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Abstract: 
This study examined the phase behavior of four different Langmuir monolayers. The 
four different monolayers were 1,2-Dipalimitoyl, sn-Glycero-3-Phophocholine (DPPC), 
cetyltrimethylammonium bromide (CTAB), Isocarb-24 (1-24), and stearic acid (STA). 
The monolayers were individually deposited on an aqueous surface and then subjected to 
compression in a Langmuir trough. Surface pressure measurements were made 
throughout the compressions using a Wilhelmy plate. Plots of surface pressure (SP) vs. 
Mean molecular area (Mma), known as isotherms, were obtained for all of the 
monolayers. The different regions of the isotherm curves were interpreted to signify 
specific phases of the monolayers throughout the compression. The goal was to find a 
monolayer that displayed a highly reproducible isotherm. This monolayer could then be 
examined with a bound porphyrin in the subphase, as a possible template for future two
dimensional aggregation studies. Both DPPC and STA displayed highly reproducible 
isotherms. The decision was made to use STA as the first subject with porphyrin in the 
subphase. The porphyrin molecule that was added to the subphase was tetrakis (N
methylpyridinium-4-yl) porphine (abbreviated H2T4). This porphyrin was chosen 
because it would ionically bind to the deprotonated carboxylic acid head group of the 
stearic acid monolayer. A number of trials were run with various concentrations of H2T4 
in the subphase. It was hypothesized that the binding of porphyrin to the monolayer 
would occur in a manner leading to an "S" shaped binding curve. Unfortunately, 
quantitative results did not verify the hypothesized shape of the binding curve. 
Qualitatively, the study found evidence that the H2T4 molecules were binding to the 
stearic acid molecules, but further studies must be done to establish the exact manner in 
which the porphyrin binds to the Langmuir monolayer. 
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Chapter 1--Introduction 
Section 1.1 What are we doing, and why. 

We hope to examine porphyrin aggregation when bound to a two-dimensional 
substrate. The aggregation of pophyrins has been studied when bound to one- and three
dimensional substrates. We will create a two-dimensional substrate for porphyrin 
binding by utilizing a Langmuir monolayer composed of a molecule for which the 
porphyrin has a high affinity. Langmuir monolayers describe surface films deposited on 
an aqueous layer, or subphase. By adding the porphyrin to the subphase, we will insure 
the existence of a layer of porphyrin just below the surface of the Langmuir monolayer. 
Compressing the surface monolayer on a Langmuir Trough will constrict the porphyrin 
layer. Measuring the surface pressure of the monolayer both with and without bound 
porphyrin may make it possible to see whether or not the porphyrin, when restricted to a 
planar configuration, aggregates. 

Aggregation refers to the clumping of a higher number of identical molecules in 
order to form a macromolecular ordered structure. The conditions that lead to 
aggregation have been widely studied because aggregation is a vital biological process, 
focal to the action of many drugs and a possible cause of many diseases. Aggregation in 
two dimensions is of interest because it may be that the cause of Alzheimer's disease is 
the aggregation of beta-amyloid molecules on the planar surfaces of the brain. 
Furthermore, cell membranes in the human body are two-dimensional, and the ability to 
bind molecules to membranes and cause them to aggregate could allow for development 
of a new set of drugs to treat certain illnesses. 
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A great deal of attention has been paid to porphyrins, and rightfully so. The 
general name "porphyrin" refers to a macrocycle composed of four pyrrole rings linked 
by methine bridges (see figure 1.1 for the chemical structure of a porphyrin). Porphyrins 
are aromatic, containing 22 pi electrons, and obey Ruckel's rule (4n+2 pi electrons). 
The majority of porphyrins, as is the case for many aromatic molecules, are planar in 
their conformation. 

In nature, porphyrins play roles in various biological processes. Most notably, the 
heme group, vital to the movement of oxygen about the human body and other 
organisms, is an iron-porphyrin. Further examples of porphyrins include chlorins such as 
chlorophyll-a, which is vital to photosynthesis; and vitamin B12, which is necessary for a 
healthy nervous system. 

Figure 1. I-Chemical structure of a porphyrin-A, B, C, and D can all be modified, and different 
metal molecules can be placed in the central cavity.' 
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Porphyrins are an extremely useful chemical in the laboratory, as they can be 
substituted in a number of ways in order to alter their functionality, properties, and 
behavior. Metalloporphyrins refer to those in which a metal salt has been used to place a 
metal atom, such as iron, zinc, copper or nickel (Fe, Zn, Cu, or Ni, respectively) in the 
central cavity. Furthermore, metalloporphyrins, often useful for their various reactive 
properties, can later be demetallated. While the processes are more complex than they 
are in general, many porphyrins can be modified via both electrophilic and nucleophilic 
substitutions by utilizing the metalloporphyrin form. The ability to modify the 
substituent groups of porphyrins in the lab will prove crucial; it will allow us to use a 
porphyrin that is reactive and bonds favorably with the molecule composing the 
monolayer. Flexibility in the substituent group of the porphyrin will allow for the 
bonding of porphyrin with a number of different monolayers (composed of molecules 
with different functional head groups), that behave differently upon compression. This 
should provide opportunities to see what conditions favor and disfavor porphyrin 
aggregation when bound to a monolayer. 

Section 1.2 Previous studies involving porphyrins. 
Two areas of study involving porphyrins provided a good deal of the background 

that sparked this study and displayed its importance as a step in a new direction. One 
area of study involved the production of Langmuir-Blodgett (LB) films containing 
various porphyrins. Langmuir-Blodgett films are monolayers similar to Langmuir 
monolayers, but the subphase is a solid (often a glass or metal plate) instead of a liquid. 
Another area of study was that of the aggregation of porphyrin in various dimensions. 
LB film studies help to provide a basis for what porphyrins have been studied, and how 
they have been observed to behave as a film. The aggregation studies provided some 
background as to what concentration of porphyrins may be necessary to form aggregates, 
as well as what evidence during trials may be indicative of aggregation. No evidence 
appeared in the literature than any previous studies had focused on aggregation of a 
porphyrin bound to a monolayer, allowing for some optimism that this study would break 
new ground, and its success or failure would provide a springboard for future 
experiments. 

Numerous studies have examined the properties of different porphyrins in both 
mixed monolayers and Langmuir-Blodgett films. A study performed in 19852 examined 
two porphyrin LB films using optical spectroscopy and microscopy. The authors stated 
that "most of the porphyrins do not form homogeneous monolayers ... and may form three 
dimensional clusters on water surfaces." In 1993, a study by Chou et at? examined LB 
films composed of ampiphillic porphyrins and also included isotherms for these films. A 
number of more recent articles also studied porphyrin aggregation in mixed monolayers 
(monolayers containing more than one type of molecule), including one involving 
titanium oxide4, one involving sodium hexadecyl sulfate (SHS) and 
dioctadecyldimethylammonium bromide5, and another involving SHS and stearic acid6• 

Many of these articles discussed porphyrin aggregation in mixed monolayers. 
This study hopes to expand upon studies of mixed monolayers by creating a method 
whereby the porphyrin could be held in a stable configuration (assured by its binding to 
the surface layer), and then subjected to compression and measurements of surface 
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pressure. Furthermore, comparison of monolayers with and without bound porphyrin 
may provide a new method for examining aggregation. Finally, previous studies were 
largely unable to say that the witnessed aggregation occurred in a purely two-dimensional 
manner, something that this study may be able to determine. 

Aggregation studies with porphyrin (in solution) began in the early 1970's. Two 
separate research groups wrote articles citing a narrow band of Soret intensity at 490nm 
as evidence of the aggregation of the diacid form of two sulfonated derivatives of 
tetraphenylporphine7,8. Further studies utilized other methods, such as resonance light 
scattering and circular dichroism in order to characterize the porphyrin aggregates9• 

Another area of interest in porphyrin aggregation involves the use of templates such as 
DNA in order to probe aggregation when bound to a linear substrate. 

An article in 1988 focused on the use of DNA in porphyrin aggregation lO• Since 
then, a number of studiesll,12 have utilized templates including polyvinylsulfonates and 
polyglutamates in order to promote directed aggregate formation along a line or a helix. 
For example, after the porphyrin is bound to the nucleic acids in DNA, creating 
conditions that promote aggregation can lead to the formation of a highly ordered helical 
aggregate. Pasternack et al. determined that porphyrin aggregates bound to DNA have 
antenna-like properties, as the electric fields in all of the dipoles in the aggregate are 
coupled13. Further characteristics attributed to porphyrin aggregates on templates include 
a high degree of conductivity and photophysical properties. These properties have 
opened the door for the utilization of porphyrin aggregates in nanotechnology. For 
example, it may be possible to construct "nano-wires" using linear aggregates of 
porphyrin (created by binding the porphyrin to a linear template and then stimulating 
aggregation). Since porphyrins aggregating in a line have displayed useful properties on 
extremely small scales, the hope is that this study will produce evidence of two
dimensional aggregation of porphyrins, again bound to a template, a stepping-stone 
towards the further use of porphyrin aggregates in the development of new technology. 

Section 1.3 What had to be done 
Before attempting to study two-dimensional porphyrin aggregation, a number of 

steps had to be undertaken. The first step was to construct and calibrate the devices that 
would be used both to confine the monolayer and to measure the surface pressure. After 
this, a number of monolayers were deposited on aqueous subphases and studied. The 
goal was a to find a stable monolayer with a head group that could effectively bind to 
porphyrin. Finally, once the monolayer had been chosen, porphyrin solutions at different 
concentrations were made and then used as the subphase for the chosen monolayer. 
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Chapter 2-Apparatus 
Section 2.1 The Trough and Barriers 

All of the monolayers examined were prepared and studied on a KSV 2000 
trough 14 (see figure 2.1 for an image of the trough). The trough had a length of 576mm, a 
width of 150mm, and a depth of approximately lOmm. Because the trough system could 
be utilized for preparing Langmuir-Blodgett Films, there was a well in the middle with 
dimensions 25mm by 115mm by lOOmm. The maximum liquid capacity of the trough, 
including the well, was roughly 1600mL. The Langmuir monolayer compression system 
utilized two barriers with dimensions of 180mm in length and 30mm in width. When the 
system was in its state of maximum area, the distance between the inner edges of the 
barriers measured 507mm, leading to a maximum area for the monolayer of 76050mm2. 
At maximum compression (when the barriers were closest), the distance between the 
barriers reached 47mm, creating a surface area of only 7050 mm2. 

Figure 2.1-Image of KSV 2000 trough (from www.www.ksvinc.com) 
The trough was made out of a solid block of polytetrafluoroethylene (PIFE), 

which was highly hydrophobic, inert, and easy to clean. The barriers were composed of a 
hydrophilic polyacetal, Delrin®. By using a hydrophilic material for the barriers, a strong 
seal was insured between the barrier and the monolayer, thus preventing film leakage, 
even when experimenting at high surface pressures. 

The barriers that compressed the monolayer were controlled by a stepping motor. 
A tooth belt moved the barrier holder, which was attached to a linear motion system. 
This motion system could be controlled in one of two ways: computer control or manual 
control. When accuracy was non-vital, manual control was utilized (in situations such as 
cleaning). For recorded experiments, the computer control system was used to dictate the 
barrier speed to an accuracy of .0lmm/min in a range of .0lmm/min to 400mm/min. 
This value for barrier speed refers to the speed of one barrier. All of the experiments 
performed were done under symmetric compression, meaning that the two barriers had 
the same position relative to the center of the trough at all times. Because the two barriers 



moved concurrently, the relative speed of the barriers could be controlled all the way up 
to 800mmlmin. 

7 

The position of the barrier was recorded via an optical encoder. The position was 
always relative, so it was important to zero the barrier position at maximum expansion 
when beginning each trial. From the barrier position, the surface area of the monolayer 
under symmetric compression was calculated: 

. (Maximum Area of Trough ... 1 
Surface Area = WzdthTrough . - 2 * Barner PosztlOn 

WzdthTrough 
(2.1) 

(Note: under non-symmetric compression where only one barrier moved, the factor of 2 
from the barrier position was simply removed) 
The computer program used the surface area calculation to determine the mean molecule 
area of the Langmuir monolayer. This data was essential to the production of surface 
pressure-area isotherms. 

Section 2.2 The Computer Program 
The computer program used in tandem with the KSV 2000 was Version 1.30 of 

Sigma 70, Cam 200, LB 5000, Device Server Software (Copyright KSV Instruments 
Ltd.). This computer program communicated with the interface unit and served two 
functions: it accurately controlled the position of the barriers, and it monitored the surface 
pressure. Before each experiment, the conditions were input into the "Experimental 
Setup" page. These conditions included the length and width of the trough; the 
temperature and pH of the subphase; the concentration of any additions to the subphase; 
and the concentration, molecular weight (MW), density, and volume of the substance 
composing the surface film. During each experiment, the software recorded data once per 
second. This data included: barrier position, barrier speed, area (cm2), mean molecular 
area (Mma) (A2/molecule), and surface pressure (SP) (mN/m). Using the KSV software, 
preliminary isotherms of SP vs. Mma were created. If desired, the data obtained from 
each trial could be exported to a spreadsheet program for further analysis, as was done in 
order to generate many of the figures in this paper. 

Section 2.3 Cleaning the Trough and Maintaining Constant Temperature 
The trough and the barriers all had to be kept extremely clean. They were housed 

inside a plexiglass box to prevent dust contamination and to keep air currents from 
affecting surface pressure measurements. N-Dex® powder-free gloves were worn at all 
times, as the oil from one fingerprint could destroy an entire trial. The trough was 
cleaned thoroughly every week (if not more often). Lens paper was first saturated with 
acetone and then used to wipe down the trough. A second wipe was performed with 
methanol-saturated lens paper, followed by chloroform-saturated paper. The final 
cleaning measure was to rinse the trough with Millipore® water (filtered at a resistivity of 
18milliOhms) and leave it overnight to air-dry. The barriers were wiped down three 
times between each set of trials (a set of trials describes those trials performed after an 
individual deposition), with lens paper saturated with methanol. After the wipes, the 
barriers were rinsed with Millipore® water and left to dry. 

In order to insure cleanliness of the trough and barrier, compression runs were 
made without anything deposited on the aqueous subphase. If the surface pressure rose 
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above a certain level, an aspirator was used to clean the surface, Millipore® water was 
added to refill the trough, and the cleanliness was checked once again, until a satisfactory 
trial was run. After numerous trials and cleanings, as well as a consultation with another 
researcher using a similar device15, the decision was made that any run without a 
monolayer on the surface in which the surface pressure rose by less than O.3mN/m would 
be considered evidence of a clean enough surface for monolayer deposition. 

The temperature of the trough was controlled using a NESLAB RTE-100 
Refrigerated Bath/Circulator16• The heat-regulated water from the circulator was sent 
through an aluminum plate cemented to the bottom of the KSV trough. Because 
aluminum is a good heat conductor, the temperature of the trough could be evenly 
maintained to within 0.1 0e. For all trials performed in this study, the temperature was 
maintained at room temperature, or 20°e. 
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Chapter 3 - Theory 

Section 3.1-The Basics Behind Surface Tension 
Surface tension is defined as the energy necessary to increase the surface area of a 

substance by a unit amount. Surface, or interfacial, tension can also be described as the 
force per unit length measured in a direction perpendicular to the surface17• Surface 
tension is measured in units of energy per unit area (ergs/cm2) or force per unit length 
(dynes/cm or millinewtons/meter). This section will examine the surface tension of a 
liquid in general, while section 3.2 will expand and consider the impact of depositing a 
monolayer on the surface of the liquid. 

Surface tension results from the fact that the molecules at the surface of a liquid 
experience different forces than those in the interior of the liquid. In the interior of a 
liquid, molecules are surrounded on all sides by other molecules. This causes the 
molecules in the interior of liquids to feel attractive forces, in general, in all directions. 
The intermolecular forces that may affect the molecules in a liquid include Van der 
Waals forces, hydrogen bonding, metal bonding, ionic interactions, and electron 
interactions. At the interface (the surface), the molecules in the liquid feel an overall 
attractive force towards the interior (see figure 3-1), as there are no molecules on their 
other side to attract them. The imbalance of forces on the surface molecules causes the 
molecules to rearrange in order to minimize the surface area, thus minimizing the 
imbalance. Furthermore, in minimizing surface area, the molecules at the interface will 
become more ordered and this will make them more resistant to disruptions. The 
imbalance in forces, the resulting decrease in surface area, and the increase in order of 
molecules at the surface, are responsible for the surface tension18• 

Air 

~~ ~--+ ~~ 

Water * ~- *_ 
Figure 3.1-Diagram of forces on molecules in the interior and on the surface of a liquid (from ref. 2) 

One method that can be used to derive an equation for surface tension, y, is to 
consider the work necessary to alter a system19• The work inherent in changing the 
surface area by a certain amount is given by: 
dW = ydA (3.1) 
Work is defined as a force times the distance it acts over. 
dW =Fdl 

This can be expressed as: 

dl represents the infinitesimal distance over which the force acts. 
sides of equations 3.1 and 3.2 yields: 
ydA = Fdl 

(3.2) 
Equating the right hand 

(3.3) 
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If the sUlface in question has width wand length l, and the force being considered is 
acting upon only one side of the rectangle (see figure 3.2), then integrating both sides of 
equation 3.3 gives the following: 
ywl = FI (3.4) 

Equation 3.4 can be rearranged to give an equation for surface tension, relating it to the 
force applied to a surface to extend it a unit length: 

F 
Y=- (3.5) 

Figure 3.2-Force acting to extend a surface (from http://pruffJe.mit.edu/3.00/Lecture_35_web/node2.html) 

A good example that can be used to display equation 3.5 is that of a soap film on 
a moveable wire frame (figure 3.3). 

dl 

soap film Force=2yw 
w .... ..... 

Work= 2ywdl 

Figure 3.3-Diagram of setup for soap film example. 

When the wire (length w) is pulled a distance dl, the area of the liquid is increased by 
twice the area of the rectangle, as there are surfaces on both sides of the wire. The work 
done by pulling the wire can be written as: 
W = ydA = y2wdl (3.6) 

Since the work is equal to the force times the distance, and the distance is defined to be 
dx, the result is that: 
F = y21 (3.7) 
or 
y= F 12w (3.8) 

The above result is exactly what we would predict using equation 3.5, with the factor of 
two appearing as a result of the fact that there are two sides to the loop. 
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Section 3.2 - The Impact of Adding a Surface Film. 
Langmuir defined the surface pressure of a monolayer at the air-water interface as 

"the lowering of the surface tension from the clean air-water interfacial tension due to the 
presence of the monolayer.,,2o This can be expressed as: 

II = Ywlo - Ywlmonolayer (3.9) 

with II representing the surface pressure, Yw/o representing the surface tension of the 
system before the deposition, and Yw/monolayer representing the surface tension after 
deposition. The surface pressure, from here on, will refer to the difference in the surface 
tensions as defined in equation 3.9. 

Another method that can be utilized to understand the derivation of surface 
pressure is to consider the free energy of the system21. The total free energy with the 
monolayer is equal to the surface free energy of the monolayer plus the surface free 
energy of the clean interface. 

F w I monolayer = F wi 0 + F monolayer (3.10) 

When the free energy is differentiated with respect to the total area, A, while holding the 
temperature, T, constant, the resulting equation is: 

( aFWlmonOlayer) = (aFw1o ) + (aFmonOlayer) (3.11) 
aA T aA T aA T 

The Gibbs' equation for free energy states that: 
dF = -SdT - PdV 
The two dimensional analog to the Gibbs' free energy can be written as: 
dF = -SdT - IIdA 
Taking the partial derivatives of the equation above, with respect to A, yields: 

II = _(aF) 
aA T 

(3.12) 

(3.13) 

(3.14) 

A similar expression can be derived for the surface tension. The differential form of 
equation 3.6 states that: 
dW = ydA (3.15) 

From this expression, it is clear that increasing the area (positive dA) results in positive 
work (W). Furthermore, an increase in the area results in an increase in the free energy of 
the system. Thus, we can express the free energy as: 

dF = ydA (3.16) 

Rearranging equation 3.16, we find that: 
aF 

Y=
aA 

Utilizing the expressions of equations 3.14 and 3.17, we see that: 

( a F w I mOnOlayer) 
I II = Y w I monolayer art T 

(a:;o t = Ywl o (3.18) 

( a F monOlayer) = -II 
aA T 

(3.17) 



Comparing the above expressions, it is apparent that equation 3.11, derived via the 
energy equation, can be rearranged to match equation 3.9. 

Section 3.3-Measuring Surface Pressure with a Wilhelmy Plate. 
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The Wilhelmy plate-method measures the sulface pressure by determining the 
downward force on a thin platinum plate partially submerged in the subphase (see figure 
3.4)19,22. By knowing the dimensions of the plate and the net downward force on the 
plate, it is possible to compute the sulface tension of the material in which the plate is 
immersed. The force diagram (figure 3.5) shows the four forces acting on the plate. The 
force of gravity and the sulface tension act downward, while the force of buoyancy and 
sulface pressure act upward. 

(a) (b) 

W 

t 1\ .-

water 
() 

Figure 3.4-Diagrams of a partially submerged Wilhelmy plate. Diagram a) is an image 
from the front, while b) is the side image. 

.... ~~ 

Fbuoyancy II 

Air 

Water Wilhelmv Plate 
F gravity 

y 

U' ~, 

Figure 3.5-Force diagram for Wilhelmy Plate. The y in the force diagram refers to the surface tension 
prior to deposition. 

When measurements were made using the Wilhelmy plate, the system was zeroed 
at the beginning of the compression. During the compression, the buoyancy and weight 
of the plate would not change. Neither would the downward sulface tension of the clean 
sulface. All that would vary was the sulface pressure. The plate immersed in the liquid 
felt an upward force equal to the vertical component of the sulface pressure: 
Force = -IIPcos8 (3.15) 
In equation 3.15, P is the perimeter of the plate, and e is the contact angle the meniscus 
of the sulface makes with the plate. The negative sign in 3.15 is necessary because the 
force is in the upward direction. If the plate is fully wetted, the contact angle goes to 
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zero, so the cosine factor disappears. Thus, the force felt by the rectangular plate is given 
by: 
Force = - II(2t plate + 2 W Plate) (3.16) 

where tplate and Wplate represent the thickness and the width of the plate, respectively. If the 
plate has a width must greater than its thickness, which it did for this study, then: 
Force = -II(2w Plate> (3.17) 

Using the above expression, the surface pressure of the system can be calculated simply: 

II = _ Force (3.18) 
2w plate 

This method of measuring the surface pressure with the Wilhelmy balance provided all of 
the data that was used to create surface pressure-area isotherms for this study. 

Section 3.4 The Different Phases of a Monolayer at the Gas-liquid interface 
When a solution of a molecule that is insoluble in water is deposited on an 

aqueous surface, (called the subphase) the result is the formation of a film on the surface. 
If the proper number of molecules are deposited, the result is a monolayer, a one
molecule thick film. Most molecules forming monolayers, and the one that will be 
considered for this analysis, consist of a polar head group and a non-polar tail group. 
The polar head groups are hydrophilic, and will thus "dissolve" in the aqueous layer. The 
tail groups are hydrophobic and remain on the surface of the subphase. As the monolayer 
is compressed, the hydrophobic tails will alter their positions. The different 
configurations of the molecules on a surface can be distinguished by the behavior of the 
surface pressure during the monolayer's compression. The various configurations allow 
for the assignment of different phases to the regions of a surface pressure isotherm23,24. 

When the molecules in a monolayer are extremely spread out, the film is said to 
be in the gaseous (G) phase. In this phase the hydrophobic tail groups rest on the water, 
the molecules are disordered, and they interact with one another very weakly (figure 3.6). 
This phase usually exists when the individual molecules have areas of greater than 100 
A2 and the film has a surface pressure of much less than ImN/m. 

1rr 
Figure 3.6-Molecules in a monolayer in the gaseous (G) phase (images of different phase from ref. 24). 

As the monolayer is compressed, it begins to enter the liquid-expanded (LE) 
phase. In the liquid-expanded phase, the heads of the molecules do not interact with one 
another, but the tails of the molecules begin to lift away from the surface (figure 3.7). 
This phase varies greatly as to what mean molecular areas it occurs between, but usually 
doe.s not appear above a surface pressure of lOmN/m . 

. \llij\ .... : .. 
: ' ~ . . " :: 
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Figure 3.7 - Molecules of a monolayer in the liquid-expanded, or LE, phase. 

Under continued compression, the monolayer proceeds towards a region in which 
the phase is known as liquid-condensed (LC). Before reaching this region, it enters a 
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coexistence phase, known as the liquid-expanded-liquid-condensed (LE-LC) phase. The 
coexistence phase is a region on the isotherm where the surface pressure forms a plateau. 
In some cases this plateau is not entirely flat, but its slope is usually far less than that of 
the two regions of the isotherm surrounding it. This phase is not uniform, as some 
regions of the monolayer exist in the liquid-expanded phase while others exist in the 
liquid-condensed phase. 

The liquid-condensed phase, also called the tilted-condensed phase, refers to the 
phase in which the molecules are ordered. The hydrophobic tails in the LC phase are 
pointed upward and tilted in a consistent manner (figure 3.8). In surface pressure 
isotherms, the LC phase appears as a steeply rising section at a surface pressure usually 
greater than lOmN/m. Further compression results in a kink on the isotherm indicating 
the monolayer's entry into the solid (S) phase. This phase is similar to the liquid
condensed phase, but the tails are entirely vertical instead of being tilted (figure 3.9). The 
solid phase exists until the surface pressure reaches ",70mN/m, at which point further 
compression results in collapse of the monolayer. The monolayer can display collapse in 
a number of different manners (bilayers may form, molecules may drop into solution), 
but collapse destroys the integrity of a monolayer and in this trial the mechanism of 
collapse is not of interest. 

•
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Figure 3.8-Molecules in a monolayer in the liquid-condensed, or LC, phase. 1illli< . . 
" .. 
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Figure 3.9-Molecules in a monolayer in the solid (S) phase. 

The monolayers examined in this study all display aspects of the above phase 
behavior in different regions of their surface-pressure isotherms. Assignment of the 
different phases helps to determine the behavior of the monolayer on the surface. By 
comparing the regions in which the G, LE, LE-LC, LC, and S phases appear in two 
isotherms of the same molecule, it is possible to see how reproducible the results are. 
Furthermore, the characterization of the different phases in the isotherm allows for 
comparison to previously published results, a vital step in the calibration of the Langmuir 
trough and the surface pressure balance. 
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Chapter 4-Calibration with 1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine (DPPC) 

Section 4.1-Decision to Use DPPC as a Monolayer for Calibration 
McConnell and Weis first examined a monolayer of DPPC in 198525. The DPPC 

monolayer was chosen for examination because it comprises a large percentage of the 
Ii pid bilayers in the human body. Since the first study, a number of further studies have 
examined DPPC with respect to its role in pulmonary surfactane6,27, alveolar surfaces28.29, 

and numerous other lipid structures30,3 1. Various experiments have also examined DPPC 
interactions with other biological molecules, work that may prove useful if the decision is 
made to examine a DPPC monolayer on a sub phase containing porphyrin. Unfortunately, 
the bulkiness of the head group in DPPC may create complications with respect to 
porphyrin binding. It is likely that DPPC will simply serve as a monolayer for 
calibration, as the wide base of studies provides the isotherms necessary for comparison 
and accurate calibration. For the calibration trials, our isotherms will be compared with 
published results from Kane et a1.30,32 and McConlogue and Vanderlick33 

Section 4.2-Chemical Structure of DPPC 
1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine (DPPC) has the chemical formula 

C40HsoNOsP and a molecular weight of 734.05grams/mol. The compound is highly 
soluble in chloroform and was obtained from Avanti Polar Lipids as a 20mg/mL solution 
in chloroform. 

The structure of DPPC is displayed in figure 4.1. DPPC forms a monolayer on 
aqueous subphases because it possesses two highly hydrophobic hydrocarbon tail groups 
and a strongly hydrophilic head. The two hydrocarbon chains, composed of 16 and 17 
carbons, are each attached to the hydrophilic head via ether bonds. The head group in 
DPPC is zwitterionic, possessing a positive charge in one region and a balancing negative 
charge in another, composed of a positively charged trimethylamine and a negatively 
charged phosphate group separated by an ethyl group in between. While the head group 
in DPPC is wholly uncharged at the pH (neutral, ""'7) these experiments are being 
conducted, the two charges lead to a very strong dipole moment in the head group, 
making this end of the DPPC molecule extremely polar and, thus, soluble in the aqueous 
(polar) subphase. The hydrocarbon tails, unlike the head, are extremely non-polar, 
possessing no dipole moment. The DPPC molecule should form a monolayer displaying 
behavior similar to that described in section 3.4, as it differs from the model considered 
in that section only by its possession of two hydrophobic tails instead of one. 

o 
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Figure 4.1-Chemical Structure of DPPC 
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Section 4.3-DPPC Monolayer Conditions 
In order to examine a DPPC monolayer, it was important to insure that the area of 

the spread monolayer and the degree of compression produced a surface pressure (SP) vs. 
Mean molecular area (Mma) curve that could be compared to known isotherms. This 
entailed computing the volume of the 2mg/mL solution of DPPC that had to be deposited 
on the trough in order to attain the desired Mma values at the beginning and end of a trial 
on the KSV Langmuir Trough. 

The area of the surface of the trough with the barriers at full expansion was 76050 
mm2 or 7.605*1018A2. The goal was to begin the trial at a mean molecular area of ",180 
A2/molecule in order to obtain a baseline before reaching the first increase in SP, 
appearing in the literature at 90 A2. The free weight of DPPC was 734g/mol, meaning 
that a 2mg/mL solution contained 1.64* 1018 molecules of DPPC per mL. Below is the 
calculation done to determine the volume of DPPC needed for the calibration deposition: 

7.605 *1018 
180 = -------

number of molecules 

7605 *1018 

number of molecules = . = 1.64 * 1018 x mL of DPPC deposited 
180 

(4.1) 

7605 *1018 

mL of DPPC deposited =' 18 = .0257mL "" 25f1L 
180 * 1.64 * 10 

The final area of the trough at full compression was 7050mm2, a reduction by a factor of 
'" 11. This resulted in a final Mma, given a 25 flL deposition of DPPC, of 17 
A2/molecule, well below the anticipated value at which collapse occurs. The initial trial 
performed in order to check the calibration of the devices in our laboratory was a 
deposition of a 25flL solution of DPPC in chloroform at a concentration of 2mg/mL. 

After testing for cleanliness and obtaining a surface pressure change without a 
monolayer of less than .3mN/m, the DPPC was deposited. After the deposition, there 
was a waiting period of 5-7 minutes. This wait was necessary to insure the evaporation 
of the chloroform spreading solution. Following this time for evaporation, a number of 
trials were run, with the last one being performed until evidence was obtained that the 
monolayer on the surface had undergone collapse. Three DPPC trials were performed, 
with different volumes of the DPPC solution deposited on the surface, in order to insure 
that the device was accurate, the behavior of the monolayer matched the literature, and 
the results were well understood. 

Section 4.4--DPPC Isotherm Results 
Three different trials were performed with DPPC. In each trial, a different 

volume of a 2mg/mL DPPC solution was deposited on the surface. The first trial was a 
50flL deposition. The compression began at an Mma of 93 A2/molecule and concluded 
when the Mma reached 42 A2/molecule. The isotherm (figure 4.2) from this trial 
displayed evidence of the LE, LE-LC, and LC phases described in section 3.4. The LE 
phase existed from the initial Mma of 93 A2/molecule until the Mma reached 84 
A2/molecule. In this region, the surface pressure rose slowly from a value of O.OmN/m to 
approximately 4mN/m. When the compression reached an Mma of 84 A2/molecule and a 
surface pressure of "'4mN/m, the monolayer entered the LE-LC phase. This phase was 
present until the compression reached an Mma of between 60 and 65 A2/molecule, and 
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was represented by a nearly constant sUlface pressure value. Somewhere between an 
Mma of 60 and 65, A2/molecule the surface pressure began to rise rapidly, indicative of 
the LC phase. In most cases, the LC phase would end with the appearance of a kink and 
then a more steeply rising surface pressure, indicating the S phase. The S phase could not 
be identified in this DPPC trial, as the surface pressure rose at a nearly constant rate and 
no kink appeared until collapse occured and the trial was stopped when surface pressure 
reached 70mN/m at an Mma of 42 A 2/molecule. 
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Figure 4.2-Isotherm for compression following 50ftL deposition of DPPC at 2mg/mL. 

The second DPPC trial was a 35~L deposition. The isotherm for this trial (figure 
4.3) began at an Mma of 131 A 2/molecule, and ran until the compression reached an 
Mma of 42 A2/molecule. The characteristic phase regions of this isotherm mimicked 
those of the 50~L deposition nearly identically. Because the compression began with a 
greater area per molecule, the monolayer started in the G phase instead of the LE phase. 
The monolayer remained in the G phase from its deposition at an Mma of 131 
A2/molecule until the Mma reached approximately 92 A2/molecule. The G phase was 
indicated by the constant surface pressure at roughly 0.1-0.2mN/m. The monolayer 
entered the LE phase, which was present only briefly, while the Mma ranged from 92-85 
A2/molecule, and was identifiable by the steady rise in SP from ~0.2mN/m to rv5mN/m. 
The characteristic region of steady SP that indicated the beginning of the LE-LC phase 
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started at an Mma of 85 A 2/molecule, only 1.0 A 2/molecule different from that observed 
in the 50!J.L deposition. Again, the LE-LC phase was present until the surface pressure 
began to rise steeply between Mma=60 A 2/molecule and Mma=65 A 2/molecule. The 
steeply rising surface pressure indicated the monolayer existing in the LC phase, which 
was again present until the SP reached 70mN/m and Mma reached 42 A2/molecule, at 
which point collapse occurred. 
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Figure 4.3-Isotherm for compression following 35ftL deposition of DPPC at 2mg/mL. 

The final DPPC trial was a 25!J.L deposition. This isotherm (figure 4.4) was 
nearly identical to the previous two. The G phase appeared first, ending when the Mma 
arrived at approximately 97 A2/molecule, the LE phase extended to an Mma of ,...,,85 
A2/molecule, with the LE-LC phase appearing until the Mma got to ,...,,65 A2/molecule and 
the surface pressure climbing up to 70mN/m at an Mma of 36 A2/molecule. 



19 

80 ,--------,--------,---------,--------, 

60 -------------------

40 

20 

o -- .--

·20 '----------------'------------'-------------'----------------' 

o 50 100 150 200 

AA2/moJecuJe 

Figure 4.4-Isotherm for compression following 25ftL deposition of DPPC at 2mg/mL 

Despite slight differences between all the trials with DPPC, they overlapped to a 
high degree and displayed similar characteristic regions (figure 4.5), indicative of the 
different phases: G, LE, LE-LC, and LC. 
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Figure 4.5-Isotherms for the three different monolayers of DPPC. The isotherms represent, from 
left to right: 25~L deposition, 50~L deposition, 35~L deposition. 

In all three trials, the LE phase had roughly the same width, approximately 9-12 
A2/molecule. The range of the LE-LC phase varied slightly, but all of the isotherms 
displayed a region of constant SP between 65 and 80 A 2/molecule. The LC phase 
displayed the same characteristics for all three trials: a smoothly curved region of upward 
concavity leading to a quickly rising region. The DPPC isotherms matched previously 
published results (see figure 4.6 for a published DPPC isotherm), while overlapping to a 
significant degree with each other, displaying the accuracy of the setup used for all 
experiments. 
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Figure 4.6-DPPC isotherm from reference 33 (McConlogue and Vanderlick). 



Chapter 5-A candidate for trials with a porphyrin substrate-a monolayer of 
cetytrimethylammonium bromide (CTAB) 

Section 5.1-Why CTAB 
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The decision to try CT AB as a monolayer was largely based on one factor: the head 
group. CT AB possesses a head group with similar functionality to that of DPPC. If a 
specific porphyrin was found that bound to DPPC, it might also be possible to bind it to a 
monolayer of CTAB, thus giving two templates for examination with the same porphyrin 
subphase. 

Unfortunately, very little evidence existed in the literature to make us optimistic that 
we could even create a monolayer of CT AB. While the CT AB molecule does have the 
proper structure to form a surface film, with a highly polar head and a long hydrocarbon 
(non-polar) tail, trials34,35,36 had found that it was more apt to drop into an aqueous 
solution and form a micelle (see figure 5.1 for an image of a micelle) than it was to 
remain on the surface. 

Figure 5.1-Two-dimension model of a micelle in water. Non-polar tails are on the inside of the 
structure, isolated from the polar solvent, while the polar tails are in contact with the polar molecules 
of water. 

A number of studies37,3s,39 with CT AB identify the concentration up to which it will 
drop into solution and form a micelle, known as the critical micelle concentration (cmc). 
The cmc is of interest for this paper, but will not be a focus. While the literature 
describing monolayers of CTAB (or similar molecules) was sparse, a study performed in 
1967 by Mingins and Owens showed promise40. The study focused on the effect of the 
spreading solvent on monolayers, focusing on monolayers of C,sTAB. C,sTAB had the 
same head group as CTAB, but the hydrocarbon tail was 18 carbons long, instead of 16. 
The study by Mingins and Owens did not utilize a pure aqueous subphase, instead using a 
.1M NaCI solution upon which to deposit the C,sTAB. Despite a number of differences 
(many technological due to the 35 year time gap, and others due to the different focus) 
the Mingins and Owens work provided one vital piece of information: it produced 
isotherms that could be utilized for comparison with our trials, as C,sTAB was nearly 
identical to CT AB and they should have behaved similarly when deposited in a 
monolayer. Before attempting to reproduce the work published in 1967, attempts were 
made to produce a monolayer of CT AB on a pure aqueous subphase. Many different 
trials and setups were attempted. In the end, the results hinted at the possibility of a 
CT AB monolayer on pure water (but were not definiti ve), something that was not found 
in any previously published studies. 
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Section 5.2-Chemical Structure ofCTAB 
Cetyltrimethylammonium bromide (CTAB) has the chemical formula C19H42BrN. 

The molecular weight of CT AB is 364.45 g/mole. The CT AB used for this set of trials 
was obtained as a solid powder from Fischer Chemicals, and was dissolved in chloroform 
at a number of different concentrations. 

CTAB contains a non-polar tail and a highly polar head (see figure 5-2 for structure). 
The non-polar tail in CTAB is a 16-carbon-Iong hydrocarbon chain. The polar head is a 
positively-charged trimethylated nitrogen, similar to the head group in DPPC. Unlike 
DPPC, the head group in CTAB is not zwitterionic. The trimethylated nitrogen is 
ionically bound to a negatively charged bromide, but it disassociates when dissolved in 
solution, resulting in a positively charged head group and loose bromide anions in 
solution. Due to the large dipole moment of the head and the negligible polarity of the 
tail, as well as a number of other factors, CT AB is highly adept at forming micelles. 
While this complication was known about before embarking upon the trials, the hope was 
that the proper conditions could result in the formation of a CTAB monolayer on an 
aqueous subphase. Determining the proper conditions for a CTAB monolayer proved to 
be quite a challenge, but a number of isotherms hint that the conditions were found and a 
successful set of trials was run. 

Br-/ 
C16H33--+N--

\ 
Figure 5.2-Chemical Structure of CTAB. 

Section 5.3-CTAB Monolayer Conditions 
The first attempts made in the study of CTAB were simply depositions onto a pure 

water subphase in an attempt to produce a monolayer. The results of these trials were 
quite variable and revealed a great deal about CTAB and how it responded to being 
deposited on an aqueous surface. A number of different concentrations of CTAB were 
used, ranging from .7mg/mL to 20mg/mL in chloroform. Initial studies on pure water did 
not definitively indicate the presence of a monolayer, but subsequent trials may have lead 
to a set of compressions that showed characteristic behavior of a monolayer. 

Attempts were made to saturate the subphase with CTAB, until the concentration of 
CTAB was greater than the critical micelle concentration, and then to deposit a 
monolayer on the surface. One set of trials with these conditions may have produced 
isotherms indicative of a monolayer on the surface. Unfortunately, attempts to reproduce 
the exact conditions of these trials proved fruitless. 

After numerous attempts to reproduce the isotherm indicative of the monolayer, the 
decision was made to dissolve sodium chloride, a solid salt, in the subphase. The hope 
was that the results published by Mingins and Owens could be reproduced. Two 
different salt concentration solutions were used as the subphase: O.IM NaCl and O.2M 
NaCl. The results from these trials were more interesting than the initial trials on pure 
water, and seemed to follow those published in 1967, but the characteristics varied 
greatly depending on the concentration and volume of CTAB solution deposited on the 
surface. After all of the CT AB trials were run, those that provided the most promising 
results (displayed phase behavior indicative of a monolayer in the isotherm) were those 
run after depositing CTAB on a subphase already saturated with CT AB. 
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Section 5.4-CTAB Isotherm Results 
The first trials with CTAB were performed with a 2mg/mL solution and a deposition 

volume of 50 ~L onto a pure Millipore water subphase. The isotherm that resulted from 
this trial, displayed in figure 5-3, does not clearly display different phases, as were 
present in DPPC studies, nor does it indicate the presence of a monolayer, as no distinct 
rise occurs until the Mma is extremely low. 
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Figure 5.3 - Isotherm following deposition of 50llL of CT AB at 2mg/mL onto pure aqueous subphase. 

Following this initial trial, more CT AB was deposited on the aqueous subphase, and 
numerous isotherms were created. These are displayed on the same graph in figure 5-4; 
showing rises in surface pressure only below a mean molecular area of 5 A2/molecule. 
The behavior at an Mma of 5 A2/molecule seems to hint that something may be awry. 
Fortunately, the Mma values on the isotherms of CTAB can be disregarded. These 
values are calculated based on the assumption that all deposited CTAB remains on the 
surface, but we are fairly certain that this is not the case. Upon examination, the surface 
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pressure rises quite steeply and nearly constantly over an extremely small range of Mma. 
Unfortunately, the lack of distinguishable regions of different slopes in the isotherm hints 
that a stable monolayer had likely not been formed. 
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Figure 5.4- Isotherm for three identical depositions of CT AB on aqueous subphase. 

Despite negative results from the first trials with CTAB on Millipore water, 
further attempts were made. The first attempt involved depositing 50 !!L of CTAB at a 
concentration of 20 mg/mL. This attempt yielded an isotherm that displayed no change 
in surface pressure over the entire range of compression (figure 5-5). 
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Figure 5.5- Isotherm following deposition of eTAB at high concentration onto pure aqueous 
subphase. Note scale ofaxes-SP displays essentially no change over entire range of 
compression. 
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Without cleaning, a subsequent deposition of 500 !!L of CT AB at 2mg/mL was made. 
This yielded an isotherm that was both reproducible (see figures 5-6 and 5-7) and 
indicative of a monolayer present. Unfortunately, the Mma at which the behavior 
appeared to occur was between 1 and 3 A2/molecule. This value for Mma is far too low 
for any monolayer behavior, but, as stated earlier, the Mma value is simply calculated by 
the computer from the amount deposited and is not an actual representation of the 
physical setup being studied. With this in mind, the two isotherms may (cautiously) be 
viewed as the first isotherms for a CTAB monolayer created stably on a pure water 
subphase. 
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Figure 5.6-First isotherm supporting the possibility of a CT AB monolayer. 
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Figure 5.7-Second isotherm for CTAB. Note that this isotherm has a similar shape to the isotherm 
appearing in figure 5.6. 
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Both isotherms began with a region of constant SP of less than O.2mN/m. This 
was likely indicative of the monolayer existing in the G phase. After compression, the 
surface pressure began to rise steadily until it reached approximately 14mN/m. This 
likely represented the monolayer in the LE phase. A region of lower slope followed the 
LE phase and may have represented an LE-LC phase. When the SP reached 
approximately 16mN/m, it began to rise rapidly again, with a higher slope than that of 
indicative of the LE phase. This final region, present in both isotherms with the greatest 
slopes, continued until the end of the compression, reaching a surface pressure of 
~27mN/m. The ability to reproduce the isotherm, as well as the regions of different 
slopes, allow for guarded optimism that, given the indicated conditions, monolayers of 
CTAB can be created on an aqueous subphase. 

Future attempts to recreate the CT AB monolayer on the aqueous subphase of pure 
Millipore water proved ineffective. The decision was made to examine the effect of salt 
concentration in the subphase on the stability of CT AB on the surface. The first trials 
with a salt concentration involved a sub phase of O.1M NaCI. Three separate isotherms 
were created, and all were quite similar in shape (figure 5.8). 
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Figure 5.8-Isotherms for CTAB on O.lM NaCI. 
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The shape of the isotherms for CTAB on .1M NaCI were not comparable to that 
suggesting a monolayer on pure water, and they did not display typical phase behavior. 
However, they did display a rise in surface pressure beginning at a far more reasonable 
Mma of 35 A2/molecule. This result suggests that CTAB is far less soluble on .1M NaCl 
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than on pure Millipore water, causing more CTAB to remain on the surface of the salt 
subphase than the aqueous subphase, resulting in surface "behavior" occurring earlier in 
the compression. The decision was made to study CT AB monolayers on higher 
concentration salt solutions and see whether continued solubility effects would prove 
noticeable. 

The next set of trials simply doubled the salt concentration to O.2M NaCl. These 
trials did not provide impressive results, but did mimic those findings of the isotherms on 
O.IM N aCl. Distinct characteristics of the curves did not necessarily prove the presence 
of a monolayer, but the surface pressure began to rise at a higher Mma than it did with 
pure water as the subphase. A number of factors could have contributed to this, but the 
only result of interest was that no increased probability of creating a stable CTAB 
monolayer seemed to exist at a higher salt concentration. The decision was made to 
return to O.IM NaCl, as it yielded cleaner runs with no deposition. 

A set of trials was run using a low concentration of CTAB (O.7mg/mL) on .IM 
NaCl. These trials provided replicable results, but the findings were, again, different 
from any previous trials. The first isotherms created were stopped when the surface 
pressure reached 8mN/m. The next two trials were allowed to rise until the surface 
pressure reached 45mN/m. These trials provided isotherms that rose steadily beginning 
at an Mma of only 75 A2/molecule, but displayed no kinks or regions of different slope 
that would indicate a monolayer on the surface (figure 5.9). Despite these poor results, 
other trials were run with varying conditions in both the subphase and the amount and 
concentration of the CT AB deposition. 
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Figure 5.9- Identical Depositions of CT AB at .7mg/mL in chloroform onto a O.2M NaCI subphase. 
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Unfortunately, it seems unlikely that a stable monolayer of CTAB will ever be 
able to serve as a template for application to a subphase containing porphyrin. The 
results were too variable, and only one set of trials provided anything remotely indicative 
of a monolayer. With this said, CT AB proved an interesting study, but not a viable 
candidate for use in further studies. The decision was made to move on to another 
possible molecule for use in a monolayer with a porphyrin solution as the subphase. 
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Chapter 6-Trials with a monolayer of Isocarb-24 (1-24) 

Section 6.1-Why Isocarb-24 
The decision to try to create monolayers of 1-24 was the first step in a new 

direction for this study. After two attempts using molecules with a trimethylated nitrogen 
in the head group, the decision was made to move on to a molecule with a different polar 
head. Isocarb-24 was chosen because, like DPPC, it possesses two non-polar 
hydrocarbon tails. Unlike previous trials, the head group in 1-24 is a carboxylic acid, 
more compact and more polar than the head group in CTAB and DPPC. The hope was 
that 1-24 would display isotherms similar to those of DPP. If 1-24 displayed a stable and 
interesting (varying phase behavior over the range of compression) isotherm, a porphyrin 
that bound to carboxylic acid could be placed in the subphase for study. 

Isocarb-24 was recently created in the lab. No articles describing behavior of any 
Isocarbs (the commercial name given to the group of molecules with two different-length 
hydrocarbon chains and a carboxylic acid head) exist. This study was the first to examine 
the behavior of a surface film of 1-24. The hope was that the results would be similar to 
those of previous trials, allowing for accurate labeling of the regions of the isotherm with 
the phase that the monolayer is in. 

Section 6.2-Chemical Structure of Isocarb-24 
The chemical structure of Isocarb-24 is ~4H4802. 1-24 has a molecular weight of 

368.64 g/mol and was obtained as a white powder from Conde a, now known as 
SASOL41 • 1-24 was dissolved in chloroform at 2mg/mL in order to deposit it on the 
aqueous subphase. 

1-24 is composed of two hydrocarbon tails. These two tails are not the same 
length. One of the chains is lO-carbons long, while the other is 12-carbons long. Both 
hydrocarbon chains are unsaturated, and they are bound at a stereoactive center (see 
figure 6.1 for structure). 

o C12H25K 
C1OH21 OH 

Figure 6.1-Chemical Structure of Isocarb-24 
The carbon that the two hydrocarbon chains are bound to is bound to another carbon 
which is, in turn, bound to the carboxylic acid functional group. Because few studies 
have been performed on Isocarbs, little is known about their solubility in water. Based 
on their structure, it was assumed that 1-24 would not be soluble in water and was a likely 
candidate to form a monolayer. Furthermore, because of the bulkiness of the tails, 
collapse was hypothesized to occur at a similar Mma value to that observed in DPPC 
monolayers. 

Section 6.3 - Monolayer Conditions 
Because so little was known about Isocarbs, there was no way to determine what 

range of Mma values would lead to various phases appearing in the monolayer and being 
distinguishable in the isotherm. Based on isotherms that had been previously obtained 
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for stearic acid, the decision was made to simply replicate these trials (summarized in 
Chapter 7). 

Isocarb-24 was dissolved in chloroform at a concentration of 2mg/mL. Three 
different depositions were made on an aqueous subphase. The first deposition was a 
volume of 30!lL, followed by 20!lL, and finally by 1O!lL. Based on the reproducibility of 
the isotherms produced during compression, the 30!lL deposition was not consistent with 
the other trials. The two other depositions both yielded trials that could be analyzed for 
phase behavior. While the two trials did not match on the horizontal scale (Mma values 
for the phases varied between the two depositions), the phase behavior occurred at similar 
SP values for both the 20!lL and lO!lL depositions of 2mg/mL Isocarb-24. 

Section 6.4-Isocarb-24 Isotherm Results 
The two compressions run following the deposition of 20!lL of 2mg/mL Isocarb-

24 in chloroform produced isotherms that were nearly identical (see figure 6.2). 
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Figure 6.2- Isotherms for 1-24 following a deposition of 20ftL at 2mg/mL in chloroform. 

Two isotherms produced following the lO!lL deposition were quite similar, but differed 
more than those produced by the first two trials (see figure 6.3). 
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Figure 6.3- Isotherms for 1-24 following a deposition of lOllL at 2mg/mL in chloroform. 

The two sets of two isotherms disagreed quite a bit on the horizontal scale (see figure 6.4 
for all four isotherms). All of the isotherms displayed similar behavior at similar surface 
pressure values, but the Mma values at which characteristic behavior appeared for the 
different depositions varied by nearly 2oA2/molecule. Focusing on the shapes of the 
isotherms and the SP values of the different regions, and ignoring the discrepancy in 
Mma values, the phases of the monolayer during the compression could be determined. 
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Figure 6.4-AII four Isotherms for 1-24 (two further to the left represent the 20!--lL depositions). 
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The isotherms all displayed an initial region in which the surtace pressure 
remained relatively constant, rising by only O.5mN/m over a large range of the 
compression. Each isotherm then displayed a region in which the SP rose at a constant 
slope from 1.0mN/m to ~ 13mN/m. Once the surtace pressure reached ~ 13mN/m, the 
isotherms all displayed a plateau region, in which the surtace pressure rose only slightly. 
No trial produced an isotherm in which the surtace pressure of the monolayer reached a 
value greater than 15.3mN/m. This was an interesting result, especially in comparison 
with the SP values reaching 60-70mN/m in all previous trials. Clearly,lsocarb-24 
behaved differently than any of the other substances when deposited on an aqueous 
subphase. Because of the structure (1-24 possesses two hydrocarbon tails), it was 
reasonable to compare the isotherms of 1-24 with those of DPPC in order to assign phase 
behavior to the regions of the isotherm. 

The initial range of the compression, during which the surtace pressure was 
nearly constant, was indicative of the monolayer in the G phase. In DPPC, the SP was 
slightly lower in the G phase than it was for 1-24, but the difference between the two SP 
values for the G phase was only ~O.3mN/m. The small difference in the SP values 
between the two isotherms (DPPC and 1-24), in tandem with the anticipated similar 
behavior, allowed for the fairly definitive conclusion that the initial plateau of the 1-24 
isotherm indicated the existence of the monolayer in the G phase as it did for DPPC. The 
rise in SP for 1-24 in the LE phase was approximately 13mN/m. The DPPC isotherm 
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only rose by ,,-,6mN/m. Despite this discrepancy, based on the shapes of the isotherms for 
the two molecules, and the conclusions drawn for DPPC, it was reasonable to conclude 
that the 1-24 monolayer was in the LE phase when the surface pressure increased to 
13mN/m. The plateau following the LE region was indicative of the LE-LC phase. 
Because the surface pressure never rose steeply following the LE-LC phase, it was 
concluded that the molecules of 1-24 either popped on top of one another and formed a 
bilayer, or dropped into solution, rather than entering the LC phase. Despite the fact that 
the monolayer of 1-24 did not enter the LC phase, the G, LE, and LE-LC phase behavior 
were clear and easily elucidated from all four isotherms. 

The different phase behavior observed in 1-24 provided an interesting subject for 
possible studies with porphyrin in solution. It may be possible to stabilize the isotherm 
by binding it to porphyrin, thus allowing it to be "forced" into the LC phase. Studies 
might also be able to see distinct changes in the Mma values at which the phases 
appeared, but these would require a number of further trials on pure water in order to 
establish with more certainty exactly where on the Mma range the phase behavior of 1-24 
occurs (though it may be that this varies depending on the volume of 1-24 deposited). 
These trials were the first of their kind, and they provided a solid base for analysis as well 
as further study of Isocarb monolayers. 
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Chapter 7 -Stearic Acid (STA) as a potential monolayer 

Section 7.1-Why Stearic Acid 
Stearic Acid was chosen as a molecule to build a monolayer out of because it 

possessed a compact and highly polar head group and a single chain non-polar 
hydrocarbon tail. A number of studies over the years examined stearic acid monolayers 
and the results were extremely consistent. Stearic acid is often utilized in undergraduate 
physics laboratory courses to examine the basics of surface tension studies. The 
molecule is easy to obtain and is non-toxic. Compression of a deposition of STA on a 
Langmuir trough produces good isotherms displaying highly distinguishable phase 
behavior. 

Recent studies have used stearic acid as a basis for mixed monolayers as well as 
creating mixed Langmuir-Blodgett films. One example of this is a study42 that examined 
the properties of mixed monolayers containing stearic acid and nickel derivatives of the 
lipoporphyrin LipoP and the protoporphyrin dimethyl ester PPDME. Surface pressure
area isotherms were obtained for the two mixed monolayers, NiLipoP-STA and 
NiPPDME-STA. Further studies have utilized both stearic acid and fluorinated stearic 
acid (in which the hydrogen molecules on the head group are replaced with fluorine) as 
templates in order to create mixed monolayers. One recent study43, performed by Zhao 
et aI., examined a dimerization reaction occurring within a mixed monolayer containing 
stearic acid and 4-(4-(2-( decyloxycarbonyl)vinyl)-cinnamoylamino )benzoic acid. 

A number of recent experiments have focused on the impact of varying the 
subphase conditions on a monolayer of stearic acid. A study44 published in 1999 
examined the impact of adding calcium and magnesium to the aqueous subphase. Hwang 
and Kim reported45 that polyethylenimine affected the surface pressure-area isotherm of a 
stearic acid monolayer, and that this impact varied based upon the pH of the subphase. 

Because of the wide range of research performed on ST A monolayers, a vast 
number of published isotherms exist for comparison to the experimental results. 
Hopefully, this set of trials will produce isotherms that are highly stable. If the results are 
positive, stearic acid will prove to be a likely candidate for utilization as a monolayer on 
a subphase containing porphyrin. 

Section 7.2 - Chemical Structure of STA 
The chemical formula for stearic acid (STA) is C18H3602. STA has a molecular 

weight of 284.48g/mol. The stearic acid used for these experiments was obtained from 
Avocado Research Chemicals Ltd. as a solid white powder and was dissolved in 
chloroform in order to create solutions of varying concentrations that could be deposited 
on the aqueous subphase. 

Stearic Acid, like CTAB, is composed of a single non-polar hydrophobic tail 
group and a polar hydrophilic head group (see figure 7.1 for structure). 

o 

C17Has-----< 
OH 

Figure 7.1- Chemical Structure of Stearic Acid 
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The tail group in stearic acid is a 17-carbon long unsaturated straight-chain hydrocarbon. 
The head group in STA is a carboxylic acid. Stearic acid is insoluble in water, and thus is 
not a threat to dissolve into solution or form micelles in the water layer. Deposited STA 
will remain on the surface, and given the proper conditions, should display similar phase 
behavior to that described in section 3.3. 

Section 7.3--Monolayer Conditions 
Published isotherms45,46 for STA focused on the region in which the mean 

molecular area ranged from 28-20 A2/molecule. In order to produce isotherms that could 
be easily compared to existing plots of surface pressure vs. mean molecular area, the goal 
was to produce plots such that the desired range was approximately halfway through the 
full compression. A calculation similar to equation 4.1 was performed. The calculation 
yielded the result that, given a 2mg/mL solution of STA in chloroform, in order to obtain 
the desired range of Mma values, the volume used for deposition should be 30[!L. 

The first two sets of compressions with ST A were performed on an aqueous 
subphase. These trials followed the same stringent standards of all previous trials. 
Cleanliness was insured by a trial compression prior to deposition. The STA solution 
was deposited and given 5-7 minutes in order to allow for both the spreading of the 
monolayer on the surface, and the evaporation of the spreading solvent (chloroform in 
these trials). 

The isotherms resulting from compressions of STA on pure Millipore water were 
highly reproducible. This promising result led to the decision to add porphyrin to the 
subphase. Trials that utilized a porphyrin solution as the subphase followed a slightly 
modified procedure, which will be examined in the next chapter. Furthermore, the results 
of trials using a subphase other than pure water will be left for later analysis. At present, 
the sole concern is insuring that the STA monolayer behaved as previously exhibited 
(obtained isotherms matched published results) on an aqueous subphase. 

Section 7.4--Isotherms and Results 
The monolayers of ST A on a pure water subphase were all made using a 

deposition of 30[!L of stearic acid at a concentration of 2mg/ml. Since the STA did not 
dissolve at all in water (it is highly insoluble), the Mma values calculated by the 
computer program for the SP vs. Mma isotherms, were correct. The isotherm produced 
display the behavior of stearic acid as a monolayer with a mean molecular area ranging 
from 59.9A2/molecule down to 5.5A2/molecule (see figure 7.2). 
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figure 7.2-Isotherm of Stearic Acid following 30llL deposition. 

During the initial range of compression, the surface pressure was relatively 
constant, rising by only O.3mN/m over an Mma range of ,....,30A2/molecule. Because this 
region of the isotherm occurred at an Mma of less than 100A2/molecule, it was not likely 
to be indicative of the monolayer being in the G phase. Furthermore, the surface pressure 
had a value greater than 0.7mN/m, further evidence that the monolayer was not 
occupying the gas phase, as the G phase usually has SP values far less than 1mN/m. 
Since the SP was constant, the plateau at the start of the compression represented the LE
LC phase of the monolayer. This phase behavior was verified by previously published 
isotherms. Thus, the LE-LC phase existed from an Mma range of 59.9 (and likely above 
thi s value) down to 27A2/molecule, and the surface pressure in this region ranged from 
0.71-0.99mN/m. 

Following the region of the isotherm describing the LE-LC phase, there was a 
region in which the surface pressure rose steeply. This was anticipated, based upon the 
theory of section 3.4, and was indicative of the LC phase of the monolayer. The LC 
phase of the monolayer existed between the Mma values 27 and 21 A 2/molecule and the 
surface pressure rose from 1.0-26mN/m during this range of compression. A kink at 
SP=26mN/m indicated the transition to the S phase, and this phase was denoted by an 
extremely steep rise in surface pressure from 26mN/m to 64mN/m. This rise occurred 
between the Mma values 21 and 20 A2/molecule. Once the surface pressure reached 
,....,64mN/m, collapse occurred. 

The trial with ST A on pure water was repeated in order to insure its stability and 
consistency. The second isotherm (figure 7.3) was nearly identical to the first. All phase 
behavior transpired within one A2/molecule of that described for the first isotherm, and 



collapse took place at nearly the same sutface pressure (though the sutface pressure 
pattern after collapse varied from that in the first isotherm, but this is not of concern). 
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figure 7.3-Isotherm of Stearic Acid Monolayer. Note that the collapse mechanism in this trial likely 
differed from that of the trial that produced the isotherm of figure 7.2, as evidenced by the different 
behavior of the surface pressure below 20 A2/molecule. 
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The ability to easily distinguish between the three phases of the monolayer in the 
STA monolayer trials, along with the reproducibility of the results, made stearic acid a 
prime candidate for deposition on a porphyrin solution subphase. The next step was to 
find a porphyrin that would bind to stearic acid, create a solution of this porphyrin in 
water, and deposit ST A monolayers on the sutface of this solution. The results of the 
trials with STA on a subphase containing porphyrin molecules are summarized in chapter 
8. 
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Chapter 8-Trials with Porphyrin Molecules in the Subphase of Stearic Acid Monolayers 

Section 8.l-Choosing an Appropriate Porphyrin 
The porphyrin chosen for these trials was tetrakis (N-methylpyridinium-4-yl) 

porphine, abbreviated H2T4 (see figure 8.1 for structure). This porphyrin was previously 
utilized in studies47 to examine porphyrin aggregation on a DNA template and in solution. 
The previous research provided the conditions under which H2T4 aggregates. H2T4 was 
an optimal porphyrin for this study because its functional group leads to an ion-dipole 
interaction with the carboxylic acid. When placed in solution with stearic acid on the 
surface, H2T4 would favor binding, or at least be attracted to, the polar heads of the 
monolayer (see figure 8.2 for the structure of the deprotonated form of STA bound to 
H2T4) , 

~ ~ 
/~ 

H3C 
Figure 8.l-Chemical Structure of H2T4. 

~ # 
/~ 

H3C 

Figure 8.2-Deprotonated STA forming a salt with H2T4. The deprotonated form of STA is present at a 
ratio of roughly 15: lover the protonated form on the subphase. 
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The first step that had to be taken in order to study porphyrin aggregation in two 
dimensions was to examine the impact that binding porphyrin to the monolayer would 
have on the isotherm of the monolayer, when run under conditions that did not promote 
aggregation. This meant running compression trials while varying the concentration of 
H2 T 4 in the subphase. Varying the concentration of H2 T 4 in the subphase would, 
hypothetically, vary the number of porphyrin molecules bound to the monolayer. By 
seeing exactly what impact this variation had on the isotherm, it might be possible to 
construct a model for the binding of porphyrin to the monolayer (see section 8.4 for 
further details). After constructing this model and seeing the impact of porphyrin 
binding, the next step would be to alter the conditions of the subphase in such a way as to 
promote the aggregation of the porphyrin. Any resulting changes in the isotherm of the 
monolayer could be examined and might be able to determine whether or not the 
porphyrin was aggregating when bound to the surface film. Unfortunately, so far, only 
the first step has been taken. This study did not examine the affect of altering the 
conditions in such a way as to promote aggregation of the porphyrin. This study did, 
however, see the impact that adding varying concentrations of H2T4 to the subphase had 
on the isotherms of the stearic acid monolayer on the surface. 

Section 8.2-Determining the Concentration of H2T4 in the Subphase Solution. 
In order to accurately determine the concentration of porphyrin in the subphase, 

Beer's law was utilized48• Beer's law relates the absorbance of a solution at a given 
wavelength to the concentration of the solution: 
A=slc (8.1) 
where A is the measured absorbance, E is the molar absorptivity or the extinction 
coefficient, I is the length of the path the light travels, and c is the concentration of the 
solution. Beer's Law was used for these trials by measuring the absorbance of a sample 
of the porphyrin solution for each trial. The absorbance was measured over the range of 
wavelengths from 650nm to 300nm. The resulting absorbance spectrum from H2T4 
displays a large peak at ,,-,422nm (see figure 8.3 for a sample absorbance spectra). The 
molar absorptivity at the 422nm peak in the H2T4 spectra, E, is known49 to be 2.26* 105M
lcm-1• Below is a sample calculation of the concentration of a solution of H2T4 using 
Beer's law, the known value for E, and measured values for A and I: 
A = 1.5406 = (2.26 * 105 M-1cm-1) * lcm * c 

c = 1.5406 = 6.82 * 10-6 M = 6.82pM 
2.26 * 105 M-1 

(8.2) 

By obtaining an absorbance spectra for each sample used as a subphase for this study, the 
concentration of porphyrin in the solution was accurately determined. Furthermore, this 
method of determining the concentration of porphyrin in the subphase allowed for easy 
dilutions without requiring the removal of the subphase from the trough. In order to alter 
the concentration of porphyrin between trials, it was possible to simply remove some of 
the subphase solution and add water in order to dilute it down. By measuring the new 
absorbance of the subphase solution, the new porphyrin concentration was determined 
and the next set of compression trials could be run. 
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Figure 8.3-Absorbance Spectra for H2T4. 
Section 8.3 - Conditions for the Trials 

The set of trials that will be examined in this thesis were run under conditions that 
did not promote aggregation of the porphyrin. Previous results showed that low pH 
(below pH=4.1) and high salt concentrations would induce aggregationso. The trials for 
this study were all run with the porphyrin dissolved in pure aqueous solvent at a pH of 
5.6. The stearic acid depositions were all a volume of 30!!L at a concentration of 
2mg/mL in chloroform. 

Fourteen trials were run with porphyrin in the subphase. The concentration of the 
porphyrin sub phase solutions ranged from a maximum of 29.9!!M to a minimum of 
3.2!!M. Two different "types" of trials with porphyrin were run. One set of trials 
involved filling the trough with a high concentration (in this case 29.9!!M) solution of 
porphyrin and then diluting it between trials with water. This was done in order to create 
a set of9 trials (called the "consecutive" trials) with stearic acid on a porphyrin subphase. 
The procedure was as follows: 

1) Filled trough with 29.9!!M solution of H2T4 
2) Checked cleanliness (as in section 2.3) 
3) Deposited stearic acid monolayer 
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4) Ran compression trials 
5) Used suction to remove monolayer and some porphyrin solution 
6) Added water to dilute subphase 
7) Checked cleanliness 
8) Obtained absorbance spectra for a sample from the subphase 
9) Repeated steps 3-8. 

This allowed for the collection of a great deal of data, but, unfortunately, there were some 
problems with this method. In order to use the "consecutive trials" method, the 
acceptable change in SP over the compression range with no monolayer had to be 
increased from O.3mN/m to O.7mN/m. Lowering the cleanliness standards permitted 
more contamination than was usually accepted, but was necessary to allow for numerous 
runs. In order to insure further cleanliness, more water would have had to be added 
between trials, and the desired number of runs over the range of concentrations would not 
have been possible. 

The decision was made to run a number of trials with different porphyrin 
concentrations individually. Five trials were run with different porphyrin solutions in the 
subphase and these trials involved full emptying of the trough and required more 
stringent cleanliness standards (the "clean" trials). The range of porphyrin concentrations 
for these five runs was from 14.1 [!M to 3.5[!M. All of the trials with porphyrin in the 
subphase produced isotherms for STA that displayed a significant difference in behavior 
(in terms of Mma values at which phases appeared) from those obtained from trials with 
a pure aqueous subphase. Furthermore, the shape of the STA isotherms differed when 
porphyrin was in the subphase. The question was: what model could explain the 
differences observed in the isotherms with and without the H2T4 porphyrin. 

Section 8.4-A Modelfor H2T4 Binding to the STA Monolayer. 
The binding of H2T4 to the monolayer was hypothesized to occur in a simple 

A+B~AB manner. Equilibrium would be reached between the two reactants, A and B 
(in this case A=H2T4 and B=STA) and the product AB. In the equilibrium-binding 
model, the association (KJ and dissociation (Kd) constants are given by51,52,53: 

K = [AB] (83) 
a [A][B] . 

K = [A][B] =_1 (8.4) 
d [AB] Ka 

These equations, along with the equilibrium expression, can be rearranged to yield: 
[AB] = Ka[ A][ B] (8.5) 
if we let v represent the number of moles bound porphyrin per mole of stearic acid, we 
find that: 

[AB] 
v = -=-----=---

[B] + [AB] 1 + KJA] Kd + [A] 

KJA] [A] 
(8.6) 

When a plot is made of v vs. [A], it has the shape displayed in figure 8.4. Changing the 
axes so that the horizontal axis is scaled as log [A], the result is, in most cases, the 
presence of an "S" shaped curve (figure 8.5). This S shape in the data is simply a result 
of the low probability of binding when one of the reactants is present at very low 



concentration. The anticipation was that it would be possible to find a piece of data for 
this set of trials that, when plotted vs. log [H2T4], would yield an "S" shaped curve. 
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Figure 8.4-Binding Curve for equilibrium model with horizontal axis on a linear scale. 
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Figure 8.5 - Binding Curve with horizontal axis on a logarithmic scale. 

The simple equilibrium-binding model with the "S" shaped curve seemed to be a 
justifiable hypothesis. Below some concentration of H2T4, the majority of the porphyrin 
would not bond to the molecules in the monolayer. At some point, the concentration of 
the subphase solution of porphyrin would be high enough that it would begin to interact 
and more would bond with the monolayer. Within a specific range of concentrations, it 
was predicted that it would be possible to see the variation in the number of molecules in 
the monolayer bound to the porphyrin in the subphase. Once the concentration got high 
enough, it was predicted that the molecules in the monolayer would spend most of their 
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time bound to porphyrin molecules, based on the high ratio of porphyrin molecules to 
STA molecules. Above a certain point, changing the concentration would have little 
impact on the number of ST A molecules bound to porphyrin molecules. This was the 
hypothesis, but it was complicated by the fact that it is not possible to simply "count" the 
number of STA molecules in the monolayer bound to porphyrin molecules in the 
subphase. In fact, this value could not be measured. Thus, it was important to find 
another variable that could be plotted versus porphyrin concentration in order to 
determine the manner of binding of H2 T 4 to the ST A monolayer. 

The data that was obtained for every trial was in the form of an isotherm of SP vs. 
Mma. The hope was that any impact of the porphyrin binding the monolayer would 
appear in the isotherm. One quantitative value that could be used to compare isotherms 
with different concentrations of porphyrin was the Mma value at which the surface 
pressure reached a certain value. By comparing this Mma value for a number of different 
SP points for each curve, it might be possible to see the impact that binding porphyrin to 
the monolayer had. Because the porphyrin was extremely bulky, when it bound to the 
monolayer, each STA molecule might have had a larger effective area, as the porphyrins 
below the surface did not want to be pushed together. Thus, bound porphyrin might have 
result in all of the phase behavior appearing earlier in the isotherm (at a higher Mma 
value). By plotting the Mma at which the SP reached 10,20, and 30mN/m, as well as an 
average of all three Mma values, versus the log of the concentration of porphyrin in the 
subphase, the hope was that the plot would have a shape similar to that predicted by the 
surface-binding model. If this was the case, than the model for porphyrin binding to the 
STA monolayer would be verified, and with it understood, the step to conditions 
promoting porphyrin aggregation could be taken. 

Section 8.5-Results 
The isotherms obtained for the trials with STA on H2T4 solution subphases all 

displayed phase behavior occurring at higher Mma values than it did when the monolayer 
was deposited on a pure aqueous subphase. Attempts to quantify the variation in Mma 
values of the different phases proved largely unsuccessful, but qualitative examination 
allows for guarded optimism with respect to the possibility of future trials revealing the 
manner in which the porphyrin binds to the monolayer. 

The isotherms with and without porphyrin in the subphase were analyzed by 
choosing three different SP values and comparing the Mma values at these surface 
pressures. The SP values chosen were 10, 20, and 30 mN/m. The SP values of 10 and 
20 mN/m are both in the region of the isotherm in which the monolayer is in the LC 
phase. The SP reaches 30mN/m while the monolayer exists in the S phase. By 
comparing the Mma values for these three SP values, as well as an average of the three 
Mma values, it was possible to construct four plots showing the impact of porphyrin 
concentration in the subphase on the isotherms of ST A monolayers. 

Each plot displayed the Mma value at which the SP of 10, 20 or 30mN/m was 
reached on the vertical axis, and the concentration of the porphyrin subphase on the 
horizontal axis plotted with a logarithmic horizontal scale. The data were also displayed 
in one plot, one of average Mma for the three SP values vs. concentration of the subphase 
(again, with a logarithmic scale on the x-axis). In order to allow for the appearance of the 
data in which there was no porphyrin in the subphase on the plots (since zero does not 



ever appear on a log scale), the concentration of porphyrin for the trials with a pure 
aqueous subphase was set to be O.lflM. 
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The four plots of Mma values vs. concentrations were created for three different 
sets of data. One set of data included all of the trials in which porphyrin was in the 
subphase. These four plots appear in Appendix A figures A1-A4. The plots were then 
constructed for a subset of the trials: those in which the porphyrin was diluted in the 
trough and the cleanliness standards were not as stringent. These plots are figures A5-
A8. The data in which the trough was fully cleaned for each different porphyrin 
concentration in the subphase is plotted in figures A9-A12. The final plots are three plots 
of average SP at the three values vs. concentration of porphyrin (for all the trials, the 
"consecutive" trials, and the "clean" trials) with a linear scale in the x-axis, displayed in 
figures A13-A15. 

Section 8.6-Discussion o/Results 
The hypothesis was that the shape of all of the plots would mimic that of figure 

8.5. Unfortunately, it is clear from all of the plots that this is not the case. All 15 plots 
display behavior that is best characterized as (nearly) random. The only clear 
quantitative conclusion that can be reached from the plots is that adding porphyrin to the 
subphase causes the phase behavior to occur at a higher Mma. The further impact of 
varying the concentration of the porphyrin cannot yet be stated with any certainty. 

There are a number of possible explanations for why the plots in appendix A do 
not display the predicted "S" shaped curve. One distinct possibility is that the 
concentration of porphyrin in all of the trials was far too high. When the trough was full 
of a porphyrin solution with a 3.5flM concentration, the number of porphyrin molecules 
was: 

3.5 flmoles * 1.2liters * 6.02 * 1023 molecules = 2.53 * 1018 molecules 
liter mole 

The number of stearic acid molecules on the surface was: 

30flL * 2 mg * 1 * 6.02 * 1023 molecules = 1.27 * 1017 molecules 
mL 284.48 _g_ mole 

mole 
This means that even at the lowest concentration of porphyrin, the porphyrin molecules 
were present at a ratio of 20: 1 to the molecules of ST A. Depending on the affinity that 
the porphyrin had for the STA, it may well be that our porphyrin concentrations were too 
high. 

The affinity of the porphyrin for the STA molecules depends on whether or not 
the STA molecules were deprotonated, and thus negatively charged. If the stearic acid 
molecules were not deprotonated, than the affinity of H2 T 4 for ST A was based solely on 
a weak ion-dipole interaction between the positively charged nitrogen and the polar 
carboxylic group. The question of whether or not the stearic acid was protonated 
depended upon the pKa of STA. Because only the head of the stearic acid was in contact 
with the water, it could be treated as an unsubstituted carboxylic acid. This gave it a pKa 
value54 of 4.75. Because the pH of the solution was higher than the pKa by .85, 10.85, or 
",7, times as much of the STA in the monolayer was deprotonated as was protonated. 
This meant that roughly 86% of the molecules in the monolayer were negatively charged. 
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The negatively charged STA molecules had a much stronger affinity and bound much 
more tightly to the H2T4, as the binding interacting was an ionic interaction instead of a 
weaker ion-dipole interaction. When this consideration was taken into affect, it seemed 
highly likely that a porphyrin concentration in the subphase of 3.5[!M would result in 
saturation of the STA monolayer with bound porphyrin. In other words, even in the 
lowest concentration trial, all of the STA molecules that would bind to porphyrin in the 
subphase, already had. Thus, varying the subphase porphyrin concentration above 3.5[!M 
should have had very little impact on the isotherms and the Mma values at which phase 
behavior occurred. 

Unfortunately, the plots of appendix A do not display constant Mma values with 
rising concentration. While the Mma values for the different surface pressures appear to 
jump around fairly randomly, it is important to consider the uncertainty in each 
measurement. This uncertainty was determined by comparing two isotherms of STA on 
pure water (displayed in figures 7.2 and 7.3). When these isotherms were compared, the 
uncertainty in the Mma values for the SP values of 10, 20 and 30 mN/m averaged out to 
0.2 A2/molecule. This uncertainty is not great enough to allow for the points in the plots 
of appendix A to fall within range of one another. Thus, the conclusion is that the data 
does not provide quantitative results to verify the predicted model. 

One interesting point to note is that the data in which the trough was cleaned more 
carefully seems to follow a more predictable pattern. While the data is not clear enough 
to conclude that the hypothesis is verified, it is more consistent with the predicted pattern. 
The expected impact, that adding more porphyrin would cause the isotherm to occur at 
higher Mma values, was seen more definitively in the "clean" trials than the 
"consecutive" trials. For this reason, qualitative examination of the data will focus on a 
comparison of the "clean" trials with ST A on a porphyrin subphase to those on a pure 
aqueous subphase. 

The first qualitative observation of the isotherms is that there is a distinct jump in 
Mma between those trials involving porphyrin and those that didn't. This seems to 
indicate that the porphyrin is binding to the monolayer. The affect of the porphyrin 
binding the stearic acid is to add a bulky group to the molecules of the monolayer, below 
the surface. The bulky bound porphyrin results in an increase in the effective area of the 
ST A molecules. The bulkier "molecule" composing the monolayer is not as 
compressible as the unbound STA. This is responsible for the phase behavior of the 
monolayer occurring at higher Mma values, as displayed by seven isotherms in figure 
8.6, where two isotherms were compressions of STA on pure water, and five had 
porphyrin in the subphase. 



~ z .s 
[L 
(/) 

80 

60 

40 

20 

o 

-20 

o 10 20 30 40 50 60 

Mma (AA2/molecule) 

Figure 8.6-Seven isotherms of ST A. From left to right, the porphyrin concentrations in the subphase for 
the isotherms are (in f!M): 0,0,3.5,14.1,7.6,4.7, 1l.4. 
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Examining the seven isotherms in figure 8.6, one other distinct characteristic that 
appears in four of the isotherms and is absent in three of them, is the "inflection point" 
(it's hard to say if it is exactly a point of inflection, but it seems best characterized as 
such) that occurs between a surface pressure of 30 and 50 mN/m, while the monolayer is 
in the solid (S) phase. Three of the ST A isotherms display a constantly sloping region for 
the S phase. Two of these isotherms had a pure aqueous phase, while the third had a 
concentration of porphyrin in the subphase of 3.5~M. The four isotherms that were run 
with higher concentrations ofH2T4 (from 4.7-14.1~M) all displayed a characteristic 
change in the SP behavior during the S phase. When the region of the isotherm 
representing the S phase is enlarged for comparison (figure 8.7), the difference in the 
isotherms' shapes become very distinguishable. This difference in shapes of the 
isotherms may be attributed to a number of different possible changes in the monolayer. 
One possibility is that the porphyrin that is bound to the ST A molecules is popping off 
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(unbinding) at high surface pressure. Another possible explanation for the inflection 
point in the isotherm at high SP is that the bound porphyrin is changing its position. It is 
possible that the bound porphyrin is tilted in solution, and when the compression reaches 
a certain point, the molecules in the sub phase align vertically. Either of these 
possibilities is feasible, and the results do not presently allow for a determination of what 
is happening during the S phase to alter the shape of the isotherm with porphyrin in the 
subphase. 
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Figure 8.7 - Expansion of S phase for ST A isotherms. The three isotherms that do not display the 
"inflection" point are the two with no porphyrin in the subphase, and the one with the lowest 
concentration of porphyrin (3.5IlM). The four "clean" trials with porphyrin concentrations from 
4.7-14. 111M display the interesting change in concavity at an SP of approximately 42mN/m and 
Mma values ranging from 2l.5-23.1A2/molecule. From left to right, the porphyrin concentrations 
in the subphase for the isotherms are (in 11M): 0, 0, 3.5,14.1,7.6,4.7, 1l.4. 

The hypothesized outcome was not quantifiably verified by the results of the trials 
with STA on a subphase containing H2T4. Qualitatively, the results seem to hint that the 
porphyrin is binding to the ST A molecules. Further, there is a distinct change in the 
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shape of the isotherm that may allow for some further characterization of the bond that 
forms between the STA monolayer and the H2T4 molecules in solution. At present, the 
conclusion is twofold: porphyrin is binding to the monolayer, and the manner in which it 
binds has not yet been characterized. 

Before proceeding to studies involving other monolayers (possibly 1-24) or 
conditions promoting aggregation, it is important to run another series of trials similar to 
those described in this chapter. A set of trials incrementally covering the range of 
concentrations between 0.1 and 10.0[!M might provide results that verify or disprove the 
hypothesis. These trials are necessary to provide a full range of data for the Mma vs. 
concentration plots. 

Examining the results for the "clean" trials, the binding may occur in a manner 
similar to that hypothesized. The qualitative results hint that something may be occurring 
when the concentration of the porphyrin in the subphase goes from 3.5 to 4.7[!M. 
Furthermore, while the quantitative results are more random, plots A13-A15 show a 
distinct gap between the trials without H2T4 in the subphase and those with porphyrin 
molecules present. The final conclusion is that further studies must be run before 
proceeding on to an examination of two-dimensional aggregation. These trials provided 
necessary characterization of the isotherm for STA with and without a bound porphyrin 
in the subphase, characterization that had to be carried out before moving on to studies 
involving porphyrin aggregation. 



Chapter 9-Conclusion and Future Directions 
Section 9.1-Conclusions 
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The quantitative results for this study were not as conclusive as anticipated. The 
conclusion based upon the plots in the appendix is that further trials need to be run with 
various porphyrin concentrations in the subphase in order to determine the manner in 
which porphyrin binds to a two-dimensional substrate. Fortunately, qualitative results 
indicate that the porphyrin does bind to the Langmuir monolayer of stearic acid. This is 
promising, and also raises the likelihood that the porphyrin will bind to Isocarb-24, as it 
has the same head group as stearic acid. DPPC served as a good monolayer to calibrate 
the device, and CTAB, while not a good candidate for trials with porphyrin, provided a 
small victory in our ability to possibly create the first stable monolayer without adding 
salt to the subphase. This study provided two Langmuir monolayers (1-24 and STA) that 
will serve us well in future studies involving H2T4. The trials done for this paper were a 
necessary first step towards understanding the binding process of porphyrin to a 
Langmuir monolayer. 

Section 9.2-Future Studies 
The next step in this research is to run numerous trials identical to the "clean" 

trials of chapter 8 with stearic acid monolayers on porphyrin concentrations ranging from 
0-1O[!M in order to determine exactly how the H2T4 is binding to the monolayer. 
Depending on the results of these trials, it may be informative to run similar trials with a 
monolayer of Isocarb-24 on the surface. Once the exact manner of binding is understood, 
the step to studying aggregation can be taken. Trials can be run with the subphase at low 
pH values or high salt concentrations in order to see whether these conditions, which 
promoted aggregation of H2T4 in previous studies, will promote the formation of 
aggregates when the porphyrin is bound to a two-dimensional substrate. 
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Appendix A - Plots 
The following plots all describe the data collected for the trials with porphyrin in 

the subphase. The plots are of the Mma at which the surface pressure reaches a certain 
value vs. the concentration of the porphyrin subphase. The first four plots are for all of 
the porphyrin trials. The second four plots are for the "consecutive" trials, while the third 
set of four plots are for the data from the "clean" trials. The first 12 plots all scale the 
horizontal axis logarithmically. The final three plots compare the average Mma at 
Sp=30, 20, and lOmN/m to the concentration on a linear scale for all the data, the 
"consecutive" trials, and the "clean" trials. Note that for the plots using the logarithmic 
scale, in order to enable us to compare the trials with porphyrin to those without, the 
clean sub phase was said to have a porphyrin concentration of .lmicromolar, as ° would 
be undefined on the log scale 
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Data for "Consecutive" Trials 
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Data for "Clean" Trials 
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Data for All Trials on a Linear Scale 
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Datafor "Clean" Trials on a Linear Scale 
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