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A B S T R A C T

Soft materials are a diverse and rich field of interest. Materials which form struc-
ture by their own self-assembly are of special interest. New material properties
can be achieved by the self-assembly of constituent soft matter. Two soft mat-
ter systems are investigated in this dissertation from different perspectives. An
in silico approach is applied to explore semiflexible polymers; X-ray scattering is
applied to probe quantum dot (QD)-liquid crystal (LC) composites.

Semiflexible polymers can generate a range of filamentous networks signifi-
cantly different in structure from those seen in conventional polymer solutions.
Our coarse-grained simulations with an implicit cross-linker potential show that
networks of branching bundles, knotted morphologies, and structural chirality
can be generated by a generalized approach independent of specific cross-linkers.
Network structure depends primarily on filament flexibility and separation, with
significant connectivity increase after percolation. Results should guide the design
of engineered semiflexible polymers.

Thermotropic liquid crystal provides an active basis for organization of nanopar-
ticles. Using a bottom-up approach, nanoparticles well dispersed in the isotropic
phase can be self-assembled by exclusion from the nematic phase as the material
cools from the isotropic phase. A ligand exchange reaction can be used to cre-
ate nanoparticles with mesogenic ligand coatings to allow better dispersion and
assemble novel structures. Small angle X-ray scattering is used to inform the struc-
ture of a variety of materials which apply this design concept. These metamateri-
als have tunable properties with applications in quantum dot based electro-optic
devices and more.
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D I S S E RTAT I O N O V E RV I E W

dissertation organization

This dissertation is organized in two parts. For the project discussed in the first
part, “Designing Semiflexible Polymer Networks,” I was the only graduate stu-
dent contributing to the project. The project discussed in the second part, “Quan-
tum Dot/Liquid Crystal Self-assembly,” is a collaboration across the research
groups of Profs. Linda S. Hirst, Sayantani Ghosh, and Jason Hein. The nature of
the project requires a multi-disciplinary coordination of these soft matter physics,
optics, and chemistry groups. Many graduate students have been involved in this
project. My research involvements in these two parts are presented in my disser-
tation; the work presented in the second part focuses on my contributions.

While these two parts seem disparate, I see both as attractive topics for research.
I have also used the opportunity to work on both as a way of extending my
skill set in preparation for post-graduate career. I have had the freedom to build
experience in different directions including: molecular dynamics, scientific pro-
gramming, x-ray diffraction experiments, and apparatus engineering/design.

1



Part I

D E S I G N I N G S E M I F L E X I B L E P O LY M E R N E T W O R K S

Semiflexible polymers can generate a range of filamentous networks
significantly different in structure from those seen in conventional
polymer solutions. Our coarse-grained simulations with an implicit
cross-linker potential show that networks of branching bundles, knot-
ted morphologies, and structural chirality can be generated by a gen-
eralized approach independent of specific crosslinkers. Network struc-
ture depends primarily on filament flexibility and separation, with sig-
nificant connectivity increase after percolation. Results should guide
the design of engineered semiflexible polymers.



1
I N T R O D U C T I O N

1.1 introduction

1.1.1 Semi-Flexible Polymer Networks

In biology semi-flexible polymers are common. For example, F-actin filaments,
microtubules and intermediate filaments form the cellular cytoskeleton, cross-
linking via the action of a variety of different associated proteins [5]. Recent
experimental work has explored the generation of synthetic, peptide based fila-
ments [6], however semi-flexible polymers have been little explored for practical
materials applications despite their potential to produce unique structures [7–9],
light yet rigid gels [10], materials for mesoscale templating [9], biological scaffolds
for tissue engineering [11], and drug delivery [12–14].

Semi-flexible polymers have the potential to generate a diverse family of network-
based materials. Such materials differ significantly in structure from those seen
in polymeric systems formed from molecules approximated by the freely jointed
chain. The solution behavior is well known for specific biological examples such
as F-actin, microtubules, DNA etc. under the influence of cross-linking proteins
or specific ionic conditions. However, a general picture of phase behavior and the
range of accessible structures as a function of flexibility, length, attractive poten-
tial, and concentration has not yet emerged as these parameters are often difficult
to tune experimentally. The general principles for assembly and structure tuning
we demonstrate open the field for the generation of a wide range of new materi-
als, incorporating semiflexible filaments as the basic unit. There has been limited
work dedicated to the formation of materials from stiffer polymers (micron scale
persistence length) since most widely used polymer chains are highly flexible.
This area of interest has grown recently with a large number of experimental
and theoretical studies on the behavior of semiflexible filaments in solution, most
biological in origin (i.e. F-actin, DNA etc) [7, 8, 15–33]. Recently Kouwer et al. ex-
perimentally demonstrated network formation from a polyisocyanopeptide fiber
hydrogel with tunable mechanical properties [6]. These materials provide a basis
to experimentally investigate functional biomimetic synthetic hydrogels and their
applications.

In this dissertation we explore the range of structures accessible for a semi-
flexible filament self-assembly. Our coarse-grained model, inspired by models of
F-actin networks with explicit cross-linkers, greatly expands the accessible param-
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1.2 background 4

eter space. Approximating the effect of crosslinkers allows for a more tunable
representation of filament attraction and binding. Morphological properties of
the networks are quantitatively examined using connectivity analysis, radial pair
distribution functions and a scaling analysis. We demonstrate that hierarchical net-
work structures such as the branching bundle network seen in biological [7, 15, 16]
and synthetic [6] materials do not depend on specific cross-linker interactions, and
that these structures can be generated by simple attractive potentials.

Our results reveal that previously observed networks of bundles seen in F-actin
systems are not unique to certain cross-linkers but occupy a tunable position in the
phase diagram, controlled primarily by filament flexibility and minimum coaxial
distance. Filament length is found to have a lesser role, with a minimum length
required for network formation. Further modification of filament parameters al-
lows the generation of hierarchically structured networks not seen in flexible poly-
mer systems, such as knotted networks, transverse bundle packing and examples
of structural chirality. Detailing the effects of semi-flexible filament parameters
on structure and connectivity in this way provides a roadmap for the design of
highly tunable hierarchical networks and aids in the discovery of previously un-
seen structures for novel bioinspired materials.

1.2 background

1.2.1 Semiflexible Polymer Filaments

A polymer is an arrangement of subunit molecules bound to each other in series.
Polymers may be formed from synthetic monomers such as polystyrene, though
they are also formed as essential components of biological systems. Polymers are
ubituitous in materials science, though semiflexible polymers are a much more
specialized area of study. Semiflexible polymers are critical in biological systems,
in which they naturally form to serve as structural components and other cellular
functions.

1.2.1.1 Biological Context

Biopolymers include polynucleotides, polypeptides, and polysaccharides. The struc-
tural conformation of many biopolymers can be approximated by an ideal or
freely-jointed chain reminiscent of a 3D random walk. However, a select group of
biopolymers instead form more rigid structures between the limits of flexibility.
More flexibile than a rigid rod, but less flexible than a freely-jointed chain, semi-
flexible biopolymers such as F-actin and microtubles are critical to cellular function
and form part of the cytoskeleton. Semiflexible polymers have persistence lengths
on the order of their contour lengths. The biopolymer F-actin is an excellent ex-
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ample material from which the broader subject may be discussed due to having
been well investigated in previous works.

In a biological context, F-actin forms an important part of the cytoskeleton by
connecting with other Actin filaments via crosslinking proteins. By crosslinking
together, more complex structures form from individual filaments. Filaments may
bundle together and/or form a network structure by making connections with
nearby filaments (see Figure 1). A diverse group of crosslinkers exist for F-actin.
While some such as Filamin may induce additional geometry due to their inher-
ent binding configuration, a wider group simply form point-to-point bindings
of various distances between filaments, such as Fascin, Fimbrin, α-actinin, and
Spectrin. F-actin and similar materials are able to form a vast array of structural
morphologies by self-assembly with crosslinking proteins, however they limited
in configuration by the inherent properties of the filament, most importantly flex-
ibility. In order to develop new materials which are inspired by or mimic these
biological systems, interest has built in developing synthetic semiflexible polymer
filaments.

1.2.1.2 Generalized Materials Design

In contrast to natural biopolymers, synthetic semiflexible polymers can have tun-
able properties. Kouwer et al. demonstrated synthesis of peptide based semiflexi-
ble polymers with tunable persistence length which can also mimic biopolymers[6].
A broader understanding of the effects of synthetic materials such as these may
be tuned to produce structural morphologies as desired for application.

1.2.2 Molecular Dynamics

Molecular dynamics (MD) is a style of computer simulation of the physical inter-
actions and movement of particles. This is typically applied based on an atomistic
approach with every atom individually represented as point particles. Coarse-
graining simplifications to atomistic models are common. The structure of the
object to be simulated (i.e. a DNA segment) is defined with the masses, charges,
and bonds of each unit. From some initial positional condition, the process of
molecular dynamics evolves the simulation by projecting trajectories of each el-
ement based on potential energy functions defining interactive forces between
elements.

A robust integration method used to compute trajectories in molecular dynam-
ics is the velocity Verlet scheme. By this method, for each following step (t + ∆t),
the new position, velocity, and acceleration for each particle are calculated from
the previous values:
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Figure 1: A maximum-intensity projection of a confocal microscopy image z-stack show-
ing the branching bundle network structure of F-actin at 0.015 mg/ml, with
α-actinin at a 5:1 ratio with the G-actin monomer, inverted. Alexa Fluor 488

Phalloidin binds with the F-actin filaments at a ratio of 1:1 with the monomer,
providing the fluorescence contrast.
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~r (t + ∆t) =~r(t) +~v(t)∆t +
1
2
~a(t)∆t2

~v
(

t +
1
2

∆t
)
= ~v(t) +

1
2
~a(t)∆t

~a (t + ∆t) = −∇V (~r (t + ∆t))
m

~v (t + ∆t) = ~v
(

t +
1
2

∆t
)
+

1
2
~a (t + ∆t)∆t

for mass m, position ~r(t), velocity ~v(t), acceleration ~a(t), potential V(~r), and
timestep ∆t. This integration method has numerical and computational advan-
tages over other methods such as the simpler Verlet method. The software used
for MD simulations in this dissertation, NAMD, applies this method.

An energy minimization procedure is typically applied to the initial state of a
molecule in order to correct poor placement, such as bad contacts between atoms.
This procedure aims only to find a localized energy minimum, removing excess
potential energy based on positional conformation.

In atomistic-scale MD simulations, the role of solvent interactions are emphat-
ically important. A variety of explicit and implicit solvent models have been de-
veloped for this purpose in MD simulation software. In contrast, the simulations
presented in this dissertation have a coarse-grained minimum spacing of ~10 nm,
far greater than typical MD systems. On this scale, hydrophic effects and elec-
trostatic screening resulting from water solvation are diminished. Conveniently,
Langevin dynamics is then well suited to this regime, as it neglects those effects
but models the viscosity of a solvent and controls the temperature of the system. A
dissipative and fluctuating force term are added to effectively model the system’s
coupling to the solvent reservoir:

m~a = −∇V − γ~v−
√

2γkBT
m

~R(t)

for temperature T, Boltzmann constant kB, univariate random Gaussian process
~R(t), and friction coefficient γ. The MD software NAMD implements this by mod-
ifying the velocity Verlet integration scheme to use the Brünger-Brooks-Karplus
(BBK) method [34].

1.2.2.1 Hardware for MD simulations

For large simulations, a massive number of calculations are computed for each
timestep. Hardware with significant computational power is typically required
for a reasonable completion duration. Modern solutions to this involve parallel
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computation of mathematical operations, with a few options for approach. Multi-
core processing, networked multi-processor computing, and graphics processing
unit (GPU) computing may be utilized separately or all at once with scalable soft-
ware such as NAMD to improve computation time by orders of magnitude.



2
M E T H O D S

This chapter discusses the methods used to model, simulate, and characterize
semiflexible polymer filament systems.

2.1 molecular dynamics models

2.1.1 Semiflexible Polymer Filament Model

Filaments are modeled as a bead-spring chain. With the distance between beads as
a tunable quantity, the mass of each bead is set equal to the mass of a same-length
F-actin segment based on the mass per unit length of F-actin.

The semiflexibility of filaments is modeled by the Euler angle θ for any 3-bead
segment (see Figure 2) with an energy cost described by:

V = ∑
angles

kθ (θ − θ0)
2

kθ =
LP

∆L
kBT

〈cosθ〉 = e−∆L/LP

with bead-bead spacing ∆L, persistence length LP, and relaxation angle θ0 =
180◦. The relationship with LP allows definition of filament flexibility based on
measured values of persistence length for individual filaments.

A spring potential is applied to every 2-bead segment, providing the filament
structure by:

θ

Figure 2: Semiflexible filament model diagram. Circles represent point mass beads; they
are joined by massless rods. An Euler angle θ is labeled.

9
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Figure 3: Discrete crosslinker model (left) and artifacts of this model (right)

V = ∑
bonds

kb(b− b0)
2

where b − b0 is the difference from equilibrium distance, and kb is the spring
constant. The coefficient kb is large, as an approximation of a non-stretching fila-
ment.

The 1-4 exclusion setting in NAMD is used to exclude intra-filament force calcu-
lations for same-filament beads which are nearly adjacent (within 3 bond links).

2.1.2 Discrete Crosslinker Model

The discrete crosslinker approach models crosslinkers as polyhedra of static charges
such that the ends are attracted to bind with filaments (see Figure 3, left). The
discrete crosslinker model approach was applied successfully to simulating a
polymer network system [22, 23], and investigating the role of F-actin:α-actinin
molar ratio in network structure. However in some cases unfavorable results
are produced as artifacts of the model. Artifacts of this approach include: same-
filament binding and localized crystallization (see Figure 3, right). Additional
residue-based course-graining is required with this approach, representing many
crosslinkers as one polyhedra. This approach is also computationally more costly,
as there are many more residues in a simulation with their addition.
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Figure 4: Lennard Jones Potential (dashed) with a linear long range potential.

2.1.3 Potential Field Crosslinker Model

An alternative approach to the discrete crosslinker model is a mean-field-like ap-
proach by which discrete crosslinkers are replaced by an inter-filament potential.
This potential model describes the minimum spacing (length) of a crosslinker and
the long range affinity to bind.

A modified Lennard-Jones potential VLJ∗ with a linear regime is used to model
the long-range attractive potential and minimum filament spacing of cross-linkers
implicitly with as a piecewise function (see Figure 4).

VLJ∗(r) =

ε
[( rmin

r
)12 − 2

( rmin
r
)6
]

, r < rmin

−ε
[

rmin−r
cuto f f−rmin

+ 1
]

, r ≥ rmin

The base Lennard-Jones potential’s long range behavior is highly dependent
on rmin. The appended long-range linear regime allows for a more consistent
attractive potential across different rmin with a cutoff distance of 440 nm limiting
the range of attraction. The cutoff does not interrupt structure formation, as it is
much larger than the average spacing between bundles in a network. This model
allows parametrization of the binding energy/attraction strength ε and minimum
coaxial distance rmin.
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2.1.3.1 Improving the potential function

The piecewise substitution of a linear function as part of the potential is a mini-
malist solution to creating a more uniform long range attraction across different
rmin values. This is simple to implement in NAMD by taking advantage of the
switching function which is more commonly used for the smooth truncation of
long range potentials. This potential is simple and effective, however some im-
provements may be made to model the force in a smoother way.

A smooth first derivative would be more natural. Such specialized potential
functions would require modification of the NAMD source to implement.

2.1.4 Hybrid Model

The potential field crosslinker model is a more robust and tunable approach com-
pared with the discrete crosslinker model, however it also has an artifact: parallel
bound filaments may creep along eachother until their ends align. This effect is
strongly dominant with bundles of short filaments, although it is likely present
to a lesser extent in other regimes. The discrete crosslinker model also produces
unfavorable localized crystallization and same-filament binding.

A proposed solution to eliminate these artifacts is to take a hybrid approach. By
applying the potential field model along with a more sparse (coarse grained) dis-
tribution of discrete crosslinkers, both artifacts might be eliminated. The sparse
dispersity of discrete crosslinkers would prevent localized crystallization. The
discrete crosslinkers would also form site-to-site bonds which might be strong
enough to prevent parallel filaments from creeping along eachother into adja-
cency, an artifact dominant with isolated bundles. The false scaled concentration
of discrete crosslinkers would be balanced by the strength of the potential field
model.

By combining these models, a mutualistic hybrid model may be achieved, fur-
ther improving network simulation mechanics.

2.1.5 Generating Simulation Files

For a NAMD simulation, the files required to run a simulation are listed in Table
1.

The parameterized generation of these files was automated for the purpose of
creating large arrays of simulations. A python script generates all of these files,
and can by invoked by a shell or python script to generate simulation arrays. The
program script accepts the non-positional arguments in Table 2.

This script also accepts a directory path which it will use as a root to populate.
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*.inp Minimization/production run procedure

*.inp Potential function parameters (CHARMM format)

*.psf Bonds (X-PLOR format)

*.pdb Initial coordinates (CHARMM format)

*.inp (optional)
Bond structure (CHARMM format)
for visualization or generating *.psf

Table 1: Components of a simulation in NAMD

-bb bead-bead spacing along the same filament

-f bending stiffness energy

-r minimum coaxial distance, rmin

-eps binding energy, potential strength

-fil number of filaments

-beads number of beads per filament

-t number of timesteps

-box box size (nm)

-cls number of crosslinkers (set to zero for implicit
model)

-g gaussian chain generator (use for diagnostics)

Table 2: Simpop.py simulation files generator arguments
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Processor AMD Phenom II X6 1055T 2.8GHz Socket AM3

125W Six-Core Desktop Processor

Power Supply RAIDMAX HYBRID 2 RX-630SS 630W ATX12V
V2.2/EPS12V

RAM G.SKILL Ripjaws Series 16GB (4 x 4GB) 240-Pin
DDR3 SDRAM DDR3 1333 (PC3 10666)

Motherboard MSI NF750-G55 ATX AMD Motherboard

Table 3: Hardware specifications for Karasu workstation

2.2 molecular dynamics environment

2.2.1 Environment Model

Batch simulations were completed in a periodic box with side length 3.23 µm.
Larger simulations have been completed at up 6.46 and 9.69 µm.

A Langevin thermostat is applied with every integrator step. Langevin dynam-
ics adds additional random forces and damping which models a solvent at a stable
temperature. This approach does not qualify as a full implicit solvent model, as it
lacks inclusion of electrostatic screening, hydrophobic effects, and hydrodynamic
interactions. The exclusion of these effects is appropriate to this system, since they
have limited influence in the mesoscale regime investigated.

A 5 ps timestep is used, with one frame being recorded every 50 timesteps.

2.2.2 Hardware

The Ranger Sun Constellation Linux computing cluster at University of Texas
provided 200000 Service Units for this project through the XSEDE program, most
of which was used. The time overhead of queuing a job on Ranger was a few days,
making it prohibitively time-costly except for the longest simulations.

The Karasu (Komputation Accelerating Research and Simulation Unit) worksta-
tion was assembled as a local alternative optimized for CUDA GPU computing
on a budget limited to $1000 (see Table 3 for specifications). This workstation has
served as a programming, MD simulation, and Linux learning platform for five
students.

The NVIDIA GTX 550 Ti card was selected in 2011 for our GPU computing simu-
lation system. This processor had mixed popular opinions due to its lower perfor-
mance in comparison to the earlier generation 400 series processors with higher
memory bus bandwidth. The significantly lower price and power consumption of
the 550 Ti over earlier generation cards made it a viable option for this system.
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Since this decision is no longer relevant with newer generations of cards available,
a general suggestion to optimize performance capability for CUDA simulations
is to optimize memory bus bandwidth, CUDA Compute capability, and proces-
sor clock speed. Crypto-currency hashing GPU benchmarks now provide a unified
metric for predicting performance for simulations.

2.2.3 Software and Utilities

The Ubuntu 10.04 LTS and 12.04 LTS Linux distributions were used as operating
systems for the Karasu workstation. The Linux CUDA toolkit and driver were
installed to allow GPU optimized applications access to the graphics card. The
networked resource monitoring tool Munin was used to observe and analyze re-
source trends and performance issues. This tool is specially helpful for checking
system load remotely, such as when waiting for a process to finish or checking
load before starting a resource intensive process. Munin statistics can be viewed
at:

http://karasu.ronpandolfi.com/munin/

The molecular dynamics software NAMD was used for simulations. This simu-
lation platform is highly scalable and has GPU optimization. It also integrates well
with the popular MD visualization tool VMD, and is compatible with CHARMM
format files.

2.3 selection of ε

The bond strength parameterized in the modified LJ potential function was orig-
inally modelled from the bond strength of α-actinin. The phase space across ε,
rmin, and LP was investigated in order to check the richness of the phase space
as it depends on the strength of the attractive potential. A fixed filament length
of 1 µm was used in this portion of the study to anchor the scale of the simula-
tion. At a lower limit, small ε reduces the rate of network formation, limiting the
growth of structure and favoring low-complexity structures. At an upper limit,
large ε affects the accuracy of the integrator, requiring shorter timesteps and fa-
voring high-complexity structures. In order to select a value which would present
a rich phase space, an array of simulations across varied ε, rmin, and LP was first
analyzed. The most complex and well behaved phase space was found to occur at
ε = −0.061 cal/mol.

http://karasu.ronpandolfi.com/munin/
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Figure 5: Diagram of RDF calculation for a single source bead. The scaled density is cal-
culated at each radius r for spherical shells of width dr.
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2.4 radial distribution function

The Radial-pair Distribution Function (RDF) is a staple analytical technique [35]
in Molecular Dynamics that describes the mass-density at various length scales
as a radially symmetric probability density function (see Figure 5). Applied to
a simulated network, this is useful for identifying filament packing structure (i.e.
filament arrangement within a bundle), bundle thickness, and network mesh size.

The RDF, G(r), is calculated as a summation over every bead k for N beads in
volume V, with bin size dr and n(r) beads in the spherical shell of width dr and
radius r centered at k:

gk(r) =
n(r)

4πr2dr

(
V
N

)

G(r) =
1
N

N

∑
k=1

gk(r)

A few cautions are important when applying this to a simulated network. The
bead-bead spacing along a filament is a highly ordered structure that would leave
an artifact in the RDF. To eliminate this, spline interpolation can be used to the
extent that the interpolated bead-bead spacing is equal the spatial resolution of
the RDF. In the calculation of gk(r) for some bead k, beads on the same filament as
k can be excluded from the gk(r) to remove the signature of a filament’s average
contour from the final RDF. This provides a clearer representation of the network
structure. The spatial periodicity of the system must also be accounted for when
determining the distance between beads. The nearest of the nearest-neighbor im-
ages must be used.

Computational cost for these calculations scales with N2, and spline interpola-
tion effectively increases N significantly, further increasing cost. To improve effi-
ciency, GPU parallel processing is suggested to decrease computation time. Under-
sampling can also be applied for more cursory computation.

2.5 fractal dimension

The fractal dimension (or ’mass-density power-law scaling’) of a structure repre-
sents the way mass scales with space. Common simple geometries have fractal
dimension values which serve as a good reference when looking at more complex
structures. For example, a straight line (i.e. a single filament) in 3D has a fractal
dimension of D = 1. A plane, D = 2 (i.e. a thin sheet of material) and a volume,
D = 3 (i.e. a uniform solid) have similarly simple values. More complex structures
often have intermediate values that can be related to these simple geometries. The
Koch Curve [36], commonly depicted as a line in 2D with fractally dense curves,
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has a fractal dimension slightly more than that of a line in 2D (D ≈ 1.262), since
it fills space more completely. The freely jointed chain, a simple model for flexible
polymers, is a random walk in 3D with a fractal dimension value intermediate be-
tween a volume and line (D = 2). Finite geometries (non-fractal) can be analyzed
in the same way as fractal structures, though the range of consistent scaling is
limited. Instead, the average mass-density at different size scales will fit a power-
law trend when scaling is consistent. This can be applied to our coarse-grained
simulation results. One formalism to quantify this is:

D =
dlogL(r)

dlogr

for average mass L at radius r from any bead. This is closely related to the RDF
G(r), as the average mass in a space of radius r around a bead is:

L(r) =
V
N

r

∑
ρ=0

G(ρ)

When this technique is applied to the filament networks we report, in the very
short range (r < rmin) the geometry of individual filaments is dominant (D ≈ 1)
and in very long range the space is filled volumetrically (D = 3). In the interme-
diate range, the scaling parameter will transition to an intermediate value that
may be consistent over a decade. The locations of transition points representing
the limits to the length-scale range of a structure can be identified by finding
crossover points (i.e. points where D transitions from one value to another).

In Figure 6a, a power-law fit of the mass-scaling for the branching network in
Figure 10 is shown with a scaling parameter of 1.3 in the intermediate region.
The transition point where two power law fits meet represents the mesh size here.
The system of isolated bundles in Figure 9 similarly has a transition point in its
mass-scaling (Figure 6b) representing the size of a bundle. Diagrams representing
the meaning of these values are shown adjacent in Figure 6c-d.

2.6 percolation analysis

An analysis of the connectedness of a simulated network is particularly useful for
time-resolved studies of the evolution of the structure, and allows verification that
the structure has evolved to a quasi-equilibrium state. A structure that appears
well developed by its RDF may continue to evolve subtly by slowly forming a
more connected structure while maintaining its general morphology.

In the evolution of a typical network structure, three distinct time-regimes are
identifiable: rapid network formation, slow bundle thickening, and the quasi-
equilibrated state. In the initial stage (rapid network formation) filaments quickly



2.6 percolation analysis 19

10 
2 

10 
3 

10 
9 

10 
10 

10 
11 

r (nm) 
Σ q=

1 
r 

dN
(q

) (
ar

b.
 u

ni
ts

)  

10 
2 

10 
3 

10 
9 

10 
10 

10 
11 

r (nm) 

Σ q=
1 

r 
dN

(q
) (

ar
b.

 u
ni

ts
)  

285 nm

1.3

3.0

1.6

1.0

3.0

49 nm
230 nm

49 nm

230 nm

285 nm

a b

c d

Figure 6: Mass-scaling of a branching network structure (a) and isolated bundles (b) with
different transition points and scaling parameters. Diagrams representing the
calculated values in each structure are shown (c-d).

form ’clusters’ of interconnected (directly or indirectly) filaments. The average
number of filaments in a cluster grows as separate clusters join, eventually form-
ing a percolated structure with nearly all filaments connected to every other fila-
ment by cluster-cluster aggregation [8, 9]. Once the network structure is formed,
loose ends of filaments continue to fluctuate, forming new connections as they are
attracted towards other bundles. At the limit of this process, a quasi-equilibrium
structure is formed which persists. This is seen experimentally with F-actin gels,
which form a pseudo-stable gel rapidly [9].

To perform the percolation analysis, two parameters are calculated: the aver-
age cluster size and the average connections per filament (connectivity). In the
first phase of this calculation, the inter-filament “cross-links” are identified by the
proximity of close filaments. If any two beads on different filaments are within
slightly more than the bond distance (rmin + 1 nm), a bond is recorded in a sym-
metric logic table T. If filament number A is sufficiently proximate (cross-linked)
to B, then TA,B is set to 1, otherwise it is 0. The logic table formed by repeating
this check for every filament pair is an N×N symmetric adjacency matrix with all
cells along the diagonal set to 1. Only the upper triangular part is used to prevent
redundancy. By taking advantage of the MDAnalysis Python toolbox, this table
can be formed efficiently.

As an example of this process, consider the example network graph in Figure 7

representing eight filaments with “cross-links” between them. The logic table rep-
resenting this network graph is shown adjacent. Each diagonal cell uniquely rep-
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Figure 7: An example network graph and corresponding adjacency matrix. The network
has an average connectivity value of 0.609 and average cluster size of 0.625.

resents a node/filament, while off-diagonal cells represent connections between
nodes/filaments.

In the second phase of calculation, a recursive algorithm parses this logic table
incrementing a counter for each value. The recursive algorithm is simply stated
for any cell Ti,j:

• If i = j, increment the cluster size counter

• If i 6= j, increment the connectivity counter

• Set Ti,j = 0

• For each cell Ti′,j′ = 1 such that i′ = i or j′ = j (on the same row or column),
recurse from that cell.

The recursion is initialized from each cell on the diagonal, each time with the
original copy of T. After recursion collapses, the cluster size and connectivity
counters are normalized by the maximum value of cluster size, N2. This recursion
thus follows the connections between nodes, going deeper into the network graph
with each depth of recursion until a full cluster is parsed. Since each diagonal cell
parsed represents a filament connected (either directly or indirectly) to the cluster
which includes the initialized node, by counting these diagonal cells the size of the
cluster can be determined. Similarly, counting off-diagonal cells gives a measure
of how well connected the cluster is. A more dense adjacency matrix will then
have a higher connectivity value, while a more sparse adjacency matrix will have
a lower connectivity value. A minimally connected full network (ring topology)
would have a normalized connectivity value of 1, thus values greater than 1 are
easily possible.

An example of this recursive algorithm is represented in Figure 8 for the net-
work shown in Figure 7. Recursion is initialized at cell T5,5 (representing node 5)
as an example. At the top depth of recursion (red), T5,5 is set to 0, and the clus-
ter size counter is incremented once. The four nonzero cells in the row/column
begin the next depth of the recursion (shown as dark blue). Cells in the same
rows/columns are again parsed (light blue) looking nonzero values for the next
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Figure 8: Example steps in computing connectivity and cluster size for the network in Fig-
ure 4 initialized from node 5. Recursion depth is represented as different colors
(increasing from left to right). Dark colored cells represent points of recursion,
while light colors represent cells parsed for the next depth of recursion. Parsed
1’s continue the recursion procedure. Same-depth recursion is shown in paral-
lel here for conciseness, while a series programming approach is necessary to
prevent double-counting cells.

depth of recursion etc. At this depth, the cluster size counter is incremented twice,
while the connectivity counter is incremented four times. In this case, recursion
reaches a depth of 4. The remaining nonzero values represent nodes 7 and 8,
which are unconnected to the larger cluster; they contribute nothing in this case.

The computational cost of this procedure scales poorly, with N3. This can be
improved by under-sampling the number of diagonal cells from which it is initial-
ized.
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R E S U LT S

3.1 structural phases

A number of distinct structural phases were identified in the parameter space
investigated. These include primarily: isolated bundles, non-branching network,
branching network, and knotted network (see Figures 9 and 10).

These phases each have distinguishing characteristics, as discussed in the fol-
lowing sections.

3.2 novel structures

Three novel structures were observed through exploration of the parameter space:
the knotted network, the transverse network, and structural chirality. Structural
chirality is not in itself a novel phenomenon, however our results present a novel
understanding of its mechanisms.

3.2.1 Knotted network structure

The knotted network structure is particularly interesting as a novel structure, since
it would likely be indistinguishable in microscopy from a branching network.
The strongest distinction between these is the arrangement of filaments within
bundles and nodes, of which the scale is too small for optical microscopy.

The knotted network structure shown in Figure 10 has the unique characteristic
of having highly disordered binding within the dense network nodes. Similarly,
tendrils frequently have a braided structure by which inner/outer filaments ex-
change places in a disordered way. This structure is observed in low LP systems
with long filaments and high rmin. The bundle cluster network structure discussed
by Lieleg et al. [31] appears similar on the scale of the network, though that model
does not include the woven structure observed. Since this phase was likely char-
acterized based on optical microscopy, this may have been a suitable model based
on that information; the knotted network model may be a more detailed model of
this phase.

This structure additionally produces an average negative pressure in simulation,
indicating that the knotting effect is pulling tendrils in as the nodes compact. Since
the periodic box has constrained size, the filaments are then kinetically trapped
in a conformation with stressed bond lengths.

22
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Figure 9: Two simulations snapshots: a system of isolated bundles (top, L = 200 nm,
LP = 3.34 µm, rmin = 20 nm) and a system of non-branching bundles (bottom,
L =1 µm, LP = 3.34 µm, rmin = 20 nm).
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Figure 10: Two simulations snapshots: a system of branching bundles (top, L = 1 µm,
LP = 3.34 µm, rmin = 20 nm) and a knotted network (bottom, L = 1 µm,
LP = 33.4 µm, rmin = 60 nm). The apparent thickness of the knotted network
in relation to the others is due to its rmin value.
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Figure 11: Bundle super-helicing was observed as in a for 400 nm filaments with rmin =
30 nm. Transverse bundling was observed as in b with 200-400 nm filaments
with rmin = 100 nm.
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3.2.2 Structural chirality

Chiral structure is innate to biopolymers, where super-helicing (helical structure
from many chiral filaments) has been predicted [37, 38] and observed. Bundle he-
lices (as shown in Figure 11a) were most strongly observed for 400 nm filaments
with small LP and 20− 30 nm rmin. This packing-induced chirality suggests that
ex silico filament super-helicing is not necessarily a result of the geometric frus-
tration caused by cross-linker/filament binding with helical polymer filaments.
This effect may be induced with neither helical filament geometry nor discrete
cross-linkers, but by simple energy minimization. Similar structural chirality has
also previously been observed to emerge in simulations of discotic particles [39]
and explored theoretically [37, 40].

3.2.3 Transverse bundle network

A novel transverse bundle network phase (as shown in Figure 11(b)) was observed
when filament length L approached coaxial spacing rmin for short filaments. This
phase exhibits tendrils between network nodes in which the filaments face orthog-
onal to the direction of the bundle.

3.3 hexagonal packing structure

It was observed that thick coaxial filament bundles also tend to form a hexagonal
packing structure as indicated by correlation peaks in Figure 15. The 2D hexagonal
filament packing structure is easy to identify by the ratios of the peak values: 20,
35, 40, and 53 nm (20, 20

√
3, 40, 20

√
7).

3.4 phase space

To probe the impact of varying filament stiffness, binding distance, and length,
an array of simulations was carried out. Figure 12 shows phase diagrams for four
different attractive potentials with different rmin values. In each of these diagrams
the strength of the potential ε was kept constant, but the position of the potential
well is shifted in order to mimic cross-linkers of different lengths. We wanted
to test the hypothesis that network structure is generally strongly dependent on
filament spacing and flexibility as previously postulated for networks of actin
bundles in the presence of α-actinin [23].

Of the tunable parameters of this system we have considered, two archetypes
for effect were identified: complexity enhancing and network formation limiting.
Length, concentration, and attraction strength are examples of the latter. At ex-
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Figure 12: Phase diagrams for an array of simulations. Filament length L, persistence
length LP, and minimum coaxial distance rmin are varied for this set. Diagrams
show phases for rmin of (a) 10 nm, (b) 20 nm, (c) 30 nm, and (d) 60 nm. Colors
and symbols indicate the different phases, with a double symbol representing
a mixed state.
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treme values, the effects of network-limiting parameters can extend towards com-
plexity enhancing. The complexity-enhancing parameters have no effect on net-
work formation, however they dominantly control the complexity of the network
structure generated.

3.5 hierarchy of complexity

The phase diagram (Figure 12) shows that semiflexible filament networks exhibit
a hierarchy of complexity which can be traversed by strategically tuning select
parameters. The hierarchy follows:

Non-branching⇔ Branching⇔ Knotted
Low complexity . . . . . . . . . High complexity

One structure is more complex than another if it exhibits the same structural fea-
tures of lower levels, with some additional structural characteristic. For example,
the Knotted structure is a branching network with the added complexity of woven
tendrils and nodes. Complexity-enhancing parameters influence these transitions.

3.6 flexibility and rmin

At the stiff end of the range (high KB) non-branching networks occur, there is
an intermediate range of flexibilities that favors the branching bundled network.
At low KB the network becomes highly entangled, forming unique knotted struc-
tures, where filaments twist together within the bundles and produce more com-
plex, disordered structures (Figure 10). This series of phase diagrams also reveals
how the phase sequence can be shifted by controlling rmin , providing a second
degree of tunability to the system. As rmin is increased, filaments are forced to
bind further apart. This increased filament spacing shifts the structural hierarchy
towards the more complex structures, having an effect similar to an increase in
flexibility.

3.7 length threshold

In all cases we can see that there is a threshold-like behavior for the formation of
connected networks; both bundled and non-bundled networks only occur for fila-
ments longer than 500 nm (also see Figure 13). This effect is independent of other
parameters in the system. Above the length threshold, we can see a clear phase
sequence as a function of LP (or KB). In the series of simulations shown in Figure
13, this transition point is identified as 500 nm. This transition is expected to be
largely dependent on the global density of the system and attraction strength; LP ,
ε, and rmin showed negligible effect on this value.



3.8 density-scaling factor 29

200 400 600 800 1000
0

0.2

0.4

0.6

0.8

1

Length (nm)

A
v
g
. 
C

lu
s
te

r 
S

iz
e

Figure 13: A comparison of average cluster size across different filament lengths for LP =
3.23 µm, rmin = 20 nm. Network formation begins at 500 nm for this system.

3.8 density-scaling factor

Figure 14 shows a power law mass-density scaling analysis of three different
phases: bundled network, isolated bundles, and non-bundled network. In Figure
14, graphs (a-c) show mass-density scaling for each structure (magenta/top) in
comparison to slopes of fixed values (blue/below). For comparison, a system of
rigid rods would yield a slope of 1 over a range where rod width < r < rod length.
A solid material of uniform density will give a slope of 3. The flexible Gaussian
chain modeled in Figure 14(d) produces the expected fractal-like structure with a
slope of 2 over two decades of r, validating the calculation method.

Results show that the structures in Figure 14 are uniform in density over longer
length scales, tending towards a slope of 3 at 285, 230, and 229 nm respectively.
Below this point we observe cross-overs to different scaling behaviors. Short fil-
aments (Figure 14b) demonstrate typical scaling behavior for rigid rods, with a
slope of 1 down to a length scale corresponding to the bundle thickness. In com-
parison, the branched and non-branched networks display similar structures with
exponents of 1.3 and 1.4 respectively. Branching networks were observed to have
a higher crossover when compared with the non-branched networks, indicating a
larger mesh size.

3.9 radial distribution function analysis

The RDF emphasizes a few characteristics of structure: bundle thickness, bundle
packing structure, and void-space size. In Figure 15 contrasts between the isolated
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Figure 14: Mass-density scaling with power-law fits at various length scales. Plots (a-c)
respectively represent structures shown in Figure 9 and 10. Plot (d) represents
a freely jointed Gaussian chain model. Inset images show only a small sec-
tion of the full structure for illustrative purposes. Filaments are represented in
snapshots by the links between beads, showing the filaments’ contours.

bundles, branching network, and non-branching network phases can be made by
their RDFs. Short filaments form isolated bundles with many filaments per bun-
dle, as represented by the high intensity of the low r peak. The packing structure
of filaments is identified as planar-hexagonal by the peak ratios (see Section 3.3).
The intermediate r region can have a RDF value less than 1, representing the typ-
ical void space at that radius by which the isolated bundles are separated (see
Figure 15).

3.10 connectivity analysis

It has been previously shown experimentally in the F-actin/α-actinin system that
gels at high crosslinker concentrations will shrink after formation [8, 9]. This phe-
nomena was attributed to the formation of additional connections after perco-
lation. To investigate this hypothesis we carried out a connectivity analysis on
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Figure 15: Selected RDFs (a) calculated for the three simulated network structures in Fig-
ures 9 and 10 with logarithmic axes. The adjacent diagram (b) demonstrates
the void space where the magenta RDF drops below 1; this represents a lack of
mass at this range characteristic of isolated bundles of filaments. Peak values
are marked for the magenta and cyan RDFs.

Figure 16: Simulations from Figures 9 and 10 characterized by percolation analysis (b) as
a time-series. Solid lines represent connectivity; dashed lines represent cluster
size. Data are shown for simulation parameters blue/triangle (LP = 3.34 µm,
L = 1 µm, rmin = 20 nm), red/circle (LP = 33.4 µm, L = 1 µm, rmin = 20 nm),
and green/square (LP = 3.34 µm, L = 200 nm, rmin = 20 nm).
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simulated networks in which cluster size and connectivity can be quantified over
the simulation duration. Connectivity continues to increase after the system perco-
lates, as filaments form more connected bundles, though network structure does
not significantly change (see Figure 16). As can be seen in Figure 16, we find
that connectivity continues to increase monotonically after the clusters reach a
maximum size (where 1 represents a cluster spanning the simulation box). Iso-
lated bundles have a low connectivity and cluster size because they do not form
a network.

These results are consistent with experimental observations of contraction and
gel “skin” formation [8, 9] in networks of F-actin bundles and suggest slow bundle
thickening as free filaments connect with the network structure. We note that the
effect is observed for both branched and non-branched networks in this system.

The dynamics of formation for the network of bundles show two distinct differ-
ences from the single filament network. The system percolates much more rapidly,
and also makes more connections, plateauing at a higher connectivity (see Figure
16). This result can be easily explained by considering the structures shown in
Figure 9 and 10. The single filament network does not form bundles and is con-
strained by its lack of filament flexibility once connections are formed. This limits
the number of possible rearrangements at later times. The maximum connectivity
reached is strongly dependent on filament flexibility.

This technique additionally highlights the minimum length required for net-
work formation, as percolation only occurs above 500 nm (See Figure 13). The
length threshold shows a dramatic transition to a percolated system, though
length has a minor role past this threshold.

This result is significantly different from the results presented by Chelakkot et
al., who observed nearly full independence of structure from filament length in
Monte Carlo simulations of rigid rods with crosslinkers [41].



4
C O N C L U S I O N S

4.1 conclusions

We observe for this semi-flexible filament system a hierarchy of complexity, Iso-
lated Filaments (low complexity) ⇔ Non-branching Network ⇔ Branching Net-
work⇔ Knotted Network (high complexity), dependent on L and LP. The accessi-
ble phases are tuned by varying rmin, therefore network complexity increases with
both flexibility and rmin. At high flexibilities, if the filament spacing approaches
the persistence length, filaments are able to weave around each other to form a
fascinating knotted network structure. Shorter filaments are limited by the range
of space they can sample and do not form networks. These rules form a guide for
structurally tuning the fundamental properties of engineered synthetic semiflexi-
ble filament polymers.

This investigation of semiflexible polymer structures is also documented across
2 publications [42, 43].
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Part II

Q U A N T U M D O T / L I Q U I D C RY S TA L
S E L F - A S S E M B LY

Thermotropic liquid crystal provide an active basis for organization
of nanoparticles. Using a bottom-up approach, nanoparticles well dis-
persed in the isotropic phase can be self-assembled by exclusion from
the nematic phase as the material cools from the isotropic phase. A lig-
and exchange reaction can be used to create nanoparticles with meso-
genic ligand coatings to allow better dispersion and assemble novel
structures. Small angle X-ray scattering is used to inform the structure
of a variety of materials which apply this design concept. These meta-
materials have tunable properties with applications in quantum dot
based electro-optic devices and more.



5
I N T R O D U C T I O N

5.1 introduction

Liquid crystal/quantum dot composite materials are a promising area of research
for devices with novel functionality and tunable optical properties. Materials
formed from quantum dots exhibit properties unique from those of the individ-
ual particle; their strategic arrangement forms a meta-material. Liquid crystal pro-
vides a medium for assembly and/or reorganization of particles by its molecular
switchability and orientational control. The composite mixture of liquid crystal
and quantum dots is a promising material we have shown to generate unique
structures.

5.2 motivation

A nanoparticle (NP) ensemble of may demonstrate collective behaviors different
from the properties of its constituent particles [44]. Novel electronic, magnetic,
and photonic properties[45, 46] result from the inter-particle spacing and inter-
actions. The mechanisms for these novel material properties include plasmonic
resonance for metallic NPs [47], superparamagnetism for magnetic nanoparticles
(MNP)s [48], and Forster resonance energy transfer for semiconductor/quantum
dot nanoparticles [49]. The key to producing functional materials exploiting these
effects is the controlled assembly of NPs; forming close-packed superlattices of
NPs is important. quantum dot (QD) metamaterials are a current focus, due to
both their additional size-tunable optical properties and their current uses in ap-
plications: opto-electronic devices, [50] bio- chemical sensors, [51] photovoltaics,
and as labels for biological microscopy [52]. Progress in QD superlattice forma-
tion may provide enhancements to these current applications. Combinations of
MNPs and QDs are also an attractive combination, with great potential for appli-
cation in both computing and biomedical science. As a magnetic/semiconductor
hybrid material, this combination may be applied to computing to allow both data
storage and processing within the same material [53]. In biomedical science this
mixture may be applied to multimodal imaging using fluorescence and magnetic
properties [54, 55].

The use of a host liquid crystal (LC) has potential for additional benefits as well.
Since the LC director can be manipulated by electric or magnetic field, reorienta-
tion of structure or switchable devices may be developed around these materials.
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5.3 background

The properties of the LC and QD components are key to the understanding of the
formation and functionality of the composite mixtures studied. A brief discussion
of the behavior and inherent properties of these components is presented here, as
well the small angle X-ray scattering (SAXS) characterization technique I used.

5.3.1 Liquid crystal (LC)

A wide range of materials classify as liquid crystals, with a variety of molecular
shapes, phases, and transitions. The defining property of this class of soft material
is the presence of at least one short-range-ordered phase between the isotropic
liquid and crystalline phases. This is a consequence of the molecular anisotropy
of the particle, as thermal fluctuations and energy-minimizing structural order
seek balance. Liquid crystal materials also typically exhibit birefringence due to
the anisotropy of their molecular shape and orientational switchability by electric
field due to the anisotropy of their charge distribution. The combination of these
unique optical and electrical properties have made them a popular material for
study and application, as well as an essential component of everyday consumer
devices: the liquid crystal display (LCD).

A LC may exhibit a variety of phases. Two types of phases are of particular
interest in this dissertation. In the isotropic phase a LC acts as a liquid with no ori-
entational or positional order between adjacent particles. In the nematic phase LC
particles have no positional order, but have directional order. The localized direc-
tional preference of a LC is termed the LC director. A thermotropic LC transitions
between these phases at a specific temperature. A typical LC features a rigid part
(mesogen) which induces structural order and one or more flexible parts which
induce fluidity. The competing interplay of these effects allows LC molecules to
have both behaviors.

Nanoscale particles can be dispersed in a LC host solvent by attaching ligands to
their surface which limit aggregation. As the transition from isotropic to nematic
occurs, solvated particles are excluded from the nematic phase while it grows.
When the last of the nematic phase completes its transition, particles from the
surrounding volume will have formed an aggregate. Our research utilizes this
effect to create soft reversible, switchable metamaterials using quantum dots and
magnetic nanoparticles.

The work to be presented here uses the rod-like thermotropic LC 4-Cyano-
4’-pentylbiphenyl (4-Cyano-4’-pentylbiphenyl (5CB)) which transitions between
isotropic and nematic at 36

◦C.
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Figure 17: Chemical diagram of the liquid crystal 4-Cyano-4’-pentylbiphenyl (5CB) used

as the host solvent for these materials. Its phase sequence is K 20.5−→ N 36.0−→ I.

5.3.2 Quantum dots (QDs)

Quantum dots are semiconductor particles which exhibit quantum mechanical
properties due to the confinement of excitons within their ~10 nm size. The con-
finement of excitons within this small space creates quantized energy levels which
can be modeled as a particle-in-a-box [56]. Applying this model, the energy levels
can be shown to vary with 1/L2, creating a strong size dependence for the band
gaps. This relationship allows QD materials to have optical properties tunable by
the particle size. For example, CdSe QDs can be tuned to have peak emission
anywhere in the visible spectrum.

The work to be presented here uses CdSe/ZnS (core/shell) quantum dots due
to the tunable range of their emission wavelength, from 450 to 650 nm. These
QDs are initially coated with octadecylamine surface ligands (NN Labs); a ligand
exchange functionalizes the surface by replacing these with mesogenic LC ligands
in some materials.

5.3.3 Magnetic nanoparticles (Fe3O4 NPs)

Nanoparticles (NPs) are a group of particles diverse in composition and morphol-
ogy which exhibit electronic, magnetic, and optical properties unique to their
small size due to quantum confinement. Patterned arrangements of these particles
form meta-materials with modified properties and functionality. Magnetic NPs ex-
hibit these effects while additionally manipulable by external magnetic field due
their superparamagetism.

The work to be presented here uses Iron(II,III) oxide (Fe3O4) MNPs (NN Labs).

5.3.4 X-ray scattering techniques

In this dissertation, small angle X-ray scattering is used to investigate the structure
of QD-LC composites. In order to understand the principles of SAXS, it is best to
relate them to X-ray crystallography, as the physical processes are identical; they
differ only in the description of the material studied. These principles are more
easily conveyed in relation to a well-ordered crystalline material.
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Figure 18: A square lattice diffracts X-rays incident from the left. When the Bragg condi-
tion (nλ = 2dsinθ) is satisfied, constructive interference creates a reflection at
2θ from the incident beam. “Bragg diffraction illustration” by Hydrargyrum is
licensed under CC BY 3.0.

5.3.4.1 X-ray crystallography

A crystalline material has well ordered structure and repeated lattice spacings
which diffract X-rays. Crystallography applies X-ray diffraction to measure these
repeated spacings. An intense, coherent, collimated beam of X-rays elastically
scatters by free electrons of the material (Thomson scattering). When the Bragg
condition (see Figure 18) is satisfied, the scattered X-rays interfere constructively,
forming a coherent reflection at 2θ from the incident beam. The reflection angle
relates to the d-spacing of the repeating structure from which it scatters.

Bragg’s law defines this relationship between the wavelength λ of the incident
beam, lattice spacing d, and reflection angle 2θ:

nλ = 2dsinθ

For a crystalline material, long range order results in many orders of reflections,
with reflection indices n. These reflections are typically observed/recorded on a
flat ccd area detector, producing a diffraction image as in Figure 32. A crystalline
powder, which would contain many crystalline grains with random orientation,
results in a diffraction image of concentric rings.
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5.3.4.2 Small angle X-ray scattering (SAXS)

The SAXS technique applies the same physical principles of crystallography with
two caveats relating to the material subject of study. The eponymous difference in
SAXS is that the scattering angle is typically small, ~0.1-10

◦ (representing length
scales on the order of ~5-100 nm). This angle range defines the limiting resolution,
along with the available beam energy.

Considering the bounds of resolution with SAXS, materials of interest are of-
ten particles or macromolecules in solution. Therefore, in contrast to crystalline
materials, the typical subject of study for SAXS also has weak long range order, re-
sulting in less coherence at higher orders (n). Additionally, much like a crystalline
powder, all possible orientations contribute to the diffraction image. Structurally
complex materials (such as the LC-QD shells discussed later) may have preferred
orientations, resulting in either polycrystalline ’rough’ rings or simpler directional
preference in the diffraction image.

The d-spacings represented through SAXS are often more like average inter-
particle spacings rather than spacings between lattice planes. As such, it is better
described as a ’scattering’ technique instead of ’diffraction’, the latter implying
long-range order. SAXS is typically weaker and more diffuse than Bragg diffrac-
tion. Characteristic peaks observed with SAXS are usually broad due to disorder
in the materials. Many materials exhibit no peaks at all, however interesting in-
formation can be gained from fitting the scattering curve to obtain mass scaling
data as a function of lengthscale, much like the power-law fit mass-density scaling
technique applied in the first part of this dissertation.

5.3.4.3 Synchrotron radiation lightsources

An X-ray source suitable for SAXS must have specific properties difficult to suffi-
ciently produce outside of large user facilites such as the Stanford Synchrotron
Radiation Lightsource. The source beam must be monocromatic, coherent, and
collimated. Additionally, a high brilliance X-ray beam is desired to reduce the
scan time required and improve statistics. With non-synchrotron experimental se-
tups, the brilliance of the source is often a limiting factor due the weak scattering
of soft material.

A synchrotron lightsource satisfies all of these criteria. At a synchrotron facility,
a large storage ring maintains a consistent beam of electrons. At insertion points
along the ring, a series of alternating magnetic fields periodically deflect the beam;
the change in momentum of the electron beam is related to a release of photons
with energy matching the change in kinetic energy of the electrons. The physi-
cal mechanism for this release of photons as a result of accelerating relativistic
charged particles is known as synchrotron radiation (similar to cyclcotron radia-
tion and Bremsstrahlung). The released photons are focused and/or collimated
and filtered to be monochromatic.
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A vacuum is maintained for the beam path to minimize scattering with air. The
X-ray beam path enters a hutch at one end, and leaves the vaccum at an outlet
covered by a window material which scatters minimally at angles of interest (i.e.
Kapton, Mylar). As close to the outlet as is reasonable, the sample material is
exposed to the X-ray beam. The beam then enters a vacuum pipe inlet on the far
side of the sample, and continues towards the area detector on the far end of the
hutch. A beam-stop is used to block the direct path of the beam, which would
saturate and/or damage the detector due to the high brilliance of the beam, most
of which passes through the the sample directly.

5.3.4.4 Interpreting diffraction images

In addition to the data contained in a diffraction image, a few experimental val-
ues are key to relating a spatial position on the detector to a measured spacing.
The beam energy/wavelength (λ) and the sample-to-detector distance (’camera
length’) L are required. For any position on the detector a distance r from the
beam-center, the scattering angle θ is given by:

r = Ltan2θ

Combining this expression with Bragg’s Law, the scattering vector q is obtained:

q =
4πsinθ

λ

This is the value typically reported when representing characteristic spacings
because it both provides an easy connection with the diffraction image (low q
near the center) and combines details of the experimental setup into a unified
quantity. The scattering vector is typically reported with reciprocal-space units of
Å−1, however the characteristic real-space d-spacing can also be simply calculated
by:

d =
2π

q

As a diffraction image is processed, converting detector positions to reciprocal
q-space, radial integration is applied, averaging all values over a fixed r or q. This
reduces the 2D image to an intensity plot over q. The original diffraction image is
maintained for reference, since the intensity plot lacks orientational information
relating to directional order.
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M E T H O D S

6.1 particle assemblies

This series of projects have aimed to utilize the isotropic→ nematic phase transi-
tion of a thermotropic liquid crystal host to soft template QDs and other particles
in solution. Quantum dots, liquid crystal ligand quantum dots, and magnetic
nanoparticles were used to form a variety of materials.

6.1.1 Quantum dots assembled by host LC phase transition

This material is a suspension of CdSe/ZnS (core/shell) QDs in 5CB. The QDs are
coated with octadecylamine surface ligands to promote dispersion and homeotropic
ordering at their surface. The thermotropic LC host is prepared at the isotropic
phase initially to promote dispersion. As the suspension is cooled, crossing the
transition from the isotropic to nematic phase, patches of nematic phase extend,
excluding QDs into the remaining nematic region (see Figure 19c-j). As the LC host
finishes its transition, the QDs are brought together, remaining in clusters at the LC
defect points resulting from the gradual phase transition. This self-assembly is in-
duced by the energy cost of deformation of the LC host surrounding each particle
in an ordered phase; the LC surrounding each QD forms splay about the surface,
creating a defect point as shown in Figure 19a-b. Excluding the QDs from the
growing ordered phase is the result of delaying this energy cost and minimizing
it to the remaining point defects around the resulting clusters.

6.1.2 LC ligand quantum dots

This material uses the same CdSe/ZnS (core/shell) QDs and 5CB host LC, however
a ligand exchange reaction is performed to replace the ODA surface coating with
a mesogenic LC ligand (see Figure 20). These dendrimer-like ligands have been
shown to promote uniform dispersion in nematic phase LC [57]. The mesogenic
ligand is allowed to align with the director of the ordered LC nematic phase,
effectively shielding the surrounding LC from the splay condition for each QD.
This dispersion is effectively maintained across the isotropic to nematic transition
(see Figure 21).

At high concentrations, these LC-QD particles do form aggregate structures through
the isotropic to nematic transition, however instead of simple clusters, the LC lig-
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Figure 19: Diagrams represent a QD with ODA coating in an isotropic (a) and nematic (b)
phase LC host. The transition from isotropic to nematic is represented by fluo-
rescence microscopy (c-f) and polarized microscopy (g-j), cooling from 40.0◦C
to 34.1◦C.
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Figure 20: Diagram representing CdSe and CdSe/ZnS (core/shell) QDs (a-b) before and
after (c-d) the ligand exchange. The non-mesogenic ODA ligand is replaced
with the LC ligand.

Figure 21: A comparison by fluorescence microscopy of ODA-QDs and LC-QDs at 0.02 wt%
and 0.10 wt% in 5CB in the isotropic or nematic phase. The LC-QDs are more
well dispersed, and dispersion is maintained across the isotropic to nematic
transition. A higher wt%, the LC-QDs do aggregate through this transition, how-
ever instead of simple aggregate clusters, hollow shells are formed.
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ands of adjacent particles form their own nematic-like ordered structure, inducing
a more defined assembly. The structure formed by this assembly is a hollow spher-
ical shell of one or more layers of LC-QD particles (see Figure 22), a completely
novel formation. The spherical shape is a result of the self-assembly mechanism
of the host LC bringing particles together into a shrinking sphere-like isotropic
region. The structure of the particles and their interactions with adjacent ligands
maintains the stability of this geometry up to 115

◦C.

Figure 22: Fluorescence microscopy image of LC-QD shells with ligand L1 in nematic 5CB
at room temperature.

6.1.3 Magnetic NP and quantum dot composite

This material is a mixture of CdSe/ZnS (core/shell) QDs with octadecylamine
ligand coating and Fe3O4 magnetic nanoparticles with oleic acid ligand coating
in 5CB. These MNPs are optically inactive, but superparamagnetic at room tem-
perature. When added along with QDs to isotropic phase 5CB, a stable dispersion
can be formed. After cooling through the isotropic to nematic transition, cluster
aggregates of QDs and MNPs are formed by the same mechanism as the previous
materials (see Figure 22).
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Figure 23: A mixture of 10 nm Fe3O4 MNPs and 6 nm CdSe/ZnS (core/shell) QDs in 5CB is
cooled from the isotropic to nematic phase (a). A TEM image shows the packed
structure of a self-assembled aggregate cluster formed by this method (b).

6.2 characterization technique

A wide variety of characterization techniques have been applied to understanding
these materials, including: magneto-optical Kerr effect confocal scanning, photo-
luminescence confocal scanning, confocal microscopy, fluorescence microscopy,
transmission electron microscopy, and small angle x-ray scattering. The focus of
my contributions to these projects was data collection and analysis by SAXS. This
technique has great value for understanding QD-LC composites. It provides mea-
surements of sub-optical resolution spacings. It also measures the structure of the
bulk like a spatial Fourier transform. For these reasons, it serves as an excellent
complement to the other techniques applied to studying QD-LC composites.

Data has been collected for these projects across four beamline runs, though I’ve
participated in nine runs with the Hirst group.

6.2.1 Small angle x-ray scattering

The Stanford Synchrotron Radiation Lightsource beamline 4-2 was used to collect
diffraction images for a variety of samples. A 9 keV, 1.7 m transmission SAXS setup
was used. Samples were contained in sealed 1.5 or 1.0 mm glass or quartz capil-
lary tubes. Beamline 4-2 features a Rayonix MX225-HE area detector. Diffraction
images were radially integrated using Sastool.

A custom sample stage was developed for these experiments.
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Figure 24: Beamline 4-2 hutch interior. The beam path follows the vacuum tube from the
right through the sample chamber (not visible) to the area detector at the far
left.

6.3 beamline apparatus

An aluminum block sample stage with a water channel for temperature control
has been used to mount the sample capillaries for QD-LC composites. Additional
features were required for the study of the LC-QD shells and MNP-QD mixtures.
This section discusses tools and methods for beamline apparatus design. This
should serve to provide a design basis for future apparatus development.

A beamline sample mount with specialized features was required for experi-
ments performed at Stanford Synchrotron Radiation Lightsource (SSRL) beamline
4-2. This sample stage featured two goniometer axes and variable magnetic field
control. Remote control of these features was desired so that the beamline hutch
could remain closed between scans to save time. The design was limited to fit
within the space between the two vacuum windows on either side, minimizing
air scattering. Sample material was contained in glass/quartz capillaries with 0.01

mm wall thickness; these must be securely mounted without breaking. Limita-
tions included a budget of ~$100 and timeline of 2 months.

Sample rotation controls were required in order to sample more of the crys-
talline texture present in some diffraction rings. The low-q diffraction rings ob-
served with SAXS sample a very limited portion of reciprocal space, likely missing
polycrystalline peaks when long-range directional order is present. The host ne-
matic LC director of the materials investigated induces such directionally ordered
texture in some polycrystalline diffraction rings.

An adjustable magnetic field was required to observe structural changes of
FeO3/QD mixtures as the applied field induces particle re-alignment. The beam
path must be simultaneously unobstructed while the magnetic field is applied.
A magnetic field strength on the order of 0.1 T was desired to assure significant
influence of the FeO3 particle alignment.



6.3 beamline apparatus 47

6.3.1 Design solution

Figure 25: Diagram of components of the variable magnetic field sample stage.

The high design flexibility, low material cost, and rapid production time made
additive manufacturing was well suited for this project. From the design concept,
a complete 3D model was drafted in Solidworks which was split into smaller
3D-printable parts (see Figure 25). After printing, the parts were assembled using
recessed nuts and screws (see Figure 28). Hot glue was used as a more permanent
way of welding parts together, as polylactic acid (PLA) has a melting temperature
similar to common high temperature hot-melt adhesives. An embedded Linux
system approach was used, controlling a series of motors via intermediary driver
chips using a Raspberry Pi.
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The sample rotation was achieved by a Nema 8 stepper motor driving the ro-
tation of a hollow sample mount via a worm drive for high precision. Capillary
tubes can be inserted from the side into the hollow sample mount, and held in
place by a small spring (see Figure 26). The tip of the capillary is exposed, centered
on the beam path.

A series of ring magnets were secured in a vertically translating rack. Its trans-
lation was driven by a stepper motor coupled with an M8 lead screw. A del-
rin nut coupled the lead screw to the magnet rack to minimize backlash. These
Neodymium magnets were arranged like a Helmholtz pair, with one on either
side of the sample, coaxial with the beam path. This should provide a near-
uniform field in the space between their centers. The magnet pairs have measured
field strengths of 2340, 1436, and 494 G. A limit switch placed at the base of the
stage provides a point for calibration and prevents crashing.

The stepper motors were connected to low-voltage stepper motor driver carrier
breakout boards (Polulu DRV8834). A Raspberry Pi cobbler and protoboard con-
nects the GPIO output pins of the Raspberry Pi to the stepper motor controllers
(see Figure 27). Three pins from each driver are controlled as outputs of the Rasp-
berry Pi: STEP (steps once on each pulse), DIR (direction of step), and SLP (holds
the postion and allows stepping when held high). From the Raspberry Pi, these
pins are software accessible binary digital outputs which can be pulsed/toggled
to direct the stepper motors.

A simple shell interface was prepared in Python using the cmd module which
allowed command based rotation and translation of the magnet rack. The Rasp-
berry Pi was connected via ethernet cable to a laptop outside of the hutch. Using
a Linux terminal, the Raspberry Pi could then be accessed remotely via secure
shell (SSH) and the python shell interface invoked.

6.3.2 Suggested improvements

The 3D-printed PLA parts have a slight flexibility when printed thin. The tall and
thin track which supports the sample mount is susceptible to flexing. If the align-
ment of the lead screw and stepper motor shaft is poor, it causes the sample mount
to wobble as the magnet rack translates. The sample-detector distance and depen-
dent calibrations are potentially sensitive to this. This wobble was minimized by
creating a custom z-axis coupler which was carefully aligned and then in-filled
with hot glue to create a pliable but well-aligned coupling. To better correct this,
it is suggested a more rigid metal frame component be used to constrain the top
end of the lead screw with a thrust bearing.

A second rotational axis was part of the original plan for this design. The pur-
pose of the two-axis goniometer would be to more completely sample polycrys-
talline rings for texture analysis. This feature was planned for future studies. How-
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Figure 26: Diagram of the capillary mount. The worm drive shown rotates the capillary
about its major axis.

Figure 27: Circuit diagram for the variable magnetic field sample stage.
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Figure 28: Rapid prototyped sample stage made from PLA plastic. Bolts would hold the
black base to the optics mounting plate base.
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ever, due to the small coverage of reciprocal space by low-q SAXS diffraction rings,
many steps of rotations would be required to sufficiently sample the distribution
of orientations. Additionally, since the design used a stepper motor to rotate the
stage on the second (vertical) axis, and the cabling had a slight tension against
this rotation, the position had to held in some way. To correct this, the design was
adapted to have that stepper motor hold the position after rotating, though this
was found to be impractical, since holding the position for long heats the step-
per motor past the melting temperature of PLA. A better alternative is replacing
this stepper motor with a servo motor, which have high holding strength due to
their internal gearing ratio, as well as the inherent error sensing negative feedback
which would resist any cable stress.

The capillary tubes used to hold sample material have some variablity in their
diameter. This made mounting them an issue, since the mounting channel was
too small for some capillaries and too large for others. A more gentle mount is
suggest for future builds, utilizing either leaf springs or a foam ring on all sides
of the open end of the capillary. Mounting capillaries horizontally also makes it
difficult to keep the tip at a constant height when a too-thin capillary is inserted;
the delicate closed end breaks easily. A vertical mount would solve these issues.

The protoboard was a cheap and effective way to connect the electronics to-
gether. For future projects, the circuit schematics made with Fritzing can be au-
tomatically drafted as a printed circuit board layout. From that layout a printed
circuit board can be ordered, which would simply be a cleaner and more compact
version.

This design also allows only one sample to be mounted at a time. In future de-
signs, a well-plate array system like the one available at 4-2 would be valuable for
automating high throughput data collection. The system available at 4-2 cannot
use LC material due to its viscosity and cannot use toluene solutions due to the
material used for its O-ring seals. However, it can serve as a model for a more
versatile system suitable for our group’s materials. A dual pneumatic/hydraulic
system could draw material up like an air-displacement micropipette and then
flush the capillary with toluene.
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R E S U LT S

The SAXS results for these projects are presented here. A variety of other charac-
terization techniques were used to analyze these materials; the results of these
techniques combined informs the structure of these materials.

7.0.3 Quantum dots assembled by host LC phase transition

A SAXS analysis of the ODA-QDs in host 5CB LC samples was conducted at SSRL

beamline 4-2. A characteristic spacing of 7.7 nm (q = 0.128 Å
−1

) was identified,
matching the expected QD-QD spacing for a close-packed aggregate cluster (see
Figure 29) [1]. The pure 5CB host LC has a broad directionally ordered peak as
background relating to the average spacing between the LC molecules. This back-
ground is present at high q in the other materials investigated as well.

Figure 29: SAXS data (offset for comparison) showing the QD-QD characteristic spacing
peak (q = 0.082 Å

−1
) and the LC background [1]. The diagram (right) repre-

sents the packed aggregate cluster structure expected.

7.0.4 LC ligand quantum dots

The LC-QD material was characterized using SAXS. At low-moderate concentra-
tions, the ODA-QD quantum dots have an average spacing of 0.13 nm−1 (see Fig-

52
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Figure 30: Comparison of SAXS data for ODA-QD and LC-QD at various concentrations [1, 2].
The QD-QD average correlation distance peak is absent for the LC-QD samples,
indicating absence of aggregates, good dispersion.

ure 30). At the same concentrations, LC-QDs have no average correlation distance
visible. This result indicates a great improvement to dispersion for the LC-QDs.

Figure 31: Molecular structure of the mesogenic LC ligands L1 and L2.

The hollow shell structure formed at higher concentrations of LC-QD particles
was also investigated with SAXS. An example diffraction image is shown in Figure
32. Peak A (q = 0.0616 Å

−1
) represents a real-space distance of 10.20 nm, matching

the expected average spacing between quantum dots packed in the shell wall
[3]. This separation is slightly larger than the diameter of the QDs due to the
addition of the LC ligand. The broadness of Peak A represents an average spacing
without long-range order, matching observations made with TEM . The peak at
position B is a sharp polycrystalline diffraction ring (q = 0.128 Å

−1
) representing

a well-defined spacing of 4.9 nm. This length scale matches the length of the
LC ligand rigid core, indicating localized crystallization of the ligand within the
shell wall. Further support for this includes observations of the stability of the
shell walls. The localized crystallization of the LC ligands would be the dominant
structural component when their local concentration becomes dense enough to
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form a well-ordered nematic phase of its own with neighboring particles, creating
a self-sustaining spherical structure as aided by the LC phase transition.

When a mesogenic ligand with a shorter attaching arm L2 (see Figure 31) is used
in place of L1, the QD-QD average spacing is shortened accordingly from 10.20 nm
to 9.94 nm (see Figure 32). This change matches with the difference between L1

and L2, the truncation of three carbon atoms from the amine containing chain.
This shows that the average spacing of QDs in the shell may be controlled by
design of the material.

Figure 32: SAXS data (a) for LC-QD shells using L1 with its corresponding diffraction image
(b) showing directional peak order and a comparison of the QD-QD spacing
peak A (c) between ligand L1 (Hexyl arm) and L2 (Propyl arm) [3].

7.0.5 Magnetic NP and quantum dot composite

A series of SAXS experiments were completed to identify the structure of the
composite cluster aggregates of MNPs and QDs self-assembled by host LC [4]. A
range of particle ratios were investigated (see Figure 33), ranging from 3:1 to 1:10

(QD:MNP). At high/low ratios, only the structural characteristic spacing of the
dominant particle is observed. The average characteristic spacings of these parti-
cles were 8.6 nm and 11.4 nm for the QDs and MNPs respectively, matching the
expectation of a close-packed structure. An average spacing slightly greater than
the particle diameter is a result of the ODA and oleic acid coatings. These aver-
age spacings are consistant across particle ratios. With intermediate ratios (1:1 to
1:2, QD:MNP), both characteristic peaks are present. These results indicate that the
structure of the composite for intermediate particle ratios is aggregate clusters of
segregated domains of QDs and MNPs. These results match with measurements
made using magneto-optic Kerr effect (MOKE) and photoluminescence (PL) scan-
ning.
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Observations from PL scans showed a two- to three- fold increase in the peak
emission intensity, however application of magnetic field showed no change in
the characteristic spacings of these materials in SAXS. This indicates that the effect
of applied magnetic field is compaction of the previously porous aggregate.

Figure 33: A mixture of 10 nm Fe3O4 and 6 nm CdSe/ZnS (core/shell) QDs in 5CB is
cooled from the isotropic to nematic phase [4]. SAXS measurements identify
the inter-particle characteristic spacings present, which are plotted here across
different QD:MNP particle ratios. At intermediate ratios, characteristic spacings
from the QD-QD spacing and MNP-MNP spacing are present. Diagrams represent
the segregated domains of QDs and MNPs.
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C O N C L U S I O N S

In these experiments, we have demonstrated the viability of using a thermotropic
LC host actively to create ordered assemblies of nanoparticles. The isotropic →
nematic phase transition of a LC is useful for this purpose. A material of ODA-
QDs can be induced to form cluster aggregates. LC-QDs can be induced to form
spherical shells. MNPs and QDs can be induced to form cluster aggregates with seg-
regated domains. Additionally, our experiments with LC-QDs have demonstrated
improvements to the dispersion of QDs in LC. Measurements by SAXS have been
critical to determining structure of these materials, and supporting hypotheses
made from observations by other techniques. The novel formation of LC-QD shells
is of special interest for future work; a series of experiments have been planned
as a continuation of this project.

The investigation of these QD-LC composites is also documented across 4 publi-
cations [1, 2, 4, 58].
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