pen Access

This article is licensed under CC-BY 4.0 @ @

Wwww.acsnano.org

Self-Assembly of Au/TiO, Sphere—Rod
Mixtures into Binary Supraparticles

Marianne Bijl,* André F. V. Matias, Lukds Koldcny, Erik Betz-Gtittner, Martin Vesely, Marjolein Dijkstra,
Jessi E. S. van der Hoeven,* and Alfons van Blaaderen™

I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acsnano.6¢12966

ACCESS | [l Metrics & More | @ Supporting Information

emulsion droplet
evaporation

ABSTRACT: Self-assembly of rod—sphere nanoparticle mixtures
enables the design of advanced materials with anisotropic
properties. While the phase behavior of rod—sphere mixtures
has been explored in 2D and 3D bulk systems, it has remained
unexplored in smaller 3D assemblies. Especially, when combin-
ing plasmonic and semiconductor nanoparticles, assemblies with
defined particle arrangements offer unique optical and (photo)-
catalytic properties. In this work, we achieved the assembly of
binary 3D assemblies tunable in size and phase behavior.
Specifically, we assembled semiconductor TiO, nanorods and
plasmonic Au nanospheres under spherical confinement and explored their phase behavior in experiments and simulations.
Through evaporation-driven assembly of emulsion droplets, binary supraparticles were prepared with a phase tunable from
colloidal membranes, consisting of single rod layers, to binary smectic phases, composed of alternating rod—sphere smectic
layers. Colloidal membranes were obtained for a sphere-to-rod number ratio (N,,/Nr;0,) of 5, while lowering this ratio to 0.6
resulted in a binary smectic ordering, as confirmed with advanced electron microscopy. Through numerical simulations, we
show that the binary smectic phase is stable for 0 < N,,/Ny;0, < 1 in agreement with experiments. Our binary supraparticle
platform provides structures with multi-length scale control for applications in photocatalysis, energy storage, and sensing.
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B INTRODUCTION

The assembly of nanoparticles into larger systems has shown
great potential for the fabrication of advanced materials." In
recent decades, scientists have used this bottom-up approach
in which colloidal nanoparticles act as building blocks to design

structures similar to liquid crystals. Such structural
alignment can further affect functional properties, such as
optical birefringence and directional charge transport.

Binary rod—sphere mixtures can be assembled into various

phases, among which the binary smectic phase and colloidal

materials with multi-length scale property control, findin
applications ranging from drug delivery” " to catalysis,”~
sensors,””'” and beyond."*~"* By combining two distinct types
of nanoparticles, binary assemblies can be created with a rich
class of structures and compositions. For example, by varying
the nanoparticle size ratio, concentrations, and interparticle
interactions, over 1S5 different binary superlattices can be
constructed with well-defined stoichiometries.'® This structural
tunability enables novel and improved collective properties
that are unattainable in single-component assemblies. Distinct
electronic properties were, for example, found in PbTe/Ag,Te
binary assemblies, which exhibited up to ~100-fold increased
p-type conductivity compared to the sum of the individual
components.'” The introduction of asymmetric shaped
particles, such as anisotropic rods in binary rod—sphere
mixtures, are interesting for introducing additional shape-
dependent interactions.">'” For instance, rod-shaped particles
tend to align along a common director axis, promoting ordered
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membrane phase exhibit the highest degree of order. In 1996, a
theoretical study on hard rods and spheres predicted the
formation of a binary smectic phase, consisting of alternating
layers of rods and spheres.”” Experimental realization of the
binary smectic phase was demonstrated by Adams et al. for
rod-shaped fd viruses and polymer spheres, showing entropy-
driven phase behavior.””> The binary smectic phase (also
referred to as lamellar phase”*™*°) specifically consists of rod—
sphere assemblies in which rods align in smectic layers
alternating with a thin layer of spheres. Ye et al. coassembled
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Figure 1. 2D self-assembly of TiO, nanorods and Au nanospheres. (a) BF-TEM images of as-synthesized TiO, nanorods (49 + 7 nm; 3.5 +
0.6 nm) and Au nanospheres (3.5 + 0.4 nm). (b) Schematic illustration of Au/TiO, binary superlattice formation by evaporation-driven
assembly of a nanoparticle dispersion in oil (yellow) at a water—air interface. (c) BE-TEM images of the resulting Au/TiO, superlattices with
increasing Au-to-TiO, particle number ratios (N,,/Nri0,) from left to right.

colloidal rods and spheres into binary smectic superlattices for
various rod—sphere combinations and with much lower aspect
ratios than the fd viruses.”* To explain the observed phase
behavior, attractions between the nanoparticles must have
been present. Subsequently, Bakker et al. showed that a binary
smectic phase can also be stable over a broad region of
compositions and pressures for purely hard interparticle
interactions and mapped out the phase diagram both in
experiments and simulations.”® For systems with only rods,
simulations”””® and experiments””*° have demonstrated that
the smectic phase nucleates via a 2D rod layer onto which
other layers nucleate and grow. However, the nucleation and
growth mechanism of a binary smectic phase has not yet been
reported, nor in experiment or theory. If 2D assemblies of rods
also develop repulsions induced by fluctuations between the
rod sheets, a phase of colloidal membranes is formed that does
not progress into a binary smectic phase.’’ Colloidal
membranes consist of 2D sheets of one rod-length thick
aligned rods. The 2D membranes were experimentally found
by the Dogic group using fd viruses mixed with a nonadsorbing
polymer acting as a depletant.”>> As mentioned, this phase
behavior is stabilized by repulsive interactions between the
fluctuating membranes, promoting isolation.’’ These repulsive
interactions together with attractive depletion interactions are
sensitive to the concentration of the depletion-inducing agent.
If the concentration decreases under a certain threshold, the
2D membranes become unstable and form a 3D liquid
crystalline phase.>

The assembly of rods and spheres in finite-sized 3D
assemblies with intermediate length scales—in between 2D
superlattices and 3D bulk systems—has remained unexplored
as far as we know. This is unfortunate, as finite-sized 3D
nanoparticle assemblies can exhibit unique magnetic,'>**
optical,”>™*” and catalytic’ properties that are typically not
observed at both nano- and bulk scale. Furthermore, spherical
nanoparticle assemblies, known as supraparticles, can for
instance exhibit Mie whispering 7gallery modes, allowing light
to resonate along the surface.”>”” This enhances light—matter
interactions that can lead to strongly nonlinear enhancement,
such as lasing.® Another intriguing finding is that hard
spherical particles self-assembled under spherical confinement,
even up to 100.000 particles or more, do not form the bulk

equilibrium close-packed face-centered cubic crystal phase, but
instead icosahedral assemblies.”® Thus, the phase behavior in
smaller 3D assemblies can substantially deviate from that in
bulk.

In this work, we report the formation of 3D binary
supraparticles exhibiting tunable phase behavior from a
colloidal membrane to a binary smectic phase for the first
time. Specifically, plasmonic gold (Au) nanospheres and
semiconductor titanium dioxide (TiO,) nanorods were used
for their complementary optical and catalytic properties.*’
First, we investigated the 2D and several thin layers of 3D self-
assembly of an apolar sphere—rod Au/TiO, dispersion on top
of an aqueous surface in order to gain insights into the phase
behavior without spherical confinement effects. Subsequently,
we investigated the 3D self-assembly behavior under spherical
confinement, where supraparticles with membrane and binary
smectic phases were successfully formed by varying the particle
number ratio (N,,/Nr,). Furthermore, supraparticle for-
mation via evaporation-driven self-assembly in emulsion
droplets was followed in situ using polarized optical
microscopy (POM) 0 revealing a steep increased birefringence
in later stages of the assembly process. The experiments are
supported with molecular dynamics (MD) simulations to
determine the phase diagram of our rod—sphere mixtures in
bulk, confirming tunable phase behavior with N /Nro,.

B RESULTS

The Effect of the Rod-to-Sphere Ratio on Binary 2D
Assemblies

The Au nanospheres and TiO, nanorods were synthesized via
colloidal techniques obtained from literature (Figure la), as
detailed in Experimental Methods. In short, oleylamine and
oleic acid-capped single crystalline brookite TiO, nanorods
with a bare length of 49 + 7 nm (mean =+ polydispersity) and a
bare diameter of 3.5 + 0.6 nm were synthesized through a
seed-mediated procedure.”"** After an additional treatment to
increase the ligand density,”’ the interparticle surface-to-
surface spacing was 2.7 & 0.5 nm, corresponding to an effective
aspect ratio of 8.3, which includes the ligands on the
nanoparticles. Note that these spacings were measured on
dried particles using bright-field transmission electron
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microscopy (BF-TEM) and thus represents a lower-bound
estimate.* Oleylamine-capped Au nanospheres were obtained
following a modified burst nucleation method of Peng et
al,** yielding nanoparticles with an average diameter of 3.5
+ 0.4 nm, thereby matching the nanorod thickness. The
interparticle surface-to-surface distance, determined from BF-
TEM images, was 1.9 + 0.4 nm, which corresponds to typical
surface-to-surface spacings for oleylamine-stabilized Au nano-
particles.***

The phase behavior of Au nanospheres and TiO, nanorods
was first studied using a 2D assembly approach.”***** Here, an
apolar Au/TiO, sphere—rod dispersion in toluene was allowed
to slowly evaporate on a polar water—air interface (Figure 1b),
as described in Experimental Methods. The resulting Au/TiO,
film was transferred onto a TEM grid for analysis. BE-TEM
images in Figure lc show that well-defined layers of TiO,
nanorods were formed with Au nanospheres positioned at the
nanorod tips. With increasing Au concentration, indicated by
particle number ratio (N,,/Nrp0,), multiple layers of Au
nanospheres were observed in between single nanorod layers.
This is most evident for a N,/Nr0, of § in Figure 1c. The Au
nanospheres were placed not only at the tips of the nanorods
but also along the rod length. This resulted in substantial
disruption and isolation of TiO, rod layers for a N,,/Nri0,
between 5 and 10, indicating a membrane phase rather than a
binary smectic phase. For a N,,/Nr;o, of 10, the rods and
spheres did no longer mix, likely due to depletion interactions.
This is also indicated by the voids in the film that suggest that
the system has fallen out of equilibrium. Therefore, an optimal
particle ratio for achieving smectic rod alignment was
determined to be around S or lower.

The Formation of Binary Supraparticles through 3D
Assembly

Using the optimal particle number ratios from 2D assembly,
Au/TiO, supraparticles were formed through a 3D evapo-
ration-induced assembly approach (Figure 2a). This method
was based on de Nijs et al,,*® where oil-in-water emulsion
droplets were slowly dried, leading to close packing of
nanoparticles in spherical supraparticles. In this work, the oil
phase consisted of a dispersion of Au nanospheres and TiO,
nanorods in toluene, emulsified in an aqueous continuous
phase, containing SDS to stabilize the emulsion droplets (see
the Experimental Methods).

Binary supraparticles were prepared with N,,/Nr;o, values
of 0.05, 0.6, and S. The Au weight loading was determined by
energy dispersive X-ray (EDX) analysis to be 1.1 + 0.2 wt-%,
10.1 + 1.3 wt-%, and 40.6 + 3.2 wt-%, respectively. These
experimental Au loadings are in good agreement with
theoretical calculations (Table 1), detailed in Supporting
Information 2.2.

Figure 2b,c shows SEM images of a resulting Au/TiO,
supraparticle with a N,/Nrio, of S. The SE image in Figure 2b
shows a spherical supraparticle of approximately 2.4 um.
Taking the previously determined interparticle spacings into
account, the numbers of nanorods and nanospheres in this
supraparticle were estimated to be around 3.8 X 10° and 1.5 X
107 particles, respectively. The supraparticle contained several
pores, which were likely caused by wetting of the oil phase,
resulting in water droplets inside the oil-in-water emulsion
droplets.*”*® The backscattered electron (BSE) image in
Figure 2c reveals the distribution of the TiO, and Au
nanoparticles caused by differences in Z-contrast. The

a oil-in-water emulsion droplet evaporation supraparticles

8 mM SDS

Figure 2. 3D self-assembly of TiO, nanorods and Au nanospheres
into membrane supraparticles with a N,,/Npo, of 5. (a) A
schematic illustration of the evaporation-driven assembly of oil-in-
water emulsion droplets containing a binary Au/TiO, mixture into
supraparticles. (b, c¢) Scanning electron microscopy (SEM) images
of a membrane supraparticle acquired with secondary electrons
(b) and backscattered electrons (c). (d, ¢) BF-TEM images of an
ultramicrotome section of a supraparticle at low (d) and high (e)
magnification.

Table 1. Quantification of the Au Loading in the Binary
Supraparticles by EDX Measurements Compared to the
Expected Au Weight Loading

particle number ratio expected Au experimentally measured Au
[Nao/Nrio2) loading (wt-%) loading (wt-%)
S 45.7 40.6
0.6 9.7 10.1
0.05 1.1 1.1

observed dark stripes represent TiO, nanorod layers, while
the Au nanospheres in between appear bright due to the higher
atomic number of Au. This nanoparticle distribution observed
by contrast variation in Figure 2c shows the presence of TiO,
rod layers isolated with thick layers of Au nanospheres,
indicating the formation of colloidal membranes.

To study the ordering inside the supraparticles, we
employed ultramicrotomy. Here, supraparticles were embed-
ded inside a resin, which was subsequently cut into thin slices
(50—70 nm) with a diamond knife. Figure 2d,e shows BF-
TEM images of a ultramicrotomy sectioned Au/TiO, supra-
particle at low and high magnification. Note that the Au
nanoparticles appear dark in the BF-TEM images in Figure
2d,e, whereas they appear bright in the BSE-SEM image in
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Nau/Nrio, = 0.05

HAADF-STEM 4

Figure 3. Structural characterization of Au/TiO, supraparticles with Ny /Ny, values of 0.6 and 0.05. (a, b, e, f) SEM images of a
representative Au/TiO, supraparticle captured with SE and backscattered electron (BSE) detectors. (c, d, g, h) HAADF-STEM images of
ultramicrotomy sections of Au/TiO, supraparticles with corresponding EDX elemental map, showing the nanoparticle distribution of Au

(red) and Ti (green).

a

Figure 4. 3D analysis of a Au/TiO, supraparticle with a N,/Nr,0, of 0.6 using HAADF-STEM tomography. a) An ultramicrotomy section of
a supraparticle over a tilt range from —59° to +69° with scale bars of 50 nm. b) Overview of the entire ultramicrotomy section of the
supraparticle. c¢) Corresponding 3D reconstruction of individual nanorods in green and spheres in red.

Figure 2c. The BF-TEM images confirm that multiple Au
sphere layers were formed in between single TiO, rod layers,
which is characteristic for a phase composed of colloidal
membranes.””*” Since membranes were observed both inside
the supraparticle (Figure 2d,e) and on the surface (Figure
2b,c), colloidal membranes were likely formed throughout the
entire supraparticle.

By adjusting N,,/Nr0, we achieved binary smectic
ordering in the 3D assemblies. Figure 3 shows the structural
characterization of Au/TiO, supraparticles with lower Au
sphere concentrations: N,,/Np0, = 0.6 and 0.05. The
assembly of only TiO, nanorods into superlattices and
supraparticles is shown in Figure S1. The SE-SEM images in
Figure 3a,e show that the supraparticles have a similar
morphology as for a N,,/Nryo, of 5 in Figure 2b. However,

the elemental contrast provided by backscattered electrons in
Figure 3b,f decreased with decreasing Au content. For a N,/
N0, of 0.05, the Au signal was too weak to distinguish the
nanospheres from the TiO, nanorods. However, high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images with corresponding EDX elemental
maps (Figures 3d,h and S2) confirm the presence of Au
nanospheres in between the TiO, nanorod layers.

For a N,/Ny,0, of 0.6, the number of layers of spheres in
between the TiO, layers was substantially reduced (Figure
3¢,d) compared to the membrane supraparticles with a N,/
N0, of § in Figure 2. Using HAADF-STEM tomography on
an ultramicrotomy sectioned supraparticle, we achieved 3D
analysis of a sufficiently thin cross-section of a binary
supraparticle to permit electron transmission and show that

https://doi.org/10.1021/acsnano.6¢12966
ACS Nano XXXX, XXX, XXX—XXX

9202 Joquialdas 6z uo 1senb Aq Jpd 996z |09 OUBUSOE/YBGZ9989/996Z |09 0UBUSOE/LZ0 "0 L/10p/APd-OjoilE/goBOUR/BI0'SOE"SGNd WO papeojumod


https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c12966/suppl_file/nn6c12966_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c12966/suppl_file/nn6c12966_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c12966?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c12966?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c12966?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c12966?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c12966?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c12966?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c12966?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c12966?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.6c12966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

—=— Mean droplet size
= Mean grey value 5

E 20 f 3
2 H s
8 - -68 o
GRLE f 3
2 : <
s . p
S 104 z L 66 2
s I\ :
= =

5- S Sy

s { } { o
0

T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Time (min)

Figure 5. Monitoring the formation of Au/TiO, supraparticles (N,,/Ny0, = 0.05) over time using POM. (a) Time-lapse cross-polarized
optical microscopy images of emulsion droplet evaporation into supraparticles. (b) The decrease in emulsion droplet size (n = 300) over
time compared to the increase in gray value. A steep increase in gray value is highlighted in red, showing the development of smectic
ordering. (c) A cross-polarized (left) and corresponding bright-field (right) light microscopy image of the resulting supraparticles.

it has a binary smectic structure (Figure 4). A tilt series was
performed from —59° to 75° of which a selection of angles is
shown in Figure 4a. The full tilt series is shown in Movie S1.
The 3D reconstructed model in Figure 4c shows the presence
of smectic TiO, layers alternating with thin layers of Au
spheres, characteristic for binary smectic ordering. The voids
observed in the 3D model in Figure 4c are likely artifacts
arising from the reconstruction of the thin nanorods and
additionally from the ultramicrotomy procedure. The
reconstructed model is shown in 3D in Supporting
Information—3D reconstruction.

Interestingly, further decreasing the Au content to a N,,/
N0, of 0.05 did not result in alternating smectic rod layers
with a lower number of Au spheres in between. In fact, TiO,
nanorods were also detected in between the smectic layers with
EDX (Figures 3h and S2). This is also suggested by the larger
distance between the smectic layers of N,,/Npo, = 0.05
compared to Ny,/Nro, = 0.6, indicating that the smectic gap
was not exclusively filled with Au nanoparticles (Figure S2). As
smectic ordering can occur in multiple directions, we also
performed a 3D analysis with HAADF-STEM tomography on
this sample to resolve the nanoparticle arrangement. A tilt
series was performed from —66° to 66° of which a selection of
angles is shown in Figure S3. The reconstructions in Figure
S3b—d confirm that the interstitial space between smectic
TiO, layers was filled up with disordered TiO, nanorods mixed
with Au nanospheres. We argue that this could be caused by an
insufficient concentration of spheres to overcome the entropy
of mixing,”* or by kinetic arrest, which traps the assembly
process in a nonequilibrium state.

Monitoring Binary Smectic Ordering in Supraparticle
Formation

The evaporation of emulsion droplets into supraparticles was
followed over time using POM (Figure 5). In contrast to
electron microscopy techniques, optical microscopy enables in
situ characterization, allowing us real-time monitoring of
evaporating emulsion droplets in which nanoparticle assembly

occurs. In addition, polarized light was used to assess the
degree of ordering within supraparticles over large sample
areas."” When the supraparticles are disordered, they behave as
an isotropic material that does not alter the polarization of
light. In contrast, membrane and binary smectic ordered
supraparticles exhibit birefringence (i.e., difference in refractive
indices parallel and perpendicular to the director), which can
modify the light’s polarization state.”’ In the latter case, even
with the analyzer oriented at 90° to the polarizer, a component
of the light can pass through the detector, resulting in bright
signals.

I = Iosin2(29)sin2( ”dfn]

(1)

The light intensity from transmitted polarized light between
crossed (I,) is described by eq 1 where I, represents the
incoming light intensity, d is the sample thickness, € is the
angle between the polarizer and the optical axis, A is the
wavelength, and An is the refractive index difference
(birefringence).”* >

To allow for real-time observation of the supraparticle
formation process, the assembly was carried out in a covered
Petri dish instead of the typically used covered glass vial (see
the Experimental Methods). This, in turn, accelerated the
assembly from half a day to approximately an hour. Since the
drying time can affect ordering, estimations on the degree of
ordering were based on supraparticles assembled ex situ in a
covered glass vial.

Figure Sa shows the evaporation of emulsion droplets (N,,/
Nrios = 0.05) over time under cross-polarizers. Using the
cross-polarized images, it was determined that the average
emulsion droplet size (n = 300) decreased from 14 + 6 ym to
3 + 2 um over 90 min with the largest decrease within the first
10 min. Note that differently sized emulsion droplets shrink
with different rates, resulting in a relatively large polydispersity
in droplet size, particularly in the early stage of evaporation.
Figure Sb shows that the mean droplet size remained constant
between 70 and 90 min, indicating that the evaporation of the
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Figure 6. Phase diagram obtained from MD simulations as a function of the packing fraction of rods 7,4 and spheres 7). Blue circles
indicate the isotropic phase (I), orange triangles the nematic phase (N), green squares the binary smectic phase (Sm,), and red diamonds
the colloidal membrane phase (M). The dashed lines correspond to the pressure isotherms of fPs> = [0.4, 0.8, 1.2, 1.6]. Representative
snapshots are shown for (b) isotropic, (c) nematic, (d) binary smectic, and (e, f) membrane phases. Spheres are colored red, while rods are
colored according to their local smectic order parameter 7; (see Experimental Methods).

emulsion droplets was completed by 70—90 min. During the
evaporation of emulsion droplets, we did not observe any
droplets coalescing or breaking up. The light intensity of the
cross-polarized microscopy images was analyzed by converting
the RGB images to 8-bit grayscale from which the mean gray
value for each image was calculated (detailed in Supporting
Information 1.2). As shown in Figure Sb, the resulting mean
gray values, representing the overall brightness of each
microscopy image, increased over time. After approximately
50 min, when the droplets had shrunk 77% on average, a steep
increase in mean gray value was detected (Figure Sb). This was
due to supraparticles becoming birefringent upon the
formation of a locally aligned liquid crystal phase (Figure
Sa). The gradual increase in gray value from 30 to SO min is
likely caused by the shrinkage of the emulsion droplets,
resulting in higher fraction of the lighter background. Light
scattering can also contribute to the increase in light intensity.
However, the observed increase in light intensity in Figure 4b
cannot be attributed solely to scattering of light. Larger
emulsion droplets generally scatter more light; therefore, if the
increase in brightness were caused only by scattering, the light
intensity is expected to decrease during evaporation, which is a
trend we do not observe (Figure 4b). Furthermore, some
smaller supraparticles appear brighter than some larger
supraparticles under cross-polarizers in Figure Sc, which
cannot be explained by scattering effects alone.

By monitoring the supraparticle formation in situ, we can
also determine the volume percentage occupied by nano-
particles relative to the total droplet volume over time. This
can be used to deduce the impact of attractive interactions on

the assembly. The volume percentage of particles when the
birefringence response was first recorded was found to be 24%
+ 2%, calculated by relating the decrease in droplet size to the
initial droplet size, given an initial particle volume percentage
of 0.75%. The initial droplet size had to be estimated because
evaporation caused significant movement within the first
minutes and due to sedimentation of the droplets, becoming
denser during the evaporation into supraparticles. This particle
volume fraction was slightly lower than that for TiO,
supraparticles for which the birefringence was first measured
at a volume percentage of 28% =+ 2%. This suggests not only
that the presence of Au spheres induces additional attractive
interactions, promoting smectic ordering at lower volume
fractions, but also that the effects of the attractions were not
substantial.

The degree of ordering was estimated from the birefringence
response of the supraparticles under crossed polarizers. By
comparing bright-field and corresponding cross-polarized light
microscopy images of ex situ assembled supraparticles, it was
estimated that approximately 87% of supraparticles (n = 242)
appeared bright under cross-polarizers, indicating anisotropic
phase behavior (Figure S4). The rest of the supraparticles
remained dark under cross-polarizers, indicating that 13% of
the supraparticles behaved as an isotropic material and
therefore exhibited disorder. However, it should be noted
that the light intensity depends on the sample thickness (eq 1),
so the smallest supraparticles may not be sufficiently dense to
produce a detectable signal. Also, the light intensity of
transmitted polarized light is dependent on the orientation of
the optical axis relative to the polarizers (eq 1). This can result
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in birefringent supraparticles being undetected due to an
unfavorable orientation.

Supraparticles with higher Au concentrations were also
analyzed with POM (Figure SS). For a N,/Nr;o, of 0.6, the
birefringence response was similar to a Ny,/Nrpio, of 0.05.
However, the supraparticles appeared red under cross-polar-
izers due to the increasing Au concentration. For a N,/Nri0,
of §, the birefringence response was minimal. This suggests
that only a fraction of supraparticles exhibited membrane-like
ordering. However, we argue that the signal could also be
diminished by the absorption of visible light by plasmonic Au
particles. As a result, the degree of ordering corresponding to
the birefringence response can be estimated for supraparticles
with no (Figure S6) or low Au concentrations, whereas higher
Au loadings (>10 wt-%) might lower the light intensity
reaching the detector.

Determining the Bulk Phase Diagram for Rod-—
Sphere Mixtures Using MD Simulations. To gain insight
into the equilibrium phase behavior and phase transformation
kinetics, we performed MD simulations of a binary mixture of
hard spheres with diameter ¢ and hard rods with an aspect of
L/o = 10 in the NPT ensemble, where we fix the number of
rods and spheres, the pressure, and the temperature. We
mapped out the phase diagram of the rod—sphere mixture as
shown in Figure 6. The system is initialized with a regular
spatial distribution of particles, see Figure S7. Rods were
represented as rigid bodies composed of ten nonoverlapping
spheres of diameter 6. However, the packing fraction was
calculated using the equivalent spherocylinder volume, yielding
a rod volume V, 4 = 3176°/12. We initialized the simulations
from a regular array of rods, as shown in Figure S7, and varied
the sphere/rod ratio by replacing a fraction of the rods with
spheres. The system was then compressed to the desired
pressure and equilibrated for 4.5 X 10° iterations. We
subsequently calculated time-averaged packing fractions and
nematic and smectic order parameters over the final 10
snapshots, sampled at intervals of 5 X 10* iterations. We
performed a parameter sweep over particle number ratios and
packing fractions and characterized the resulting phase
behavior using the nematic and smectic order parameters.
The nematic order parameter S is defined as the largest
eigenvalue of the nematic order parameter tensor

0 - L¥[3, . _%
@ Nrod i=1 2 v 2 (2)

where u,, is the a-th component of the unit vector describing
the orientation of the long axis of rod i, N, 4 is the number of
rods, and J, is the Kronecker delta (eq 2). The eigenvector
corresponding to the largest eigenvalue defines the nematic
director n. The nematic order parameter varies between —0.5
and 1, corresponding to transverse alignment and perfect
alignment, respectively. The smectic order parameter we used
is defined as

N,

rod
7 = max Z eZm’r/-n/l
1
j=1 (3)

where the value of | € R that maximizes the above expression
is identified as the layer spacing d (eq 3). Similar to, 7 is
bounded between —0.5 and 1, corresponding to irregular or
absence of layering and perfectly ordered layers, respectively.
We classified the observed phases as follows: isotropic phases

exhibit low nematic order, S < 0.5; nematic phases show high
nematic but low smectic order, S > 0.5, 7 < 0.35; and smectic
phases display both high nematic and smectic order, S > 0.5, 7
> 0.35. These threshold values influence the identification of
the different phases and were chosen based on previous work”®
and visual inspection.

In the phase diagram, blue circles represent isotropic phases
(Figure 6b), orange triangles denote nematic phases (Figure
6¢), green squares indicate smectic phases (Figure 6d), and red
diamonds correspond to colloidal membrane phases (Figure
6e,f). In the representative snapshots, Figure 6b—f and Movie
S2, spheres are colored red, while rods are colored according to
their local smectic order parameter 7; (see Experimental
Methods). Colloidal membrane phases correspond to systems
in which monolayers of rods are surrounded by spheres.
Although these systems exhibit high nematic and smectic
order, they are distinguished by a larger layer spacing d > L
+20, resulting in weak or no correlations between adjacent
layers.

We observed that at low sphere packing fractions, the phase
transitions are accompanied by a discontinuity in the rod
packing fraction. This behavior is expected as increasing
nematic order leads to more compact configurations.
Furthermore, the presence of spheres has a negligible effect
on the isotropic—nematic transition, as made evident by the
nearly vertical boundary of the isotropic region. In contrast, the
addition of spheres lowers the packing fraction at which the
nematic—smectic transition occurs. This suggests that
depletion interactions induced by the presence of spheres
favor the formation of smectic layers. This interpretation is
consistent with experimental observations, where high sphere
concentrations lead to layered supraparticles with high smectic
order (Figure 3). Despite starting from an initially homoge-
neous spatial distribution of particles, we find that the binary
smectic phase nucleates from the isotropic phase upon
quenching the system to high pressure, see Movie S3. We
observe that the nucleation pathway of the binary smectic
phase proceeds through the formation of single layers of rods,
which subsequently assemble into larger clusters as successive
smectic layers nucleate and grow on top of the existing layers.
This pathway is consistent with previous work regarding the
nucleation of a smectic phase in systems of pure hard rods.”’

At high sphere packing fractions, the nematic and smectic
phases are no longer observed and the system instead
undergoes a direct transition from the isotropic to the
membrane phase. The membrane phase self-assembles at
sufficiently high sphere—rod particle number ratios, above
Nao/Nrijo, of 1, as shown in Figure S8. At these particle
number ratios, spheres located between the membranes disturb
the ordering of a subset of rods, as evident in Figure 6f and in
the one-dimensional composition profiles shown in Figure S9.
As a result, only a fraction of the rods participate in well-
defined layers, which may account for the reduced
birefringence observed at Nu,/Nrpo, = S (Figure S4). The
colloidal membranes are long-lived and significantly hinder the
diffusion of spheres across the rod layers, as shown by
simulations of an initially unmixed system along the direction
of the rod main axes, see Supplementary Movie S4. Despite the
restricted diffusion of spheres across rod layers, spheres can
diffuse freely within interlayer regions. Consequently, an
initially unmixed system in the direction transverse to the
rod main axes evolves toward the membrane phase, as shown
in Supplementary Movie S5.
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B DISCUSSION

The Au/TiO, supraparticles presented in this paper exhibited
nanoparticle ordering in alternating TiO, rod and Au sphere
layers, forming colloidal membrane or binary smectic phases.
The alignment of the nanorods is likely driven by minimization
of excluded volume, as described by Onsager’s theory,”” where
rod alignment enhances translational entropy sufficiently to
compensate for the loss of orientational entropy. In the
presence of Au nanospheres, the interstitial space between the
rod domains were occupied by spheres, likely supported by
depletion-driven entropic interactions.”*> In this study, we
focused on a system in which the interactions were dominated
by hard-particle interactions. This is important, as self-
assembly governed by additional interactions would be less
general (e.g., attractions often depend on particle size). This is
particularly relevant for binary systems, where excluded-
volume interactions are already sufficiently complex. We have
experimentally promoted such a hard-particle system by post-
treating the rods to reduce attractive interactions.*

We found that the particle number ratio in the sphere—rod
mixture plays a key role in determining the type of ordering.
This is consistent with the work of Ye et al. on binary 2D
superlattices, where the concentration of spheres must be
sufficiently high to form single layers of spheres that alternate
with rod layers, thereby competing with the entropy of
mixing.”* Additionally, Lei et al. found that low sphere
contents favored rod—rod contact and suppressed binary
ordering, while increasing the sphere concentration promoted
rod—sphere coassembly.>® Similarly, we found that a relatively
high sphere concentration (N,,/Nrp0, = 0.6) is required to
stabilize the binary smectic phase (Figure 4), whereas at lower
sphere concentrations (N,,/Nro, = 0.05), the Au spheres
remain mixed with TiO, rods in between smectic TiO, layers
(Figure 3b). Ye et al. observed that the sphere concentration
can also be too high, resulting in bulk phase separation.”* In
addition, Bakker et al. showed that stable binary smectic phases
occur only for fractions of spheres (xsph = N/ N) lower than
0.8.°° Our self-assembly experiments on a water—air interface
with Au sphere—TiO, rod mixtures are consistent with these
findings, as we found that for N,,/Nrjo, above 5,
corresponding to x,, > 0.83, smectic ordering is strongly
disrupted (Figure 2). In contrast, our 3D supraparticles
exhibited colloidal membranes at a high sphere concentration
(Figure 3a). This observation is corroborated by our
simulations, which show membrane formation at N,,/Nr;0,
= 5. Experimentally, we find that even at extremely high
particle number ratios (N,,/Nr;0, of 6—38), the rods can still
align into (single) layers (Figure S10), suggesting that
complete segregation is unlikely. Although this is in contrast
with our simulations, which predict isotropic phase behavior
for Ny,/Nry, values of 13, 25, and 38 (Figure S8), we argue
that this discrepancy is likely caused by finite-size effects in the
simulations. We believe that the small density differences
between the phases and the high viscosity of the suspension
prevented macrophase separation driven by sedimentation
within the assembly time frame.

To gain a better understanding of the transition from the
binary smectic phase at N,,/Np0, = 0.6 to the membrane
phase at Nu,/Nr0, = 5, additional structural characterization
of Au/TiO, supraparticles with an intermediate particle
number ratio was performed (N,,/Nrio, of 2.5), as shown in
Figure S11. Although a gradual transition from binary smectic

to membrane phase upon increasing the Au content cannot be
concluded based on experimental data alone, the gradual
increase in layer spacing found with numerical simulations
(Figure S9) suggests that such a gradual phase transition may
be possible.

In addition to the sphere-to-rod particle number ratio, the
rod aspect ratio appears to influence the stability of the binary
assemblies. Lei et al. reported that the formation of their
ordered binary assemblies was restricted to only narrow
regions of their phase diagram,”® whereas we observe relatively
broad regions in which the binary smectic and membrane
phases were stable. We argue that this difference is related to
the aspect ratios of the rods used. Kuijk et al. previously
reported an aspect ratio of 4.1 as a threshold for the formation
of smectic liquid crystallinity.”® While Lei et al. used rods with
an aspect ratio below 4, our rods had an aspect ratio of
approximately 8, which may favor the formation and stability
of ordered binary assemblies over a much broader parameter
range.

Our study further shows that POM measurements can be
used for in situ analysis of supraparticle formation,
complementing electron microscopy techniques, while simul-
taneously providing information on the ordering of supra-
particles. The anisotropic phase behavior started around a
volume percentage of 28% =+ 2% for TiO, supraparticles.
Consistent with this observation, our numerical simulations
(Figure 6a) show that hard rods undergo a transition from an
isotropic to a liquid crystalline phase at a similar volume
fraction. Although attractive interactions next to depletion
effects are likely present in our system, this strongly suggests
that the presence of these attractive interactions do not
dominate the phase behavior substantially.

Although this study demonstrated the successful formation
of supraparticles exhibiting binary smectic and colloidal
membrane phases, the binary assembly can be further
optimized.”® Pits were observed in the supraparticles, which
could arise due to wetting of the oil phase and/or by (swollen)
micelles that get adsorbed into the supraparticles.””" While
this porosity can be advantageous for catalytic applications,””
the pores can probably be avoided by further tuning the oil-to-
water ratio or the amount of excess surfactant present in the
continuous phase.”’ Interestingly, the pores observed in
Figures 2 and Slc did not seem to induce disorder. Other
inhomogeneities, such as the supraparticle size, can be
controlled by using microfluidics. This technique should then
be combined with methodologies that allow for synthesis scale-
up. 580

Our rod—sphere assemblies typically consist of curved rod
layers. This curvature is most apparent at high N,,/Nri0,
where membrane phase is formed (Figure 2). This is not
surprising, as membranes are typically described as fluid-like
and elastic structures that can undergo significant fluctuations,
as studied by the Dogic group.’"*> However, some degree of
curvature is also observed in both the 2D assemblies (Figures
Ic and 3b—d) and supraparticles at lower N,./Nrio,
indicating that curvature is not exclusive to the membrane
phase. Additionally, differently oriented rod domains can be
observed (Figures 4b and S3). Wang et al. attribute the
formation of these domains to a so-called ‘embryo-crystal-
lization process’ in which small ordered regions nucleate
independently and grow into layers while adopting distinct rod
orientation.”’ This mechanism appears to be consistent with
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our simulations on the nucleation of a binary smectic phase, as
shown in Supplementary Video S3.

The rod—sphere assembly into binary smectic and
membrane phases resulted in sphere-at-rod-tip ordering.
Previous studies on rod—sphere assemblies have reported
different types of ordering, such as side-by-side arrangement.
For example, Nagaoka et al. introduced additives to promote
attractive sphere—rod interactions, driving the spheres to
intercalate within the rod arrays rather than phase separating
during assembly.”” Similarly, Sanchez-Iglesias et al. used
ultralong nanowires (>S5 ym) to direct the spheres to the
sides of the wires.”> Notably, both papers introduced
additional components to achieve binary assembly (in 2D),
resulting in side-by-side sphere—rod assemblies. In contrast,
our work does not add such components and achieves sphere-
at-rod-tip ordering. As colloidal membranes and, in particular,
binary smectic ordering control the position of the spheres at
the tips of the rods, this nanoparticle arrangement offers a
promising strategy for enhancing the synergistic effects of tip-
localized properties. This in combination with supraparticle
assembly makes them interesting for a variety of applications.
The presented Au/TiO, supraparticles are interesting for
photocatalytic applications. Au-supported TiO, is widely
recognized as promising photocatalysts due to their ability to
absorb a broad range of the solar spectrum.” Using TiO, in
the form of nanorods has already been demonstrated to
improve the separation of photogenerated electron—hole
pairs.*” Placing the Au nanospheres next to the nanorod tips
through binary smectic ordering could make electron transfer
more efficient, thereby further suppressing charge recombina-
tion. Combining this with the enhanced light—matter
interactions arising from their assembly into supraparticles®>*”
could yield highly active photocatalysts. Moreover, the binary
smectic arrangement may help limit nanoparticle sintering, as
the spheres are partially surrounded by rods, potentially
improving catalytic stability.**

Binary smectic and membrane supraparticles are not limited
to Au nanospheres and TiO, nanorods, but various
combinations of rod—sphere building blocks can be used.
For instance, ordered supraparticles composed of quantum
dots and semiconductor nanowires, such as CdSe/ZnO, can be
promising solar cells for similar reasons, namely, improved
light—matter interaction and charge separation.” Supra-
particles containing rods and spheres also hold potential for
energy storage. For example, Xue et al. reported that Fe;O,-
doped TiO, nanorod supraparticles exhibited enhanced
lithium storage performance.’® Rod—sphere alignment would
likely further improve electron transport and Li* diffusion,
resulting in an additional enhancement in battery performance.
Another application can be found in sensors, as semiconductor
nanowires loaded with noble metals can increase sensor
sensitivity and selectivity.”” Smectic ordering could enhance
local electronic responses upon gas exposure, improving the
sensor signals. The ordered, multicomponent nature of binary
smectic or membrane supraparticles also makes them attractive
in optical applications, e.g.,, by using local electromagnetic field
enhancement at nanorod tips, which strongly amplifies the
surface-enhanced Raman scattering signal in plasmonic rod—
sphere assemblies.”®

B CONCLUSION

In this work, we have shown the successful assembly of Au/
TiO, sphere—rod mixtures into 3D binary supraparticles with

tunable phase behavior. Colloidal membrane supraparticles
were formed for a sphere-to-rod number ratio of S, while
lowering this ratio to 0.6 resulted in a binary smectic phase.
This is in agreement with numerical simulations for our rod—
sphere mixtures showing that the binary smectic phase is stable
for sphere-to-rod number ratios up to 1. Above that ratio, the
depletion interactions induced by the presence of spheres were
not strong enough to continue the 2D single rod layers to self-
assemble further into a binary smectic phase, as colloidal
membranes were formed instead, stabilized by repulsions
between the membranes. Both the membrane and binary
smectic phases were observed at the surface as well as in the
interior of the supraparticles by using advanced electron
microscopy techniques. In addition, the formation of supra-
particles was monitored over time by using POM, showing
anisotropic phase behavior during the final stages of the self-
assembly process. Our binary rod—sphere supraparticles are
promising materials for optical, catalytic, and electronic
applications, where precise tuning of light absorption and/or
charge transport between nanoparticles is essential for
maximizing performance.

B EXPERIMENTAL METHODS
TiO, Nanorod Synthesis

Brookite TiO, nanorods were obtained using an adapted version of a
previously published seed-mediated procedure.*' ~* First, 100 mL of
oleylamine, 100 mL of 1-octadecene, and S mL of oleic acid were
added to a 3-neck 500 mL round-bottom flask while stirring at 400
rpm. The reaction mixture was heated at 120 °C for 1 h under
vacuum and subsequently cooled down to 60 °C. Once the
temperature stabilized, the flask was placed under a N, flow, followed
by a swift addition of 15 mL of a stock solution containing 0.2 M
TiCl, and 1 M oleic acid in 1-octadene, prepared in a glovebox. Next,
the solution was rapidly heated to 290 °C at a ramp of 20 °C/min and
held for 30 min to form the anatase seeds. To grow the seeds into
brookite TiO, nanorods, 50 mL of stock solution was dropwise
injected with a syringe pump at a rate of 0.25 mL/min. After growth,
the flask was allowed to cool down to room temperature while
stirring. Next, the crude product was centrifugated at 6000 rcf
(relative centrifugal force) for 10 min and redispersed in toluene. This
purification step was repeated twice using ethanol as an antisolvent to
improve the length monodispersity.

The as-synthesized nanorods were post-treated with additional
oleic acid and oleylamine ligands to increase the ligand coverage,
reducing attractive interparticle interactions.*’ Briefly, 1 mL of TiO,
nanorod dispersion in toluene was added to a 50 mL round-bottom
flask containing S mL of oleic acid, S mL of oleylamine, and 5 mL of
1-octadecene. The flask was heated at 75 °C under vacuum for at least
30 min and left to stir under a N, atmosphere overnight. The
nanorods were collected by adding ethanol as an antisolvent, followed
by centrifugation at 8000 rcf for S min and redispersion in toluene.
This step was repeated twice.

Gold Nanosphere Synthesis

Oleylamine-capped Au nanospheres were obtained following a
modified procedure of Peng and Sun et al,* yielding relatively
small nanoparticles around 4 nm. First, 0.5 mmol of HAuCl, - 3 H,0O
was dissolved in 10 mL of oleylamine and 10 mL of octane in a 20 mL
glass vial. The solution was transferred to a 50 mL round-bottom flask
and heated at 30 °C under a N, atmosphere. The solution was left
stirring at 400 rpm for 30 min. Next, the stirring was increased to
1200 rpm, followed by a rapid injection of a TBAB solution (87 mg of
TBAB in 1 mL of oleylamine and 1 mL of octane), which immediately
turned the mixture black. The mixture was left for 2 h, ultimately
turning the color to deep red, indicating the formation of small Au
nanoparticles. Subsequently, antisolvent acetone was slowly added to
the crude product, followed by centrifugation at 5000 rcf for S min.
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The supernatant was discarded and the isolated precipitate was
redispersed in toluene. This step was repeated once with ethanol as an
antisolvent. The resulting Au nanospheres were stored in dark until
further use.

Formation of Au/TiO, Binary Superlattices

The self-assembly of TiO, nanorods and Au nanospheres into binary
superlattices was carried out using a self-assembly procedure for the
assembly of binary NPs dispersed in an apolar liquid on the surface of
a polar liquid for the creation of 2D or thin 3D colloidal crystals
(specifically, it was demonstrated for FePt/Fe;O, superlattices, but
has been applied for many different NP systems subsequently).**
Generally, TiO, nanorods and Au nanospheres were added together
into a 1 mL glass vial and further diluted with toluene until a final
volume of 50 uL was reached. The nanoparticles dispersion was
vortex mixed (IKA Vortex 3) and dropwise added on top of 2 mL of
water in a 3 cm glass Petri dish. The Petri dish was then covered with
a bigger Petri dish and left for several hours. Once the nanoparticles
were fully dried on the water—air interface, the resulting thin film was
transferred to a Formvar/carbon-coated copper grid (200 mesh, Ted
Pella) for structural analysis.

Formation of Au/TiO, Supraparticles

The Au/TiO, supraparticles were obtained by evaporating oil-in-
water (O/W) emulsion droplets, causing close packing of nano-
particles.*®® Typically, TiO, nanorods and Au nanospheres, both
dispersed in toluene, were mixed together in a 1 mL glass vial and
diluted with toluene to obtain a final volume of 150 L. The mixture
was mixed with a vortex mixer and added to 10 mL of 8 mM SDS
solution in a 20 mL glass vial presaturated with 20 L of toluene. The
mixture was emulsified using a Turrax mixer (IKA T2S digital, Ultra
Turrax) at 3000 rpm for 20 s. The glass vial was quickly covered with
Teflon tape. A needle was used to make 1 hole to allow toluene to
evaporate. The vial was left on an orbital shaker (IKA KS260 basic)
for 3 days, shaking at 250 rpm, turning the pink turbid emulsion to a
pink transparent dispersion of supraparticles. The supraparticles were
collected by sequential centrifugation at 50 rcf and 250 rcf, each for 5
min to prevent larger supraparticles from breaking due to the
centrifugal force. The precipitate was isolated and redispersed in
water. This purification step was repeated twice.

Ultramicrotomy

Ultramicrotomy sections were prepared by sectioning resin-embedded
supraparticles using a Reichert/Leica UltraCut E ultramicrotome.
Dried supraparticles were previously embedded in EpoFix resin and
left to harden at 60 °C overnight. Next, the resin was modified with a
razor blade to expose the sample. The resin was mounted on the
ultramicrotome equipped with a DIATOME diamond knife. Initial 80
nm sections were cut to ensure uniform thickness, followed by 50—70
nm thin sections prepared at a cutting speed of 1 mm/s. These were
collected onto Formvar/carbon-coated copper TEM grids for
structural analysis.

Simulations

The simulations were performed using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS 21Nov2023)”° in
the NPT ensemble. Particle interactions are described by the purely
repulsive Weeks—Chandler—Andersen (WCA) potential with inter-
action strength & = 40kyT. The spheres have a diameter ¢, and the
rods are represented as rigid bodies composed of ten nonoverlapping
spheres of diameter o, resulting in an aspect ratio of L/o = 10. The
initial configurations are created by placing 17,500 rods on a regular
3D grid. Subsequently, rods are randomly replaced by spheres to
obtain the desired sphere-to-rod number ratio while keeping the total
number of particles constant, see Figure S6. The imposed pressure
controls the packing fraction. After equilibration, all relevant
quantities are averaged over 10 configurations, sampled every 10°
timesteps.

To further quantify the local nematic order, the structure of the
mixture is characterized using local nematic and smectic order

parameters.”® The local nematic order parameter S; of particle i is
defined as

I3 ) 1]
S == 2(au) - =
1Y Sy -

ij=1

where 7; is the number of neighbors of particle i. Two particles are
considered neighbors if their surface-to-surface distance satisfies p;; <
1.5 0. By definition, §; ranges from —0.5 (rods oriented perpendicular
to its neighbors) to 1 (perfect alignment). The local smectic order
parameter 7; is defined as

m,
1 : rl}
5 =51~ _Z u;
m; j=1 Teut
where r; is the vector connecting the centers of mass of rod i and j

pair, o, = L/2 denotes the cutoff distance, and m; is the number of

neighbors of particle i that satisfy Irjl<r,. By construction, 7; ranges
from —0.5 (particle transverse and not in line with its neighbors) to 1

(perfect alignment and in line with neighbors).
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BF-TEM bright-field transmission electron microscopy
BSE backscattered electrons

EDX energy dispersive X-ray

POM polarized optical microscopy

SE secondary electrons

SEM scanning electron microscopy

HAADF-STEM high-angle annular dark-field scanning trans-
mission electron microscopy.

c sphere diameter and length scale;

Vied (Viph) rod (sphere) volume;

N total number of particles;

Niog (Ngpn) number of rods (spheres);

Xeph fraction of spheres;

light intensity;

wavelength;

angle between the polarizer and the optical

axis;

refractive index difference;

nematic order tensor;

nematic director;

nematic order parameter;

smectic order parameter;

local smectic order parameter of rod i

smectic layer spacing and sample thickness;

unit vector describing the orientation of the

long axis of rod i;

o Kronecker delta.
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