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Abstract 

Benzopurpurin 4B (BPP) is a textile dye that has been studied in the Liquid Crystal Labora
tory at Swarthmore College over the last two years. Previous investigations have utilized the 
commercially available impure material. One of the goals of this study was to use a purified 
sample of BPP to establish a phase diagram. The impurity was previously determined to be 
salt, and so purification was achieved through dialysis. Once purified, the liquid crystal tran
sition of different concentrations of BPP in water was examined by monitoring the optical 
retardation of the sample as the temperature was increased from below room temperature 
to up to 95°C. The other portion of the work involved determining the dependence of the 
absorption coefficient on concentration and imaging the aggregates in the system with a con
focal microscope. Absorption coefficient measurements were taken on very dilute samples of 
BPP using a spectrophotometer. 

The phase diagram produced showed that the liquid crystal phase forms at much lower 
concentrations than in other chromonic systems. This suggests that the aggregates of BPP 
may form differently than those of most other chromonic liquid crystals. The absorption 
spectrum showed a smooth development with concentration, indicative of a gradual and 
continuous aggregation process as is characteristic of chromonic liquid crystals. Images taken 
with the confocal microscope over several weeks suggest that the aggregation process occurs 
very slowly. Using these images, the length of BPP aggregates was estimated to be between 
3 and 5 microns initially, but after a longer period of time the aggregates reached lengths 
over 10 microns. The diameter of the aggregates was estimated to be no greater than 140 
nanometers. A more precise measurement could not be achieved since the aggregate diameter 
lies well below the resolution of the confocal microscope. 
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Chapter 1 

Introduction 

Liquid crystals are a phase of matter that can occur between the solid and liquid phases. 
As most solid compounds are heated, they transform directly to a liquid, but some mate
rials encounter an intermediate phase. These systems have a liquid crystal phase which is 
characterized by some orientational order of the molecules, but not the rigid lattice present 
in a solid. The orientational order is characterized by a preferred direction with which the 
molecules are inclined to align themselves. The unit vector in the direction in which the 
molecules tend to orient themselves is called the director. 

Figure 1.1: From left to right: the order present in a solid crystal lattice, a liquid crystal 
with orientational and positional order, a liquid crystal with only orientational order, and a 
liquid. 

The differences in molecular order between solids, liquids, and liquid crystals are demon
strated in Figure 1.1. Some liquid crystal phases can also have positional order, although to 
a much less an extent than a solid. These phases are called smectic phases. As a result of 
this positional order, the movement of the molecules is restricted and the viscosity is high. 

The orientational order present in liquid crystals causes their properties to be different 
parallel and perpendicular to the director, a condition called anisotropy. Conversely, samples 
in the liquid phase have no orientational order and are isotropic - their properties are the 
same in all directions. In liquid crystals, the presence of anisotropy has several important 
consequences including birefringence and different values of electric and magnetic suscep
tibility. Birefringence means that the system has different indices of refraction for light 
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polarized along two axes. In the case of a liquid crystal, these axes are the axes parallel and 
perpendicular to the director. 

Systems that have a liquid crystal phase fall into one of two classifications: thermotropic 
and lyotropic. The former behaves similar to compounds without a liquid crystal phase in 
that its phase is determined solely by temperature (assuming pressure is held constant). As 
the temperature of a thermotropic crystalline solid with a liquid crystal phase is increased, 
the crystal transforms into a liquid crystal and then into a liquid. The most common 
thermotropic liquid crystals are systems comprised of rodlike molecules. These systems are 
referred to as calamitic liquid crystals [1]. For a liquid crystal phase to be present, these rods 
typically must be inflexible as rigidity forces the molecules to maintain an anisotropic form. 
This causes the molecules to be in their most stable state when aligned in a similar direction 
so as to decrease their energy of interaction and increase their range of movement. Thus, 
it is energetically and entropically favorable for these systems to have orientational order. 
Another class of thermotropic liquid crystals is the discotic liquid crystal phase, where the 
molecules in these systems have disc-like forms with a rigid center. In these liquid crystals it 
is energetically and entropically favorable for the molecules to have all of their faces oriented 
in the same direction, imparting the orientational order which characterizes liquid crystals. 
These systems have an additional phase where, in addition to facing in the same direction, 
the molecules align themselves in columns, creating positional order in the system. This is 
called the columnar phase. 

Much of the interest in liquid crystals focuses primarily on thermotropic materials because 
of their use in the ubiquitous liquid crystal display (LCD). Most liquid crystals used in LCDs 
are in the nematic phase, which is characterized by having orientational, but not positional, 
order. In this state, when a voltage is applied the molecules in the system can become 
aligned, allowing for the control of transmitted light when the liquid crystal is between two 
crossed polarizers. 

A lyotropic liquid crystal is a material that possesses a liquid crystal phase when mixed in 
some solvent (often water). For this class, phase stability depends not solely on temperature 
as in thermotropic liquid crystals, but also on the concentration of the material in the solvent. 
Generally, as the concentration of the liquid crystal is increased, so does the transition 
temperature. Lyotropic liquid crystals are quite familiar, and soaps and dyes are some 
examples. 

Lyotropic liquid crystals are thought to form through one of two mechanisms: micellular 
formation or isodesmic columnar aggregation. Most lyoptropic liquid crystals are composed 
of amphiphilic molecules having hydophilic and hydrophobic parts. In the case of rod-like 
molecules, when the concentration of these molecules is high enough in solution and the 
solution is polar, the hydrophobic region of many molecules will move close to one another 
leaving the hydrophilic region as the only part of the molecule exposed to the polar solvent. 
The aggregates formed by this process are called micelles. 

Figure 1.2 shows the cross-section of a spherical micelle formed by an amphiphilic liquid 
crystal in a polar solvent such as water. Because there is a distinct number of molecules 
required to form a micelle, these molecules cannot aggregate until the molecules have reached 
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Figure 1.2: Cross section of micelle in a polar solvent. The black spheres correspond to the 
hydrophilic heads and the lines correspond to the hydrophobic tails 

a critical density - called the critical micelle concentration - and the size of the aggregates 
formed is uniform. The formation of these micelles is mostly an entropy-driven reaction 
as the "pockets" in the solvent caused by the hydrophobic tails decreases the entropy of 
the system. Thus concentrating the hydrophobic tails reduces the number of "pockets" and 
increases the entropy of the system [2]. Cylindrical chains of micelles have also been observed 
and, while these retain the need for a critical concentration before aggregation can occur, 
there is no fixed length which these aggeregates attain [3]. 

Lyotropic liquid crystals that form columnar aggregates are referred to as chromonic 
liquid crystals. The most distinguishing feature of chromonic liquid crystals from those 
that form micelles, is that chromonic liquid crystals have no critical concentration at which 
they begin to aggregate. Chromonic liquid crystals are typically composed of plank-like or 
disc-like molecules which have a hydrophobic center with hydrophilic groups concentrated 
along the periphery. The amphiphilic nature of molecules in chromonic liquid crystals is 
not as strong as in micelle forming systems. The aggregates that form from these molecules 
are long cylindrical aggregates formed by face-to-face stacking, leaving only the hydrophilic 
edges exposed to the solvent [4]. These molecules begin aggregating as soon as the material 
is added to the solvent and have no predetermined size as any number of molecules can make 
up the columnar aggregates. 

The stacking of molecules in these aggregates is thought to occur isodesmically: the 
free energy change associated with a free molecule joining an aggregate is independent of 
aggregate size [4]. This energy change has been postulated to arise primarily from the flatness 
of the molecule's face [4] and the van der Waals forces between molecules in an aggregate [5]. 
Because this "stacking free energy change" is the driving force in the isodesmic aggregation of 
chromonics, this aggregation is said to be enthalpy-driven. While there are again hydrophobic 
portions of the molecules that are being concentrated into a single region, increasing entropy, 
the energy changed from the stacking of the molecules is thought to be the dominant effect 
[4]. 

Figure 1.3 displays the two liquid crystal phases that occur in chromonic liquid crystals . 
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b) Hexagonal M phase 

Figure 1.3: Columnar aggregates formed by disc-like molecules. The figure on the left (a) 
shows the nematic N phase which typically occurs at lower concentrations than the hexagonal 
M phase (b). 

The nematic N phase occurs at lower concentrations relative to the hexagonal M phase 
and behaves as would a nematic phase in a thermotropic liquid crystal. In the M phase, the 
aggregates are ordered in a hexagonal lattice, imparting some positional order to the system. 
It has also been observed that when a liquid crystal is heated from the nematic N phase, it 
does not directly change to the isotropic phase. Instead, there is a coexistence region, where 
there are both isotropic and nematic regions in the solution. These regions are referred to as 
tactoids because they are not spherical, a positive tactoid corresponding to the presence of a 
nematic region in an isotropic region and a negative tactoid corresponding to the opposite. 
In most chromonic systems, the distance between molecules in molecular stacks has been 
found to be 3.4A for both the N and the M phase [6, 7, 8, 9]. This has been replicated 
in several studies and can be used to recognize a system that may have a chromonic liquid 
crystal phase. 

Lyotropic chromonic liquid crystals are a very under-researched class of liquid crystals 
and the majority of the studies done on these systems have centered on the anti-asthmatic 
drug disodium cromoglycate and select dyes. 

Disodium cromoglycate (DSCG or cromolyn) has been the subject of the majority of 
studies involving LCLCs. Because of its medical applications, cromolyn can be obtained in 
a pure form. This has allowed its properties to be studied with a great deal of consistency. 
The phase diagram of cromolyn has been well documented with a stable nematic phase 
present at room temperature at 15 wt% and an M phase present at that temperature for 
concentrations between 20 and 35 wt% [6]. Through light scattering, the average length of 
cromolyn aggregates was estimated to be 20 nm and the diameter was estimated to be 2 nm 
[7]. However, despite the relative wealth of studies on this system, the aggregation structure 
remains in contention as the size of the aggregates cross-section is greater than the molecular 

5 



area of cromolyn [7]. 
Dyes with a liquid cystal phase have gotten an increasing amount of attention in recent 

years. Sunset Yellow in particular has been studied by several groups. Horowitz et. al. 
were able to construct a phase diagram for Sunset Yellow as a function of concentration and 
temperature using a polarizing microscope [8]. In Figure 1.4, the concentration required for 
the liquid crystal phase at room temperature is relatively high at approximately 28 percent by 
weight (wt%), with a coexistence region of approximately 10°C. Note that the concentrations 
given in Figure 1.4 are in terms of molality and, for Sunset Yellow, a 1 molal solution is 31.2 
percent Sunset Yellow by weight [8]. Horowitz et. al. also found that the aggregates had a 
cross sectional area of one molecule, to which they attributed the high concentration required 
for a nematic phase at room temperature [8]. When looking at the absorption spectrum for 
Sunset Yellow, Horowitz et. al. found that for a fixed wavelength, a fitting function based on 
an exciton coupling model and an isodesmic aggregate size distribution accurately predicted 
the change in absorption coefficient as a function of concentration [8]. Using this model, a 
value for the stacking free energy change of 7.2 ± 0.1 kBT was obtained. 
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Figure 1.4: Phase diagram for Sunset Yellow dye. The units of concentration on the x-axis 
should read the molality of dye in solution rather than molarity. For Sunset Yellow, a 1 
molal solution is 31.2 % Sunset Yellow by weight [8]. 

A liquid crystal group at Kent State University found phase transition data in agreement 
with the phase diagram generated by Horowitz et. al. [10]. Through x-ray experiments, they 
estimated that the average length of the rod-like columns in Sunset Yellow is approximately 
2.4 nm. In order to reconcile the short correlation length observed in x-ray diffraction with 
the presence of a liquid crystal phase, they have proposed that the aggregates in Sunset 
Yellow have a more complex shape than a regular columnar aggregate. Rather than a single 
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column, they have postulated that Sunset Yellow may aggregate with offsets or in a branch
like structure, which accounts for the correlation length found through x-ray diffraction [10]. 
Additionally, if there were defects present in the aggregates, so as to cause the aggregates to 
become bent or jagged, they argue that the x-ray data may not give the full length of the 
structure [10]. 

Tomasik et. al. performed analogous measurements to establish similar properties of 
Bordeaux dye. Figure 1.5, the phase diagram for Bordeaux dye, indicates a liquid crystal 
phase at a much lower concentration - 6 percent by weight - at room temperature than 
Sunset Yellow [2]. Assuming hexagonal packing in the nematic phase - an organization in 
which entropy is maximized - Tomasik et. al. used x-ray diffraction to determine that the 
aggregates' cross sectional area is 2.5 times the molecular area. This indicates that, unlike 
Sunset Yellow, the molecular stacking in Bordeaux aggregates involves more than a single 
molecule in each layer of the columns [2]. Tomasik et. al. used a similar model to Horowitz 
et . al. to determine the stacking free energy change and found a value of 9.2 ± 0.4 kET. 
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Figure 1.5: Phase diagram for Bordeaux dye [2]. 

As the aggregation properties of chromonics are not yet fully understood, there have 
been many studies using additives to determine the effects on aggregation. Kostko et. al. 
added various salts to a sample of cromolyn to determine how its physical properties were 
affected. They found that the phase changes for cromolyn were shifted towards higher 
temperatures when these salts were added to the solution [11]. Figure 1.6 shows how the 
transition temperature for a 10 wt% cromolyn system from the isotropic to coexistence region 
is affected by concentration for various salts. 
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Figure 1.6: The I -----+ I + N transiition temperatures as a function of concentration of various 
salts [11]. 

Additionally, in order to generate images of these aggregates, a cryogenic transmission 
electron microscope was used to establish that, while the solution with salt showed a similar 
pattern consisting of several rod-like aggregates, there appeared to be bundling of the ag
gregates as well [11]. The procedure used involves immersion into liquid ethane to instantly 
freeze the sample. The sample was then stored in liquid nitrogen while examined under a 
transmission electron microscope. 

The Kent State group examined similar effects on the Sunset Yellow system, studying how 
the addition of salts and pH modifiers alter the nematic phase. In agreement with the results 
of Kostko et. al., they found that the phase transition temperatures were increased with 
salt, and also found that with an increase in pH, achieved by adding NaOH, the transition 
temperatures for the nematic to coexistence region decreased [10]. 

The liquid crystal we will concern ourselves with in this study is benzopurpurin 4B. 
There have been very few attempts prior to this to study the properties of this chromonic 
system. Bykovet. al. used heat capacity measurements to produce a phase diagram for the 
system and found that the liquid crystal phase forms at concentrations lower than 0.5 wt% 
at room temperature [12]. They observed that at a concentration of 3.5 wt%, there appears 
to be a transition to a new liquid crystal phase characterized by a stark difference in heat 
capacity [12]. They also used NMR to examine how the concentration of BPP 4B affected 
the water bound to the surface of the aggregates and found that after passing this threshold 
concentration at approximately room temperature, the fraction of "bound" water increased 
greatly [12]. They postulated that aggregates of BPP 4B may incorporate water into their 
structure, which would help explain the low concentration at which the liquid crystal phase 
occurs. It is important to note that the BPP system studied by Bykov et. al. used cesium 
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as a counter ion, while we chose to use sodium. It is unclear what impact this may have on 
the results. Additionally, little mention was given to how the sample was obtained and what 
efforts were made towards purification. 

In another study, Gersh established a phase diagram for an impure form of benzopurpurin 
4B using a polarizing optical microscope and found a minimum concentration for a liquid 
crystal phase at room temperature which was in agreement with the results of Bykov et. al. 
[13]. However, in Figures 1. 7 and 1.8 we can see that the transition temperatures increase 
more rapidly in Gersh's phase diagram. Gersh also performed absorption measurements 
and found that the absorption coefficient did not change significantly as the concentration 
was increased from 0.0042 wt% to 0.1261 wt%. This is an unusual result for a chromonic 
liquid crystal system as previous studies have shown a shift in absorption coefficient as 
concentration is increased. However, the impurities present in the sample used by Gersh 
may have mitigated the change in the absorption coefficient. 
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Figure 1. 7: Phase diagram for benzopurpurin 4B determined using heat capacity measure
ments by Bykov et. al. [12]. 

Nathaniel Erb-Satullo has also worked on this BPP system. The dye powder used was 
obtained in the impure state used by Gersh. Erb-Satullo performed dialysis and analyzed the 
resulting water using ion chromatography to determine the concentrations of these impurities. 
He found that the concentration of BPP in the stock powder was approximately 50% by 
weight and the impurities in the sample were primarily salts. When the dye was placed into 
water, a very cloudy phase formed for concentrations larger than 0.08 wt%. Upon heating 
however, the solution quickly became translucent [14]. Erb-Satullo postulated that upon 
creation of the solution, very large light scattering objects would form, but after heating these 
aggregates would break apart, only to reform some time later. Light scattering measurements 
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Figure 1.8: Phase diagram for benzopurpurin 4B using optical measurements. The units of 
concentration are milli-molals and for the impure BPP 4B, a 10 millimolal solution is 0.42 
percent BPP by weight [13]. 

confirmed that large aggregates began forming at very low concentrations - on the order of 
0.1 wt% [14]. He determined that the dimensions of these aggregates were on the order of a 
micron, very large for the relatively low concentration and the molecular size of BPP. Like 
Bykov, Erb-Satullo observed a liquid phase occuring at very low concentrations at room 
temperature - a liquid crystal phase was present until 36°C at a concentration of 0.48 wt% 
[14]. In his phase diagram measurements, Erb-Satullo used a sample of BPP which had been 
purified and matched with sodium counter ions. 

Two other students were performing complimentary investigations on this system simul
taneously with my own studies. Their findings will be discussed where it becomes applicable 
to my results. 

Figure 1.9: The chemical structure of a BPP 4B molecule with sodium as the counter ions. 
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Chapter 2 

Theory 

2.1 Birefringence of Liquid Crystals 

One of the consequences of the anisotropic nature of liquid crystals is their birefringence. 
Because aggregates in chromonic liquid crystals tend to orient along the director, liquid 
crystals have different indices of refraction for light polarized parallel and perpendicular to 
the director. This property can be exploited along with crossed polarizers to determine 
whether a sample is exhibiting a liquid crystal phase. Figure 2.1 shows a liquid crystal in 
the nematic phase when viewed between crossed polarizers. 

Figure 2.1: Sunset Yellow in the nematic N phase when viewed between crossed polarizers. 
The dark areas indicate that the director is aligned with the axis of one of the polarizers 
[15]. 

When passing through a polarizer, the incident light is polarized in a linear direction. 
With an isotropic medium between the first and second polarizers, the linearly polarized light 
keeps its polarization when passing through the sample and will not emerge from the second 
polarizer (which is oriented perpendicularly to the first). If the sample is instead in a liquid 
crystal phase, the incident linearly polarized light will become elliptically polarized provided 
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it is not polarized parallel or perpendicular to the director. This elliptically polarized light 
will then be able to pass through the second polarizer. We will use Jones matrices to illustrate 
this property of liquid crystals. 

We can choose our initial basis and axes to represent the orientation of our crossed 
polarizers. Consider a beam of unpolarized light, which is initially in the state 

(2.1) 

where Ex and Ey are the electric field amplitudes along the axes of the first and second 
polarizers respectively, such that the intensity I is given by I = IExl2 + IEyI2. We can 
represent the first polarizer with the Jones matrix 

(2.2) 

which will leave the beam of light in the state 

(2.3) 

In order to model what happens as it passes through the liquid crystal, this vector 
must be reexpressed in the basis of the director, the ordinary and extraordinary basis. The 
extraordinary and ordinary axes are the axes parallel and perpendicular to the director 
respectively. If we let e represent the angle between the director and the first polarizer's 
axis, we can use a rotation matrix to change to this new basis 

R(e) = ( ~ose sine). 
sm -e cose 

(2.4) 

As we are now in the basis of the director's axes, we can use the matrix 

_ ( expei1r;ne ) 0 ) _ ( eikeC 0 ) 
D - 0 exp( 2i1r;no) - 0 eikoC (2.5) 

to describe the phase factors induced by going a distance f! through a birefringent medium. 
The variables ne and no represent the indices of refraction for light polarized along the 
extraordinary and ordinary axes, respectively, and ke = 21r)..ne and ko = 21r)..no . To interpret the 
polarization of the light in our standard axes, we must now rotate it back using the matrix 
R( -e). Thus our full matrix representation of the effects of the liquid crystal is 

M(e) = R(-e)DR(e) = ( c~se sin -e ) ( expikef! 0 ) (cose sine ) 
sm e cos e 0 exp ikof! sin -e cos e 

(2.6) 
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Now we can evaluate the intensity of light emerging from the second polarizer after 
passing through the liquid crystal. To accomplish this we look at the state of the light beam 
after passing through the second polarizer, whose matrix representation is given by 

y=(~ ~). (2.7) 

The final state of the beam is therefore 

(2.8) 

The modulus squared of this column vector gives the intensity of light leaving the second 
polarizer , 

(2.9) 

where we have let fln = ne - no. 
In order to best observe the phase transition from anisotropic to isotropic, we would like 

intensity to be maximized to allow the greatest change in transmitted light between the 
isotropic and anisotropic phases. To find this maximum we take the derivative of I with 
respect to e 

dI (1f flnf!) de = 4E;sin -,,\- (2cos3 esine - 2sin3 ecose). (2.10) 

It follows that the light intensity is maximized when e = ~ and minimized when e = ~ or 0, 
so orienting the director at an angle of 45° from both polarizers maximizes light transmission. 
Note that in an isotropic medium, fln = 0 and so for all values of e, 1=0. 

We can see from Figure 2.2 that fln and f! also affect the amplitude of transmission. If 
flnf!/"\ is an odd integer, Equation 2.9 shows that the probability of transmission will be 
zero regardless of the orientation of the polarizers relative to the director. 

2.2 Aggregation 

The elements of chromonic liquid crystals that are oriented are aggregates of molecules. 
Thus for us to describe the liquid crystal phase in benzopurpurin 4B, we must determine 
how molecules aggregate. In order to characterize this aggregation, we will use a partition 
function to determine the free energy of a BPP solution. With the free energy we can 
determine the chemical potential of an aggregate as a function of its size and from that 
generate a theoretical distribution of aggregate sizes. We will denote the partition function 
for an individual aggregate of size i as qi . It then follows that the partition function for all 
of the aggregates consisting of i monomers is 

(2.11) 
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Figure 2.2: The intensity of light transmitted through a system of crossed polarizers sur
rounding a birefringent medium. For this graph the values used were 1! = 1j.Jm, A = 600nm. 
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where ni denotes the number of aggregates of size i, and the nil is present in the denominator 
to avoid double counting. The total partition function is simply the product of these partition 
functions over all possible aggregate sizes, 

(2.12) 

In order to determine the partition function for a single aggregate of i monomers, we will 
consider it in terms of the external and internal degrees of freedom of the aggregates, 

qi = qiexternal . qiinternal· (2.13) 

The partition function describing the external degrees of freedom describes the ability 
of a BPP 4B aggregate to move throughout the volume containing it. As a result we can 
express the external degrees of freedom with the function 

V 
qiexternal = L 3' (2.14) 

where V is the volume of solution and L is an as yet undetermined length which accurately 
portrays the particle's freedom of movement. It is unclear what value of L is most appropriate 
when considering chromonic systems and the consequences of this choice will be reflected 
upon later in this section. 

The goal of using a partition function is to analyze the tendency for molecules to aggre
gate, so our internal degrees of freedom must reflect the free energy change that results from 
molecules forming aggregates. If we let -D:.f.1 represent the free energy change resulting from 
a single molecule joining an aggregate, then our partition function becomes 

(2.15) 

Here a is the difference in free energy (in units of kBT) between a single molecule in solution 
and a molecule in an aggregate, which we will term the "stacking free energy change." Note 
that we have assumed here that the stacking free energy change is independent of aggregate 
size (isodesmic aggregation). 

We can reexpress our partition function in terms of these internal and external partition 
functions to yield 

V 00 ea(i- l)ni 

Z=3II , 
L i=l ni· 

From this , we can obtain an expression for the Helmholtz free energy F 

00 

F = -kBTlog Z = -kBT ~]ndog qi -logni!]. 
i= l 

Using Sterling's approximation this becomes 
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(2.17) 

(2.18) 



For aggregates of size i, the free energy is then 

ni Fi = -kBTndlog - - 1]. 
qi 

(2.19) 

Now, let us consider the chemical potential of an aggregate of size i, Mi. For aggregates of 
sIze z, 

8(k:iT) ni ) 
Mi = kBT 8 = kBT log -. (2.20 

ni qi 

For a solution to be in chemical equilibrium, every molecule must have the same chemical 
potential, ie. l!:i. = MI for all i. Thus we have 

~ 

(2.21) 

If we let lJ be the volume of a single molecule , then we can use the volume fraction of all 
aggregates of size i, Xi = iv;)i to reexpress this equation as 

. Q ~ (
L3 )i-l . 

Xi = z ----;;e Xl . (2.22) 

Using the total volume fraction, ¢, we can obtain a closed form for Xl in terms of a measurable 
quantity, 

This can be solved to yield the equation 

L3 ex where z = _ e_. 
v 

Xl = 
(1 + 2¢z) - VI + 4¢z 

2¢Z2 

Xl (2.23) 

(2.24) 

We can now plot the aggregate volume fraction of a specific size as a function of aggregate 
size for a particular total volume fraction. Not surprisingly, as the concentration of the dye 
increases, Figure 2.3( a) demonstrates that aggregates increase both in size and number. 

It may also prove useful to know the average size (in terms of molecules) of aggregates in 
solution. Using the partition function , we can find the average value for the aggregate size 
using statistical mechanics. For any quantity, the average is 

00 

A = L::Ai · Pi, (2.25) 
i=l 

where Pi is the probability of Ai occurring. For this system, the probability of an aggregate 
consisting of i monomers is given by 

16 

&. 
i (2.26) 
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Figure 2.3: The distribution of aggregate sizes for 3 different volume fractions. For this 
graph the values used were cy = 15 and £ 3 Iv = 1. 

It then follows that the average size for an aggregate is 

",00 . Xi. 
L...-i = 1 Z i 

Z = -",---'c:-oo"'=-:-:Xi."-' 

L...- i= 1 i 

1 2¢z 
Jl + 4¢z -1 

(2.27) 

From Figure 2.4 we can observe that the increase in average aggregate size with increasing 
values for CY is linear on a log plot for large enough values of CY. Additionally, I for a given 
volume fraction is approximately equal to the location of its peak on a plot of Xi vs. z 
(Figure 2.3(a)). 

In the laboratory, weight percent was used rather than total volume fraction , so it 1S 

useful to use the conversion 

(2.28) 

where Pdye and PH 2 0 are the densities of the dye and water , respectively. Previous experi
ments have determined the density of a typical dye to be approximately 1.4 g/ cm3 [2 , 16]. 

Recalling our discussion of £ , this parameter affects most directly the value for the 
stacking free energy change, CY. In previous studies, the value most commonly assigned to 
L is the thermal wavelength, A = hi J27rimkB T [17, 18]. Here h is Plank's constant , i is 
the aggregate size, m is the molecular mass , kB is the Boltzmann constant , and T is the 
temperature. Using this length, however, implies the use of quantum theory when studying 
the aggregation mechanism, which is inconsistent with the classical statistical interpretations 

17 
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Figure 2.4: The average aggregate size as both a function of 0: and concentration. The y-axis 
was plotted on a log scale and, again, a value of L 3 /1/ = 1 was used. 

that should be capable of describing the aggregation. More recently, efforts have been made 
to avoid treating aggregation as a quantum effect, and the use of different values for L 
has been proposed. Most intuitive of these is setting L3 equal to the molecular volume 
1/, representing the freedom of a molecule to move around in the system volume V , ie, 

q iext ernal = V /1/. 
Another model , proposed by Duque et. al., solves a simplified system exactly and then 

uses mean field theory to determine the constraints on L which will yield the same results. 
This model treats the aggregate as a system of hard rods of size (J constrained to an axis. 
The resultant energy from interaction between nearest neighbors is given as 

(2.29) 

where K is a dimensionless constant [19]. In the simplified case where the aggregate size is 
two molecules, Duque et. al. then show that L is given by 

L = J ;;(J. (2.30) 

This potential energy is at a minimum for separation x = 3; and so in that region the 
function is nearly quadratic. Approximating this potential as a harmonic oscillator with 
molecular interaction force constant ~:~ = k, we find that 

(2.31) 
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By substituting in for K, these relations yield a value of 2.9JkBT/k for L. 
To obtain a numerical value for this force constant, we can model the aggregated system 

with the Lennard-Jones potential: 

,12 ,6 

U(r) = 4E(~ - ~ ). 
r r 

(2.32) 

We can then use previously determined values for the depth of the potential well for polycyclic 
aromatic hydrocarbons (E = 0.3 eV), which have a similar structure to chromonic liquid 
crystals [20]. By modeling the system as a harmonic oscillator at the point where energy is 
minimized, ro = 2i a', we can obtain a value for k in terms of ro, 

(2.33) 

Coupling this with the 3.4 A repeat distance for ro and using the value for E given by Kim 
et . al., we can find a value for k and get that L ~ O.4A at 295°. Because the parameters 
used were determined from molecules in the gas phase, the validity in using these results 
with molecules aggregating in solution is uncertain. 

Because the data taken in measurements determines a value of z, it follows that the 
difference in two values for a is given by the log of the ratio of their L values, i.e, 

L1 
a2 - a1 = 3 log - . 

L2 
(2.34) 

It is worth noting that A is a function of aggregate size and, as a result, the calculations 
to determine the aggregate distribution using it are more complex and Equation 2.34 is no 
longer valid. For the following calcluations, A is approximated to AI , the quantum length 
for monomers and at room temperature it takes the value of 0.038 A and 1/1 /3 ~ 7.9 A. 
Thus, using the thermal wavelength Al will yield the highest values for stacking free energy, 
followed by using the model given by Duque et. al. Setting L3 equal to 1/ will give the lowest 
values. For benzopurpurin 4B at room temperature, the difference in stacking free energy 
when L1 = I/~ and L2 = 0.4 A is 9 kBT. For L1 = I/~ and L2 = AI , the difference is 16 kBT. 

The actual value for L is critical in determining the stacking free energy change, but it 
is not necessary to put the value obtained for a into context when comparing two a values 
determined using the same value for L. The difference between a measurements for two 
different systems is independent of the L chosen, provided the same method for determining 
L is used in both cases. Thus, the choice in L is only important when considering absolute 
values of a . 

Another method of aggregation, in which molecules in the system aggregate into cylindri
cal micelles, can be modeled by a very similar theory. For these systems, aggregation begins 
once a critical micelle concentration is attained, at which point spherical micelles begin to 
form. Larger aggregates form when molecules insert themselves between the two halves of 
the spherical micelles - the end caps. In this theory, the energy is not simply described by 
the free energy of a molecule joining the aggregate (D,f.1 in the isodesmic calculation), but 
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also by the energy cost of the end caps forming. Thus, the total energy Ei of a cylindrical 
aggregate with i molecules between the end caps is given by 

(2.35) 

where Er is the energy of an additional molecule joining the aggregate and Eee is the energy 
from the formation of the spherical micelle [3]. A derivation analogous to that given for the 
isodesmic case can be found in Appendix A and, with the assumption that the number of 
molecules in the rodlike portion of the aggregates is very large, the aggregation is given by 
the following relation: 

(2.36) 

This relation of volume fractions yields an aggregate distribution very similar to that in the 
isodesmic model. However, the dominant energy term in the determination of the aggregate 
distribution in cylindrical aggregation is Eee [3]. 

2.3 Absorption and Exciton Theory 

In this experiment an ultraviolet-visible spectrophotometer was used to measure the absorp
tion of our BPP 4B samples. The spectrophotometer measures the absorption of various 
samples across the UV and visual spectra where absorption A is defined as 

A = -log (~). (2.37) 

Here 1 is the intensity of light after transmission and 10 is its initial intensity. In order to 
relate this value to a property of the material, we will define the absorption coefficient 

A 
a = c£' (2.38) 

where c is the concentration of the solution in weight percent and 1! is the length of the light 's 
path through the sample. For a solution with no aggregation, it is usual for the absorption 
coefficient to be independent of concentration. 

In previous years, students have found that the absorption coefficients of chromonic liquid 
crystal dyes change with the concentration of the dye. This would appear to indicate that 
the absorption of an individual aggregate is a function of aggregate size. Specifically, at 
peaks of the absorption coefficient, as the concentration increases, the absorption coefficient 
typically decreases. 

In order to model the shift in absorption coefficient for a specific wavelength of light, we 
will use exciton coupling theory. Exciton theory predicts the dipole transmission moment 
for coupled systems, enabling one to determine which energy level transitions are permitted. 
From this we will be able to determine which frequencies of incident light are absorbed. 
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If we assume that there are no interactions between molecules in an aggregate, than the 
first excited state of an aggregate consisting of i molecules will be i-fold degenerate and can 
be represented by the i-by-i matrix 

1/1 0 0 0 
0 1/1 0 0 
0 0 1/1 0 (2 .39) 

0 
0 0 0 0 1/1 

where 1/1 represents the excitation frequency necessary to excite a molecule in the ground 
state to the excited state. This is an oversimplified model for our system, so we will consider 
nearest neighbor interactions by introducing a perturbation to our Hamiltonian in the two 
off-diagonals. We will use {3 to represent this perturbation. We will assume that the ground 
state is unaffected by nearest neighbor interactions, and so we will not include it in our new 
Hamiltonian. Thus, in the i-by-i case this results in the Hamiltonian: 

1/1 {3 0 0 
{3 1/1 {3 0 
0 {3 1/1 0 (2 .40) 

{3 
0 0 0 {3 1/1 

It is straight forward to calculate the new energies associated with this Hamiltonian as it 
reduces to an eigenvalue problem. The i-fold degenerate initial first excited state is now split 
into i separate energy levels. Here we are assuming that for a photon to be absorbed by a 
molecule, it must have an energy equal to the difference in the ground state energy and the 
energies of one of the split first excited states. An additional constraint is placed upon the 
potential absorption of photons determined by the dipole transition moment. We can then 
express the dipole transition moment for the kth monomer in an aggregate from its ground 
state to its first excited state as 

(2.41) 

where jl is the dipole moment operator for this molecule and ¢>~ is the state vector for the 
molecule's jth energy level. The probability of the transition from ground to first excited 
state due to incident light for this monomer is given by the modulus squared of its dipole 
moment . This places a restriction upon what transitions occur as not all are permissible. 

For example, consider the case of a dimer, where we have the Hamiltonian 

(2.42) 

The two first excited states without considering nearest neighbor interactions can be deter
mined by examination from 

(2.43) 
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to be 1¢1) = ( ~ ) and 1¢2) = ( ~ ). In terms of these states we can express our new first 

excited states as 

1 
11/11) = yi2( I¢I) + 1¢2)) . (2.44) 

1 
11/12) = yi2( I¢I) - 1¢2)). (2.45) 

The energies of these new states are VI + (3 and VI - (3 respectively. To consider the possibility 
of transition from the ground state to either of these excited states, we need to look at the 
matrix elements 

PI = \1/1(0) liLI1/I1 l 
P2 = \1/1(0) liLI1/I2 l 

(2.46) 

(2.47) 

Here, 11/1(0) l represents the ground state and Pj is the dipole transition moment for an 
aggregate. Note the distinction between J1k and Pj, the former being the dipole transition 
moment for the kth monomer to the first excited state and the latter being the dipole 
transition moment for the aggregate to the jth excited state. Because we have assumed that 
11/1(0) l is not affected by nearest neighbor approximations, we have that 

(2.48) 

We are taking all monomers in the aggregate to behave identically, so we must expect 
that J1k is independent of the monomer being considered and we can refer to it instead as J1. 

Now, looking back at equations 2.46 and 2.47, we can calculate the transition dipole 
moment for 11/11) and 11/12)' 

PI = \1/1(0) liLI1/IIl = ~ (\¢(O) liL l¢ll + \¢(0) liL l¢2l) = V2J1 

P2 = \1/1(0) liLI1/I2 l = ~ (\ ¢(O) liL l¢1 l - \ ¢(O) liL l¢2 l) = o. 

(2.49) 

(2.50) 

We can then observe that the transition from the ground state to the state 11/12) cannot 
occur. Thus only an excitation by light at frequency V = VI + (3 is possible for a dimer. 
Because this is effectively solving an eigenvector problem, these results can be generalized 
to the i-by-i case: 

J1f 
Vj = VI + 2(3 cos -. -

z + l 

{J; i . jn1f 
Pj = -· -L J1sm -. - , 

z + 1 n=1 Z + 1 

where i is the size of the aggregate, and j denotes the index of the i eigenvalues. [21] 
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Figure 2.5: The peak absorption frequencies for aggregates containing 1 to 7 monomers. The 
peak absorption frequencies are in units of f3 and are centered at 1/1, The height of the line 
indicates the strength of the dipole transition moment squared over the size of the aggregate . 
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Using these results, we can generate the peak absorption frequencies for various aggregate 
SIzes. 

In Figure 2.5 we can see that, as the aggregate size increases, there is a general trend 
towards a higher frequency of peak absorption, but a lower dipole transition moment per 
molecule. Additionally, larger aggregates have more absorption frequencies, but the dipole 
moments are low for all frequencies but the highest. Because it has previously been observed 
that the peak absorption shifts to lower frequency, f3 is negative in practice. 

The absorption spectrum is often modeled using the Lorentzian 

(2.53) 

where r is a parameter which determines the width of the Lorentzian [22]. Using this function 
we can model the absorption coefficient spectrum for each of these aggregate sizes. 
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Figure 2.6: The absorption coefficient spectrum for aggregates of sizes 1 through 7. The 
parameters used were f3 = - 30 X 1014 Hz, 1/1 = 600 X 1014 Hz, and r = 90 x 1014 Hz. 

Examining Figure 2.6, there is a clear tendency for the absorption spectra to both broaden 
and shift as the aggregate size increases. This is not surprising as Figure 2.5 indicated that 
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larger aggregates had more absorption frequencies, suggesting a wider Lorentzian. The 
direction of the shift in the figure is controlled by the sign of (3, which is chosen to be 
negative to model experimental results. 

In reality, the absorption spectrum for the benzopurpurin system we will be analyzing is 
much more complex than what is predicted by simple exciton coupling theory. As a result, 
the theoretical derivations are not particularly useful in analyzing entire spectra. However, 
the theory does provide a good model for the change in absorption at a single wavelength as 
a function of aggregate size. A function which closely follows the exciton theory result for 
the absorption coefficient is 

(2.54) 

Here al and aoo are the absorption coefficients of a monomer and infinitely long aggregate 
of the sample, respectively. This equation accurately reflects the shift of the peak absorp
tion frequency predicted by the theory and also the asymptotically decreasing absorption 
coefficient as a function of aggregate size that is observed. 

Figure 2.7 demonstrates the ability of our modeling function to predict the results of 
exciton theory for an aggregate of a particular size. While the fit does not exactly follow the 
theory, it does provide a qualitative model for the absorption coefficient, which is sufficient 
as we have made several approximations in using exciton coupling theory. 

With appropriately chosen parameters, we can predict the decrease in absorption coef
ficient at a particular wavelength observed with an increase in concentration as shown in 
Figure 2.8. 

The results predicted by exciton theory are valid at concentrations where the aggregates 
are not so densely packed that aggregate-aggregate interactions occur. In such a dense 
packing, our assumption of only nearest neighbor molecular interactions will no longer hold 
and our derived results will no longer serve as an accurate model. 
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Figure 2.7: Theoretical fit using Equation 2.54 to absorption coefficients generated from 
Equation 2.53. The absorption values were generated using the parameters {3 = - 30 X 

1014 Hz, 1/1 = 600 X 1014 Hz, and r = 90 x 1014 Hz at wavelength A = 500 nm. The resulting 
values for absorption coefficients of a monomer and infinitely long aggregate of monomers 
are 6.5728 and 2.4258 respectively. 
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Figure 2.8: Theoretical fit using Equation 2.54 in conjunction with the aggregate distribution 
function - Equation 2.24 - to points generated using the Lorentzian function - Equation 2.53 
- and Equation 2.24. The absorption values were generated using the parameters a = 9,{3 = 

- 30 x 1014 Hz, 1/1 = 600 X 1014 Hz, and r = 90 x 1014 Hz at wavelength A = 500 nm. 
A non-linear fit was then performed for the parameters aoo and al. The resulting values 
were aoo = 2.3414 and al = 6.7543, in arbitrary units of absorption over concentration and 
distance. 
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2.4 Limiting Resolution in Microscopes 

Plane waves incident on a lens diffract and, as a result, light is not focused at a single point, 
but rather produces an Airy pattern with a bright dot at the center [23]. (See Figure 2.9) 

We can consider the minimum resolution to be the dis-
tance from the center of the bright fringe to the surround
ing dark fringe, which we will denote d. By examining the 
amplitude of light exiting the aperture, we can calculate 
the separation between its peak intensity and first dark 
fringe. Let Eo denote the initial wave amplitude and let 
Ep denote the amplitude at a point P' on a screen. (See 
Figure 2.10) 

We can express the differential amplitude at P' in Fig
ure 2.10 as a function of the differential amplitude origi
nating from the differential element of the initial light 

dE - dEo i(k"r-wt) 
p - --e , 

r 
(2.55) 

where r denotes the distance traveled from the differential 
element, k" is the wavenumber in a medium with index of 

Figure 2.9: Airy pattern gener
ated from diffraction through a 
circular aperture. 

refraction n" (k" = 27r n" /).., where).. is the wavelength of the light in a vacuum), w is the 
angular frequency, and t is the time before the wave P'. If we express r in terms of the exit 
angle () and the radial distance s, as shown in Figure 2.10, we get 

dE p = dEo ei(k" ro+k" s sin (J-w t) . 

r 
(2.56) 

Here ro is the distance the wave travels from the center of aperture, with s = O. Our equation 
for the differential initial amplitude is the amplitude per unit area times a differential unit 
of area. Thus we have (ignoring constants and constant phase factors): 

(2.57) 

where R is the radius of the aperture. Using the substitutions l/ = s / Rand 6 = k" R sin (), 
we can put this integral into the form of one with a known solution, 

(2.58) 

where J1 is a first-order Bessel function of the first kind. 
It is worthwhile to note that the integral performed was the Fourier transform of the 

circular aperture function. The image resulting from plane waves incident on an aperture is 
thus the Fourier transform of the aperture. 
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We can solve the Bessel function numerically to find that the first minimum in E~ occurs 
when c5 = 1.221f. Because e is quite small in practice, we can use the approximation that 
sin e ~ e. The minimum angle that can be resolved is then equal to 

0.61).." 
emin = R ' 

where em in is the minimum resolvable angular separation. 

(2.59) 

We now must show that, under certain conditions, a lens will produce the same Airy 
pattern observed with a circular aperture. Consider a point source S a distance £ from 
the lens with its image S" a distance £11 from the lens. The indices of refraction of the 
materials are, from left to right, n, n', and n" (see Figure 2.11). As before, we will look at 
the differential amplitudes - in this case Es , EL , and E p , the amplitudes of the light from 
the source, the light to at the lens and at a point P in the image plane respectively. Thus 
the amplitude of light arriving at a distance s from the center of the lens is given by 

(2.60) 

Here we have that r = V£2 + (x - 8)2 and so for large £, r ~ £ + (x - 8)2/2£. Because the 
change in magnitude is not significant compared to the phase change for large £, we can 
approximate the r in the denominator as simply £. Additionally, we are considering a point 
source for the light , so dEs is a delta function centered at the origin. We then have that 

-ik(x-s)2 

dEL1(s) ex: c5(x)e 2£ , (2.61) 

where constants and constant phase factors have been disregarded. The 1 present in the 

subscript indicates the light is to the left of the lens. Thus E L1 (s) ex: e -;/ . 
We must now consider the phase change that results from the light passing through the 

lens </J , equal to k[(n' - n)zl + (nil - n')z2]. The indices of refraction appear in this equation 
to account for the paths traveling different distances in both media. Using the pythagorean 
theorem along with the curvature of the lens shown in Figure 2.11, we find that 

(2.62) 

where Rl denotes the radius of curvature for the side of the lens facing the point source. 
Because Zl is very small, we can make the sagittal approximation, letting Z12 ---+ 0 yielding 

(2.63) 

and, equivalently, 

(2.64) 
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Figure 2.10: The path of incident plane waves traveling through an aperture and arriving 
on a point P' in the image plane. The diameter of the aperture in this figure is 2R and the 
material between the aperture and the image plane has a refractive index nil. 

,=d-----! --------::::::......j S" 
.. 

Figure 2.11: The path of a ray of light from the source S, through a lens, and to an image 
point S". 
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Using the general thin lens formula (derived in Appendix B.2), l + ~;; = n~~n + n'~n', 
we can express the total phase change as 

_ ks2 (nl -n n" - n) 
cp - 2 Rl + R2 

_ ks2 (!!. n") 
cp - 2 .e + .e" (2.65) 

Here we will let f (s) represent the aperture function of the lens, so that the amplitude 
of light exiting the lens is given by 

-kns2 iks 2 (n n il) 
EL2(S) IX f(s) e- 2C- e - 2- c+£7T . (2.66) 

We must consider one final phase change, when the light travels from the lens to a point P 
on the image screen. 

-ikns2 iks2 (n n il ) ." k ' dEp(d) IX f(s) e- 2C- e - 2- c+£7T e-m r 

(2.67) 

Again the amplitude of light is assumed to be constant over s because we are letting £' be 
much larger than s. After some cancellations, this reduces to 

(2.68) 

the form of a Fourier transform for the aperture function. Thus, with the assumptions that 
have been made, the image of a source point is the Fourier transform of the aperture function, 
just as in the case with no lens and incident plane waves. 

We can now use the result from the lensless aperture and extend that to the case of a 
lens. From our first result , we have that the minimum resolvable spatial separation between 
the images of two objects is given by 

d" = 0.61£" )"" 
R ' 

(2.69) 

This minimum resolution is known as Abbe 's diffraction limit. It can be reexpressed in more 
familiar terms with some geometry. 

From Figure 2.10 we can see that sin a" = sin(tan-1 f!;). Using a small angle approxima
tion, sin( tan- 1 f!;) ~ tan- 1 f!; ~ f!;, and it follows that 

d" = 0.61),," (2.70) 
sin a" 

After passing through the lens, the wavelength of light is reduced by a factor of n" , the index 
ofrefraction on the image space side of the lens, to yield X' = )..1 n". To express the resolution 
in terms of values on the source side of the lens, we use the optical sine theorem (derived in 
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Appendix A-2) to determine how the image length is changed when passing through a lens 
with spherical surfaces, 

n d sin a = nil d" sin a" . (2.71) 

Combining these values with our earlier result for d" , we find that 

(2.72) 

Here n takes the value of the index of refraction on the object side of the lens. The term 
"n sin a" is called the numerical aperture and is a measurement of the resolving power of 
a microscope. Many high powered microscopes use oil immersion objectives, significantly 
increasing their resolving power. The highest theoretical numerical aperture with a dry 
objective is 1 (corresponding to an a equal to 90°), but in practice, the highest aperture half
angle is closer to 72°, yielding a value of 0.95. By using oil with a high index of refraction, 
this value can be raised to 1.4, allowing for nearly a 50% decrease in the minimum resolution. 
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Chapter 3 

Experimental Methods 

3.1 Sample Purification 

The BPP 4B used was initially in a very impure state. When mixed with millipore water and 
vortexed to dissolve the powder, it appeared quite cloudy indicating the presence of large 
aggregates. A heat gun was used on the sample to break apart these aggregates and the 
solution lost its cloudiness. Because the impurity in the stock BPP powder was determined 
to consist of salt [14], dialysis was used to purify solutions produced from this powder. 
Solutions used in dialysis had low concentrations of the powder - no more than 3 percent 
BPP by weight - to ensure that it was completely dissolved in the solution. 

The dialysis tubing used was purchased from Spectrum Labs and was permeable to 
molecules weighing less than 12,000 to 14,000 Daltons. Despite BPP having a molecular 
mass of 724.4 amu, it was not able to pass through the tubing. As a result, dialysis was 
able to remove the salts from the solution while leaving the BPP unaffected. In order to 
prepare the dialysis tubing for use, approximately two table-spoons of the disodium salt of 
ethylene diamine tetraacetic acid (Na2H2EDTA) was added to 400 ml of water. The dialysis 
tubing was placed in the solution and boiled twice for approximately 15 minutes each time. 
Another beaker was used to keep the tubing submerged in the solution. The tubing was then 
placed into a solution with approximately 2 teaspoons of Na2H2EDTA in 400 ml of water 
and boiled twice for 15 minutes. Afterwards, the tubing was boiled twice in millipore water 
and stored in a 60% ethanol solution in a refrigerator. 

The sample was then pipetted into a dialysis tube and was submerged along with a mag
netic stirring rod into a beaker with 1.41 of millipore H20 and NaCl. Because benzopurpurin 
4B is a negatively charged ion, it is necessary for it to join with a positive counter ion. In the 
impure sample, it was unclear what the counter ion was for BPP, and so the salt solutions 
were used to let Na+ act as a cation for the BPP. The molarity of the NaCl solution was 
chosen so as to be equal to the molarity of the impure BPP sample solution. The beaker 
was then placed in a refrigerated cabinet on a stirring plate for 8-24 hours. 

This process was repeated two more times , each time replacing the N aCl solution in the 
beaker with one of the same concentration. The dialysis bag was then placed in a beaker 
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filled with only millipore water to remove the excess chlorine ions and salts following the salt 
procedure. This was also repeated twice more. 

Afterwards, the dialysis tubing was cut and the solution was pipetted into a vial. Because 
BPP comprises only approximately 50% of the impure stock solution, the concentration of 
BPP in the solution was low following dialysis. As a result , to increase the concentration of 
the solution, the vial was held in a dish on a hot plate at sub boiling temperatures (80°C) 
without its lid to let some of the water evaporate. 

3.2 Phase Measurements 

The phase diagram was generated by taking optical measurements with a pair of crossed 
polarizers. Because liquid crystals are birefringent, when the sample is in the liquid crystal 
phase and placed between a pair of crossed polarizers, some light is able to pass through. 
However, once the sample reaches the isotropic phase, the polarizers will block all incident 
light. 

I I Optical Chopper I I light Detectorl 

I 
{} 

Computer 

Figure 3.1: The phase measurement apparatus. 

A 633 nm He-Ne laser was directed through a set of crossed polarizers with the sample 
situated between them on a thermally controlled stand. An optical chopper was used to 
create light pulses of a set frequency to pass through the polarizers. After the light passed 
through the second polarizer, it reached a light detector which measured the intensity of 
the transmitted light. A lock-in amplifier was connected to the light detector and amplified 
only light pulsing at the frequency set by the optical chopper. This allowed us to run the 
experiment in a well-lit room and not have to be concerned with ambient light. 

In order to mount the samples in the stand, the sample was placed in a specially prepared 
microscope slide. The slide was made by placing a cover slip on two pieces of parafilm to 
form a channel with a depth of approximately 120 microns. It was then heated to melt 
the parafilm, sealing the side edges of the slide. The sample was heated the day prior to 
slide preparation to break apart slow forming aggregates and was vortexed at a low rate 
immediately before insertion into the slide to ensure a uniform concentration. The sample 
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was pipet ted onto the slide and capillary action pulled the sample into the channel. The 
solution was then sealed using 5-minute epoxy. 

After placing the slide on the stand, the transmitted intensity measured at room temper
ature was maximized. This was accomplished by rotating the sample so as to set the average 
director at an angle of 45°C to both polarizers. Increasing the intensity allowed us to observe 
a greater change in transmitted light as the sample became isotropic. The intensity readings 
were collected as the sample was heated from 15°C to 90° at a ramp rate of 1°C/minute. 

3.3 Absorption Spectra 

Previous results had suggested that benzopurpurin 4B had an absorption coefficient indepen
dent of concentration. With this assumption, Nat Erb-Satullo determined this absorption 
coefficient to be 70.4 cm- 1 wt%-l at a light wavelength of 497 nm. In order to deter
mine the validity of this result, the absorption coefficients for several concentrations of BPP 
(0.0003-0.45 wt%) were calculated for this wavelength. After it was determined that the ab
sorption coefficient of this system was not constant, and acted similarly to previously studied 
chromonic systems, it was necessary to measure the absorption coefficient of a known con
centration to determine the concentrations used for these measurements. 

To this end, a purified sample of BPP was lyopholized to remove the water in solution. 
The sample was initially placed in a plastic vial with a perforated cap. The vial was then 
immersed in liquid nitrogen until the temperature of the solution had been lowered to that 
of liquid nitrogen. Then, the solution was placed in a vacuum at room temperature and 
the solvent sublimated out of the solution, leaving only the benzopurpurin in a powdery 
form. With this powder, a solution of known concentration was created and its absorption 
was measured to yield its absorption coefficient. The absorption divided by the path length 
was found to be approximately linear for low concentrations. As a result, we were able to 
generate a function that would yield the concentration as a function of absorption and path 
length for sufficiently low concentrations. 
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3.4 Aggregate Imaging 

Dynamic light scattering measurements indicate that the size of the aggregates is on the order 
of 1 micron. This places the aggregates outside the resolution range of x-ray diffraction, but 
within the resolving limit of high powered optical microscopes. In order to image these 
aggregates, a laser scanning confocal microscope was used. 

The laser scanning confocal microscope was a Leica SP5 at Swarthmore College. An 
argon laser with a wavelength 514 nm was used to excite the sample and emission readings 
were taken in the region around 600 nm. Images from the confocal microscope were taken 
using an oil immersion objective with a numerical aperture of 1.4. Using Equation 2.72, 
this aperture yields a minimum resolution of approximately 0.2 Mm. Values of size are taken 
using the full width half-maximum of the intensity profile of the object's image. Because 
the length 0.2 Mm corresponds to the distance between the center of the airy ring and its 
first dark fringe and our measurements were taken using the full-width half-maximum of 
the image profile, it was necessary to establish a more precise measurement of resolution for 
computations of size. To this end, a slide was prepared with nanoparticles 5 nm in diameter, 
which were considered point particles for calculation purposes. 

When using the nanoparticle size to determine the necessary corrections on measurements 
close to the resolution of the microscope, the intensity profiles were approximated as Gaussian 
functions of the form e-x2 / c2 , where c is proportional to the full-width half-maximum of the 
Gaussian with the proportionality given by FW H M = 2y'2log 2 c. If we approximate 
the nanoparticles as point particles, this image profile is the point spread function of the 
microscope. In order to find the true size of the aggregates it is necessary to take the point 
spread into account. The images produced from the confocal microscope are a convolution 
of the point spread function and the aggregate's actual size. 

The convolution function is defined as 

I: f(x - y) * g(y)dy. (3.1) 

The function used to represent the aggregates is a Gaussian as well. Here the full-width half 
maximum corresponds to the actual size of the object. The form of the convolution is thus 
given by 

(3.2) 

yielding another Gaussian function. The full-width half-maximum of the image profile of the 
aggregate is thus proportional to a2 + b2 . Therefore, the size of the aggregates is given by 

(3.3) 

where w' and n are the full width half-maximum of the aggregate and nanoparticle images 
respectively. As there are several approximations made here, this value for size is not exact 
and can only be used to place an approximate limit on size for values close to the microscopes ' 
resolution limit. 
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Before slides were made up, solutions were prepared using a variety of techniques. Light 
scattering measurements [24] indicate that aggregates do not form immediately, but rather 
emerge over time. As a result, filtration was used as a control for the solutions. Filtering 
was achieved by using a syringe to push solution through a 0.2 micron filter , preventing 
large aggregates from passing through. Heating had previously been used as a control for 
establishing the phase diagram in this study and by Bykov et. al [12]. To better understand 
what consequences this had for the system, some samples were heated in a controlled oven 
prior to imaging. The oven was heated to 80°C and the samples were placed on a cool sheet 
of metal that was then placed in the oven. After 30 minutes, the samples were removed and 
allowed to cool before slides were prepared. Ethidium Bromide (EtBr) was also studied as a 
possible fluorophor for the benzopurpurin aggregates. In solutions with DNA, it is known to 
intercalate between the base pairs and fluoresce more strongly when between the base pairs 
than free in solution, helping illuminate the DNA strands. As DNA exhibits the same 3.4 A 
stacking present in chromonics, we tested whether it would behave similarly in the BPP and 
sought to determine whether it had an impact on aggregation. Solutions with Ethidium 
Bromide were made up to have approximately the same molality of EtBr and BPP. All 
solutions were vortexed at a low speed to ensure uniform concentration and sample slides 
were prepared with a single drop of solution on a slide and sealing a cover slip to the slide 
usmg epoxy. 
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Chapter 4 

Results 

4 .1 Phase Diagram 

The intensity measurements taken on this system as temperature was ramped up did not 
display the clear discontinuity that is present in other chromonic systems, but rather a slow 
decrease in intensity. [14, 15] This indicates a gradual transition from the liquid crystal to 
isotropic phase characterized by the slowly diminishing order. Figure 4.1 demonstrates the 
transition from liquid crystal to isotropic. 

In order to quantify the phase of the system, the intensity curve was fit to a fermi function 

l( ) 10 
t = e(T- To) / f::,T + l ' (4.1) 

where 10 , To , and llT correspond to the maximum intensity, the midpoint t emperature of 
the phase transition, and the half-width of the transition respectively. The two transition 
temperatures - liquid crystal to coexistence and coexistence to isotropic - were defined as 
(To - 2llT) and (To + 2llT) respectively. These temperature values correspond to intensities 
of 88% and 12% of 10 , The values of these fit parameters were used to establish the transition 
temperatures given in Figure 4.2. 

The liquid crystal to coexistence transition temperature did not increase as rapidly with 
concentration as did the coexistence to isotropic transition. As a result , the coexistence 
region widened as the concentration of BPP was increased. At 0.45 wt%, the width was 
approximately lOoC and by 8 wt% the width of the coexistence region had increased to 
about 30°C. 
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Figure 4.1: Sample intensity measurement taken for a sample of BPP at 0.592 wt%. There 
is no clear discontinuous transition between the liquid crystal and isotropic phase, but rather 
a slow decrease in order observed by a decreasing intensity of transmitted light. In this case, 
To = 46.888°C and ~T = 5.1735°C. 
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Figure 4.2: The phase diagram of benzopurpurin 4B as a function of concentration. The 
liquid crystal phase occurs at room temperature starting around 0.45 w%. 

4 .2 Absorption Measurements 

Using several different dilutions of a ,596 wt% solution of BPP, the absorption spectrum 
was determined using a spectrophotometer. Then, using Equation 2.38, their absorption 
coefficients were plotted as a function of wavelength as shown in Figure 4,3. 

There does not appear to be a significant lateral shift in the absorption coefficient spec
trum as concentration changes, as would be predicted by the theory. However, the value for 
absorption coefficient is very dependent on concentration for much of the spectrum, specif
ically at the peak at 497 nm, where the absorption coefficient drops off as concentration 
increases. An isosbestic point - a wavelength at which the absorption coefficient is equal for 
different solutions - appears to occur at approximately 560 nm, 

The concentrations were determined by using absorption coefficient values at which the 
absorbance over path length was approximately linear with an offset at 497 nm, which oc
curred at very low concentrations, The lyopholized powder was used to create a solution 
of known concentration and, using the ratio between the known concentration and our esti
mated concentrations, we were able to calculate the concentrations of the solutions used in 
the absorption spectrum, 

Figure 4.4 shows the recalculated concentrations for the samples of BPP used in the 
absorption measurements. In order to determine the concentration for a sample of BP P, the 
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Figure 4.3: Absorption coefficient spectrum of solutions with varying concentrations of BPP. 
There are two peaks for this solution, the first occurring at 497nm and the second at ap
proximately 340.5 nm. There is a pronounced vertical shift in the absorption coefficients, 
but the horizontal placement of the curve appears to be independent of concentration. 
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Figure 4.4: Absorbance over path length for low concentrations of BPP. At these low con
centrations, a linear fit is capable of capturing the data's trends. 
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function 
(A - 0.5343) c = --"-c ___ ----'-
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was used, where c, A, and g denote concentration, absorbance, and path length respectively. 
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Figure 4.5 : Fit to theory of absorption coefficients at A = 497 nm. Absorptions for concen
trations greater than 0.06 wt% were discarded for this fit as the approximations used are only 
appropriate for low concentrations. The fit parameters obtained were a = 10.31 ± 0. 38 kBT, 
aoo = 434.8 ± 20.2 cm-1wt%-1 and a value of 615 cm-1wt%-1 was used for al' 

In order to calculate the stacking free energy, t he peak absorption coefficients (occuring 
at 497 nm) were plotted as a funct ion of concentration. Concentrations used for t his fit were 
significantly lower than the concentrations at which t he liquid crystal phase is present as the 
exciton theory used is an approximation that ignores aggregate - aggregate interactions and 
concentrations near the liquid crystal phase would have densely packed aggregates, making 
this approximation invalid . 

The value for the "stacking free energy" obtained is 10.3 ± O.4kBT. 
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4.3 Confocal Data 

Several images were taken to qualitatively analyze the formation of benzopurpurin 4B aggre
gates. Samples were prepared from a 0.813 wt% purified sock solution. Figure 4.6 describes 
how the solutions were prepared prior to imaging. 

Sample Preparation 

Filter~ 

EthBr 
added 

Sample 1 

Filtered 

Sample 2 

0.813 
wt% 

Sample 4 

Heated 

Filtered 

Figure 4.6: Preparation of solutions for imaging. 

Sample 3 

\ Heated 

It is clear that the aggregates in both the solutions with and without ethidium bromide 
reform slowly after filtering, taking some time to reach their equilibrium length. In the 
ethidium bromide solution, the aggregates appeared longer and fibrous, but the diameter of 
aggregates appears to be the same in Sample 1 and 2. 

Aggregates in the EtBr solution do not appear to reform after heating, suggesting that the 
addition of Ethidium Bromide affects the aggregation of BPP. However, EtBr also provided 
greater contrast between the aggregates and solution. 
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Figure 4.7: Images of aggregates from Sample 1. From left to right, these images were taken 
1 day after filtration, 1 week after filtration , and two weeks after filtration. The aggregates 
appear to lengthen over time. 
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Figure 4.8: Images of aggregates from Sample 2. From left to right these images were taken 
1 day, 6 days , 8 days, and 13 days after the solution was prepared. Again the aggregates 
appeared to lengthen as time passed, although that lengthening is more pronounced than in 
the solution without Ethidium Bromide. 

The average full-width half-maximum for the image profiles of benzopurpurin 4B aggre
gates was measured to be 0.411 ± 0.009 microns. For the image profile of the nanoparticles, 
the average full-width half-maximum measured was 0.402 ± .007 microns (a typical image 
profile is given in Figure 4.14). Using Equation 3.3 this yields an approximate value for the 
aggregate width of 85.5 ± 54 nm. However, given that the ranges of error for both averages 
overlap, there is a great deal of uncertainty in this result. Thus, the value obtained will be 
used only as a maximum limit of aggregate width. The important result is that the width 
is greater than the point spread function , indicating that this cross-section is much larger 
than one or two molecular areas. This is consistent with x-ray results that show that the 
distance between the centers of parallel aggregates is much larger than for other chromonics 
- in fact, too large to measure with x-rays. 
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Figure 4.9: Images of aggregates from Sample 3 taken one week after filtering. The solution 
generating the image on the left was heated at 80°C for 30 minutes and allowed to cool 2 
hours prior to the sample being prepared. The image on the right comes from the same 
solution, but was not heated. 
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Figure 4.10: Images showing the effects of the Mercury lamp heating Solution 2. Images were 
taken 2 weeks after the solution mixed. On the left is the image of the sample immediately 
after attaining focus. The image on the right was the result from leaving the lamp on the 
sample for 1 minute. 
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Figure 4.11: Images of heated Ethidium Bromide solution 2 hours, 3 days, and 6 days after 
heating. There appears to be no change in the density, size or shape of aggregates over this 
time period. 
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Figure 4.12: This is a distribution of aggregate lengths from a single image taken by the 
confocal microscope of the sample with Ethidium Bromide one day after preparing the 
solution. It reflects a length distribution at odds with the what the isodesmic stacking 
model would predict. 
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Figure 4. 13: Distribution of aggregate lengths in a single image taken one day after the 
sample was filtered. The shape is very similar to that of the EtBr sample and slightly 
shifted towards smaller lengths. 

Figure 4.14: Nanoparticles as seen through the confocal microscope. A slide of very low 
nanoparticle concentration was prepared so that individual particles could be clearly resolved. 
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Chapter 5 

Discussion 

5.1 Phase Diagram 

The phase diagram shown in Figure 4.2 shows a liquid crystal phase at room temperature at 
concentrations as low as 0.45 wt%. This corresponds to a volume fraction of 0.0032. Com
paratively, other chromonic systems do not have a liquid crystal phase at room temperature 
until concentrations of at least an order of magnitude greater. Specifically, Bordeaux Dye, 
Sunset Yellow, and Cromolyn have liquid crystal phases present at room temperature for 
concentrations greater than 6 wt%, 28 wt%, and 15 wt% respectively [8 , 2, 4]. That the 
liquid crystal phase occurs at such a low concentration in BPP implies that aggregation must 
behave differently than in these other chromonics. 

The low concentration at which BPP exhibits a nematic phase is in agreement with the 
findings of Bykov et. al. and Gersh [12, 13]. However, these phase diagrams do not agree at 
higher concentrations. Bykovet. al. (see Figure 1.7) found that the coexistence to isotropic 
transition temperature did not increase past 50°C at concentrations as high as 1 wt% [12]. 
Gersh (see Figure 1.8) found this temperature to be as high as 75° at concentrations of 
0.8 wt% [13]. In both diagrams, the coexistence region maintains approximately the same 
lOoC width [12 , 13]. The phase diagram established in this study (see Figure 4.2) showed 
behavior similar to Gersh's at the upper transition temperature. However, the transition 
temperature for nematic to coexistence does not increase as rapidly and, as a result, the 
coexistence region widens to 30°C at 0.9 wt%. It is possible that these differences result 
from the purification of the BPP solution used to establish the phase diagram. The Gersh 
diagram was taken on an impure BPP sample, which was approximately half salt and half 
BPP 4B with the concentrations given being the concentrations of BPP in solution. Bykov 
et. al do not document the purification, if any, used for their system. 

The phase change from nematic to isotropic was not very clear when viewed through a 
polarizing microscope. The intensity of light transmitted decreased gradually as the temper
ature was increased, making it difficult to observe the phase transitions directly. This is in 
stark contrast to the findings of previous studies on Cromolyn, Bordeaux Dye, and Sunset 
Yellow, where clear boundaries were present between the isotropic and nematic phases in 
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the coexistence region [2 , 8]. 
Attempts at determining transition temperatures for cooling samples were unsuccessful. 

As the samples cooled, the intensity did not increase, indicating that the samples remained 
isotropic. This implies that aggregates do not reform immediately in the solution, suggesting 
that a more complex structure is present that takes time to form. This result is consistent 
with the slow growth of aggregates after filtering that is observed both with the confocal 
microscope and from light scattering measurements. 

5.2 Absorption Measurements 

The absorption spectrum for BPP is dependent on concentration. As the concentration of 
BPP changes, the values for the absorption coefficient are shifted in magnitude, but the curve 
does not undergo the wavelength shift that would be predicted by exciton theory. However, 
the model used to predict the curve is simplified, so it is expected that the resultant spectrum 
would be much more complex. 

At the peak absorption wavelength, 497 nm, the absorption coefficient decreases as the 
concentration increases, whereas at higher wavelengths with a lower absorption coefficient, 
the absorption coefficient increases as the concentration increases. An isosbestic point occurs 
at 560 nm, where all the absorption coefficient curves intersect. Isosbestic points often 
indicate the presence of two species in a system, each with different absorption properties 
except at the wavelength where the curves intersect. This is at odds with the model presented 
by exciton theory in which there is no wavelength at which aggregates of different sizes 
all share the same absorption coefficient. One possible explanation for this result is that 
molecules in solution have different absorption coefficients depending on whether they are in 
an aggregate or free in solution. Alternatively, there may be only one form of aggregate at 
these low concentrations (such as a dimer), yielding an isosbestic point when mixed together 
with single molecules. 

To determine the "stacking free energy" for the BPP system, exciton coupling theory was 
used in conjunction with the absorption coefficients at 497 nm. Using the theoretical aggre
gate distribution model developed in Section 2.2 and exciton theory, a value of 10.3±0.1 kBT 
was found for CY . This value is higher than the values found both for Bordeaux dye - which 
has a value of 9.2 ± 0.4 kBT - and that of Sunset Yellow - 7.2 ± 0.1 kBT, which is not 
surprising given that BPP aggregates at a much lower concentration than either system. 

The exciton coupling theory that was used to generate this value for the "stacking free 
energy" assumes certain qualities about the system. Namely, that it aggregates isodesmically, 
nearest neighbor interactions within stacks are the dominant interactions, and that the 
system can be modeled as interacting dipoles. 

Several properties of the phase diagram and absorption spectrum indicate that the pri
mary aggregation process occurring is not isodesmic stacking. Despite the presence of ag
gregates at very low concentration, systems such as Sunset Yellow and Bordeaux Dye do not 
exhibit a liquid crystal phase until much higher concentrations, suggesting that the density 
of aggregates is not high enough to induce the the orientational order required to form a 
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liquid crystal phase until higher concentrations for isodesmically aggregating systems. BPP, 
however, has a liquid crystal phase at concentrations less than 1 wt% at room temperature, 
indicating that its aggregates must somehow take a different form from other isodesmic sys
tems. Additionally, while BPP does show an absorption shift similar to that predicted by 
exciton theory (see Figure 4.5), the isosbestic point would not be expected in an isodesmic 
system and was not present in Bordeaux Dye, where similar measurements were made [2]. It 
suggests that, rather than the distribution of aggregate sizes seen with isodesmic stacking, 
there are only two states for molecules in the system - such as free in solution and in an 
aggregate of size N - with the isosbestic point being where the absorption coefficient curves 
intersect for these two states. 

Another incongruency with the use of this model arises from the diameter of the aggre
gates. From previous light scattering measurements [14] , there is evidence that the cross sec
tional area of the columnar aggregates is far greater than the area of a single BPP molecule. 
Lack of low angle x-ray peaks corroborate this finding [24]. This suggests that the approxi
mation of only nearest neighbor interactions which considers only two neighbors may be an 
inaccurate assumption for this system. 

5.3 Confocal Microscope Images 

The images taken from the confocal microscope show that the aggregation process of benzop
urpurin 4B is quite complex and indicate that it is dissimilar to that of other chromonic dyes. 
Under the confocal microscope, rod-like ellipsoids were quite dense in most of the samples 
examined, but far from being packed enough to induce a liquid crystal phase. If the images 
did indeed display the orientation holding elements of the liquid crystal phase, then many 
of the aggregates must have been obfuscated in some manner. However, the only aggregates 
which were readily observable were affixed to the top and bottom of the cover-slips, so it is 
quite probable that these aggregates did not provide a complete picture of the system. 

In using Ethidium Bromide to help image the aggregates, we have to ensure that the 
properties being studied are not impacted by using EtBr as an additive. For low concen
trations, it appears that the aggregates in the solution with Ethidium Bromide were shaped 
similarly to those in other solutions, but they appeared to grow more rapidly. Additionally, 
after heating, the aggregates did not reform as in the solution without EtBr. At higher con
centrations, solutions prepared with EtBr had sizable precipitates, rendering the solutions 
unusable for examination under the microscope. This was a strong indication that results 
found using EtBr as a fiuorophor may not be representative of the pure BPP system. 

Filtering the solutions with a 0.2 micron filter immediately reduced the length of aggre
gates present in solution. The re-formation of these aggregates was quite slow as changes in 
size were observed for up to two weeks in some samples. However, there was not a signifi
cant amount of material lost during the filtration process. It appears likely that aggregates 
break up upon filtering, allowing the majority of the dye to pass through the filter , and then 
slowly reform afterwards. Heating had a similar affect on the aggregation - immediately 
after heating the aggregates were broken apart , but reformed slowly as time passed. This 
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slow re-formation has been observed in other large aggregate systems such as pseudoisocya
nine(PIC). Berlepsch et. al. found that a liquid crystal phase was present at concentrations 
of PIC in water as low as 1 percent by weight. When heated and allowed to cool, the PIC 
solution remained isotropic for two days before exhibiting birefringence [25]. It is likely that 
the slow achievement of equilibrium results from the complexity of the aggregates. 

The aggregates in these images are quite large, ranging between 3-5 microns in length 
a short time after filtering to well over 10 microns after sitting for a relatively long time. 
The width of these aggregates was estimated to be less than 140 nanometers, but due to the 
difficulty of determining distances below the resolution limit of the microscope, this value 
should be viewed as a very rough estimate. 

Another aggregating system, acidified tetrakis (4-sulfonatophenyl) porhpine (H4 TPPS) 
also exhibits large aggregates at similarly low concentrations [26]. At a concentration of 2.17 
x 10-4 wt%, light scattering measurements indicate that the aggregates formed by the por
phine system at this concentration are about 3.5 microns long with an aggregation number 
of over 600,000 molecules. At higher concentrations the size of the aggregates appears to 
decrease, indicating that aggregate structure in H4 TPPS is highly dependent on concentra
tion. Given the difficulty of attaining consistent results with benzopurpurin 4B, it is quite 
possible that aggregation formation is dependent on concentration in some manner. This 
is at odds with the isodesmic model traditionally associated with chromonic liquid crystals. 
This should not be surprising, however, given the significant differences between the aggrega
tion processes of BPP compared with other chromonic dyes. Figure 4.13 shows an aggregate 
length distribution that does not agree with the isodesmic model for aggregation shown in 
Figure 2.3(b). This is consistent with light scattering experiments which show a correlation 
time corresponding to an aggregate size in the center of the distribution, further supporting 
the hypothesis that some other mechanism is behind the aggregation of BPP. 

5.4 Theories of Aggregation 

In order to account for these properties of the system, some alternative models of aggregation 
have been proposed. These theoretical models can be split into two categories: those which 
have a fixed aggregation number and those which have aggregates of varying size. The 
primary mode of aggregation for the former is spherical micellular aggregation. 

As described earlier, systems which exhibit spherical micelle aggregation have a critical 
concentration below which they do not aggregate at all. Once passing this threshold, aggre
gates of a fixed aggregation number begin to form. Should the absorption properties of the 
molecules change when they form a micelle, this could yield an isosbestic point on a graph 
of absorption curves with solutions having a concentration higher than the critical micelle 
concentration. However, there are several indications that BPP does not aggregate into 
spherical micelles. First, the images indicate a distinct non-uniformity in aggregate size and 
aggregates appear distinctly to be ellipsoids rather than spheres. Second, if there is a critical 
micelle concentration, because the absorption coefficient continued to change even at low 
concentrations, the critical concentration is lower than any of the concentrations examined 
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in this study. Finally, the molecules of BPP do not fit the structure of a typical micellular 
liquid crystal. The hydrophobic portion of BPP is on the interior of the molecule, so it does 
not posses the hydrophobic tail that is present in molecules that form micelles. As a result, 
there is a reduced entropic advantage for the molecules to arrange themselves into spherical 
aggregates. 

Due to the distribution of aggregate lengths visible from the confocal microscope images, 
aggregation models which allow for a variation in aggregation number appear more capable 
of describing the BPP aggregation process. One such model is the isodesmic stacking theory 
of aggregation, often used to describe aggregation in chromonic liquid crystals. In this 
aggregation theory, there is no critical concentration below which aggregation does not occur, 
but instead, aggregates form at all concentrations with an aggregate length distribution given 
by Figure 2.3(b). This model helps explain the formation of aggregates at low concentrations 
in BPP, but other systems whose aggregation processes are theorized to follow the isodesmic 
model have properties quite different than those of BPP, as discussed in Section 5.2. The 
images from the confocal microscope further calls into doubt that the molecules aggregate 
isodesmically into stacks with cross sections of a single molecule. The width of the aggregates 
is much larger than the diameter of a single BPP molecule and the length distribution of 
aggregates is incompatible with the isodesmic model. 

As mentioned in Section 2.2 there is a model of micellular aggregation which allows for 
aggregates of a non-uniform length, with a size distribution similar to isodesmically aggre
gating systems. In this model, aggregates form initially into spherical micelles, consisting 
of two spherical end caps, once a critical concentration is attained. Aggregates lengthen 
through rings of molecules inserting themselves between these end caps. As discussed pre
viously, the location of the hydrophobic and hydrophilic regions of BPP is not what would 
be expected in a system which forms spherical micelles. Additionally, because cylindrical 
micelles have an aggregation distribution very similar to aggregates in an isodesmic system 
at concentrations far above the critical micelle concentration, the distribution in Figure 4.13 
may be incompatible with cylindrical micellular aggregation. 

Another aggregation model proposes that the aggregates incorporate water into their 
structure. Bykovet. al found that at a certain concentration of BPP in water, the volume of 
water bound to the molecules changes dramatically at a certain concentration. The concen
tration given by Bykov et. al for when this occurs is higher than any of the concentrations 
dealt with in this study, so it is unclear how this relates to the formation of aggregates at 
lower concentrations. Integration of water into the aggregate structure would help explain 
the presence of liquid crystal phase at very low concentrations. The volume fraction of BPP 
at these concentrations would appear to be too low to induce enough orientational order to 
form a liquid crystal phase. However, if water is incorporated into the aggregates, it would 
allow for the volume of the aggregate to be much greater than the total volume of the dye 
molecules contained in it. One form that these aggregates might take is a hexagonal or cylin
drical wall of BPP molecules with water bound in the interior of the aggregate, as shown in 
Figure 5.1. As with isodesmic aggregation, this model does not provide an explanation for 
the isosbestic point. 
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Figure 5.1: Theoretical model for BPP aggregates which incorporates water into the struc
ture. The outer shell is comprised of BPP molecules. Image taken from Lydon [6]. 

In order to explain these phenomena it is useful to consider the possibility that multiple 
processes of aggregation may occur at different concentrations. The aggregation data were 
generated using BPP samples at very low concentrations, so it may be possible that at lower 
concentrations, aggregates have a set aggregation number, perhaps undergoing a process 
such as dimerization. PIC has been found to undergo dimerization at low concentrations. 
Kopainskyet. al found that nearly all monomers form dimers before larger aggregates begin 
to form [27]. If a similar process were to occur in BPP, it would account for the isosbestic 
point present in the absorption coefficient curve and the proposed complexity of the larger 
aggregate structure may explain why it does not form until higher concentrations. The large 
shift in bound water observed by Bykov et. al could reflect a change in aggregation processes 
from one of dimerization to something more complex, although it would have to occur at 
a much lower concentration than the one given by Bykov et. al (3 wt%) [12]). Using a 
dimerization model for aggregation, where the volume fraction of BPP in solution, ep, is 
given by 

it is simple to obtain a closed form for the volume fraction of monomers, 

Xl = 
-1 + VI + 8zep 

2z 

The absorption data was fit using the exciton theory and this aggregation model for dimer
ization in Figure 5.2. At these low concentrations, the fit is very close to the measured values, 
suggesting that the results are consistent with a model which incorporates dimerization. 
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Figure 5.2: Theoretical model for BPP aggregates which incorporates water into the struc
ture. The outer shell is comprised of BP P molecules. Image taken from Lydon [6]. 

The traditional aggregation models for lyotropic liquid crystals do not appear to ade
quately explain the aggregation process undergone by BPP as the system exhibits many 
behaviors at odds with both isodesmic and micellular aggregation. However, other systems 
such as P IC and some porphines aggregate at similarly low concentrations and form large 
aggregates. Additionally, the PIC aggregates exhibit the same slow reformation that is ob
served in BPP 4B systems. The model proposed by Bykov et. al along with dimerization 
at lower concentrations would account for several of the properties of this system, but the 
results from this study do not provide any direct corroboration for this theory of aggregation. 
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Conclusion 

Benzopurpurin 4B has an aggregation process unlike any other chromonic liquid crystal 
studied at Swarthmore College. Aggregates form at low concentrations [1 4], a characteristic 
of the isodesmic stacking model commonly associated with chromonic liquid crystals, but 
the liquid crystal phase is present at concentrations an order of magnitude lower than other 
known systems. Additionally, while BPP did show a shift in its absorption spectrum with 
changing concentration compatible with what would be predicted by simple exciton theory 
and is what had been seen in other chromonic systems, the presence of an isosbestic point 
is at odds with a model that predicts the presence of a wide spectrum of aggregate sizes 
forming in solution. Unlike other systems which were resolveable using x-ray diffraction, 
these techniques have failed to resolve the spacing between BPP aggregates. Images taken 
of aggregates using a confocal microscope further cast the isodesmic stacking model in doubt 
as the distribution of aggregate sizes observed is incompatible with the predictions of the 
isodesmic model. Additionally, these images show the aggregates having a diameter too large 
for x-rays to be effective, explaining why no low angle peaks were observed. 

Several theories of aggregation have been proposed to explain these properties, - including 
micellular aggregation and an aggregate structure which incorporates a large volume of water 
[12] - but none are fully capable of explaining these properties. By considering multiple 
aggregation processes that occur at differing concentrations, it is possible to provide a more 
robust theoretical model. The observations could be accounted for if a process similar to 
dimerization is the dominant method of aggregation for the very low concentrations used to 
establish the absorption spectrum. Then at higher concentrations, a more complex process 
could take place, such as the model in which aggregates incorporate water for a large portion 
of the structure. What is clear is that benzopurpurin 4B has an aggregation process that is 
far more complex than that of other studied chromonic liquid crystals. 
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Appendix A 

Cylindrically Aggregating Micelles 

As described in Section 2.2, the energy of a cylindrical micelle consisting of i molecules in 
between the end caps is given by 

(A.1) 

We can use a process similar to that used for the isodesmic system to model the aggregate 
distribution. In this case, the internal partition function is given by 

-i€r-€ec 

qiinternal = e kBT 

for micelles with i molecules between the end caps and by 

(A.2) 

(A.3) 

for monomers. Here, El is the energy of a monomer. At equilibrium, the chemical potential 
of the molecules is equal. If we let N be the number of molecules required to form the end 
caps, we have that i':tN = f1m, where f1ri is the chemical potential of a cylindrical micelle 
with i aggregates in between its end caps. In the limit where the aggregate size is far greater 
than the number of molecules in the spherical end caps, i > > N, then l:!::ri. ~ f1m and the free 

~ 

energy is approximately equivalent to the value obtained in Equation 2.19. It follows that 

ni = (nm ) i 
qi qm 

Substituting in for qi with this new qi t I we find that tn ern a 

which yields 

(A.4) 
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Appendix B 

Optical Derivations 

B.l General Form of Lens Equation 

From Figure B.1 we can make some approximations to derive the lens equation for two 
media with different indices of refraction. From the image we can see that cP = a + 'Y and 
cp' = 'Y - d. Using small angles along with Snell's law (cplcp' = n'ln), we can get rid of cp 
and cp' to obtain 

na + n'a' = (n' - nh. (B.1) 

Using the small angle approximation, we can let a = hlf, 'Y = hlr, and a' = hlf'. By 
substituting in these values and canceling h, we end up with 

n n' n' - n 
£+£1 = r 

(B.2) 

the Gaussian formula for a spherical surface. 

n n' 
P r---------- '~ 
S .....::;;....-.....l.....lo."-----i-F==r====='~"'~ S' 

~.~---------------.-~------------------------------------~. P' 
i i' 

Figure B.1: The path of light traveling through a lens separating two materials of indices of 
refraction n and nil. 
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Figure B.2: The path of light traveling through a lens separating two materials of indices of 
refraction n and nil. 

We can use Equation B.2 to determine the lens equation for the system shown in Fig
ure B.2. Applying Equation B.2 to light refracted on both lens faces, we get 

n n' n' - n 
g+fj= Rl 

nil n' nil - n' 
(B.3) ---

f" £' R2 
Adding the second equation to the first, we find that 

n nil n' - n nil - n' 

g + fll = Rl + R2 (B.4) 

our desired result. 

B.2 Optical Sine Theorem 

The optical sine theorem allows one to calculate relative lengths and angles between the 
source and the image when a spherical lens is used. Using the law of sines along with the 
parameters in Figure B.l we have that 

sma sin 7r - ¢ 

r f+r 
(B.5) 

sin a' sin¢' 
(B.6) 

r £' - r 

The triangle formed by S, P and the center of the spherical lens is similar to the triangle 
formed by S', P', and the center of the lens, so the ratio of the lengths of their respective 
sides is constant. Thus, 

d' £' - r 

d f+r· 
(B.7) 
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We can combine this result with our relations from the law of sines to obtain 

d sin a' sin¢ 

d' sin a sin ¢' 
(B.8) 

U sing Snell's law, n sin ¢ = n' sin ¢', we get 

d . 'd'·' n SIn a = n sIn a , (B.9) 

the optical sine theorem. 
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