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Abstract 

Unlike solids, which have both positional and orientation order, and liquids, which have no 
molecular organization, liquid crystals have have a degree of orientation order while still 
flowing like liquids. This unusual combination of properties makes them especially useful in 
technological applications. In certain lyotropic liquid crystals, molecular aggregates forming 
in solution orient along the same axis rather than individual molecules themselves. We 
studied this aggregation process in the chromonic liquid crystal Benzopurpurin 4B (BPP), 
a textile dye. In order to study the process of aggregation, we used dynamic light scattering 
on a range of different solutions to determine aggregate size and shape, the concentration 
needed for aggregate formation, and their response when heated. Results indicate that large 
anisotropic aggregates form in solution starting in the 0.11-0.12 wt% concentration range, 
but then grow in size as the concentration is increased. This type of aggregation behavior 
differs from other chromonic liquid crystals in that aggregation only begins above a certain 
concentration. On the other hand, amphiphillic aggregates, which also form only above 
certain concentration, do not grow in size. Therefore, BPP behaves differently than both 
more typical chromonic aggregates and amphiphillic systems. 

Since BPP comes with several different salt impurities, we developed a purification pro
cess using dialysis to obtain solutions of pure BPP. By reintroducing sodium salts in known 
concentrations and making phase measurements at different temperatures, we determined 
the salt effects on the formation of aggregates. Results for BPP paralelled a similar study 
[12] on disodium chromogylcate, with the addition of salt increasing the temperatures at 
which the liquid crystal phase can exist. Given the differences in aggregation behavior be
tween these two compounds, these findings contribute to a more general understanding of 
how salt effects chromonic aggregation. 
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Chapter 1 

Introduction 

1.1 Characteristics of Liquid Crystals 

Situated between the solid and the liquid phase, liquid crystals contain characteristics of 
both. As with a solid and a liquid, the organization of molecules or molecular aggregates plays 
a key role in defining the liquid crystal phase. In most solids, for example, molecules arrange 
themselves into a rigid lattice structure, with ordered position and orientation. Thermal 
energy may cause these molecules to vibrate, but on the whole, they do not change their 
orientation dramatically. In liquids, on the other hand, the molecules have many degrees 
of freedom, allowing them to move in any direction and rotate freely. This jumps from 
zero to six degrees of freedom makes it not at all surprising that liquid crystals, situated as 
they are between solid and liquid have an intermediate number of degrees of freedom. The 
molecules in a liquid crystal contain orientational order and sometimes a degree or two of 
positional order as well. This means that, while individual molecules will vary slightly in 
their orientation, on average the molecules will orient in the same general direction. 

By its very nature, the requirement of orientational order necessitates that the basic unit 
of the liquid crystal, whether a molecule or an aggregates be anisotropic, meaning that the 
properties of a liquid crystal vary depending on its orientation. Physically, this means that 
liquid crystal molecules often have a non-spherical shape, while optically, this means that 
they will have different polarizabilities along different axes. These anisotropic characteristics 
make it possible for the molecules to "point" in a given direction. By constrast an isotropic 
molecule or aggregate is symmetric under all rotations, and therefore cannot" point" in any 
direction. We call this alignment direction the director, and quantify the orientational order 
with a quantity known as the order parameter, S. In most cases, the definition for the order 
parameter is given by 

/3 2 1) S = \ :2 cos (e) -:2 ' (1.1 ) 

where e is the angle between the orientation-axis of the molecule and the director, and 
the bracket denotes an average over many molecules (figure 1.1) [4]. This particular form 
of the order parameter has the advantage of equalling 1 when the molecules have perfect 
orientational order and 0 for the liquid phase. As the liquid crystal phase heats up, the 
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orientational order decreases slightly as thermal energy increases the fluctuations away from 
alignment, while S drops to 0 at the phase transition to a liquid. [4]. 
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Figure 1.1: Diagram of molecular order in the solid, liquid crystal, and liquid phases of 
matter. As the temperature increases, the molecular order gains degrees of freedom during 
abrupt phase changes. The director, indicated by a bold arrow, shows the average direction 
along which the molecules are aligned. The order parameter S can be calculated by averaging 
functions of e over all the molecules in the sample. 

The ordering of these anisotropic particles give a liquid crystalline sample macroscopically 
anisotropic properties as well. Perhaps the most technologically useful characteristic of liquid 
crystals is their optical anisotropy, known as birefringence. Liquid crystals have different 
indices of refraction depending on whether the incident light has its polarization parallel 
or perpendicular to the director. As a result, liquid crystals can act as a phase retarder 
and other optical devices. However, birefringent liquid crystals have more versatility than 
solid crystals due to the relative ease with which one can manipulate the orientation of the 
director. For example, the application of an electric field to a liquid crystal can rotate the 
director and change the effects of the liquid crystal on light passing through it. The most 
basic type of liquid crystal display functions on exactly this principle. To create a cell that 
transmits or blocks light, a liquid crystal sample sandwiched between crossed polarizers is 
prepared such that the liquid crystal rotates the polarization of the light. This allows all 
light passing through one polarizer to pass through the other. The device switches the pixel 
on and off by applying a voltage between two electrodes positioned on the front and back 
of the cell, rotating the director parallel with the direction of light propagation. This makes 
the sample appear isotropic to the incoming light, so light does not pass through the crossed 
polarizers, and the cell turns dark. Similar principles find application in the construction of 
privacy windows, made to turn opaque at the flip of a switch. Some temperature sensors also 
rely on the temperature dependence of liquid crystal properties [4]. Clearly, liquid crystals 
have much use in modern technology. 
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1.2 Liquid Crystal Types 

Though all liquid crystals share some basic similarities in their molecular arrangement, 
a surprising variety of types exist . Soft condensed matter scientists have developed elab
orate names for each category and sub-category of liquid crystal, each with differences in 
the arrangement, shape, and composition of the basic units that give the liquid crystal its 
anisotropy. 

1.2.1 Thermotropic Liquid Crystals 

The broadest categorization divides substances between thermotropic and lyotropic liquid 
crystals. All thermotropic liquid crystals contain only one type of molecule, which orients 
in a certain direction to produce anisotropic effects. In these cases, the temperature of 
the sample primarily determines whether the substance forms a liquid crystal phase, giving 
this type its name. Scientists further subdivide thermotropic liquid crystals based on the 
shape of the molecules itself, and different variations in the ordering of molecules. Calamitic 
liquid crystals contain rod shaped molecules often with hydrocarbon chains at either end 
[4]. These molecules order in several different ways. First , they can form a simple nematic 
phase, containing only positional order. However, as mentioned above, some liquid crystals 
can contain degrees of positional order. In this type of ordering, known as the smectic 
phase, the molecules tend to cluster in layers. Like the orientational order, however, this 
layered structure only represents the average positions of molecules in the substance. The 
amount of order does not approach that of a solid crystal, since molecules still move freely 
throughout the substance. One can even differentiate between smectic A phases, which have 
their directors pointed perpendicular to the layers, and smectic C phases, which do not [4]. 
Some calamitic liquid crystals exhibit a chiral arrangement in which the director rotates 
around an axis perpendicular to it as one travels through the substance. 

Discotic molecules constitute a second shape seen in thermotropic liquid crystals. In 
these cases, the molecules have a fiat, central core with hydrocarbon chains attached in 
several directions. As with calamitic liquid crystals, discotic molecules can form liquid 
crystals with orientational order only, as well as those with some positional order as well. 
Instead of arranging themselves in smectic layers , discotic molecules tend to orient themselves 
into columns, forming the columnal phase. Despite the variety in the shape and ordering 
characteristics of thermotropic liquid crystals, they all form in pure substances and depend 
primarily on temperature to determine whether the liquid crystal phase forms. 

1.2.2 Lyotropic Liquid Crystals 

Lyotropic liquid crystals have several fundamental characteristics that make them dra
matically different than thermotropic liquid crystals. First and foremost , these types of liquid 
crystals form in solutions rather than in pure substances. Secondly, individual molecules do 
not align by themselves to create anisotropy; instead, the molecules come together to form 
anisotropic aggregates, which themselves align along a director. For these reasons, addi
tional conditions besides temperature determine whether the liquid crystal phase forms. 
Temperature still affects the phase in the same ways as thermotropic liquid crystals, but 

10 



the concentration of the substance also has a strong effect on liquid crystalline behavior. In 
order to form a liquid crystal phase, the concentration must be high enough both to induce 
the formation of aggregates if they do not form at all concentrations, and to force these 
aggregates to align together. As a result , some solutions may be macroscopically isotropic, 
but still contain anisotropic aggregates. These differences make it necessary to distinguish 
between anisotropy in the shape of an aggregate or a molecule and the anisotropy of the 
fluid as a whole. 

For some time, scientists thought that only amphiphillic molecules formed this type of 
liquid crystal [13]. Amphipillic molecules, such as detergents and phospholipids, contain 
a hydrophillic head attached to a long hydrophobic tail, which cause them to aggregate in 
aqueous solutions. This entropy-driven aggregation process results in two types of aggregates 
known as micelles and vesicles [13]. In micelles and vesicles , the hydrophillic head groups 
shield the hydrophilic tails from the solution (figure 1.2). Because of the way the amphiphillic 
molecules organize themselves, they cannot form at arbitrarily low concentrations. For 
example, a micelle cannot form two molecules, since the polar heads could not appropriately 
shield the inner hydrophobic tails. At some point, known as the critical micelle concentration, 
the number of molecules becomes large enough to form these aggregates [10]. 

Vesicle 

IvIicel1e 

Figure 1.2: Aggregates in a lyotropic liquid crystal formed from amphiphillic molecules. 

1.2.3 Chromonic Liquid Crystals 

Despite the initial focus on amphiphillic molecules as the only type of matter that forms 
lyotropic liquid crystal phases, a second subcategory, known as chromonic liquid crystals, 
has also emerged. Named after the asthma drug, Chromolyn [15] , this type of liquid crystal 
differs dramatically from amphiphillic molecules, both in their molecular structure and their 
aggregation behavior. Chromonic liquid crystals often have a plank or disk shape rather than 
a rod shape (figure 1.3), and do not have hydrophillic and hydrophobic groups clustered on 
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either end of the molecule. Furthermore, while changes in entropy catalyze the aggregation 
of amphiphillic molecules, changes in enthalpy associated with intermolecular bonds also 
promote the aggregation of chromonic molecules [15] [12]. Instead of clumping together to 
form a micelle, chromonic aggregates often have a tendency to stack in columns, generating 
anisotropic aggregates which can align to form a liquid crystal. Because any two molecules 
can bond together and begin the formation of an aggregate, traditional chromonic molecules 
will have aggregates at very low concentrations, and contain a variety of aggregate sizes [15]. 
Consequently, chromonic aggregates lack the critical micelle concentration characteristic of 
amphiphillic aggregates [9] [15]. Since chromonic liquid crystals form aggregates even at 
low concentrations , a solution may contain anisotropic aggregates, but they may not align 
and form a macroscopically anisotropic phase. Thus the phase transition will only occur 
when aggregates grow large enough that interactions between aggregates force them to align. 
(figure 1.4) 

Figure 1.3: Molecular structure of benzopurpurin 4B, a chromonic liquid crystal. 
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Figure 1.4: Aggregates in a simple chromonic liquid crystal. At the lower concentration, 
aggregates form but do not form the liquid crystal phase. At the higher concentration, 
aggregates are large enough to align together. In both cases, there are a range of aggregate 
SIzes. 
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1.3 Previous Research 

Among the most studied chromonic liquid crystals are those, such as Cromolyn or Sunset 
Yellow FCF, whose practical uses demand high purity standards, thus making them easier to 
handle [9]. Initial studies of the former substance, also known as disodium chromoglycate, 
revealed two different liquid crystal phases. In the N phase, the aggregates contain only 
orientational order, much like the nematic phase of a thermotropic liquid crystal. On the 
other hand, the M phase contains positional order as well, since the aggregates arrange 
themselves in a hexagonally packed array [14]. Scientists have used X-ray diffraction to 
determine the spacing between monomers in an aggregate as well as the spacing between 
the aggregates themselves. Several different studies have reported a repeat distance of 0.34 
nm in X-ray diffraction experiments, indicating the separation between monomers in the 
aggregates [9] [20] [14]. X-ray scattering techniques can also help to illuminate a state called 
the Chromonic M phase, in which aggregates not only share similar orientations, but they 
are also have some spatial ordering [14]. In their study of the Sunset Yellow FCF, Horowitz 
et al. used a variety of techniques to illuminating phase behavior and aggregation properties 
[9]. By measuring changes in the absorption spectrum and comparing it with theoretical 
predictions, they determined the stacking energy of (7.25±0.01 )kT for the aggregates [9]. 
An analysis of the concentration dependence of x-ray peak scattering wavevectors yielded an 
aggregate cross section of 1.21±0.01 nm2 [9]. Finally, Horowitz et al. concluded that Sunset 
Yellow aggregates at all concentrations by single monomer stacking, noting that it falls in 
the same class as disodium chromoglycate [9]. 

Beyond illuminating the structure of aggregates and their orientation, scientists have also 
begun to examine the effects of certain substances on the formation of the aggregates. Kostko 
et al. studied the effects of a number of different ionic salts on the aggregation and phase 
diagrams of disodium chromoglycate [12]. They found that the addition of ionic compounds 
in the solution clearly affected the solutions, with some salts raising the transition temper
ature to the liquid phase, and others lowering it. Since a variety of different sodium salts 
resulted in similar changes to the phase diagram, they suggested that the positive ion played 
the dominant role in affecting the formation of aggregates, with sodium and potassium salts 
causing the largest increases in transition temperatures [12]. In their discussion, Kostko et 
al. suggest that these cations may actually form part of the aggregate rather than merely 
playing the role of a catalyst for aggregate formation. An ion in the vicinity of an oppositely 
charged molecules tends to mitigate the electrostatic repulsion which two molecules must 
overcome to form an aggregate [16]. The key role of charged ions in the formation of ag
gregates is suggested in a number of substances other than disodium chromoglycate. Micali 
et al. show how different concentrations of salt clearly affect the morphology of porphyrin 
aggregates, most likely due to an interaction similar to the one described above [16]. 

Although scientists have met with success in illuminating the aggregation process in an 
number of simple chromonics, growing evidence [8] [25] suggests that other chromophores 
have aggregation models more complicated than simple stacking. In particular, the well
studied dye pseudoisocyanine cloride (PIC) has several unusual properties. Forming aggre
gates known as J- or Scheibe aggregates, PIC aggregation appears rather suddenly as a sharp 
572 nm peak in the absorption spectrum [22] Von Berlepsch, Bottcher and Dahne [25] also 
note this peak appearing in 2.82 x 10- 5 M solutions and increasing in size with concentration. 
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The appearance of an entirely new peak in the PIC spectrum with increasing concentration 
differs dramatically from the changes observed in Sunset Yellow FCF's spectrum, which only 
displays size changes in pre-existing absorption peaks [9]. Additionally, they used cryo-TEM 
imaging in an attempt to visualize the aggregates, observing long thread-like aggregate struc
tures with an estimated average length of 350 nm, but with a width of just 2.3±0.2 nm [25]. 
These findings support the general thread aggregate model discussed in other work [22]. At 
the same time, the interior arrangement of PIC molecules within these threads poses a more 
difficult problem. While Von Berlepsch, Bottcher and Diihne propose two different models, 
their analysis is complicated by the subsequent work of Herzog, Huber, and Stegemeyer. 
U sing a combination of static light scattering and spectroscopic measurements, they tested 
the dependence of aggregate formation on a host of different factors. While varying PIC 
concentration, they found that at a critical concentration, the molecular weight and linear 
mass density started to increase dramatically with concentration. On the other hand, while 
the radius of gyration increased when aggregation began, it did not continue to do so as the 
concentration was raised. Likewise, the weight-averaged length remained relatively constant 
above the critical concentration [8]. Interestingly, the presence of salt plays an important to 
the formation of the larger aggregates [17]. Herzog, Huber and Stegemeyer have also shown 
that raising the salt concentration lowers the critical concentration for aggregate formation 
at a given temperature [8]. The results from these various studies suggests that different 
types of chromonic molecules form very different types of aggregates. 

In our study of the aggregation process, we used a textile dye called Benzopurpurin 4B 
(BPP) (figure 1.3). Because of its industrial uses, the powder form of this dye contains a 
large number of salts and other impurities, which make it a difficult system to study in a con
trolled manner. Compared with the purer dye forms, not nearly as much research has been 
devoted towards uncovering the structure and aggregation properties of BPP, with Bykov 
et al. presenting the only major study [2]. By measuring the specific heat as a function of 
temperature and identifying the peaks corresponding to phase transitions, they determined 
the phase diagram of BPP in water. Changes in the shape of heat capacity peaks prompted 
Bykov et al. to identify two types of liquid crystal phase at room temperature, one forming 
at 0.25 wt%, and the other at about 3.5 wt% [2]. Over the whole phase diagram, solutions 
with higher concentrations remained liquid crystalline at higher temperatures [2]. Addition
ally, Bykov et al. also measured the spin-spin and spin-lattice relaxation times using NMR 
techniques, using this evidence to determine the amount of bound and free water molecules 
arranged around aggregates and monomers. Bykov et al. suggest that aggregates may incor
porate water molecules into their structure, but as a whole, the calculations of the amount 
of bound water are somewhat inconclusive [2]. More recently, Gersh also determined the 
phase diagram, but used optical techniques instead of specific heat measurements [5]. Using 
dynamic and static light scattering techniques, she also measured the optical and hydrody
namic radii for the BPP aggregates over a range of concentrations, finding that they did not 
change dramatically between the concentration of 0.01 and 10 mM commercial powder con
centration (approximately 3.3 x 10-4 wt% 0.33 wt% BPP concentration) [5]. Additionally, 
she made measurements of absorption coefficients as a function of concentration, finding that 
they did not change dramatically up to 3 mM commercial powder concentration (0.10 wt% 
BPP). 
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1.4 Research Goals 

In our experiments, we sought to continue the investigation of aggregate size, as well as 
determine the phase behavior of BPP solutions containing various concentrations of salt. In 
the previous light scattering experiments, Gersh was unable to filter the solutions due to the 
size of aggregates, opening up the possibility that other large dust particles may interfere 
with the determination of aggregate sizes [5]. In order to solve this problem, we developed a 
technique that used absorption measurements to determine the concentration of the solution 
after filtration. This allowed us to filter out any large particles while still knowing the exact 
concentrations. Dynamic light scattering data from these filtered solutions gave us a much 
clearer picture of the formation of aggregates. Correlation functions for scattering intensity 
were measured over a range of different concentration, both before and after heating the 
sample. Additionally, we measured the correlation functions of depolarized light, allowing 
us to calculate aggregate dimensions using models for non-spherical particles. 

Since earlier work suggested that the formation of BPP aggregates differs from the for
mation process of other chromonics [5], determining the dependence on salt concentration 
may provide an important link in understanding the shapes of these aggregates. Gersh 
suggests that the presence of salt in these solutions may be at the root of BPP's unusual 
aggregation process [5]. In order to effectively study the salt effects on aggregate forma
tion, we first needed to identify impurities in the dye powder and remove them. Using a 
process of dialysis and evaporation, coupled with our concentration measurement technique, 
we produced a base solution of BPP into which we could add known amounts of salt. We 
then made phase measurements while varying temperature and sodium chloride concentra
tion, but keeping the BPP concentration constant. These measurements allow comparison 
to Kostko et al., providing yet another point of comparison between BPP and more typical 
chromonic molecules. 
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Chapter 2 

Theory 

2.1 Molecular Aggregation 

So far we have mentioned two types of aggregation. In the first case, the aggregates begin 
to appear at a specific concentration, while in the second, aggregates appear at nearly all 
concentration but have a wide variety of sizes. In order to understand how these different 
aggregation processes originate, we shall derive the volume fraction of monomers and aggre
gates as a function of total volume fraction. We begin with the definition for the Helmholtz 
free energy of a sample, 

F = E-TS, (2.1) 

which we can put in terms of the total partition function of all the aggregates and monomers 
using the equation relating the entropy S to the total partition function Q, 

E 
S = - - kln(Q) T . (2.2) 

Combining these two equations, we arrive a the direct relationship between F and Q, 

F = -kTln( Q). (2.3) 

To find the total partition function for all molecules, including those in aggregates as well as 
those that are not, we write the total partition function as the product of all the partition 
functions of different size aggregates, qi, which is given by 

n i 

Q=rr~, n ·! . ~. 

~ 

(2.4) 

where ni is the number of a aggregate formed by stacking i monomers [23]. Plugging this 
equation back into the equation for F and applying Stirling's approximation we find that 

(2.5) 
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[23]. Now, for a chromonic liquid crystal in chemical equilibrium, an aggregate with i 
constituent monomers must have the same chemical potential per monomer as an isolated 
molecule, 

(2.6) 

[10]. Using the Maxwell relation between Helmholtz free energy and chemical potential and 
plugging in our equation for F, we find that 

(2.7) 

The sum has disappeared from the equation because we are now considering the chemical 
potential of a specific size aggregate. Therefore, when we take the derivative, all of the terms 
in the sum that do not depend on the specific ni that we want to consider are zero. We now 
express the equality of chemical potentials per molecule, equation 2.6, as 

(2.8) 

which simplifies to 

(2.9) 

In order to continue with our calculation, we need to determine the partition function of an 
aggregate with i monomers. To do this, we follow the method used by Tomasik [23]. 

The individual partition, qi, for an aggregate of a certain size depends on the free energies, 
F j corresponding to the jth state available to each aggregate, and is given by 

qi = L e-Fj / kT , 

j 

(2.10) 

Since we can rewrite the free energy for each state as the sum of translational, rotational, or 
internal contributions to the free energy, we can separate this partition function into 

(2.11) 

For our purposes, we have dispensed with the rotational partition function, since we consider 
only the simplest case. Now, the internal free energy of this system arises from the inter
molecular bonds between constituent monomers , each releasing a free energy D:.f.-l during its 
formation. Since an aggregate containing i monomers has i-I bonds between molecules, 
the total free energy of the an aggregate of any size is 

Finternal = D:.f.-l(i - 1) , (2.12) 

assummg, of course, that the stacking free energy does not change with the size of the 
aggregate. Translational energies, on the other hand, can vary significantly. Because these 
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particles exist inside a container, we can approximate the system as particle in an infinite 
one-dimensional potential well, in which case they take on discrete energy levels 

h2j2 

E j = 8ML2 ' (2.13) 

where M is the mass of the aggregate and L is the length of the container. Now that we 
have both the internal translational contributions to the free energy, we can determine the 
partition functions using equation 2.10. In the case of internal free energy, each aggregate 
of a given size has one internal energy, so the sum over states drops out and 

.:1/-, (i-1) 

qi,internal = e-~ (2.14) 

Determining the translation partition function proves slightly more difficult, since aggregates 
can have any number translational energies. However, since L » h, the spacing between 
energy levels is very small, and we can approximate 

h2 .2 

-~ -~ qi, trans, lD - 6 e 8MkTL (2.15) 
j 

as an integral of a continuous function over j. Evaluating this integral yields 

qi trans 1D = e - 8M k~ £ 2 dj = - V 81l" M kT - = -100 h22 1 L L 

" 0 2 h Ai 
(2.16) 

where Ai = h/V21l"MkT is defined as the thermal wavelength of the aggregate. Because the 
translation energy can be broken down into parts due to motion in the x, y, and z directions, 
the three-dimensional translational partition function is simply, 

V 
qi ,trans = A 3 

2 

(2.17) 

[23]. Combining equation 2.14 with equation 2.17, we arrive at the partition function for a 
single aggregate of a certain size, 

(2 .18) 

Now that we have an equation for the partition functions of an aggregate, we can substi
tute equation 2.18 into equation 2.9 to eliminate the partition function, qi from the equations. 
This substitution results in 

(2.19) 

Solving this equation for ni, the number of aggregates in the solution with i molecules in 
them, yields 

(2.20) 
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But the volume fraction, Xi for aggregates with i molecules is simply the number of aggre
gates multiplied by the volume per aggregate, Vi, over the total volume, 

X. = niVi = n(LV 

~ V V ' 
(2.21) 

where V is the volume of a single molecule. Substituting equation 2.20 into equation 2.21, 
we find 

'X~A3~ Z I I ,:1/-,(,-1) 
--=----=:-e kT 
V~-l A3 

~ 

(2.22) 

Up until this point we have said nothing about whether these aggregates form micelles of 
a single size or a distribution of sizes. As we shall see, the choice of whether monomers form 
aggregates of single or multiple sizes has a profound effect on the aggregation behavior. The 
following derivations mimic those found in Israelachvili, Chapter 16, but follow a slightly 
different approach [10]. First, we consider single-size micellar aggregates that contain L 
monomers, showing how to obtain the relationships between aggregate volume fraction, 
monomer volume fraction, and total volume fraction. The ratio of thermal wavelength 
reduces significantly to 

( h )3L(J27rMkT)3 =L3/ 2A3(L-I) 

J27rmkT hI' 
(2.23) 

using the fact that the mass of an aggregate with l monomers is simply lm where m is the 
mass of a single monomer. This substitution changes equation 2.22 to 

_ 5/2 L (A1) ,:1/-,(£-1) XL - L Xl - e kT 
V 

(2.24) 

In order to relate this expression to the total volume fraction, rjJ, we use the definition 

(2.25) 

for aggregates that form only one size. Finally, combining these equations gives us an 
equation for the volume fraction of the micelles in terms of the total volume fraction, 

(2.26) 

Unfortunately, we cannot solve this equation in closed form, and must resort to computer 
methods. The solution to this equation (figure 2.1), reveals that at a certain critical concen
tration, aggregates of a single size begin to form. At this same point the volume fraction of 
individual molecules levels off and does not increase further. 

In the case where aggregates have a distribution of sizes, it no longer makes sense to plot 
the volume fraction of aggregates against the total volume fraction. Because aggregates form 
at all sizes, the aggregate volume fraction would increase smoothly with the total volume 
fraction, and the graph would not tell us a great deal about the distribution of aggregate 
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Figure 2.1: Volume fraction of aggregates, XL, and monomers, Xl vs. total volume fraction 
for micellar aggregates ¢. At the critical micelle concentration, in this case at ¢ ~ 30 ppm, 
the growth of monomer volume fraction ceases and the formation of aggregates begins. For 
these plots, we set Af/v = 3.81 x 10- 7 and !~.jJ,j kT = 25. 

sizes. Instead, we derive an equation for Xi as a function of i. This will tell us, for a given 
total volume fraction, what the volume fraction is for a particular size aggregate. Working 
from equation 2.22, and making the simplification that the Al = Ai, we find that 

(2.27) 

This equation still has two unknown, Xi and Xl which we can eliminate using the relation 
equivalent to equation 2.25 for multiple aggregate sizes, 

00 

(2.28) 

Combining equations 2.27 and 2.28 results in an infinite geometric series which simplifies to 

(2.29) 
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where we have made the replacement z = A~eU Iv . Rearranging the equation and solving 
for Xl using the quadratic equation, we find that 

X _ (2z¢+ 1) ± VI +4z¢ 
I - 2Z2¢ , (2.30) 

which, when plugged into equation 2.27, gives the aggregate volume fraction, Xi in terms of 
i alone. Plotting this function for an given value of ¢ (figure 2.2) illustrates the distribution 
of aggregates expected. The higher the total concentration, the higher the average aggregate 
size, but at all concentrations we see a range of sizes. 
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Figure 2.2: Volume fraction of aggregates, Xi vs. chromonic aggregate size, i, for several 
different total volume fractions, ¢. For these plots, Af/v = 3.81 x 10-7 and 6f.llkT = 25. 

2.2 Liquid Crystals and the Polarization of Light 

As part of determining the phase diagram for various concentrations of BPP, we place 
samples between crossed polarizers. In order to best interpret the results from these experi
ments, we must first develop a sense of how liquid crystals affect light propagating through 
them. The optical anisotropy of liquid crystals makes them birefringent, meaning that the 
index of refraction, n, for light polarized parallel to the director differs from the index of re
fraction for light polarized perpendicular to it. In uniaxial crystals, these two axes are called 
the extraordinary axes and ordinary axes, respectively. As a result, the different polarization 
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components for incident polarized light will get out of phase with each other, changing the 
polarization of the light. In order to determine the effect that a liquid crystal has on a sam
ple, we must derive the Jones matrix representing the liquid crystal. Consider an arbitrary 
polarization state 

(2.31) 

expressed in the Ix), IY) basis, where a and b are complex constants. We also define the angle 
B as the angle between the director and the x-axis in the plane perpendicular to the axis 
of propagation. Now, because light polarized parallel to the director may travel faster or 
slower than light polarized perpendicular to it, liquid crystals introduce two separate phase 
factors to the components of the incident polarization parallel to and perpendicular to the 
director. In order to represent this action in a matrix, we must rotate the initial state into the 
ordinary-extraordinary basis of the liquid crystal, add the phase factors to the components, 
and then rotate back to the x-y polarization basis. Applying the rotation matrix, 

R( B) = ( cos( B) sin( B)) 
-sin(B) cos(B), 

(2.32) 

to the initial polarization state l1/lo) , and multiplying by the phase factors eikel and eikol , 

where 

( eikel 0) ( eikelacos(B) + eikelbsin(B) ) 
o eikol R(B) l1/lo) = - eikolasin(B) + eiko1bcos(B) , 

k _ 27rne 
e - A 

k _ 27rno 
0- A ' 

(2.33) 

(2.34) 

(2.35) 

depend on the index of refraction for light polarized parallel to the director, ne , and the 
the index of refraction for light polarized perpendicular to the director, no, and the vacuum 
wavelength of the light, A. Finally, we rotate this state in the opposite direction, giving the 
polarization state of the light emerging from the liquid crystal sample 

-1 ( eike1acos(B) + eike1bsin(B) ) 
11/l) = R (B) - eikolasin(B) + eiko1bcos(B) 

= ( COS(B) - sin(B) ) ( eikelacos(B) + eikelbsin(B) ) 
sin(B) cos(B) -e~kolasin(B) + e~kolbcos(B) 

= ( eikelcos2(B) + eikol sin2(B) (eikel - eikol)sin(B)cos(B) ) (a b) 
(e2kel _ e~kol)sin(B)cos(B) e2kel sin2(B) + e2kolcos2(B) 

(2.36) 

(2.37) 

(2.38) 

This result indicates that the Jones matrix for a liquid crystal sample of thickness I with the 
director oriented at an angle B to the x-axis is given by 

(2.39) 
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This matrix, though somewhat complicated, simplifies in many cases. In the case where 
B=O, the matrix diagonalizes, turning into a simple multiplier of phase factors that we saw 
in equation 2.33. Furthermore, if the thickness of the liquid crystal sample is just the right 
value with respect to the difference between ko and ke, the liquid crystal can act as a retarder. 
In many cases, we find it makes sense to express this matrix as a function of the birefringence, 
which we define to be 

(2.40) 

In this case, the matrix M (B) takes on the form 

(2.41) 

We now have the necessary tools to make predictions about the intensity of light as it 
propagates through a liquid crystal sandwiched between two cross-polarizers. Because its 
initial state is unpolarized, only half the light will make it through first polarizer. After the 
first polarizer, which we arbitrarily define to be parallel to the x-axis, the polarization state 
IS 

(2.42) 

In order to determine the polarization state after the light has travelled through the liquid 
crystal sample, we act upon it with the Jones matrices corresponding to the liquid crystal 
sample, 

(2.43) 

We can easily calculate the transmission rate for light in the state I1/;) passing through a 
vertical polarizer by finding 

p = l(y l1/;) 12 

= e)' 1 - e ), S'ln cos 1 
2i7rnel ( -2i7rL'.nl). (B) (B) 12 

(2.44) 

(2.45) 

Evaluating the modulus squared, and substituting a cosine function for the two exponentials, 
we arrive at the final transmission rate 

(2.46) 

which simplifies to 

(2.47) 
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Note that taking the modulus squared removes the phase factor out in front, making the 
intensity of light dependent only on the birefringence. In addition, the maximum transmis
sion ratio occurs when the first sine-squared term equals 1 and e = %, yielding a ratio that 
never exceeds 1, as we would expect . Now, because the intensity after the first polarizer is 
half the initial intensity, 10' the emergent intensity l(e) is given by 

(2.48) 

From a graph of this result (figure 2.3), we can see that the intensity varies between a 
maximum that is always less than 1:;, and zero as e varies from zero to %. The exact maximum 
depends on the birefringence of the liquid crystal, the thickness of the sample, and the 
wavelength of the incident light. 
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Figure 2.3: The ratio of intensity to initial intensity as a function of the angle between 
the director and the polarization axis of the first polarizer. Graphs are plotted for several 
different birefringences, with A equal to 600 nm and l equal to 1 Mm. 

This result reveals several interesting characteristics of a liquid crystal when observed 
between cross-polarizers. First, when the angle between the director and the first polarizer 
is 7r / 4, a significant amount of light from a backlit sample will be visible. In most cases, 
however, the director does not have a uniform direction throughout the entire sample. Instead 
we often see a pattern of light and dark as the director changes orientation throughout the 
sample. Secondly, when the liquid crystal sample is rotated, the patterns of light and dark 
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alternate for every 7r / 4 rotation of the sample. Because of the isotropy of liquids, simple liquid 
samples will show neither of these two characteristics. For samples without birefringence, 
the polarization remains unchanged between the cross polarizers, and no light will be pass 
through the optical setup. Because of the dramatically different behavior between liquids 
and liquid crystals between cross-polarizers, this type of experiment provides a very useful 
way of determining the phase of a sample. 

2.3 Dynamic Light Scattering 

A major component of our research into the nature of aggregate formation in BPP solu
tions involved the use of dynamic light scattering experiments to reveal the size and shape 
of the aggregates under varying concentrations. In order to fully understand how the an
alytical processes that allow us to extract the size and to some degree the shape of the 
various aggregates, we must establish several links between the scattered light and the size 
of the scatterer. First, we give an overview of the light scattering from the perspective of 
classical electromagnetic theory, following the derivation of Clark, Lunacek and Benedek [3]. 
Turning to the behavior of molecules within the solution, we relate the diffusion constant for 
particles to the probability density function for a particle executing a random walk. Using 
the probability density, we can calculate the correlation functions for the scattered electric 
field using the method of Clark Lunacek and Benedek [3], showing that the relaxation time 
of an exponential fit is proportional to the diffusion constant. Finally, we relate a particle's 
diffusion constants to its size, both for a spherical and a rod shaped particle. 

2.3.1 The Scattered Electric Field 

Consider an electromagnetic wave incident on a solution filled with diffusing particles. 
Scattered light waves from each of the particles will arrive at the detector out of phase, 
since they have all travelled slightly different paths to reach the detector. In order to derive 
the amplitude for each of the scattered waves from each of the particles in the solution, we 
define the phase relative to some arbitrary origin (figure 2.4). From the figure, we can argue 
geometrically that the phase angle for the jth particle is given by 

(2.49) 

where rj is the position vector of the jth particle and k i and k s are the incident and scattered 
wavevectors, respectively. Both the direction and magnitude of the incident and scattered 
wavevectors differ if the scattered light has a wavelength from the incident light. Physi
cists frequently define the difference between the incident and scattered wavevectors as the 
scattering wavevector, q. Making this substitution, we find 

(2.50) 

We can calculate the total electric field of the scattered light hitting the detector by summing 
over all the different scatterers in the coherence region, which includes the region of the 
solution where scattered light from two different scatterers are at least partially in phase 
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Figure 2.4: Diagram of light scattering off a particle, From this diagram, we can determine 
the phase shift relative to an arbitrary origin, 

when it reaches the detector. For these calculations, we will assume that we have only one 
coherence region, This gives 

(2.51 ) 
j j 

where Es is the scattered electric field as a function of time and Eso is the magnitude of the 
scattered electric field [3]. This magnitude does vary with the distance between the scatterer 
and the detector , but we will assume that the distance particles diffuse is small relative to 
the distance to the detector, so Eso does not vary between molecules or with time. Since 
we want to understand the variations in the magnitude of the electric field, but care little 
about the magnitude itself, we need not calculate this value from the electromagnetic theory 
of scattering. 

2.3.2 The Random Walk Problem 

To derive the correlation functions for the scattered electric field and intensity, we must 
first find the position probability density for a particle executing a random walk. We begin 
by considering the simplest case of a random walk in one dimension, one in which the length 
of each step is a whole number. Following that , we generalize to the case in which the 
steps themselves are not necessarily the same length. Lastly, we relate the constants in the 
resulting distribution to the diffusion coefficient, determining how these constants evolve in 
time. This section follows the development of the random walk problem as discussed in Reif 
[19]. 

Consider a particle moving along the x-axis taking steps of length l in both directions. 
The probability that the particle will take nl steps to the right and n2 steps to the left is 
given by 

(2.52) 
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where N is the total number of steps taken, and p and q are the probabilities of taking a 
step in the +x and -x directions, respectively. We can also write this expression in terms of 
the resultant number of steps in the +x direction, m, using the relations 

m = nl - n2 (2.53) 

N = nl + n2, (2.54) 

where 

x = ml, (2.55) 

if x is the total displacement and I is the length of each individual step. Combining equations 
2.53 and 2.54 and plugging into equation 2.52 to eliminate nl and n2, we get a probability 

N! N+m N-m 

P(m) = (~)! (¥)!p-2- q-2-. (2.56) 

It is important to keep in mind that because nl increases by integer values, and since 

m = 2nl - N, (2.57) 

m increases by increments of 2. In other words, if the probability that a particle executing 
N steps resulting in a displacement of m is non-zero, then the probability that the particle 
will have made the same number of steps and ended a total of m + 1 steps from the origin 
IS zero. Now, by inspection, we can see that 

(N+m) P(m) = W 2 = W(nl). (2.58) 

In our case, the dye aggregates moving around in the solution undergo a large number of 
collisions and therefore take a large number of steps of very small length every second. As a 
result, we find it useful to examine the behavior of W(nd and P(m) in the case where N is 
very large. Expanding In(W(nl)) in a Taylor series about its maximum value, abandoning 
all third order and higher terms, and resolving for W(nl), we obtain 

W( ) _ 1 [ (nl - NP)2] nl - exp - , 
y!27rNpq 2Npq 

(2.59) 

which, when plugged into equation 2.58 yields 

P(m) = 1 exp [_ [m - N(p - q)F] . 
y!27r N pq 8N pq 

(2.60) 

In the case of a molecule diffusing through a medium, however we care more about the 
distance moved by the particle, not so much the number of steps it has been displaced from 
the original position. This consideration prompts us to rewrite equation 2.60 in terms of x . 
We would therefore like to write the probability of finding a particle in the region between 
x and x + dx as 

p(x)dx, (2.61 ) 
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where 8J(x) is the continuous probability density distribution. Treating P(m) as a constant 
over dx, and using the fact that m increases by intervals of two, 

dx 
8J(x)dx = P(m)2f 

[19]. Plugging equation 2.55 into our equation for P(m) for large N, we discover that 

where we define 

8J(x) = 1 exp [_.::....oc[Y_-_N_(P_-_q_)_)2] 
21)27r Npq 8Npq 

(J = 2lJNpq 

f-l = (p - q)NI. 

(2.62) 

(2.63) 

(2.64) 

(2.65) 

This final form of 8J( x) is a familiar form of a normalized gaussian distribution in terms of 
x, where the average value is given by 

x = 1: X8J(X) dx = f-l 

and the width of the gaussian is governed by the root mean square deviation 

(~x)2 = (x - X)2 = 1: (x - f-l?8J(x) dx = (J2. 

(2.66) 

(2.67) 

These integrals can be easily worked out using the results from gaussian integrals and judi
cious changes of variables [19]. 

Now, these results show that the probability density distribution for a random walk of a 
large number of steps takes on a gaussian form. However, we made an important assumption 
in our derivation that does not apply to the diffusion of particles, even in one dimension, 
namely that the length of each individual step is the same. Nevertheless, the form of the 
equation 

(2.68) 

still holds though the values for x and (~X)2 are no longer defined by equations 2.65 and 
2.64. In the general case, we can write the displacement x as the sum for each individual 
step, 

(2.69) 

where we call each individual step Si instead of nl or n2 to remind ourselves that Xi varies 
in length. Now since the average of a sum is equal to the sum of the averages, we have 

N 

X= LSi, (2.70) 
i=l 
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where we are averaging over a theoretical series of random walks. But , since Si is a constant, 
and since the average length of the ith step is the same as the average length of all the steps, 
we can get rid of the sum and write 

x= NSi = Ns. (2.71) 

In order to find the mean square deviation, (~X)2, we write the total deviation from the 
mean, ~x, as the sum of the deviations from the mean of each individual step, 

N N 

~x = L~Si = LS- Si· (2.72) 
i=1 i=1 

Plugging this equation into the definition of the mean square deviations, we find that 

N N 

(~X)2 = L L ~Si~Sj (2.73) 
i=1 j = 1 

N N 

= L (~Si)2 + L ~Si~Sj, (2.74) 
i=1 i,j ii-j 

where we have split the sum into square terms and cross terms, and used the fact that the 
average of the sum is the sum of the average. Now, since ~Si and ~Sj are statistically 
independent , each Si remains constant as Sj is averaged allowing us to rewrite the ~Si ~Sj 

as ~Si ~Sj. Evaluating ~Si' however we find that 

~Si = Si - S = S - S = o. (2.75) 

Using this result, equation 2.74 simplifies to 

N 

(~x)2 = L (~Sd2 = N(~s)2. (2.76) 
i=l 

We have once again used the result that the average of a property of the ith step is the 
average of the same property over every step, since average values do not change between 
steps [19]. 

Now that we have worked out the general probability distribution for a random walk with 
unequal step sizes, we can relate the random walk problem to the diffusion of a molecule 
through a liquid, starting with the one dimensional case. Assuming that the particle has an 
equal probability to take a step in either directions, Si = x = 0, so 

(~X)2 = (x - X)2 = x 2. (2.77) 

Now, we need only find this average for a diffusing particle and we can finally write the 
probability density distribution in terms of the diffusion coefficient, D and time, t. Consider 
Fick 's Second Law of Diffusion, 

(2.78) 
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where a(x, t) is the number of particles per unit area in the y-z plane. The average value for 
x 2 for all the diffusing particles is given by 

- 1100 
2 x 2 = ~ -00 x a(x, t) dx, (2.79) 

where we define 

~ = I: a(x, t) dx (2.80) 

as the total number of particles. One might object to the fact that we have suddenly begun 
talking about the density of a number of particles rather than the random walk over a single 
particle, but we must keep in might that the averages x and ~X2 are averages over many 
different particles executing a random walk under the same conditions. A clever way of 
manipulating the diffusion equation yields 

100 aa 100 a2a 
x 2 !') dx = D x 2 ::J 2 dx. 

-00 vt -00 vX 
(2 .81 ) 

Solving this integral, we find that 

~ax2 = 2D~ 
at ' (2.82) 

where we have used the fact that ~ is finite to assist in the solving the integration by parts. 
Solving this simple differential equation, we reach a final equation for (~x )2 in terms of D 
and t: 

(~X)2 = x 2 = 2Dt (2.83) 

[19]. Plugging this result into equation 2.68 we at long last, obtain the probability density 
function for a particle undergoing a one dimensional random walk in terms of the diffusion 
constant, time, and distance, 

(2.84) 

Generalizing this equation to three dimension follows a relatively simple line of reasoning. 
The probability of finding a particle undergoing a random walk in three dimensions between 
rand r + dr is the product of the three probabilities in one dimension, 

(2.85) 

Now that we have the probability distribution for particles diffusing around in a liquid, we 
can calculate the correlation function of light scattered from these particles. 
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2.3.3 Calculation of Electric Field and Scattering Intensity Cor
relation Functions 

The autocorrelation function of a varying function, A(t), defined as 

CA(T) = (A(t)* A(t+T)) = 1: A(t)*A(t+T)dt, (2.86) 

provides very useful information about the nature of the function itself. For example, if 
A(t) varies randomly in time, then the value at A(t + T) will in general have nothing to do 
with the previous value. As a result, the product of A(t) and A(t + T) will be a randomly 
varying function which will average to zero over large intervals of time. On the other hand, 
a constant function that does not vary in time will have a correlation function that also does 
not vary with T. For a function that has small scale random variations but does not change 
its average value very quickly, the correlation will decrease as T increases, since the value of 
A(t + T) will depend less and less on the value of the function at A(t) [1]. 

The fluctuations of the scattered electric field and the scattered intensity both fall under 
this category, since molecules scattering light into the detector eventually diffuse out of the 
coherence region. Since molecules take time to diffuse in a liquid, the scattered electric 
field and the scattered intensity are not completely random noise functions, and thus have 
decaying correlation functions. With the mathematical development in the previous sections, 
we are now prepared to quantitatively show that these correlation functions behave as we 
have described them. For the rest of this section, we follow the procedure outlined in Clark, 
Lunacek and Benedek to derive the two correlation functions [3]. Plugging in equation 2.51, 
the calculated value for the scattered electric field into equation 2.86, the definition of the 
correlation function, we find that 

(Es(t) Es(t + T)) = E;o L L (exp [-i(q· rj(t) - q. rk(t + T) + WT)]), 
j k 

(2.87) 

where we have used the summing indices to include terms in which j # k. Removing the 
factor e-iWT from the average over t, we are then left with only the difference in phase inside 
the exponential. Now, in the case that j = k, the difference between these two phase factors 
is not a completely random function, since the particle can only diffuse to a small extent. 
However, the difference in phase factor between the two different particles at two different 
times is random, since we assume that the motion of one particle does not affect the motion 
of another. As a result, when the average is taken, the terms where i # j average to zero. 
Moreover, since all the particles are the same, they will all have the same average phase 
difference, though not necessarily the same instantaneous phase difference. This allows us 
to remove the sum entirely, yielding 

(2.88) 

where 

(2.89) 
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and N is the number of particles in the solution. The average in equation 2.88 represents an 
average over time. Unfortunately, we cannot express ~r as a specific function of t, since we 
cannot say exactly how r j (t) varies in time. However, this time average is equivalent to the 
integral over all ~r values of the random walk probability function times the phase factor 
we wish to average, 

(2.90) 

Thus, even without knowing the time dependence of ~r , we can still find the time average 
in equation 2.88, because we do know the probability that a particle will move a distance 
~r over a time T from our discussion of a random walk. Plugging in equation 2.85, into this 
integral, we find that 

(2.91) 

Defining 

(2.92) 

the integral clearly separates into the product of three identical gaussian integrals of the 
form 

100 2 If b2 e-ax +bx dx = - e4a 
-00 a 

(2.93) 

[24]. Integrating accordingly, we arrive at our final result for the correlation of the scattered 
electric field at the detector, 

(2.94) 

As we would expect for an oscillating electromagnetic wave, the correlation function also 
has an oscillating term. More importantly, however, this calculation has illuminated the 
exponential decay behavior of the correlation function as T gets large. 

Though the calculation of the scattered electric field correlation functions gives us an 
interesting result, the detector actually measures the intensity of the scattered electric field. 
Therefore, in order to actually measure the diffusion coefficients of particles in our BPP so
lutions, we need to determine the shape of the correlation function of the scattered intensity. 
From classical electromagnetic theory, we know that 

1= c;o E(t)* E(t) (2.95) 

[7]. Therefore, using the definition of a correlation function, we find that 

(2.96) 
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This time, when we plug in the scattered electric field, equation 2.51, the factors of eiWT 

cancel out, but we end up with four sums, each over a different index, 

C2E2 
C1(T) = -:fIEso14 L L L L (exp [iq· (rm(t) - rj(t)) + iq· (rk(t + T) - rl(t + T))]), 

m j k I 

(2.97) 

where each sum runs over N particles. In order to simplify this expression, we need to 
consider several types of terms that show up in the sums. Obviously, when none of the 
indices are equal, none of the phases q. rj will have any relationship to any of the others, and 
therefore, when the sum is taken over all the particles, the various average phase difference 
terms will cancel out. The statement also holds true if only two or three indices are the same, 
since no matter how one distributes the identical indices among m, j, k, and l , one cannot 
avoid summing over a difference between two r 's for two different particles. In order to 
obtain an expression in which the sum only goes over the averages of the phases of identical 
particles, we must have two pairs of indices match. First, consider the case where m = j and 
k = l, which includes within it the case where all the indices are the same. The N 2 terms 
included in this case will all equal 1, since each of the r 's cancel exactly. Next, the case in 
which m = k and j = l , but k =F l, yields a sum of the form 

L L (exp [iq· (rk(t) + rk(t + T)) - iq . (rl(t) + rl(t + T))]) (2.98) 
k 

Because in this case we add the two vectors rk and rk(t + T) instead of subtracting them, 
the resulting phase factors will depend explicitly on the vector rk, rather than the change 
in the position ~r in a time T. The former depends on the position of the origin, while the 
latter does not. When we make the sum over k and i in equation 2.98, these average phase 
factors sum to zero, since the particles have a random positions, and therefore random phase 
factors at some time, t. On the other hand, when m = land j = k, but k =F l we have a sum 
with a different form 

L L (exp [iq· (rk(t) - rk(t + T)) - iq· (rz(t) - rz(t + T))]). (2.99) 
k 

Since the two parts of this expression are statistically independent of one another, we can 
rewrite 2.99 as 

L L (exp [-iq· (~rk(T))]) (exp [iq· (~rZ(T))]), (2.100) 
k 

where we have also used equation 2.89 to replace r(t) - r(t + T) with -~r(T). Now, we 
stated earlier that the kth particle and the lth particle are not the same. However, these 
two different particles are of the same type, and behave identically on average. The only 
difference, therefore between the two averages in equation 2.100 is that one is the complex 
conjugate of the other. As a result, equation 2.100 simplifies to 

L L I (exp [iq· (~r(T))])12 = (N2 - N) I (exp [iq· (~r(T))])12. (2.101) 
k 
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We have dropped the subscript because they are no longer necessary when we talk about 
the time averages of exp [iq . (~r( T))]. The factor N 2 - N arises because we sum over two 
indices that run from 1 to N , but we must remove the N terms in which k = l. However, 
since N » 1, N 2 » N, and we can make the approximation that 

(2.102) 

Putting our discussion of the many different types of terms resulting from the four sums 
together, we can simplify equation 2.97 for the correlation function of the electric field 
intensity to 

(2.103) 

Now we have an average that is identical to the one we had to evaluate when we derived 
the scattered electric field correlation function. By the same method for finding gaussian 
integrals, we find that 

(2.104) 

This equation also gives us a simple, decaying exponential (figure 2.5), as with the scattered 
electric field correlation function, with a correlation time of 

1 
T=--

2Dq2 
(2.105) 

However, our ability to actually measure the correlation function of the scattered intensity 
makes it much more useful for the experimental determination of the diffusion constants and 
therefore particle size. 

2.3.4 Particle Size and Diffusion Coefficients 

The establishment of a connection between the diffusion constant and the size of the 
particle constitutes the final step relating observed intensity correlation functions to particle 
sizes. Fick's First Law of Diffusion, 

J = -D"Vc(r, t) (2.106) 

provides a good place to start, where J is the number of particles flowing through an area 
dA in time dt, and c(r , t) is the mass concentration of the particles. However, J can also be 
written as 

N A Nv 
J = dAdt r = dV = vc(r, t) (2.107) 

where N is the number of particles in the infinitesimal volume element dV , and v is the ve
locity of the particles which points in the r direction (figure 2.6) To begin, let us consider the 
forces acting on a diffusing particle. Each particle experience collisions with other particles, 
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Figure 2.5: Scattered electric field intensity correlation function for various values of 2Dq2 . 
For the purposes of simplicity, we have set C2E; IEsoI4N2/4 = 1. 
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Figure 2.6: Graphical representation for det ermining J. 

driving the diffusion, which we shall represent macroscopically as a single force, FD . Addi
tionally a frictional drag force v iT, where the subscript T refers to the translational drag 
force , will act in t he oppsite direction. Assuming a constant rate of diffusion, the frictional 
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force must exactly cancel the driving force, 

FD - VfT = O. (2.108) 

Now, assuming spherically shaped particles, the Einstein-Stokes equation gives 

(2.109) 

where TJ is the viscosity of the solvent and R is the radius of the particle. Furthermore, the 
diffusive driving force depends on the chemical potential, fJs, of the solute particles according 
the the equation 

(2.110) 

Plugging equations 2.109 and 2.110 into equation 2.108, and using the equation for fJs in 
terms of the activity coefficient, r, derived from the chemical thermodynamics of dilute 
solutions, 

= 0 NkTI (rc(r, t)) 
fJs fJs + n M ' (2.111) 

[11] [21] we find that 

1 kT 
--V'fJs - 67rTJRv = --V'c(r, t) - 67rTJRv = O. 

N c(r , t) 
(2.112) 

Solving for v , we obtain 

kT 
V= ()V'c(r,t). 

67rTJRc r , t 
(2.113) 

Plugging this equation in our second equation for J, equation 2.107, and comparing with 
Fick's First Law, we conclude that 

D=~. 
67rTJR 

(2.114) 

We can plug this equation into equation 2.105 to determine the relationship between the size 
of the particle and the scattered intensity correlation time, assuming a spherical shape, 

R = kTq2Tvv 
37rTJ 

(2.115) 

The subscript VV has been added to the correlation time to denote that the laser light 
was vertically polarized, and the correlation function measured the intensity of vertically 
polarized scattered light. Since spheres do not depolarize light, all of the incident and 
scattered light is vertically polarized. This equation completes the theory of dynamic light 
scattering for spherical particles, revealing how clever analysis of the light scattered from a 
solution of particles can determine their sizes on the tenths of micron scale. Indeed, one must 
appreciate the power of this technique in its ability to draw information from a randomly 
varying noisy intensity trace. In our experiments on Benzopurpurin 4B, this technique allows 
us to track the growth of aggregates at different concentrations. 
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2.3.5 Scattering from Non-Spherical Particles 

While the theory for spherical particles effectively illustrates the many aspects of dynamic 
light scattering, the spherical particle assumption limits its usefulness in application to liquid 
crystals. By definition, the molecules or aggregates in a liquid crystal have anisotropy, 
and will not be spherical. As a result , equation 2.115 can only give a general estimate of 
aggregate size. The theory behind dynamic light scattering from non-spherical particles 
proves much more complicated. However, by studying the depolarization of scattered light, 
we can determine the dimensions of the various molecules provided we assume a certain 
shape. 

In order to determine the dimensions of anisotropic particles, we must consider the effect 
of scattering on the polarization of the incident light. Up until this point, we have assumed 
that the polarization of the light does not change, so vertically polarized light remains 
vertically polarized after scattering. In the case of anisotropic molecules, the correlation time 
of the correlation function for depolarized light, Tv H, also contains information regarding the 
particle's dimensions. To understand how his occurs, first consider a spherical particle with 
an electromagnetic wave incident upon it. Classically, the incident wave forces the electrons 
to oscillate with the field, inducing a radiating dipole. From electromagnetic theory, the 
induced dipole moment is given by 

(2.116) 

where Ei is the incident electric field vector and '(:)( is the polarizability tensor, which can 
be represented as a 3 x 3 matrix, 

(2.117) 

In the case of an isotropic particle, the polarizability tensor is diagonal, and has equal 
values along the diagonal, reducing it to a scalar constant [1]. In this case, the induced 
dipole moment must point in the same direction as polarization vector of the incident wave. 
Since the scattered light has a polarization in the same direction as the dipole moment , p, 
the scattered light will have the same polarization as the incident light. Now consider a 
anisotropic particle. Even if the polarizability tensor is not diagonal or the diagonal entries 
are not all equal, the induced dipole moment will not point in the same direction as the 
incident polarization vector. As a result, the scattered light will have a different polarization 
than the incident light (figure 2.7). 

Since optically isotropic particles do not depolarize incident light, no light will reach a 
detector through a horizontal polarizer, and the VH correlation function will not exist [26]. 
Anisotropic particles do have VH correlation functions, but they depend not only on the 
translation diffusion but also on the orientational diffusion of the molecules. 

In the case of spherical, optically isotropic particles, we worked out the theory needed to 
understand the relationship between correlation functions, diffusion constants, and particle 
dimensions. In this more complicated case involving orientational diffusion and non-spherical 
particles, we shall only sketch the results of these calculations. To begin with, we must discuss 

37 



Incident Light ~,.~lave Anisotropic Particle 

Scattered Light V,lave 

Figure 2.7: Light depolarization from anisotropic particles. Incident vertically polarized light 
tries to induce a vertical oscillation of electrons in the molecule. However, due to differences 
in the polarizability along different axes, the geometry of the molecule affects the orientation 
of the induced dipole moment , and therefore the polarization of the scattered electric field. 

the derivation of the orientational diffusion equation. Following the argument of Berne and 
Pecora, we can imagine the orientation of a molecule represented by a unit vector, u [1]. 
Now, as the molecules begin to rotate, the unit vectors reorient so that eventually every 
solid angle will have an equal density of unit vectors included within it. For these reasons, 
we can consider orientational diffusion of these unit vectors as the translational diffusion of 
their tips on a unit sphere. Therefore, we can write 

ac(u, t) = 8\72c(u t) 
at ' 

(2.118) 

where c(u, t) is the density of unit vectors tips on the unit sphere, and 8 is the diffusion 
constant for rotational motion. When we plug in the laplacian in spherical coordinates, 
all the derivatives with respect to r go to zero, since r = 1 for a unit sphere. With this 
simplication, we find that 

ac(u, t) 1 [. a (. a) a2 ] 
at = 8 sin2e swe ae swe ae + acp c(u, t), (2.119) 

which we know as the Debye equation [1]. Recognizing that this equation can be written in 
terms of the angular momentum operator, 

(2.120) 

the transition probability equivalent to equation 2.85 can be worked out to be 

P(u, u o , t) = L Ylm(Uo)1l:n(u)e-1(l+1)8t, (2.121) 
1m 
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where Yim(B , ¢) are the spherical harmonic functions, which enter the problem since they are 
eigenfunctions of the angular momentum operator, and U o is the orientation unit vector at 
time t = 0 [1]. 

In order to make the calculation of the relaxation times for the scattered intensity corre
lation times, we must make two assumptions. We need to approximate the particles as small 
rods with no relationship between the translational and rotational motion of the particle 
[26]. This assumption makes sense in the case we want to consider, since in the above dis
cussion, the orientational diffusion equation did not depend at all on translational diffusion. 
Based on these assumptions, the correlation times for vertical-vertical and vertical-horizontal 
arrangements of the polarizations are 

[18]. 

1 
Tvv = 2Dq2 

T _ 1 
VH - 2Dq2 + 128 

(2.122) 

(2.123) 

The final step in the theory of dynamic light scattering, the relating of the diffusion 
constants to particle dimensions, also requires several assumptions about the shape and size 
of the particles. In line with our small rod assumption for finding the correlation times 
as functions of the diffusion constants, we can relate the diffusion constants to particle 
dimensions by the equations 

D= ~ln (L) 
31[" 1] L d 

(2.124) 

3kT (L) 
8 = 1["1]L3 In d ' (2.125) 

where L is the length of the rod shaped particle, d is its diameter, and T is the temperature, 
not a correlation time [18]. At this point, finding an equation for the length L of the rod 
and the ratio Lid constitutes a simple algebra problem. Rearranging equations 2.122 and 
2.123, we find 

1 
D=---

2Tvvq2 

8 = Tvv -TVH. 
12TvvTvH 

(2.126) 

(2.127) 

Dividing equation 2.131 by equation 2.125, rearranging and substituting in equations 2.126 
and 2.127, we obtain 

D L2 

8 9 

L = V9D = 8 

(2.128) 

54TvH 
(2.129) 
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Furthermore, we can determine the ratio Lid by combining equations 2.131 and 2.126 and 
rearranging the equation to get 

L [37r17L] - = exp 
d 2kTq2Tvv . 

(2.130) 

In terms of Tvv and TVH alone, 

d= 54TvH [37r17 ------exp -----
q2(Tvv - TVH ) 2kTq2Tvv 

(2.131 ) 

With the two equations 2.129 and 2.131 , we now have the theoretical basis to analyze the 
correlation functions of optically and physically anisotropic particles of the kind we would 
expect in a liquid crystal. Measurements of aggregate size have proven crucial to our under
standing of the aggregate growth with increasing concentration. 

2.4 Scattering and Absorption Coefficients 

In studying the behavior of light incident on a solution of particles, we have so far focused 
primarily on the behavior of light scattered from the medium. We now turn our attention 
to the process of absorption as well as scattering, and its effect on the intensity of a beam 
of light passing through a substance. As light passes through a medium, several things can 
happen to the photons. If the photon interacts with a particle in the substance, it will either 
scatter off it or be absorbed by it. From a quantum perspective the scattering case occurs 
when an electron excited by the photon returns to its ground state emitting a photon, while 
in the absorbing case, the electron relaxes through a non-radiative process. Considering these 
two interactions of light with matter separately, we begin with a discussion of absorption, 
following Gersh's approach [5]. 

Consider a beam of photons directed at a sample containing absorbing particles which 
do not scatter significant amounts of light (figure 2.8). From the perspective of the incoming 
beam, each molecule presents a cross sectional area to the incoming beam, which, if a photon 
interacts with it, will result in the absorbance of the photon. Now, the number of photons 
absorbed in a infinitesimally thick slice of the sample is proportional to the number of 
photons incident per unit area multiplied by the total cross-sectional area presented by all 
the absorbing particles. Since the intensity of the beam is directly related to the number of 
photons, we can write this decrease in the number of photons in the beam as a change in 
the intensity, 

I 
dI = -NCabs A' (2.132) 

where N is the number of particles, Cabs is the absorption cross-section of each individual 
particle, and A is the area of the thin slab. Now, in order to determine the intensity of the 
beam as a function of distance, Z, through the sample, we need to write equation 2.132 in 
terms of the thickness of the slab, dz. To do this we use the fact that the volume of the 

40 



._,., 

. . -
• ,--

• • 
I ncident Photons 

• • 
• 
• . - ' 

Figure 2.8: Photons passing through an absorbing sample. Particles, indicated by their 
absorption cross-sections, Cabs, absorb some of the photons, while others pass though the 
sample. The number of photon absorbed in in the slab of thickness dz depends on the 
intensity of the light, the number of particles and the absorption cross-section. 

slab, dV, equals Adz, allowing us to rewrite the equation. Since dV does not depend on z, 
we have a simple differential equation 

dI = _ NCabsz I (2.133) 
dz dV' 

which we can integrate to get the intensity. Before doing so, however, it makes sense to 
rewrite some of the constants in terms of more useful parameters. In order to remove the 
infinitesimal volume dV from a macroscopic equation for intensity, we replace it with the 
molar concentration, 

(2.134) 

where n is the number of moles in the sample and NA is Avogadro's number. Rearranging 
equation 2.134, plugging it into equation 2.133, and integrating, we finally arrive at an 
equation for the intensity of the beam of light as it travels through the medium, 

(2.135) 
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Instead of measuring intensity, spectrophotometers measure a quantity known as absorbance, 
A, defined as 

A = -log (i) . (2.136) 

Plugging in the equation for the intensity as a function of distance, 2.135, into this equation, 
we find that 

A = -log (e-NACabsCZ ) = ~:~~~)CZ. (2.137) 

The absorbance depends on both the thickness of the sample as well as its concentration. In 
order to obtain a number that depends only on the absorption cross-section, we define the 
absorption coefficient as 

A NACabs a = - = ---:--:-
cz In(10) , 

(2.138) 

which gives 

(2.139) 

for the intensity. Equation 2.138 proves especially useful in determining the concentration 
of a solution that does not scatter light. If we know the absorption coefficient, we need only 
measure the absorbance of a sample with known thickness using a spectrophotometer. While 
the absorption coefficient does not vary significantly with the concentration of the solution, 
it can depend on the wavelength of the incident light. This allows physicists and chemists 
to obtain a substance 's characteristic absorption spectra. 

In the case that scattering occurs without much absorption, we can formulate the equa
tions in a similar way, replacing the absorption cross-section with the scattering cross-section, 
C scat , the absorbance with the quantity S, and the absorption coefficient with the scattering 
coefficients. With these replacements, the results from the derivation yield. 

S = NACscatCZ 

In(10) 
(2.140) 

S NACscat 
S - - - ---,-----,---

- cz - In(10) (2.141) 

(2.142) 

Finally, when both processes occur at the same time, the intensity function becomes 

(2.143) 

This result prompts us to define a new quantity known as the extinction [;, as well as the 
extinction coefficient e, as 

[;=A+S 
NA 

e = a + s = In(10) (Cabs + C scat ) . 
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(2.144) 

(2.145) 



These equations detail all of the processes that reduce the intensity of the light beam. In 
practice, however, we assume that either the solution scatters very little or that the molecules 
do not absorb very much. In the dynamic light scattering experiments, for example, we used 
a wavelength of light far away from the BPP absorption band. On the other hand, we used 
extremely dilute solutions that did not scatter for obtaining absorption spectra. 
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Chapter 3 

Experimental Methods 

3.1 Techniques of Sample Preparation 

3.1.1 Purification 

Because of BPP's original use in the textile industry, producers of the compound did not 
adhere to strict purity standards. In order to test the effects of a variety of salt concen
trations, we first needed a way to remove all salts other than the counterions needed for a 
neutral solution. We used dialysis as our main method of separating excess ionic impurities 
from BPP and its counter ions. Dialysis uses diffusion across a semipermeable membrane to 
allow free flow of ions while keeping the dye molecules inside. For our purifications, we used 
dialysis bags permeable to anything less than 12000-14000 daltons. Although one might 
expect BPP, with a molecular weight of 724.7 amu, to slip through the membrane, even 
solutions with concentrations as low as 6x 10- 4 wt%, far below what we found to be the 
critical aggregate concentration, are contained. This may result from some kind of interac
tion between the dye molecules and the cellulose that makes up the membrane, since Congo 
Red, a molecule similar to BPP, exhibits this behavior [6]. To set up the dialysis, we tied 
one end of the bag and pipetted the sample into it. Making sure to leave a little bit of air 
in the bag, we then tied the other end and rinsed off any excess dye that had spilled using 
millipore water. Next, we filled a large beaker with millipore water, placing the dialysis bag 
and a stir bar into the beaker and covering it with parafilm (figure 3.1). We then put the 
beaker onto a stir plate and placed into a refrigerator for at least 8 hours. 

3.1.2 Remeasuring Concentration 

Following dialysis or in the case of light scattering experiments, filtration , we often wanted 
to redetermine a sample's concentration. During dialysis , the concentration of the solution 
changed, not only because the excess ions left the bag, but also because osmotic pressure 
forced water molecules into the bag. Especially in more concentrated dye solutions, the 
dialysis bags had a puffed out appearance compared to before dialysis. In one such case, 
an approximately 0.47 wt% solution of BPP absorbed enough water to dilute it to about 
0.28 wt%. When the initial concentrations were lower, however, the bags did not appear to 
absorb as much water, which makes sense given the lower osmotic pressure provided by a 
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Figure 3.1: Setup for a dialysis. The bag, tied at both ends, is placed into a beaker filled with 
millipore water. In cases where we wanted to replace the counter ion as well as removing 
excess ions, the bag is dialyzed in a solution of the chosen ion, followed by the standard 
dialysis against water to remove excess ions. The stir bar ensures that the water outside the 
membrane remains thoroughly mixed. 

more dilute initial solution. Similarly, the process of filtering samples prior to light scattering 
experiments also changed the concentration by some BPP, as evidenced by the red stain left 
on the filters. In order to obtain solutions of known concentrations from the dialysis products, 
we used two different methods. In the first, we lyophilized the solution, removing all water 
from the solution leaving a very light fluffy residue. To lyophilize the solution, we placed 
the solution into a plastic vial with a perforated cap and immersed it in liquid nitrogen until 
the liquid nitrogen stopped bubbling vigorously, indicating that the sample had cooled to 
the temperature of the liquid nitrogen. We then put the vial into a vacuum environment, 
in which the liquid in the sample sublimated away through the holes in the perforated cap. 
From this dry fluffy powder, we could make solutions of known concentrations. 

The second method used to obtain definite concentrations from the dialysis products 
involved the measuring of concentration through absorbance measurements. In order to 
determine the concentration of a sample from an absorption spectrum using eq. 2.138, we 
need to know the absorption coefficient, which depends on the inherent properties of the 
material. To find this, we ran absorption measurements on a sample of known concentration 
made from lyophilized dye. We used dialyzed lyophilized dye since all non-absorbing excess 
ions were removed from the solute. Knowing the concentration, the thickness of the sample, 
and the absorbance of the 497 nm peak, we used eq. refabsco to find an absorption coefficient 
of 70.40 mm-1 (wt%) -1 . Using this absorption coefficient, we can find the concentration of 
any dialyzed solution. 

In determining weight percent BPP concentration through absorption measurements, we 
made several assumptions. First , we assumed that water does not absorb or scatter light to 
any significant extent , a valid conclusion due to its clarity and the lack of a visible beam 
passing through water when it is illuminated by light. Therefore, only the BPP molecules 
decrease the intensity of a beam of light travelling through a medium. Secondly, we assumed 
that the concentrations used for taking absorption spectra were so dilute that very little 
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scattering occurs. Observations of light passing through the samples confirmed the validity 
of this assumption. In order to measure concentrations of BPP solutions in any range, we 
simply diluted them so that the absorption spectrum was taken on a very dilute solutions. 
We then multiplied the concentration of the diluted solution by the dilution ratio, giving us 
the concentration of the original solution. 

3.1.3 Evaporation 

Despite our ability to make solutions of known concentration from lyophilized powder, 
we used this process only to obtain the absorption coefficient for dialyzed BPP. Lyophilized 
BPP easily picks up static electricity, making it hard to work with. In addition, some 
lyophilized samples did not dissolve as well as original powder, and attempts to recover the 
liquid crystal phase by adding salt to lyophilized solutions did not succeed. As a result, we 
needed to find another way to increase the concentration back to the point where the solution 
displayed a liquid crystal phase at room temperature and normal salt concentrations. To 
do this, we placed the dialyzed sample in an open beaker with a stir bar, and immersed the 
beaker in a water bath sitting on top of a hot plate (figure 3.2). To expedite the evaporation 
process, the water was heated slightly. After evaporation, the concentration of the sample 
could be remeasured using absorption techniques. While this process of evaporation made it 
impossible to achieve an exact concentration, further dilutions could achieve specific value 
if desired. 

Beaker (clamped in place) 

- -
~"""''''''''~JV'v'o1 f.r ....... "''o.f'v'o.f'v .... ' '' .... ''''o.f'v fVVVVv'o.f'vV 

Sample and 
Stir Bar -

TNater Bath 

Stir Plate \lIi th He atjng U ni t 

Figure 3.2: Setup for the evaporation of a BPP sample. The sample is placed in an open 
beaker with a stir bar, which in turn is immersed in a water. A clamp is used to suspend 
the beaker over the bottom of the bath. The entire apparatus is placed on a stir plate and 
heated slightly to increase the rate of evaporation. 
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3.2 Light Scattering Experiments 

For our light scattering experiments, we used a Brookhaven Instruments goniometer and 
digital correlator. Vertically polarized laser light with a wavelength of 647.1 nm, well away 
from the absorbance peaks of BPP, was directed into the sample, which we immersed in 
index matching fluid (figure 3.3). In order to prevent the laser beam from scattering off 
dust in the index matching fluid, we cycled the liquid through an external filter for several 
minutes before beginning measurements. Light scattered from the sample enters a detector 
placed at an angle, e away from the incident laser light. For most dynamic light scattering 
experiments, we kept e at 90°. The detector relays the measured intensity to the correlator, 
which generates a correlation function of the intensity trace. We made all the solutions for 
light scattering experiments from commercial powder, so the salt concentrations also varied 
with BPP concentrations listed. The typical method of making solutions for light scattering 
involved vortexing the vials, heating them to help break down any undissolved dye particles 
before allowing them to cool, and finally filtering them to remove any dust. After this initial 
heating, we left the solutions for about a day before taking any correlation functions. 

Sample 

Polart:rer (Hortwntal or Vertical) 

Adjustable De tec tor Aperture 

Det.ec1)Jr 

Figure 3.3: Light scattering apparatus. Laser light enters the sample immersed in index 
matching fluid, scatters off the sample, passes though a polarizer, and enters the detector. 
The angle, e, between the detector and the incident laser light can be varied in both static 
and dynamic light scattering experiments. 

In order to determine the effect of subsequent heating on the aggregation process, we per
formed a series of correlation measurements both before and immediately after the solutions 
had been heated and cooled down to room temperature. It is important to distinguish these 
heating and cooling processes, which we performed minutes before taking correlation func
tions, from the initial heating used in the procedure for mixing solutions described above. 
In order to cool the solutions quickly before the aggregates reformed, we ran the vial con
taining the solution under a stream of room temperature water. In addition to taking data 
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before and after heating, we also took data with vertical (VV) and horizontal (VH) polar
izers placed in front of the detector. Because the laser itself had a vertical polarization, the 
horizontal filter measured the scattering of depolarized light, giving us information about 
the anisotropy of particles present in the solution. 

We performed measurements on a set of solutions varying between 0.023 wt% and 0.29 
wt% BPP. We filtered the solutions through a 0.2 Mm filter to remove any dust particles 
that could interfere with light scattering off aggregates, measuring the concentration again 
afterwards. We performed light scattering experiments on these samples in two separate 
sets. The first set, with larger intervals between concentrations and covering the whole 
range of concentrations tested, identified the types of changes doing on before and after 
heating. A second set of measurements, focusing on a small range of concentrations where 
dramatic changes occur, determined more precisely the concentrations where this transition 
takes place. 

The nature of the various solutions tested necessitated changes in several other experi
mental parameters in order to obtain the best data. To begin with, the length of time during 
which we collected data varied from a few minutes to half an hour. In most cases, we took 
data until the correlation function stopped changing rapidly and the shape of the function 
became clear and well-defined. However, in several of the higher concentration solutions, the 
molecules began to re-aggregate quickly, necessitating much shorter data collection times. 
Furthermore, for each concentration, we had to adjust the aperture size on the detector and 
the power for the laser. For most of the lower concentrations, we used a laser power of 50 
m W, while starting with the 0.45 wt% solutions, we decreased the laser power to 25 m W. At 
this concentration and above, we did not need the 50 m W because the solutions scattered 
much more and as a result, the scattering intensity was high enough to obtain an accurate 
correlation function. If the laser power is too high, the sample may heat up, affecting the ag
gregates, which form only below certain temperatures. Lastly, we tried to keep the aperture 
of the detector as small as possible, while still generating enough counts to obtain a clear 
correlation function in a reasonable amount of time. The size of the aperture determines how 
many coherence regions the detector "sees". For smaller apertures, scatterers must be farther 
apart for the light scattered from them to interfere destructively at the detector, so the size 
of the coherence region is larger. Minimizing the number of coherence regions maximizes 
the signal-to-background ratio on the correlation functions, making a small aperture size 
desireable. In general, the aperture varied from 0.2-1.0 mm for solutions observed through a 
vertical polarizer, while solutions observed with the horizontal polarizer sometimes needed 
an aperture of 2 mm in order to get the counts high enough. 

3.3 Phase Diagram Measurements 

In order to characterize the phase of the sample and gather information for the phase 
diagram, we placed samples under a polarizing microscope. Because of the birefringent 
nature of the liquid crystal phase, a liquid crystalline sample sandwiched between cross 
polarizers will allow light though as long as the director is not parallel to either of the 
polarizers. In a polarizing microscope, light is directed through a polarizer and the sample 
before hitting a second polarizer oriented perpendicular to the first one (figure 3.4). As a 
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result, the amount of light reaching the eyepiece depends both on the degree of alignment 
in the liquid crystal and the orientation of the director. 

Heatillg. U lut 

UghtSoUIce 

Dete ct)r u)laced ove r one 
eyepiece) 

Polari:rer (perpe ndkll];n m 
first one) 

MkDJscope Objecti'/e 

S ample on }"lkDJscope Slide 

P..oia ting hlollILt 

Polari:rer 

Figure 3.4: Schematic of the polarizing microscope used to obtain data for phase diagram 
measurements. Light passes through the BPP sample, mounted on a rotating stage and 
placed between cross-polarizers. If the sample is liquid crystalline, the birefringent properties 
of the material will change the polarization of the light , allowing some of it to get through 
the second polarizer. When we rotated the stage on which the slide sits, the director moved 
in and out of alignment with the first polarizer, causing the sample to vary between dark and 
light. A heating unit surrounding the sample allowed us to rasie the sample's temperature 
and observe the transition to an isotropic liquid. 

During the course of our experiments varying salt content in BPP solutions, we tested 
samples prepared in several different ways. Our very first measurements of solutions without 
excess salt were created by lyophilizing samples dialyzed against aqueous N aCI followed by 
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pure water. Following dialysis , these solutions were lyophilized, and new solutions of specific 
concentrations made from them. By observing them under the microscope, we characterized 
the phase behavior of BPP with no salt. In addition to using the freeze-drying process to 
characterize the salt concentrations, we also observed solutions made by dialyzing against 
water or NaCI and water, but with the concentration adjusted by evaporation. We chose 
this method of adjusting concentration when we began to add salt in an attempt to recreate 
the liquid crystal phase. Using optical techniques , Gersh reported the formation of a liquid 
crystal phase at 10 mM, which corresponds to approximately 0.72 wt% commercial powder 
concentration (BPP and salts) or 0.33 wt% BPP [5]. In our first attempt to recreate the liquid 
crystal phase from a solution dialyzed against water and then evaporated to a concentration 
of 0.72 wt% BPP, we added enough salt to bring the NaCI concentration to 0.70 wt%. We 
then gradually added water to the solution at 0.5 mL at a time, vortexing, heating, and 
observing the sample after each step. 

The solutions made to study the effect of salt concentration on the phase behavior were 
made with varying concentrations of NaCI, from 0.0 wt% to 1.09 wt%, but a constant 
concentration of BPP. Our stock BPP solution consisted of a sample dialyzed successively 
against aqueous N aCI and water. By evaporation, we increased the concentration to where 
it should have a room temperature liquid crystalline phase if the salt concentrations were 
the same as the commercial powder. Adding salt to this solution proved more complicated 
than simply adding N aCI crystals to the mixture. If we added salt crystals directly to the 
BPP solution, as we did in our first attempt, we would create very high concentrations of 
salt immediately surrounding the dissolving crystals, with lower concentrations elsewhere. 
This variation of salt concentration will create problems, since even solutions with very little 
total salt added will have areas with high salt concentration, and aggregation properties will 
vary in different parts of the solution. We devised a method that introduces salt to the 
system in a more gentle manner. Instead of dumping salt crystals directly into the BPP 
solution, we first made up several solutions of NaCI in water, each of a slightly different 
concentration. We then added known amounts of these solutions to known amounts of the 
dialyzed, evaporated BPP solution. For each final solution we put approximately 0.6 mL 
of BPP solution together with approximately 0.3 mL salt solution. The exact volumes of 
each of the solutions varied slightly, so as to keep the final concentration of BPP as exact 
as possible. In actuality, the BPP concentrations ranged between 0.476 wt% and the 0.479 
wt% , but we considered this range acceptable. Since we kept the BPP concentration of 
these solutions relatively constant, we could then determine the phase behavior varying only 
temperature and salt concentration. 

In order to prepare samples for observation and data collection, we laid two pieces of 
parafilm side by side on a microscope slide with about half a centimeter between them. 
Then, we took a coverslip and laid it over the space between the two pieces of parafilm, 
creating a thin space, the thickness of the parafilm between the slide and the coverslip. 
While taking care not to smudge the coverslip, we cut away the excess parafilm using a razor 
and then heated the slide just enough to seal the connection between coverslip and slide. 
Next, we combined the two components of a five-minute epoxy sealant, making sure that 
the two components were thoroughly mixed together. We pipetted a small amount of dye 
solution into one of the open ends of the space between the slide and the coverslip, letting 
capillary action draw the sample between the slide and the coverslip. When we had filled the 
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space with liquid, we sealed both open ends with the epoxy, letting it dry for a few minutes 
before placing it under the microscope. 

For our observations and data collection purposes, we used a Leitz Laborlux 12 polarizing 
microscope. By measuring the intensity of the light hitting the microscope eyepiece as the 
sample is heated up, we can track the melting of the liquid crystal by the decrease in 
light penetrating the sample. To track these changes quantitatively, we removed one of the 
eyepieces, replacing it with a Newport power meter. When taking intensity measurements, 
we located an area of the sample where the director remained roughly constant, so that we 
could obtain the highest power reading when we rotated it a point of maximum transmission, 
as discussed in section 2.2. By looking at a bright spot, we ensured the greatest possible 
change in intensity as the liquid crystal melted and the light intensity dropped to zero. The 
intensity of the illumination light also affects the power meter reading. If the light was too 
intense, then the sample did not go completely dark when the liquid crystal melted. On 
the other hand too little illumination made it harder to observe changes in the power meter 
reading. 
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Chapter 4 

Results 

4.1 Dye Content 

Previous research on the BPP dye system at Swarthmore struggled with the problem of 
purification, since the students could not rigorously examine how salts or other impurities 
affected the liquid crystal phase without knowing the content of the dye. At a more basic 
level, without knowing the fraction of BPP molecules in the commercial powder, there was no 
way to determine the true concentration of BPP from the concentration of powder in those 
solutions. In order to get some idea of the purity of the organic molecules in the commercial 
powder, we looked at its proton NMR spectrum. By analyzing the peaks, we concluded 
that BPP made up at least 95% of the organic molecules. We took two different approaches 
to ascertaining the commercial powder's inorganic content. Both approaches began with a 
dialysis against millipore water to separate the dye molecules and their cations from any 
excess ions. In the first approach, we collected the dialysis water containing ions from the 
commercial powder and brought it to the water company for analysis. The water company 
ran ion chromatography on the water, and found significant concentrations of both sodium, 
chlorine and other ions (table 4.1). 

Ion Concentration (mg/L) 
Na+ 15 
CI- 12 
SO~- 6 
Ca2+ 1 
Mg2+ 0.7 
NO~ 0.1 

Table 4.1: Ions found in dialysis water after a single dialysis against millipore water. Ion 
chromatography tests were performed at the Aqua Pennslyvania water labs in Bryn Mawr, 
PA. 

The approximate weight percent of the salt impurities can be determined by estimating 
the amount of water used in the dialysis and the amount of commercial powder used to make 
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the solution for dialysis. In this particular dialysis, we used about 1.4 L of water and used 
110.3 mg of commercial powder. Calculating the amount of salts present, we find that salts 
make up 49% of the commercial powder by weight. 

The second method, rather than analyzing the ions that leaked out of the dialysis bag, 
examined the solution remaining inside. By comparing the absorbance coefficients of so
lutions made directly from the commercial powder against those made from dialyzed and 
lyophilized powder, we confirmed that a large component of commercial powder does in
deed consist of salts. Since these salts do not have any significant absorbance in the range 
of 300-700 nm, a solution made from commercial powder will have significantly fewer dye 
molecules than a solution of the same concentration made from dialyzed and lyophilized 
powder, and will therefore have a lower absorption coefficient. In order to make a solution 
of known concentration from the dialyzed sample, we lyophilized it , leaving only the dye 
and its counter ions in a solid state. From this lyophilized powder, we made a 2.9 x 10-3 

wt% solution. Measuring at the 497 nm absorption peak, we found an absorption coefficient 
of 70.40 mm-1(wt %)-1. In marked contrast, the average absorption coefficient measured 
from several commercial powder solutions was 32.15 mm-1(wt %)-1. Now by eq. 2.138, a 
solution made from commercial powder would have to have 

70.40 
-- = 2.19 
32.15 

(4.1) 

times as much absorbance for the same concentration to have the same absorption coefficient 
as a solution made from the lyophilized product. Therefore, the lyophilized powder has 2.19 
times the number of BPP molecules than the same amount of commercial powder. So, the 
commercial powder is 

1 
2.19 =45.7% (4.2) 

BPP molecules by weight. The absorption coefficient calculations result in a slightly higher 
value for the percentage of salts in the commercial powder than the tests done by the water 
company. Still, given the dramatically different approaches and the assumptions made, these 
two values agree to a remarkable degree. 

4.2 Dynamic Light Scattering 

Results from dynamic light scattering and other associated experiments revealed a series 
of dramatic changes that occur in a very narrow range of concentrations. The first indication 
of this appeared even before we began any light scattering experiments, as we made up the 
solutions in preparation for the light scattering experiments. In most solutions observed up 
to this point, the solutions were turbid and had a bright red color until the first heating 
turned the them a clearer, darker red. After they had cooled, solutions maintained this 
appearance. However, in solutions with concentrations of approximately 0.08 wt% and below, 
something quite unusual happened. Initially, the newly made solutions had the turbid red 
color and scattered a lot of light, but within a half an hour or less , they had changed on 
their own to the clear dark red color (figure 4.1). The same set of vials after the first heating 
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(figure 4.2) could hardly be distinguished, revealing that the concentration alone does not 
change the appearance of the solutions. Rather, the behavior of the molecules within the 
solutions changes dramatically between these concentrations. We always heated and cooled 
the solutions at least once before dynamic light scattering, so the appearance of the solutions 
before any initial heating cannot directly relate to the results from the scattering experiments. 
Nevertheless, the dramatic changes in opacity probably probably indicate a dramatic change 
in aggregation properties. 

Figure 4.1: Photo of various concentrations close to the point at which large aggregates 
appear in light scattering. This photo was taken after the solutions had been vortexed 
but before heating. Particles causing the opaqueness in the solution are probably not the 
same as those discovered in the scattering experiments, since the solutions are heated before 
scattering experiments are performed. Nevertheless, they probably have some relationship 
to the aggregates seen in light scattering. Concentrations were calculated by multiplying 
the commercial powder concentration by the percentage of BPP molecules in the power 
(equation 4.2). 

Further indication that the molecules inside the liquid were undergoing dramatic changes 
in between 0.07 and 0.13 wt% concentrations came when we measured the scattering intensi
ties for light. In order to perform these measurements we needed to correct for the absorption 
of light by the molecules as the laser beam traversed the medium. A solution with almost no 
absorption would receive the full power of the laser beam, and all the scattered light would 
enter the detector. On the other hand, a significantly absorbing medium would absorb some 
of the light both before and after it scattered, diminishing the intensity of light detected by 
the photomultiplier. Assuming that the absorption coefficient did not change dramatically 
with concentration, and using equation 2.139, which gives the intensity of light traveling 
through an absorbing medium, we could easily calculate the corrected intensity. The higher 
concentrations of BPP absorbed a significant amount of light, leading to corrected intensities 
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Figure 4.2: Photo of various concentrations close to the point a which large aggregates 
appear in light scattering experiments. In this photo, taken after heating, one cannot discern 
between the different solutions, since the concentrations are so close and the large, light 
scattering particles have broken down. Concentrations were calculated by multiplying the 
commercial powder concentration by the percentage of BPP molecules in the power (equation 
4.2). 

that were up to two orders of magnitude larger than the observed intensities. Both horizontal 
and vertically polarized scattering intensities began to increase dramatically starting in the 
same range of concentrations that showed color changes in the vials. Furthermore, the ratio 
of VH intensity to VV intensity, called the depolarization ratio, also increased significantly 
in this range (figure 4.3). 

In this case, however, the solutions had been heated at least once and left until the ag
gregates had time to reform. Even after the initial heating, the scattering from the solutions 
above the 0.13 wt% range was still far greater than the scattering from less concentrated 
solutions. The scattering intensities of horizontally polarized light showed the most increase 
in this concentration range, jumping three orders of magnitude. Whereas at lower con
centrations, the vertically polarized intensity had towered above the horizontally polarized 
intensities, starting at 0.13 wt%, they remained much closer together. This abrupt change in 
the depolarization ratio of the scattered light represents a key development in the scattering 
process, one which indicates the presence of anisotropic particles. 

While the measurements of scattering intensities do show general changes in the range 
of 0.07 wt% to 0.13 wt%, they are not consistent . For a few concentrations, we repeated 
measurements , and found a significant difference between measurements at the same angle . 
Because of this non-repeatability, we can only rely on the general structure of the scattering 
intensity graphs to tell us about the increases in scattering with concentration. 

The most detailed results obtained from scattering experiments came from the correla-
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Figure 4.3: Graph of corrected intensity and depolarization ratio as a function of concentra
tion. Intensity was averaged over approximately one minute for each of the concentrations. 
To account for absorption, which decreases the intensity seen, especially at higher concentra
tions, we multiplied by a factor of lOcaz to obtain the correct intensity. For this experiment, 
the angle between the laser beam and the detector was 900 , the laser power was kept at 25 
m W for all measurements, and the aperture size was 2 mm. 

tion functions. Both vertically and horizontally scattered light revealed several interesting 
phenomena. Before heating, the correlation functions of vertically scattered light up to 0.12 
wt% displayed a single exponential with a correlation time in the hundreds of microseconds 
range (figure 4.4). Starting with the 0.12 wt% solution, a second exponentially decaying 
correlation with a correlation time in the thousands of microseconds appeared in addition to 
the first (figure 4.5). This change corresponded very closely with the increased opaqueness of 
the solutions immediately after they had been prepared. Furthermore, the correlation times 
for this second exponential increased from 1792 ± 70 f-lS for the 0.12 wt% solution to 4290 ± 
230 f-lS for the 0.29 wt% solution (figure 4.6) On the other hand, the short correlation times 
before heating remained relatively constant and were roughly equivalent to the correlation 
times after heating. 

The correlation functions taken with a horizontal polarizing filter in front of the detector 
displayed an equally abrupt transition around the same concentrations. At concentrations 
of 0.09 wt% and below, intensity traces showed no correlation whatsoever. Starting with 
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Figure 4.4: Correlation function of 0.066 wt% BPP in water with a vertical polarizer. 
Since the solution is below the critical concentration, a single exponential of the form 
C1 + C2e-r jTvv with a correlation time on the order of hundreds of microseconds fits the 
data before and after heating. 

the 0.11 wt% solution, however, a correlation appeared, indicating the presence of a new 
anisotropic particle that depolarizes light scattered from it (figure 4.7). At higher concentra
tions, the longer correlation times in a double exponential fit grew larger, even exceeding the 
VV correlation time for the two highest concentrations (figure 4.6). In solutions that had 
been heated and cooled to room temperature immediately before scattering experiments, 
however, the correlation functions looked dramatically different for both vertically and hori
zontally polarized light. Both types of correlation functions indicated that after heating, the 
large, anisotropic particles broke down, leaving only the smaller, isotropic particles present 
in all solutions. In the VV correlation functions, the second exponential disappeared (figure 
4.5), while the VH data showed no correlation once again (figure 4.8). Despite the changes 
observed, the cycle of heating and cooling back to room temperature did not remove the 
particles for good. Especially at higher concentrations, the larger particles began to form 
fairly quickly after the solution returned to room temperature, necessitating shorter data 
collection intervals. Generally, however, we waited a full day after heating to allow the 
aggregates to return to their equilibrium size. 
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Figure 4.5: Correlation function of 0.20 wt% BPP in water with a vertical polarizer. Before 
heating, a fit of the form C1 + C2e-T/Tvv,1 + C3e-T/Tvv,2 agrees best with the data. However, 
after heating the second exponential with a large correlation time disappears, leaving only 
the exponential with a correlation time on the order of hundreds of microseconds. The second 
exponential present in the correlation function before heating has a much larger correlation 
time, on the order of thousands of microseconds, indicating the presence of large particles 
that are easily broken down by heating. 

4.3 Varying Salt Concentration 

We performed all of the light scattering experiments on solutions with the salt content at 
the same level as in the commercial powder. When we tried various methods of adding salt 
to solutions that had been dialyzed either against NaCI and water or water alone, we found 
dramatically differing results. Observing a 1.07 wt% sample that we had dialyzed against 
N aCI and water, and then lyophilized, we found no liquid crystalline behavior. On the other 
hand, we had difficulty creating a solution of similar concentration out of lyophilized BPP 
dialyzed solely against water, since the powder did not fully go into solution. 

The process of dialyzing against water and evaporating yielded entirely different results. 
With no salt added, a 0.72 wt% BPP sample dialyzed with water showed some liquid crys
talline birefringent behavior, but also contained needle-like slivers of birefringent material. 
These needles has the appearance of a solid crystalline precipitate coming out of solution. 
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Figure 4.6: Correlation times as a function of BPP concentration. Correlation times were 
obtained from single and double exponential fits of the correlation functions. Concentrations 
with two correlation times before heating indicate that a double exponential best fit the data. 
Short correlation times appear both before and after heating for VV data, and do not vary 
dramatically with concentration. The shorter correlation times before heating do show a 
slight decrease when the second exponential appears. Meanwhile, the long correlation times 
appear before heating and only above a certain concentration. Furthermore, they. 

Though often times the needles appeared in association with some liquid crystalline birefrin
gence, these slivers remained even when we diluted the 0.72 wt% dialysis sample until the 
point when it showed almost no liquid crystalline phase. When we added salt crystals di
rectly to the 0.72 wt% solution, the solution turned a more opaque, brighter color similar to 
a solution made directly from powder. However, unlike solutions made from powder, gentle 
heating did not turn the solution darker and clearer as we expected. Under the microscope, 
the sample had a kind of mottled appearance, somewhat like the liquid crystal phase but also 
containing the birefringent needles. Initially, the solution did not change dramatically when 
we began to add water in an attempt to eliminate the needles. However, when we heated 
the solution after adding a significant amount of water, the solution changed color, turning 
darker. When observed under the microscope, the solution had returned to the characteristic 
liquid crystalline phase. 

Having shown that we could recover the liquid crystal phase from a dialyzed sample, we 
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Figure 4.7: Correlation functions for a range of concentrations taken before heating. A 
horizontal polarizer was placed in front of the photomultiplier tube for these measurements. 
As the concentration increases, correlation functions with some kind of exponential replace 
purely noise correlation functions. The appearance of this correlation function suggests that 
highly anisotropic particles form suddenly at a concentration between 0.065 wt% and 0.013 
wt%. 

attempted to measure the phase behavior of several solutions with differing N aCl concen
trations. Even before testing the phase behavior, the samples displayed markedly different 
macroscopic characteristics despite containing the same 0.48 wt% concentration of BPP. The 
solutions with the three lower concentrations of salt (0.0 wt%, 0.22 wt%, and 0.43 wt%) all 
had roughly the same visual appearance, and flowed in their vials when shaken by hand. 
However, the three solutions with higher salt concentrations (0.65 wt%, 0.86 wt%, and 1.09 
wt%) were far more viscous. At the highest concentrations especially, it appeared that the 
salt-water solution did not entirely mix with the BPP solution, resulting in a solution that 
appeared somewhat inhomogeneous to the naked eye. A large portion of the solution was a 
thick sludge, while a small bit of clear liquid, most likely leftover N aCl solution, made up the 
second part. When we let the high salt solutions settle, they coagulated, to the point that 
even if we inverted their vials, the thick, sludge-like solution solution remained stuck at the 
top. Only vigorous shaking or vortexing liquified the sample, causing it to flow sluggishly 
when we tilted the vials. 
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Figure 4.8: Correlation functions for a range of concentrations taken after heating. A hor
izontal polarizer was placed in front of the photomultiplier tube for these measurements. 
Unlike the correlation function taken before heating, these correlation function do not show 
a exponential behavior after a certain threshold concentration. Whatever anisotropic parti
cles gave rise to the exponential correlation function before heating broke down during the 
heating process. 

4.3.1 Phase Diagram Measurements 

When observing the three lowest concentrations under the microscope, the power meter 
intensity decreased with increasing temperature, leveling off as the solution entered the fully 
liquid phase. In order to determine the temperatures for the transitions from the liquid crys
tal to the coexistence region, and the coexistence region to liquid, we identified linear section 
of the intensity versus temperature graphs, fitted those regions, and found the temperatures 
of their intersections. We estimated error by eye directly from the graphs. In the case of 
the 0.43 wt% salt solution, the changes in slope were too slight to get accurate transition 
temperatures. The results (table 4.2) illustrate an increase in the transition temperatures 
between the liquid crystal and liquid phases, indicating that the liquid crystal can exist at 
higher temperatures. 

Not surprisingly, optical measurements made on the higher concentration solutions under 
the microscope paralleled our macroscopic observations. Somewhere between the 0.43 and 
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N aCI Concentration (wt%) LC to LC+ L Transition (OC) LC+L to L Transition (OC) 
0.0 36±6 62±6 

0.22 46±15 72±10 

Table 4.2: Transition temperatures between liquid crystal (LC), coexistence (LC+L), and 
liquid (L) phases for different concentrations of N aCl. BPP concentrations remained fixed 
at 0.48 wt%. 

0.65 wt% salt concentrations, a distinct change occurred, and the 0.65 wt% solution took on 
a distinctly different appearance under the microscope. While the solution still showed liquid 
crystalline behavior, there was also the presence of larger chunks of birefringent material that 
looked more like solid crystalline blocks in suspension. As a result, the sample had an in
homogeneous appearance like knotty varnished wood. These large chunks were larger than 
the needles seen in other samples, but they shared some of the same characteristics. Heating 
the sample to 90°C darkened it considerably, but the transition was so gradual, and the 
sample so uneven, that this data proved unusable for determining transition temperatures. 
Observing the solution with 0.86 wt% NaCI concentration under the microscope, we saw 
the same crystalline chunks, and deemed it unnecessary to heat the solution, as the sample 
clearly deviated from the typical liquid crystalline phase. 
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Chapter 5 

Discussion 

5.1 Calculation of Aggregate Size Using the Spherical 
and Rod-Shaped Approximations 

In calculating the best fit lines for the the VV correlation functions , we masked the first 
5 f-lS of data. When we fit the single or double exponential to the data including these 
points, the fits always undershot the data at very short T. This additional correlation may 
have resulted from scattering off very small impurities in the solution. If a third set of 
particles caused this undershoot, they must have been insignificantly small, since this third 
exponential component died off very quickly, and would give a very short correlation time. 
Since these scatterers had no relation to the BPP aggregates, we felt confident in excluding 
them from our data fits. For consistency, and since we did not know for sure whether these 
small impurities scattered depolarized, light , we continued this practice when determining 
fits for the VH correlation functions. 

Fitting the VH data posed more problems than the fits for the VV data. When consid
ering what type of fit to use for the VH data, we predicted that a single exponential would 
provide the optimum match to the data. Since only the larger particles scattered depolar
ized light, the small isotropic particles should not appear in the VH correlation function. 
Somewhat surprisingly, we found that the double exponential form provided a much better 
fit (figure 5.1). While, these fits provided much better agreement with the data, but raised 
new problems when we tried to apply the simple rod theory to determine the Land d for 
these aggregates. As noted in the results section, some of the large VH correlation times in 
double exponential fits exceeded the large VV correlation times. These results make little 
sense since they lead to an imaginary length using the rod shaped aggregate model via equa
tion 2.129. Furthermore, by looking at the equation 2.123 for TVH in terms of the diffusion 
constants, a larger TVH implies that the rotational diffusion constant Theta would have to 
be negative, which makes no physical sense at all. 

Because single exponentials clearly did not fit the data well at all, but rod length cal
culations for the two highest concentrations led to imaginary lengths , we made only three 
calculations of aggregate dimensions using the rod model (figure 5.2). For all calculations, 
we assumed a room temperature of about 21.5±1.0°C. However, since the correlation times 
had much higher relative error, we left the error on the temperature out of the calculation. 
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Figure 5.1: Fitting the VH correlation function of 0.20 wt% BPP. A single exponential fit, 
of the form C1 + C2e - r /TvH does not fit the data nearly as well as a double exponential fit 
of the form C1 + C2e - r /TvH,1 + C3e - r /TvH,2. 

5.2 Effect of BPP Concentration Changes on Aggre
gate Size and Shape 

The preparation process for samples used in dynamic light scattering experiments pro
vides some of the strongest evidence for the larger, anisotropic particles being BPP aggre
gates. Gersh, in her work with light scattering from BPP aggregates, suggested that large 
impurities in the solutions may have caused the light scattering methods to overestimate the 
size of the BPP aggregates [5]. This possibility arose because she only filtered the millipore 
water used to make solutions, rather than the solutions themselves. She did this because 
BPP aggregates were too large got stuck in the filter, making it impossible to maintain a 
constant concentration. However, our technique to remeasure the concentration following 
filtration (Section 3.1.2) allowed us to filter the solutions while still knowing the exact con
centration of the liquid. As a result, the filtration process removed all the particles larger 
than 0.2 11m from the original solution. However, calculation of the aggregate sizes using 
two different models reveals that, at higher concentrations, the measured sizes of particles 
unequivocally exceed 0.2 11m. While these results would make no sense if the particles in 
question were inert dust, if these particles were aggregates existing in equilibrium, we can 
easily explain them. When filtered, all aggregates larger than the filter size got caught in the 
filter. This was clearly the case, as the concentration of the solution decreased slightly after 
filtration. However, when the filter removed the largest aggregates, it disrupted the solution's 
equilibrium. Because the concentrations did not change significantly, the concentration was 
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Figure 5.2: Calculated aggregate sizes for two different shape models. Sphere model radii 
show a definite increase in radius with concentration. While the paucity of data makes 
interpretations more tenuous, the rod length and rod diameter appear to increase with 
concentration as well, with the length possibly increasing faster than the diameter. 

still high enough to induce the formation of large aggregates . To return to equilibrium, BPP 
molecules reformed aggregates, explaining the presence of particles larger than the filter 
size in the scattering samples. This behavior presents a strong case for equating the larger 
particles with BPP aggregates, solving the potential problem suggested by Gersh [5]. 

Now that we have established the connection between the particles observed in the solu
tion and BPP aggregates, we can identify several important characteristics of the aggregation 
process. First, unlike other chromonic systems, BPP has a critical concentration at which 
large aggregates begin to appear. This critical concentration occurs between 0.09 wt% and 
0.12 wt% concentrations, as indicated by visual appearance and light scattering experi
ments. Beginning at 0.11 wt% the VH depolarized correlation function appears, indicating 
the presence of anisotropic aggregates. At 0.12 wt%, the VV correlation function starts 
to display a clear double exponential shape, indicating the presence two kinds of particles 
with dramatically different sizes. Even visual observations of unheated solutions prepared 
from commercial powder indicate that some kind of transition occurs over this concentration 
range. This well defined threshold concentration recalls the critical micelle concentrations 
seen in amphiphillic aggregation. Bykov et al. also found a critical concentration below 
which they did not observe any liquid crystal transition, implying that aggregation does 
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not occur in this range [2]. While we located the transition somewhere around 0.11 % or 
0.12 wt% BPP, Bykov placed this threshold at 0.25 wt% [2]. Nevertheless, given that they 
may include an unknown amount of salt impurities in their calculation of concentration, 
these values are not wholly incompatible. The second key aspect illuminated by light scat
tering comes from the observations of depolarized correlation functions. The intensity of 
depolarized light reveals the anisotropy of the aggregates, prompting us to attempt a rod
shape model for aggregate size. Finally, both the spherical and the rod model display an 
increase in aggregate size as concentration increases. Because the rod-model calculation had 
some non-physical results at the higher concentrations, we cannot say for sure whether this 
growth in aggregate size comes primarily from an increase in rod diameter or an increase in 
rod length. In fact, the problems with the rod model suggest that this model for aggregate 
shape is also an approximation, though perhaps a slightly better one than the sphere model. 
Nevertheless, this size increase corresponds much more closely with typical chromonic ag
gregates. As a result, neither the single nor the multiple size aggregate model accurately 
explains the behavior of BPP molecules in solution, and we need a more complicated model 
to explain these results. In this sense, BPP aggregates inhabit an unusual position between 
amphiphillic and conventional chromonic molecules. 

Light scattering on the filtered BPP solutions resulted in two key differences from previous 
work on aggregate size. Gersh did not use a double exponential to fit data taken from 
unfiltered BPP samples, and consequently, she reported only one size. As we might expect, 
the reported aggregate radii are smaller than our radii, since a single exponential fit will 
have a correlation time somewhere in between the two values for a double exponential. 
Somewhat more surprising, however, is the relatively constant aggregate size observed [5]. 
Concentrations were measured over a large range between 0.01 and 10 mM commercial 
powder concentration (approximately 3.3 x 10-4 wt% 0.33 wt% BPP concentration), so we 
would expect to see an increase in size even with a single exponential fit. However, a sample 
correlation function given by Gersh reveals that she fit only the first 7000 f1S of data, while 
our fits account for data as far out as 105 f1S . With the data prematurely truncated, the 
fits may weight the shorter correlation times more. Since the short correlation times do not 
change with concentration, this method of analysis may have led to her result of constant 
particle sizes. Given the preparation technique used in our experiments, coupled with a 
clear increase in size using two different models, these more recent results must revise our 
understanding of BPP aggregate formation. 

In several respects, the aggregation properties of BPP mirrors those of pseudoisocyanine 
chloride (PIC). Both BPP and PIC have a critical concentration at which aggregates begin 
to form. In PIC, this change appears in an increase in the radius of gyration and molecular 
weight of the aggregates, as well as a dramatic increase in the scattering intensity [8]. Like
wise, BPP solutions show dramatic increases in scattering intensities (figure 4.3) as well as 
particle sizes. Moreover, both of these changes occur in a relatively narrow range of concen
trations, with changes in PIC aggregation beginning just above 0.7 giL [8]. One might argue, 
based on Gersh's absorption coefficient measurements [5], that BPP's absorption spectrum 
does not change, while PIC's absorption spectrum does. However, the highest concentration 
for which she took absorption measurements was 3 mM commercial powder concentration, 
which corresponds to approximately 0.10 wt% BPP. This concentration falls just below the 
critical concentration at which dramatic changes in the aggregation behavior occur, so the 
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absorption coefficient measurements do not provide an effective comparison. Lastly, both 
PIC and BPP aggregates show evidence for continuing growth with increasing concentration, 
although the manner of this growth differs between them. While the thread-like PIC aggre
gates increase their molecular weight, neither the radius of gyration nor the average thread 
length changes significantly, suggesting that additional PIC molecules add to the thickness of 
the aggregate instead [8]. On the other hand, BPP aggregates show continuing increases in 
radius (sphere model) as well as length and diameter (rod model) beyond the critical aggre
gate concentration. Still, BPP and PIC bear many similar aggregation properties, perhaps 
surprisingly given their different molecular structures. 

5.3 Effect of Salt Concentration on Aggregate Forma
tion 

The addition of salt clearly has an effect on the aggregation behavior of BPP solutions. 
Even when viewed by the naked eye, solutions with higher concentrations of NaCl appeared 
much thicker than solutions with the same concentration of BPP but less salt. Under the 
microscope these solutions had a mottled appearance with chunks of more solid looking 
birefringent material. Like the needles seen in some other solutions, these solid chunks 
may result from more complicated large scale interactions between aggregates resulting in 
crystalline precipitation from the solution. While Bykov et al. mention further ordering 
at very high concentrations, these structures differ from the crystalline precipitates that 
we observed. The presence of needles and other solid crystalline chunks in solution is not 
an entirely unusual occurrence. Von Berlepsch, Bottcher and Diihne report the presence 
of crystalline precipitates in their their cryo-TEM micrographs, which coexisted with the 
J-aggregates [25]. While the nanometer scale of the crystals seen in the cryo-TEM images 
are much smaller than the needles observed in BPP solutions, this does provide another 
parallel between the PIC and BPP. Even at lower concentrations, the presence of salt altered 
the phase transition temperatures. For the two salt concentrations that gave intensity vs. 
temperature plots from which we could distinguish transition temperatures, the one with 
the higher concentration of salt maintained the liquid crystal phase to higher temperatures. 
One problem with many of these graphs came from the lack of sharp changes in the slopes, 
making accurate pinpointing of the transition temperatures more difficult. Intensity vs. 
temperature plots for solutions made from the commercial powder usually had a fiat section 
followed by a steeply decreasing line in the coexistence region and a fiat section signifying 
an isotropic liquid phase [5]. This difference may have occurred due to salt variations, but 
more likely, the rate of temperature increase did not allow the liquid crystal phase to keep 
up with variations in temperature. We increased the temperature at a rate of 1.5 °C per 
minute, while the rate of increase for earlier measurements was 0.5 °C per minute [5]. 

Despite this one issue, the evidence for salt dependence on aggregation closely matches the 
findings of Kostko et al. in their work on disodium chromoglycate [12]. We also found that 
the presence of salt permits the liquid crystal phase to exist at higher temperatures with 
the same BPP concentration. By applying these tests to a liquid crystal that aggregates 
quite differently from disodium chromoglycate, however, we have generalized their discovery 
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to an additional type of aggregation. Kostko et al. mention that amphiphillic aggregates 
do not respond as strongly to the presence of salt in solutions [12]. Yet, we have seen that 
BPP shares some of the characteristic of micellar aggregation, such as the critical micelle 
concentration. This salt dependence further differentiates BPP aggregates from micelles, 
accentuating their unique formation process. Since sodium salts affects BPP in a way similar 
to disodium chromoglycate, we might suggest a similar mechanism to that proposed by 
Kostko et al [12]. As a result, these sodium ions may serve as bridges between molecules by 
attracting the negatively charged groups on BBP molecules. At the same time, the effect of 
salt in the BPP aggregation process parallels the facilitating role of aqueous NaCI in PIC 
aggregation. Herzog, Huber and Stegemeyer have shown that aggregation occurs at lower 
PIC concentration in the presence of NaCI [8]. While our decision to keep BPP concentration 
constant while varying the NaCI concentration makes it harder to make a direct comparison, 
we can surmise that the presence of NaCI affects BPP and PIC aggregation in a similar 
manner. 
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Chapter 6 

Conclusion 

Dynamic light scattering and phase diagram experiments yield several important con
clusions about the nature of BPP aggregation and the factors affecting it. Light scattering 
experiments revealed that large, anisotropic particles appear very suddenly above a certain 
concentration. These aggregates broke down when we heated the solutions, but they even
tually reformed, with aggregates reforming faster in higher concentration solutions. The 
development of a number of techniques allowed us to bypass some of the difficulties facing 
earlier work. In order to obtain more accurate measurements of aggregate size and shape, 
we filtered solutions, using absorption measurements to remeasure the concentration. As 
a result, we could rule out the possibility that large impurities might have thrown off the 
scattering measurements. In particular, the presence of particles larger than the filter size 
cemented the conclusion that the larger, anisotropic particles are BPP aggregates. The be
havior of these aggregates differs significantly from several other chromonic liquid crystals 
studied to this point. Instead of forming some small aggregates at all concentrations, BPP 
needs a minimum concentration before the molecules can start to clump together. Once 
the concentration has passed this point, however, aggregates do grow in size, making them 
distinctly different from micelles formed by amphiphiles. 

The development of a purification process for the powdered form of BPP allowed us to 
make carefully controlled measurements on the salt dependence of aggregation. By adding 
known amounts of sodium salts to solutions with constant concentrations of BPP, we ob
served changes in both the macroscopic properties and the phase transition temperatures. 
These results paralleled those of an earlier study on the salt dependence of disodium chro
moglycate aggregation [12], helping to generalize those findings. 

While BPP's aggregation properties differ from those of other chromonics such as Sunset 
Yellow FCF and disodium chromoglycate, they closely parallel the behavior of PIC. Both 
BPP and PIC begin to aggregate at a critical concentration, and both types of aggregates 
continue to grow with increasing concentration. In addition, the presence of N aCI most likely 
has a similar effect on the formation of aggregates by facilitating the aggregation process. 
While Horowitz et al. [9] delineated one aggregation model for chromonic aggregates, the 
comparison of our work to the PIC research suggests the existence of a second category of 
chromonics. 

While these initial results indicate a dependence on salt concentration, future research 
must flesh out these findings. First, a more complete phase diagram would better illustrate 
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the relationship between salt concentration and phase transition temperatures. Next, we 
must perform dynamic light scattering experiments on solutions with controlled amounts 
of salt, BPP and water. Studying the effects of salt formation on aggregate dimensions 
might throw more light on exactly how these sodium ions allow for liquid crystal phases 
at higher temperatures. If, as Kostko et al. suggest, the sodium ions actually assist in the 
formation of aggregates, light scattering experiments will reveal corresponding changes in the 
critical micelle concentration. However, if sodium ions raise the transition temperatures by 
facilitating aggregate alignment, then aggregate formation may not depend on the presence 
of sodium salts. For these reasons, applying scattering techniques to solutions with different 
salt concentrations offers an effective approach for future study of the BPP aggregation 
process. 
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