
The Aggregation and Liquid Crystal Properties of Bordeaux 
Dye 

Michelle Tomasik 

April 29, 2007 



2 



Contents 

1 Introduction 

2 Theory 
2.1 Anisotropy and Polarized Light 
2.2 X-Ray Diffraction ....... . 

2.2.1 Columnar Packing .. . 
2.3 Exciton Coupling Theory and Absorption. 

3 Theoretical Results 
3.1 Theory of Aggregation 

3.1.1 List of Variables .... 
3.1.2 Helmholtz Free Energy 

3.2 The Partition Function ... 
3.2.1 Lagrange Multipliers 
3.2.2 Distributions ..... 
3.2.3 Effect of Rotational Partition Function 

3.3 Theoretical absorption coefficient calculation 

4 Experimental Methods 
4.1 Sample Preparation . 
4.2 Density Measurement . 
4.3 X-Ray Diffraction ... 
4.4 UV-Vis Absoprtion .. 
4.5 Optical Measurements 

5 Experimental Results 
5.1 Columnar Size Determination 
5.2 Phase Diagram . . . . . . . . 
5.3 Absorption and Stacking Free Energy 

6 Discussion 

3 

7 

17 
17 
18 
19 
20 

27 
27 
27 
29 
29 
35 
37 
38 
39 

43 
43 
43 
44 
45 
45 

47 
47 
49 
51 

53 



4 



Abstract 

This paper explores the liquid crystal and aggregation properties of Bordeaux Dye along with a 

more general theory of aggregation. Common properties of chromonic liquid crystal systems have 

been expounded upon and re-evaluated. X-ray data were used to find the aggregate's cross-sectional 

area, which was compared to that of a single molecule to show that the structure of the aggregates 

is more complicated than a single-molecule stack. Theoretical aggregate size calculations show 

that it is important to account for the rotational partition function term, and these aggregate size 

distributions, along with a simple function found by exploring exciton theory, allow us to analyze the 

absorption coefficient verses concentration data to find the stacking free energy. A phase diagram 

for this molecule has also been produced and is compared to those of other chromonic systems. 
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Chapter 1 

Introduction 

The study of chromonic liquid crystals has been pursued both in order to investigate the theory of 

aggregation of liquid crystals as well as their use as polarizers and retarders. In particular, there 

are many chemical dyes which are disc-like molecules with hydrophobic centers and hydrophilic 

groups on the periphery. When these dyes aggregate, they tend to form columns, and studies 

have shown that the aggregation process tends to occur at quite low concentrations. When these 

columnar aggregates align with one another due to sterics and other interactions, they form the 

liquid crystalline phase. 

A liquid crystal is a mesophase, meaning a state of matter between a liquid and a solid. Liquid 

crystals retain some of the orientational and occasionally the positional order of a solid while flowing 

to fit their container as do liquids. The phase that consists of only orientational order is often refered 

to as the nematic phase. 

Some liquid crystals form in a pure substance, while others form in solution. Thermotropic liquid 

crystals can be formed from isotropic liquid by lowering the temperature, while lyotropic liquid 

crystals form in solution on an increase in concentration (as well as from a decrease in temperature). 

Many lyotropic liquid crystals are made up of long amphiphilic molecules. Amphilphilic means they 

have a hydrophilic head and hydrophobic tail. In solution, these will aggregate to form micelles 

(see Figure 1.1). 
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Figure 1.1: A micelle with the hydrophilic heads pointing out towards the surround
ing water, shielding the hydrophobic tails III the center. Image from http) /www.mpip
mainz.mpg.de/ cooke/Membranes/intro. php. 

The other important type of liquid crystal that forms in solution is the chromonic liquid crystal 

phase. The name comes from the fact that these are often disk-like conjugated systems which 

have electronic transitions in the visible region of the spectrum, and so often appear colored in 

solution. These planar molecules can stack on top of each other and these stacks, at high enough 

concentration, will align (see Figure 1.2). 

Figure 1.2: Planar molecules have aggregated and the aggregates are aligning to form the liquid 
crystal phase. Picture taken from [13]. 

Because liquid crystals molecules are anisotropic, when they align, the sample will exhibit some 

sort of anisotropy, such as birefringence. In the liquid phase, when there are conditions such that 

there is no net alignment of the sample, it is said to be isotropic. 

Aggregates that stack into columns are isodesmic. Unlike micelles, which need a certain number 

of molecules to aggregate (the critical micelle concentration), columnar aggregates can add one 

monomer at a time. Each additional monomer is considered to experience the same free energy 

change no matter how large the aggregate is onto which it attaches [5]. This highlights one of the 
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important differences between micelles and isodesmic liquid crystals. Micelles are considered to be 

entropy-driven because by going into a formation that minimizes the interaction of the hydrophobic 

carbon tails with the water, the ordering of the water molecules is minimized and thus entropy 

is maximized (the hydrophobic effect). In isodesmic processes, said to be enthalpy-driven, the 

7r - 7r stackings releases a certain amount of energy [9]. However, this process also includes some 

entropy effects by again minimizing the exposure of the hydrophobic centers of the molecules to the 

water. 

The first chromonic liquid crystal to be studied in depth was disodium cromoglycate (cromolyn), (see 

Figure 1.3). This anti-asthmatic drug was was found to aggregate at very low concentrations and 

form a liquid crystal phase at higher concentrations. Through x-ray diffraction, it was determined 

that cromolyn forms cylindrical aggregates, although the exact structure of these aggregates is still 

unclear. They are thought either to form a square chimney-like structure with room for water in 

the middle or perhaps a sheet of four molecules with the hydrophilic ends facing out. [14] 

Figure 1.3: Cromolyn [9] 

By now, several chromonic liquid crystal systems have been studied and so it is possible to generalize. 

Horowitz, et. al., give a summary of common properties of columnar lyotropic liquid crystals: 

1. The weight percent at which these aggregates begin to align at room temperature is between 

5 and 15 [5]. 

2. Many of the aggregating systems studied show a positionally ordered phase as well as the 

orientationally ordered phase [5]. 

3. The distance between adjacent molecules in the aggregates is generally around 3.4 A [5]. The 

aggregation of these planar molecules is often likened to base pairing in DNA, which also has 
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a repeat distance of 3.4 Ain B-DNA, the most common form of DNA. [20] 

4. Aggregation takes place at low concentrations, forming larger aggregates at higher concentra

tions. Horowitz, et. al. found that the distance between aggregates was proportional to the 

square root of volume fraction [5]. 

5. Temperature also affects the size of the aggregates. From the increase in viscosity as temper

ature decreased, Nastishin, et. al. concluded that the aggregates' size must also be increas

ing. [14] 

6. The exact structure of the aggregates may vary from one system to another. As stated 

previously, cromolyn is known to form some type of columnar aggregate with four molecules 

per layer. [14] Horowitz, et. al. investigated Sunset Yellow dye, an azo dye used in the food 

industry, and found that there was only one molecule per layer in the aggregates [5]. 

Unlike micelles, which tend to be aggregates with a fairly set size, these columnar aggregates can be 

any length. In fact, within a sample at a constant concentration and temperature, there will be a 

large range of aggregate sizes. For this reason, it is an interesting problem to calculate a theoretical 

aggregate size distrubution. This was done by Horowitz, et. al., who used a mass action approach to 

calculate the predicted aggregate size distribution. [5] Using nearest neighbor coupling, a predicted 

dependence of the absorption coefficient on aggregate size was calculated, and used, along with a 

theoretical aggregate size distribution, to fit the absorption coefficient verses concentration data 

and determine a stacking free energy change. The stacking free energy change is the decrease in 

free energy that results when a free molecule forms or joins an aggregate. 

Often in these chromonic systems, a phase diagram is determined. At high concentrations and 

low temperatures, the liquid crystal phase exists; at low concentrations and high tempearture, the 

isotropic liquid phase is stable; in between, there is a coexistence region where the liquid crystal 

and liquid phases separate but exist simultaneously. This coexistence region is usually around 10°C 

wide at constant concetration. [5] 

The Kent State group has been investigating a variety of molecules, such as Blue 27 (see Figure 
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1.4), and Violet 20 (see Figure 1.5). 

CI 

Figure 1.4: Blue 27. [15] 

Figure 1.5: Violet 20. [15] 

As can be seen from the phase diagrams (see Figure 1.6), the coexistence region is larger for the 

Violet 20 system than it is for the Blue 27 system. This probably indicates a greater polydispersity 

of aggregate size in the Violet 20 system [15]. 

This group also notes the formation of tactoids (see Figures 1. 7 and 1.8). Tactoids are formed in 

the coexistence region of the phase diagram. A positive tactoid is when the nematic phase appears 

in the isotropic phase and a negative tactoid is the opposite. When the dye system phase separates 

like this, there is a different concentration of the dye in the isotropic and nematic phases, hence 

the regions that are at higher concentration order to form the nematic phases next to the less 

concentrated isotropic regions. Much work has been done trying to model what is happening in the 

formation of these tactoids [15]. 

Recently, the effects of salt on the aggregation properties of chromonic liquid crystals have been 

studied. When there are extra ions in solution, they may appear between aggregates in a column 

or between ordered columns, where they change the stacking free energy and the Debye length, 

respectively. The exact nature of the effect, however, is still unclear. The Kent State group found 

a non-monotonic increase in the temperature where the nematic phase completely disappears and 
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Figure 1.6: Phase diagram for (a) Blue 27 and (b) Violet 20. [15]. 

Figure 1.7: Positive Tactoid image from micrograph. [15]. 

Figure 1.8: Negative Tactoid image from micrograph. [15] 

becomes isotropic liquid for Sunset Yellow (see Figure 1.9). Kostko et al found instead that for 

cromolyn, the increase in the transition temperature was monotonic (see Figure 1.10) and that the 

transition temperature could also be lowered by some additives (see Figure 1.11) [9]. It was found 

also that the change in viscosity could be related to the change in transition temperature, with an 
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increase in viscosity corresponding to an increase in transition temperature, and a decrease in the 

viscosity corresponding to a decrease in transition temperature [9]. 
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Figure 1.10: The change in transition temperature of a 10wt% cromolyn solution as a function of 
concentration [9]. 

Since most of these chromonic systems have negatively charged groups on the periphery of the 

molecule, the association of cations with the aggregates serves to increase the stacking free energy 

by reducing the repulsive interactions between the molecules and making the stacking even more 

favorable than it was already. This increase in the amount of free energy released due to stacking 

allows the stacks to grow even longer before entropy effects stop the stacking. This effect was 

predicted to change the stacking free energy by approximately 0.3kT [19]. 
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Figure 1.11: The change in the transition temperature of a 9.5wt% cromolyn solution due to the 
addition of 100mM of the additives listed [9] 

Kostko, et. al. proposes that the method by which cations stabilize the liquid crystal phase has very 

little to do with how they change the structure of the water, but rather that the salt becomes part 

of the liquid crystal structure, in the manner discussed above. Some pieces of evidence they cite for 

this claim are (1) that the ratio of salt to cromolyn was a more important factor than the absolute 

concentration of salt in the solution and (2) the ions which increase the transition temperature the 

most are those of the right size to best bind to the cromolyn aggregate structure [9]. 

According to the Kent State group, anions can also increase the aggregate size, although Kostko 

et al say that the effect is very small if present at all. Roughly following the Hofmeister series, 

different anions have different salting-out strengths (meaning that some are better than others at 

making the hydrophobic interactions more favorable) [19]. 

These types of systems have practical uses in the optics industry. These disk-like molecules, "based 

on polycyclic aromatic compounds" that aggregate into rods are coated onto surfaces to form thin 

films [6]. These thin films are then used as either polarizing films or retarders [2- 4,6,7,11,12,16, 

17,21]. A thin film is defined as a film with a thickness about equal to a half wavelength of light in 

the film [12]. 
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A fairly common three-step crystalization procedure is used to make the films. First, the liquid 

crystal phase is formed in solution; then the dye molecules are deposited on a pastic or glass 

surface using shear force to enforce uniform alignment. Finally, the solvent evaporates off, leaving 

behind the thin film. To determine the optical properties of the final film, both x-ray and optical 

measurements can be used. [6,7,12,16,21] The shearing force technique has been further refined. 

One such refinement involves pulling two surface strips apart with the dye solution between them 

in order to create the correct shearing force. Another technique is the "roll to roll" process in which 

the film is unrolled and the dye solution is deposited and aligned on top [4]. 

In polarizers, efficiency is based both on the wavelength band over which the polarizer is effective 

and also on the thickness of the material. Often a mixture of dyes affords a larger window of 

wavelengths in which the films can act as polarizers. Further, these materials often exhibit a large 

birefringence, which allows for reflection, so now reflective polarizers are being developed from 

these materials [12]. Some of these thin film polarizers can be used as retarders in other parts of 

the spectrum [11]. 

There are two different types of polarizers, O-type and E-type. In an O-type polarizer, light in the 

'ordinary' direction is transmitted, while the light in the 'extraordinary' direction is attenuated. 

An E-type polarizer is just the reverse. In general, O-type polarizers can be produced from liquid 

crystal systems which are rod-like, where their orientational direction is along the axis of the 

molecule. In contrast, E-type polarizers can be formed from chromonic liquid crystals with disk

like molecules whose direction of orientation is perpendicular to the plane of the molecule. These 

E-type polarizers have a good contrast ratio over large viewing angles and do not allow for much 

light leakage [21]. 

Much of the research done is this area is in an attempt to quantify some of the properties of the 

different dye systems and relate these properties to the way the thin films created from them will act 

as polarizers and retarders. For example, one group studied the relationship between the thickness 

of the polarizing layer and the anisotropy of the absorption coefficient [3]. Another group related 

the optical characteristics of polarizers to the spectra of the diluted dye system in order to develop a 
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technique for choosing the best mixture of dyes for a desired characteristic of a polarizer [16]. 

The system that is the subject of this thesis is a dye based on naphthalenetetracarboxylic acid, 

called Bordeaux dye (see Figure 1.12). This dye was developed by Optiva, Inc. and was used in 

the study of thin retarding films that absorb light in the visable region [10]. 

o o 

NH4 + - O§l 
JX! 

Figure 1.12: Bordeaux Dye 
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Chapter 2 

Theory 

2.1 Anisotropy and Polarized Light 

Isotropic means independent of direction; a liquid is isotropic because any direction looks the same. 

A liquid crystal, however, tends to have a preferred direction of alignment, called the director, and 

is therefore anisotropic. Because the alignment direction is different from the other directions, not 

all directions will act identically. For example, the velocity of light propagation for light polarized 

along the director will be different from the velocity of light polarized along an axis perpendicular to 

the director. For this reason, light that enters the sample can exit elliptically polarized, and some 

of this light will then be able to pass through a polarizer which is perpendicular to the original 

polarization of the light. However, there is a direction where the polarized light entering the sample 

is either parallel or perpendicular to the director, and so the material will still look dark between 

crossed polarizers. It is therefore a characteristic of liquid crystals that rotating them between 

crossed polarizers will give a periodic brightening and dimming of the emerging light. 
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2.2 X-Ray Diffraction 

Because the wavelength of X-rays is about the same size as atomic distances, X-rays diffract well 

from many materials, which makes them useful for measuring atomic-order distances. In an X-ray 

diffraction pattern, a bright spot appears where the light arrives in phase, and a dark spot appears 

when the light arrives out of phase. The beams of light do not all arrive with the same phase 

because they take different paths. Often the situation is imagined as two parallel planes of atoms 

(or of similar electron density) off which parallel beams of light reflect (see figure 2.1). 

Figure 2.1: Light (orange) reflecting off of parallel planes of atoms (blue) separated by a distance 
d. 

The light will appear to be bright (in phase) if the difference in the distance traveled by the two 

beams is equal to some integer, n, times the wavelength, A. There will be a dark spot (out of phase) 

if the extra distance is (n + ~) A, where n again is an integer. This is the basis for Bragg's law, 

which gives the angle, e at which one will see a bright spot if the reflection is off of planes separated 

by repeat distance d: 

nA = 2d sin e. (2.1) 

A more useful concept is to use the scattering wavevector, q, instead of the angle. The scattering 

wavevector represents the change in momentum of the light and is related to d: 
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(2.2) 

This equation is useful in interpretation of the x-ray diffraction data. 

2.2.1 Columnar Packing 

Under the assumption that the Bordeaux dye assembles into infinite rods, the volume fraction, cp, 

of the molecules in solution is equal to the area fraction of the molecules in a plane perpendicular 

to the director, 

cp = VBordeaux = ABordeaux. 

vtotal Atotal 
(2.3) 

A model of packing is needed, and to make the packing model as realistic as possible, molecules 

were assumed to have maximum entropy. The highest entropy will come when each molecule in the 

pattern has the most space to explore for a fixed total area - and space per molecule is maximized 

by choosing the pattern that, if condensed, would pack most tightly. For this reason, the molecules 

are modeled as being in a hexagonal arrangement (see Figure 2.2). 

--1;\-.\:J. -
Figure 2.2: Cross-section of rod-like aggregates arranged by hexagonal packing. 

If a is the cross-sectional area of the rods and d is the distance between the centers of adjacent rods, 

then the volume fraction is 

2a 
cp = V3d2 · 

(2.4) 
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To relate this to experiment, the measured wavevector for maximum reflection, q, must be incor-

porated: 

(2.5) 

When looking at the results of x-ray diffraction, we can calculate the cross-sectional area, a, just 

from knowing the values of q and cp. 

2.3 Exciton Coupling Theory and Absorption 

Bordeaux dye absorbs in the visible part of the spectrum. A monomer has a certain absorption 

spectrum which is often modeled by Lorentzians centered on the peak absorption frequencies using 

equation 2.6 

(2.6) 

where A(iI) is the absorption coefficient, iI is the frequency, ilm is the maximum absorption frequency, 

r m is the spectral line-width, and J1>m is the dipole transition moment [18]. 

When the molecules aggregate, we expect the absorption function to change, so in order to predict 

the way in which it changes, we use exciton coupling theory. The ground state is least affected by 

the aggregation, so for simplicity, we assume that it doesn't change at all. We therefore can model 

the changes in transition frequencies simply as the changes in the excited state energies. A further 

approximation is the assumption of only nearest neighbor interactions, f3. We start with a dimer 

which has the following interaction Hamiltonian: 

( 
ilmf30n f3 ) Hint = 

l/mon 

(2.7) 
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where vm= is the peak absorption frequency for the monomer. In this set-up, the vector <P, ~ ( ~ ) 
corresponds to the state where the first of the two molecules in the dimer is in the single molecule's 

first excited state and the second of the two molecules is in the single molecule's ground state. 

Similarly, q" ~ ( : ) corresponds to the second molecule of the dimer being in the single molecule's 

first excited state and the first molecule in the ground state of the single molecule. By taking into 

account the nearest neighbor interactions with this interaction Hamiltonian, the new low-lying 

excited states can be caluclated for this dimer. They are 

(2.8) 

with energy vmon + {3, and 

(2.9) 

with energy vmon - (3. 

Now we need to consider the probability that these transitions will occur. The probability that a 

particular transition, say between 'l/Jl and 'l/J2, will be excited by an oscillating electric field (light) 

is related to the square of the following matrix element of the dipole moment operator: 

(2.10) 

where j1, is the dipole moment operator for this molecule. 

In an aggregate system, we are considering the wavefunctions to be linear combinations of the 

single molecule ground and excited states. The first exicted state is the direct product of one 

single-molecule excited state for the kth molecule and the single-molecule ground state for all the 
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other molecules. We therefore calculate the dipole moment operator, ILk, as just the single-molecule 

dipole moment operator connecting the ground state I¢(O)), to an excited state, 1¢(1)), for the kth 

molecule, in the following way: 

_ (,./,(0)1- 1,./,(1)) ILk - 'f'k ILk 'f'k . (2.11) 

Since we are calculating the dipole moment operator for each single molecule excited state within 

the aggregate, without taking interactions into account, and since each one is calculated as the 

interaction between the ground and the first excited state, it is clear that the dipole moment 

operator for each value of k will be the same. We can now use our results from the interaction 

Hamiltonian calculation to find the transition dipole moments for the excited states of the dimer 

system. Using equations 2.8 and 2.9, we find that the transition dipole moments for these two states 

are: 

and 

_ ILl - IL2 - 0 
IL- - V2 - , 

(2.12) 

(2.13) 

respectively, where ILl and IL2 are defined by Equation 2.11. From this calculation, it is apparent 

that in the dimer system only one of these transitions will actually be excited by light and therefore 

only the line corresponding to vmon + f3 will appear in the absorption spectrum of the dimer. 

The next case is the trimer case. The interaction Hamiltonian is 
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limon f3 0 

Hint = f3 limon f3 (2.14) 

0 f3 limon 

The solutions to this are: 

(2.15) 

with energy ilmon + V2f3, 

(2.16) 

with energy ilmon , and 

(2.17) 

with energy ilmon - V2f3. 

For these three energies, the corresponding transition dipole moments are 

(2.18) 

1 
J-lo = "2 (J-l - J-l) = 0, (2.19) 

and 

(2.20) 
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respectively. 

Finally, we will consider aggregates of size four with interaction Hamiltonian 

l/mon f3 0 0 

f3 l/mon f3 0 
Hint = (2.21 ) 

0 f3 l/mon f3 

0 0 f3 l/mon 

This has solutions 

(2.22) 

where c is the normalization constant. This eigenfuction has corresponding energy vmon + 

( 1+2v'5) f3. 

(2.23) 

h - (1-v'5) 4 as energy l/mon - -2 - fJ· 

(2.24) 

h - (1-v'5) 4 as energy l/mon + -2 - fJ· 

(2.25) 

h - (1+v'5) 4 as energy l/mon - -2 - fJ· 

Again, calculating the transition dipole moments for these aggregates can be found by substituting 

in jJ, for each (Pi- The result is that only the first and third are non-zero. 
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The general solution for any aggregate size is given below [18]. 

lim = limon + 2{3 cos -.--_ _ ( m7f ) 
z + 1 

(2.26) 

Mm = J. 2 t Mmon sin (mn7f ) 
z + 1 z + 1 

n=l 

(2.27) 

To better appreciate this solution, the square of the transition moment has been plotted as a 

function of peak absorption frequency, Vm , in Figures 2.3 and 2.4. 
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Figure 2.3: Transition dipole moment squared vs. the peak absorption frequency for sizes of aggre
gates 1 through 7. 

From these graphs, we can see a few trends. First of all, as the aggregation number increases, 

so does the number of peaks. Also notice that as the number of molecules increases, the maxi-

mum absorption frequency of the strongest peak shifts in one direction, approaching an asymptotic 

value. 
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Figure 2.4: Transition dipole moment squared vs. the peak absorption frequency for monomer (red) , 
dimer (blue) and trimer (green). The graphs have been of set vertically to illustrate the changes 
better. 
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Chapter 3 

Theoretical Results 

3.1 Theory of Aggregation 

Aggregation of monomers into stacks is an equilibrium process. The stacking of two monomers to 

form a dimer releases a certain amount of free energy due to the favorable interactions between 

the two molecules. However, this aggregation process also decreases the entropy of the system. 

This idea also extends to larger aggregates. Because of this complexity, it is hard to intuitively 

predict exactly what the distribution of aggregate size will be in any particular solution and the 

quantitative details of how changes in concentration and temperature will change this distribution. 

It is clear that an increase in temperature will favor the entropy term and therefore will decrease 

the tendency for the molecules to aggregate while an increase in concentration will allow larger 

aggregates to form, but to determine the exact nature of the change, it is necessary to introduce a 

quantitative model. 

3.1.1 List of Variables 

A = Helmholtz free energy 

E = Energy of the system 
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T = Temperature of the system 

S = Entropy 

k = 1.38065 .1O-23 J/K, Boltzmann's constant 

Q = Partition function of the entire system 

qi = Partition function of a single aggregate of size i 

i = Number of monomers in an aggregate 

ni = Number of aggregates of size i 

j = an index for the possible energy states of a system 

qtrans,i = Translational partition function for an aggregate of size i 

qrot,i = Rotational partition function for an aggregate of size i 

qinternal,i = Internal partition function for an aggregate of size i 

E = Energy released from the stacking of two monomers 

h = 6.626 . 10-34 J s, Planck's constant. Related is It = 2: 

Mi = Total Mass of an aggregate of size i 

L = Length of the one-dimensional box 

Ai = v'27/~ikT' Thermal wavelength of an aggregate of size i 

V = Volume of the container 

]00 = Angular momentum about the 0: axis 

] = Total angular momentum 

III = Moment of inertia about the axis parallel to the director 

h = Moment of inertia about the axes perpendicular to the director 

c = 299792458m/ s, the speed of light 

B = 4 iiI ,a rotational constant 
7rC 1-

C = 4 iiI ' the other rotational constant 
7rC II 

J = Quantum number for total angular momentum 

K = Quantum number for angular momentum along the a axis of aggregate 

M J = Quantum number for angular momentum along the z axis of the container 

Ri = Radius for generic aggregate of size i in moment of inertia calculation 

Hi = Height of generic aggregate of size i in moment of inertia calculation 

r = Radius of an aggregate 
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h = Distance between dye molecules in aggregates 

¢ = Volume fraction of dye in solution 

Ai = Free energy and Lagrange multiplier term minimized to solve for the distribution of aggregate 
size 

A = Lagrange multiplier 

b = Volume of a single molecule 

m = Mass of a single molecule 

3.1.2 Helmholtz Free Energy 

A sample is under the condition of constant temperature, and volume changes are assumed to be 

insignificant, so the appropriate free energy to use is the Helmholtz free energy, 

A=E-TB. (3.1) 

The entropy as a function of the partition function is given by 

E 
s= T +klnQ. (3.2) 

Substituting 3.2 into 3.1 gives: 

A = -kTlnQ. (3.3) 

3.2 The Partition Function 

To write a partition function for the entire system, it is necessary to make the approximation that 

the aggregates do not interact. If this is true, it is possible to write the total partition function as 

a product of the individual aggregate partition functions, making sure not to overcount: 
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ni 

Q=rr~· 
n ·' . t· 

t 

(3.4) 

In this equation, Q denotes the total partition function, and qi is the partition function of a system 

of aggregates with i molecules, of which there are ni in the solution. 

A partition function for a single molecule is given most simply as 

qi = L e-Ej / kT , 

j 

where j denotes the possible energy states. 

(3.5) 

For a given particle, there will be different energies that add together to give the total energy. For 

example, a particle may have translational energy (Etrans) and rotational energy (Erat ), making the 

total energy E = Etrans + E rat . Because the energy is in an exponent in Equation 3.5, it is possible 

to write separate partition functions (for example, qtrans and qrat) and multiply them together to 

find the total partition function (q = qtrans . qrat). For the aggregates, the partition function can be 

separated into the following terms: 

qi = qtrans,i . qrat,i . qinternal,i· (3.6) 

The simplest of these partition functions is qinternal,i. When two monomers come together, they 

release a certain amount of free energy, E. Note that we expect the free energy of the system to 

decrease upon aggregation, so we define E to be a positive quantity such that the free energy change 

caused by a single monomer adding to an aggregate is -E. It is assumed that this stacking free 

energy change is the same for two monomers aggregating to become a dimer as it is for any length 

chain to add on another monomer (isodesmic aggregation). Therefore the free energy change to 

become an aggregate of size i is E( i - 1), and the partition function is 
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( c.(i-1)) 
qinternal,i = exp kT . (3.7) 

The other two partition functions 1 involve many energy states over which a sum must be performed. 

An approximation for high temperature must be made so that the quantum energy states are close 

enough to turn the sum into an integral. 

The translational energy corresponds to the particle in a box, the solution to the one-dimensional 

Schrodinger equation with zero potential energy in a region the length of the container and infinite 

potential energy elsewhere. The energy states are given as 

(3.8) 

Substituting this energy (for one-dimension) into Equation 3.5 and making the approximation to 

an integral gives 

(3.9) 

where Ai is the thermal wavelength for an aggregate of size i. There will be a contribution to 

the overall partition function for each direction, so the overall translational partition function will 

be 

V 
qtrans,i = A ~ . 

t 

(3.10) 

To find the rotational partition function, an assumption is made that the aggregates act like sym-

metric rotors. The energy of this system is 

IThe method of solving for the translational and rotational parts of the partition function is taken from [1]. 
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(3.11) 

where a is the axis of the molecule pointing along the axis of aggregation, and band c are the axes 

in the plane of the molecules, ]00 gives the angular momentum for a given direction, 0:, and I is the 

moment of inertia. This equation can be rewritten in terms of the total angular momentum, ], in 

the following way 

The quantum energy of the system is 

E = hc[BJ(J + 1) + (C - B)K2], 

where, 

B=_n_ 
47rcI.l' 

and J and K are quantum numbers such that, 

C=_n_ 
47rcIII' 

J = 0,1,2,... K = 0, ±1, ±2, ... , ±J. 

(3.12) 

(3.13) 

(3.14) 

(3.15) 

It is important to note that the externally defined axes do not necessarily correspond to the axes 

of the molecules. K is defined to be along the parallel axis of the molecule (the direction of the 

director), so a quantum number for the external z axis, M J , is also needed. This quantum number 

will have the same range as K but will correspond to a different reference frame. The partition 

function based on this rotation energy is: 
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00 J J 

q=LL L e-E / kT , (3.16) 

where E is given by Equation 3.13. The sum over M J just gives the degeneracy, (2J + 1), and the 

other two sums can be switched to give 

00 00 (h ) 
q = L L (2J + 1) exp - k;[BJ(J + 1) + (0 - B)K2] 

K=-oo J=IKI 

00 00 L e-hc(C-B)K 2 /kT L (2J + 1)e-hcBJ(J+l)/kT. (3.17) 
K=-oo J=IKI 

Invoking the high temperature approximation gives 

q = 100 
e-hc(C-B)K2/kT roo (2J + 1)e-hcBJ(J+l)/kT dJdK. 

-00 11KI 
(3.18) 

The inner integral is 

roo (2J + 1)e-hcBJ(J+l)/kT dJ = roo (-kT) ~e-hCBJ(J+l)/kT dJ, 
11KI 11KI hcB dJ 

(3.19) 

which integrates to 

( -kT) e-hCBJ(J+l)/kTIOO = ( kT ) e-hcBIKI(IKI+l)/kT ~ ( kT ) e-hcBK2/kT. 

hcB IKI hcB hcB 
(3.20) 

The outer integral now can be solved: 

q = ( kT ) 100 
e-hc(C-B)K2/kT e-hcBK2/kT dK, 

hcB -00 

(3.21 ) 
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(3.22) 

= (kT)3/2 (~)1/2 
q he CB2 (3.23) 

Plugging in the rotational constants, Band C, gives 

(kT)3 
qrot,i = 87r !if III II· (3.24) 

We can then substitute in for the moments of inertia: 

(3.25) 

1 2 1 2 
I, = -M.H· + -M.H. . 

..L 12 "t 4 " t 
(3.26) 

where Mi is the total mass of aggregate. This is equal to i· m, where m is the mass of an individual 

molecule. R is the radius of the cylinder, which is just r, the radius of the molecule, and Hi is 

the height of the cylinder, which is equal to i . h, where h is the distance between molecules in an 

aggregate. Using these substitutions, III and h become: 

(3.27) 

(3.28) 

Putting all of this together, the partition function of an aggregate of size i is given by: 
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V 
qi = qtransqrotqinternal = A3 

2 

3.2.1 Lagrange Multipliers 

87r (kT) 3 I J2 e-E(i-l)/kT 
1t2 II ..l . 

Now that the partition function is known, the free energy can be found, 

A = -kTlnQ = -kT· I)ndnqi -lnni!], 

which, by Stirling's approximation is, 

(3.29) 

(3.30) 

(3.31 ) 

This is now a system of equations in ni, which can be solved through the method of Lagrange 

multipliers. We create a new function Ai by adding the Lagrange multiplier times a constant to 

each component, Ai of the Helmholtz free energy in the following way: 

(3.32) 

where 

(3.33) 

The constant used is the volume fraction, cp, which is 

(3.34) 

where b is the volume of a single molecule. 
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Since all we have done is to add a constant, the value of the derivative should still be the same, so 

we can minimize this new function, A, with respect to the number of aggregates with i molecules, 

ni, and set this equal to zero. 

Solving this system of equations gives the following relationship: 

00 

Y = L i4(3r2 + h2i2)Xi , 

i=l 

where r is the radius, h the height of the aggregate, 

and 

( 
E Ab) 

x = exp kT - V . 

(3.35) 

(3.36) 

(3.37) 

(3.38) 

MATLAB is then used to calculate y by equating Equations 3.36 and 3.37 while varying the Lagrange 

multiplier, A. This value for A is used to find ni and therefore the aggregate size distribution 

function. 

It should be noted that there are many parameters needed to actually calculate this function. 

It is necessary to know the temperature, the dimensions and volume of a single molecule, the 

concentration, the density of the pure dye, and the free energy change of aggregation, E. All but 

E have been fairly well determined by experiments, and determination of E uses this predicted 

distribution as will be seen shortly. 

36 



3.2.2 Distributions 

Using the method of Lagrange multipliers described above, it is possible to calculate the aggregate 

size distribution for various parameters. For example, Figure 3.1 shows the distribution of aggre-

gate sizes at the upper and lower melting temperatures for a concentration of 8.6 wt% Bordeaux 

dye. 

>. 

·w 
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~ 61021 
(J) 
D 
E 
::J 
C 

o 

Aggregate S·lze Distribution 

~ 
~ 

1 2 3 4 5 6 7 6 9101112131415161 7 181920 

Figure 3.1: This aggregate size distribution is for a sample of 8.6 wt% Bordeaux dye. The average 
number of monomers in an aggregate is 7.98 for the 39°C sample and 4.17 for the 7PC sample. 

That the distribution gets narrower and the average number of monomers per aggregate decreases 

as the temperature increases is intuitively correct . The effect of a change in concentration can also 

be observed (see Figure 3.2). Here it is apparent that the change in concentration mainly decreases 

the number of monomers available to form aggregates, but the general distribution of aggregate size 

does not change too much. 
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Figure 3.2: This aggregate size distribution is for a sample of 8.6 wt. % and 6.4 wt. % Bordeaux dye at 
39°C. The average number of monomers in an aggregate is about the same for both concentrations: 
7.98 for the 8.6 wt .%, and 7.58 for the 6.4 wt.%. 

3.2.3 Effect of Rotational Partition Function 

In many similar calculations, only the stacking free energy change and the translational terms 

are included in the partition function. At least for the case of Bordeaux dye, however, we have 

discovered that the rotational partition function is important to take into account . 

Figure 3.3 shows a low concentration of Bordeaux dye and F igure 3.4 gives a higher concentration 

for comparison of t he theoretical aggregate size distribution when the rotational partition function 

is included and left out of the calculation. 

It is evident that the addition of the rotational partition funct ion tends to decrease the average size of 

the aggregates as well as to change the shape of the distribution. The decrease in aggregate size can 

be explained by the fact that we are adding another term to t he entropy. This will essentially increase 

the number of microstates accessible at lower energies, and decrease the incentive to aggregate. The 

change in shape of the distribut ion makes sense, since the rotational partition function adds in an 
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low concentration 

510~ .-----.-----.-----~----_.----_. 

a 
2 3 4 5 

number of monomers per aggregate 

Figure 3.3: For a low concentration of Bordeaux, 0.002 wt %, these are the theoretical aggregate 
size distributions for calculations both with and without the rotational partition function. The 
average number of molecules per aggregate was 1.1 without the rotational partition function, and 
1.0 with the rotational partition function. 

extra factor of bi3/ 2 (c2 + i 2), where band c are constants. This changes the shape since the function 

multiplying this extra factor is a function of i. 

3.3 Theoretical absorption coefficient calculation 

Using the exciton theory discussed in Section 2.3 and the aggregate size distributions calculated 

in Section 3.2.2, a theoretical prediction of the absorption coefficient for different concentrations 

can be calculated. The absorption data was fit using exciton theory, where the parameters that 

were allowed to vary were (3, r, E, and a scaling constant multiplying the calculated absorption 

coefficients so they would match the scaling of the absorption data. From this fit , optimal values 

of (3 and r were obtained and used in the program to create Figure 3.5. 

This theory predicts a few general trends. For low concentrations, where most of the molecules 

are monomers, the peak is strong and narrow, resembling the absorption coefficient graph of the 
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Figure 3.4: Using parameters appropriate to Bordeaux dye, these are the aggregate size distri
butions both with and without the rotational partition function included in the calculation for a 
concentration of 8.6 wt %. The average number of molecules per aggregate was 4.6 without the 
rotational partition function and 2.6 with the rotational partition function. 
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Figure 3.5: Theoretically calculated absorption coefficient as a function of wavelength for three 
different concentrations of Bordeaux Dye 
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monomers. At higher concentrations, the peak broadens and decreases in strength, since there is 

a larger spread in the size of aggregates, so the peak is formed from many different Lorentzians 

centered at different wavelengths. Also notice that exciton theory predicts a shift in the peak 

wavelength with aggregation. 

In reality, absorbing molecules behave in a much more complicated way, but exciton theory does 

give a good approximation. Because exciton theory does not exactly match the data and is quite 

mathematically complex, it does not make sense to fit the data directly to this exciton theory. 

Instead we simply need a function that models the way the absorption coefficient depends on 

aggregate size according to exciton theory, in other words, we want a function that has a similar 

shape to how the exciton theory predicts the absorption coefficient will drop off. However, to make 

this a useful function for fitting, we also want the highest and lowest points to be determined by 

the fit. One good trial function for this purpose is, 

(3.39) 

where ai equals the absorption coefficient for an aggregate of size i. The constant fit parame

ters, al and ainf are the absorption coefficients for the monomer and an infinitely long aggregate, 

respectively. 

Figure 3.6 shows that this function follows the shape of the decrease for the peak absorption 

coefficient. Figure 3.7 shows that this function also fairly well follows the change in absorption 

coefficient at a particular wavelength. The wavelength chosen to look at the change in absorption 

coefficient was the peak of the monomer's absorption coefficient curve. 

U sing this function, we can theoretically generate the concentration dependence of the absorption 

coefficient, allowing us to fit theory to the data to determine a value for E. 
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Figure 3.6: Cosine fit to the theoretically generated peak absorption coefficients as a function of 
aggregate size. 
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Chapter 4 

Experimental Methods 

The field of liquid crystals employs a large range of techniques used by both physicists and chemists. 

The major techniques used for this investigation were x-ray diffraction, absorption measurements, 

and other optical measurements. 

4.1 Sample Preparation 

For all measurements, samples of Bordeaux dye were needed. Samples were prepared by dilution 

starting with a stock 8.6 wt% sample. The stock solution came from Optiva, Inc. To make a 

dilution, we used a Mettler AE 100 analytical balance to weigh the mass of stock solution that 

we started with and the mass of water added, and from this, we were able to calculate the new 

concentration. Samples were kept in vials with tight-fitting caps to prevent the concentration from 

changing due to evaporation of water. 

4.2 Density Measurement 

The density of the Bordeaux dye was measured with pycnometer. This is a flask with a very long, 

thin stem. The mass of the pycnometer full of liquid is measured, and then some of the liquid is 
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removed. The mass is then measured as a function of height from the top of the stem. This data 

is plotted and the slope is calculated to give the mass per height. We measure water the first time, 

and using the known density of water, the volume for any height in the stem can be calculated. This 

calibration is then used along with the measured mass to determine the density of the dye solution. 

A linear extrapolation to 100wt% dye is done to determine the density of the dye itself. 

4.3 X-Ray Diffraction 

As mentioned in Section 2.2, X-rays are useful for looking at structures on the order of atomic 

distances, and so the investigation of liquid crystal structures with X-rays often proves to be fruit

ful. 

To conduct the X-ray experiments, we used a multi-angle x-ray scattering system (MAXS), specif

ically the small angle x-ray scattering system (SAXS). This system is housed in the University of 

Pennsylvania's LRSM building. The apparatus includes a copper rotating-anode generator and a 

two-dimensional wire detector. Data collection times varied from 20 minutes to 1 hour. Calibra

tion of the scale and the center point was done using the diffraction pattern of silver behenate 

(AgBeh). 

The samples needed to be in sealed capillary tubes to be loaded into the x-ray machine. The 

capillary tubes have a diameter of 1.0 mm with a fluted top and closed base. They are filled by first 

adding the solution to the fluted opening and then shaking the sample down into the thin tube. We 

sealed these tubes using a lighter to melt through the glass near the top and close it off. We then 

applied a coating of epoxy to make sure the seal was completely air-tight. 

Once the sample was placed in the x-ray system, the scattering data were collected and the two

dimensional data were integrated over the azimuthal angle to give the intensity as a function of 

q. 
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4.4 UV-Vis Absoprtion 

Using a Jasco V-550 UV-Vis Spectrophotometer, the absorbance of samples was found, and from 

these curves, the absorption coefficients were calculated. 

For the majority of the samples, the spectrum was taken from 300 nm to 750 nm. The concentration 

of the samples ranged from 0.00029wt% to 0.78wt%. The spectrophotometer gives the most accurate 

readings in a range around an absorption of 1.0 due to the fact that it uses a logarithmic scale. 

Therefore, to achieve this range, we used cuvettes with a range of path lengths, including a 1.0cm 

plastic cuvette, 4.0mm, 1.0mm, and O.l1mm quartz cuvettes, and .143mm and .270mm cuvettes 

made from glass slides and parafilm. 

4.5 Optical Measurements 

The majority of the measurements of phase transitions were taken under a microscope. The in

strument is a Leitz Laborlux 12 Pol with x40, x100, and x200 magnifications. We used a heating 

stage placed on the microscope and controlled its temperature by a nearby computer. The sample 

was placed between cross polarizers, which pick out the part of the sample that is anisotropic, and 

hence liquid crystalline. We again used samples in capillary tubes. These tubes were placed on 

the heating stage and thermal contact was augmented by the application of a Thermal Compound 

produced by Wakefield Engineering Inc. 

Once the sample was placed and focused under the microscope, the sample was heated at 1°C/min, 

and when it was close to a transition, the temperature was held for a longer time. These phase 

transitions were very slow, and it was difficult to pinpoint the transition temperatures exactly. 

In general, the sample starts in the purely liquid crystal phase. As it was heated, it entered the 

coexistence region - where both the isotropic liquid phase and the anisotropic liquid crystal phase 

exist together - signified by the appearance of small droplets of isotropic liquid. The lower melting 

temperature was taken to be the point at which these droplets first appear. As the sample was 
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heated, these isotropic droplets grew, and the upper melting temperature was reached when the 

sample went dark and there was no hint of anisotropic sample left. Because the equilibration time 

for aggregation was so long, only the heating temperatures were used; the cooling temperatures 

were always much lower because it took so long for the system to equilibrate. 
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Chapter 5 

Experimental Results 

5.1 Columnar Size Determination 

Our X-Ray diffraction data were used for the purposes of determining the shape of the aggregates 

and the cross-sectional area, a, of aggregates of Bordeaux dye. The data which were integrated over 

angle to give intensity as a function of wavevector are shown in Figure 5.1. Notice the broad peaks; 

these are due to the fact that this x-ray diffraction took place in a fluid, where the thermal motion 

of the molecules broadens the peaks. Note also that the broadest peak corresponds to the lowest 

concentration, which makes sense since if there are fewer aggregates, their interactions are not as 

strong and their equilibrium positions are not as well established. 

According to the theory of hexagonal packing of columnar aggregates (see section 2.2.1) the slope 

of the graph of q2 verses the volume fraction, Figure 5.2, should be equal to 2V37r2
• From this, a 

a 

was determined to be 323.9 ± 4.L42 . 

The theoretical assumption of infinite rods was also confirmed by the data. If the aggregates had 

been spheres, the volume fraction would have depended on q3 and if the aggregates had been infinite 

planes, the volume fraction would have depended linearly on q. Using a log-log plot, see Figure 

5.3, it is clear that q is related to the volume fraction to the power .509 ± .032, or, in other words, 
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Figure 5.1: X-ray raw data. 
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Figure 5.2: X-ray data used to determine a 

the volume fraction is proportional to something very close to the square of q. Based on this q2 

dependence, we can conclude that the assumption of infinite rods is justifiable. 
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Figure 5.3: Used to show that Bordeaux aggregates in columns. 

The cross sectional area of the Bordeaux dye molecule was also determined with a molecular model. 

We used the program GaussView to construct the molecule with approximately the appropriate 

bond lengths, and then we found the distance between different atoms and used these distances 

to approximate the area of the molecule. There is a good deal of uncertainty associated with 

this estimate because of the unusual shape of the molecule. The value we determined was 115 ± 

35A2. 

Although there is a large uncertainty associated with the area, it is clearly less than the area 

determined from the x-ray diffraction data, which was 323.9 ± 4.1A2 . This suggests that in the 

columns of aggregates, there are actually two or three Bordeaux dye molecules in each layer. 

It is also noteworthy that the 3.4 A stacking distance was also verified in this structure by a peak 

in the appropriate place (see Figure 5.4), 90° away from the peaks analyzed above. 

5.2 Phase Diagram 

The phase diagram, shown below, was created using the optical measurements described in Section 

4.5. 
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Figure 5.5: Phase diagram for Bordeaux dye 

The coexistence region for Bordeaux dye appears to span about 20°C, which is a rather broad 

transition. Many other chromonic liquid crystals have a smaller coexistence region; for example, 

Sunset Yellow has a coexistence region of only about 10°C [5]. Violet 20, though, has a coexistence 

region also on the order of 20°C [15]. 
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5.3 Absorption and Stacking Free Energy 

The UV-Vis spectrum of Bordeaux dye has one major peak around 475 nm, and other peaks at 

lower wavelengths. As concentration increases, the strength of the 475 nm peak drops off (see Figure 

5.6). 
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Figure 5.6: Absorption coefficient verses wavelength for three representative concentrations of Bor
deaux dye. 

Notice the shape of this data. From exciton theory, we expected to see a broadening of the peak 

as the concentration increases, which is observed. We also expected a drop in the peak height, also 

observed. Finally, we expected the peak to shift to one side, and there may be a slight shift, but it 

is obscured by the broadness of the peak. 

From the UV-Vis data, it is possible to determine the peak absorption coefficient as a function of 

concentration. This is shown in Figure 5.7. Using the cosine fit for absorption coefficient verses 

aggregate size, as described in Section 3.3 and including the rotational term in the partition function , 

the stacking free energy change was found to be 30.2 ± 1.0kT. 
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Figure 5.7: Experimental Results for Absorption Coefficient verses Concentration for Bordeaux dye 
with the fit to the theory shown by the line. 
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Chapter 6 

Discussion 

This study of the Bordeaux dye system affords us an opportunity to compare previous work with 

our results. We begin by comparison to the generalizations made in the paper by Horowitz, et. 

al. The first generalization is that the liquid crystalline phase appears around 5 to 15 wt%. In 

Bordeaux dye, the liquid crystalline phase seems to appear at the lower end of this range, at about 

6 wt% at room temperature. 

Although Horowitz, et. al. stated that many chromonic systems had a positionally ordered phase 

as well as an orientationally ordered phase, we did not observe any liquid crystal phase in the 

Bordeaux dye other than a single phase below the isotropic phase. As this system was heated and 

cooled, it passed though one liquid crystal phase, the coexistence region, and then to the isotropic 

region with no other liquid crystal phases. 

Theoretical aggregate size distribution calculations were able verify the fact that aggregate sizes 

increase as temperatures decrease. These calculations further showed that a decrease in concentra

tion brings about a general decrease in the aggregate size distribution without significant change of 

shape of the distribution or shift of the peak. 

From x-ray data, it is clear that the shape of the aggregate is more complicated that the simple 

stack of one molecule on another that is observed for Sunset Yellow. Comparing the cross-sectional 
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area of the aggregates as determined from x-ray data, 324 ± 4A 2, to the cross-sectional area of 

an individual molecule, 120 ± 40A2 found using a molecular model, we can see that the size of an 

aggregate is big enough to hold two or three molecules of Bordeaux dye. This cross-sectional area 

was determined from x-ray data assuming hexagonal packing, but assuming a different geometry 

does not change the result drastically. Under the assumption of square packing, a value for the 

cross-sectional area was also calculated and was about 15% different from the value calculated 

assuming hexagonal packing. We also determined from the quadratic dependence of the volume 

fraction on the scattering wavevector, q, that the aggregates were columns. Finally, the 0.34 nm 

repeat distance in the structure was also verified. Beyond these pieces of structural information, 

the exact nature of the aggregates is still unclear. 

The phase diagram for the Bordeaux dye has a very large coexistence region, much larger than the 

normal 10°C. It is interesting to note, however, that the coexistence region for Violet 20 is also 

rather broad [15]. This molecule is also one of the closest structurally to Bordeaux dye, so we would 

expect that some properties are similar. 

The Kent State group observed the formation of tactoids in the coexistence region. When making 

optical observations of the coexistence region of the Bordeaux dye, tactoids were also observed. 

Tactoids may be common to many different chromonic liquid crystal systems and exploring further 

the physics of them may lead to significant insight into what happens in the coexistence region. 

Aggregate size distribution calculations are important in the calculation of the stacking free energy 

change. The rotational partition function is included here in the calculation and does indeed make 

a difference. The change in the distributions due to this extra component decreases the average 

aggregate size and change the shape of the distribution. 

It is unfortunate that the aggregate size distribution calculation gives results that are not in keeping 

with experimental results. In the 8.6 wt % calculation, the average aggregate size was found to be 

around 8. This would mean that the aggregates were about 8· 3.4A = 27.2A long. However, from 

the x-ray data, it was found that the diameter was around d = 2 . ;-i = 2 . J 32!A2 = 20.3A. This 

would mean that the aggregates would be just a little longer than they are wide, which suggests 
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that the anisotropy is not large enough to form a liquid crystal phase. Assuming only hard rods, a 

calculation of free energies shows that for a ratio cpL / d < 3.34, the solution will be in its isotropic 

phase [8]. We know that the 8.6wt% solution is in the liquid crystal phase and yet using the L 

and d above, this solution has a ratio cpL/d ~ .08 « 3.34, and hence is predicted to be isotropic. 

This shows that the calculations probably predict a smaller aggregate size distribution than what 

actually occurs. The process of aggregation is much more complex than can be captured in this 

simple model, so we should not be surprised at this result. One of the complexities that was not 

accounted for are the aggregate-aggregate interactions, which could favor larger aggregates and lead 

to a distribution with larger sizes. Another factor that was not properly addressed was the stacking 

free energy change. This included the energy released by the favorable 7r - 7r interactions, which 

probably, to a good approximation, is isodesmic. However, this term also included the entropy 

increase of the water due to the isolation of hydrophobic molecule centers (the hydrophobic effect), 

which is probably not as independent of aggregate size. Ions in solution were also not accounted 

for, and as the Kent State group has found they can have a large effect on aggregation. This 

omission probably tended to decrease the calculated aggregate size. Further, even though the 

average aggregate size and therefore anisotropy was relatively small, the distributions also included 

some much larger aggregates with much greater anisotropy. Exactly how this contributes to the 

liquid crystal phase formation is very complex. 

Another important part of the stacking free energy change calculation is the dependence of the 

absorption coefficient on the aggregate size. To explore this relationship we look at exciton theory, 

where it is assumed that only the excited energy states mix and only nearest neighbors interact. 

From this theory, we see that as aggregate size increases, the peak strength drops and the peak 

broadens. This behavior can be pretty well captured by the cosine function, Equation, 3.39. This 

simplified equation can then be used to give a good approximation of the absorption coefficient 

for different aggregate sizes. Although exciton theory is a quite simple model, it predicts the 

qualitative changes in the spectrum well. The data show a broadening and decrease in peak heigh 

as concentration increases, as well as a very slight change in peak wavelength. 
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Finally, the stacking free energy change is found using the two previous theories along with the 

absorption coefficient verses concentration data. Using the cosine fit, the stacking energy for the 

Bordeaux dye system was found to be 30.2kT. For comparison purposes, note that the stacking 

free energy change for Sunset Yellow calculated in the same way was found to be 22.9kT. From this 

comparison, it seems that the stacking free energy change for the Bordeaux dye is quite high, but it 

may be necessary to explain the fact that the Bordeaux dye aggregates at such a low concentration. 

For further comparison, note that the base pairing energy in DNA for the most favorable pair, 

Cytosine and Guanine, is around 24kT [20]. 
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Conclusion 

In this investigation, we observed many properties of the Bordeaux dye. The phase diagram for this 

dye is rather broad, much like the Violet 20 dye with a similar structure. X-ray data was used to 

determine a cross-sectional area and this was compared to the size of a single molecule, to see that 

the stacking is more complex than a single molecule stacking on top of another, and that instead 

there may be two or three molecules per layer of the aggregate. Aggregate size distributions were 

calculated using a series of equations derived from the partition function. When the rotational 

partition function term was included, it significantly changed the shape and peak of the distribu

tions. Exciton theory was explored and, along with the aggregate size distributions, was found to 

give similar predictions for how the absorption coefficient changes with aggregate size to a simple 

cosine function. The absorption coefficient as a function of concentration was measured, and the 

simple cosine function was used to fit this data to get an estimate of the stacking free energy of the 

Bordeaux dye. 
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