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ABSTRACT 

Monolayers of amphiphilic molecules at interface provide a unique system for 

understanding the thermodynamic and rheological properties of quasi two-dimensional systems. 

They are also an excellent model accessible for studying cell membranes. The feature of long-

range organization of molecular tilt azimuth in monolayers at the air/water interface is one of the 

most interesting findings over the past two decades, which leads to the formation rich and 

defined textures. By observing the changes in these textures, the transitions between tilted 

monolayer phases can be detected.  

We study the boojum and stripe textures formed in the liquid-condensed phase of 

pentadecanoic acid (PDA) monolayers at the air/water interface and find that they can be 

preserved after being transferred to glass substrates at low dipping speeds at a temperature lower 

than the room temperature. Frictional force microscopy confirms the long-range tilt order in the 

transferred boojums and stripes of PDA, implying the interaction of the PDA molecules with the 

glass surface does not change the tilt order. Polymerized stripe textures of pentacosadiynoic acid 

(PCA) monolayers can also be transferred onto solid substrates. Atomic force microscopy shows 

that the PCA stripe textures represent the regular variations of molecular packing densities in 

PCA monolayers. Furthermore, we find that the molecular orientation and packing density 

changes in monolayers can induce the local order of nematic liquid crystals. Due to the long-

range orientation correlation of nematic liquid crystals, the boojum and stripe textures in 

monolayers can be observed by an optical microscope after liquid crystal optical amplification.  
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CHAPTER 1. INTRODUCTION 

1.1  Langmuir-Blodgett Films 

Langmuir-Blodgett (LB) films can be defined as mono-molecular assemblies on 

substrates. Irving Langmuir is regarded as the father figure in this field. Langmuir discovered the 

forces between molecules were short range and acted only between molecules in contact with 

monolayer films, and laid down the fundamental scientific foundation of mono-molecular films1. 

He described the surface effect of the mono-molecular in The Constitution and Fundamental 

Properties of Solids and Liquids in 1917, in which he studied the pressure-area property of 

molecules in the subphase2. His research showed the hydrophilic head groups were the only part 

immersed in the subphase of acids, alcohols and esters. Katherine Blodgett developed the 

technique of transferring the films onto solid substrates. This technique can be used as 

transferring a monolayer film, as well as building up multilayer films. And this technique is 

generally known as the Langmuir-Blodgett technique. Figure 1 gives us an idea of what does the 

NIMA LB trough look like.  
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Figure 1 NIMA Langmuir-Blodgett Deposition Trough. 

 

The way to produce LB films is by spreading solution onto the subphase and later on 

transferred to solid substrates. There are a few factors needed to be taking into consideration. 

First is choosing the solvent. Solvent must be volatile, chemically inert with respect to the solute 

and also needs to be relatively pure. To test the purity of the solvent, one can use the “Blank 

Spreading” technique [2], which is by spreading the solvent onto the subphase, giving it time to 

evaporate and then runs an isotherm. If surface pressure remains unchanged, the solvent is 

qualified to use. The volatility of the solvent should neither be too long nor too short. Second is 

spreading. Syringe is preferred to be used as the spreading tool. The distance between the 
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subphase and the needle should be within several millimeters, and each drop should be allowed 

to evaporate before the next is applied. Third is substrate. Substrate must be thoroughly cleaned 

as it determines the property of the first layer. Substrates can be generally divided into two type 

base on the surface property: hydrophobic and hydrophilic. Figure 2 shows how the molecules of 

the first layer will arrange when transferred on to a hydrophilic substrate. 

 

Figure 2 Deposition of the first monolayer onto a hydrophilic substrate. 

 

In the subphase, surface tension will bring the peripheral molecules into the bulk, and the 

tendency of surface-active molecules to accumulate at the interface favors expansion of the 

interface to lower the surface tension. The reduction of surface tension is called surface pressure. 

Base on this phenomenon and given the number of molecules on the surface is known, it is 

possible to monitor the surface pressure as a function of the area occupied per molecule. The 

NIMA LB trough uses the Wilhelmy plate method to measure surface tension. The Wilhelmy 
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plate is made from a strip of chromatography paper. At constant temperature, the plot of surface 

pressure as a function of the area occupied per molecule is known as the pressure/area isotherm, 

which is usually abbreviated to isotherm.  

Figure 3 is a typical LB trough compression isotherm. Normally there are four phases of 

the isotherm: gaseous phase, liquid expanded (LE) phase, coexistence phase and liquid 

condensed (LC) phase.  

 

Figure 3 Schematic diagram of typical LB trough compression isotherm (ref. 3). 
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1.2  Monolayers 

Monolayers at the air/water interfaces and Langmuir-Blodgett (LB) monolayers on solid 

substrates of amphiphilic molecules have been studied for a century. Nonetheless, the monolayer 

systems still attract great interest, due to the fact that they are distinctive models to the study of 

cell membranes4-10 and also contribute to better understanding of the thermodynamic and 

theological properties of quasi two-dimensional systems11-18. Technological potential of aligning 

monolayers on solid substrates have been presented in molecular electronics, sensors and 

nonlinear optics19-20. Long-range orientational order and short-range positional order was 

discovered during the past two decades3, 21. Tilted molecules with respect to the surface normal 

of several long-range ordered phases have been shown by grazing incidence X-ray diffraction; 

regarding to the underlying bond orientational order, the tilt azimuth has a well-defined 

orientation22. In the tilted phases of fatty acids, esters and lipids, well defined and rich optical 

textures have been discovered, such as mosaic23-26, star27-28, Stripe29-30, and boojum31, which all 

represent large-scale self-organization of the molecular tilt azimuth. Landau-deGennes theory of 

tilted hexatic phases that takes into account the broken-symmetry characteristic of amphiphiles at 

the air/water interface can explain most of these textures32-33. 

1.3 Brewster Angle Microscope 

BAMs are primary designed to visualize Langmuir films and the tilted phases at the air-

water interface24. When p-polarized light is projected to pure water at an incident angle ∝ of 

53.1°, there will be no reflection and the image of BAM under this condition is black. This angle 

is known as the Brewster angle. When the incident light hits other materials, the refractive index 
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changes and the reflected light will form an image. The brightness of the image varies, 

depending on the molecular arrangement and densities at the interface.  

Plenty of works have been done within the coexistence phase range. Boojums31, stars27-28 

and other patterns24-26, 29-30 of fatty acids, esters and lipids had been discovered in the tilted 

phases at the air/water interface, mostly by Brewster Angle Microscope (BAM).   

BAM is a well-developed technology and has been widely used. However the drawback 

of BAM is it could be only used to characterize surface at the interface. In order to have a better 

understanding of the LB monolayers in the coexistence phase, we decided to use liquid crystal 

(LC) and atomic force microscope (AFM) to image and analyze the transferred LB monolayers 

on substrates. 

1.4 Atomic Force Microscope 

The Atomic force microscope (AFM) can provide accurate resolution image on the 

surface, analyze and characterize materials at nanoscales.  In 1985 Gerd Binning brought up the 

concept of using force instead of electric current to image a surface. With the help and C. Gerber 

and C. Quate, they made the first prototype of atomic force microscopy34. Figure 4 shows a 

schematic of the components of AFM. The tip is mounted on the end of a cantilever spring, laser 

beam is used to detect the deflection of the cantilever, the feedback electronic system will 

transfer data to the computer, and the display system will convert the data to images.   

When the tip is brought very close to the sample surface, the interaction between the 

surface and the tip will deflect the cantilever. The deflection of the cantilever detected by the 
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laser beam will transfer to the feedback electronic system and then reach the computer system 

which converts the data into an image of the sample surface.   

 

Figure 4 Schematic components and operation of AFM. 

1.4.1 Force Distance Curves 

The force distance curve indicates the relationship between the position of the tip and the 

force. When the tip is approaching the sample surface, at first there is only small repulsive force 

because of the attractive surface forces. As the tip moves forward towards the sample surface, 

the cantilever bends due to the interaction with the surface, therefore the force increases. The tip 

continues to move to the preset sample surface position, and then moves backwards. Finally the 

tip returns to its original position. The force distance curve is shown in Figure 5. 



8 
 

 

Figure 5 Schematic of AFM force distance curve.  

 

1.4.2 Operation Modes of AFM 

There are three primary operating modes regarding to the interaction between the tip and 

sample materials.  

 

(1) Contact Mode 

Under this mode, the tip keeps close and “soft” physical contact with the sample surface. 

Due to the surface profile of the sample, cantilever deflection changes. Using a feedback loop to 

keep the cantilever deflection constant by changing piezo-voltages, therefore by collecting the 
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piezo-voltages an image is obtained. The advantages of contact mode are it can achieve high 

scan speed; also it is the only mode that can obtain atomic resolution images; and it is easier to 

scan the changes in topography when it comes to rough surface samples. However, due to the 

high lateral and normal forces, soft samples like polymers can be damaged. 

 

(2) Tapping Mode 

The cantilever is oscillated near its resonant frequency and remains the oscillation 

amplitude constant. By maintaining a constant interaction between the tip and sample, images 

are obtained.  The advantages of tapping mode are it can achieve high lateral resolution; no 

lateral forces hence very little damage to the samples; and when compared to the non-contact 

mode, the imaging condition is more stable. But the scan speed in the tapping mode is lower 

when compared to contact mode. Also the normal forces are larger than the non-contact mode. 

  

(3) Non-Contact Mode 

The tip does not contact with the sample and the cantilever is oscillated above its 

resonant frequency. The attractive forces (Van der Waals forces) change the amplitude, and by 

maintaining the amplitude constant, images are obtained. The advantages of non-contact mode 

are the lateral and normal forces are lower, therefore is less damaged to the soft samples. The 

disadvantages are when compared to contact mode, the scan speed is lower; and the imaging 

conditions are unstable.  

The images in this thesis were taken from tapping mode and contact mode. 
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1.5 Liquid Crystal 

Liquid crystals are highly anisotropic fluids, in which molecules have long-range 

orientational order, but little positional order. This unique feature places liquid crystals between 

crystals (which possess both positional and orientational order) and isotropic fluids (which 

exhibit no long-range order). Figure 6 shows schematic of molecules alignment of solid state, 

liquid crystal state and liquid state. Possessing the internal order and coherence of crystals, with 

the fluidity of liquids, permits liquid crystals to act as a sensitive material. The energy required to 

perturb the molecular order of liquid crystals is very small, and any defect or non-uniformity of 

the surface in contact with the liquid crystals leads to changes in the local order [35-36]. The 

surface-induced changes in the molecular order can extend over tens of micrometers into the 

bulk liquid-crystal phase on time scales of milliseconds. This in turn leads to observable optical 

patterns or textures in a polarizing optical microscope (“optical amplification”). 

The liquid crystal phase is first discovered by Friedrich Reinitzer37. Figure 7 schematic of 

structures of liquid crystal molecules. As noticed that the cholesteryl benzoate had two distinct 

melting points, he designed the experiment to increase the temperature of a solid cholesteryl 

benzoate sample and observed the solid changed into hazy liquid. As the temperature kept 

increasing, the hazy liquid slowly changed to clear and transparent liquid. Later Lehman38 used 

polarizing microscope to observe liquid crystal, and discovered they exhibit crystalline optical 

properties but also had the viscous as liquid. And later the name “liquid crystal” was widely used. 

Molecules in liquid phase are randomly ordered while in solid state they will be highly 

ordered. In liquid crystal state, the molecules are not perfectly ordered, but they have the director, 

which would orient the molecules to point along a certain preferred axis called director. The 

liquid crystal phase is also known as the mesogenic state39, 40. 
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Figure 6 Schematic of molecules alignment of solid state (a), liquid crystal state (b) and 

liquid state (c). 

 

 

Figure 7 Schematic of structures of liquid crystal molecules. 
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The classical liquid crystals are derived from rod-like molecules. About 3/4 of the rod 

like mesogenic compounds are compiled in table books so far41, 42. Chandrasekhar et al. and 

Billard et al. discovered the liquid crystals originated from disc-like molecules39, 40.  The lath like 

species of liquid crystal is the intermediate form between the rod like and the disc like forms.  

Liquid crystals have intermediate physical properties between conventional solids and 

fluids, which exhibit structural orders in the arrangement of molecules while the physical form is 

like fluid. There are three types of liquid crystals, thermotropic, lyotropic and polymeric.  

 

1.5.1 Thermotropic Liquid Crystal 

Thermotropic liquid crystals are temperature dependent and have a series of phase 

transition occur over a temperature range. Enantiotropic liquid crystals are only stable above the 

melting point, while monotropic liquid crystals are only stable below the melting point and had 

to be using decreasing temperature method to acquire. 

Friedel43 classified thermotropic rod-like liquid crystals into three types based on the 

nomenclature, which are nematic, smectic and cholesteric. Table 1 shows the structures of 

thermotropic liquid crystals. 
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Phase Type Structure 

Nematic Molecules are statistically oriented along a certain preferred axis n called 

director. 

The symmetry is not changed by the substitution. 

Nematic is nonpolar in the bulk 

Cholesteric The axis of orientation of the molecules rotates through an angle 360o over the 

distance equal to the helix pitch Po. 

Smectic A Molecules are arranged in layers perpendicular to the layer normal. 

Smectic C Molecules are arranged in layers oblique to the layer normal. 

 

Table 1 Structures of thermotropic liquid crystals (ref. 44). 

 

Lyotropic liquid crystals are usually obtained during the increase of concentration of 

isotropic solutions of certain materials in a suitable solvent, which are very concentration and 

temperature dependent. Usually the systems are formed by water and amphilhilic molecules. 

Lyotropic liquid crystals are of interest in biological studies45. 

The liquid crystals which can form both thermotropic as well as lyotropic states are called 

amphotropic. The amphotropic behavior can be found in polyhydroxy amphiphiles, disc like and 

rod like liquid crystals and block-copolymers46. 

Thermotropic liquid crystals are the most extensively studied, and their physical 

properties are depending on the temperature. As temperature increases, thermotropic liquid 

crystals would go through phase transitions from solid to liquid, then to isotropic liquid and in 

the end to vapor. Thermotropic liquid crystals have three phases: nematic, cholesteric and 
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smectic. Figure 8 shows the schematic of thermotropic liquid crystals phases: (a) nematic, (b) 

smectic A, (c) smectic C and (d) cholesteric.  

 

Figure 8 Schematic of thermotropic liquid crystals phases: (a) nematic, (b) smectic A, (c) 

smectic C and (d) cholesteric (ref. 47).  

1.5.2 Nematic Phase  

Liquid crystals in nematic phases have the same director, which means they intend to 

point to the same direction but are not positional ordered. The orientation of the director can 

change in space. However, the molecular dimension is much shorter than the characteristic 

distance of its variation, meaning that it is possible to create a uniform orientation molecular axis. 

Also the symmetry will not be changed by substitution. The order parameter of the nematic 
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phase is 0.7~0.8 and becomes zero when change into isotropic phase. The temperature of the 

phase transition between the nematic phase and isotropic phase is called clearing point.  

Nematic liquid crystal molecules possess in a high degree of long range orientational 

order but do not have long range positional order, which is different with isotropic liquid 

molecules. X-Ray studies by Chistyakov48 and Vries49 showed some types of nematic liquid 

crystals have a lamellar type of short range order, containing cybotactic groups50 formed by 

clusters of molecules.  

The physical properties of nematic molecules are the same in the +n and –n directions 

along the axis director, indicating that they are centrosymmetric. If a permanent electric dipole is 

carried by each of the nematic molecules, the bulk dipole will vanish because of the way they 

assemble.  

 

1.5.3 Smectic Phase  

Some smectic liquid crystals, unlike nematic liquid crystals, are characterized by both the 

orientation and positional order, while others (e.g. hexatic phases) possess long range bond 

orientational order but no long range positional order51. The molecules position is correlated in 

certain ordered pattern, and all of the smectic molecules have a lamellar structure. There are 

several subphases of the smectic phase according to the ordering or arrangement of the 

molecules and structural symmetry properties37, 49. 

The smectic liquid crystals molecules are arranged in layers. The average thickness of the 

layers is related to the molecular length. Leadbetter52 and Pershan53 discovered several types of 

smectic modifications. The most commonly discussed smectic phases are smectic A and smectic 

C. 
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Recently, there has been an increased interest in using liquid-crystal optical amplification 

as a simple and fast imaging technique for studying the structures and amaproperties of organic 

and biological interfaces54-63. It has been demonstrated that liquid crystals can map differences in 

the spatial orientation of terminal groups in self-assembled monolayers (SAMs) formed from 

alkanethiols that differ by a single methylene54. The change in the spatial orientation between 

odd and even number of methylene groups in SAMs can cause a 90° rotation in the azimuthal 

orientation of liquid crystals. This information is not easily obtained by other imaging techniques. 

Nematic liquid crystal 5CB (4’-pentyl-4-cyanobiphenyl) could be employed as an optical 

amplification medium to image the seven-segment stars in the transferred monolayers of 1-

monopalmitoyl-rac-glycerol that arise from variations in the molecular tilt azimuth55. 

The orientation of a nematic liquid crystal can be employed to image the textures that 

arise solely from the variation in the molecular tilt azimuth in both planar and cylindrical 

geometries. Liquid-crystal optical amplification is a fast and nondestructive method which can 

provide us a simple way to observe and characterize a number of important issues in monolayer 

studies. 

1.6 Pentadecanoic acid and Pentacosadiynoic acid 

Pentadecanoic acid (PDA) and 10, 12-pentacosadiynoic acid (PCA) Langmuir 

monolayers had been widely studied at the air-water interface.   Figure 9 shows the molecular 

structures of PDA and PCA.  Both PDA and PCA have a hydrophilic head group –COOH, and a 

long carbon chain which is hydrophobic. The significant difference between PDA and PCA, 

besides the number of carbon atoms, is that PCA has a diacetrylene group where polymerization 
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can be triggered. Monolayer of PDA and PCA molecules were transferred onto hydrophilic glass 

substrates in our study. 

 

 

Figure 9 Schematic of molecular structure of (a) PDA and (b) PCA.  

H. D. Sikes et al. observed the densely-packed islands and dendritic structure in AFM 

pictures by transferring PDA monolayers in liquid expanse phase (LE) onto mica substrates64. 

Keith J. Stine and his coworkers found foam structures at the air/water interface of PDA 

monolayers with BAM in the coexistence phase65. In the study by S. Akamatsu et al.66, 

fluorescence microscopy pictures also showed the foam structures in the air/water interface in 

the LE and LC coexistence phase range. And their work showed circular shape LC domains were 

isolated by large areas of LE phases.  They showed the surface pressure increased as the increase 

of temperature.  Shape relaxation of PDA after compression stopped had also been noticed in 

their work. Inversed boojum67 was discovered in the LE-LC coexistence phase at the air/water 

interface by using BAM on the water surface. 
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PCA is a diacetylene compound (R-C≡C-C≡C-R’), and is well known of its 

photoreactivity by UV irradiation68. With appropriate stimulation (E.X. UV light radiation) in the 

solid state, diacetylene compounds can polymerize69, 70. Linear polymerization of PCA on 

graphite surface has been shown to have a length ranging from 5 to 300 nm71. 
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CHAPTER 2. EXPERIMENTAL 

2.1 Pentadecanoic acid (PDA) and 10, 12-Pentacosadiynoic Acid (PCA) Synthesis 

Pentadecanoic (PDA) from Sigma was dissolved in chloroform, and 10, 12-

Pentacosadiynoic Acid (PCA) from Aldrich was dissolved in toluene before spreading onto the 

air/water interface in a NIMA Langmuir trough. Water used in our experiments was puritfied by 

a Millipore Milli-Q system. Surface pressure-area isotherms of PDA monolayers were identical 

to those reported in literature21. Polymerization on PCA was performed with UV (254nm) at the 

air/water interface before transferred onto a substrate at room temperature (~22℃). The subphase 

temperature was controlled by a circulating water bath through the base plate of the Langmuir 

trough.  

2.2 Sample Preparation  

Glass substrates were cleaned by a solution of 70% H2SO4/30% H2O2 at 100℃ for 30 min 

and then rinsed thoroughly with Milli-Q water. Glass substrates were inserted into the water 

subphase prior to the spreading of PDA/PCA monolayers. After solvent was allowed to 

evaporate for 15 min, the PDA/PCA monolayers were compressed at a rate of 1 Å2 molecule -1 

min-1 and then transferred onto glass substrates at a constant speed after a preset pressure was 

reached. The transferred monolayers were stored in a sealed container for no more than a day 

prior to imaging. 
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Liquid crystal imaging cells were assembled by using a PDA/PCA monolayer covered 

glass substrate in the bottom and a cleaned glass slide on top with a 25 μm spacer in between, as 

shown in figure 10. Liquid crystal 5CB (4’-pentyl-4-cyanobiphenyl) was applied as an optical 

amplification medium to image the textures in the transferred PDA/PCA monolayer. 5CB was 

employed into the cells in the isotropic phase and cooled down to room temperature after the cell 

was fully occupied.  

 

Figure 10 Schematic representation of assembling liquid crystal imaging cells. 

 

2.3 Characterization Tools   

2.3.1 Atomic Force Microscope (AFM) 

Frictional force images of PDA/PCA monolayers on glass substrates were achieved by 

using an atomic force microscope (AFM) (Dimension 3100, Vecco Instruments) in contact mode 

in air at room temperature (~22℃). A silicon nitride cantilever (Nanosensors) with a spring 
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constant of 0.051 N/m was used. The size of the cantilever tips (radius of curvature) according to 

the manufacturer was about 15 nm. Typical loading forces were on the order of 1nN. 

2.3.2 Optical Microscope  

 Optical microscope (BX 40 Olympus) was used to visualize the orientation variation of 

5CB induced by the PDA/PCA monolayers of the liquid crystals imaging cells. Images were 

captured by the attached digital camera (Olympus C2020 Zoom) mounted on the microscope.  
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CHAPTER 3. RESULTS AND DISSCUTION 

3.1 Pentadecanoic acid (PDA)  

Amphiphilic molecules attract great interest in the biology and chemistry field because of 

their monolayers at the air/water interface are excellent models for studying the biological 

processes in cell membranes4, 72 and the phase transitions in quasi two-dimensional systems3, 22. 

Besides, some technological potential are shown in, such as molecular electronics, biosensors 

and nonlinear optics after the monolayers are transferred to solid substrates19.  

Monolayers at the air/water interface have one important feature, which is the existence 

of long-range orientational order3, 22. The star73-75, stripe76-78 and boojum textures79-81 represent 

the long-range organization of the molecular tilt azimuth in which the tilt angle of molecules 

with respect to the surface normal is fixed by the thermodynamic state, but the tilt azimuth is not. 

The molecules have the same tilt azimuth director which is parallel to the segment bisector in 

one segment of the star texture. Figure 11a shows a discrete jump in the tilt azimuth between 

segments. The tilt azimuth turns continuously in the boojum texture in Figure 11b. The points 

with the same tilt azimuth are located on a straight line, crossing at a single defect point which is 

located just outside the domain boundary. The stripe texture has both the discrete jump and 

continuously feature which is shown in Figure 11c. The director of the tilt azimuth in one stripe 

turns continuously and jumps at the boundary between each stripe.  
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                  (a)                                                (b)                                              (c)    

Figure 11 Schematic of molecular tilt azimuth within (a) star, (b) boojum and (c) stripe 

textures. 

 

Stripe texture forms in monolayers of pentadecanoic acid (PDA) when compressed to an 

area of 25−35 Å2/molecule and the liquid expanded (LE) phase is replaced by the liquid 

condensed (LC) phase when cooled below the triple point, as shown in the work of J. Ruiz-

Garcia et al.76.  

In the study of D. K. Schwartz79, a PDA monolayer with 1 mol % NBD-hexadecylamine 

at the air/water interface within the liquid expanded (LE) and liquid condensed (LC) coexistence 

phase in the range of 15−25℃, the LC domains showed the boojum textures under the polarized 

fluorescence microscope (PFM).  The cusp angle of the boojums varies and in related with the 

radius of the LC domains79, 80.  

3.1.1 Boojum textures of PDA monolayer 

The frictional force microscopy (FFM) image of an LE-LC coexistence phase transferred 

from the air/water interface onto a glass substrate at 18℃ with a dipping speed of 0.2 mm/min 
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using the Langmuir-Blodgett (LB) technique (Figure 12a). It was taken from the left-to-right 

scan at room temperature (22℃). The boojums are successfully preserved on the glass substrate 

under these conditions during the LB transfer process, although the uniform LE phase breaks up 

into small islands which leads to the exposure of the glass substrate surface (bright region). In 

each LC domain boundary, the cusp is noticeable. Due to the reduce friction force in the boojums 

domain compare to the glass substrate surface, because the boojums are softer than the glass, the 

boojums are dark in the FFM image. Figure 12b shows when the LE-LC coexistence phase 

transfer at the air/water interface is performed at 12℃, the uniform LE phase is found out to be 

preserved on the glass substrate and shows a uniform grey scale. Small bright dots appear in the 

gray LE phase around the dark LC domains when the LE-LC coexistence phase is transferred 

onto glass substrates at 8℃ (Figure 12c). The bright dots have higher friction than the gray LE 

phase (middle friction) and dark LC domains (low friction). The bright dots appear during the 

cooling of the LE-LC coexistence phase representing the gas (G) bubbles are formed76, which 

means a G-LE-LC coexistence phase is successfully preserved after the transfer.   At the loading 

of 1nN, the relative friction force of G, LE, LC phases is 7:4:1. 
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Figure 12 Frictional force images of an LE-LC coexistence phase from the air/water 

interface transferred onto glass substrates at a dipping speed of 0.2 mm/min at (a) 18℃, (b) 12℃, 

and (c) 8℃. The images were taken from the left-to-right scan in air at 22℃.  

 

In Figure 12a, there are clearly no evident shows the boojum shape is distorted when 

transferred at a dipping speed of 0.2 mm/min. But after transferred whether the continuous 

variation of tilt azimuth within the boojums is preserved on the glass substrate is another 
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interesting issue. The ability to dissolve the discrete jump of the tilt azimuth between segments in 

the star textures has been shown by FFM22, 82-84.   

Figure 13a shows a high resolution image of FFM measurements of an individual boojum, 

in which the boojum that is aligned with the scan direction appears to be homogeneous in friction. 

In Figure 13a, it looks like no detectable changes in friction are noticeable with the continuous 

variation of molecular tilt azimuth with respect to the scan direction.  But inhomogeneous 

frictions are observed when the boojums are aligned by ~45° to the scan direction, which are 

shown in Figure 3b and 3c. We expect there is a discrete jump in the tilt azimuth with respect to 

the scan direction along the longest radius of the boojums base on the variation of molecular tilt 

azimuth in the boojum texture (Figure 13b). As shown in Figure 13b and 13c, when the scan 

direction is opposite the scan direction, the friction is high (bright region); when the scan 

direction is in the tilt direction, the friction is low (dark region). No variation in friction is 

observed within both regions. In addition, the boundary between the two regions is curved, 

which implies the dipping process very likely affects the continuous tilt azimuth variation in the 

boojums.  

We find the transferred boojums are aligning along the dipping direction when the 

dipping speed increases to 2 mm/min, as shown in Figure 14. It has been shown LB transfer 

causes flow in monolayers85, 86. In Figure 14 all the cusps of the aligned boojums point in the 

same direction, which shows the high dipping speed transfer very likely induces the alignment of 

boojums. Additionally, some of the boojums start to break up along their radial direction, while 

most of them are elongated along the dipping direction at the higher dipping speed.  
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Figure 13 AFM images of different orientations of boojums on glass substrates with 

respect to the scan direction. These images were taken in air at 22℃; the scan direction was from 

left to right. The transferred speed of boojums onto glass substrates was 0.2 mm/min at a 

temperature of 18℃.   
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Figure 14 Frictional force image of a transferred monolayer on glass substrate from an LC-

LE coexistence phase at the air/water interface at 15℃ with a speed of 2 mm/min. The image 

was taken from the left-to-right scan in the air at 22℃. 

3.1.2 Stripe textures of PDA monolayer 

The G-LE-LC triple point of PDA monolayers was determined to be 17℃ at the air/water 

interface87. The molecular area of the LE phase is 43 Å2/molecule and 2100 Å2/molecule for the 

GF phase at the triple point. When compressed to a molecular area of 25−35 Å2/molecule and 

cooled below the triple point, the stripe textures which had a width vary from 5μm to 80μm 

could be formed in a PDA monolayer76, 77. In our study, using the LB technique, PDA 

monolayers were transferred onto glass substrates at 8℃ at a dipping speed of 0.2 mm/min. 

Friction force images taken in air at room temperature (~22℃) of the stripe texture on glass 

substrates are shown in Figure 5. The width of stripes is ~20μm measured by frictional force 

images, and is consistent with the study of PDA stripes width range at the air/water interface by 

fluorescence microscopy77.  
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Frictional force image (Figure 15a) shows a  continuous variation across each stripe for 

the stripes perpendicular to the scan direction. The topographical image taken simultaneously 

shows no feature. For molecules have the same tilt angel with respect to the surface normal in the 

same stripe, there is no variation in the heigh profile. If there is friction variation within one 

stripe, it is reasonable to assume the molecular tilt azimuth in the stripe is varied.  However, the 

precise relationship between the friction and the tilt azimuth is hard to define base on the data we 

generate from the FFM measurements. The presence of stripes in the transferred monolayer, the 

uniformity of height, and the variation of the frictional force all support our view that the stripe 

texture survives the transfer to glass substrates at the low dipping speed. However, it does not 

necessary mean all the transferred PDA stripes are perfect.  

Figure 15b shows defects of PDA stripes on a glass substrate imaged by FFM are 

characteried by the discontinuous variation in frictional force. The spiral pattern found by FFM 

on glass susbtrates, which is shown in Figure 15c, is formed by the organization of stripes at the 

air/water interface around a point defect76. Due to the limit of the maximum scan range (100μm) 

of the friction force microscope we use, it is impossible to image a whole spiral. The spiral 

pattern from Figure 5c, however, shows the friction force of the stripes exhibit near symmetrical 

variations across their width. The transfer of stripe textures was carried out at 8℃ from the 

air/water interface and the friction force images were taken at 22℃ in air,  which suggests the 

continuous variation of the molecular tilt azimuth within the stripes is frozen on glass substrates. 

The variations in friction across the width within the stripes disappear when we increase the 

dipping speed to 2 mm/min, which means the orientation of the PDA molecules within the 

stripes are reorganized by the higher dipping speed. 
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Figure 15 Frictional force images of stripe textures transferred on glass substrates at 8℃ 

with a speed of 0.2 mm/min from the air/water interface. The images were taken from the left-to-

right scan in air at 22℃. 

Figure 16 shows the schematic geometry of the liquid crystal (5CB) imaging cell of a 

PDA monolayer. Light propagates from below the imaging cell and passes through the polarizer, 

then the liquid crystal which rotates its plane of polarization, in the end out through the analyzer. 

The director represents the local orientation of the molecules and determines the optical 

properties of the liquid crystal. The images of the optical textures are captured by using a 

polarizing microscope with a hot stage. 
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Figure 16 Schematic geometry of liquid crystal (5CB) imaging cell of a PDA monolayer. 

A tilted monolayer is deposited on the bottom glass slide.  5CB is employed above the tilted 

layer. 

 

The application of liquid crystals has been explored as in imaging self-assembled organic 

and biological systems60, 63, 88 and detecting biological binding events56, 60, 89. In our study, we use 

optical amplification of liquid crystals (5CB) to further image the frozen organization of the tilt 

azimuth within the transferred stripes on glass substrates. Liquid crystal (5CB) image of stripes 

(Figure 17a) was taken by a polarizing optical microscope under crossed polarizers at the 

nematic phase of 5CB.  The stripe textures in the liquid crystal images closely resemble what has 

been shown by BAM on the water surface76, 78. Figure 17b shows the plots of transmitted 

intensity across the stripes, closely resembling the fluorescence intensity profile across PDA 
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stripes with 1 mol % NBD-hexadecylamine measured at the air/water interface78. The 

transmitted intensity reaches maximum near the center while the minimum appears at both edges. 

The tilt azimuth direction of the 5CB varies continuously across the stripes induces the variation 

of the transmitted intensity. The transmitted intensity also varied when the sample was rotated 

between crossed polarizers.  

When 5CB is heated to its isotropic phase, the stripes shown in Figure 6a disappear and 

reappear while 5CB is cooled down to its nematic phase, which suggests the azimuthal order of 

5CB molecules is induced by  the transferred stripes. People have been using LB technique to 

transfer monolayers of amphiphilic molecules on glass substrates to align liquid crystals for a 

long time90-92. The penetration of liquid crystal molecules in the transferred monolayers was 

suggested to the mechanism to induce a homeotropic alignment. The 5CB molecules penetrate 

into the stripes and align parallel along the tilted PDA molecules via intermolecular interactions, 

which lead to the continuously azimuthal variation of 5CB across the PDA stripes.  
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Figure 17 (a) Liquid crystal (5CB) image of stripe textures in a transferred monolayer. 

The image was taken with an optical microscope under crossed polarizers at 22℃. Arrows 

indicate the directions of polarizer and analyzer. (b) Plots of the intensity of transmitted light as a 

function of a fractional distance across the stripes. The intensity was measured by image analysis 

with MATLAB software. 

3.2 10, 12-Pentacosadiynoic Acid (PCA) 

 10, 12-Pentacosadiynoic acid (PCA) at the air/water interface has been widely studied93-96. 

X-ray diffraction study on polymerized PCA by UV light irradiation with two different 

subphases of CdCl2 and TbCl3  showed the molecular packing of the monolayer was influenced 

and in turn influenced the polymerization93. Brewster angle microscopy images showed domains 

of PCA monolayer formed immediately after spreading and packed up as surface pressure 

increased94. The condition to trigger polymerization and the possible ways to polymerize of PCA 

were discussed in the study of K. Ogawa, in which evidence was shown that the sensitivity of 

PCA polymerization was affected by the molecular density in PCA LB film95. The phase 
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diagram of PCA had been studied by detailed isotherm measurements97. What also should be 

noted is PCA monolayers are unstable and collapses on pure water97, while they can be stabilized 

by spreading on a subphase98. The length of extended PCA molecule is about 3.1~3.2 nm99-100.  

Figure 18 shows the surface pressure/area isotherm of the PCA monolayer on water 

subphase obtained by continuous compression. The isotherm we obtained is similar to former 

studies97-98, 100-101. From the results of our experiment, different from PDA, the pressure-area 

isotherm reflects the PCA molecule arrangements from single layer to multilayer. The first steep 

increase of surface pressure indicates the formation of a monolayer.  

 

Figure 18 Surface pressure/area isotherm of PCA monolayer on water subphase.  

3.2.1 Topographic AFM images of PCA stripes on glass substrates  

We used the LB technique to transfer PCA monolayers with stripe textures on glass 

substrates at the LC phase with a dipping speed of 0.2 mm/min at 18℃. Figure 19 shows an 
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atomic force microscope (AFM) image of PCA stripe textures transferred on a glass substrate. 

Transferred of the film performed at a pressure of 3.6 mN/m and a molecular area of 27.8 Å2. 

The image was taken in air at room temperature (22℃). PCA stripes pattern is transferred onto 

glass substrates from the figure. The topographical image shows the height variance across the 

stripes along the scan direction, which indicates the tilt angle of PCA molecules changes in 

different stripes. Due to the lack of friction force profile, we cannot conclude whether the tilt 

azimuth is the same along a single stripe. As the transferred pressure increases to 5.8 mN/m at 

which PCA has 18.2 Å2/molecule (Figure 20), AFM image shows stripes with different 

directions are transferred onto the glass substrate. The overlap of different stripes is also shown 

in the image. PCA molecule has a polar surface area of 26.3 Å2, which means the arrangement of 

molecules at the air/water interface is not able to maintain monolayer and induce formation of a 

multilayer. The structure of PCA molecule implies the arrangement of molecules will be tilted 

yet the tilt angle and tilt azimuth is not fixed. Therefore the molecules arrangement in the 

multilayer has a high uncertainty.  
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Figure 19 Atomic force microscope image of stripe textures transferred from PCA 

monolayers at the 3.6 mN/m on glass substrates with a speed of 0.2 mm/min at 18℃.  

 

 

Figure 20 Atomic force microscope image of stripe textures transferred from PCA 

monolayers at the 5.8 mN/m on glass substrates with a speed of 0.2 mm/min at 18℃.  
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3.2.2 Alignment of 5CB on PCA stripe textures on glass substrates   

First observation of the imaging cell after filled with 5CB was obviously that the nematic 

phase of 5CB wetted the PCA monolayer covered glass substrate completely. Figure 21 shows 

liquid crystal (5CB) images of the stripe textures transferred at the air/water interface at pressure 

5.8 mN/m.  The images were taken by a polarizing optical microscope under crossed polarizers 

when 5CB is in its nematic phase.  As shown in Figure 21, the stripes were lighted up by 5CB 

and the brightness changed as the sample rotated. In Figure 21 (a) and 21 (d), the light intensity 

through the stripes achieved the maximum when the sample was arranged parallel or 

perpendicular to the polarizer; light intensity decreased in the angle range of 0° to 45° with 

respect to the polarizer (Figure 21 b), and had its minimum at the 45° (Figure 21 c), then 

increased again in the range of 45° to 90°. From these results, we concluded the PCA stripes 

induced the nematic 5CB azimuthal orientation uniformly in a direction about 45° to the 

stripes axis. The light intensity change had no regular pattern in the LE phase area in Figure 

21, indicating the nematic 5CB molecules were orientated with a large angle with respect to 

the surface normal.  

During the compression, the reduction in molecular areas meaning the increase of 

packing densities at the air/water interface. While being transferred onto the substrate, the 

hydrophilic head group of PCA interacted with the hydrophilic glass substrate and stick on it, 

while the hydrophobic tail stood up. Due to the hydrophobic feature of nematic 5CB, within the 

stripes 5CB interacted with the hydrophobic tail of PCA and tilted by an angle with respect to the 

surface normal. The penetration of 5CB molecules in lipid monolayers91, 92 can also be used for 

explaining the 5CB interaction with PCA monolayers. Due to short range interaction102 and close 

hydrophobicity, partially of the first layer 5CB molecules may penetrate into the PCA 
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monolayers while the others titled and acquired a polarized dipolar surface layer103. The long 

range orientation of nematic 5CB later on leads the interface-induced orientation to the bulk 

phase and adopts the orientation of the PCA monolayer. Therefore, we conclude that the 

orientation of 5CB shown in Figure 21 reflects the variation of packing densities leaded PCA 

stripe pattern. 

= 

Figure 21 Liquid crystal (5CB) images of stripe textures in a transferred monolayer. 

Transferred at a pressure of 5.8 mN/m with dipping speed 0.2 mm/min at 18℃. Stripes were (a) 

parallel, (b) 20°, (c) 45°, and (d) perpendicular to the polarizer. The images were taken with 
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an optical microscope under crossed polarizers at 22℃. Arrows indicate the directions of 

polarizer and analyzer. 

As heated up to the isotropic state of 5CB at 36℃, the stripes pattern disappeared under 

polarized microscope as shown in Figure 22 (d). Figure 22 (a) shows the image of the alignment 

of 5CB on PCA stripe textures at 22℃. As temperature increase, the thermo motion of liquid 
crystal molecules increase and affects the molecular interaction in the bulk phase as well as 

at the interface as shown in Figure 22 (b, c). When cooled down to its nematic phase at 22℃, the PCA stripe textures reappear, suggesting the alignment of 5CB molecules is 

induced by the PCA stripes.  
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Figure 22 Liquid crystal (5CB) images of stripe textures in a transferred monolayer. 

Transferred at a pressure of 5.8 mN/m with dipping speed 0.2 mm/min at 18℃. The images were 

taken at temperature (a) 22℃, (b) 30℃, (c) 34℃, and (d) 36℃ with an optical microscope under 

crossed polarizers. Arrows indicate the directions of polarizer and analyzer. 

 

3.2.3 Alignment of 8CB on PCA stripe textures on glass substrates  

8CB has been well studied45, 104-105, which is smectic-A liquid crystal at room temperature 

and the nematic phase transition temperature is 33.3℃106. The smectic-A 8CB has a strong 

dipole to dipole interaction along the axis of the molecules107 which leads to a bilayer 

configuration. Figure 23 shows the liquid crystal (8CB) image of PCA stripe textures in a 
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transferred monolayer at pressure 6 mN/m. The image was taken with an optical microscope 

under crossed polarizers at 23℃. The 8CB was employed at the isotropic state into the imaging 

cell to prevent flow-induced anchoring and later on cooled down to room temperature. In Figure 

23, the 8CB molecules were presented in pattern representing the PCA stripes. The brightness 

changed as the sample rotated with respect to the surface normal. 8CB is more rigid and 

hydrophobic than 5CB108. The steric interaction is an important factor to the tilt angle of the 

molecules near the interface109. The polar interactions between 8CB and the monolayer at the 

interface increase with increasing density of alkyl chains110-112. The molecule to molecular forces 

of 8CB and PCA at the interface are very strong due to the close hydrophobicity and large alkyl 

tail−8CB interactions cause by high packing density of PCA at the LC phase. The bulk ordering 

of 8CB is dominated by a combination of the intermolecular dipole to dipole interactions and the 

molecular forces at the interface between 8CB and PCA. Therefore based on Figure 23 that the 

8CB represented the ordering of the PCA stripes pattern, the PCA alkyl tail−8CB interactions 

dominated the bulk ordering of the liquid crystal. 
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Figure 23 Liquid crystal (8CB) image of PCA stripe textures in a transferred monolayer 

at pressure 6 mN/m. The image was taken with an optical microscope under crossed polarizers at 

23℃. Arrows indicate the directions of polarizer and analyzer. 

 

Figure 7 shows the Liquid crystal (8CB) images of polymerized stripe textures in a 

transferred monolayer at pressure 6 mN/m. The images were taken with an optical microscope 

under crossed polarizers at 37℃ which 8CB is in the nematic phase. 8CB is less rigid and lower 
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viscosity in the nematic phase compared to the smectic-A phase. The intermolecular dipole to 

dipole interactions reduce, the 8CB molecules continuously orientated along the PCA stripes.  

 

Figure 24 Liquid crystal (8CB) images of PCA stripe textures in a transferred monolayer 

at pressure 6 mN/m. The images were taken with an optical microscope under crossed polarizers 

at 37℃. Arrows indicate the directions of polarizer and analyzer. 
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CHAPTER 4. CONCLUSION 

AFM and polarized microscope are successfully used to study the transferred PDA and 

PCA monolayers. We report the both PDA and PCA monolayer textures are finely remained 

after transferred to solid substrates.  

We demonstrate PDA monolayers at the air/water interface can be transferred onto glass 

substrates at low dipping speeds without altering their long-range tilt order. The stripe and 

boojum textures of PDA monolayers with continuous variation of the molecular tilt azimuth 

formed at the air/water interface at temperatures lower than room temperature are also 

successfully preserved after transferred.  By carrying out frictional force microscopy 

measurements at room temperature, we discover the continuous variation of the molecular tilt 

azimuth in stripe and boojum textures is frozen on glass substrates. The transferred stripe 

textures can induce a continuously azimuthal variation of 5CB. 

We show that the stripe textures of PCA monolayers with regular variations of molecular 

packing densities at the air/water interface can be transferred onto glass substrates without 

changing the packing densities. Atomic force microscopy confirms the packing densities 

variation successfully preserved in the transferred PCA monolayers on glass substrates. The 

packing densities change in PCA monolayers can induce ordering of nematic 5CB and smetic-

A/nematic 8CB. Due to the long-range orientation correlation of nematic 5CB and smectic-

A/nematic 8CB, the stripe textures of PCA monolayers can be observed by an optical 

microscope after liquid crystal optical amplification within the imaging cell.  Further study of the 

ordering induced by PCA monolayers of smectic-A 8CB will open up the possibility to be turned 

into a unique biosensor.  
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