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Director field of birefringent stripes in liquid crystal/nanoparticle dispersions
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The thermal stability, alignment and electro-optic properties of liquid crystals can be fundamentally altered by
dispersing small amounts of solid nanoparticles in a liquid crystal host. In the present study, the local alignment of
the liquid crystal in such dispersions is studied by means of polarising optical microscopy and fluorescence confocal
polarising microscopy. The results of two- and three-dimensional imaging indicate that birefringent stripes, which
are induced by the presence of nanoparticles, correspond to twist disclinations that are located at the liquid
crystal-substrate interface. The luminescence of dispersed semiconductor quantum dots shows that the ends of
disclination threads are pinned to conglomerates of nanoparticles, which stabilise these line defects.
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1. Introduction

The dispersion of solid nanoparticles in liquid crystals
offers unique opportunities to alter the properties of
these anisotropic fluids. Calamitic liquid crystals are
ordered fluids consisting of rod-like molecules, which
tend to align parallel to each other. This orientational
order causes anisotropic properties such as (uniaxial)
birefringence, dielectric anisotropy, etc. The local
alignment direction, which can be described by a
pseudo-vector (director), is very sensitive to the
anchoring at interfaces, to elastic forces, and to electric
or magnetic fields [1]. This sensitivity is used, for
example, in flat panel displays. Colloidal particles
and nanoparticles dispersed in a liquid crystal can
change its properties significantly [2]. For example,
the dispersion of ultra-small magnetic needles [3, 4]
or platelets [5] in nematic liquid crystals leads to ferro-
nematics [3-6], which can be reoriented by very weak
magnetic fields. Ferronematics can also be biased by
magnetic fields, which leads to threshold-less optical
switching in an electric field [6]. Dispersion of silica
aerogel nanoparticles leads to filled nematics [7],
which can be used for a laser-addressed reversible dis-
play. Ferroelectric nanoparticles can enhance the
dielectric anisotropy [8] and the orientational order
[9] of nematic liquid crystals, while metallic nanopar-
ticles can increase the conductivity by several orders of
magnitude [10].

In addition to nanoparticles changing the liquid
crystal properties, a liquid crystalline host can also
influence the arrangement of anisotropic particles.
For example, anchoring at particle surfaces and
elastic forces of the liquid crystal can direct colloidal
particles to form chains along certain directions [11,

12] or two-dimensional colloidal crystals [13]. Sheet-
like clay nanoparticles tend to form stacks in a
nematic solvent [14] and their alignment in external
fields is governed by the liquid crystal [15]. Carbon
nanotubes can be uniaxially aligned in a thermotro-
pic [16] or lyotropic [17, 18] liquid crystal. In recent
years, Hegmann and co-workers have reported sev-
eral observations which indicate that the alignment
[2, 19] and the electro-optic switching behaviour [2,
20] of nematic liquid crystals are changed when
nanoparticles made of gold [19, 20] or inorganic
semiconductors (for example, CdSe or CdTe) [21]
are dispersed in the respective liquid crystal. In
samples where the pure liquid crystals show an
alignment perpendicular to the glass surfaces (home-
otropic alignment), the presence of nanoparticles
may cause the appearance of birefringent stripes,
which indicate a deviation from the homeotropic
alignment. In samples where the molecules of the
pure liquid crystal align parallel to the glass sub-
strate, respective nanoparticle dispersions may cause
a homeotropic alignment and even an inverted elec-
tro-optic switching characteristic. So far, the precise
mechanisms of these unusual effects are unknown.
The present study aims to clarify the origin and
director field topology of the birefringent stripes
that were observed in homeotropic samples [19]. In
addition to conventional polarising optical micro-
scopy (POM), the method of fluorescence confocal
polarising microscopy (FCPM) was applied. The
latter method allows three-dimensional imaging of
the local director orientation by measuring the
fluorescence intensity of a dichroic dye dissolved in
the liquid crystal [22].
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2. Experimental details

In the present study, the liquid crystal 5-n-heptyl-2-(4-n-
octyloxy-phenyl)-pyrimidin (FELIX-2900-03, Clariant)
was utilised as a host material. This compound, on
heating, shows the phase sequence Crystalline, 52°C —
[Smectic A, 45°C] — Nematic, 70°C — Isotropic liquid.

Gold nanoparticles either capped with n-hexyl-mer-
captane (diameter 1.6 nm) or n-dodecylmercaptane
(5.4 nm) were synthesised using the method by Brust
and Schiffrin [20, 23]. Samples doped with 1 wt% of
these nanoparticles show the typical formation of
birefringent stripes observed by Hegmann et al. [2, 19,
20] at the phase transition from the isotropic to the
nematic phase. For FCPM studies, the dichroic
dye N,N’-bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylendi-
carboximide (BTBP, 0.001-0.01%) was added to the
liquid crystal/nanoparticle dispersion. This dye shows a
bright fluorescence at 4 = 540 nm and a high dichroic
ratio. The spatial distribution of the nanoparticles was
studied by using luminescent CdSe quantum dots instead
of gold nanoparticles. For this purpose, CdSe particles
capped with hexadecylamine (Sigma Aldrich) with a dia-
meter of about 4.9 nm were used [21]. These particles
show photoluminescence at a wavelength of 1 =
610 nm, which can be separated from the organic dye
luminescence using a spectrograph.

FCPM measurements were made using an
Alpha300 confocal microscope (WiTec, Germany)
equipped with an argon ion laser (488 nm) for excita-
tion and a SpectraPro-2300i spectrograph (Princeton
Instruments / Acton, /= 300 mm, f/3.9 imaging, grat-
ing: 600 lines/mm ") with a Peltier-cooled Andor CCD
detector (model DV-401-BV). In addition to the stan-
dard equipment, the microscope was equipped with a
polariser, a quarter wave-plate, and an analyser for
polarisation control. The beam splitter cube was
replaced by an interference beam splitter, which pre-
serves the state of polarisation. These modifications
enable the illumination of the sample with linearly
polarised (Ip) and circularly polarised (cp) light. In
order to study both the polar and the azimuthal orien-
tation of the molecules, the state of polarisation needs
to be modified. If the transition dipole moment is
aligned along the director n = (sin 9 cos ¢, sin 3 sin
@, cos 9)T, the light propagates along the z-direction
and is linearly (for example, x-) polarised, and if only

the linearly x-polarised component of the light emitted
from the dichroic dye is detected, the local fluores-
cence intensity is approximately given by

Iip = Imax cos* o =I5 cos? 0} sin* 9,

where « is the angle between the electric field of the
light and the transition dipole moment of the dye [22].
In contrast to Iy,, the fluorescence intensity /., origi-
nating from circularly polarised excitation (and
detected without any analyser) depends only on the
polar alignment angle 9:

Ip =1/ Inax sin’ 9.

Thus, the local director orientations can be probed by
measuring both /i, and I.,.

3. Results

The prepared cells were heated up to the isotropic
phase and then slowly (2°C min™") cooled down.
Measurements were performed at 3°C below the
phase transition into the nematic phase. Under these
conditions, the image of the samples under POM
shows dark areas and bright stripes (Figure 1).
Under rotation of the sample between crossed polari-
sers, the dark areas remain dark. This seemingly iso-
tropic behaviour indicates a director alignment
perpendicular to the substrates (homeotropic align-
ment). In contrast, the intensity profile of the bright
stripes changes, depending on the angle v between the
stripe axis and the plane of polarisation of the incident
light. The stripes are dark if the angle ~ is 0° or 90°,
and exhibit a varying, but always symmetric, intensity
profile for 0° < v < 90°, with maximum brightness at
|v| = 45° (Figure 1). This typical birefringent beha-
viour indicates a planar, or at least partially planar,
director alignment in the centre of the stripes.
Different kinds of director field deformations can
cause this transition of the director from perpendicu-
lar to planar alignment (Figure 2). The director may
bend (Figure 2(a)), twist (Figure 2(c)) or show a com-
bination of splay, twist and bend (Figure 2(b)). The
latter possibility can be excluded by POM, since the
corresponding director field (Figure 2(b)) should
result in non-symmetrical intensity distributions. In
addition, the complete extinction of the transmitted
light along the transverse direction observed for v = 0°
and v =90° (Figure 1) indicates that either the director
component along the stripe axis (Figure 2(a)) or the
director component perpendicular to the stripe axis
(Figure 2(c)) remains zero while the director changes
gradually from homeotropic to planar alignment.
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Figure 1. Image of a liquid crystal dispersion consisting of
3% (by weight) gold nanoparticles (diameter 5.4 nm) capped
with dodecylthiol dispersed in Felix-2900-03. The image
was obtained by polarising optical microscopy using
monochromatic light (4 = 589 nm) and crossed polarisers.
The planes of polarisation of polariser and analyser
correspond to the horizontal and vertical direction in this
image, respectively.

Liquid Crystals 1153

In order to distinguish between the director fields
represented in Figure 2(a) and Figure 2(c), FCPM mea-
surements were performed. The FCPM image obtained
with circular polarised light shows two bright birefrin-
gent stripes on a dark background (Figure 3(a)). This
confirms the homeotropic alignment of the liquid crys-
tal in the uniform-appearing areas of the cell, while the
orientation of the director within the stripes is rather
planar. The bright spots are caused by agglomerations
of undissolved fluorescence dye. Further information
about the orientation of the director within the birefrin-
gent stripes was obtained by two measurements with
linearly polarised light (Figure 3(b) and (c)). While the
measurement with polarised light parallel to the y-axis
(Figure 3(b)) shows only the vertical parts of the stripes,
the measurement with polarised light parallel to the
x-axis of the microscope (Figure 3(c)) shows only the
horizontal parts of the birefringent stripes. This
strongly indicates that the molecules in the defect line
are aligned parallel to the defect line. Hence, this defect
line corresponds to a twist disclination (Figure 2(c)).

0—' — '—' -
o — — |— « .
._’ — |—| -

YY)

|~ — | |
| o — |

VAN

Vol o ol IR WA aWa

view
» - T I l -
I I 1 . |

Side
I [ | view
I I 1 -1 |

(a) (b)

(c)

Figure 2. Possible director configurations that can lead to birefringent stripes appearing in a homeotropically aligned (and thus
seemingly isotropic) surrounding. (a) Director field with bend deformation; (b) splay, twist and bend deformation; and (c) twist

deformation, respectively.

(@)

(b)

"
x ()

Figure 3. Fluorescence confocal polarising microscopy image of a sample obtained by adding 0.01% (by weight) of the dichroic
fluorescent dye BTBP to the dispersion shown in Figure 1. [llumination with (a) circularly polarised light; (b) linearly polarised
light (E vertical); and (c) linearly polarised light (E horizontal), respectively.
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Figure 4. (a) Fluorescence confocal polarising microscopy (FCPM) top view [(x,y) plane] and (b) FCPM side view [(x,z) plane]
of a gold nanoparticle dispersion. Composition of the sample: 3% (by weight) gold particles capped with hexylthiol and 0.01%
(by weight) of the dichroic fluorescent dye BTBP in the nematic liquid crystal Felix-2900-03 (colour version online).

By performing (x,z) scans, the depths of the birefrin-
gent regions was investigated in a sample doped with 3%
(by weight) of gold nanoparticles capped with hex-
ylthiol. The bright spot on the right side of the image
in Figure 4(b) shows an agglomeration of undissolved
dye. Its size along the z-direction corresponds approxi-
mately to the thickness of the cell. However, the two
signals to the left in Figure 4(b) are caused by the
birefringent stripe. Their deepness is obviously smaller
than the cell gap. Although the location of the glass
plates can not be seen due to the homeotropic alignment
of the liquid crystal, it is striking that all signals end at
the same altitude in the (x,z) scan. This is a strong hint
that the upper glass plate is located at this height. In
conclusion, the experiment indicates that the birefrin-
gent stripes do not fill the gap completely, but seem to be
fixed at one glass substrate of the cell.

After the phase transition and the formation of the
birefringent stripe patterns, many stripes disappear in
some samples after a few minutes, especially those that
do not form closed loops. Open-ended stripes are
usually unstable and mostly disappear during the mea-
surement. However, it is interesting to note that a very
few open-ended stripes seem to be even more stable
than some closed loops. In order to study them in
more detail, we investigated the stabilisation process
of these open-ended birefringent stripes in a sample of
FELIX-2900-03 doped with 0.001% (by weight) of the
dichroic dye BTBP and 1% (by weight) of CdSe nano-
particles. Since these nanoparticles show a maximum
fluorescence emission at 610 nm, the signals from dye
(540 nm) and from CdSe (610 nm) could be separated
using a spectrometer. The resulting FCPM images
(Figure 5) show that the open-ended stripes are stabi-
lised by agglomerations of nanoparticles. An FCPM
image showing the total fluorescence intensity (not
analysed by a spectrometer) shows both the bright
disclination lines and bright spots at their ends

(Figure 5(a)). However, the fluorescence image taken at
the wavelength of 4 = 540 nm (corresponding to the
luminescence from the dichroic dye only) shows dark
spots at the ends of the disclination lines, indicating
a lack of dye at these positions. In contrast, the
FCPM image taken at 4 = 610 nm (corresponding to
luminescence from the CdSe nanoparticles) shows bright
spots at the ends of the disclination lines, indicating an
agglomeration of CdSe particles at these positions
(Figure 5(c)). It can be concluded that the ends of open
disclination lines are pinned to nanoparticle agglomera-
tions and thereby stabilised. Far away from these
agglomerations, the nanoparticle fluorescence along the
cross-section of the disclination lines is rather uniform.
The measurements do not confirm an enhancement
of the particle concentration in the regions of twist
deformation (as suggested by Qi and Hegmann’s
Figure 8(b) [19]). This experimental result is in agree-
ment with considerations by other authors [24, 25].
Admittedly, phase fronts can drag [24] and defects can
attract small particles [25] thereby enhancing the parti-
cle concentration at defect locations. However, this
requires exceeding a critical particle radius, which was
estimated to be Ry, =~ 0.01 pm [24] and Rc =~ 0.2 pm
[25], respectively. Clearly, the size of isolated nanopar-
ticles as studied here does not exceed this critical radius.

4. Conclusions

The presented FCPM studies show that the birefringent
stripes observed in liquid crystalline nanoparticle dis-
persions earlier [2, 19, 20] correspond to twist disclina-
tions. From the (x,z) scan, it can be concluded that the
defects are not walls, which extend through the entire
cell gap, but lines that are located at the substrate sur-
face. In addition to closed-loop disclination lines, open-
ended line defects also appear. The latter are stabilised
by agglomerations of nanoparticles, and their presence
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Figure 5. Fluorescence confocal polarising microscopy image of a sample consisting of 1% (by weight) CdSe nanoparticles, 0.001%
(by weight) of the dichroic fluorescent dye BTBP, and the nematic liquid crystal Felix-2900-03. (a) Total fluorescence intensity
(measured by an avalanche photodiode without spectrograph); (b) fluorescence intensity originating from the dichroic dye BTBP
only (4 = 540 nm); and (c) fluorescence intensity originating from CdSe nanoparticles only (4 = 610 nm) (colour version online).

in these locations explains the unusual stability of these
line defects, which is not observed in nanoparticle-free
liquid crystals. In conclusion, the results of the present
work allowed us to understand the intriguing defect
formation in these nanoparticle-doped nematic liquid
crystals, and will pave the way for designing defect-free
nanoparticle/liquid crystal dispersions with great pro-
mise for applications in electro-optic devices operating,
for example, at lower operating voltages [20, 21].
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