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(Abstract) 

 For over a century, Langmuir films have served as excellent two-dimensional 

model systems for studying the conformation and ordering of amphiphilic molecules at 

the air/water (A/W) interface. With the equipment of Wilhelmy plate technique, Brewster 

angle microscopy (BAM), and surface light scattering (SLS), the interfacial phase and 

rheological behavior of Langmuir films can be investigated. In this dissertation, these 

techniques are employed to examine Langmuir films of polyhedral oligomeric 

silsesquioxane (POSS), polymer blends, and magnetic nanoparticles (MNPs).  

 In a first time, SLS is employed to study POSS molecules. The interfacial 

rheological properties of trisilanolisobutyl-POSS (TiBuP) indicate that TiBuP forms a 

viscoelastic Langmuir film that is almost perfectly elastic in the monolayer state with a 

maximum εd ~ 50 mN·m-1 prior to film collapse. This result suggests that TiBuP can 

serve as model nanofiller with polymers. 

 As an interesting next step, blends of TiBuP and polydimethylsiloxane (PDMS) 

with different compositions are examined via surface pressure (Π) – surface area 

occupied per molecule (A) isotherms and SLS. The results show that TiBuP, with its 

attendant water, serves as a plasticizer and lowers the dilational modulus of the films at 
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low Π.  As Π increases, composition dependent behavior occurs. Around the collapse 

pressure of PDMS, the TiBuP component is able to form networks at the A/W interface 

as PDMS collapse into the upper layer. Blends of non-amphiphilic octaisobutyl-POSS 

(OiBuP) and PDMS are also studied as an interesting comparison to TiBuP/PDMS blends. 

In these blends, OiBuP serves as a filler and reinforces the blends prior to the collapse of 

PDMS by forming “bridge” structure on top of PDMS monolayer. However, OiBuP is 

non-amphiphilic and fails to anchor PDMS chains to the A/W interface. Hence, 

OiBuP/PDMS blends exhibit negligible dilational viscoelasticity after the collapse of 

PDMS.  

 Furthermore, the phase behavior of PDMS blended with a trisilanol-POSS 

derivative containing different substituents, trisilanolcyclopentyl-POSS (TCpP), is also 

investigated via the Wilhelmy plate technique and BAM. These TCpP/PDMS blends 

exhibit dramatically different phase behavior and morphological features from previously 

studied POSS/PDMS blends, showing that the organic substituents on trisilanol-POSS 

have considerable impact on the phase behavior of POSS/PDMS blends. 

 The interfacial rheological behavior of tricarboxylic acid terminated PDMS 

(PDMS-Stabilizer) and PDMS stabilized MNPs are investigated and compared with 

“regular” PDMS containing non-polar end groups. The tricarboxylic acid end group of 

the PDMS-Stabilizer leads to a different collapse mechanism. The PDMS stabilized 

MNPs exhibit viscoelastic behavior that is similar to PDMS showing all the tricarboxylic 

acid end groups are bound to the magnetite cores. 

 Studying the interfacial behavior of different Langmuir films at the A/W interface 

provides us insight into the impact of molecule-molecule and molecule-subphase 
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interactions on film morphology and rheology. These results are able to serve as 

important guides for designing surface films with preferred morphological and 

mechanical properties. 
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CHAPTER 1 

Overview 

 Ever since Langmuir published his studies on monolayers of amphiphilic molecules 

on the surface of water, the air/water (A/W) interface has become an exciting place for 

surface scientists to explore the interfacial behavior of numerous amphiphilic 

molecules.1-6 In addition to fundamental surface pressure (Π) – area occupied per 

molecule (monomer) (A) measurements, many other techniques have been developed to 

probe the morphology, thickness, and rheological properties of these Langmuir films. 

Hence, equipped with these characterization methods, Langmuir films serve as complete 

two dimensional (2D) analogues for bulk systems where various physical phenomena 

including phase transitions, phase separation, crystallization, and nucleation can be 

studied. Furthermore, Langmuir films serve as excellent 2D model system to examine 

and understand the dispersion and reinforcement effect of nanofillers within polymeric 

thin film. In this dissertation, the interfacial phase and rheological behavior of 

polyhederal oligomeric silsesquioxanes (POSS), POSS/polymer blends, and magnetic 

nanoparticles (MNPs) are investigated via Π – A isotherms, Brewster angle microscopy 

(BAM), and surface light scattering (SLS). The possible conformation and ordering of 

molecules at the A/W interface are also discussed. 

 Chapter 2 provides the overall introduction and literature review. This chapter starts 

with a general introduction of the formation of Langmuir films, their history, their phase 

and rheological behavior and available theoretical approaches. Several techniques 



 2

including the Wilhelmy technique, Brewster angle microscopy (BAM), and surface light 

scattering (SLS) are introduced. The thermodynamics of polymer blends are also 

summarized in this chapter. Furthermore, the synthesis, application, and interfacial 

behavior of the model nanofiller, polyhedral oligomeric silsesquioxanes (POSS), are 

reviewed. 

 In Chapter 3, the materials and experimental techniques that are used in this 

dissertation are introduced. This information will not be repeated in the individual 

research chapters. 

 In Chapter 4, SLS is used to probe the dilational viscoelastic behavior of 

trisilanolisobutyl-POSS (TiBuP) in the monolayer regime. The static dilational elastic 

modulus is in excellent agreement with the dynamic dilational elastic modulus in the 

monolayer regime. The films possess a moderate maximum dynamic dilational elastic 

modulus (~ 50 mN·m-1) prior to film collapse.  Moreover, the films exhibited small 

surface viscosities such that the films are almost purely elastic over the frequency range 

studied throughout the monolayer regime. From the study provided in Chapter 4, TiBuP 

is expected to be excellent model nanofiller for Langmuir film systems. 

 As an extension of Chapter 4, the interfacial phase and rheological behavior of 

TiBuP/polydimethylsiloxane (PDMS) blends with different wt% TiBuP are examined via 

Π – <A> isotherms and SLS at the A/W interface in Chapter 5. Single-component PDMS 

forms Langmuir films at the A/W interface that can be characterized by four regimes: (A) 

submonolayer (surface pressure Π = 0 mN·m-1), (B) monolayer (0 < Π < 8 mN·m-1), (C) a 

monolayer to bilayer transition (Π ~ 8 mN·m-1), and (D) multilayer (Π ~ 9 mN·m-1). For 

all blends, at low Π (Π < 2.5 mN·m-1) in the monolayer regime, TiBuP, with its attendant 
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water, serves as a plasticizer and lowers the dilational modulus of the films.  At higher Π 

(2.5 < Π < 5 mN·m-1) in the monolayer regime, εd for the blends is comparable to single-

component PDMS. For Π > 5 mN·m-1, composition dependent reinforcement of the 

blends occurs. The Π where reinforcement occurs decreases as the wt% TiBuP increases 

and may correlate with the surface fraction of TiBuP (ΦTiBuP) in the layer directly in 

contact with water. As ΦTiBuP increases, the modulus of the collapsed PDMS film 

increases. 

 In Chapter 6, PDMS blended with non-amphiphilic OiBuP is studied by Π – <A> 

isotherms and SLS at the A/W interface as a comparison to TiBuP/PDMS blends. Unlike 

TiBuP/PDMS blends, OiBuP starts to reinforce the blend thin films in the PDMS 

monolayer regime, likely by forming networks on top of the PDMS monolayer. However, 

the blend films exhibit no viscoelastic modulus after the collapse of the PDMS 

component because OiBuP is not surface active and cannot anchor PDMS to the A/W 

interface. 

 In Chapter 7, a trisilanol-POSS with different substituents, trisilanolcyclopentyl-

POSS (TCpP), is used as a model nanofiller to blend with PDMS. The TCpP/PDMS 

blends are then studied via Π – <A> isotherms and BAM at the A/W interface. Compared 

with TiBuP/PDMS and OiBuP/PDMS blends, TCpP/PDMS blends exhibit dramatically 

different composition dependent phase behavior. Low wt% TCpP blends (wt% TCpP < 

20) and high wt% TCpP blends (wt% TCpP > 60) exhibit phase behavior that are similar 

to single-component PDMS or TCpP, respectively. Blends with 20 to 60 wt% TCpP 

show complex phase behavior. They exhibit transitions at Π values lower than the 
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collapse pressures for either PDMS or TCpP, which give rise to morphological features 

that are similar to phase separation. All blends with 20 to 60 wt% TCpP show a kink 

around Π ~ 13 mN·m-1.  Furthermore, TCpP in blends with greater than 60 wt% TCpP 

form small aggregates instead of large bright aggregates observed for single-component 

TCpP films. These observations show that the organic substituents on trisilanol-POSS 

have considerable impact on the phase behavior of POSS/PDMS blend systems. 

 Magnetic nanoparticles (MNPs) have many potential applications in biomedical 

fields. Hence the interfacial properties of these MNPs at the A/W interface are of great 

importance as the human body is water rich. In Chapter 8, the interfacial properties of 

polar group terminated PDMS stabilizer and PDMS stabilized MNPs are examined via Π 

– A isotherms and SLS. The results are then compared with “regular” PDMS (contains 

non-polar end groups). It was clearly shown that the end group of amphiphilic polymers 

alters molecule-subphase interactions and thereby changes the interfacial phase and 

rheological behavior of the PDMS stabilizer. With the polar tricarboxylic acid end 

groups, PDMS stabilizer is capable of standing on its end during compression. As a 

consequence, it does not exhibit the classical PDMS monolayer to bilayer transition. In 

contrast, the PDMS-MNPs exhibit similar phase and rheological behavior with PDMS up 

to the collapsed regime once the carboxylic acid end groups are bound to the surface of 

the magnetite cores. 

 Chapter 9 summarizes the overall conclusions and provides suggestions for future 

work in two directions: 1) The interfacial cross-linking of PDMS/POSS blends can 

provide an approach to lock in the interfacial morphology of polymer blends. SLS can be 

used to monitor the cross-linking process by probing the dilational interfacial rheology of 



 5

the surface films. After the surface films are cross-linked, Langmuir-Schaefer (LS) or 

Langmuir-Blodgett (LB) transfer onto solid substrate would be possible for further 

characterization by atomic force microscopy (AFM) or scanning electron microscopy 

(SEM). This approach would yield greater detail about the film morphology. 2) The 

ellipsometry study of TCpP/PDMS blends will provide information about the thickness 

of TCpP/PDMS blends for all regions of the Π - <A> isotherms. These results should 

provide deeper insight into plausible mechanisms for the interesting morphologies 

observed in Chapter 7. 
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CHAPTER 2 

Introduction and Review 

 

2.1  Langmuir Films and Langmuir Monolayers 

2.1.1 General Introduction for Molecular Films 

 Molecular films are defined as thin films with thicknesses ranging from several 

nanometers (one or several layers of molecules) to several hundred nanometers.1,2,6 There 

are many types of molecular films arising from different film preparation procedures 

including spin coating,7 direct deposition,8 thermal deposition,9 electrodeposition,10 

polymer brush tethering,11 micro-imprinting,12 laser micro-patterning,13 self-

assembly,14,15 surface in-situ polymerization,16 the Langmuir-Blodgett (LB) technique,6 

etc. As these techniques can apply to various of organic and polymeric materials, 

molecular films have shown promising applications in areas such as sensor materials,17 

electroluminescent devices,18-20 photovoltaic cells,21 and data storage materials.22 Organic 

thin films can be easily manipulated to alter the surface energy. An example of this 

comes from the adhesion industry; films with high surface energy can serve as adhesive 

layers while films with low surface energy can be used as release layers.23-25 Similarly, by 

altering the hydrophobicity or hydrophilicity of the thin organic films, a film can be 

either bio-compatible or bio-inert, thereby attracting increasing interest from biomedical 

fields.26  
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2.1.2 Terminology: Langmuir Monolayers, Langmuir Films, Gibbs Films and 

Langmuir-Blodgett Films 

 Most studies in this dissertation focus on Langmuir films and Langmuir monolayers. 

Langmuir monolayers, Langmuir films, and Langmuir-Blodgett films are the three most 

commonly used terms in this thesis. Hence, it is important to define and distinguish 

between these three related but different concepts. 

 In general, Langmuir monolayers and Langmuir films are composed of insoluble 

amphiphilic molecules versus Gibbs films, which are formed by soluble amphiphilic 

molecules.1,2,6 A typical Langmuir film is formed at the air/water (A/W) interface with 

lipid molecules such as fatty acid and phospholipids. These molecules contain two 

dissimilar parts: long hydrophobic, hydrocarbon tails and hydrophilic heads. To achieve 

the lowest surface energy at the A/W interface, the hydrophilic head will anchor on the 

water surface with the hydrophobic portion of the molecule pointing towards the air. Here 

in this dissertation, Langmuir films refer to a surface film composed of amphiphilic 

molecules at the A/W interface while Langmuir monolayers refer to Langmuir films 

where the films are exactly one molecule thick.  

 Langmuir films have several advantageous features.3-5 First, water is an excellent 

“substrate” because it has a very smooth surface (roughness around 3 ~ 5 Å).27 In this 

sense, Langmuir film systems at the A/W interface are much simpler than substrates like 

silica or gold where higher surface roughness and grain boundaries can affect the 

properties of the organic film.28 Second, with two controllable thermodynamic variables, 

temperature (T) and surface area occupied per molecule or monomer (A), Langmuir films 

serve as excellent model systems for studying ordering of molecules in two-dimensions 
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(2D). By examining different amphiphilic molecules and subphases (e.g. different 

subphase pH and ionic strength), numerous intermolecular, intramolecular, and molecule-

subphase interactions can be probed at the molecular level.29-39  Moreover, interactions 

between the polar head groups and the subphase make Langmuir films an excellent 

model system for biomedical research owing to the fact that phospholipids bilayers, 

which comprise the main component of cell membranes, can be regarded as two weakly 

coupled monolayers.40 Furthermore, the development of various techniques like Brewster 

angle microscopy (BAM),41-43 fluorescence microscopy (FM), ellipsometry,44,45 grazing 

incidence X-ray diffraction (GIXD),46 mechanically generated waves,47 electrocapillary 

wave diffraction (ECWD),48-53 surface light scattering (SLS),54-57 interfacial stress 

rheometry (ISR),11,58,59 and surface pressure relaxation studies60 enable us to study 

Langmuir systems as a 2D analog to three dimensional (3D) bulk systems with respect to 

thermodynamic, kinetic, and mechanical properties.3 

 Langmuir-Blodgett films are molecular films prepared by transferring the Langmuir 

films from the A/W interface to solid substrates via LB or Langmuir-Schaefer (LS) 

technique.1,2,6,61 LB-films can be either a single layer or multilayers. The LB technique is 

one of the best methods for preparing molecular films in the sense it retains well-ordered 

internal film structures. Moreover, by transferring monolayer after monolayer, it 

facilitates the control of thickness and layer structure at the single molecule level. 

 The studies in this dissertation are primarily focused on the in-situ study of physical 

properties and morphology of Langmuir films at the A/W interface. Sometimes, the LB 

or LS technique can be used to transfer Langmuir films onto a solid surface so that 

additional characterization techniques can be used to interrogate the system. However, 
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before proceeding to these studies, it is beneficial to review the history of Langmuir and 

Langmuir-Blodgett films. 

2.1.3 Historical Background of Langmuir and Langmuir-Blodgett Films 

 Langmuir monolayers and Langmuir films are not extraordinary phenomena that 

can only be observed in a laboratory with expensive instruments.  Actually, they are very 

common in everyday life and people have noticed them for thousands of years. The 

earliest records of spreading oil on water were written on clay tablets around the 18th 

century BC.  By observing the spreading behavior of oil droplets on the water surface, 

Babylonians predicted success, marriage, birth of a child, recovery from illness, or bad 

luck, sickness, death, etc.62 Ancient Greek writings also record that sailors spread oil on a 

rough sea to insure a smoother surface for their travel and today it is known that this 

phenomenon is due to a damping effect exerted by the oil layer on the underlying 

subphase.63 A paper marbling technique, “suminagashi”, actually means “ink-floating” or 

“ink-streaming”. This technique originated in China over 2000 years ago and became 

popular 800 years later in Japan. In this technique, a protein solution forms a protein 

monolayer at the A/W interface and the carbon suspension within the protein is later 

picked up by the paper using a horizontal lifting technique. This is literally the first 

application of a Langmuir film and is an example of the LS-technique.64 

 In 1774, this spreading behavior of oil on water finally received scientific attention 

from Benjamin Franklin. In his famous Clapham pond experiment,65 he observed that the 

oil films suppressed vibrations at the A/W interface. This experiment stimulated 

subsequent investigations focusing on the damping effect of oil films on aqueous 

surfaces.63 However, it was not until one-hundred years later that Lord Rayleigh finally 
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realized that the oil film should be exactly one molecule thick, thereby making it possible 

to calculate the dimension of one molecule by measuring the volume of the oil droplet 

and the area it occupied at the water surface.66 Meanwhile, Agnes Pockles set up a 

rudimentary surface balance in her kitchen and developed an instrument similar to the 

Langmuir trough we use today with “barriers” compressing the oil films on the water 

surface. She did a series of systematic studies to characterize the physical properties of 

different Langmuir films at the A/W interface and published the first surface pressure - 

area isotherm for stearic acid in Nature.67 

 In the early 1900’s, Irving Langmuir designed a number of new devices to monitor 

the surface pressures of spread monolayers. One such device was later named after him 

(Langmuir film balance) and is still being used for monolayer research today.68,69 

Moreover, Langmuir used chemically pure substances instead of the natural oils used 

previously, thereby allowing him to probe the monomolecular nature of the film as well 

as the orientation of the molecules on the water surface. His work led to a molecular level 

understanding of the spreading behavior of molecules on aqueous surfaces. Several years 

later, together with assistance from Langmuir, Katharine Blodgett successfully 

transferred multiple fatty acid monolayers onto glass substrates. The deposited 

monolayers on solid substrates are now named as LB-films.70,71 

2.1.4 Formation of Langmuir Monolayers 

 As mentioned above, Langmuir monolayers are generally formed from amphiphiles 

containing polar head groups (hydrophilic group) and long non-polar (hydrophobic) tails. 

The amphiphiles need to have very low solubility in water in order to remain at the A/W 

interface. Long-chain fatty acids, alcohols, esters, and phospholipids are typical 
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Langmuir film forming molecules (Figure 2.1).72 All of these molecules contain one or 

several long alkyl chains with at least 12 to 14 carbon atoms (hydrophobic tails) and one 

or several alcohol or acid polar head groups.  The hydrophilic groups will anchor the 

molecules on the water surface and the long alkyl chains prevent dissolution into the 

subphase. Additionally, some non-traditional materials like fluoroalkanes can also form 

Langmuir films. 73,74 

 Some amphiphilic polymers can also form Langmuir films at the A/W interface. 

These include polyethers,75-78 polyesters,79,80 polysiloxanes,81-86 polyacrylates and 

polymethacrylates,87-89 etc. Some examples are shown in Figure 2.2. The ordering in 

polymeric Langmuir films is different from that of small molecules. These differences 

will be discussed separately from the Langmuir films of small molecules later in this 

thesis. There are also a larger variety of non-traditional polymeric amphiphiles that also 

form Langmuir and LB-films. 90-95 

 Spreading solvents are frequently required for the formation of Langmuir films at 

the A/W interface. Some molecules can spread spontaneously from the bulk phase to 

form monolayers because of their low surface tension. However, most molecules require 

a spreading solvent to help them spread at the A/W interface. The spreading solvent 

needs to be volatile and must spread easily to ensure rapid evaporation while 

simultaneously leaving the dissolved molecules uniformly dispersed on the subphase to 

form a Langmuir monolayer.  The spreading solvent also needs to be a good solvent to 

ensure that molecules are not aggregated prior to spreading. Some organic solvents like 

hexane, dichloromethane, and chloroform are typical spreading solvents for Langmuir 

films.96 
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Figure 2.1.  Some examples of amphiphilic molecules that can form Langmuir 

monolayers at the A/W interface: (a) ionized n-hexadecanoic (palmitic) acid, (b) n-

hexadecanoic acid methyl ester, and various phospholipids: (c) 

dipalmitoylphosphatidylethanolamine, (d) tri-headed and carbamate-linked amphiphilic 

fatty acids (3CCb), and (e) tri-headed and ureido-linked amphiphilic fatty acids (3CUr). 
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Figure 2.2. Some amphiphilic polymers that can form Langmuir monolayers at the A/W 

interface: (a) poly(methyl methacrylate) (PMMA), (b) poly(tert-butyl methacrylate) 

(PtBMA), (c) poly(dimethylsiloxane) (PDMS), (d) poly(methyl acrylate) (PMA), (e) 

poly(tetrahydrofuran) (PTHF), (f) poly(ethylene oxide) (PEO), and (g) poly(vinyl acetate) 

(PVAc). 

 

2.2  Surface Pressure (Π) – Surface Area (A) Isotherms 

2.2.1 Surface Tension (γ) and Surface Pressure (Π) 

 Surface tension is one of the most important concepts for surface chemistry at liquid 

surfaces as it essentially describes the strength of the intermolecular forces.  Surface 

tension is responsible for numerous phenomena we can observe in everyday life 

including the curvature of liquid surface; the formation of drops when liquids are 

stretched; the formation of soap bubbles; emulsions, etc. Figure 2.3 depicts the forces 

exerted upon a volume element by the surrounding liquid in the bulk and at the surface. 

Unlike the molecules in the bulk, the absence of neighboring liquid molecules in the gas 
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phase means that undulations in the surface are pulled back to a planar interface because 

of asymmetric forces. Therefore, all molecules at the liquid surface are subject to a net 

force that resists an expansion of the interfacial area. This force is along the direction of 

the surface and is called surface tension (γ) and has units of the force per unit length. 

LIQUID

GAS

LIQUID

GAS

 

Figure 2.3. Schematic depictions of volume elements of a liquid in bulk and at the 

surface. 

 

 The thermodynamic definition of the surface tension is also available. In any closed 

system, the Gibbs free energy change for a one phase single-component system can be 

written as 

  dG SdT VdP= − +   (Eq. 2.1) 

where T is temperature, P is pressure, S is entropy and V is volume. For a one phase 

multi-component system with an interface, dG is represented as 

  s i i
i

dG SdT VdP dA dnγ µ= − + + + ∑   (Eq. 2.2) 
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γ and As correspond to surface tension and surface area, respectively. µi, and ni refer to 

the chemical potential and number of moles of the i-th component, respectively. Hence, γ 

can also be interpreted as the surface free energy density where 

  
, ,s T P n

G
A

γ
⎛ ⎞∂

= ⎜ ⎟∂⎝ ⎠
 (Eq. 2.3) 

 Surface pressure (Π) is defined as the difference between the surface tension of a 

film covered surface, γ, and a pure liquid surface, γ0:  

  γγ −=Π 0   (Eq. 2.4) 

Π is also the 2D analog of the 3D pressure (P). In general, the existence of a surface film 

lowers the surface energy at the A/W interface, and Π is positive for Langmuir film. 

 The surface tension (γ) at the A/W interface can be measured by the Wilhelmy plate 

technique depicted in Figure 2.4. The Wilhelmy plate is most commonly made from 

platinum, glass, or paper.6,97 For platinum, the surface is normally roughened to enhance 

wetting. Eq. 2.5 is used to calculate the surface tension from theWilhelmy plate technique. 

  2( )cos
obsF W

L t θγ −
+=  (Eq. 2.5) 

In Eq. 2.5, Fobs is the force measured by the Wilhelmy plate, W is the gravitational force 

acting on the wet plate. L and t are the length and thickness of the plate, respectively, and 

θ is the contact angle between the liquid and the solid plate. With a surface film, the 

surface pressure of the Langmuir film can be calculated from the difference between the 

observed forces for film covered surface and pure liquid surface obtained prior to 

spreading: 
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  , 0 ,
0 2( ) cos

obs obsF F
L t

γ γ
θ

Γ= Γ−
Π = − =

+
 (Eq. 2.6)  

where Fobs, Γ=0 is the force observed for the pure liquid and Fobs, Γ is the force observed for 

a film covered surface at a given surface concentration (Γ). Under normal conditions, the 

thickness of the plate is usually much smaller than the length, L >> t, and complete 

wetting occurs cos θ ~1, whereby, Π can be simplified to: 

  ,0
0 2

obs obsF F
L

γ γ
−

Π = − ≅   (Eq. 2.7) 
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Figure 2.4: Schematic depiction of the Wilhelmy plate technique used to measure the 

surface tension (γ) at the A/W interface.98  

 

2.2.2 Langmuir Troughs 

 A typical Π – A isotherm experiment is performed by spreading chloroform 

solutions of amphiphilic molecules onto the subphase contained in an instrument known 

as a Langmuir trough (Figure 2.5). Typically, a Langmuir trough has a square shape and 
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is constructed from polytetrafluoroethylene (PTFE), also known as TeflonTM. PTFE is 

hydrophobic and inert to almost all chemicals. One or two movable barriers are also 

connected to the PTFE trough to alter the surface area (A) and hence the surface 

concentration (Γ).   

 

Langmuir Film

Barrier

Teflon Trough
Subphase

Langmuir Film

Barrier

Teflon Trough
Subphase

 

 
Figure 2.5.  Schematic depiction of a Langmuir trough with two barriers. 

 

 The surface area (A), an extensive quantity, is more commonly expressed as an 

intensive quantity, surface area per molecule or surface area per repeating unit, depending 

on whether or not it is a small molecule or polymer, respectively. A can be calculated 

from Eqs. 2.8 and 2.9: 

  
A

trough

A

troughtrough

NVM
A

Nn
A

N
A

A
••

=
•

==   (Eq. 2.8) 

 

  
A

trough

A

trough

NmC
MA

Nn
A

A
••

•
=

•
= 0   (Eq. 2.9) 

where Atrough is the area of the Langmuir trough, N is the number of monomers or 

molecules on the surface, NA is the Avogadro's number, n is the number of moles of the 

molecules on the surface, M is the molar concentration of the spreading solution, V is 

volume of the spreading solution, C is the mass of solute per unit mass of the spreading 
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solution, m is the mass of the spreading solution, and M0 is the molar mass of the 

molecule for small molecules or polymer repeating unit. 

2.2.3 Phase Transitions in Langmuir Films 

 Despite the numerous measurements that can be applied to Langmuir films at the 

A/W interface, Π - A isotherms provide the fundamental information about a Langmuir 

film’s phases, phase transitions, and mechanical properties. With the reduction of one 

dimension, surface pressure (Π) is the 2D analog to pressure (P) in 3D bulk systems. The 

relationship between Π and P can be written as: 

  
1

2 ( )( )
( )

mN mP mN m
D m

−
− ∏ •

• ≅  (Eq. 2.10) 

where D is the thickness of the Langmuir film. Therefore, a Π - A isotherm is the 2D 

analog of a P-V diagram.1,2,6,99 Figure 2.6 compares a schematic P-V diagram of CO2 

(Figure 2.6A)100 and an idealized Π - A isotherm for traditional amphiphiles (Figure 

2.6B).101 
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Figure 2.6.  A comparison of 3D and 2D isotherms. (A) A P-V isotherm for CO2 at 20 oC, 

where the letters signify G for gas, L for liquid, and S for solid.  First-order gas to liquid 

and liquid to solid phase transitions are observed.  (B) A Π-A isotherm for n-

pentadecanoic acid at 25 oC on a pH = 2 subphase, where the letters correspond to G for  

a gas-like phase, LE for a liquid-expanded phase, LC for a liquid-condensed phase, and S 

for a solid phase. The G to LE and LE-LC phase transitions are first order; however, LC 

to S phase transitions are second order.102   

 Figure 2.7 shows an idealized Π – A isotherm for a fatty acid. At large A, 

molecules at the A/W interface are far apart from each other, in other words, they can not 

“feel” each other. At this point, interactions between these molecules are weak and Π is 

smaller than ~ 0.1 mN·m-1. Since the molecules are non-interacting and almost randomly 

arranged at Π < ~ 0.1 mN·m-1, this phase is defined as a 2D gas (G) phase for the 

Langmuir film and is comparable to a 3D gas phase. As the surface area per molecule (A) 
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decreases, surface concentration (Γ = Α−1) increases accordingly and the separation 

between molecules decreases while interactions between molecules increase until there is 

a phase transition to form a condensed phase. The least ordered condensed phase is a 

liquid expanded (LE) phase which was characterized by Adam.103 The transition from G 

to LE is first order4 just like the G to L phase transition in bulk systems. Alternatively, 

some molecules undergo a transition from a G phase to a condensed (LC) phase. For 

amphiphiles with long hydrocarbon tails, there are actually multiple LC phases. These 

phases can be distinguished by solid-like long-range order and the possibility of tilted and 

untilted conformations for the hydrophobic tails.4 The G to LC phase transition is also a 

first order transition.3,4 If a molecule forms a LE phase, it can also undergo a LE to LC 

phase transition, as depicted in Figure 2.7. One may suspect that the LE to LC phase 

transition is second order, since both have some liquid-like properties and the region for 

the coexisting phases on the Π – A isotherm is seldom perfectly flat.104 However, Losche, 

Sackmann, and Mohwald found that the LE to LC phase transition is actually first 

order.105 Under further compression, a kink is typically observed and the film reaches a 

solid (S) phase which was first studied by Adam in 1922.106  The solid phase is even less 

compressible than the LC phase but actually possesses the same degree of translational 

order as the LC phase. X-ray-diffraction studies107 showed that the difference between 

these two phases is the orientation of the hydrocarbon chains. In the LC phase, the 

hydrocarbon chains are tilted with respect to the surface normal and in the S phase they 

are perpendicular to the water surface. At higher surface pressure, the film is not able to 

withstand further compression and hence collapses into multilayer structures or dissolves 
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into the subphase. This 2D to 3D transition is an essential feature for Langmuir films and 

will be discussed separately.  
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Figure 2.7: A schematic depiction of an idealized Π-A isotherm for a fatty acid 

Langmuir films.  

2.2.4 Interfacial Rheology of Surface Films: Importance, Terminology, and 

Measurement. 

 The dilational and shear mechanical properties of surface films are crucial to many 

practical systems such as coatings, emulsions, and foams.108,109 Foam and emulsion 

stability strongly depends on the interfacial rheology of surface films.110 Hence, an 

understanding of the interfacial mechanical behavior of surfactants and amphiphilic 

polymers is of fundamental importance. Unfortunately, few studies have been carried out 

in this field because of the difficulty of measuring rheological parameters at interfaces. 

Furthermore, mechanical load at interfaces may alter the structure or damage thin films. 
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Hence, measurements of interfacial rheological properties need to be carefully designed 

and calibrated. As such, there are few commercialized instruments available.  

 As an analogue to bulk systems, several interfacial (2D) rheological parameters 

were summarized by Langevin:110 1) Compressive parameters as an analogue to the bulk 

modulus (K) in 3D, with an elastic modulus (ε) and viscosity (κ); 2) Shear parameters (S’ 

and S”) representing the shear elasticity and viscosity, respectively; 3) Transverse 

parameters (σd and µ) representing the elasticity and viscosity, respectively. σd is also 

known as the dynamic surface tension and µ is always negligible for thin films; and 4) 

Bending parameters. The elastic bending modulus is a small correction to the surface 

tension and is usually unimportant unless the interfacial tension is very small. A detailed 

explanation of these rheological parameters will be presented in the SLS instrumental 

section. 

 Several different instruments can be used to measure the shear or dilational 

properties of surface films. For the shear modulus, there is the canal surface viscometer 

which measures the shear viscosity using the bulk Hagen-Poiseuille law. By measuring 

how fast a film flows through a narrow canal or slit under a 2D pressure difference, the 

shear viscosity of the surface film can be calculated.111-113 An interfacial stress rheometer 

(ISR) can also measure the dynamic interfacial shear rheology of surface films. By 

applying a controlled shear stress via a magnetized probe, a slender PTFE coated needle, 

at the A/W interface, it is possible to measure the resulting deformation (strain). As a 

consequence, the complex surface shear modulus (Gs*) comprised of an elastic modulus 

(Gs’) and a loss modulus (Gs”) can be deduced.58,59 ISR is more sensitive to Langmuir 

films in the multilayer regime since Langmuir monolayers do not possess large shear 



 23

moduli. Other techniques like a knife-edge surface viscometer114 and a blunt knife 

surface viscometer115,116 have been developed to measure the dynamic shear modulus.  

 The dilational rheological parameters of surface films can be obtained by studying 

the damping of capillary waves at the interface. Harmonic waves are generated 

mechanically, thermally, or electrically. The response of the system is often mechanically 

or optically measured in terms of the damping of the propagating capillary waves by the 

surface film. Several instruments have been developed to measure dilational moduli 

through mechanically generated waves,117  electrocapillary wave diffraction (ECWD),48-

53 and surface light scattering (SLS).54-57,118,119 All of these techniques probe the dilational 

viscoelastic parameters over a certain frequency range, typically from several Hz to 104 

Hz. This dissertation will focus on the last technique, surface light scattering (SLS), 

which utilizes spontaneous, thermally induced capillary waves to probe the high 

frequency rang surface films. A more detailed discussion of this technique will continue 

in Section 2.5. 

2.2.5 2D to 3D Transitions in Langmuir Films 

 The collapse of Langmuir monolayers has been extensively studied and is of great 

importance for understanding intermolecular and molecule-subphase interactions. Two 

essential parameters related to Langmuir film collapse are  the collapse pressure (Πc) and 

the equilibrium collapse pressure (Πe) depicted in Figure 2.8. Πc defines the limiting 

pressure a Langmuir monolayer can withstand before it “breaks”. This concept is 

analogous to the yield point for bulk materials and indicates the toughness of the 

materials. Πe indicates the critical pressure above which relaxation phenomena severely 

alter a film’s structure. As such, Πe is the highest pressure that can be achieved during a 
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successive addition experiment. As seen in Figure 2.8, during compression experiments 

at a constant rate, the film can reach Π values between Πe and Πc that correspond to 

metastable states. To better understand this concept, it is helpful to consider a similar and 

common example, supersaturated water vapor. In supersaturated water vapor, water can 

exist as gas with a vapor pressure higher than the equilibrium vapor pressure. This case is 

also a metastable state. Generally speaking, metastable states are caused by inefficient 

packing of molecules, or in other words, incomplete relaxation of the system’s structure 

to the equilibrium state. Therefore, in a metastable state, small perturbations can induce a 

phase transition. In essence, a solid surface can act as a perturbation for water vapor in a 

supersaturated state. The water vapor will go through a nucleation and growth process on 

the solid surface to form a liquid film. Langmuir film systems are similar; the 

amphiphilic molecules can form collapsed structures through a nucleation and growth 

process from the metastable monolayer. Thus, even though Πc is defined by the onset of a 

plateau in a Π – A isotherm, the 2D to 3D transition can happen before Πc.120 Molecules 

with longer hydrophobic tails have greater viscosity than short chain molecules. As a 

consequence, long hydrophobic tails enhance the kinetic stability of the metastable 

regime (Πe < Π < Πc), and give rise to larger  Πc. Likewise, more polar head groups can 

increase Πc through enhanced molecule-subphase interactions.121  The observation that 

Πc is usually compression rate dependent is not surprising, since the metastable state 

arises from inefficient packing of molecules, and the films are not crystalline solids in 

spite of their long-range order.  

 As depicted in Figure 2.9, the molecules will be forced to form bilayers, trilayers, 

and even thicker multilayers after the film collapses to dissipate extra energy added to the 
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system during compression. During the collapse process, the hydrophobic tails of the 

upper molecules will join with the hydrophobic tails of the molecules at the bottom. Poly 

(ethylene oxide) (PEO) represents an interesting case. While PEO is a soluble surfactant, 

it is possible to create stable Langmuir films below Πc. Above Πc, PEO is soluble and  

the film can loop and dissolve into the subphase during collapse. 
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Figure 2.8: Compression Π – A isotherm (open circles) and successive addition Π – A 

isotherm (closed squares) for trisilanolisobutyl-POSS. Two horizontal dashed lines 

represent the collapse pressure (Πc) and the equilibrium collapse pressure (Πe).  
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Figure 2.9. Schematic depiction of possible film mechanism.98 

 

2.3  Polymeric Langmuir Films 

2.3.1 Phases in Polymeric Langmuir Films 

 Beyond traditional surfactants, the study of amphiphilic polymers at the A/W 

interface has become an active research area.31,32,34-36,57,86,89,122-125 The behavior of 

amphiphilic polymers at the A/W interface dramatically differs from small molecules 

owing to their considerably larger size. In this section, concepts from bulk polymers and 

polymer solutions are related to 2D polymeric Langmuir films.  

 The spreading behavior of flexible polymers at the A/W interface is different from 

small molecules. Polymer coils in a spreading solvent need to unfold so that the polar 

groups can hydrogen bond with the water surface. The result is 2D random coils (Figure 

2.10) for flexible polymer chains. Similar to polymer solutions, the polymers at the A/W 

interface pass through three different regimes depicted in Figures 2.10 and 2.11. The 

Langmuir films start in the dilute regime where the film is in a gas-like state. With 
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increasing concentration there is a transition from a dilute to a semi-dilute solution at an 

overlap concentration (Γ*) where the polymer coils begin to touch each other. At even 

higher Γ, there is a second transition from a semi-dilute solution to a concentrated 

solution. In contrast to bulk solution, there is no evidence that polymer chains entangle in 

the 2D Langmuir monolayers, whereas entanglements could occur upon collapse when 

films undergo a 2D to 3D transition. In the dilute regime, polymers ideally exist as 2D 

random coils and exhibit molar mass dependent Π - Γ isotherms much like the 

concentration dependence of osmotic pressure of polymers in dilute 3D solutions.126-128 In 

the semi-dilute regime for Langmuir films, coils can interpenetrate (Figure 2.10) and Π - 

Γ isotherms (Figure 2.11) exhibit molar mass independent behavior just like the 

concentration dependence of osmotic pressure in semi-dilute bulk polymer solutions.129 

As depicted in Figure 2.11, the collapse surface pressure (Πcollapse) and the subsequent Π 

values in the collapse regime are molar mass dependent. The molar mass dependence 

reflects entropic factors.127,128  

Dilute
Overlap Concentration

Γ∗
Semi-Dilute

ConcentratedDilute
Overlap Concentration

Γ∗
Semi-Dilute

Concentrated  

Figure 2.10: Schematic depiction of chain conformations for random coil polymers in 

Langmuir films. 
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Figure 2.11: Schematic depiction of Π - Γ isotherms for Langmuir films of 

homopolymers with different molar masses. This graph shows a gas-like dilute regime, a 

liquid-like semi-dilute phase, and the collapse regime. Mn refers to the number average 

molar mass and Γ* is the overlap concentration 98,128 

 

2.3.2 Theoretical Approaches for Polymeric Langmuir Films (2D Analog to 3D) 

 When surface pressure (Π) is very low (Π << 1 mN·m-1), it is valid to treat the 

Langmuir film as a gas film (G). Hence, the obvious first equation to consider is the ideal 

gas law:127,130 

  RT
A

Π =   (Eq. 2.11) 

where R is the gas constant. If we consider the corrections for excluded area, A0, and 

attractive terms, a, as in the van der Waals equation of the state, the direct 2D analog is: 

  2
0

RT a
A A A

Π = −
−

  (Eq. 2.12) 
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Since surface pressure (Π) is nothing more than the 2D analog of osmotic pressure, a 

virial expansion is also valid to describe the relationship between Π and surface 

concentration (Γ): 

  2
1 (1 )

n

A
RT M

⎛ ⎞Π
= + Γ +⎜ ⎟Γ ⎝ ⎠

L  (Eq. 2.13) 

where A2 is the second virial coefficient and the intercept is related to Mn, the number 

average molar mass. Using this equation, we can obtain the molar mass and second virial 

coefficients for various polymeric systems from their Π – A isotherms.131,132 Nonetheless, 

experiments with G monolayers are sparse because of the very low Π that must be 

measured for ideal gases and even virial expansions. 

 The condensed phases for polymeric Langmuir films attract more interest and are 

better investigated because Π values (> 1 mN·m-1) are readily accessible experimentally. 

However, theoretical approaches in this regime are less convincing owing to the 

difficulty of defining the size of a single molecule. The actual size of molecules could be 

significantly affected by their orientation and order in the Langmuir films.133 Hence, 

despite all of the experimental studies on condensed phase polymeric Langmuir films, a 

strong theoretical analysis is still lacking. 

2.3.3 Scaling Theory for Polymeric Langmuir Films 

 The obvious parallels between 2D Langmuir film properties and polymer solutions 

have led researchers to modify the scaling theory of de Gennes127 for polymer solutions 

to explain the Π - Γ isotherm in the semi-dilute regime: 

  zCΠ = Γ   (Eq. 2.14) 
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where C is a proportionality constant and z is related to the critical exponent υ (z = 2υ / 

(2υ-1)).126,130 The amphiphile-subphase interactions within a polymeric Langmuir film 

determine how Π scales with Γ in the semi-dilute regime. When the interface serves as 

good solvent, the polymer coils swell and the root mean square end to end distance, 

<r2>1/2 increases, whereas a theta solvent interface corresponds to an <r2>1/2 value where 

only the minimum amount of water necessary to fill the free volume is present in the 

polymer coils.123,126 Therefore, the values of z can be related to the solvent quality of the 

interface: good, poor, or theta solvent conditions. For a good solvent, z values obtained 

from mean-field theories134  and numerical 2D simulations are 3 and 2.86, respectively.135 

In the theta solvent limit, z → ∞ for a mean field theory, whereas it ranges from 8136 to 

101137 for numerical methods. Experimentally, many studies have focused on the scaling 

behavior of amphiphilic polymers at the A/W interface; both good solvent and theta 

solvent cases have been observed.57,123,126,130,138  
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Figure 2.12. εd – Π isotherms for poly(methyl methacrylate) (PMMA) and poly(t-butyl 

acrylate) (PtBA), poly(dimethylsiloxane) PDMS, poly(vinyl acetate) (PVAc), 

poly(methyl acrylate) (PMA), poly(tetrahydrofuran) (PTHF) and poly(ethylene oxide) 

(PEO). Two labeled dotted lines signify theoretical predictions for an interface 

corresponding to a good solvent or poor solvent.123 

 Another approach has also been applied to understand the scaling behavior of 

polymers at the A/W interface with the calculation of the lateral compressibility (κs) and 

static elasticity (εs) of the polymer film:123,128,139 

  1
s

T

A
A

κ ∂⎛ ⎞≡ − ⎜ ⎟∂Π⎝ ⎠
 (Eq. 2.15) 

  1
s s

T

A
A

ε κ − ∂Π⎛ ⎞≡ = − ⎜ ⎟∂⎝ ⎠
  (Eq. 2.16) 
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Here, κs and εs are analogs to the bulk isothermal compressibility (κ) and bulk modulus 

(K). Combining Eqs. 2.16 and Eq. 2.14, along with the assumption that  Π = 0 at Γ* 

yields: 

  s zε = Π   (Eq. 2.17) 

Therefore, the scaling exponent z can be obtained from the initial slope of 

εs − Π isotherms. Figure 2.12 shows two limiting cases (good and theta solvent interface) 

on a plot of εs – Π for various polymers. Poly(methyl methacrylate) (PMMA), poly(t-

butyl methacrylate) (PtBMA), and poly(dimethylsiloxane) (PDMS) are consistent with 

the A/W being a near-theta solvent. In contrast, poly(vinyl acetate) (PVAc), poly(methyl 

acrylate) (PMA), poly(tetrahydrofuran) (PTHF) and poly(ethylene oxide) (PEO) exhibit 

values in the range of the predictions for good solvent scaling behavior.126,140 In this 

dissertation, Figure 2.12 is adopted to analyze the dynamic elasticity (εd) obtained from 

SLS studies for different polymeric systems. 

 

2.4  Brewster Angle Microscopy (BAM) 

 Most of the time, it is insufficient to draw definitive conclusions about phase 

transitions and collapse behavior within Langmuir film systems only on the basis of the 

Π − Α isotherm. Optical techniques allow one to visualize the morphology of Langmuir 

monolayers. Brewster angle microscopy (BAM) is an excellent optical technique for 

observing the microscopic structures (micron scale) in Langmuir monolayers. This 

technique takes advantage of the special properties of light reflected from an interface at 

Brewster’s angle. Since its development, BAM has been widely adapted as an in-situ 

monitor for surface morphology changes. The greatest disadvantage of BAM is the 
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limitation of its resolution, which typically ranges from several microns to several ten 

microns. One way to overcome this limitation is to transfer films onto solid substrates 

through a LB or LS-technique whereby techniques such as atomic force microscopy 

(AFM) and transmission electron microscopy (TEM) can be applied. 

2.4.1 Polarization of Light and Brewster’s Angle 

 Light beams can transmit, reflect, or refract at an interface. For non-polarized light 

as shown in Figure 2.13, the light beam can be decomposed into two components. P-

polarized light is parallel to the plane of incidence (the arrows), s-polarized light is 

perpendicular to the plane of incidence (the circles), and both components are 

perpendicular to the propagation direction. 

Incident Reflected
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Ep
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Ep

Incident Reflected

Es

Ep

Es
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Figure 2.13: Reflection of a plane wave from a surface perpendicular to the page. The p-

component of the waves is in the plane of incidence (the page), while the s component is 

perpendicular to the plane of incidence. 
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 For a planar interface, the reflectivity of p-polarized light (Rp) and s-polarized light 

(Rs) depends on the angle of incidence (θi) and the refractive index (n) of the materials 

following Fresnel's law: 100 
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where n1 and n2 are refractive indices of the two media; and θi and θt are the incident and 

refracted angles, respectively. 

 An important limiting case for Eqs. 2.18 and 2.19 is when θi + θt = 90o 

corresponding to Brewster’s angle,  tan (θi + θt) approaches infinity, causing Rp to go to 0, 

while Rs is continuous across Brewster’s angle, θB. If one recalls Snell’s law of refraction: 

  1 2sin sini tn nθ θ=   (Eq. 2.20) 

the result is a critical incident angle (θB) where there is no reflection of p-polarized light 

(Figure 2.14), known as Brewster’s angle: 

  12 /tan nnB =θ   (Eq. 2.21) 

 

2.4.2 Principle of BAM and Instrumental Set-Up 

 Fresnel's law describes the reflection of polarized light from an ideal interface 

between two media. However, the thickness, roughness, and anisotropic features of a real 

interface will all affect the reflection profile. As a consequence, the refractive index at the 

interface is not a fixed constant, but rather is a function of position in the system, n(Z), 

where Z is the distance from the defined interface between the two bulk phases. For an 
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interfacial layer with a thickness (D) much smaller than the wavelength of the incident 

light, Drude41 derived an equation to describe the reflection of light at Brewster’s angle: 

  
2

( ) ( )p B s B BR Rθ θ ρ=   (Eq. 2.22) 

where Rs(θB) and Rp(θB) are the reflectivity for s-polarized and p-polarized light for a 

Fresnel surface at Brewster's angle, respectively, and Bρ is the ellipticity given as:42,43 
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where λ is the wavelength of the incident beam.  
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Figure 2.14: (a) Schematic depiction of reflection and refraction at an interface between 

two media. θi, θr, and θt are incident, reflected, and refracted angles.  (b) Calculated 

reflectivities at the A/W interface from Fresnel’s law at a Fresnel interface. The angle at 

which Rp minimizes defines Brewster's angle (θB = 53.1o for water).98 

 Equation 2.22 can be rewritten in terms of the reflected light intensity (Ir) and the 

incident light intensity (Ii). 

  
2

( )r i p B BI I R θ ρ= ∝   (Eq. 2.24) 



 37

For a film of uniform thickness (h) and uniform refractive index (n), Eq. 2.24 becomes 

    

2
2 2 2 2 2 22 1 2 1 2

2 2 2
0 1 2

( ) ( )( )r i p B

n n n n n nhI I R
n n n

πθ ρ
λ

⎛ ⎞+ − • −⎜ ⎟= ∝ = • •
⎜ ⎟−⎝ ⎠

 (Eq. 2.25) 

Eq. 2.25 represents the relationship between reflected light intensity and film thickness 

and refractive index. From Eq. 2.25, it is possible to deduce that thicker films lead to 

brighter images since Ir is proportional to the film thickness (h). Likewise, the greater the 

difference between the refractive indices of the film and the two media, the brighter the 

image. Eq. 2.25 also reveals that the film must have a refractive index that is different 

from both media to be seen. Langmuir films at the A/W interface are not always uniform 

with anisotropy arising from regions with different thickness or refractive index. Hence 

BAM can be used to probe micron scale anisotropy of film structure at the A/W interface.  
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Figure 2.15:  Experimental set-up for a typical BAM instrument.  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.102 
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 Figure 2.15 shows a schematic depiction of the BAM instrumental set-up, a p-

polarized laser is incident on water surface at 53.1o which is the Brewster’s angle for the 

A/W interface. The reflected beam then passes through a p-polarizer, which filters out 

residual s-polarized light and the p-polarized light is focused onto a CCD via a lens. In a 

typical experiment, a tilted black glass plate is placed underneath the water surface to 

reflect the refracted beam away from the detector. 

 As discussed above, for the case of no film at the interface, no p-polarized light will 

be reflected at Brewster’s angle and all s-polarized light will be blocked by the p-

polarizer installed in front of the detector. Hence, nothing is observed at the CCD. With a 

Langmuir film covering the surface, the refractive index profile is altered at the A/W 

interface, whereby Brewster’s angle for the system now deviates from the value for a 

bare A/W interface. Thus, some p-polarized light is reflected into the CCD to provide an 

image of the interface. As such, BAM has become a very sensitive tool for detecting and 

studying phase transitions, phase separation, crystallization, aggregation, etc. within 

Langmuir films.29,34-38  

 

2.5  Surface Light Scattering (SLS) and the Rheological Behavior of Polymeric        

Langmuir Films 

 A surface light scattering (SLS) instrument has been designed, set-up and calibrated. 

The rheological behavior of several small molecules, polymers, and blends system have 

been studied via SLS. In this section, the background, set-up and application of SLS to 

investigate dilational rheological properties of Langmuir films will be discussed. 

 



 39

2.5.1 Surface Waves and the Propagation of Capillary Waves 

 The propagation of surface waves on free liquid surfaces is an everyday 

phenomenon. An easy way to observe it is throwing a stone into a lake; the ripples are 

one kind of surface wave. The tide on the sea is also a common surface wave. These two 

surface waves are called gravity waves in the sense gravity is the main driving force for 

the propagation of the surface waves. In the ripples, part of the liquid is raised up and 

gravity pulls it back driving the propagation of these ripples. However, gravity waves are 

not the only kind of surface wave. There is another type of surface wave which we are 

not able to observe with the naked eye, the capillary wave. Capillary waves arise from 

thermal fluctuations in bulk liquids and hence are present on all liquid surfaces. The 

driving force for the propagation of capillary waves is also the surface tension (γ). The 

capillary waves deform the liquid surface and hence increase its surface energy. Surface 

tension (γ) opposes this deformation to reduce the surface area in an attempt to restore the 

interface to its initial state. 

 Lord Kevin first studied the propagation of surface waves theoretically and derived 

an expression for the propagation frequency of surface waves on an ideal pure liquid (no 

viscosity):141  

  
3

0
k gkσω
ρ

= +   (Eq. 2.26)  

where ρ is the liquid density, σ is the surface tension, (in this section, σ is used to 

represent surface tension to be consistent with the papers in this field), g is acceleration 

due to gravity, and k is the wave vector defined as (2π/λ) with λ equal to the wavelength 

of the propagating wave. The first term in Eq. 2.26 corresponds to capillary waves, while 
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the second term corresponds to gravity waves. From Eq. 2.26, one can infer that gravity 

waves are dominant for large λ, ( 1/ 2
0 kω ∝ ) whereas capillary waves are dominant for 

small λ ( 3/ 2
0 kω ∝ ). The amplitudes of capillary waves at the A/W interface are around 

3~5 Å27 with k around 104 m-1 or λ ~ 100 µm. Therefore, the gravitational term is 

negligible. Langevin provided a first order correction to Eq. 2.26 by considering the 

viscosity of the subphase (η):142 
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  (Eq. 2.27) 

where y is dimensionless fluid parameter that is a ratio of the relative restoring and 

dissipating forces at the interface: 
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y

k
σρ
η

=   (Eq. 2.28) 

 One of the most significant contributions in this area is the Lucassen-Reynders-

Lucassen dispersion equation,56 which is similar to other dispersion relationships143  

describing the dispersion relation for capillary waves at a fluid-fluid interface: 

  * * * *' 2[ ( ) '( )]k m k m E Sη η− − − = •  (Eq. 2.29) 

where the functions E and S are given as 
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  (Eq. 2.30)  

and 
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The prime terms represent the upper phase (most commonly air), while the terms with an 

asterisk denote complex quantities defined as 

  *k k iβ= −   (Eq. 2. 32) 

  *
0 iω ω α= +   (Eq. 2.33) 

  * *
d iσ σ ω µ= +  (Eq. 2.34) 

  * *
d iε ε ω κ= +   (Eq. 2.35) 

and  

  
2

1/ 2*
* * im k ω ρ

η
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

, Re (m*) > 0  (Eq. 2.36) 

For the case of SLS, with temporal damping of the capillary waves, the complex wave 

vector, k*, does not have an imaginary component (β = 0) and k* = k in Eq. 2.32. In 

contrast, the complex frequency, ω*, has both a real frequency, ω0, and a complex 

component, the temporal damping coefficient, α in Eq. 2.33. The transverse modulus, σ*, 

consists of a real part, the dynamic surface tension, σd, and an imaginary part, the 

transverse viscosity, µ (Eq. 2.34). Likewise, the complex lateral modulus, ε*, consists of a 

real part, the dynamic dilational elasticity, εd, and an imaginary part, dilational viscosity, 

κ, (Eq. 2.32). Additionally, a complex wave vector, m*, represents how deeply the 

surface wave penetrates into the underlying liquid (Eq. 2.36). For the investigation of 

gas/liquid interfaces like the A/W interface, it is safe to assume the density and viscosity 

of air are zero (ρ'= η' = 0) in Eq. 2.31 yielding 
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           (Eq. 2.37) 
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2.5.2 Molecular Motion at the Interface 

 The damping effect on surface waves when an oil film covers a surface has been 

known for centuries (Section 2.1.3) We now know that the damping within a film at the 

A/W interface depends on energy dissipation, the viscoelastic properties of the surface 

film, and its coupling to the subphase liquid. Therefore, it is possible to probe the 

rheological properties of surface films by monitoring changes in the propagation 

characteristics of surface capillary waves. This approach is the basic idea behind SLS. In 

principle, SLS is similar to conventional rheological measurements, the difference being 

we use the spontaneously formed capillary waves to perturb the surface film rather than 

stressing or straining the system mechanically.  
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Figure 2.16. Three principal modes of monolayer motion suggested by Goodrich144 that 

was relevant for SLS: (A) transverse, (B) dilational or longitudinal, and (C) shear 

mode.145 
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 According to Goodrich,144 there are three principle modes of motion in monolayer 

films with corresponding viscoelastic moduli (Figure 2.16). There are the transverse 

modulus, σ*, the dilational modulus, ε*, and the longitudinal shear modulus, S*. Each 

mode has a corresponding real part representing the elasticity and an imaginary part 

representing viscosity. For the transverse modulus, the relevant motion is an out of plane 

motion with an elastic (σd) and viscous (µ) component (Figure 2.16A). The dynamic 

surface tension can deviate from the static surface tension (σs). The dilational or 

longitudinal modulus, εd (elastic) and κ (viscous), accounts for in-plane compressive 

deformation of a volume element (Figure 2.16B) and is analogous to the bulk modulus (K) 

in 3D systems. The shear modulus, S* shown in Figure 2.16C, is analogous to the 3D 

shear modulus. The shear mode is coupled to the longitudinal mode and is impossible to 

separate from the dilational mode by SLS.146 Fortunately, the magnitude of S* is very 

small for a Langmuir monolayer compared with that of ε*, thus S* can be safely 

neglected.147 For SLS experiments, it is the out of plane transverse mode that directly 

scatters the laser beam. However, the dilational mode couples with the transverse mode 

and thereby affects not only the in plane motion of capillary wave but also the out of 

plane motion. Hence, measurements of the capillary wave damping for a film at the A/W 

interface by SLS can be used to deduce the dilational viscoelastic parameters, εd and κ.  

2.5.3 Surface Light Scattering (SLS) Instrumental Set-Up 

 Figure 2.17 provides a schematic depiction of the SLS set-up.  A 15 mW He-Ne 

laser is polarized relative to the surface. The polarized electric field from the laser is 

parallel to the interface or perpendicular to the plane of incidence to optimize the signal 

to noise ratio. The transmission diffraction grating denoted as G in Figure 2.17 generates 
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different diffraction orders which provide reproducible local oscillators for heterodyne 

detection and also helps to select specific wave vectors.128 The reference beams pass 

through a neutral density filter, NDF in Figure 2.17, to attenuate their intensity to a level 

suitable for heterodyne detection. The reference/scattered intensity Ir/Is should be around 

30 and Ir should not be too strong to avoid saturating the photomultiplier tube (PMT in 

Figure 2.17). The two lenses, L1 and L2, focus all the diffraction orders onto the same 

spot at water surface with an incident angle of 66.0°. At any given time, one of the 

diffraction orders along with any light scattered at the corresponding φ are reflected into 

the PMT to produce a time dependant signal. The current from the PMT is then passed 

through a voltage divider and high–pass filter amplifier with a cut-off frequency of 1000 

Hz and 10× amplification. With the aid of a fast Fourier transform (FFT) spectrum 

analyzer, the power spectra are obtained, digitized, and sent to a personal computer for 

analysis. 

 A Teflon trough contains the subphase and provides the interface. A Wilhelmy plate 

is also mounted on the trough to simultaneously monitor the surface pressure during SLS 

experiments. The trough and Wilhelmy plate are both placed in a Plexiglas box to 

maintain the humidity on a vibration isolated optical table. 
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Figure 2.17. Schematic depiction of the surface light scattering instrument. The lenses, 

mirror, grating, neutral density filter, and photomultiplier tube are indicated by L1 and L2, 

M, G, NDF, and PMT, respectively.145 

 

2.5.4 Scattering Behavior at the Interface 

 Figure 2.18 shows a schematic depiction of the surface light scattering 

measurement.  At an air/liquid interface, there is a continuous distribution of capillary 

wave wavelengths and hence wave vectors. The incident laser beam interacts with the 

propagating surface wave and undergoes a Doppler shift: 

  1shifted incident c
νυ υ ⎛ ⎞= ±⎜ ⎟

⎝ ⎠
  (Eq. 2.38) 

where υshifted is the shifted frequency after scattering. υincident is the frequency of the 

incident light, c is the speed of light, and ν is the velocity of the propagating capillary 

wave. Rearrangement of Eq. 2.26 yields: 
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  g k kv
k

σ σ
ρ ρ

= + ≅   (Eq. 2.39) 

Hence we have the observed frequency shift given as: 

  
2s shifted incident

kf νυ υ
π

⎛ ⎞= − = ⎜ ⎟
⎝ ⎠

  (Eq. 2.40) 

 As shown in Figure 2.18, the incident beams undergo both reflection and scattering 

at the A/W interface. The scattering from the diffracted beams are negligible owing to 

their low intensity. Only the scattering from the main laser beam is considered in SLS 

experiments. A PMT detector is responsible for collecting the scattering information. The 

light entering the PMT is a combination of the reflected diffraction order and the 

scattered laser beam of same wave vector represented as in Eq. 2.41: 

  2 2 2cos sin cosi i i
c L L

k π π πθ φ θφ
λ λ λ

= = =   (Eq. 2.41) 

where ki is the wave vector for the ith diffraction order, λc and λL are the wave length of 

the capillary wave and laser, θ and φ represent the incident and scattering angle, 

respectively as shown in Figure 2.15.  
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Figure 2.18. Schematic depiction of light scattered at the gas/liquid interface. The 

incident, reflected, and scattered wave vectors are indicated by kinc, kref, and kscatt, 

respectively. The PMT is a photomultiplier tube, while θ and φ correspond to the incident 

and scattering angle, respectively. The refracted beam is absorbed by a piece of black 

glass in the bottom of the trough. 

2.5.5 SLS Data Analysis 

 SLS data analysis often takes two paths: (1) direct fitting of the heterodyne intensity 

correlation functions;148-151 and (2) a Lorentzian fit of the power spectrum for the 

scattered light.75,152-156 The second approach is adopted for data analysis in this 

dissertation. Figure 2.19 shows power spectra for different wave vectors obtained from 

water using the FFT analyzer. Power spectra like these are then fit with a Lorentzian 

function to deduce two key parameters: the frequency shift, fs, and the experimental full 

width at half-maximum intensity, ∆fs. 
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Figure 2.19. Power spectra from water at 22.5 °C corresponding to the 4th through 9th 

diffraction order. An example of a frequency shift, fs, and an experimental full-width at 

half-maximum intensity, ∆fs, are indicated on the figure.145  

 Here, fs is related to the propagation frequency of the capillary wave: 

  0 2 sfω π=   (Eq. 2.42) 

∆fs must be corrected for instrumental broadening due to the Gaussian profile of the laser 

beam at the detector as done by following the procedure of Hård, et al:55 

  
2

,
i

s c s
s

ff f
f

∆
∆ = ∆ −

∆
  (Eq. 2.43) 

where ∆fi is the instrumental width and is given as: 

  0,cos2 ki i
i

uf
R k

ωθ
λ

∂⎛ ⎞∆⎛ ⎞∆ = ⎜ ⎟⎜ ⎟ ∂⎝ ⎠⎝ ⎠
 (Eq. 2.44) 

where θi is the incident angle, ∆ui is the full width at half-maximum intensity of the 

Gaussian laser beam profile of the ith diffraction order, λ is the wavelength of the laser, R 
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is the distance between the detector and the interface, and ω0,k is the real frequency at 

wave vector k.  

 ∆fs,c is related with the damping coefficient (α) by: 

  ,s cfα π= ∆   (Eq. 2.45) 

After obtaining ∆fs,c, the dispersion equation Eq. 2.37 can be solved for the two dilational 

moduli, εd and κ. For pure liquid systems, fs and ∆fs,c can be used to solve for the 

dynamic surface tension (σd) and the bulk viscosity (η) of the liquid. Moreover, it is 

possible to use these values to calculate an equivalent frequency shift, fs,eq, and an 

equivalent corrected full-width at half-maximum intensity, ∆fs,c,eq, at a chosen reference 

state. For this thesis, the reference state is chosen to be water at 25 °C. As such, the 

reference parameters are σd,ref = 71.97 mN•m-1, µref = 0 mN•s•m-1, kref = 324.3 cm-1, ρref = 

997.0 kg•m-3 and ηref = 0.894 Pa•s. As discussed in the next section, a common reference 

state allows direct comparisons for different systems to limiting cases of the dispersion 

equation (Eq. 2.37). 

2.5.6 Polar Plot and Limiting Behavior 

 One very useful way to understand SLS results is to plot the fs,eq and ∆fs,c,eq data 

from Section 2.5.5 onto a single polar plot containing the general solution for the 

dispersion equation on water at 25˚C as shown in Figure 2.20. The ∆fs,c-fs are calculated 

for water at T = 25 ˚C. The solid curves represent εd in mN•m-1 while the dashed curves 

correspond to constant values of κ × 105 in mN•s•m-1. Six important limiting cases are 

obvious from this polar plot. The roman numerals (I – VI) on the figure correspond to 

these cases.  
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Figure 2.20. General solution for the dispersion equation on water at 25 ˚C, the reference 

state for this thesis. Calculated from Eq. 2.37 for kref = 324.3 cm-1, σd,ref = 71.97 mN•m-1, 

µref = 0 mN•s•m-1, ρref = 997.0 kg•m-3, ηref = 0.894 mPa•s, and g = 9.80 m•s-1. The solid 

curves represent εd in mN•m-1 while the dashed curves correspond to constant values of κ 

× 105 in mN•s•m-1. The roman numerals (I – VI) on the figure indicate the limiting 

viscoelastic behavior. The limits correspond to pure liquid dynamics (I), the maximum 

velocity limit for a purely elastic surface film (PESF) (II), the maximum damping 

coefficient for a PESF (III), the minimum velocity limit for a PESF (IV), a surface film 

with an infinite lateral modulus (V), and the maximum damping coefficient for a purely 

viscous surface film (VI).145 
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 I. Pure Liquid Limit (µ, εd, and κ = 0). Thompson (Lord Kelvin)141 and Stokes157 

originally derived expressions for ωo and α for capillary waves propagating on pure 

liquid surfaces, respectively.  Langevin142 reported corrected expressions to account for 

the effects of fluid viscosity and surface tension on ω0 and α, respectively: 
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 II. Maximum Velocity Limit for a Purely Elastic Surface Film (µ and κ = 0). In 

this regime, the capillary wave propagates faster than on a pure liquid owing to the extra 

driving force εd can provide by coupling with the dynamic surface tension. However, the 

wave does experience greater damping than a pure liquid. Esker, et al.89,123 treated this 

regime as a deviation from pure liquid dynamics (I) for ωo and a deviation from the 

expression deduced by Dorrenstein158,159 for the maximum damping coefficient for a 

liquid surface covered by a purely elastic surface film: 
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  (Eq. 2.47) 
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where the valid range for y is between 210 and 490. 

 III. Maximum Damping Coefficient for a Purely Elastic Surface Film (µ and 

κ = 0). Dorrenstein originally proposed an expression for the maximum damping 
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coefficient for a liquid surface covered by a purely elastic surface film.158,159 Esker, et 

al.89,122,123 treated this regime as a deviation from pure liquid dynamics (I) for ωo and a 

deviation from the expression deduced by Dorrenstein158,159 for α: 
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 IV. Minimum Velocity Limit for a Purely Elastic Surface Film (µ and κ = 0). 

The capillary waves propagate with the slowest possible velocity.  Esker, et al.89,122,123 

treated this regime as a deviation from pure liquid dynamics (I) for ωo and a deviation 

from the expression deduced by Reynolds160 for α for the damping coefficient of a 

surface film with a complex dilational modulus approaching infinity (ε* → ∞): 
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  (Eq. 2.51) 

  

1
252 7 4

121
, 3

2 51
4 3

d
s c

kf yσ ηα π
ρ

−⎛ ⎞⎛ ⎞
= ∆ = +⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠
  (Eq. 2.52) 

 V. Infinite Dilational Modulus Regime (µ = 0, ε∗ → ∞). Reynolds160 derived an 

expression for α on a liquid surface covered by a surface film with a complex dilational 

modulus approaching infinity (ε∗ → ∞).  Esker, et al.89,122,123 treated this regime as a 

deviation from pure liquid dynamics (I) for ωo and a deviation from the expression 

deduced by Reynolds160 for α as ε∗ → ∞: 
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 VI. Maximum Damping Coefficient for a Surface Covered by a Purely Viscous 

Surface Film (µ and εd = 0). Esker, et al.89,122,123 treated this regime as a deviation from 

pure liquid dynamics (I) for ωo and a deviation from the expression deduced by 

Reynolds160 for α as ε∗ → ∞: 
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Comparing SLS results with these limiting cases provides information of possible phase 

transitions, phase separation, and collapse phenomena for surface films. 

 

2.6 Polymer Blends 

 Even before mankind started making synthetic polymers, the idea of blending two 

polymers had been utilized to enhance the physical properties of natural products (resins, 

natural rubber, cellulose, etc.). A natural resinous product, shellac, was added to 

nitrocellulose in the mid 1800s to improve the coating toughness. The combination of 

poly(vinyl chloride) PVC and butadiene-acrylonitrile (nitrile rubber: NBR) copolymer 

elastomer is one of the first commercialized polymer blends.161,162 This blend has been 

available since the early 1940s and is still being used today. One of the most important 

discoveries in the history of polymer blends is the commercialization of poly (2,6-

dimethyl-1,4-phenylene oxide) (PPO)/polystyrene (PS) blends by General Electric under 
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the trademark Noryl®. The PPO/PS blends were miscible and thus offered a property 

profile between these two polymers over the entire composition range.163  The addition of 

PPO into PS increased the glass transition temperature (Tg), improved the toughness and 

mechanical strength, and also improved the flammability resistance of PS. These results 

catalyzed a major interest in polymer blends 
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Figure 2.21: Schematic depiction of the formulation and evaluation of the performance 

involved in developing polymer blends 

 Figure 2.21 shows the procedure for developing new polymer blends, from 

formulation to performance evaluation. The first step is to choose the polymers with 

designed properties and modify the processing to insure their miscibility. Next, it is 

important to study the morphology and examine the interfacial adhesion of these two 

materials to understand their interactions. Therefore, it is necessary to characterize the 

physical and chemical properties of the blends to evaluate their performance under use 
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conditions. At the final stage property measurements feed back into the initial step to 

optimize performance.  

2.6.1 Thermodynamics and Phase Diagrams of Polymer Blends 

 Miscibility is the most essential parameter in designing a polymer blends. For a 

perfect mixing, the polymer chains of the two polymers should be able to completely 

interpenetrate at a molecular level. However, most polymer blends are immiscible or only 

partially miscible.129 The Gibbs free energy of mixing: 

         mix mix mixG H T S∆ = ∆ − ∆                         (Eq. 2.57) 

is comprised of the enthalpy of mixing (∆Hmix) and the entropy of mixing (∆Smix). For 

most small molecule systems, ∆Smix is large enough to overcome a positive ∆Hmix. Even 

when phase separation occurs, miscibility can usually be achieved by increasing the 

temperature. In contrast, polymers usually have relatively low translational entropy but 

high internal entropy relative to small molecules. Hence ∆Smix is relatively small 

especially at high molar mass and the miscibility of polymer blends mostly depends on 

the enthalpic part. 

 The enthalpy of mixing for polymers is determined by a comparison of cohesive 

and adhesive forces. In other words, it depends on the interactions within the same 

component and the interaction between the two components. These interactions include 

hydrogen-bonding, dipole-dipole interactions, van der Waals interactions, electrostatic 

interactions, etc. ∆Hmix is given as 

  1 2 1,2mixH RTnφ φ χ∆ =  (Eq. 2.58) 
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 where φ1 and φ2 are the volume fraction of the two components, R is the gas constant, n 

is the number of moles of the monomers, and the Flory-Huggins interaction parameter, 

χ1,2 is defined as: 
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where εi,j are the interaction energies between components i and j, Z is the coordination 

number of the lattice, generally assumed to be 8, but it ranges from 6 to 12, and kB and T 

are Boltzman’s constant and the absolute temperature. Combining Eqs. 2.57 through 2.59, 

the Gibbs free energy of mixing is described by the Flory-Huggins equation:134 
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⎝ ⎠
  (Eq. 2.60) 

where Ni represents the degree of polymerization for ith component. The first two terms in 

the Flory-Huggins equation indicate the entropy of mixing and the last one corresponds 

to the enthalpy of mixing.  

 The Flory-Huggins theory discussed above is derived under the assumption that the 

volume per monomer of both polymers remains the same before and after mixing. 

However, this is not the case for most real polymer blends. This temperature independent 

volume change is then lumped in to the interaction parameter χ1,2 with a empirical 

equation: 

  1,2
BA
T

χ ≅ +  (Eq. 2.61) 

where the temperature independent A is referred as the “entropic part” while the 

temperature dependent B/T term is called the “enthalpic part”. For miscibility to occur, 
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∆Gmix must be negative. If one considers Eqs. 2.60 and 2.61 together, with a positive B, 

decreasing temperature causes phase separation and thereby leads to an upper critical 

solution temperature blend (UCST Figure 2.22a). On the other hand, a negative B leads 

to a lower critical solution temperature (LCST Figure 2.22b) blend. To form a stable 

mixture, the condition described in Eq. 2.62 also needs be met: 

  
2

2
,

0mix

i T P

G
φ

⎛ ⎞∂ ∆
>⎜ ⎟∂⎝ ⎠

  (Eq. 2.62) 

Negative values for Eq. 2.62 lead to phase separation of the polymer blends into a phase 

rich in component 1 and another phase rich in component 2. This phase separation is 

known as spinodal demixing. Figure 2.22 shows the unstable region which lies inside the 

spinodal indicated by the dotted lines.  The points on the spinodal curve (dotted lines in 

Figure 2.22) are defined by: 
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 (Eq. 2.63) 
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Figure 2.22: Schematic depictions of phase diagrams for polymer blends: (A) UCST and 

(B) LCST. 
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 Tie lines between equivalent temperatures on the spinodal provide the compositions 

of the component-1 rich and component-2 rich phases. The solid lines in Figure 2.22 

represent the binodal which is the equilibrium phase boundary between the single phase 

and the phase separated region. The region between the binodal and spinodal are 

metastable, where the mixture is stable against small composition fluctuations but not 

versus large ones. Blends in the metastable region achieve the end points of the tie lines 

connecting equivalent temperatures on the binodal through a nucleation and growth 

process. The endpoints of the tielines for the binodal are thermodynamically stable and at 

equilibrium. Hence, they are defined by the condition where the chemical potential of an 

individual component is equal in both phases: 

  1 1
a bµ µ∆ = ∆    (Eq. 2.64) 

where ∆µi
j is the chemical potential of component i in phase j. The binodal curve can be 

generated by finding points that satisfy the condition: 

  
1 2( ) ( )j i

j i

G Gφ φ
φ φ

⎛ ⎞∂ ⎛ ⎞∂
=⎜ ⎟ ⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠⎝ ⎠

 (Eq.2.65) 

where φ i
j is the composition of component i in phase j. 

 The critical point corresponds to the intersection of the binodal and spinodal where: 
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 (Eq. 2.66) 

Using Eqs. 2.60, 2.65, and 2.66, it is possible to deduce the critical χ: 
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1 1 1
2c N N

χ
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 (Eq. 2.67) 

and the critical composition expressed in terms of component-1: 
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  2
1,

1 2
c

N
N N

φ =
+

  (Eq. 2.68) 

For χ < χc, the binary blends should be completely miscible for the entire range of 

composition, for χ > χc, they will only be miscible for a region of temperature and 

composition space.  

2.6.2 Physical Properties of Polymer Blends 

 Properties of interest for polymer blends include glass transition temperatures (Tg), 

strengths (tensile, flexural, compressive, etc.), impact strength, creep resistance, etc.61,164-

167 Many of the techniques used to characterize polymer blends ultimately relate to 

determining the phase behavior through Tg. Generally speaking, single phase blends will 

exhibit a single Tg somewhere between the Tg of the two individual components. Ideal 

mixtures will follow the Fox equation: 

  1 2

, ,1 ,2

1

g m g g

w w
T T T

= +   (Eq. 2.69) 

where Tg,i corresponds to the Tg of ith component and wi is the weight percentage of i-th 

component. A Tg determination, while not a thermodynamic criterion for miscibility, is 

able to serve as an easy and effective method for deducing if the system is uniphasic. 
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Figure 2.23: Generalized modulus-temperature behavior for single-phase and phase 

separated polymer blends. The leftmost (A) and rightmost curves (B) indicate tensile 

modulus (log E)-temperature (T) for the single components. The dotted curves (M 25 – 

M 75) represent log E-T for miscible polymer blends and solid curves (I 25 – I 75) 

represent log E-T for immiscible polymer blends. Tg,A and Tg,B indicate the glass 

transition temperature for single component A and B. 

 The mechanical properties of polymer blends strongly depend on phase behavior. 

Figure 2.23 shows generalized modulus (log E) – temperature (T) behavior for miscible 

and immiscible blends of two amorphous polymers with different Tg. The phase 

separated blends show a composition dependent plateau modulus between the Tgs of the 

two polymers. On the other hand, miscible blends show a single composition dependent 

Tg. 
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 For miscible polymer blends, the modulus-composition behavior is strongly 

dependent on the Tg of the components since the Tg of the mixture is a function of the 

composition and modulus will exhibit a major change around Tg. For immiscible blends 

with a low Tg component and a high Tg component, the parallel and series models 

represent limiting cases for phase separated blends:  

   Parallel Model:     1 1 2 2bE E Eφ φ= +                 (Eq. 2.68) 

   Series Model:     1 2

1 2 2 1
b

E EE
E Eφ φ

=
+

                (Eq. 2.69) 

Where E1 and E2 are the modulus of the two single components and Eb is the modulus of 

the blend. The parallel model provides an upper limit on Eb when the high modulus 

polymer is the continuous phase, whereas the series model provides a lower limit on Eb 

when the low modulus polymer is the continuous phase. 

 

2.7  Polyhedral Oligomeric Silsesquioxanes (POSS) Model Nanoparticles 

2.7.1 Hybrid Nanocomposite Materials 

 The use of composite materials dates back thousands of years when people mixed 

straw and mud in the form of bricks for building construction. In this composite material, 

straw served as the dispersed phase and reinforced the continuous phase.  Although the 

system was ill-defined, the mixture had key features of a composite material: an 

engineered material made from two or more components with significantly different 

chemical and physical properties than any single component. Hybrid organic-inorganic 

materials contain both organic and inorganic components and are expected to yield 

materials between each extreme and also lead to unique properties that cannot be 

obtained from any single component system.168 Numerous studies over the last several 
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decades have focused on formulating new composite materials.169-172 Owing to the 

increasing demand for polymeric materials with tailored properties, the field of 

nanocomposite materials has generated considerable interest. Polymeric nanocomposites 

are polymers reinforced with nano-sized materials. The reinforcing material is defined as 

a nanofiller if at least one dimension is of nanometer scale.  

 Relative to conventional macro or micro-scale composites, the interfacial area 

between components can be much larger in nanocomposites. As a consequence, it is 

sometimes possible to obtain a desired level of property improvement with much less 

filler material.173 The dispersion of the minor phase is essential to enhanced performance 

of composite materials since better dispersion will significantly enhance the interfacial 

area and consequently interfacial interactions. Sol-gel techniques have been applied to 

prepare emulsion polymeric composites. For this approach, the inorganic phase is well 

dispersed in the polymer matrix and aggregation is insignificant. However, the inorganic 

phase, which provides most of the mechanical strength may not be covalently attached to 

the organic phase and hence may only have limited interaction with the organic phase. 

Surface-modified clay has been studied as nanofillers to improve interactions between the 

organic and inorganic phases as the homogeneous dispersion of clay nanofillers is 

difficult. For the last two decades, a new class of slilicon based nanocomposite materials, 

polyhedral oligomeric silsesquioxanes (POSS), have attracted considerable interest. As a 

nanofiller, POSS molecules can be incorporated into polymer matrices by dissolution, 

polymerization, compounding, and coating.61,174  

 

 



 63

2.7.2 Polyhedral Oligomeric Silsesquioxanes (POSS) 

 Polyhedral oligomeric silsesquioxanes (POSS) are a new class of hybrid materials 

with an empirical chemical formula (RSiO 3/2)n where R can be either hydrogen or an 

alkyl, alkenyl, aryl group, etc.175 POSS was first reported by Scott in 1946176 and is 

considered to be the smallest silica, molecular silica, to be exact.175,177,178 The unique 

core-shell structure of POSS molecules (Figure 2.23) makes it compatible with numerous 

organic and polymeric materials.  Therefore, POSS molecules can be applied in different 

fields such as, low-k dielectric materials,179-181 semiconducting polymers,182 shape 

memory materials,183 space-survivable coatings,184,185 and synthetic templates for 

nanostructured materials.186-190 The incorporation of POSS molecules into polymers as a 

filler or through copolymerization can increase the glass transition temperature (Tg),191,192 

mechanical strength,193-199 and thermal stability200 of polymeric materials. 
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Figure 2.24: Chemical structures for (A) a closed-cage POSS, and (B) an open-cage 

trisilanol-POSS. R can be hydrogen or an alkyl, alkenyl, aryl group, etc. 
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 Various chemical reactions can be used to create POSS and its derivatives.201 The 

most general approach for creating POSS is the hydrolysis and condensation of 

monomers with formulae XSiY3:202  

nXSiY3 + 1.5nH2O → (XSiO1.5)n + 3nHY 

where X is a chemically stable ligand such as CH3, phenyl, or vinyl, while Y can be a 

chemically reactive chloride or alkoxy group. This reaction frequently leads to a mixture 

of different POSS derivatives depending on the starting material, solvent, catalyst, and 

experimental conditions. Heptameric silsesquioxanes (R7T7(OH)3) (Figure 2.23B) are the 

predominant trisilanol product. The products can also contain octafunctional 

silsesquioxanes (R8T8) (Figure 2.23A), larger cages, hexamers (R6T6), and linear and 

branched oligomers. R7T7(OH)3 can be separated from the other products because of 

solubility differences arising from the three silanol groups. A trisilanol-POSS can be used 

to make a closed cage POSS where one ligand is different from the other seven by 

reacting R7T7(OH)3 with R’Si(OEt)3, so-called corner-capping.202-205 R’ can also be the 

same functional group as R to form the octafunctional POSS. Haddad first synthesized 

the styryl POSS polymers through AIBN-initiated free-radical polymerization from 

styryl-substituted POSS, R7(Si8O12)(CH2CH2C6H4CH=CH2), where R is either 

cyclohexyl or cyclopentyl group.206 Despite the bulkiness of the POSS cage, styryl-POSS 

polymerized surprisingly easily and high molar mass polymers were obtained. Later, 

Pyun and Matyjaszewski applied atomic transfer radical polymerization (ATRP) to the 

synthesis of methacrylate POSS homopolymer and copolymers.207 Most POSS polymers 

including norbornyl-POSS polymers,208 vinyl-POSS polymers,209 epoxy-POSS 

polymers210 can be synthesized via similar approaches. Owing to the corner-capping 
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technique for preparing different POSS monomers, there are virtually limitless 

possibilities for synthesizing novel, functional POSS polymers. Many researches have 

focused on the structure-property relationships for POSS-polymers in bulk system.  

Mather and Haddad used POSS-norbornyl polymers as a model system to systematically 

study POSS interactions at the molecular level by manipulating the weight percentage 

and type of POSS.208 Subsequent Tg, rheology, and TEM studies suggested slight changes 

in POSS domain size could cause dramatic changes in Tg. Coughlin et al.211 proposed a 

visual model based on their morphology result of POSS-polybutadiene and polyethylene 

copolymers where POSS likely forms a raft-like or lamellar structure within the polymer 

matrix. Furthermore they proposed that 2-D POSS networks are likely present in most 

POSS copolymers due to the constraints imposed by the polymer chains. Wu et. al.212 

examined the Tg and mechanical property of styrene-r-styryl isobutyl-POSS copolymers 

where the POSS component actually serves as a plasticizer and increases the free volume 

of the polymer matrix owing to its finite size.  

 Relatively few researchers have focused on the interfacial properties of POSS 

polymers, but some attempts have been made. Paul et. al.61,213 examined phase separation 

and dewetting of trisilanolphenyl-POSS (TPP)/polymer bilayer model systems as well as 

blend thin films on solid substrates. The results show that TPP/poly(tert-butyl acrylate) 

(PtBA) blend thin films exhibit LCST phase behavior with a critical temperature of 70 

°C and a critical composition (Xc) of 60 wt % PtBA with insignificant dewetting at the 

phase boundary. In TPP/PtBA bilayers, with short annealing time, only the upper TPP 

layer dewets from the underlying PtBA layer and dewetting of the lower PtBA layer is 

restricted to a few isolated holes even with long annealing time. In TPP/PS bilayer 
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system, dewetting of both the upper TPP and the lower PS layers was observed. Tuteja et. 

al.214 systematically studied the superoleophobicity of poly(methyl methacrylate) 

(PMMA) thin films blended with Fluoro-POSS. The stability and optical properties of 

POSS/polymer blends thin films have also been studied recently.215,216   

 Since Deng, et al.29,30,37,38 discovered that some trisilanol-POSS molecules are 

amphiphilic and are able to form insoluble monolayers at the air/water (A/W) interface, 

Langmuir film systems have become an excellent model system for the study of the 

interfacial property of POSS derivatives29,30,37,38 and POSS/polymer blend systems.31-

33,125 Compared with conventional amphiphilic materials such as fatty acids and 

phospholipids, POSS derivatives exhibit much simpler phase transitions owing to their 

spherical structure. Trisilanolcyclohexyl-POSS forms ordered, crystal like structures with 

large shear moduli upon compression.29 Furthermore, trisilanolisobutyl-POSS was used 

to blend with functionalized silicones including regular hydrophobically terminated 

PDMS,31 poly(dimethyl-co-methylvinyl-co-2-diphenyl phosphine oxide ethyl) siloxane 

(PDMS-PO),125 poly(3-cyanopropyl, methyl) (PCPMS), poly(dimethyl-co-

methylhydrido-co-3-cyanopropyl, methyl) siloxane (PDMS-CN).33 In these systems, the 

monolayer states were completely homogeneous, however, morphologies in the collapsed 

regime differed depending on whether TiBuP or the silicone collapsed first.  If the 

silicone collapsed first, networks of nanoparticle aggregates eventually formed once the 

TiBuP component collapsed, whereas, discrete aggregates of TiBuP formed if TiBuP 

collapsed prior to the silicone. In contrast, octaisobutyl-POSS/PDMS blends32 were also 

investigated where all blends exhibit similar phase behavior as PDMS and octaisobutyl-

POSS likely exists as multilayer at all Π. Ring-like structures were also captured during 
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the expansion isotherm showing that the non-amphiphilic octaisobutyl-POSS might also 

form networks via a different mechanism. A direct investigation of the reinforcing 

behavior of POSS derivatives as nanofiller material should be a natural next step and is 

the main focus of this thesis.   
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CHAPTER 3 

Materials and Experimental Methods 
 
 
 

 This chapter introduces the materials and experimental techniques that are used in 

this dissertation. The description of materials and experimental methods will not be 

repeated in subsequent chapters.  

 
3.1 Materials 

3.1.1 Polyhedral Oligomeric Silsesquioxanes (POSS) 

Trisilanolisobutyl-POSS (TiBuP), trisilanolethyl-POSS (TEtP), trisilanolphenyl-

POSS (TPP), trisilanolcyclopentyl-POSS (TCpP), trisilanolcyclohexyl-POSS (TCyP), 

and octaisobutyl-POSS (OiBuP) obtained from Hybrid Plastics, Inc. are dried in a 

vacuum oven for  3 days at 40°C before use. All POSS samples are dissolved in 

chloroform (0.02-0.5 mg·g-1 HPLC grade) solution. All samples are sonicated (Fisher 

Scientific FS140H) for an hour and are sealed in special glass vials for 24 to 36 hours to 

allow dissolution.  

3.1.2 Poly(dimethylsiloxane) (PDMS), PDMS-stabilizer, and PDMS Stabilized 

Magnetic Nanoparticles (PDMS-MNPs). 

Trimethylsilyl-terminated PDMS (PDMS, number average molar mass, Mn = 7.5 

kg·mol-1, and polydispersity index, Mw/Mn = 1.09), initiated with sec-butyl lithium was 

obtained from Polymer Source, Inc. and was used without further purification. The 

TiBuP/PDMS, OiBuP/PDMS, and TCpP/PDMS blends described in Chapter 5, 6 and 7 
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are prepared by solvent mixing. The PDMS-stabilizer and PDMS-MNPs (Figure 3.1) 

were synthesized by the Riffle research group at Virginia Tech following published 

procedures.217  1H-NMR yielded Mn = 2.5 kg·mol-1 for the PDMS-stabilizer.  For the 

PDMS-MNPs, the graft density of PDMS chains calculated from transmission electron 

microscopy (10 nm diameter particles) and thermal gravimetric analysis (50 wt% 

magnetite) was ~1.25 PDMS-Stabilizers per nm2. Spreading solutions were prepared with 

nominal concentrations of ~0.5 mg·mL-1 in HPLC grade chloroform.   
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Figure 3.1. (A)  Molecular structure of the PDMS-stabilizer (x = 28). (B) A schematic 

depiction of PDMS-MNPs. The dots symbolize carboxylic acid groups and squiggly lines 

represent PDMS chains.  The inset shows carboxylic acid binding to the magnetite 

surface.  

3.2 Experimental Methods 

3.2.1 Π-A Isotherm Measurements 

 The Langmuir trough (700 cm2, Nima Technology Ltd. 601 or 701 BAM) made of 

hydrophobic Teflon® was cleaned by dichloromethane and Millipore water. Two 
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movable barriers made of a hydrophilic acetal resin polymer (Delrin®) are cleaned with 

isopropanol. The Langmuir trough is then filled with ultrapure 18.2 MΩ·cm water 

(Millipore, Milli-Q Gradient A-10, 10 ppb organic impurities). Prior to Π-A isotherm 

measurement, the barriers were automatically closed to collect dust and surface active 

compounds at the A/W interface. Then a glass pipette connected to vacuum pump is used 

to suction off these impurities. This procedure is repeated several times until the surface 

pressure change is less than 0.1 mN·m-1 when closing the barriers. 20 to 30 mins are 

allowed prior to spreading the film to ensure that the temperature of the subphase (water) 

reaches equilibrium. Chloroform solutions of desired samples with predetermined mass 

concentrations are then spread via a glass MICROLITER* syringe (Hamilton) onto the 

subphase. A completely wetted paper plate is used to record the surface pressure via 

Wilhelmy plate technique to ± 0.1 mN·m-1 as described in Section 2.2.1. The trough areas 

and surface pressures are collected by a computer through a Nima IU4 interface to obtain 

the Π-A isotherms. 

3.2.2 Constant Compression Rate Experiments 

 Constant compression rate experiments are the most fundamental Π-A isotherm 

measurements. They are used to identify possible phase transitions and deduce molecular 

orientation for amphiphilic materials. Constant compression rate experiments can also be 

adopted to probe the collapse behavior of amphiphilic materials by manipulating the 

compression rate. For this type of experiment, the two opposing barriers compress the 

surface film at a constant rate, typically from 10 – 40 cm2·min-1. Unless otherwise 

mentioned, all compression experiments presented in this dissertation use a compression 

rate of 10 cm2·min-1.  
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3.2.3 Successive Addition Experiments 

 In contrast to constant compression rate experiments that may yield non-

equilibrium Π-A isotherms, successive addition experiments are used to probe the 

“equilibrium” phase behavior of the Langmuir films by allowing enough time between 

concentration points for the Langmuir film to relax to a constant Π value. The apparent 

difference between these two methods is described in Section 2.2.5. For successive 

addition experiments, the trough area is held constant (the barriers stay at a 

predetermined position). Surface area occupied per molecule (A) is manipulated by 

successive additions of sample solution. After each addition, the Langmuir film is 

allowed to relax until ∆Π < 0.1 mN·m-1 over a 15 min period.  

3.2.4 Brewster Angle Microscopy (BAM) 

 BAM studies (MicroBAM, 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). The original size of all BAM images taken 

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

dissertation with smaller sizes were cut from the original images utilizing imaging 

software. 

 

3.2.5 Surface Light Scattering (SLS) 

 A homemade SLS instrument was constructed based on the design of Sano et al.54 

that incorporated the advances made by Hård and Neuman.124 The instrument uses a 15 

mW He:Ne laser with a wavelength of 632.8 nm, an incident angle of θi = 66.00º and a 

distance of R = 3.40 m from the air/liquid interface to the detector. The transmission 
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diffraction grating generated different diffraction orders that serve as reference beams for 

heterodyne detection. Water calibration was used to determine the wave vector q and ∆ui 

(the full width at half-maximum intensity of the Gaussian laser beam profile of the i-th 

diffraction order) for 7th through 9th order diffraction: 404.3 cm-1 and 0.0519 cm, 459.0 

cm-1 and 0.0531 cm, and 512.6 cm-1 and 0.051 cm,  respectively. For SLS measurements, 

the solutions were spread onto the surface of a home built Langmuir trough (174 cm2) 

maintained at 22.5 oC and Π was measured simultaneously by the Wilhelmy plate 

technique. The surface concentration is controlled by successive additions of chloroform 

solution and SLS measurements commenced once a stable Π value was obtained (∆Π < 

0.1 mN·m-1 over a 15 minute period), with a minimum waiting time of 20 minutes to 

allow for spreading solvent evaporation. 
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CHAPTER 4 

Surface Rheology of Trisilanolisobutyl-POSS at the Air/Water Interface 

Most of this chapter is reproduced with permission from: Yin, W.; Deng, J.; Esker, A. R. 

“Surface Rheology of Trisilanolisobutyl-POSS at the air/water interface” accepted by 

Langmuir.  

 

4.1 Abstract 

 Trisilanol polyhedral oligomeric silsesquioxane (POSS) derivatives have recently 

been reported as a new class of amphiphilic molecules that form stable Langmuir 

monolayers at the air/water interface and exhibit interesting phase transitions and 

aggregation behavior. In this chapter, surface light scattering (SLS) has been used to 

probe the dilational viscoelastic behavior of trisilanolisobutyl-POSS in the monolayer 

regime of its surface pressure-area per molecule isotherm at 22.5 °C. Results showed that 

the static dilational elastic modulus is in excellent agreement with the dynamic dilational 

elastic modulus in the monolayer regime over the limited wave vector range of 404.3 to 

512.6 cm-1. The films possessed a moderate maximum dynamic dilational elastic 

modulus (~ 50 mN·m-1) prior to film collapse.  Moreover, the films exhibited small 

surface viscosities such that the films are almost purely elastic over the frequency range 

studied throughout the monolayer regime. 
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4.2 Introduction 

 Polyhedral oligomeric silsesquioxanes (POSS), hybrid organic-inorganic materials, 

were first reported by Scott in 1946.176 POSS materials have since attracted considerable 

interest because of potential applications in semiconducting polymers,182 shape memory 

materials,218 space-survivable coatings,184 and as synthetic templates for nanostructured 

materials.187 The unique inorganic-organic core-shell structure also made it possible to 

incorporate POSS into different polymers for reinforcement,219,220 or improved physical 

and chemical properties like low-k dielectric constants,179 increased glass transition 

temperatures,192 superoleophobicity,214 and thermal stability.221 The size of POSS 

molecules, ~ 1.5 nm in diameter,177 leads to large surface area to volume ratios that 

should make the interfacial properties of POSS important for their use in nanomaterials. 

However, relatively few early studies concentrated on the surface behavior of POSS 

materials.222-225 Since Deng, et al.38 discovered that some POSS molecules form insoluble 

Langmuir films at the air/water (A/W) interface, subsequent studies have probed the 

phase behavior of multilayer POSS films and POSS/polymer blends by Brewster angle 

microscopy (BAM).29-32,38,226 Furthermore, surface studies on solid substrates have 

followed. 61,213-216,227,228 

A natural extension of surface pressure-area (Π-A) isotherms and BAM studies at 

the A/W interface is rheological studies. An understanding of the rheological properties 

of Langmuir films is essential for Langmuir-Blodgett (LB) film formation and the 

dynamic stability of gas/liquid and liquid/liquid interfaces. Many different techniques 

have been applied to study the interfacial rheology of Langmuir films, including 

mechanically generated waves,117 electrocapillary wave diffraction (ECWD),49,229 canal 
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viscometry,113 interfacial stress rheometry (ISR),29,58,59 surface pressure relaxation 

studies,230 and surface light scattering (SLS).118,122,123,126,147,148,153,154,231 In this chapter, 

SLS and Π-A isotherms were employed to study the dynamic dilational rheology of 

trisilanolisobutyl-POSS molecules at the A/W interface.  SLS was chosen to probe 

dilational viscoelastic behavior in the monolayer over methods for probing shear moduli 

because a previous ISR study showed that shear moduli for trisilanolcyclohexyl-POSS (a 

homologous compound that should actually be more rigid on the basis of the Π-A 

isotherm) in the monolayer regime are small (~1 x 10-3 mN·m-1 for both the storage and 

loss moduli).29  

4.3 Results and Discussion 

 A Π - A isotherm obtained by successive addition for trisilanolisobutyl-POSS is 

provided in Figure 4.1. Trisilanolisobutyl-POSS formed an insoluble Langmuir film at 

the A/W interface.38,226 The POSS isotherm exhibited three different regimes: 38,226 (A) A 

> Alift-off = 230 Å2·molecule-1 (where Alift-off is the A value where Π starts to increase) 

corresponding to the end of submonolayer regime (Π = 0 mN·m-1) where POSS films are 

likely biphasic with the coexistence of gaseous and liquid-like domains; (B) 140 < A < 

230 Å2·molecule-1 corresponding to a condensed (LC) monolayer, and (C) A < 140 

Å2·molecule-1 where POSS films collapse into multilayers at Π ~ 12.5 mN·m-1. Treatment 

of the POSS molecule as a sphere at the on-set of the collapse transition yielded the 

diameter of the molecule.  A value of ~134 Å2 at the on-set of the collapse transition 

deduced from the cross-sectional area of the sphere versus the value of ~160 Å2 estimated 

from the extrapolated limiting area of the molecule,38,226 indicated that the open cage 
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POSS structure is moderately compressible.  SLS measurements that will be provided 

later confirmed this interpretation. 
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Figure 4.1. Π−A addition isotherm at T = 22.5 °C and the chemical structure of 

trisilanolisobutyl-POSS. Vertical dotted lines indicate boundaries for Regimes A through 

C. 

 SLS data presented in Figure 4.2 were analyzed using the approach of Esker et al.,39 

which is based on the method used by Hård and Neuman.55 fs and ∆fs,c data were obtained 

at three different wave vectors corresponding to k = 404.3, 459.0 and 512.6 cm-1 (7th 
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through 9th order diffraction). These values, along with surface tension data, were used to 

calculate εd and κ with the aid of a dispersion equation56 for capillary wave propagation 

at the A/W interface.123 After observing that εd and κ were frequency independent, all 

SLS data were converted to a common reference state. In this procedure, the deduced εd 

and κ, along with the dispersion equation at different k, were used to calculate 

viscoelastically equivalent values of the frequency shift (fs,eq) and full-width at half-

maximum intensity (∆fs,c,eq) at a reference state corresponding to a reference wave vector 

(kref = 324.3 cm-1), surface tension (σd,ref = 71.97 mN·m-1), subphase density (ρref = 997.0 

kg·m-3), bulk shear viscosity (ηref = 0.894 mPa·s), and transverse viscosity (µref = 0). As 

these data were frequency independent, the data points for fs,eq and ∆fs,c,eq in Figure 4.2 

represent an average of the three wave vectors with one standard deviation error bars. 

The two vertical dotted lines in Figure 4.2 correspond to the boundaries between Regime 

A and Regime B and between Regime B and Regime C as defined in Figure 4.1. The 

three horizontal dotted lines represent three different limiting cases for viscoelastic 

behavior: (I) pure liquid behavior (εd, κ, and µ = 0), (III) the maximum damping 

coefficient for a purely elastic film (where damping of capillary waves is the strongest), 

and (IV) the minimum velocity for a purely elastic surface film (where capillary wave 

velocity is the slowest).122,123,231 Two other important limits for perfectly elastic films: (II) 

the maximum velocity and (V) the infinite lateral modulus limit have been omitted for 

clarity.   
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Figure 4.2. Plots of fs,eq - Π (top, circle) and ∆fs,c,eq − Π (bottom, square) for 

trisilanolisobutyl-POSS. Data points represent an average of three wave vectors with one 

standard deviation error bars. Vertical dotted lines indicate Regimes A through C defined 

in Figure 4.1. Horizontal dotted lines correspond to limiting behavior39,40,44 of the 

dispersion relation:47 (I) pure liquid limit, (III) the maximum damping coefficient for a 

perfectly elastic surface film, and (IV) the minimum velocity for a perfectly elastic 

surface film. 

 In Regime A, trisilanolisobutyl-POSS behaved as a pure liquid (I). As surface 

concentration increased, a monolayer formed at the A/W interface (crossover from 

Regime A to B). Around this transition, two things happened.  First, fs,eq reached a 

maximum before starting a monotonic decay.  This maximum is consistent with the 
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formation of an elastic film with a small dilational elasticity and viscosity.  Likewise, 

∆fs,c,eq increased quickly and reached a maximum at Π ~ 0.6 mN·m-1. As was previously 

noted,123,126 a peak in the ∆fs,c,eq – Π plot where the value of ∆fs,c,eq approaches the 

limiting case of the maximum damping coefficient for a perfectly elastic surface film (III) 

means εd/σd ~ 0.17. Hence, trisilanolisobutyl-POSS Langmuir films have εd ~ 10 mN·m-1 

at Π ~ 0.6 mN·m-1. For many polymeric Langmuir film systems,123,231 the corresponding 

peaks for ∆fs,c,eq appeared instantly as Π deviated from 0 mN·m-1. Here, the more gradual 

increase in ∆fs,c,eq is attributed to hydrogen bonding between the three silanol groups of 

trisilanolisobutyl-POSS and water molecules which are squeezed out of the film during 

monolayer formation around the boundary between Regimes A and B. After the 

transition (Regime B), both fs,eq and ∆fs,c,eq exhibited a monotonic decay with values 

approaching those of a perfectly elastic surface film with dilational viscoelastic 

characteristics that are consistent with the minimum velocity limit of the dispersion 

equation (IV) over the range of ~3 < Π < ~ 12.5 mN·m-1. In Regime C, BAM studies 

showed that trisilanolisobutyl-POSS films collapse into a heterogeneous film with 

multilayer regions.38,226 After collapse of the film begins, Π remains constant at ~ 12.5 

mN·m-1.  Furthermore, fs,eq and ∆fs,c,eq values do not change and the film retained 

dilational dynamics that are consistent with a liquid covered by a perfectly elastic film in 

the minimum velocity limit (IV). 
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Figure 4.3. Plots of εi-Π (top) and ωκ-Π (bottom, filled triangles) for trisilanolisobutyl-

POSS. εs values (top, filled circles) are deduced from Figure 4.1. εd (top, open circles) 

and ωκ values represent the average of three different wave vectors with one standard 

deviation error bars. Dotted vertical lines indicate the boundaries of the same regimes 

defined in Figure 4.1. The inset of the bottom graph expands ωκ vs. Π to show the small 

but continuous increase in ωκ with respect to Π in the monolayer regime. 

 Dynamic dilational viscoelastic parameters deduced from SLS measurements of 

trisilanolisobutyl-POSS films at the A/W interface as a function of Π  are presented in 

Figure 4.3. The upper panel of Figure 4.3 contains εd and is compared to the 

corresponding static dilational elasticity calculated from Figure 4.1 
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using ( )s T
Aε = − ∂Π ∂Α . The lower panel of Figure 4.3 shows the dilational loss modulus 

(ωκ) as a function of Π.  In the sub-monolayer regime (A), incomplete surface coverage 

led to a film lacking viscoelastic character (εd and ωκ ~ 0). In Regime B, the monolayer 

state, both εd and εs rose sharply with increasing Π and agreed closely up to Regime C, 

the collapsed state. The maximum values of εd and εs before film collapse were ~ 43 and 

~ 49 mN·m-1, respectively. Furthermore, ωκ exhibited small values, ωκ < 3 mN·m-1, that 

rose gently with Π (inset of the lower panel of Figure 4.3) until film collapse (Regime C), 

where the ωκ values exhibit large scattering.  ωκ-Π plot allowed the loss tangent (tan δ = 

ωκ/εd) to be easily deduced.  εd and ωκ values in Figure 4.3 yielded tan δ ~ 1 (a balance 

of the viscous and elastic contribution) for submonolayer coverage and values of tan δ < 

0.1 (elastic dominant films) in Regime B (the monolayer at Π < 9 mN·m-1).  At the end of 

Regime B, tan δ values rose to tan δ ~ 0.5 as ωκ increased. Within Regime C, εs fell to 

zero, whereas εd, ωκ, and consequentially tan δ maintained values comparable to those at 

the collapse transition. 

 The excellent agreement between εd and εs in the monolayer state (Regime B), 

along with small ωκ values, are consistent with a monolayer that is almost perfectly 

elastic. Another interesting feature of Regime B is the large initial slope ( )dd dε Π ~ 13. 

The slope in this region of the monolayer is controlled by two main factors: amphiphile-

water and amphiphile-amphiphile interactions. In traditional small molecule amphiphiles, 

large initial slopes for εd-Π indicate rigid films with efficient packing of the hydrophobic 

portions of the molecules as one may see for stearic or arachidic acid.67,232  In contrast, 

smaller slopes occur in systems like oleic acid233 where cis-unsaturation in the 
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hydrophobic tail hinders packing to create a more compressible monolayer. For 

polymeric systems, the changes in slope correlate with good solvent (water-swollen 

polymer chains) and poor or theta solvent (films with minimal water) conditions.130 

When the A/W interface behaves as a good solvent, ( )dd dε Π ~ 3, whereas ( )dd dε Π ~ 

8-100 when the A/W interface behaves as a poor solvent. Some examples of polymers 

where the A/W interface is reported to be a good solvent include: polymers 

(poly(vinylacetate) (PVAc), poly(methylacrylate) (PMA), poly(tetrahydrofuran) (PTHF), 

and poly(ethylene oxide) (PEO).123,126 In contrast, polymers such as poly(t-

butylmethacrylate) (PtBMA), poly(methylmethacrylate) (PMMA) and 

poly(dimethylsiloxane) (PDMS) represent classical examples of polymers for which the 

A/W interface acted as a poor solvent.57,123,126 Considering the structural similarity 

between trisilanolisobutyl-POSS and PDMS, amphiphile-water interactions should be 

substantially less important than intermolecular interactions for explaining both the Π-A 

isotherm and dilational viscoelastic behavior of trisilanolisobutyl-POSS once the LC 

monolayer has formed. In fact, the large initial slope of ( )dd dε Π , the small κ in the 

monolayer regime, and the maximum εd corresponding to a moderately rigid film for 

trisilanolisobutyl-POSS are similar in magnitude to PDMS,57,229,234 although the 

trisilanolisobutyl-POSS film is more rigid. 

 At the start of Regime C, trisilanolisobutyl-POSS films have been shown to 

collapse into multilayer domains.38,226 During film collapse, the trisilanolisobutyl-POSS 

films are unable to store any additional energy. Energy added to the system by further 

compression of the film converts regions of the monolayer into multilayer.  In this regime, 

εs = 0 reflects the fact that matter is lost from the monolayer to the multilayer domains 
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and does not necessarily reflect a change in the elasticity of the film itself.  As seen in 

Figure 4.3, εd did not return to zero.  εd obtained from SLS represents the locally 

averaged elasticity of the film on length scales of a few hundred microns. Hence, even 

though the film is no longer uniform, εd maintains its large value upon collapse reflecting 

the local elasticity.  This feature is consistent with the fact that a continuous POSS layer 

still contacts the water surface, even if parts of it have additional material on top in the 

form of multilayer.  Furthermore, it shows that the act of making non-invasive SLS 

measurements does not induce additional multilayer formation in contrast to further 

decreases in A during compression of a film for static Π - A isotherm measurements. 

Thus, SLS shows that the heterogeneous trisilanolisobutyl-POSS film is still rigid after it 

collapses. Upon further addition of spreading solution, the film becomes even more 

heterogeneous and the assumptions for SLS measurements may no longer be valid. As a 

consequence, the εd and ωκ values in Regime C exhibit greater scatter with larger error 

bars than in the monolayer (Regime B). 

4.4 Conclusions 

 In summary, SLS has been employed for the first time study of interfacial dilational 

viscoelastic properties of a POSS molecule. Trisilanolisobutyl-POSS formed a 

viscoelastic Langmuir film which is almost perfectly elastic in the monolayer state for the 

wave vector range of 404.3 to 512.6 cm-1. Previous studies have suggested that POSS 

molecules may serve as model 2D nanofillers (nanoscale objects that can enhance the 

elastic modulus of a material) in Langmuir film studies.29,30,38,226 If one considers that the 

maximum dilational elasticity of trisilanolisobutyl-POSS is ~ 50 mN·m-1 prior to film 

collapse, one might expect reinforcement (increased elastic moduli for the composite film 
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relative to the polymer film) in the monolayer state for compatible polymer blends where 

the A/W interface can be regarded as a good solvent, and plasticization (enhanced fluidity 

of a polymer through the addition of a small molar mass additive) in the monolayer state 

in compatible polymer blends where the A/W interface is a poor solvent. Further SLS 

studies of POSS derivatives as 2D nanofillers in polymeric Langmuir films are underway. 
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CHAPTER 5 

Phase and Rheological Behavior of Trisilanolisobutyl-POSS/PDMS  

Blends at the Air/Water Interface 

5.1 Abstract 

 The work presented in Chapter 4 showed that surface light scattering (SLS) can be 

used to probe the rheological properties of trisilanol-POSS derivatives. As a potential 

model nanofiller, trisilanolisobutyl-POSS (TiBuP) forms Langmuir films with moderate 

rigidity and negligible interfacial viscosity. In this chapter, the interfacial phase and 

rheological behavior of TiBuP/polydimethylsiloxane (PDMS) blends with different wt% 

TiBuP are examined at the air/water (A/W) interface to connect rheological properties 

with previously completed morphological studies. PDMS forms Langmuir films at the 

A/W interface that are ideal for SLS studies and can be characterized by four regimes: 

(A) submonolayer (surface pressure Π = 0 mN·m-1), (B) monolayer (0 < Π < 8 mN·m-1), 

(C) a monolayer to bilayer transition (Π ~ 8 mN·m-1), and (D) multilayer (Π ~ 9 mN·m-1). 

For all blends, at low Π (Π < 2.5 mN·m-1) in the monolayer regime, TiBuP, with its 

attendant water, serves as a plasticizer and lowers the dilational modulus of the films.  At 

higher Π (2.5 < Π < 5 mN·m-1) in the monolayer regime, εd for the blends is comparable 

to pure PDMS. This feature is consistent with water being squeezed out of the film and 

TiBuP being unable to plasticize PDMS on its own. For Π > 5 mN·m-1, composition 

dependent reinforcement of the blends occurs. The Π where reinforcement occurs 
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decreases as the wt% TiBuP increases and may correlate with the surface fraction of 

TiBuP (ΦTiBuP) in the layer directly in contact with water. As ΦTiBuP increases, the 

modulus of the collapsed PDMS film increases. This observation likely reflects the 

formation of TiBuP networks which restrict PDMS mobility. 

5.2 Introduction  

5.2.1 TiBuP and PDMS as Model Filled Polymer System 

    Recently, the field of polymeric nanocomposite materials has generated 

considerable interest owing to an increasing demand for improved performance and 

tailored properties.235-239 Polymeric nanocomposites are polymers reinforced with nano-

sized or even molecular level nanostructured materials.240 The reinforcing material is 

defined as a nanofiller as long as at least one dimension is on the order of 100 nm or 

smaller. Polyhederal oligomeric silsesquioxanes (POSS), silica-based nanofiller 

materials, were first reported by Scott in 1946.176 The unique core-shell structure of 

POSS molecules (Figure 5.1) makes them compatible with numerous organic and 

polymeric materials.177,201,241 Therefore, POSS based materials can be used as 

semiconducting polymers,182 shape memory materials,183 space-survivable coatings,184,185 

and for synthetic templates nanostructured material.186-189 The incorporation of POSS 

molecules into a polymer can increase its glass transition temperature (Tg)191,192 and 

thermal stability.242 Due to their size (diameters around 1.5 nm), POSS molecules are 

described as the smallest silica particles243 or “molecular silica”. Furthermore, the well-

defined and easily modified chemical structure makes POSS molecules excellent model 

fillers for exploring filler-polymer interactions. The mechanical, optical, and thermal 
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properties of POSS copolymers and POSS/polymer blends have been extensively 

studied.196,199,212,244-246 However, relatively little research has been done to probe the 

behavior of POSS derivatives as nanofiller materials within thin films, even as thin film 

polymer blends grow more important for diverse applications including lithography,247 

dielectric layers,248 gas separation membranes,249 biocompatible coatings,250 and drug 

delivery systems.251 Several attempts have been made in this area. Paul et al.61,213,227 

examined phase separation and dewetting of trisilanolphenyl-POSS incorporated into 

polymeric thin films on solid substrates. Tuteja et al. systematically studied the 

superoleophobicity of poly(methyl methacrylate) (PMMA) thin films blended with 

flourous POSS derivatives.214 The stability and optical properties of POSS/polymer 

blends have also been studied recently.215,216  Since Deng, et al.38 discovered that some 

trisilanol-POSS molecules are amphiphilic and are able to form insoluble monolayers at 

the air/water (A/W) interface, Langmuir film systems have become an excellent model 

system for studying the interfacial properties of POSS derivatives29,30,38,226 and 

POSS/polymer blends.31-33,125 
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Figure 5.1. Molecular structure of trisilanolisobutyl-POSS (TiBuP) where R is an 

isobutyl group. 

    Polydimethylsiloxane (PDMS) is the most widely used silicon based polymer. The 

extremely flexible Si-O bonds render a very low glass transition temperature (Tg).252 Also, 

as an organic-inorganic polymer, PDMS is thermally stable at high temperature and has a 

small thermal expansion coefficient that arises from its inorganic backbone. Therefore, 

PDMS has found uses in many fields such as adhesives and sealant materials,253,254 

silicon based lubricants,255,256 anti-foaming agents,257 damping fluids,258 etc.  

 Beyond its unique bulk properties, PDMS is one of the first class of polymers that 

has been investigated extensively at the A/W interface. Ever since Fox et al.83 reported 

that PDMS is able to form a uniform Langmuir monolayer at the A/W interface and 

exhibit interesting interfacial behavior, subsequent studies have focused on the interfacial 

properties of silicones in Langmuir films.57,124,229,259 With a smooth water subphase and 

two controllable thermodynamic variables: temperature (T) and surface area per molecule 
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(A), Langmuir films are excellent model systems for studying phase transitions and 

ordering in different fields of chemistry, physics, and life sciences.3-5,72 With the 

introduction of Brewster angle microscopy (BAM),29-32,38,39,42,43,226 fluorescence 

microscopy (FM),44,45 ellipsometry,229 and grazing incidence X-ray diffraction (GIXD), 46 

these two-dimensional (2D) Langmuir films can provide information completely 

analogous to three dimensional (3D) bulk systems.1,6 Previous morphological studies 

from the Esker group have investigated the phase behavior of polydimethylsiloxane 

(PDMS) blended with trisilanolisobutyl-POSS (TiBuP) at the A/W interface.31 Judging 

from a thermodynamic analysis of the Π – A isotherms and BAM images, the blends 

likely form uniform monolayers at the A/W interface with no detectable phase separation 

upon spreading at submonolayer coverage (Π ~ 0 mN·m-1). At Π comparable to the 

collapse pressure of TiBuP, aggregates could be seen during compression of the film and 

aggregates start to coalesce with further increases in surface concentration, especially for 

blends with high wt% TiBuP. Expansion of these highly compressed multilayer films 

revealed ring-like structures that are reminiscent of idealized depictions of nanofiller 

networks proposed for explaining reinforcement in filled polymer composites. Hence, one 

might expect that TiBuP could work as a nanofiller to reinforce the PDMS matrix.  A 

natural next step would be rheological studies of TiBuP/PDMS blends at the A/W 

interface. The static and dynamic rheological behavior of a fair number of amphiphilic 

polymeric and small molecule monolayers can be obtained from several techniques 

including mechanically generated waves,47 electrocapillary wave diffraction 

(ECWD),49,229 surface light scattering (SLS),118,122,123,126,153,231,234 interfacial stress 
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rheometry (ISR),29,58,59 and surface pressure relaxation studies.60 In this paper, SLS will 

be employed to probe the dynamic dilational rheology of the TiBuP/PDMS blends. 

5.2.2 Surface Light Scattering (SLS) Measurements 

    SLS monitors the propagation of spontaneously formed capillary waves on 

air/liquid or liquid/liquid interfaces which arise from density fluctuations within the 

liquid subphase. The amplitude and wavelength (λ) of the relevant fluctuations are 3-5 Å 

for water,260 and a few hundred µm, respectively. Most SLS instruments utilize a 

transmission diffraction grating55 to generate different diffraction orders and detect 

scattered light through heterodyne beating.  Two different paths are generally taken for 

subsequent data analysis: (1) direct fitting of the heterodyne intensity correlation 

functions,148 and (2) a Lorentzian fit of the power spectrum for the scattered 

light.122,123,153,231,234 In the second approach (used in this study), the power spectrum 

yields a frequency shift (fs) and an experimental full-width at half-maximum intensity 

(∆fs). The experimental full-width is usually corrected for the Gaussian beam profile of 

the laser:73 
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Here, ∆ui is the full width at half-maximum intensity of the Gaussian laser beam profile 

for the ith diffraction order of the transmission diffraction grating, θi is the incident angle, 

k = 2π/λ is the spatial wave vector, and R is the distance from the interface to the detector. 

fs is proportional to the capillary wave propagation rate (ω = 2πfs) and ∆fs,c is related to 

the capillary wave damping coefficient (α = π∆fs,c). ω and α can be used to solve the 

Lucassen-Reynders-Lucassen dispersion relation for a monomolecular film at the A/W 

interface:56 

  ( )[ ] ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+++⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++=−

iki
g

i
kmkmk

i
kmk ρω

ω
ρ

ω
σηη

ω
εη *

**
**)(*)(

*
**

22
2  (Eq. 5.3) 

where ε*, σ*, ω*, and m* correspond to the complex dilational modulus, complex 

surface tension, complex frequency, and the complex wave vector in the z-direction, 

respectively.  These complex quantities correspond to Eqs. 5.4 through 5.7, respectively. 
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In Eqs. 5.3 through 5.7, εd is the dynamic dilational elasticity, κ is the dilational viscosity, 

σd is the dynamic surface tension, µ is the transverse viscosity, g is acceleration due to 

gravity, and ρ and η are the density and viscosity of the subphase (water), respectively.  

In principle, εd and κ also contain a shear component, although this seems to be 

negligible.146  The solution of Eq. 5.3 is complicated by the fact that only two quantities 

are measured, fs and ∆fs,c, but four parameters, εd, κ, σd,  and µ need to be determined.  
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For the case of direct analysis of the correlation function, these terms serve as fitting 

parameters, whereas, during routine analysis of power spectra µ is normally assumed to 

be zero and σd is replaced by the static surface tension, (σs), which can be measured 

simultaneously by the Wilhelmy plate technique.  Hence, εd and κ can be deduced from 

Eq. 5.3. 

    In the remainder of this chapter, SLS will be used to deduce the dilational 

viscoelastic parameters, εd and κ, for TiBuP/PDMS blends at the A/W interface. This 

information along with a previous morphological study will be used to propose plausible 

molecular conformations at the A/W interface. 

5.3 Results and Discussion 

5.3.1 Π − A Addition Isotherm of PDMS 

 Figure 5.2 shows a Π-A isotherm for PDMS obtained by the successive addition 

method. Here, A stands for the area occupied per dimethylsiloxane repeat unit (monomer 

for short). The isotherm exhibits four classical regimes as reported by Fox, et al.:83 (A) A 

> Alift-off = 18 Å2 monomer-1 (where Π starts to increase) indicating the submonolayer 

regime (Π = 0 mN m-1). Here the PDMS films are likely biphasic with the coexistence of 

gaseous and liquid-like domains;81 (B) 14 Å2 monomer-1 < A < 18 Å2 monomer-1 

corresponding to a PDMS monolayer with oxygen and silicon atoms from the repeating 

unit adsorbed at the A/W interface; (C) 8 Å2 monomer-1 < A < 14 Å2 monomer-1, the first 

plateau regime (Π ~ 8.0 mN m-1), and (D) A < ~ 8 Å2 monomer-1, the second plateau 

regime (Π ~ 9.0 mN m-1). In the original paper, Regimes C and D have been described 

through the successive coiling of PDMS chains to form helical structures. Subsequent 
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ellipsometry studies suggested that Regimes C and D actually correspond to a monolayer 

to bilayer transition and a bilayer to multilayer transition, respectively.229 In this chapter, 

the bilayer model will be adopted to be consistent with a previously published study on 

this blend system.31 Π at the border between Regimes B and C defines the collapse 

pressure of PDMS, Πc,PDMS. The small rise in Π at the end of Regime C signifies the end 

of the bilayer regime. 
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Figure 5.2.  Π-A isotherms for PDMS at T = 22.5 °C. Obvious transitions in the PDMS 

isotherm define the boundaries (vertical dotted lines) for Regimes A through D. 

5.3.2 SLS Results for PDMS 

 Esker et al.123,231 reported that for frequency independent viscoelastic behavior, it is 

convenient to normalize all viscoelastic data to a common reference state. The approach 
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is essentially the same one used by Hård and Neuman.55 After obtaining fs and ∆fs,c from 

SLS, and σs from the Wilhelmy plate technique, respectively,  Eq. 5.3 is used to deduce 

the viscoelastic parameters εd and κ. Next, the values of εd and κ are used along with Eq. 

5.3 to calculate the equivalent values of the frequency shift (fs,eq) and corrected full-width 

at half-maximum intensity (∆fs,c,eq) at an arbitrary reference state. For this study, the 

reference state is chosen to be water at 25 °C (σd,ref = 71.97 mN m-1, µref = 0, ρref = 997.0 

kg m-3, and ηref = 0.894 mPa s) and a reference wave vector of kref = 324.3 cm-1. After 

verifying that these values are frequency independent, it is possible to average them for 

the different wave vectors and provide error estimates. Figure 5.3 shows fs,eq and ∆fs,c,eq 

plotted as a function of Π for PDMS where data points represent an average of three 

wave vectors (7th through 9th diffraction orders) with one standard deviation error bars. 

 The horizontal dotted lines in Figure 5.3 represent several limiting cases of the 

dispersion equation for a viscoelastic film discussed in Chapter 2.5. There are totally six 

important limiting cases for the viscoelastic behavior of Langmuir films at the A/W 

interface: (I) pure liquid behavior (ε∗ and µ = 0), where a pure liquid surface or a 

submonolayer coverage film may exist; Purely elastic surface films (µ = 0 and κ = 0) 

yield three limiting cases (II) the maximum velocity limit (where capillary wave 

propagates the fastest), (III) the maximum damping coefficient limit (where the damping 

effect of the film reaches a maximum), and the (IV) the minimum velocity limit (where 

capillary waves propagate with their slowest velocity); The other two limits correspond to 

(V) the infinite lateral modulus limit (µ = 0 and ε∗ → ∞), and (VI) the maximum damping 

coefficient for a purely viscous surface film (εd = 0 and µ = 0).123,231 For PDMS Langmuir 
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films, limits (I), (III), and (IV) are the most important of these limits and are the 

horizontal dotted lines included on Figure 5.3.  Comparing the fs,eq and ∆fs,c,eq data with 

these limiting cases provides useful information about the viscoelastic behavior of  

PDMS films at the A/W interface. 
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Figure 5.3.  fs,eq - Π (top panel) and ∆fs,c,eq - Π (bottom panel) isotherms for PDMS at T = 

22.5 °C. Data points represent an average from three wave vectors with one standard 

deviation error bars. Vertical dotted lines indicate Regimes A through D defined in Figure 

5.2. The horizontal dotted lines correspond to limiting behavior of the dispersion relation: 

(I) pure liquid limit, (III) the maximum damping coefficient for a perfectly elastic surface 

film, and (IV) the minimum velocity limit for a perfectly elastic surface film discussed in 

Chapter 2. 
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 In Regime A, the submonolayer regime, the viscoelastic profile of the PDMS film 

is consistent with the pure liquid limit (I). At the very beginning of Regime B, both fs,eq 

and ∆fs,c,eq quickly approach the maximum damping coefficient limit for a perfectly 

elastic surface film (III).  The scattering of data points between limit (I) and limit (III) at 

this regime boundary arises from coexisting liquid (L) and gas (G) phase at Π = 0 for 

PDMS Langmuir films.261 As SLS measures the viscoelastic properties averaged over an 

approximate area of several square microns, these measurements can probe the liquid 

domains (L), the gas domains (G), or a combination of both L and G for biphasic films. 

The corresponding fs,eq and ∆fs,c,eq values will be consistent with limit (III), limit (I), or lie 

somewhere between limits (I) and (III) as a result of temporally averaging the amount of 

time L or G domains are in the scattering volume.  In the middle of Regime B, the global 

minimum in fs,eq and the local minimum of ∆fs,c,eq correspond to the viscoelastic behavior 

of a perfectly elastic film in the minimum velocity limit (IV).  At the high Π end of 

Regime B, fs,eq starts to rise, and ∆fs,c,eq shows another maximum matching the maximum 

damping coefficient for a perfectly elastic surface film (III). It is clear from ∆fs,c,eq - Π  

that the viscoelastic properties in Regimes C and D are essentially those of a pure liquid 

(I), except for a small enhancement of the surface viscoelasticity at the boundary between 

Regimes C and D.  
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Figure 5.4. Plots of (a) εd - Π (filled circles) and εs - Π (open circles), (b) κ – Π,  (c) ωκ 

– Π, and (d) tan δ – Π for PDMS at T = 22.5 °C. εs is deduced from the addition Π – A 

isotherm via equation Ts AA )/( ∂Π∂−=ε . εd, κ, ωκ, and tan δ values represent the 

average of three different wave vectors with one standard deviation error bars. The dotted 

vertical lines indicate the boundaries of the regimes defined in Figure 5.2. 

5.3.3 Surface Viscoelastic Properties for PDMS 

 Figure 5.4 shows dilational viscoelastic parameters (εd, εs, κ, ωκ, and tan δ) as a 

function of Π. εd, κ, ωκ, and tan δ represent the average of three wave vectors with one 

standard deviation error bars. In Figure 5.4a, εd values deduced from SLS measurements 
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agree well with εs values deduced from Figure 5.2 over the entire Π range, suggesting 

that PDMS forms almost purely elastic films at the A/W interface. Both εd and εs values 

for PDMS films (Figure 5.4a) start from 0 mN m-1 in Regime A and increase sharply 

before reaching a maximum value of εd, max ~ 30 mN·m-1 over a range from 2 ≤ Π ≤ 5 

mN m-1 in Regime B. At the latter half of Regime B, εd decreases slowly and returns to 0 

mN m-1 again as the film collapses from a monolayer into a heterogeneous bilayer at a 

collapse pressure of Πc,PDMS ~ 8 mN·m-1.  In Regime C, the dilational elasticity for PDMS 

shows a small increase upon the formation of a bilayer before retuning to 0 mN m-1 in 

Regime D. The interfacial dilational viscosity κ (Figure 5.4b) exhibits a trend that is 

similar to εd, reaching a global maximum in the middle of Regime B and showing a local 

maximum between Regimes C and D. Compared to εd values, however, κ is small and 

nearly zero within experimental error at all Π indicating the PDMS film can be regarded 

as nearly purely elastic. Figure 5.4c provides information for the loss modulus (ωκ) that 

is similar to Figure 5.4b. For the dilational viscosity, the absence of any significant 

frequency dependence is expected for the narrow frequency range probed. Figure 5.4d 

shows the loss tangent, dan εωκδ =t , for the PDMS film. In Regime A, C, and D, the 

scattered values reflect the absence of an elastic film. In contrast, values in Regime B and 

at the boundary between Regimes C and D are < 1 (approaching 0) and less scattered 

reflecting the formation of a highly elastic film with an almost negligible viscosity. 

Figure 5.4 is consistent with previous studies of PDMS Langmuir films where PDMS is 

regarded as a nearly purely elastic film.57,86,124,234,259  
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 There are several important features one can observe from Figure 5.4. First, εd, rises 

dramatically at the beginning of Regime B. If εd is plotted versus Π, the initial slope 

defines the scaling exponent z (ε = zΠ) that can be related to molecule-subphase 

interactions.130 If the A/W interface is a “good solvent”, z = 2.86,135 whereas values of z 

from 8 to 101 are consistent with “theta solvent” conditions.135,136 The term “good 

solvent” and “theta solvent” refer to how water swells a polymer chain in 2D with “good 

solvent” conditions implying swelling by water and “theta solvent” conditions implying 

that water only fills the excluded volume. For a PDMS film, z ~ 30 suggests that the A/W 

interface is a theta or near theta solvent for PDMS with only the minimum amount of 

water needed to fill the excluded volume present in the monolayer film. This result is 

consistent with previous work by Granick, et al. where he concluded that the A/W 

interface is a near theta solvent for PDMS from a Π – A isotherm study.57 Hence, the 

impact of water on the interfacial viscoelastic properties of PDMS thin films at the A/W 

interface should be negligible.  Second, PDMS films reach their maximum εd of εd,max ~ 

30 mN m-1 at Π ~ 2 mN m-1 and maintain this value until εd begins to decrease for Π > ~ 

5 mN m-1. Classically, collapse of the PDMS film would be assigned to the on-set of the 

first plateau in the Π - A isotherm around Π  ~ 8 mN m-1. As we will discuss later in this 

chapter, the point where εd starts to decrease and deviate considerably from εd,max (Π ~ 6 

mN m-1) must already signify the on-set of film collapse with some segments of the 

polymer chain leaving the A/W interface. Third, most polymer films exhibit smaller 

dilational viscoelastic moduli after the film starts to collapse; however, few of them 

achieve εd ~ 0 in the collapsed regime. The fact εd ~ 0 in the multilayer regime for PDMS 

reflects weak molecule-subphase interactions as well as weak intermolecular and 
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intramolecular interactions. As a consequence, PDMS can spread on itself81,229 and exists 

as a liquid even after collapsing into multilayer domains. Apparently, any compressive 

force applied to the system in the multilayer regime causes more multilayer to form 

without storage or loss of energy through the dilational mode of the film. 

5.3.4 Addition Π – <A> Isotherms of TiBuP/PDMS Blends 

 The phase behavior of TiBuP and TiBuP/PDMS blends is studied through 

successive addition Π-A isotherms. TiBuP starts to form a monolayer at A ~ 230 

Å2·molecule-1. As discussed in Chapter 4, TiBuP exists as a liquid condensed (LC) 

monolayer between 145 < A <  230 Å2·molecule-1 before collapsing at Πc,TiBuP  ~ 12.5 

mN·m-1. Even though its modulus is consistent with an LC phase in the monolayer regime, 

TiBuP films are not as rigid as PDMS. The fact that Π increases more gradually than 

PDMS in the low Π regime for TiBuP indicates that water likely plasticizes the TiBuP 

monolayer. This feature is attributed to hydrogen bonding between silanol groups of 

TiBuP and water where more water molecules need to be squeezed out of Langmuir film 

of TiBuP than PDMS before forming a condensed film (180 < A <  230 Å2·molecule-1).  

As surface concentration increases further (A < 180 Å2·molecule-1), Π rises faster, a 

feature that is consistent with the formation of a condensed film with viscoelastic 

properties that are comparable to PDMS.  

 There are several remarkable features in the Π - A isotherms of TiBuP/PDMS 

blends. First, their isotherms lie between pure PDMS and TiBuP. Second, the transition 

plateaus for PDMS become less clear as the wt% of TiBuP in the blends increases. For 20 

and 40 wt% TiBuP blends, the transition regions appear as flat plateaus. For higher wt% 

TiBuP blends, the “plateaus” are not as well defined. Third, the transition pressures 
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(Πtransition), related to the collapse of the PDMS component in the blends (indicated by the 

black arrows on Figure 5.5b), increase as the wt% TiBuP increases. For 20 and 40 wt% 

TiBuP blends, Πtransition for the PDMS component is similar to pure PDMS. However, for 

60 and 80 wt% TiBuP blends, Πtransition is significantly higher, ~ 9 and 10 mN·m-1, 

respectively. These observations are consistent with previous work from the Esker 

group.44 In that study, Brewster angle microscopy (BAM) and a thermodynamic analysis 

were used to conclude that TiBuP/PDMS blends form uniform monolayers at the A/W 

interface and the POSS component likely helps anchor the PDMS component to the A/W 

interface resulting in higher Πtransition. The change in the isotherms around the monolayer 

to bilayer transition for PDMS may indicate mechanistically different transition behavior. 

Further discussion of these differences will rely on SLS studies.  

5.3.5 SLS Results for TiBuP/PDMS Blends 

 Figures 5.6 and 5.7 show fs,eq – Π and ∆fs,c,eq – Π plots for PDMS, TiBuP, and 

blends with different wt% TiBuP, respectively. In comparison to PDMS, fs,eq for TiBuP in 

Figure 5.6 increases more gradually around the transition from Regime A to Regime B 

and decreases to the minimum velocity limit for a perfectly elastic surface film (IV) over 

a wider Π range (0 to 2 mN·m-1 for TiBuP vs. 0 to 0.5 mN·m-1 for PDMS). Likewise, 

∆fs,c,eq in Figure 5.7 does reach the maximum damping coefficient for a perfectly elastic 

surface film (III) until  Π ~ 0.6 mN·m-1, whereas as PDMS does so at Π ~ 0. It was 

pointed out in the paper of Kawagauchi et al.126 that a peak in ∆fs,c,eq – Π plot means 

εd/σσ ~ 0.17. This feature suggests that the TiBuP Langmuir film is not as rigid as PDMS 

at low Π. This observation is consistent with our discussion of the Π – A isotherms and 

the supposition that more water molecules are present in the Langmuir film at low 
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Π, thereby softening the TiBuP film. Beginning from the middle of Regime B, both fs,eq 

and ∆fs,c,eq for TiBuP approach the minimum velocity limit for a perfectly elastic surface 

film and remain there until the collapse pressure (Πc,TiBuP ~ 12.5 mN·m-1) . 
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Figure 5.5. Π-A isotherms for TiBuP/PDMS blends from successive addition experiment 

at T = 22.5 °C. (a) The left-most isotherm is 100 wt% PDMS (red ●) while the right-most 

isotherm is 100 wt% TiBuP (black ■). The intermediate isotherms from left to right 

correspond to blends with 20 (green ×), 40 (blue +), 60 (brown ▲), and 80 (purple ▼) 

wt% TiBuP.  (b) Expansion of the Π-A isotherms in the region where PDMS would be 

expected to undergo the monolayer to bilayer transition. The arrows indicate the collapse 

pressures for the monolayer to bilayer transition, Πtransition, of the PDMS component in the 

blends. 

 The rheological behavior for TiBuP/PDMS blends is composition dependent. All 

blends share similar behavior prior to Regime C. In comparison to PDMS, fs,eq for the 

blends in Figure 5.6 decreases more slowly and reaches the minimum velocity limit for a 
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perfectly elastic surface film (IV) at larger Π with increasing wt% TiBuP. This feature is 

more obvious for ∆fs,c,eq – Π, where, correspondingly, ∆fs,c,eq only approaches the 

minimum velocity limit for a perfectly elastic surface film (IV) in the middle of regime B. 

 In Regime C, 20 and 40 wt% TiBuP blends exhibit the same qualitative features as 

PDMS with respect to fs,eq – Π and ∆fs,c,eq – Π. fs,eq reveals a local minimum while ∆fs,c,eq 

exhibits a local maximum. These features are consistent with the 20 and 40 wt% blends 

undergoing bilayer formation through a mechanism similar to PDMS. 

 For 60 and 80 wt% TiBuP blends, the characteristic features in fs,eq – Π and ∆fs,c,eq 

– Π plots for Regime C are absent. While fs,eq appears to approach the pure liquid limit (I) 

in Figure 5.6d, it really approaches the maximum velocity limit (II) for a perfectly elastic 

surface film. Figure 5.7d clearly shows that the 60 wt% TiBuP blend does not behave as a 

pure liquid with respect to ∆fs,c,eq. For the 80 wt% TiBuP blends, any transitions 

analogous to Regime C in PDMS are delayed to higher Π in Figures 5.6f and 5.7f and 

never approach pure liquid behavior. Instead, the film behaves like a film at the minimum 

velocity limit for a perfectly elastic film (IV). The features for the 60 and 80 wt% TiBuP 

blends are consistent with different rheological behavior as the PDMS component 

collapses. 
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Figure 5.6. fs,eq – Π for (a) 0 (PDMS, red ●), (b) 20 (green ×), (c) 40 (blue +), (d) 60 

(brown ▲), (e) 80 (purple ▼), and (f) 100 (black ■) wt% TiBuP at T = 22.5 °C.  Data 

points represent an average of three wave vectors with one standard deviation error bars. 

Vertical dotted lines indicate Regimes A through D defined in Figure 5.2. The three 

horizontal dotted lines correspond to limiting cases of the dispersion relation for a purely 

elastic surface film: (I) the pure liquid limit, (III) the maximum damping coefficient, and 

(IV) the minimum velocity limit as labeled by roman numerals on (a). 
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Figure 5.7. ∆fs,c,eq – Π for (a) 0 (PDMS, red ●), (b) 20 (green ×), (c) 40 (blue +), (d) 60 

(brown ▲), (e) 80 (purple ▼), and (f) 100 (black ■) wt% TiBuP at T = 22.5 °C.  Data 

points represent an average of three wave vectors with one standard deviation error bars. 

Vertical dotted lines indicate Regimes A through D defined in Figure 5.2. The three 

horizontal dotted lines correspond to limiting cases of the dispersion relation for a 

perfectly elastic surface film: (I) the pure liquid limit, (III) the maximum damping 

coefficient, and (IV) the minimum velocity limit as labeled by roman numerals on (a). 

 After the monolayer to bilayer transition for PDMS (Regime C) has occurred, all 

blends exhibit rheological behavior that deviates from PDMS in Regime D. As seen in 
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Figure 5.6 and 5.7 for Πtransition < Π < Πc,TiBuP there is systematic deviation from pure 

liquid dynamics (I) for PDMS to a film with rheological properties approaching the 

minimum velocity limit for perfectly elastic surface film (IV) with increasing wt% TiBuP. 

In Regime D, it appears TiBuP reinforces the PDMS film. 

5.3.6 Rheological Behavior of PDMS and TiBuP 

 εd – Π  for PDMS, TiBuP, and all blends are plotted in Figure 5.8. The average 

standard deviation for εd is ~ 5%. Focusing first on the pure components, εd increases 

more gradually and exhibits lower values for TiBuP than PDMS for Π <  ~ 2.5 mN·m-1. 

This behavior is consistent with the trends observed for fs,eq - Π and ∆fs,eq - Π in Figure 

5.6 and 5.7, respectively, where we proposed that this feature likely arises from additional 

water in the TiBuP monolayer that effectively plasticizes the film (also discussed in 

Chapter 4). Although the initial slope of εd - Π for TiBuP (~ 13) is smaller than PDMS 

(~ 30), it appears that water is squeezed out of the film for Π >  ~ 2.5 mN·m-1 as the 

TiBuP film forms a more condensed monolayer with εd that are greater than PDMS. 

Unlike PDMS where εd returns to zero after reaching its maximum value, εd of TiBuP 

continues to increase as Π increases and reaches and maintains its maximum value (~ 45 

mN·m-1) even after the film collapses. The scatter of the TiBuP data points after collapse 

(Π ~ 12.5 mN·m-1) is attributed to the heterogeneous nature of the TiBuP Langmuir film 

where experimental conditions may invalidate the dispersion equation.    
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Figure 5.8. εd – Π for 0 (PDMS, red ●), 20 (green x), 40 (blue +), 60 (brown ▲) and 80 

(purple ▼) and 100 (black ■) wt% TiBuP at T = 22.5 °C. Data points represent an 

average of three wave vectors. Vertical dotted lines indicate Regimes A through D 

defined in Figure 5.2. One standard deviation error bars of ~ ± 5% have been omitted for 

clarity.  

5.3.7 Observations for the Rheological Behavior of TiBuP/PDMS Blends 

 εd – Π for the blends in Figure 5.8 is obviously more like PDMS than TiBuP before 

Πc,PDMS even at high TiBuP loading. Therefore, it is reasonable to treat TiBuP as the 

additive when analyzing the rheological behavior of the blends in Regime B (monolayer). 

For Π < 2.5 mN·m-1, εd of blends lies between the corresponding values for PDMS and 
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TiBuP. In essence, TiBuP and its attendant water plasticize the PDMS film and 

effectively make the A/W interface a better solvent for the blends. εd of all the blends are 

comparable to PDMS for 2.5 < Π < 5 mN·m-1 showing that the plasticizing effect 

disappears when water is squeezed out from the film. From 5 < Π < ~8 mN·m-1 (Πc,PDMS), 

distinct, composition dependent differences in εd emerges. Figure 5.9 expands the plot of 

εd – Π in the vicinity of Regime C. As seen in Figure 5.9, εd for 20 and 40 wt% TiBuP 

blends with PDMS from 5 < Π < 8 mN·m-1 are comparable to or slightly smaller than 

PDMS at corresponding Π value. In contrast, εd for 60 and 80 wt% TiBuP blends are 

greater than for PDMS over the same Π range, whereby the TiBuP acts as a filler instead 

of a plasticizer, reinforcing the film in this regime.  

 Next, the transition region at the end of Regime C where Π increases slightly before 

the film enters Regime D (7.5 < Π < 8.5 mN·m-1 for PDMS) will be considered. As seen 

in Figure 5.9, PDMS films show a slight increase in εd (~ 5 mN·m-1) and return to zero in 

Regime D. This behavior is quantitatively similar for the 20 wt% TiBuP blend, and 

qualitatively similar for the 40 wt% TiBuP blend although the local maximum in εd is 

twice as large (~ 10 mN·m-1) compared to PDMS. At this point, the TiBuP no longer acts 

as a plasticizer in the 20 wt% blend, and has actually crossed over to acting as a filler in 

the 40 wt% TiBuP blend. Furthermore, the 60 and 80 wt% TiBuP blends do not go to 

zero in the transition region nor do they exhibit a local maximum in εd. Rather, the 

minima in εd for the shift outside the region defined as Regime C for PDMS and these 

blends show filler behavior in Regime C and D, reinforcing the PDMS film at all Π. 
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Figure 5.9. εd – Π in the vicinity of Regime C for 0 (PDMS, red ●), 20 (green x), 40 

(blue +), 60 (brown ▲), 80 (purple ▼), and 100 wt% TiBuP (black ■) at T = 22.5 °C. 

Data points represent an average of three wave vectors. Solid lines of the corresponding 

color are trend lines used to highlight features of the εd – Π plots. 

    Finally, the behavior of all blends in Regime D is considered. As seen in Figure 5.9, 

two things are obvious for Regime D (Π > 8.5 mN·m-1): 1) Π for the blends is able to 

exceed the maximum Π value for PDMS in the second plateau (~ 8.5 mN·m-1); and 2) εd 

exhibits a systematic increase for all blends. Clearly, the addition of TiBuP converts the 

PDMS film into a viscoelastic object at high Π. 

 Figure 5.10 presents plots of ωκ – Π for all blends, the κ – Π isotherm is omitted 

owing to the similarity between these two plots. ωκ for TiBuP exhibit small values until 
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film collapse (Πc,TiBuP ~ 12.5 mN·m-1). After Πc,TiBuP, ωκ exhibit large scatter indicating 

the formation of TiBuP multilayer aggregates. ωκ for all blends are similar to PDMS 

prior to Πc,PDMS, exhibiting small values that are essentially zero, i.e. the films are nearly 

purely elastic. ωκ values for higher wt% TiBuP blends are slightly larger in the 

monolayer regime with maximum values of ωκ ~ 4 mN·m-1 for 60 and 80 wt% TiBuP 

blends versus ~ 2 mN·m-1 for 20 and 40 wt% TiBuP blends and PDMS. This observation 

is consistent with the features in Figures 5.8 and 5.9 where the 60 and 80 wt% TiBuP 

blends show filler behavior even before Πc, PDMS. In Regime D, ωκ for all of the blends 

remain small (~ 4 – 10 times smaller) even after collapse of the TiBuP component 

(Πc,TiBuP ~ 12.5 mN·m-1). 

tan δ - Π for PDMS, TiBuP, and all blends are presented in Figure 5.11 The scatter 

of tan δ values for TiBuP in Regime A (Π ~ 0) indicates a submonolayer film. The fact 

that tan δ values for TiBuP remain small (approaching 0) in the monolayer regime is 

consistent with the discussion in Chapter 4 that TiBuP forms a nearly purely elastic film 

at the A/W interface. tan δ for TiBuP start increasing after Πc,TiBuP, indicating the 

formation of TiBuP multilayers and an enhancement of loss behavior. All blends show 

similar tan δ - Π as PDMS in the monolayer regime. In the transition regime (7.5 < Π < 

8.5 mN·m-1), 20 and 40 wt% TiBuP blends exhibit scatter that is similar to PDMS 

indicating the film is weakly elastic when PDMS undergoes the monolayer to bilayer 

transition. In contrast, tan δ values for 60 and 80 wt% TiBuP remain small (essentially 

zero), indicating that these films remain strongly elastic at all Π. 
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Figure 5.10. ωκ – Π for (a) 0 (PDMS, red ●), (b) 20 (green ×), (c) 40 (blue +), (d) 60 

(brown ▲), (e) 80 (purple ▼), and (f) 100 (black ■) wt% TiBuP at T = 22.5 °C.  Data 

points represent an average of three wave vectors with one standard deviation error bars. 

Vertical dotted lines indicate Regimes A through D defined in Figure 5.2.  
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Figure 5.11. tan δ – Π for (a) 0 (PDMS, red ●), (b) 20 (green ×), (c) 40 (blue +), (d) 60 

(brown ▲), (e) 80 (purple ▼), and (f) 100 (black ■) wt% TiBuP at T = 22.5 °C.  Data 

points represent an average of three wave vectors with one standard deviation error bars. 

Vertical dotted lines indicate Regimes A through D defined in Figure 5.2.  
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5.3.8 A Model for Explaining the Rheological Behavior of TiBuP/PDMS Blends at 

the A/W Interface 

 Any model for the interaction between TiBuP and PDMS at the A/W interface must 

explain TiBuP plasticization of PDMS between 0 < Π < 2.5 mN·m-1, the disappearance of 

this effect between 2.5 < Π < 5 mN·m-1, and the cross-over from plasticization to filler 

reinforcement at higher Π. In Figure 5.12a, the dashed lines around a PDMS chain 

represent the area occupied by a single chain for a polymer in theta solvent conditions. 

Voids between chains are filled with water. However, the conformation of the chain 

should be consistent with an unperturbed chain in two dimensions. Upon the addition of 

TiBuP, there must be an expansion of the PDMS chain to accommodate TiBuP and its 

attendant H-bonded water molecules. This behavior implies TiBuP is miscible with 

PDMS and is consistent with the negative excess Gibbs free energies of mixing reported 

by Hottle, et al.31 for this system. In essence, TiBuP increases the fractional free area in 

the polymer (analogous to how a plasticizer increases the free volume in bulk polymer 

systems) leading to enhanced polymer chain mobility and smaller elastic moduli (Figure 

5.12b). This behavior is similar to the decrease in the glass transition temperature (Tg) 

reported by Wu et al.212 for statistical copolymers of styrene and styryl-isobutyl-POSS. 

 Between 2.5 < Π < 5 mN·m-1, the effective plasticization of the PDMS film 

decreases and disappears. As already noted in the discussion of the viscoelastic properties 

of TiBuP, there is a much stronger increase in εd with respect to Π for this Π range. This 

feature has been explained by squeezing water out of the POSS film in Chapter 4. In this 

regime, εd for the blends is comparable to PDMS, showing that TiBuP alone is not able to 
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plasticize PDMS in this regime. In essence, PDMS chains should occupy approximately 

the same area as in theta solvent condition. Hence, all films have similar rheological 

properties in the vicinity of the maximum εd (Figure 5.12c). 

Π < 2.5 mN·m-1 2.5 < Π < 5 mN·m-1Π < 2.5 mN·m-1 2.5 < Π < 5 mN·m-1
 

Figure 5.12. Schematic depiction of possible molecular conformations for TiBuP/PDMS 

blends at the A/W interface where red solid curves represent the PDMS polymer chains, 

black spheres represent TiBuP molecules, small blue spheres represent the attendant 

water molecules within the films, and green dashed lines represent the area PDMS chains 

occupy at the A/W interface. 

 As already noted in this chapter, the on-set of monolayer collapse is normally 

regarded as the point on a Π – A isotherm where a flat plateau begins. This definition 

must be restricted further to distinguish between monolayer phase transitions such as the 

liquid expanded (LE) to condensed (LC) phase transition observed in fatty acid and 

phospholipids systems,72 and plateaus that originated from true collapse processes: the 

desorption of polymer chains into the subphase (soluble surfactants like polyethylene 
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oxide)75,126 or the formation of 3D multilayer structures (insoluble surfactants like 

PDMS). In reality, the collapse of the Langmuir films occurs over a range of Π instead of 

at one specific Π value. If one considers the dynamic elastic modulus, εd, is a measure of 

the rigidity of the surface film, a decrease in εd must indicate the on-set of the monolayer 

to multilayer transition. For PDMS, εd stays at its maximum over a range of ~ 2 < Π < 5 

mN·m-1. εd starts to deviate significantly from εd, max at Π ~ 5 mN·m-1 where compression 

of the film is already causing some of the dimethylsiloxane repeat units of PDMS to leave 

the A/W interface. Recognizing this feature, and the fact that collapse of the TiBuP film 

starts at higher Π (Π (εd,max) ~ 11 < Π <  Πc ~ 12.5 mN·m-1) allows one to formulate a 

model for explaining the viscoelastic behavior of TiBuP/PDMS blends for Π > 5 mN·m-1. 

 Starting from the premise that PDMS collapses before TiBuP, it is reasonable to 

propose that there will be a change in surface composition of the film directly bound to 

water once some PDMS molecules move away from the A/W interface. Since TiBuP is 

more stable at the A/W interface, the amount of TiBuP at the A/W interface should stay 

constant at Π < Πc, PDMS for the blends. As a consequence: 

ΦTiBuP,Π (εd,max) · <A (εd,max)> = ΦTiBuP,Π · <A (Π)>              Eq. 5.8 

ΦTiBuP, Π (εd,max)  is the surface area fraction of TiBuP at the maximum εd (Π ~ 4 mN·m-1). 

<A (εd,max)> is the corresponding average area per repeat unit (monomer) at εd,max. 

ΦTiBuP,Π and <A (Π)> represents the surface area fraction for TiBuP and the average area 

per repeating unit at any given Π between Π (εd,max) and Πc,TiBuP for a 100 wt% TiBuP 

film, respectively. The initial ΦTiBuP,Π (εd,max) can be calculated using the initial mole 
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fraction (X POSS) and the areas occupied by TiBuP and PDMS at their maximum εd (where 

all molecules are closely packed together), ATiBuP,εd,max, and APDMS,εd,max, respectively. 
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The mole fraction of both components can be calculated from the initial wt% TiBuP of 

the blend. A TiBuP,εd,max and APDMS,εd,max are ~ 160 Å2 and ~16 Å2, respectively. Using Eq. 

5.11, it is possible to estimate ΦTiBuP, Π (εd,max) for blends at Π > Π (εd,max). Values for 

these calculations at several Π are provided in Tables 5.1 Values of ΦTiBuP,Π > 1 are 

indicative of Π > Π (εd,max) for TiBuP.  

Table 5.1. Calculated TiBuP surface fractions for TiBuP/PDMS blends at Π > Πc,PDMS 

wt% TiBuP ΦTiBuP,Π (εd,max) ΦTiBuP, Π = 9 ΦTiBuP,Π = 10 ΦTiBuP,Π = 11 

20 0.19 0.42 0.59 0.76 
40 0.38 0.76 0.78 0.96 
60 0.58 0.83 0.93 1.01 
80 0.79 0.88 0.93 1.05 

 

Table 5.2. Calculated TiBuP surface fractions for TiBuP/PDMS blends at Π < Πc, PDMS 

wt% POSS ΦTiBuP,Π (εd,max) ΦPOSS, Π=6 ΦPOSS,Π=7 ΦPOSS,Π=8 

20 0.19 0.20 0.20 0.21 
40 0.38 0.42 0.43 0.46 
60 0.58 0.63 0.65 0.67 
80 0.79 0.81 0.82 0.88 
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  As seen in Tables 5.1 and 5.2 there is an enrichment of TiBuP in the layer directly 

bound to water as soon as Π exceeds Π (εd,max) for PDMS. Furthermore, at very high Π, 

all films have a high TiBuP composition in the layer directly bound to water. ΦTiBuP 

values over 1 are attributed to the fact that TiBuP starts to transform into multilayer 

aggregates at Π > ~ 11 mN·m-1. The enrichment of the layer directly bound to the water 

in the TiBuP component is interesting in terms of classical theories for the enhancement 

of viscoelastic moduli by filler and nanofillers. The increase of modulus for polymeric 

materials when incorporated with filler materials usually involves several factors: (1) a 

hydrodynamic effect arising from the introduction of rigid particles, (2) the increase of 

cross-linking density by polymer-filler interactions, and (3) the formation of filler 

aggregates or networks through filler-filler interactions that trap polymer chains inside. In 

our system, both the high ΦTiBuP values and previous BAM results44 suggest the 

formation of TiBuP networks at high Π. Figure 5.13 presents the top and side views of 

possible surface morphologies for blends during and after PDMS forms bilayers. In 

Figure 5.13, red solid curves represent PDMS polymer chains, black spheres represent 

TiBuP molecules, and blue rectangles represent the subphase (water).  In Figure 5.13a 

before PDMS collapses, TiBuP serves as the phase dispersed in the PDMS matrix (also 

depicted in Figure 5.12). In Figure 5.13b and c, collapse of PDMS increases the fraction 

of TiBuP at the surface fraction (Table 5.1 and 5.2), and the TiBuP molecules likely form 

networks with increasing surface fraction that restrict PDMS mobility at the A/W 

interface, thereby reinforcing the polymer matrix. Figure 5.13b depicts lightly networked 

TiBuP with comparatively low ΦTiBuP where PDMS would form bilayers only within 

PDMS domains. As ΦTiBuP increases, some collapsed PDMS chains may spread over the 
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top of TiBuP domains as depicted in Figure 5.13c. Characteristic interfacial morphologies 

like those depicted in Figure 5.13 probably occur at different Π values for different blend 

composition. In order for the TiBuP networks to form, a critical percolation threshold 

must be exceeded. On the basis of the SLS results for εd, this value is likely on the order 

of ΦTiBuP ~ 0.5. In essence, the TiBuP component must become the major phase in the 

layer directly bound to the water surface before significant reinforcement occurs. On the 

basis of this threshold, reinforcement of the 20 wt% TiBuP blends would not occur until 

Π > 9 mN·m-1, whereas the 40 wt% TiBuP blend would already exhibit reinforcement in 

Regime C (Π > 8 mN·m-1) , and 60 and 80 wt% TiBuP blends would show reinforcement 

for Π ≥ 6 mN·m-1.  

5.4 Conclusions 

 In this chapter, the viscoelastic behavior of PDMS, TiBuP, and their blends were 

studied via addition Π – A isotherms and SLS at the A/W interface. The blends exhibit 

interesting rheological behavior depending on both composition and surface pressure. At 

low Π (Π < 2.5 mN·m-1), TiBuP and its attendant water act as a plasticizer of the PDMS 

films. In the regime 2.5 < Π < 5 mN·m-1, εd for the blends is comparable to pure PDMS. 

This observation may indicate that water is being squeezed out from the film and TiBuP 

is not able to plasticize PDMS on its own. For Π > 5 mN·m-1, composition dependent 

reinforcement of the blends occurs. The Π where reinforcement occurs decreases as the 

wt% TiBuP increases and may correlate with the point where TiBuP becomes the major 

component in the layer directly in contact with water. As such, TiBuP networks may be 
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forming that restrict PDMS mobility and enhance the modulus of the collapsed PDMS 

film. 

 

a

b

c
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b
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Figure 5.13. A schematic depiction of the top view (left) and side view (right) of possible 

interfacial morphologies of PDMS (solid curves) reinforced with TiBuP (black spheres) 

at the A/W interface: (a) a PDMS monolayer with dispersed TiBuP, (b) lightly networked 

TiBuP with collapsed PDMS, and (c) heavily networked TiBuP with collapsed PDMS. 
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CHAPTER 6 

Phase and Rheological Behavior of Octaisobutyl-POSS/PDMS  

Blends at the Air/Water Interface 

6.1 Abstract 

 In Chapter 5, trisilanolisobutyl-POSS (TiBuP)/polydimethylsiloxane (PDMS) 

blends exhibited interesting phase and rheological behavior depending both on the wt% 

TiBuP in the film and surface pressure. In this chapter, blends of non-amphiphilic 

octaisobutyl-POSS (OiBuP) and PDMS are investigated via successive addition surface 

pressure (Π) – average area per repeat unit (<A>) isotherm and surface light scattering 

(SLS). OiBuP/PDMS blends exhibit dramatically different phase and rheological 

behavior than TiBuP/PDMS blends. Before the PDMS component collapses, OiBuP 

reinforces the PDMS matrix by forming networks and an overall “bridge structure” on 

top of PDMS monolayer. During the monolayer to bilayer transition for the PDMS 

component, the blends show composition dependent viscoelastic behavior. After collapse 

of the PDMS component, few OiBuP are likely left at the A/W interface and the films 

exhibit negligible viscoelastic behavior just like single-component PDMS films.  
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6.2 Introduction 

 The increasing interest in nanocomposite materials have led to a renewed interest in 

polyhederal oligomeric silsesquioxanes (POSS), silica based nanofiller materials.44-47 

POSS was first reported by Scott in 1946.48 POSS molecules are composed of a Si-O 

inorganic cage and an organic corona as shown in Figure 6.1. Generally there are two 

primary species of POSS derivatives: closed cage POSS, the most common of which are 

octameric POSS (R8T8) (Figure 6.1A) and open cage POSS, like trisilanol-POSS 

(R7T7(OH)3) (Figure 6.1B) derivatives where one corner of the cage is replaced by three 

silanol groups. Deng et al.62 first reported that trisilanolisobutyl-POSS (TiBuP) forms 

uniform Langmuir monolayers and exhibits much simpler phase transitions relative to 

fatty acids at the air/water (A/W) interface. Subsequent morphological studies of phase 

behavior as well as viscoelastic properties of trisilanol-POSS derivatives followed.62-64 

Furthermore, interfacial morphology studies of some POSS/polydimethylsiloxane 

(PDMS) blends at the A/W interface also followed.65-67 On the basis of a thermodynamic 

analysis of the Π – A isotherms and Brewster angle microscopy (BAM) images, Hottle et 

al.65 pointed out that TiBuP/PDMS blends form uniform monolayers at the A/W 

interface. No detectable phase separation or aggregation was observed until TiBuP began 

to collapse. At that point, ring-like structures were observed during the expansion of the 

films. In another paper by Hottle et al.,66 octaisobutyl-POSS (OiBuP)/PDMS blends were 

studied at the A/W interface as a comparison to TiBuP/PDMS blends. Unlike PDMS 

blends with amphiphilic TiBuP which formed uniform monolayers at the A/W interface, 

OiBuP blends with PDMS are heterogeneous at all surface concentrations. However, the 

OiBuP/PDMS blends were “homogenously” heterogeneous films relative to single-
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component films of OiBuP at the A/W interface. Apparently, PDMS is capable of 

breaking up large OiBuP aggregates in this system. Furthermore, ring-like networks or 

morphologies like “shattered glass” were observed during expansion Π – <A> isotherms 

that are consistent with POSS networks forming in the PDMS/POSS films. A natural 

extension for these two blend systems would be interfacial rheology studies. In Chapter 5, 

the viscoelastic behavior of TiBuP/PDMS blends were studied via SLS at the A/W 

interface. The blends exhibited interesting rheological behavior depending on film 

composition and surface pressure. At low Π (Π < 2.5 mN·m-1), TiBuP and its attendant 

water act as a plasticizer for the PDMS. In the regime 2.5 < Π < 5 mN·m-1, εd for the 

blends is comparable to pure PDMS. At higher Π for all blends, TiBuP likely networks in 

the layer directly bound to water, thereby restricting PDMS chain mobility and enhancing 

the modulus of the collapsed PDMS film. Considering the obvious structural difference 

between amphiphilic TiBuP and non-amphiphilic OiBuP, a SLS study of OiBuP/PDMS 

blends should provide insight into how different POSS derivatives work as nanofillers to 

reinforce the polymer matrix and how POSS-subphase interactions play a role in the 

rheological behavior of the blends at the A/W interface. 
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Figure 6.1. Chemical structures for (a) a closed cage octameric-POSS, and (b) an open 

cage trisilanol-POSS. R can be hydrogen, alkyl, alkenyl, aryl, etc. 

    In the remainder of this chapter, the interfacial viscoelastic behavior of 

OiBuP/PDMS blends will be studied via SLS measurements. With a non-amphiphilic 

OiBuP instead of amphiphilic TiBuP as the model nanofiller, the blends are expected to 

exhibit different rheological behavior arising from different OiBuP versus TiBuP 

interactions with water. This information along with previous morphological study will 

be used to propose possible molecular conformations at the A/W interface. 

6.3 Results and Discussion 

6.3.1 Phase and Rheological Behavior of PDMS 

 The understanding of the phase and rheological behavior of PDMS is essential for 

interpreting studies of OiBuP/PDMS blends. In Chapter 5, both addition isotherm and 

SLS results were presented and several essential conclusions were drawn. First, PDMS 

forms Langmuir films at the A/W interface and can be characterized by four regimes: (A) 

submonolayer (surface pressure Π = 0 mN·m-1), (B) monolayer (0 < Π < 8 mN·m-1), (C) a 
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monolayer to bilayer transition (Πc,PDMS ~ 8 mN·m-1), and (D) multilayer (Π ~ 9 mN·m-

1).83 Second, static dilational elasticity (εs) values deduced from the Π – A isotherm are in 

excellent aggrement with dynamic dilational elasticities (εd) deduced from SLS 

measurements. This conclusion was consistent with small dynamic dilational viscosities 

(κ) and the loss modulus (ωκ) at all Π. Furthermore, the loss tangent, dan εωκδ =t  < 1 

(approaching 0) at most Π except the start of Regime A, and Regime C and Regime D 

where the PDMS film lacks viscoelastic character. All of these results are consistent with 

the fact that PDMS films are essentially purely elastic. Third, the scaling exponent z (ε = 

zΠ) that describes the molecule-subphase interactions is ~ 30, which suggests that the 

A/W interface is near theta solvent for PDMS and only the minimum amount of water 

needed to fill the excluded volume is present in the film upon the formation of a 

monolayer. Fourth, εd for PDMS is zero in the collapsed regime owing to weak molecule-

subphase interactions as well as weak intermolecular and intramolecular interactions. In 

this chapter, these conclusions will serve as a starting point for analyzing the phase and 

rheological behavior of OiBuP/PDMS blends.  

6.3.2 Addition Π - <A> Isotherms of OiBuP/PDMS Blends 

 Figure 6.2 presents plots of Π as a function of the average area per monomer, <A>, 

for PDMS and OiBuP/PDMS blends of different composition. The isotherm for pure 

OiBuP is not included because OiBuP is non-amphiphilic and is unable to form a stable 

Langmuir film at the A/W interface.32 There are several important features one can 

observe in Figure 6.3. All isotherms lift off at almost same area (<A>) and share similar 

shape up to Π ~ 6 mN m-1. This feature implies that OiBuP has a traditional filler effect 

for Π ≤ 6 mN m-1. In this regime, OiBuP resides at the A/W interface, but the surface 
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tension properties are similar to single-component PDMS. Furthermore, as mentioned in 

Chapter 5, the isotherms of TiBuP/PDMS blends lie between those of TiBuP and PDMS. 

Considering OiBuP should have a similar cross-sectional area to TiBuP, this feature also 

suggests that OiBuP exists as a multilayer at all Π. The other remarkable feature is that 

all blends start to deviate from pure PDMS behavior from Π ~ 6 mN m-1, around the 

middle of Regime B. The inset in Figure 6.2 expands the monolayer to bilayer transition 

regime where the transition behavior is composition dependent. For 20 and 40 wt% 

OiBuP blends, the isotherms still exhibit a relatively clear plateau similar to pure PDMS. 

However, the plateau is not as well defined for 60 and 80 wt% OiBuP blends. Instead, 

they exhibit a change of slope from Π ~ 6 to 9 mN m-1. These observations are consistent 

with previous work and the heterogeneous film observed by BAM.32 In this chapter,  

interfacial rheological properties of OiBuP/PDMS blends are probed through SLS 

measurements. 
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Figure 6.2. Successive addition Π - <A> isotherms for octaisobutyl-POSS/PDMS blends 

with 0 (PDMS, red ●), 20 (green ×), 40 (blue +), 60 (brown ▲) and 80 (purple ▼) wt% 

OiBuP at T = 22.5 °C.  The inset expands Regime C, the first plateau. The dotted vertical 

lines indicate the boundaries between different PDMS regimes.8 

6.3.3 SLS Results for OiBuP/PDMS Blends 

 The SLS data analysis scheme is the same one used in Chapter 5. Frequency shift 

(fs) and full-with at half-maximum intensity corrected for instrumental broadening (∆fs,c) 

values obtained from three diffraction orders (with wave vectors of k = 404.3 cm-1, 459.0 

cm-1, and 512.6 cm-1) are converted to an arbitrary reference state (water at 25 °C with a 

surface tension of σd,ref = 71.97 mN m-1,a transverse viscosity of µref = 0, a density of ρref 

= 997.0 kg m-3, a viscosity of ηref = 0.894 mPa s, and kref = 324.3 cm-1) to deduce 
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equivalent frequency shifts (fs,eq) and corrected full-widths at half-maximum intensity 

(∆fs,c,eq). After verifying that these values are frequency independent, it is possible to 

average them for the different wave vectors and provide error estimates as shown in 

Figures 6.3 and 6.4. The horizontal dotted lines in Figure 6.3 and 6.4 represent several 

limiting cases of the dispersion equation for a viscoelastic film as discussed in Chapter 2: 

(I) pure liquid behavior, (II) the maximum velocity for a purely elastic film, (III) the 

maximum damping coefficient for purely elastic film, (IV) the minimum velocity for 

purely elastic film, (V) the infinite modulus limit, and (VI) the maximum damping 

coefficient for a purely viscous surface film.123,231 For OiBuP/PDMS blend Langmuir 

films, limits (I), (III), and (IV) are the most important and correspond to the horizontal 

dotted lines included on Figure 6.3 and 6.4  Comparing the fs,eq and ∆fs,c,eq data with these 

limiting cases provides useful information about the viscoelastic behavior of  

OiBuP/PDMS blends at the A/W interface. 
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Figure 6.3. fs,eq – Π for (a) 0 (PDMS, red ●), (b) 20 (green ×), (c) 40 (blue +), (d) 60 

(brown ▲), and (e) 80 wt% OiBuP (purple ▼) blends at T = 22.5 °C.  Data points 

represent an average of three wave vectors with one standard deviation error bars. 

Vertical dotted lines indicate Regimes A through D defined in Figure 6.2. The three 

horizontal dotted lines correspond to limiting cases of the dispersion relation: (I) pure 

liquid limit, and (III) the maximum damping coefficient, and (IV) the minimum velocity 

limit for perfectly elastic surface films. 
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Figure 6.4. ∆fs,c,eq – Π for (a) 0 (PDMS, red ●), (b) 20 (green ×), (c) 40 (blue +), (d) 60 

(brown ▲), and (e) 80 wt% OiBuP (purple ▼) blends at T = 22.5 °C.  Data points 

represent an average of three wave vectors with one standard deviation error bars. 

Vertical dotted lines indicate Regimes A through D defined in Figure 6.2. The three 

horizontal dotted lines correspond to limiting cases of the dispersion relation: (I) pure 

liquid limit and (III) the maximum damping coefficient, and (IV) the minimum velocity 

limit for perfectly elastic surface films. 
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 Figure 6.3 and 6.4 show fs,eq – Π and ∆fs,c,eq – Π plots, respectively, of PDMS and 

blends containing different wt% POSS. fs,eq and ∆fs,c,eq exhibit trends that are similar to 

PDMS films prior to Regime C for all blends. In Regime A, the viscoelastic profile for all 

blends is consistent with the pure liquid limit (I). At the very beginning of Regime B, 

both fs,eq and ∆fs,c,eq quickly approach the maximum damping coefficient limit for a 

perfectly elastic surface film (III).  The scattering of data points between limit (I) and 

limit (III) at this regime boundary arises from the biphasic nature of the coexisting liquid 

(L) and gas (G) phases at Π = 0 for PDMS261 and OiBuP/PDMS32 blend Langmuir films. 

In the middle of Regime B, the global minimum in fs,eq and the local minimum of ∆fs,c,eq 

correspond to the viscoelastic behavior of a perfectly elastic film in the minimum 

velocity limit (IV).  At the high Π end of Regime B, fs,eq starts to rise, and ∆fs,c,eq shows 

another maximum matching the maximum damping coefficient for a perfectly elastic 

surface film (III).  

 Around Regime C, OiBuP/PDMS exhibit composition dependent viscoelastic 

behavior. The fs,eq – Π and ∆fs,c,eq – Π plots for 20 and 40 wt% OiBuP blend are similar to 

single-component PDMS. All of the blends reach the pure liquid limit (I) at the border of 

Regime B and C, and some exhibit a local minimum (fs,eq) and maximum (∆fs,c,eq) in 

Regime C. This behavior is attributed to the formation of a bilayer. At the end of Regime 

C and the beginning of Regime D, both fs,eq and ∆fs,c,eq return to pure liquid behavior (I) 

upon the formation of PDMS multilayers.  For 60 and 80 wt% OiBuP, the local 

maximum in ∆fs,c,eq and local minimum in fs,eq for single-component PDMS films are 
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absent. ∆fs,c,eq and fs,eq for 60 and 80 wt% OiBuP blends only approach the pure liquid 

limit (I) near the end of Regime C. In Regime D, none of the blend films are viscoelastic. 

 These observations suggest that prior to the monolayer to bilayer transition, 

OiBuP/PDMS films exhibit viscoelastic properties that are similar to single-component 

PDMS films. Apparently, OiBuP behaves as a traditional filler. At higher Π, 

OiBuP/PDMS show composition dependent viscoelastic behavior which may be 

indicative of PDMS collapsing through somewhat different mechanism.  

6.3.4 Rheological Behavior of OiBuP/PDMS Blends 

 Figure 6.5 shows εd – Π for all four blends and pure PDMS with an inset 

amplifying the transition regime. For all blends, εd starts from zero in Regime A 

(submonolayer regime) and increases sharply as Π increases in a fashion similar to a 

single-component PDMS film. At the start of Regime B, εd for all of the blends starts to 

exceed PDMS at small Π,  ~ 1 to 2 mN m-1. εd values then reach maximum moduli 

around εd,max ~ 35 mN m-1 in the middle of Regime B. As the films begin to collapse, εd 

also decreases (end of Regime B). During the start of the collapse process at the end of 

Regime B, all of the blend films have viscoelastic moduli that are greater than or equal to 

single-component PDMS films. In the monolayer to bilayer transition regime (Π ~ 8 

mN m-1), the blends exhibit composition dependent behavior as shown in the inset. εd for 

20 and 40 wt% OiBuP blends exhibit features that are similar to single-component PDMS 

films: εd → 0 at the boundary between Regime B and C, exhibits a local maximum in εd 

in Regime C, and εd → 0 at the end of Regime C. In contrast, εd for 60 and 80 wt% 
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OiBuP blends monotonically decrease across Regime C with increasing Π and εd → 0 at 

the end of Regime C. 
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Figure 6.5. εd – Π for 0 (PDMS red ●), 20 (green ×), 40 (blue +), 60 (brown ▲), and 80 

wt% OiBuP (purple ▼) blends at T = 22.5 °C.  Data points represent an average of three 

wave vectors. Vertical dotted lines indicate Regimes A through D defined in Figure 6.2. 

One standard deviation error bars (~ 5%) are omitted for clarity. The inset expands the 

collapsed regime (Π ~ 8 mN m-1) and the curves highlight the trends for the blends in this 

regime. 
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 Several interesting features can be observed when comparing εd – Π behavior for 

OiBuP/PDMS blends with TiBuP/PDMS blends discussed in Chapter 5. First, εd 

increases more gradually for all TiBuP/PDMS blends than single-component PDMS 

films. This behavior is attributed to hydrogen bonding between silanol groups of TiBuP 

and water, where more water molecules need to be squeezed out of the Langmuir film. In 

contrast, all of the initial slopes for OiBuP/PDMS blends on εd – Π plots are as large as 

or larger than the value for PDMS. As OiBuP is non-amphiphilic, we hypothesize that 

excess bound water is absent in the blend films leading to enhanced rigidity. Second, 

TiBuP/PDMS blends have approximately the same εd,max values as PDMS at 2.5 < Π < 5 

mN·m-1, whereas,  εd,max values for all OiBuP/PDMS blends are greater than PDMS (~ 35 

vs. ~ 30 mN·m-1). This observation shows OiBuP reinforces the PDMS films. Third, 

similar to TiBuP/PDMS blends, the OiBuP/PDMS blends exhibit composition dependent 

viscoelastic behavior during the monolayer to bilayer transition. However, unlike 

TiBuP/PDMS blends where all blends exhibit reinforcement in Regime D, none of the 

OiBuP/PDMS blends exhibit viscoelastic behavior in Regime D. The absence of 

viscoelastic behavior in Regime D for OiBuP/PDMS blends supports the conjecture that 

TiBuP reinforces PDMS blends in Regime D by forming network-like structures that 

anchor the collapsed PDMS film to the interface. As OiBuP is non-amphiphilic, it is 

unable to anchor the collapsed PDMS film to the A/W interface. 

 Plots of surface dilational loss moduli (ωκ) versus Π plots are presented in Figure 

6.6 while plots of dilational viscosity (κ) are omitted owing to the similarity between ωκ 

and κ. Some ωκ values are negative with large standard deviation, which is consistent 
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with the fact that the blend films are heterogeneous at all Π. However, the absolute 

values of ωκ remain small for all Π showing that the films are still elastic dominant. 
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Figure 6.6. ωκ – Π for (a) 0 (PDMS, red ●), (b) 20 (green ×), (c) 40 (blue +), (d) 60 

(brown ▲), and (e) 80 wt% OiBuP (purple ▼) blends at T = 22.5 °C.  Data points 

represent an average of three wave vectors with one standard deviation bars. Vertical 

dotted lines indicate Regimes A through D defined in Figure 6.2. 
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6.3.5 Possible Molecular Conformation of OiBuP/POSS Blends at the A/W Interface  

 Figure 6.7 provides a schematic depiction of possible OiBuP aggregation within 

OiBuP/PDMS blends. Unlike amphiphilic TiBuP, the non-amphiphilic OiBuP exists as 

multilayers at Π < Πc,PDMS (~8 mN m-1) and PDMS occupies most of the A/W interface. 

Significant amounts of OiBuP likely reside on top of the PDMS layer with only a small 

fraction directly bound to water. Those OiBuP in the upper layer are able to form 

networks and serve as “bridges” between OiBuP molecules that still reside directly at the 

A/W interface and serve as the “bridge pier”. Hence, OiBuP is able to reinforce the 

PDMS matrix in its monolayer regime the same way TiBuP reinforce the TiBuP/PDMS 

blends in Regime D after the PDMS component has collapsed. However, after the PDMS 

collapses into bilayer and multilayer films, OiBuP cannot form a viscoelastic film like 

TiBuP and hereby the blends films exhibit no viscoelastic properties even if the “bridge 

structure” still remains. 

 During the monolayer to bilayer transition for PDMS, there are likely two parallel 

processes taking place in the blend films: PDMS undergoing the transition in regions 

where there is no OiBuP on top, (Figure 6.8a) and PDMS underneath OiBuP molecules 

undergoing the transition (Figure 6.8b). During the second process, the OiBuP molecules 

on top of PDMS chains are able to hinder the collapse of PDMS. As a result, blends with 

high wt% OiBuP have higher εd during bilayer formation that masks the local maximum 

on the εd – Π plots signifying completion of a PDMS bilayer. For 20 and 40 wt% OiBuP 

blends, the collapse behavior of these blends is essentially the same as PDMS and a local 

maximum in εd is observed on the corresponding εd – Π plot for Regime C (Figure 6.8a). 
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For 60 and 80 wt% OiBuP blends, the second process is likely dominant during the 

monolayer to bilayer transition owing to the fact more OiBuP is present in the film 

leading to greater coverage of the PDMS by OiBuP prior to collapse of the PDMS 

component. The blends thereby exhibit viscoelastic behavior that differs from single-

component PDMS films. This hypothesis is partially supported by BAM studies by 

Hottle et al.32 During film expansion, OiBuP/PDMS blends with higher wt% OiBuP 

exhibit “shattered glass” morphologies that are consistent with OiBuP covering most of 

the surface. In contrast lower wt% OiBuP blends exhibit ring-like structures. The ring-

like morphology indicates that open space in the layer above PDMS must be present even 

at high Π.   

6.4 Conclusions 

 In this chapter, the viscoelastic behavior of OiBuP/PDMS blends with different 

wt% OiBuP is studied via SLS at the A/W interface. OiBuP likely networks in the upper 

layer and reinforces the PDMS matrix at the A/W interface via a “bridge” structure prior 

to collapse of the PDMS component. During the monolayer to bilayer transition of PDMS, 

blends exhibit composition dependent viscoelastic behavior. After the collapse of PDMS, 

there are likely few OiBuP molecules left at the A/W interface and all blend films exhibit 

no dilational viscoelastic behavior. These results suggest that POSS-subphase interactions 

play an important role on the interfacial behavior of POSS/PDMS blends at the A/W 

interface. 
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Figure 6.7. Depiction of the top and side view of OiBuP/PDMS blends at the A/W 

interface for (top) Π < 8 mN m-1 and (bottom) Π > 8 mN m-1. The red coils represent 

PDMS polymer chains, black spheres represent OiBuP molecules, and the blue 

background represents the A/W interface. 
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Figure 6.8. Schematic graph representing the transition mechanism for blends around the 

collapse pressure (Π ~ 8 mN m-1) for (a) 20 and 40 wt% OiBuP/PDMS blends and (b) 60 

and 80 wt% OiBuP/PDMS blends. The red coils stand for PDMS polymer chains, the 

black spheres represent OiBuP molecules, and the blue bars represent the water surface. 
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CHAPTER 7 

Morphological Study of Trisilanolcyclopentyl-POSS/PDMS Blends at 

the Air/Water Interface  

 

7.1 Abstract 

 In Chapters 5 and 6, the interfacial phase and rheological behavior of two 

polyhederal oligomeric silsesquioxane (POSS) blended with polydimethylsiloxane 

(PDMS), trisilanolisobutyl-POSS (TiBuP)/PDMS and octaisobutyl-POSS 

(OiBuP)/PDMS blends, respectively, were investigated via surface pressure (Π) – 

averaged surface area per monomer (<A>) isotherms and surface light scattering (SLS) at 

the air/water (A/W) interface. The results reveal the impact of POSS-subphase 

interactions on the reinforcing behavior of POSS derivatives within a thin film polymeric 

matrix. In this chapter, a trisilanol-POSS with different substituents, 

trisilanolcyclopentyl-POSS (TCpP), is used as a model nanofiller to blend with PDMS. 

Compared with TiBuP/PDMS and OiBuP/PDMS blends discussed in Chapters 5 and 6, 

TCpP/PDMS blends exhibit dramatically different composition dependent phase 

behavior. According to the thermodynamic analysis of the Π – <A> isotherms and 

Brewster angle microscopy (BAM) images, all blends likely form uniform monolayers at 

the A/W interface. Low wt% TCpP blends (wt% TCpP < 20) exhibit phase behavior that 

is similar to single-component PDMS. Blends with 20 to 60 wt% TCpP show complex 

phase behavior. They exhibit transitions at Π values lower than the collapse pressures for 
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either PDMS or TCpP. These transitions give rise to morphological features that are 

strikingly similar to phase separation. Plateaus in the Π – <A> isotherms may indicate the 

PDMS monolayer to bilayer transition is either distorted (20 or 40 wt% TCpP) or delayed 

(60 wt% TCpP). All blends with 20 to 60 wt% TCpP also show a kink around Π ~ 13 

mN·m-1.  Blends with greater than 60 wt% TCpP exhibit TCpP-like phase behavior but 

form small aggregates instead of the large aggregates observed for single-component 

TCpP films. These observations are dramatically different from any previously studied 

POSS/PDMS blends and suggest that substituents of trisilanol-POSS have considerable 

impact on the phase behavior of POSS/PDMS blends. 

 

7.2 Introduction 

 The overriding motivation for the studies presented in this dissertation is to 

understand how molecule-subphase and intermolecular interactions affect the dispersion 

of nanofillers within a Langmuir film and to understand how the dispersion of the 

nanofiller affects the rheological behavior of the blend films. In Chapter 5 and 6, the 

interfacial phase and rheological behavior of two polyhederal oligomeric silsesquioxane 

(POSS)/PDMS blends, trisilanolisobutyl-POSS (TiBuP)/PDMS blends and octaisobutyl-

POSS (OiBuP)/polydimethylsiloxane (PDMS) blends, were investigated via surface 

pressure (Π) – average area per monomer (<A>) isotherms and surface light scattering 

(SLS). These two POSS derivatives with identical substituents (isobutyl) exhibit 

dramatically different reinforcing behavior as nanofillers within a PDMS matrix. The 

difference apparently arises from different molecule-subphase interactions considering 
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TiBuP is amphiphilic, able to hydrogen bond with water, while OiBuP exhibits no 

surface activity.  Hence, an interesting next step is to investigate the effect different 

substituents have on the nanofiller behavior of POSS within a PDMS matrix. In this 

chapter, trisilanolcyclopentyl-POSS (TCpP) will be used as a model nanofiller to blend 

with PDMS. Π – <A> isotherms and Brewster angle microscopy (BAM) will be 

employed to investigate the phase behavior of TCpP/PDMS blend films. 

7.3 Results and Discussion 

7.3.1 Interfacial Behavior of TiBuP versus TCpP 

 Trisilanolcyclopentyl-POSS (TCpP) shows different phase and rheological behavior 

than TiBuP (Chapter 4) at the A/W interface. In Figure 7.1A, Π undergoes a gentle 

increase initially from ~ 200 Å2·molecule-1 before reaching a plateau around A ~ 130 

Å2·molecule-1 corresponding to the on-set of the collapse transition for TiBuP. For TCpP, 

Π increases more sharply from A ~ 160 Å2·molecule-1, with film collapse at A ~ 130 

Å2·molecule-1, essentially the same value as TiBuP. On the basis of the definition of the 

static dilational elasticity ( ( )s T
Aε = − ∂Π ∂Α ), one expects the TCpP film to be more 

rigid than TiBuP in the monolayer with less water in the film. Furthermore, the lower 

collapse Π for TCpP ( ~ 8 mN·m-1 vs. ~17 mN·m-1 for TiBuP) is also consistent with 

weaker TCpP interactions with the aqueous subphase relative to TiBuP. As seen in Figure 

7.1B, plots of the dynamic dilational elasticity (εd) deduced from SLS as a function of  

Π for TCpP and TiBuP show the dynamic dilational elasticity of TCpP rises more 

quickly at low Π and achieves a larger maximum value ~ 100 mN·m-1 than TiBuP. In 

other words, TCpP is much “harder” than TiBuP and should serve as an interesting 
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comparison to TiBuP for understanding the effects substituents have on POSS 

nanofillers. 
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Figure 7.1. (A) Π – A for TiBuP (open squares) and TCpP (filled squares) measured at T 

= 22.5 °C with a constant compression rate of 10 cm2·min-1. (B) εd – Π for TiBuP (open 

squares) and TCpP (filled squares) measured via SLS at T = 22.5 °C. The surface 

concentration was controlled by the successive addition method. 

7.3.2 Π – <A> Compression Isotherms of TCpP/PDMS Blends 

 Figure 7.2 shows compression Π – <A> isotherms for TCpP/PDMS blends with the 

wt% TCpP increasing from left to right. For the sake of clarity, Figure 7.3A and B show 

TCpP/PDMS blends with 0 to 60 wt% TCpP and 80 to 100 wt% TCpP, respectively. A 

reasonable expectation would be that the TCpP/PDMS blend system should be similar to 

the TiBuP/PDMS blends in Chapter 5 as both TiBuP and TCpP are amphiphilic. Unlike 

the TiBuP/PDMS blends where all blends progressively change from single-component 

PDMS to single-component TiBuP behavior, TCpP/PDMS blends exhibit very complex 
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composition dependent Π – <A> isotherms. On the basis of the shapes of the Π - <A> 

isotherms, TCpP/PDMS blends can be divided into three different classes: A) blends with 

less than 20 wt% TCpP, B) blends with 20 to 60 wt% TCpP, and C) blends with greater 

than ~80 wt% TCpP. 
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Figure 7.2. Π – <A> compression isotherms for TCpP/PDMS blends at T = 22.5 °C with 

a constant compression rate of 10 cm2·min-1. The wt% TCpP in the blends increase from 

left to right along the arrow: 0 (PDMS), 2, 5, 20, 40, 60, 80, 91, and 100 wt% TCpP.  
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Figure 7.3. Π – <A> compression isotherms for TCpP blends with PDMS at T = 22.5 °C 

and a compression rate of 10 cm2·min-1. (A) TCpP/PDMS blends with 0 (PDMS), 2, 5, 

20, 40, and 60 wt% TCpP. (B) TCpP/PDMS blends with 80 to100 wt% TCpP. 

 For blends with less than 20 wt% TCpP, the Π – <A> isotherms are identical to 

single-component PDMS films up to Π ~ 6 mN·m-1 and qualitatively similar thereafter. 

Deviation around the collapse transition for single-component PDMS films (Π ~ 8 mN·m-

1) is characterized by lower Π for 2 and 5 wt% TCpP blends relative to a single-

component PDMS film. In contrast, the second plateaus have higher Π values than for 

single-component PDMS films. Both the first and second plateaus are more irregularly 

defined with increasing wt% TCpP. Similar features were also observed in the isotherms 

of OiBuP/PDMS blends presented in Chapter 6, where the OiBuP exists as multilayers at 

all Π. Considering TCpP has a lower collapse pressure than PDMS, this feature may arise 

from the existence of TCpP aggregates while PDMS undergoes a monolayer to bilayer 
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transition. Moreover, for small <A>, all blends show elevated Π relative to single-

component PDMS films even at the smallest wt% TCpP.  

 The phase behavior of TCpP/PDMS blends with 20 to 60 wt% TCpP differ 

dramatically from single-component PDMS films. All of these blends exhibit a transition 

at Π values below the collapse pressure of either component. With increasing wt% TCpP, 

the surface pressure of this transition decreases. Furthermore, the plateaus that are 

indicative of PDMS multilayer formation are significantly distorted (20 and 40 wt% 

TCpP) or absent (60 wt% TCpP) suggesting that the collapse mechanism in these blends 

is very different from either single-component PDMS or TCpP films. Both the 40 and 60 

wt% TCpP blends exhibit a kink around Π ~ 13 mN·m-1. It is interesting to note that 

TiBuP/PDMS blends also exhibited a kink around Π ~ 15 mN·m-1 corresponding to the 

collapse pressure of TiBuP.226 However, TCpP has an even lower collapse pressure (Π ~ 

7 mN·m-1) than PDMS. Clearly, the physical meaning of this feature must be different in 

the TiBuP/PDMS system than in the TCpP/PDMS system.  

 When the blend composition is 80 wt% TCpP or greater, the TCpP/PDMS blends 

exhibit Π - <A> isotherms similar to TCpP. They collapse at Π ~ 7 mN·m-1, close to the 

collapse pressure of single-component TCpP films. After a short plateau where the 

PDMS component in the films is believed to undergo a monolayer to bilayer and bilayer 

to multilayer transitions, Π increases sharply with decreasing <A>, much like rigid TCpP 

films.  
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7.3.3 Thermodynamic Analysis of TCpP/PDMS Compression Isotherms 

 Although TCpP/PDMS blends exhibit strong composition dependent phase 

behavior, the area where Π starts to increase (Alift-off) for all of the blends lie between 

single-component PDMS and single-component TCpP suggesting that both components 

spread at the A/W interface. Hence, a thermodynamic study of the isotherms should 

provide insight into the mixing behavior for TCpP/PDMS blends. An equation relating 

<A> to the pure components for ideal mixing is given as: 

)()()(, Π+Π>=Π< PDMSPDMSTCpPTCpPidealmix AXAXA    Eq. 7.1 

where ATCpP(Π) and APDMS(Π) are the values of A at a given Π value for single-

component TCpP and PDMS, respectively, and XTCpP and XPDMS represent the mole 

fraction of TCpP and PDMS, respectively. Hence, the area change upon mixing (∆Amix), 

the 2D analog of the change in volume upon mixing in 3D at constant pressure is written 

as 

   >Π<−>Π=<Π∆ )()()( ,idealmixmixmix AAA    Eq. 7.2 

where <Amix(Π)> is the experimental <A> at a given Π. The molar Gibbs excess free 

energy of mixing as a function of Π (∆Gexcess(Π)) is also useful for understanding the 

thermodynamic behavior of blends. ∆Gexcess(Π) values for binary mixtures can be 

calculated according to 

∫
Π

ΠΠ∆=Π∆
0

)()( dAG mixexcess     Eq. 7.3 
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 Figure 7.4 shows plots of <Amix(Π)> and <Amix, ideal(Π)> vs. XTCpP for TCpP/PDMS 

blend films from Π = 0 (at Alift-off) to 7 mN·m-1. At Alift-off, Π = 0 mN·m-1, <Amix(Π)>  is 

consistent with ideal mixing for all compositions. As Π increases, <Amix(Π)>  values for 

high wt% TCpP blends (> 60 wt%, > 10 mol%) start to show negative deviation from 

<Amix, ideal(Π)>. Correspondingly, the ∆Gexcess(Π) values in Figure 7.5 become more 

negative at higher wt% TCpP as Π increases. The good agreement between <Amix(Π)>  

and <Amix, ideal(Π)> and the near-zero ∆Gexcess(Π) values for blends containing less than 

60 wt% TCpP (~ 10 mol% TCpP) is consistent with uniphasic mixtures. For mixtures 

containing higher wt% TCpP, the negative deviation of <Amix(Π)>  from ideal mixing 

and the negative ∆Gexcess(Π) values may suggest an attraction between the two 

components at elevated surface pressure. However, the thermodynamic analysis is only 

valid under the condition that all films are monolayers. It is still not clear if the low Π 

transition for 20 to 60 wt% TCpP blends involves any multilayer transitions. Hence, the 

negative ∆Gexcess(Π) values above the transition (Π = 1.5 to 4 mN·m-1 for 20 to 60 wt% 

TCpP blends, respectively) could also arise from multilayer transitions where the surface 

area decreases simply because some molecules move to an upper layer. At this stage, the 

only conclusion we can draw from  ∆Gexcess analysis is that the TCpP/PDMS blends of all 

composition likely form compatible films Π < 1.5 mN·m-1. Further interpretations of the 

thermodynamic analysis of this blend system require imaging of films. 
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Figure 7.4. <Amix (Π)> - XTCpP for TCpP/PDMS blends with different compositions at T 

= 22.5 °C and different Π as indicated on the graphs. Experimental values (symbols) are 

compared with ideal mixing (<Amix,ideal (Π)>  from Eq. 7.1, dotted lines).  
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Figure 7.5. ∆Gexcess(Π) - XTCpP calculated from Π - <A> isotherms at T = 22.5 °C and Π 

= 0.5 (open circles), 1 (filled circles), 1.5 (open square), 2 (filled squares), 2.5 (open 

triangles), 3 (filled triangles), and 4 mN·m-1 (inverted triangles) plotted as a function of  

XTCpP. The dotted curves highlight the trends for different Π. As noted in the text, data 

for Π > 1.5 mN·m-1 may be invalid if the low Π transitions for intermediate XTCpP reflect 

monolayer to multilayer rather than monolayer to monolayer phase transitions. 
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7.3.4 BAM Analysis of TCpP/PDMS Blends 

 BAM studies provide in-situ morphology of Langmuir films at the A/W interface. 

Figure 7.6 provides representative BAM images for a single-component PDMS film. 

PDMS forms a uniform film upon spreading and the only heterogeneous features BAM 

detects are small circular aggregates at <A> corresponding to the second plateau where 

PDMS undergoes a bilayer to multilayer transition (Figure 7.6 F – H). Figure 7.7 shows 

representative BAM images for a single-component TCpP film. TCpP can form nearly 

uniform monolayers at the A/W interface. The white arrow highlights the boundary 

between coexisting liquid and gas phases in the TCpP films prior to monolayer 

formation. Some solid-like domains in the BAM images (white arrow in Figure 7.7D) can 

be observed just before the TCpP films begins to collapse. Around its collapse pressure 

(Π ~ 7 mN·m-1), TCpP forms large bright aggregates (Figure 7.7 E – H) that are 

dramatically different from the small spherical domains observed in single-component 

PDMS films.  

 Figures 7.8 and 7.9 show that 20 and 40 wt% TCpP blends exhibit similar 

morphologies. Features of liquid/gas coexistence can be seen for both blends at low Π 

(white arrows in Figure 7.8B and 7.9B). For the transition ranging between Π = 5.5 and 

7.5 mN·m-1, BAM images of 20 wt% TCpP blends exhibit morphologies that are similar 

to phase separation (Figures 7.8E and F). A similar transition appears in the 40 wt% 

TCpP blends (Figure 7.9) but at lower Π (between ~  3.5 and 6.5 mN·m-1). More detailed 

images of the transition region are provided in Figure 7.10 where one can clearly see the 

formation of small domains and features that are reminiscent of spinodal phase separation 
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as Π increases. The blend films become uniform after this transition and stay 

homogeneous until the kinks and plateau in the Π – <A> isotherm at Π ~ 13 mN·m-1 

(Figure 7.9H). 
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Figure 7.6. BAM images for a single-component PDMS (Mw = 7.5 kg·mol-1) film 

obtained at T = 22.5 °C and a compression rate of 10 cm2·min-1. The letters on the 

isotherm indicate where the BAM images were taken during the compression experiment 

and correspond to various surface pressures (Π / mN·m-1): A (0.0), B (0.5), C (2.6), D 

(5.0), E (7.9), F (8.3), G (8.3), and H (8.3).  
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Figure 7.7. BAM images for a single-component TCpP film obtained at T = 22.5 °C and 

a compression rate of 10 cm2·min-1. The letters on the isotherm indicate where the BAM 

images were taken during the compression experiment and correspond to various surface 

pressures (Π /mN·m-1): A (0.0), B (0.2), C (0.5), D (2.9), E (6.0), F (7.2), G (8.0), and H 

(16.5). The white arrow in B points to the boundary between coexisting liquid and gas 

phases. The white arrow in D points to a solid-like domain. 
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Figure 7.8. BAM images for a XTCpP ~ 0.20 TCpP/PDMS (Mw = 7.5 kg·mol-1) blend film 

obtained at T = 22.5 °C and a compression rate of 10 cm2·min-1. The letters on the 

isotherm indicate where the BAM images were taken during the compression 

experiments and correspond to various surface pressures (Π /mN·m-1): A (0.0), B (0.2), C 

(0.4), D (2.6), E (5.7), F (7.0), G (8.0), and H (13.4). The arrow in B points to the 

boundary between liquid and gas phases. 
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Figure 7.9. BAM images for a XTCpP ~ 0.40 TCpP/PDMS (Mw = 7.5 kg·mol-1) blend film 

obtained at T = 22.5 °C and a compression rate of 10 cm2·min-1. The letters on the 

isotherm indicate where the BAM images were taken during the compression 

experiments and correspond to various surface pressures (Π / mN·m-1): A (0.0), B (0.2), 

C (0.6), D (2.0), E (3.3), F (6.2), G (7.4), and H (13.2). The arrow in B points to the 

boundary between liquid and gas phases. 
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Figure 7.10. BAM images for a XTCpP ~ 0.40 TCpP/PDMS (Mw = 7.5 kg·mol-1) blend 

film obtained at T = 22.5 °C and a compression rate of 10 cm2·min-1. The letters on the 

isotherm indicate where the BAM images were taken during the compression 

experiments. 
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 For the 60 wt% TCpP blend, bright solid-like features can be seen at all surface 

concentrations even though most of the film remains uniform and liquid/gas phase 

coexistence can be observed at low surface pressure (Figure 7.11 B). The isolated solid-

like domains grow brighter during compression of the film suggesting that their thickness 

is increasing. Π – <A> isotherms for 80 wt% TCpP blends are similar to single-

component TCpP. However, BAM images taken during compression of the 80 wt% 

TCpP blend with PDMS (Figure 7.12) show the morphology is different from single-

component TCpP films. Solid-like domains for 80 wt% TCpP are much smaller than 

those observed for single-component TCpP films (Figure 7.7). 

 The morphology studies of the TCpP/PDMS blends reveal many interesting 

features. All blends likely form uniform monolayers at the A/W interface although some 

solid-like features are observed for blends containing at least 60 wt% TCpP even at low 

Π. If one compares the morphology for single-component TCpP (Figures 7.7) and 80 

wt% TCpP/PDMS blend films (Figure 7.12), it is clear that TCpP in 80 wt% TCpP does 

not form large bright aggregates like it does in single-component TCpP films. This 

feature suggests that PDMS breaks up large TCpP aggregates, leading to smaller TCpP 

aggregates dispersed throughout the PDMS.  
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Figure 7.11. BAM images for XTCpP ~ 0.60 TCpP/PDMS (Mw = 7.5 kg·mol-1) blend film 

obtained at T = 22.5 °C and a compression rate of 10 cm2·min-1. The letters on the 

isotherm indicate where the BAM images were taken during the compression 

experiments and correspond to various surface pressures (Π / mN·m-1): A (0.0), B (0.3), 

C (0.7), D (5.3), E (10.1), F (10.8), G (11.3), and H (13.2). The white arrow in B points to 

the boundary between liquid and gas phases. The black arrow in B points to a solid-like 

domain. 

 During the low Π transition for 20 and 40 wt% TCpP blends, there is no clear 

evidence from BAM images for multilayer formation. As shown in Figure 7.13, 

successive addition isotherms for TCpP, TCpP collapse around Π ~ 4.5 mN·m-1 with a 

plateau at Π ~ 2.5 mN·m-1 after the kink. Interestingly, these transitions occur in the same 

Π range as the low Π transition for 20 and 40 wt% TCpP blend with PDMS. It is possible 
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that PDMS helps disperse the TCpP phase and leads to small TCpP aggregates that are 

beyond the resolution of BAM for blends containing low wt% TCpP. Hence, excluding 

the possibility of multilayer formation at this time may be dangerous. In fact, multilayer 

structures can be seen from low Π (Π ~ 0.3 mN·m-1) for 60 wt% TCpP blends and the 

size and number density of these aggregates increase as Π increases. Clearly, the low Π 

transition for 60 wt% TCpP blends could arise from collapse of TCpP component. 
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Figure 7.12. BAM images for a XTCpP ~ 0.80 TCpP/PDMS (Mw = 7.5 kg·mol-1) blend 

film obtained at T = 22.5 °C and a compression rate of 10 cm2·min-1. The letters on the 

isotherm indicate where the BAM images were taken during the compression experiment 

and correspond to various surface pressures (Π / mN·m-1): A (0.0), B (0.2), C (0.8), D 

(3.3), E (6.8), F (7.2), G (9.9), and H (10.2). The white arrow in B points to the boundary 

between liquid and gas phases. 
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Figure 7.13. Π – A isotherm for TCpP at T = 22.5 °C obtained by the successive addition 

method. 

 Considering the fact that PDMS undergoes a monolayer to bilayer transition at Π ~ 

8 mN·m-1, the high Π transitions of 20 to 40 wt% TCpP blends likely relate to this 

process even though the shapes of the plateaus are not as regular as single component 

PDMS films and the corresponding Π is lower than PDMS. The brighter liquid-like 

domains in BAM images may indicate the formation of PDMS bilayer. As Π increases, 
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the thicker PDMS domains grow larger and finally occupy the entire surface where the 

films again appear uniform.  

 The physical meaning of the kinks at Π ~ 13 mN·m-1 for 20 to 60 wt% TCpP blends 

is still unclear at this stage. From the BAM images of 20 and 40 wt% TCpP blends, the 

blend films have small bright spherical domains (Figure 7.8H and 7.9H) after the kinks 

that are similar to PDMS multilayer structures (Figures 7.6G and 7.6H). However, the 

BAM images for 60 wt% TCpP do not exhibit dramatic changes before or after the kink 

at Π ~ 13 mN·m-1. One thing worth noticing is that the TCpP aggregates are much thicker 

and thereby much brighter than PDMS multilayers in BAM images. Hence, it is possible 

that the PDMS multilayers with weak optical contrast will not be observable in BAM 

images for 60 wt% TCpP blends in the presence of bright TCpP aggregates.  

7.4 Conclusions 

 In this chapter, the phase behavior of TCpP/PDMS blends with different wt% TCpP 

is studied via Π – <A> isotherms and BAM. Compared with TiBuP/PDMS and 

OiBuP/PDMS blends discussed in Chapters 5 and 6, respectively, TCpP/PDMS blends 

exhibit dramatically different composition dependent phase behavior. According to the 

thermodynamic analysis of the Π – <A> isotherms and BAM images, all blends likely 

form uniform monolayers at the A/W interface at low Π. For low and high wt% TCpP, 

blends exhibit Π – <A> isotherms with transitions and morphological features that are 

consistent with PDMS-like and TCpP-like behavior, respectively. At intermediate 

compositions, 20 to 60 wt% TCpP blends, unique surface morphologies are observe that 

may represent monolayer to monolayer or monolayer to multilayer phase transitions. At 
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present, it is not possible to distinguish between the two. Suggestions for ways to resolve 

these differences are provided in Chapter 9.  
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CHAPTER 8 

Viscoelastic Behavior of Polydimethylsiloxane  

Stabilized Magnetite Magnetic Nanoparticle Complexes 

Most of this chapter is reproduced with permission from: Yin, W.; Xie, Q.; Deng, J.; 

Goff, j. D.; Vadala, P.; Riffle, J. S.; Esker, A. R. “Viscoelastic Behavior of 

Polydimethylsiloxane Stabilized Magnetite Magnetic Nanoparticle Complexes” accepted 

by ACS Symposium Series. 

 

8.1 Abstract 

 In Chapters 5 and 6, blends of polydimethylsiloxane (PDMS) with amphiphilic 

trisilanolisobutyl-POSS and non-amphiphilic octaisobutyl-POSS have been studied via 

successive addition surface pressure (Π) – average surface area per monomer (<A>) 

isotherms and surface light scattering (SLS). The results show interesting phase and 

rheological behavior owing to different molecule – subphase interactions. The study in 

this chapter examines the interfacial viscoelastic properties of PDMS stabilized magnetic 

nanoparticle complexes (PDMS-MNPs) via surface light scattering (SLS) and the 

Wilhelmy plate technique at the air/water (A/W) interface. Trimethylsilyl-terminated 

polydimethylsiloxane (PDMS) and tricarboxylic acid-terminated polydimethylsiloxane 

(PDMS-Stabilizer) provide suitable reference compounds for comparative studies. 

Results show that PDMS, PDMS-Stabilizer, and PDMS-MNPs are ideal systems for SLS 

studies. The SLS data reveal that PDMS and PDMS-MNPs have similar phase transitions 

and viscoelastic behavior from the gaseous state through bilayer formation.  In contrast, 
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the viscoelastic properties of the PDMS-Stabilizer show marked differences starting in 

the collapsed regime.  The differences between PDMS-Stabilizer and PDMS-MNPs are 

consistent with complete coupling of the carboxylic acid groups to the magnetite surfaces 

in PDMS-MNPs. 

8.2 Introduction 

 Magnetic materials have attracted considerable interest for modifying the optical 

properties of films262 and as catalyst carriers.263 Recently, magnetic nanoparticles (MNPs) 

have enabled additional potential applications in biomedical fields like separations, 

biosensing, targeted drug delivery, magnetic resonance imaging contrast agents, and 

hyperthermia based cancer treatments.264-268 For all of these potential applications, 

stabilizers are required to prevent MNP aggregation in solution. The polymers should 

contain at least two segments: a functionalized segment that adheres to the metal or metal 

oxide surface of the MNP, and at least one flexible segment that prevents MNP 

aggregation through steric stabilization. There are numerous studies on the stabilization 

of MNPs in aqueous fluids using poly(methacrylic acid),269 dextran,270 poly(vinyl 

alcohol),270 carboxylic acid-functionalized poly(ethylene oxide),271-274 sodium 

poly(oxyalkylene diphosphonate)s,275 block copolymer stabilizers like poly(ethylene 

oxide-b-methacrylic acid),276 and graft copolymers such as poly(alkylene oxide-g-acrylic 

acid).277 In addition, silicone stabilizers have been considered for direct use inside the eye 

for treating detached retinas.277-280 For other non-polar fluids, oleic acid is probably the 

most common stabilizer.281,282 Interestingly, many of these stabilizers render the particles 

surface active at the air/water (A/W) interface. 
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 In this study, surface pressure (Π) – surface area per dimethylsiloxane repeat unit 

(ADMS) isotherms and surface light scattering (SLS) is used to probe the viscoelastic 

properties of a trimethylsilyl-terminated polydimethylsiloxane (PDMS), a tricarboxylic 

acid-terminated PDMS stabilizer (PDMS-Stabilizer, Figure 8.1A), and PDMS stabilized 

magnetite magnetic nanoparticle complexes (PDMS-MNPs, Figure 8.1B) at the A/W 

interface.  This study shows that differences in viscoelastic behavior between PDMS and 

PDMS-Stabilizer during collapse change when the PDMS-Stabilizer is coupled to 

magnetite MNPs to form the PDMS-MNPs. 
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Figure 8.1. (A)  Molecular structure of the PDMS-Stabilizer (x = 28). (B) A schematic 

depiction of PDMS-MNPs. The dots symbolize carboxylic acid groups and squiggly lines 

represent PDMS chains.  The inset shows carboxylic acid binding to the magnetite 

surface.  
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8.3  Results and Discussion 

8.3.1 Successive Π - ADMS Addition Isotherms for PDMS, PDMS-Stabilizer, and 

PDMS-MNPs   

 Figure 8.2 shows Π-ADMS isotherms for PDMS, PDMS-Stabilizer, and PDMS-

MNPs. Here ADMS represents the area per dimethylsiloxane repeat unit (monomer for 

short).  For the case of the PDMS-MNPs, the ADMS values only reflect the silicone 

component in the complex (i.e., if there was 1 g of PDMS-MNPs on the surface, 0.5 g 

was used for the calculation of ADMS because the MNPs are 50 wt% magnetite).  The 

PDMS isotherm in Figure 8.2 exhibits the four classical regimes originally reported by 

Fox, et al.:83 (A) ADMS > Alift-off,DMS = 18 Å2·monomer-1 (where Π starts to increase) 

corresponding to the end of the submonolayer regime (Π = 0 mN·m-1).  In this regime, 

PDMS films are biphasic with the coexistence of  gaseous and liquid-like domains; 81 (B) 

14 Å2·monomer-1 < ADMS < 18 Å2·monomer-1 corresponding to a PDMS monolayer with 

adsorbed oxygen and silicon atoms from the repeating unit adsorbed on water; (C) ~ 8 

Å2·monomer-1 < ADMS < 14 Å2·monomer-1, the first plateau regime (Π ~ 8.0 mN·m-1) 

where it was postulated that PDMS underwent progressive coiling into helical structures; 

and (D)  ADMS < ~ 8 Å2·monomer-1,  the second plateau (Π ~ 9.0 mN·m-1), where the 

helical structures undergo collapse.  While the interpretation of Regime A and B is 

widely accepted, newer measurements have suggested that the plateaus correspond to the 

formation of bilayers and multilayers as PDMS spreads easily upon the underlying 

hydrated PDMS monolayer and the films can be heterogeneous.81,229 
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Figure 8.2. Π-ADMS isotherms (T = 22.5 °C) for PDMS (circles), PDMS-Stabilizer 

(triangles), and PDMS-MNPs (squares).  The solid lines between points are only trend 

lines.  Transitions in the PDMS isotherm define the boundaries (vertical dotted lines) for 

Regimes A through D.  The inset expands Regime C, the first plateau. 

 

 Qualitatively, the isotherm for the PDMS-Stabilizer is similar to PDMS in Regimes 

A and B, with a few quantitative differences.  First, Alift-off shifts from 18 to ~ 17 

Å2 monomer-1 for the PDMS-Stabilizer reflecting the fact that the end groups make a 

more significant contribution to the calculation of ADMS for the 2.5 kg·mol-1 PDMS-

Stabilizer than the 7.5 kg·mol-1 PDMS.  The second difference is a larger plateau pressure 
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(Π ~ 8.7 mN m-1) for the PDMS-Stabilizer in Regime C.  Third, there is a steeper upturn 

in the PDMS-Stabilizer isotherm starting at the end of what is Regime C for PDMS.  The 

upturn in Π out of Regime C has been reported previously for other polar terminated 

silicone oligomers,82 and reflects a more traditional surfactant like structure as the 

collapsing polymer starts to "stand" on the hydrophilic anchor. The isotherm for PDMS-

MNP is identical to the PDMS-Stabilizer through Regime A and most of Regime B.  This 

result suggests that grafting flexible PDMS-Stabilizer to the magnetite surfaces at 

densities of the order ~1.25 per nm2 has little effect on the ability of the dimethylsiloxane 

repeating units to interact with water, a likely consequence of the relatively long linking 

group (Figure 8.1A).  Interestingly, the PDMS-MNPs' isotherm agrees with PDMS in 

Regime C.  Apparently, tethering the polar portion of the PDMS-Stabilizer to the 

magnetite core causes the PDMS-MNP to behave more like hydrophobically terminated 

PDMS during collapse.  In Regime D, the PDMS-MNPs exhibit behavior that lies 

between PDMS and PDMS-Stabilizer.  As the polar end groups of the stabilizer are not 

available for anchoring PDMS to the A/W interface, one interpretation would be that the 

PDMS-MNPs do not undergo multilayer formation as easily as hydrophobic PDMS. The 

subsequent discussion of viscoelastic behavior will make use of the regimes defined in 

Figure 8.2. 

8.3.2 SLS Results for PDMS, PDMS-Stabilizer, and PDMS-MNPs  

 Esker, et al.123,231 recently noted that in the absence of frequency dependent 

viscoelastic behavior, it is convenient to reduce all viscoelastic data from SLS down to a 

common reference state.  The approach is essentially the same one used by Hård and 

Neuman.55   One starts by deducing the frequency shift (fs), full-width at the half 
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maximum intensity corrected for instrumental broadening (∆fs,c) from power spectra in 

SLS at different wave vectors (k), and the static surface tension (σs) from the Wilhelmy 

plate technique. These parameters along with Eq. 5.3 are used to calculate the dynamic 

dilational elasticity (εd) and corresponding viscosity (κ).  Next, the values of εd, κ, and σs 

are used along with Eq. 5.3 to calculate the equivalent values of the frequency shift (fs,eq) 

and corrected full-width at half-maximum intensity (∆fs,c,eq) at an arbitrary reference state.  

For this study, the reference state is chosen to correspond to water at 25 °C (k = 324.3 

cm-1, dynamic surface tension of σd = 71.97 mN·m-1, transverse viscosity of µ = 0, 

density of ρ = 997.0 kg·m-3, and bulk viscosity η = 0.894 mPa·s).  Figure 8.3 shows fs,eq 

plotted as a function of Π for PDMS, PDMS-Stabilizer, and PDMS-MNPs. The 

assignment of the regimes in Figure 8.4 is in accord with the regimes of Figure 8.2 for 

PDMS.  Figure 8.4 provides similar data for ∆fs,c as a function of Π.  The use of 

logarithmic x-axes for Π < 1 mN·m-1 and linear scales for Π > 1 mN·m-1 in Figures 8.3 

and 8.4 provides a convenient way to plot the data and has no physical significance.  The 

data points in Figures 8.3 and 8.4 represent an average for three wave vectors (7th through 

9th diffraction orders corresponding to wave vectors of k = 404.3 cm-1, 459.0 cm-1, and 

512.6 cm-1 ) with one standard deviation error bars. 
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Figure 8.3.  fs,eq–Π for PDMS (circles), PDMS-Stabilizer (triangles), and PDMS-MNPs 

(squares). The x-axis uses a logarithmic scale for Π < 1 mN·m-1, and a linear scale for Π 

> 1 mN·m-1.  Data points represent an average of three wave vectors with one standard 

deviation error bars.  Data points at Π = 0.001 mN·m-1 correspond to water (Π = 0), while 

points at Π = 0.01 mN·m-1 correspond to submonolayer films that do not have a 

detectable Π (Π < 0.1 mN·m-1).  Vertical dotted lines indicate Regimes A through D 

defined in Figure 8.2.  The three horizontal dotted lines correspond to limiting behavior 

of the dispersion relation:  (I) the pure liquid limit, (III) the maximum damping 

coefficient for a perfectly elastic surface film, and (IV) the minimum velocity limit for a 

perfectly elastic surface film. 
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Figure 8.4. ∆fs,c,eq-Π for PDMS (circles), PDMS-Stabilizer (triangles), and PDMS-MNPs 

(squares). The x-axis uses a logarithmic scale for Π < 1 mN·m-1, and a linear scale for Π 

> 1 mN·m-1.  Data points represent an average of three wave vectors with one standard 

deviation error bars.  Data points at Π = 0.001 mN·m-1 correspond to water (Π = 0), while 

points at Π = 0.01 mN·m-1 correspond to submonolayer films that do not have a 

detectable Π (Π < 0.1 mN·m-1).  Vertical dotted lines indicate Regimes A through D 

defined in Figure 8.2.  The three horizontal dotted lines correspond to limiting behavior 

of the dispersion relation:  (I) the pure liquid limit, (III) the maximum damping 

coefficient for a perfectly elastic surface film, and (IV) the minimum velocity limit for a 

perfectly elastic surface film. 
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 Plotting the data as done in Figures 8.3 and 8.4 facilitates easy comparisons 

between the experimental data and important limiting behavior of the dispersion 

equation.123,231  There are six important limiting cases for the viscoelastic behavior of 

Langmuir films at the A/W interface: (I) Pure liquid behavior (ε* and µ = 0), purely 

elastic surface films (κ = 0 and µ = 0) which yield – (II) the maximum velocity limit, (III) 

the maximum damping coefficient, and (IV) the minimum velocity limit, (V) films with 

an infinite lateral modulus (ε* → ∞), and (VI) the maximum damping coefficient for a 

purely viscous surface film (εd = 0 and µ = 0).  As PDMS forms perfectly elastic surface 

films, the three most important limits are (I), (III), and (IV).  These limits are included on 

Figures 8.3 and 8.4. 
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 In Regime A, submonolayer coverage, as seen in Figures 8.3 and 8.4, PDMS behaves 

as a pure liquid (I).  With increasing concentration, the monolayer forms, Π ~ 0, leading 

to a sharp drop in fs,eq and a sharp increase in ∆fs,c,eq.  Figure 8.4 clearly shows that as the 

monolayer forms the damping of the PDMS monolayer is consistent with the maximum 

damping coefficient of a perfectly elastic surface film (III) and indicates that εd/σs ~ 

0.17.123,231  In the middle of Regime B, the global minimum in fs,eq, and the local 

minimum in ∆fs,c,eq indicate the viscoelastic properties of the film are similar to those of a 

perfectly elastic surface film in the minimum velocity limit (IV).  Such a film is 

characterized by intermediate εd ~ 30 to 50 mN·m-1 and negligible κ.  At the high Π end 

of Regime B, fs,eq starts to rise, and ∆fs,c,eq shows another maximum that is in agreement 

with the maximum damping coefficient for a perfectly elastic surface film (III).  The 

appearance of a second maximum indicates that as the film collapses, εd/σs is again ~ 

0.17 and more importantly that εd is decreasing in the collapsing film. In Regimes C and 

D, the viscoelastic properties are essentially those of a pure liquid (I), except for a small 

enhancement of viscoelastic behavior at the boundary between Regimes C and D. 

 It is interesting to note how the PDMS-Stabilizer and PDMS-MNPs differ from 

PDMS in Figures 8.3 and 8.4.  In Regime A, all systems are roughly the same.  As the 

monolayer forms during compression (Π ~ 0), the behavior is similar as all the films are 

essentially perfectly elastic, and the maximum in ∆fs,c,eq occurs at  Π ~ 0.  This 

observation is consistent with the facts that εd/σs ~ 0.17 at the maximum ∆fs,c,eq 126 and 

the A/W interface is theta solvent for PDMS.57  The behavior of the PDMS-Stabilizer 

starts to depart from that of PDMS and PDMS-MNPs at the high Π end of Regime B.  As 
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seen in Figure 8.4, the second maximum in ∆fs,c,eq shifts to a higher Π value.  This feature 

is likely due to a different collapse mechanism as the hydrophilic tricarboxylic acid end 

group inhibits PDMS-Stabilizer multilayer formation by the same mechanism as PDMS.  

Differences become even more apparent when the PDMS-Stabilizer fails to exhibit a 

local maximum in ∆fs,c,eq at the boundary between Regimes C and D.  Again, this feature 

shifts to higher Π.  It is notable that PDMS-MNPs exhibit essentially PDMS behavior in 

Regimes A through C.  Given the isotherms in Figure 8.2, it is not surprising that PDMS, 

PDMS-Stabilizer, and PDMS-MNPs exhibit the largest differences in Regime D.  In 

Regime D, PDMS-Stabilizer and PDMS-MNPs exhibit different fs,eq and ∆fs,c,eq that do 

not conform to any particular limiting behavior, thereby warranting an analysis of the 

surface viscoelastic parameters through the dispersion equation. 

8.3.3 Surface Viscoelastic Parameters for PDMS, PDMS-Stabilizer, and PDMS-

MNPs 

 εd probed by SLS is a high frequency (kHz) analog to the static dilational modulus 

(0 Hz, a 2D analog to the bulk modulus): 

  TDMS
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AC ⎟⎟
⎠

⎞
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⎝

⎛
∂

Π∂
−==ε −

 (Eq. 8.1) 

where Cs is the surface compressibility, the 2D analog to the isothermal compressibility 

in 3D.  Figure 8.5 shows εs obtained from Figure 8.2 and Eq. 8.1, and εd (an average of 

the three different wave vectors) plotted as a function of Π for PDMS, PDMS-Stabilizer, 

and PDMS-MNPs.  For PDMS, there is excellent agreement between εd and εs throughout 

the entire range of Π.  This behavior is consistent with negligible κ.  Figure 8.6 shows, κ 

vs. Π for PDMS, PDMS-Stabilizer, and PDMS-MNPs. κ is indeed small for PDMS and 
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is nearly zero within experimental error. This result is consistent with previous 

studies.124,153,234,259 Furthermore, Esker et al. noted that εs = zΠ where z is the scaling 

exponen.123 For PDMS, the initial slope yields z ~ 30, i.e. the A/W interface is a near 

theta solvent for PDMS.57 Another important feature of Figure 8.5, is that the maximum 

εd ~ 30 mN·m-1 occurs in the center of Regime B as expected. Finally, εd shows a small 

peak at the boundary between Regimes C and D for PDMS. One interpretation is the 

collapse of a helical monolayer,83 although a bilayer to multilayer transition is more 

probable.229  These observations are all consistent with the discussion of Figures 8.3 and 

8.4. 

 As seen in Figures 8.5 and 8.6, the viscoelastic properties of the PDMS-Stabilizer 

and PDMS-MNPs are nearly identical to PDMS up to the end of Regime B.  The first key 

difference is that PDMS-Stabilizer, does not exhibit εd = 0, until Π ~ 9 mN·m-1 during the 

initial collapse of the film.  Moreover, Regime C is essentially absent for the PDMS-

Stabilizer.  This feature must arise from stronger anchoring of the PDMS-Stabilizer to the 

subphase by the hydrophilic tricarboxylic acid terminal group.121  Interestingly, Regime 

C is present for PDMS-MNPs after the stabilizer is coupled to the magnetite surface and 

film collapse as measured by the point where εd returns to zero is the same as PDMS (Π 

~ 8 mN·m-1). The other main differences all occur in Regime D.  For PDMS, pure liquid 

behavior is observed in Regime D (εd = 0 and κ = 0).  In contrast, both PDMS-Stabilizer 

and PDMS-MNPs exhibit non-zero εd and κ in Regime D. Moreover, the PDMS-

Stabilizer film is more viscous than the PDMS-MNPs in Regime D.  This enhancement in 

the film's viscosity is attributed to multilayer formation for PDMS-MNPs, similar to 
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PDMS, whereas collapse in PDMS-Stabilizer leads to chains standing on their 

hydrophilic anchor. 
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Figure 8.5. Plots of εi-Π for PDMS (circles), PDMS-Stabilizer (triangles), and PDMS-

MNPs (squares).  Figure 8.2 and Eq. 8.1 yield εs values (filled symbols).  εd values (open 

symbols) represent the average of three different wave vectors with one standard 

deviation error bars. The dotted vertical lines indicate the boundaries of the regimes 

defined in Figure 8.2. 
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Figure 8.6. Plots of κ-Π for PDMS (circles), PDMS-Stabilizer (triangles), and PDMS-

MNPs (squares). κ values represent the average of three different wave vectors with one 

standard deviation error bars.  The dotted vertical lines indicate the boundaries of the 

regimes defined in Figure 8.2. 
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Figure 8.7.  Schematic depictions of conformations within Regimes A (top views) and B 

through D (side views) for (i) PDMS, (ii) PDMS-Stabilizer, and (iii) PDMS-MNPs. 

8.4 Conclusions 

 As already known, PDMS exhibits four distinct regimes at the A/W interface 

(schematically depicted in Figure 8.7). In Regime A, PDMS films can be 

heterogeneous,81,229 representing a coexistence of liquid-like PDMS and gas domains.  In 

Regime A, PDMS chains should have two dimensional (2D) coil conformations.  The 

addition of the polar end group (PDMS-Stabilizer), or the tethering of the PDMS-

Stabilizer to the magnetite to form PDMS-MNPs should have little effect on the observed 

behavior in Regime A relative to PDMS. In Regime B, a semi-dilute 2D liquid-like film 

forms at low Π and scaling behavior is consistent with poor solvent behavior for the A/W 
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interface. As expected for a semi-dilute solution, PDMS, PDMS-Stabilizer and PDMS-

MNPs all exhibit similar behavior. During film collapse in Regime C, we favor bilayer 

formation (depicted in Figure 8.7)81,229 for both PDMS and PDMS-MNPs rather than the 

elaborate coil to helix transition model.83  However, the tricarboxylic acid end group of 

the PDMS-Stabilizer leads to a different collapse mechanism.  As depicted in Figure 8.7, 

the PDMS chains can now stand on end during further compression yielding a 

viscoelastic film.121 Consequently, Regime C and Regime D are essentially one and the 

same for the PDMS-Stabilizer. In contrast, both PDMS and PDMS-MNPs should be 

forming multilayers in Regime D. For PDMS, the absence of viscoelastic behavior or an 

increase in Π indicates there is no energy penalty for forming thicker PDMS layers. In 

contrast, SLS clearly shows that the PDMS-MNPs are less able to form multilayers 

during compression with both a rise in Π and viscoelastic responses from the film. Hence, 

even though PDMS-Stabilizer shows deviation from PDMS-like behavior in Regime C, 

PDMS-MNPs behave like PDMS from Regime A through Regime C and only deviate in 

Regime D. This response to film compression is consistent with complete anchoring of 

the carboxylic acid end groups to the magnetite cores of the PDMS-MNPs. 
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CHAPTER 9 

Conclusions and Future Work 

9.1 Conclusions 

9.1.1 Surface Light Scattering (SLS) for Non-invasive Interfacial Rheology 

Measurements 

 A home-made surface light scattering (SLS) apparatus was used to study the 

interfacial rheology of Langmuir films at the A/W interface in this dissertation. As 

mentioned in Chapter 2, several techniques can measure the interfacial dilational modulus 

of thin films at the A/W interface. Studies of mechanically generated capillary waves117 

and electrocapillary wave diffraction (ECWD)48-51 share similar features with 

SLS118,119,123,147,231 in the sense the dilational viscoelastic properties of the surface waves 

are probed through their wave damping characteristics. The static dilational elasticity (εs) 

of Langmuir films can also be deduced from surface pressure (Π) – area per molecule or 

repeat unit (A) isotherms as described in Chapter 4 via ( )s T
Aε = − ∂Π ∂Α .29 Relative to 

the non-invasive SLS technique, this approach can provide misleading results especially 

during film collapse when compression of the film causes the conversion of monolayer 

into multilayer. One example was shown in Chapter 4 (Figure 8.1) where εs ~ 0 around 

the collapse pressure of trisilanolisobutyl-POSS (TiBuP) but the dynamic dilational 

elasticity (εd) retained a value close to the maximum dynamic dilational elasticity (εd,max).  
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Figure 9.1. Plots of εi-Π (top) for TiBuP. εs values (filled symbols) are deduced from the 

Π-A isotherm (Figure 4.1). εd values (open symbols) represent the average of three 

different wave vectors with one standard deviation error bars. 

9.1.2  POSS Derivatives as Model Nanofillers 

 POSS/polymer blend Langmuir films provide excellent model systems for studying 

the phase and rheological behavior of ultrathin polymer blends. With a water subphase, 

POSS-subphase interactions serve as an important variable that can significantly affect 

the interfacial morphology and rheology of the polymeric films. In TiBuP blends with 

polydimethylsiloxane (PDMS) in Chapter 5, the interaction between amphiphilic TiBuP 

and the water subphase helped TiBuP molecules disperse within the PDMS matrix. 
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Moreover, TiBuP and its attendant water are able to plasticize PDMS and hence lower 

the dilational modulus at the air/water (A/W) interface. On the other hand, blends of 

PDMS with octaisobutyl-POSS (OiBuP) in Chapter 6 did not form uniform monolayers 

at the A/W interface because OiBuP is non-amphiphilic. Hence, OiBuP does not 

introduce excess water into the blends and PDMS films at the A/W interface. As a result, 

OiBuP never plasticize PDMS at any Π.  

 One more interesting feature for Langmuir films of blends is that with two different 

components having different collapse pressure, one component can leave the water 

surface before the other one, thereby altering the surface composition as surface pressure 

changes. In TiBuP/PDMS blends, TiBuP has a collapse pressure of ~12 mN·m-1, higher 

than the collapse pressure of PDMS (~ 8 mN·m-1). As a consequence, at Π = ~ 8 mN·m-1, 

some PDMS chains are leaving the water surface because TiBuP is more stable. The 

TiBuP surface fraction at the layer directly bound to water thereby increases and TiBuP 

molecules are able to network and reinforce the blends. In OiBuP/PDMS blends, PDMS 

is more stable at the A/W interface and the OiBuP component is squeezed into the upper 

layer for Π below the collapse pressure of PDMS. As a consequence, enrichment of the 

PDMS component at the A/W interface occurs prior to the collapse pressure for PDMS. 

After the PDMS component began to collapse, the blends exhibit viscoelastic properties 

similar to collapsed single-component PDMS films, i.e. films lacking viscoelastic 

character. 

 In Chapter 7, trisilanolcyclopentyl-POSS (TCpP), is used as a model nanofiller to 

blend with PDMS. Compared with TiBuP/PDMS and OiBuP/PDMS blends discussed 

above, TCpP/PDMS blends exhibit dramatically different composition dependent phase 
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behavior. According to the thermodynamic analysis of the surface pressure (Π) – average 

area per monomer (<A>) isotherms and Brewster angle microscopy (BAM) images, all 

blends likely form uniform monolayers at the A/W interface. Low wt% TCpP blends 

(wt% TCpP < 20) exhibit phase behavior that is similar to single-component PDMS and 

high wt% TCpP (wt% TCpP > 60) exhibit phase behavior that is similar to single-

component TCpP. Blends with 20 to 60 wt% TCpP exhibit transitions at Π values lower 

than the collapse pressures for either PDMS or TCpP. Plateaus in the Π – <A> isotherms 

indicate the PDMS monolayer to bilayer transition is either distorted (20 or 40 wt% 

TCpP) or delayed (60 wt% TCpP). All blends with 20 to 60 wt% TCpP also show a kink 

around Π ~ 13 mN·m-1 which physical meaning is still unclear considering both single-

component PDMS and TCpP have collapse pressure at Π ~ 7 mN·m-1. Proposed 

experiments for further analysis of this system will be presented as suggested future 

work. 

9.1.3 Phase and Rheological Behavior of PDMS-Stabilizer and PDMS- MNPs 

 In Chapter 8, the interfacial phase and rheological behavior of hydrophobically 

terminated PDMS, tricarboxylic acid terminated PDMS (PDMS-stabilizer), and PDMS 

stabilized magnetic nanoparticles (PDMS-MNPs) were compared via addition Π – ADMS 

isotherms and SLS measurements where ADMS is the surface area per dimethylsiloxane 

repeat units. It was clearly shown that the end group of amphiphilic polymers alter 

molecule-subphase interactions and thereby change the interfacial phase and rheological 

behavior of the PDMS stabilizer. With the polar tricarboxylic acid end groups, PDMS 

stabilizer stands on its end during further compression and does not exhibit the classical 



 183

PDMS monolayer to bilayer transition. In contrast, the PDMS-MNPs exhibit similar 

phase and rheological behavior with PDMS up to the collapsed regime once the 

carboxylic acid end groups are bond to the surface of the magnetite cores. 

9.2 Suggestions for Future Work 

9.2.1 Photo Cross-linking of PDMS/POSS Blends at the A/W Interface 

 As described in Chapters 5 to 7, Langmuir films serve as excellent model systems 

for studying the dispersion and reinforcement of nanofillers within polymeric matrices. 

Typically, the Langmuir-Schaefer (LS) and Langmuir-Blodgett (LB) techniques can be 

employed to transfer the Langmuir film onto solid substrates so that subsequent 

measurements such as atomic force microscopy (AFM) and scanning electron 

microscopy (SEM) can be applied to the thin films. However, for blend systems, LS or 

LB-transfer may alter the dispersion of the nanofillers within the polymeric matrix. 

Moreover, some polymers (i.e. PDMS) cannot be efficiently transferred owing to their 

extremely low surface energy. The cross-linking of amphiphilic polymers at the A/W 

interface would serve as a good solution for the above challenges. Dubault et al. first 

formed two-dimensional (2D) cross-linked monolayers by polymerization of 

dimethacrylates and several other difunctional reactive amphiphiles under UV irradiation 

at the A/W and oil/water interface.283 Such a strategy has been applied by other research 

groups to investigate many types of reactions at the A/W interface.284-286 Recently, 

Matmour et al.287 reported a study on the cross-linking of polybutadiene at the A/W 

interface where morphology studies confirmed the formation of a cross-linked monolayer 

about 1 nm thick. Therefore, it is reasonable to expect the interfacial cross-linking may be 
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able to lock-in the surface morphology of Langmuir films for blends and also facilitate 

LS or LB-transfer.  

 Clearly, the first step is to examine the phase and rheological behavior of the blends 

of POSS and PDMS with photosensitive cross-linkable function groups 

(diphenylsiloxane, vinylmethylsiloxane groups, etc).288 The type and density of cross-

linkable groups are two variables that can be manipulated. The blends of POSS and 

PDMS with low density of cross-linking groups are expected to share similar phase and 

rheological behavior as blends of POSS and regular PDMS. The second step is inducing 

UV cross-linking at the A/W interface. Typically, Π is kept stable via an isobaric 

experiment. Simultaneously, SLS can be used to probe the dilational modulus of the 

Langmuir film and thereby monitor the cross-linking process. When the photo cross-

linking process has finished (usually corresponding to the point in an isobaric experiment 

where movement of the barriers ceases), LB or LS-transfer can be applied to transfer the 

Langmuir films onto solid substrate where AFM or SEM can be employed to examine the 

surface morphology in greater detail. 

9.2.2 In-situ Ellipsometry Study of TCpP/PDMS Blend Thin Films at the A/W 

Interface 

 In Chapter 7, the morphology of TCpP/PDMS blends is studied via in-situ BAM 

measurements at the A/W interface. TCpP/PDMS blends exhibit phase behavior and 

morphology that is dramatically different from other POSS/PDMS blends. The most 

striking feature is the phase transitions appeared in the isotherms of TCpP/PDMS blends 

with intermediate wt% TCpP (20 to 60 wt% TCpP) that are below the transition Π for 
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either single-component TCpP or PDMS. However, owing to the resolution of BAM 

images, it is not clear whether these transitions are monolayer to monolayer or monolayer 

to multilayer in origin.Mann et al.229 employed in-situ ellipsometry to investigate the 

phase transition of PDMS by measuring the thickness change during the Π – A isotherm. 

The results show the thickness of PDMS films doubled after the first plateau (described in 

Chapter 5) where they believe PDMS undergoes monolayer to bilayer transition. The 

same approach can be adopted here to monitor the thickness change of TCpP/PDMS 

blend films during the phase transitions. As discussed in Chapter 7, if there is formation 

of TCpP multilayers during the phase transitions, the thickness of the film should increase 

and should be observable by in-situ ellipsometry. Hence, the ellipsometric information of 

TCpP/PDMS blend films can provide insight into the physical meaning of those phase 

transitions in Π - <A> isotherms.  
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