat �HNA, and the behavior
of critical fluctuations appearing across the TNA transi-
tion temperature. With this regard, we have employed our
high-resolution �ε(T ) data and have then compared the so-
obtained results with the existing ones in the literature. Of note
is that in our previous work [37], the high-resolution optical
birefringence �n(T ) data have been successfully exploited to
investigate the criticality in the vicinity of the N-Sm-A tran-
sition, while in the present case, high-resolution �ε(T ) data
have just been employed as an another physical observable to
probe this behavior for the same LC host and 8CB+MWCNT
blends as well. As outlined previously, upon further lowering
temperature toward TNA, the de Gennes coupling is known to
manifest itself by a quite discernible increment in �ε(T ), ac-
cordingly in the N order parameter S(T ) (cf. Fig. 1). To get an
insight regarding the de Gennes coupling strength, sketched in
Fig. 2 is the variation of the N order parameter, derived from
Eqs. (3) and (5), S − SNA versus T − TNA over a 4K window,
just below and above the TNA transition, for all investigated
samples. As followed by Fig. 2, a substantial pretransitional
effect of the de Gennes coupling is quite apparent above and
below TNA. For all investigated samples, we have observed no
appreciable thermal hysteresis, signifying that the samples do
not phase separated on the macroscopic level, and no apparent
discontinuity in our data across TNA within the experimental
resolution, which signals the second-order character of the
transition qualitatively. The fact that the N-Sm-A transition
for both pure 8CB and all 8CB+MWCNT samples remains
continuous is in close agreement with the results from our
high-resolution optical birefringence �n(T ) measurements
[37] (cf. Fig. 2 in Ref. [37]). Thus the reported �HNA values
in this work refer to the possible upper limit of the latent heat
of a continuous transition for all samples.

As envisaged by HLM theory, the N-Sm-A transition must
be weakly first order. Thus, one should expect a fairly small
but measurable discontinuity in the nematic order parameter
S(T ) at the TNA temperature. Thus, to investigate this issue,
the experimental acquisition of high-temperature-resolution
�ε(T ) data is merely the first step. The second one is a
thoughtful theoretical analysis of the data to determine the
�HNA values (cf. Eq. (11), also see Ref. [29] for more de-
tails). Together with the so-obtained latent heat values, the
characterization of pretransitional wings above and below the
N-Sm-A transition is also requisite, as will be discussed later.
Here, we first focus on the 8CB host and obtain the upper
limit of this discontinuity, viz. �SNA(TNA) = SA − SN , in S(T )
across TNA from our �ε(T ) data. Yet, whether �SNA(TNA) is
exactly zero (at a continuous transition) cannot be experimen-
tally well documented due to the finite resolution. However,
all what one can do is to set an upper limit for �SNA and
accordingly for the latent heat �HNA based on the resolution
of the experimental data. As was highlighted elsewhere [29],
of particular importance would then be the precision in the
N order parameter S(T ) derived from �ε(T ) [cf. Eq. (5)] as
well as the resolution and stability in the temperature readings
during the experiment and also the number of experimental
data points around the phase transition. Thus, owing to our
high-precision and high-temperature resolution �ε measure-
ments, we have achieved, in this work, the required resolution
to extract the upper limit of the latent heat �HNA across
TNA. Thus, upon a quite attentive inspection of S(T ) data
(cf. Fig. 2), derived from our �ε(T ) data, in the immedi-
ate vicinity of TNA, we have arrived at the upper limit of
�SNA � 0.00015 for the 8CB host in the present work. Then,
the corresponding to the reduced entropy difference will then
be �S/R = 3.5 × 10−4, with R the gas constant, which is in
line with adiabatic scanning calorimetry (ASC) measurements
[28] and the HLM theory as well [45]. We must emphasize
that �S/R value reported here is in fairly good agreement
with the one obtained via high-resolution �n(T ) measure-
ments [29] for the neat 8CB. In our previous work [29], for
the neat 8CB, we arrived at the value �S/R = 4.2 × 10−4,
corresponding �SNA � 0.00020 based on our high-resolution
�n(T ) measurements. Based on �ε(T ) data presented here,
the corresponding �HNA value of the 8CB host is given in
Table II. Also, it is worth recalling that the �HNA value
so-produced from dielectric anisotropy, ASC, and optical bire-
fringence measurements are in line with each other within the
experimental uncertainties and this has been shown for the
first time in the present work. In the past, although Thoen and
Menu presented high-resolution static dielectric permittivity
measurements of the 8CB compound [56], yet no value for the
upper limit of the latent heat across the N-Sm-A transition was
addressed by the authors, so a further comparison is not pos-
sible. Hereby, the conclusion drawn here is that the N-Sm-A
transition of 8CB is continuous within experimental resolution
via calorimetrically [28] and optically [29] and dielectrically
together with this work, but consistent with the possibility of
very small latent heat expected from the HLM theory.

Motivated by the results of the neat 8CB obtained here,
as a further step, for the sake of comparison with the previ-
ously published results, in this work, we have also derived
the �HNA values for the continuous N-Sm-A transition of
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8CB+MWCNT nanocomposites from a detailed inspection of
S(T ) data across TNA. Thereby, the so-produced �HNA values
of all 8CB-MWCNT composites are presented in Table II.
The uncertainty in �HNA values obtained by the presented
method is about typically 8.5% on average. As followed from
Table II, the �HNA values of MWCNT-doped samples are
higher than that of the 8CB host. One can attribute this ap-
parent increase in �HNA values compared to the 8CB host to
the that the MWCNT coupling to the LC order could result
in some extra energy modes and the smectic fluctuations get
modified to some extent due to the presence of MWCNTs
[31,32,37]. Of particularly noticing is that the consistency
between the two sets of the �HNA values produced from
�ε(T ) and �n(T ) measurements [37] (cf. Table 3 in Ref.
[37]) must be regarded as satisfactory, which indicates the
robustness of our method to derive those latent heat values.
We must emphasize here that ASC is capable of measuring
high-resolution temperature variation of both specific heat
capacity and enthalpy in the vicinity of the liquid crystalline
phase transitions [21]. Thus, since that ASC can discrimi-
nate the first-order and continuous phase transitions, and also
the effective exponent values can be extracted, apart from
high-resolution optical birefringence and dielectric anisotropy
measurements ASC results seem essential. At this stage to get
an idea about the so-derived �HNA valus for 8CB+MWCNT
system and also for comparison purposes, we refer here to
the latent heat values for some LC mixtures derived via ASC.
In a recent paper, Thoen and coworkers [102] have presented
the latent heat values for the first-order N-Sm-A transition
for the 8OCB+9DBT and the 9OCB+9DBT systems (for
the meaning of the abbreviation 9DBT see Ref. [102]). The
typical values were reported as 435 J/kg for the former and
1300 J/kg for the latter system (see Table 6 and Fig. 9 in
Ref. [102]). Similarly, for the 8OCB+9OCB system [24], 400
J/kg (cf. Fig. 8(b) in Ref. [24]) was reported for the first-order
N-Sm-A transition as well. Also, it is worth recalling that in
the past, with the help of Eq. (11), quite consistent latent heat
values for the 8OCB+9OCB system were extracted from our
high-resolution �n(T ) data by our group as well [26] (see
Figs. 6 and 7 in Ref. [26]). As compared to our results for the
8CB+MWCNT system presented here, the abovementioned
latent heat values seem nearly two orders of magnitude larger,
on average, than ours. For further comparison, we compare
our �HNA latent heat results of the 8CB+MWCNT system
presented here with the latent heat values of the LC mixtures
given in Table 6 of Ref. [102], which have the same McMillan
ratio RM as the one of the 8CB+MWCNT system. From the
inspection of Table 6 of Ref. [102], the average value of
the latent heats for the 8OCB+9DBT and the 9OCB+9DBT
systems, for those with average RM = 0.973, is about 33.6
J/kg, while the average value of �HNA for the 8CB+MWCNT
composites (with average RM = 0.971) is 8.82 J/kg. It is
clearly seen that those values are larger by a factor of 4.34 than
ours. This comparison confirms that for the 8CB+MWCNT
system the N-Sm-A transition is continuous. Additionally, it
would be intriguing to make high-resolution ASC measure-
ments for the latent heats for further corroboration of our
results. However, it can be claimed that since ASC measure-
ments are absent at this stage to compare with our �HNA

values, one cannot rule out that the N-Sm-A transition for the

8CB+MWCNT system could be weakly first order in nature.
Up to date, for the latent heat �HNA values near TNA for
various liquid crystalline systems, the excellent agreement has
been well documented unambiguously between ASC mea-
surements and high-resolution �n(T ) measurements [21,24–
26,28,29,43]. Therefore, together with our previous studies,
we have just well documented, for the first time, that not only
high-resolution optical birefringence �n(T ) but also high-
resolution dielectric anisotropy �ε(T ) measurements can be
employed to derive the latent heat values in the vicinity of the
N-Sm-A transition of liquid crystalline systems. In the past,
in a paper by Sigdel and Iannacchione [36] the fluctuation
induced pretransitional enthalpy δHNA values, being an inte-
gral of the excess specific heat capacity at a fixed probing
frequency [19,30], of some 8CB-p-MWCNT composites were
presented. The authors argued that the N-Sm-A transition re-
mains continuous for all composites studied and their δHNA

values increased as compared to that of the 8CB host as
well. Despite the meanings of �HNA and δHNA being slightly
different, their trend with MWCNT content seems the same.

In our earlier studies [25,29,37,43], high-resolution �n(T )
data has been successfully exploited to explore the critical
behavior in vicinity of the N-Sm-A phase transition of var-
ious liquid crystalline systems. In the present case, we now
utilize our high-resolution �ε(T ) measurements to perform
the critical exponent analysis for 8CB+MWCNT blends near
the N-Sm-A phase transition. As seen from Fig. 2, a strong
thermal variation of the N order parameter around TNA, i.e.,
a pronounced pretransitional behavior, which gives rise to an
enhancement of S(T ) in the Sm-A phase is quite apparent.
This is quite similar to the case seen in the �n(T ) mea-
surements [37]. Moreover, in liquid crystalline compounds
exhibiting the N-Sm-A phase sequence, the occurrence of the
smectic layering causes the orientational ordering to enhance
[20,45]. Based on rather general consequences of the Landau–
de Gennes free energy [1,45,103] one can derive (see below)
the following expression for the temperature variation of 	2:

	2 = L + M±|t |1−α, (12)

where t = (T − TNA)/TNA is the reduced temperature differ-
ence, TNA is the N-Sm-A transition temperature, and α is the
specific heat capacity exponent. Here and hereafter, the signs
(+) and (−) stand for, respectively, data above and below TNA,
respectively. It is quite well known that the N-Sm-A transition
is fluctuation dominated, and one can estimate the effect of
those fluctuations on the N order parameter by assuming a
proportionality between the enhancement in the N order pa-
rameter as δS and the entropy change �S [2]. Thus, below,
we present the quite general argument predicting Eq. (12)
via the Landau-de Gennes free energy. The argument simply
starts with the free energy F = ∫

d3r[at	2 + δF (	)], and
then, calculating the partition function with the help of Z =∫

d	 exp(−F/kBT ) with kB the Boltzmann constant. Differ-
entiation with respect to temperature will yield the excess
entropy as �S ∼ 	2. Then, by taking the integral of the
singular part of the specific heat capacity, CP ∼ t−α , �S can
be obtained as �S ∼ 	2 ∼ t1−α . Also due to δS = cAχN	2

one can reach that δS ∼ 	2 ∼ t1−α . We notice here that the
validation of Eq. (12) has recently been well established for
several types of liquid crystalline systems via high-resolution
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�n(T ) measurements by our group [25,26,37,42,43] and also
by many others [47,69,96,97,104]. But, the usage and the
validation of Eq. (12) via high-resolution dielectric anisotropy
data are quite interestingly limited [53,54]. Toward this end,
we show in the present work that high-resolution �ε(T ) data
have convincingly been applied for the critical exponent anal-
ysis at the N-Sm-A transition.

In the following part of this subsection the critical ex-
ponent analysis for both the neat 8CB and 8CB+MWCNT
blends are presented and a comparison with the results ob-
tained by high-resolution �n(T ) measurements is discussed.
The second-order, viz. continuous, phase transitions are well
known to be characterized by the fluctuations in the vicinity of
the phase transition point, which diverge in size to infinity for
a properly defined order parameter [105]. A power law with a
characteristic critical exponent depending on the universality
class of the related phase transition could well describe this
aforementioned size divergence. An appropriate way to look
in great detail at the limiting behavior of the N order parameter
near the TNA transition point can be to use both quantities
S(T ) or �ε(T ). But, we prefer here using our �ε(T ) data
directly instead of S(T ) to avoid extra errors arising from a
nonlinear multi-parameter fitting procedure. As an attempt to
get the critical exponent α, one can use the following fitting
expression, being reminiscent of the fitting expression for
analyzing molar volume data in the literature [106,107]:

�ε(T ) = A′
±|t |1−α + B′

±|t | + C′
±. (13)

However, to avoid the regular background contribution,
resulting from the regular temperature dependence of the N
order parameter, one can alternatively fit �ε(T ) − �εfit(T )
data to the following form:

�ε(T ) − �εfit(T ) = A±|t |1−α + B±|t | + C±. (14)

In the past, quite similar expressions were successfully
applied to quantify the optical birefringence data across the
N-Sm-A transition [42] (see Eqs. (13) and (14) in Ref. [42]).
Besides, in a paper by Rzoska etal. [52], the implementation
of the derivative-based analysis is shown to be more useful
for critical exponent analysis. Thus, to reveal the pretransi-
tional anomaly more clearly and also to decrease the number
fitting parameters, the derivative analysis was performed here.
Therefore, given the continuous (second-order) character of
the N-Sm-A transition of all samples studied here, to quan-
titatively characterize the pretransitional anomaly near TNA,
one can fit the local slope Dε = −d (�ε)/T according to the
simple power-law expression given below, which is itself also
consistent with Eq. (12):

Dε(T ) = −d (�ε)

dT
= A±|t |−α + B, (15)

where A± are the critical amplitudes and B is the back-
ground term. However, it is well known that the local slope
Dε = −d (�ε)/dT will be significantly too scattered, due
to the fairly small temperature difference between the suc-
cessive data points [25,26,37,42,43,69]. Instead, a further
reduction in scatter has been asserted to be possible by defin-
ing a differential quotient Qε(T ), given as the following form

FIG. 3. Overview of the temperature variation of the excess
quotient δQε (T ) in the vicinity of the N-Sm-A transition for
8CB+MWCNT composites together with the 8CB host. The solid
lines represent the fits to Eq. (17). Different MWCNT weight frac-
tions χ are indicated in the figure. Recall that p and f refer to pristine
and functionalized MWCNTs, respectively.

[25,29,37,53,54]:

Qε(T ) = −�ε(T ) − �ε(TNA)

T − TNA
. (16)

One can easily infer that the differential quotient Qε(T )
diverges at TNA with the same critical exponent α and the
background term as Dε(T ) but for the former with the lead-
ing critical amplitude modified by a factor of (1 − α)−1. We
must emphasis here that the advantage of using the differ-
ential quotient Qε(T ) resides in that it takes into account
the chord not the local derivative and is hence less sensi-
tive to noise than Dε(T ). This technique has successfully
been used to quantify ASC data [17,21,24] and as well as,
very recently, high-resolution optical birefringence �n(T )
data [25,26,29,37,42,43,47]. Moreover, the pretransitional
anomaly at TNA can be revealed more clearly by subtracting
an appropriate background contribution Qbg

ε (T ) from Qε(T )
[42,43]. This contribution can be evaluated via Qbg

ε (T ) =
−[�εfit(T ) − �εfit(TNA)]/(T − TNA). In this manner, one can
reveal the critical anomaly more distinguishably in the so-
called excess quotient δQε(T ) = Qε(T ) − Qbg

ε (T ) across TNA.
Displayed in Fig. 3 is the evolution of the excess quotient
δQε(T ) for all 8CB-MWCNT composites together with the
8CB host. As is apparent from Fig. 3, in the vicinity of the
TNA, all δQε(T ) curves exhibit a quite sharp and prominent
N-Sm-A transition peak for all samples. On either side of the
N-Sm-A transition, no broad tails in the temperature variation
of δQε(T ) curves were also detected. Also, for the p-0.007
and f-0.007 samples, the peak height values of excess quotient
δQε(T ) near TNA are noticed to be a bit higher than those of
the other samples including the neat 8CB. Moreover, as may
be inferred from Fig. 3, the δQε wings are noticed to be quite
similar and nearly overlap for all 8CB+MWCNT samples and
the 8CB host on both low and high-temperature sides of the
N-Sm-A transition, in spite of considerable shifts in the TNA

transition temperatures. Furthermore, it is imperative to recall
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TABLE IV. Fitting parameter values for the least-squares fit of the excess quotient δQε (T ) data with Eq. (17) in the vicinity of the N-Sm-A
transition of 8CB+MWCNT composites and the 8CB host. Refer to Table I for the meaning of the abbreviations seen in the first column.

Sample Phase α A′
+ or A′

− B′

8CB host N 0.3206 ± 0.0070 0.0102 ± 0.0007 −0.0912 ± 0.0003
Sm-A 0.3206 ± 0.0080 0.0093 ± 0.0013

p-0.007 N 0.3202 ± 0.0026 0.0097 ± 0.0007 −0.0269 ± 0.0005
Sm-A 0.3202 ± 0.0025 0.0162 ± 0.0003

p-0.07 N 0.3212 ± 0.0090 0.0135 ± 0.0004 −0.0628 ± 0.0005
Sm-A 0.3212 ± 0.0035 0.0164 ± 0.0003

f-0.007 N 0.3218 ± 0.0021 0.0189 ± 0.0002 −0.0855 ± 0.0007
Sm-A 0.3217 ± 0.0015 0.0301 ± 0.0003

f-0.07 N 0.3208 ± 0.0018 0.0214 ± 0.0002 −0.0659 ± 0.0003
Sm-A 0.3208 ± 0.0020 0.0223 ± 0.0003

that in the δQε peaks across the N-Sm-A transition for all
MWCNT-doped samples, we have not observed any smeared-
out behavior, which is contrary to those seen in the specific
heat capacity peaks of 8CB+aerosil and 8CB+aerogel dis-
persions [19,108,109]. Thus, here one can conclude that in all
8CB+MWCNT composites the bulklike nematic and smectic
fluctuations are essentially present and are constant for all
samples. The fact that thermal fluctuations remain bulklike
indicates no loss in the quasilong smectic order in the 8CB
host due to the incorporation of MWCNTs. This is in excellent
accord with the results obtained from high-resolution �n(T )
measurements [37] and high-resolution a.c. calorimetry data
[36] as well. Thus, turning to the critical exponent analysis,
instead of using Eq. (15) as argued above, we performed the
exponent analysis of our δQε(T ) data (cf. Fig. 3) with the help
of the following expression:

δQε = A′
±|t |−α + B′, (17)

where A′
±, B′, and α are free fitting parameters. Also, it can

be easily obtained that B′ = B and A′
± = A±/(1 − α). Above

and below TNA, we have carried out simultaneous fits to excess
quotient δQε(T ) via Eq. (17). For the fitting procedure, we
have used a nonlinear multi-parameter fitting program whose
details were argued in the preceding subsection, with that the
N-Sm-A transition temperature TNA values were held fixed at
the values given in Table II. Also, during the fitting procedure,
we excluded some data points very close to the TNA to min-
imize the error resulting from the experimental uncertainty
and to realize consistent fitting. We assessed the quality of
the fits by evaluating the reduced error function χ2

υ on either
side of the TNA, and also tested their stability by employing
a double-range shrinking method [93,94]. While evaluating
the χ2

υ function, the variance has been obtained from the
scatter in the data points. Since the inclusion of the correction
terms like D±|t |0.5 above and below TNA in Eq. (17) did not
improve the fit quality appreciably, one can thus conclude that
δQε(T ) data are well portrayed by Eq. (17) for all investigated
samples. The fits to Eq. (17) are presented as solid lines in
Fig. 3 while the least-squares fitting results are gathered in
Table IV. As is followed by Table IV, for all investigated
samples, the value of the effective critical exponent α is the
same for either side of the N-Sm-A transition, within the
experimental uncertainty. Besides, one can notice that for all
MWCNT-doped samples the variation of the amplitude ratio

A′
−/A′

+ remains nearly the same within the statistical uncer-
tainties and seems to be independent of MWCNT content and
surface functionalization of MWCNTs as well. Additionally,
its average has been found to be nearly equal to unity, indi-
cating the symmetry of the δQε(T ) wings on either side of
TNA. However, the value of this ratio for the neat 8CB has
been found to be less than those for doped samples, which is
also itself consistent with the literature values [21,28,37,103].
Thus, the MWCNT (p-MWCNT of f-MWCNT) doping could
be advocated to contribute to liquid crystalline ordering in
addition to the 8CB host to some extent, at least locally in
the close vicinity of TNA transition temperature. But however,
one can remark that the de Gennes coupling also seems not
to differ from that of the neat 8CB, due to the fact that the
value of the Mac Millan ratio RM = TNA/TIN , the ratio of
the temperatures (in K) of the N-Sm-A and N-I, is nearly
the same for all samples (cf. Table II). Moreover, we could
emphasize that the effective exponent α values and also the
behavior of the amplitude ratio A′

−/A′
+ for all samples studied

here are in excellent agreement with those extracted from
high-resolution optical birefringence measurements �n(T ),
within the statistical uncertainties (cf. Table 5 in Ref. [37]).
As was pointed out above, apart from the quotients Qε(T )
and δQε(T ), the local slope Dε(T ) itself can be employed to
study the pretransitional anomaly at TNA. In the recent past, a
quite similar local slope viz. Dn(T ) = −d (�n)/dT extracted
from the optical birefringence data was successfully used for
various liquid crystalline materials [25,26,29].

Except those, as was outlined in our previous studies,
which are applied for the optical birefringence data success-
fully to date [37,43], in the close vicinity of a continuous
N-Sm-A transition, for the sake of simplicity, a much more
attractive way is possible for the critical exponent analysis.
This can be achieved by combining Eqs. (15) and (17) and
also by keeping in mind the relation A′

± = A±/(1 − α). Thus,
with a quite straightforward calculation, one can obtain the
following fitting expression:

Qε − Dε = αA±
1 − α

|t |−α. (18)

We stress that this simple method presents a great ad-
vantage to eliminate the regular background parameter B
[cf. Eqs. (15) and (17)] and, hence, to use also the double-
logarithmic form of Eq. (18) in determining the critical
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exponent α via a linear regression procedure. Taking the log-
arithm of both sides of Eq. (18) gives

log10(Qε − Dε ) = log10

(
αA±

1 − α

)
− αlog10|t |. (19)

As a result, one can obtain a straight line with a negative
slope, immediately yielding the critical exponent α itself.
We stress that a quite similar technique has been skillfully
employed to extract the exponent α from (Ccal − Cp) versus
|t | data obtained by ASC [21,24,28,33,110] as well as from
(Qn − Dn) versus |t | data obtained by the optical birefringence
�n measurements [37,42]. To the best of our knowledge, in
this work, the usage of Eq. (19) has been presented for the
first time for high-resolution dielectric anisotropy �ε(T ) data.
This simple method opens an appealing way to determine the
critical exponent α across a continuous N-Sm-A transition.
It is worth recalling that this procedure is applicable only to
second-order transitions, but for weakly first-order transitions
separate analyses of the data below and above the transition
are necessary. One can do it by allowing TNA and �ε(TNA) in
Eq. (16) to be adjustable parameters during the fitting proce-
dure, being different for data below and above the transition.
This is quite analogous to the upper stability limit of the
nematic phase and the lower stability limit of the isotropic
liquid phase for the weakly first-order N-I transition. This
approach seems to be applicable for some LC binary mixtures
exhibiting the HLM effect [24,25,26] by excluding the data in
the two-phase co-existence region. Displayed in Fig. 4 are the
plots of (Qε − Dε ) versus |t | data on a log10-log10 form for all
investigated samples, including the 8CB host, on either side
of TNA. Of note is that by using Eq. (19) one can derive from
the negative slope of a log10-log10 plot (cf. Fig. 4) (Qε − Dε )
versus |t | data on either side of TNA to produce the (effective)
critical exponent α values. Toward this end, we have sepa-
rately fitted both wings of the N-Sm-A transition to Eq. (19)
to produce those α values. Also, that quite similar α values
were extracted above and below TNA must here be stressed.
The values of the effective critical exponent α (average value
from below and above TNA) for both 8CB and 8CB+MWCNT
blends are presented in Table II. It is worth recalling that we
take the uncertainty in α as the difference between the α val-
ues above and below TNA (cf. Table II) [30,111]. Additionally,
we have also calculated the average limiting slope of the data
presented in Fig. 4 for each sample over the reduced tempera-
ture range approximately log10|t | < 2.5. Then, we have found
that the estimated value of the slope of the solid line given
in Fig. 4 is in excellent consistency with the values given in
Table II for each sample. One can notice that there exists noisy
behavior in the N wings compared to the Sm-A wings away
from the N-Sm-A transition for all samples as seen in Fig. 4.
That the fluctuations of the high-temperature phase, namely in
the isotropic liquid phase, would probably give rise to some
additional noise in the log10-log10 curves could be the reason
for this behavior, which does not affect the critical exponent
values substantially. However, similar noisy behavior in the N
wing away from TNA is also observed both in log10(Ccal − Cp)

(a)

(b)

(c)

FIG. 4. The log10-log10 plot of the difference (Qε − Dε ) as a
function of the reduced temperature difference |t | yielding the
effective critical exponent α values in the close vicinity of the N-
Sm-A transition TNA for (a) the 8CB host, (b) 8CB-p-MWCNT, and
(c) 8CB-f-MWCNT composites. Recall that the average limiting
slope of the solid line in each figure is consistent with the values
given in Table II for each sample.
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versus log10|t | curves produced from ASC data [21,24,102]
and log10(Qn − Dn) versus log10|t | curves obtained from op-
tical birefringence data by our group [37]. Since a similar type
of noise is seen in all log-log curves produced from ASC,
�n, and �ε data, this might be due to the first-order character
of the N-I transition which directly affects the numerical dif-
ferentiation (cf. Dε = −d (�ε)/dT , Dn = −d (�n)/dT [37],
Cp = P/(dT/dt ) for ASC data [21,24,102]). In addition, by
examining the gap between two slope lines of the linear fit of
our log10-log10 plots of (Qε − Dε ) versus |t | data (cf. Fig. 4),
we have extracted a qualitative measurement of the critical
amplitude ratio A−/A+. Besides, from those A± values, we
have obtained that A′

+/A+ ≈ A′
−/A− ≈ 1.48. Especially note

the fact that this finding is fully in line with the relation
A′

± = A±/(1 − α) for the reported α values. As may be seen
from Tables II and IV, the values of the effective critical
exponent α of 8CB+MWCNT blends seem to be the same as
that of the 8CB host within the statistical uncertainties, which
thoroughly confirms the nematic and smectic fluctuations for
8CB+MWCNT blends resembles essentially bulklike, be-
ing independent of the surface functionalization of MWCNT
dopants. Furthermore, we stress here that the obtained re-
sults for the neat 8CB via �ε(T ) data are fully consistent
with the anisotropic correlation lengths, based on x-ray mea-
surements [17,21] within the framework of a hyperscaling
relation [45,105]. Also, particularly recall that our findings
in the present work are in full accord with the ones based
on high-resolution optical birefringence measurements [37].
Besides, a quite similar behavior for the N-Sm-A transition
has recently been well documented in 8CB+CdSe mixtures
based on the optical birefringence data [43]. Given the ex-
tracted values of the exponent α for both the neat 8CB and
8CB+MWCNT blends, the effective critical exponents lie in
between tricritical (TCP) value αTCP = 0.5 and the 3D-XY
value of αXY = −0.01 because of the observed rather narrow
NR’s and also, the coupling between the N and Sm-A order
parameters for all samples. Liquid crystalline materials with
small NR are known to have small splay elastic constant
K11 values at the transition point TNA [1]. With the inclusion
of MWCNTs in the neat 8CB, although there exists an en-
hancement in NR values to some extent (cf. Table II), their
K11 values at TNA do not follow the same increment trends
[62,63]. As discussed elsewhere [62], this may be due to the
Berreman and Meiboom conjecture [112] which claims that
for MWCNT-doped samples elastic interactions will result in
higher-order deviations from the mean-field behavior K11 ∝
S2. By taking into account the high aspect ratio of MWCNTs
together with the longer alkyl chain of the 8CB LC host, the
reported deviations from K11 ∝ S2 data seems quite rather rea-
sonable. Additionally, it is quite well-known that de Gennes
coupling (cf. δS = CAχN	2) reveals the effects of elasticity
of the nematic ordering prior to the onset of the smectic order
[1,2]. Also recall that the increase in the NR values with
MWCNT doping signals a decrease in the nematic susceptibil-
ity χN , causing the director fluctuations to suppress. However,
by taking into account that for MWCNT-doped samples the
critical exponent α values and the McMillan ratio RM values
are nearly the same as that of the 8CB host, the combined
effect of CAχN is not strong enough to cause the disorder-
driven decoupling between the N and Sm-A order parameters,

thus not making the N-Sm-A transition more continuous. This
behavior can be ascribed to the weaker nature of MWCNT
disorder. Thus, one can infer that the pinning of LC molecules
at the surface of MWCNTs and elastic coupling cannot result
in a turning-off of the de Gennes coupling and the δn̂ − 	2

coupling playing no important role across the N-Sm-A tran-
sition. For 8CB+MWCNT system, the N-Sm-A transition is
still away from the 3D-XY fixed point. We must emphasize
that this observed behavior in 8CB+MWNCT systems is also
remarkably different from the ones observed in 8CB+aerosil
and also 8CB+aerogel systems [19,108,109]. In those types
of systems, the inclusion of aerosil and aerogel NPs was
documented to destroy the transition to a quasi-long-range-
ordered smectic phase and replace it with the formation of
short-range correlations [108,109]. The nature of the N-Sm-A
transition for those systems was observed to approach the
3D-XY fixed point, which would be expected in the absence
of both de Gennes and δn̂ − 	2 couplings, with aerosil and
aerogel loading and to exhibit downward shifts in the phase
transition temperatures. Thus, one can infer that the effect of
MWCNTs on the N-Sm-A transition of the 8CB host seems
to resemble the so-called floppy regime, as was documented
at low contents of LC+aerosils dispersions can be advocated
[19,43].

In a recent study, Kalakonda etal. [113] presented
a comparative study on the impact of MWCNT dop-
ing on the phase transition behaviors of both 8CB and
9.O.4 (4-butyloxyphenyl-4′-nonyloxybenzoate) LC hosts.
They claimed that the interactions between MWCNTs and
the host LC are quite different for 8CB and 9.O.4. Moreover,
it is quite well-known that nCB and also nOCB homologs
exhibit strong antiparallel coupling between the large termi-
nal dipoles, giving rise to a so-called incommensurate partial
bilayer smectic-Ad (Sm Ad ) with d around 1.5 times the
molecular length [20,42]. It would also be quite intriguing
to investigate whether high-resolution dielectric anisotropy
�ε(T ) data could be exploited to reveal the latent heats and
the effective critical exponents at TNA for LC materials, ex-
hibiting a normal monolayer smectic phase (Sm Am) such
as nonpolar n.O.m (4-alkyloxyphenyl-4′-alkyloxybenzoate)
homologs [42], since the fact that the magnitude of the en-
hancement δS of the N order parameter is smaller for LCs
with the SmAd phase than those with SmAm phase for a given
value of the McMillan ratio RM [20,42] is well-documented.

V. CONCLUDING REMARKS

In this work, we present rigorous high-temperature resolu-
tion and highly precise experimental data for the temperature
dependence of the dielectric anisotropy for the 8CB host
and the 8CB+MWCNT blends over the temperature range
for which the N-I and N-Sm-A phase transitions take place.
The dielectric anisotropy �ε(T ) data have then been utilized
to probe the temperature variation of the N order parameter
across both the N-I and the N-Sm-A phase transitions of all
investigated samples. We have observed that the TIN and TNA

phase transition temperatures of the 8CB+MWCNT system
shift downwards with the inclusion of both types of MWCNTs
to the 8CB host by indicating a nonlinear χ dependence.
From the observed suppression of the transition temperatures,
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a CNT-induced disorder seems to play a predominant role is
noted. One can claim that since the local ordering of MWC-
NTs is randomly arranged, leading to a random-field effect, an
overall disordering of the samples is observed. Additionally,
the larger TIN and TNA downward shifts seen in p-MWCNT-
doped samples could be attributed to the fact that the surface
ordering tendencies seem larger in f-MWCNT-doped samples,
while the elastic distortions are comparable for both types of
MWCNT dopants. It is worth noting that this type of tempera-
ture behavior has also been observed [19,114,115] in mixtures
of different LCs and aerosil NPs. For the 8CB+p-MWCNT
system, the nematic temperature range NR increases at a
higher rate as compared to the 8CB+f-WCNT system. These
differences might be due to the surface treatment of the latter.
But, on average, a nearly 20% change seen in NR for the
8CB+MWCNT system could be attributed to the stabilization
of the N phase, as compared to the 8CB host. Although the
inclusion of MWCNTs in the 8CB host manifests itself as a
random dilution effect, it is worth noting that the phase tran-
sition characteristics remain bulklike. A recent investigation
performed on the nOCB+SWCNT system [116] asserted that
mesophase stabilization can be explained by the nanophase
segregation model [117]. Thus, the fact that the difference in
the aspect ratio of the LC host and SWCNT might cause this
segregation has been emphasized. It would be intriguing to
investigate whether this presented model applies to our case
because both nCB and nOCB homologs exhibit the same type
of mesophases with a large dipole moment of the terminal
-CN group, oriented along the long molecular axis. We also
briefly discussed a possible relevant phenomenological the-
ory concerning the so-observed depression in the transition
temperatures [73–75]. One can also advocate that based on
the Berreman and Meiboom conjecture, in the aforementioned
theory the inclusion of some elastic interaction terms cannot
be ruled out. Besides, in some investigations, the principal
parameter governing the coupling between CNTs and LCs is
proportional to the diameter of CNTs was reported [75,76].
Thus, for the forthcoming studies in future recent, it would be
more intriguing to investigate the phase transition behavior
and its criticality of the LC+CNT system as a function of
the MWCNT size, namely diameter, instead of the content.
Hence, it could be possible to investigate whether the shifts in
the transition temperatures �TIN and �TNA exhibit a power-
law dependence with the diameter, as was previously reported
for some 8CB-hosted systems [73].

For both investigated p-MWCNT and f-MWCNT contents
in 8CB+MWCNT blends, it has been well documented, from
our precise �ε(T ) data, that the N-I transition is clearly
identified as weakly first order in nature while the N-Sm-
A transition remains continuous for all MWCNT contents
regardless of the surface functionalization of MWCNTs. In
so-far, the N-I transition has frequently been investigated via
dielectric permittivity data, based on “the so-called fluidlike
model” for several nCB, nOCB homologs, [40,41,50–55],
whereas in this work, for the first time, the related critical
exponents and also the temperature metric of the discontinuity
of the N-I transition have been determined from the order pa-
rameter S(T ) within the framework of the Maier-Meier theory
[cf. Eq. (5)]. A particular emphasis has also been devoted to
the N-Sm-A phase transition, and with this regard, we have

extracted the upper limits for the latent heat �HNA, which
is itself related to the upper bound in the discontinuity, for
both the 8CB LC host and all 8CB+MWCNT blends via a
detailed inspection of the behavior of the N order parameter
in the close vicinity of TNA. For the first time, upon close
examination of S(T ) data, derived from our high-resolution
�ε(T ) measurements, in the vicinity of TNA, we have arrived
at the upper limit of the latent heat �HNA as 3.03 J/kg for
the 8CB host. It must be stressed that this yielded latent heat
value for the 8CB host is in fairly good agreement with the one
produced previously via high-resolution optical birefringence
�n(T ) measurements by us [29] and with ASC measurements
[28] as well. Motivated by this result, then, the �HNA values
of 8CB+MWCNT blends were also derived and were found
to be higher than that of the 8CB host, which is in line with
those produced via high-resolution optical birefringence data
[29,37]. Moreover, by exploiting the fact that the temperature
gradient of the N order parameter across TNA exhibits the
same power-law divergence as the specific heat capacity, a
thorough critical exponent α analysis has been performed
via several fitting expressions [cf. Eqs. (17) and (19)], and
the so-obtained α values of all 8CB+MWCNT blends, re-
gardless of the surface functionalization, are observed to be
comparable to that of the 8CB host within the experimental
uncertainty. We remark here that for the neat 8CB, the pro-
duced α values are in excellent agreement with those obtained
from the high-resolution optical birefringence measurements
by us [29,37] and ASC measurements [28]. Hence, like
the differential quotient Qn(T ) (cf. Eq. (11) in Ref. [37]),
the differential quotient Qε(T ) is shown to be sensitive to
the Sm-A ordering and can thus be used to probe the critical
behavior across TNA. While this issue has been addressed
previously by the others [53,54], for the first time, we have
tested, in this work, the validation of Eq. (19) for producing
the critical exponent α values by the usage of both the local
slope Dε(T ) and the differential quotient Qε(T ) data, thus
which itself leaves out any background term from the fitting
procedure. We have concluded that the presence of MWCNTs
in 8CB seems as introducing a weak-strength random field
that is not enough to compete with smectic ordering in the
host LC, which is contrary to the case of 8CB+aerosil and
8CB+aerogel systems. It is imperative to note that disordering
character is not strong enough to derive a decoupling between
the N and Sm-A order parameters. The critical behavior of
the 8CB+MWCNT system has been shown to be dominated
by a crossover from the 3D-XY to tricritical. To the best of
our knowledge, for the first time in this work, we have shown
that high-resolution dielectric anisotropy �ε(T ) data is as
adequate as both calorimetric and high-resolution optical bire-
fringence �n(T ) data to determine the nature of the N-Sm-A
transition and as well as to extract the upper limit of the associ-
ated latent heat value. It is worth recalling here that apart from
high-resolution optical birefringence and dielectric anisotropy
measurements, ASC results seem essential since being ca-
pable of discriminating the first-order and continuous phase
transitions.

To get more insight into the impact of MWCNTs on the
phase transition characteristics of the neat 8CB, thermal trans-
port parameters such as the thermal diffusivity and the thermal
conductivity measurements, based on the photopyroelectric
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technique [2,118], would be quite advantageous. Also, con-
tinued experimental attempts seem to be needed, especially
x-ray or neutron scattering studies, which probe directly the
smectic correlation function [109]. One challenge for future
can be to explore the the connection between anisotropic ξ‖
and ξ⊥ behavior, where ξ‖ and ξ⊥ are the correlation lengths
parallel and perpendicular to the normal to the smectic layers,
and pseudoisotropic ξ‖ξ 2

⊥ behavior via two-scale universality
and to compare them with those obtained from x-ray measure-
ments directly.

Additionally, in a more recent, the test of the HLM
crossover function at TNA in some LC binary mixtures was
presented via high-resolution �n measurements by our group
[25,26] and we obtained a fairly good agreement with the
existing results based on ASC measurements [24]. Hence, it
seems intriguing to investigate whether the high-resolution
dielectric anisotropy �ε(T ) data can be utilized to verify the
HLM effect for some binary LC mixtures as was done previ-
ously via �n data. It is our opinion that those findings based

on our approach presented here [cf. Eqs. (11) and (19)] could
pave the way for further studies aiming at determining the
nature of the N-Sm-A transition for several types of LC-based
nanocomposites.
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