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A theoretical and experimental study of mixtures of a calamitic nematic liquid crystal and gold

nanoparticles capped with mixed monolayers (alkylic + mesogenic ligands) is presented. The effect of

the ligand monolayer composition and nanoparticle concentration on the solubility in the isotropic
phase and on the isotropic-nematic phase transition is studied. Mixed monolayers show the highest
miscibility and lead to the formation of well-defined cellular networks. This behaviour is explained in
terms of a mean-field thermodynamic model, in combination with a phenomenological expression for

the isotropic interaction parameter that accounts for entropic and enthalpic effects of the mixed ligand

monolayer. The final structure of the material is shown to be determined essentially by the phase

equilibrium behaviour.

1. Introduction

Liquid crystals (LC) have attracted attention over the years as
electro-optic materials with applications in display technology,
sensors, light valves, switchable windows, and others.™ More
recently, they have been used as dispersing medium for colloidal
particles and nanoparticles (NPs) as a flexible method for
generating and controlling self-assembly into complex struc-
tures.>'® Micron and sub-micron particles create local distor-
tions in the director orientation field, which give rise to short and
long range interactions'™'" due to the elastic energy associated
with the distortions. This effect can result in phase separation
and the formation of different structures, like cellular
networks®® and linear or two-dimensional arrays of parti-
cles;''** these structures can have a significant effect on material
properties. For “large” particles (compared to molecular size),
the elastic energy dominates the free energy and dictates the
phase behaviour.'*!3 As the size of the particles decrease and they
become comparable in size to the LC molecules, they behave as
a molecular component and entropic effects must be taken into
account to properly describe the phase behaviour of the system.
The mixing entropy and entropy-driven self-assembly (hard-
sphere crystallization) are expected to be relevant.
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Controlling the dispersion and self-assembly of the NPs in the
host matrix is crucial for most applications.**¢ Surface func-
tionalization of the NP can provide the means to stabilize the
dispersion when the right combination ligand-solvent is
used.'’®"® Grafting a ligand layer on the NPs surface provides
a steric repulsion that can be enough to overcome van der Waals
attractions, but it also modifies the interactions between the
particle and the solvent. This effect can be very important for the
case of NPs and has to be taken into account.

In this work, we use a thermodynamic solution model for
describing phase equilibrium in NP-LC mixtures'®?° to analyze
experimentally observed phase-separated structures in a mixture of
gold NPs and a nematic LC. The NPs are capped with a monolayer
composed of a mixture of two different ligands. We introduce
a phenomenological expression for the mixing interaction param-
eter that accounts for entropic and enthalpic effects due to the
interaction of the LC host and the mixed ligands in the NP corona.
The extent of particle aggregation and the formation of network
structures under different experimental conditions can be qualita-
tively described by this model.

The organization of this paper is as follows. Section 2 describes the
experimental techniques used. In Section 3 we introduce the ther-
modynamic model. Experimental results and theoretical predictions
are presented in Section 4. The phenomenological model for the
mixing interaction parameter is introduced and results based on this
model are presented. Finally, Section 5 presents the conclusions.

2. Experimental
Materials

4-Cyano-4'-n-pentylbiphenyl (5CB) was purchased from Syn-
thon Chemicals and used as received.
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The synthesis of the monolayer and mixed monolayer of
4.5 nm diameter gold nanoparticles (NPs) via exchange reactions
with 4-(N,N-dimethylamino)pyridine (DMAP)-stabilized NPs is
reported in an earlier publication.?® Mixtures of two different
types of ligands, hexanethiol and 4'-(12-mercaptododecyloxy)
biphenyl-4-carbonitrile, were used. The total number of ligands
per particle varied between 218 and 270. The different compo-
sitions of the ligand shell, expressed as the percentage of area
covered by the mesogenic ligand, were: 0, 28, 49, 70 and 100. In
what follows, we will refer to each nanoparticle as NP-X, where
X is the area coverage of the mesogenic ligand.

Sample preparation

The LC was mixed with the GNPs using dichloromethane, the
solution was sonicated for 1 min and the solvent evaporated
under a stream of Ar(g) (overnight) and vacuum (1 h). Some
samples were subjected to overnight vacuum drying with heating
to the isotropic phase to eliminate the possibility of residual
solvent acting as a third component but these samples showed
the same behaviour. Prior to the preparation of the optical
microscopy slides, the dispersion was sonicated above the
nematic—isotropic phase transition and manually stirred at room
temperature with the pipette used to transfer the material, which
is in the nematic phase, to the glass slide. Another glass slide was
put on top of the first one, and the dry sample was sandwiched
between the two glass slides.

Transmission optical microscopy

The dispersions were heated to the isotropic phase and mixed by
moving and pressing the two slides together. Polarized optical
microscopes (Zeiss or Canon) with parallel and cross-analyzers
were used and mounted with a Mettler FP900 heating stage
or Instec processor/Mettler FP82 hot stage. A cooling rate of
1 °C min~" was used.

3. Model

The model used in this work is based on a thermodynamic theory
proposed by Matsuyama and Hirashima,' with some modifi-
cations, as presented elsewhere.? We consider the system as
composed of a mixture of calamitic nematic LC and hard
spherical NPs. The two species are characterized by their
specific volume, v, and area per unit volume, a. In the case of the
LC, vic = TRLAL ¢, aic = 2/R ¢ + 2/L; ¢, and for the NP,
vap = 43T RNpS, anp = 3/Rnp, Where Ry c and Ly ¢ are the radius
and length of a LC molecule and Rnp the radius of a nano-
particle. The lengths and volumes are non-dimensionalized by
scaling with respect to a reference length, /g, and a reference
volume, /3. The number of LC molecules and NPs in the mixture
are N1c and Nyp, and the total volume is V. The dimensionless
free energy of the mixture is:
PF

f = VRgT :ﬁso +f1‘mm +.]pcrys +ﬁnt (1)

where F is the total free energy, R, is the universal gas constant
and T the absolute temperature, and four contributions are
considered: isotropic mixing free energy (fis,), nematic ordering

(fnem), crystalline ordering (fcrys) and specific interactions (fin).
The isotropic mixing free energy can be approximated by:

Prc Pnp Pnp (Apnp — 3¢np7)
o= 2y ey P BOnp — 20np)
S Vi n (¢rc) + b n (¢np) + e (1— ¢NP)2
+ XapPnpPLC 2

where ¢; = N/ V, for i = LC, NP, are the volume fractions of
each species (¢np + ¢rc = 1). The first two terms are the Flory
Huggins mixing entropy and the third term is calculated from
Carnahan-Starling equation of state for hard spheres,”*>* and
accounts for excluded-volume effects between particles. The last
term accounts for isotropic binary interactions and takes into
account that the interactions are proportional to the area of contact
between LC molecules and NPs, the factor ¢npanp is proportional
to the total area of NPs and ¢ c = ¢rcarLc/(dLcarLc + dnpanp) 1S
the area fraction of liquid crystal and represents the probability
that the NP surface is in direct contact witha LC.** y = A + B/T'is
the isotropic binary interaction parameter.

The nematic free energy is calculated from the Maier—Saupe

.25,26

theory:

Soon =21 | v 87 —n (2,) 3
VLC 2
where S is the scalar nematic order parameter, Z, the
nematic partition function and v is the Maier-Saupe quad-
rupolar interaction parameter. Once again the area fraction is
used as the probability of contact. The logarithm of the partition
function is approximated by a sixth-order polynomial expres-
sion, which is much more efficient from a computational point
of view.””
The crystalline free energy is written according to the mean-
field model presented by Matsuyama and Hirashima,' and it is
analogous to the nematic free energy;

1
Seris = % [5 gdpo® — In ZC} 4)

where o is the crystal order parameter, Z, is the crystal partition
function and g is an excluded-volume interaction parameter,
which for hard spheres is 14.95." As in the nematic case, the
crystal partition function was approximated with a polynomial
obtained from a least-squares fitting.

Finally, the last contribution to the free energy is due to
specific interactions, following Matsuyama we write this term as:

Sint = wS*appporc %)

where w is a binary nematic interaction that accounts for
anchoring at the NP surface and distortions in the nematic
director at a nanoscale in the vicinity of a NP. We consider these
interactions to be proportional to the area of contact and we
neglect the coupling interactions between nematic and crystalline
ordering.

The construction of this phase diagram follows standard
procedures: the equilibrium condition at each temperature is
given by the equality of chemical potentials of each component
and the minimization of the free energy with respect to the order
parameter, in each phase. The isotropic-isotropic (I-]) critical
point can be calculated as the point at which the second and third
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derivatives of the isotropic free energy with respect to the
composition are equal to 0:

1 1 2(4 — dnp) _ arc’anp’ _
vichie  wedne  vae(1 — dyp)’ [aLcdrc + axpdnp]’
(6)
1 _ 1 6(5 - ¢NP) aLCzaNPZ(aNP - aLc)
vedre” vedne” vne(l — dnp)’ lacdrc + axvdne]’
=0

@)

For each temperature, the equilibrium condition is described
by a system of algebraic equations, which are solved with
a Newton—Rapson algorithm.

As mentioned before, in this work the NPs are treated as
spheres and the LC molecules as cylinders. As the particles
consist of a gold core and a ligand shell, the total volume of the
particle is calculated by adding the volume of the core and the
volume occupied by the ligands. The molar volume of the ligands
and the solvent is calculated as M/p, where M is the molar mass
and p the density (taken as 1 g cm~3). The effective radius of the
NP is calculated as Ryp = (vap X 3/(470))"3, and this is used to
calculate g, = 4mwRNp/vnp. The volume of the gold core is
calculated assuming that the core is a sphere of diameter 4.5 nm.
The aspect ratio (L /2Ry c) of the liquid crystal SCB is taken as
3.5. A total number of ligands of 240 was taken, independently of
the ligand shell composition. The reference length was taken as
the effective diameter of 5CB, /g = 0.53 nm.

4. Results and discussion

The general phase behaviour predicted by the thermodynamic
theory was discussed in previous works.’*?° Four different pha-
ses can be distinguished based in this mean-field model: isotropic
(I) characterized by S = 0 and ¢ = 0; nematic (N), where S >
0 and ¢ = 0, crystal (C), where S = 0 and ¢ > 0, and nematic-
crystal (NC), where S > 0 and ¢ > 0. Phase stability and phase
coexistence regions for different values of the interaction
parameters and particles radius were calculated in those works.

An experimental study of miscibility and structure formation
during the phase separation, analyzing the effect of the experi-
mental conditions on the final morphology was presented else-
where.??® Another study of a similar system but with smaller
nanoparticles was also performed by Qi and Hegmann.?*:** We
will present here a summary of experimental results regarding
miscibility and morphologies, obtained from these previous
works and from new experiments. Tables 1 and 2 summarize
qualitatively the observed phase behaviour of different mixtures;
Table 1 corresponds to dispersions of the mixed ligand NP-X in
5CB, where X corresponds to the fraction of mesogenic ligands,
and the NP concentration of the dispersions is 1 wt% gold. Table
2 presents the results of dispersions of NP-49 with different
concentrations of NPs.

Different types of structures are identified in Tables 1 and 2.
Network structures refer to cellular networks where distinct
nematic domains can be identified, separated by clearly identifi-
able boundaries (see ESIT, Fig. S1 and S2, and ref. 28). Two types
of domain boundaries are observed: low contrast boundaries

Table 1 Summary of experimental observations for NP dispersions in
5CB with 1 wt% gold (approx. 0.5%volume), based on POM observations

Solubility ~ Phase separation  Final structure
Type of NP above Tn;  below T (cooling 1 °C min™")
NP-0 Very low No Schlieren w/aggregates
NP-28 Partial Yes Weak network
NP-49 Total Yes Well defined network
NP-70 Partial Yes Weak network
NP-100 Partial Yes Weak network

Table2 Summary of experimental observations for different dispersions
of NP-49 in 5CB, based on POM observations. The calculated NP vol%
includes both the volume of the gold core and the ligands

Gold wt%/  Solubility =~ Phase separation  Final structure

NP vol% above Ty below Ty (cooling 1 °C min™")
0.1/0.04 Total No Homogeneous Schlieren
0.5/0.21 Total No Homogeneous Schlieren
1/0.42 Total Yes Well defined network
5/2.14 Total Yes Well defined network
15/6.83 Partial Yes Well defined network

(strongest definition)

(the cases identified as “weak network”), and high contrast, dark
boundaries (“well defined network”). In this network, the
nematic liquid crystal is homeotropic with respect to the glass
surface when the thickness of the sample is small, and it shows
Schlieren textures for thicker samples (a possible explanation for
this is that the nanoparticles migrate to the glass surface and
induce a homeotropic anchoring).?*° The cases identified in the
tables as “Schlieren” (homogeneous or with aggregates), refer to
cases where the Schlieren texture is continuous and do not show
domain walls.*®

An important observation from Table 1 is that the solubility of
the nanoparticles in the isotropic phase depends strongly on the
ligand shell composition.?>**-3° The miscibility is highest for NP
capped with a mixed monolayer, and lowest for particles with no
mesogenic ligands. Table 2 shows that even for the most soluble
particles (NP-49) miscibility is not complete; the maximum
amount of NPs that can be dissolved is between 5 and 15 wt%.
The second observation is that phase separation below Ty leads
to a network structure, which is best defined (in terms of optical
contrast) for NP-49 at high NP concentrations (this network
structure was not observed for smaller NPs**:3°),

Phase separation below Ty requires at least partial solubility
in the isotropic phase, and a concentration of NP higher or equal
to 1 wt%.?® If there is some degree of solubility of the NPs in the
nematic phase, at very low concentrations the NPs might remain
completely dissolved in the nematic phase, and the phase tran-
sition process and the final morphology are not significantly
different from those of the pure liquid crystal.

The process of formation of a cellular network is similar to
other systems and it is as follows (micrographs of this process for
two mixtures are presented in the ESIf, Fig. S1 and S2, see also
ref. 28): as the temperature is decreased below Ty, dispersed
droplets of a nematic phase nucleate, grow and start to coalesce
when they come into contact. As the growth—coalescence process
evolves, essentially all the droplets come into contact, the
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isotropic phase is confined in the intermediate spaces, and the
network structure emerges. The arms, or branches, of the
network are the boundaries between the nematic domains. As
mentioned before, two different types of boundaries can be
identified: higher contrast boundaries (see Fig. S11), which are
assumed to be the remaining isotropic phase, and lower contrast
boundaries (Fig. S27), which are ascribed to some type of defect
walls between nematic domains, with a higher NP concentration
than the bulk nematic phase, and lower than the bulk isotropic
phase (analysing the exact nature and structure of these domain
walls is beyond the scope of the present work). Materials with
a prevalence of higher contrast boundaries are identified as
a “well defined network”, while low contrast boundaries corre-
spond to a “weak network”. According to this description,
a material with a relatively high amount of isotropic phase will
have a prevalence of high-contrast boundaries and its structure
will be a "well defined network". In materials where most of the
isotropic phase is converted to nematic, domain boundaries
consist in nematic defects and the material shows a "weak
network". Stronger network definitions are then directly related
with the amount of remaining isotropic phase. In addition, the
network density is different, it can be observed in Fig. S1 and S2+
and in ref. 28 that the nucleation process is strongly affected by
the nature of the ligands and the NP concentration, and this
determines the final density of the network structure.

Comparing the cases of weak and well defined networks in
Tables 1 and 2, it is observed that a higher solubility (for a given
concentration), and a higher concentration (for a given ligand
composition), of NPs, increase the amount of isotropic phase in
the final structure. In the case of 1% NP-49, it was observed that
some branches are formed by the isotropic phase and some by
defect walls; in addition, for thin films part of the isotropic phase
forms spherical nodes at the intersections of the branches.?® In
the case of 15% NP-49, essentially all the branches are formed by
isotropic phase and the network is the most defined in terms of
contrast.

As mentioned below, one of the factors determining the final
structure is the initial solubility in the isotropic phase.?** The
change in miscibility can be ascribed to several factors. The
simplest is the change in the particle geometric parameters, vnp
and anp (the nanoparticle is considered to be the totality of the
gold core and the ligand shell), that affect the mixing free energy
as can be seen in the model equations, but this effect alone cannot
account for the differences observed between the different
particles. In addition to this factor, the fact that the particles are
not hard solid spheres as assumed in the model has to be
considered: they have a soft shell that can be partially penetrated
by the solvent (this is schematically shown in Fig. 1). This has an
energetic effect and also an entropic effect. The energetic effect
arises because the solvent is in contact with this ligand shell, so
the enthalpy of the system will be a function of the ligand shell
composition (an illustration of the interaction between solvent
and the different groups in the ligand shell is shown by solid grey
arrows in Fig. 1). The entropic effect is related to penetration of
the solvent in the ligand shell. As can be seen in Fig. 1, there is
some free volume in the outer layer of the ligand shell, so the LC
solvent can partially “mix” with the mesogenic groups of the
ligands (it is assumed that the inner alkylic layer is compact and
impenetrable).

Fig. 1 Schematic of a particle coated with a mixed ligand layer, in the
presence of LC solvent (black ellipsoids). Region A is the gold core,
Region B is the inner layer composed of alkyl chains (zigzag lines), and
Region C is the outer layer composed of the mesogenic group of the
ligands (white ellipsoids). Examples of LC solvent molecules in direct
contact with an alkanethiol chain and with a liquid-crystalline ligand are
indicated by the grey arrows.

A complete molecular model should take into account this
effect with a detailed expression of the entropy and enthalpy due
to the presence of this “soft corona” of ligands.** As a first
approximation, these effects can be phenomenologically taken
into account in a simple way by a suitable dependence of the
binary isotropic interaction parameter on the ligand shell
composition. The energetic part of the interaction parameter
should be written as a linear function of the number of contacts
between solvent-alkanethiol ligand and solvent-liquid crystal-
line ligands. The entropic part of the interaction parameter
should take into account the free-volume effect, this effect is
expected to be minimum in the extremes of non-mesogenic ligand
and 100% mesogenic ligands, because in both cases the inter-
penetration is minimal. Taking into account this description, we
can consider the energetic part of the interaction parameter to be
a linear function of the concentration of ligands, and the entropic
part of the interaction parameter to be a parabolic function
with a minimum for intermediate compositions. We write
B = B0 + B5(1 — 0), where 6 is the fraction of the surface covered

1.8

1.7
1.6
1.5

1.4
1.3
1.2
1.1

1 T T T T

0 0.2 0.4 0.6 0.8 1
6

Fig. 2 I-I critical temperature as a function of the content of mesogenic
ligands in the NP ligand shell.
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by mesogenic ligands, Bj is the value for a pure mesogenic shell,
and B, is the value for a pure alkylic shell (considering
the chemical similarity, the restriction B, > B; should hold); and
A = Ag[(6 — 0.5)*> — 0.25] (this is a symmetric parabola which is
0 at the extremes and has the minimum at § = 0.5).

Fig. 2 shows the calculated I-I critical temperature for values
of Ay =2.8, B; = 3.8, and B, = 3.5. These values were chosen to
qualitatively represent the experimentally observed behaviour.
The predicted critical temperature has a minimum for an inter-
mediate value of # and for # = 0 it is higher than that for § = 1.
This means that the maximum solubility exists for some inter-
mediate 6§, and that the miscibility is higher for pure mesogenic
ligands compared to pure alkylic ligands, as observed
experimentally.?!

Fig. 3 shows calculated phase diagrams for three cases: low
miscibility (f = 0, Fig. 3a), high miscibility (§ = 0.5, Fig. 3b), and
intermediate miscibility (§ = 0.7, Fig. 3c). A binary nematic
interaction parameter of w = —0.32 was used, for reasons that
will be explained later. In the case of low miscibility, shown in
Fig. 3a, a broad region of biphasic equilibrium, corresponding to
the coexistence between an isotropic and a crystal phase, exists
above Tn;. A homogeneous isotropic phase exists only at very
high temperature. Moreover, the LC-rich phase is virtually pure
liquid crystal, indicating that all the NPs are phase separated.
According to the model, the NP-rich phase should be crystalline,
although this was not confirmed experimentally. For a system
with high miscibility, as shown in Fig. 3b, the I + C coexistence
region is shifted to lower temperatures, and a homogeneous
isotropic phase exists for a low concentration of NP above T,
indicating that some amount of NPs is dissolved in the LC-rich
phase. For a case of intermediate miscibility, as shown in Fig. 3c,
there is some degree of miscibility but the LC-rich phase is very
close to the pure LC axis, indicating that only a small amount of
NPs can be dissolved in the isotropic phase in the vicinity of 7.

Fig. 4 shows the phase diagrams in the region of very low
concentration of NPs, in the vicinity of Ty (which are the rele-
vant experimental conditions). In Fig. 4a, corresponding to the
case of high miscibility, it can be seen that a region of homoge-
neous nematic solutions exists, indicating that the nematic phase
can dissolve some amount of NPs. This is due to the use of
a negative nematic interaction parameter w. This phase behav-
iour matches qualitatively the experimental observation of the
existence of a homogeneous nematic phase for very low
concentrations of NPs. In Fig. 4b, corresponding to intermediate
miscibility, it can be seen that only a small amount of NPs
(approximately 0.003 in volume with this phase diagram) can be
dissolved in the isotropic phase close to Typ. If the mixture has
a higher concentration of NPs, some of them will be dissolved
and the remaining NPs will form aggregates (corresponding to
the experimental observation of partial solubility).

Now we consider what happens when a mixture is quenched to
below T When the NPs are completely soluble in the isotropic
phase, two different cases can be met, shown by the arrows in
Fig. 4a. If the NP concentration is very low (shown by the arrow
at a volume fraction of 0.0025), the systems first enter into
a narrow I + N coexistence, and as the temperature is further
decreased it enters into a region of homogeneous nematic phase,
as discussed before. If the temperature range of I + N coexistence
is narrow enough, this effect will not be noticeable (no phase

1.6 J (a)
1.5 A

1.4 A
1.3 1
& 1.2
1.1 4

0.9 4

N — \
0.8 T

2 ®)

1.7 4
1.6
1.5 4
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0.8 T T T T
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1.7
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1.4 A
§1.3 A

I1+C

N+C
0-8 T T T T
0 0.2 0.4 0.6 0.8
Pr

Fig. 3 Calculated phase diagrams for NPs with different contents of
mesogenic ligands: 0% (a), 49% (b), and 70% (c).

separation below Ty, as observed experimentally) and the
behaviour of this system will be similar to that of a pure LC. If
the NP concentration is higher (0.005 volume fraction, corre-
sponding approximately to 1 wt%), the system will be always in
a coexistence region (I + N or C + N) below Tyy. In this case, the
system is initially isotropic but as the temperature decreases
below Ty the equilibrium amount of the nematic phase grows
rapidly to the point where the nematic phase is predominant (as
can be seen by applying the lever rule), so nematic droplets are
initially nucleated from the isotropic phase, but they rapidly
grow and coarsen until they fill most of the space, giving rise to
the cellular network structure observed experimentally.
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Fig.4 Phase diagrams in the low NP concentration region for NP-49 (a)
and NP-70 (b). The solid and dashed arrows indicate different trajecto-
ries, corresponding to different quenches from the isotropic to the
nematic state.

In the case of partial miscibility, illustrated in Fig. 4b, a phase
equilibrium exists above Ty, and some amount of particles are
initially segregated forming aggregates, so the NP concentration
in the majority phase is lower than the global NP concentration.
As the system is quenched, the system enters into the N + C
coexistence region and the isotropic phase is transformed into the
nematic and crystalline phase, leading to a cellular network
structure. If the aggregates formed initially are stable, they can
remain as individual aggregates after this process and the final
structure will be equivalent to that of a mixture with a lower
initial NP concentration, as shown by the dotted arrow in Fig. 4b
(the dotted arrow shows the extreme case where the concentra-
tion in the isotropic phase above Ty; is the equilibrium
concentration).

Several factors will determine the final amount of isotropic
phase: higher solubility of NPs in the nematic phase, lower
solubility of LC in the crystal phase, and lower initial concen-
tration of the isotropic phase undergoing the I-N transition,
favouring a smaller amount of isotropic phase. If mixtures with
0.005 volume fraction are compared, for the high miscibility case
some amount of NPs is dissolved in the nematic phase, but the
initial concentration of the isotropic phase is lower and the
solubility of LC in the crystal phase is lower for the case of partial
miscibility, so the final result is that the amount of isotropic

NP-100
P70 \ \\
o Sch Il def. Nt
NP-49/®® /¢
NP-30 °
eak'\Nt
ch
NP-0
1 5

wt% NP

Fig.5 Qualitative structure diagram, showing the expected structures as
a function of NP type and NP concentration in the dispersion. The plane
is divided into three areas corresponding to Schlieren textures (Sch), weak
network (Weak Ntw) and well-defined network (Well def. Ntw). The
shaded area corresponds to the formation of aggregates. As the plot is
qualitative, an exact scale is not given, but the location of the experi-
mental systems studied is indicated by the black dots.

phase is lower in the case of partial miscibility (Table 1). If
systems of 1 and 15 wt% Au NP-49 are compared, in the later the
initial concentration of the isotropic phase is much higher, so
a higher amount of isotropic phase is observed.

From all the previous analysis, a rough morphology diagram
can be constructed, where the different structures are indicated as
a function of the type of NP and its concentration in the mixture.
This is shown qualitatively in Fig. 5, where the locations of the
experimental systems are indicated. Formation of Schlieren
textures, weak networks and well defined networks are indicated,
as well as the formation of aggregates.

5. Conclusions

A combined experimental and theoretical analysis of phase
equilibrium and phase transitions in dispersions of gold nano-
particles capped with mixed ligand monolayers in a calamitic
liquid crystal was performed. The effects of NP concentration
and ligand monolayer composition on the initial solubility and
the final structure were analyzed. A higher solubility was found
for a mixed monolayer, while NPs with a pure alkylic shell
showed the lowest solubility. High miscibility and high concen-
trations of NPs favoured the formation of a well defined (in terms
of contrast) network structure, while low solubility and very low
concentrations on NPs favoured the formation of Schlieren
textures. A phenomenological expression for the isotropic
interaction parameter, accounting for entropic and enthalpic
effects, was proposed to explain the observed solubility trend,
and a qualitative explanation of the observed structures was
provided in terms of the calculated phase diagrams. It was shown
that important aspects of the final structure (cellular network
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versus Schlieren texture, isotropic phase versus defect walls) were
determined by the phase equilibrium behaviour.

Most of the previous experimental and theoretical studies of
NP dispersions in liquid crystals were restricted to low particle
concentrations. High NP concentrations have not been explored
experimentally to avoid uncontrolled particle aggregation. The
presented integrated theory and experimental study provides
a step towards a rational development path to produce and
control the structures and morphologies of highly concentrated
NP-LC dispersions by first understanding the phase equilibrium
behavior. Current studies now focus on the kinetics of the phase
separations leading to the formation of long-range, quasi-peri-
odic nanoparticle networks within LC matrices. Mesophase-
based nanocomposites are versatile materials with highly prom-
ising eletro-optical, functional, sensor/actuator, and biomimetic
potential. Prominent examples of current and future work in this
area include mixing carbon mesophases with CN for high
performance superfibers and biomimetic liquid crystal templat-
ing to produce multiscale morphologies found in biological
tissues. The potential of mesophase nanoscience will require
a fundamental understanding of thermodynamics and structure
formation, as presented in this paper.
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