RICE UNIVERSITY

SWNT and Graphene Colloidal Dispersions:
Phase behavior, Material Fabrication and
Characterization

by
Budhadipta Dan

A THESIS SUBMITTED
IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE

Doctor of Philosophy

APPROVED, THESIS COMMITTEE:

A L

Matteo Pasquali, Chair
Professor in Chemical and Biomolecular
Engineering and Chemistry

ofessor of Physics and Astronomy, and
Electrical and Computer Engineering

. 5@*%%

Robert Hauge
Distinguished Faculty Fellow Dept. of
Chemistry

Houston, Texas

April, 2011



Abstract

This dissertation explores the microstructural properties, flow, and phase behavior of
aqueous suspensions of single-walled carbon nanotube (SWNT') and graphene. Liquid
phase processing with scalable and industrially viable methods is used for fabrication
of basic engineering materials like thin films, coatings and 1-D fibrillar structures.
The electro-optical transport properties of these novel materials are characterized.

A recipe for formulation of an aqueous colloidal suspension with high SWNT
concentration is presented. A combination of two surfactants provides optimal rheo-
logical behavior for “rod coating” uniform transparent conductive SWNT thin films,
with minimal dewetting, rupture and defects. “Doping” with acids and metallic
nanoparticles yield SWNT films with electrical sheet resistance of 100 and 300 €2/sq
for respective optical transparency of 70% and 90%.

SWNT thin films with local nematic ordering and alignment are fabricated using a
“slow vacuum filtration” process. The technique is successfully demonstrated on sev-
eral aqueous SWNT suspensions, employing different ionic and non-ionic surfactants,
as well as on dispersions enriched in metallic SWNTSs, produced by density gradi-
ent ultracentrifugation. Scanning electron microscopy and image analysis revealed a
local nematic order parameter of S ~ 0.7-0.8 for the SWNT films. Aligned SWNT
films and fibers are employed as templates, in a simple drop drying process, for large
scale ordered (S ~ 0.7-0.9) assembly of plasmonic nanoparticles, like gold nanorods,
micro-triangles and platelets.

Colloidal self-assembly of surfactant stabilized SWNTs and AC dielectrophoresis
(DEP) are combined in a novel two-step technique for fabrication of 1-D SWNT fibrils.
The self-assembled SWNT-surfactant colloidal structures are 102 — 10* fold more
responsive to external AC electrical fields. The DEP SWNT fibrils show significant

Raman alignment ratio (~ 3-5) and good electrical conductivity.

ii



A detailed study on the phase behavior of giant graphene oxide flakes (aspect ratio
> 10%) suspended in water is presented. The lyotropic suspensions transition from an
isotropic to a biphasic system and to a discotic nematic liquid crystal with increasing
flake concentration. Polarizing optical microscopy and colloidal particle inclusions
reveal the alignment and orientation flakes in the nematic phase, the nematic order
parameter (S ~ 0.43), low optical birefringence (An = -0.0018), and an average Frank
elastic constant (K ~ 100 pN) which is about 100 fold higher than previously studied

discotic liquid crystals.
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Chapter 1

Introduction

Single-walled carbon nanotubes (SWNTSs) are cylindrical shaped allotropes of car-
bon, around one nanometer in diameter and an aspect ratio of ~ 1000 or more.
They can be visualized as a single sheet of graphene rolled up along a chiral vec-
tor Cp=na;+masy, (Fig. 1.1), where n,m are integers and a;, ay are unit vectors

of graphite. The (n,m) indices uniquely specify the geometric structure, diameter

(d = |Ch|/m = av/n? + nm + m2/7, where a=1.42 x v/3 A is the lattice constant),
chirality and electronic behavior of an individual SWNT. SWNTs can be direct band-
gap semiconductors, small band-gap semi-metal or zero band-gap true metal [Bachilo
et al. 2002, O’Connell et al. 2002]. They possess extraordinary mechanical strength,
unique electrical properties, high current carrying capacity and thermal conductivity
due to the network of strong sp? bonds and conjugated benzene rings with delocalized
electrons.

Carbon nanotubes (CNTs) in general, and SWNTs in particular, have been the
subject of intense research over the last two decades. Early research (1990s and early

2000s) on SWNTs was primarily focused on the issues of synthesis, investigation of



~ Zigzag

Figure 1.1 : A SWN'T can be conceptualized as a graphene sheet rolled up along
the “chiral vector” to form a cylinder. The chiral vector forms the circumference of
SWNT and determines its diameter as C,=na;+ma,, where (n,m) are integers known
as the chiral indices and a; and ay are unit vectors of the graphene lattice. (part of
the image reproduced from ref. [Hersam 2008] , without permission).



fundamental properties and characterization.

1.1 SWNT Synthesis

Over the years, several techniques have been developed for scalable, reliable and ef-
ficient production of SWNTs. The techniques are progressively improving in their
control over SWNT average diameter, length and polydispersity, the reactor product
mix (SWNTs vs. multi-walled nanotubes), yield and defect density. Most com-
mon SWNT synthesis techniques include arc discharge [Bethune et al. 1993, Ebbesen
and Ajayan 1992|, laser ablation [Thess et al. 1996], high pressure carbon monox-
ide decomposition (HiPco) [Bronikowski et al. 2001], and chemical vapor deposition
(CVD) [Kong et al. 1998]. Several variations have also developed within each of these
techniques, offering different mix of quality, quantity and selectivity. In spite of no-
table progress in this field, a complete understanding of SWNT growth mechanism
is still lacking. Consequently, current synthesis methods often suffer from hurdles
like incomplete conversion of carbon feedstock, presence of impurities, and limited

capability for large scale production.

1.2 SWNT Optical Properties

Much work has been done on investigation of fundamental optical properties of

SWNTs. Theoretical models [Mintmire and White 1998, Saito et al. 2009] show



that the electronic energy states in SWNTSs are distributed in sharp bands, known
as Van Hove singularities (VHS) (Fig. 1.2(a)); transition of carriers between these
states governs their optical absorption. Characteristic absorption peaks of SWNTs
in the visible and NIR frequency regime are shown in Fig. 1.2(b). The semiconduct-
ing SWNT's posses a band-gap, which leads to carrier excitation and fluorescence
emission. Bachilo et al. performed spectrofluorimetric measurements on surfactant
stabilized individual SWNTSs in aqueous suspensions where they observed the distinct
electronic absorption and emission transitions of more than 30 different chiralities of
semiconducting SWNTs, Fig. 1.2 [Bachilo et al. 2002]. The experimental informa-
tion helped validate empirical relationships between the band-gap of semiconducting
SWNTs and their diameter.

SWNTs also respond to Raman spectroscopy, which is a useful tool to probe
their structural, electronic and phonon properties. The typical Raman spectrum of
SWNTs, shown in Fig. 1.2(d), consists of: “radial breathing mode” (RBM, 100-250
cm™1!), where all carbon atoms move in-phase in the radial direction (breathe in and
out motion), the “G-band” (1591 cm™!) where neighboring atoms move in opposite
directions along the surface of the tube, disorder induced “D-band” ( 1320 cm™!)
and its second-order related harmonic “G’-band”. The RBM is strongly sensitive to
nanotube diameter (d;); the RBM Raman shift is related to the SWNT diameter as:

WRBM = d% + B, where A and B are constants. Typically for SWNTs with d; ~1.5



nm, A=234 cm~! and B=10 cm™! [Dresselhaus et al. 2005].
UV-vis-NIR optical absorption, Raman spectroscopy and fluorescence mapping

are all valuable tools for characterization of bulk SWNT samples.

1.3 SWNT Electrical Properties

Electrical transport measurements were performed on devices consisting of two crossed
nanotubes, by Fuhrer et al. [2000]. The experiments revealed that a junction between
two SWNTs of different electronic type suffers from mismatch in fermi levels, result-
ing in high resistance known as “junction resistance”. Junction resistance has pro-
found effects on the performance of SWNT based macroscopic materials and devices.
SWNT thin films, electrodes, fibers and other bulk materials are invariably composed
of network of SWNTs and the junctions act as high resistance bottlenecks to carrier
transport, limiting their electrical conductivity. This challenging and often paralyz-
ing problem has given birth to new directions in current research. There is renewed
interest in a better understanding of SWNT growth mechanism and developing novel
methods to synthesize SWNTs of single chirality or electronic type [Harutyunyan
et al. 2009]. Parallel efforts are being devoted on development scalable techniques for
post-synthesis separation of semiconducting and metallic type SWNT's [Arnold et al.

2006, Krupke et al. 2003].
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Figure 1.2 : Electronic structure and spectroscopic characterization tools for SWNTs.
(a) The density of states of metallic and semiconducting SWNTSs, showing the Van
Hove singularities (C,, V,) and corresponding optical transitions (Ej;). (b) UV-vis-
NIR absorption spectrum of HiPco SWNTSs, suspended in aqueous SDS suspension,
and showing the characteristic absorption peaks of various SWNT chiralities and
electronic types. (c) The fluorescence map of different chiralities of semiconducting
HiPco SWNTs detected in a SDS aqueous (D2O) suspension. (d) The main features
in the Raman spectrum of raw SWNTs. (parts of image reproduced from ref. [Bachilo
et al. 2002], and Thesis of Dr. J.Duque (Rice Univ.), without permission).



1.4 Current SWNT Research

In recent years, SWNT research has trended towards engineering of advanced nano-
materials and devices for commercially viable applications. In 2004, Rinzler and
co-workers [Wu et al. 2004] demonstrated optically transparent and electrically con-
ductive SWNT thin films (~ 20-400 nm thick), with electro-optical properties compa-
rable to Indium Tin Oxide (ITO). SWNT transparent conductive films are superior
to ITO in terms of flexibility, durability, chemical inertness and thermal stability.
Consequently, they are being pursued for next generation of touch screens, electronic
displays, smart windows, electromagnetic shields, electrodes for organic light emitting
diodes and photovoltaic cells [Hu et al. 2010]. Thicker and free standing SWNT films
(also known as buckypaper), serve as excellent supports for catalyst nanoparticles in
electrochemical electrodes, due to their porous network structure, high surface area
(~ 1300 m?/g), high conductivity, and chemical and thermal stability.

Individual SWNT molecules are the strongest known polymers [Green et al. 2009)].
Their small diameter, high aspect ratio, and a natural tendency to form bundles via
van der Waals interactions make them ideal candidates for high strength, lightweight
and conductive fibers; research and development in this area has already produced
promising results [Davis et al. 2009, Koziol et al. 2007]. An ideal SWNT fiber can
potentially be stronger than Kevlar, more thermally conductive than diamond, and

more electrically conductive than copper while being 8 times lighter than the metal.



In spite of recent successes in lab scale development of SWNT materials and
devices, scientific knowledge about processing SWNTs into macroscopic and useful
products is still scarce and is a topic of extensive current research. Much as in poly-
mer science and engineering, commercially viable applications can only be attained
by developing appropriate scalable processes that translate the properties of the el-
emental molecules (SWNTSs) into macroscopic materials. The research presented in

this Thesis largely follows this goal.

1.5 Thesis Outline

The Thesis is organized as follows:

e In Chapter 2, a recipe for formulation of an aqueous colloidal suspension with
high SWNT concentration is presented. A combination of two surfactants pro-
vides optimal rheological behavior for “rod coating” uniform transparent con-
ductive SWNT thin films, with minimal dewetting, rupture and defects. “Dop-
ing” with acids and metallic nanoparticles yields SWNT films with electrical
sheet resistance of 100 and 300 §2/sq for respective optical transparency of 70%

and 90%.

e In Chapter 3, fabrication of SWNT thin films with local nematic ordering and

alignment using a “slow vacuum filtration” process is presented. The technique



is successfully demonstrated on several aqueous SWNT suspensions, employing
different ionic and non-ionic surfactants, as well as on dispersions enriched in
metallic SWNTSs, produced by density gradient ultracentrifugation. Scanning
electron microscopy and image analysis revealed a local nematic order parameter

of § ~ 0.7-0.8 for the SWNT films.

In Chapter 4, a method for fabrication of aligned SWNT ribbons and flakes
from SWNT-superacid solutions is presented. Pristine SWNT's are dissolved in
chlorosulfonic acid at dilute and semi-dilute concentrations. Slow exposure to
moisture leads a gradual reduction in acid strength (i.e., solvent quality) leading
to phase transition of SWNT's to an ordered phase and precipitation of aligned

SWNT structures.

In Chapter 5, aligned SWNT macrostructures are employed as templates for
large scale highly oriented assembly of plasmonic nanoparticles, like gold nanorods,

micro-triangles and platelets.

In Chapter 6, a novel two-step technique for fabrication of 1-D SWNT fibrils
is presented. The technique employs a combination of colloidal self-assembly
of surfactant stabilized SWNTs and AC dielectrophoresis (DEP). The self-
assembled SWNT-surfactant colloidal structures are shown to be 10® — 10* fold

more responsive to external AC electrical fields. The DEP SWNT fibrils are
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characterized using optical microscopy, Raman spectroscopy and 4-point elec-

trical probe.

e In Chapter 7, a detailed study on the phase behavior of giant graphene oxide
flakes (aspect ratio > 10%) suspended in water is presented. The lyotropic
suspensions transition from an isotropic to a biphasic system and to a discotic
nematic liquid crystal with increasing flake concentration. Polarizing optical
microscopy and colloidal particle inclusions reveal the alignment and orientation
flakes in the nematic phase, the nematic order parameter (S ~ 0.43), low optical
birefringence (An = -0.0018), and an average Frank elastic constant (K ~
100 pN) which is about 100 fold higher than previously studied discotic liquid

crystals.

Each chapter is immediately followed by an appendix section where details of

experimental procedure, analysis and characterization techniques are provided.



Chapter 2

Transparent Conductive SWNT Films

2.1 Introduction

Carbon nanotubes (CNTs) combine nanoscale size with high aspect ratio (~ 1000)
and unique electrical, optical, mechanical and electrochemical properties [Liang et al.
2001, Maeda et al. 2005, Serp et al. 2003, Tans et al. 1997, Tatsuura et al. 2003,
Yakobson and Avouris 2001], making them ideal candidate materials for high-impact
applications in various fields [Baughman et al. 2002]. Yet, much as in polymer science
and engineering, such applications can only be attained by developing appropriate
scalable processes that translate the properties of the elemental molecules (SWNTSs)
or particles (CNTs) into macroscopic materials. Scientific knowledge about processing
SWNTs into macroscopic and commercially useful products is still scarce and is a
topic of extensive current research. An important recent success in this area has been
the fabrication of optically transparent and electrically conducting thin films of pure
SWNTs. Such transparent and conductive thin films or coatings may replace Indium

Tin Oxide (ITO) in a wide range of applications, e.g., in touch screens, flat panel

Part of this chapter has been published in Dan et al., ACS Nano 3 (4), pp 835-843 (2009).
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displays, image recorders, optical communication devices, and solar cells [Chopra
et al. 1983, Granqvist and Hultker 2002].

Nanotube films have been fabricated by vacuum filtration [Green and Hersam
2008, Parekh et al. 2007, Wu et al. 2004], transfer printing onto various substrates [Hu
et al. 2004, Zhou et al. 2006], drawing from vertically oriented nanotube forests [Zhang
et al. 2005], spin coating [Meitl et al. 2004], drop casting from SWNT dispersions [Sreeku-
mar et al. 2003], quasi-Langmuir-Blodgett deposition [Armitage et al. 2004], dip-
coating [Spotnitz et al. 2004], direct CVD growth [Ma et al. 2007], air-spraying [Geng
et al. 2007, Kaempgen et al. 2005], and, after suitable functionalization, wire-wound
rod coating [Yu et al. 2006; 2008], and slot coating [Rowley et ol 2006a]. How-
ever, most of these processes cannot be ported easily to large scale production-with
exception of air-spraying, which has the drawback of forming sparse and relatively
non-uniform networks [Geng et al. 2007], and rod and slot coating, which are scalable
methods but have so far have required functionalized CNTs [Rowley et al. 2006a;b,
Yu et al. 2006; 2008]. Here we report fabrication of SWNT films by “draw-down

Mayer rod coating” (rod coating) process using pristine SWNTs.

2.2 Fabrication Method: Rod Coating

Draw-down rod coating is a well known coating technique widely used by laboratories

in the coating industry for making liquid thin films in a continuous and controlled
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manner [Mayer 1911]. Fluids that can be coated effectively by the Mayer rod method
can then be readily adapted to more controllable, higher throughput methods such
as slot, slide, and roll coating [Cohen and Gutoff 1992, Kistler and Schweizer 1997].
Figure 2.1(a) shows a schematic diagram of the rod coater with the wire-wound Mayer
rod.

The coating apparatus (obtained from R. D. Specialties, Webster, NY) consists of
a glass drawdown pad and a stainless steel rod wound tightly with stainless steel wire.
The substrate is held down on the drawdown glass pad using heavy duty clips; the
Mayer rod rolls over the substrate, “doctoring off” the coating fluid (Fig. 2.1(b)). Part
of the liquid flows through the grooves in the wire-wound rod and forms the thin liquid
film. The diameter of the wound wire determines the size of the grooves and, hence,
it controls the final thickness of the coated liquid film [Cohen and Gutoff 1992]. This
technique can be used to coat dispersions directly onto polyethylene terephthalate
(PET), glass and other substrates at room temperature and in a scalable way.

A critical aspect in the rod coating process is preparation of the coating fluid,
which should have specific rheological (flow) behavior and wetting properties, includ-

ing:

e The coating fluid should carry sufficient solids to form a uniform and continuous

layer upon drying of the coated film.
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Figure 2.1 : (a) Schematic illustration of a drawdown rod coater with a wire-wound
Mayer coating rod. (b) The laboratory scale draw down rod coating apparatus. (c)
The free surface profile of a thin film immediately after Mayer rod coating.
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e The surface tension of the coating fluid should be sufficiently low to facilitate
its spreading on a wide range of substrates and avoid defects like contact line

recession and dewetting.

e After deposition, the viscosity of the coating fluid should be sufficiently high to
slow secondary flows induced by surface tension and dewetting forces, allowing

the film to dry without flow.

The role of surface tension and viscosity in the context of coating flow can be
understood by considering the capillary number C, = pv/o and Reynolds number
Re = pvl/u, where pu is the viscosity of the fluid, v is the characteristic velocity, o
is the surface tension, p is the fluid density and 27l is the wavelength of a sinusoidal
disturbance.

In rod coating, the surface of the coated film is wavy (Fig.2.1(c)), and the waves
must flatten before drying. Leveling process can be driven by two possible mecha-
nisms: capillarity and gravity. For thin films (average film thickness h, << capillary
length k=1 ~ \/m), gravitational effects are negligible compared to capillary ef-
fects. Capillary leveling is driven by hydrostatic pressure difference, caused by surface
tension forces, between the convex and concave regions of the wavy liquid. Once the
liquid is set in motion, inertial forces tend to maintain the motion causing overshoot

from the desired flat equilibrium state (oscillations) whereas viscous forces tend to
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slow down the leveling process by distributing the liquid momentum through the en-
tire film thickness. A low Reynolds number ensures that viscous forces dominate iner-
tial forces and any oscillations dampen out to give a flat film surface. A low capillary
number ensures that capillary forces dominate the viscous forces and leveling occurs
before the film can dry; equivalently, the leveling timescale #jeve1 = 3ult/ (0 (ho)?) [Ke-
unings and Bousfield 1987] is shorter than the film drying time ¢4+, = Ah/Jy , where
Jo is solvent evaporation current (cm/s) and Ah is the thickness of liquid layer that
must evaporate to cause gelation or solidification in the coated film.

During the drying process, i.e., time between leveling and solidification, the liquid
thin film is exposed to various stresses including those due to de-wetting and non-
uniform solvent evaporation; these stresses can induce secondary flows leading to
contact line recession, film thinning and rupture. A high fluid viscosity is necessary
to retard the secondary flows and ensure that the film is dry before these stresses can
cause any significant damage. Further details of the de-wetting process are discussed
in a later section. For a hand drawn rod coating process, like the one used in our
case, optimal conditions require surface tension lower than 35-40 mN/m and viscosity
in the range of 0.01-1 Pa-s - equivalently, C, < 0.5 and Re < 1, assuming typical
coating speed of 2 cm/s and characteristic wavelength of 2 mm (diameter of wire on
Mayer rod) [Cohen and Gutoff 1992].

Coating fluids are often non-Newtonian, i.e., their viscosity depends on shear
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rate [Coyle et al. 1990, Kistler and Schweizer 1997, Pasquali and Scriven 2002]; this is
certainly the case for carbon nanotube dispersions, which show shear-thinning even
at dilute concentrations [Hobbie and Fry 2007, Parra-Vasquez et al. 2007, Rai et al.
2007]. Coating fluids experience widely different characteristic stresses (and therefore
shear rates) in different regions of the flow. In the film formation region, the liquid
flows at high shear rate (normally in the shear-thinning regime) through the grooves
in the rod. In the coated film region, the liquid is subjected to much weaker de-wetting
forces; therefore, it resists flow according to its zero-shear (or low-shear) viscosity. For
our hand drawn rod coating process (shown in the inset of Fig.2.1), the characteristic
shear rate in the film formation region is ~ 40 s™!. Therefore, the optimal coating

fluid should have a viscosity in the range of 0.01-1 Pa-s at a shear rate < 40 s™.

2.3 Figure of Merit

Before digging deeper in to formulation of carbon nanotube coating inks suitable for
rod-coating and fabrication of transparent conductive SWNT thin films, it is impor-
tant to establish an intuitive method for the purpose of evaluation and comparison
of various transparent conductive thin films.

The performance of transparent conductive thin films is typically reported as
sheet resistance R, vs. transparency T plots. These plots show the trade off between

the transparency and conductivity for thin films using a specific material. Another
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intuitive way of comparing and evaluating the properties of various transparent con-
ductive films is by using a figure of merit (FOM). The most commonly used FOMs
for transparent conducting films were defined by Fraser et al. [1972] and Haacke et
al. [1976] in the form of Fi. = T/Rs and ®;. = T%/R, respectively, where T is the
transmittance, R, is the sheet resistance of the thin film and z is an arbitrary integer
(~ 10) used for fixing the thickness at which maxima of ®;. occurs. Both of these
FOMs are functions of film thickness and are useful either for finding the optimum
thickness of a transparent conductive film (for a given material) or for comparing
different transparent conductive materials at a fixed film thickness.

For our analysis, we define a new FOM that is independent of thickness (for
ideal films and for thickness smaller than wavelength of light) and allows immediate
comparison between transparent conductors fabricated from different materials or by
using different methods over the entire range of transparencies. A similar FOM was
independently introduced in the recent patent literature [Spath et al. 2006]. According
to the Beer-Lambert law, the transmission of light (7") through a film of homogenous
material can be modeled as T = I,/Iy = e~*, where I, and I; are the intensity of
incident and transmitted light, « is the effective absorption coefficient, and ¢ is the

film thickness. The sheet resistance is defined as R, = p/t, where p is the material
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resistivity. Combining these two equations yields:

= ;n_oéﬁ R (2.1)

We define ap as the figure of merit (FOM;). The absorption coefficient («) is not
a fundamental material property, but it is very “commonly used because it can be
easily measured and intuitively understood” [Dressel and Gruner 2002]. For a uniform
and homogenous material, ap is a constant parameter; therefore, sheet resistance
depends linearly on (—1/InT) with FOM; as the slope (Intuitively, FOM; is also
the sheet resistance of a film with a transparency of e~! = 36.8% ). FOM; is useful
for comparing transparent conductive films made from different materials or by using
different methods— of course, films with lower FOM have better performance.

In the special case of a metallic thin film (film thickness much smaller than wave-
length of light) in air, the electro-optical properties can be modeled as [Doherty et al.

2009, Dressel and Gruner 2002, Hu et al. 2004]:

-2 —2
Z a
T = (1+2?7T~aac-t> = (1+ 9 2) (2.2)

where o4, is the DC conductivity, o, is the optical conductivity, c is the speed of light,

and Z, is the characteristic impedance of vacuum (~ 376.73 ); both o4 and o, are
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fundamental properties of a material. A high value of 04./0a signifies a material
with high conductivity and low optical absorption and hence a better candidate for
transparent conductive thin films. Based on the above model, the ratio c,c/0q4. can
also be treated as a figure of merit (FOM,) [Doherty et al. 2009]. Performing a
Taylor expansion of transparency vs. sheet resistance shows that Equations 2.1 and
2.2 coincide up to first order in sheet resistance by setting ap = (Zo/2)(0ac/04c) (they
differ slightly at second order); they are also phenomenologically equivalent, as shown

later on.

2.4 Coating Ink Formulation

Our coating fluids (or inks), to be used with the Mayer rod coating apparatus, con-
sisted of aqueous dispersions of SWNTs stabilized by surfactants. Many surfactants
disperse carbon nanotubes in water [Moore et al. 2003]; they differ in the stabiliza-
tion mechanism (ionic vs. steric, micellization vs. polymeric wrapping), the maximum
quantity of suspended SWNTs, the ratio of individual vs. bundled SWNTs present
in the dispersion, the typical size of the bundles, and their propensity for forming
lightly (or strongly) flocculated structures of SWNTs and SWNT bundles. All these
factors can affect the coating process as well as the structure and performance of the
final film. Four surfactants were chosen based on their proven effectiveness as SWNT

dispersants in water [Moore et al. 2003]: F108 and F98 (Pluronics, polyethylene oxide -
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and polypropylene oxide based tri-block polymers - BASF), Sodium dodecyl sulfate
(SDS - Aldrich) and Sodium dodecylbenzenesulfonate (SDBS - Aldrich).

To identify the optimal surfactant, coating fluids were prepared using the above
surfactants. The coating fluids were prepared by mixing 0.3-0.4 wt% SWNT (HiPco
Rice University; HPR 166.12) with 1 wt% of surfactant, using the technique developed
by O’Connell et al. [2001]. The SWNT and surfactant concentrations were chosen
based on the work by Vigolo et al. [2000]. These SWNT dispersions, as prepared, were
unsuitable for coating uniform large area thin films. However, high SWNT loading
(relatively higher viscosities) and thicker coated layers (20-50% transparency) allowed
us to fabricate “test” films using rod coating. The test films were still partially
defective (due to de-wetting and film rupture), but had large enough uniform regions
(~ 1 cm?) to allow measurement of their electrical and optical properties. The coated
films were air dried to allow the film to “set”. Set films were then washed extensively
to remove surfactant, by dipping them in a bath consisting of 1:1 (by volume) mixture
of water and ethanol for about 1 hour and dried again overnight at 80°C under
vacuum. Following this, all measurements were performed with the film exposed to
ambient conditions. The electrical sheet resistance was measured using an Alessi
four-point probe (probe spacing ~ 1 mm). The optical transparency was measured
using a Shimadzu UV-VIS-NIR spectrophotometer.

Table 2.1 lists the FOM for our test films. Although all the films are essentially
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Table 2.1 : Relative performance of “test” films made from coating fluids containing
different surfactants. All coating fluids had 0.3-0.4 wt% SWNT and 1 wt% surfactant.
The FOM reported in each case is an average over 5-6 films within the transparency
range of 20-50%.

Coating fluid composition FOM; of SWNT film FOM, of SWNT film

(©2/sq)
SWNT + F108 472 % 98 2.56 + 0.78
SWNT + F98 472 + 108 3.35 + 2.12
SWNT + SDS 274 + 83 0.92 + 0.20
SWNT + SDBS 52 & 12 0.20 + 0.03

composed by SWNTs alone (with minimal residual traces of surfactants), they show
substantially different electro-optical properties. In particular, SDBS-based disper-
sions had five-fold performance advantage over films obtained from other dispersions.

These significant differences in properties can be understood based on the work
by Hecht et al. [2006] on the conductivity o4 of SWNT films. These films have the
morphology of disordered two-dimensional networks of SWNT bundles; their electrical
conductivity is expected to depend on the average bundle length L,, and average
diameter Dgy: 04c ~ D32, 04c ~ L4, Compared to SDS and Triton X-100, SDBS is
a better dispersing agent, yielding dispersions with higher concentration of individual
SWNTs at the same overall SWNT concentration [Islam et al. 2003]. These differences
in the SWNT microstructure (e.g., ratio of individual vs. bundles, average bundle

diameter) in various dispersions are the likely cause of the different electro-optical

properties of the final SWNT films.



23

Based on these observations, SDBS was selected as the surfactant of choice. At-
taining higher transparency in films required coating fluids with lower concentration
of SWNTSs (~ 0.1 wt% for our rod coating setup), which had lower viscosity, required
longer drying time, and therefore were more prone to forming defective films. The
wetting and rheological properties of the SWNT dispersions were modified in order to
eliminate film defects and non-uniformities due to de-wetting and film rupture. Re-
don et al. [1991] have studied the dynamics of de-wetting and breakage of thin liquid
films by contact line recession and growth of dry regions. They showed that liquid
films thinner than their characteristic equilibrium thickness h, = 24/0/pgsin(6/2)
, where 6 is the contact angle of the liquid with the substrate, (h, ~ 400 um for
surfactant-water based systems), are metastable and always evolve towards equilib-
rium by either dewetting and shrinkage or by breaking up in to beads and patches.
They also show that the dewetting velocity is Viewes = (ko /u) - 63, where k is a fluid
property and can be taken as 10~3 for primarily water based systems [Redon et al.
1991]. To avoid film rupture, the de-wetting velocity must be low so that the liquid
film can dry before de-wetting causes any defects; equivalently, dewetting is avoided
when the film drying time is much shorter than the de-wetting time tgewet = L/Vdewet,
where L is the characteristic length scale of the film. Therefore, dewetting can be
avoided by lowering surface tension and contact angle, by raising viscosity, or by

appropriately reducing the drying time of coated film.
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In the case of SWNT-SDBS dispersions (0.1 wt% SWNT) the viscosity ranged
from 6 mPa-s (at low shear rates) to 3 mPa-s (at high shear rates). The surface
tension and contact angle with clean glass surface for the dispersion were measured
using a goniometer and were found to be ~ 32 mN/m and 12° respectively, which are
typical for aqueous SDBS solutions above the critical micelle concentration (CMC
of SDBS in water ~ 0.08 wt%) [Mankowic 1965]. As the surfactant concentration
of 1 wt% is safely above the CMC (even after accounting for surfactant adsorbed on
SWNT surface, ~ 0.4 wt% in case of SDBS with 0.1 wt% SWNT), the surface tension
and contact angle are essentially independent of surfactant concentration. Therefore,
we attempted to slow down de-wetting by enhancing the viscosity of the coating
fluid, with the constraint that the fluid should still have sufficiently low viscosity to
allow deposition using coating rod and leveling of the surface waves immediately after
deposition.

The options for enhancing the viscosity and controlling the fluid rheology were
limited because the stability of the SWNT-SDBS dispersion is very sensitive to ad-
ditives; moreover, an electrically insulating additive can be used only if it is easily
washable from the solid film to avoid losing conductivity; this discourages the use
of high molecular weight polymers. Triton X-100, a non-ionic surfactant, was found
to have a tremendous effect on the viscosity of SWNT-SDBS dispersion. Figure 2.2

shows the steady shear viscosity of our coating fluid before and after addition of Tri-
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ton X-100; adding Triton X-100 to the SWNT-SDBS dispersion raised the zero-shear
viscosity by about three orders of magnitude and the high-shear viscosity only by
three to five-fold. The reason for the observed viscosity enhancement on addition of
Triton X-100 is not entirely clear, as the exact nature of interaction between SDBS
and Triton X-100 in the presence of SWNT's has not been studied before. Plausible
explanations can be proposed based on similar prior observations in closely related
systems. The addition of a neutral or oppositely charged surfactant or salt to another
pure surfactant solution raises significantly the viscosity of some systems [Lin et al.
1994, Raghavan et al. 2002]. Adding a counter-ion or suitable co-surfactant results
in dramatic changes in the surfactant micellar structure (e.g., from spherical to rod-
like or worm-like), resulting in an equally dramatic increase in their shear viscosities.
Previous studies [Vigolo et al. 2005, Wang et al. 2004] have shown that increasing the
surfactant concentration in a SWNT-surfactant aqueous system leads to stickiness
and depletion flocculation among SWNTSs, which is also known to cause significant
viscosity enhancements [Berli et al. 2002]. Both these effects, which are due to the
formation of weakly associated network structures, change the rheological behavior
of the system, especially at low shear rates. At high shear rates, the effect on the
rheological properties is less pronounced because shear stresses break flocs and micelle
networks; similar to the trend observed in our SWNT-mixed surfactant system. Fig-

ure 2.2 shows the optical micrographs of SWNT-SDBS and SWNT-SDBS-TritonX100
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Figure 2.2 : Viscosity vs. shear rate for SWNT-SDBS dispersion and SWNT-SDBS-
Triton X100 dispersion. The optical micrographs (left) show the different morphology
of these two dispersions: in SDBS alone, the SWNTs are homogeneously dispersed
as individuals and thin bundles; when Triton X100 is added, the SWNT and bundles
form loose flocs. The formation of network of flocs raises the low-shear viscosity by ~
three orders of magnitude. Images of final dry films (right) showing that films formed
from the SWNT-SDBS dispersion dewet and rupture, whereas films coated from the
SWNT-SDBS-TX100 dry into a uniform thin structures. In all of the above cases,
SWNT-SDBS dispersion had 0.1 wt% SWNT, 1 wt% SDBS. 3 wt% Triton X100 was
added to it to obtain the SWNT-SDBS-TX100 dispersion.
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dispersions, their viscosity as a function of shear rate and the corresponding SWNT
films the dispersions produce.

Table 2.2 lists the capillary number, Reynolds number, de-wetting velocity (Viewet)
and the timescales for leveling, drying, and de-wetting for both dispersions. The ad-
dition of Triton X-100 slowed down the dewetting process (by significantly increasing
the low-shear viscosity), while also keeping the capillary number sufficiently low (< 1).
The leveling time tievq is calculated using the high-shear viscosity, as it represents the
state of the fluid close to the coating rod. The dewetting time (derived from Viewet)
is computed using the low-shear viscosity because the film is nearly stationary during
drying. The time t4,y required to evaporate 80% of the solvent (tary = 0.8-ho/Jp) was
estimated by using solvent evaporation current Jo = 1.5 x 10~° c¢cm/s obtained from
a drop drying experiment using SWNT-SDBS-TritonX100 dispersion (the same com-
position and ambient conditions used for rod coating); this evaporation current was
then extrapolated to our 2.5 cm x 4 cm area and 100 um thick rod coated thin film
to obtain the reported t4ry. Adding Triton X-100 increased the de-wetting time by
two to three orders of magnitude while the leveling time, critical for film smoothness,

grew only by a factor of ~ four and remained well below the drying time.



Table 2.2 : List of physical properties, coating related numbers and time-scales for the SWNT-SDBS dispersion
and modified values after addition of Triton X100. The SWNT-SDBS dispersion had 0.1 wt% SWNT and 1
wt% SDBS. 3 wt% Triton X100 was added to get the modified SWNT-SDBS-Triton X100 dispersion. Ca, Re
and tieve; Were calculated using high shear viscosity, Viewet and tgewet Were calculated using low shear viscosity.
Length scale used for t4ewe; and Re was 271 = 2 mm (typical wavelength of irregularities left behind by coating
rods) and a length scale (L) of 1 mm (~ 10% of total width of the coated film) was used for estimating fqewet-
An average liquid film thickness of 100 um is assumed for all cases.

Surface | Low-shear High- Ca Re | tievel (8) | tary (8) | tdewet (S) | Viewes (14/5)
Tension | Viscosity shear
(mN/m) | (at 0.1 s7!) | Viscos-
(mPa-s) ity (at
40 s
(mPa-s)
SWNT- 31.8 6 3 1.89x1073 | 2 | 2.29x1073 530 21 47.63
SDBS
SWNT- 314 2000 12 7.6x107% | 0.5 | 9.28x1073 530 7092 0.14
SDBS-
Triton
X100

8¢



Figure 2.3 : SEM and AFM images of SWN'T thin film on glass fabricated using the
draw-down rod coating technique using SWNT-SDBS-TritonX 100 dispersion (SWNT
0.1 wt%, SDBS 1 wt%, Triton X-100 3 wt%). Films coated with slightly different
concentration of SWNT (0.1-0.3 wt%) and Triton X-100 (2-3%) yielded similar mi-
crostructure. The scale bar in the SEM scan is 400 nm and the AFM image is a 2.5
pm x 2.5 pm scan. The height scale bar in the AFM image is 50 nm.

2.5 Film Performance Characterization

Rod coating with the SWNT-SDBS-Triton X100 dispersion resulted in uniform, defect
free thin film coatings. Figure 2.2 shows a highly-defective thin film coated on a
microscope glass slide with the SWNT-SDBS dispersion and a uniform SWNT thin
film coated with the SWNT-SDBS-Triton X-100 dispersion. Figure 2.3 shows the
Scanning Electron Microscope (SEM) image and Atomic Force Microscope (AFM)
image of the uniform film. Films as large as 20 cm x 20 cm were fabricated on glass
surfaces as well as commercially available PET substrates using the rod coater.

For all electro-optical measurements, SWN'T' films of area 4 x 2 cm? were coated on
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glass slides using the above dispersion. The true bulk sheet resistance of the SWNT
films were obtained by taking an average of 4 - 5 measurements performed at different
locations on the film.

Our coating ink contains ~ 35 times more surfactant than SWNT's, the electrically
conductive material of interest, so effective removal of surfactant is of paramount
importance for obtaining thin films with high optical transparency and low electrical
resistance. Extensive washing by dipping in a 1:1 mixture of water and ethanol
(polar organic solvent mixture in which both surfactants are highly soluble) was the
main tool employed for removal of surfactant. The surfactant removal process was
monitored by spectroscopically measuring the amount of surfactant in the wash bath
as a function of time. Figure 2.4(a) shows a plot of surfactant in the wash bath
(surfactant extracted from the film) as a function of time, normalized with total
amount of surfactant expected to be present in the film. The removal of surfactant,
followed by additional oven drying at 80 °C under vacuum, resulted in over 3 orders

of magnitude improvement in thin film sheet resistance, as shown in Fig. 2.4(b).

2.6 SWNT Film Post-processing

The performance of rod coated and washed SWNT films, although promising, lagged
behind the performance of ITO (the industry standard) and the requirement for

certain high end transparent conductive coating applications; further improvements
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Figure 2.4 : Effect of surfactant removal on the electrical sheet resistance of rod
coated SWNT thin films (SWNT 0.1 wt%, SDBS 1 wt%, Triton X-100 3 wt%). (a)
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The amount of surfactant present in the wash bath (extracted from the film) as a
function of time, normalized by total amount of surfactant expected to be present

in the film (b) Electrical sheet resistance of SWNT films before and after surfactant

removal.
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in their electro-optical properties were sought for.

SWNTSs networks and thin films are comprised of metallic as well as semiconductor
type SWNTs; for example, the rod coated thin films made from HiPco SWNTs are
expected to have ~ 1/3 metallic and ~ 2/3 semiconducting SWNTs. These two
SWNT types differ in their work function, Fermi level and density of states, as shown
in Fig. 2.5(a). Consequently, a junction between metallic and semiconducting SWNTs
results in development of a Schottky barrier [Fuhrer et al. 2000].

A Schottky barrier is a potential barrier formed at metal-semiconductor junctions
due to mismatch of Fermi levels, as shown in Fig. 2.5(b). Such a junction shows
rectifying characteristics, similar to a diode, and severely restricts the charge carrier
flow, effectively resulting in a high resistance, termed as “junction resistance” or

“contact resistance”. The current through a Schottky barrier can be expressed as:

J = A*T2eF (efr — 1) (2.3)

where J is the current density, T is the absolute temperature, ¢ is the charge, Eg,
is the Schottky barrier height, and V is the applied voltage, and A* is the effective

Richardson constant.

A* = \- A,, where ) is material specific correction factor ~0.5 and A, = ‘”’—’,’l‘kr%zl.20173 x 108
Am~2K~2; m and —e are the mass and charge of an electron, h is Planck’s constant, k is Boltzmann

constant
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Figure 2.5 : A schematic representation of the junction between metallic and semicon-
ducting SWNT's in a SWNT network. (a) a noncontact model, (b) the junction in the
pristine sample, and (c-e) the junction with increasing amount of dopant (AuCls).
The Vacuum, F;, Er, CB, VB, and Ey, indicate the vacuum level, the intrinsic
Fermi level, the Fermi level after p-doping, the conduction band, the valance band,
and the Schottky barrier, respectively.(Reproduced from [Kim et al 2008] without
permission)
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In a SWNT thin film, these high resistance junctions act as bottlenecks for charge
transport resulting in high thin film resistivity. An important observation from eq. 2.3
is that the current through a Schottky barrier is strongly controlled by the barrier
height in the exponential. Therefore, one possible route for overcoming this issue is
reduction and/or elimination of Schottky barrier via appropriate Fermi level engi-
neering.

Two different approaches were investigated to improve the electrical conductivity
of SWNT thin films via this route: doping with gold ions, and doping with strong

acids.

2.6.1 Doping with Gold ions

The effect of AuCls (chloroauric acid, source of Au3* ions) doping on the electro-
optical properties of SWNTs and SWNT networks was shown by Kim et al.[2008].
The reduction potential of an Au®* ion is 1.52 V higher than that of SWNTs [Choi
et al. 2002, Zhao et al. 2002]. So the charge transfer from SWNTs to Au ions occurs
spontaneously, typically resulting in deposition of Au nanoparticles on SWNT sur-
face [Choi et al. 2002] and a lowering of SWNT Fermi level, i.e., p-type doping. The
effect of doping on SWNT Fermi level can be monitoring by measuring the van Hove
electronic transitions, using UV-vis-NIR optical absorption spectroscopy. As reported

by Kim et al. [2008], at low doping concentrations the van Hove singularity closest
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to the Fermi level is modified first, resulting in quenching of semiconductor E11 op-
tical transition. Increase in dopant concentration results in further lowering of Fermi
level and quenching of semiconductor E22 and metallic E11 transitions, in that order.
At high enough doping concentrations, the Schottky barrier is eliminated, resulting
in easier carrier transport across SWNT junctions and lower resistivity of SWNT
networks. The effect of doping on the Schottky barrier is shown in Fig. 2.5(c-e).
The Au ion doping experiment was performed on two film samples: film-1, 1630
2/sq at 90% transparency (@ 550 nm), and film-2, 370 2/sq at 80% transparency (@
550 nm). Both films were prepared by rod coating, washed with water-ethanol mixture
for surfactant removal and dried in vacuum oven, using the procedure mentioned
before. Doping solvent was prepared with 80 mM AuCl; in nitromethane. Few drops
of the doping solvent was uniformly spread on the SWNT films. After 3 mins of
residual time, the films were thoroughly washed with DI water and vacuum dried.
The electrical sheet resistance before and after doping for both films, measured using
4-point probe, is shown in Fig. 2.6. Doping with Au ions resulted in 39% and 27%

decrease in film sheet resistances, with negligible change in optical transmittance.

2.6.2 Treatment with Strong Acids

Another route investigated for improvement in the electrical conductivity of SWNT

film coatings was by treatment with various strong acids. Although significant and



36

2000
»
— s'l -
= S -39%
R y
E As-prepared ,‘ ’»‘
) F A
m ’('l ,f
O & 4
[ o ’ e
8 L
m rd
» ,,  + Audoped
g /s
- ¢
o -27%
£ g
/s] |
200 e ————— :
70 80 90 100

Transmittance (% @ $50nm)

Figure 2.6 : The effect of Au doping on the electrical sheet resistance of SWNT
thin films. Two rod coated and surfactant washed SWNT films (1630 2/sq and 370
/sq at 90% and 80% transparency, respectively) were doped with 80 mM AuCly in
nitromethane for 3 mins, followed by DI water wash and vacuum oven drying. Au
doping resulted in 39% and 27% decrease in film sheet resistances, with negligible

change in optical transmittance.
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stable improvement in the electrical properties of SWNT materials upon acid treat-
ment has been reported before [Ericson et al. 2004, Geng et al. 2007, Zhou et al.
2005], the cause is still a matter of debate. Upon treatment with acids, Geng et
al. [2007] observed a five-fold increase in the electrical conductivity of SWNT thin
films that had been made using a surfactant based dispersion and had been washed
to remove residual surfactant. They proposed that the acid removed residual surfac-
tant molecules adsorbed on the surface of the nanotubes, leading to better contact
between nanotubes, densification of the films and improvement in overall electrical
conduction properties. However, work on macroscopic SWNT fibers [Ericson et al.
2004, Zhou et al. 2005] spun from surfactant-free acid dispersions provides a different
explanation. Ericson et al. [2004] and Zhou et al. [2005] showed by X-Ray Diffraction
that strong acids like oleum penetrate SWNT bundles and networks forming a dense
layer of intercalated anhydrous acid anions surrounding individual nanotubes. These
physisorbed acid anions protonate and dope the nanotubes by forming charge-transfer
complexes, improving their electrical conductivity. Acid doping is reversible and can
be removed by heating the SWNTs in an inert or reducing environment [Vavro et al.
2003, Zhou et al. 2004b).

We acid treated our SWNT thin films by two different methods: wet treatment and
vapor treatment. In wet treatment, the SWNT films were dipped in 12 M nitric acid

or oleum (HySOy4: 20% excess SO3) for 30 minutes at room temperature, quenched for



38

30 min in diethyl ether or water and dried at 120°C under vacuum for 24 hours. For
vapor treatment, the SWNT films were kept in a sealed, humidity free environment
saturated with acid vapors and maintained at high temperature (~ 70°C for nitric
acid, ~ 120°C for oleum) for 30 min, followed by 30 min of quenching in diethyl ether
or water and drying at 120°C under vacuum for 24 hours. Acid treatment by both
methods improved significantly (at least 3 fold) the electrical properties of the films
while the transparency was unchanged. Figure 2.7(a) shows the optical transmission
spectra of SWNT films before and after acid doping. Figure 2.7(b) plots the sheet
resistance vs. transmittance for films with varying thicknesses, before and after the
acid treatment. Sheet resistance as low as 80 €/sq and 140 /sq for corresponding
transmittances of 70% and 80% were obtained after this process. The improvement
obtained by acid treatment was highly reproducible and the sheet resistance of films

remained stable even after 8 weeks under ambient conditions.

2.7 Doped SWNT Film Performance Durability

Among the two routes investigated, acid treatment produced the most pronounced
improvement in SWNT film electrical properties. Durability tests were performed
on our acid treated as well as untreated SWNT films to study and compare the
changes in their electrical conductivity on exposure to various harsh conditions. The

tests involved three film samples: (a) rod coated and washed but without any acid
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Figure 2.7 : Optical transmission spectra (a) and Sheet resistance vs. transmittance
for a series of rod coated SWNT films with varying thicknesses (b), before and after
oleum treatment. The films were rod coated from SWNT-SDBS-TritonX100 disper-
sion (SWNT 0.1 wt%, SDBS 1 wt%, Triton X-100 3 wt%). Sheet resistance of all
films improved by more than factor of 3 upon acid treatment.
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treatment (control sample), (b) rod coated, washed and treated with 12 M nitric
acid and (c) rod coated, washed and treated with oleum. In one test, the films
were immersed for 4 hour in a water bath at ~ 80°C. In another test, the SWNT
films were annealed for 4 hour at 400°C in an inert (N3) atmosphere. The results of
these tests are summarized in Fig. 2.8, Both tests lowered the electrical conductivity
of all the three films. However, the loss of conductivity was much higher for acid
treated films than for the untreated film. Moreover, the extent of conductivity loss
was different in the cases of nitric acid treated film and oleum treated film. These
results show that the conductivity enhancement is due chiefly to the p-doping by acid
anions intercalated and physisorbed in the SWNT network, although better removal

of residual surfactant may also contribute to the effect.

2.8 Results

Figure 2.9 compares the performance of our roll coated SWNT films with other trans-
parent conductive SWNT thin films published in the literature. Figure 2.10 shows
the FOM plots for the same set of data using equations 2.1 and 2.2. In Fig.2.10(a)
the slopes of the curves are equal to ap (FOM;), whereas in Fig. 2.10(b) the slopes
are (Zo/2) - (04¢/04c) or (Zo/2)-FOM, ; in both cases, lower slope denotes more con-
ductive and transparent material. As can be easily seen, both plots are essentially

equivalent, showing similar trends (difference in slopes, deviations from straight line
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Figure 2.8 : Effect of acid treatment and durability tests (in 80°C hot water and

400°C Nj environment) on the electrical properties of SWNT films: (black circle) rod
coated, washed but without any acid treatment, (blue circle) rod coated, washed and
dipped into with 12M nitric acid, (red circle) rod coated, washed and dipped into

oleum.
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in the literature.
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behavior, etc.) in a similar fashion.

The FOM plots show that films made from the same material (SWNTs) but
by different methods can display substantially different intrinsic material properties
(based on the slope of the curves). The electrical and optical properties of a SWNT
thin film depend on the network microstructure, which is controlled by the fabrication
process. The FOM plots also display the critical transparency beyond which the
assumption of homogeneous film (linear plot) fails. At higher transparencies, films
are thinner and the constituent SWNT networks approach the limit of percolation;
once percolation is lost, the assumption of homogenous material breaks down and the
sheet resistance shoots up. Processes like rod coating maintain the linear relationship
up to higher transparency because they yield better connected and packed SWNT

networks; therefore, they are better suited for large-scale fabrication.

2.9 Conclusions

We present a highly scalable and continuous method for making uniform thin films
of pristine SWNTs. A combination of surfactants was used to design a coating fluid
with high concentration of SWNT's in water and optimal rheological and wetting be-
havior. The choice of surfactant had a strong effect on the rheological properties of
the coating fluids as well as the electro-optical properties of the final SWNT films.

Treatment with strong acids p-doped the SWNTs and improved the electrical con-
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Figure 2.10 : (a) FOM plot of our acid treated rod coated SWNT films and other TC
SWNT films published in literature, using equation 2. 1. Slope of each line represents
a-p (FOM,) for those films. (b) Plot of same data set using equation 2.2. Slope of the
lines is (Zo/2) - (0ac/0ac) Or (Zo/2)- FOM3. Lower slopes imply better electro-optical
performance. In both graphs, higher z values indicate higher transparencies. Data
sets are cited according to: “first author name, publication year”. (Green™* represents
performance of metallic enriched SWNT films form [Green and Hersam 2008].)



45

ductivity of SWNT thin films by up to five-fold. The doping was stable at ambient
conditions. The microstructure and electro-optical performance of the SWNT films
was analyzed and compared with SWNT films fabricated by other methods using
a FOM, showing that this method outperforms all other literature results except
for recent air-spraying. The results presented here, both in terms of scientific un-
derstanding of how to control the fluid and processing, and in terms of a scalable
technique that can be extended to higher-throughput methods (slot, slide, and roll
coating) paves the way to the deployment of transparent conductive SWNT films in

large scale commercial applications.

2.10 Appendix

This appendix presents detailed sample preparation techniques, experimental proce-

dures and characterization methods used in this chapter.

2.10.1 High Concentration SWNT Dispersions

The basic procedure for preparation of SWNT-surfactant aqueous suspensions has
been reported by O’Connell et al. [2001]. SWNT-surfactant colloidal suspensions for
the purpose of coating, where a higher SWNT concentration is desired, were prepared

using a slightly modified method as listed below:
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1. Mix 1 wt% of desired surfactant and 30 ml of nanopure water in a vial. Stir or

bath sonicate till surfactant dissolves completely (solution becomes “clear”).

2. Add 0.4 wt% (120 mg) purified HiPco SWNT in the surfactant-water solution.

3. Homogenize the mixture using a high shear homogenizer (for example, Fisher
Scientific Catalog No. 14-261-04), at ~ 8000 rpm for 45 mins. The head of the

stator should be slightly lower than the mid-point of liquid column in the vial.

4. Sonicate the homogenized mixture using a 1/4 inch tip sonicator, at 35% am-
plitude for 30 mins. The end of the tip should be again slightly lower than the
mid-point of liquid inside the vial. The vial should be placed in a cold water

bath or ice bath to avoid heating during sonication.

5. Centrifuge the sonicated suspension at 5000 rpm for 15 mins. Collect the top
75% of liquid from each centrifuge tube using a pipette, without shaking the

centrifuge tubes.

The above procedure typically produces a uniform SWNT-surfactant suspension
with ~ 0.15 wt% or higher SWNT loading. The suspension is expected to have
individual SWNTs and small to medium size bundles (< 100 nm diameter). The
success of the procedure dependents on the surfactant used and its efficacy in SWN'T

suspension. SDBS, Pluronic F87, CTAB, DOC are highly recommended.
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In certain cases, the centrifugation step might not be feasible. For example, Triton
X-100 is typically a very effective surfactant and the suspension appears similar to
the case of SDBS (in texture, uniformity, optical density by visible inspection) till the
end of sonication step. However, macroscopic, loose networks or flocculates appear
within few minutes if the suspension is left undisturbed, which precipitate out during
centrifugation. It is important to note here that the SWNTs in Triton X-100 are
still stabilized and wrapped by surfactant, as indicated by lack of dark, particle-like
aggregates under optical microscopy. The suspension regains a uniform and “non-
flocculated” texture (temporarily) by just 2-5 minutes of bath sonication. This is in
contrast to the case of other inefficient surfactants, which can typically suspended
only a small fraction of SWNT's, but do so in a stable manner (capable of undergoing
centrifugation). Undispersed SWNT matter can be easily observed as dark, particle-

like aggregates under optical microscopy.

2.10.2 Preparation of SWNT Coating Fluid

Suspension for rod coating was prepared by adding 2-3 wt% Triton X-100 in a
SWNT(0.2 wt%)-SDBS(1 wt%) aqueous suspension. The suspension is maintained
at 40-45°C with intermittent gentle swirling to aid Triton X-100 mixing; upon com-
pletion of mixing, it is kept undisturbed at room temperature. The introduction of

Triton X-100 into the suspension begins the slow flocculation process immediately.



48

This is similar to the flocculation observed in SWNT-triton X-100 only suspensions,
but to a much lesser extent presumably due to the presence of ionic SDBS, which
has a stabilizing effect. A certain degree of flocculation is important to render a high
‘low shear viscosity’ to the suspension, critical for uniform and defect free coating.
In 5 - 7 of undisturbed residual time, the suspension is ready for coating. This can
be checked by coating ‘test films’; once the flocculation has progressed to the de-
sired level, post-coating contact line recession and dewetting of liquid film decreases
markedly. The suspension remains optimum for coating for ~ 15 - 20 mins, eventually

the flocculation overwhelming the suspension uniformity.

2.10.3 Rod Coating Procedure

The rod coating setup was bought from R.D.Specialties (www.rdspecialties.com) and
consisted of a ‘drawdown’ glass pad, with heavy duty clip as substrate holder, and
a series of ‘wire-wound’ coating rods equipped with wires of varying diameters. The
rod numbers (i.e., size of wire on the rod) and the corresponding expected wet film
thicknesses can be found here 2.11. Varies rods, with wire sizes ranging from 2 -
44 have been used for SWNT film coating. The ultimate liquid film thickness and
dry SWNT film transmittance depends on the rheology of the coating fluid, fluid
composition etc.

Coating was performed by placing a microscope glass slide (wiped cleaned with
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IPA soaked kimwipe), with one end held under the clip, placing the coating rod on
the end of the glass slide (immediately following the clip), pouring coating fluid (~
150 pl) uniformly across the width of the glass slide in the form of a thick line and
immediately in front of the coating rod, and rolling the rod at 1-2 cm/s speed in a
smooth and uniform stroke across the length of the glass slide and past the other end
(so that the extra coating fluid is doctored off the slide end). The coated films were

dried either at room temperature or under a 100 W hot lamp.

2.10.4 Acid Treatment Procedure

Acid treatment was performed using two routes: wet treatment and vapor treatment.

In wet treatment, SWNT film coated microscope glass slides were dipped in 12
M nitric acid or Oleum (H2SOy4: 20% excess SO3) kept in a 50 or 100 ml cylindrical
beaker, in a glove bag (purged with dry Nj) inside a fume hood. After 30 mins of
residual time, the glass slides were transferred to a water or ether bath for quenching
the acid. The washed SWNT films were dried in a vacuum oven at 120°C for at least
2 hours.

In vapor treatment, the SWNT film coated glass slides and a small amount of acid
(in a tiny glass container) were placed inside a large glass petri dish and covered with
a glass plate. This was performed inside a dry glove bag. The sealed petri dish was

then transferred inside a vacuum oven (with no vacuum applied) maintained at a high
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Wire Size Wet Film Dry Coat Weight Availability
{or equivalent} Thickness 25% Solids 50% Solids | 100% Solids | wire {_ 4| Double |
No. | Inch | mm | Mils |Microns| GSM | #/3000| GSM | #/3000] GSM | #/3000 | Wound iy ™) i
2 0002 005 | 018 457 | 114 070 | 229 140 | 457 2.8 °
3 0003 008 | 027 685 | 171 105 | 343 211 | 68 421 . .
4 0004 010 | 0326 914 | 229 140 | 457 281 | 914 562 . .
5 0005 013 ] 045 1143 | 28 176 | 572 351 § 1143  7.02 » .
6 0006 035 | 054 1372 F 343 211 | 686 421 | 1372 843 . »
7 0007 018 | 063 1600 | 400 246 | BOD 492 | 1600 983 . .
8 0008 020 | 072 1829 | 457 281 | 9214 562 | 1829 11.24 . .
] 0.009 023 | 08 2057 | 534 316 | 1029 632 | 2057 12.64 . .
10 0010 025 | 050 2286 | 572 351 | 1143 702 | 2286 1405 . . .
11 0011 028 | 099 2515 | 629 386 | 1257 773 | 3515 1545 . . -
12 0012 030 | 108 2743 | 68 421 | 1372 843 | 2743 1686 . . .
13 0013 033 | 117 2972 | 743 457 | 1486 913 | 2072 1826 . » .
14 0014 036 | 126 3200 800 492 | 1600 9.83 | 3200 1987 . . .
15 0015 038 | 135 3429 | B57 527 | 1715 1054 | 3428 21.07 . . ™
16 0016 041 | 144 3658 | 914 562 | 1829 11.24 | 3658 2248 . . »
17 0.017 0.43 1.53 3886 9.72 5.97 19.43 11.54 38.86 2388 . . .
18 0018 D046 | 162 4115 | 1029 632 | 2057 1264 | 4115 2529 . » P
19 0019 048 | 171 4343 | 1086 667 | 2172 1335 | 4343 2669 . .
20 0020 051 | 180 85721 1143 702 | 2286 1405 | 4572 2810 . . .
21 0021 0S3 | 189 48011 1200 738 | 2400 1475 | 4801 2950 . .
22 0022 056 | 198 5029 | 1257 773 § 2515 1545 | 5029 3091 . . .
23 0023 058 | 207 5258 | 13.14 808 | 2629 1616 | 5258 3231 o . .
24 0024 061 | 216 S486 | 13.72 843 | 2743 1686 | 5486 3372 . . "
25 0025 064 | 225 5715 ] 1429 878 | 7858 1756 | 57.15 3512 . . .
26 0.026 0.66 2.34 59.44 14.86 9.13 29.72 18.26 59.44 36.53 . - -
27 0027 069 | 243 6172 | 1543 948 | 30.86 1897 | 61.72 37.93 . .
28 0028 071} 252 6401 | 1600 983 | 3200 1967 | 6401 3334 . . .
25 0029 074 | 261 6629 | 1657 1019 | 2315 2037 | 6629 4074 . .
30 0030 076 | 270 6858 | 17.15 1054 | 3429 2107 | 6858 4215 . . . »
31 0031 079 | 279 7087 | 17.72 1083 | 3543 2178 | 7087 4355 . . .
32 0032 081 ] 288 7315 | 1829 1124 | 3658 2248 | 73.15 4496 . . . .
33 0033 084 | 297 7544 | 1886 1159 | 37.72 23.18 | 7544 4636 . . . .
34 0034 086 | 306 7772 | 1943 1194 | 3886 2388 | 7772 4207 . . . .
35 0035 089 | 315 8001 | 2000 1229 | 40.01 2459 | 8001 4317 . . . .
36 0036 091 | 324 8230 | 2057 1264 | 4115 2529 | 82.30 5058 . . . .
37 0037 094 | 333 8458 | 2115 1300 | 4229 2599 | 8458 5198 . - . .
38 0038 097 | 342 8687 § 2172 1335 | 4343 2669 | 8687 5339 . . . .
39 0039 D099 | 351 8915 | 2229 1370 | 4458 274D | 8815 5479 . . .
4 0040 102 | 360 9144 | 2286 1405 | 4572 2810 | 91.44 56.20 . . . .
42 0042 107 | 378 9601 | 2400 1475 | 4801 2950 | 9601 59.01 . . . .
44 D044 132 | 396 10058) 25.15 1545 | 5029 3091 | 10058 61.82 . . . .
45 0045 114 | 405 10287) 2572 1581 | 5144 3161 | 10287 63.22 . . . .
46 0046 117 | 434 10516] 2629 1636 | 5258 3231 | 10516 64.63 . . .
48 0048 122 | 432 10973] 2743 1686 | 5486 3372 | 10973 67.44 . - . »
50 DOSO 127 | 450 11430} 2858 1756 | 57.15 3512 | 11430 7025 . . . .
6 0055 140 | 495 12573] 3143 1932 | 62.87 3863 | 12573 7727 . . . .
60 0060 1.52 | 540 137.16] 3429 2107 | 6858 4215 | 13716 84.29 N . . .
65 0.065 1.65 5.85 14B.59 | 37.15 22.83 7430  A45.66 | 14859 $1.32 . . * -
70 0.070 1.78 6.30 160.02 1 40.01 2459 80.01 49,17 | 156002 98.34 . . . »
75 0075 191 | 675 17145] 4286 2634 | 8573 52.68 | 17145 10537 e . . »
80 0080 203 | 720 1B288| 4572 28.10 | 9144 56.20 | 182.88 11239 . . “
85 0085 216 | 765 19431) 4858 2985 | 9716 5971 | 18431 11942 . . .
9 0090 229 | 810 20574) 5144 3161 | 10287 6322 | 20574 12644 . . .
95 0095 241 | 855 21717) 5429 3337 | 10859 6673 | 21717 13347 ® ° .

Figure 2.11 : R.D.Specialties wire-wound rod sizes and expected film thicknesses.
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temperature. (~ 70°C for nitric acid, ~ 120°C for oleum) Inside the heated oven,
the acid is expected to evaporate and diffuse into the SWNT film network. After 30
mins, the top glass plate was removed quickly from petri dish, the oven was closed
and the vacuum was turned on. The vacuum line purged most of the acid vapors,
which were collected in an acid trap hooked on to the vacuum line. Subsequently, the
glass slides with SWNT films were collected, quenched and dried in the same manner

as mentioned above.



Chapter 3

Nematic-like Alignment in SWNT Thin Films
from Aqueous Colloidal Suspensions

3.1 Introduction

Despite nearly two decades of intense research, the extraordinary properties of in-
dividual carbon nanotubes (CNTs) [Odom et al. 1998, Tans et al. 1997] have not
been attained in macrostructures [Behabtu et al. 2008, Dan et al. 2009]. Specifically,
electrical properties are limited by junction resistance, due to a combination of CNT
misalignment and mismatch in electronic band structure in the case of single-walled
carbon nanotubes (SWNTs) of different chirality [Bachilo et al. 2002]. Likewise, me-
chanical properties are limited by incomplete alignment and poor packing due to
polydisperse CNT diameters. Pint et al. [2009] found that, in an aligned SWNT
film, conductivity along the direction of alignment is two orders of magnitude higher
than that in the orthogonal direction. Likewise, the modulus of SWNT fibers drops
tenfold as the degree of alignment among constituent SWNT's is degraded [Liu and

Kumar 2003]. In terms of mismatch in electronic band structure, Fuhrer et al. [2000]

Part of this chapter has been submitted to Journal of Materials Chemistry (2011)
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showed that junction resistance between a metallic type and semiconducting SWN'T
is typically 100-fold higher than between SWNTs with similar band structure. In
SWNT macrostructures, these high resistance junctions become bottlenecks for elec-
tron transport, leading to poor bulk conductivity. A new technique is needed to
fabricate highly ordered thin films of SWNTs sorted by electronic type or enriched
by chirality.

Ordered transparent, conductive SWNT thin films are desirable for applications
including electronic displays, touch screens, O-LEDs and photovoltaics. Recent re-
ports show that SWNTSs act as anchoring agents for liquid crystals [Basu and lan-
nacchione 2009, Park et al. 2007, Russell et al. 2006, van der Schoot et al. 2008]. Fu
et al. [2010] demonstrated a prototype liquid crystal display where a highly aligned
SWNT film serves both as transparent conductive layer and liquid crystal aligning
layer, thereby eliminating one layer (e.g., polyimide) and LCD processing steps. Or-
dered SWNT thin films can also template the large scale assembly and orientational
ordering of anisotropic plasmonic nanoparticles [Dan et al. 2011, submitted]. Such
macroscopic ordered assemblies of nanoparticles on conductive substrate are valu-
able for optical metamaterials and photovoltaics [Atwater and Polman 2010, Shalaev
2007].

In general, aligned CNT films and fibers can be fabricated by dry and wet meth-

ods. In dry methods, aligned arrays of CNTs grown by chemical vapor deposition
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(CVD) are “dry processed” into thin films and fibers while preserving the pre-existing
alignment [Pint et al. 2010, Zhang et al. 2005]. In wet methods, orientational order
is achieved by forming a nematic liquid crystalline phase in appropriate solvents such
as superacids for pristine, high-quality CNTs [Davis et al. 2009, Green et al. 2009],
or water for CNTs, that have been oxidized or stabilized by biomolecules [Badaire
et al. 2005, Moulton et al. 2007, Song et al. 2003]. This yields well aligned wet
spun macroscopic fibers of pristine nanotubes [Behabtu et al. 2008, Davis et al. 2009,
Ericson et al. 2004]. Ordered films (~ 30 pm thick) of oxidized CNTs by vacuum
filtration [Shaffer et al. 1998] or by evaporation of solvent [Shimoda et al. 2002] have
also been reported.

The current techniques for creating aligned films and fibers have limitations. De-
spite recent advances in CNT synthesis [Harutyunyan et al. 2009], growth of single-
chirality SWNTs at significant scales has not been achieved yet, limiting the use
of dry methods to produce single-chirality aligned SWNT films. For wet methods,
the creation of a nematic phase requires high concentration and hence large amount
(~ 0.1 g or more) of CNTs; in contrast, the most effective sorting and enrichment
techniques, such as density gradient ultracentrifugation (DGU) [Arnold et al. 2006,
Haroz et al. 2010] and dielectrophoresis (DEP) [Krupke et al. 2003], yield only tens

of micrograms.
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3.2 Slow Filtration Technique

Here, we present a versatile and yet simple technique for fabricating SWNT thin
films with high local order. The technique is based on vacuum filtration of SWN'T-
surfactant colloidal suspensions (Fig. 3.1). The filtration rate is the critical parameter
that controls whether the film is ordered or disordered.

To study the effect of filtration rate on the film nanostructure, SWNT-SDBS
dispersions were filtered through two PCTE filter membranes with different pore
sizes: namely 200 nm (filtration rate ~ 1 ml/min) and 30 nm (filtration rate ~
2ml/hr). Upon completion of filtration and 30 min drying under vacuum suction, the
retentate on the filter was washed with de-ionized water-ethanol mixture (50:50 v/v)
to remove residual surfactant and subsequently dried in a vacuum oven for 2 hour at
80°C. Dissolution of the filter membrane with N-methyl-2-pyrrolidone produced free
floating SWNT films which transferred onto silicon substrates. SEM images of the
resulting films, Fig. 3.2(a) and (b) respectively, clearly show that “fast filtration” leads
to a random SWNT network, similar to the pioneering work of Rinzler’s group [Wu

et al. 2004], whereas “slow filtration” produces local nematic ordering among SWNTs.

3.2.1 Exploring the Role of Surfactants

To explore for any role of surfactants on the ordering, films were fabricated from

SWNT dispersions prepared using surfactants with different ionic structures: cetyltrimethy-
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Figure 3.1 : Schematic of differences between slow (2 ml/hr.) and fast (1 ml/min)
vacuum filtration. Slow filtration leads to 30 times thicker “high SWNT concentration
region”, shown by “SWNT conc. profile” plots (log-log scale), and longer SWNT
“residence time” than fast filtration. Orientational ordering of SWNT's in this region
leads to formation of nematic like ordered thin films, as opposed to random network
films.
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Figure 3.2 : SEM images of SWNT thin films: (a) random SWNT network in “fast
filtration” film from SDBS dispersion. (b) nematic like ordering in “slow filtration”
film produced from same SDBS dispersion. (¢) and (d) show nematic like ordering in
slow filtration films produced from CTAB and Pluronic F87 dispersions. The scale
bar in each image is 200 nm.
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Figure 3.3 : (a) Metallic enriched SWNT suspension obtained from DGU process,
(b) SWNT thin film fabricated via “slow filtration”. SEM and AFM images (c and
d) show the nematic-like ordering of SWN'T's in the film. Scale bar in (c¢) is 200 nm.
AFM image is 3 pm x 3 pm.

lammonium bromide (CTAB, cationic) and Pluronic F87 (non-ionic). The SEM im-
ages in Fig. 3.2(c)-(d) show the similar nematic-like ordering observed in these cases
as well. The slow filtration technique was applied to a SWN'T dispersion enriched in
metallic SWNTs prepared using DGU [Haroz ¢f al. 2010] and used in its as-produced
form, containing multiple surfactants and iodixanol - the density gradient medium.
Further characterizations of the DGU SWNT dispersion are provided in the appendix.
Figure 3.3(a - d) shows the metallic enriched SWNT dispersion and ensuing film with
local nematic ordering. Interestingly, all slowly filtered films show ordering irrespec-
tive of type, quantity, and combination of surfactants used.

In addition to surfactant type and filtration rate, concentration of SWNTs is

another parameter of interest. The highest achievable individualized SWNT concen-
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tration in each of our SWNT-surfactant dispersions remained within a narrow range
(30-60 mg/1) [Duque et al. 2010]. The effect of CNT concentration on filtered film
microstructure was studied by Shaffer et al. [1998]. Their studies on oxidized CNT
aqueous dispersions showed that a low CNT concentration (dilute regime) was impor-
tant to achieve ordering. Higher concentrations lead to CNT entanglement and low
rotational diffusivity, likely preventing orientational ordering during film formation

and resulting in random network films.

3.3 Analysis of Alignment in SWNT Films

Further analysis of nematic ordering in SWNT films were performed using the scalar
order parameter, S, which quantifies degree of alignment among individual molecules
with respect to an average direction of orientation n, known as director. The 2-D

scalar order parameter is [Shaffer et al. 1998]:

Sop =2 < cos’a > —1 (3.1)

where « is the angle between molecular axis and n, and angular brackets denote
an ensemble average over the orientational distribution function (ODF). Analysis of
SEM images was performed using ImageJ coupled with “OrientationJ” plugin [Fonck

et al. 2009]. Figure 3.4(b) depicts the microstructure of a SWNT-SDBS nematic-like
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Table 3.1 : Average 2-D scalar order parameter (Spp) for a random network SWNT
film from fast filtration and nematic like ordered SWNT films prepared by slow filtra-
tion of different SWNT surfactant dispersions (listed in the first column), along with
average square cell sizes used for calculation. For the random network film a series
of square cells with sides ranging from 200-2500 nm were used.

Film Type Sap Average Domain Size
(nm)

SDBS suspension 0.82 + 0.05 1338 + 157

F87 suspension 0.76 £+ 0.05 653 + 56

CTAB suspension 0.71 + 0.05 797 + 101

Metallic enriched 0.77 + 0.09 661 + 110

Isotropic (SDBS) 0.24 + 0.04 -

film (Fig. 3.4(a)), consisting of adjoining “domains” of aligned SWNTSs, highlighted
by different false colors. Largest fitting square cells, denoting areas of uniform SWNT
alignment were selected from these domains (Fig. 3.4(c)) and analyzed to obtain an
ODF for SWNTs (Fig. 3.4(d)). The angle corresponding to intensity maxima is taken
as director (o= 0) and the ODF is used to calculate an ensemble average of cos? o
which gives Sop according to Eq. 3.1. As the SEM cannot resolve individual SWNTs,
they are assumed to be aligned axially within each bundle, i.e., Sop bundle = S2D SWNT-
Sop values of numerous cells from multiple SEM images were averaged to determine
an average Sop for each film, listed in Table 5.1 along with the typical cell sizes. For
the isotropic film, average Sop was calculated from a series of cell sizes ranging from
200 to 2500 nm; hence no particular cell size is reported. The significantly higher Sap

of “slow filtration” nematic like films can be readily observed.
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Figure 3.4 : (a) Nematic like ordered SWNT film from SDBS suspension (scale bar
1 pm). (b) “Domains” of aligned SWNTs, detected automatically by “OrientationJ”
plugin in imageJ software.(scale bar 1 um) (c¢) Aligned SWNTs within a single cell,
(d) Orientation distribution of SWNTs in image (c¢). (scale bar 250 nm) Orientation
distribution was used to calculate a 2D scalar order parameter (Ssp) for SWNTs.

Sap ~ 0.87 for image (c).
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3.4 Electro-optical Characterization

SWNT thin films were also characterized for electro-optical properties. Under cross-
polarized light microscopy, the films did not show any distinguishable birefringence,
probably due to small size of domains compared to optical resolution. The bulk con-
ductivity of films was measured using 4-point probe. (Jandel Microposition Probe
with cylindrical probe head, probe spacing 1 mm). Both locally ordered and disor-
dered films showed similar properties (300-350 2/sq for 65-70% transmission at 550
nm wavelength) - probably because the measurement length scale was much larger

than the size of the ordered domains (hundreds of nm).

3.5 SWNT Nematic Ordering Mechanism

The local nematic like ordering of SWNTSs is clearly caused by the slow filtration
process. As the solvent is removed by filtration, a concentration gradient develops in
the filtration funnel; SWNTs increasingly concentrate near the filter membrane. Once
the SWNT concentration in this “high concentration region” exceeds the isotropic-
nematic transition point, SWNTs begin to align spontaneously. The slow filtration
rate affects the above process in two ways: first, it yields a less steep concentration
gradient and hence a thicker high concentration region; the characteristic thickness of

this region is dcone X Df , where D is the translational diffusivity of SWNT's and vy is

v
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average fluid velocity (function of filtration speed). Second, SWNTs move slower and
therefore have sufficient time to reorient into locally ordered domains while traversing
the high-concentration region before depositing on the filter membrane.

We estimated the SWNT concentration profile in liquid dispersion inside the fil-
tration funnel during filtration process. The steady equation of continuity can be
expressed as, vy - Ve = DV?c, where ¢ is SWNT mass fraction and is a function
of distance from filter (z). The fluid velocity vy, obtained from filtration rate, was
assumed to be constant. Assuming uniform flow across the filtration membrane, the
above equation was solved in one dimension to obtain the SWNT concentration pro-
file: ¢(z) = (Co — Cb)e‘gg_z + Cy, where Cj is SWNT concentration at the surface of
filter (or developing SWNT film) and C}, is the initial SWNT concentration in disper-
sion. SWNT concentration profiles for fast and slow filtration cases are depicted in
Fig. 3.1, shown in log-log scale to highlight the high concentration region. The high
concentration region for slow filtration was typically ~ 30 times thicker than for fast
filtration (few microns).

The time required for SWNTSs to travel from a region with ¢ ~ Cpiphasic (i-€.,
Zbiphasic) t0 the filter membrane (2 = 0) can be defined as the ‘residence time’ (tres)

of SWNTs in the high concentration region. and can be computed as : .5 =

2=0 .
fz = L_dz, where Zbiphasic d€notes 2z where ¢ ~ Cpiphasic- Cbiphasic 1S the concentra-
biphasic Uswnt

tion marking the onset of biphasic region for a lyotropic system; for HiPco SWNTs,
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assuming non-interacting rods, cpiphasic ~ 4000 ppm [Green et al. 2009, Wensink and
Vroege 2003]; attractive interactions would lower this threshold. Zbiphasic Was calcu-
lated from the SWNT concentration profile and SWNT velocity can be defined as:
Vswnt = -i—(vf — DVec¢). For slow filtration t,s ~ O(1 s) whereas for fast filtration
tres ~ O(1 ms). In dilute SWNT dispersions, SWNTs have a rotational diffusiv-
ity Dr ~ 250s~! [Duggal and Pasquali 2006], giving a characteristic time scale of
7 ~O(1 ms). Intuitively, residence times shorter than this characteristic time make
reorientation and alignment of SWNT's very unlikely, before immobilizing into a film.

Previous studies [Bradac et al. 2002, Chen et al. 2008] (on thermotropic LCs) have
shown that isotropic to nematic phase transitions typically involve three stages: (a)
nucleation: independent nucleation of multiple ordered domains, with no correlation
between directors of different domains, (b) domain growth: a period of domain size
growth, typically following the dynamical scaling law rq ~ t°5, where 74 is domain
diameter and ¢ is time, (c) Late stage: healing of domain boundaries and dynamics of
LC defects. The staggered domain structure of nematic-like SWNT films suggests that
SWNT ordering during slow filtration likely follows similar developmental pathway
but lacks a “late stage”, likely due to consolidation of SWNTs into a solid (or gel-like)
film. SWNT films with larger domain sizes can potentially be obtained by increasing
the residence time, i.e., reducing further the filtration rate, or by varying SWNT

length.
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3.6 Conclusions

We presented a simple technique for fabricating SWNT thin films with local nematic-
like ordering. This technique is applicable to a number of aqueous SWNT suspen-
sions, irrespective of type, quantity, and combination of surfactants present as well
as metallic enriched SWNT dispersion as-produced by DGU. Scalar order param-
eter calculations show a high degree of local ordering among SWNTs in the film.
These ordered films of pristine SWNT's can serve as useful functional materials and
a platform for development of metamaterials, electrodes, and transparent conductive

coatings with ordered SWNTs.

3.7 Appendix

3.7.1 Density Gradient Ultracentrifugation

Density gradient ultracentrifugation (DGU) was performed on several different
SWNT materials, described in Hdroz et al. [2010] using Rice-produced, HiPco batch
HPR188.2. Upon completion of a DGU run, 250 pL fractions were extracted from
each centrifuge tube, starting at the top of the metal DGU band. The material from

multiple runs was combined to form a total of 6 ml for each fraction. ‘Fraction 5’

Metallic-type enriched SWNT obtained by density gradient ultracentrifugation was prepared
and characterized by Erik Haroz from Prof. J. Kono’s research group.
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was used here for this study with an estimated metallic nanotube purity of 91% by
integrated absorption area.

The optical absorption spectra (Shimadzu UV-3101PC scanning spectrophotome-
ter) of the starting SWNT surfactant suspension and DGU enriched “Fraction 5”
material, for film as well as liquid samples, are shown in Fig. 3.5. A 1% (wt/vol)
DOC (water) reference was used for the as-produced liquid sample. The reference
for the metal-enriched liquid sample was produced by running a DGU run without
nanotubes to approximate the mixture of surfactants and density gradient medium
present in the enriched fraction.

Raman scattering spectra (Renishaw inVia Raman microscope) of films fabricated
from the starting SWNT suspension and metallic enriched DGU material are shown

in Fig. 3.6.

3.7.2 Preparation of SWNT Dispersions

The detailed procedure for SWNT dispersion preparation is reported in O’Connell et

al. [2001]. The basic steps are outlined below:

1. Mix 1 wt% of desired surfactant in 200 ml of nanopure water, in a glass vial. Stir

or bath sonicate till surfactant dissolves completely.(solution becomes ‘clear’)

2. Mix ~ 200 mg purified HiPco SWNT in the surfactant-water solution.
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Figure 3.5 : Optical absorption spectra of as-produced material (SWNT surfactant
suspension) and metallic enriched SWNT suspension obtained through DGU. Red
solid (dotted) traces are for metallic-enriched SWNT film (solution), and black solid
(dotted) traces are for as-produced material film (solution) multiplied by 0.4. Traces
are vertically offset for clarity. Note the enrichment of metallic peaks in the DGU ma-
terial versus the as-produced material and the relatively strong, well-defined metallic
features that remain after film formation, as compared to the semiconductor features
which show significant broadening and red-shifting.
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Figure 3.6 : Raman scattering spectra of films fabricated from starting SWN'T suspen-
sion and metallic enriched DGU material, performed at 633 nm excitation wavelength.
The spectra indicate the strong enrichment of radial breathing mode features (100-
300 cm™!) corresponding to metallic chiralities of nanotubes in the metal-enriched
sample as well as the characteristically broad, metallic G-band lineshape (1500-1600
cm™ ).
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3. Homogenize the mixture using a high shear homogenizer (for example, Fisher
Scientific Catalog No. 14-261-04), at ~ 8000 rpm for 45 mins. The head of the

stator should be slightly lower than the mid-point of liquid column in the vial.

4. Sonicate the homogenized mixture by pouring into a cup-horn sonicator, and
sonicating at 90% amplitude for 10 mins. This process usually leads to strong
heating of the suspension. Transfer the suspension back into the vial and place

in cold water or ice bath.

5. Centrifuge the sonicated suspension at 29,000 rpm for 4 hours. Collect the top
75% of liquid from each centrifuge tube using a pipette, without shaking the

centrifuge tubes.

The above procedure typically produces what is often referred to as “SWNT-
surfactant decant” with SWNT concentration on the order of 10-100 mg/L. The
suspension is expected to have mostly individual SWNTs and some small diameter
bundles (< 20 nm diameter). The result of the procedure is dependent on the surfac-
tant used and its efficacy in SWNT suspension. SDBS, Pluronic F87, CTAB, DOC

are highly recommended.



70

3.7.3 Slow Vacuum Filtration

Vacuum filtration was performed using the lab vacuum line and a standard micro-
filtration setup (Fisher Scientific) with 25 mm diameter glass frit filler membrane
holder and Poly Carbonate Track Etched (PCTE) filter membranes. Each SWNT
film was prepared by filtering 1.5 - 2 ml of the desired SWNT dispersion (30-60 mg/L
conc.), keeping the filtration funnel covered with water saturated tissue to minimize
solvent evaporation. The vacuum suction through filtration setup was allowed to run
for at least 15 mins after the end of filtration (by visible inspection) to ensure com-
plete consolidation of the SWNT film. About 8 - 10 ml of DI water was added in
the filtration setup by gently pouring through the sides of the filtration funnel, and
filtered through the PCTE-SWNT film membrane already in place, for removal of
surfactant. Upon completion of water filtration, the filter-SWNT film membrane was
recovered from the filtration setup and allowed to dry at room temperature (~ 30
mins). For detachment of the filter membrane, the ‘dry’ filter-SWNT film membrane
was entirely dunked inside a N-Methyl-2-pyrrolidone (NMP) bath. The filter-SWNT
film membrane typically has a tendency to float on the NMP free surface; it is impor-
tant that the entire film is pulled (or dunked) inside the solvent to ensure complete
and uniform wetting from all sides, and avoid stretching and cracking in SWNT film,
as the PCTE gradually softens and dissolves away (~ 30 mins). The free SWNT

film can then be recovered on to any substrate of interest by slipping the substrate
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under the floating SWNT film and lifting it out. The residual NMP can be either
evaporated or washed away with acetone/IPA. A final round of vacuum oven drying

is recommended for the SWNT film.

3.7.4 Analysis of SWNT Alignment in Nematic Films

The microstructure of slow filtered SWNT films was found to be “locally nematic”
ordered, consisting of adjoining “domains” or regions of uniform and unidirectional
SWNT alignment with almost no correlation between direction of alignment in neigh-
boring domains. The degree of alignment among SWNTs inside each domain was
characterized using free image analysis software ImageJ and a plugin OrientationJ,
developed by the Biomedical Imaging Group (BIG) at Ecole Polytechnique Fédérale
de Lausanne (EPFL). The plugin and basic usage instructions can be found at
http://bigwww.epfl.ch/demo/orientation/ .

The plugin was used to obtain an orientation distribution function, with 180
data points (angles), for SWNTs in a domain. The intensity at each point can be
understood as the number of SWNTs aligned along that ‘angle’. The ‘angle’ of
maximum intensity was taken as the director (a=0); i.e., the numerical value of this
angle was subtracted from all angles, setting this as zero and re-defining all other
angles, relative to this new axis. Intensity*cos? o was calculated for each of the 180

data points, and their sum was normalized by dividing with the sum total of only



intensities; this represents < cos?a >, i.e., the ensemble average.

72



Chapter 4

Aligned SWNT Ribbons and Flakes from
Superacid Solutions

4.1 Introduction

Superacids are currently the only solvents capable of athermally dissolving SWNT's [Davis
et al. 2009, Parra-Vasquez et al. 2010]. This is in contrast to water and other organic
solvents (like isopropanol, N-Methyl-2-pyrrolidone) which disperse SWNTs as col-
loidal particles. A superacid is an acid stronger than 100% sulfuric acid. Previous
studies [Davis et al. 2009, Zhou et al. 2005] have shown that superacid anions inter-
calate SWNT bundles and protonate the SWNT's, forming charge transfer complexes
consisting of positively charged individual SWNT's surrounded by negatively charged
acid anions (Fig. 4.1(a)). The resulting electrostatic repulsion leads to spontaneous
individualization and stable dissolution of SWNTsSs, confirmed by cryo-TEM imaging
(Fig. 4.1).

The main advantages of using superacids for liquid phase SWNT processing in-

clude:

e Spontaneous dissolution by stirring. SWNTs dissolve in superacids without

73
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need of high-power sonication or chemical functionalization. Both these pro-
cesses, required for colloidal dispersion in water or organic solvents, are known

to cause SWNT “cutting” and structural damage.

e Capable of dissolving long SWNTs. (hundreds of microns) In contrast, colloidal
dispersion in water and organic solvents is typically limited to SWNTs with

length of up to a few microns only.

e High SWNT loadings achievable. (> 10 wt% or two orders of magnitude higher

than colloidal dispersions)

4.1.1 SWNT-Superacid Phase Behavior

Due to the rod-like structure of SWNTs, SWNT-superacid solutions form lyotropic
systems offering rich phase behavior and characteristic phase transitions predicted by
Onsager [1949]. The phase diagram of HiPco SWNTs (average length ~ 500 nm) in
superacids of varying strengths is shown in Fig. 4.2.

At dilute concentrations (few parts per million) the solutions are isotropic. As
the SWNT concentration increases above ~ 4000 ppm the solution transitions to
an ordered state. Due to polydispersity in the length of SWNTs, this ordered state
is biphasic where liquid crystalline domains of SWNTs co-exist with the isotropic

SWNT solution. Complete single-phase liquid crystallinity is achieved at much higher
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Figure 4.1 : (a) Schematic: intercalation of sulfuric acid anions in SWNT bundles.
Acid anions protonate SWNT's forming charge-transfer complexes and resulting in de-
bundling and dissolution of SWNTs. (b) Cryo-TEM image of HiPco SWNTs (0.134
vol%) dissolved in CISOzH. (Iimages re-produced from [Ericson ef al. 2004](a), [Davis
et al. 2009](b), without permission.)
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Figure 4.2 : Phase diagram of HiPco SWNTs in superacids (center) and cross-
polarized light micrographs (corners) showing effect of solvent strength on SWNT
microstructure at different SWNT concentrations. Light microscopy images, from
top-left and going clockwise: 1.21 vol% in CISOsH (scale: 50 pm), 12.1 vol% in
CISO3H (scale: 20 pm), 10.6 vol% in 120% H,SOy4 (scale: 20 pm), 0.132 vol% in
120% HySOy4 (scale: 20 pum). The red dotted arrow represents the phase trajectory
and crossing of phase boundary, driving the formation of aligned SWNT macrostruc-
tures. Part of image reproduced from [Davis ef al. 2009] without permission.
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concentrations of ~ 70000 ppm (7 wt%). The specific concentrations at which a
solution undergoes phase transition depends on the average length of SWNTs as well
as the details of inter-SWNT interactions [Green et al. 2009]. Reduction in acid
strength (reduced stabilizing power of solvent against attractive van der Waals forces
between SWNTs) pushes the phase boundary to lower concentrations, as can be seen

in Fig. 4.2.

4.1.2 Novel Fabrication Method for 2-D Aligned SWNT Macrostructures

The spontaneous ordering of SWNTSs in high concentration lyotropic solutions has
been used for fabricating macroscopic fibers (diameter ~ 10-100 um) of highly aligned
pristine SWNT's. Fabrication of aligned SWNT thin films (hundreds of nanometers)
and 2-D macrostructures has, however, remained elusive; the high concentration of
SWNTs in liquid crystalline solutions makes thin film fabrication challenging and
impractical using currently existing methods. In this chapter, we present a novel
technique for fabricating macroscopic 2-D flakes and flat ribbons of aligned SWNTs
from SWNT-superacid solutions. We induced phase transition and achieved SWNT
ordering in low concentration SWNT-superacid solutions by slowly reducing solvent
quality (acid strength) through controlled exposure to moisture. The ordered SWNT
domains in solution were extracted as SWNT macrostructures by precipitation. The

phase trajectory driving the SWNT macrostructure fabrication is depicted by a dot-
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ted line in Fig. 4.2. Characterization using polarizing optical microscopy and Raman
spectroscopy revealed that most macrostructures were optically transparent (thin)
and consisted of highly aligned SWNT's; the 2-D nature of these SWNT macrostruc-

tures likely stems from the low concentration of SWNTs in the starting solution.

4.2 Experimental Methods
4.2.1 SWNT-Superacid Solution Preparation

SWNT-superacid solutions were prepared by adding purified and dried HiPco SWNT's
in chlorosulfonic acid, followed by gentle swirling, stirring using magnetic stir bar, or
mild bath sonication (< 5 minutes). The entire process was carried out inside a

glove-box purged with dry air.

4.2.2 SWNT Macrostructure Fabrication Procedure

The experimental setup and procedure are shown schematically in Fig. 4.3. In a
typical experiment, 0.5 - 1.0 ml of SWNT-superacid solution (200-4000 ppm) in a
teflon capped dry glass vial was placed inside a glove bag purged with dry N;. A
measured volume of water (quenching solvent) was introduced in the glove bag and
the teflon cap of SWNT-superacid containing vial was removed; the water molecules
evaporate and diffuse into the superacid solution, reducing the acid strength. The

amount of water introduced into the glove bag corresponded to that required for
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Figure 4.3 : Experimental setup used for fabrication of aligned SWNT macrostruc-
tures. Small quantity of pre-mixed SWNT-CISO3sH solution in a sealed vial, was
kept inside a glove bag purged with dry Ny. A measured amount of water (quench-
ing solvent) was introduced in the glove bag and the SWNT-superacid solution vial
was unsealed. Over 6-8 hours, water molecules evaporate and diffuse into the solu-
tion, slowly reducing the acid strength and resulting in precipitation of highly aligned
SWNT macrostructures.

converting chlorosulfonic acid into ~ 70 % sulfuric acid according to the chemical
reaction formula: HSO3;Cl + H,O — H,SO,4 + HCIL. Drop in acid strength below 100
% sulfuric acid typically led to precipitation of SWNT macrostructures.

Upon completion of experiment, the precipitated SWNT flakes and ribbons were
collected on glass or silicon substrates, washed with water and annealed for =~ 1 hour

at 200°C under vacuum, before characterization.
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4.3 Results & Discussion

4.3.1 Optical Microscopy

SWNT macrostructures were fabricated starting from SWNT solutions of various
concentrations. The resulting macrostructures were analyzed for shape and size,
optical transparency, and SWNT alignment using polarizing optical microscopy.

The optical micrographs of SWNT macrostructures formed by slow quenching of
a 200 ppm SWNT-chlorosulfonic acid solution are shown in Fig. 4.4. Most structures
were in the shape of flat ribbons or 2-D flakes with typical dimensions on the order
of ~ 100 pm. Optically “transparent” appearance under bright field transmission
mode microscopy indicated that the SWNT macrostructures were ~ 50 - 200 nm in
thickness (based on similar transparencies and thicknesses encountered with trans-
parent conductive thin films, see Chapter 2). Strong optical birefringence, observed
between crossed-polarizers, demonstrated a high degree of SWNT alignment in these
2-D SWNT macrostructures.

SWNT macrostructures produced from 1000 ppm and 4000 ppm SWNT-chlorosulfonic
acid solutions are shown in Fig. 4.5 and Fig. 4.6, respectively. Structures obtained
from 4000 ppm SWNT-chlorosulfonic acid solution were observed to be typically
darker (higher opacity) under transmission mode microscopy indicating their higher

thicknesses, see Fig. 4.6(a). This is likely due to the higher SWNT concentration in
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starting solution; it underscores the importance of having a low SWNT concentra-
tion in solution for fabrication of thin films and 2-D structures, as opposed to high

concentrations used for fiber spinning.

4.3.2 Raman Spectroscopy

Polarized Raman spectroscopy (Renishaw inVia Raman microscope) was used to
probe the degree of SWNT alignment in these macrostructures. The optical im-
age of a SWNT ribbon fabricated from 1000 ppm SWNT-chlorosulfonic acid solution
is shown in Fig. 4.7(a). Strong birefringence observed under crossed-polarizers indi-
cates significant alignment of SWNTs in the ribbon. The Raman spectra (785 nm
excitation laser) with laser polarization parallel and perpendicular to the ribbon lon-
gitudinal axis were collected at three different spots along the SWNT ribbon; the
averaged spectra are shown in Fig. 4.7(c). The Raman G-peak signal (~ 1591 cm™!)
for parallel laser orientation was four times stronger than that for perpendicular laser

orientation, confirming high degree of SWNT alignment, see Fig. 4.7(c)-inset.

4.4 Conclusions

A novel route for fabrication of highly aligned 2-D SWNT macrostructures from
SWNT-superacid solutions is presented. Orientational ordering was achieved in low

concentration SWNT-superacid solutions by inducing phase transitions via reduction
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Figure 4.4 : Optical micrographs of aligned SWNT macrostructures, under transmis-
sion mode (a,c) and crossed-polarizers (b,d). Crossed red arrows indicate polarizer
and analyzer orientations. The macrostructures were prepared by slow quenching of
200 ppm SWNT-CISO3H solution with water, inside a glove bag. Scale bars: 100 pum
for (a-b), 50 um for (c-d).
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Figure 4.5 : Optical micrographs of aligned SWNT macrostructures, under transmis-
sion mode (a,c) and crossed-polarizers (b,d). Crossed red arrows indicate polarizer
and analyzer orientations. The macrostructures were prepared by slow quenching of
1000 ppm SWNT-CISO3H solution with water, inside a glove bag. Scale bars: 50 pm
for (a-b), 20 pm for (c-d).
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Figure 4.6 : Optical micrographs of aligned SWNT macrostructures, under transmis-
sion mode (a,c) and crossed-polarizers (b,d). Crossed red arrows indicate polarizer
and analyzer orientations. The macrostructures were prepared by slow quenching of
4000 ppm SWNT-CISO3H solution with water, inside a glove bag. Scale bars: 50 um
for all images.



(©)

Intensity (a.u)

140000

500 pm

0
21

120000 —
100000 -
80000 -
60000 —
40000 -

20000 A

Intensity (a.u)

Parallel —/

| Perpendicular i7’\ “,
— \\

——— Horiz-parallel
Vert-perpendicular

1500 1600
Raman Shift cm-1,

0
0

A

T
1500
Raman Shift (cm”

T
500 1000

]
2500 3000

Figure 4.7 : Optical micrograph of a ribbon like macrostructure from 1000 ppm
SWNT-CISO3H solution, under transmission mode (a) and crossed-polarizers (b). (c)
Raman spectra with 785 nm excitation laser, polarized parallel to and perpendicular
to the ribbon longitudinal axis. Parallel orientation generated four times stronger G-
peak (~ 1591 em!) signal, compared to perpendicular orientation, indicating high
degree of SWNT alignment in the ribbon. (Inset: magnified G-peak spectra)
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in solvent quality. The ordered SWNT phases were precipitated as aligned SWNT
macrostructures by further reduction of solvent acidity (below 100 % sulfuric acid).
Bright field transmission mode optical microscopy revealed that typical structures
were hundreds of microns in dimension and optically semi-transparent (hundreds of
nanometers in thickness). Polarized Raman spectroscopy showed a G-peak ratio of

~ 4, indicating significant SWNT alignment.

4.5 Appendix

4.5.1 Fabrication of Aligned Macrostructures from Metallic-type Enriched

SWNTs

Currently, there is strong interest in fabrication of aligned SWNT structures from
metallic-type enriched SWNT material. The techniques capable of separating SWNT's
according to electronic type, however, have low yields which make fabrication of
macrostructures, especially aligned macrostructures, challenging. For example, den-
sity gradient ultracentrifugation(DGU) [Arnold et al. 2006, Haroz et al. 2010] typ-
ically produces 10 ml of metallic-type enriched SWNT suspension with ~ 20 ppm
concentration; equivalently, 300 ug of metallic enriched SWNT material.

The SWNT-superacid based macrostructure fabrication procedure has minimal

SWNT material requirements and can be an ideal route for achieving the above goal.
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For example, only ~ 30 ug SWNT is required to prepare 100 ul of 200 ppm SWNT-
superacid solution, which is enough to carry out the procedure and produce aligned

SWNT macrostructures.



Chapter 5

Spontaneous Templating of Anisotropic Gold
Nanoparticles on Ordered SWNT Macrostructures

5.1 Introduction

Metallic nanoparticles have been the subject of intense research owing to their un-
usual electro-optical properties and a vast array of potential applications [Daniel and
Astruc 2004, Murphy et al. 2005]. Current research towards nanoparticles for meta-
material applications is primarily focused in two directions: synthesis and ordered
assembly. Synthesis involves designing new methods for fabrication of nanoparticles
from a variety of materials, with varied anisotropic shapes, sizes and aspect ratios.
Particles are being tailored to possess highly tunable plasmonic and optoelectronic
properties aimed for specific advanced applications. Ordered assembly entails deposi-
tion of nanoparticles on surfaces, incorporation into bulk liquid crystalline media, or
chemically mediated crystallization in an organized manner. In this way, the unique

properties of individual nanoparticles can be leveraged collectively to attain func-

Part of this chapter has been submitted to ACS nano, (2011). Part of this work was performed
at Dept. of Physics and Liquid Crystal Materials Research Center, University of Colorado, Boulder,
with Prof. Ivan Smalyukh.
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tional behavior on macroscopic scales. Gold nanorods (GNRs) are a particularly
interesting class of nanoparticles because their transverse and longitudinal surface
Plasmon resonance (SPR) depend on polarization and can be easily tuned across the
visible and near IR spectrum by changing the GNR aspect ratio [Link et al. 1999)].
Promising GNR applications include photovoltaics [Atwater and Polman 2010, Morfa
et al. 2008, Westphalen et al. 2000], surface enhanced Raman scattering (SERS) based
detection and imaging [Nikoobakht and El-Sayed 2003, Orendorff et al. 2006], bio-
logical imaging and therapy [Durr et al. 2007, Huang et al. 2006; 2007], and optical
metamaterials [Liu et al. 2010, Shalaev et al. 2005]; large scale ordered assembly of
GNRs is a critical step for the development of many of these applications.

Recent advances in ordered assembly and nanoscale alignment of GNRs include in-
corporation into lyotropic liquid crystals [Liu et al. 2010], stretched polymer films [Mur-
phy and Orendorff 2005, Shenhar et al. 2005], electric field driven alignment in liquid
medium [van der Zande et al. 1999], colloid based self-assembly [Jana et al. 2002,
Nikoobakht et al. 2000], and deposition onto patterned surfaces [Liu et al. 2006]. In
most cases, however, the substrates or surrounding material (for bulk incorporation)
possess minimal or no functionality; the lack of essential properties like electrical
conductivity, mechanical strength, or chemical durability often limits the range of
possible applications for these hybrid materials.

Single-walled carbon nanotubes (SWNTSs) offer a promising alternative in this
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context. SWNTs offer the functional and structural features of high performance
polymers [Green et al. 2009], coupled with superior electro-optical properties and
chemical inertness [Tans et al. 1997]. Their nanoscale diameter combined with high
aspect ratio (> 1000) makes them ideal candidates for forming high performance thin
films [Dan et al. 2009, Wu et al. 2004] and fibers [Behabtu et al. 2008, Davis et al.
2009, Li et al. 2004] which in turn serve as basic functional materials for a host of
engineering applications, devices and materials. For example, SWNT thin films are
being developed as transparent conductive coatings for touch screens, flat electronic
displays, OLEDs, electrodes for solar cells, etc. [Hu et al. 2010]. High specific surface
area, ~ 1300 m?/g [Peigney et al. 2001], makes SWNT macrostructures highly desir-
able substrates for hosting other functional nanoparticles, for example, SWNT based
supports for catalyst nanoparticles, SWNT electrodes for fuel cells [Girishkumar et al.
2004, Planeix et al. 1994], and oriented attachment of GNRs on sidewalls of individual
polymer coated MWNTSs [Correa-Duarte et al. 2005]. In this article, we report the
spontaneous ordered templating of plasmonic GNRs on various highly aligned SWNT
macrostructures. The superior electro-optical properties of SWNTs coupled with op-
tical properties of plasmonic nanoparticles make SWNT-GNR composites potential

candidates for a number of optoelectronic applications.
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5.2 Materials and Methods
5.2.1 Fabrication of Gold Nanorods and Microparticles

GNRs with medium (~ 5-12) and high aspect ratios, (~ 12-35) were fabricated using
standard seed mediated growth in the presence of CTAB (Cetyl trimethylammonium
bromide) [Jana et al. 2002, Murphy et al. 2005, Nikoobakht et al. 2000]. Briefly,
spherical gold seeds were produced by reducing chloroauric acid with sodium borohy-
dride in the presence of CTAB. Next, three identical growth solutions were prepared
with chloroauric acid, CTAB, and ascorbic acid.

To produce medium length GNRs, the seed was added to the first solution and the
reaction was allowed to take place progressively in each growth solution for a couple
of hours, followed by pipette transfer to the next growth solution. To produce long
rods, the reaction was allowed to proceed in the first two growth solutions for less
than a minute and then left in the third solution overnight. In both cases, the final
product was obtained in the form of a precipitate consisting of CTAB capped GNRs.
The GNRs were recovered and re-dispersed to form dilute aqueous suspensions (1
mg/ml). Short GNRs (aspect ratio ~ 2-4) were directly purchased from Nanopartz
Inc.

High aspect ratio, polydisperse gold triangles and polygonal platelets with up to

10 pm side lengths and 5 nm thickness were produced using an aloe vera extract
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mediated technique: 30 g of aloe vera leaf were boiled in 100 ml of de-ionized water
to produce the extract, 1 ml of the extract was then added to 1 mM chloroauric acid in
9 ml of methanol and allowed to sit at room temperature for several days [Chandran

et al. 2006].

5.2.2 Fabrication of Aligned SWNT Macrostructures

Thin films of horizontally aligned SWNTs were prepared from vertically aligned
SWNT “carpets” produced using the method described by Xu et al. [Xu et al. 2006].
These carpets typically consisted of 20-200 um long vertical array of SWNTs bound
to Fe catalyst particles and supported on Silicon substrates, as shown in Fig. 5.1(a).
Thin films were obtained from the SWNT carpets using a modified version of the
“roll-over” method [Pint et al. 2008]. Briefly, vertically aligned SWNT's were “tilted”
towards the desired direction of alignment by gentle unidirectional rubbing with a
clean strip of velvet cloth, followed by the “rolling” process which compresses the car-
pet into a dense, highly aligned SWNT film (Fig. 5.1(b)). A thin sheet of aluminum
foil was used during rolling to prevent transfer of any SWNT's from the carpet on to
the roller. Dipping these SWNT films in 1 M HCI solution etches away the catalyst
particles, resulting in their immediate detachment from Silicon substrates; the free
floating films can then be transferred onto any desired substrate.

SWNT fibers were produced by wet spinning from high concentration (> 8 wt
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%) SWNT-Oleum (100 % sulfuric acid + 20 % SO3) solutions [Booker et al. 2008,
Davis et al. 2009, Ericson et al. 2004, Wang et al. 2005]. Under polarized Raman
spectroscopy, the fiber showed a G-peak (~ 1591 cm™!) intensity ratio (longitudinal
vs. transverse directions) of 2.4, indicating a high degree of SWNT alignment, further

confirmed by SEM (Fig. 5.2(a)).

5.2.3 Gold Nanorod Deposition Procedure

The GNR deposition process consisted of drop drying GNR colloidal suspensions (few
microliters) on top of the SWNT macrostructures. Upon completion of drying under
ambient conditions, the samples were further heated to ~ 90°C for 5 minutes to ensure
complete removal of the solvent. The desired density of GNRs on SWNT films and
fibers was achieved by repeating the drop drying procedure multiple times. GNRs
with a wide range of aspect ratios (~ 2-35) were deposited on SWNT films using this
procedure. The GNR deposition and assembly on SWNT fibers was tested only with

short GNR samples.

5.3 Results

The GNR-SWNT composites were analyzed using SEM imaging (JEOL JSM-7401F
FESEM). Remarkably, we found that a large fraction of GNRs spontaneously align

along the SWNTs in the films and fibers during the deposition process, as shown
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Figure 5.1 : SEM images showing macroscopic ordered assemblies of gold nanorods
(GNRs), of varying aspect ratios, produced by drop drying GNR suspensions on
aligned SWNT films. (a) Vertically aligned SWNT carpet, (b) aligned SWNT film
fabricated from SWNT carpet, (¢) Spontaneous alignment of short GNRs (aspect
ratio 2-4) on SWNT film, (d) GNRs replicating the alignment defect (shown with red
arrows) in underlying film, (e) and (f) Alignment of medium (5-12) and long (12-35)
aspect ratio GNRs with SWNTs. Scale bars: (a)15 pm, (b) 1 pum, (¢) 400 nm, (d) 1

pm, (e) 500 nm, (f) 1 pm.
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Figure 5.2 : SEM image of SWNT fiber (a) and spontaneous alignment of short GNRs
with SWNTs (b-c) in the fiber. GNRs were deposited onto the fiber by drop drying
as well as dip coating, both methods producing similar results. Scale bars: (a) 40
pm, (b) and (c) 200 nm.

in Figs. 5.1(c - f) and Figs. 5.2(b - ¢). In addition, the strong spontaneous align-
ment to the SWNT substrate was observed for all GNR aspect ratios. Most of the
non-aligned GNRs were within rare aggregates. Non-uniformities (cracks, sharp pro-
trusions, misaligned domains and domain boundaries, etc.) in the underlying SWNT
macrostructure promoted aggregation and accumulation of GNRs, often leading to
their non-uniform distribution. Employing dilute GNR suspensions limited the ex-
tent of GNR aggregation during drop drying and yielded an ordered and oriented
GNR deposition. Closer inspection of regions in GNR-SWNT thin films with imper-
fect alignment, like in Fig. 5.1(d), reveal that GNRs also follow defect and distortion
patterns in their underlying SWNTs, providing further insights into the origins of the

observed oriented assembly.
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5.3.1 Orientation Distribution Function for Gold Nanorods

GNR alignment on SWNT macrostructures was quantified by measuring the angu-
lar orientation of individual GNRs with respect to the aligned SWNTSs in the SEM
images. Multiple SEM images were analyzed for each GNR type (short, medium
and long) to collect data for statistically significant number of GNRs. For example,
a total of 322 short GNR particles were analyzed for SWNT films and 97 particles
for short GNRs on SWNT fibers. It is important to note that SWNTs in the films
and fibers used for our experiments possess good alignment over large length scales
(microns and higher), but show considerable waviness and undulations at shorter
length scales (tens of nanometers). Consequently, an array of GNRs deposited on
these films and fibers can appear less ordered at large length scales, in spite of a high
degree of alignment between individual GNRs and the local, immediately underlying
SWNT/SWNT bundle; this of course is a shortcoming of substrate quality rather
than the alignment procedure. In order to obtain a true estimate for the degree of
alignment of GNRs with SWNTs, the angular orientation of individual GNRs (de-
fined as a) were measured with respect to the direction of alignment of the locally
underlying or nearest observable SWNTs (a=0). Figure 5.3 shows the normalized ori-
entation distribution function obtained for short GNRs deposited on aligned SWNT
carpet films and SWNT fibers. Higher aspect ratio GNRs deposited on SWNT films

showed a similar angular distribution.
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Figure 5.3 : Orientational distribution function for spontaneously aligned short GNRs
on aligned SWNT macrostructures. Orientation angle for each GNR was calculated
with respect to the underlying SWNT/SWNT bundle. Total of 322 particles were
analyzed for S-GNRs on SWNT carpets, and 97 particles were analyzed for S-GNRs

on SWNT fibers.
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5.3.2 Scalar Order Parameter for Gold Nanorod Arrays

The angular orientation measurements for individual GNR particles were used to
calculate the 2-D scalar order parameter (Sop) for GNR arrays deposited on SWNT
macrostructures. Sep was obtained by evaluating 2 < cos?a > —1 for each GNR and
taking an average over all GNRs belonging to each aspect ratio group. As mentioned
in previous paragraph, Sop values obtained using our method of analysis represents the
degree of ordering in a GNR array deposited on a perfectly aligned SWNT substrate.
It “filters out” the undulations imparted onto the GNR assembly due to alignment
imperfections in the SWNT substrate. The values of Syp listed in Table 5.1 further
illustrate the high degree of spontaneous alignment between SWNTs and GNRs, for
all GNR aspect ratios. Interestingly, SWNT fibers produced better alignment among
GNRs than the films. This is likely due to the grooved surface morphology of the
fibers, which are composed of substructures of smaller diameter SWNT ropes and
fibrils. The alignment of GNRs on SWNT fibers demonstrates the portability of
this technique to other SWNT macrostructures, including curved surfaces. Since the
alignment behavior of GNRs on SWNT films was independent of GNR aspect ratio,
the deposition on fibers was tested with only short GNRs.

Self-alignment of gold nanoparticles with other interesting shapes, like high aspect
ratio triangles and polygonal platelets, on aligned SWNT macrostructures was also

studied using the same drop drying procedure. Interestingly, a significant number of
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Table 5.1 : 2D scalar order parameter values for ordered arrays of GNRs, with varying
aspect ratios, deposited on highly aligned SWNT films and short GNRs on fibers.

Films Fibers

GNR aspect ratio  Order Parameter =~ GNR aspect ratio  Order parameter
2-4 0.73 2-4 0.87

5-12 0.70 - -

12-35 0.73 - -

gold triangles and polygons spontaneously aligned during deposition, with one side of
polygon parallel to the SWNT alignment direction. This demonstrates that alignment
is not restricted to only rod shaped particles. The aligned triangles did not show any
predominant polarity and the fraction of aligned nanoparticles was lower than that

in the case of GNRs.

5.4 Discussion

The spontaneous alignment of GNRs on aligned SWNT substrates is driven by anisotropic
interactions between GNRs and the SWNT structures. These anisotropic interactions
are likely due to a combination of capillary, entropic and van der Waals forces that
arise during drop drying on highly anisotropic nanostructured surfaces of aligned car-
pets and fibers. During drop drying, GNRs become confined into a progressively
thinning liquid film and are pushed closer to the liquid free surface as well as the sub-

strate which consists of aligned, anisotropic SWNT's and nanoscale grooves between
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Figure 5.4 : Optical images (reflection mode, 50x lens) showing the spontaneous
alignment of 2D gold triangles and platelets, with one side of each polygon aligned
parallel to underlying SWNTs in aligned SWNT films. The direction of SWNT
alignment is shown by double sided arrows. Scale bar is 10 gm in both images.

them. Under these circumstances, anisotropic capillary and combing forces may play
an important role (Fig. 5.5(a)). Nanoscale orientation and assembly of colloidal par-
ticles and biopolymers mediated by capillarity and receding contact lines on similar
micro- and nanostructured surfaces have been observed before [Huang ef al. 2001,
Lewandowski et al. 2008, Messer et al. 2000, Petit and Carbeck 2003, Salalha and
Zussman 2005, Sharma et al. 2007]. For example, Strano et al. [Sharma et al. 2007]
reported the role of hydrodynamic and capillary forces in the alignment, nanoscale po-
sitioning and deposition of individual SWNTs inside a cylindrical liquid droplet. Petit
and Carbeck[Petit and Carbeck 2003] reported the molecular combing in microchan-

nels, a process where DNA molecules get oriented and stretched at the interface
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of liquid suspension and hydrophobic capillary substrate. Stebe et al. [Lewandowski
et al. 2008] observed spontaneous rotation, alignment and ordering among anisotropic
colloidal particles to minimize distortions at the liquid free surface and surface free
energy. Anisotropic capillary forces and surface energy minimization are frequently
used for the alignment and assembly of nanowires in device fabrication [Messer et al.
2000, Salalha and Zussman 2005].

In close proximity to the nanostructured SWNT substrate, overall translational
and orientational entropy of GNRs is orientation dependent which gives rise to en-
tropic alignment forces. Spontaneous alignment on nanoscale grooved surfaces has
been observed for liquid crystals as well. However, there are important differences be-
tween these two systems. For thermotropic small-molecule LCs with molecular dimen-
sions of the order of 1 nm (typically several nanometers in length and sub-nanometer
in width), the entropic effects can be neglected (the ensuing entropic interactions are
much smaller than confinement-induced elastic forces and anisotropic van der Waals
interactions of LC molecules with the surfaces). The entropic forces become impor-
tant in lyotropic LCs composed of cylindrical micelles (surfactant-based LCs) or long
molecular aggregates (chromonic LCs) that can have lengths comparable to that of
our nanorods (~ 50 nm). However, the most important difference is that LCs, due
to their bulk elasticity, exhibit coupling of the orientation of micelles and chromonic

aggregates at the surface with the far-field director away from the surface, which is
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not the case for nanorods studied here. Our observations have closer resemblance to
the entropy-mediated templating of patterns, from micro and nanostructured surfaces
to colloidal particles in suspension, observed in other systems [Dinsmore et al. 1996,
Gupta et al. 2006, Yodh et al. 2001]. Onsager theory [Onsager 1949] of nematic liquid
crystals describes the spontaneous ordering of colloidal rigid rods for minimization
of excluded volume and maximization of entropy; in our case, similar interactions
between each rigid rod and the features on structured surfaces like walls of channels,
protrusions and corners, help colloidal particles to attain well-defined positions and
orientations. In the case of anisotropic colloids like GNRs, in unidirectional nanochan-
nels created by SWNTs, alignment leads to reduction in their excluded volume by
~(L—D)-A, where A is the surface area of channel-like substrate nanostructures, L
is the length of a GNR, and D is its diameter, as depicted in Fig. 5.5(b). This effect
likely plays an important role in achieving the high orientational ordering of GNRs,
especially for the case of SWNT fibers which can have a particularly “grooved” sur-
face.

Finally, as GNRs deposit on the substrate, van der Waals interactions with indi-
vidual SWNTs and SWNT bundles strongly affect their orientation, as depicted in
Fig. 5.5(c). Aligning with SWNTs in the substrate, allows GNRs to maximize their
area of contact and achieve a lower energy state by means of increased van der Waals

interaction. An important point to note here is that GNRs should have stronger van
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(a) Capillarity (b)  Entropic (c) van der Waals

Figure 5.5 : The various forces contributing to assembly and alignment of gold
nanorods on SWNT substrates: (a) Capillarity: capillary forces promote alignment
of nanorods to minimize distortions in the liquid free surface. (b) Entropic forces:
aligning with SWNTs and nanochannels between SWNT's minimizes excluded volume
(depicted by the shaded region, which are inaccessible by the rod center of mass) and
maximizes entropy. (c¢) Anisotropic van der Waals interactions; by aligning with the
SWNTs, nanorods maximize their area of contact and reduce free energy.

der Waals attraction towards each other than to SWNTs, because gold has a higher
Hamaker constant than carbon. However, a stabilization layer of micellar CTAB on
GNRs prevents their self-aggregation and flocculation in suspension, while allowing
them to interact with bare uncoated SWNT surfaces during deposition. Using a high
concentration GNR suspension during deposition, however, can lead to deposition of
multiple layers of GNRs over the same spot. The secondary and more layers of GNRs
may experience much weaker templating effect of the underlying SWNT.

Similar forces are possibly in play for the case of anisotropic gold platelets and

polygons (Fig. 5.1). In the simplest case, an anisotropic gold triangle or platelet (5
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nm thick, 10 um wide) approaching the SWNT film surface with its plane perpen-
dicular to it behaves like a GNR with 5 nm diameter. Thus, the interplay of various
alignment forces leads to deposition of the triangle with one of the sides parallel
to SWNT orientation. The interactions and potential benefits of alignment become
more complex for other possible plane orientations, which explains the lower fraction

of aligned particles observed in the case of polygonal, compared to GNRs.

5.5 Conclusions

We have demonstrated a drop-drying based simple and versatile technique for the
ordered assembly of gold nanoparticles on highly aligned SWNT films and fibers.
The method was successfully demonstrated using GNRs with aspect ratios ranging
from 2-35, gold triangles with side length up to 10 um and 5 nm thickness, and
other polygonal shapes. The nanoparticles show strong interaction with SWNTs,
and spontaneously align on the anisotropic substrates during deposition. These or-
dered arrays of plasmonic GNRs supported on strong, durable, inert and electrically
conductive SWNT substrates can potentially better serve the currently existing GNR

applications and act as a platform for development of advanced metamaterials.



Chapter 6

Self-assembly and Dielectrophoresis: 1-D Fibrils
from Aqueous SWNT Suspensions

6.1 Introduction

SWNTs are a promising class of material for a host of electronic applications. Their
high aspect ratio, high current carrying capacity, ballistic charge transport, and low
turn on fields are ideal for field emission devices, high frequency transistors, alter-
native probes for AFMs, conductive AFMs, and STMs [Baughman et al. 2002, Choi
et al. 1999, Dai et al. 1998, Hafner et al. 1999, Konishi et al. 2007, Lee et al. 2005,
Park et al. 2005, Tang et al. 2005, Wong et al. 1998, Yu et al. 1999]. Their low density,
excellent electrical and thermal conductivity, mechanical strength and chemical in-
ertness make them desirable candidates for high strength fibers and conductive wires,
as demonstrated by several groups [Badaire et al. 2004, Davis et al. 2009, Ericson
et al. 2004, Koziol et al. 2007, Vigolo et al. 2000]. The electrical and mechanical
performance of macroscopic SWNT fibers partly depends on the properties of in-
dividual constituent molecules, like SWNT chirality, average length, diameter, and

quality [Behabtu et al. 2008]. There is a strong interest in understanding the effect of

105



106

each of these parameters on the performance of macroscopic fibers. That will allow
us to determine the optimal CNT sample for fiber fabrication, and obtain a practical
estimate for highest achievable fiber performance.

The current techniques for obtaining chirality or electronic-type enriched SWNTs [Haroz
et al. 2010, Harutyunyan et al. 2009, Krupke et al. 2003], and long CNTs (> tens
of microns) with good control over diameter and quality [Xu et al. 2006], produce
limited amount of material (milligrams). This is unsuitable for fabrication of macro-
scopic fibers which typically requires ~ 1 gram of material. Aligned “SWNT fibrils”
can offer a solution to this issue. SWNT fibrils can be defined as 1-D structures that
are sub-micron to several microns in diameter and hundreds of microns in length.
Being composed of 100-1000s of SWNTs in cross-section as well as length, their per-
formance should mimic that of bulk materials like macroscopic fibers. Moreover, they
can be fabricated from dilute suspensions prepared using small amount of material
(< milligrams), as described below.

Fabrication of fibrils from dilute SWNT suspensions, with a high degree of SWNT
alignment, requires the ability to trap, align, and assemble individual SWNTs in
a controlled and preferably continuous manner. The small size of SWNTSs, their
Brownian nature and strong tendency to aggregate or flocculate makes this a chal-
lenging task. Electrophoresis (EP) and dielectrophoresis (DEP) were recently shown

as effective tools to control and manipulate SWNTs. In 2003, Krupke et al. [2003]
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demonstrated that alternating current (AC) DEP can be used to polarize SWNTs,
align them along the e-field direction (overriding their tendency to orient randomly
by Brownian motion) and move them along the e-field gradient. A high axial po-
larizability of SWNTs makes these e-field based techniques extremely powerful; their
successful applications include SWNT separation according to electronic type and
thin film deposition [Hennrich et al. 2005, Krupke et al. 2004, Lutz and Donovan
2005].

The amplification of e-field at a sharpened metal tip and the associated e-field
gradient have been frequently utilized for deposition of individual CNTs and small
diameter bundles to fabricate microscopy probe tips, and field emission devices [Kon-
ishi et al. 2007, Lee et al. 2005, Tang et al. 2005, Wei et al. 2008a;b]. Gommans et
al. [2000] and Annamalai et al. [2005] reported spinning of macroscopic 1-D SWNT
“fibrils” from SWNT bundles and networks suspended in organic solvents, using DC-
electrophoresis. Tang et al. [2003] and Ma et al. [2009] reported fabrication of SWNT
fibrils using dielectrophoresis on functionalized /shortened SWNTs suspended in wa-
ter. Hulman et al. [2007] reported fabrication of long fibrils from MWNT networks
suspended in DMF. The fabrication of macroscopic fibrils from pristine and individ-
ualized SWNTs has, however, remained largely elusive.

A commonly used technique for dispersion of individualized SWNTs is with the

aid of surfactants in water. The typical steps involved in the dispersion process are
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outlined in O’Connell et al. [2001]. Primary advantages of this mode of SWNT dis-
persion include: minimal to no structural damage to SWNTs (in contrast to chem-
ical functionalization) and hence preservation of the pristine molecular properties,
availability of a host of suitable surfactants with wide range of properties [Moore
et al. 2003] (ionic-nonionic, polymer chain length, nature of hydrophilic-hydrophobic
groups, to name a few), a relatively large fraction of individualized SWNT's in the
suspension [Sun et al. 2008, Zhou et al. 2004a]. The Brownian nature of individual-
ized SWNT's, however, makes their trapping and manipulation with DEP challenging.
The surfactant micellar layer adsorbed on each SWNT screens their effective polar-
izability, further reducing the efficacy of DEP. Infact, the first successful fabrication
of SWNT fibril from a SWNT-surfactant aqueous suspension was reported by Han et
al. [2010] only recently.

In this Thesis chapter, we present a novel two-step process for fabrication of
macroscopic SWNT fibrils from SWNT-surfactant aqueous suspensions. In the first
step, colloidal self-assembly among surfactant stabilized SWNT's is induced by addi-
tion of an electrolyte. In second step, DEP is performed on this modified suspension
leading to the formation of macroscopic SWNT fibrils. The two-step process is shown
schematically in Fig. 6.1. We show that the self-assembled SWNT aggregates have a
significantly better response to external e-fields, (owing to their larger size) which in

turn dramatically improves efficacy and reproducibility of the DEP fibril formation
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process.

6.2 Experimental Methods

Aqueous SWNT suspensions were prepared by dispersing SWNTSs in a solution of 1
wt% sodium deoxycholate (DOC) in water using the process described by O’Connell
et al. [2001]. The SWNT-surfactant suspensions were ultracentrifuged at 150,000
g for 4 hours, resulting in SWNT concentration in the range of 40 - 100 ppm and

consisting of primarily individual SWNTs.

6.2.1 Colloidal Self-Assembly: Mini-Fibrils

Controlled colloidal aggregation in SWNT suspension was initiated by addition of
small amounts of electrolyte NaCl. Different concentrations, ranging from 1.25 mM
to 1 M, of NaCl were added to a SWNT suspension and a 1 wt% solution of DOC in
water (control sample). Both the samples were observed under an optical microscope
daily over a period of several days in order to monitor the self-assembly process.
Suspensions for DEP were prepared by adding about 0.05 M salt to SWNT-DOC

suspensions and leaving overnight.
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Figure 6.1 : Schematic diagram of the two step SWNT fibril fabrication process.
Individual SWNTs stabilized with sodium deoxycholate (DOC) and suspended in
water are self assembled into mini-fibrils by addition of NaCl. DEP on this modified
suspension, with preformed mini-fibrils, leads to formation of macroscopic SWNT
fibrils.
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Figure 6.2 : (a) Cartoon of the experimental setup used for DEP experiments. (b)
Electric potential inside the liquid sample, between the tungsten tip and copper ring
(electrodes), under 20 Vp-p (1 MHZ) applied voltage (c) Variation of electric field
between the 2 electrodes inside liquid droplet. (b) and (c) were obtained using COM-
SOL multiphysics modeling software (2-D axisymmetric model).
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6.2.2 AC Dielectrophoresis

DEP was conducted on SWNT suspensions using the setup shown in Fig. 6.2. A RF
power amplifier (ENI 3200L) connected to a signal generator (Wavetek model 2407)
was used to produce 4 MHz AC current. An oscilloscope (Tektronix 465B) was used
to measure the voltage across the electrodes, which consisted of an electrochemically
sharpened tungsten tip [Guise et al. 2002] and a 4 mm diameter copper ring made
out of 1 mm diameter copper wire. A few drops of the sample were placed inside
the copper ring and the tungsten tip was inserted into the drop. A voltage ranging
from 10 to 20 volts (peak-to-peak) was applied between the electrodes. A long work-
ing distance camera coupled with a CCD detector (Photometrics CoolSnap cf) was
employed to image the tungsten tip inside the sample droplet and visualize the fibril
formation process. Typically fibrils could be observed on the tip within a period of
2-5 minutes after which the tip was slowly pulled out of the droplet. The voltage was

kept on till the fibril was completely pulled out of the liquid.

6.3 Results and Discussions
6.3.1 Mini-Fibrils

The addition of small amounts (as low as 1.25 mM) of salt in the SWNT-DOC suspen-

sion led to the formation of long and slender needle-like fibrillar structures, referred
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Table 6.1 : List of microstructures formed by the addition of varying amounts of NaCl
in ~ 50 ppm SWNT-DOC aqueous suspension and DOC aqueous solution (control
sample). All samples were left overnight after addition of salt, and then observed
under optical microscope.

Salt Conc. | SWNT-DOC Suspension DOC Solution
(M)

0.0025 Abundant needle shaped mini-fibrils No fibrils

0.005 Abundant needle shaped mini-fibrils No fibrils

0.05 Abundant needle shaped mini-fibrils No fibrils

0.08 Fewer mini-fibrils No fibrils

0.1 Few mini-fibrils, Dark aggregates No fibrils

0.5 No mini-fibrils, Dark aggregates No fibrils

0.8 Entangled mesh Entangled mesh
1.0 Entangled mesh Entangled mesh

to as “mini-fibrils”. The number of mini-fibrils in suspension decreased with increas-
ing salt concentration. For salt concentrations above ~ 0.1 M, the mini-fibrils were
pre-dominantly replaced by dark, lumpy aggregates. At very high salt concentrations
(~ 1 M), the suspension turned gel-like and consisted of dense entangled mesh of
large strand-like structures. In contrast, the control sample (1 wt% DOC solution)
did not show any needle-like fibrillar structure for low concentrations of salt; a few
dark aggregates could be observed at intermediate concentrations. At very high con-
centrations (> 0.8 M), the solution turned gel-like and consisted of dense entangled
mesh of large strand-like structures; similar to the case of SWNT suspension. The
observed morphology vs. salt concentration is summarized in Table 6.2.

It is evident that SWNTs in the suspension play a key role in the mini-fibril
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formation process at low salt concentrations. Previous studies have shown that ad-
dition of counter-ions to an ionic surfactant solution destabilizes the electric double
layer around surfactant micelles, screening their electrostatic repulsion and leading
to changes in micellar shape and aggregation or flocculation among surfactant sta-
bilized colloidal particles [Cates and Candau 1990, Lopez et al. 1996]. In our case,
the addition of NaCl facilitates self-assembly of surfactant coated individual SWNT's
into needle-like mini-fibrils; the SWNTs effectively serve as templates for formation
of 1-D mini-fibrils instead of 3-D lumps.

The mini-fibrils were characterized using optical microscopy and Raman spec-
troscopy. The transmission mode optical microscopy image of a network of mini-fibrils
in SWNT-DOC-NaCl suspension is shown in Fig. 6.3(a). Optical monitoring of the
mini-fibrils over a period of time revealed that their structure is labile and the aver-
age length of structures decreases over time. This can be attributed to instability of
the larger structures and their drive towards equilibrium. The length distribution of
mini-fibrils in a SWNT suspension as a function of time can be found in the appendix
section.

The presence of SWNTSs in mini-fibrils was confirmed using Raman spectroscopy
(633 nm excitation, Renishaw inVia). Figure 6.3(b) shows a mini-fibril (gray) spin
coated from SWNT-DOC-NaCl suspension on a quartz substrate. Raman spectra

were collected at 10 different spots along a straight line (black-green) drawn per-
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Figure 6.3 : (a) Transmission mode optical microscopy image of mini-fibrils in suspen-
sion, formed by addition of 0.05 M NaCl to SWNT-DOC suspension. (b) Reflection
mode optical image of a mini-fibril (gray) deposited on quartz substrate by spin coat-
ing. Raman spectroscopy, at 633 nm excitation, was performed at 10 spots along
the straight line A-B (perpendicular to the fibril). The plot of G-peak (1591 cm ')
intensity vs. position along the line is shown in (c¢). A five-fold increase in signal
strength on top of the minifibril confirms presence of SWNTs. (d) Raman spectra,
with laser polarization parallel and perpendicular to the long axis of minifibril.
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pendicular to the mini-fibril. The G-peak (1591 cm™!) intensity shows more than
five-fold increase as the laser spot passes over the mini-fibril (Fig. 6.3(c)), indicating
the presence of SWNTs in the mini-fibrils. Note that the G-peak intensity profile
shows a gradual rise and fall instead of a sharp peak over the mini-fibril location.
This is likely due to the laser beam spot size (~ 15x15 pum?) being much larger than
mini-fibril’s expected diameter (< 1 pum). The base signal of ~ 2500 counts observed
in regions away from mini-fibril (ends of line A-B) is due to scattered SWNTs from
the suspension which get coated on the quartz substrate during spin coating. The
mini-fibrils were also probed for potential alignment among SWNTs, by collecting Ra-
man spectra with the laser polarized parallel and perpendicular to its along axis. The
polarized Raman spectroscopy did not show any significant alignment (Fig. 6.3(d)).

In addition to SWNT, the mini-fibrils contain high amounts of surfactant. Under
scanning electron microscopy (SEM), several seconds of exposure to an e-beam (15
kV and x 2,500 magnification) was typically sufficient to damage and fragment the
mini-fibrils. The mini-fibrils collected on a glass or silicon substrate by spin coating

were also easily destroyed by the addition of water and ethanol, suggesting their high

surfactant content.
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Figure 6.4 : (a) Image of a Tungsten tip inside SWNT-DOC-NaCl suspension drop
(40-100 ppm SWNT, 0.05 M NaCl) during DEP (20 Vp-p, 1 MHz). Preformed mini-
fibrils in suspension can be observed. (b) A fibril attached to the Tungsten tip via
DEP process. Images were obtained using a long working distance camera couple to
a CCD detector.

6.3.2 DEP SWNT Fibrils

The DEP experiment was carried out on 3 type of suspensions: (a) pure SWNT-DOC
suspension (without any salt or preformed mini-fibrils), (b) SWNT-DOC-NaCl sus-
pension right after addition of NaCl (i.e., without preformed mini-fibrils), (¢) SWNT
DOC-NaCl suspensions with NaCl added at least a day before (i.e., with preformed
mini-fibrils). Remarkably, DEP on samples (a) and (b) typically did not produce
macroscopic fibrils (length > 100 pum). In contrast, long fibrils, several hundred
microns in length, were fabricated reproducibly using (c), which had preformed mini-

fibrils in suspension.
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Figure 6.5 : SEM images of a DEP fibril, fabricated from a SWNT-DOC-NaCl suspen-
sion (40-100 ppm SWNT, 0.05 M NaCl) with preformed mini-fibrils. The fibril is ~ 1
pm in diameter and more than 200 um in length. The insets show higher magnifica-
tion images of various parts of the fibril, depicting smooth, strand-like substructures
indicating that the fibril is composed of multiple mini-fibrils.
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Figure 6.4(a) shows image of a tungsten tip inside the SWNT-DOC-NaCl suspen-
sion drop during a DEP experiment. Several preformed mini-fibrils can be seen in
suspension. A SWNT fibril attached to the tip via DEP can be observed in Fig. 6.4(b).
The images were obtained using a long working distance camera coupled to a CCD
detector. Figure 6.5 shows SEM images of a typical fibril fabricated from SWNT-
DOC-NaCl suspension using DEP. The particular fibril imaged here is ~ 1 ym in
diameter and more than 200 ym in length. Strand-like substructures, like the one
shown in top-right inset, indicate that the DEP fibril is composed of smaller mini-
fibrils present in the suspension. The smooth morphology of the outer skin, shown in
the lower-right inset, indicates the presence of surfactants in the fibril.

The Raman analysis of DEP fibrils is shown in Fig. 6.6. The DEP fibrils showed
a high degree of SWNT alignment; as documented by a five times higher G-peak
intensity when probed with the laser beam parallel to the fibril axis, in comparison
to perpendicular orientation. This is in sharp contrast to mini-fibrils, which did not
possess significant SWNT alignment. The higher alignment in DEP fibrils can be
attributed to two main reasons: Mini-fibrils are loose aggregates whose formation is
primarily guided by weak inter-micellar interactions and van der Waals forces between
micelle encapsulated individual SWNTs, which are Brownian particles at room tem-
perature. In contrast, the alignment and assembly of the mini-fibrils into DEP fibrils

occurs under a strong electric field. Secondly, as the tip (with the fibril attached
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Figure 6.6 : Raman spectrum, obtained with 633 nm excitation laser, of a DEP
fibril with the laser polarization parallel and perpendicular to the fibril long axis. A
five-fold stronger G-peak (1591 cm™!) signal for parallel laser polarization indicates
significant alignment among SWNTs in the fibril. The DEP fibril was fabricated from
SWNT-DOC-NaCl suspension containing pre-formed mini-fibrils.
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Figure 6.7 : (a) SEM of a DEP fibril, fabricated from SWNT-DOC-NaCl suspension
and annealed at 450 °C under Argon flow, with gold electrodes deposited on top.
(b) The I-V transport properties of the SWNT fibril measured using a 4 point probe
before and after annealing. Inset shows scaled up version of I-V measurements of
original fibril before annealing. Annealing led to almost five orders of magnitude
improvement in fibril electrical conductivity.

to its end) is slowly extracted from the liquid droplet, the fibril passes through the
meniscus where the capillary forces produce a strong “compacting” and “combing
effect”, further enhancing SWNT alignment. On average, the DEP fibrils were found
to have at least 3.5 - 4 times higher SWNT alignment than the mini-fibrils.

The DEP fibrils were collected on silicon substrates for electrical characterization.
Four gold electrodes (500 nm thick, 10 um spacing) were deposited on the fibril
by means of photolithography (Fig. 6.7(a)). The electrical transport properties of
the fibril were measured using 4-probes on a semiconductor analyzer/probe station

under high vacuum. The electrical conductivity of an as-prepared DEP fibril, shown
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in Fig. 6.7(b) inset, was measured to be 5.6x10™* S:-m~!. The low conductivity
value, compared to typical values obtained for SWNT fibers [Badaire et al. 2004,
Davis et al. 2009], can be attributed to the presence of high amount of surfactant
encapsulating the fibrils. Thermo-gravimetric analysis (TGA) of pure solid DOC
powder revealed that it loses more than 80% of its mass upon heating to a temperature
of 450 °C under inert environment. Based on the TGA study data, the DEP fibril
was subsequently annealed at 450 °C in Argon flow for a period of 4 hours. The
electrical conductivity of the fibril improved by almost five orders of magnitude upon
annealing; the conductivity of the annealed fibril was measured to be 1.5x10* S-m™1,
as shown in Fig. 6.7(b).

DEP fibrils were also found to be significantly more stable and durable than self-
assembled mini-fibrils. They were able to withstand exposure to e-beam under SEM
(15 kV x27000 magnification) and addition of polar solvents such as water or ethanol

without fragmenting or significant structural damage.

6.3.3 Theoretical Analysis

We performed force balance and scaling analysis to gain further insights on why mini-
fibrils show better response to DEP forces, compared to individualized SWNTs, and
the subsequent effect on fibril formation process. A comprehensive analysis on the

motion of SWNTs under AC-DEP can be found in Mendes et al. [2008]. A colloidal
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particle (e.g., SWNT), suspended in liquid medium (with no liquid flow) and exposed
to non-uniform electric field, has two competing forces acting on it: DEP force, trying
to align the particle in the direction of electric field and move it along electric field
gradient, and Brownian force trying to disorient the particle. The relative strength
and dominance of these two forces, which scales with the dimensions of the colloidal
particle (length in the case of rod like particles), ultimately governs the success of
DEP fibril formation.

The translational DEP force acting on a SWNT can be expressed as:

Fpep = VnremRe[K|VE? (6.1)

where Vyt is the SWNT effective volume, &, is the dielectric constant of the liquid
medium, K is the Clausius-Mossotti factor, and E is the electric field. The Clausius-
Mossotti factor depends on the difference between complex dielectric functions of the
particle and medium, and depolarization factors (Lll, L) which take into account
particle shape anisotropy [Mendes et al. 2008]. Collecting the length dependence of
each term on the RHS of eq. 6.1 (Vnr o InT, K o l&p,where InT is the length of
SWNT), it can be shown that the DEP force scales as 3.

The Brownian force acting on a SWNT is a Gaussian random variable with zero
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mean and a second moment given by:

< FB(FB(t’) >= 2kpgT(S(t' —t7) (6.2)

where kg is the Boltzmann constant, T is the temperature, and ( is the translational
friction coefficient. Since, ¢ (¢ o IxT) is the only “particle length” dependent term in
the RHS of Eq. 6.2, the Brownian force scales with the length of the particle as I35..
Therefore, in the interplay between DEP and Brownian forces, the DEP forces grow
faster than the Brownian fluctuations, as the size of colloidal particles increases.

Similar analysis performed on the rotational motion of rod-like colloidal particles
suspended in liquid medium (with no liquid flow) and exposed to non-uniform electric
field shows that the DEP torque scales as I3, whereas the Brownian random torque
scales as I%5. (Further details in appendix and Mendes et al. [2008]) Therefore, for a
given e-field and e-field gradient, the effectiveness of the DEP force in aligning, and
moving a particle increases as the length of the particle increases.

The relative strengths of the DEP force and Brownian motion can be monitored

by employing two dimensionless numbers:

UT
Tpoep-B %
UR
Rpgp-p = % (6.3)
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where Upgp is the translational DEP energy defined as Ulyp = VirenmRe[K]E?
([Krupke et al. 2004]), and Ufyp is the rotational DEP energy defined as Uy, =
Maz{VyrenRe|KI K| (LI — LY)E2 (@ - 7)(@% x 7)} , where k is the Boltzmann con-
stant, T is temperature, K!l and K1 are the parallel and perpendicular components
of K, LI and L' are the parallel and perpendicular depolarization factors [Mendes
et al. 2008]. When the translational and rotational DEP powers become close to 1,
the DEP forces begin to dominate over Brownian forces and fibril formation becomes
feasible.

The effective size and dielectric properties of an ionic surfactant encapsulated
individual SWNT are reported by Mendes et al. [2008] and Krupke et al. [2004] For
HiPCo SWNTs, It ~ 400 nm, rnt ~ 0.5 nm, £* (semiconducting SWNT) = 5e¢ +
i0.35/w, e* (metallic SWNT) = 10*+i0,,/w, where 0,, = 10* S/m is the conductivity
of metallic SWNTs and w is the DEP signal frequency.

The average size of the mini-fibrils, determined using AFM, was found to be
Imini—fibril ~ 25 pm and Tmpni—fbit ~ 150 nm. In order to estimate the dielectric
properties of mini-fibrils, their composition needed to be determined. Annealing the
mini-fibril samples at 450 °C under Argon flow and performing SEM imaging before
and after annealing, revealed that the mini-fibrils contain ~ 10 vol% SWNTs. Their
dielectric response can, therefore, be modeled as that of a composite material with

DOC as the host matrix and 3 vol% metallic SWNTs and 7 vol% semiconducting
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SWNTs as conductive fillers.

The dielectric properties of mini-fibrils was calculated using a method known as
“dielectric mixing rule” [Sihvola 2000]. Dielectric mixing rules are arithmetic formulas
which allow calculation of the effective dielectric permittivity of a mixture or com-
posite, based on the permittivities, fractional volumes, shape, size and orientation of
the constituents. The estimates are typically considered valid in the ‘long wavelength
limit’; i.e., when the electric field wavelength is much larger (~ factor of 10) than
the size of inclusions of fillers. In our case, the applied electric field wavelength, 300
meters (corresponding to 1 MHz), is nine orders of magnitude larger than the length
of SWNTs.

According to the dielectric mixing rule, the effective complex permittivity of a
composite (€e), comprising of n different inclusion phases (i.e., filler materials) with
each phase consisting of high aspect ratio ellipsoids with permittivity - €;, (i can
be z,y or z direction), embedded into a host matrix (permittivity - €mat ), can be

calculated using the following expression [Sihvola 2000]:

Y (f £ €
n i,n — Smat
Z <? Z Emat + LI (€10 — 5mat))

n=1 j=x,y,z
Eeff = €mat T €mat ° N (64)
fn €i,n — €mat
=2\ 3 2 o
n=1 ji=z,y,z Emat L (51',71 - 5mat)

where f, is volume fraction of the nt* inclusion phase, L*" (i.e., L®", L¥" and L*™)
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Table 6.2 : Dimensionless quantities Thgp_p and Rpgp_p quantifying the relative
strengths of translational and rotational DEP and Brownian forces, respectively, on
individual SWNT's suspended in a SWNT-DOC suspension and mini-fibrils suspended
in a SWNT-DOC-Na(Cl suspension.

Tpep-B Rpgp-B
Individual 1.0 x 10~* (metallic) 4.92 x 107° (metallic)
SWNT

7.58 x 107 (semiconducting) 3.34 x 1077 (semiconducting)
Mini-fibril 0.31 0.02

are the depolarization factors of the ellipsoids of n** inclusion in the =, y and z
directions respectively.

In case of mini-fibrils, the following parameter values were used to calculate its di-
electric permittivity (emap): dielectric permittivity of host matrix - epoc = 2.5 +¢0.2
(see appendix for details), two inclusion phases- metallic type SWNT's and semicon-
ducting SWNTSs with volume fractions of 3 % and 7 % respectively, L*" = LIl and
Ly [#" = L+ for both metallic and semiconducting SWNTs. Using the above di-
electric mixing expression, the complex permittivity of the mini-fibrils was estimated
to be, emap, = 101.77 4 70.38.

Table 6.2 lists the values of Tpgp_pg and Rpgp_g for individual SWNT's in a SWNT-
DOC decant and mini-fibrils in a SWNT-DOC-NaCl suspension, under DEP. The
dimensionless quantities were calculated at temperature 7=300 K and electric field

E= 9500 V/m, which is the average electric field between the electrodes in our ex-
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periments (calculated via COMSOL modeling, shown in Fig. 6.2). Both quantities
elucidate that for a fixed electric field, the DEP force is about 10,000 times more effec-
tive in controlling and attracting mini-fibrils than individual SWNTSs; corroborating

our experimental observations.

6.4 Conclusions

This study establishes a novel technique for the fabrication of macroscopic, highly
ordered SWNT fibrils from SWNT-surfactant colloidal dispersions. The method is
essentially a combination of two versatile and well known processes: surfactant mi-
celle self assembly and alternating current dielectrophoresis. It presents a significant
improvement from current fibril fabrication methods in that it allows fabrication of
these 1-D structures from widely used dilute SWNT-surfactant dispersions, includ-
ing single chirality enriched SWNT suspensions produced by DGU process, without
inducing any structural damage to the SWNT. Through further engineering and de-
velopment, this versatile method would allow the large scale continuous fabrication
of highly ordered SWNT fibrils and fibers with superior performance which truly

represent the properties of the individual SWNT molecule.
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6.5 Appendix
6.5.1 Rotational Motion of Colloidal Particles under DEP

The DEP torque acting on a particle (SWNT in this case), suspended in liquid
medium (with no liquid flow) and exposed to non-uniform electric field, can be ex-

pressed as [Mendes et al. 2008]:

Mpgp = VaremRe[ K KH)(LY — LNE2\s(@ - 7)(@ % 7) (6.5)

where Vyr is the SWNT effective volume, &, is the dielectric constant of the liquid
medium, K is the Clausius-Mossotti factor, and Egrys is the root mean square elec-
tric field. The Clausius-Mossotti factor depends on the difference between complex
dielectric functions of the particle and medium, and depolarization factors (L!l, L*')
which take into account particle shape anisotropy [Mendes et al. 2008]. Collecting the
length dependence of each term on the RHS of eq. 6.5 (Var o Int, K o< 3y, LIl and
L+ o« 1/1%; where Iyt is the length of SWNT), it can be shown that the rotational
DEP force scales as [3:.

The Brownian torque acting on the SWNT is a Gaussian random variable with

zero mean and a second moment given by:

< MBWYMEB(t") >= 2kgTCRS(t' — t7) (6.6)
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Figure 6.8 : Changes in the length distribution of mini-fibrils in a SWNT-DOC-NaCl
suspension over time. The suspension was prepared by adding 0.05 M NaCl in 50
ppm SWNT-DOC (1 wt%) aqueous suspension. Liquid samples were withdrawn from
the suspension at regular intervals and observed under a microscope to obtain the
length distribution.

where kg is the Boltzmann constant, T is the temperature, and ¢ is the rotational
friction coefficient. Since the only particle length dependent term in the RHS of
eq. (.6 is (f'(¢C® o< 131), the Brownian force scales with the length of the particle as

1.5
INT
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Figure 6.9 : Chemical structure of DOC, and structurally similar molecules: choles-
terol and testosterone.

6.5.2 Changes in Length Distribution of Mini-Fibrils in Suspension Over

Time
6.5.3 Dielectric Permittivity of Sodium Deoxycholate

We estimate the approximate complex dielectric permittivity of sodium deoxycholate
(DOC) at room temperature (solid), around 1 MHz frequency, because an exact value
for this quantity was not available from previous literature. We derived a reasonable
value by considering the dielectric permittivity of structurally and functionally similar

materials, as stated below.

e DOC being a bile salt is structurally similar to cholesterol (a steroid metabolite)
and testosterone (steroid hormone), as shown in Fig. 6.9. The dielectric per-
mittivity values (at 9.4 GHz) for these molecules are [Aruna and Behari 1981]:

5cholesterol:1-828+i0- 129 and Etestostcronezl-709+i0-227
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e The dielectric permittivity values for typical polymers over a wide range of fre-
quencies is shown in Fig. 6.10. It can be readily observed that the dielectric
constants for a wide range of polymers vary in between 2-12, in the MHz fre-
quency regime. The values of permittivity in the MHz and GHz frequencies

differ by less than 50% for each polymer.

Based on the above information, the complex dielectric permittivity of DOC was

approximated to be epoc=2+1:0.2.

6.5.4 Thermo-gravimetric Analysis of Pure DOC

Thermo-gravimetric analysis (TGA) of pure and dry surfactant DOC, performed un-
der Argon flow and at a ramp rate of 10 °C/min using “SDT Q-600" by TA Instru-
ments is shown in Fig. 6.11. The surfactant lost almost 80% of its weight by 450

°C.
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Name t/°C 1kHz 1 MHz 1GHz
Polyacrylonitrile 25 55 4.2
Polyamides (nylons) 25 350 3.14 28
84 11 44 28
Polybutadiene 25 2.5
Polycarbonate 23 292 28
Polychloroprene (neoprene) 25 6.6 6.3 42
Polychlorotrifluoroethylene 23 2.65 246 2.39
Polyethylene 23 2.3
Poly(ethylene terephthalate) (Mylar) 23 3.25 3.0 28
Polyisoprene (natural rubber) 27 2.6 2.5 24
Poly(methyl methacrylate) 27 3.12 2.76 26
80 3.80 2.7 2.6
Polyoxymethylene (polyformaldehyde) 25 3.8
Poly(phenylene oxide) 23 2.59 2.59
Polypropylene 25 2.3 2.3 2.3
Polystyrene 25 2.6 2.6 2.6
Polysulfones 25 3.13 2.10
Polytetrafluoroethylene (teflon) 25 2.1 2.1 2.1
Poly(vinyl acetate) 50 35
150 8.3
Poly(vinyl chloride) 25 3.39 2.9 2.8
100 5.3 3.3 2.7
Poly(vinylidene chloride) 23 4.6 3.2 2.7
Poly(vinylidene fluoride) 23 12.2 8.9 4.7

Figure 6.10 : The dielectric permittivity values for typical polymers over a wide range
of frequencies [Lide 2009].
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Figure 6.11 : Thermo-gravimetric analysis (TGA) of pure and dry surfactant DOC,

performed under Argon flow and at a ramp rate of 10 °C/min.



Chapter 7

Liquid Crystalline Gel of Aqueous, Giant
Graphene Oxide Flakes

7.1 Introduction

Colloidal suspensions of anisotropic particles have been the subject of continued re-
search for over 100 years, owing to their rich variety of liquid crystalline phases and
fascinating phase transitions [de Gennes and Prost 1995]. Initial studies on the ori-
entational ordering, optical properties, response to external fields, and anisotropic
elasticity of liquid crystals (LCs) were performed primarily on suspensions of rod-
like particles [Bawden et al. 1936, Onsager 1949, Vroege and Lekkerkerker 1992
Zocher 1925]. In the seminal work on phase behavior and thermodynamic stabil-
ity of mesophases, Onsager [1949] noted that liquid crystallinity is not restricted to
only rod-like molecules, but should also extend to other anisotropic shapes, like disks
and platelets. Experimental realization of disk and platelet LC systems, however, was

achieved only three decades ago [Chandrasekhar et al. 1977] and has been a topic of

Part of this chapter has been submitted to Nano Lett. (2011) for publication. Part of this work
was performed at Dept. of Physics and Liquid Crystal Materials Research Center, University of
Colorado, Boulder, with Prof. Ivan Smalyukh.
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intense research since then [Bisoyi and Kumar 2010, Chandrasekhar and Ranganath
1990].

The earliest observation of mesophases from disk-like molecules was in mid 1960’s,
during the high temperature carbonization of graphitizable substances like petroleum
and coal tar pitches [Brooks and Taylor 1965]. Their complex, polydisperse composi-
tion, consisting of multicomponent polyaromatic molecules, likely impeded a detailed
fundamental investigation of this naturally occurring “carbonaceous mesophase”. The
first experimental observation of discotic mesophase in a pure, single-component or-
ganic molecule system was reported in 1977 by Chandrasekhar et al. [1977]. They
prepared a number of benzene-hexa-n-alkanoates, compounds with rigid aromatic
cores and flexible aliphatic side chains, and established the existence of a new class
of LCs named discotic LCs, from optical and X-ray data.

The ensuing three decades saw the development of more than 50 different organic
cores and 3000 subsequent derivatives capable of forming discotic LCs [Bisoyi and
Kumar 2010]. Most molecules are single atomic layer thin (thickness h < 1 nm) and
a few nanometers in diameter (D), i.e., of typical aspect ratios D/h ~ 5. A majority
of these aromatic-core based compounds demonstrate columnar discotic LC phases,
where strong m — 7 interactions allow the disk-like molecules to assemble into cylin-
drical structures which in turn act as mesogens. A nematic mesophase, which is the

prevalent mesophase observed in calamitic molecules, is not common among discotic
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organic molecules [Dunmur et al. 2000]. Lyotropic LC phases have been observed
in colloidal dispersions of inorganic platelets, often termed as “discotic mineral lig-
uid crystals” [Gabriel and Davidson 2000, Sonin 1998, van der Kooij et al. 2000].
Isotropic to discotic nematic, and columnar LC phase transitions have been reported
in dispersions of several mineral platelets including nickel hydroxide [Brown et al.
1999], gibbsite [van der Beek and Lekkerkerker 2003, van der Kooij and Lekkerkerker
1998] and layered double hydroxide [Liu and Kumar 2003, Mourad et al. 2008]. These
mineral platelets are typically larger in size (D ~ hundreds of nanometers). However,
an accompanying higher thickness often limits the highest achievable aspect ratio to
only D/h ~ 20.

Recently, Behabtu et al. [Behabtu et al. 2010] reported the liquid crystallinity of
graphene suspensions in chlorosulfonic acid at high graphene concentration (2 wt%),
further expanding the range of systems forming discotic LCs. Observation of liquid
crystalline ordering in graphene suspensions is exciting for several reasons: individ-
ualized graphene flakes represent atomically thin and extremely high aspect ratio
(D/h ~ 10%) discotic particles which is closer to ideal theoretical models [Bates and
Frenkel 1999, Eppenga and Frenkel 1984] but hasn’t been previously observed experi-
mentally. From an applications point of view, spontaneous liquid crystalline ordering
of graphene flakes may allow scalable processing into basic functional engineering

materials, like wet spinning of high strength fibers [Davis et al. 2004, Ericson et al.
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2004]. With its unique electronic properties, and extraordinary thermal and mechani-
cal properties, graphene expands the realm of potential applications and the available

variety of discotic LCs.

7.2 Phase Behavior of Giant Graphene Oxide Aqueous Sus-
pensions

We explored the phase behavior of high aspect ratio (D/h ~ 10%) giant graphene
oxide (GGO) flakes in an aqueous suspension. With increasing GGO concentration,
we observe isotropic, biphasic and liquid crystalline phases. Various optical methods
are employed to deduce the alignment of GGO flakes in the ordered phase, and to
estimate the birefringence, order parameter and Frank elastic constant of this novel
discotic LC system. Furthermore, LC defects are induced by use of controlled sample
confinement geometries and elastic distortions are produced in the GGO director field
by colloidal inclusions.

Studied GGO flakes were prepared by the method of Ref. [Marcano et al. 2010].
These monolayer GGO flakes have a more regular structure and larger continuous re-
gions of intact basal plane, compared to GO produced using other conventional tech-
niques like Hummer’s method [Hummers and Offeman 1958]. Presence of functional

groups like epoxy /hydroxyls, carbonyl, and carboxylate render the flakes hydrophilic.



139

Frequency
- N

>

L5 10 15 20 25 30 35 40
Equivalent Diameter (um)

Figure 7.1 : (a) Size distribution of monolayer GGO flakes obtained through SEM
and TEM imaging. (b,c) Representative SEM images of flakes deposited on silicon
substrates by spin coating dilute aqueous GGO suspension.

The product was obtained as a concentrated aqueous suspension with known GGO
concentration. Subsequent suspensions were prepared by evaporation or addition of
desired amount, of de-ionized (DI) water. The average size and polydispersity of GGO
flakes was characterized using transmission electron microscopy (TEM) and scanning
electron microscopy (SEM), as shown in Fig. 7.1(a). TEM samples were prepared
on copper TEM grids as well as TEM grids covered with thin single-walled carbon
nanotube (SWNT') membranes. Samples for SEM were prepared by spin coating a
dilute GGO suspension on clean Silicon substrate; SEM images of typical GGO flakes

are shown in Fig. 7.1(b-c).
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Figure 7.2 : (a-c¢) Optical micrographs obtained under transmission (left) and between crossed-polarizers (right)
of GGO aqueous suspensions, demonstrating phase behavior vs. concentration: (a) isotropic (0.03 vol%), (b)
biphasic (0.07 vol%) and (c) nematic (0.14 vol%). The scale bar in (a-c) is 10 pm. (d) Phase behavior vs.
concentration. (e,f) Polarizing microscopy images of GGO nematic phase obtained with (e) and without (f)
retardation plate for GGO LC inside a 100 um capillary; uniform birefringence indicates uniform alignment of
director over large length scales. The scale bar in (e) is 20 ym and “R” in (f) marks the slow axis of the phase
retardation plate. (g) Schematic showing the alignment of flakes.

)



141

The phase behavior of aqueous GGO suspension was investigated for concentra-
tion range 0.01-0.14 vol%. Drops from suspensions with different GGO concentration
were squeezed between a cover slip and a glass slide whose edges were sealed with
epoxy glue. These samples were examined using a transmission mode optical po-
larizing microscope (Olympus BX51) with 50x and 100x oil immersion objectives
between crossed-polarizers. The dilute suspensions (< 0.05 vol%; assuming density
of GGO ~ 2000 kg/m®) [Dikin et al. 2007] appeared dark and featureless under
crossed-polarizers, as shown in Fig. 7.2(a). Lack of visible aggregates indicated a sta-
ble suspension. Suspensions with GGO concentration above ~ 0.05 vol% displayed
regions with weak birefringence, indicating onset of ordering and a biphasic system,
Fig. 7.2(b). The fraction of ordered phase in the sample, as detected under crossed-
polarizers, increased with GGO concentration. Above ~ 0.1 vol%, the entire sample
appeared birefringent at different stages of sample rotation under crossed-polarizers,
indicating attainment of near single-phase liquid crystalline state, Fig. 7.2(c).

According to theoretical models, a colloidal system comprised of infinitely thin and
monodisperse disk-like particles is expected to transition from isotropic to nematic
at a volume fraction of ®;,= 4 h/D [Bates and Frenkel 1999]. Because the average
aspect ratio of our GGO flakes is D/h ~ 10* (assuming monolayer GGO flakes have
1 nm effective thickness), the transition to ordered phase is expected to happen at

0.04 vol%, in good agreement with the experiments (Fig. 7.2(a-d)). Due to the
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polydispersity in flake size, the ordered phase in our case begins as biphasic and
approaches single-phase complete ordered state at higher concentrations.

The high concentration GGO suspensions had a gel-like consistency, leading to
a smeared and non-uniform birefringent texture with current sample preparation
method (Fig. 7.2(c)). Gelation has been observed previously in several other lyotropic
discotic LC systems; most notably clay, whereby upon increasing the concentration,
suspensions transition from an isotropic liquid to an isotropic gel to a birefringent
gel [Gabriel et al. 1996, Mourchid et al. 1995; 1998]. By modifying the preparation
procedure, uniformly aligned nematic domains of GGO were obtained, allowing fur-
ther characterization and analysis of the GGO liquid crystalline state. Under this
modified procedure, samples were prepared by dipping one end of a rectangular glass
capillary tube (50 pgm thick and 0.5 mm wide inner dimensions, obtained from Vitro-
com) in dilute isotropic GGO suspension (~ 0.03 vol%), causing spontaneous filling
due to capillary action. Subsequent slow evaporation of water through the capil-
lary ends led to concentration of GGO suspension. Once the sample starts showing
birefringent texture, the tube ends were sealed with epoxy glue to prevent further
drying.

Figure 7.2(e) shows an optical micrograph under crossed polarizers of a high con-
centration GGO suspension prepared using the improved procedure. Uniform bright-

ness across the entire field of view indicates a well-aligned director (n) over large
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length scales (hundreds of microns or more). Moreover, it indicates that the normal
of GGO flakes are oriented in the x-y plane of rectangular capillary, i.e., the flake
plane is perpendicular to the wide top and bottom sides of capillary. Because the
optical properties of GGO are isotropic in the flake plane, stacking parallel to the top
and bottom sides of capillary will not produce any birefringence. The direction of
in-plane orientation for GGO flakes was determined by inserting a “full wave retar-
dation plate” (A = 530 nm) or “red plate” between the sample and analyzer, with its
slow axis oriented at 45° to polarizer (i.e., along the capillary y-axis). For GGO, the
axis along the basal plane represents slow axis while the normal to plane is the fast
axis. Therefore, the appearance of bluish-green color (Fig. 7.2(f)), which in the case
of GGO flakes (with negative birefringence) signifies addition of phase retardations
of sample and red plate [Wahlstrom 1979], showing that the GGO flakes are also
oriented along capillary y-axis (normal of flake points along capillary x-axis). Overall
arrangement and orientation of GGO flakes and the nematic director in liquid crystal
phase, as deduced from above analysis, is shown in Fig. 7.2(g).

Remarkably, uniform director orientation over ~ 1 mm length scales was achieved
without any surface treatment or pre-deposited alignment layer, which is typically
required for small molecule LCs; this is an indication of high elasticity of GGO in
LC phase. Indeed, according to density functional theory based models for nematic

systems, the average Frank elastic constant (K) of a nematogen can be expressed
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as [Osipov and Hess 1993]:
1
K = glszQ%(Q—? +2)52 (7.1)

where R, is a parameter determined by the direct correlation function of the nematic
system, @ = D/h is the aspect ratio of nematogens, and S is the nematic scalar order
parameter. For disk-shaped nematogens, ) >> 1 and the average elastic constant
scales as K Qg. Previous experimental and computer simulation studies on various
discotic nematics with average aspect ratio of Q ~ 5 have reported average elastic
constants on the order of 1 pN [Haven et al. 1981, Phuong et al. 2001, Tjiptomargo
et al. 1992]. Because the elasticity coefficients of nematogens are mainly sensitive to
the average molecular dimensions [Osipov and Hess 1993], the average elastic constant
of GGO (Q ~ 10%) is expected to be Kggo ~ 100 pN, two orders of magnitude higher

than most previously studied discotic nematics.

7.3 Optical Birefringence and Order Parameter

The highly uniform samples prepared in rectangular capillaries facilitated further
characterization of liquid crystalline GGO and measurements of key properties like
optical birefringence (An) and order parameter (S). The optical birefringence was

measured with the aid of a Berek compensator. Measurements were performed at
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several different locations, giving an average birefringence of An = —0.0017 4 0.0005
for liquid crystalline GGO. In comparison, birefringence values of other discotic ne-
matic systems from the literature are: —0.05 for polyacrylates [FavreNicolin and
Lub 1996], —0.02 for DSCG (disodium cromoglycate), —0.01 for violet-20 (chromonic
LCs) [Nastishin et al. 2005].

The order parameter of GGO flakes in the nematic phase was estimated using
optical absorption anisotropy, as described in Ref. [Nastishin et al. 2005]. Liquid
crystalline GGO in a 50 pm thick capillary was placed on microscope stage, between
parallel polarizers, and illuminated with monochromatic green light. The transmit-
tance through the sample was measured for director orientations of 0°, 45°, and 90°
with respect to the polarizers (referred to as to, t45 and tgo, respectively). Cor-
responding absorption indices, kg, ks5 and kg9, were obtained from the expression
ti = exp(—4nk;d/)\), where i=0, 45, 90 is index corresponding to director orienta-
tions of 0°, 45°, and 90° respectively, A = 550 nm and d = 50 um. For an ordered
phase of disk-like molecules with the molecular planes oriented perpendicular to the
director, if the shape of absorption spectrum is independent of molecular orientation
and the birefringence is small (both conditions hold true for GGO), the scalar order

-

parameter can be expressed as [Nastishin et al. 2005]:

1-A

=175 (7.2)
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where A = ko/kgo is the linear dichroic ratio. The above expression evaluated at
several different locations on liquid crystalline GGO yielded an average order pa-
rameter of S = 0.43 & 0.15. In comparison, typical order parameter values mea-
sured in other small molecule liquid crystal systems include 0.9 for hexa-n-hexyloxy
triphenylene [Chandrasekhar and Ranganath 1990], 0.6-0.85 for 2,3,7,8,12,13-hexa-n-
decanoyloxytruxene (H10TX) and 2,3,6,7,10,11-hexa-n-pentyloxytriphenylene (H5T) [Per-
ova and Vij 1995], 0.8 for gibbsite particles [van der Beek et al. 2008].

The optical absorption anisotropy measurement provides an independent estimate
of the birefringence of the sample. The phase retardation of transmitted light travers-

ing through an anisotropic sample is [Nastishin et al. 2005]:

A = cos™! (4t45 — (o tgo)) (7.3)

24/Totgo

The phase retardation is related to optical birefringence as An = Ap\/2wd. Calcu-
lations using this method yielded an optical birefringence of An = —0.0018 % 0.0009,

in good agreement with the value obtained via Berek compensator measurements.

7.4 Anisotropic Particle Inclusions and LC Defects

Anisotropic colloidal inclusions are valuable probes for direct visualization of the

stacking, orientation and alignment of GGO in the nematic phase. Two types of



147

Figure 7.3 : Anisotropic colloidal particles and their spontaneous alignment in GGO
nematic LC. (a) TEM image of an anisotropic gold triangular platelet. (b) Bright-
field transmission-mode image showing triangular platelets with up to 10 pm side
length and 5 nm thickness as they spontaneously align parallel to GGO flakes of
the LC. (¢) Schematic diagram of the GGO flake and gold platelet alignment. (d-f)
Polarizing microscopy images showing spontaneous alignment of glass micro-rods in
the GGO LC observed under crossed polarizers with (d) and without (e) an additional
retardation plate. (f) Schematic showing the alignment of micro-rods in the LC.
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particles were chosen for this purpose: Gold microtriangles, 5 nm in thickness and
up to 10 pm side length (Fig. 7.3(a)), prepared using a biosynthesis technique, ref:
Julian paper] and glass micro-rods, 3 ym diameter and 10 pm long (from Duke Scien-
tific). Small size (< 3 um) in at least one dimension allows the particles to intercalate
into the nematic phase while distorting only minimally the director field; larger size
in other dimensions allows easy detection with optical microscopy. Remarkably, gold
microtriangles spontaneously oriented inside the GGO nematic phase with their plane
perpendicular to the n (and parallel to GGO flakes), shown in Fig. 7.3(b-c). This
provides further evidence for the axial orientation of GGO flakes, deduced previously
from crossed-polarized optical images. Anisotropic glass micro-rods, on the other
hand, spontaneously aligned with their long axis perpendicular to the n and parallel
to the GGO flakes, as shown in Fig. 7.3(d,e,f). The ability of GGO liquid crystal
to disperse and align anisotropic colloidal particles is important from applications
perspective. For example, the large scale ordering and alignment of anisotropic plas-
monic nanoparticles, like gold, silver and palladium nanorods, by means of dispersion
in a LC is a valuable route for development of optoelectronic devices and metamate-
rials [Liu et al. 2010].

Given the natural propensity of our GGO flakes to form large domains with uni-
form director field, the capillary drying method rarely produced defective structure.

In order to induce defects, drops of dilute GGO suspension with circular cross-section
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Figure 7.4 : A half-integer s= -1/2 disclination in the director field of GGO LC
observed when nematic phase is obtained by solvent evaporation under the confine-
ment of a glass slide and cover slip. (a) Transmission-mode bright-field image. (b)
Schematic of the arrangement of GGO flakes. (c¢,d) Polarizing microscopy images
of the same region obtained (c) between vertical and horizontal crossed polarizers
and (d) with crossed-polarizers at 45° and 135° with respect to horizontal side of the
image. The scale bar is 20 pym for all images.
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were trapped between a glass slide and cover slip separated by 60 pum spacers and
allowed to evaporate slowly to achieve a nematic phase. In such a setup, recession of
the meniscus from all directions forces the creation of a defect at the center of drop.
Interestingly, in most cases, the circular drops transformed in to roughly Y-shaped
structures as the drop radii became sufficiently small. The optical transmission image
of an s = —1/2 defect, observed at the center of such Y-shaped nematic structures, is
shown in Fig. 7.4(a). The transformation of drop shape during drying and formation
of observed defects can be understood in terms of the high elastic constant of GGO
nematogens: the Y-shaped structure involves considerably lower bend compared to
a circular shape of same area and a radial hedgehog defect at the center. The ar-
rangement of GGO flakes and director field around the defect is shown schematically
in Fig. 7.4(b). Figures 7.4(c - d) show the defect structure with crossed-polarizers
in 0°-90° and at 45°-135° position, respectively; dark brushes, parallel to one of the

polarizers, and characteristic of these defect patterns can be observed.

7.5 Colloidal Inclusions and Elastic Distortions

The strong orientational order and associated anisotropic elasticity in LCs gives rise
to a host of intriguing fluid properties, which are interesting from fundamental sci-
entific as well as application perspectives [Lavrentovich et al. 2010]. A common

way of probing the elastic response of such a system, to gain insights into its vis-
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coelastic properties at length scales typically inaccessible by bulk methods, is by
inclusion of colloidal particles of varying sizes. For example, Poulin et al. [Poulin
et al. 1999] demonstrated that colloidal spheres suspended in nematic solutions lead
to dipolar and quadrupolar distortions in the surrounding director field. The drive
to minimize the ensuing elastic stress results in spontaneous assembly of colloidal
particles into anisotropic structures. Polygonal platelets have also been used to ex-
plore shape-dependent elasticity mediated interactions, alignment, and self-assembly
in anisotropic fluids [Lapointe et al. 2004; 2009).

The elastic response of GGO liquid crystal was probed by inclusion of melamine
resin colloidal microspheres, with diameters ranging from 2 ym to 15 gm. The micro-
spheres were incorporated in the LC by mixing tiny quantities of aqueous microsphere
suspensions in dilute GGO suspension, followed by capillary filling and solvent evapo-
ration. The hydrophilic nature of melamine resin allowed easy incorporation into the
aqueous GGO suspension without additional surfactants or stabilizing agents. The
range of microsphere diameters explored in our experiments was restricted by optical
detection (as a lower bound) and capillary size (as an upper bound). Interestingly,
small diameter particles (< 3 ym) did not produce any distinguishable distortions in
the nematic director field, as shown by transmission and crossed-polarized images in
Fig. 7.5(a). Larger diameter particles (4 ym, 7 um and 15 um) produced distinct

quadrupolar distortions in the GGO nematic director field; the size of the distortions



Figure 7.5 : Quadrupolar distortions in nematic director field around melamine resin microsphere inclusions,
demonstrating “homeotropic” or “normal” surface anchoring of the director (i.e., GGO flakes are tangential to
the particle surface). (a) Transmission-mode (left) and between crossed polarizers (right) images of GGO LC.
(b-d) Tmages of sample between crossed-polarizers (left) and with a retardation plate (right). Scale bars are 10
pm (a), 5 pm (b), 10 pm (c), 20 pm (d). Particle sizes, and orientations of crossed polarizers and retardation
plates marked on the images. Computer-simulated (e) director field and (f-i) polarizing microscopy textures for
particle sizes 2, 4, 7, and 15 pm, respectively. The values shown in (f-1) in yellow color are the ratios of maximum
transmitted and incident light intensities for the corresponding computer-simulated images.

ALl



153

grew with the size of particles, as shown by images between crossed-polarizers and
inserted full retardation plate in Fig. 7.5(b - d). Optical analysis on the four lobes
of each quadrupolar distortion using red plate revealed a “normal” or “homeotropic”
surface anchoring for n, i.e., GGO flakes exhibit tangential alignment to the melamine
resin particles. The orientation of GGO flakes around melamine resin particles is likely
influenced by favorable acid-base interactions between the —NH; and =N— groups
on melamine resin and acidic hydrophilic functional groups on GGO flakes.

Because of anisotropic interactions at the interface, colloidal inclusions in nematic
LCs can either induce various types of defects in the director field or barely perturb
it, depending on the interplay of the competition of bulk elastic and surface anchoring
energies [Lapointe et al. 2004; 2009, Lavrentovich et al. 2010, Liu et al. 2010, Poulin
and Weitz 1998, Poulin et al. 1999, Smalyukh et al. 2006]. For example, a spherical
colloidal inclusion with homeotropic boundary conditions induces a pattern of director
equivalent to that around a point defect with charge +1, known as “radial hedgehog”.
Therefore, another point or line defect of equal and opposite charge should accompany
the distortions around the particle, in order to conserve the total topological charge
in the sample with a uniform far-field alignment [Smalyukh et al. 2006]. Therefore,
microparticles with a strong homeotropic anchoring produce a hyperbolic hedgehog
or a half-integer “Saturn ring” disclination loop, both having topological charge of

-1. On the other hand, nanoparticles of size only somewhat larger than that of the
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LC molecules and microparticles with weak surface anchoring typically produce ei-
ther weak or no elastic distortions of the LC director field [Liu et al. 2010]. In the
case of melamine resin particles suspended in GGO LC, no accompanying topological
defects are observed. The director distortions have quadrupolar symmetry, reminis-
cent of that formed around microparticles with weak homeotropic surface anchoring,
suggesting that K/W > R, where R is the particle radius and W is the polar surface
anchoring coefficient [Ruhwandl and Terentjev 1997a;b]. Equivalently, the nematic
director at the LC-colloid interface deviates from the normal orientation (Fig. 7.5(e)),
in order to minimize elastic distortions and reduce the elastic energy at the expense
of surface anchoring energy cost. The director distortions become less pronounced as
R decreases, being barely noticeable for the 2 um particles.

We simulated the expected nematic director structure surrounding the particles
and corresponding polarizing microscopy textures. We use the ansatz for LC director
structure proposed by Ruhwandl and Terentjev [Ruhwandl and Terentjev 1997a;a]
(Fig. 7.5(e)) and the Jones matrix method [Yeh and Gu 1999] to simulate the polar-
izing microscopy textures. The simulations used experimentally estimated values of
the elastic constant K = 1071° N, optical anisotropy An = —0.0017 and a polar an-
choring coefficient of W = 1075 J/m?, typical of lyotropic discotic systems [Subacius
et al. 1995). The LC sample, with a colloidal inclusion and director distortions around

it, was split into a set of thin slabs with known orientation of the optical axis (= LC
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director). In each pixel of a simulated polarizing microscopy texture (similar to those
in Fig. 7.5(f-1)), propagation through the cell was obtained by successive multiplica-
tion of the Jones matrices corresponding to a polarizer, the thin nematic slabs, and
the analyzer. The computer simulated textures thus obtained, correlated closely with
the experimental results (Fig. 7.5). Interestingly, although the particle diameters and
the lateral GGO flake sizes are comparable, the director structures around the col-
loidal inclusions still can be understood based on simple considerations developed for
small-molecule LCs.

The melamine resin microspheres suspended in GGO LC are practically immobile
and do not show any tendency to self-assemble into anisotropic structures, even at
long time scales (several days), as has been reported in other nematic systems [Poulin
and Weitz 1998]. This is unexpected for anisotropic nematic fluids, as the distortions
induced by the particles and high elastic constant of GGO are expected to induce
strong inter-particle forces and guide the formation of particle assemblies that min-
imize the cost to the nematic’s free energy. The lack of particle motions and any
noticeable interaction among the microspheres indicates a gel-like networked struc-
ture among the flakes at high GGO concentrations. Future studies are needed to

decipher the nature of the forces responsible for the interlinked network formation.
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7.6 Conclusions

We have shown that, with increasing concentration, giant (several micrometers) GGO
flakes form well defined isotropic, biphasic and gel-like nematic LC phases. Prepa-
ration of the nematic phase by slow evaporation of solvent from the isotropic phase
yields large domains with uniform director and minimal distortions and defects, in-
dicating a high elastic constant of nematogens. Inclusion of melamine resin spherical
colloidal particles causes the GGO flakes to align parallel to the particle’s surface
(i.e., homeotropic director anchoring) and well defined quadrupolar distortions in the
surrounding nematic field. A similar, preferentially tangential alignment of GGO
flakes to anisotropic gold microtriangles and glass micro-rods allowed direct visual-
ization of the stacking and orientation of GGO flakes in the nematic ordered phase.
The observed liquid crystalline behavior from this new class of extremely high as-
pect ratio (~ 10%) disk like molecules should allow further fundamental studies in
the unexplored regimes of discotic nematic LCs. The unique structure and superior
electro-optical properties of GGO are poised to add a new dimension to currently

existing applications of discotic nematics and potentially unravel new applications.
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