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ABSTRACT 

 

     Polyhedral oligomeric silsesquioxanes (POSS) have attracted substantial academic interest for 

many years as hybrid materials and nanofillers for controlling thermal and mechanical properties, 

and for providing thermal and chemical resistance while retaining ease of processing. A natural 

extension of these studies has been working on POSS-based amphiphiles and thin film coatings. 

Studies at the air/water (A/W) interface have shown that trisilanol-POSS derivatives are 

amphiphilic and form uniform Langmuir films, whereas closed-cage POSS derivatives are 

hydrophobic and aggregate.  

     In this study, two novel POSS derivatives were synthesized from PSS-(3-hydroxypropyl)-

heptaisobutyl substituted (POSS-OH) and completely characterized. Weisocyanate reacted with 

POSS-OH, and a POSS-based triester (POSS-triester) was obtained. Trifluoroacidolysis of the 

POSS-triester at room temperature afforded the corresponding triacid (POSS-triacid). Purified 

POSS-OH, POSS-triester, and POSS-triacid were studied by using surface pressure – area per 

molecule (Π-A) isotherms as well as Brewster angle microscopy (BAM) at the air/water (A/W) 

interface. Compared with previous work on trisilanol-POSS derivatives, the results indicated that 

POSS-triester was surface active and formed a liquid-expanded (LE) monolayer. In contrast, 

POSS-triacid monolayers were more condensed (LC) and were not dramatically affected by 

changes in pH. Results for the lift-off areas (Alift-off), limiting areas (A0), collapse areas (Ac), and 
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collapse pressures (Πc) of POSS-OH, POSS-triester, and POSS-triacid were compared to 

trisilanolisobutyl-POSS (TiBP) and were interpreted in terms of possible molecular 

conformations. Whereas, TiBP has been hypothesized to exist in a vertex-on conformation, 

POSS-OH and POSS-triacid packing at the A/W interface was consistent with face-on 

conformations. For POSS-triester, the isotherm was consistent with a vertex-on conformation at 

low Π, but a face-on conformation at high Π. 
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Chapter 1 

Introduction and Literature Review 

 

1.1 Introduction to Interfaces and Colloids 

     Interfaces, the areas which separate two phases from each other, generally include the solid-

liquid, the solid/gas, and the liquid-gas interfaces. Since the boundary between water and oil can 

be distinguished as two immiscible liquids, liquid/liquid interfaces are also studied as well as 

solid/solid interfaces. However, gas/gas interfaces are not considered because all gases are 

miscible. Collides, usually discussed with interfaces, are disperse systems, with dispersed phase 

lateral dimensions on the order of nm to µm.1 Colloids and interfaces are intimately related since 

the interface-to-volume ratio is so large that their behavior is critically dependent upon the 

surface properties. For this reason, some properties of nanoscience and nanotechnology are 

intimately related to interfacial behavior as properties deviate from their bulk values. 

      Interest in interfaces and colloids has developed in a variety of areas including lipid 

membranes in biology,2 swelling of clay or soil in geology,3 butter manufacturing in food 

science,4 detergency,5 thin films,6 coatings,7 paints,8 etc. However, a surface is seldom an 

infinitesimally sharp boundary in the direction of its normal; rather it is rough, and this 

roughness affects properties and applications. In this thesis, the air/water (A/W) interface is the 

main interface. The density of a liquid surface decreases from its bulk value to its vapor value 

over a few molecular diameters.9  
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1.2 Introduction to Polyhedral Oligomeric Silsesquioxanes (POSS) 

     Polyhedral oligomeric silsesquioxanes are more commonly known as POSS. These 

compounds have attracted substantial academic interest for many years as a hybrid material.10 

POSS is composed of a relatively hard 0.5 nm diameter inorganic core and that makes the overall 

diameter of the molecules 1 to 3 nm. The two most common types of POSS are closed-cage 

POSS and open-cage POSS (Figure 1.1). Of the closed-cage POSS derivatives, the one 

composed of eight silsesquioxane units (T8) is the most common. While octaalkyl-POSS 

derivatives are normally hydrophobic, open cage trisilanol-POSS derivatives are amphiphilic. 

Since the octaalkyl-POSS can be synthesized from a trisilanol-POSS, opportunities to build 

molecules with different rigidities and amphiphilic properties in nanoscale dimensions exist.10a 

POSS has attracted considerable interest for high-temperature nanocomposites, space-survivable 

coatings,10b low-k dielectric materials,10c liquid crystalline polymers,10d and catalysts.10e Varieties 

of POSS-based polymers have been made and have shown interesting properties.10f-i Such hybrid 

materials have properties between inorganic and organic compounds with respect to glass 

transition temperature, mechanical strength, thermal and chemical resistance, and ease of 

processing.10j 

 

Figure 1.1 Two most common types of POSS. R = alkyl group. 
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1.2.1 POSS Cage Synthesis 

     A silsesquioxane has a general empirical chemical formula RSiO1.5, in which R is hydrogen 

or an alkyl, alkene, aryl, or arylene group. However, substituents are not necessarily the same on 

every Si atom. Frequently, one substituent on closed-cage POSS derivatives has a more branched 

arm that ends with a functional group, such as an alcohol, amine, alkene, etc. 

     Synthesis of the POSS cages requires hydrolytic condensation. POSS derivatives have been 

formed from trialkoxysilanes and trichlorosilanes (RSiX3) (Scheme 1.1 and 1.2).11 In order to 

obtain different POSS derivatives, the reaction rate is controlled with a catalyst or by the choice 

of solvent.  

 

Scheme 1.1 Scheme for synthesizing closed-cage POSS derivatives.11 

 

     Problems with Scheme 1.1, where R is usually a chemically stable organic substituent or H, 

include the need to carefully control the initial concentration of the monomer and catalyst, the 

temperature, the rate of addition of water, etc.11-12 The character of  the substituent X and 

solubility of polyhedral oligomers can also influence the rate and distribution of products for the 

reaction in Scheme 1.1.10a For example, higher temperature tends to favor polymer formation; 
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hence room temperature reactions under mild conditions are normally preferred. Furthermore, 

dropwise addition of H2O is suggested to control the concentration of silanol groups to avoid 

extensive side reactions (such as branched oligomers and linear polymers). Different solvents 

(such as cyclohexane, benzene, methanol, and acetone) and catalyst (either HCl or KOH) have 

been used depending on the organic substituents.13 
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Scheme 1.2 Scheme for synthesizing open-cage POSS derivatives.11 

      

     Open cage trisilanol POSS derivatives are one example of a series of incompletely condensed 

POSS cages. Here, an open cage POSS means that at least one hydroxyl group exists with at 

least one missing vertex.  Feher and his coworkers14 have designed a method to control the 

reactivity of the monomer RSiX3 to synthesize opened cage POSS (Scheme 1.2). By introducing 

acetone, it was possible to slow the hydrolytic condensation when R was a cyclopentyl or 

cyclohexyl group. However, these reactions usually took a few days and the yields were 

relatively low (< 30%). Later, strong acids proved to be effective for the selective cleavage of 

completely condensed octameric polyhedral silsesquioxane (R8Si8O12) cubes (Scheme 1.3).15 
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Scheme 1.3 Synthesis of incompletely condensed POSS cages from the cleavage of completely 

condensed POSS in the presence of an acid or base catalyst. 
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1.2.2 Synthesis of POSS-based Polymers 

     As an organic/inorganic hybrid material, POSS is of interest for blends with polymers or 

dendrimers. These blends tend to exhibit increases in use temperature, reductions in flammability, 

better oxidation resistance, and surface hardening.16 One major advantage for POSS in these 

potential applications is the ability to tailor the POSS cage in order to control blending with 

polymers.17 The physical properties of these hybrid materials depend on the miscibility of the 

host polymer and the POSS derivative.18  

     Polyaddition and polycondensation are common methods for the synthesis of POSS-based 

polymers.19 One interesting study used epoxy-functionalized cubes, 

octaaminophenylsilsesquioxane (OAPS), polyaminophenylsilsesquioxane (PAPS), 

octa(dimethylsiloxypropylglycidyl ether) silsesquioxane (OG), diaminodiphenylmethane (DDM), 

and diglycidyl ether of Bisphenol A (DGEBA) to create nanocomposites.20 For the resulting 

nanocomposite, it was believed that the rigidity, processability and thermomechanical properties 

could be improved by adjusting the architecture of the organic tethers between vertices.21  Many 

examples of asymmetric POSS derivatives derived from an octafunctional-POSS have been 

studied.10d, 22 

 

1.2.3 Physical Properties and Applications of POSS 

     As a hybrid material, POSS is a bridge between ceramics and polymers. Compared to 

conventional organic and inorganic materials, it has intermediate properties with respect to use 

temperature, oxidation resistance, toughness, density and ease of processing. POSS has 

tremendous potential as a space survival material based on its low density, reduced heat 
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evolution and good oxidation resistance, and as case insulation for solid rocket engines and 

ducting for liquid rocket engines.23 In order to achieve these properties, control of molecular 

weight and composition led to the modification of open-caged POSS derivatives to create 

polymerizable and crosslinkable units for the development of model silica surfaces,24 building 

blocks for network solids,25 and ligands.12a, 26 

     The morphology of POSS-based polymers has attracted greater attention. Crystalline 

polymers, such as polynorbornene27 and poly(lactide-co-glycolide) (PLGA)28 were introduced 

into POSS segments. Compared to the earlier work done on block copolymers with amorphous 

POSS segments,29 the nanoconfinement effect within microphase-separated domains highly 

depended upon the state of the POSS. The POSS-rich domains mainly acted as crosslinks, 

however, “pseudo-network” systems were sometimes observed during physical aging 

experiments.30  Many techniques have been used to examine the morphology of POSS-

containing copolymers. For example, wide-angle X-ray scattering (WAXS) was used to 

investigate POSS-based ABA triblock microstructures31 and the intermediate ordering of POSS 

homopolymer.32 Transmission electron microscopy (TEM) and dynamic mechanical analysis 

(DMA) were also used to study phase-separated microstructures with different POSS 

components.31  

     Open cage POSS derivatives are surface active and closed-cage POSS derivatives can also be 

coupled with hydrophilic polymers to create amphiphilic materials. These new materials usually 

exhibit an affinity for interfaces, which makes them potential compatibilizers and dispersion 

aides. POSS is also excellent model nanofiller with well-defined size. The Esker group has 

demonstrated an increase in the Tg of polymeric thin films with small amounts of 

trisilanolphenyl-POSS (TPP).33 Meanwhile, different filling behaviors based on different POSS 
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derivatives were also examined at the A/W interface. For example, when trisilanolisobutyl-POSS 

(TiBP) is benlded with polydimethylsiloxane (PDMS), TiBP was believed to platicize the blend 

films at low surface pressure, thereby reducing mechanical strength.34 TPP could also form thin 

film bilayers and thin film blends with polymers leading to interesting morphological behavior.35 

For example, thin film bilayers of polystyrene (PS) and TPP were studied with respect to 

morphological evolution during annealing at elevated temperatures. The dewetting mechanism in 

work by Paul et al. was different from similar studies with polymer/polymer bilayers.36 These 

results indicate that dewetting of both the upper TPP and the lower PS layers led to the exposure 

of the silicon substrate.35b  

     Topological constraints in POSS-based polymers also affect physical properties. For example, 

molecular motion associated with network junctions slowed when the weight percentage of 

epoxy-POSS increased in the blend with diglycidyl ether of bisphenol A (DGEBA) and 1,4-

butanediol diglycidyl ether (BDGE).37 Fu et al. increased the rubbery plateau modulus by 

introducing trisilanolphenyl-POSS into the tetraglycidyl diamino diphenyl methane / 2-methyl-

1,5-pentadiamine (TGDDM) / (MPDA) system.38 

 

1.3 Experimental Techniques 

     The objective of my research is the synthesis of a triester (POSS-triester) and a triacid (POSS-

triacid) from PSS-(3-hydroxypropyl)-heptaisobuyl (POSS-OH). The Langmuir-Blodgett (LB) 

and associated techniques will be used to study the phase behavior of POSS derivatives at the 

A/W interface. In order to study the morphology of amphiphilic molecules, Brewster angle 

microscopy (BAM) is coupled with a Langmuir trough.  
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Figure 1.2 Diagram of the forces on two liquid molecules, one in the bulk versus one at the 

surface. Orange arrows highlight attractive forces acting on a given molecule. 39 

 

1.3.1 Surface Pressure-Area per Molecule (Π-A) Isotherms and the Langmuir-Blodgett (LB) 

Technique 

 

     Surface tension is a critical property of a liquid caused by cohesive forces between molecules. 

This effect is depicted in Fiugre 1.2. For molecules within the bulk liquid, forces experienced on 

the molecules are symmetrical resulting in a net force of zero. These forces include van der 

Waals forces, hydrogen bonding, dipolar interactions, etc. Without these attractions there would 

not be a condensed phase. However, for molecules located at the interface, forces are not 
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balanced and result in a net attractive force that pulls molecules at the surface of a liquid towards 

the bulk. In order to bring a molecule from the bulk to the surface, a “surface free energy” 

penalty represented by the surface tension or surface energy (γ) is required. This surface tension 

with a unit of force per unit length can also be considered as surface energy density (energy per 

unit area), reflecting the tendency of liquids to reduce their surface area. At thermodynamic 

equilibrium, the surface tension of a planar interface can be expressed as:40 

ߛ                                            ൌ ቀ
డி

డ஺
ቁ
்,௏,௡

ߛ ݎ݋  ൌ   ቀ
డீ

డ஺
ቁ
்,௣,௡

                                                       (1.1) 

where T, P, and V are temperature, pressure, and volume, respectively, A is the surface area, and  

F and G are the Helmholtz and Gibbs free energies, respectively. In this thesis, only water is 

discussed because it is not only the most frequently used liquid, but it also has a higher surface 

tension (about 73 mN·m-1 at 20 oC) than traditional organic liquids. The larger γ arises from 

strong hydrogen bonding between H2O molecules.  
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Figure 1.3 Schematic depiction of a Langmuir trough.  

 

     A Langmuir-trough (Figure 1.3) is a laboratory instrument used to study the properties of 

amphiphilic molecules. The instrument can be used to compress the monolayer to create a 

surface pressure-area per molecule (Π–A) isotherm. With the addition of a dipper and dipping 

well, a Langmuir trough becomes a Langmuir-Blodgett (LB) trough that allows the deposition of 

LB-films onto solid substrates. The instrument is named after Irving Langmuir and Katherine B. 

Blodgett, who demonstrated it was possible to create monomolecular coatings on surfaces of 

water, metal, and glass.41 Films on water have become known as Langmuir films while films 

transferred to solid substrates by vertical deposition are known as LB-films.      
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     Monolayers on water are usually composed of amphiphilic molecules with hydrophilic heads 

and hydrophobic tails.42 Most of the early work involving Langmuir monolayers was conducted 

with long-chain carboxylic acids (such as stearic acid), which contain a polar headgroup 

anchoring the molecules to the surface of water and a hydrophobic tail preventing dissolution of 

the molecule. These amphiphilic molecules are also known as surfactants, since they lower the 

surface tension of water and allow easier spreading of the liquid on another liquid or solid. As 

the monolayer molecules are compressed, their steric or repulsive interactions generate a force 

that counteracts the contracting tendency of the liquid, thereby further lowering the surface 

tension. This change in the surface tension is usually called the surface pressure, Π = γliquid – γfilm, 

where γliquid is the surface tension of the neat liquid and γfilm is the surface tension of the liquid 

with a surface film. Π can be considered as the two-dimensional (2D) analog of a three-

dimensional (3D) bulk pressure (P). Semi-quantitatively, Π can be thought of as a pressure 

distributed over the thickness of the thin film: 
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Likewise, a 2D lateral modulus, εs (to be discussed later):  
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can be considered as an analog of the 3D bulk modulus, K: 
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     In these studies, the amphiphilic molecules are normally dissolved in a spreading solvent 

(chloroform, dichloromethane, hexane, etc.). The solvent chosen must have a positive spreading 

coefficient: 

                                      ܵ ൌ ௔௜௥/௪௔௧௘௥ߛ  െ ߛ௔௜௥/௦௢௟௩௘௡௧ െ ߛ௦௢௟௩௘௡௧/௪௔௧௘௥                                 (1.5) 

where γair/water, γair/solvent and γsolvent/water correspond to the interfacial tensions between air and 

water, air and solvent, and the spreading solvent and water, respectively.43 Ideally, the spreading 

solution is deposited onto the surface of the trough to disperse the material in a monomolecular 

state. 

 

Figure 1.4 Measurement of surface pressure with a Wilhelmy plate.  

 

     The aqueous subphase is normally placed in a trough made of a hydrophobic material, like 

Teflon. Π can be monitored by the Wilhelmy plate method (Figure 1.4). In the Wilhelmy plate 

method, absolute forces acting on the plate, usually made of roughened platinum or filter paper, 
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and partially immersed in the subphase, are measured. Downward forces working on the plate, 

such as gravity and surface tension, are balanced by upward forces, such as buoyancy, resulting 

from the displacement of water by the plate, and the pressure sensor itself. These forces are 

usually measured with a sensitive electrobalance.44 γ and Π can be calculated from: 

                                             



cos)(2

,0,
0 tL

FF filmobsobs
film 


                                                      (1.6) 

where γ0 is the surface tension of the pure liquid and γfilm is the surface tension of the film 

covered surface. Fobs,0 is the force measured by the Wilhelmy plate when there is no Langmuir 

film on the surface, Fobs,film is the force measured by the Wilhelmy plate when there is a 

Langmuir film on the surface, L is the length of the plate, t is the thickness of the plate, which is 

usually small relative to L and is frequently ignored, and   is the contact angle between the 

water and the Wilhelmy plate.  

     The contact angle is the angle at which a liquid-gas interface touches a solid surface. When a 

droplet of liquid is at rest on a solid surface, the contact angle only depends on the material 

properties of the liquid and the solid. In this thesis, the liquid phase discussed is water unless 

otherwise mentioned. As shown in Figure 1.5, if a water droplet is on a hydrophilic solid surface, 

water molecules spread and  < 90o is observed. On the other hand, if water droplet is on a 

hydrophobic solid surface, the contact angle will be in the range of 90o to 180o. Young’s 

equation provides a quantitative description of wetting phenomena:45 

௔௜௥/௦௢௟௜ௗߛ                                   െ ߛ௟௜௤௨௜ௗ/௦௢௟௜ௗ െ ߛ௔௜௥/௟௜௤௨௜ௗ cos ߠ ൌ 0                                     (1.7) 
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Figure 1.5 Contact angles of water on hydrophilic and hydrophobic surfaces.46  

 

Paper or roughened plates often lead to perfect wetting ( = 0o). Therefore, Equation 1.6 is 

sometimes written as: 
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L

FF filmobsobs
film 2

,0,
0


                                                    (1.8) 

when t << L. 

     As seen in Equation 1.8, the surface pressure is the difference in surface tension between a 

clean or pure liquid (water) surface and a film covered surface. Π as a function of molecular (or 

monomer) area (A) at constant temperature is called a Π–A isotherm. Π-A isotherms are two-

dimensional analogs of three dimensional pressure versus molar volume isotherms. Conceptually, 

A is nothing more than  

                                                         N

A
A trough                                                                      (1.9) 

where Atrough is the area of the trough and N is the number of molecules on the surface. A and N 

are easily calculated by knowing Atrough, the concentration of the spreading solvent and the 

amount of spreading solution spread. Phase changes may be identified by monitoring Π as a 

function of A. 

When A (Figure 1.6) is very large, molecules are far apart from each other; therefore the 

interactions between adjacent molecules are very weak. At this point, the amphiphilic molecules 

exist in a phase similar to a gas (G). As the molecules are compressed, the molecules will start to 

interact with each other and repulsive interactions will cause the molecules to start rising off the 

surface. As a consequence of the compression, liquid-expanded (LE) and condensed (LC) phases 

can form.  A key difference between liquid phases is their densities. While condensed phases 

have densities that are similar to bulk liquids and solids, LE phases have densities that are ~ 50% 

smaller than 3D liquids. The other major difference is long-range order. For the LE phase, the 
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orientation of molecules is random. In contrast, traditional LC phases for molecules structurally 

similar to fatty acids are a collection of ordered phases with different tilt angles and unique 

packing which can be differentiated in grazing incidence X-ray diffraction (GIXRD) studies.47 

Prior to monolayer formation, LE and the LC phases can coexist with G to form G/LE or G/LC 

coexistent phases at Π ~ 0.48  

 

Figure 1.6 A schematic depiction of a Π-A isotherm for amphiphilic molecules at the A/W 

interface. The area scale on the plot roughly corresponds to room temperature values for  fatty 

acids, where A0 for the condensed phase is in the vicinity of 20 Å2·molecule-1.47a 

 

     Figure 1.6 is idealized. A film need not exhibit both an LE and LC or solid (S) phases. Special 

molecules like stearylamine (deposited on water acidified to pH=2.5 with HCl),49 addition of 
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Cu+2 to 4-(((10,12-pentacosadiynoyl)oxy)methyl)pyridine,50 amino-acid-derivatized diacetylene 

lipid,51 n-octadecyltrichlorosilane (OTS),52 phospholipid,53 poly(l-lactic acid) (PLLA),54 form 

both LE and LC phases. For these systems there is a first order phase transition between the LE 

and LC phases leading to phase coexistence.55 As already noted, GIXRD studies showed the 

traditional LC phase was actually a collection of different phases that could be distinguished on 

the basis of their long-range order and average tilt angles. For example, fatty acids are known to 

form up to 9 condensed phases.56 One of these is the solid phase (S), where the tilt angle is zero. 

Transitions between other LC phases and S are manifested as kinks rather than plateaus and tend 

to be second-order transitions.57 At sufficiently high Π, all monolayers undergo collapse 

transitions.48 Whether this transition entails the formation of multilayer structures (Figure 1.7) or 

dissolution into the bulk subphase is dependent upon the molecular structure. 

     As noted in the previous paragraph, monolayer phase transitions can be either first-order 

(common phase transition from undergraduate thermodynamics) or second-order (much rarer).57 

In general, a transition for which the first derivative of the chemical potential with respect to 

temperature is discontinuous is classified as a first-order transition. As a result, the densities of 

the two phases are discontinuous and a plateau in the Π-A isotherm is observed. In contrast, for 

second-order transitions, the first derivative of the chemical potential with respect of temperature 

is continuous but the second derivative is discontinuous. As noted, G-LE, G-LC, and LE-LC 

phase transitions are first-order. However, Π-A isotherm studies may be ambiguous because of 

kinetic effects and the influence of line tension.58 For example, the nature of the LE-LC 

transition of n-pentadecanoic acid was argued for years and scientists only reached agreement 

after BAM and fluorescence microscopy showed the nucleation and growth of the LC phase.57  
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     As one may notice in Figure 1.6, at the end of solid phase, molecules are no longer 

compressible and after a so-called “collapse” transition 3D structures are formed as depicted in 

Figure 1.7 or dissolution of parts of the Langmuir film occurs. The surface pressure 

corresponding to collapse is defined as the “collapse pressure” (Πcollapse), which indicates the 

limit of the stability of a 2D monolayer. Normally, the value of Πcollapse is related to the barrier 

speed (compression rate) and the history of the film. A schematic diagram (Figure 1.7) 

demonstrates the process of collapse. As seen in Figure 1.7, compression of amphiphilic 

molecules with a constant force after the formation of a stable 2D monolayer ultimately pushes 

some molecules out of the monolayer away from the water subphase. During the transition, the 

hydrophobic tails of the upper molecules will interact with hydrophobic tails of the molecules in 

the bottom layer. However, the exact multilayer structures depend upon specific materials with 

most molecules tending to form different multilayer structures.59
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Figure 1.7 A schematic depiction of a Langmuir film undergoing collapse from a monolayer into 

multilayer domains. 

 

     An LB film contains one or more monolayers of a material deposited onto a solid substrate 

from a Langmuir film. An LB-film is formed by passing a solid substrate through the A/W 

interface of a Langmuir film. For special materials a monolayer is added with each immersion or 

emersion step, resulting in films with precisely controlled thicknesses. The procedures for 

preparing LB-films and measuring Π–A isotherms are similar.  
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Figure 1.8 Y-type deposition of LB-multilayers onto a hydrophobic substrate: (A) formation of a 

stable Langmuir monolayer at the A/W interface by compression, (B) first immersion of a 

hydrophobic substrate, (C) first withdrawal, and (D) LB-multilayers with head-to-head and tail-

to-tail configurations.60  
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Figure 1.9 Structures of LB-multilayers: (A) X-, (B) Y-, and (C) Z-type. The structural 

difference between Figure 1.8 D and (B) reflects the fact that (B) depicts a hydrophilic substrate. 

X- and Z-type depositions do not normally guarantee that the multilayers will have the 

corresponding structure as rearrangement with time after deposition is possible.61  

 

     Several transfer modes for the deposition of molecules onto a substrate are depicted in 

Figures 1.8 and 1.9. For Y-type deposition onto a hydrophobic substrate (Figure 1.8), the 

substrate is lowered into the subphase and the molecules are oriented with their hydrophobic tail 

regions towards the substrate for the first layer. On the upstroke, the polar hydrophilic 

headgroups of the molecules on the surface are attracted to the outward facing headgroups that 

have already been deposited on the substrate. Continuous upstrokes and downstrokes can yield a 

multilayer LB-film. With an even number of layers, the hydrophobic tails face the air in the final 



   Page 
23  

layer. For the less common types of transfer, X-type (Figure 1.9b) and Z-type (Figure 1.9c) 

deposition, molecules are only deposited on the downstroke or upstroke, respectively. In contrast 

to Y-type deposition where molecules are deposited into an alternating superstructure, X- and Z-

type transfer yield mutilayer films where each molecule in every layer theoretically has the same 

orientation. X-ray diffraction studies of multilayers prepared via X-type deposition usually show 

that a bilayer structure exists. As such, molecules rearrange during or after transfer to form a 

more energetically favorable conformation.40, 62 Normally, these conformations have 

hydrophobic tails of the final layer oriented toward air. 

 

1.3.2 Brewster Angle Microscopy (BAM) 

     Π–A isotherms have limitations with respect to determining phases and phase transitions in 

Langmuir monolayers.40 Therefore, BAM and fluorescence microscopy are usually used to 

visualize the domain formation and growth during phase transitions in Langmuir films. A 

fundamental difference between the two techniques is that BAM is label-free, whereas a 

fluorescence probe must be added to most systems to do fluorescence microscopy. As our group 

primarily uses BAM, I will discuss this technique further. In addition to the ability of BAM to 

study phase transitions, BAM can even reveal in situ morphological information about the 

texture and homogeneity of Langmuir films.63  

     When light passes through an interface between two media, some of the light will be reflected 

at the boundary while the remainder will be refracted. However, at a specific angle (Figure 1.10), 

p-polarized light is not reflected. This special incident angle is called Brewster’s angle, θB, which 

is named after the Scottish physicist, David Brewster. 
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Figure 1.10 Schematic depiction of the reflection of unpolarized light at Brewster’s angle. 

 

     Different components of linearly polarized light are defined according to their orientation 

relative to the plane of incidence (the surface of the paper in Figure 1.10). By convention, the 

electric field vector of p-polarized light is parallel to the plane of incidence, while the electric 

field vector of s-polarized light is perpendicular to the plane of incidence.64 In Figure 1.10, P 

stands for p-polarized light and S represents s-polarized light. θ1 is the angle of incidence and the 

angle of reflection, and θ2 is the angle of refraction. Brewster’s angle (θB) can be deduced from 

Snell’s law: 

                                                 1 1 2 2sin( ) sin( )n n                                                                 (1.10) 
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where n1 and n2 are the refractive indices of medium 1 and 2, respectively, and θ1 and θ2 are the 

angle of incidence and angle of refraction, respectively. At Brewster’s angle, θ1 + θ2 = 90°. For 

the A/W interface, Brewster’s angle corresponds to θ1 = θB = 53.1°.  

     Brewster’s angle can also be deduced from Fresnel’s laws, which describe the reflectivity (R) 

of light as a function of incident angle and polarization. The reflectivity of s-polarized light (Rs) 

and p-polarized light (Rp) can be calculated from Equations 1.11 and 1.12, respectively:  
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where subscripts i and r represent incidence and refraction, respectively. 

   

Figure 1.11 Reflectivity at different incident angles for S (solid line) 
and P (dotted line) polarized light. 
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     For an ideal isotropic interface (Figure 1.11), Rs increases continuously with increasing 

incident angle while Rp exhibits a minimum, where the sum of θi and θr approach 90° causing 

tan(θr +θi) → ∞. For the case of Langmuir films where a sample is spread onto the surface of 

water, the thickness of the film and refractive index of the sample will cause some light to reflect 

at θB for the A/W interface. Under these conditions:63a 
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where Rp(θB) and Rs(θB) represent the reflectivity of a Frensnel interface at Brewster’s angle for 

p- and s-polarized light, respectively, and ߩ஻തതത is the average ellipticity at Brewster’s angle which 
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where λ is the wavelength of the incident light, and z within the integral indicates the distance 

from the average interfacial position, z = 0. If we can make the approximation that the thin film 

has a refractive index profile n(z) that is uniform, the reflected intensity (Ir), at Brewster’s angle 

will be proportional to the square of film thickness, h2:  
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For any particular system, like the A/W interface, n1 and n2 are constants. Therefore, the 

thickness of the film can be obtained. 
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     Figure 1.12 is a schematic depiction of a BAM with a laser source, a Glan-Thompson 

polarizer with the electric field vector parallel to the plane of incidence, and a light detector 

(such as a charge coupled device (CCD) camera). Since the light source is required to have a 

high intensity and a well defined polarization (p) for uniform illumination, a laser is the only 

reasonable choice. A polarizer is a device that converts a beam of light (electronic waves) of 

undefined or mixed polarization into a beam with well-defined polarization. Depending on 

various applications, there are basically two types of polarizers: linear polarizers and circular 

polarizers. Linear polarizers can be further divided into two categories: absorptive polarizers, 

where the filtered polarization states are absorbed and beam-splitting polarizers, where the 

unpolarized beam is split into two beams with opposite polarization states. Beam splitting 

polarizers are used for BAM. In traditional BAM, the polarizer is placed in the path of the 

incident beam to polarize the radiation in the p direction before it meets the surface. As the 

technique developed, the polarizer was moved to the path of the reflected beam to remove 

residual s-component before any reflected p-radiation reaches the CCD detector. This approach 

was found to enhance resolution. 
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Figure 1.12 Schematic depiction of a BAM. A p-polarized laser beam is incident on the water 

surface at Brewster's angle for water (θB = 53.1o).  Light reflected by the interface is detected by 

a CCD camera.  A p-polarizer is placed in the path of the reflected beam to remove residual s-

polarized light. 

 

     In the experiment, a tilted black glass plate is used underneath the water surface to prevent the 

light from randomly scattering from the subphase and trough. A set of lenses is used to direct the 

reflected beam to a CCD camera for imaging. Theoretically, nothing can be observed on the 

monitor when no film is present at the interface because p-polarized light is not reflected at 

Brewster’s angle, while s-polarized light is blocked by the p-polarizer. However, once a sample 

is spread onto the A/W interface, Brewster’s angle changes as the refractive index of the sample 

differs from water. Thus, even a trivial alteration results in some reflected p-polarized light 

reaching the CCD camera. Therefore, BAM is widely considered as a sensitive instrument for 
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detecting and studying phase transitions, phase separation, crystallization, aggregation, etc, when 

it is coupled with Π-A isotherms.65 



   Page 
30  

Chapter 2 

Experimental Materials and Methods  

 

 

2.1 Materials and Sample Preparation 

2.1.1 Obtained Materials 

     The reagents and solvents noted in this section were used for the synthesis and 

characterization of the polyhedral oligomeric silsesquioxane (POSS) derivatives from PSS-(3-

hydroxypropyl)-heptaisobuyl (POSS-OH) described in this thesis. PSS-(3-hydroxypropyl)-

heptaisobuyl (FW 875.30, mp 233.0-234.1 ºC) from the Aldrich Chemical Co. was purified by 

flash chromatography. All other reagents were used without further purification. Weisocyanate 

was purchased from Frontier Scientific, Inc. Triethylamine (TEA, reagent, ACS grade, FW 

101.12 g/mol) and trifluoroacetic acid (TFA, reagent, ACS grade, FW 114.02 g/mol) were 

purchased from Aldrich Chemical Co. as a catalyst and reagent, respectively. Chloroform 

(CHCl3, reagent, 99%, ACS grade, FW 119.38 g/mol), hexanes (reagent, 99%, ACS grade, FW 

86.18 g/mol), ethyl acetate (EtOAc, reagent, 99%, ACS grade, FW 88.11 g/mol), methanol 

(MeOH, reagent, 99%, ACS grade, FW 32.04 g/mol) were purchased from Aldrich Chemical Co. 

as solvents.  Poly (tert-butyl acrylate) (PtBA, number average molar mass Mn = 5500 g·mol-1, 

and polydispersity index Mw/Mn = 1.07) was purchased from Polymer Source, Inc. 

Trisilanolisobutyl-POSS (TiBP) was produced from Hybrid Plastics, Inc. and was used as 

received. Spreading solutions were prepared with nominal concentrations of around 0.5 mg·mL-1 
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in HPLC grade chloroform. All aqueous subphases were prepared from ultrapure water (Milli-Q 

Gradient A-10, 18.2 MΩ·cm, < 10 ppb organic impurities).  

2.1.2 Purified and Synthesized Materials 

2.1.2.1 Purification and Characterization of POSS-OH  

     From 206 mg  of commercial  POSS-OH (1, in Figure 2.1), was isolated as a crystalline white 

solid (195 mg, 94.7%)  from a silica gel (60 Å) column by using methanol/ethyl acetate/ and 

hexane (10/10/80) as the eluant, and characterized: mp 233.0-234.1 °C; 1H NMR (500 MHz, 

CDCl3) δ 3.61 (q, J = 6.5 Hz, 2H), 1.88-1.80 (m, 7H), 1.69-1.63 (m, 2H), 1.33 (t, J = 5.5 Hz, 1H), 

0.94 (d, J = 6.5 Hz, 42H), 0.64-0.58 (m, 16H); 13C NMR (125 MHz, CDCl3) δ 65.1, 26.1, 25.8, 

24.0, 22.5; 29Si NMR (82 MHz, CDCl3) δ -66.8, -67.1, -67.4; HRMS calcd for C31H71O13Si8 

(M+H) + 875.3043, found 875.3065; IR υ (cm-1) 3405, 1081; Anal. Calcd for C31H70O13Si8: C, 

42.52; H, 8.06. Found: C, 42.49; H, 8.16.   

 

 

Figure 2.1 Structure of POSS-OH 
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Scheme 2.1 Synthesis of POSS-triester (3) 

 

2.1.2.2 Synthesis and Characterization of POSS-triester  

     Compound 1 (0.875 g, 1.0 mmol) and Weisocyante (2, 0.486 g, 1.1 mmol of) were dissolved 

in 3.0 mL of chloroform. Triethylamine (TEA) 1.0 mL was added to the solution dropwise. The 

reaction was stirred and refluxed for 24 hours. The solution was then removed under reduced 

pressure and the residue was separated by a silica gel (60 Å) column with ethyl acetate : hexane 

(15 : 85) yielding compound 3 (in Scheme 2.1) as a white solid (1.13 g, 85.8%): mp 101.3-

102.7 °C; 1H NMR (500 MHz, CDCl3) δ 4.69 (s, 1H), 3.92 (t, J = 5.5 Hz, 2H), 2.21 (t, J = 8.0 Hz, 

6H), 1.91-1.82 (m, 13H), 1.69-1.63 (m, 2H), 1.43 (s, 27H), 0.95 (d, J = 6.5 Hz, 21H), 0.94 (d, J = 

6.5 Hz, 21H), 0.61-0.58 (m, 16H); 13C NMR (125 MHz, CDCl3) δ 172.7, 80.6, 66.5, 56.4, 30.2, 

30.0, 28.2, 25.8, 23.9, 22.5, 8.3; 29Si NMR (82 MHz, CDCl3) δ -67.1, -67.2, -67.4; HRMS calcd 
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for C54H109NO20Si8Na (M+Na) + 1338.5589, found 1338.5608; IR υ (cm-1) 3369, 1728, 1095; 

Anal. Calcd for C54H109NO20Si8: C, 49.24; H, 8.34; N, 1.06. Found: C, 49.02; H, 8.41; N, 1.06. 

 

 

Scheme 2.2 Synthesis of POSS-triacid (4) 

 

2.1.2.3 Synthesis and Characterization of POSS-triacid  

     Compound 3 (0.395g, 0.3 mmol) was added to TFA (4.0 mL) in a 50 mL round bottom flask. 

The reaction was stirred at room temperature for 30 hours. Then, the solvent was removed under 

reduced pressure and the residue was washed with dichloromethane (3 × 10 mL) as a chase 

solvent under reduced pressure. After drying overnight under vacuum, a white compound 4 (in 

Scheme 2.2) was obtained (0.318 g, 92.4%)  and characterized: mp 178.0-179.1°C; 1H NMR 

(500 MHz, CDCl3) δ 4.49 (s, 1H), 3.95 (br t, 2H), 2.37 (br t, 6H), 1.97 (br t, 6H), 1.89-1.80 (m, 

7H), 1.68 (m, 2H), 0.95 (d, J = 6.5 Hz, 42H), 0.62-0.59 (m, 16H); 29Si NMR (82 MHz, CDCl3) δ 
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-67.1, -67.4; HRMS calcd for C42H86NO20Si8 (M+H) + 1148.3892, found 1148.3914; IR υ (cm-1) 

3300, 1712, 1094; Anal. Calcd for C42H85NO20Si8: C, 43.91; H, 7.46; N, 1.22. Found: C, 43.87; 

H, 7.56; N, 1.13. 

 

2.1.3 Prepared Solutions 

     pH controlled solutions were also used in this thesis: 

 (A) A pH = 8 solution was made from 1:1:1 mixtures by volume of 20 mM Trizma base: 

100 mM NaCl : 2 mM CaCl2. The resulting solution (pH ~ 9.8) was adjusted to pH = 8 

by adding concentrated HCl dropwise. 

 (B) A 2.5 mM sodium tetraborate solution afforded pH = 9.1 and was used as made. 

 (C) Approximately pH = 11 and 13 solutions were made from 0.001 M and 0.1 M NaOH 

solutions, respectively. 

     Specific pH values were measured with an accumet® Basic AB15/15+ pH meter. 

 

2.2 Sample Characterization 

2.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 

     1H NMR spectra were obtained with a JOEL Eclipse+  spectrometer operating at 500 MHz 

with a 45 pulse angle, acquisition time of 3.6 s and a 1 s relaxation delay with 32 scans.  

Samples were dissolved in CDCl3 at a typical concentration of 0.05 to 0.1 g/mL). 13C NMR 

spectra were obtained in CDCl3 on a JOEL Eclipse+ spectrometer operating at 125 MHz with a 
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45 pulse angle, acquisition time of 1.0 s and a 1 s relaxation delay with 25000 scans. Since 

POSS materials contain silicon in the cage structure, 29Si was also applied to confirm the 

structures of the synthesized compounds. The spectra were obtained with a JOEL Eclipse+  

spectrometer operating at 82 MHz with a 45 pulse angle, acquisition time of 1.1 s and a 10 s 

relaxation delay with 20000 scans. Abbreviations used in the splitting pattern were as follows: s 

= singlet, d = doublet, t = triplet, q = quartet, quin = quintet, m = multiplet, and br = broad. 

 

2.2.2 Fourier Transform Infrared Spectroscopy (FTIR) 

     Measurements in this thesis were conducted on a Nicolet Impact 400 FTIR spectrometer.  IR 

spectra were recorded on neat samples with an FTIR equipped with a diamond attenuated total 

reflection system, and reported in cm-1. The resolution of the spectra was 2 cm-1 for 300 scans. 

 

2.2.3 Melting Point Determinations 

     Melting points were determined in open capillary tubes and were uncorrected. Melting point 

data are reported as a range: the temperature at onset of melting and the temperature at which the 

sample was completely liquid and a meniscus was evident. Rough measurements were made at a 

rate of 5 oC/minute. Final measurements were made at a heating rate of 1  oC/minute. Three 

experiments with differences less than 0.5 oC were considered acceptable. 
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2.2.4 Elemental Analysis 

     In this thesis, all elemental analyses were performed by Atlantic Microlab; Atlanta, GA. 

 

2.2.5 High Resolution Mass Spectrometry (HRMS) 

     In this thesis, all HRMS spectra were obtained with an Agilent 6220 Accurate-Mass TOF 

LC/MS in the Analytical Services Laboratory of the Chemistry Department at Virginia Tech. 

 

2.3 Experimental Methods 

2.3.1 Langmuir Trough Configuration 

     The experimental results presented in this thesis were conducted with a standard Langmuir 

trough (500 or 700 cm2, Nima Technology, Ltd., 601 BAM or 702 BAM, respectively) equipped 

with a BAM (MicroBAM3, NanoFilm Technologie, Ltd., lateral resolution of 8 μm). The 

instruments were housed in a PlexiglasTM box at 70 to 75% relative humidity and a dust free 

environment. The instruments are (Langmuir trough, BAM, and Plexiglas box) rested on a 

floating optical table to minimize stray light and mechanical vibrations (Newport RS-2000 & I-

2000). The Langmuir trough was made of hydrophobic Teflon® and was cleaned by 

dichloromethane or chloroform. The Langmuir trough is filled with ultrapure water. Two 

movable barriers, made of hydrophilic acetal resin polymer (Delrin®) were cleaned with propan-

2-ol. In the experiments, barriers were used to sweep the water surface during the compression of 

the monolayer to vary the surface area symmetrically from both sides of the film (in Figure 2.1). 
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The hydrophobic trough supported an approximately 1 mm brim of water above the top of the 

trough edge.  

     After the trough was cleaned, it was filled with ultrapure water; the barriers were allowed to 

move toward each other thereby collecting dust and surface-active contaminations into the center 

of the trough. Next, the dust and surface-active contaminants were suctioned off by a clean 

pipette connected to a vacuum pump. The cleaning procedure was repeated several times until 

the surface tension in the opened and closed barrier positions matched the reported value for 

water and remained constant for at least 30 minutes. After spreading the organic solution 

(usually chloroform), 25 to 30 minutes was allowed before measurements to ensure complete 

evaporation of the spreading solvent. Surface pressure, Π, was recorded by the Wilhelmy plate 

technique to ± 0.1 mN•m-1 during all isotherm measurements.  

     As depicted in Figure 1.3, a piece of completely wetted filter paper was used as the Wilhelmy 

plate to detect the surface pressure. In this thesis, the aqueous subphase is ultrapure water unless 

otherwise mentioned. The temperature of the subphase was usually maintained at 22.5 oC by 

circulating water from a water bath (Neslab RTE-111) through the base of the trough. Π-A 

isotherms were obtained automatically by a computer, which controlled the barrier positions and 

provided a read-out of Π. 

     The relationship between the temperature of the circulating water and the actual temperatures 

of the water subphase at various positions for the 702 BAM trough indicated that the actual 

temperature of the subphase at different positions differed from the temperature of the circulating 

water; however, the values at different trough positions were quite similar for a given 

temperature.66 Hence, the reported temperature is the actual temperature of the subphase. 
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2.3.2 Constant Compression Rate Experiments  

     Constant compression rate experiments were used to obtain Π-A isotherms at compression 

rates of 10 cm2·min-1. The static elastic modulus, εs=-A(∂Π/∂A)T, of the films were deduced 

from the recorded Π-A isotherms. 

 

2.3.3 Brewster Angle Microscopy 

     BAM studies (MicroBAM3, NanoFilm Technologie, Ltd., lateral resolution of 8 μm) were 

carried out simultaneously during isotherm measurements, and BAM images were taken by a 

charge-coupled device (CCD) camera under the "automatic gain control" mode to obtain an 

optimal average brightness rather than absolute intensity values. The original size of all BAM 

images taken during the measurements was 3.6 × 4.8 mm2, while some BAM images presented 

in this thesis with smaller sizes were cut from the original images utilizing imaging software.  
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Chapter 3 

Characterization of POSS-Based Amphiphiles at the Air/Water 

Interface  

 

3.1Abstract 

     A triester, polyhedral oligomeric silsesquioxane (POSS) derivative (POSS-triester) was 

synthesized from (3-hydroxypropyl)-heptaisobutyl-POSS (POSS-OH) and Weisocyanate. The 

resulting POSS-triester was converted into a triacid (POSS-triacid) with trifluroacetic acid. 

Surface pressure-area per molecule (Π-A) isotherm studies and Brewster angle microscopy 

(BAM) confirmed POSS-OH, POSS-triacid, and POSS-triester were amphiphilic at the air/water 

(A/W) interface. Analysis of the Π-A isotherms revealed packing of these amphiphiles at the 

A/W interface was significantly different from previously reported POSS amphiphiles. Whereas 

trisilanol-POSS derivatives pack in a vertex-on conformation, POSS-OH and POSS-triacid pack 

in a face-on conformation. For POSS-triester, there may be a transition from vertex-on to face-on 

packing during compression of the molecules at the A/W interface.   

 

3.2 Introduction  

     Trisilanol polyhedral oligomeric silsesquioxane (POSS) derivatives have been studied and 

reported as a class of amphiphilic molecules that form stable Langmuir monolayers at the 

air/water (A/W) interface. Since these POSS manifested interesting phase transitions and 

aggregation behavior and were considered to be excellent model nanofillers with well defined 

sizes, the Esker group has systematically investigated these compounds.33-34, 65e, 65g, 67 For 
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example, trisilanolphenyl-POSS (TPP) has been blended with poly(t-butyl acrylate) (PtBA) as a 

nanofiller. Although both the bulk and surface glass transition temperatures (Tg) increased as 

TPP was added to PtBA, the surface Tg increased more significantly with limited incorporation 

of the POSS component.33 In another study, an open cage POSS, trisilanolisobutyl-POSS (TiBP), 

and a closed-cage POSS, octaisobutyl-POSS, were blended with poly(dimethylsiloxane) (PDMS) 

to compare their effects on PDMS films at the A/W interface.67b The amphiphilic trisilanol-POSS 

exhibited more interesting phase behavior than hydrophobic octafunctional POSS at the A/W 

interface because the closed-cage POSS was hydrophobic and aggregated.  

     In this chapter, purified (3-hydroxypropyl)-heptaisobutyl-POSS (POSS-OH) was added to 

Weisocyanate, in the presence of triethylamine (TEA),68 and afforded a triester (POSS-triester), 

which was further converted into a triacid (POSS-triacid) by trifluoroacetic acid (TFA) (Schemes 

2.1 and 2.2). As these POSS derivatives were amphiphilic, surface pressure-area per molecule 

(Π-A) isotherms and Brewster angle microscopy (BAM) were used to probe the quasi-two-

dimensional thermodynamic and morphological properties of these materials, respectively, at the 

A/W interface. Differences in packing, as well as the effect of pH on the Π-A isotherms of 

POSS-triacid are discussed. The results indicate that POSS-triester is surface active forming 

liquid expanded (LE) monolayer while POSS-triacid forms liquid condensed (LC) films that are 

only weakly dependent on pH. Orientations of POSS derivatives at the A/W interface are 

proposed.  
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3.3 Experimental 

     Experimental details regarding the synthesis of POSS-triester (3) and POSS-triacid (4) are 

provided in Chapter 2.1.2.2 and 2.1.2.3, respectively. Experimental methods are covered in 

Chapter 2.3. 

 

3.4 Synthesis and Characterization of POSS-triester and POSS-triacid  

     POSS-OH (1 in Scheme 2.1) was insufficiently pure to begin the synthesis of POSS-triester (3 

in Scheme 2.1) and POSS-triacid (4 in Scheme 2.2). Flash column separation was ultimately 

chosen for purification over recrystallization because it afforded better yields. 

     The synthesis of the novel dendritic amphiphilic molecules involved two steps (Scheme 2.1 

and Scheme 2.2). In the first step, a slight molar excess of Weisocyanate (2 in Scheme 2.1) 

reacted with POSS-OH (1 in Scheme 2.1) with a molar ratio of 1:2 = 1:1.1 to 1:1.2. For the 

second step, 24 hours was deemed sufficient to completely hydrolyze POSS-triester since more 

than 30 hours leads to degradation of POSS-triester. 

     Chemical composition and purity were confirmed via 1H NMR, 13C NMR, 29Si NMR, melting 

point, elemental analysis, FTIR, and HRMS.  Figures 3.1, 3.3, and 3.5 contain the 1H NMR 

spectra with melting point ranges for POSS-OH, POSS-triester and POSS-triacid in CDCl3, 

respectively. Figures 3.2 and 3.4 contain the 13C NMR spectra for POSS-OH, and POSS-triester 

in CDCl3, respectively. The spectra reveal sharp, well-resolved peaks.  The characteristic 

differences in the splitting pattern of the protons of the linker and essentially quantitative 

integrations were consistent with the labeled structures on each spectrum. 
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Figure 3.1 1H NMR and Tm of purified POSS-OH. 
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Figure 3.2 13C NMR of purified POSS-OH. 
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Figure 3.3 1H NMR and Tm of POSS-triester. 
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Figure 3.4 13C NMR of POSS-triester. 
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Figure 3.5 1H NMR and Tm of POSS-triacid. 
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Figure 3.6 -A isotherms of trisilanolisobutyl-POSS (TiBP), POSS-OH, POSS-triacid, and 

POSS-triester at 22.5°C at the A/W interface. 

 

3.5 Π-A isotherms of POSS-OH, POSS-triester, and POSS-triacid Langmuir Films 

     Figure 3.6 has Π-A isotherms for POSS-OH, POSS-triester, and POSS-triacid at the A/W 

interface at 22.5 oC. A Π-A isotherm for trisilanolisobutyl-POSS (TiBP)65f is also provided on 

Figure 3.6 as a reference. The Π-A isotherm for POSS-OH reveals a lift-off surface concentration 

(Alift-off, where Π increases from zero) around Alift-off ~185 Å2•molecule-1, followed by a long 
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plateau until lower A (~ 125 Å2•molecule-1) at low Π (~ 1 mN•m-1). This smaller A value 

corresponds to the limiting area (A0), which was obtained by extrapolating the steepest portion of 

the Π-A isotherm back to Π = 0. At a relatively low collapse pressure (Πc ~ 5 mN•m-1), the 

POSS-OH film collapses into multilayer domains.  

     The second plateau (65 Å2•molecule-1 < A < 110 Å2•molecule-1) corresponds to multilayer 

formation. The factor of two change in area may be consistent with bilayer formation. The long 

plateau at intermediate Π has also been observed for other weakly amphiphilic POSS derivatives, 

trisilanolcyclohexyl-POSS65a and trisilanolcyclopentyl-POSS.69 At even smaller A, Π increases 

further as the multilayer structures are rigid. 

     For POSS-triacid, Π ≈ 0 until Alift-off = A0 = 125 Å2•molecule-1. The isotherm is similar to a 

classical long chain fatty acid or alcohol in that a nearly incompressible condensed (LC) phase 

forms with collapse of the film occurring at Ac ≈ 90 Å2•molecule-1 and Π c ≈ 40 mN•m-1. 

     Moving onto POSS-triester, the isotherm is consistent with a more compressible monolayer. 

Alift-off ~215 Å2•molecule-1 and A0 ~175 Å2•molecule-1 are much larger than POSS-OH and 

POSS-triacid. Moreover, the rise in Π in the monolayer regime (125 Å2•molecule-1 < A < 215 

Å2•molecule-1) is more gentle, like an LE monolayer. Collapse of the film at Ac ≈ 125 

Å2•molecule-1 and Π c ≈ 22 mN•m-1 is followed by a plateau (65 Å2•molecule-1 < A < 125 

Å2•molecule-1) that is similar to POSS-OH. Further compression of the film (A < 65 

Å2•molecule-1) also cause Π to increase like POSS-OH. 

     The other isotherm in Figure 3.6 is for trisilanolisobutyl-POSS (TiBP). Deng et al.65e
 

interpreted this isotherm as follows:  

     A > Alift-off = 230 Å2•molecule-1: coexisting G/LE monolayer. 
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     A0 = 177 Å2•molecule-1 < A < Alift-off = 230 Å2•molecule-1: LE monolayer. 

     Ac = 140 Å2•molecule-1 < A < A0 = 177 Å2•molecule-1: more condensed liquid-like monolayer. 

     A < Ac = 140 Å2•molecule-1: collapse into multilayer structures. 

     It is interesting to note similarities and differences between the isotherms in Figure 3.6. First, 

one would initially group POSS-OH and POSS-triacid together on the basis of a similar A0 and 

note that this value is much smaller than TiBP. Second, the POSS-triester seems similar to TiBP 

with respect to Alift-off and A0, however, Ac is similar to A0 for POSS-OH and POSS-triacid. 

     As both A0 and Ac serve as estimates of molecular cross-sections, and the cage portion of the 

molecules are the same (isobutyl substituents on seven silicon atoms), a natural question arises, 

“How are the POSS cages packing?” Before addressing this question, it is necessary to explore 

how electrostatic interactions associated with deprotonation of POSS-triacid influence isotherm. 
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Figure 3.7 Π-A isotherms of POSS-triacid on subphases with different pH at T = 22.5 °C. The 

isotherms from left to right correspond to pH = 1.7 (—), 5.5 (- - -), 9.1 (···), and 11.4 (—·—). 

The 2.0 mm × 2.4 mm BAM images BAM images were captured with H2O (pH = 5.5) as the 

subphase, at A = 126 (submonolayer), 116 (on-set of monolayer formation) and 109 (monolayer) 

Å2·molecule-1.  

 

3.6 Isotherm and Morphology of POSS-triacid (4) on Different pH Subphases (T = 22.5 oC) 

     Figure 3.7 shows Π-A isotherms for POSS-triacid on subphases with different pH. As seen in 

Figure 3.7, decreasing pH relative to an ultrapure water subphase causes a shift in Alift-off to 

smaller A, whereas increasing pH relative to ultrapure water causes a shift in Alift-off to larger A. 

However, the shifts in A are small, < 5% and there are no other significant changes in the 

isotherms. Moreover, there is no change in the isotherm between pH= 9.1 and 11.4. From these 

observations, it appears that POSS-triacid is partially deprotonated at the A/W interface. This 
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result agrees with previous titration studies70 of the tricarboxylato headgroup showing that the 

trianion dominates the equilibrium at pH ≥ 7. Additionally, a study71 on the effect of pH on 

critical micelle concentration of tricarboxylato amphiphiles suggests that pH > 8 is required for 

complete ionization. Furthermore, the weak dependence of Alift-off on pH means that steric rather 

than electrostatic factors are primarily responsible for determining the effective size of the 

molecule in a close packed state at the A/W interface. 

     The other important information in Figure 3.7 is the BAM images. Heterogeneity in the 

representative BAM images obtained from films of POSS-triacid at pH = 5.5 prior to “monolayer” 

formation and in the “monolayer” are consistent with very rigid films. This feature is also 

reflected in the slope of the isotherms. The isotherms can be used to calculate static elastic 

moduli (εs = -A (∂Π/∂A)T). Values of εs in excess of 200 Å2·molecule-1 for the isotherms in 

Figure 3.7 are consistent with very rigid LC films. These values of εs are well in excess of those 

reported for TiBP65e and suggest large differences in molecular packing exist between the 

molecules. 
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Figure 3.8 -A isotherms for trisilanol-POSS derivatives. TiBP: trisilanolisobutyl-POSS; TPP: 

trisilanolphenyl-POSS; TCyP: trisilanolcyclohexyl-POSS; TCpP: trisilanolcyclopentyl-POSS.69 

 

3.7 Proposed Conformations for POSS Cages in Langmuir Films 

     Traditional modeling of the structure of fatty acids in Langmuir films has treated the 

molecules as rod-like objects due to their large length/diameter ratio. As the length/diameter ratio 

decreases, the traditional amphiphiles become water-soluble leading to Gibbs monolayers (for 

fatty acids, C13 is the lower limit for the formation of insoluble monolayers).24c In contrast, the 

silsesquioxane core of POSS molecules is essentially a cube, while the flexible organic coronae 

have led to treatments of POSS as nanometer sized spheres. Hence the overall shape is 

essentially the same whether the POSS is a closed, eight silsesquioxane unit (T8) cage or a seven 

unit (T7) open cage trisilanol. One key difference is that the T7 trisilanols exist as hydrogen 
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bonded dimers in the crystalline state.24c In order to obtain a thorough analysis of POSS 

molecules at the A/W interface, it is critical to master the orientations of molecules in a two-

dimensional (2D) system. Π-A isotherms not only can reveal the quasi 2D thermodynamic 

properties, but also can yield Ac of a molecule from the limiting area (A0). Previous studies with 

POSS have focused on trisilanol-POSS derivatives.35a, b, 65a, 65e, 65g, 67b, 72  Figure 3.8 compares -

A isotherms of a series of trisilanol-POSS and indicates that the A0 of different POSS molecules 

are affected by their substituents, while Ac values exhibit less variance. For all the -A Isotherms, 

the smallest A0 is > 150 Å2•molecule-1. Since all the compounds of interest in this thesis have 

isobutyl substituents, TiBP is the relevant reference compound for subsequent discussion. 

According to Figure 3.8, the limiting area of TiBP is A0 ~180 Å2•molecule-1 corresponding to 

a closely packed state at the A/W interface. In order to understand the liquid-like state, TiBP was 

modeled with known crystal structure of TCyP24c and CS Chem Draw Pro to substitute isobutyl 

groups for cyclohexyl groups on the cage. In Chem Draw 3D, MM2 and MOPAC calculations in 

vacuum were run to minimize the energy state of the structures. Finally, a barrel-like model and 

a cross-sectional area of 177 Å2•molecule-1 were suggested for TiBP.65e In this model, the 

silsesquioxane core had a vertex-on conformation at the A/W interface. Further insight into this 

conformation is provided in the subsequent discussion. 
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Figure 3.9 (A) The T8 POSS cage was treated as an ideal cube with the substituents evenly 

distributed at the vertices of the cage. In this model, Si atoms are located at the eight corners of 

the cube while omitted O atoms are in the middle of the 12 edges. (B) The Atomium for Brussels 

World’s Fair.73 The labeling of the cube in (A) and Atomium in (B) are consistent with balancing 

the cube on vertex A for a vertex-on conformation. 
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The subsequent discussion of T8 POSS cages are inspired by the models in Figure 3.9. In order 

to simplify this calculation, we can consider a T8 POSS cage as an ideal cube ABCD-A1B1C1D1 

where the substituents R are distributed evenly at each vertex of the cube and fill out the pink 

sphere (in Figure 3.9A). In this model, silicon atoms are located on the eight corners while 

omitted oxygen atoms are in the middle of the 12 edges. Therefore, the sizes (limiting area) of 

the POSS derivatives are effectively spherical areas determined by the largest cross-sectional 

areas. 

   If the molecule is tilted on one corner, A, as proposed for TiBP,65e a vertex-on conformation 

would be observed that would look like the labeled “Atomium” built for the World’s Fair in 

Brussels (Figure 3.9B). As shown in Figure 3.9B, its largest cross-sectional area would be the 

circumcircle of the triangle A1BD or B1CD1. If we assume AA1, the side length of the cube 

ABCD-A1B1C1D1, is a, A1B = BD = A1D = √2a indicating an equilateral triangle A1BD as shown 

in Figure 3.10. Their perpendicular bisectors A1E, BG, and DF pass through vertices and 

intersect at O1, the center of the circle. As the areas of triangles AO1B, A1O1D, and BO1D are 

equal, the area of triangle BO1D is equivalent to 1/3 of the area of triangle A1BD. Hence, 
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Figure 3.10 Circumcircle O1 of equilateral triagle A1BD. A1E, BG, and DF are perpendicular 

bisectors of BD, A1D, and A1B and intersect at E1, G1, and F1, respectively. r1 represents the 

radius of the circumcircle O1. 

 

     On the other hand, if the POSS cage is packed on one of its faces, the biggest cross-sectional 

area is the circumcircle of the square ABCD or A1B1C1D1 and turns out to be the face-on 

conformation. As shown in Figure 3.11, if we still consider the side length of the tube ABCD-

A1B1C1D1 as a, the effective radius of the circumcircle, and the area of circumcircle O2 (S2) is: 
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     Therefore, the ratio of largest spherical areas between a vertex-on conformation (S1) and a 

face-on conformation (S2) is 4:3. Since the limiting area of TiBP is A0 ~ 177 Å2·molecule-1, the 

limiting area of a POSS molecule on its face should be ~ 130 Å2·molecule-1. This value is in 
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accord with the observed limiting area for POSS-OH and POSS-triacid. On the basis of these 

experiments, I would propose that POSS cages with longer tethering chains or fewer hydrophilic 

end groups tend to lie on one of the six faces of the molecule at the A/W interface. 

 

Figure 3.11 Circumcircle O2 of the square ABCD. Two diagonals AC and BD intersect at O2, the 

center of the circumcircle. r2 represents the radius of circumcircle O2. 

 

3.8 Other POSS Molecules that Exhibit Face-on Conformations  

     In order to test this hypothesis, experiments on other compounds were performed. POSS 

materials with seven isobutyl substituents, and an eighth hydrophilic substituent like an 

aminopropyl group (POSS-NH2) or propylmethyacrylate (POSS-MA) were considered (Figure 

3.12). 
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Figure 3.12 Chemical structures of POSS-NH2 and POSS-MA. 

 

     -A isotherms for POSS-NH2 and POSS-MA are provided in Figure 3.13. As seen in Figure 

3.13, Alift-off ≈ A0 = 130 Å2·molecule-1 for POSS-NH2 and Alift-off ≈ A0 = 125 Å2·molecule-1 for 

POSS-MA. These values are consistent with the results observed for POSS-OH and POSS-

triacid. Furthermore, the shapes of the POSS-NH2 and POSS-MA isotherms are similar to POSS-

OH. All three isotherms exhibit plateaus after collapse of the films.  For POSS-MA, collapse 

occurs at Ac = 110 Å2·molecule-1 and c = 3 mN·m-1 with a plateau from 75 Å2•molecule-1 < A < 

110 Å2•molecule-1, whereas collapse for POSS-NH2 starts at Ac = 120 Å2·molecule-1 and c = 17 

mN·m-1 with a plateau from 80 Å2•molecule-1 < A < 120 Å2•molecule-1. The difference in 

collapse pressures between the c, POSS-MA < c, POSS-OH < c, POSS-NH2 reflects stronger 

interactions between the hydrophilic moiety and the subphase. As seen in Figure 3.13, c for 

POSS-triacid is in excess of 35 mN·m-1. Furthermore, POSS-NH2 and POSS-MA exhibit 
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increases in  at small A that are similar to POSS-OH. On the basis of these observations, it 

appears that POSS-MA and POSS-NH2 also pack in face-on conformations. 

 

 

Figure 3.13 -A isotherms for isobutyl substituted POSS derivatives: POSS-NH2, POSS-OH, 

POSS-triacid, and POSS-MA on the A/W interface (T = 22.5 oC). 
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3.9 Possible Conformations for POSS-triester in Langmuir Films at the A/W Interface 

     In order to understand why the film of POSS-triester forms a LE monolayer, it is useful to 

consider the Π-A isotherm for poly(t-butyl acrylate) (PtBA). Figure 3.14A shows a Π-A isotherm 

for PtBA where A is expressed as a function of the area per repeating unit (monomer for short). 

As seen in Figure 3.14A, Π for the PtBA film initially shows a slow rise in the region 35 < A < 

55 Å2·molecule-1 = Alift-off, PtBA. Further compression of the film causes Π to rise rapidly for A < 

35 Å2·molecule-1 before the film collapses at Ac ~ 21 Å2·molecule-1 and Πc ~ 23 mN·m-1. The 

rapid rise in Π for A < 35 Å2·molecule-1 is consistent with the formation of a condensed (LC) 

film. Extrapolation of the Π-A isotherm for the LC monolayer back to Π = 0 yields A0 ≈ 30 

Å2·molecule-1. As seen in Figure 3.14B if one neglects the short linker, POSS-triester is 

essentially POSS-OH plus three PtBA repeating units. Interestingly, A0, POSS-OH + 3A0,PtBA yields 

215 Å2·molecule-1 (≈ Alift-off, POSS-triester). As such, we speculate that POSS-triester starts with the 

POSS-cage and three tert-butyl esters adsorbed to the plane of the interface (Figure 3.15A). 

Throughout the monolayer regime, the POSS cage is likely riding on top of the tert-butyl esters 

(Figure 3.15B). Recalling that TiBP and POSS-triester Π-A isotherms essentially coincided 

throughout the monolayer regime (Figure 3.6), a somewhat more speculative conclusion is that 

the POSS cage tilts during the transformation from a cage on the A/W interface to a cage on the 

tert-butyl esters as depicted in Figure 3.15B. However, there is a difference in Ac between POSS-

triester and TiBP. TiBP collapsed at Ac = 140 Å2·molecule-1, whereas POSS-triester collapsed at 

a smaller Ac = 125 Å2·molecule-1. This value is consistent with a face-on conformation for 

POSS-triester at collapse (Figure 3.15C). 

 

 



   Page 
61  

 

 

Figure 3.14 (A) Π-A isotherm for PtBA on water at T= 22.5 °C. The red dashed line indicates A0 

for PtBA. (B) Structure of POSS-triester highlighting the POSS-OH piece and the three PtBA 

“repeating units”. 
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Figure 3.15 Schematic depictions of POSS-triester (top view) in Langmuir films at various A: (A) 

A = Alift-off, (B) Ac < A < Alift-off, and (C) A = Ac. 

 

3.10 Summary  

     Two new POSS derivatives, POSS-triester and POSS-triacid were synthesized and completely 

characterized. A third derivative POSS-OH was purified. Π-A isotherm studies of these 

molecules were consistent with face-on conformations at the A/W interface for the POSS cages 

prior to collapse in contrast to trisilanol-POSS derivatives which appear to pack in a vertex-on 
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conformation. Subsequently, POSS-NH2 and POSS-MA also had limiting areas consistent with 

face-on conformations. These studies provide new insights into design and interfacial properties 

of silicon based surfactants and surface modifying agents. 
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Chapter 4 

Suggestions for Future Work 

 

4.1 Π-A Isotherms of POSS Amphiphiles 

     Figure 4.1 contains surface pressure-area per molecule (Π-A) isotherms for POSS-OH and 

POSS-triester from Chapter 3 (Figure 3.6). 

     As one may notice in Figure 4.1, there is a “window” with respect to packing at the A/W 

interface between the POSS-OH and POSS-triester. It is my desire to design, synthesize, and 

characterize POSS molecules to fill this “window”. I suggest to start with a POSS-OH based 

diester (6) (Scheme 4.1) with the help of a diester-isocyanate (provided by Brad Maisuria from 

Dr. Richard D. Gandour's research group) to create a molecule that will be less hydrophilic and 

have a smaller cross-sectional area at Alift-off (area where Π derivates from zero). It will be 

interesting to examine the packing of the 6 during compression. Either vertex-on or face-on 

orientations, or even a conformation that lies somewhere in-between will be helpful for 

understanding how POSS cages pack at the A/W interface. I suggest to convert 6 into the 

corresponding POSS-OH based diacid (7). The rigidity of the monolayer films may differ from 

POSS-triester and POSS-triacid in Chapter 3 because of weaker intermolecular interactions. In 

preliminary work, 6 has been synthesized and characterized by 1H NMR (Figure 4.2). 
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Figure 4.1 Π-A isotherm comparisons of POSS-OH and POSS-triester at the A/W interface at 

22.5 °C. The shaded peach region represents a region of interest for controlling POSS packing 

through the synthesis of new POSS amphiphiles. 
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Scheme 4.1 Synthesis of POSS-OH based diester (6) and diacid (7).      
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Figure 4.2 1H NMR of POSS-OH based diester (6). 

 

4.2 POSS Amphiphiles Based on POSS-NH2 

     Figure 4.3 is a comparison of Π-A isotherms for POSS-NH2 and POSS-OH from Chapter 3. 

Besides similar limiting areas (A0) that are consistent with face-on conformations, similar 

collapse areas (Ac) ≈ 110 Å2·molecule-1 indicate that they both aggregate to form multilayers at 

the same molecular area. However, the collapse pressure of POSS-OH is much smaller (~ 1/4 

that of POSS-NH2), indicating that the interactions between POSS-NH2 and water are much 

stronger than those between POSS-OH and water. Therefore, POSS-NH2 derived esters and acids 

may show monolayer properties that differ from POSS-OH derived esters and acids. Therefore I 

suggest using POSS-NH2 to make POSS-NH2 based triesters and triacids following an approach 
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that is analogous to the one using POSS-OH in Chapter 3 (Scheme 4.2). One key advantage is 

that the price of POSS-NH2 is lower. In preliminary work, 10 has been synthesized and 

characterized by 1H NMR (Figure 4.4). 

 

 

Figure 4.3 Π-A isotherm comparisons of POSS-OH and POSS-NH2 at the A/W interface at 

22.5 °C. 
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Scheme 4.2 Synthesis of POSS-NH2 based triester (10) and triacid (11). 
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Figure 4.4 1H NMR of POSS-NH2 based triester. 

 

4.3 Other POSS Esters 

     Another way to explore the “window” is to synthesize different esters by coupling different 

alcohols to diacids and triacids based on POSS-OH or POSS-NH2. It would also be attractive to 

study and compare their surface properties via isotherms and BAM with respect to molecular 

orientation and rigidity. For example, POSS-triester with t-butyl groups should be larger than 

POSS-OH based trimethylester (POSS-TME). On the other hand, POSS-TME could be more 

rigid than POSS-triester owing to a less bulky and more hydrophilic head group and 
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consequently stronger intermolecular interactions with water. However, no matter which esters 

are used, I ultimately expect the POSS cages to pack in the face-on conformation at high Π. 

 

4.4 POSS-derivatives with Different Substituents 

     To this point, the POSS derivatives have had the same R substituent (isobutyl). It is also 

possible to vary R through the amine-based linking chemistry. I plan to expand the library of T8 

POSS based triesters and triacids by creating amine functionalized branches from trisilanol 

POSS derivatives with different substituents.74 An approach to synthesize phenyl substituted 

POSS-NH2 is shown in Scheme 4.3.   
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Scheme 4.3 Synthesis of phenyl substituted POSS-NH2 from a trisilanol-POSS.75      
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4.5 POSS-based Nanofillers in Polydimethylsiloxane at the A/W Interface  

     Ultimately, I suggest using these new POSS derivatives to examine how they behave as 

nanofillers in Langmuir films. Polydimethylsiloxane (PDMS) is a material known to form stable 

flexible monolayers and multilayers at the A/W interface.76 Blends of PDMS and trisilanol-

POSS derivatives at the A/W interface have examined aggregate formation77 and rheological 

properties.34, 78 Since closed-cage POSS are normally non-amphiphilic and tend to form rigid 

multilayer aggregates at the A/W interface, octaalkyl-POSS/PDMS blends show filler 

reinforcement with PDMS induced dispersion of the closed-cage POSS.67a The POSS-based 

triester and triacid derivatives I have made are also closed-cage; however, the hydrophilic arm 

makes them amphiphilic.  As such, I hypothesize these materials can significantly enhance the 

dilational modulus of PDMS films at the A/W interface. 
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