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We demonstrate experimentally that the anchoring of a nematic liquid

crystal on a solid substrate together with the anchoring of the liquid

crystal on a nanoparticle surface induces orientational self-assembly

of anisometric nanoparticles in liquid crystal droplets. The observed

phenomenon opens a novel route for fabrication of thin colloidal films

with tailored properties.

A novel class of so materials, namely nano- or microparticle

dispersions in nematic liquid crystals (LCs), oen called LC

colloids, are expected not only to provide a fundamental

understanding of self-assembly in complex uids, but also to

contribute to the advancement of various elds with tremen-

dous application potential, such as in so matter physics,

materials engineering, nanoscience, and photonics.1–3 The

anchoring of LC molecules at the particle surface combines

with the anisotropic elastic properties of the LC matrix to

produce distortions in the local molecular orientation eld

(director) around particles. This leads to new inter-particle

forces and new particle ordering behaviours, novel phases

and colloidal assemblies in liquid crystals.

Numerous studies have been performed focusing on the

theoretical description of the preferred anchoring of LC mole-

cules on the surface of particles.4–9 Direct experimental obser-

vations on the orientation of the particles in respect of the LC

matrix are much less common, and the results are somewhat

contradicting. For example, 0.5 mm long g-Fe2O3 rod-like

particles dispersed in nematic n-(4-methoxybenzylidene)-4-

butylaniline (MBBA) were reported to have a tendency to

orient themselves perpendicular to the nematic director.10 In

contrast, single- and multiwalled carbon nanotubes having

similar shapes and sizes were found to have parallel orientation

to the director in different cyanobiphenyl-type nematic LCs.11

Obviously, the orientation of the particles is not determined

exclusively by their shape.

All the above studies have considered particles embedded in

the bulk LC matrix, except ref. 11 in which the LC matrix has

been used only for orienting the particles, and the LC has

drained through the supporting porous membrane prior to the

orientation of particles, which is detected by atomic force

microscopy (AFM) measurements. The work presented here is,

to our knowledge, the rst direct observation of the orienta-

tional self-assembly of nanoparticles (NPs) in nematic sessile

droplets.

Rod-like iron oxide nanoparticles were synthesized through

smooth decomposition of urea12 and were coated with oleic acid

as a surfactant to suppress their aggregation. The morphology

and size distribution of the NPs were determined by trans-

mission electron microscopy (TEM): a mean length of 240 nm

and mean diameter of 11 nm were found.13 The well-known

thermotropic nematic LCs, 4-(trans-40-n-hexylcyclohexyl)-

isothiocyanatobenzene (6CHBT),14 4-n-hexyl-4-cyanobiphenyl

(6CB),15 and their 50 : 50 vol% mixture were used as solvents.

Doping the LCs was done by adding the particles suspended in

a solvent to the LC in its isotropic phase under continuous

stirring and waiting till the solvent evaporates. The resulting

volume fraction of the particles in LCs was #5 � 10�5.

For the AFM visualization, the LC colloids were dropped on

freshly cleaved mica substrates (PELCO Mica Sheets Grade V5,

15 � 15 mm2) and spin-coated with the aim to obtain a thin

layer of the sample. According to our observations, droplets of

different sizes and shapes were formed from the spin-coated

thin layer of the LC colloid on the time scale of the order of

�10 minutes. AFM scans on these droplets were carried out

using an Agilent 5500 AFM system equipped with PicoView

1.14.3 control soware. The images were acquired in the non-

contact mode using standard silicon cantilevers (Olympus,

model OMCL-AC 160TS) with a resonant frequency of 300 kHz
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(typ.) and spring constant of 26 Nm�1 (typ.). Themeasurements

were performed at ambient relative humidity of 30–40%. Using

the temperature-controlled sample plate, the temperature was

kept at 26 �C during the measurements.

Fig. 1 shows AFM scans for two droplets of 6CHBT with NPs.

Clearly, the long axis of the NPs is parallel to the mica substrate.

In Fig. 2 AFM scans on two droplets of the 6CB-NP colloidal

system are shown. Although an intense aggregation of NPs is

detected in this case, the AFM images indicate their orienta-

tional self-assembly to a great extent with the long axis of NPs

perpendicular to the mica surface.

In an attempt to resolve the problem of the dissimilar results

obtained in 6CHBT and 6CB regarding the orientational self-

assembly of NPs, the LC colloidal system of NPs in the

50 : 50 vol% mixture of 6CHBT and 6CB has also been investi-

gated. Fig. 3 shows two AFM scans on the NP orientational self-

assembly in the droplets of this mixture. Obviously, the long

axis of the NPs is again oriented perpendicular to the mica

substrate.

Let us consider the interaction between LC molecules and

NPs. The type of anchoring at the LC–NP interface has been

determined previously by the use of combined electric and

magnetic elds. It has been found that the anchoring of LC

molecules at the NP surface is planar in both 6CHBT and 6CB

LC matrices [i.e., with the nematic director n (describing the

average direction of the long LC molecular axis) parallel to the

long axis of the particles].12,16 A rough estimate has also been

deduced from these measurements for the anchoring energy

density: �10�2 N m�1 (strong anchoring) for 6CHBT12 and

�10�8 N m�1 (weak anchoring) for 6CB.16 Therefore, the above-

described AFM observations are surprising: having the same

orientation of n at the surface of NPs for both 6CHBT and 6CB

LCs, the different orientations of NPs in 6CHBT and 6CB

colloidal droplets obviously cannot be explained by the

anchoring at the LC–NP interface exclusively. Therefore, the

orientation of n on the supporting mica substrate has also been

analysed.

Liquid crystal droplets have been deposited on the mica

surface with a custom-made apparatus, with which droplets

having a lateral size of�100 mmhave been produced (see Fig. 4).

The samples are allowed to reach equilibrium for about an

hour, aer which the mica substrate with the LC droplets is

placed under a polarizing optical microscope (POM) working in

transmission mode with a monochromatic (red at 660 � 5 nm)

light source. To compensate for the birefringence of the mica

substrate, a liquid crystal device (cell) has been introduced in

the optical path, the birefringence of which could be regulated

by electric eld.

Fig. 5 shows POM images of nematic liquid crystal droplets

formed by various LCs, under crossed polarizers on the mica

substrate compensated for its birefringence. All measurements

have been performed at room temperature (z25 �C).

Fig. 1 AFM images illustrating the orientational self-assembly of
nanoparticles in two droplets [(a) and (b)] of the 6CHBT nematic liquid
crystal.

Fig. 2 AFM images illustrating the orientational self-assembly of
nanoparticles in two droplets [(a) and (b)] of the 6CB nematic liquid
crystal.

Fig. 3 AFM images illustrating the orientational self-assembly of
nanoparticles in two nematic liquid crystal droplets [(a) and (b)] of the
6CHBT and 6CB mixture.
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In the case of 6CHBT droplets [Fig. 5(a)], the compensated

POM observations clearly indicate the planar anchoring at the

mica substrate (i.e., n is parallel to the surface of the substrate)

and homeotropic anchoring at the 6CHBT–air interface (n

perpendicular to the interface). Namely, Fig. 5(a) strongly

resembles the result obtained on droplets of a cyanobiphenyl

LC mixture, E7, on a rubbed polyimide substrate.17 The align-

ment imposed by the top (air) and bottom (mica) surfaces

results in a splay director prole across the droplet. In Fig. 5(a),

a disclination line is also visible which results from the topo-

logically incompatible interface between the two oppositely

oriented splay director alignments, as illustrated in Fig. 2(d) of

ref. 17.

In contrast, the compensated POM observations on 6CB

droplets [Fig. 5(b)] indicate homeotropic anchoring both at the

mica substrate and at the 6CB–air interface. Namely, the POM

images of 6CB droplets consist of four bright parts, with a dark

region in the middle. This corresponds to the homeotropic

orientation of the LC director at both the mica and air surfaces

without defects.18 This observation is rather surprising consid-

ering previous results on 5CB droplets on the mica substrate.19

5CB belongs to the same cyanobiphenyl homologous series as

6CB, just having a shorter alkyl-chain with a methylene group.

In spite of this minor difference, a planar anchoring of 5CB has

been detected on the mica substrate.19 To conrm this result,

we have also analysed 5CB droplets. Fig. 5(c) clearly shows that

5CB droplets have the same properties as the 6CHBT droplets:

planar anchoring at the mica substrate and homeotropic

anchoring at the 5CB–air interface. Resolving this distinct

difference between 5CB and 6CB in the anchoring properties at

the mica surface remains for future studies.

The anchoring properties of the 50 : 50 vol% 6CHBT–6CB

mixture are less unambiguous than those of 6CHBT and 6CB (or

5CB). However, droplets of the mixture have a clear tendency

towards the homeotropic orientation at the interface with the

mica substrate as shown in Fig. 5(d) (especially for the droplet

having a larger lateral size).

In order to support our conclusions on the director struc-

tures in droplets in the case of substrates with different director

alignments (n0), we performed optical simulations (Fig. 5(e))

based on the assumed director structures, using the Jones

matrix method.20,21 In the homeotropic case, where n0 is

perpendicular to the substrate, the four bright patches are the

result of the director tilt due to the curvature near the

Fig. 4 Deposition of nematic liquid crystal droplets on the mica
substrate using a polytetrafluoroethylene rod. The scale bar in the
upper left corner denotes 500 mm.

Fig. 5 Nematic liquid crystal droplets under crossed polarizers on the
mica substrate compensated for its birefringence. The two images for
each LC have been obtained by rotating the microscope stage. (a)
6CHBT, (b) 6CB, (c) 5CB, and (d) a mixture of 6CB and 6CHBT
(50 : 50 vol%). The scale bar for each LC sample denotes 500 mm. (e)
Cross-sections of the assumed director structures for homeotropic
and planar substrates, and the corresponding simulated droplet
textures.

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 2777–2781 | 2779

Communication Nanoscale Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

1
 A

p
ri

l 
2
0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 7

:4
8
:0

0
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00089f


circumference of the droplet, when the alignment is also

homeotropic at the interface with air. The resulting birefrin-

gence leads to increased transmitted intensity in the diagonal

directions with respect to the crossed polarizers (see Fig. 5(b)

and (e)). If the curvature is low (low contact angle, see Fig. 5(d)),

then the four patches are barely visible and may be indistin-

guishable from the background.

In the case of the planar substrate, we assumed unidirec-

tional n0 in the plane of the substrate. The different tilt direc-

tions on the opposing sides of the droplet lead to a defect line in

the middle with a nite width. The presence of the defect line as

well as themuch larger (multiple orders of) birefringencemakes

the distinction between the homeotropic and planar cases easy.

In the simulations of textures we used the refractive indices of

5CB (ne ¼ 1.71 and no ¼ 1.53) and the following parameters:

drop diameter of 500 mm, contact angle of 17�, defect width

parameter of 10 mm, and light wavelength of 660 nm.

Combining the previous knowledge on the anchoring at the

LC–NP interface12,16 with the results presented here regarding

the anchoring properties of the LC droplets, the orientational

self-assembly of NPs in the LC colloids detected by the AFM

measurements can be explained qualitatively.

In the case of NPs dispersed in 6CHBT, the strong anchoring

of n parallel to the long axis of NPs,12 together with the planar

anchoring of 6CHBTmolecules at themica surface, results in an

orientation of the long axis of the particles parallel to the

substrate. The determination of the orientational distribution

of the long axis of the particles within the plane of the substrate

remains for future studies. Namely, POM images on the 6CHBT

droplets in Fig. 5(a) suggest rather a unidirectional orientation

of n [cf. Fig. 5(a) and 2(b)(i) of ref. 17] than an in-plane axial

distribution detected in ref. 19. However, the in-plane

misalignment of the long axis of NPs in Fig. 1(a) allows for an

in-plane axial distribution suggested by ref. 19.

In 6CB-based LC colloids, the anchoring of n parallel to the

long axis of NPs,16 together with the homeotropic anchoring of

6CB molecules at the mica surface [Fig. 5(b)], results in a robust

orientational self-assembly of the long axis of the particles

perpendicular to the substrate.

Both constituents of the 6CHBT–6CB mixture exhibit an

anchoring at the surface of the nanoparticles such that n is

parallel to the long axis of the particles. Therefore, it is expected

that the LC mixture has the same anchoring properties as its

constituents. Together with the tendency for homeotropic

anchoring at the mica substrate [Fig. 5(d)], the mixture-based

LC colloid results in the orientation of the long axis of the

particles perpendicular to the mica substrate (Fig. 3).

The observed phenomena reported here not only contribute

to the fundamental understanding of self-assembly in complex

uids, but may also have a signicant technological impact.

Namely, the orientational self-assembly of the particles seems

to be the consequence of the interplay between the anchoring

properties at the LC–NP interface and at the substrate–LC

interface. We believe that the anchoring properties at the LC–

NP interface primarily depend on the LC material and on the

material with which the particles are coated, and not on the

material of the NP itself. Therefore, a similar orientational self-

assembly of the anisometric particles should not be limited to

iron oxide particles. Similarly, in principle, the mica substrate

can also be replaced by any other substrate coated with an

aligning layer.

Without attempting to be comprehensive, we list some

elements of the system potentially worthwhile for future

studies. Regarding the nanoparticles, besides metallic, semi-

conducting, silica, magnetic, or ferroelectric NPs which have

already been studied in the bulk LC host (see e.g., ref. 1 and

references therein), the orientational self-assembly of Janus

NPs22–24 may also have application potential. As for the particle

coating, the oleic acid used in this work can also be replaced.

The most promising strategy in this respect is presumably the

synthesis of liquid-crystal–nanoparticle hybrids25 because these

hybrids t the LC host the best. Applicable aligning layers on

various substrates range from traditional aligning layers like

rubbed polyimide for planar anchoring or DMOAP26 for home-

otropic anchoring, to more special ones, such as CYTOP

(exhibiting a temperature induced anchoring transition)27 or

photo-responsive layers.28 Moreover, eventual replacement of

6CB and 6CHBT LCs with other LC matrices (like 5CB, or the

use of 6CHBT and 6CB mixtures in concentrations other than

50 : 50 vol%) further broadens the possibilities for future

studies on the effect reported here.

We are condent that using some of the strategies briey

discussed above can lead to fabrication of thin colloidal lms

with tailored properties based on the observations on orienta-

tional self-assembly of NPs described here. In principle, in these

envisioned colloidal lms, the physical properties [mechanical

(e.g., roughness), optical, magnetic, or electric] can be either

tuned by external (optical, electric, or magnetic) elds, or can be

made nal, e.g., by polymerizing the lm.
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