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1. Introduction

Carbon nanotubes (lijima, 1991) are one of the most interesting new materials which emerges
during the last twenty years. They either consist of a single sheet of carbon atoms covalently
bonded in hexagonal arrays rolled up into a cylinder with a diameter of about one nanometer
(single-walled nanotubes - SWNTs), or are built up of multiple carbon sheets producing rods
with diameters ranging from a few to tens or even hundreds of nanometer (multi-walled
nanotubes - MWNTs). The aspect ratio of these objects can vary from hundred to many
thousands.

Most of CNTs extraordinary properties of potential use in various applications could be
realized in relatively well aligned samples. One method of alignment consists in dispersing
the CNTs into a nematic phase of a LC (either thermotropic or lyotropic). For recent reviews
see e.g., (Lagerwall & Scalia, 2008; Rahman & Lee, 2009; Zakri, 2007; Zhang & Kumar, 2008).
Theoretically, equilibrium orientation of a single elongated particle immersed in a nematic
LC phase is rather well explored (Andrienko etal.,, 2002; 2003; Brochard & de Gennes,
1970; Burylov & Raikher, 1990; 1994; Hung et. al., 2006). Continuum theory predicts
alignment of the particle’s longer axis along the nematic director 7 for different types
of boundary conditions in the strong anchoring limit case (Brochard & de Gennes, 1970;
Burylov & Raikher, 1990; 1994). On the contrary, in the weak anchoring limit the particle
may orient either along or perpendicular to the nematic director depending on the boundary
conditions (Burylov & Raikher, 1990).

The collective behavior of CNTs dispersed in isotropic solvents or in LC is theoretically
relatively weakly explored. Due to their structure and behavior, the CNTs can be consider
essentially as rigid-rod polymers with a large aspect ratio (Green et. al., 2009). The steric
theory for the electrostatic repulsion of long rigid rods has been used to investigate the SWNT
phase behavior in their suspensions (Sabba & Thomas, 2004). Calculations have shown that
SWNTs in a good solvent is analogous to the classic rigid-rod system if the van der Waals
force between CNTs is overcome by strong repulsive interrods potentials. When the solvent
is not good, the van der Waals attractive interactions between the rods are still strong and as
a result, only extremely dilute solutions of SWNTs are thermodynamically stable and no LC
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phases form at room temperature. The liquid crystallinity of CNTs with and without van der
Waals interactions has been analyzed by using the density functional theory (Somoza & Sagui,
2001). In the presence of van der Waals interaction, the nematic as well as the columnar
phases occur in the temperature-packing fraction phase diagram in a wide range of very
high temperatures. In the absence of van der Waals interaction the system is dominated only
by steric repulsive interactions. With an increase of packing fraction, the system undergoes
an isotropic-nematic phase transition via a biphasic region. The isotropic-nematic packing
fraction decreases with the increase of the aspect ratio of CNTs. The phase behavior of rodlike
particles with polydisperse length and solvent-mediated attraction and repulsion is described
by an extension of the Onsager theory for rigid rods (Green et. al., 2009). The main conclusion
of these theoretical models is that to obtain liquid crystal phases of CNTs at room temperature
the strong van der Waals interaction between them must be screened out. This requires a good
solvent with an ability to disperse CNTs down to the level of individual tube.

In two recent papers (van der Schoot et. al., 2008; Popa-Nita & Kralj, 2010), two of us
presented a phenomenological theory for predicting the alignment of CNTs dispersions in
thermotropic nematic LC in the two limits of the anchoring of LC molecules at the CNT
surface. We combined the Landau-de Gennes free energy for thermotropic ordering of the
LC solvent and the Doi free energy for the lyotropic nematic ordering of CNTs caused by
excluded-volume interactions between them. We have analyzed the phase ordering of the
binary mixture as a function of the volume fraction of CNTs, the strength of the coupling and
the temperature.

However, coupling between LC molecules and nanoparticles (NPs) of regular geometry could
in some circumstances give rise to disordered structures with pronounced memory effects.
Namely, LC orientational ordering is extremely sensitive to perturbations due to its soft
character (de Gennes & Prost, 1993). For example, if a LC is quenched from an isotropic into
a nematic phase a continuous symmetry breaking takes place (Imry & Ma, 1975; Kralj et al.,
2008; Zurek, 1996). In the isotropic phase all directions are equivalent while in the nematic
phase a preferred orientation is singled out locally. Because of finite speed of information
propagation well separated regions are causally disconnected. For this reason a domain-type
in orientational ordering is inevitable formed. A domain pattern is well characterized by a
single characteristic domain size ;. In pure LC the domain size grows with time obeying
the scaling law ¢; oc t7, where v = 0.5 in a bulk sample (Bradac et al., 2002). The sample
gradually evolves into a homogeneously aligned sample in order to reduce relative expensive
domain wall penalties. In a liquid crystal- NP mixture, the NPs could act as pinning centers
and consequently domain pattern could be stabilized (Kralj et al., 2008). Therefore, in certain
conditions NPs could introduce disorder into a system.

In the present paper we study both ordering and disordering phenomena in a LC-NP mixture.
In the first part of the present paper we focus on LC induced ordering of CNT. We present
comparatively the results of our phenomenological model in the two limiting cases: i) the
weak anchoring limit where the interaction between CNTs and LC molecules is thought to
be sufficiently weak not to cause any director field deformations in the nematic host fluid
and ii) the strong (rigid) anchoring limit where the CNT causes the nematic director field
distortions generating topological singularities. In the second part we study conditions where
orientational ordering of a NP-LC mixture could be essentially short ranged.

The plan of the paper is as follows. In Sec. 2 we study LC driven orientational ordering
of CNTs. In Subsection 2.1 our phenomenological model is introduced. In Sec. 2.2 we
analyze ordering of CNT in the isotropic LC phase. The trictitical behavior is analyzed in
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detail in Sec. 2.3. Possibility of homogeneous alignment of CNTs in investigated in Sec.
2.4. Both weak and strong anchoring LC-CNT interactions are taken into account. In Sec.
3 possible disordering effects in LC-NP mixtures are analyzed using a simple lattice-type
semimicroscopic description. The semimicroscopic model is described in Sec. 3.1 and the
corresponding simulation method in Sec. 3.2. The NPs induced domain type stabilization of
LC ordering is demonstrated in Sec. 3.3. In the last section we summarize our conclusions.

2.LC induced CNT ordering

We first discuss conditions under which LC orientational ordering could be used in order to
align immersed anisotropic NPs. We confine our interest to CNTs due to their importance in
various applications. The ordering of LC-CNT mixtures is treated using a mean field type
phenomenological model.

2.1 Free energy
The free energy per unit volume of the CNTs-LC binary mixture consists of four contributions

f = fmix + fenT + fLc + fc- (1)

The first term in Eq. (1) is the free energy density of isotropic mixing of CNTs and LC that in
the framework of Flory lattice theory is given by (Flory, 1953)

fuix/kpT = vojr@In® + v, 2 (1 — @) In(1 — @) + vy 'xP(1 - D), 2)

where kp is the Boltzmann constant, T is the absolute temperature, ® is the volume fraction
of CNT, 1 — @ is the volume fraction of LC, and x = Uy /kgT is the Flory-Huggins interaction
parameter related to the isotropic interaction between CNT and LC (Flory, 1953). In the
following, we assume x > 0 (positive free energy of mixing), this being the most usual case,
at least when van der Waals interactions are dominant. Here vonT = %LD2 approximates
volume occupied by a carbon nanotube of length L and diameter D. The volume of a LC
molecule of length | and diameter d is given by v; ¢ ~ F1d?. In the following we consider that
the volume of a LC molecule is equal to the volume of a cell in the Flory lattice (Flory, 1953)
(v c = vp). The first two terms in Eq. (2) represent the entropy of isotropic mixing of LC and
CNT components neglecting their orientational degree of ordering.

The free energy density representative of the excluded volume effects responsible for the first
order nematic-isotropic transition of CNT is expressed as (Doi & Edwards, 1989)

o |1 u u u
fent/kpT = - [E (1 - 5) SeNT — §S%NT + gSéNT : ©)
The parameter u is related to the volume fraction of CNT by the relation u = ®L/D. The
model neglects the van der Waals attractions between CNTs which are responsible for their
tendency to form bundles. The degree of orientational ordering of CNT is given by the order
parameter Scyt. Perfectly aligned CNT correspond to Scyr = 1, and isotropic ordering
is signaled by Scyt = 0. On increasing ® this term enforces the first order orientational
phase transition of CNT from the isotropic phase of CNT with Scy7 = 0, to the nematic
phase of CNT phase with Scn = (14 /9 —24/u) /4. The first order nematic-isotropic phase
transition takes place at u = uy; = 27/10 and Scnr(uny) = 1/3. The limits of stability of
nematic and isotropic phases are givenby u™ = 8/3 (S; = 1/4) and u* = 3 (S = 1/2).
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For the thermotropic uniaxial nematic LC component we use the standard Landau-de Gennes
(de Gennes & Prost, 1993) free energy density in terms of the nematic order parameter Sy

3

frc=(1-o) Eﬂ(T— T*)Sic — .

1 BSic+ chﬁc , (4)
where (1 — @) accounts for the part of the volume not taken up by LC. The quantities T* (the
undercooling limit temperature of the isotropic phase of the pure liquid crystal), 4, B, and C are
material-dependent constants. This free energy density enforces the weakly first order phase
transition from the isotropic phase to the nematic phase of LC. At T = Ty = T* + B?/(24aC),
the two phases of LC, nematic (S0, 0 = B/6C) and isotropic (S;s, = 0) coexist in equilibrium.
The detailed derivation of the coupling free energy density term fc in the two limiting regimes
has been presented previously (van der Schoot et. al., 2008; Popa-Nita & Kralj, 2010). Here we
give only the final expressions. The two regimes can be defined by the relation between the
radius of the particle R and the surface extrapolation length d, = K/W, where K is the Frank
elastic constant and W is the anchoring energy.

i) the weak anchoring limit (R << d,)- the anchoring is not able to produce large
deformations in the surrounding nematic matrix. In this limit the coupling free energy density
writes as (van der Schoot et. al., 2008)

1
fc = —7w®(1 — ®)SrcSent (1 - ESCNT) , 5)

where the coupling constant is given by v, = 4W/6R. Depending on the value of R and
considering a typical value of anchoring energy of 10 °N/m, the coupling constant of the
weak anchoring regime can range between 1073 — 103N /m?.

ii) strong anchoring limit (R >> d,) - the anchoring is rigid and gives rise to topological
singularities of the nematic director which cause strong interaction between the dispersed
nanotubes. In this limit the coupling free energy density writes as (Popa-Nita & Kralj, 2010)

1
fc= —ysP(1 - q>)S%CSCNT (1 - §5CNT> ’ (6)

where the coupling constant is given by 75 = 2K/3R?. Depending on the value of R and
considering a typical value of elastic constant of 10~ !N the coupling constant of the strong
anchoring regime can range between 10° — 10"N/m?.

Using Egs. (2), (3), (4), (5), and (6), the total phenomenological free energy density in the weak
anchoring limit becomes:

f = kpT [0k ®In @+ o (1 - @) In(1 - @) + vy @ (1 - @)

kBTCI) 1 u 2 u .3 u 4
+ [5 (1 - g) ScNT ~ gSent T g Sent

UCNT
3 3 9
1
(1= @)SicSenr (1= 35en ), 7)

while in the strong anchoring limit, only the last term differ:
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f = kpT [0k ®In @ + o (1 - @) In(1 - @) + vy x@(1 - )|

kBTCI) 1 u 2 u .3 u 4
+ [5 (1 - g) ScNT — gSent T gSent

UCNT
3 3 9
1
—9s®(1 — ®)ST ScnT <1 — ESCNT> : (8)

In calculations we consider a regime determined by the following geometrical and material
parameters. We limit to CNT of characteristic dimensions L ~ 400 nm and R ~ 1 nm. For
LC molecules we set L ~ 3 nm and R ~ 0.25 nm, corresponding to a typical nematogen. For
LC material constants we chose as representative pentylcyanobiphenyl (5CB) LC, for which
T* =306K,a~35-10*]- m3 - K!,B~71-10°] - m3,C~43-10°]-m 3, K~ 101!
N (Oswald & Pieranski, 2005). This choice yields S, 0 ~ 0.28 and Ty = T* + B%/24aC ~
307.5 K.

Using this phenomenological form of the free energy, in the following sections we present the
phase behavior of the binary mixture of CNTs and LC as a function of temperature, volume
fraction and the coupling strength.

2.2 Dispersion of CNTs in the isotropic phase of LC
In this case, S;c = 0, the coupling free energy densities (5) and (6) cancel and the free energy
density becomes

flhpT = vofr@In® + v, 2 (1 — @) In(1 — ) + v; xP(1 — D)

q) 1 u 2 u 3 u 4
+UCNT [2 (1 3)SCNT 9SCNTJr 6SCNT . 9)

The equilibrium between the isotropic (Scyt = 0) and the nematic phase (Scyt > 0) of
CNTs is determined by equating the chemical potentials of CNTs (ucnt = ventlf + (1 —
$)of/0¢])and LC (upc = vrc(f — ¢of /9¢)) in the two phases. The value of Scy7 is obtained
by minimizing the free energy with respect to Scnr.

In the absence of the isotropic interaction term (x = 0), for our set of geometric parameters the
nematic-isotropic coexistence is determined by the following values of parameters: (®;5, =
0.013487, Scnt = 0) and (Ppem = 0.013513, ScyT = 0.3365) and correspondingly the relative
variation of volume fraction of CNTs at the transition (the Flory chimney) is about 0.19%. The
phase gap in this condition is very narrow indeed less than the 1% predicted by Onsager and
Flory for monodisperse lyotropic LC. On the basis of the polarized light microscopy, Song
and Windle (Song & Windle, 2005) have estimated a biphasic range between 1% and 4% in
an aqueous dispersion of MWNTS. This comparatively large range of the biphasic region is
plausibly caused by the polidispersity in terms of length, diameter, and straightness of the
nanotubes as well as the possibility of segregation of the more nematogenic tubes.

In Figure 1, we have plotted the relative variation of the volume fraction of the CNTs at the
nematic-isotropic phase transition as a function of the isotropic interaction parameter x.
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Fig. 1. The relative variation of the volume fraction of CNTs at the nematic-isotropic phase
transition in the isotropic phase of LC.

Because the isotropic interaction parameter is proportional with reciprocal temperature (here
we did not consider this dependence), the volume fraction gap at the transition increases
with lowering the temperature; the poor solvent for CNTs becomes poorer lowering the
temperature. For values of x larger than ~ 0.4 the relative variation of the volume fraction at
the transition increases considerably with the value of x. The predicted value of A®/®;;, =
1% is obtained for x = 0.42.

2.3 Tricritical point

The free energy density is given now by the general forms (7) and (8), respectively.

For very small values of the coupling parameter -y, (or equivalently 1), the nematic-isotropic
phase transition of the CNTs is first order and the order parameter jumps at the transition
from zero to some non-zero value depending on the value of the coupling parameter. With
increasing the interaction parameter, the transition becomes continuous at a tricritical value
Yw,t (or equivalently <s:). The tricritical point where the discontinuous phase transition
becomes continuous is obtained by solving the equations 0*f /957~ = 9f/9S3 -~ = 0. They

(t)

yield at the tricritical point universal values for the order parameter Sy, = 1/6 and volume
fraction ®; = 0.01296. The tricritical values of the coupling parameter ; as a function of
temperature are presented in Figure 2.

With decreasing the temperature, as S; ¢ increases, the external field felt by the CNTs increases
and the nematic-isotropic phase transition of CNTs becomes continuous for increasingly lower
values of interaction parameter. Our estimates of the coupling constant suggest that for typical
value of parameters, ¢ >> 1 for both limiting cases, meaning that in the nematic phase of
LC, the nematic-isotropic phase transition of CNTs becomes a continuous transition.

To illustrate how in the limit of low values of coupling parameter the isotropic-nematic phase
transition of the CNTs is affected by the nematic host fluid, the phase diagram of the coexisting
volume fractions as a function of the coupling parameter is plotted in Figure 3 for both limiting
regimes. The binodals are drawn at the undercooling limit temperature of the isotropic phase
(T* = 307.56K).

In both limiting regimes, the gaps of the volume fractions decrease with increasing the
coupling constant and becomes zero for v, = Yy ¢ = 79.6 N/m? (for weak anchoring) and for
Ys = Y5t = 191 N/m? for strong anchoring case, respectively. The isotropic-nematic phase
transition of CNTs takes place at lower volume fraction with increasing the coupling constant.

www.intechopen.com



Liquid Crystal - Anisotropic Nanoparticles Mixtures

651

100 —

Continuous transition

Discontinuous transition

| | | |
302 304 306 308
T,K

Continuous transition

Discontinuous transition

| | | |
302 304 306 308
T,K

350 ]
300 -}
250
N
= 200
= 150 —

100 —

50 —

—— STRONG ANCHORING
=== WEAK ANCHORING

©)

Fig. 2. The tricritical values of the coupling parameter 7; as function of temperature. The

weak anchoring limit case is represented in Fig. 2a. In Fig. 2b is shown the strong anchoring
limit case, while in Fig. 2c the both regimes are represented.

2.4 Homogeneous mixture

One of the most challenging task for realizing the applications in optoelectronics is to
homogeneously disperse the CNTs into the nematic host, as CNTs have a tendency to
aggregate into networks and fibrils (MWNTs) within the dispersion due to the van der Waals
interactions between the nanotubes. The three different standard approaches to obtain the

homogeneous dispersion are reviewed in (Lagerwall & Scalia, 2008; Rahman & Lee, 2009).

To calculate the phase diagram of a homogeneous mixture, we use the free energy density
given by Eq. (7) (for the weak anchoring case) and the same quantity given by Eq. (8)
(corresponding to the strong anchoring case) with a constant volume fraction ® of the CNTs.
The equilibrium values of the order parameters Scny7 and Sy are obtained by minimizing
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Fig. 3. Phase diagram of CNTs in the nematic host fluid. Indicated are the coexisting volume
fractions in the isotropic and nematic phases discussed in the main text. The weak anchoring

case is shown in Fig. 3a, while Fig. 3b presents the strong anchoring case.
the free energy density (df /d0Scnt = 9f /9SLc = 0). The corresponding phase diagrams are

plotted and discussed in the next two sections.

2.4.1 Weak anchoring case
The phase diagram (®, T) in the weak anchoring regime for a typical value of the coupling

constant ¢y = 6.6 - 10° N/m? is plotted in Fig. 4.
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Fig. 4. The (®, T) phase diagram of a homogeneous mixture in the weak anchoring limiting

case.
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Three different regions are to be distinguished. The isotropic region corresponds to a
total absence of the orientational order (both components are in the isotropic phase), the
paranematic region is characterized by a very small degree of the orientational order of
both components, while in the nematic region both components possess a relatively large
degree of orientational order. The dashed line defines a second order (the order parameter
is continuous at the transition, while its derivative with respect to temperature has a jump)
isotropic-paranematic phase transition (inside the figure we have shown this line for larger
values of the temperature). The first segment (& < 0.00108) of the continuous line corresponds
to first order (the order parameter has a jump at the transition) nematic-isotropic phase
transition of both components. The second segment (® > 0.00108) corresponds to the first
order nematic-paranematic phase transition of the both components. The circle defines the
triple point of the system that has the coordinates ®; = 0.00108 and T = 308.98 K. The
increase of nematic-isotropic phase transition temperature (shown by the continuous line in
Fig. 4) is experimentally verifiably (Duran et. al., 2005; Lebovka et. al., 2008) and could be
explained by the fact that CNTs act as heterogeneous nucleation agents for LC.

To see in more detail the characteristics of these phase transitions we have plotted in Figure 5
the order parameters profiles as a function of volume fraction of CNTs for two different values
of the temperature.

097 WEAK ANCHORING
0.8 T=308.68K

Q — Senr

) 0.7 --= S

50.6 -
0.5

0.4 —

WEAK ANCHORING
T=309.16K
I SCNT

SLC .....

Fig. 5. The order parameters profiles of CNTs (continuous line) and LC (dotted line) for
v = 6.6 - 10° N/m? and for two different values of the temperature.

In Figure 5a, the order parameters profiles are shown for T = 308.68 K, value that belongs
to the nematic region in Fig. 4. There is no phase transition for this value of temperature
and as consequence the order parameters are continuous and CNTs are almost perfectly
aligned (Scyt ~ 1) for all values of volume fraction (see the continuous line). On the
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contrary, the value of temperature in Figure 5b (T = 309.16 K) corresponds to a second order
isotropic-paranematic phase transition at a small value of the volume fraction and to a first
order paranematic-nematic phase transition at a larger value of the volume fraction. In this
case, the CNTs are strongly aligned at relatively large value of the volume fraction.

In Figure 6, we have shown the order parameters profiles as a function of temperature for two
different values of the volume fraction of CNTs.
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o ®=1110"
(/)_'0'6 T — St
£ === Sic
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e
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0.0 = T T T T T T =
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il === Sic
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309.0 3095 3100 3105 311.0 3115 3120
b) T,K

Fig. 6. The order parameters profiles of CNTs (continuous line) and LC (dotted line) for
v = 6.6 -10° N/m? and two different values of the volume fraction.

In Figure 6a, the order parameter profiles are shown for a small value of the volume fraction
(® = 1-1073). For this value of the volume fraction, increasing the temperature the only
transition is the first order nematic-isotropic phase transition (see Figure 4) during which both
order parameters jump to zero. The larger value of the volume fraction of Figure 6b induces
two phase transitions (see Figure 4): a first order nematic-paranematic phase transition at
a lower value of the temperature during which both order parameters jump at lower values
and a second order paranematic-isotropic phase transition at a larger value of the temperature
during which both order parameters decrease continuously to zero.

2.4.2 Strong anchoring case

The corresponding phase diagram (®, T) for a typical value of the coupling constant v =
6.6 - 10° N/m? is plotted in Fig. 7. Even if the corresponding phase diagram is similar to the
weak anchoring limiting case, there are some differences which we discuss in the following.
Also in this strong anchoring case, there are three different regions in the phase diagram. The
region I corresponds to a total absence of the orientational order (both components are in the
isotropic phase), region II corresponds to a nematic phase of CNT and an isotropic phase of
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Fig. 7. The (®, T) phase diagram of a homogeneous mixture in the strong anchoring limiting
case.

LC, while in the region III both components are in the nematic phase. The vertical dashed
line defines a second order isotropic (region I)-nematic (region II) phase transition of the
CNTs in the isotropic phase of LC. The first segment (® < 0.0135) of the oblique continuous
line corresponds to the first order isotropic-nematic phase transition of CNTs as well as to
the first order isotropic-nematic phase transition of LC. The second segment (® > 0.0135)
corresponds to the first order isotropic-nematic phase transition of the LC and to a first order
nematic-nematic phase transition of the CNTs (in the region II the degree of orientational
order of CNTs is lower that that of region III and in passing from region II to region III there
is a jump of the CNTs order parameter). The circle defines the triple point of the system that
has the coordinates ®; = 0.0135, T = 309.03 K. The experimental fact (Duran et. al., 2005;
Lebovka et. al., 2008) that the isotropic-nematic phase transition temperature of LC increases
with the volume fraction of CNTs is again theoretically explained by the present model.

In Figure 8 the order parameters profiles as a function of volume fraction of CNTs for two
different values of the temperature are shown.

The value of the temperature (T = 309 K) in Figure 8a, corresponds to one isotropic-nematic
first order phase transition obtained increasing the volume fraction (transition between
regions I and III in Figure 7), phase transition during which both order parameters jump
from zero to finite values. CNTs becomes almost perfectly aligned at very small values
of the volume fractions. The value of temperature in Figure 8b (T = 309.2 K) induces a
second order isotropic-nematic phase transition of CNTs at a relatively small volume fraction
(transition between regions I and II in Figure 7) followed by a first order isotropic-nematic
phase transition of both components LC (transition between regions II and III in Figure 7). In
this case, the CNTs are strongly aligned at relatively large value of the volume fraction.

The order parameters profiles as a function of temperature for two different values of the
volume fraction of CNTs are plotted in Figure 9.

In Figure 9a, the order parameter profiles are shown for a small value of the volume fraction
(® = 1-1072). For this value of the volume fraction, increasing the temperature, the transition
is the first order nematic-isotropic phase transition (transition between regions III and I in
Figure 7) during which both order parameters jump to zero. The larger value of the volume
fraction of Figure 9b induces a first order phase transition of both components (transition
between regions III and II in Figure 7). The order parameter jump of CNTs is very small (in
both region III and II, CNTs are in nematic phase but with different degree of orientational
order), while the order parameter of LC jumps from a finite value to zero.
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Fig. 8. The order parameters profiles of CNTs (continuous line) and LC (dotted line) for
v = 6.6 -10° N/m? and two different values of the temperature.

3. Nanoparticle induced disorder

We next consider mixtures of LC molecules and anisotropic NPs. It is of interest to
find conditions for which NPs could impose relatively strong disorder to surrounding LC
molecules. In order to find simple possible key conditions for such phenomena we constrain
our investigations to appropriate type of interactions among NPs and LC molecules. We set
LC molecules and NPs to be of comparable size. We do not impose any inherent disorder to
systems. Molecules of both types are assumed to have regular shape and interaction potential
which are intuitively expected to enforce order on a macroscopic scale. Below we demonstrate
that symmetry breaking and NP driven stabilization of LC domains could destroy LC long
range order in case of appropriate initial conditions.

3.1 Interaction energy

We confine our interest to mixtures of liquid crystals and anisotropic nanoparticles, where
both components have comparable characteristic geometrical length. We assume that
concentrations of NPs are relatively low. In order to study structural properties of the
ensembles we use a lattice-spin type model (Bellini et al., 2000; Lebwohl & Lasher, 1972)
in three dimensional space. The lattice points form a three dimensional cubic lattice
characterized by the lattice constant ag. The number of sites equals N3, where we typically set
N = 80. The NPs are randomly distributed within the lattice with probability p. For p = 1 all
the sites are occupied by NPs and a pure LC sample is obtained in the limit p = 0. Therefore,
value of p is equal to the volume fraction ® of NPs.
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Fig. 9. The order parameters profiles of CNTs (continuous line) and LC (dotted line) for
v = 6.6 -10° N/m? and two different values of the temperature.

A key anisotropic property of a LC molecule or a nanoparticle at a site 71- is roughly
represented by the unit vector 7 ;and 7, respectively. We assume the head-to-tail invariance
of LC molecules. Therefore, the orientations + 77'; are equivalent due to a rod-like character of
molecules. In the continuum limit 71~ roughly corresponds to the nematic director field. On
the other hand sign of 7t ; matters. For example, such property of a NP could be due to its
magnetic or electric dipole. We henceforth refer to 71~ ( Wl-) as the nematic (magnetic) spin.
The interaction energy E of the system is given by (Cvetko et al., 2009; Krasna et al., 2010;
Lebwohl & Lasher, 1972)

E= L () ~ED () s DT () ao
b v i g

The constants | Z.(]-n), ] 1.(]-"1), and | l.(jnm) stand for the coupling strengths LC-LC, NP-NP, and LC-NP,
respectively. The sums run over all the sites and only the interactions between first neighbors
are different from zero. The first term describes interaction among LC molecules, where ]i<].”) =
J > 0 for neighboring molecules. Therefore, a pair of LC molecules tend to orient either
parallel or antiparallel. The coupling between neighboring NPs is determined with ]i(jm) =
Jnp > 0, enforcing antiparallel orientation. On the contrary, neighboring LC-NP pairs tend
to be aligned perpendicularly due to ]i(jnm) = w > 0. The latter condition is crucial in order

to introduce strong disorder into the system and related memory effects. Note that replacing
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. (m) 2 :
the 2nd term by Lebwohl-Lasher type coupling — ZZ]Z-]. (71 - 7]> would not introduce

qualitatively different behavior.
In the subsequent work distances are scaled with respect to ay. The interaction energies are
measured with respect to J,i.e. weset ] = 1.
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Fig. 10. The percolation probability P as a function of p and system size. For a finite value of
N the percolation threshold p, is defined as P(p.) = 0.5. We obtain p. ~ 0.3.
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Fig. 11. Representative cross-sections of a LC+NP mixture. NPs and LC molecules are
colored with red and blue, respectively. p = 0.2.
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3.2 Simulation method and measured quantities

All simulations take place at zero temperature where we minimize the interaction energy
given by Eq.(10) with respect to orientation of nematic and magnetic spins. The corresponding
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set of equations have been solved using the Newton’s method. Periodic boundary conditions
are imposed. Simulations are carried over different values of p, [yp and w. The concentration
regime from p = 0 to p > p. is investigated where p. stands for the percolation threshold of
NPs.

Both nematic and NP spins are initially randomly orientationally distributed. Experimentally
such conditions correspond to quenches from high temperature isotropic phase states.
Maximum simulation box sizes are set to N = 80. In order to diminish the influence of
statistical variations ten simulations starting from statistically different initial configurations
have been carried out for a given set of parameters.

In simulations we calculate steady state configurations. For obtained steady state
configuration we calculate the orientational correlation function G of LC molecules. It
measures the orientational correlation of LC spins as a function of their mutual separation
r and is defined as (Cvetko et al., 2009)

G(r) = % <3 (Wi.ﬁj)2—1>. (11)

The brackets denote the average over all lattice sites that are separated by a distance r. Our
test simulations indicate that G(r) does not depend on orientation of 7, therefore we focus
on r dependence. The G(r) properties are as follows. For completely correlated nematic spins
aligned along a single symmetry breaking orientation it holds G(r) = 1. On the contrary
G(r) = 0 signals completely uncorrelated nematic spins. Because each spin is necessarily
parallel with itself it holds G(0) = 1. Furthermore, we normally expect the correlation
function to be a decreasing function of distance r. If a long range LC order exists in the system
then G(r — o) = S > 0, where S stands for the nematic orientational order parameter.
On the contrary, short range order (SRO) or quasi long range order (QLRO) are signaled by
G(r — o) =0.

To obtain structural details from the simulation results we fit G(r) to an empirical ansatz
Eq.((Cvetko et al., 2009)).

G(r)=(1—s)e 8" 45 (12)

Here the coherence length ¢, the stretched exponential parameter a, and s are adjustable
parameters. The coherence length ¢ measures distance over which nematic spins are relatively
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strongly correlated. The stretched exponential parameter « is introduced by analogy with the
stretched exponential temporal decay which occurs in many glassy systems. The parameter s
directly reflects the range of ordering. Namely, s = 0 for SRO (Cvetko et al., 2009).

3.3 Nanoparticle stabilized domain patterns

We study domain pattern stabilization as a function of p and typical interaction strengths.
Qualitative changes in the behavior are expected below and above the percolation threshold
of NPs. For this reason we first analyze the percolation characteristics in our systems. For
a given concentration p of NPs we calculate the probability P that there exists a connected
path of NPs between the oppositely placed boundaries of a simulation cell. The P(p) plot in
Figure 10 reveals that on increasing p the percolation threshold is reached at p. ~ 0.3. In the
thermodynamic limit the dependence displays a phase transition type of behavior, where P
plays the role of order parameter. For a finite simulation cell a pretransitional tail appears
below p., and at the transition steepness of P(p) increases with increasing N. In simulations
we use large enough values of N so that finite size effects are negligible.

The presence of NPs enforces to LC molecules a certain amount of disorder. If the latter is
strong enough LC long range could be destroyed. A typical LC-NP pattern is shown in Fig.
11 where short range order is evident. The range of ordering can be inferred from G(r). In
Figure 12 we plot typical correlation functions for different values of p. The calculated G(r)
dependencies are fitted with the ansatz Eq.(12).

In the regime p < p. the network of NPs is not percolated. Due to frustrating tendencies (i.e.
the LC-LC interaction favors parallel or antiparallel alignment, while the LC-NP interaction
enforces perpendicularly oriented configurations) it is anticipated that in this regime disorder
strength is apparent. This is clearly shown in the s(p) plot in Fig. 13. We observe s(p) ~ 0
in appropriate interval of concentrations, roughly between p ~ p,s ~ 0.1 and p ~ pc (for
w ~ Jyp. Note that on increasing p above the percolation threshold the s(p) dependence
begins to increases with p. For concentrations, where s(p) ~ 0, the system exhibits short
range order (at least approximatively). Therefore, the disorder is strong enough to destroy
long range nematic LC ordering. We refer to the concentration range p,y < p < pc as the
random field regime.

We next study structural behavior across the percolation threshold. Characteristic structural
properties are shown in Fig. 14 and 15. As expected a qualitative change in behavior is
observed on crossing the percolation thresholds, which is particularly evident from the ¢(p)
plots (Fig. 14). We see that above the percolation threshold ¢(p) tends to increase. The reason
for this is formation of correlated order in NPs orientational order. Consequently, the LC
component also becomes ordered. One sees increase in s in the regime p > p.. The changes in
« are shown in Fig. 15. We see that in the random field regime «(p) values relatively strongly
fluctuate. On approaching the percolation threshold values of « tend to assemble closer to
« = 1, which would be reached in absence of disorder.

4. Conclusions

In the first part of the present paper, using a mean field type phenomenological model,
we have examined the phase and structural behavior of a binary mixture composed of
CNTs dispersed in thermotropic LC in two anchoring regimes. In the weak anchoring
limit of the nematic LC molecules at the nanotube’s surface, the CNTs alignment is caused
by the anisotropic interfacial tension of the nanotubes in the nematic host fluid. In this
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case, the interaction between CNTs and LC molecules is sufficiently weak to not cause any
director deformations in the nematic and the coupling parameter is given by vy, = 4W/6R
(independent of L). In the strong anchoring limit, the nematic ordering around nanotube is
distorted (this case includes two different situations, either the nematic director is nonsingular
or topological defects are present). Now, the coupling parameter is given by 5 = 2K/3R2.
First, we have considered the dispersion of CNTs in the isotropic phase of LC (in this case
Sic = 0 and the interaction free energy densities given by Eqs. (5) and (6) cancel. By fitting
the relative variation of the volume fraction of CNTs (®ye1 — Djso) / Pisp at the transition with
the experimental value, we have obtained the value of Flory-Huggins interaction parameter
x = 0.42.

Second, in both anchoring cases, the first-order nematic - isotropic phase transition of CNTs
dispersed in the nematic phase transforms into a continuous transition for a strong enough
coupling to the nematic host fluid. The corresponding tricritical value of the coupling
parameter increases with increasing temperature being larger in the strong anchoring limit
case (see Figure 2). The numerical estimate of the coupling constants in the two anchoring
regimes indicates that the coupling is so strong that CNTs are far above the tricritical point,
meaning that the nematic-isotropic phase transition is a continuous one.

Third, in both anchoring cases, we have plotted the phase diagram of the homogeneous
mixture for the same value of the coupling parameter. In both cases, three regions of the phase
diagram could be distinguished and correspondingly the existence of triple points are shown.
We mention that in both anchoring cases, the nematic-isotropic phase transition temperature
of LC increases with the volume fraction of CNTs, a well-known experimental result.

It is to be stressed that the model presented does not consider two important features of the
system: the van der Waals interaction between CNTs and the polydispersity of CNTs. In the
future work we intend to include this features into the model.

In the second part of the paper we have shown that in a LC-NP mixture frozen domain type
structure of orientational order might appear, yielding (at least approximate) short range
orientational ordering. In order to find out key ingredients giving rise to such phenomena
we use a semimicroscopic lattice model. The essential ingredients of the model are simple
and regular. Pure systems of LC molecules (i.e. ® = p = 0) or NPs ( p = 1) tend to form
regular structures. We assume that phase separation is absent and that NPs are essentially
homogeneously distributed within a liquid crystal phase. If the LC-NP coupling tends to
orient molecules perpendicularly (or close to such configuration), the resulting configurations
might be trapped in domain type structures exhibiting short range order. The main reason
for this is softness of the LC component and consequently relatively strong susceptibility to
various perturbations in orientational ordering. We considered concentration ranges between
p = 0 and slightly above the percolation threshold p.. In case of comparable sizes of LC
molecules and NPs we obtained p.; ~ 0.3. If a mixture was quenched from an isotropic phase,
than structures exhibiting essentially short range order were obtained in the concentration
range between p ~ 0.1 and p ~ p.. Below p ~ 0.1 NPs are too diluted to destroy LC
long range order. On the other for p > p. the NPs become percolated and consequently at
least partially orientationally ordered. This order is transferred also to the LC component.
Therefore, within the interval p ~ 0.1 and p ~ p. mixtures could display glass like states
with pronounced memory effects. In our future study we plan to investigate in detail glassy
characteristics and memory effects within this interval.
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