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Effects of magnetic nanoparticles with different surface coating on the phase transitions
of octylcyanobiphenyl liquid crystal
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The impact of magnetic nanoparticles with different surface coating upon the isotropic-to-nematic and
nematic-to-smectic-A phase transitions of the liquid crystal octylcyanobiphenyl is explored by means of high-
resolution adiabatic scanning calorimetry. A shrinkage of the nematic range is observed, which is strongly
dependent on the surface coating of the nanoparticles. The isotropic-to-nematic transition remains weakly first
order while the nematic-to-smectic-A is continuous with the effective critical exponent « values (0.35 and 0.39,
depending on the coating) between the pure octylcyanobiphenyl value of 0.31*0.03 and the theoretical

tricritical value of 0.5.
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I. INTRODUCTION

Liquid crystals (LCs) are soft materials that exhibit vari-
ous mesophases and phase transitions between them and they
are sensitive to perturbations. Consequently, systems of LCs
in porous media appear as ideal candidates for the study of
the quenched random disorder effects upon phase transitions
and critical phenomena [1,2], and they have been studied
extensively in the last 20 years. Aerogels [3,4], hydrophilic
or hydrophobic silica aerosil networks [5-12], controlled po-
rous glasses [13,14], vycor glasses [15], and anopores [16]
were frequently chosen as the agents of disorder. In addition,
dispersions of colloids [17], golden [18], ferroelectric [19],
and magnetic nanoparticles [20,21] in LCs have been studied
particularly to enhance the optical, electrical, and magnetic
properties and response. Several of these systems exhibit a
considerable potential for applications [17,18,22,23].

The idea of ferrofluids composed from LCs doped with
ferromagnetic grains appeared many years ago [24], aiming
to enhance the coupling between LC order and external mag-
netic fields. Already in the 1970s some ferrofluids were suc-
cessfully composed [25,26]. Nowadays, names such as fer-
ronematics, ferrosmectics, or ferrohexagonals stand for
nematic, smectic, or hexagonal LCs, respectively, doped with
magnetic nanoparticles. They have been studied in both lyo-
tropic and thermotropic LCs [20,21,27,28], with the size and
concentration effects being the main inquiry. The role of the
surface coating has not been adequately explored so far [29].
In this work the effect of spherical magnetic nanoparticles
with different surface coatings on the phase transitions from
the isotropic-to-nematic (/-N) and nematic-to-smectic A
(N-Sm-A) phase of the liquid crystal compound octylcyano-
biphenyl (8CB) is explored by means of high-resolution
adiabatic scanning calorimetry (ASC).
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II. MATERIALS AND METHODS

Spherical magnetic nanoparticles were used for this study,
with a core diameter of 2 nm. In order to probe the role of
the surface chemistry, two mixtures of 8CB and magnetic
nanoparticles with identical concentration (30.6 wt %) and
different coatings were chosen. In the first case, the nanopar-
ticles were coated with aminopropyltriethoxysilane (APTS)
and in the second case with mercaptohexadecanoic acid
(MHDA) agents. Henceforth we will refer to the former as
T1 and to the latter as T2. In Fig. 1 the chemical formulas of
the surface agents are given. The APTS binds on the nano-
particles core through the silane, while MHDA binds through
the sulfur group. Further details about the preparation of the
samples can be found elsewhere [29,30].

The ASC measurements were performed in a computer-
controlled calorimeter consisting of four stages. For the cur-
rent measurements the inner stage was a 22 g tantalum cell,
which contained 0.8 g of sample. The space between the cell
and the three surrounding shields is vacuum-pumped in order
to achieve excellent thermal insulation between them. ASC
yields both the heat capacity (C,) and the enthalpy (H) tem-
perature dependence. It can efficiently distinguish between
first-order and second-order phase transitions. The extremely
slow scanning rates, that can be achieved in ASC, reveal
subtle features of the specific heat capacity temperature pro-
file C,(T) and allow the reliable determination of critical
exponents. A detailed description of our apparatus can be
found elsewhere [31,32].
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FIG. 1. The chemical formulas of the APTS and MHDA agents

for the surface coating of the magnetic nanoparticles used in the
samples T1 and T2, respectively.
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TABLE 1. The features of all the ASC scans performed for the
samples T1 and T2.
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T range Rate
Sample  Type of run (K) (mK/min)  Stirring
T1 Cooling 319.15-299.15 4.3 Yes
T1 Cooling 319.15-299.15 4.3 No
T1 Cooling 310.15-300.15 2.7 Yes
T2 Cooling 319.15-299.15 4.4 Yes
T2 Cooling 319.15-299.15 4.4 No

The samples were sonicated for a few hours at tempera-
tures in the N and then in the I phase, before loading to the
cell. Prior to the measurements a small metal stirring ball
(from nonmagnetic stainless steel) was inserted in the cell
together with the sample. During the measurements, by pe-
riodically changing the inclination of the whole apparatus
(via an automatized mechanism), the stirring ball was mov-
ing back and forth inside the cylindrical cell in order to
maintain the maximum possible homogeneity of the samples.
For both samples sequential measurements were performed
with and without mixing, in order to retrace possible differ-
ences in the thermodynamic behavior (e.g., due to phase
separation).

III. RESULTS AND DISCUSSION

In this section the results for both kinds of nanoparticles
using ASC are reported. The data were collected upon cool-
ing the samples from the / down to Sm-A phase. The main
features of all the ASC runs can be found in Table I. It should
be noted that the quoted rates are average values away from
the transition; near the transition they are much slower.

It has been found that the 8CB exhibits a weakly first
order [-N transition at 313.95 K with a latent heat of
2.14+0.02J/g, and a continuous N-Sm-A transition at
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FIG. 3. The specific heat capacity versus temperature profile for
the sample T2. Breakpoints and different scale below and above
them are used along the Y axis for more efficient representation of
the curve at the /-N transition.

306.92 K with an effective critical exponent «=0.3120.03
[31]. These results were fully consistent with the anisotropic
correlation lengths derived from x-ray measurements [33]
within the frame of a hyperscaling relation [34].

In Fig. 2 the C,(T) curve is shown for the cooling run of
the T1 sample, with stirring. The respective data are shown
for the T2 sample in Fig. 3. No essential difference was
found between runs with stirring and without stirring for any
of the samples. A summary of the findings concerning the
thermal behavior of T1 and T2, compared to pure 8CB, is
given in Table II.

The I-N phase transition remains weakly first order, with
pretransitional effects for both samples. The latent heat is L
=1.55*0.03J/g for Tl and L=148%*0.04J/g for T2,
which is smaller than the pure 8CB value L
=2.14+0.02 J/g [31]. The narrow 10+ 1 mK coexistence
range of / and N phases for bulk 8CB increases substantially
here, being 110 =10 mK and 430 = 10 mK for T1 and for
T2, respectively. The N-Sm-A phase transition remains con-
tinuous for both samples and a detailed analysis is performed
below in order to derive the critical exponents «,. The nem-
atic range decreases slightly in the case of T1 and fairly in
the case of T2 (see Table II). For runs without stirring the

TABLE II. The transition temperatures, the latent heat of the I-N
transition, the nematic range, and the derived effective critical ex-
ponent a, for T1 and T2 samples (of this work) in comparison to
pure 8CB (taken from Ref. [31]).
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FIG. 2. The specific heat capacity versus temperature profile for
the sample T1. Breakpoints and different scale below and above
them are used along the Y axis for more efficient representation of
the curve at the /-N transition.

Ty (K) Tya N range

Sample (L J/g)] (X) (XK) yfy

8CB 313.95 306.92 7.03 0.31+0.03
[2.14%0.02]

T1 312.85 306.22 6.63 0.35+0.01
[1.55+0.03]

T2 309.05 303.78 5.27 0.39+0.01
[1.48+0.04]
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transition temperatures were faintly shifted to lower values
(in the order of few mK) and only in the case of T2 the I-N
transition appeared less steep and with a wider phase coex-
istence range of 680 =20 mK.

In the vicinity of a critical phase transition, the specific
heat capacity has the following form:

C,=A*l -+ B, (1)

with A* being the critical amplitudes above and below the
transition temperature T,, t=(T-T,)/T, (reduced tempera-
ture), and B the background term. Provided that both C,(T)
and H(T) are obtained from the same ASC run, one may
define the quantity C=(H-H,)/(T-T,) with H and H,. being
the enthalpy at any temperature 7 and at the critical transi-
tion temperature 7,, respectively. After a simple algebraic
procedure one obtains [31]

+

A
C-C,= ! |t~ (2)

4 -

and in a log;p—log;, plot of the quantities C—C, and ¢, the
critical exponent can be determined from the slope (—a) of a
linear fit. By using this method the background term B is
skillfully left out from the fitting procedure. Both wings of
the N-Sm-A transition were fitted and the results are identical
to the quoted values of «,. The data of the second slower
cooling run were fitted for T1 (scanning rate of 2.7 mK/min,
with stirring) and the data of the first cooling for T2 (scan-
ning rate of 4.4 mK/min, with stirring).

As it can be seen in Fig. 4, the effective critical exponent
@, evolves from the value of 0.31=0.03 of pure 8CB [31]
to higher values, which are 0.35*+0.01 and 0.39*0.01 for
T1 and T2, respectively. It exhibits a trend from the aniso-
tropic criticality of pure 8CB towards tricriticality. This is an
important finding, since it shows a significant difference be-
tween the dispersions of the magnetic nanoparticles and the
silica aerosil nanoparticles in liquid crystals. For the N-Sm-A
transition of the latter, the effective critical exponents shift
towards the three-dimensional-XY universality class when
increasing the aerosil density [5,7,35-37], whereas the tran-
sition is smeared out for very high aerosil densities, deep in
the so-called stiff regime [5].

The main features of the addition of the magnetic nano-
particles on the phase transition behavior of the 8CB liquid
crystal are a decrease of both the I-N and N-Sm-A phase
transition temperatures, the narrowing of the nematic range,
and the increase of the effective critical exponent a,s de-
scribing the heat capacity anomaly of the N-Sm-A transition.
In an effort to, at least qualitatively, understand these effects
one may resort to a mean-field expansion of the free energy
density F in terms of the nematic order parameter S and (the
amplitude of) the Sm-A order parameter ¢ and their cou-
pling. In analogy with a mean-field description for liquid
crystalline mixtures [38] and for the effects of nonmesogenic
solutes [39,40], where similar effects were observed, one can
consider the following expansion for F in terms of the order
parameters S and
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FIG. 4. The derivation of a,s from the slope of the quantities
C-C, and reduced temperature ¢ in a logarithmic plot, for T1 (top)
and T2 (bottom). The fitting was done within the log, ¢ range of
(-4.0,-2.5). The points for log;ot<-4.0 were excluded from the
fit due to the rounding effects very close to 7. Particularly for the
N side of the T2 sample, the data for log;,#=-3.3 are ruled out of
the fit, since the N range is shrunk and the adjacency of the I-N
transition affects the N wing of the N-Sm-A transition. The black
solid lines represent the linear fits of the two sides (N and Sm-A) of
the transition. The dotted lines denote the slope of pure 8CB for
comparison.

F(S.) = Fy(S) + -t + ~ Byt = CyP8S + ~— 052 + AP
2 4 2x
+ DY SSx+ -+, (3)

with

1 1
F(S)=F,(I) + 5A052 - 53053 +CoS*+ES*xc+ -+, (4)

In Eq. (4)F(I) is the free energy of the isotropic phase at
Typ, and Ag= a(T—T,). The parameters «, A, By, and C, are
considered positive constants. In Egs. (3) and (4) x is a mea-
sure for the amount of nanoparticles added to the liquid crys-
tal. In Eq. (3) the first five terms are identical to the
Landau-de Gennes expression for the N-Sm-A transition of
pure compounds with the coupling terms between S and ¢
included [41]. a=a,(T-T,), with T, the transition tempera-
ture, and x(7) is a response function that is large near T); but
decreases with decreasing the temperature. In the smectic
phases one has 8S5=5-S,(T), with S, the nematic order pa-
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rameter in the absence of smectic ordering. ¢, B, and C are
assumed to be positive constants. The sign of the constants A
and D in Eq. (3) as well as of the constant E in Eq. (4)
depend on the effect of the interactions of the nanoparticles
with the liquid crystal. Rewriting in Eq. (4) the last term as
ES?=E(8S+5,)%x, minimizing Eq. (3) with respect to &5,
and inserting the result in Eq. (3) gives (to the lowest order
in x)

1 1
F=FN+5a*(T)¢2—ZB*¢4, (5)
2Ex
TNI(X) = TNI(O) - 7, (6)
2CES,x*
a*=a+2Ax(1+—0X>, (7)
B*=B-2C*x* +4DCx*x(1 + 4ECx*), (8)
Tya(x) = Tya(0) = 2a5"Ax(1 + 4ECx™), 9)
with
X —X (10)

T 1+ 2ESp”

From Egs. (6) and (9) it follows that for decreasing Ty,
and Ty, with increasing x, as observed here, both A and E
must be positive. The sign of 8* in Eq. (8) determines the
order of the N-Sm-A phase transition. It is positive for a
second-order transition, negative for a first order one, and
zero at the tricritical point on the N-Sm-A transition line
[41]. For pure 8CB (x=0) Eq. (8) reduced to 8*=8-2C"y.
The N-Sm-A transition in pure 8CB is still second order, its
a,=0.31, and its rather narrow nematic range of 7.03 K
indicate that it is close to a tricritical point. For the colloidal

mixtures T1 and T2 the observation of a larger value for a,;

and smaller nematic ranges indicate that both are even closer
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to the tricritical point with still positive but smaller 8* values
and nanoparticles-induced coupling between the smectic and
the nematic order parameters. One can thus conclude that the
coupling constant D is negative for both systems. The effects
are, however, much larger for T2 than for T1. Since the mag-
netic nanoparticles are identical and the concentrations are
the same, the difference results from the difference in the
particles’ coating.

On the bases of our macroscopic calorimetric data it is not
possible to arrive at a microscopic picture about the specific
interaction between the 8CB molecules and the two types of
coating of the nanoparticles. However, from preliminary
studies there seems to be some indications that in the case of
APTS the orientation is parallel and perpendicular for
MHDA [42]. In the latter case one can expect a larger dis-
turbance of the liquid crystalline order. This seems to be
corroborated with the large depressions of T; and Ty, for T2
(MHDA), albeit more for Ty, than for Ty,.

IV. SUMMARY

We have experimentally studied the impact of magnetic
nanoparticles on the I-N and N-Sm-A transitions of 8CB,
aiming to explore the until recently unresolved role of the
surface coating upon the phase transition behavior. The I-N
transition remains weakly first order, albeit being less sharp
and with a reduced amount of latent heat compared to pure
8CB. For the N-Sm-A transition the results of this work show
a crossover from anisotropic criticality towards tricriticality,
similar to what was observed in the case of a nonmesogenic
solute dispersed in the same LC compound [39,40]. The in-
fluence of the MHDA coating is much larger than the one of
APTS and, thus, the thermodynamic behavior clearly diver-
sifies depending on the surface coating of the nanoparticles.
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