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Chapter 1 

Introduction 

This paper is a summary of two different research projects that spanned 
the summer and fall of 2009: one project investigating the effects of sonica
tion, pH, and magnetic field on suspensions of graphene oxide, and another 
project observing the pre-transitional dynamics in the chromonic liquid crys
tal called Bordeaux dye. Though the materials studied in each project were 
completely different, both were analyzed using static and dynamic light scat
tering techniques. In this paper, we present the results of both experiments 
in conjunction with a shared theoretical section on light scattering. 

Our motivations for pursuing these two separate projects are numerous. 
Research on the aggregation properties of chromonic liquid crystals has been 
a focus at Swarthmore for several years. The ability of these liquid crystals 
to form aggregates at low concentrations in water has captured the interest 
of scientists hoping to find applications for their use in biological systems. 
Because a number of the molecules that are known to form chromonic liq
uid crystals are food dyes and ingredients in pharmaceuticals, some have 
already been studied extensively. A recent study on one of these molecules, 
disodium cromogylcate, has suggested that dynamic light scattering can be 
used to observe the transfer of monomers to aggregates as the temperature 
is lowered[2]. If the same behavior can be observed in Boredeaux dye, a 
chromonic system recently characterized by research done at Swarthmore 
[30] , then we can gain greater insights about the aggregation behavior of this 
molecule and, by comparison to DSCG, find if there is a shared characteristic 
of these molecules which causes them to exhibit similar behavior. 
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When graphite is reduced to a single, atom-thick layer, new properties 
arise from the confinement of the electrons to two dimensions. This form 
of graphite, called graphene, is currently under extensive investigation by 
scientists in the fields of physics, engineering, and materials science who hope 
to utilize it as a cheap and flexible conducting material [15]. Initially, the 
only effective method for isolating graphene was a crude and time consum
ing one, requiring the use of Scotch tape to peel away layers of graphite 
and microscopy to find the appropriate sheets of graphene. Scientists are 
now looking for an alternative method of producing graphene through the 
use of its chemically oxidized form, graphene oxide, which can self-exfoliate 
in aqueous solution. The graphene oxide (GO) membranes suspended in 
these solutions can then be deposited on a surface and chemically reduced to 
graphene. A research group at the University of Pennsylvania has developed 
a synthetic method using microwave-assisted heating that produces large GO 
membranes with a high degree of exfoliation, making it a promising technique 
for large-scale industrial applications [17]. However, as this research group 
points out in their paper, locating the individual flakes of GO via microscopy 
is inefficient and destructive to the samples. In this paper, we describe an 
experiment that explores the potential for light scattering to be used as a 
fast and noninvasive method of monitoring the exfoliation of GO in aqueous 
solution. 
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Chapter 2 

Background 

As this paper assumes no previous knowledge about liquid crystals , wep
resent here a brief introduction to the subject in addition to a history of 
chromonic liquid crystal research over the past few years. While not all of 
the background material will be relevant to our discussion of chromonic liquid 
crystals , the necessary vocabulary for describing the theory and experiments 
performed must be introduced. Doing so will also allow us to understand this 
research's place in the field and in the history of chromonic liquid crystals. 

2.1 Liquid Crystals 

2.1.1 A Spectrum of Phases and their Properties 

One of the first steps in describing a substance 's properties is to designate 
its phase. The three principle phases of matter, well known to all, are gas, 
liquid, and solid. This ordering emphasizes two trends. First , gases have 
a low degree of order as the individual molecules making up the material 
are free to roam throughout their container; solids, especially crystalline 
solids with a repeating lattice structure, have some of the highest degrees of 
order among materials in nature. Secondly, molecules in gases interact fairly 
infrequently if the concentration is low, while individual molecules in solids 
are almost in constant interaction with other molecules surrounding them, 
often via chemical bonds. 
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A Definition of Liquid Crystals With this spectrum of phases and their 
basic properties in mind, defining liquid crystals is relatively simple: liquid 
crystals fall somewhere between liquids and crystalline solids in this spec
trum, sharing the fluid mobility and amorphous shape of liquids as well as 
an inclination to align in a lattice like a crystalline material. Though this 
description depicts liquid crystals as a mix of two different phases of matter , 
it is important to understand that the liquid crystal phase is as a legitimate 
phase as any other. Materials exhibiting liquid crystal phases will still un
dergo a transition from liquid to liquid crystal phase at a given transition 
temperature, at which point the entire material will begin to assume special 
properties it did not have before. Another complete phase transition to the 
solid phase occurs again at a separate transition temperature, not in many 
ways different than the transition from water to ice. In other words, though 
this basic description makes liquid crystals out to by hybrids, we should re
member that they are, in their own right, a separate animal from liquids and 
solids. 

2.1.2 Properties 

Order is Sensitive to Small Changes Several features of liquid crystals 
make them interesting to both physicists, chemists, and engineers. Of fore
most interest is the property of liquid crystals to have a degree of order that 
is highly sensitive to changes in temperature, concentration of liquid crystal, 
the presence of impurities, and the application of external electric and mag
netic fields. The degree of order in a given liquid crystal can be quantified if 
we label all of the molecules with a vector that points along a fixed axis of 
the molecule. Finding the average direction of all the molecules at a given 
moment of time would reveal that there is a preferred direction, called the 
director, annotated as iL, that the population of molecules will prefer to 
point towards. The extent to which each individual molecule actually does 
point in this preferred direction is given by the order parameter: 

S = \ 3 cos: - 1 ) = (P2 ( cos e) ) , 

where e is the angle between the molecular axis and the director and P2 ( cos e) 
is the second Legendre polynomial. The brackets in this expression represent 
an average of the value inside over the entire population of molecules at a 
point in time or on a single molecule over a period of time; the result of either 
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average should be the same [3]. The order parameter S has magnitude rang
ing from 0 to 1, with S = 1 describing an entirely ordered state (all molecules 
are aligned with the director, so B=O) and S = 0 describing a completely dis
ordered state (all Bs equally probable). Both the order parameter S and the 
director n can change with slight fluctuations in the external electric and 
magnetic fields, as well as changes in temperature and concentration. 

While we used the convention of assigning each molecule its own refer
ence axis, we can apply the same theory to aggregates by assigning a reference 
axis for the entire aggregate. We could then measure the order parameter 
of a collection of aggregates by comparing their preferred directions to the 
director using the equation for S above. 

Birefringence Results from Anisotropy As a direct result of having 
orientational order, liquid crystalline materials are anisotropic, meaning 
their physical properties change when observed along different directions. 
For example, electric and magnetic fields oriented parallel to the director will 
affect a liquid crystal phase differently than fields oriented perpendicular to 
the director. The most immediate and important result of this feature of 
liquid crystals is their ability to interact with polarized light, changing the 
polarization of the incoming light by creating a phase difference between 
the different electric field components describing the light. Finding a vector 
decomposition of the electric field describing a light ray into the components 
perpendicular and parallel to the director, E: will experience a different 
index of refraction nl.. from the til component (which experiences index of 
refraction nil) , causing the different components to propagate through the 
material at different speeds. 

One can express this concept mathematically by understanding how 
the argument of a function describing light is affected by traveling through 
a medium of index of refraction n and length d. We know that any equation 
whose argument is (kz - wt), where k is the wave vector k = 27r /).., z is the 
distance along the direction of propagation (assumed to be the z-axis), w is 
the angular frequency of the light , and t is the time of evaluation, will work 
as a wave function to describe the wave nature of light. 
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As the original wavelength Ao will shorten by a factor of 1/ n, the original 
wave vector ko will be multiplied by a factor of n. After traveling a distance d 
in the material, the functions describing the components perpendicular and 
parallel to the director will differ in their arguments by [3 , p.232] 

2n 
6 = -ko(nll - n~ )d = Ao (n il - n~ )d, (2.1) 

where n il is the index of refraction along the axis parallel to the director and 
n~ is the index of refraction along the axis perpendicular to the director. 

We will describe such a retardation effect in detail in the experimental 
section, but we should be able to appreciate this phenomenon already as it 
is the phenomenon employed in all liquid crystal displays. By applying an 
external electric field across a pixel, the liquid crystalline material within a 
given pixel can be altered to either allow or forbid light from a backlighting 
source to pass through to the viewer. In practice, the design of such LCDs 
can be very complicated, but as LCDs and the birefringent properties of 
liquid crystals are not the focus of this research, we can only refer the reader 
to a more complete discussion found elsewhere [3]. 

2.1.3 Varieties of Liquid Crystals and Phases 

Lyotropic and Thermotropic LCs Liquid crystals can be placed in one 
of two categories: thermotropic and lyotropic. The species which we 
will not encounter in this study are thermotropic liquid crystals. These 
substances exhibit all phases of matter, including liquid, solid, and liquid 
crystal phases, without being solvated in another liquid. Because we cannot 
speak of a concentration associated with these systems of liquid crystals 
(there is no solvent), temperature is the controlling variable in determining 
the phase of these materials (hence the name "thermotropic") . Lyotropic 
liquid crystals, on the other hand, usually form as aggregates in a solvent 
as the concentration of the liquid crystal molecules and temperature permit. 
With two variables determining the phase of lyotropic liquid crystals, we can 
describe their phase behavior on a two dimensional phase diagram such as 
the one in Figure 2.1 . 

Lyotropic: Amphiphilic vs. Chromonic Among lyotropic liquid crys
tals, two important classes exist: amphiphilic (sometimes called surfactant) 
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Phase Diagram 
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Figure 2.1: The phase diagram for Bordeaux dye , with phase transition 
temperatures plotted against the percent weight Bordeaux dye in solution. 
Diagram constructed by Michelle Tomasik [29] 

and chromonic. Many biologically important molecules , soaps, and deter
gents fall into the former category. These lyotropic liquid crystals have al
ready been studied extensively and their aggregation properties are well un
derstood. The word "amphiphile" refers to the presence of both hydrophobic 
and hydrophilic components within each molecule. In most cases, the hy
drophobic element consists of a long, organic chain or "tail" connected to a 
hydrophilic "head" made up of more polar functional groups and ions. When 
placed in aqueous solution, amp hip hiles arrange themselves so that only the 
hydrophilic "heads" interact with the water while the hydrophobic "tails" 
interact with each other (Fig.2.2). One of these arrangements is called a 
micelle. Like one of the phase regions in Fig. 2.1 , the formation of micelles 
corresponds to a specific range of concentrations and temperatures depending 
on the species. There is, however, a critical micellization temperature 
or Krafft temperature, below which micellization cannot occur because 
molecules begin to precipitate out of solution in a crystalline form[19]. When 
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the system is below the Kraft temperature, most of the molecules are in an 
ordered crystalline phase that is different from a micelle. As the temperature 
is raised above the Krafft temperature, individual molecules, or monomers 
(a single unit of what will be a larger aggregate), break apart from the larger 
crystalline phase and either begin to form micelles are stay alone in solution 
[21]. 

o 
, II olar 

R - C- O-CH 

I ' 
R' -C-O- CH 0 

II I II o H,C- O-P-O-X 

1 Bilayer sheet 

Figure 2.2: General structure of a phospholipid, a common amphiphile, and 
the three common ordered states of amphiphiles in aqueous solution, includ
ing micelles. 

Chormonic liquid crystals are a class of lyotropic liquid crystals that 
can form aggregates at low concentrations. Instead of a long organic chain, 
many chromonic liquid crystals have aromatic groups located at the center 
of the molecule; in place of a distinct polar "head," several polar groups 
might be located at the periphery of the molecule (see Fig. 2.3 for some ex
amples).The domination of aromatic rings and short, polar solvating groups 
make many chromonic molecules rigid and flat in structure. As a result, 
chromonic liquid crystals can aggregate in a very different way from am
phiphilic lyotropic molecules, a process that is not entirely understood for all 
chronomics. Rather than forming micelles, chromonic molecules often stack 
into columnar aggregates that grow with increasing monomer concentration. 
The stacking process can vary from specie to specie, with some chromon
ics tending to stack one on top of the other and others incorporating many 
molecules and sometimes even solvent molecules into a given "layer" of the 
stack. 
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Another way in which chromonics were thought to differ from their am
phiphilic counterparts was through their lack of a critical micellization tem
perature and critical micelle concentration. [1] However, as we shall discuss 
soon, this might not be the case for all chromonics. 

Benzopurpurin 4b 

Disodium Cromogiycate (DSCG) 

6-,~,-o-", 
y 

-0 3S 

Sunset Yellow FCF 

Figure 2.3: Chemical structures of a few chromonic liquid crystal molecules 
studied at Swarthmore College. Notice the prevalence of aromatic rings at 
the center and polar groups at the periphery of each molecule. The rigidness 
of the rings keeps the molecules fiat, and the aromaticity contributes to the 
formation of weak bonds between molecule faces. 

Phases So far , needing only a simple model system to describe the concept 
of order parameter and director, we have imagined a liquid crystal phase 
consisting of rod shaped molecules with orientational order. Such rod-like 
molecules form calamatic liquid crystals and, as long as they are arranged 
in such a way that only orientational order exists, the phase describing them 
is called nematic (N). If, in place of rod-like molecules, we have rod-like 
stacks of discotic liquid crystals (fiat , disc shaped molecules, usually with a 
polyaromatic core) , rod-like micelles of lyotropic liquid crystals, or rod-like 
aggregates chromonic liquid crystals, we can still describe the system as being 
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in the nematic phase if the orienting units have purely orientational order. 
In all cases, the rigid part of the molecules making up the liquid crystal, 
whether it be the rigid part of a rod-like molecule or the rigid center of a 
discotic liquid crystal, are often referred to as the mesogenic group. We use 
the term mesogen to describe the basic unit of a liquid crystal, regardless 
of whether it is a calamatic or discotic molecule or a chromonic aggregate . 
In our experiments with Bordeaux dye , we are primarily concerned with 
transitions between the isotropic (I) or disordered, liquid like state of the 
material with the nematic phase. 

A second liquid crystal phase important to chromonics is the colum
nar phase, specifically the hexagonal phase. When the aggregate rods tend 
to orient along the same axis and arrange themselves spatially in a hexagonal 
pattern, the aggregates are said to be in the hexagonal (M) phase. Colum
nar phases such as this are usually encountered at higher concentrations of 
material, but because we are concerned mostly with isotropic (I) ---+ nematic 
(N) transitions that occur when the chromonic molecule concentration IS 

lowest , we shall not encounter these phases in our experiment. 

Though we certainly won't encounter them in any of our experiments, 
we should mention, for the sake of completeness, the smectic (Sm) phase 
of thermotropic liquid crystals, the phase where liquid crystals possess both 
orientational and some positional order. This positional order might manifest 
itself in the form of planes within the material where, at any given time, there 
is a higher population of mesogens then between the planes. Molecules in 
these planes are not fixed to these planes; as with all liquid crystal phases, 
the molecules are still free to diffuse throughout the material. 

2.1.4 Aggregation Theory: A Qualitative Explanation 

While it is possible to generate a theory of aggregation using the tools of 
statistical thermodynamics, our analysis of the Bordeaux dye system is not 
so extensive as to require use of this theory. We therefore describe very briefly 
the various considerations that are made in understanding the energetics of 
these aggregative processes to motivate our study. 
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1) Hydrophobic and Hydrophilic Effects The hydrophobic, aro
matic ring systems found in chromonic molecules unfavorably interact with 
the water solvent . To reduce this interaction, it makes sense for these 
molecules to stack face to face so that the electronic structures of the aro
matic systems overlap with each other and interact with less water. In ad
dition, this face-face stacking does not prohibit the polar groups located on 
the perimeter from interacting favorably with the water. 

2) Bonding It is postulated that the Jr orbitals featured in the aro
matic sections of the chromonic molecules can interact with those of another 
molecule to form Jr-Jr stacking bonds [30], intermolecular bonds that have 
strength on the order of van der Waals forces. This bonding, in addition 
to the hydrophobic and hydrophilic effects, drive the aggregation process. 
However, because aggregation still leaves hydrophobic elements at the end of 
the stack exposed to water (an unfavorable interaction). When the the free 
energy difference of forming these "caps" is zero, the free energy change for 
a molecule joining the aggregate is independent of the aggregate size and the 
stacking is said to be isodesmic. 

Though we have just mentioned two mechanisms which support the 
formation of aggregates, there are forces that limit the size of aggregates as 
well. The number of monomers available in solution is an obvious upper limit 
to the number of monomer units in the aggregates. We also mentioned before 
that there is the unfavorable interaction of the end "caps" of the aggregate 
that competes with the favorable interactions of the aggregation process. 
Entropy also limits the aggregation process because there is a greater entropy 
(greater number of states) associated with having many free monomers in 
solution than with having a few aggregates. Together, these three effects 
limit the size of aggregates at any given temperature and concentration. 

3) Columnar Alignment One mechanism that explains the alignment 
of calamatic molecules and rod-like aggregates is the gain in entropy achieved 
from aligning along a common axis [9] . Though it is counterintuitive to think 
that the system could gain entropy from shifting to a more ordered phase, 
each rod gains freedom of movement when aligning with its neighbors, maxi
mizing the amount of space available before it collides with another molecule 
(see Fig. 2.4). Depending on the chemical structure of the molecules in-
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volved, energetic changes, such as the maximization of favorable interactions 
or minimization of unfavorable interactions, may also drive alignment . 

, 
I ' 

I • • 
s>O I I 
a.) b.) 

Figure 2.4: a.) Longer aggregates entropically favor the ordered phase b.) 
Model of a Bordeaux dye stacking postulated by Michelle Tomasik and Peter 
Collings. 

Previous studies of the Bordeaux dye system by Michelle Tomasik and 
Peter Collings [30] have shown that the aggregation behavior of Bordeaux 
dye can be explained quite well with the isodesmic model of aggregation. 
Furthermore, x-ray scattering experiments have shown that the area of a 
given layer of a Bordeaux dye aggregate is about 2.5 times the size of a 
single Bordeaux molecule. Fig 2.4 shows two models in which two Bordeaux 
dye molecules are incorporated into each layer of the stack so as to minimize 
interactions between the polar sulfate groups. 

2.1.5 Previous Research 

While Bordeaux dye has been characterized well by previous research at 
Swarthmore, a new light scattering study on another well-studied chromonic 
liquid crystal system, disodium chromo-glycate (DSCG), has observed new 
features in the pre-transition region that might provide new information 
about the aggregation mechanism of these chromonic systems [2]. This study 
by C.E. Bertrand et. al. has reported clear changes in behavior of scattered 
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light as the temperature is lowered in the isotropic temperature range. This 
data, along with an NMR study of DSCG [4], supports the existence of an 
"aggregation onset temperature," a temperature that marks the beginning 
of significant aggregation behavior. This is surprising, as the lack of any 
type of critical micellization temperature was thought to be a characteristic 
difference between chromonic systems and the other amphiphilic molecules 
that are classified as lyotropic liquid crystals. This "onset temperature," is 
different from a critical micellization temperature in that the formation of 
aggregates starts to occur below the onset temperature as opposed to am
phiphiles which start to form micelles above the critical micellization temper
ature, but similar in that it marks a temperature where a certain aggregation 
process begins to occur. Dynamic light scattering of the DSCG samples also 
revealed the presence of two diffusion modes: a fast one corresponding to 
smaller monomers diffusing through solution and a slower mode correspond
ing to the diffusion of the larger aggregates. 

160 

(/= DOW 

a.) b.) 

Figure 2.5: a.) Plot of intensity of scattered light showing the onset of aggre
gation starting at temperature TA b.) Two dynamic light scattering correla
tion functions, one of which exhibits the two rates of decay corresponding to 
the slow and fast diffusion modes. Taken from Ref [2]. 
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2.1.6 Statement of Purpose (I) 

Our goal is to repeat the dynamic light scattering experiments used by 
Bertrand et. al. on both the DSCG and Bordeaux systems to see if the 
phenomenon of "aggregation onset" is common to both systems and there
fore perhaps universal to all aggregating chromonic systems. 

2.2 Graphene Oxide 

Scientists and engineers investigating the use of graphene as a semiconductor 
have realized that attaining the necessary conductivity for graphene will re
quire creating almost atomically thin layers of graphene. Some methods 
for preparing these atomically thin layers can be complicated and time
consuming, requiring the removal of individual layers of graphite until a single 
sheet is left. A new method for synthesizing thin graphene sheets via mi
crowave exfoliation has been discovered by a research group at the University 
of Pennsylvania. While this method of exfoliation has much more potential 
for industrial scaling, there still exists a necessity for confirming that the 
shape and size of the graphene is as desired. Microscopy techniques such as 
atomic force microscopy and scanning electron microscopy have been utilized 
in searching thin graphite deposits for suitable graphene samples, but this 
method can be destructive and is not practical for large scale observation. 

In this investigation, we explore the use of dynamic and static light scat
tering to measure the flatness and size of the dispersed graphene oxide sheets 
as the solutions are exposed to ultrasound, in the hope that changes in the 
graphene oxide dimensions can be observed and that the sonication can re
duce the graphene oxide to the desired size. 

Light scattering techniques are in widespread use in the study of poly
mers, proteins , and even small biological systems as a fast and noninvasive 
method of measuring size, mass, shape, and diffusivity of macromolecules, 
so there exists the potential to use light scattering as a noninvasive means of 
monitoring changes in graphene oxide size. With these graphene oxide aque
ous dispersions there exists the possibility of depositing the graphene oxide 
sheets on a surface and removing the solvent and hydroxyl groups, leaving a 
thin layer of graphene that can be used as circuitry. 
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While graphene is the primary material of interest to scientists and 
engineers, many research efforts have focused on the oxidized, water soluble 
form of graphene known as graphene oxide. [14] Like graphene, graphene oxide 
consists of a 2-D network of carbon atoms in a hexagonal arrangement , but 
unlike graphene, the presence of hydroxyl and epoxide groups interrupts the 
aromaticity of the carbon network. It is possible to chemically remove these 
functional groups and restore the graphene's conductive properties, but while 
in aqueous solution these hydrophilic functional groups are thought to assist 
in the exfoliation of the graphene layers. Nevertheless, it has been found 
necessary to disperse graphene oxide in solution via ultrasonication before 
this exfoliation can occur. 

2.2.1 Statement of Purpose (II) 

Our experiment seeks to develop a procedure for this sonication and to con
firm whether or not the sonication does affect the exfoliation of graphene 
oxide by either allowing it to self-exfoliate or by using the ultrasound to 
break bonds within graphene aggregates. We will also study the effects of 
pH on this exfoliation process and use a combination of light scattering and 
spectroscopy to determine as much information as possible about the shape 
of the resulting graphene particles. 
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2.2.2 Basic Properties 

Figure 2.6: Network of Sp2 

bonded carbons in graphene. 

Graphene's unique properties arise out of 
the confinement of electrons to two dimen
sions i.e. the plane of a graphene sheet. If 
one uses the hybrid orbital model of chem
ical bonding, the carbon atoms within the 
plane are described as being bonded to two 
neighboring atoms via Sp2 hybrid orbitals, 
with the unhybridized pz orbitals forming a 
conjugated 1[" network over which electrons 
can travel [20]. Graphene's high conductiv
ity relies on the preservation of this network, 
so the presence of other graphene layers that 
interact with the 1[" system or cause crum
pling in the membrane is undesirable. 

When graphene is oxidized to graphene oxide, typically via the Hum
mer's Method [10] of reaction with KMn04 and H 2S04, this network is 
interrupted because the previously unhybridized pz orbitals are now used for 
bonding to oxygen atoms and hydroxyl groups. The aromaticity of graphene 
can be restored by chemically removing the functional groups, at which point 
the conductivity of graphene is partially restored. 

Structure As the oxidation of graphene or graphite almost never produces 
a chemically identical product, the chemical structure of GO, or at least the 
best model of it , has been the subject of much research and contention. 
Analysis using FTIR and NMR spectroscopy indicates that hydroxyl, epoxy, 
carboxyl groups, and C=O moieties are present in a GO membrane, with 
the carboxyl groups located at the periphery of the membrane [13] [22] [28]. 
Some chemists have also argued that the carbon network is best described by 
the cyclohexane "chair" conformation model rather than by a fiat hexagonal 
plane [13]. The roughness gained from this conformation, and from the pres
ence of the functional groups, may allow for more efficient packing between 
stacked layers of graphene oxide [20]. The distribution of oxidized functional 
groups is random, and the ratio of oxidized carbons, Sp3 bonded carbons to 
unoxidized, Sp2 bonded carbons will vary with the amount of oxidation agent 
used in the synthesis. 
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HO 

Figure 2.7: Chemical structure of graphene proposed by Szabo et al. [28] 

Unlike graphene, the presence of functional groups in GO allows it to be 
hydrophilic. The attractive forces between these functional groups and water 
is thought to be the driving force behind the self-exfoliation of GO in water 
[22][28]. However, it is possible that this attraction could occur between two 
different graphene membranes or between a graphene membrane and itself, 
so aggregation and crumpling may become barriers to exfoliation in aqueous 
GO dispersions. 

Though GO particles have been examined extensively using microscopy, 
these observations do not provide a complete picture of GO in solution. While 
GO particles appear to be flat and sheet-like when observed under a micro
scope, it is known that GO particles are actually quite flexible membranes 
that can conform to the shape of a nearby surface. [27]. The exact shape and 
behavior of GO membranes in solution is unknown. Spector et . al. has at
tempted to observe GO's shape in solution by flash-freezing GO solutions in 
liquid propane, but observed mostly flat membranes when the frozen samples 
were observed using electron microscopy. Because the high degree of flexibil
ity may allow GO to crumple in solution, some investigations, including our 
own, look for evidence of crumpling with non-invasive techniques that do not 
involve microscopy. 

Magnetic P roperties of G raphene While our studies will be focused 
mostly on GO, knowledge of graphene's magnetic properties may aid in our 
interpretation of the high magnetic field data. Graphene has been shown to 
exhibit both ferromagnetic and antiferromagnetic properties, with the anti
ferromagnetic features ascribed to the surface and the ferromagnetic prop
erties attributed to the presence of defects on the edges. Measurements of 
hysteresis confirm that graphene samples with smaller areas and fewer lay-
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ers , i.e. samples with more edges, exhibit the strongest magnetization [18]. 
Whether or not these trends are preserved when functional groups are present 
at the edges is unknown. 

2.2.3 Previous Research 

GO particles taken from bath sonicated solutions and observed with atomic 
force microscopy have been shown to have uniform thickness of 1 nm [26]. Our 
experiment will use a similar bath sonication method, but we hope to employ 
dynamic and static light scattering (DLS and SLS) to observe the changes in 
size that take place with sonication. Other researchers have made attempts 
at measuring the lateral size of isocyanate-treated and bath sonicated GO 
using DLS, and, by modeling the diffusion of each flake as a sphere, have 
reported an average diameter of 560 ±60 nm [27]. 

Our experiments, like the ones performed by Spector et. al. , will use the 
fractal dimension (see section 3.2.2) obtained from SLS data as a measure of 
the "flatness" or "crumpled-ness" of the GO sheets. Past studies using SLS 
on non-sonicated samples of GO dispersed in basic solution have reported a 
fractal dimension of 2.15 ±0.06, with a strong dependence on the polarity 
of the solvent. GO dispersed in less polar solvents was shown to have a 
higher fractal dimension, indicating a more "crumpled" shape that results 
from decreased affinity for the solvent and increased affinity between the 
polar functional groups within a GO sheet [25]. 
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Chapter 3 

Theory 

In the study of microbiological systems and macromolecules such as aggre
gates, proteins, and polymers, light scattering experiments remain an easy 
and noninvasive way of determining macromolecular shape, size, diffusivity, 
and molar mass. Information about the flatness, size, and shape can all be 
determined via measurements of scattered light detected at various angles 
around a sample solution; such experiments are called static light scattering 
experiments. The same information about the size and shape of the par
ticles can also be estimated from measurements of the particles' diffusivity 
via dynamic light scattering experiments, a procedure where light intensity 
profiles measured at a fixed angle are compared to ones measured microsec
onds before to monitor how quickly scattering particles rotate and translate 
in solution. 

Initial data from our study revealed a necessity for a deeper understanding 
of the theory of static and dynamic light scattering in order to account for the 
polydispersity of our graphene oxide solutions. For this reason, we present 
here a basic outline of dynamic light scattering theory and a more complete 
exposition on static light scattering. 

3.1 Light Scattering 

Electromagnetic waves incident on small molecules induce an oscillating elec
tric dipole within the molecule. Oscillations of this induced dipole, in turn, 
emit a electromagnetic wave in a process we call "scattering." The dipole p 
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induced by an electromagnetic wave on a scatterer with polarizability tensor 
a is given by [11, p.2]: 

p=a·E. (3.1) 

As the incident light in all our experiments is polarized along a fixed direction, 
E will point along a fixed axis which we shall call z. 

Developing an accurate model for the creation of induced dipoles by inci
dent light is, in practice, much more complicated than equation 3.1 would 
lead us to believe, as one must account for both scattering and absorption 
phenomenon, including absorption resonance about certain frequencies, exci
tations of quantum states, and so on. Since we will never be concerned with 
calculating the induced dipole moments or the resulting reradiated light, we 
shall not concern ourselves with these details. For our purposes, the only 
important part of Eq. (3.1) is that the direction of the induced moment p 
depends on the polarization of the incoming electric field and form of the 
polarizability tensor a. 

The exact form of a will depend on the molecule chosen and the co
ordinate axes chosen. Since we are only interested in understanding certain 
phenomenon associated with light scattering and not in actually computing 
the polarizability, induced dipole moment, or the intensity of scattered light, 
we shall simplify the arguments that follow by assuming that a has a diag
onal form. This is naturally true for small, point scatters, but can be true 
for large scatterers as well if the principal axes are chosen to be the basis 
vectors used to construct the representation of a [11]. If the incident light 
happens to be polarized along one of these principal axes, the induced dipole 
p and the light it reemits will have the same polarization as the incident 
electric field. For our current discussion on static light scattering, we shall 
assume that this is the case. 

Under the assumption that the detector is far away from the dipole, the 
magnitude of the electric field generated from the oscillations of the induced 
dipole are given by the equation [7, p.353] 

(3.2) 
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Figure 3.1: Lab coordinate system, where incident light polarized along the 
z-axis induces a dipole along the same axes. The detector sweeps around 
dipole in the x-y plane with its position parameterized by the angle B. X is 
fixed at 90°. 

where R is the distance to the detector from the dipole, X is the angle between 
the dipole's axis and the path to the detector, p is the magnitude of the 
induced dipole, and w is the angular frequency of the incident light. Also 
present in this equation are the speed of light c and the permittivity of free 
space Eo. The detector, however, does not measure the electric field but the 
intensity, the average power carried by the electric field is I = ~cEoE2 [7, 
314]. Using this definition, the intensity of the scattered light is given by 

(3.3) 

Again, because we shall never be concerned with the exact calculation of 
the intensity (the determination of p and the polarizability tensor a can be a 
great experimental challenge itself), the only important thing to note is that 
the intensity varies with X, the angle from p to R. In the case where the 
incident light is polarized and the scatterer is fixed in space, p has a fixed 
direction. Looking at Eqn 3.2, if we place our scattered light detector at a 
fixed position R, the intensity should be maximized when X =90°. Fixing 
the detector in this plane and allowing it to rotate around the scatterer, we 
should see no change in the scattered intensity (see Fig. 3.1). In summary, 
the scattered intensity from small point scatterers should not vary with angle 
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Figure 3.2: Intensity profile of a dipole induced along the z axis, the direction 
of polarization. The figure eight shaped curve is the intensity as a function 
of X and R. Note that if the detector is located 90° from the z-axis, the 
intensity is maximized. As long as the detector remains on a circle in the x-y 
plane (orange path), the measured intensity should not vary. 

as we sweep the detector around the induced dipole p in the plane normal to 
the polarization. 

3.2 Structure Factors 

When light scatterers are not small enough to be modeled as a single dipole, 
a new intensity profile arises. Just as each point along a slit is, according 
to Huygens principle, a new source of light, each point in the scatterer can 
produce scattered light. As we know from the famous single and double 
slit diffraction experiments, however, the intensity pattern is NOT obtained 
though a simple summation. We must remember that the electric field pro
duced by each dipole (point along the slit) oscillates with time, so path 
differences between different sources of light can result in constructive and 
destructive interference when the light reaches the detector (screen). As a 
result of this interference, the intensity will no longer be independent of the 
detector's position in the x-y plane (see Fig. 3.2 and 3.3). 
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This modifying function is determined by the scatterer's structure and size, 
so it is given the name "structure factor." We can define the structure factor 
function S ((j) more formally as the ratio of the intensity of scattered light 
with interference to the intensity of scattered light without interference, 

S( (j) = Intensity of scattered light w /interference . (3.4) 
Intensity of scattered light w / 0 interference 

To adequately develop the idea of structure factors, we must find a suitable 
variable to parameterize the path differences from different scattering points 
on the scatterer, sum the electric fields from all the scattering points of the 
scatterer with their appropriate phase differences, and then account for all 
the possible orientations of the scatterer. 

Scattering Wave Vector 

As stated previously, larger scatterers may have multiple induced dipoles that 
become the sources of scattered light, possibly due to temporary polariza
tions in a molecule's electron distribution. It is standard in many scattering 
experiments to parameterize the direction of the scattered light not by the 
scattering angle but by the difference between the incoming and outgoing 
vector momentum of the light. This vector, called the scattering wave vec
tor, will be crucial in accounting for the phase difference between different 
scattered rays. First, we must define vectors to describe both the incoming 

kj 

Incident light 
vector 

Figure 3.3: Two incident light rays scatter of different points of a scatterer, 
resulting in a phase difference. 

and outgoing light momenta; these are called wave vectors and are defined 
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as: 

(3.5) 

where A is the wavelength of the light. Referring to Fig. 3.3, one can see that 
for two scattering points separated by rj there are two pieces that account 
for the total path difference between the two scattered light rays. First, the 
bott?m light ray must travel farther to reach its scattering point by distance 
rj . ki . Second, the top scattered light ray starts A farther from the detector 

than the bott?m scatt..ered ray by distance rj . ks . The path difference is 
therefore rj . ki - rj . ks . The length of this path difference compared to A 
will determine the phase difference between the light coming from the two 
scattering points: 

A. path difference 
'f/ = * 21f A 

21f A A 

¢ = ;:rj . (ki - ks ), 

where the factor of 21f comes from the fact that a path difference equal to an 
integral number of AS will result in no interference, meaning the argument of 
the electric field expression has been adjusted by 21f (cos(e) = cos(e + 21f)). 
Absorbing the factor of 2; into the unit wave vectors, we were able to rewrite 

the phase difference in terms of I; - k~. This difference between the incident 
and scattered ray wave vectors defines the scattering wave vector 

if= I; - k~. 

Thus Eq. 3.6 is rewritten as 
A. -->--> 
'f/ = rj . q. (3.6) 

Looking again at Fig. 3.3 and remembering that if is the vector difference 
between the incoming and outgoing wave vectors, we might guess that the 
magnitude of q can be expressed in terms of the angle e between I; and k~. 
Simple trigonometry on the triangle %, 1;, and the bisector of e (see Fig. 3.4 
below) shows that the magnitude of q can be written as: 

~ = If I sin (~) 

~ = 2; sin (~) 
q = 41fn sin (~) . (3.7) 

Ao 2 
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Note the inclusion of the index of refraction n because the wavelength of the 
incident light Ao is altered as it travels through different media according to 
the equation A = ~. Since q is an essential quantity in computing the phase 
difference between different scattered rays, it turns out that the magnitude 
of q, as expressed by Eq. 3.7, will be a much more useful parameter than the 
scattering angle B. In other words, although q increases with B, q will be a 
better variable to use when talking about interference and structure factors. 

Figure 3.4: Vector addition representation of the scattering wave vector q. 
Because the incident and scattered wave vectors have equal magnitudes, the 
triangle is isosceles. Therefore, the perpendicular bisector of q also bisects 
the scattering angle B. 

Summation of Electric Fields from Different Scattering Points 

Now that we have a compact way of expressing the phase difference between 
rays scattered off different points (Eq. 3.6) in terms of the scattering wave 
vector, we can use Eq. 3.2 and the complex exponential form of the electric 
field for light to write the scattered electric field from a given point on the 
scatterer as 

A couple of things can be done to simplify the above equation. First, if 
we assume that we will be observing the scattered electric field at a fixed 
scattering angle B,a fixed angle X, and at a fixed distance R then a few of the 
terms are constant for all points on the scatterer. Second, since ¢ accounts 
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for the path difference between different points on the scatterer, the k~ . R 
can be assumed to be constant for all points. Lastly, we note that the dipole 
moment for each point Pj can be written in terms of the points polarizability 
Cl'j and the incident electric field Eo. Absorbing the polarizability and the 
other constants into a single constant aj and using Eq. 3.6 for the phase 
difference </y, we have 

(3.8) 

The above equation expresses the scattered electric field from the jth part of 
the scatterer in terms of the incident electric field, the part 's polarizability 
(hidden somewhere in aj), the scattering wave vector if, the part's position 
in the scatterer rj relative to some other point. 

Since we know the phase difference for each part is if· rj, we can now sum 
over all the points in the scatterer to get the total scattered electric field. 
Using the definition of cycle-averaged intensity, the total scattered intensity 
resulting from all N parts of a scatterer is 

N 2 

I CEO ""' igor - E2 s= 2 ~aje J o· (3.9) 
j=1 

We now have the scattered intensity as a function of q. In order to use Eq. 
3.4 to calculate a structure factor, we must also find the scattered intensity 
when no interference occurs. This is exactly what happens when q = 0: the 
phase difference between each part of the scatterer is zero and the scattered 
intensity experiences no interference. The denominator of S in Eq. 3.4 is 
therefore I(e = 0) , or I(q = 0). According to Eq. 3.9, this is precisely: 

N 2 

Is(q = 0) 
CEO 

L ajeO E2 
2 0 

j=1 
N 2 

CEO 
L aj E2 

2 0 

j=1 
CEO -2 N2 E2 
2 a o· (3.10) 

Here we have assumed that the aj's can be replaced with some average a, so 
the summation becomes a sum of N number of a's. At last, we can write an 
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expression for the structure factor S as a function of q. 

N 

c~o L ajeiij.rj 

j = l 

2 

(3.11) 

Again we have used the trick of replacing the aj's in the numerator with a's 
so that there is cancellation of 0,2. 

Orientation and the Structure Factor 

While we have succeeded in writing an expression for S(q), our expression 
will not be useful unless it accounts for all the possible orientations of the 
scatterer. We must answer this questions: if we fix the scattering angle (and 
hence fix q) but allow the scatterer to rotate, which values of if· rj are more 
probable and hence will contribute more to the structure factor? In Fig. 3.5, 

q 

Figure 3.5: Spherical coordinate system defined by the possible orientations 
of scattering vector if and rj which determine the phase difference that pro
duces interference. 

we construct a spherical coordinate system with if as the z-axis and rj as a 
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unit vector free to move about a unit sphere. 0: defines the angle between if 
and rj. Since rj's cp position doesn't matter in the calculation of if·rj , we only 
need to find the probability of finding rj between the angles 0: and 0: + do:. 
This is given by the ratio of the area of the strip betweeno: and 0: + do: and 
the total area of the unit sphere: 

P(o:) = 
21f sin (0: ) do: 

41f 
1 . 
"2 sm (0:) do:. (3.12) 

With this probability function, we can adjust our previous equation for S(q) 
by multiplying by P(o:) and integrating over from 0: = 0 to 1f. 

At long last, we can write a final expression for S(q) from which we can 
calculate structure factors for various types of scatterers. Typical scatterers 
are expressed as continuous distributions of infinitesimally small segments 
rather than a finite number of N segments, so taking the limit as N goes to 
infinity and including our correction for P( 0:), we have 

J7r 1 ~ ._ 2 

S(q) = P(o:) lim - ~ e~q·rj do:, 
N-+oo N 

o j=l 

(3.13) 

where the summation is taken over all N parts of a scatterer and the integral 
is taken over all the orientations of the scatterer. 

Example Derivation 

It is not difficult to see that Eq. 3.13 can be quite challenging to use in 
practice. One often evaluates the limit and the sum together as an integral of 
eiij·r j over the volume of the scatterer, similar to the Fourier transforms over 
surfaces often found in diffraction problems. As most of our explorations 
with structure factors were done numerically rather than analytically, we 
will not concern ourselves with the mathematics of calculating Eq. 3.13 
for complicated geometries. However, for the sake of showing the standard 
approach for deriving structure factors using Eq. 3.13, we derive below the 
structure factor for a simple, one dimensional system: a thin rod. 
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We begin by summing the value of eiiJ·rj for every point on the rod (from 
j=l to N) and then dividing by the number of points. Since the rod is 
continuous, the summation is made easier by changing it to an integral over 
the length of the rod and then dividing by the total length of the rod instead 
of the total number of points N. The dot product of q. rj can also be written 
as qrj cosa. 

L 

1 /"2 . (qL) L eLqrj coscxdr = sinc 2 cos a . 

L -"2 
(3.14) 

Looking at the integral written in Eq. 3.14 we realize that this problem is 
mathematically identical to finding the diffraction pattern of a slit of length 
L! We expected this to be the case, since by Huygens principle every point 
on a slit is a source of light rays just as every point on a scatterer is a source 
of scattered light. The light from these points will interfere because of the 
path difference between their location on the scatterer (or the slit) and the 
detector (or the screen). It is well known to anyone who has studied some 
mathematical physics that the solution of the single-slit diffraction problem is 
the Fourier transform of a square pulse [23], the sinc function (sinc(B) = Si~O), 
so we can apply that same result for the scattering of light from a thin rod. 

Now that we have the value of the sum in Eq. 3.13, we need to square the 
result and average it over all the orientations (a angles) that the rod could 
be in using the probability function (Eq. 3.12) P(a) = ~ sin (a)da , 

1r 1/. 2 (qL ). S ( q) =:2 smc 2 cos a sm a da , 

o 
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1 J7r sin2(qL cos a) 
S ( q) = - 2 2 sin a da, 

2 0 (q; cos a) 
7r 

J 1 - cos ( q L cos a) . d 
-----:----'-=---:-::-----'- sm a a 

(qL cos a)2 
o 

qL 

~ J 1- cos x dx 
qL x 2 

-qL 

U = 1- cosx 

du = sin x 

q~ (_ 1 - ~osx qL + J Si~X dX) 
-qL -qL 

q~ (2 ri~XdX+2C-:~SqL)) 

S(q) ~ q~ J Si~X dx + sine' (qn 
o 

sin2 e = l-cos20 
2 

x = qLcosa 

dv= ~ x 

V =_1 
x 

uv - J vdu 

(3.15) 

Using a similar approach, structure factors for several other geometrical 
shapes have been derived [8]. Unfortunately, due to the complexity of the 
calculation, many of the formulas are written as integrals which do not have 
a closed form, necessitating a computer with computational software such as 
M atlab in order to generate the structure factors in a reasonable amount of 
time. 

In this experiment, attempts were made at modeling graphene oxide as 
thin disks, cylinders, and oblate ellipsoids; the structure factors for these 
shapes are listed in Table 1. Ideally, a sheet of GO is about one atom thick, 
much like an infinitely thin disk. A GO particle that is more than an atom 
thick might resemble a thick disk or an ellipsoid that is thinner than it is 
wide. Even an atom thick piece of graphene might fluctuate rapidly enough 
to resemble a cylinder or ellipsoid. In a perfect world, GO would resemble 
one of these shapes, a monodisperse sample of GO would have an intensity 
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Table 3.1: Table of Structure Factors for Common Scatterer Geometries 

Scatterer Formula Comments 
Geometry 

7r 

Cylinder S( q) = ] [sinc2( qH cos ¢) x 4(!~q::~)t) ] sin ¢ d¢ H= height; 
(Thick 0 R= radius 
Disk) 

Thin Disk S(q) = - 2-l1 - h(2qR) J (qR)2 qR R= radius 

<p (x) = 3 l SIn x~~ cos x. J For oblate ellipsoid 
(b > a) 

7r 

"2 
Ellipsoid S( q) = J <p2( qJ a2 cos ¢2 + b2 sin ¢2) cos ¢ d¢ .. . 

a= semI-mInor aXIS, 
0 b= semi-major axis 

profile similar to the ones shown in Fig. 6 , a measurement at q= O would be 
taken in order to normalize the intensity profile, and a fit of the data would 
provide the thickness and width of the GO particles. Unfortunately, our light 
scattering apparatus lacks the ability to make measurements of the scattered 
light at q= O, so we must include a normalization factor as a fit parameter. 
Furthermore, as initial analysis of the data proved, an additional factor must 
be taken into account that will significantly alter the shape of our structure 
factors . 

3 .2 .1 Poly disp ersity 

Despite the intensive calculations done in producing the most basic of struc
ture factors, the equations presented in Table 1 are entirely incapable of 
representing polydisperse samples of scattering particles, where the size and 
shape of the particles in solution are not uniform. Even when a sample con
tains scatterers of the same geometry but varying size, a noticeable change in 
the behavior of the structure factor is observed. Furthermore, even if the ex
act distribution of sizes and shapes is known, a closed form for the structure 
factor rarely exists. 
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Figure 3.6: Plot of a variety of structure factors for ellipsoids, thin disks, 
and cylinders. Each function approaches unity as q --+0, for there is no in
terference effect at zero scattering angle. Note the similarity of the functions 
which all have a "radius" of 300 nm at large and small q, but not at the 
distinctive "kink" that occurs between q=O.Ol and 0.03 nm-1 . 

Researchers have tried a number of methods to avoid the effects of poly
dispersity, mostly by making their samples as monodisperse as possible. 
Luckily, we can still relate experimental data from polydisperse solutions 
back to the ideal structure factors by modeling the samples as an average of 
scatterers with a statistical (i.e. a Gaussian or Maxwellian) distribution of 
sizes. Changes in the shape of the structure factor are nonlinear with respect 
to changes in particle dimension, so even a distribution of particles that is 
equally distributed about a mean value still results in a structure factor that 
has shifted to a higher intensity at larger q values [8]. 

In Fig. 3.7, we demonstrate how polydispersity affects the structure factor 
of oblate ellipsoids. Once we realized that the polydispersity of our samples 
ruined any chance of using a simple curve fitting scheme with the equations 
in Table 1, quite a bit of time and effort was spent in constructing a fitting 
program that uses distribution averaged structure factors. 
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Figure 3.7: Effect of Polydispersity on the Structure Factor of Oblate El
lipsoids. For a Gaussian distribution of a and b parameters with standard 
deviation (J for each parameter , a (J value of l/lOth the value of the param
eter has little effect on the structure factor , but a (J value of 1/2th the value 
alters the shape noticeably, raising the intensity at larger q values. 

3.2.2 Fractal Dimensionality 

As explained above, we can try our best to relate the experimental data 
from our SLS experiments to the structure factors of various geometries, 
but polydispersity will make it a challenge to extract very meaningful data. 
Fortunately, another piece of information can be extracted from our data 
which is less susceptible to the effects of polydispersity. This is the fractal 
dimension. 

Scientists studying folding polymers and membranes have modeled self
avoiding polymer sheets and found relations between polymer dimensions and 
a value called the "fractal dimension." The fractal dimension can be used as a 
measure of how fiat (two dimensional) or crumpled (three dimensional) a self
avoiding sheet is when the sheet is capable of bending. While a small sheet 
of GO would resist bending due to steric restraints of the hydroxy groups 
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and the strains placed on the carbon-carbon bonds, larger sheets of GO on a 
whole would be capable of greater bending while keeping the carbon network 
locally fiat. Characterizing our GO particles via the fractal dimension will 
either support or contradict our models of GO as thin sheets. The fractal 
dimension d f is measured by studying the behavior of the structure factors 
as q becomes large,: [25 , 12][6] 

(3.16) 

To see how the structure factors can take on this form, consider the structure 
factor of a thin disk: 

S(q) = _2_ (1 _ J1(2qR)) . 
(qR)2 qR 

(3.17) 

J::,, (x) , a Bessel function of the first kind of order a, assumes a simplified 
behavior in the asymptotic limit when x » la2 - 1/41 = 3/4 

or when q > O.Olnm- 1andR > lOOnm. The second term in Eq. (3.17) 
begins to resemble 2~R' a term that quickly diminishes to a value less than 
one, leaving Eq. (3.17) in the form 

2 ( 2) -2 S(q) ~ (qR)2 = R2 q , 

which is of the same form as Eq. 3.16 with df = 2. 

We can appreciate the form of the above equation when we take the log of 
both sides 

2 
In S ( q) = In R2 - 2 In q. (3.18) 

According to Eq. (3.16) , a log-log plot of intensity vs. q yields a straight 
line with slope -df ; similarly, a plot of Eq. (3.18) yields a straight line with 
slope -2, confirming that thin disks have a fractal dimension of 2 because of 
their two dimensional shape. Note how the fractal dimension is independent 
of the value of R , so a structure factor from one or more disks of different 
size will still result in a fractal dimension of 2. 
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W hile it is difficult to show analytically that the slope of such plots is 
greater than 2 for three-dimensional geometries, the sample plot below demon
strates that this is exactly the case. Though a fit of the ellipsoid structure 
factors for the range plotted below yields a structure factor greater than 
three, how one interprets these higher fractal dimensions is not relevant to 
our experiment ; only the fractal dimension's proximity to two is of concern. 
We show the log-log plots of structure factor vs. scattering wave vector in 
Fig. 3.8. 

--Cylinder H=100, R=300 
- . Ellipsoid a=1 50 b=1 00 
- - . Thin Disk R=1 00 

Log-Log Plot of Structure Factors 
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10.1• L--____ ---'---____ ---' ____ -----' 

0 .001 0.01 0.1 

Figure 3.8: Log-Log plot of of structure factors for the thin disk, ellipsoid, 
and cylinder found in Fig. 6. The ellipsoid and cylinder structure factors still 
show some oscillatory behavior at higher q values, but still decrease linearly. 
Exponential fits of the form S( q) rv q-d j in the region q= O.l to 1 nm-1 give 
a fractal dimension of exactly 2 for the thin disk, 2.7 for the cylinder, and 
3.5 for the ellipsoid. 
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3.3 Dynamic Light Scattering 

The second light scattering method in common use for determining the size of 
particles dispersed in solution is dynamic light scattering (DLS). Unlike static 
light scattering, dynamic light scattering measures scattered light at a fixed 
scattering angle and compares light intensity measurement between short 
time intervals to calculate how quickly particles diffuse through solutions. A 
complete and thorough exposition on the theory of dynamic light scattering 
and diffusion would consume much of this thesis, so we present only a few of 
the key ideas needed to understand how dynamic light scattering is used in 
this experiment. 

The essential data from a DLS experiment are contained in the auto
correlation function of the intensity at time t and the intensity at time t+T, 
defined as 

00 

C I ( T) = (I ( t) * I (t + T)) = J I ( t) * I (t + T) dt. (3.19) 

-00 

Autocorrelation functions , and the other functions that are part of a math
ematical class of operators called convolutions, are measures of similarity 
between two given functions. The value of T that creates the greatest over
lap between I (t) and I (t + T) will give the greatest autocorrelation value. In 
the case of diffusing scatterers, a T close to zero should produce the great
est autocorrelation value, as the intensity of scattered light at one moment 
should be closely related to the intensity detected a few nanoseconds later, 
when scatterers have not had enough time to diffuse far in the solution. One 
can determine a closed form of Eq. (19) by assuming that the relation be
tween I (t) and I (t + T) is governed by random diffusion described well by 
Gaussian probability distributions. The speed of diffusion and hence the 
widths of these distributions are further controlled by the translational and 
rotational diffusion constants D and e, respectively. 

When we derived a formula for structure factors in the previous sections, 
we focused on finding the phase difference between rays scattered off different 
points of the same scatterer using ¢ = if· rj. Here, instead of finding the 
phase difference between rays scattered off of the same scatterer, we consider 
rays scattering off different particles which have diffused a distance f:j.f apart 
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from each other. Since we know that !:J..i changes with time in a way that 
is governed by the known laws of diffusion, we can calculate the intensity of 
I (T) by weighting the values of !:J..i which are more probable given a diffusion 
time T and diffusion constant D. The result is a decaying exponential of the 
form: 

(3.20) 

where N is the number of scattering particles. The decaying exponential has 
a decay constant of 2riq2' which we call the correlation time. Note that a 
small diffusion constant, indicative of a large, slow particle, results in a long 
correlation time. We must note, however, that the correlation time changes 
depending on the polarization of our detector relative to the polarization of 
the light source. If the laser, the source of light incident on the sample, is 
polarized vertically (V) and if the detector has the same polarization (V), we 
acquire a correlation time TVV. If the polarization of the detector is oriented 
90ofrom the polarization of the laser, then TVH is acquired. 

There is a greater significance to TVV and TV H than just the designation 
of the experimental setup VV or VH. As it turns out, TVV depends only on 
the translational diffusion constant D and TV H depends on both the trans
lational and rotational diffusion constant. To see why this true, let 's recall 
the equation at the beginning of this chapter, Eq. 3.1, which describes how 
induced dipoles are related to the incoming electric field and the scatterers 
polarizability: 

p=a.E. 
We argued earlier in this chapter that if the scatterer is isotropic or if the 
electric field is polarized along one of the scatterer 's principal axes then the 
dipole p will have the same polarization as the incident light. This isn't the 
case, of course, in our experiments; our scatterer rotates and translates as 
it diffuses through the solution. Let's carefully consider what changes occur 
in the intensity of scattered light when the particle is just rotating or just 
translating: 

Translation For an arbitrary configuration of the scatterer in space, a for 
the particle does not necessarily have a diagonal form. However, the resulting 
dipole pwill have at least some component in the same direction as Eincident. 
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The radiation from this component of the dipole will have the same polar
ization as the incident light , so a signal will be detected when we arrange 
our laser and detector in the VV orientation. If we now allow the particle 
to translate in the solution, but not rotate, the coordinate axes used to de
termine the form of 0; do not change. This means that the component of jJ 
with the same polarization as Eincident will not change and, if the transla
tion is infinitesimally small, the scattered intensity detected at the vertically 
polarized detector will not change. 

With a similar argument, we can say that the components of jJ perpen
dicular to Eincident will not change either. Though the values of both Ivv 

or Iv H of scattered light from a single particle will change as the particle 
translates through the solution, the ratio of these values will not change be
cause the components of jJ will not change relative to each other. We would 
expect that the correlation function would give the same correlation times 
regardless of whether Ivv or IVH is used, i.e. TVV = TVH· 

Rotation On the other hand, if we allow the particle to rotate instead 
of translate, the form of 0; changes. In this case, the component of jJ that 
is parallel to Eincident will change relative to the components of jJ that are 
perpendicular to Eincident. As a result, Ivv will change relative to I VH . We 
no longer expect TVV = TV H, as was the case when only translational diffusion 
was allowed. 

Let's think carefully about what will happen if diffusion is not allowed. 
If I(t) changes with time only because particles at different positions scatter 
light with different intensity, then freezing all particles in place will make 
I(t) constant. But if the intensity is constant in time, the autocorrelation 
function will no longer be a decaying exponential; the intensity at a point in 
time is exactly the same as it is at a future point in time, so no matter how 
long we wait the intensities will never be different enough to make Eq. 3.19 
zero. Eliminating diffusion results in an infinite correlation time. 

Now let's look at the actual equations for TVV and TVH[8] 

1 
TVV = 2q2D' 

1 
T = --~----~ 

VH 2q2D + 128· 
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We see how our reasoning might be valid. TVV, which tells how quickly the 
autocorrelation of Ivv changes, is linked primarily with the phenomenon 
of translational diffusion. If the rotational constant e is zero, TVV = TV I! . 

Conversely, if D is zero, there is an infinite correlation time for the VV 
orientation, but since rotation will still change IVI! with time, there will be 
a finite VH correlation time. Thus, just by imagining how the intensity of 
light will vary as particles diffuse through solution, we have correctly guessed 
how TV I! and TVV will be related in some limiting cases. 

The diffusion constants, and thus the correlation times, are dependent 
on the size and geometry of the scatterer. A digital autocorrelator built 
into the experimental setup for DLS directly provides the autocorrelation 
function and correlation times for a given sample. Working backwards, we 
can compute information about the size and shape of the scatterers from these 
correlation times. The equations in Table 2 show how this is done for two 
different types of scatterer geometries. Note how in the case of the ellipsoid, 
both the rotational and translational diffusion constants are necessary to 
solve for the semi-major and semi-minor axes band a. 

Table 3.2: Rotational and Translational Diffusion Constants of Two Scatterer 
Shapes 

Scatterer Geometry Diffusion Equations 
Thin Disk D = Js1. 

12(f! 
e-~ 

- 32na3 

Oblate Ellipsoid G( ) = arctan y' pLl = Q 
P y'pLl' P a 

(b> a) D = kT G(p) 
6Jr'l)a e -~ (2_p2)G(p)-1 

- 16Jr'l)a3 I -p2 

In conclusion, we have discussed a second way to determine information 
about size and shape of small particles in solution via DLS experiments, a 
method that hinges on the fact that particles of different size and shape will 
diffuse at different speeds through solution. If this seems too good to be true , 
it is. Once again, we must consider how polydispersity affects the data from 
DLS experiments and limits the conclusions we can draw. 
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3.3.1 Stretched Exponential 

Eq. 3.20 dictates that the shape of each autocorrelation function will be a 
decaying exponential with decay time 2riq2. However, like the structure fac
tors from static light scattering, polydispersity can have a significant effect 
on the shape of the autocorrelation function. Unlike the computationally 
heavy process of averaging many structure factors to achieve the structure 
factor for polydisperse samples, the autocorrelation function corresponding 
to a distribution of correlation times has a simple, closed form. For a dis
tribution of correlation times p( u, (3), called the William-Watts distribution, 
[16],the sum of decaying exponentials can be achieved with an integral: 

00 J p(u)e-t/udu = e-t(3 . 

o 

(3.22) 

Eq. (22) explains that the adjustment for polydispersity can be achieved 
by raising the exponential's argument to the f3 power, where 0 < f3 ::; 1 
approaches unity when the solution is monodisperse. When this is applied 
to the intensity autocorrelation, the new form of G1(t) and the distribution 
average correlation time (T) become: 

(3.23) 
00 

(T) = J e-(t/r)(3 dt = ~r (~) , (3.24) 

o 

where r is the Gamma Function. The stretching parameter f3 has now be
come our measure of polydispersity and can be used to calculate the spread 
in correlation times via calculation of the standard deviation a of T: 

( 2) = T2 r(2/ (3) 
T f3 r(2) 

a = vi (T2) - (T)2. 

(3.25) 

(3.26) 

There is no evidence or theoretical reason why the distribution of correla
tion times in a polydisperse solution should necessarily be a Willi am-Watts 
distribution. By using this model, however, we can at least gain some es
timate of the average correlation time of the stretched exponential and the 
extent of polydispersity via the f3 parameter. A graph of the William-Watts 
distribution function for several f3 values is shown in Fig. 3.9 [24]. 
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Figure 3.9: Plot of the William-Watts distribution function, courtesy of Wiki
media commons, with {3 values shown for several functions. For {3 values near 
unity, the distribution is sharp and focused around a single value. As {3 de
creases, the distribution spreads out , the peak probability becomes lower, 
and the population becomes biased towards higher values. 
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Chapter 4 

Procedure 

The experiments performed on Bordeaux dye were designed to repeat mea
surements made by Bertrand et . al. on the DSCG system. By monitoring 
the temperature dependence of the DLS correlation times and the intensity 
of scattered light , we wondered whether we would observe a temperature at 
which there was a clear" onset of aggregation" observed in the scattered light 
intensity and a correlation function marked by two exponentials , indicating 
the presence of fast and slow diffusion modes. 

Experimental work on graphene was divided into two parts: an investi
gation of the effects of sonication on GO solutions with constant pH and 
varying exposure to sonication, and a similar investigation with solutions 
of varying pH and constant sonication time. Both experiments included 
work with static and dynamic light scattering as well as measurements of 
the birefringence induced by high magnetic fields taken at the National High 
Magnetic Field Laboratory. 

4.1 Light Scattering Apparatus 

Both the Bordeaux and GO experiments used the same light scattering 
apparatus. This apparatus consisted of an Innova 70 Spectrum laser, a 
Brookhaven Instruments goniometer, two photo-multiplier tubes, and a Tur
boCorr digital autocorrelator. The laser was set to a power of 30 m Wand 
a wavelength of 647 nm (514 nm for GO experiments). A wavelength filter 
located in the detector ensured that only light at a select wavelength was 
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Figure 4.1: Diagram of the light scattering apparatus, including the laser 
light source (647.1 nm for Bordeaux dye experiments, 514 nm for GO exper
iments) and the goniometer, where the sample is stored in the center as the 
detector swings around it. Image modified from the thesis of Jessica Gersh[5] 

detected (the wavelength of the laser) , and an aperture in front of the detec
tor could be adjusted to vary the magnitude of collected light. In general, 
the rate at which clean DLS data was acquired was proportional to the in
tensity (number of photon counts) so the aperture size was kept at 1 mm. 
SLS experiments require five or more consistent intensity measurements at 
each angle, so a narrower 0.2 mm aperture size was used to ensure intensity 
counts were low enough so that scattering off of any larger particles could be 
detected and discarded with greater ease. 

GO samples were placed in scintiallation vials 1 in. in diameter, and the 
Bordeaux dye sample was kept in a round-bottom cuvette 1 cm in diame
ter. Parafilm was used to cover the cuvette containing Bordeaux dye. Each 
sample vial was wiped with a Kimwipe and placed in the light scattering 
apparatus in a bath of filtered decahydronapthalene (a.k.a. decaline), a fluid 
that matches the index of refraction of the glass to minimize the amount of 
scattering and deflection as light enters the sample vial. Fumes from this 
index matching fluid are toxic and flammable , so the area was kept well ven-
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tilated and Kimwipes were disposed of carefully. Also, the parafilm used to 
cover the cuvette containing Bordeaux dye tended to decompose when ex
posed to the dec aline fumes for extended periods of time, so the film was 
replaced at least every two hours during experiments. 

The bath containing the sample and index matching fluid is perfectly round 
except for a small flat face located at the point where the laser light enters 
the bath. To minimize unwanted scattering from dust particles in the index 
matching fluid, a pump and filter connected to the light scattering apparatus 
were used to clean the fluid before each experiment. 

4.2 Aggregation of Bordeaux Dye 

4.2.1 Confirmation of Transition Temperature and Dye 
Concentration 

Previous work done by Michelle Tomasik [29] on the Bordeaux dye system 
successfully determined some of its basic chemical and physical properties. 
A phase diagram summarizing the transition temperatures at various con
centrations of dye material is presented in Fig. 2.1. A sample of Bordeaux 
dye left over from these studies was used as the sample for our experiments. 
Though a rough estimate of the sample's concentration was known, a more 
precise value of the concentration was desired. Two procedures were used to 
acquire this value: polarization microscopy was used to determine the sam
ple's phase transition temperature, which was then compared to Michelle's 
phase diagram, and UV -Vis spectroscopy was used to measure the peak ab
sorption of the dye, which was also subsequently compared to Michelle's lab 
data. 

Polarization Microscopy One of the most common experimental tech
niques used in the study of liquid crystals is polarization microscopy. Taking 
advantage of the birefringent properties of liquid crystals, samples of liquid 
crystal are placed between crossed polarizers and examined via microscope. 
A lighting source underneath the sample is polarized by the first polarizer, 
enters the sample, and then exits through the second polarizer. Parts of a 
sample that are not birefringent (i.e. not in a liquid crystal phase, such as 
the isotropic phase) or that have a director that is parallel with one of the 
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polarizers will appear black because no light will be permitted through the 
second polarizer. Samples that do exhibit birefringence and thus change the 
polarization of light between the first and second polarizer will permit some 
light to pass through. The transition from the nematic to isotropic state, 
therefore, will be marked by the disappearance of light in the microscope 
image. 

The transition temperature of our Bordeaux dye sample was confirmed by 
pipetting a drop of sample onto a clean glass slide, sealing it in place with a 
glass cover and some five minute epoxy, and observing it as the temperature 
was raised. The epoxy and glass greatly slowed the process of evaporation 
so that the sample could be observed at a range of temperatures without 
worrying evaporating any solvent and changing the concentration. A heating 
stage was placed underneath the sample slide and was ramped from room 
temperature to 40°C at a rate of 1°C Imin. The temperature range over 
which the image became completely black was taken to be the coexistence 
region. This coexistence region was compared to the transition temperatures 
corresponding to the coexistence region found in the phase diagram (see 
Figure 2.1) to estimate the concentration of dye. 

To obtain a more quantitative value of the concentration of Bordeaux 
dye, the UV -Vis absorption spectrum was collected over the 400-700 nm 
wavelength region. In order to compare our absorption values with Michelle's 
data, the 100 p,L of Bordeaux sample was diluted twice: once in a 1:36 
dilution, and again in a 1:37 dilution. Dilutions were done by weight. The 
peak absorption value at 477 nm was compared to previous absorption data 
on samples of known concentration collected by Michelle Tomasik [29]. 

4.2.2 Variations in Static Light Scattering at a Fixed 
Angle and Variable Temperature 

To detect whether there are any changes in the behavior of scattered light 
observed as a result of the onset of aggregation, measurements of both the po
larized (VV) and depolarized (VH) scattered light were taken at a fixed angle 
as the temperature was lowered. The goniometer apparatus was heated via a 
water circulation system to approximately 26°C (just above the isotropic and 
nematic coexistence) and set to ramp to 55 °C. As the temperature increased, 
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five measurements of the scattered light intensity were taken at scattering 
angles 89.8 °to 90.2°at O.l°increments. Measurements at these five angles 
were taken in place of five measurements at 900 because the SLS program did 
not allow for single angle measurements. Though a different procedure could 
have been used to acquire intensity values without using the SLS program, 
the desire to use the SLS program was strong because it automatically de
tected and corrected for any erroneously high readings that might result from 
contaminants. 

The average of these five values was taken to be the intensity of scattered 
light at 90°. The average temperature over which each set of 5 data points 
was collected was taken to be the collection temperature. Although this 
procedure of taking data during the temperature ramp introduced an uncer
tainty in the temperature, no changes in the behavior were observed when 
the experiment was repeated while allowing the temperature to equilibrate 
to several set temperatures. 

Data taken from these experiments were graphed on a plot of scattered 
intensity versus sample temperature and compared to Figure 2.3a, the cor
responding graph from Bertrand et. al. 

4.2.3 Search for Multiple Diffusion Modes 

To search for the presence of two diffusion modes in the DLS correlation 
function, several DLS correlation functions were collected over a range of 
temperatures and angles. At the scattering angle 90°, DLS correlations func
tions in the VV orientation were collected at 27.1°C, 28.8°C, 30.5 °C, 32.6 
°C, and 34.1°C. Collection times were approximately 5 minutes long. The 
first delay, or the shortest time interval at which J(t = 0) and J(t) are com
pared, was .10 j.1s, and the last delay was 1000 j.1S. At the scattering angle 
of 45°, both VV and VH correlation functions were collected over a range of 
temperatures from 28.9°C to 47.5 0c. As the scattered intensity is smaller in 
the VH orientation, the collection time was extended to 120 minutes. 

Overlays of the collected DLS correlation functions were compared to the 
correlation functions seen in Fig 2.3b from Betrand et. al. on the DSCG 
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system. From this comparison, we determined whether or not the Bordeaux 
dye exhibited similar aggregation phenomena as DSCG. 

4.2.4 Confirmation of DSCG Phenomenon 

Although all of the necessary information needed for our experiment, includ
ing the graphs of correlation functions and scattered light dependence on 
temperature, are included in the article by Bertrand et. al., we decided to 
repeat Bertrand's experiment on the DSCG system with our own sample of 
DSCG, using our own equipment and procedure. 

A 10 wt. % solution of DSCG was prepared from dry powder, vortexed, 
and heated until all DSCG was dissolved. The solution was then left in an 
oven overnight at 70°C to ensure all DSCG was dissolved and to prevent the 
formation of aggregation until the time of the experiment. DLS data were 
collected at 10 temperatures ranging from 23.2°to 45.3°. Instead of using 
the SLS procedure of monitoring the intensity of scattered light, the average 
count rate calculated during each DLS data collection period was taken to 
be the average intensity of scattered light at each temperature. Graphs 
of inverse intensity vs. temperature and an overlay plot of the correlation 
functions at each temperature were made and compared to those found in 
Bertrand's paper. 

4.3 Effect of Varying Sonication Times on GO 
Solutions 

4.3.1 Experimental Procedure 

One of the primary objects of the investigation was to establish a method for 
preparing dilute, disperse solutions of graphene oxide that could be treated 
with ultrasound to produce a measurable change in the GO particles dimen
sions, flatness , and polydisperisty. Within this method we desired to dilute 
the GO stock solution, break up the GO particles themselves into smaller, 
flatter sheets , and to dispose of larger GO particles and unwanted contami
nates. It was assumed that the dynamic light scattering correlation functions 
provided both quantitative and qualitative measures of the GO particle sizes, 
polydispersity of the solutions, and the purity of the solutions. Decreases in 
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correlation time and smoothing of the correlation function in the last few 
decades, the data points corresponding to the longest times , were assumed 
to be signs of decreases in size and contamination, respectively, as larger, 
slower-moving contaminates would cause unusual responses at long times. 
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Figure 4.2: Comparison of GO solution preparation methods. Note the 
decrease in correlation time for the samples that experienced sonication. 
No such decrease was observed for centrifugation, though comparing the 
5 minute sonicated samples correlation function to its function after it was 
centrifuged shows a slight flattening of the correlation function baseline at 
long times. 

Dynamic light scattering data were collected at 90° for a mllllmum 
of 5 minutes in the VV orientation and a minimum of 2 hours in the VH 
orientation; the first time delay was set to 1 fJ,S and the last time delay was 
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set to 1 second. In static light scattering experiments the detector arm was 
swept from 15° to 155° in 5° increments, collecting a minimum of 5 intensity 
readings and a maximum of 15 readings at each angle until 5 consistent 
readings were acquired. 

First, a study of the effects of sonication (exposure to ultrasound via 
an ultrasonic bath) and centrifugation was performed. From a stock solution 
of approximately 0.3 wt% GO , several 0.003 wt% solutions were made with 
filtered Millipore water (0.2 /-lm filter) and vortexed for 30 seconds. These 
solutions were prepared in 20 mL scintillation vials designed for use with the 
light scattering apparatus and were made to fill almost the entire volume. 
Our method of sonication consisted of suspending the vials of solution in 
a ultrasound bath typically used for cleaning glassware (Fisher Scientific 
model FS30). Centrifugation was done with an Eppendorf 5415C tabletop 
centrifuge using 2 mL Eppendorf tubes and removing the supernatant by 
Pasteur pipette. 

Performing different routines of sonication and centrifugation and com
paring the resulting normalized autocorrelation functions suggested that the 
best procedure for treating the solutions was to sonicate for a set amount of 
time, resulting in a decrease in correlation time, and then centrifuge at 6000 
rpm for 4 minutes, which smoothed out the last decade of the correlation 
function but did not change the correlation time. After centrifugation, it 
was observed that a dark spot had formed at the bottom of the Eppendorf 
tubes and the supernatant had lost some of its brown color. For samples ex
posed to longer sonication times, this dark spot was observed to be smaller 
and the supernatant retained its color. This observation, in an addition to 
the fact that centrifugation did not change the correlation time, was inter
preted to mean that the centrifugation process removed larger GO particles 
and contaminates while leaving the smaller GO particles that are responsible 
for the shape of the correlation function in the solution. 

Using the finalized procedure described above, three solutions of GO 
were prepared and sonicated for 1, 10, and 60 minutes. Dynamic light scatter
ing autocorrelation functions were recorded after each step of the procedure 
to monitor the evolution of the correlation function. Static light scattering 
data were collected only after the centrifugation process. 
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Without much knowledge on the effects of light on the GO suspensions, 
all samples were kept in dark storage to prevent decomposition. During 
transport between the sonicator, centrifuge, and light scattering apparatus, 
the sample vials were covered with aluminum foil to minimize light exposure. 
Though the utmost care was taken to maintain the purity of the samples, 
contamination from one or two visible dust particles occurred during transfer 
between the Eppendorf tubes and the sample vials. However, removal of these 
dust particles did not appear to have an effect on the correlation functions, 
so it was assumed that these particles were too large to affect the scattering 
data, especially considering that these particles fell to the bottom of the vial 
when left undisturbed for a period of time. 

4.3.2 Analytical Procedure 

Analysis of the light scattering data was complicated by the polydispersity 
of the GO particles. As described in the theory section, the dynamic light 
scattering autocorrelation functions were fit to a stretched exponential func
tion to account for this polydispersity. From the adjusted correlation times 
the GO particles could be modeled as oblate ellipsoids and thin disks to give 
translational and rotational diffusion constants. Estimates of the size of the 
GO particles were made from these diffusion constants. 

Static light scattering data taken at q values over O.Olnm-1 were plot
ted on a log-log graph to investigate fractal dimension. The full range of SLS 
data, however, did not appear to fit the known structure factor functions for 
thin disks, ellipsoids, and thick disks satisfactorily. As shown in the theory 
section, the polydisperisty of the GO solutions can have a significant effect 
on the shape of the structure factor. A Matlab program that computed the 
average structure factor for a distribution of sizes of thin disks and ellipsoids 
was written and used to analyze the experimental data. However, while these 
functions fit the data better than their monodisperse counterparts, the out
put varied depending on the initial guesses used for the fitting parameters. 
Running the program multiple times with various parameters and record
ing the output provided enough data to find the average dimensions and 
distribution of sizes that produced the better fits of the data. 
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4.4 pH Dependence of Graphene Shape and 
Size 

The above procedures were repeated with three solutions of varying pH. 
Using a pH meter and solutions of concentrated HCI and NaOH, the pHs of 
three solutions of GO oxide (0.003 wt %) were adjusted to 4, 7, and 11. Each 
time a solution was sonicated or centrifuged, its pH and UV-Vis absorption 
spectrum were measured to monitor any changes in GO concentration that 
might result from chemical breakdown, which in turn might affect pH. Static 
light scattering data were taken after sonication and after centrifugation to 
determine the effects of centrifugation on the fractal dimension of the GO 
particles. 

4.5 Measurement of Induced Birefringence 

Measurement of the birefringence induced by the high magnetic fields found 
in the electromagnet at the NHML was achieved through calculation of the 
optical retardation of light passing through a given sample. The optics of 
the experimental setup are described in the diagram below. 

Laser 
Modulator Detector 

Samp le in "-So 
B field "0" 

~..,.~ 
~ 

Figure 4.3: Components of the polarized light from a laser picks up a time 
dependent phase difference (A(t) = Ao cos (Ot))from the modulator and a 
constant phase difference from the sample in the magnetic field. By selecting 
certain frequencies with lock-in amplifiers located after the detector, the 
tangent of the phase difference can be calculated, allowing one to determine 
the birefringence. 

Knowing that the components of the polarized light passing through the 
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setup will pick up some phase difference 6/2 from the sample and some time
modulated phase difference A(t)/2 from the modulator, we can express each 
element in the setup with Jones matrices, 

Solving for the intensity of the light at the detector is just a matter of simple 
matrix multiplication. Multiplying Ejinal by its complex conjugate, we find 
the intensity is proportional to 

E2 
1(1 - cos (A(t) + 6)) 

E' (1 - cos A ( t) cos 6 + sin A ( t) sin 6) 

E' (1 - cos (Ao cos nt) cos 6 + sin (Ao cos nt) sin 6),( 4.2) 

where we have replaced ~5 with E' and A(t) by its explicit form of A(t) = 

Ao cos (nt). After the detector are lock-in amplifiers, devices which allow one 
to selectively isolate incoming signals based on their frequency. Choosing the 
frequency of the detected signal wisely, we isolate information about 6 and, 
in turn, calculate the induced birefringence. To do this, we take advantage of 
the de Moivre's Theorem and a property of Bessel functions [23 , p . 613-614]: 

00 

exp(ixcosB) = cos (xcosB) + isin(xcosB) = L Jm(x)(cosmB + isinmB). 
m=-oo 

Separating the real and imaginary parts and using of the identity J-n(z) = 

(- l)nJn(z), we have the so called Jacobi-Anger Expansions 

00 

cos (x cos B) Jo(x) + 2 L ( - 1)mJ2m (x) cos 2mB ( 4.3) 
m=l 

00 

sin (x cos B) = - 2 L ( _ l)m J2m- 1(X) cos [(2m - l)B], (4.4) 
m=l 

which will allow us to decompose cos (Ao cos nt) and sin (Ao cos nt) into terms 
which include sines and cosines of nt. 
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With this decomposition at our fingertips, the lock-in amplifiers can be 
set to select signals of integer values of e = no' . The intensity detected by 
the lock-in amplifiers set to n= l and n= 2 will be given by 

In=l rv (E')2(J1(Ao) sin b) 

In =2 rv (E'?(J2(Ao) cos b). 

( 4.5) 

( 4.6) 

Finally, we can extract out the phase shift b by observing that the ratio of 
these intensities will be proportional to tan b and will be independent of E': 

(4.7) 

Since Ao is known, the induced change in birefringence can be calculated 
from the retardation factor b according to the equation 2.1. 

bAa 
nil - n~ = Iln = - . 

2nd 
( 4.8) 

All six GO samples, including the three samples exposed to varying sonica
tion times and the three samples of varying pH, were examined for induced 
birefringence with the high magnetic field apparatus. Plots of the induced 
birefringence vs . time and induced birefringence vs. magnetic field squared 
were examined and any minima, maxima, or region of linearity was noted. 

55 



Chapter 5 

Data 

5.1 Polarized Microscopy and UV-Vis Spec
troscopy Observations 

Bordeaux dye was observed to have a yellow color when viewed through 
crossed polarizers at room temperature. Regions of the isotropic phase ap
peared at 28°C and spread until 31.5 °C , when the sample became completely 
isotropic. 

Though we aimed to dilute the stock solution of Bordeaux dye by 1:1332, 
estimating that this would result in an absorbance on the same order of 
magnitude as Michelle's data, the actual dilution factor was calculated to 
be close to 1:1459. The UV-Vis spectrum of this dilute sample showed a 
single, broad peak centered at 477 nm with a peak absorbance of 0.737 and 
a FWHM of roughly 125 nm. 

5.2 Static Light Scattering on Bordeaux Dye 

The temperature dependence of scattered light intensity is summarized in 
Fig. 5.1. Both polarized (VV) and depolarized (VH) scattered light inten
sity decreased as temperature increased. At temperatures below 25°C large 
scattering and beam spreading was observed, so data were not collected below 
this temperature. 
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In the model experiment performed by Bertrand et al., the change in scat
tered light intensity signaling the onset of aggregation was found 12°C above 
the nematic/isotropic phase transition temperature. Plots of inverse intensity 
vs. temperature exhibited an S-curve shape with an inflection point located 
at 45°C, which was interpreted as the temperature of "aggregation onset" 
(see Fig. 2.5). Our experimental data spans a range above 20°C over the 
transition temperature, yet no significant changes in scattered light are ob
served; the graph of inverse intensity vs. temperature in Figure ?? increases 
slightly non-linearly, showing no sign of an onset temperature. 
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Figure 5.1: Change in scattered light as temperature is decreased towards 
isotropic----+nematic phase transition temperature. The data were collected at 
a scattering angle of 90 degrees. Both the plots of scattered intensity and 
inverse intensity show no distinct changes in behavior for either the polarized 
(VV) or depolarized light (VH). This differs from the behavior observed by 
Bertrand et. al. [2] on the DSCG system, which showed a distinct onset of 
aggregation. 
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5.3 Dynamic Light Scattering on Bordeaux 
Sample 

An overlay plot of the VV and VH orientation correlation functions are shown 
in Figure 5.2. The correlation functions are highly stretched, indicating a 
wide distribution of correlation times. Correlation times for both the VV 
and VH orientation are short, between 1 f.1S and lOf.1s, and decrease with 
increasing temperature. The correlation times were so short , in fact, that as 
the temperature rose, it became apparent that the delay time was not short 
enough to capture the entire correlation function, for the correlation intensity 
still appeared to be increasing even at the shortest delay times. Our most 
important observation, however, is that none of our correlation functions ap
pear to have two decaying exponentials, indicative of two diffusion modes like 
the correlation functions of the DSCG system. Even at high temperatures, 
we do not see separate diffusion modes for the monomer and aggregate units. 
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Figure 5.2: DLS correlation functions for Bordeaux dye sample recorded at 
a scattering angle of 45°. 

58 



5.4 Repeat DLS Measurements on the DSCG 
System 

An overlay plot of the DLS data collected on the DSCG system, using our own 
sample, apparatuses, and a procedure slightly different form Bertrand et . al., 
is shown in Fig 5.3. Also included is a graph of inverse intensity of scattered 
light vs. temperature, where the intensity was taken to be equivalent to the 
average count rate calculated for each DLS correlation function collected at 
the various temperatures. The DLS data shows a clear change in the shape 
of the correlation function below 36.5°C. A second decaying exponential is 
visible in the last few decades (corresponding to longer correlation times) 
in addition to the first decaying exponential that is visible from 1 to 100 
f1S. These are precisely the fast and slow diffusion modes that Bertrand et. 
al. found in their study. Likewise, the plot of inverse intensity of scattered 
light vs. temperature shows a jump around 35°C, approximately the same 
temperature where the correlation functions begin to change shape to show 
both diffusion modes. This is a different "aggregation onset temperature" 
than Bertrand et. al. found (about 44°C) , but we would expect our value to 
be lower because our solution of DSCG has a lower concentration than their 
14 wt. % sample. 
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Figure 5.3: Overlay of DLS correlation functions collected at varying tem
peratures and a plot of inverse scattered light intensity vs. temperature 
constructed from the same data. The marked changes in the DLS correla
tion function shape and the jump in inverse scattered light intensity suggest 
an aggregation onset temperature of 350 

5.5 Static Light Scattering on GO 

Though our sample used filtered water, we nonetheless observed one or two 
dust particles in solution that necessitated more intensity readings at the low 
scattering angles. The discriminator eliminated enough false readings from 
contaminates to produce a clean looking structure factor for low and mid
range q values, but the last five data points (high q values) from each sample's 
scattering data increased in intensity rather than decreased and were thus 
discarded, judged to be false readings from contaminates or stray light. The 
remaining data are displayed in Fig 5.4. 

Log-log plots of the the static light scattering data, shown in Fig. 5.5, 
exhibited a distinctive kink at around q= O.Olnm- l, which was interpreted 
as the beginning of the long range linear behavior achieved by structure 
factors at high q values. The latter parts of these plots, when fit with linear 
functions , were shown to decrease in slope with increasing sonication time. 
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Overlay Plot of Graphene Oxide Structure Factors 
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Figure 5.4: Structure factors obtained from static light scattering of graphene 
oxide samples sonicated for 1, 10, and 60 minutes , An offset has been applied 
to the intensities for presentation purposes only. 

5.6 Dynamic Light Scattering on GO 

In agreement with the observations made during the development of the 
procedure, the correlation times of the graphene oxide samples decreased the 
longer they were sonicated. Though a significant difference between the 1 
minute and 10 minute sonicated samples was observed, little difference was 
found between the 10 minute and 60 minute sonicated samples. Correlation 
funct ions collected in the VH orientation followed a similar trend, though 
the significant amount of noise in these functions may slightly obscure this 
observation. Longer collection t imes were needed for these VH data. 

61 



1 min Sonicated Sa mple 10 min Sonicated Sample 60 min Sonicated Sample 

14 r.--,,-~--~-~------, 

13..5 1-"' ........ , ............... , ................ ,............... ., 
' ", 

.< 
• 

~ IJ I- .............. ;~ ............... , ............... , ............... ., 
:l "'-. 
~ 12 . .5 ~ ......................... + ...... ">,.+................ +............... -I 
C . ~ 
. ~ " 1- .............. , ................ , ............... , ............... ., ~ 

~ II.' I- ... · ........ , . ..... ·· ............. i ' " " 

II ~ ......................... + ............... , ............... , 
10.' ~ + wi ........................ +1'\.·.·"'········.·.·· -I ~ ...... . 

'... "' '00=.004:---0"".00"-' - --.:0.""011:----,0;:;0.0 '-,;-' -~O.03 0.004 0.007 0.0 11 0.018 0.0] 0·7.;.1JO.I::--~",--------,:'-:::--~---;C 
Scattering Wave Vector q (lIIn·l) 

Figure 5.5: Log-log plots of the structure factors displayed in figure 10. The 
data have been separated into two halves: q <0.01 and q >0.01. The data at 
higher q values were used to determine the fractal dimension of the graphene 
oxide sheets. 

5.7 pH Dependence of Correlation Times 

Though our three samples had pH values of 3.72, 6.96, and 10.85 immediately 
after preparation, these pH values changed over the course of the experiment . 
Sonication and centrifugation seemed to have little effect on the high and low 
pH samples, but the neutral sample had a pH of 5.2 by the end of the end of 
the experiment. The pH of our GO samples from the previous experiment on 
varying sonication times were all reported to have an approximately neutral 
pH: 7.3 , 6.9, and 6.7 for the 1 min. , 10 min., and 60 min. sonicated samples 
respectively. Therefore, it is unlikely that the drop in pH of the neutral sam
ple in this experiment was due to aging or the incorporation of atmospheric 
carbon dioxide into the solution to form carbonic acid. 

The DLS correlation functions (VV orientation) of the three samples show 
decreasing correlation times as the pH increases. It is less clear whether the 
same trend is followed in the VH orientation correlation functions. These are 
interesting results, as they suggest that pH does affect the size or shape of 
the GO particles, even though all samples were exposed to the same amount 
of sonication. 
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Figure 5.6: Overlay of dynamic light scattering autocorrelation functions 
for graphene oxide when the detector is in the VV and VH orientation. A 
decrease in correlation time, indicated by a leftward shift of the correlation 
function, is observed between the 1 minute and 10 minute sonicated samples, 
but little change is observed after 10 minutes. Without further interpretation, 
this tells us that the GO samples sonicated at longer times are smaller in 
SIze. 

When displayed on a log-log plot, the SLS data had the same appearance 
as the data from the previous experiment (see Fig. 5.5). As before, the 
last five or so data points had unusually high intensity values, so they were 
discarded from the analysis. 
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Figure 5.7: DLS Correlation functions for pH controlled samples of GO. 

5.8 Magnetic Lab Data 

No experimental results involving GO and the high magnetic fields at the 
NHMFL was available for reference before our experiment , so the only be
havior expected was an increase in induced birefringence as the applied mag
netic field aligned individual sheets of GO. As shown in Figure 5.8, the bire
fringence did increase as the magnetic field was increased. However, before 
the magnetic field reached its maximum, the birefringence peaked and then 
began to decrease until the field reached 30 T . The birefringence stayed ap
proximately constant until the field began to decrease, at which point the 
birefringence increased, peaked again, and then decreased to zero. Inter
estingly, this non-monotonic behavior disappeared when the maximum field 
was decreased to 2 T, as seen Fig. 5.9, so whatever mechanism causes the 
birefringence to decrease only happens at high fields. 

Some of the initial runs showed a linear drift in the birefringence signal; 
this drift was measured at the end of the run and the data were adjusted to 
account for this drift. Unfortunately, the 10 minute sonicated sample was 
found to be too dilute to exhibit a detectable birefringence, so only the 1 
minute and 60 minute sonicated samples are shown in these charts. 
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Figure 5.8: History of induced birefringence as magnetic field was raised to 
30 T, kept constant for a time, and then lowered. Data for the 1 minute and 
60 minute sonicated samples are shown. 

Samples with Varying pH Knowing that there were two competing ef
fects occurring in the GO, one or both of which might be affected by the 
rate at which the magnetic field is changed, the data on the pH samples 
were taken at two different slew rates (magnetic field ramp rates). These 
data exhibit the same non-monotonic behavior as the previous samples, with 
the low pH samples showing the strongest effect. Whatever effect causes the 
birefringence to decrease at high fields is made more pronounced when the 
slew rate is slower, so the effect may be time dependent. Also, while the sec
ond birefringence peak was always lower in the data taken at the slow slew 
rate, the second peak was sometimes higher when the slew rate was fast. 

We were surprised to find that the initial response to the applied magnetic 
field did not appear to be linear with H2 (the field squared) but rather stayed 
linear with H over a period of time. Theoretically, the molecules experienc
ing the magnetic field should align regardless of whether the field is directed 
in one direction or in the exact opposite direction, so switching the field's 
direction, or changing from a positive H value to a negative value, should 
not change the birefringence. Thus, a dependence on the non-direction de
pendent value of H2 is standard for most induced birefringence experiments. 
Figure 5.11 shows the induced birefringence plotted against both time, which 

65 



1.2 1 

11 

Time Plot of 2nd Run; Graphen Sonicated 1 min 
Ramp H Field from 0 T-> 2 Tat 5.00 Tlmln 

Corrected for Birefringence Drift 

900 950 1000 1050 1100 1150 1200 1250 

Time (seconds) 

Figure 5.9: Birefringence plateaued at low fields , showing no hysteresis. 

is linear with H, and H2. It is clear that there is more curvature in the bire
fringence when plotted with H2 than with H. 
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Figure 5.10: Birefringence data for samples of varying pH. The top set of 
graphs correspond to the data taken at a fast slew rate (5 T Imin) , while the 
lower set of graphs correspond to a slower slew rate of 2.5 T Imin. The left 
pair of graphs correspond to the high pH sample, the middle pair correspond 
to the low pH sample, and the right pair correspond to the "neutral" pH 
sample. 
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Chapter 6 

Analysis 

6.1 Confirmation of Transition Temperature 
and Bordeaux Concentration 

Referring to the phase diagram in Figure 2.1, our sample's transition tem
perature of about 31.5 °C must correspond to a concentration lower than 4 
wt %. Our UV-Vis absorption spectrum confirms this, for when we compare 
it to previously recorded data (taken by Michelle Tomasik), we find that 
our diluted sample has an absorption peak intensity between a 0.00072 wt 
% sample (A=0.231) and 0.0029 wt % sample (A=0.894). Interpolating and 
working backwards to find the concentration of our undiluted sample, we cal
culate the original concentration of Bordeaux dye to be 3.47 wt %, though 
there is a chance that some evaporation occurred between the time of the 
light scattering experiments and the time the UV-Vis spectrum was taken (a 
month later). Therefore, the concentration of our Bordeaux dye at the time 
of our light scattering experiments could have been as low as 3 wt %. 

6.2 Search for Aggregation Onset Tempera
ture 

As noted in Figures 5.2 and 5.3, the behavior found in Bertrand et al. that 
signaled the onset of aggregation at a specific temperature was not found 
anywhere in our data. Unless this onset temperature occurs outside the 
temperature range explored in this experiment, say in the 50-60°C range, 

69 



Bordeaux dye does not seem to behave the same way as DSCG. 

Though a second diffusion mode was not observed in the DLS correlation 
functions of Bordeaux dye, we still fit the data to decaying, stretched ex
ponentials and summarized the correlation times in the figure below. In all 
cases, the uncertainty in the correlation time was greater than the correla
tion time itself. This is likely the result of the high degree of stretching in 
the exponentials and very low correlation times; the polydispersity resulting 
from a variety of aggregate sizes meant that there was a wide distribution of 
diffusion t imes. Because our results are mostly qualitative, we only include 
the mean correlation time and stretching parameter in our table. As evident 

Table 6.1: DLS Correlation Times for Bordeaux Dye Aggregates Diffusing in 
Solution 

Temperature (OC) (T)VV(fJ, s) f3vv (T)VH(fJ, s) f3VH 
28 .9 95 0.49 27 0.60 
31 77 0. 52 18 0.66 
33 71 0.52 22 0.43 
35 58 0. 52 17 0.50 

36.5 69 0.38 9 0.53 
38.3 48 0.49 9 0.55 
40.2 59 0.43 13 0.42 
42.1 54 0.46 5 0.51 
43.8 35 0.56 4 0.60 

from the numbers in Table 6.1 , there is no observable trend in the stretch
ing parameters that would lead us to believe that there is a change in the 
polydispersity of the sample with increasing temperature. Interestingly, our 
correlation times are somewhere in between the "fast" and "slow" diffusion 
modes seen in Bertrand et. al. [2], meaning that the Bordeaux aggregates 
must diffuse through solution faster than the DSCG aggregates at the con
centrations examined. Our values of f3 correspond to the same range of f3 
values seen by Bertrand et. al., so the polydispersity of our Bordeaux system 
is roughly the same as that of Bertrand's DSCG system. 
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6.3 Static Light Scattering on GO 

Analysis of the SLS data proved the most difficult due to the need of writing 
a fitting program that created fitting functions for structure factors of poly
disperse solutions. As stated previously, there are multiple combinations of 
fit parameters that can create very similar versions of these structure factors , 
so much time was spent rerunning the program and adjusting the parame
ters manually until the lowest X2 was achieved. Because the error on the size 
parameters seemed uncorrelated to the X2 of the fit, a weighted average of 
the best fit size parameters was taken to acquire an average for each value. 
The weights of each value were taken to be the inverse square of the stan
dard deviation and the square standard deviation of the weighted average 
was taken to be the inverse sum of the weights, 

(6.1) 

(6.2) 

Three trends are observed in the data in Table 3, which was extracted from 

Table 6.2: Thin Disk and Ellipsoid Dimensions Extracted from SLS Data 

Sonication Time 1 min. 10 min 60 min 
a(J-tm) 0.210 ± 0.007 0.137±0.00l 0.137±0.003 

0"=0.100 0"=0.100 0"=0.080 
b(J-tm) 3.12 ±0.1 4.37 ±0.07 3.92 ±0.2 

0"=1 0"=1 0"=0.8 
R(J-tm) 0.636 ± 0.01 0.38± 0.03 0.37 ± 0.02 

0"=0.2 0"=0.1 0"=0.1 
Fractal Dimension 2.22±0.03 2.07±0.02 1.99±0.0l 

the static light scattering curves. First, the semi-minor axis parameter a, a 
parameter similar to the thickness of a thick disk, decreases after 1 minute of 
sonication time. Furthermore, the 0" values representing the distribution size 
of these a values are large enough to suggest that there are graphene oxide 
particles in solution that are on the scale of a few nanometers in thickness. 
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Second, when fiting the structure factor of a thick disk, the fitting function 
always output a height of zero with large error values. This supported the 
idea that the graphene oxide fit the model of a thin disk rather than thick 
disk or cylinder. Upon using the fit function for a distribution of thin disks, 
the radius parameter R was found to decrease in the same manner as the a 
parameter of the ellipsoid model. 

Next, the fractal dimensions obtained from the log-log plots decreased to 2 
with increasing sonication time, suggesting that any crumpling or out of plane 
vibrations characteristic of larger GO sheets or aggregates were eliminated 
with sonication. These values are comparable with the fractal dimension of 
2.15 reported by Spector et. al. [25]. The higher fractal dimension of the 
1 minute sonicated sample may explain the high a:b ratio of the ellipsoid 
data. If we assume that the 1 minute sample still had large, "crumpled" 
sheets or aggregates, these particles could be responsible for size parameters 
that suggested a "rounder" ellipsoid shape. This hypothesis is unconfirmed, 
however, and additional experiments are necessary to determine if crumpling 
of the graphene oxide results in a higher a:b ratio when modeled as oblate 
ellipsoids. 

Several inconsistencies in our data exist. One would expect that the b 
ellipsoid parameter would be close in magnitude to the R parameter of the 
thin disks, as both would seem to measure the width of the graphene parti
cles. The values of the b parameters are consistent with microscopy data on 
graphene oxide which report sizes of about 5f-Lm for each flake of graphene[17] , 
yet the R values seem to follow an expected trend, unlike the b parameter 
which varies from sample to sample. More samples would have to be ana
lyzed to see if there is any trend in the b parameters that is not apparent 
from the three samples studied here. 

One encouraging result is that the calculated R values are on the same 
order of magnitude as the diameter that Stankovich et al. of 560 nm [27]. 
Though we should be cautious in comparing these values, as Stankovich et 
al. used DLS rather than SLS and followed different sample preparation 
procedures, it is interesting to know that this R parameter, as opposed to 
those obtained with the ellipsoid model, are close to other reported values of 
GO membrane sizes. 
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Finally, we note that no conclusions about the polydispersity can be drawn 
from the (5 values as these values were adjusted manually to produce the best 
fit function. Though the decreasing (5 values would suggest a decrease in 
polydispersity, there is a large uncertainty associated with each (5 as further 
adjustment of these parameters could have altered the observed trend. 

6.4 Dynamic Light Scattering 

Similar trends, and inconsistencies, are found in the dynamic light scatter
ing data as well. In both the VV and VH orientation, the correlation times 
decreased with increasing sonication time, with the change after 10 minutes 
dramatically less than the change after 1 minute. (3 values of the VV au
tocorrelation functions increased with sonication, suggesting a decrease in 
polydispersity. However, this same trend was not observed in the (3 values 
in the VH orientation, which may be due to the noise encountered in these 
functions or a different type of polydispersity in sizes that is not measured 
in the VV orientation. 

Table 6.3: Thin Disk and Oblate Ellipsoid Dimensions Extracted from DLS 
Data 

Sonication Time 1 min. 10 min 60 min 
(TVV) (ms) 7.24 ± 0.09 3.62 ± 0.03 3.38 ± 0.02 

(5 (ms) 4.4 1.5 1.3 
(3 0.77 ± 0.01 0.86 ± 0.01 0.88 ± 0.01 

(TVH) (ms) 2.7±0.4 1.9± 0.1 1.8± 0.1 
(5 (ms) 1.7 0.8 1.1 

(3 0.76 ± 0.09 0.86 ± 0.07 0.78 ± 0.06 
a(f-Lm) 0.11 ±0.07 0.12 ± 0.07 0.12±0.04 
b(f-Lm) 1.8± 0.9 1.4±0.5 1.3± 0.4 
R (f-Lm) 2.9±1. 7 1.4±0.6 1.3±0.5 

Our greatest hope in using both SLS and DLS to analyze the graphene 
oxide was that some consistency in the numbers would reveal itself. The 
reality is that few of our numbers match, but many of the same trends are 

73 



repeated. The a parameter of the ellipsoid models do seem to overlap for 
the 10 and 60 minute sonicated samples, yet the new values of band Rare 
totally unlike their static light scattering counterparts. The R values here 
are on a different order of magnitude than their DLS counterparts; this is 
good in that it creates an apparent consistency with the b parameter, but 
this consistency is only seen in the 10 minute and 60 minute samples. More 
samples would need to be studied to see if this consistency is real for more 
than just those two samples. 

A decreasing trend in Rand b parameters matches the trends seen in 
the correlation times and the size parameters seen in the SLS data, but the 
ellipsoid a parameter stays constant and the b parameter decreases. This 
creates a serious uncertainty in which dimension, thickness, width, or both, 
is being decreased by the sonication process. The least we can say is that 
the sonication process decreases at least one of these dimensions. 

Despite the seeming inconsistencies, we must remind ourselves that some 
discrepancy between the SLS and DLS results is to be expected. SLS ex
periments are direct optical measurements of the GO particles in solution, 
measurements that are obscured by the polydispersity of our samples. DLS 
experiments, on the other hand, are hydrodynamic measurements that rely 
on a model of how an ellipsoid or thin disk diffuses through solution in order 
to guess the size of the GO particles. In both cases there are imperfections 
in the theoretical models we use to extract out the size information from 
the experimental data, so it should come as no surprise that our mixture of 
results seem to follow the same trends but not match up numerically. 

Comparing our values of a, b, and R to the diameter reported by Stankovich 
et. al. (560 nm) , we see that all of our a values are lower , but of the 
same order of magnitude, while our Rand b values are at least an order 
of magnitude higher. Again, knowing which values to compare is difficult , 
as different diffusion models were used: Stankovich et. al. used a sphere 
to model the diffusion of freely rotating GO membranes , while we used the 
models of a thin disk and oblate ellipsoid. We can gain some insight as 
to why our R values are higher and our a values lower by comparing the 
equations for the translational diffusion constants of a sphere (the Stokes-
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Einstein equation), oblate ellipsoid, and thin disk. 

kBT 
DT(sphere) = --

67rTJa 
DT ( ell ipsoid) = :::a G (p ) 

G( ) = tan-l~ 
p VpLl 

p=~>1 

kBT 
DT(disk) =-

12TJa 

(6.3) 

In the above equations, a represents the radius of the sphere and disk, as 
well as the semi-minor axis of the ellipsoid. We can see that, for a common 
diffusion constant, the reported radius a must be lower when the ellipsoid 
model is used because G (p) is strictly less than one. Conversely, the radius 
calculated from the disk model must be higher because, when we compare 
the denominators, 12 is smaller than 67r. 

Though we have , and will continue, to speak of the GO particles in a 
solution as "being smaller" than those of another, we must remember that 
these changes in size are a result of aggregates of GO being broken apart by 
sonication and then being self-exfoliated in solution. Sonication is not strong 
enough to break any covalent bonds within a GO membrane. We must 
therefore consider what type of GO aggregation would explain the trends 
seen in our data. 

Partially Overlapping GO particles If intermolecular forces be
tween two GO particles causes them to partially overlap, like the circles of 
a Venn diagram, the resulting aggregate would only be slightly thicker than 
a single particle, but would have a larger surface area. Using the ellipsoid 
diffusion model, this would give a larger b / a ratio, a smaller value of G (p), 
and hence a smaller translational diffusion constant (larger VV correlation 
time). 

Stacking GO particles Considering another case where two GO par
ticles of similar size completely overlap, we would expect the b / a ratio to 
decrease once a significant amount of GO particles are added. Now if we 
look at the translational diffusion constant, G (p) and a would be higher. 
Though the magnitude of the change in G(p) would probably differ from the 
magnitude in the change of a, a near equal increase in both would tend to 
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keep the translational diffusion constant the same. Knowing that the transla
tional diffusion is primarily affected by the lateral size of the object, it would 
make sense that a cylindrical stack of GO particles would not have a very 
different translational diffusion constant compared to a single disk. Breaking 
up these aggregates would not show a significant change in the VV orienta
tion correlation time, but we would hope that a change in the thickness a 
parameter would be visible. 

Because we do see a dramatic change in the translational diffusion (a 
change of the VV orientation correlation time) but not a very large change 
in the "thickness" parameter a, it is likely that the GO aggregates that exist 
in the unsonicated samples are of the" partially overlapping" variety. 

We used the oblate ellipsoid and thin disk models in the hope that they 
could show us changes in the size and shape. The ellipsoid and thin disk 
model both suggest that the surface area of the particles, which should scale 
with Rand b , decreases with sonication. However, as evidenced by the 
numerous discrepancies within our experiments and between our data and 
the data reported by Stankovich et. al., it is clear that there is little we can 
say with confidence about changes in the shape of GO with sonication, based 
on size parameters alone, except that it is likely that unsonicated samples 
contain aggregates of partially overlapping rather than stacking GO particles. 

6.5 Data on Solutions with Varying pH 

As the results from initial light scattering experiments proved to be incon
sistent and difficult to interpret , the analysis of the light scattering data 
from the pH varying samples was limited to the determination of the frac
tal dimension, the calculation of the different correlation times and stretch 
parameters, and the calculation of the ellipsoid size parameters from the dif
fusion constants. 

76 



Table 6.4: Ellipsoid Dimensions (DLS) and Fractal Dimensions (SLS) of GO 
Particles in Samples of Varying pH 

pH 4 5.2 10.8 
(TVV )(ms) 3 ± 1 3±1 1.4± 0.5 

f3vv 0.87± .01 0.86± .01 0.91 ± .02 
(TVH) (ms) 2 ± 2 1.1 ± 0.1 0.8 ± 0.5 

f3VH 0.68± 0.05 ~1 0.8± 0.1 
a (/-lm) 0.2 ± 0.1 0.12± 0.06 0.12± 0.05 
b(/-lm) 1.1 ± 0.4 0.9± 0.3 0.6 ± 0.3 

b/a 10± 5 9 ± 6 9 ± 8 
Fractal Dimension 1.94± 0.02 1.86± 0.02 1.78± 0.04 

A few trends can be observed in Table 6.4: first , the GO particles in 
the high pH solutions had smaller correlation times, and therefore, were 
estimated to have a smaller size. Compared to our previous experiment, all 
of the b values are smaller, while the a values are approximately the same. 
Considering the error in the a and b values, the low pH samples show a and 
b parameters that are approximately the same as those seen in the previous 
experiment, but the high pH sample clearly has smaller GO particles. Second, 
the fractal dimensions of all the samples were calculated to be lower than 
2. Theoretically, a fractal dimension closer to 1 indicates a geometry that is 
more like straight wire than a flat plane. The low pH samples had fractal 
dimensions closer to 2, but we would expect that the smaller particles in the 
high pH solution would be the flattest. It does not appear that the fractal 
dimension gives us as clear an answer as we hoped it would . 

One last consideration that our models haven't taken into account is the 
presence of the various functional groups. Attraction between these various 
groups via hydrogen bonding would naturally lead to a crumpled phase. The 
deprotonation of hydroxyl and carboxylic acid groups in high pH samples, 
on the other hand, would leave behind negatively charged oxygens on the 
GO membrane, which might strengthen the tendency for the membrane to 
avoid itself and hence remain flat . If the deprotonation of these groups 
leaves behind groups that tend to repel each other, we might understand how 
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the high pH samples have fewer and smaller aggregates, and hence smaller 
correlation times. (Again: this is pure speculation. There is no real reason 
to believe this is a good model). 

6.6 Ind ueed B irefringenee 

Analysis of the induced birefringence data is complicated by the number of 
variables present that could effect the magnitude of birefringence observed, 
including varying pH, sonication time (size), slew rate of the magnetic field, 
and GO concentration. While we measured a number of quantities for each 
run, such as locations and magnitudes of peak birefringence and the rates of 
birefringence increase and decrease , comparing any of these between different 
samples is dangerous because it is as yet unclear which values are affected by 
which variables. It is also known that the experimental setup used to mea
sure the birefringence of our samples is affected by how the sample absorbs 
polarized light , so some of the effects, like the nonlinearity of the birefrin
gence vs. H2 plots, could be explained if the particular wavelength we used 
is absorbed strongly by the sample. 

A summary of the collected data is shown below. In an attempt to provide 
a concentration independent quantification of the "second effect" (decrease 
and recovery of birefringence at high H fields), we show the ratio of the 
1st peak and 2nd peak birefringence intensities normalized by the height of 
the trough. Higher values of this ratio indicate a larger trough between the 
peaks. 
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The numbers in Table 6.5 confirm what is apparent from the graphs in Fig. 
5.9: whatever phenomenon is responsible for the decrease in birefringence 
after the first peak is more pronounced in the samples at low pH and slow 
slew rates. First , the relative peak heights (compared to the birefringence 
minimum at maximum H field) are always greater for the slow slew rate 
runs on a given sample. In the case of the high pH sample, no decrease in 
birefringence was observed at all until it was examined at the slower slew rate. 
Second, the rate, with respect to H2 , at which the birefringence decreases or 
recovers increases significantly when the samples are tested using the slower 
slew rate. 

Another noteworthy effect of the slew rate is that the first birefringence 
peak occurs at a lower magnetic field value when the magnetic field is ramped 
slower. In other words, the "second effect" begins to dominate sooner when 
magnetic field is increased more slowly. 

It may be the case that the alignment of the GO particles with the magnetic 
field is not an instantaneous process, but instead requires a finite amount 
of equilibration time before the effects of alignment are seen. This might 
explain why the "second effect" is stronger and appears at a lower magnetic 
field value when the slew rate is slower: because the GO particles are given 
more time to equilibrate when the magnetic field is increased slowly, effects 
associated with their alignment are noticed as soon as the necessary magnetic 
field strength is reached. 

Because the samples with varying pH were sonicated for 10 minutes, we 
can try to draw some broad conclusions by comparing these samples with 
the 1 minute and 60 minute sonicated samples prepared in the earlier ex
periment. Although it is impossible to determine which of the phenomenon 
observed were affected by sonication (size) or pH, we do notice that the sam
ple sonicated for only 1 minute has a peak in birefringence at a lower value of 
H compared to any of the other samples, even though it was run at the faster 
slew rate. The peak ratio of the 1 minute sample is also high compared to 
the other samples. With this, and remembering that the DLS data suggested 
that the low pH samples were larger in area, we can say that if the second 
effect is mostly dependent on size, than it would appear to be stronger when 
the GO membranes are larger. 

80 



Given the lack of controlled variables in our experiment , it is exceed
ingly difficult to do anything more than speculate about the mechanisms 
which are responsible for both the alignment and "second effect" phenom
ena. While crumpling would indeed result in a decrease in birefringence, as 
the anisotropy of the individual GO membranes would decrease, it is unclear 
how the magnetic field could be responsible for this crumpling. 

If GO membranes tend to align parallel to the field... If, through 
some mechanism, the GO membranes tend to align so as to minimize the 
amount of surface perpendicular to the magnetic field, then small, flat GO 
membranes will tend to align well in the field while larger membranes would 
try to flatten to minimize out-of-plane bending. Since our data suggests 
that the solutions of smaller GO membranes had a weaker "second effect," it 
may be that out-of-plane bending that occurs in the larger sheets somehow 
contributes to the decrease in birefringence. Crumpling, however, does not 
seem to be the likely result of a increased magnetic field in this model. 

If GO membranes tend to align perpendicular to the field ... 
Modeling aromatic systems as loops of current is a common way of explain
ing the NMR signal shielding effect observed in many aromatic systems. 
While GO is not aromatic like graphene, regions where aromaticity is pre
served do exist throughout a given membrane. If these tiny current loops act 
as magnetic dipoles, then each membrane will tend to align with its surface 
perpendicular to the magnetic field. Again, we would expect flatter mem
branes to align in the field well, while larger membranes would have trouble 
if there was out-of-plane bending. In fact , we can imagine that if large, flex
ible membranes had regions of aromaticity spaced far apart, then a bend in 
the membrane might be necessary to bring both regions of aromaticity in 
alignment. This theory of crumpling would be supported by our data, but it 
is still uncertain, and unlikely, that this is the appropriate model. (Regions 
or aromaticity are known to be fairly evenly distributed, so it's unlikely one 
region could become heavily aromatic compared to another region). How the 
presence of the functional groups on GO affects these models is also unknown. 

Though the results of our magnetic field data raises more questions than 
it answers, one thing is certain: GO membranes do align in a magnetic 
field, but there is some phenomenon that competes with alignment at high 
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magnetic fields, an effect that is dependent on the size of the membranes and 
possibly the pH of the solution. 
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Chapter 7 

Conclusions 

Bordeaux Dye Though our investigations into the aggregation behavior 
of Bordeaux dye did not advance our understanding of the aggregation pro
cess or provide us with a new tool for analyzing Bordeaux dye systems, we 
did establish that the pre-transitional behavior seen in DSCG is not univer
sal to all aggregating chromonic liquid crystal systems. It is known that the 
structure of DSCG aggregates is larger and more complicated than a simple 
one-molecule-per-layer, with the incorporation of water molecules being an 
important part of the structure [31], but whether DSCG's unique aggregate 
shape is responsible for the visibility of an "aggregation onset" temperature 
is uncertain. Studies done by colleagues at Kent State University have also 
shown that DSCG exhibits an aggregation onset temperature using birefrin
gence experiments at the National High Magnetic Field Laboratory. How
ever, the same study also showed that three other chromonic systems did 
not exhibit this phenomenon, including Bordeaux dye. Thus, it appears that 
the presence of an aggregation onset seems to be a unique feature of DSCG, 
not a universal feature of all isodesmically aggregating chromonics. More 
focused studies on DSCG, Bordeaux dye, and other similar chromonics will 
be necessary to understand why DSCG is so unique. 

GO: Sonication and pH Effects Our experiments on solutions of GO 
clearly showed that sonication does have some effect on the size of the GO 
particles. Whether or not DLS and SLS techniques can be used to obtain 
accurate information about the size of these particles is uncertain. Comple
mentary experiments using microscopy would be needed to show how the 
actual size of the GO particles correlates to the perceived size found from 
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light scattering experiments. Using the same experimental procedures, but 
changing the pH of our solvents, did result in smaller particles, but more 
experiments focused on the chemistry of the protonation and deprotonation 
of the functional groups found on GO may provide us with a model for un
derstanding how high pH affects the breaking up of aggregates. 

Induced Birefringence in GO The induced birefringence experiments 
discussed here were not adequate enough to provide us with full understand
ing of the phenomena involved when GO is placed in a high magnetic field. 
These experiments were done mostly because it was easy to add just these 
few samples of GO onto a larger roster of samples to be tested at the NHMFL 
by researchers from Kent State and Swarthmore. A more thorough investi
gation with more controls might allow one to postulate mechanisms for GO 
membrane alignment and the "second effect." At the very least, however, 
our investigation has shown that there is a force opposing the increase in 
birefringence, but only at high magnetic fields. Furthermore, this opposing 
force is more visible when the slew rate is smaller, perhaps indicating that 
alignment with the field requires a finite equilibration time, and that there 
is a high chance that the force is dependent on the size and shape of the 
particles. 
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