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(PEG) BASED AMPHIPHILES AS LANGMUIR MONOLAYERS AT
THE AIR/WATER INTERFACE

Woojin Lee
(Abstract)

Throughout the study of polymeric Langmuir monolayers at the air/water (A/W)
interface, the Wilhelmy plate and Langmuir-Blodgett (LB) techniques along with
Brewster angle microscopy (BAM) have been identified as key methods for acquiring
structural, thermodynamic, rheological and morphological information. These techniques
along with surface light scattering (SLS), a method for probing a monolayer’s dynamic
dilational rheological properties, will be used to characterize homopolymers,
poly(ethylene oxide) (PEO) and poly(ethylene glycol) (PEG), and a new class of novel
polymeric surfactants, telechelic (POSS-PEG-POSS) and hemi-telechelic (POSS-PEG)
polyhedral oligomeric silsesquioxane (POSS) derivatives of PEG.
PEO with number average molar mass, Mn > ~ 18 kg•mol-1 form stable spread
Langmuir films at the A/W interface, while oligomeric PEG have Π-A isotherms that
deviate from high molar mass PEO. Nonetheless, SLS reveals that the dynamic dilational
viscoelastic properties of any Mn PEG(PEO) only depend on Π and not Mn. Likewise,
POSS-PEG-POSS telechelics exhibit molar mass dependent Π-A isotherms, where low Π
regimes (Π < 1 mN•m-1) have PEG-like behavior, but high Π regimes were dominated by

POSS-POSS interactions. SLS studies reveal that the dynamic dilational moduli of
POSS-PEG-POSS are greater than either PEO or an analogous POSS compound,
trisilanolcyclohexyl-POSS. The ability to control rheological properties and the
hydrophilic-lipophilic balance even allows one POSS-PEG-POSS (PEG Mn = 1 kg•mol-1)
to form Y-type LB-multilayer films.
For POSS-PEG systems, comparisons at comparable POSS:PEG ratios reveal short
PEG chains (PEG Mn ~ 0.5 kg•mol-1) yield similar viscoelastic properties as POSS-PEGPOSS (PEG Mn ~ 1 kg•mol-1), while longer PEG chains (PEG Mn ~ 2 kg•mol-1) yield
lower modulus films than comparable POSS-PEG-POSS. These differences are attributed
to brush-like PEG conformations in short POSS-PEG versus mushroom-like PEG
conformations in long POSS-PEG at the A/W interface.
These results provide insight for designing PEG-based amphiphilic nanoparticles with
controlled interfacial rheology.
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CHAPTER 1
Overview
Making a monomolecular film on the gas/liquid or gas/solid interface is an interesting
subject. Recently, adsorption studies for monolayers and multilayers have become an
important part of surface, colloidal, biological, biochemical, and even polymer science
due to potential applications1-6 in the fields of electronic devices,7 detergency,8 solar
energy,9 mineral processing,10 flotation and mining,11 stability of food,12 and
pharmaceutical emulsions.13 For example, monolayers of surfactants at the air/liquid
(water) interface serve as model systems, for studying structural conformations and phase
transitions in interfacial films. Such phenomena can be extended to study nucleation,
dendric growth, and other aspects of two-dimensional crystallization.14-16 Furthermore,
monolayers and bilayers of lipids serve as excellent model systems for biological
membranes and are used to produce vesicles and liposomes for biomedical protein
applications.17-19
An obvious question becomes, “What types of substances are possible candidates for
making thin films at the air/water (A/W) interface?” Not every molecule is capable of
forming stable monolayers, known as surfactants, because of the requirement of a
delicate balance between hydrophilic and hydrophobic contributions to the overall
polarity of a molecule.17,20-22 Since Langmuir published his first study on monolayers of
amphiphilic molecules at the A/W interface23 and his hypothesis that an adsorbed film
consists of atoms or molecules held together in a surface lattice by chemical forces,24,25
numerous materials have been studied in the form of monomolecular films on liquid
(mainly water) surfaces under constant temperature and pressure. A natural consequence
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of confining these molecules to air/liquid interfaces is a reduction of the liquid’s surface
tension.
Due to unbalanced molecular attractions, such as van der Waals attractions,
intermolecular forces pull molecules toward the interior of a bulk phase and hence
minimize the surface area. The net sum of these intermolecular forces is surface tension.
The surface or interfacial tension is the force exerted at the interface between two
different phases,26 which is also related to surface pressure (Π), the difference in surface
tension between a pure liquid and a liquid covered with a surface film. The
thermodynamics of a soluble liquid film with a single interface has been treated by
Gibbs,17,21,27,28 and will be discussed in detail later.
Even though measurements of interfacial tension for Langmuir films provide
information about molecular interactions between different phases, there are still many
unanswered questions about film properties such as phase transitions and molecular
conformations at surfaces. In order to better understand these topics and the properties for
films undergoing monolayer to multilayer transitions, more sophisticated optical
techniques have been developed to study intermolecular packing patterns and chain
conformations in Langmuir monolayers.
In this dissertation, Langmuir monolayers at the A/W interface are studied and in
some cases serve as a precursor for the formation for Langmuir-Blodgett (LB)
multilayers on solid substrates. Surface pressure-area per monomer or molecule (Π-A)
isotherms and optical techniques such as Brewster angle microscopy (BAM), X-ray
reflectivity, and surface light scattering (SLS) allow us to investigate structural
parameters and viscoelastic properties in amphiphilic systems.
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This dissertation consists of nine chapters. In Chapter 2 (Introduction and Literature
Review), some theoretical concepts of monolayers, techniques for their fabrication, and
experimental methods for investigating their properties are described. The first part of the
chapter introduces Langmuir films and their history, and provides a comparison to
soluble Gibbs films. After an overview on Langmuir monolayers, surface pressure-area
(Π-A) isotherm studies will be described in the context of phase transitions of small
molecule amphiphiles like fatty acids. The complex phase behavior in fatty acid
Langmuir film systems will be contrasted with phase behavior in polymeric systems.
Brewster angle microscopy (BAM), one of the optical techniques used in this dissertation,
will be introduced for the study of Langmuir film morphology. Next, the LangmuirBlodgett (LB) technique, which has advantages over other techniques for controlling film
thickness and molecular orientation, will be addressed as a complimentary technique for
preserving Langmuir film structures on solid substrates. The principle and data fitting
methods for X-ray reflectivity, one powerful method for characterizing LB-film thickness,
structure, and roughness, will be described. These topics will be followed by a discussion
of the dispersion equation for capillary waves at liquid surfaces, and surface light
scattering (SLS), a technique for probing capillary waves on liquid surfaces. Moreover,
the surface viscoelastic profiles of monolayers will be illustrated. Finally, polymer
systems for homopolymer and hybrid material systems will be briefly discussed.
Materials and experimental techniques for this thesis are provided in Chapter 3. In this
thesis, polyhedral oligomeric silsesquioxane (POSS) derivatives, organic-inorganic
hybrid materials are the principle focus. POSS is incorporated into poly(ethylene oxide)
(PEO) or poly(ethylene glycol) (PEG), a bio-compatible material, as a series of telechelic
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POSS-PEG-POSS “block copolymers”, and as a series of hemi-telechelics POSS-PEG. In
addition, tri-headed and carbamate or ureido-linked amphiphilic fatty acids (tri-headed
fatty acids) are introduced. Preliminary Π-A isotherm and SLS results for these systems
are noted in Chapter 9 (Suggestions for Future Work). For the experimental techniques
section, solution preparation, Langmuir trough properties, and compression rates are
described for surface pressure (Π-A) isotherm studies. For the Π-A isotherm studies,
relaxation experiments that investigate film stability and successive addition experiments
that are carried out by making successive additions of small amounts of solution are also
introduced. For the case of BAM, the size of BAM images and their resolution are
provided. In addition, the preparation of solid substrates for the LB-technique and
specular X-ray reflectivity are described. Finally, SLS experiments and their parameters
are described at the end of this chapter.
Chapter 4 describes Langmuir film behavior for PEG and PEO polymers at the A/W
interface. Even though numerous researchers have rigorously studied PEO and PEG
monolayers at the A/W interface, Langmuir monolayers of low molar mass PEG
oligomers have been over-looked with respect to their viscoelastic properties. In this
chapter, we investigate the molar mass dependent surface viscoelastic properties of
spread PEO and PEG oligomers by surface light scattering (SLS) and demonstrate that
the surface dilational viscoelastic moduli for all molar masses at any given Π are the
same.
In Chapter 5, Langmuir film studies for telechelic POSS-PEG-POSS polymers at the
A/W interface are described. Π-A isotherms for POSS-PEG-POSS exhibit interesting
molar mass dependent surface activity. These results along with X-ray reflectivity studies
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on Y-type Langmuir-Blodgett (LB) multilayer films are consistent with looped structures
where the POSS endgroups prevent dissolution of oligomeric PEG.
Continuing with the POSS-PEG-POSS system, the dynamic and static viscoelastic
behavior of telechelic POSS-PEG-POSS polymers at the A/W interface are investigated
in Chapter 6. Analysis of surface light scattering (SLS) data reveals that POSS-PEGPOSS, where the PEG correspond to number average molar masses of 1, 2, and 3.4
kg•mol-1, have molar mass dependent dilational viscoelastic moduli that are greater than
high molar mass poly(ethylene oxide) (PEO) and an analogous POSS molecule,
trisilanolcyclohexyl-POSS. The enhancement of the viscoelastic moduli for POSS-PEGPOSS relative to trisilanolcyclohexyl-POSS is attributed to better anchoring of POSS
cages to the A/W interface by the hydrophilic PEG segments.
In Chapter 7, Langmuir film studies for hemi-telechelic POSS-PEG molecules at the
A/W interface are described. Π-A isotherms for POSS-PEG exhibit interesting molar
mass dependent surface activity. POSS-PEG with 10 and 46 ethylene glycol (EG) repeat
units are amphiphilic, while POSS-PEG with 3 EG repeat units fails to form stable
Langmuir monolayers. Like POSS-PEG-POSS, the measurements by SLS reveal molar
mass dependent dilational viscoelastic moduli at the A/W interface. SLS studies of
POSS-PEG with 10 EG units and POSS-PEG-POSS with 22 EG repeating units, where
both molecules have comparable POSS:PEG ratios, reveal qualitatively similar behavior.
In contrast, comparisons of POSS-PEG with 46 EG units with POSS-PEG-POSS
contains 44 and 74 EG units reveal dramatic differences in dilational viscoelastic
behavior. Apparently, tethering two chain ends to the A/W interface in POSS-PEG-POSS
severely limits PEG chain flexibility relative to a POSS-PEG leading to more rigid films.
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Τhe overall conclusions for this dissertation are provided in Chapter 8. In Chapter 9,
tri-headed and carbamate-linked or ureido-linked fatty acids (tri-headed fatty acids) are
introduced. Tri-headed fatty acids exhibit greater aqueous solubility than typical single
head fatty acids and may serve as a platform for creating compounds which mimic lipids
in biological membranes. From the preliminary results, Π-A isotherm studies exhibit that
the three hydrophilic heads anchor to the water surface and interact with neighboring
molecules leading to more compressible films than the analogous single head fatty acids.
As a consequence, relatively simple phase transitions are observed. This results is
confirmed by surface light scattering. Suggestions for producing tri-heads which may be
more interesting at the A/W interface are provided.
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CHAPTER 2
Introduction and Literature Review
2.1 Introduction
Studying the nature of monolayers spread at the air/water (A/W) interface known as
Langmuir films provides a basic understanding of interfacial properties of substances.29
Surface studies are assumed to be “two-dimensional” (2D), whereby phenomena are
dominated by two possible interactions: substrate (water)/adsorbate (polymers or small
molecules) and adsorbate/adsorbate.30
The film stability of a high molar mass polymer depends on the forces acting on the
interface between two different bulk media and arises from an additive effect; that is, a
large number of polymer segments are adsorbed at the interface even though a certain
monomer segment itself is weakly amphiphilic.31 Theoretically, films adsorbed from
dilute solution can adopt two extreme chain conformations at an interface. One extreme is
where only a few segments of a polymer actually make contact with the interface such
that the random coil conformation observed in solution is unperturbed. For the other
extreme, a majority of the segments of a polymer are in contact with the interface leading
to a flattened 2D conformation. 31,32 Many polymer chain conformations at the interface
lie between these two extreme cases, such as looped conformations.33,34 Since a random
coil conformation possesses a larger configurational entropy and the flattened
conformation has a larger adsorption enthalpy per adsorbed molecule, an intermediate
conformation represents the lowest free energy state with a balance between entropic and
enthalpic contributions.35,36 For most spread polymer films, the chain conformation is
deduced to correspond to the 2D case with all repeating units adsorbed on the subphase.37
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Hence, in order to understand the conformation of a polymer sample and the surface
morphology of a thin film at the A/W interface, optical microscopic methods, such as
Brewster angle microscopy (BAM)38 and X-ray diffraction39 or reflection40 can be good
candidates for interfacial studies. X-ray studies provide the thickness, density, and
surface roughness of the thin film as well as information about the structure of the unit
cell for crystalline films.41 BAM, like fluorescence microscopy, can provide information
about phase transitions and phase domain structure for the films at the A/W interface.38
Another way to probe Langmuir monolayers is through studies of their mechanical
properties. Rheological studies of surfactant monolayers provide important information
for understanding film and foam formation, and dynamic stability at the A/W interface.
Through various optical techniques such as electrocapillary wave diffraction (ECWD),42
surface light scattering (SLS),43 and interfacial stress rheometry (ISR),44 mechanical
properties of polymeric and small molecule surfactants have been deduced. Of these
techniques, SLS is ideally suited for studying low viscosity films.
In this chapter, several theoretical concepts will be introduced. The properties of some
materials and their reported behavior will also be described. First, film formation as
Langmuir monolayers will be compared with Gibbs monolayers (Section 2.2). Next, one
of the most important macroscopic concepts for exploring monomolecular layers on
liquid surfaces, the surface pressure-area (Π-A) isotherm, is illustrated in Section 2.3 and
thermodynamic analyses of phase transitions observed on Π-A isotherms follows in
Section 2.4. In Section 2.5, one experimental technique, Brewster angle microscopy
(BAM), used to observe changes in the film surface morphology that accompany phase
transitions, is discussed. The Langmuir-Blodgett (LB) technique offers another
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mechanism for deducing structural information about Langmuir films. In Section 2.6, the
LB-technique is introduced as a mechanism for transferring Langmuir films to solid
substrates while Section 2.7 discusses X-ray reflectivity, a powerful method for exploring
structure in multilayer films. The viscoelastic film properties deduced through surface
capillary wave studies and surface light scattering (SLS), an optical technique for probing
capillary waves, are explained in Section 2.8. Finally, the properties of the materials of
interest in this thesis are reviewed in Section 2.9.

2.2 Langmuir Monolayers at the Air/Water Interface.
2.2.1 Langmuir and Gibbs Films
Langmuir monolayers, as ideal two-dimensional systems are an excellent model of
biomembranes and have been studied for more than a century. Stearic acid represents a
classic example of a Langmuir film forming material. Stearic acid is a fatty acid
consisting of two distinct regions: a hydrophilic carboxylic acid head group and a
hydrophobic tail composed of 17 carbons. Hydrophilic headgroups anchor the molecule
on an aqueous surface, while hydrophobic tails prevent dissolution of the molecule into
aqueous subphases.45-48 During initial spreading, amphiphilic molecules begin to cover
the available surface area and arrange themselves onto a liquid surface to minimize their
free energy with increasing surface concentration. As a result, a well-ordered and uniform
thin surface layer forms at the interface with headgroups slightly immersed in the
aqueous subphase (or anchored at the interface) while hydrophobic tail groups are
oriented away from water into the air. Such a spread thin film is called a Langmuir
monolayer. On the other hand, molecules become soluble in water as the length of the
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hydrophobic moieties decrease. For soluble amphiphiles, the molecules dissolved in the
subphase (three dimensional bulk state) are in equilibrium with molecules in the adsorbed
monolayer (planar two-dimensional state).49 Soluble surfactants that form a surface
excess at the A/W interface are referred to as Gibbs monolayers. The fundamental
difference between a spread Langmuir film and a Gibbs monolayer formed through
adsorption is illustrated in Figure 2.1.

Air
Spreading
Barrier

Barrier

Langmuir monolayer
Gibbs monolayer
Water

Adsorption

Figure 2.1. A schematic depiction of a spread Langmuir monolayer and a Gibbs
monolayer.

The surface or interfacial tension for both Langmuir and Gibbs monolayers is the
force exerted at the interface between two different phases.17,26 In order to analyze how
surface tension changes with temperature and pressure, the thermodynamics for an
interfacial system between the liquid (water) and vapor (air) need to be understood. The
thermodynamics of a liquid film with a single interface has been introduced and heavily
treated by Gibbs.

17,21,27,28,49

The theoretical liquid film exists as a thin liquid layer

between two bulk phases. In Gibbs’ ideal treatment, the two surfaces of the interfacial
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region are modeled by assuming that the properties of the two bulk phases are unchanged
thermodynamically up to the dividing surface and hence that the two bulk phases only
interact with each other through the description of the interfacial region; however, in
reality, long-range interactions may allow the bulk phases to interact with each other in
addition to the description of the actual interfacial region, which makes the rigorous
thermodynamic analysis more complicated (Figure 2.2).17,22,26,50

Phase 1

Phase 1

Interface region

Phase 2

Phase 2

(A)

(B)

Figure 2.2. (A) The imaginary system of Gibbs and (B) a real interfacial region.17

The existence of an interface gives rise to an additional energy contribution in a real
system, and this quantity becomes a surface excess quantity of the system. For Gibbs
adsorption, adsorption occurs if the surface tension decreases as the solute activity
increases, so the surface concentrations, Γ, at the interface can be estimated as17,21,49
Γ=−

1 ⎛ ∂γ ⎞
1 ⎛ ∂γ ⎞
⎜
⎟ ≈−
⎜
⎟
RT ⎝ ∂ ln a ⎠T , P
RT ⎝ ∂ ln c ⎠T , P

(2.1)

where R is the gas constant, T is the absolute temperature, a is the activity, c is
concentration, and γ is surface tension.
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2.2.2 History of Langmuir Monolayers and Their Applications
The recorded history of molecular films (oil) on water surfaces goes back to ancient
times. Around the 18th century B.C., the spreading behavior of oil on a water surface was
observed by the Babylonians.51 Ancient Greek people also tested oil for calming effects
on a rough sea.52 The first scientific concept of a surface film on a water surface was
observed by Benjamin Franklin in his famous Clapman pond experiment in 1770’s where
a teaspoon of oil was spread onto the water surface of the pond was sufficient to calm a
substantial area of the pond.53 Intensive investigations of oil spreading on a water surface
were carried out by Agnes Pockels and Lord Rayleigh in the 1880’s. Pockels spread a
certain amount of oil drops onto a water surface in her kitchen observing when the
surface was completely covered with oil and calculating the thickness of the film and
surface area of the oil particles.17,20 Later, she tested different types of oil and obtained
the size of each oil component.54,55 After repeating some of her experimental work, Lord
Rayleigh recognized the sizes corresponded to surfactant molecules forming single
molecule thick oil layers.56 At the start of the 20th century, Irving Langmuir and his coworkers improved the experimental techniques and methods for studying insoluble
monolayers at the air/water interface. Langmuir provided a more detailed explanation of
layer thickness and the orientation of molecules. He developed a surface film balance
which is now called a Langmuir film balance where a film-covered surface was separated
from a clean water surface with a movable float. He used chemically pure substances to
investigate monomolecular films and the orientation of molecules in the films.23,57 His
ground breaking work inspired other scientists to understand monolayer structure at the
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molecular level as well as intermolecular forces. Langmuir also suggested that these
monomolecular films can be transferred from the A/W interface onto solid substrates.57
Langmuir monolayers have been an interesting subject in various science and
engineering fields because they are good prototype systems for mimicking biomembranes.
Biological membrane (phospholipid bilayers) can be regarded as two folded
monolayers.17 For example, Langmuir monolayers can be used as templates for chemical
and biological reactions in two-dimensional (2D) systems.58 The reduced dimensionality
(quasi-2D) in Langmuir monolayers can sometimes simplify theoretical calculations59,60
and 2D analogs to the thermodynamic Maxwell and Clausius-Clapeyon equations can
also be applied. Moreover, understanding thermodynamic phases and phase transitions
within Langmuir monolayers is crucial for fabricating thin molecular films onto solid
substrates by the LB-technique.17,20

2.3 Π-A Isotherms
2.3.1 Surface Tension (γ)
In any closed system, the relationship between the Gibbs free energy and the
temperature, T, and pressure, P, can be described as
dG = − SdT + VdP

(2.2)

where S is entropy and V is volume. For the case of multi-component systems with an
interface, dG is represented as
dG = − SdT + VdP + γ dAs + ∑ μi dni

(2.3)

i

where γ, As, μi, and ni correspond to surface tension, surface area, chemical potential and
number of moles of the i-th component, respectively. From Eq. 2.3, γ can be defined as
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the free energy change with respect to the surface area change, thus surface tension is
defined by the partial derivative of G with respect to As.17,21,49

⎛ ∂G ⎞
⎟
⎝ ∂As ⎠T , P ,n

γ =⎜

(2.4)

The presence of amphiphilic molecules at the interface lowers γ because hydrophilic head
groups perturb water’s interfacial structure, thereby decreasing the surface energy.

2.3.2 Surface Pressure
The surface pressure is the difference in surface tension between a clean or pure liquid
(water) surface and a film covered surface:

Π = γ0 −γ

(2.5)

where γ0 is the surface tension of the pure liquid and γ is the surface tension of the film
covered surface. This concept allows one to interpret surface tension effects in terms of
intermolecular forces. Eq. 2.5 also holds for stable and metastable films at a liquid-liquid
interface.17,22,61,62 There are two fundamentally different methods of measuring surface
pressure: the Langmuir balance and the Wilhelmy plate technique. For the Langmuir
balance, a clean portion of the subphase surface is separated from the film-covered
surface by a partition and the force on the partition is measured by a float connected to a
conventional balance.63 With the more common technique, the Wilhelmy plate technique,
an absolute measurement is made by determining the surface tension on a plate
suspended from an electrobalance or sensitive spring.1,17,22,62 For the Wilhelmy plate
technique, a thin plate, which is usually made of platinum, glass, or paper, is allowed to
contact the liquid surface (Figure 2.3).64,65 The downward forces acting on the plate

14

consist of gravity and surface tension, while the upward force is related to any buoyant
forces and the connection to the balance, which balances the net downward force at
equilibrium. As the surface tension changes due to the presence of a surface film, the net
change in the downward force is recorded by the balance.

Observed Force ( Fobs )
Fobs

Weight ( W )

Fobs

t

L

γ θ

γ

Air
Water

W

γ

θ

γ

W

Front view

Side view

Figure 2.3. Wilhelmy plate technique for measuring surface pressure (Π) at the air/water
(A/W) interface

At equilibrium, the net force on the plate in Figure 2.3 is zero and the surface tension is
obtained from the difference between the observed force, Fobs, and the weight of the plate,
W,
−W
γ = 2(FL+t )cos
θ
obs

(2.6)

where 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. If a film is present, one can obtain the
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surface pressure by subtracting the observed force for the film covered surface from the
observed force for the pure liquid surface

Π = γ0 −γ =

Fobs ,0 − Fobs
2( L + t ) cos θ

(2.7)

Normally, the thickness of the plate is much smaller than the length, L >> t, and complete
wetting occurs cos θ =1, such that Π is simply:
Π = γ0 −γ =

Fobs ,0 − Fobs
2L

(2.8)

2.3.3 Langmuir Trough for Π-A Isotherm Measurements

There are a few conventional experimental techniques used to study monomolecular
Langmuir films on liquid (usually aqueous) surfaces. These methods can provide
information on the mechanical, electrical, optical, and chemical properties of molecules
and provide information about the shapes and sizes of molecules. The formation of
insoluble Langmuir films on liquid surfaces becomes a crucial issue at this point.
Therefore, the process of spreading a monolayer, the factors which affect its formation,
and the evidence for its unimolecular nature should be summarized.
(1) Film Spreading: The common technique for film formation is spreading the sample

solution on a subphase with a volatile and water-insoluble solvent such as chloroform or
methylene chloride.17,20 This approach is the most generally applicable method to form
insoluble (non-aqueous) monolayers (Figure 2.1). The requirements for the solvent are
relatively simple: it should be easily purified to eliminate greasy contaminants, and
provide solute solubilities greater than ≈ 0.1 to 1 mg/ml to avoid the use of large volumes
of solvent.
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(2) Subphase: Water is the most widely used liquid subphase, however mercury,66

glycerol,67 and other materials have also been used. Purity and protection from
contamination are of the utmost importance. Organic impurities in the water should be at
levels less than 4 ppb.68
(3) Troughs and Barriers: The subphase liquid is contained in the tray or trough. The

typical trough and barriers in Figure 2.4 are made completely of Teflon
(polytetrafluoroethylene), which is chemically inert and both hydrophobic and
oleophobic, making them suitable for studies on organic liquid surfaces as well as on
aqueous surfaces. However, for studies at the A/W interface, barriers made of hydrophilic
materials such as poly acetyl, DelrinTM which are actually wet by water may be better as
they prevent leaking, the process whereby molecules pass under the confining barriers
during compression. The movable single or double barriers are used to compress or
expand the surface area and change the surface concentration. The barrier(s) may be
moved by an electric motor or indirectly by magnetic means.64 Some Langmuir troughs
can be equipped with a circulating system to maintain a constant subphase temperature.
As movable barriers compress surfactant molecules on the water surface, surface
concentration can be changed. From Π-A isotherms, the occupied molecular or monomer
surface area on the water can be estimated since the unit of A represents average surface
area per molecule for small molecules or average surface area per monomer repeating
unit.
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Wilhelmy plate
balance
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water

Figure 2.4. Schematic diagrams of a Langmuir trough with two barriers to achieve

symmetrical compression.

2.4 Thermodynamic Phases in Langmuir Monolayers

The measurement of the surface pressure (Π) as a function of the area per molecule
(A) at constant temperature is known as a Π-A isotherm. This plot is the 2D analog of the
three-dimensional (3D) pressure (P) vs. volume (V) isotherm. The Π-A isotherm gives
information about thermodynamic phase transitions within the monolayer. Figure 2.5
shows a general Π-A isotherm along with different phases, and also makes a comparison
with a generic 3D P-V isotherm. Two-dimensional monolayers can exhibit several
different thermodynamic phases that are analogous to gas, liquid, and solid phases in a
3D system.
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Figure 2.5. Schematic diagrams of (A) a P-V isotherm of a compound like CO269

where g, l, and s correspond to gas, liquid, and solid state, respectively. The l-g and l-s
transitions are first order. (B) A Π-A isotherm for pentadecanoic acid at 22.5 °C on a
subphase and pH = 1.7 where G, LE, LC, and S correspond to gas, liquid-expanded,
liquid-condensed, and solid phases, respectively. Phase transitions are observed between
G-LE, LE-LC, LC-S, as well as a collapse transition (Πcollapse) from a 2D monolayer into
3D multilayer structures.

After a surfactant solution is spread to dilute surface concentrations (Π < ~ 0.01
mN•m-1), the molecules exist in a phase similar to a gas, where there is a relatively large
separation between neighboring molecules (large surface area, A) and hence insignificant
interactions between neighbors. In the gaseous state, the tail portions of the molecules
have complete freedom of motion and can even contact the water surface. As the film is
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compressed, the molecules on the surface are brought closer together. Continued
compression of the barriers can lead to the formation of a liquid-like monolayer phase,
where interactions between neighbors increase. In general, there exist two types of liquid
phases: liquid-expanded (LE) and liquid-condensed (LC) phases. In the LE phase,
hydrophobic chains are still flexible enough to have random orientations. However, not
all molecules exhibit LE phases. The existence of a LE phase is dependent upon the
length of the hydrophobic chains. The longer the hydrophobic chains, the greater their
attraction to each other through van der Waals’ interactions. If the hydrophobic tails
become too long, the LE phase may not form, and gaseous monolayers may directly lead
to a liquid condensed (LC) or solid (S) phase during compression. It is important to note
that for small amphiphilic molecules, there can be different LC and S phases. In a LC
phase, the amphiphiles become closely packed with densities that are similar to a 3D
liquid and hydrophobic side chains assume a vertical orientation relative to the subphase.
In these vertical orientations hydrophobic side chains exhibit long range order that is
more similar to a 3D solid than a 3D liquid. Hence, molecules can exhibit distinguishable
tilted and untilted phases.70 Schematic depictions of different phases are provided in
Figure 2.6 for simple fatty acid-like molecules. Further compression can sometimes yield

a true solid (S) state and a 3D multilayer once a film collapses.17,18 For more hydrophilic
surfactants, collapse can occur by dissolution into the subphase or looping into the
subphase (polymers). 17,28
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Figure 2.6. A schematic depiction of a Π-A isotherm of a Langmuir monolayer. The

inset shows the transition between the G and LE phases. First order of G/LE and LE/LC
phase transitions are observed, while the LC/S transition is continuous.

2.4.1 Phase Transitions within Monolayers
Figure 2.7 schematically depicts a Π-A isotherm. Ideally, the G/LE and LE/LC phase

coexistence regions are characterized by horizontal tie lines, while the LC/S phase
transition is continuous. In other words, the G/LE and LE/LC phase transitions are firstorder transitions, while the LC/S phase transition is second-order. A first-order phase
transition is consistent with a continuous chemical potential (μ) and a discontinuous first
derivative of μ with respect to temperature. In contrast, μ and the first derivative of μ
with respect to T are continuous for a second order phase transition while the second
derivative is discontinuous. For first order phase transitions, the lever rule can be used to
estimate the amount of each phase present in the coexistence regimes. In contrast,
second-order phase transitions occur through a cooperative process whereby the surface
morphology remains homogeneous. Since molecules in the G phase have no significant
21

interactions between neighboring molecules and the initial formation of the LE phase
requires inter-molecular interactions, the molecular area of the LE phase is much smaller
than the molecular area of a non-interacting G phase. At very low Π, the LE phase starts
to form stable nuclei and grow with compression through a first order phase transition. It
is extremely difficult to measure Π < ~ 0.01 mN•m-1 where G/LE coexistence occurs.
However, BAM and fluorescence microscopy confirm the transition is first-order.71,72
Unlike G/LE coexistence, the LE/LC phase transition, when present, is observed at more
easily measured Π. However, a horizontal tie line for the LE/LC transition is seldom
observed on Π-A isotherm even though the LE/LC phase transition is first-order. The
first-order nature of the LE/LC transition is confirmed by optical measurements such as
BAM73,74 and electron microscopy.75 As one observes for the liquid-gas coexistence
regime in 3D systems, Π-A isotherms in G/LE and LE/LC regimes are strongly
temperature dependent. Although LE/LC phase transitions for small molar mass
molecules such as fatty acids and other lipids have been widely reported,76,77 LE/LC
phase transitions are rarely reported for polymeric systems. One notable exception for a
LE/LC phase transition is poly(L-lactic acid) (PLLA).78,79,80

22

60

LE

untilted
condensed

G

Π /mN●m-1

50
40

2.0

4.0

tilted
condensed

30
20

LE

10

phase coexistence:
condensed + LE
0.2

0.25

0.3

0.35

0.4

A /nm2●molecule-1

Figure 2.7. A schematic depiction of a Π-A isotherm for some fatty acid Langmuir

monolayers. First-order G/LE and LE/LC phase transitions can be observed, while tilted
to untilted condensed phase transitions (LC/S) are second-order.

In addition to monolayer to monolayer transitions, transition from 2D monolayer to
3D multilayer structures, “collapse”, occur at relatively high Π. A flat isotherm at A
values smaller than reasonable A for a monolayer correspond to Πcollapse indicating the
limit of 2D film stability. Collapse of a monolayer may correspond to the formation of
multilayer structures in the air phase, looping into the subphase, or dissolution into the
subphase. Numerous factors influence Πcollapse including compression rate, molecular
structure, and the compression and spreading histories of the film. Figure 2.8 depicts
various collapse mechanisms for converting monolayers into multilayers.81 Different
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materials may have different multilayer structures leading to random structures, stable
bilayers, or stable trilayers (Figure 2.8).

(A)

(B)

(C)

(D)

(E)

(F)

Figure 2.8. Schematic diagrams of different collapse mechanisms and structures in

Langmuir monolayers: (A) a stable two dimensional condensed monolayer collapsing
into, (B) multilayers with random structure, (C) formation of a bilayer, and (D) a stable
bilayer structure, and (E) formation of a trilayer, and (F) a stable trilayer structure.

In spite of the fact Π-A isotherms provide the information about thermodynamic
phase transitions in Langmuir monolayers, isotherm studies could not provide a
conclusive answer about whether or not the LE/LC transition is a first-order phase
transition. Therefore, numerous optical techniques have been developed to investigate
phase transitions in Langmuir monolayers including BAM,82 FM,72 x-ray diffraction
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techniques (XRD),83 electron microscopy (EM),75 surface light scattering (SLS),84
interfacial stress rheometry (IRS),85 and non-linear optical techniques.86

2.4.2 Phase Transitions in Polymeric Monolayers

The main purpose of this section is to introduce the topic of 2D compressibility. The
scaling concepts introduced below provide an understanding of the compressibility and
elasticity of films at the A/W interface. As previously mentioned during the discussion of
the surface concentration (Γ) for Gibbs adsorption, molar mass has important effects on
polymer film properties. Figure 2.9 shows a schematic surface pressure-surface
concentration (Π-Γ) isotherm. For Γ less than the overlap concentration (Γ∗), a molar
mass dependent gas-like (G) phase exists (dilute regime). At intermediate concentration
(Γ > Γ∗), a semi-dilute regime exists. At relatively larger concentrations (Γ >> Γ∗), a
molar mass dependent collapsed film regime exists. Further discussion of these regimes
follows below. When discussing Π-A isotherms for polymers, it is useful to treat Π as a
2D osmotic pressure:87

Π osmotic =

nsolute RT
A

(2.9)

Eq. 2.9 is the 2D analog to the van’t Hoff equation, the ideal gas analog for a 3D osmotic
pressure. In order to take interactions into account, a virial expansion can be used to
obtain88,89
⎛ 1
Π
=⎜
ΓRT ⎝ M n

⎞
⎟ (1 + A2 Γ + ")
⎠
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(2.10)

where Mn is the number average molar mass of the polymer and A2 is the second virial
coefficient of the 2D system.90-93 Eq. 2.10 can be used to explain the molar mass
dependent dilute regime in Figure 2.9.94
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Figure 2.9. Schematic depiction of Π-Γ isotherms for monolayers of polymers. The

isotherms typically have a dilute (gas-like) regime, a molar mass independent semi-dilute
liquid-like regime, and a collapsed state. Mn is the number average molar mass and Γ* is
the overlap concentration.

Unfortunately, Eq. 2.10 is inadequate for explaining Π-A isotherms for condensed
phases of polymers. In the semi-dilute regime, de Gennes’ scaling concepts95 have been
particularly useful for explaining Π-A isotherms of polymers. Figure 2.10 shows a
schematic depiction of de Gennes’ model for a 2D monolayer. In the dilute, gas-like
regime, polymer chains exist as isolated 2D random coils. At Γ*, isolated chains now
make contact with their neighbors. At this point, the blob size (ξ) matches the root mean
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square end to end distance [<r2>1/2]. Compression to Γ > Γ* leads to ξ < <r2>1/2. For
condensed polymer films (Γ > Γ*), the molar mass independent portion of the Π-Γ
isotherm can be described by a simple power law.

Π = CΓ Z

(2.11)

where C is a proportionality constant and z is related to the critical exponent ν
( z = 2ν /(2ν − 1) ). By making a log-log plot, the values of z for each polymer sample can

be obtained. On the other hand, if the surface concentration is larger than Γ*, all the data
points lie on a single straight line indicating molar mass independent behavior. Hence,
the semi-dilute regime is dominated by monomer-monomer interactions, while the
gaseous regime is controlled by intermolecular (chain-chain) interactions.
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Gas-like film
ξ
Film at Γ*

Semi-dilute film
Figure 2.10. Schematic depiction of monolayer chain conformations for random coil

polymers. In gas-like films, each molecule disperses with no contact between neighbors
at the interface. At the overlap concentration, Γ*, the blob size, ξ, which is the distance
between monomeric contact points is equal to the root mean square end to end distance,
<r2>1/2, for an isolated chain. In semi-dilute regime, ξ becomes smaller than Rg because
molecules already overlap.

Another method for describing power law scaling for the semi-dilute regime is to
analyze the lateral compressibility, κs, and static dilational elasticity, εs,96,97

κs ≡ −

1 ⎛ ∂A ⎞
⎜
⎟
A ⎝ ∂Π ⎠T
⎛ ∂Π ⎞
⎟
⎝ ∂A ⎠T

ε s ≡ κ s −1 = − A ⎜
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(2.12)

(2.13)

Eqs. 2.12 and 2.13 have direct 3D analogs in the bulk isothermal compressibility and
bulk modulus, respectively. Combining Eqs. 2.11 and 2.13 provides a simple
fundamental relationship:

ε s = zΠ

(2.14)

if one assumes that Π(Γ*) ~ 0. Hence, the scaling exponent z values can be obtained from
the slope of a plot of εs vs. Π in the semi-dilute regime.
The values of z can be related to the solvent quality of the interface: good and theta
solvent conditions. For a good solvent, z values obtained from mean-field theories98 and
numerical 2D simulations are 3 and 2.86, respectively.99 For theta solvent conditions, z
→ ∞ for a mean field theory, whereas z ranges from 8100 to 101101 for numerical methods.
Figure 2.11 shows the two limiting cases (good and theta solvent conditions). For

example,

poly(methyl

acrylate)

(PMA),90,91

poly(ethylene

oxide)

(PEO),92

poly(tetrahydrofuran) (PTHF),92 and poly(vinyl acetate) (PVAc)102 are examples of
polymers that exhibit good solvent scaling conditions. In contrast, poly(methyl
methacrylate) (PMMA) and poly(t-butyl acrylate) (PtBA) exhibit values in the range of
predictions for theta solvent scaling behavior.
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Figure 2.11. Schematic depiction of εs-Π for polymeric monolayers at the A/W interface.

2.5 Brewster Angle Microscopy (BAM)

As mentioned before, Π-A isotherm studies of Langmuir monolayers were insufficient
for clarifying whether or not the LE/LC phases transition is first order. Therefore, optical
techniques were developed to visualize phase behavior in Langmuir monolayers.
Brewster angle microscopy (BAM) is an excellent simple optical instrument for
observing macroscopic structures 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 used to image morphology surface film
textures, and quantity domain sizes associated with phase transitions. These pieces of
information can also be obtained by fluorescence microscopy (FM). However, unlike FM
BAM does not require the addition of fluorescent probes which may alter phase
transitions and phase domain growth in the monolayers.103
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2.5.1 Brewster’s Angle

When nonpolarized incident light arrives at an interface, the light will be transmitted,
reflected, or refracted depending on the refractive indices of the incident and new media.
For a beam reflected from the surface, the light can be completely polarized, partially
polarized or nonpolarized depending on the angle of incidence. For example, the reflected
light will be somewhat polarized unless the angle of incidence is either 0 or 90° (normal
or grazing angles) relative to the surface normal. At one particular incident angle, the
reflected light beam becomes completely polarized. For nonpolarized light incident upon
a surface as shown in Figure 2.12, the light beam can be decomposed into two
components. One component is parallel to the plane of incidence (the arrows), the other is
perpendicular to the plane of incidence (the dots), and both are perpendicular to the
propagating direction. Figure 2.12(A) shows that parallel and perpendicular components
are partially polarized with a certain angle and the refracted ray is also partially polarized.
On the other hand, the angle of incidence, θi, which is the same as the reflected beam
angle, θr, is varied until the sum of the reflected and refracted light angles relative to the
surface normal sums to 90° (Figure 2.12(B)). At this point, the reflected light becomes
completely polarized with its electric field vector parallel to the plane of incidence, while
the refracted ray remains partially polarized. This particular angle is called the polarizing
angle, θp. Since the sum of θp, 90°, and the refracted angle (θt) is 180° (θp + 90° + θt =
180°) in Figure 2.12,

θt can be calculated, θt = 90 - θp. Using Snell’s law

( n1 sin θi = n2 sin θt ), the refractive index of medium 2, n2, can be obtained by assuming
that medium 1 is just air (n1=1).
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n2 =

sin θi sin θ p
=
sin θt sin θt

(2.15)

Since sin θt = sin(90°- θp) = cos θp, Eq. 2.15 can be rewritten as
n2 =

sin θ p
cos θ p

= tan θ p

(2.16)

Equation 2.16 is called Brewster’s law, and this particular θp is sometimes called
Brewster’s angle (ΘB) named after the Scotsman Sir David Brewster. Different materials
have their own Brewster angle along as each substance has its own refractive index. For
example, Brewster’s angle for glass (n = 1.52) is 56.7° and for water (n = 1.33) is
53.1°.104 Like the refractive index, Brewster’s angle is one phenomenon of light
polarization and is a function of the wavelength.
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Figure 2.12. Nonpolarized light incident upon an interface. (A) θi ≠ θp (Brewster’s angle)

(B) θi = θp, which satisfies Eq. 2.16, n2 = tan θ p . This θp is also called Brewster angle, ΘB.

The arrow represents the component of the light that is parallel to the plane of incidence
while the dot corresponds to the component that is perpendicular to the plane of incidence.

2.5.2 Principle of Brewster Angle Microscopy

According to Fresnel’s law, the reflectivity (R) of light from a surface mainly depends
on its angle of incidence (θι) and its polarization (α). There are polarization vectors for
the reflected light: p-polarized (Rp) light is parallel to the plane of incidence and spolarized (Rs) light is perpendicular to the plane of incidence. The two polarization
directions have different reflectivities.
2

⎛ n cos θi − ni cos θt ⎞
tan 2 (θi − θt )
Rp = ⎜ t
⎟ =
tan 2 (θt + θi )
⎝ ni cos θt + nt cos θi ⎠

(2.17)

2

⎛ n cos θi − nt cos θt ⎞ sin 2 (θt − θi )
Rs = ⎜ i
⎟ =
2
⎝ ni cos θi + nt cos θt ⎠ sin (θt + θ i )
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(2.18)

where the subscripts p, s, i, r, and t represent p-polarization, s-polarization, incident,
reflected, and refracted (or transmitted) light, respectively. From Eqs. 2.17 and 2.18, both
Rp and Rs depend on the incident angle (θi) and the refracted angle (θt) as well as
refractive indices of both media. At the air/water interface, ni = 1 corresponds to air (nair)
and water yields nt = nwater = 1.33. When θi and θt as defined in Figure 2.13(A) sum to 90
degrees (θi + θt = 90°), a special condition, Brewster’s angle, as shown in Figure 2.13(A)
occurs. If the A/W interface can be regarded as a Fresnel interface, an ideal isotropic
interface without any roughness, Rs increases gradually and approaches unity at the total
reflection angle as the incident angle increases. In contrast, Rp drops sharply to zero at
Brewster’s angle (ΘB =53.1° at the A/W interface) as shown in Figure 2.13(B). For
instance, when p-polarized light is incident upon water at Brewster’s angle, no light is
reflected from the A/W interface (Figure 2.14(A)). If a Langmuir monolayer begins to
form at the water surface, the incident angle of p-polarized beam may no longer exactly
corresponds to ΘB, assuming the refractive index for the film is different from the
subphase. As a result, some p-polarized light will be reflected thereby allowing imaging
of the surface film (Figure 2.14(B)).
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Figure 2.13. (A) A schematic depiction of reflection and refraction at an interface

between two media (air and water) where θi, θr, and θt are incident, reflected, and
refracted angles, respectively. (B) Calculated reflectivities for a Fresnel interface between
air (nair = 1) and water (nwater = 1.33) for p-polarized (Rp) and s-polarized (Rs) light
according to Eqs. 2.17 and 2.18, respectively. Rp vanishes at Brewster’s angle (ΘB =
53.1° for the A/W interface).
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Figure 2.14. Schematic depiction of the reflection of p-polarized light at the A/W

interface at ΘB. (A) The reflected p-polarized beam disappears at Brewster’s angle for the
A/W interface. (B) The presence of a Langmuir monolayer at the A/W interface causes
some of the p-polarized component to be reflected.

Even though the reflected p-polarized component for a real interface changes with
thickness, roughness, and anisotropic monolayers, a sudden change in refractive index
does not occur at z = 0, the average interfacial position for a real interface. Instead, the
refractive index exhibits a continuous change as a function of n(z) from n1 and n2. There
are several factors to alter the reflectivity at the real interface. For example, if interfacial
layer thickness is small compared to the wavelength of the incident light, the reflectivity
for the amplitude of an electromagnetic p-polarized wave (Rp(ΘB)) for an interfacial
refractive index profile n(z) is given as.105
R p (θ B ) = Rs (θ B ) ρ B

2

(2.19)

where Rs(ΘB) is the reflectivity for s-polarized light reflected off a Fresnel surface at
Brewster’s angle, and ρ B is the ellipticity given as:
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ρB =

2
2
π n1 + n2
λ n12 − n22

∫

+∞

−∞

⎡⎣ n( z ) 2 − n12 ⎤⎦ ⎡⎣ n( z ) 2 − n22 ⎤⎦
dz
n( z ) 2

(2.20)

where λ is the wavelength of the incident beam.
For the case of a dense Langmuir monolayer, the interfacial refractive index profile n(z)
depends on phase domains of the monolayer, over a thickness of about 20 Å. Thus,
different monolayer phases may have very different reflectivity, R p (θ B ) where the

phases with higher R p (θ B ) appear brighter than the phases with lower R p (θ B ) .106 The
roughness of a real interface can also affect reflectivity. Another possible factor affecting
reflectivity is the anisotropy of the monolayer.107 Some concentrated phases in
monolayers can be optically anisotropic, thus the calculation for reflected intensity
requires a 4 by 4 matrix method.108 Since optically anisotropic monolayers do not have an
axis of vertical symmetry, the reflected light is a function of the orientation of the
monolayer.

2.5.3 BAM Set-up
Figure 2.15 illustrates a typical BAM instrument consisting of a Glan-Thompson

polarizer and a laser source and a charge-coupled device (CCD) camera as a light
detector. A laser is the only suitable light source to ensure that the incident beam from
BAM has high intensity, a well-defined polarization, and uniform illumination. In order
to polarize the radiation of p-polarized component, a Glan-Thompson polarizer is placed
in either the incident beam path or the reflected beam path. If the polarizer is placed in
the incident beam path, the radiation is polarized in the p direction before it contacts the
surface. If the polarizer is placed in the reflected beam path, the polarizer acts as a filter
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to remove any residual s component before the reflected p-polarized radiation is detected.
The second approach yields better resolution. In a typical experiment, a flat black glass
plate is normally placed underneath the water surface to absorb the refracted beam. A set
of lenses is also used to direct the reflected beam to the detector.

CCD

θB

p-polarizer
lens

black plate

Figure 2.15. The typical setup of a BAM instrument. A p-polarized light source (laser) is

incident on the water surface at Brewster’s angle (ΘB=53.1° for water). Light reflected by
the interface is detected by a charge-couple device (CCD) camera. A p-polarizer can be
placed in the path of either the incident or reflected (as shown in the figure) beam.

2.6 Langmuir-Blodgett (LB) Films

The Langmuir-Blodgett (LB) technique is used to transfer a monolayer film from the
surface of a liquid onto a solid substrate. Most of the early studies involving Langmuir
monolayers were conducted using long-chain carboxylic acids like stearic acid,17,20 which
contain a polar head group anchoring the molecules to the surface of water and a
hydrophobic tail preventing dissolution of the molecule. A similar procedure is followed
to prepare a LB-film, as for measuring Π-A isotherms. As discussed above, further
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compression beyond the untilted LC phase will cause films to collapse into multilayers,
therefore, LB-film transfer should be conducted just before collapse occurs, where the
molecules are in their closest-packed conformation. This condition ensures that the
closed-packed molecules are oriented vertically, with minimal voids.17,20
Several transfer modes for the deposition of molecules onto a substrate exist: X, Y,
and Z-type transfer are shown in Figures 2.16 and 2.17. For Y-type deposition, a
hydrophobic substrate is lowered into the subphase and the molecules are oriented with
their hydrophobic tail regions towards the substrate for the first layer. On the upstroke,
the polar hydrophilic headgroups of the molecules on the surface are attracted to the
outward facing headgroups that have already been deposited on the substrate. Continuous
up- and down-strokes can yield an LB-film with an even number of layers with
hydrophobic tails facing the air in the final layer. For the less common types of transfer,
X-type (Figure 2.17(A)) and Z-type (Figure 2.17(C)) deposition, molecules are only
deposited on the downstroke or upstroke, respectively. In contrast to Y-type deposition
where molecules are deposited into an alternating superstructure, X- and Z-type transfer
yield multilayer films where each molecule in every layer theoretically has the same
orientation. X-ray diffraction studies of multilayers prepared via X-type transfer often
show that a bilayer structure exists, which implies that molecules rearrange during or
after transfer to form a more energetically favorable conformation, with the hydrophobic
tails of the final layer oriented toward air.17,20,21
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Figure 2.16. Y-type deposition of LB-multilayers onto a hydrophobic substrate: (A)

formation of a stable Langmuir monolayer at the A/W interface by compression, (B) first
down-stroke of LB-deposition, (C) first up-stroke of LB-deposition, and (D) LB-

hydrophobic

hydrophilic

hydrophilic

multilayers with head-to-head and tail-to-tail configurations.
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Figure 2.17. Structures of LB-multilayers: (A) X-, (B) Y-, and (C) Z-type. The structural

difference between Figure 2.16(D) and (B) reflects the fact that (B) depicts a hydrophilic
substrate. X- and Z-type deposition do not guarantee that the resultant multilayers will
have the ideal structures depicted in (A) and (C) as rearrangement with time is possible.
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2.7 X-ray Reflectivity

X-ray reflectivity is a powerful tool for investigating the structures of organic thin
films and is highly sensitive to electron density gradients of the mono- and multilayered
films.109,110 It is one of the few techniques suitable for determining mass density and
thickness of thin layers along the direction normal to the surface, and also provides
excellent spatial resolution with penetration depths over hundreds of nanometers.111

2.7.1 Basic Principles

Differences in electron density between materials cause the reflection and refraction of
x-ray beams at interfaces. X-ray reflectivity depends on the interference of x-rays
reflected from multiple interfaces. Because refractive indices of the media on two sides
of an interface are different, the incident beam on an interface undergoes refraction and
reflection. For hard x-ray radiation, the refractive index of a specimen, n, is slightly less
than 1 and is given as

n = 1 − δ + iβ

(2.21)

where the dispersion term δ can be described as
⎛ λ2
⎝ 2π

δ =⎜

⎞
⎛ Z + f ' ⎞ ⎛ λ2
ρ
r
N
⎟ e a ⎜
⎟=⎜
A
⎠
⎝
⎠ ⎝ 2π

⎞
⎟ re ρe ,
⎠

(2.22)

and the absorption term β is given as
⎛ λ2 ⎞
⎛ f '' ⎞ ⎛ f '' ⎞
λμ
δ=
⎟ re N a ρ ⎜ ⎟ = ⎜
' ⎟
4π
⎝ 2π ⎠
⎝ A ⎠ ⎝Z+ f ⎠

β =⎜

(2.23)

where λ is the x-ray wavelength (commonly 1.54 Å), re (= 2.818 × 10-15 m) is the
classical electron radius, Na is the Avogadro’s number, ρ is the mass density, Z is the
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atomic number, A is the atomic mass, ρe is the electron density, μ is the linear absorption
coefficient, and f ' and f '' are real (dispersion) and imaginary (absorption) parts of the
dispersion correction, respectively.
On the basis of Eqs. 2.21 through 2.23, the magnitudes of δ and β simply correspond
to the electron density of each material, and their values are generally on the order 10-5 to
10-7 where the β term is a hundred to a thousand times smaller than the δ term. The real
part from Eq. 2.21, n = 1 − δ , is related to the phase-lag of the propagating wave
(dispersion) while the imaginary part, β, arises from the decrease of the wave amplitude
(absorption). If the wavelength of the x-rays increases, the β term becomes more
important because low energy x-ray beams are more easily absorbed by a material. For
two media with different refractive indices, n1 and n2, the refracted angle, θ2, can be
determined by the ratio of the refractive indices with the grazing incidence angle, θ1,
based on Snell’s law as shown in Figure 2.18 and Eq. 2.24.
n1 cos θ1 = n2 cos θ 2

(2.24)

It is worth noting that angles for X-ray reflectivity are defined relative to the surface in
contrast to BAM where angles are defined relative to the surface normal (Section 2.5.1) If
one medium is regarded as air or vacuum such as n1 = 1 , then Eq. 2.24 becomes

cos θ 2 =

1
cos θ1
n2

(2.25)

Since n2 < 1, θ 2 < θ1 , and there is real angle of refraction for all angles of incidence
where θ1 is greater than a critical angle, θc. At the critical angle, θ2 becomes zero. Then,
Eq. 2.25 becomes n2 = cos θ1 = cos θ c . Consequently, at a value of θc or smaller than θc,
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total external reflection of x-rays occurs. If the absorption term can be neglected, the
critical angle θc can be written as

θ c ≅ 2δ

(2.26)

In case of Cu Kα radiation (λ ~ 1.5418 Å), typical values of θc ranges between 0.2° and
0.6°.
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Figure 2.18. Schematic diagram of reflection and refraction at an interface with two

different media. θ1 represents the angle between the incident beam and the surface, θ1r is
the angle between the reflected beam and the surface, and θ2 is the angle between the
refracted beam and the surface.

There are two general types of data acquisition from x-ray reflectivity experiments.
They are specular and off-specular x-ray methods. For specular experiments, the reflected
angle is the same as the incident angle while the reflected angle is different from the
incident angle in off-specular experiments. Here, only the principle the specular x-ray
reflectivity is introduced.
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2.7.2 Specular X-ray Reflectivity

Reflection of x-rays mainly depends on differences in the wave vector in the media on
either side of the interface. In vacuum, the magnitude of wave vector is described as
JG JJG 2π
ki = kr =

(2.27)

λ

Since both the incident and reflected angles (θ1) are the same for specular X-ray
reflectivity, only the z component of the wave vector, kz, is important.

kz =

2π

λ

sin θ1

(2.28)

For the case of one interface with two different media 1 and 2, the scattering wave vector,
qz (Figure 2.18), can be defined as
qz =

4π

λ

sin θ1

(2.29)

If the interface can be regarded as an ideal interface, the reflection coefficient can be
defined as
r12 =

sin θ1 − n2 sin θ 2 k z1 − k z 2
=
sin θ1 + n2 sin θ 2 k z1 + k z 2

(2.30)

where kz1 and kz2 are z component of the wave vector for medium1 and 2, respectively.
The Fresnel reflectivity at the interface, RF, can be defined as
k −k
RF = r r = z1 z 2
k z1 + k z 2
*
12 12

2

(2.31)

where r12* denotes the complex conjugate. If kz2 can be described as a function of kz1 by
treating kz2 as electron density difference from kz1, k z 2 = k z21 − 4πρe = k z21 − kc22 , and Eq.
2.31 can be defined as
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RF =

⎛k ⎞
1 − 1 − ⎜ c2 ⎟
⎝ k z1 ⎠

2

⎛k ⎞
1 + 1 − ⎜ c2 ⎟
⎝ k z1 ⎠

2

2

(2.32)

where kc2 is the critical value of kz2. If kz2 < kc2, total reflection occurs. From Eq. 2.32, RF
can be regarded as a function of θ and qz . For the situation of two interfaces with three
different media, 1, 2, and 3 shown in Figure 2.19 (ex. a thin film at the air/solid
interface), additional terms for the new interfaces, r23 (between the substrate and the film)
and r12 (between the film and vacuum (or air)) lead to more complicated relationships.
Since r12 and r23 can be obtained from Eq. 2.30, the reflection coefficient (r) as a function
of film thickness, d, has both interfaces
r=

r12 + r23 exp(2ik z 2 d )
1 + r12 r23 exp(2ik z 2 d )

(2.33)

Thus, the reflectivity R can be defined as
R = rr * =

r122 + r232 + 2r12 r23 cos(2ik z 2 d )
1 + r122 r232 + 2r12 r23 cos(2ik z 2 d )

(2.34)

Eq. 2.34 provides the reflectivity profiles. For thick enough (> ~ 1nm) films with smooth
surfaces, Eq. 2.34 produces a series of maxima and minima as a function of θ or qz
known as Kiessig fringes.112,113 From Kiessig fringes, film thickness can be calculated
from the differences between positions of the maxima and minima. With multilayer films,
the fitting analysis for reflectivity pattern follows a multilayer approach that is similar to
the single layer film.
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Figure 2.19. Schematic diagram of the beam path in a thin film (2) with a thickness of d

on a substrate (3).

2.7.3 Analysis of X-ray Reflectivity Profiles

The reflectivity R(q) is the ratio of reflected X-ray intensity at a given q divided by the
source intensity. As shown in Figure 2.20, reflectivity vs. scattering wave vector, q is
plotted. For θ > θc, the reflectivity profile shows periodic oscillations, Kiessig fringes.
From the position of the Kiessig fringes, the total thickness (d) can be obtained using
Bragg’s law.
d=

λ
2Δk z 2

=

2π
Δq

(2.35)

Another important point worth mentioning is the Bragg peak in Figure 2.20. The Bragg
peak is indicative of an internal double layer structure within the thin film.
Recently, the analysis method of x-ray reflectivity has been improved. For example,
full mathematical models combined with least-squared fitting techniques developed by
Parratt are now commonly used.114 Another method to evaluate film thickness comes
from refraction-corrected minima by Thompson.115
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Figure 2.20. An X-ray reflectivity profile for a multilayer LB-film on a silicon substrate.

The oscillations (Kiessig fringes) occur because of the total thickness of the specimen. ∆q
can be used to determine the film thickness from Eq. 2.35. The Bragg peak at q= 0.37 Å
provides the double layer spacing through Bragg’s Law.

X-ray reflectivity becomes an important technique for studying surface modification
and surface structure. For example, x-ray reflectivity can be used to study Langmuir
monolayers at the A/W interface to obtain monolayer structures, phase transitions, and
molecular orientation.112,116 X-ray reflectivity can also be applied to investigate
monolayer to bilayer transitions as done for collapsing stearic acid films.117 X-ray
reflectivity can also probe the structure of biological materials such as unfolded and
folded proteins at the A/W interface.118 Furthermore, X-ray reflectivity has been one of
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the powerful techniques for investigating film thickness, surface density, surface
roughness, and surface structures in LB-films.119-125

2.8 Surface Light Scattering (SLS)
2.8.1 Introduction

Capillary waves are sometimes called ripplons. They arise from thermal density
fluctuations in liquids which produce phonons. These phonons lead to deformation of the
liquid surface. The propagation of these waves along the interface is primarily governed
by the effects of surface tension. Increases of the free energy accompanying an increase
in surface area are counteracted by capillary forces trying to return the interface to the
original equilibrium state. During this process, some energy is dissipated by viscous
properties of the liquid. Thus, the propagation of the capillary waves depends on surface
tension as well as the viscoelastic properties of any surface film and the bulk subphase.
These capillary waves have small amplitudes at the A/W interface, 3~5 Å.126 If the liquid
surface is covered by a thin film, the propagation of the capillary wave is significantly
damped by the film. Hence, this phenomenon can be used to study the viscoelastic
properties of liquid surface via surface light scattering (SLS).127-132 Compared with other
wave generating methods, SLS has the advantage that it is a non-invasive technique.
Hence, the static surface tension can be measured simultaneously in situ by the Wilhelmy
plate technique. Both the static surface tension and the temporal damping probed by SLS
are used to deduce the viscoelastic moduli of monolayer films.
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2.8.2 Background and Theory

The theoretical study of surface capillary waves was initiated by Kelvin133 who
considered the angular frequency of a propagating wave on an ideal liquid (zero
viscosity):

ω0 =

σ k3
+ gk
ρ

(2.36)

where ρ is the liquid density, σ is the surface tension, g is the gravitational constant, and
k is the wave vector defined as (2π/λ) with λ equal to the capillary wavelength. From Eq.
2.36, the gravitational term is negligible for typical λ probed in SLS experiments.96 The
above equation is only good for liquids with low viscosities. Thus, in order to account for
the subphase viscosity, η, Eq. 2.36 can be modified as 134

σ k 3 ⎛ 1 − 34 ⎞
ω0 =
⎜1 − y ⎟
ρ ⎝ 2
⎠

(2.37)

where y is dimensionless fluid parameter showing a ratio of the relative restoring and
dissipating forces at the interface:
y=

σρ
4η 2 k

(2.38)

After Kelvin’s work, Levich introduced the theoretical treatment of capillary waves
through an analysis of wavelength and damping characteristics.135 His work led to
treatments incorporating both damping effects and the presence of a viscoelastic film
between two fluids.136-142 In this study, the Lucassen-Reynders-Lucassen relation is
introduced to analyze the experimental data. For the Lucassen-Reynders-Lucassen
relation, the dispersion equation for capillary waves between two fluids is described as
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[η (k * − m* ) − η '(k * − m*' )]2 = E • S

(2.39)

where the functions E and S are given as
⎡
ε *k *
E = ⎢η (k * + m* ) + η '(k * + m*' ) +
iω *
⎢⎣

2

⎤
⎥
⎥⎦

(2.40)

and
⎡
σ *k * g ( ρ − ρ ') ω * ( ρ − ρ ') ⎤
+
−
S = ⎢η (k * + m* ) + η '(k * + m*' ) +
⎥
iω *
iω *
ik *
⎢⎣
⎥⎦
2

(2.41)

The prime terms represent the upper phase (most commonly a gas), while the terms with
an asterisk denote complex quantities defined as
k * = k − iβ

(2. 42)

ω * = ω0 + iα

(2.43)

σ * = σ d + iω * μ

(2.44)

ε * = ε d + iω *κ

(2.45)

and
1/ 2

⎛ 2 iω * ρ ⎞
m = ⎜ k* +
⎟
η ⎠
⎝
*

, Re (m*) > 0

(2.46)

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. 2.42. In
contrast, the complex frequency, ω*, has both a real frequency, ω0, and a complex
component, the temporal damping coefficient, α (Eq. 2.43). The transverse modulus, σ*,
consists of a real part, the dynamic surface tension, σd, and an imaginary part, the
transverse viscosity, μ (Eq. 2.44). Likewise, the complex lateral modulus, ε*, consists of a
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real part, the dynamic dilational elasticity, εd, and an imaginary part, dilational viscosity,
κ, (Eq. 2.45). In addition, a complex wave vector, m*, represents how deeply the surface

wave penetrates into the underlying liquid (Eq. 2.45). If the upper phase can be neglected
by assuming the density and viscosity of air are zero (ρ'= η' = 0) in Eq. 2.39 (as is the
case for the A/W interface), the dispersion equation can be defined as
⎡
ε *k 2 ⎤ ⎡ *
σ *k * g ρ ω * ρ ⎤
*
*
η (k − m ) = ⎢η (k + m ) + * ⎥ ⎢η (k + m ) +
+ *− * ⎥
iω ⎦ ⎣⎢
iω *
iω
ik ⎥⎦
⎣
2

2

* 2

(2.47)

In the presence of a surface film, other viscoelastic moduli contribute to the dissipation of
energy. The three moduli proposed for by Goorich138 that are relevant for SLS
experiments are summarized in Figure 2.21. They are the transverse modulus, σ*, the
dilational modulus, ε*, and the longitudinal shear modulus, S*. Each mode has a
corresponding real elastic and imaginary viscous modulus. For the transverse modulus,
the relevant motion is normal to the interface and corresponds to the transverse elasticity
(the surface tension) and the transverse viscosity, μ shown in Figure 2.21(A). The
surface tension could deviate from the static surface tension and hence has its own
symbol, σd, the dynamic surface tension. For the dilational mode, the motion is related to
the lateral motion and the corresponding moduli are the dynamic dilational elasticity, εd,
and dilational viscosity, κ, illustrated in Figure 2.21(B). For the case of the shear
modulus, S* shown in Figure 2.21(C), the motion is not explicitly included but rather is
coupled to longitudinal mode, thus it is impossible to separate the shear component from
the dilational part by SLS.143 However, the magnitude of S* is very small compared with
that of ε*, thus S* can be safely neglected.84 For SLS experiments, the scattering arises
from transverse motion which is coupled to dilational and shear motion. Hence, capillary
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waves are neither purely transverse nor purely longitudinal.84 The dispersion equation
accounts for this coupling, thereby allowing one to extract dilational moduli.

Corresponding Moduli
Elastic:Viscous

(A)

σd : μ
Transverse Mode

εd : κ

(B)
Dilational Mode

S' : S''

(C)
Shear Mode

Figure 2.21. Three relevant modes of monolayer motion for SLS suggested by

Goodrich.138 They are the (A) transverse, (B) dilational or longitudinal, and (C) shear
mode.

SLS experiments provide two measurable parameters, frequency shift, fs, and the
corrected full width at half-maximum intensity, Δfs,c. These two properties are related to
the angular frequency as ω0 =2πfs and the capillary wave damping coefficient as α =
πΔfs,c in Eq. 2.43.144 Figure 2.22 shows Δfs,c as a function of fs for different values of εd

and κ at constant values of σd, μ, ρ, η, and k. The solid curves correspond to constant
dynamic dilational elasticity (εd), while the dashed ones correspond to constant surface
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viscosity (κ). The roman numerals (I – VI) on the figure denote the limiting behavior
predicted by the dispersion equation. The limits correspond to the pure liquid limit (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). For the pure liquid limit (I) under conditions of εd
= 0, κ = 0, and μ = 0, ω0 can be described by Eq. 2.37 and α is give as96,97,145

α = πΔf s ,c

2η k 2 ⎛ 1 − 14 ⎞
=
⎜1 − y ⎟
ρ ⎝ 2
⎠

(2.48)

For the maximum velocity limit for perfectly elastic films (II), κ and μ = 0, and ω0 and α
can be described as

ω0 = 2π f s =

σdk3
ρ

21
⎛
⎞
1 64
1
+
y
⎜
⎟
⎝ 387
⎠

(2.49)

where the valid range for y is between 210 and 490, and
1

α = πΔf s ,c

2 ⎛ σ dη 2 k 7 ⎞ 4 ⎛
2 275 ⎞
1
y ⎟
=
−
⎜
⎜
⎟
2 ⎝ ρ 3 ⎠ ⎝ 25
⎠

(2.50)

Compared with the pure liquid limit (I), the wave propagates faster due to the fact the
motion in the longitudinal direction is favored. For the maximum damping limit for
perfectly elastic films (III), κ and μ = 0, and ω0 and α can be defined as96,97,145

σ d k 3 ⎛ 10 −169 ⎞
ω0 = 2π f s =
⎜1 − y ⎟
ρ ⎝ 17
⎠
and
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(2.51)

1

α = πΔf s ,c

2 ⎛ σ dη 2 k 7 ⎞ 4 ⎛
4 − 325 ⎞
=
⎜
⎟ ⎜1 + y ⎟
2 ⎝ ρ 3 ⎠ ⎝ 11
⎠

(2.52)

The next important limit is the minimum velocity limit for a perfectly elastic film (IV), κ
and μ = 0, where ω0 and α can be described as96,97,145

ω0 = 2π f s =

σdk3 ⎛
5 − 19 ⎞
⎜ 1 − y 64 ⎟
ρ ⎝ 14
⎠

(2.53)

and
1

α = πΔf s ,c

25
⎞
2 ⎛ σ dη 2 k 7 ⎞ 4 ⎛ 5 −121
1
y
=
+
⎟
⎜
⎟ ⎜
3
4 ⎝ ρ
⎠ ⎝ 3
⎠

(2.54)

For infinite lateral modulus limit (V) with the condition of ε*→ ∞ and μ = 0, ω0 and α
can be defined as96,97,145

ω0 = 2π f s =

σdk3
ρ

⎛ 1 − 14 ⎞
⎜1 − y ⎟
⎝ 4
⎠

(2.55)

and
1

α = πΔf s ,c

2 ⎛ σ dη 2 k 7 ⎞ 4 ⎛ 1 − 14 ⎞
=
⎜
⎟ ⎜1 + y ⎟
4 ⎝ ρ3 ⎠ ⎝ 2
⎠

(2.56)

Limit (IV) and (V) occur when increasing elasticity leads to an incompressible surface
film. The transverse motion is favored for limit (IV), and for limit (V), molecular motion
is restricted to transverse motion. For purely viscous surface films (εd and σd = 0), limit
(I) is observed where ω0 and α are defined as96,97,145

σdk3 ⎛
3 −112 ⎞
ω0 = 2π f s =
y ⎟
⎜1 −
ρ ⎝ 25
⎠
and
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(2.57)

1

α = πΔf s ,c

2 ⎛ σ dη 2 k 7 ⎞ 4 ⎛ 25 − 258 ⎞
y ⎟
=
⎜
⎟ ⎜1 +
4 ⎝ ρ 3 ⎠ ⎝ 22
⎠

(2.58)

Even though changing the reference variables: σd, μ, ρ, η, and k produce different values
of fs and Δfs,c, the overall shape of the polar plot (Figure 2.22) is unaffected. From the
polar plot in Figure 2.22, one sees that as the viscoelastic character of the film increase,
the spacing between the lines narrows. As a result, the viscoelastic parameters for highly
viscoelastic films have large error bars. Hence, obtaining the exact viscoelastic moduli
becomes difficult when εd and κ exceed 50 mN•m-1 and 30×10-5 mN•s•m-1, respectively.
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Figure 2.22. General solution for the dispersion equation on water at 22.5 ˚C. Based on

Eq. 2.46, the calculated values of Δfs,c-fs for water at T = 22.5 ˚C and k = 324.3 cm-1, σd =
71.97 mN•m-1, μ = 0 mN•s•m-1, ρ = 997.0 kg•m-3, η = 0.894 mPa•s, and g = 9.80 m•s-1.
The solid curves represent εd in mN•m-1 while the dashed ones correspond to the values
of constant κ × 105 in mN•s•m-1. The roman numerals (I – VI) on the figure show 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).
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2.8.3 Experimental Set-up of SLS

When the incident light interacts with a propagating capillary or surface wave, it
undergoes a simple Doppler shift as shown in Figure 2.23. As the motion is damped, it is
possible to detect surface tension and the dilational viscoelastic constants of film covered

PM
T

surfaces.

kinc

kref
φ

gas

kscatt

θ θ

liquid
Figure 2.23. Schematic diagram of the light scattering geometry. 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.

As shown in Figure 2.24, the block diagram for the set-up of SLS is described. From
the instrumental block diagram, the He-Ne laser whose wavelength and power are 632.8
nm and 15 mW, respectively 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
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optimize the signal to noise ratio. The transmission diffraction grating denoted as G in
Figure 2.24 creates different diffraction orders whereby it is possible to select specific

wave vectors and provide reproducible local oscillators for heterodyne beating.96 The
diffracted orders are used as reference beams. The reference beams pass through a neutral
density filter, NDF, to attenuate their intensive to a level suitable for heterodyne detection.
The two lenses, L1 and L2, focus all the diffraction images from the grating on the water
surface at a single point with the incident angle of 66.0°. The diffraction order of the
diffracted beam and light scattered at the same φ are focused onto a sensitive
photomultiplier tube (PMT) to produce time dependent 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. After passing through a Fast Fourier
Transform (FFT) spectrum analyzer to obtain a power spectrum, the power spectrum is
digitized and sent to a PC for analysis.
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Figure 2.24. Schematic diagram 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.

2.8.4 Data Analysis

Data analysis consists of first fitting power spectra like those in Figure 2.25 to a
Lorentzian function. For the Lorentzian approach, the power spectrum yields a frequency
shift, fs, and an experimental full width at half maximum intensity, Δfs.97,146-151 Normally,
the experimental full width is corrected for the Gaussian beam profile of the laser:96
Δf s ,c

Δf i 2
= Δf s −
Δf s

(2.59)

where the instrumental full-width at half-maximum intensity for the ith diffraction order
of the transmission diffraction grating is defined as
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⎛ Δu cos θinc ⎞ ⎛ d ω0 ⎞
Δf i = 2 ⎜ i
⎟ ⎜ dk ⎟
Rλ
⎝
⎠⎝
⎠

(2.60)

In Eq. 2.60, Δui is the full width at half-maximum intensity of the Gaussian laser beam
profile for the ith diffraction order of the transmission diffraction grating, θinc is the
incident angle, and R is the distance from the interface to the detector, and ω0 is the real
frequency at wave vector k. By making the assumption that the static and dynamic
surface tensions are equal, σd = σs, as well as the assumption that the transverse viscosity,
μ, is zero, the dispersion equation (Eq. 2.47) can be solved to obtain the dilational

elasticity, εd, and the corresponding viscosity, κ. Once values of εd and κ are known, 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, Δfs,c,eq, at a chosen reference
state. For this thesis, the reference state is chosen to be water at 22.5 °C. As such, the
reference parameters are σs = 71.97 mN•m-1, μ = 0 mN•s•m-1, k = 324.3 cm-1, ρ = 997.0
kg•m-3 and η = 0.894 Pa•s. fs,eq and Δfs,c,eq for different Π values can then be shown on a
single polar plot like Figure 2.22. The above approach allows one to show the trajectory
of the dilational viscoelasticity with increasing surface concentration and then evaluate
the nature of the film at the A/W interface with respect to the limiting behavior of the
dispersion equation.
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Figure 2.25. The 4th through 9th diffraction order power spectra from water at 22.5 °C.

The curves are fit with Lorentzian functions. The frequency shift, fs, and the full width at
half-maximum intensity, Δfs, as indicated on the figure are the deduced parameters.

The polar plot shown in Figure 2.26 shows two limiting cases. Starting at (εd, κ) =
(0,0), purely elastic films follow the outer-most dashed curve. In contrast, purely viscous
films start at (εd, κ) = (0,0) and follow the lowest solid curve. Curves falling in the blue
area (upper) representing elastic dominant behavior are common, while viscous dominant
films (the orange area (lower)) have not been observed.
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Figure 2.26. Polar plots for the dispersion equation. The blue shaded (upper) area

corresponds to elastic dominant films (κ < 5× 10-5 mN•s•m-1), while the orange shaded
(lower) area represents viscous dominant films (εd < 5 mN•m-1).

2.9 Langmuir Monolayers of Polymeric Systems at the A/W Interface
2.9.1 Homopolymer Films

Poly(ethylene oxide) (PEO) and poly(ethylene glycol) (PEG) are well-known surface
active polymers.152-157 The repeat unit chemical structure (Figure 2.27) is weakly
amphiphilic through the combination of oxygen atoms and two methylene groups that
provide both hydrophilic and hydrophobic character, respectively.32

CH2

CH2

O
n

Figure 2.27. The repeat unit chemical structure of poly(ethylene glycol) and

poly(ethylene oxide). n can vary widely.
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Not only is PEO a water soluble polymer,30,31,148,152,158,159 but it also has technological
applications for engineering interfaces,159 cosmetics,160 contact lens coatings,152
biotechnology,161 and biomedical applications such as drug delivery systems and
biologically inert coatings.162 PEO is one of a few homopolymers that form stable films
at the A/W interface even though it is water soluble in all proportions.31 The energy of
the gauche rotational state (OCCO) bonds exceeds that of the trans rotational state
(CCOC or COCC) primarily because of stearic interactions between adjoining methylene
groups.38,39 PEO molecules form hydrogen bonded complexes in aqueous solution in
which three water molecules are associated with one repeat unit.163

2.9.2 Hybrid Materials
2.9.2.1 Polyhedral Oligomeric Silsesquioxanes (POSS)

The silsesquioxane cage structure, a hybrid structure,164-168 can be regarded as one of
the smallest forms of silica, and cage structures derived from RSiX3 starting materials
where X is -Cl, -OCH3, or –OCH2CH3, has been called POSS nanotechnology.169 POSS
molecules are used as high temperature space survivable-satellite surface coatings
because of high heat resistance,170 low-k dielectric materials,171 atomic oxygen
resistance,172 and other nanostructured materials such as liquid crystalline polymers173
and catalysts.174
POSS represents a rather versatile class of three dimensional hybrid organic-inorganic
materials that have stimulated both theoretical and practical interest175,176 due to its core–
shell structure derived from the controlled hydrolysis of trichloro- or trialkoxy-silanes.175
There is currently substantial interest in using POSS for surface coatings. Even though
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POSS is generally considered to be the smallest particles of silica,169 there may be unique
properties since the organic R groups provide a controllable hydrophobic covering.177 In
addition, various modifications to the 3D structure often provide isolated silanols175,177
which are expected to be hydrophilic. Thus, these materials are regarded as surfactants
and can be spread at the A/W interface (like siloxanes). The Π-A isotherms for
octafunctional POSS (R8T8 where R = isobutyl) and the corresponding R7T7(OH)3,
trisilanol molecules175,177-181 are reported. Some structures of POSS molecules are
represented in Figure 2.28.
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Figure 2.28. Representative POSS molecules: (A) T8R8, and (B) T7R7(OH)3. R can be

cyclohexyl (Cy), cyclopentyl (Cp), isobutyl (i-Bu), etc.177,181 T corresponds to SiO1.5.

2.9.2.2 Telechelic POSS-PEG-POSS and Heme-Telechelic POSS-PEG Materials

Some examples of hybrid POSS materials are telechelic and hemi-telechelic polymers
shown in Figure 2.29 and 2.30, respectively. For example, telechelic POSS-PEG-POSS
consists of two POSS hydrophobic groups attached to both ends of a hydrophilic PEG
chain,181-184 while hemi-telechelic POSS-PEG polymers only have a POSS group
attached to one end of a PEG. Compared with other telechelic or hemi-telechelic
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amphiphiles, the conformation of telechelic POSS-PEG-POSS or hemi-telechelic POSSPEG at the A/W interface could be quite different from each other.
Another advantage of telechelic POSS-PEG-POSS or hemi-telechelic POSS-PEG
molecules over other telechelic or hemi-telechelic systems is that they serve as building
blocks for the construction of hybrid organic-inorganic materials.182 The bulky POSS
material plays an important role in changing and enhancing PEG’s physical properties,
such as surface activity, morphology, viscosity, elasticity, and diffusivity. The effects of
the incorporated hydrophobic POSS on phase behavior of telechelic POSS-PEG-POSS or
hemi-telechelic POSS-PEG derivatives at the A/W interface and as Langmuir-Blodgett or
spincoated thin films is the starting point for investigations detailed in this thesis.
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Figure 2.29. Telechelic POSS-PEG-POSS molecules.181-184 R is a cyclohexyl group and

n is variable.

R
O Si
O
R Si
O
O
Si
Si
O
Si O
O
R
R
CH3
O H3C
O Si
O
Si
Si R
O
R
Si O
O
R

CH2
O

CH2

O

n

CH3

Figure 2.30. Hemi-telechelic POSS-PEG molecules. R is a cyclopentyl group and n is
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CHAPTER 3
Materials and Experimental Techniques
3.1 Materials and Their Characterization
3.1.1 Poly(ethylene glycol) (PEG) and Poly(ethylene oxide) (PEO)

Seven poly(ethylene glycol) (PEG) polymers with nominal monodisperse number
average molar masses of Mn = 1, 1.5, 2, 3.4, 5, 8, and 10 kg•mol-1, designated as PEG1K,
PEG1.5K, PEG2K, PEG3.4K, PEG5K, PEG8K, and PEG10K, respectively, were obtained from
Aldrich and Fluka and purified by twice repeating the process of precipitation into nhexane from chloroform solutions, followed by drying under vacuum overnight. In
addition, four poly(ethylene oxide) (PEO) polymers with number average molar mass of
Mn = 10.5, 19, 83, and 252 kg•mol-1, designated as PEO10.5K, PEO19K, PEO83K, and
PEO252K, respectively, were purchased from Polymer Source, Inc. These materials were
used as received. The properties of the PEO compounds are summarized in Table 3.1.

Table 3.1. Molar Masses of Poly(ethylene oxide) (PEO)
Sample
Mn /kg•mol-1
Mw /kg•mol-1

Mw/Mn

PEO10.5K

10.5

11.0

1.05

PEO19K

19.0

20.5

1.08

PEO83K

83.0

90.0

1.09

PEO252K

252

277

1.10
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3.1.2 Polyhedral Oligomeric Silsesquioxanes (POSS) Derivatives

Trisilanolcyclopentyl-POSS was purchased from Aldrich Inc., used without further
purification, and designated as T7Cp7(OH)3. Trisilanolcyclohexyl-POSS designated as
T7Cy7(OH)3 and the octa-functional closed cage POSS analog, octacyclohexyl-POSS
(T8Cy8), were obtained from Hybrid Plastics, Inc. and dried in a vacuum oven for three
days at 40 °C, and they were used without further purification. The properties of POSS
derivatives are summarized in Table 3.2.

Table 3.2. Properties of POSS Derivatives
Sample

Mn /g•mol-1

T7Cp7(OH)3

875.5

T7Cy7(OH)3

973.5

T8Cy8

1080

T is a silsesquioxane unit.

3.1.3 Telechelic POSS-PEG-POSS Derivatives

Telechelic POSS-PEG-POSS samples were synthesized by Professor Patrick T.
Mather’s group at the University of Connecticut by making urethane linkages between
the hydroxyl endgroups of PEG homopolymers and monoisocyanate POSS macromers
(isocyanatopropyldimethylsilyl-cyclohexyl-POSS) provided by the Air Force Research
Laboratories, AFRL/PRSM.182,183 The telechelic polymers are designated here as POSSPEG1K-POSS, POSS-PEG2K-POSS, POSS-PEG3.4K-POSS, POSS-PEG8K-POSS, and
POSS-PEG10K-POSS, and their properties are summarized in Table 3.3.
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Table 3.3. Molar Mass Characteristics of the POSS-PEG-POSS182-184
POSSx-EGy-POSSxa
Calculatedb
NMR

GPC

Mnc

[POSS]/[PEG]

wt% POSS

Mwc

Mw/Mn

3300

3470

2.15

68.1

3470

1.02

92.79

4300

4480

2.16

52.7

4480

1.08

1/74/1 (POSS-PEG3.4K-POSS)

73.55

5700

5730

2.03

40.7

5730

1.02

1/174/1 (POSS-PEG8K-POSS)

56.79

10300

10200

1.94

23.6

10230

1.03

1/217/1 (POSS-PEG10K-POSS)

54.29

12300

12100

1.86

19.8

12140

1.04

x/y/x (designation)

Monomer

Polymer

Mnc

Mnc

1/22/1 (POSS-PEG1K-POSS)

137.46

1/44/1 (POSS-PEG2K-POSS)

a

Nominal number of repeating units (designated as monomers) for the ethylene glycol (EG) and
the end groups (POSS). Italicized text in parentheses are the designation of telechelic polymers
prepared from PEG with different molar masses. K in the subscript signifies kg•mol-1.
b
Calculated values assume the POSS-EG-POSS ratios are correct and assumes a POSS unit
counts the same as an EG unit for monomer calculations.
c
All molar mass values have the units of g•mol-1.

3.1.4 Hemi-Telechelic POSS-PEG Derivatives

Three hemi-telechelic-POSS-PEG samples, designated as POSS-PEG3, POSS-PEG10,
and POSS-PEG46, where the subscripts correspond to 3, 10, and 46 ethylene glycol repeat
units respectively, were synthesized by Professor Kohji Ohno at the Institute for
Chemical Research of Kyoto University in Japan from a mixture of 1(hydridodimethylsilyloxy)-3,5,7,9,11,13,15-heptacyclopentyl-pentacyclo-[9.5.1.1.1.1]octasiloxane (SiH-POSS) provided by Aldrich Inc. and methoxytriethylene glycol allyl
ether donated by NOF Corporation (Tokyo, Japan). The properties of hemi-telechelic
samples are summarized in Table 3.4.
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Table 3.4. Molar Mass Characteristics of the Hemi-telechelic POSS-PEG Polymers
POSSx-EGya
Monomerb
Polymer

x/y (designation)

Mn / g•mol-1

Mn / g•mol-1

1/3 (POSS-PEG3)

291.24

1180

1/10 (POSS-PEG10)

136.46

1475

1/46 (POSS-PEG46)

65.09

3074

a

Nominal number of monomers for the ethylene glycol (EG) and POSS groups. Italicized
text in parentheses is the designation of hemi-telechelic polymers prepared from PEG
with different molar masses. The subscripts correspond to the number of EG repeat units
in the PEG.
b
Calculated values assume the POSS-EG ratios are correct and assumes a POSS unit
counts the same as an EG unit for monomer calculations.

3.1.5 Tri-headed & Carbamate-linked and Ureido-linked Amphiphiles

Five tri-headed and carbamate-linked amphiphilic fatty acids and five tri-headed and
ureido-linked amphiphilic fatty acids (tri-headed fatty acids) were synthesized by
Professor Richard D. Gandour’s group and are derived from fatty amines and
alcohols.176,177 Tri-headed and carbamate-linked amphiphilic fatty acids are designated as
3CCb14, 3CCb16, 3CCb18, 3CCb20, and 3CCb22 and tri-headed and ureido-linked
amphiphilic fatty acids are designated as 3CUr14, 3CUr16, 3CUr18, 3CUr20, and 3CUr22.
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3.2 Experimental Techniques
3.2.1 Surface Pressure-Area (Π-A) Isotherms

Samples were dissolved in chloroform (HPLC grade, ~0.5 mg•mL-1) and were spread
onto the surface of a standard Langmuir trough (500 or 700 cm2, Nima Technology Ltd.
601 or 701 BAM) filled with ultrapure 18.2 MΩ water (Millipore, Milli-Q Gradient A10) in a PlexiglasTM box. The Langmuir trough was made of strongly hydrophobic
Teflon® and was cleaned by dichloromethane and Millipore water. Two movable barriers
were made of a hydrophilic acetal resin polymer (Delrin®) to make a hydrophilic
meniscus with water so that molecules would not go beneath the barriers if a film was
compressed on the water surface. These barriers were cleaned with isopropanol. The
hydrophobic trough supported an approximately 1 mm brim of water above the top of the
trough edge. For cleaning purposes, two movable barriers were used to concentrate
surface active impurities, if present, in the center of the trough. These contaminating
materials were then suctioned off by a clean pipette connected to a vacuum pump. The
cleaning procedure was repeated until the surface tension at the minimum trough area
was the same as the value at the maximum trough area.
The compression Π-A isotherm studies for POSS-PEG-POSS, POSS-PEG, and POSS
derivatives were carried out at a compression rate of 8 cm2•min-1 and at a constant
temperature of 22.5 °C. This compression rate for the POSS-PEG-POSS series roughly
corresponds to ~ 0.04 nm2•monomer-1•min-1. Compression Π-A isotherm studies for the
PEG and PEO series were also carried out at a compression rate of 10 cm2•min-1 and at a
constant temperature of 22.5 °C. This compression rate for PEG and PEO roughly
corresponds to ~ 0.16 nm2•monomer-1•min-1. In order to reduce evaporation of the water
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subphase, a minimum 75 % relative humidity was maintained inside the Plexiglas box.
The surface pressure (Π) was recorded by the Wilhelmy plate technique during all
compression Π-A isotherm measurements. A completely wetted filter paper plate
(contact angle ≈ 0˚) was used as the Wilhelmy plate. The variable for the surface
concentration was the average area per monomer or molecule, A. All compression Π-A
isotherm data are reproducible and their errors are less than ± 3%.

3.2.2. Brewster Angle Microscopy (BAM)

Brewster Angle Microscopy (BAM) studies (MiniBAM, NanoFilm Technologie Ltd.,
linear resolution ≤ 20 μm) were carried out simultaneously during isotherm
measurements, and the BAM images were recorded using a charge-coupled device
(CCD) camera. The sizes of the BAM images in this paper are 4.8 × 6.4 mm2. The
Langmuir trough, BAM, and Plexiglas box rested on a floating optical table to minimize
vibrations.

3.2.3 Relaxation Experiments

Monolayer stability is an important concern for the Langmuir films. The stability of
various films can be probed by observing ΔΠ vs. time at constant trough area. For the
relaxation experiments, a sample was first compressed at a fixed rate to a specific final
surface pressure. Then the barriers were held at that position and the sample was allowed
to relax to a constant Π value while Π versus time (Π-t) curves were recorded.
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3.2.4 Successive Addition Experiments

Successive addition Π-A isotherm studies were carried out by varying surface
concentration through the successive addition of small amounts of chloroform solution at
a constant trough area. Measurements at a specific surface concentration were made after
waiting at least 20 minutes for the evaporation of chloroform. The surface pressure (Π)
was recorded by the Wilhelmy plate technique during all isotherm measurements. A
completely wetted filter paper plate (contact angle ≈ 0˚) was used as the Wilhelmy plate.
The variable for the surface concentration was the average area per monomer or molecule,
A. All successive addition Π-A isotherm data are reproducible and their errors are less
than ± 3%.

3.2.5 Preparation of Solid Substrates for Langmuir-Blodgett (LB) Films

Silicon substrates [EnCompass Materials Group, Ltd., Dopant: Phosphorous, Type N,
Orientation (1,0,0)] were used as LB-film substrates for X-ray studies. The substrates
were boiled in a 5:1:1 by volume mixture of H2O:NH4OH(concentrated):H2O2 (30% by
volume) for 1.5 hours; after rinsing the wafers with Millipore water, the substrates were
immersed in a piranha solution [a 70:30 mixture of H2SO4 (concentrated):H2O2 (30% by
volume)] for 0.5 hour. The substrates were then rinsed with copious amounts of water,
dried with ultra high purity nitrogen, and were dipped into a buffered HF acid solution
(CMOS Grade, J.T. Baker) for five minutes followed by a brief dip into a buffered NH4F
solution (CMOS Grade, J.T. Baker). The substrates were subsequently rinsed with water
and dried with nitrogen. The H2O2, H2SO4, and NH4OH used in the cleaning process
were obtained from EM Science, VWR International, and Fisher Scientific, respectively.
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Glass slides rinsed with Milipore water and dried with ultra high purity nitrogen were
boiled in a 5:1:1 by volume mixture of H2O:NH4OH(concentrated):H2O2 (30% by
volume) for 1.5 hours. After rinsing with copious amount of Millipore water, the glass
slides were immersed in a piranha solution [a 70:30 mixture of H2SO4
(concentrated):H2O2 (30% by volume)] for 0.5 hour. After rinsing with copious amount
of Millipore water and drying with nitrogen, the glass slides were placed into a glass
chamber, and 0.5 mL 1,1,1,3,3,3-hexamethyldisilazane (99.9 %, Sigma-Aldrich) was
added. The glass chamber was put in an oven at 80 °C for at least two hours to
hydrophobize the glass. The glass slides were then rinsed with copious amounts of
Millipore water and dried with the nitrogen.

3.2.6 LB-film Deposition

Ultrathin LB-films were obtained for POSS-PEG1K-POSS using a commercial LBtrough (KSV 2000) by Y-type deposition.20 The compression rate for approaching the
transfer Π = 25 mN•m-1 was 10 mm•min-1, as was the maximum forward and reverse rate
of the barriers during the dipping process to maintain a constant Π. The dipping rates
were 10 mm•min-1 for both the up- and down-strokes, and a two minute delay time was
used between each dipping cycle. LB-films of POSS-PEG1K-POSS of 10, 20, 30, and 40
layers were prepared.

3.2.7 Specular X-ray Reflectivity

Specular X-ray reflectivity measurements were performed at the NIST Center for
Neutron Research using Cu-Kα radiation with a wavelength of 0.154 nm on a Bruker
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AXS-D8 Advance Diffractometer. The thicknesses of the films were obtained by plotting
the refraction-corrected successive minima vs. minima index as described by Thompson
et al.115 Roughnesses of both the film and the substrate were obtained by fitting the
experimental profiles with theoretical curves in Microsoft Excel.187,188

3.2.8 Surface Light Scattering (SLS)

A home built SLS instrument was constructed based on the design of Sano et al.189
that incorporated the advances made by Hard et al.190 The instrument consisted of 15 mW
He:Ne laser with a wavelength of 632.8 nm, an incident angle of 66.0˚ and a distance of
3.40 m from the A/W interface to the detector. A grating was used to generate different
diffraction orders which serve as reference beams for heterodyne detection. Water
calibration was used to determine the wave vector, k, and instrumental width, ∆fi, of the
6th, 7th, 8th, and 9th diffraction orders: 353.70 cm-1, 404.32 cm-1, 459.02 cm-1, and 512.61
cm-1, respectively. For SLS, the solutions were spread onto the surface of a standard
Langmuir trough (174.2 cm2) and the temperature of the subphase (water) was
maintained by circulating water at 22.5 ˚C through the base of the trough. The surface
concentration was controlled by successive additions of chloroform solution and
measurements commenced with a minimum waiting time of 20 minutes to allow for
evaporation of the chloroform. Simultaneous measurements of Π were made by the
Wilhelmy plate technique during all SLS experiments.
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Chapter 4
Surface Behavior of Poly(ethylene glycol) and Poly(ethylene oxide)
at the Air/Water Interface

4.1 Abstract

High molar mass poly(ethylene oxide) (PEO), number average molar mass, Mn > ~ 18
kg•mol-1, is a water soluble polymer that also forms stable spread Langmuir films at the
air/water (A/W) interface. Surface light scattering (SLS) studies reveal interesting
dilational viscoelastic behavior for these spread liquid-expanded (LE) films. At
submonolayer coverage, PEO films have the same viscoelastic properties as pure water.
As the monolayer forms, the films are weakly viscoelastic exhibiting a relatively small
maximum dynamic dilational elasticity of εd ~ 12 mN•m-1, with negligible dilational
viscosities, κ•105 < ~ 5 mN•s•m-1. For collapsed films, the surface viscoelasticity returns
to zero (εd and κ ~ 0). These results are largely independent of molar mass for Mn > ~ 18
kg•mol-1. This study finds that εd for low molar mass PEO and poly(ethylene glycol)
(PEG) oligomers is also zero at submonolayer coverage and that εd (Π) where Π is the
surface pressure is independent of molar mass in the monolayer regime as one might
expect for a semi-dilute solution in good solvent conditions. However, εd in the collapse
regime is strongly molar mass dependent.

4.2 Introduction

Poly(ethylene oxide) (PEO) is one of a few interesting homopolymers that form stable
liquid expanded (LE) spread Langmuir monolayers at the air/water (A/W)
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interface,30,32,191-193 and also form adsorbed (Gibbs monolayers) from aqueous solution. In
contrast, completely water soluble, low molar mass poly(ethylene glycol) (PEG) films are
often considered to form unstable monolayers because the surface pressure-area per
monomer (Π-A) isotherms show deviation from high molar mass PEO and can exhibit
time dependent phenomena.163,181,192,194-198 Generally, the distinction between high and
low molar mass PEG(PEO) has been a number average molar mass of Mn ~18 kg•mol-1.31
On the basis of the biases above, Langmuir film research for PEO has principally focused
on high molar mass PEO, even though PEG has found widespread use as stabilizers for
amphiphilic nanoparticles,199 dendrimers,200,201 and amphiphilic PEG(PEO) based
copolymers.202,203 The analogy between a 3D pressure-volume diagram and a 2D Π-A
isotherm also allows one to define a 2D compressibility (κs) and a 2D static dilational
modulus (εs):
⎛ ∂Π ⎞
⎟
⎝ ∂A ⎠T

ε s = κ s−1 = − A ⎜

(4.1)

εs serves as a measure of the build up of dilational energy within the monolayer during

compression. One way to probe the analogous dynamic viscoelastic properties is through
surface light scattering (SLS).31,97,145,148,204 For the reasons already noted, SLS has been a
widely used technique to explore the dynamic dilational viscoelastic properties of high
molar mass (Mn > 18 kg•mol-1) spread PEO films. SLS studies show that the static
modulus is equal to the corresponding dynamic dilational modulus (εs = εd) at all A and
plots of εs or εd vs. A exhibit a broad maximum (εs,max = εd,max ~ 12.5 mN•m-1) centered
around A ~ 0.2 nm2•monomer-1 (Π ~ 5mN•m-1). Moreover, the corresponding dilational
shear viscosity is small, κ < 5 × 10-5 mN•s•m-1, indicating that high Mn PEO Langmuir
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films are almost perfectly elastic.96,97,145 The other key observation by previous
researchers is that high Mn PEO forms looped collapsed films205 (εd and κ = 0) that
exhibit dynamic viscoelastic behavior that is like a pure liquid.96,97,145
Reported results for Π-A isotherms of spread high Mn PEO monolayers exhibit three
main regimes: 1) dilute (submonolayer), 2) semi-dilute monolayer, and 3) collapsed
(looped multilayer).31,92,148,193 In the dilute regime, surface Π can be expressed as a virial
expansion, in a fashion analogous to a dilute gas, suggesting that individual PEO polymer
chains exist as isolated molecules.92 As the film is compressed into the semi-dilute
regime, the polymer chains start to touch and interact with neighboring molecules and
can partially interpenetrate.92,193 Isotherms for PEO molecules show that Π of PEO
monolayers in the semi-dilute regime only depend on the surface concentration and not
on Mn.31,92,193 This quasi-two dimensional (2D) behavior is analogous to how osmotic
pressure scales with concentration in three-dimensional (3D) semi-dilute polymer
solutions.17,21,31,96 Further compression of the film increases the local energy density
(increasing Π). When Π increases too much, the quasi-2D PEO chains collapse and take
on 3D character forming a thicker looped structure. The characteristic collapse pressure
(Πc) is molar mass dependent.31 In the collapsed regime, the collapse pressure, Πc,
increases with Mn and εd(Πc) = εd(Π) for high molar mass PEO. As such, this study finds
that oligomeric PEG have larger dilational moduli in the collapsed state than high molar
mass PEO, with maximum εd(Πc) ~ 12 mN•m-1 occurring in the vicinity of ~ 3.4 < Mn <
~ 5 kg•mol-1.
In contrast to high molar mass PEO, spread PEG monolayers have rarely been studied
as Langmuir films.181,192,194,196 and their dilational viscoelastic properties have been

77

ignored. In fact, most PEG studies at the A/W interface have concentrated on the
properties of adsorbed films.156,195,206-211 In this study, the Π-A isotherm and SLS studies
of oligomeric PEG and low molar mass (Mn < 18 kg•mol-1) PEO Langmuir films are
investigated at the A/W interface. Π-A isotherms are measured at a fixed compression
rate and through successive addition experiments. While high Mn PEO forms kinetically
stable Langmuir films, oligomeric PEG and low Mn PEO Π values relax with time after
stopping compression or making an addition of spreading solution. Relaxation in Π is not
considered here as successive additions of spreading solution are used to control A in
SLS studies. For both Π-A isotherm and SLS studies, Π and SLS measurements were
made when ∆Π < 0.1 mN•m-1 over a 5 minute period. This criterion is sufficient to
ensure that SLS results for different wavevectors (k) at a given A are not significantly
affected by small changes in Π.
Please note that specific properties of the PEO and PEG used in this chapter are
summarized in Chapter 3. The notation used will be PEGMn or PEOMn where Mn is
expressed as a number times K where K = kg•mol-1.

4.3 Results and Discussion
4.3.1 Analysis of Π-A Isotherms
4.3.1.1 Π-A Isotherm Studies of PEG and PEO
Figures 4.1 and 4.2 present Π-A isotherms for PEG and PEO molecules. It is obvious

from the graphs that parts of the Π-A isotherm are molar mass dependent, an observation
that is true for both compression and successive addition experiments. PEO molecules
initially exist in a gas-like (G) state at very large A (not shown), as the molecules are
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compressed Π increases from zero at the lift-off area per monomer of Alift-off ~ 0.6
nm2•monomer-1 (also not shown). In the region 0.5 < A < 0.6 nm2•monomer-1, all
isotherms coincide. The gradual change in Π with A is consistent with a highly
compressible monolayer where polymer chains area only weakly interacting. The region
0.12 < A < 0.6 nm2•monomer-1 corresponds to the monolayer regime for high Mn PEO. In
this region, PEG oligomers depart from high molar mass PEO at different Π values
corresponding to the molar mass dependent collapse pressure (Πc). As seen in Figures
4.1 and 4.2, Πc differs between compression and successive addition experiments. This

deviation results from the fact that compression is proceeding at a rate that is too great to
allow molecules to desorb and/or loop into the subphase to find a more energetically
favorable conformation. In contrast, allowing Π to relax until ∆Π < 0.1 nm2•monomer-1
over a five minute period allows chains to reach more “equilibrium” states. In essence,
this difference is analogous to supercooling where compression isotherms correspond to
cooling at a faster rate. Table 4.1 is provided to better highlight these differences. In
Table 4.1, Πc values for compression and successive addition experiments are provided

along with the A values where collapse occurs (Ac). As seen in Figures 4.1 and 4.2 and
Table 4.1, there is initially a large change in Πc and Ac with increasing Mn before

asymptotically approaching the behavior of very high Mn PEO. Compression to A < Ac
leads to molar mass dependent plateaus in the Π-A isotherm. In this region, chains
undergo progressive looping and/or desorption, whereby A is only an apparent value
because A assumes all mass is confined to 2D. In fact, the actual A = Ac, hence surface
pressure is constant at Π = Πc. For the PEG and PEO samples, there are essentially four
groups for film stability with respect to Mn. For Mn = 1, 1.5, and 2K PEO, the samples
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clearly do not form insoluble monolayers. Π is transient and continues to fall with time
towards zero if sufficient time is allowed. Hence, these Mn have the largest deviation
between compression and successive addition experiments. For PEG3.4K and PEG5K, Πc
increases, however, the collapse transition is still not sharp and substantial differences
exist between the compression and successive addition isotherms. Furthermore, during
successive addition experiments, Π is stable until Πc is approached. Moving onto 5 < Mn
< 18 kg•mol-1 PEG(PEO), the isotherms now have the shape of high Mn PEO. However,
Πc ~ 10 to 20% below very high Mn PEO.181,192 Moreover, the deviation between

compression and successive addition experiments is almost gone. For Mn > 18 kg•mol-1,
compression and successive addition experiments show essentially quantitative
agreement, Π stabilizes after an addition of spreading solvent in < 15 minutes, and Ac and
Πc exhibit < 10 % deviation from very high Mn PEO.30,32,181,191,192
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Figure 4.1. (A) Compression Π-A isotherms for PEO252K (dotted line), PEG8K (solid line),

PEG5K (dashed line), PEG3.4K (long dashed line), PEG2K (___ _ ___), PEG1.5K (___ _ _ ___), and
PEG1K (___ _ _

_ ___

) obtained with a compression rate of ~ 0.16 nm2•monomer-1•min-1. (B)

Successive addition Π-A isotherms for PEO252K (∆), PEG8K (▲), PEG5K (○), PEG3.4K (■),
PEG2K (Z), PEG1.5K (♦), and PEG1K (◊) and their corresponding compression results
from (A). All results were obtained at 22.5 °C and results for PEO83K, PEO19K, PEO10.5K,
and PEG10K which follow the overall trend (see Figure 4.2) are omitted for clarity.
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Figure 4.2. Π-A isotherms for PEO83K (solid line, □), PEO19K (___ _ _ ___, Y), and PEG10K

(dotted line, #) (compression, successive addition) at T = 22.5 °C. The inset graph shows
the Π-A isotherm of PEO10.5K (dashed line,V). The compression rate was ~ 0.16
nm2•monomer-1•min-1.
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Table 4.1: Selected Properties of PEO and PEG Langmuir Films
Πc /mN•m-1
Ac /nm2•monomer-1
Samplesa
b

Compression Successive Addition

Compression Successive Addition

PEG1K

1.6

1.1

0.06

0.03

PEG1.5K

3.1

2.2

0.08

0.07

b

PEG2K

4.6

3.2

0.06

0.09

PEG3.4K

6.4

5.3

0.09

0.10

c

PEG5K

7.6

7.2

0.10

0.07

PEG8K

8.5

8.2

0.11

0.10

PEG10K

8.5

8.4

0.10

0.12

PEO10.5K

8.5

8.4

0.10

0.11

PEO19K

9.2

8.9

0.11

0.11

PEO83K

9.9

9.5

0.10

0.12

PEO252K

10.0

9.8

0.10

0.11

b

c

a

Samples are denoted as PEGMn or PEOMn where Mn is the number average molar mass
with “K” representing kg•mol-1.
b
It is difficult to determine Πc due to desorption.
c
Πc has greater error due to slow structural rearrangement and desorption.

4.3.1.2 Analysis of Π-A Isotherms in the Monolayer Regime

Having discussed the qualitative features of the Π-A isotherm in Section 4.3.1.1,
further discussion of the monolayer regime is warranted. Utilizing Eq. 4.1 and the data in
Figures 4.1 and 4.2, εs-Π isotherms are generated yielding Figures 4.3 and 4.4,

respectively. Several important features can be gleaned from these plots. First, the
maximum εs values are εs,max ~ 12 mN•m-1 for both compression and successive addition
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experiments for high Mn PEO. These values indicate that PEO(PEG) forms liquidexpanded (LE) monolayers. Second, εs,max is a strong function of Mn (Mn < ~ 8 kg•mol-1).
Third, all Mn share a common initial slope. Scaling theory predicts that Π ~ Γ Z 97,145 in
the semi-dilute 2D monolayer regime. Esker, et al. noted that Eq. 4.1 along with the
assumption that Π ~ 0 at the onset of the semi-dilute monolayer regime allowed one to
express εs as a linear function of Π ( ε s = zΠ ), where z is the scaling exponent.
Theoretical and numerical methods for determining z yield values of 2.86 for a good
solvent,97,99 and values between 8100 and 101101 for the case where the A/W interface is a
theta solvent. As seen in Figures 4.3 and 4.4, the initial slope of εs-Π is in excellent
agreement with the prediction for good solvent scaling predictions. The conclusions that
PEO forms a LE-film and that the A/W interface is a “good solvent” for PEO are
qualitatively consistent with the original model proposed for PEO surface activity.32
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Figure 4.3. εs-Π for PEO252K (∆), PEG8K (▲), PEG5K (○), PEG3.4K (■), PEG2K (Z),

PEG1.5K (♦), and PEG1K (◊) during (A) compression and (B) successive addition
experiments at T = 22.5 °C. The dotted line represents the scaling prediction for the case
where the A/W interface is a good solvent.
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4.3.2 Viscoelastic Properties of PEG and PEO Films
4.3.2.1 fs,eq and Δfs,c,eq vs. Π

SLS probes capillary wave propagation at fluid/fluid interfaces by measuring the
frequency and damping coefficients of Doppler shifted light at different capillary
wavevectors (k). In this study, SLS studies of PEO Langmuir films at the A/W interface
yield two experimental parameters, a frequency shift, fs, which is proportional to the
angular frequency, and the full width at half-maximum intensity, ∆fs,c, which is
proportional to the damping coefficient, at each k. As noted in Chapter 2, SLS data at
different k can be reduced to a single reference state if the capillary wave propagation
characteristics are independent of k. For PEO, εd and κ are k independent, thus it is valid
to reduce SLS data measured at different k to a common reference state. Figure 4.5
shows fs,eq and ∆fs,c,eq plotted as a function of Π for all of the PEG and PEO samples. The
data points on Figure 4.5 represent an average for four wavevectors (6th through 9th
diffraction order corresponding to k = 353.70 to 512.61 cm-1, respectively) The three
dashed lines on each graph in Figure 4.5 correspond to pure liquid dynamics (I, εd, κ, and
μ = 0 where μ is the transverse viscosity), the maximum velocity limit for a perfectly

elastic surface (PES) film (II, κ and μ = 0), and the maximum damping coefficient limit
for PES film (III, κ and μ = 0).
Starting at Π = 0 (submonolayer coverage), both fs,eq and ∆fs,c,eq are consistent with
pure liquid dynamics (I). As Π rises from Π = 0, both fs,eq and ∆fs,c,eq increase as the
monolayer forms. For the case of PEG1K, Πc ~ 1.1 mN•m-1 is indicated by the label
PEG1K and corresponding arrow on the graph. In fact, PEGMn with an arrow on the graph
indicates the value of fs,eq and ∆fs,c,eq in the collapsed regime for each molar mass. From
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Figure 4.5, one sees that both fs,eq and ∆fs,c,eq for PEG1K deviate from pure liquid

dynamics in the collapsed regime. In Figure 4.5(A), PEO exhibits its first maximum in
fs,eq at Π ~ 2 mN•m-1. This value is very close to Πc for PEG1.5K. Looking at both Figure
4.5(A) and 4.5(B), one sees that this point indicates the film is behaving very similarly to

PES film near the maximum velocity limit (II), which is how PEG1.5K must behave in the
collapsed regime. From 2 < Π < 5 mN•m-1, fs,eq approaches a minimum, while ∆fs,c,eq
reaches a broad maximum. As seen in Figure 4.5, the minimum in fs,eq and the maximum
in ∆fs,c,eq are close to the maximum damping coefficient for a PES film (III).
As noted previously,97 εd/σd ~ 0.17 at Limit III, indicating that εd ~ 12 mN•m-1. As Πc
for PEG2K through PEG10K and PEO10.5K are in the vicinity of this limit, the collapsed
films have significant viscoelastic character. From 5 < Π < 8 mN•m-1, fs,eq starts to rise to
Limit I while ∆fs,c,eq remains at Limit III. In this regime, it is not possible to interpret the
viscoelastic behavior solely in terms of the limiting behavior of the dispersion
equation.96,97 Finally, the range from 8 < Π < ~ 10 mN•m-1 yields two interesting limiting
cases. At Π ~ 9 mN•m-1, one sees a second maximum in fs,eq that approaches limit II,
while ∆fs,c,eq is also at Limit II. This region roughly corresponds to Πc for PEO19K and
PEO83K indicating that oligomeric PEG1.5K has comparable viscoelastic properties to
PEG19K in the collapsed regime. For their increases in Mn drive PEO to Limit I – pure
liquid dynamics as reported by Esker, et al. for Mn = 1227 kg•mol-1 PEO.96 In addition to
the details discussed in the preceding paragraph, the data in Figure 4.5 conveys two other
key points. First, the absence of molar mass dependent behavior up to Πc for any given
PEG(PEO) is consistent with a polymeric Langmuir monolayer behaving as a 2D semi-
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dilute solution. Second, the scatter of the data in Figure 4.5 is indicative of the
reproducibility of SLS measurements.
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Figure 4.5. (A) fs,eq-Π and (B) Δfs,c,eq - Π for PEO252K (∆), PEO83K (□), PEO19K (Y),

PEO10.5K (V), PEG10K (#), PEG8K (▲), PEG5K (○), PEG3.4K (■), PEG2K (Z), PEG1.5K (♦),
and PEG1K (◊). Dashed horizontal lines and the roman numbers correspond to important
limiting behavior for the dispersion equation.96 Error bars of ±0.5% and ±5% on fs,eq and
Δfs,c,eq have been omitted for clarity.
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4.3.2.2 Polar Plots for PEO and PEG

An alternative way for presenting the data in Figure 4.5 is to plot ∆fs,c,eq vs. fs,eq as
done in Figure 4.6. This plot, first done by Hard and Neuman,190 and has more recently
been utilized by the Yu research group.130,145,151,212 The key features of ∆fs,c,eq vs. fs,eq
were discussed extensively in Chapter 2. Looking at Figure 4.6, one sees that the plot
also contains εd (solid lines) and κ (dashed lines). Roman numerals indicate six important
cases of limiting behavior. These correspond to I = the pure liquid limit, II = the
maximum velocity limit for a purely elastic surface film (PESF), III = the maximum
damping coefficient for a PESF, IV = the minimum velocity limit for a PESF, V = a
surface film with an infinite lateral modulus, and VI = the maximum damping coefficient
for a purely viscous surface film. For the case of PEO only the Limits I through III,
corresponding to the same limits in Figure 4.5, are relevant. In Figure 4.6(A), all of the
data points, correspond to Π < 6 mN•m-1, while Figure 4.6(B) contains all data points for
Π > 6 mN•m-1. As Π increases from Π = 0 (corresponding to Limit I for pure liquid

dynamics), εd grows along an almost perfectly elastic path (κ < 5×10-5 mN•s•m-1). As
seen in the figure, the behavior is molar mass independent until a film collapses. In
Figure 4.6(C), Πc is indicated by the arrow and PEGMn or PEOMn where appropriate. For

4 < Π < 6 mN•m-1, the film is at the maximum damping coefficient limit for a PES film
(III). In Figure 4.6(B), Π is increasing from Limit III back to Limit I as PEO films
collapse. The trend in Figure 4.6(B) essentially traces back along the trend “line” in
Figure 4.6(A). This “reversibility” can be seen in Figure 4.6(C). In essence, the

viscoelastic moduli of any Mn PEG(PEO) at any Π are essentially the same as PEO of
infinite molar mass at the same Π.
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Figure 4.6. Δfs,c,eq-fs,eq of PEO252K (∆), PEO83K (□), PEO19K (Y), PEO10.5K (V), PEG10K

(#), PEG8K (▲), PEG5K (○), PEG3.4K (■), PEG2K (Z), PEG1.5K (♦), and PEG1K (◊) at T =
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indicate limiting viscoelastic behavior for the dispersion equation. (A) contains data from
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viscoelastic properties in the collapsed films for others. PEGMn and PEOMn indicated with
labeled arrows.

4.3.2.3 εd and κ vs. A for PEO and PEG Langmuir Films

Sections 4.3.2.1 and 4.3.2.2 clearly showed that the dependence of the static and
dynamic properties on Π is consistent with treating PEG(PEO) as a 2D semi-dilute
solution. Nonetheless, this approach removes the inherent insight into molecular sizes
afforded by Langmuir film studies. For this reason, Π, εd and εs, and κ are plotted as a
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function of A in Figure 4.7(A), (B), and (C), respectively, for the smallest oligomers
PEG1K through PEG5K, along with PEO252K. Figure 4.8 contains the analogous plots for
PEG8K through PEO252K. All data in Figures 4.7 and 4.8 were obtained through
successive addition experiments. Starting with Figure 4.7, one quickly sees that short
oligomeric PEG shows strong differences in Π-A, εd-A, and κ-A behavior relative to
PEO252K. These deviations are interpreted as representing greater desorption of
oligomeric PEG from the A/W interface than higher Mn PEG and PEO. Whereas PEO252K
exhibits a well-defined maximum in εd-A (Figure 4.7(B)) at well-defined A, εd,max, and
A(εd,max), short oligomers fail to exhibit a true εd,max, with A(εd,max) that are too small to
be consistent with a monomolecular film where all spread molecules remain at the A/W
interface. Specific values of A(εs,max), Π(εs,max), and εs,max for compression and successive
addition experiments along with A(εd,max) and εd,max are summarized in Table 4.2. Figure
4.7(B) also provides a representative comparison between εd and εs for the PEO252K. The

agreement between εd and εs is consistent with reports in the literature and the small κ
values for PEO films.97,145 Likewise, κ-A for the short oligomers fails to show clear
trends relative to κ-A for PEO252K. Nonetheless, κ is essentially negligible meaning the
PEG(PEO) Langmuir films can be regarded as purely elastic. In contrast to Figure 4.7,
Figure 4.8 shows that all PEG(PEO) of Mn > 8 kg•mol-1 do show a true εd,max at

essentially the same A(εd,max). A(εd,max) also coincides with A(εs,max) as shown in Table
4.2. The observations for samples with Mn > ~ 18 kg•mol-1 are consistent with the

literature.31
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Figure 4.7. (A) Π vs. A, (B) εs and εd vs. A, (C) κ vs. A data for PEO and PEG. In (B)

the solid line corresponds to εs for PEO252K and symbols indicate εd. Symbols represent
data for PEO252K (∆), PEG5K (○), PEG3.4K (■), PEG2K (Z), PEG1.5K (♦), and PEG1K (◊)
obtained at T = 22.5 °C.
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Table 4.2: The Elasticities of PEO and PEG Langmuir Films
Compression
Successive Addition

Samples A(εs,max)a Π(εs,max)b εs,maxb A(εs,max)a Π(εs,max)b εs,maxb A(εd,max)a εd,maxb
PEG1K

0.1

1.6

0.9

N/A

0.6

0.4

0.03

1.9

PEG1.5K

0.28

1.9

1.9

0.40

1.0

1.8

0.07

7.0

PEG2K

0.29

2.2

4.6

0.33

1.6

3.7

0.13

10.7

PEG3.4K

0.22

4.0

7.1

0.25

3.2

6.6

0.13

12.1

PEG5K

0.20

5.8

11.1

0.20

4.8

8.4

0.19

12.4

PEG8K

0.19

5.2

10.4

0.19

5.4

10.1

0.19

12.3

PEG10K

0.20

4.8

9.6

0.20

5.0

9.7

0.19

12.1

PEO10.5K

0.20

5.2

10.8

0.19

5.2

10.2

0.19

12.2

PEO19K

0.18

5.2

11.0

0.17

5.2

11.5

0.19

12.5

PEO83K

0.20

5.2

12.4

0.19

5.2

12.1

0.19

12.4

PEO252K

0.19

5.4

11.4

0.19

5.2

11.8

0.19

12.1

a

Units of nm2•monomer-1.
b
Units of mN•m-1.
The dashed line between PEG5K and PEG8K represents the cross-over between data in
Figure 4.7 and 4.8.
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Figure 4.8. (A) Π vs. A, (B) εs and εd vs. A, and (C) κ vs. A for PEO and PEG. In (B),

the solid line corresponds to εs for PEO252K. Symbols represent data for PEO252K (∆),
PEO83K (□), PEO19K (Y), PEO10.5K (V), PEG10K (#), and PEG8K (▲) obtained at T =
22.5 °C during successive addition experiments. Arrow indicates εd values where
different Mn PEG and PEO collapse.
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4.4 Conclusions

In this study, water soluble oligomeric PEG and PEO exhibit interesting surface
activity and viscoelastic behavior at the A/W interface. Π-A isotherm measurements in
compression and successive addition experiments for PEG and PEO series show different
surface behavior with changing molar mass. PEG molecules with Mn < 8 kg•mol-1 are
unable to make stable films at the A/W interface, a likely consequence of their strong
aqueous solubility. On the other hand, relatively high molar mass PEG (Mn > ~ 8 kg•mol1

) form stable monolayers at the A/W interface. The scaling behavior of the elastic

properties of the Langmuir films is consistent with the A/W interface being a good
solvent for PEG(PEO), while the collapse transition pressure (Πc) is a strong function of
molar mass. The results show that εd for any Mn PEG(PEO) is essentially εd(Π) for PEO
of infinite molar mass. This relationship is even valid in the collapsed regime. A
speculative molecular interpretation for this observation is that looping prevalent in high
molar mass PEO Langmuir films205 is replaced by complete chain desorption, whereby A
in the collapsed regime is only an apparent value with an effective A corresponding to
A(Πc). This interpretation is analogous to the relationship between free surfactant and
micelle concentrations above the critical micelle concentration (CMC). As you add more
total surfactant above the CMC, the free surfactant concentration remains unchanged
while the concentration of micelles grows. Here, the analogy would be that adding more
oligomeric PEG to the Langmuir film still yields A(Πc), while the concentration of PEG
in the subphase grows. For higher Mn PEG(PEO), the effective A would also be A(Πc),
however, chain looping would keep PEG(PEO) in the vicinity of the interface as a thicker
hydrated film. The later interpretation is consistent with neutron reflectivity studies.
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Chapter 5
Telechelic Poly(ethylene glycol)-POSS Amphiphiles
at the Air/Water Interface
Most of following chapter appeared as an article in Macromolecules: Lee, W.; Ni, S.;
Deng, J. J.; Kim, B.-S; Satija, S. K.; Mather, P. T.; Esker, A. R. Macromolecules 2007,
40, 682.

5.1 Abstract

Combining two non-surface active building blocks, oligomeric poly(ethylene glycol)
(PEG) and a completely hydrophobic polyhedral oligomeric silsesquioxane (POSS) cage,
creates amphiphilic telechelic polymers (POSS-PEG-POSS), which exhibit surface
activity at the air/water (A/W) interface. POSS moieties serve as the hydrophobic groups
for hydrophilic PEG chains of different number average molar mass (1, 2, 3.4, 8, and 10
kg•mol-1). Thermodynamic analyses of POSS-PEG-POSS via surface pressure-area per
monomer isotherms indicate that the POSS endgroups reside at the A/W interface and
that the PEG chains are squeezed into the subphase with increasing surface pressure. This
conclusion is supported by X-ray reflectivity studies on Y-type Langmuir-Blodgett
multilayer films which reveal a double layer structure with a double layer spacing of
about 3.52 nm. These findings provide a strategy for producing new surface active
species from non-surface active precursors.

98

5.2 Introduction

Two-dimensional (2D) monolayer studies at the air/water (A/W) interface have
attracted interest because of the ability to obtain structural as well as morphological
information. Only certain types of molecules, those which exhibit a delicate balance
between hydrophilic and hydrophobic contributions to the overall polarity of the
molecules, are capable of forming stable monolayers.17,213 Since Langmuir published his
initial study of monolayers of amphiphilic molecules at the A/W interface,23 numerous
materials have been studied in the form of monomolecular films on liquid surfaces
(Langmuir films) at constant temperature.214 Furthermore, some monolayer films can also
be transferred onto solid substrates from the water surface through the LangmuirBlodgett (LB) or Langmuir-Schaefer (LS) techniques. By examining Langmuir films and
LB or LS-films it is possible to obtain information about the mechanical, electrical,
optical, and chemical properties of oriented molecules at the interface as well as
information about structural properties, such as the size and shape of molecules.1,20,93,215218

Poly(ethylene glycol) (PEG) and poly(ethylene oxide) (PEO) are widely studied
polymers159,219,220 with applications in a variety of technological fields such as drug
delivery,221,222 batteries,223 and biotechnology.224 Even though PEG and PEO are
completely water-soluble at room temperature, PEO of sufficient molar mass can still
form Langmuir monolayers at the A/W interface.30-32,92 The amphiphilic nature arises
from the ability of the oxygen atom in the ethylene oxide repeating unit (-CH2CH2O-) to
hydrogen bond with water.32 The stability of PEO monolayers at the A/W interface
depends not only on the surface concentration, but also on the molar mass. The lowest
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reported molar mass for forming stable PEO monolayers at the A/W interface was 18
kg•mol-1.31 In contrast, fully condensed polyhedral oligomeric silsesquioxane (POSS)
molecules (Figure 5.1), such as a closed cage POSS (Figure 5.1A) (T8R8, where T is a
silsesquioxane unit and R is alkyl), are non-amphiphilic.175,225 Given both the theoretical
and experimental interest in POSS as a versatile hybrid organic-inorganic material with a
core-shell structure,170,226-232 and the fact that open cage44,178-180 trisilanol-POSS structures
(Figure 5.1B) are amphiphilic (T7R7(OH)3, where R is variable), combining POSS with
PEG could lead to interesting amphiphiles.
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Figure 5.1. Representative POSS molecules: (A) T8R8 and (B) T7R7(OH)3. R can be a

wide variety of substituents.
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In this study, the combination of PEG oligomers which are too water soluble to be
surface active and a closed cage POSS group which is too hydrophobic to act as a
surfactant produces a new type of hybrid amphiphilic telechelic polymer (POSS-PEGPOSS) possessing interesting insoluble surfactant properties at the A/W interface. The
advantage of POSS-PEG-POSS molecules (Figure 5.2) over other telechelic systems is
that these materials can serve as building blocks for the construction of hybrid organicinorganic materials.182-184 Utilizing results from Brewster angle microscopy (BAM) at the
A/W interface and X-ray reflectivity on LB-films, the effects of the incorporated
hydrophobic POSS on the surface activity and the morphology of POSS-PEG-POSS as
well as information about the size and packing of these molecules deduced from X-ray
reflectivity and surface pressure-area per molecule or monomer (Π-A) isotherm studies
will be discussed.

Figure 5.2. POSS-PEG-POSS molecules.182-184 R is a cyclohexyl group for these studies.

5.3 Results and Discussion
5.3.1 Compression Π-A Isotherm Studies of PEG vs. POSS-PEG-POSS

The combination of two non-surfactants such as water soluble PEG oligomers and
completely hydrophobic POSS cages yields telechelic polymers with surface properties
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that are strongly molar mass dependent, as the results below reveal. In the subsequent
discussion, the number average molar mass (Mn) of PEG oligomers and PEG used in
POSS-PEG-POSS telechelics will be expressed as a subscript, PEGMn and POSS-PEGMnPOSS, respectively where K is used as an abbreviation for kg•mol-1. Furthermore, the
expression of A in terms of nm2•monomer-1 means that we count each repeating unit in
PEG and each POSS group equally. For further details about the materials see Section
3.1.3.

5.3.1.1 PEG1K vs. POSS-PEG1K-POSS
Figure 5.3 shows Π-A isotherms of PEG1K and POSS-PEG1K-POSS. It is obvious that

PEG1K exhibits almost no surface activity, whereas the POSS-PEG1K-POSS analog forms
insoluble films. Here it should be noted that the isotherm for PEG1K shows an increase in
Π during a dynamic compression experiment. However, after the cessation of

compression, Π decays to zero indicating that the PEG itself is incapable of forming an
insoluble monolayer. For POSS-PEG1K-POSS, at very large molecular areas, A, the
monolayer is in a gas-like state (G). Upon film compression, the coexistence of G and a
liquid-like film is expected, even though we are unable to resolve this coexistence by
BAM. As the lift-off A value (Alift-off ≈ 0.20 nm2•monomer-1) is approached, Π begins to
increase. For the expanded monolayer region, 0.13 < A < 0.20 nm2•monomer-1, the
surface pressure starts to rise slowly like high molar mass PEO and has a compressibility
that is consistent with a liquid-expanded (LE) phase. Further compression of the
monolayer (0.11 < A < 0.13 nm2•monomer-1) leads to the formation of a more condensed
(LC) phase; however, on the basis of BAM images, the film remains homogeneous. In
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the LC region, Π rises dramatically with small changes in A showing the effect of the
less compressible POSS groups at the A/W interface. By extrapolating the steepest
portion of the isotherm back to the x-axis (Π = 0), one obtains a limiting cross-sectional
area, A0 ≈ 0.13 nm2•monomer-1. The A0 value of 0.13 nm2•monomer-1 is interesting if
one considers that POSS-PEG1K-POSS is composed of 24 repeating units [22 ethylene
oxide (EO) and 2 POSS]. Hence, A0 can also be defined as ≈ 1.62 nm2•POSS-1. This
value is close to the reported collapse area for trisilanolcyclohexyl-POSS.180 As all films
are still homogeneous in BAM images, it appears that the region from 0.11 < A < 0.13
nm2•monomer-1 corresponds to a POSS monolayer with all PEG segments squeezed into
the subphase. Hence, the sharp rise in Π apparently reflects the rigidity of the POSS units
of POSS-PEG1K-POSS. For compression to A < 0.11 nm2•monomer-1 (Π > 30 mN•m-1),
there is a change in slope on the Π-A isotherm in Figure 5.3 that we interpret as the
formation of multilayer structures. The evidence for this conclusion comes from
heterogeneous BAM images in this region (BAM image in Figure 5.3) showing rigid and
collapsed domains.217,233,234 The images are consistent with POSS being squeezed out of
the monolayer into multilayer structures (squeezed out into air rather than into the
subphase). The schematic depiction appearing on the isotherm in Figure 5.3 provides a
qualitative description of how we believe the monolayer packs in the region from 0.11 <
A < 0.13 nm2•monomer-1. In essence, like another telechelic polymer where hydrophobic
alkyl end groups anchor PEG at the interface,235 the two POSS groups anchor the
molecule to the A/W interface, thereby preventing the dissolution of the PEG chain. The
key difference is that POSS groups allow us to obtain a surfactant with a much shorter
PEG.
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Figure 5.3. Π-A isotherms of PEG1K (dotted line) and POSS-PEG1K-POSS (solid line)

with a compression rate of 0.04 nm2•monomer-1•min-1 at T = 22.5 °C. The schematic on
the isotherm corresponds to the presumed packing of POSS-PEG1K-POSS at the A/W
interface for 0.11 < A < 0.13 nm2•monomer-1. The circles correspond to POSS groups
and the thick worm-like lines indicate PEG1K in the schematic. The arrow indicates the Π
value for LB-film formation. The 4.8 × 6.4 mm2 BAM image was taken at A = 0.04
nm2•monomer-1 showing representative heterogeneity that appears in the film for
compression to Π > 30 mN•m-1. For the BAM image, compression was symmetric from
the top and bottom of the image.
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5.3.1.2 PEG2K vs. POSS-PEG2K-POSS
Figure 5.4 shows a plot of Π-A isotherms of PEG2K and POSS-PEG2K-POSS.

Comparing PEG2K with POSS-PEG2K-POSS reveals differences from the analogous
PEG1K systems. Similar to PEG1K, PEG2K shows limited surface activity because of its
high water solubility. As noted for PEG1K, transient Π values during the dynamic
compression experiment are not indicative of insoluble film formation and Π also falls to
zero when compression ceases for PEG2K. Much like POSS-PEG1K-POSS, POSS-PEG2KPOSS forms stable insoluble monolayers. At low concentrations of POSS-PEG2K-POSS
(Π ≈ 0 mN•m-1), such as A > 0.30 nm2•monomer-1, the film likely exists in a G phase like
POSS-PEG1K-POSS. It is interesting to note that Alift-off increases for POSS-PEG2K-POSS
relative to POSS-PEG1K-POSS, A0 ~ 0.15 vs. ~ 0.20 nm2•monomer-1, respectively. This
difference is consistent with more PEG the A/W interface as the monolayer forms.
Moreover, the end of the LE (0.07 < A < 0.15 nm2•monomer-1) and the start of the LC
(0.05 < A < 0.07 nm2•monomer-1) phases are shifted to smaller A values for POSSPEG2K-POSS. These shifts are highlighted in the inset of Figure 5.4. Similarly, A0
decreases to ≈ 0.07 nm2•monomer-1. Like POSS-PEG1K-POSS, this value can also be
expressed as ≈ 1.58 nm2•POSS-1, a number that is consistent with a POSS monolayer at
the surface and PEG chains looping into the subphase. Furthermore, there is also a slope
change around Π ≈ 30 mN•m-1 leading to film heterogeneity as seen by BAM (Figure
5.4).
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Figure 5.4. Π-A isotherms of PEG2K (dashed line) and POSS-PEG2K-POSS (solid line)

with a compression rate of 0.04 nm2•monomer-1•min-1 at T = 22.5 °C. The inset
highlights Alift-off for POSS-PEG1K-POSS (■), PEG1K (○), POSS-PEG2K-POSS (solid
line), and PEG2K (dashed line), respectively. The 4.8 × 6.4 mm2 BAM image was taken at
A = 0.03 nm2•monomer-1 showing representative heterogeneity that appears in the film
for compression to Π > 30 mN•m-1. For the BAM image, the film was symmetrically
compressed from the top and bottom of the image.
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5.3.1.3 PEG3.4K vs. POSS-PEG3.4K-POSS
Figure 5.5 shows Π-A isotherms for PEG3.4K and POSS-PEG3.4K-POSS. Like POSS-

PEG2K-POSS, the POSS-PEG3.4K-POSS Π-A isotherm features shift to smaller A (Alift-off
≈ 0.1 nm2•monomer-1, 0.04 < A (LE) < 0.1 nm2•monomer-1, and 0.03 < A (LC) < 0.04
nm2•monomer-1). These shifts mainly arise from the molar mass of the PEG segment with
an attendant shift of A0 ≈ 1.4 nm2•POSS-1. As this value is smaller than the POSSPEG1K-POSS and POSS-PEG2K-POSS system, some POSS units may be pulled into the
subphase by the larger PEG segment. Nonetheless, the majority of the POSS groups are
believed to form a monolayer with looped PEG in the subphase. Similar to POSS-PEG1KPOSS and POSS-PEG2K-POSS, POSS-PEG3.4K-POSS isotherms exhibit a changing slope
at Π ≈ 30 mN•m-1 leading to multilayer formation. One significant difference is the shape
of the transient (constant compression) isotherm of PEG3.4K. As seen in Figure 5.5, the
PEG3.4K isotherm has a shape that is similar to high molar mass PEO even though Π
drops to zero once compression stops.
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Figure 5.5. Π-A isotherms of PEG3.4K (dotted line) and POSS-PEG3.4K-POSS (solid line)

with a compression rate of 0.04 nm2•monomer-1•min-1 at T = 22.5 °C. The 4.8×6.4 mm2
BAM image was taken at A = 0.01 nm2•monomer-1 showing representative heterogeneity
that appears in the film for compression to Π > 30 mN•m-1. Compression for the BAM
image was symmetric from the top and bottom of the image.

5.3.1.4 PEG8K and PEG10K vs. POSS-PEG8K-POSS and POSS-PEG10K-POSS

Inspection of Figure 5.6, with compression isotherm data for PEG8K and PEG10K,
reveals shapes and transition features that are similar to high molar mass PEO. In this
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respect, the transient Π-A isotherms obtained during constant compression for POSSPEG8K-POSS and POSS-PEG10K-POSS are more similar to PEG8K and PEG10K (Figure
5.6) than the lower molar mass systems.
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Figure 5.6. (A) Π-A isotherms of PEG8K (dotted line) and POSS-PEG8K-POSS (solid

line), and (B) PEG10K (dotted line) and POSS-PEG10K-POSS (solid line) at a compression
rate of 0.04 nm2•monomer-1•min-1 and T = 22.5 °C. The shapes of PEG8K and PEG10K are
identical and their corresponding samples, POSS-PEG8K-POSS and POSS-PEG10K-POSS,
also show almost identical isotherm behavior.

109

5.3.2 Π-A Isotherm Stability of POSS-PEG-POSS for 1, 2, and 3.4 kg•mol-1 PEG

As noted throughout the discussion above, monolayer stability is a principle concern
for the POSS-PEG-POSS system. The stability of various films can be probed by looking
at ∆ Π vs. time at constant A. For POSS-PEG-POSS molecules with low molar mass
PEG, such as POSS-PEG1K-POSS, POSS-PEG2K-POSS, and POSS-PEG3.4K-POSS, the
films are moderately stable. The relaxation experiments show that the pressure drops to
values of Π ≈ 26, 25, and 17 mN•m-1 after constant rate compression to high Π values (Π
> 45 mN•m-1) for POSS-PEG1K-POSS, POSS-PEG2K-POSS, and POSS-PEG3.4K-POSS,
respectively. With increasing molar mass of the PEG segments, there is a constant shift
to smaller A values reflecting the falling weight percentage of POSS in the POSS-PEGPOSS polymers. Since the average number of PEG segments for POSS-PEG2K-POSS and
POSS-PEG3.4K-POSS are twice and 3.4 times as great as those of POSS-PEG1K-POSS,
the cross sectional monomer areas (A0) of POSS-PEG2K-POSS and POSS-PEG3.4K-POSS
are approximately 1/2 and 1/3 the value of POSS-PEG1K-POSS (Figure 5.7).
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Figure 5.7. Π-A isotherms for POSS-PEG1K-POSS (○), POSS-PEG2K-POSS (dashed

line), and POSS-PEG3.4K-POSS (solid line) at T = 22.5 °C. The collapse pressure (≈ 30
mN•m-1) is constant for all three telechelic polymers. The slope becomes steeper as the
PEG molar mass increases. However, the static elasticity actually decreases as a function
of Π for increasing PEG molar mass in POSS-PEG-POSS (Figure 5.8).

The A values corresponding to the LE phase become progressively smaller with
increasing molar mass. Similarly, A values for the formation of an LC region also shift to
smaller A as the wt% of PEG increases. The slope of the LC phase appears to be steeper
as the wt% of PEG increases; however, a better comparison is the static
elasticity, ε s = − A(∂Π ∂A)T , which actually shows a decrease in the maximum ε s (Figure
5.8). The large ε s values ( ε s > 100 mN•m-1) observed in the LC regime for the 1, 2, and

3.4 kg•mol-1 POSS-PEG-POSS, and the trend of decreasing ε s with increasing PEG
molar mass for the POSS-PEG-POSS series provide strong indication that the surface
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density of the POSS end groups remaining at the interface is a critical factor for
determining the ultimate surface properties. This supposition will be explored in the next
section.
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Figure 5.8. A comparison of static elasticity, ε s = − A(∂Π ∂A)T , for POSS-PEG1K-POSS

(□), POSS-PEG2K-POSS (○), and POSS-PEG3.4K-POSS (▲) at T = 22.5 °C. As the wt%
of PEG increases for low Π (Π < 5 mN•m-1), the initial slope of εs vs. Π decreases,
showing how increasing PEG molar mass dilutes the contribution of the rigid POSS units.
Consequently, the maximum εs values also decrease with increasing PEG molar mass.

5.3.3 POSS-PEG-POSS Π-A Isotherms as a Function of POSS Surface Density
Figure 5.9 shows Π-A isotherms of POSS-PEG1K-POSS, POSS-PEG2K-POSS, and

POSS-PEG3.4K-POSS as a function of the surface area per POSS endgroup, APOSS. For
comparison, Figure 5.9 also contains isotherms for trisilanolcyclohexyl-POSS,
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T7Cy7(OH)3, and octacyclohexyl-POSS, T8Cy8. It is obvious from Figure 5.9 that T8Cy8
molecules form multilayers even at low surface pressure (Π ≈ 0 mN•m-1), thus it is
impossible to estimate a reasonable area per POSS molecule from the figure. This
behavior is expected based on previously reported data for octaisobutyl-POSS,175,225 and
the completely hydrophobic character of T8Cy8. On the other hand, it is possible to
estimate the area each cyclohexyl substituted POSS cage occupies from T7Cy7(OH)3
since these molecules form stable monolayers and feature nearly identical structures. The
A0 value for the T7Cy7(OH)3 molecule is approximately 1.81 nm2•POSS-1 and the area at
the onset of the collapse transition is ≈ 1.64 nm2•POSS-1.34 Looking at Figure 5.9, it is
interesting to note that the A value for the onset of the LC phase for POSS-PEG1K-POSS
and POSS-PEG2K-POSS (A0 ≈ 1.6 nm2•POSS-1) corresponds very well with the collapse
area of T7Cy7(OH)3. Hence, a reasonable conclusion would be that PEG is squeezed into
the subphase at the start of the LC phase (Π > 5 mN•m-1), and a POSS “monolayer”
exists for POSS-PEG1K-POSS and POSS-PEG2K-POSS until these monolayers collapse
during constant compression experiments around Π ≈ 30 mN•m-1. It is interesting to note
that the LC phase for POSS-PEG3.4K-POSS forms at smaller A (≈ 1.4 nm2•POSS-1). This
feature is consistent with the previously noted increase in solubility for POSS-PEG-POSS
with increasing PEG molar mass.
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Figure 5.9. Π-A isotherms of POSS-PEG1K-POSS (solid line), POSS-PEG2K-POSS

(dashed line), POSS-PEG3.4K-POSS (◊), T7Cy7(OH)3 (○) and T8Cy8 (□) as a function of
area per POSS group.

5.3.4 X-ray Reflectivity Results for POSS-PEG1k-POSS

Importantly, the careful balance between the hydrophobic POSS and the hydrophilic
PEG1K allows for the formation of LB-multilayer films by Y-type deposition. In contrast,
higher molar mass PEG telechelics are too hydrophilic to form Y-type LB-multilayer
films. Figure 5.10 shows X-ray reflectivity profiles for a series of POSS-PEG1K-POSS
LB-films on silicon substrates. The total numbers of transferred layers for the LB-films
are 10, 20, 30, and 40 layers, respectively. Because of the thickness and low surface
roughness of each specimen, the reflectivity profiles exhibit periodic oscillations, Kiessig
fringes, whose spacings correspond to the total film thickness through Bragg’s Law. By
analyzing the Kiessig fringe spacings,41 it is possible to generate Figure 5.10(B), a plot
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of the total thickness (D) vs. the number of transferred layers. The slope of Figure
5.10(B) yields the thickness of a POSS-PEG1K-POSS monolayer in the LB-film, d = 1.76

± 0.09 nm. Slightly less than quantitative transfer ratios on the first few dipping cycles

leads to a non-zero (negative) intercept. This feature provides justification to use the
slope of Figure 5.10(B) rather than the total film thickness divided by the number of
transferred layers, as a better indicator of layer thickness. Other significant features of the
30 and 40 layer films are the Bragg peaks observed at 1.78, 3.55, and 5.40 nm-1. The
observation of Bragg peaks in the LB-films arises from the presence of a double layer
structure with a sufficiently large difference in electron density between the hydrophilic
head groups and the hydrophobic tails. In this case, the hydrophobic POSS endgroups are
concentrated into layers with higher electron density than the hydrophilic (PEG rich
layers).
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Figure 5.10. (A) X-ray reflectivity profiles from 10, 20, 30, and 40 layer LB-films as

indicated on the graph for POSS-PEG1K-POSS deposited at Π = 25 mN•m-1 and T = 22.5
°C. The reflectivity values of the 20, 30, and 40 layer films are shifted by 2, 5, and 7

decades, respectively, for clarity. The inset highlights how the Kiessig fringe spacing
depends on film thickness. (B) The total film thickness vs. the number of deposited film
layers. The slope of d = 1.76 ± 0.09 nm provides the thickness of a POSS-PEG1K-POSS
monolayer. The Brag peaks at q = 1.78, 3.55, and 5.40 nm-1 for 30 and 40 layers films
indicated a double layer spacing of ~ 3.52 nm.
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5.3.5 Packing in LB-Films and at the A/W Interface

The Bragg peak spacing in Figure 5.10 means that the double layer spacing for POSSPEG1K-POSS LB-films is approximately 3.52 nm, as depicted schematically in Figure
5.11. This value is consistent with the slope-based analysis of the layer thickness in
Figure 5.10(B). As the double layer has a spacing of 3.52 nm and if one assumes that the

PEG layer has an amorphous PEG density (1.13 g•cm-3), the calculated diameter of each
cyclohexyl substituted POSS cage must be ≈ 1.24 nm. This “diameter” is smaller than
simple AM1 calculations (diameter ≈ 1.45 nm), but larger than the reported thickness of a
trisilanolphenyl-POSS LB layer (0.84 nm).236 Using a smaller POSS thickness
necessarily leads to a thicker, i.e., less dense PEG layer. Nonetheless, at the A/W
interface, the PEG layer should swell and is expected to have a thickness on the order of
≈ 2 nm based on neutron reflectivity studies for higher molar mass PEO samples.205
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Figure 5.11. A schematic depiction of a POSS-PEG1K-POSS LB-film (4 layers) obtained

by Y-type deposition at Π = 25 mN•m-1 and room temperature (T = 22.5 °C). The double
layer spacing is ≈ 3.52 nm. Spheres represent POSS units while worm-like chains
represent PEG segments.
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On the basis of the structural information obtained from the LB-films and previously
published neutron reflectivity studies,205 a model for POSS-PEG1K-POSS samples at the
A/W interface is proposed in Figure 5.12. At Π ≈ 0 mN•m-1, the molecules are dispersed
at the surface. PEG chains can stay at the air interface, or loop into the subphase (Figure
5.12(A)). As compression proceeds, the molecules start to interact (Π ≈ 1 mN•m-1), and

osmotic forces comparable to those in high molar mass PEO monolayers are present.
With further compression (1 < Π < 5 mN•m-1), PEG segments will preferentially loop
into the subphase (Figure 5.12(C)) with dissolution being hindered by the POSS anchors.
For Π > 5 mN•m-1, direct interactions between POSS end groups are expected, resulting
in rigid (high modulus) films and the formation of a structure (Figure 5.12(D)) that is
comparable to the POSS-PEG1K-POSS conformation observed in the LB-film (Figure
5.11). Further compression to Π > 30 mN•m-1 leads to the collapse of the POSS-PEG1K-

POSS monolayer into multilayer aggregates on the basis of the BAM images shown in
Figure 5.3.
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Figure 5.12. Proposed packing model for POSS-PEG1K-POSS molecules based on Π - A

isotherm, BAM, and X-ray reflectivity studies. Spheres represent POSS units while
worm-like chains represent PEG segments. (A) Π ≈ 0 mN•m-1: The molecules are
dispersed at the A/W interface (G or G/LE films). (B) Π ≈ 1 mN•m-1: Compression
allows the molecules to form a LE phase. (C) 1 < Π < 5 mN•m-1: Further compression
leads to a more brush-like conformation for the PEG chains. (D) 5 < Π < 30 mN•m-1: A
LC film of closely packed POSS units and PEG loops. (E) Π > 30 mN•m-1: Collapse of
POSS units into mutilayer domains.

5.4 Conclusions

In this study, two non-amphiphilic species, water soluble oligomeric PEG and an
insoluble hydrophobic closed cage POSS unit are combined to produce amphiphilic
POSS-PEG-POSS molecules. Π-A isotherm and BAM measurements for amphiphilic
POSS-PEG-POSS with 1, 2, and 3.4 kg•mol-1 PEG confirm dramatically different
behavior from isotherm studies of 1, 2, and 3.4 kg•mol-1 oligomeric PEG molecules at the
A/W interface. The balance of the hydrophilic and hydrophobic moieties is such that it is
even possible to make Y-type LB-multilayer films for POSS-PEG1K-POSS. X-ray
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reflectivity shows the LB-films are comprised of 1.76 nm layers with a resolvable double
layer structure that arises from segregated hydrophobic POSS and hydrophilic PEG
moieties. This study clearly demonstrates the feasibility of creating hybrid organicinorganic surfactants from non-amphiphilic building blocks and using these principles to
create nanostructured materials and coatings.
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Chapter 6
Dilational Viscoelastic Behavior of Telechelic Poly(ethylene glycol)POSS Amphiphiles at the Air/Water Interface

6.1 Abstract

Combining

two

non-amphiphilic

building

blocks,

hydrophilic

oligomeric

poly(ethylene glycol) (PEG) and hydrophobic polyhedral oligomeric silsesquioxanes
(POSS), yields amphiphilic telechelic POSS-PEG-POSS polymers where the PEG
correspond to number average molar masses of 1, 2, and 3.4 kg•mol-1. Analysis of
surface pressure-area (Π-A) isotherms and measurements by surface light scattering
(SLS) reveal molar mass dependent dilational viscoelastic moduli that are greater than
high molar mass poly(ethylene oxide) (PEO) or an analogous POSS molecule,
trisilanolcyclohexyl-POSS. All three POSS-PEG-POSS exhibit behavior that is consistent
with purely elastic surface films, and the complex dilational viscoelastic moduli approach
infinite values, ε*Æ∞, as the films approach the collapse regime. As the maximum
dynamic dilational elasticity for high molar mass PEO is εd ~ 13 mN•m-1, ε*Æ∞ is
consistent with POSS-POSS interactions at the interface and PEG segments looping into
the subphase. The enhancement of the viscoelastic moduli for POSS-PEG-POSS relative
to trisilanolcyclohexyl-POSS is attributed to better anchoring of POSS cages to the
air/water (A/W) interface by the hydrophilic PEG segments relative to the trisilanol
pocket of trisilanolcyclohexyl-POSS. This study shows that careful design of amphiphilic
molecules can lead to non-additive changes in viscoelastic behavior.
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6.2 Introduction

Amphiphiles have attracted tremendous scientific interest for a long time because of
their ability to form complex architectures such as biological membranes, liquid foams,
and micelles in solution, as well as stable monolayer films at the air/water (A/W)
interface.20,213,215,216,237-239 Insoluble amphiphilic surfactants have been studied in the form
of two-dimensional (2D) monomolecular films on liquid surfaces (Langmuir films) to
obtain information about interactions with molecules in the subphase, packing, and the
size and shapes of molecules.31,78,94,179,240-242
In spite of a spherical shape (Figure 6.1) that is significantly different from traditional
rod-like amphiphiles, some polyhedral oligomeric silsesquioxane (POSS) molecules164,243
are now known to be amphiphilic. Interest in POSS arises from versatile hybrid organicinorganic materials with core-shell structures.153-155,244-246 As a consequence of their size
and structure, the incorporation of POSS molecules into polymers can yield materials
with reduced dielectric constants, increased thermal decomposition temperatures,
increased glass transition temperatures, lower viscosities, and increased oxidation
resistance.244-246,155-157 For the purposes of this study, completely condensed (closed cage)
POSS structures (Figure 6.1 (A)) (T8R8 where T is a silsesquioxane unit, SiO1.5, and R is
an alkyl group) represent non-amphiphilic species.175,225 In contrast, the open cage,
trisilanol-POSS structure (Figure 6.1 (B)) (T7R7(OH)3 where R is variable) are
amphiphilic.44,180 Most but not all studies on amphiphilic POSS derivatives focus on
insoluble Langmuir films.44,180
Recently,181 it was found that Langmuir films (Chapter 5 in this thesis) could be
prepared from non-amphiphilic closed cage POSS molecules by coupling them to
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oligomeric poly(ethylene glycol) (PEG) as telechelic polymers (POSS-PEG-POSS
(Figure 6.2)).181 For the case of POSS-PEG1K-POSS (where the subscript 1K signifies a
PEG oligomer with a number average molar mass of Mn = 1 kg•mol-1), it is even possible
to form Langmuir-Blodgett (LB) multilayer films (also in Chapter 5).181
In this chapter, surface light scattering (SLS) probes the surface viscoelastic moduli of
POSS-PEG-POSS polymer films. SLS is a non-invasive optical technique for deducing
dilational viscoelastic properties of Langmuir films at the A/W interface in conjunction
with surface pressure–area (Π-A) isotherm studies.97 SLS measurements reveal molar
mass dependent surface viscoelastic moduli for the POSS-PEG-POSS system. These
results are compared with similar studies of PEG and poly(ethylene oxide) (PEO)
presented in Chapter 4, and trisilanolcyclohexyl-POSS in order to gain insight into how
the different parts of the POSS-PEG-POSS telechelics contribute to their observed
viscoelastic behavior. As with all experimental chapters in this thesis, additional
experimental details are provided in Chapter 3.
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Figure 6.1. Representative POSS molecules:44,175,225 (A) T8R8 and (B) T7R7(OH)3 where

T corresponds to SiO1.5. In this study, R represents cyclohexyl groups.

Figure 6.2. POSS-PEG-POSS molecules.181-184 n is the number average degree of

polymerization. For this study, R represents a cyclohexyl groups.
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6.3 Results and Discussion
6.3.1 Π-A Isotherm Studies of POSS-PEG-POSS
Figure 6.3 shows Π-A isotherms for POSS-PEG-POSS molecules. Π is plotted as a

function of the area per POSS group (APOSS) in Figure 6.3(A) for trisilanolcyclohexylPOSS and the POSS-PEG-POSS molecules. The Π-APOSS isotherms in Figure 6.3(A)
were obtained by compression at a constant rate of ~ 0.3 nm2•POSS group-1•min-1. In
contrast, Figure 6.3(B) shows Π plotted as a function of the area per repeating unit
monomer (A) for a high molar mass PEO83K and the same POSS-PEG-POSS polymers in
Figure 6.3(A). The term “high molar mass” means a PEO with a Mn > 18 kg•mol-1 where

the PEO monolayer is stable and Πcollapse increases by < 10 % with further increases in
Mn. The lines in Figure 6.3(B) represent Π-A isotherms obtained by constant
compression rate experiments (~ 0.04 nm2•monomer-1•min-1) and the symbols represent
isotherms obtained by successive addition experiments.
In Figure 6.3, one sees that the isotherm for trisilanolcyclohexyl-POSS increases from
Π = 0 at a lift-off area of APOSS,lift-off = 1.81 nm2•POSS group-1 and collapses to form

multilayer films at Πcollapse= 4.3 mN•m-1 and APOSS,collapse < ~ 1.64 nm2•POSS group-1,
respectively as previously reported.44,180 The abrupt rise in Π is consistent with a rigid
film and the formation of a condensed (LC) monolayer phase. Similarly, the isotherm for
high molar mass PEO83K agrees with the literature.31,181 For PEO, the surface pressure
initially starts to rise from Π = 0 at Alift-off ~ 0.6 nm2•monomer-1 (not shown). The gentle
rise in Π from Alift-off to A ~ 0.12 nm2•monomer-1 is consistent with the A/W interface
serving as a 2D “good solvent” for the PEO chain and the formation of a liquid expanded
(LE) monolayer phase.31,181 Hence, PEO83K films can be characterized as soft and flexible.
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The PEO83K film collapses at Πcollapse = 9.9 mN•m-1 for compression and Acollapse ~ 0.12
nm2•monomer-1 (Πcollapse = 9.5 mN•m-1 for addition). In contrast to insoluble
trisilanolcyclohexyl-POSS, the aqueous solubility of PEO leads to looping into the
subphase.31
Looking at the isotherms for POSS-PEG1K-POSS, POSS-PEG2K-POSS, and POSSPEG3.4K-POSS in Figure 6.3, several features are clear. First, the isotherms are not even
qualitatively similar to PEO83K (inset of Figure 6.3(B)). In fact, the POSS cage appears
to control the point where Π sharply increases for these molecules as this value of APOSS
correlates with APOSS,collapse for trisilanolcyclohexyl-POSS on Figure 6.3(A). In contrast,
the gentle rise in Π for APOSS > 1.8 nm2•POSS group-1 during constant compression rate
experiments is indicative of at least some of the PEG component remaining at the A/W
interface, thereby increasing the film’s 2D isothermal compressibility. Another important
feature is that the isotherms obtained in addition experiments start to deviate from those
obtained by compression at a constant rate as soon as monolayer starts to form, Π ~ 0
mN•m-1. Additionally, the collapse pressures for the addition isotherms are smaller than
the compression isotherms (Πcollapse~ 30 mN•m-1) and they are molar mass dependent.
The later two points are consistent with a metastable monolayer state.
A plausible explanation for the discrepancies between isotherms obtained by
compression at a fixed rate and successive additions of spreading solution starts with
initial spreading. Spreading at Π = 0 and A > Alift-off allows the POSS-PEG-POSS to exist
at the A/W interface with some adsorbed PEG segments. During compression at a
constant rate, relaxation of the PEG chains into the subphase may be slow relative to the
compression rate yielding transient concentrations of PEG at the surface at elevated Π.

126

Such a condition would yield a more compressible film. In contrast, the time allowed
between additions of spreading solution may be long enough for chains to loop. As a
consequence, Π would not rise until POSS-POSS interactions start to occur. As
trisilanolcyclohexyl-POSS films are known to be rigid,44,180 low compressibility (high
modulus) films would be expected.
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Figure 6.3. Π-A isotherms of POSS-PEG-POSS, trisilanolcyclohexyl-POSS, and PEO83K

Langmuir films at T = 22.5 ˚C. (A) Π-APOSS for POSS-PEG1K-POSS (solid line), POSSPEG2K-POSS

(dotted

line),

POSS-PEG3.4K-POSS

(dashed

dotted

line),

and

trisilanolcyclohexyl-POSS (◊) by compression at a fixed rate (B) Π-A for POSS-PEG1KPOSS (□), POSS-PEG2K-POSS (○), POSS-PEG3.4K-POSS (∆), and PEO83K (▼, inset) by
successive addition experiments (symbols) and compression at a fixed rate (lines).
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Table 6.1. Molar Mass Dependent Characteristics of the POSS-PEG-POSS Langmuir
Films181-184
POSSx-EGy-POSSxa
Calculatedb
Compression
Addition
x/y/x (designation)

Adlift-off

Adcollapse

Πcollapsee

Adcollapse

Πcollapsee

3300

0.2

0.1

30

0.1

19

92.79

4300

0.1

0.05

30

0.06

10.5

73.55

5700

0.06

0.03

30

0.03

11

Monomer

Polymer

Mnc

Mnc

1/22/1 (POSS-PEG1K-POSS)

137.46

1/44/1 (POSS-PEG2K-POSS)
1/74/1 (POSS-PEG3.4K-POSS)
a

Nominal number of repeating units (designated as monomers) for ethylene glycol (EG) and the
end groups (POSS). Italicized texts in parentheses are the designation of telechelic polymers
prepared from PEG with different molar masses. For further information see Chapter 3.
b
Calculated values assume the POSS-EG-POSS ratios are correct and assumes a POSS unit
counts the same as an EG unit for monomer calculations.
c
All molar mass values have units of g•mol-1.
d
All A have units of nm2•monomer-1.
e
All Πcollapse have units of mN•m-1
6.3.2 Static Elastic Properties of POSS-PEG-POSS Films at the A/W Interface

On the basis of Figure 6.3, one might conclude that as the length of the PEG segments
in the telechelic POSS-PEG-POSS increases, the films soften and approach PEO-like
behavior at the A/W interface. One measure of film flexibility is the static dilational
modulus ε s = − A(∂Π ∂A)T , the 2D analog of the bulk modulus. εs is simply the inverse
of the surface compressibility, κs, the 2D analog of the 3D isothermal compressibility.
Figure 6.4 shows εs-Π for the POSS-PEG-POSS and the corresponding reference

compounds, high molar mass PEO83K and trisilanolcyclohexyl-POSS. Even though
trisilanolcyclohexyl-POSS is not a polymer, one observes that it has a steep slope in εs-Π
as one might expect for a rigid material. Additionally, Figure 6.4 contains the theoretical
limits corresponding to predictions of when the A/W interface behaves as a good
solvent99 and theta solvent101 with respect to polymer chain conformations. For additional
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details, see Chapter 2.4.2. Looking at the series of POSS-PEG-POSS molecules, it is
clear that compression at a constant rate (Figure 6.4(A)) and successive addition (Figure
6.4(B)) experiments exhibit some distinct differences. In Figure 6.4(A), one sees that

POSS-PEG1K-POSS shows the largest deviation from good solvent scaling behavior and
that this deviation decreases over the range of Π < ~ 6 mN•m-1 as the length of the PEG
segment increases. From this one might conclude that more PEG resides at the surface,
thereby softening the film to produce a gentler rise in Π. Furthermore, the maximum εs
value (εs,max) decreases with increasing PEG spacer length as one might expect from the
scaling behavior in the semi-dilute monolayer regime. Interestingly, the behavior for
successive addition experiments is different. From Figure 6.4(B), there is little deviation
between POSS-PEG1K-POSS, POSS-PEG2K-POSS, and POSS-PEG3.4K-POSS in the
semi-dilute monolayer regime. All three POSS-PEG-POSS molecules start near the good
solvent limit for Π < 2 mN•m-1 and rise more sharply for Π > 2 mN•m-1. They also
exhibit comparable values of εs,max ~ 200 mN•m-1 with the value for the POSS-PEG1KPOSS actually being a bit smaller. From the above results, one might conclude that
during the time that Π is allowed to relax in successive addition experiments, the PEG
segments of 2 and 3.4 kg•mol-1 POSS-PEG-POSS are actually looping into the subphase
to a greater extent than the POSS-PEG1K-POSS. As a consequence, the POSS cages
exhibit stronger influence on the compressibility of the film during successive addition
than constant compression rate experiments due to the loss of PEG segments from the
immediate vicinity of the A/W interface.
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Figure 6.4. εs-Π for (A) constant compression rate and (B) successive addition

experiments for POSS-PEG1K-POSS (□), POSS-PEG2K-POSS (○), POSS-PEG3.4K-POSS
(∆), PEO83K(▼), and trisilanolcyclohexyl-POSS (◊, insets) at T = 22.5 °C.
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6.3.3 Dynamic Dilational Viscoelastic Properties of POSS-PEG-POSS Films at the
A/W Interface

All of the experimental data from SLS was obtained through successive addition
experiments. Figures 6.5 and 6.6 show fs,eq-Π and ∆fs,c,eq-Π, respectively, for PEO83K,
POSS-PEG-POSS, and trisilanolcyclohexyl-POSS. Figures 6.5 and 6.6 also contain the
five limits of the dispersion equation that are relevant to perfectly elastic surface films (IV, for further details see Chapter 2.8.2).97 fs,eq and ∆fs,c,eq were obtained following the
procedure outlined in Chapter 2.8. Hence, data points in Figures 6.5 and 6.6 represent
averages of four wavevectors (6th through 9th diffraction orders). The inclusion of data for
PEO83K and trisilanolcyclohexyl-POSS are expected to yield “material limits” for POSSPEG-POSS. In Figure 6.5, PEO data shows a maximum in fs,eq at Π ~ 2 mN•m-1, a
minimum at Π ~ 4.5 mN•m-1, and approaches pure liquid behavior as the film collapses
around Π ~ 9.5 mN•m-1. This behavior is matched with increasing ∆fs,c,eq as the
monolayer forms, a broad maximum in ∆fs,c,eq at Π ~ 4.5 mN•m-1, and a decrease as the
film collapses as seen on Figure 6.6. Looking at the limiting behavior on Figures 6.5 and
6.6, one may conclude that PEO83K forms a flexible monolayer that is nearly perfectly

elastic. This conclusion is supported by Figure 6.7 where ∆fs,c,eq is plotted versus fs,eq. On
Figure 6.7(A), data for PEO83K from 0 < Π < 4 mN•m-1 is plotted as open inverted

triangles while data from 4 < Π < 9.5 mN•m-1 is plotted as filled inverted triangles.
Focusing on Figure 6.7(A), ∆fs,c,eq- fs,eq shows a trace that starts at pure liquid behavior
(Limit I) for Π = 0 and then follows the outside of the plot (dynamic dilational viscosity,
κ < 5 × 10-5 mN•s•m-1) with increasing Π. The plot approaches, but does not reach, the

maximum velocity limit for perfectly elastic surface films (II) before ultimately arriving
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at Limit III, the maximum damping coefficient for a perfectly elastic surface film (Π ~ 4
mN•m-1). At this point, the dynamic dilational elasticity has maximized, εd,max ~ 13
mN•m-1. Further compression starts the film towards collapse, another data traces back
along the same path (i.e. when ∆fs,c,eq was increasing) towards pure liquid behavior.
These observations are completely consistent with previous studies and the discussion in
Chapter 4.30
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Figure 6.5. fs,eq-Π for POSS-PEG1K-POSS (□), POSS-PEG2K-POSS (○), POSS-PEG3.4K-

POSS (∆), trisilanolcyclohexyl-POSS (◊), and PEO83K (▼) at T = 22.5 ˚C for (A) the
entire Π range and (B) Π ≤ 2 mN•m-1. Limiting behavior of the dispersion equation,
dashed horizontal lines with roman numerals I, II, III, IV, and V (Chapter 2), is provided
for comparison. Error bars of ± 0.5% on fs,eq have been omitted for clarity.
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Figure 6.7. Δfs,c,eq-fs,eq for (A) PEO83K (V = Π < 4 mN•m-1, ▼ = Π > 4 mN•m-1), (B)

POSS-PEG1K-POSS (□), (C) POSS-PEG2K-POSS (○), (D) POSS-PEG3.4K-POSS (∆) and
(E) trisilanolcyclohexyl-POSS (◊) at T = 22.5 ˚C. The solid curves represent the dynamic
elasticity, εd in mN•m-1, while dashed curves correspond to the surface viscosity, κ × 105
in mN•s•m-1. Roman numerals correspond to limiting behavior of the dispersion equation.
These correspond to I = the pure liquid limit, II = the maximum velocity limit for a
purely elastic surface film (PESF), III = the maximum damping coefficient for a PESF,
IV = the minimum velocity limit for a PESF, and V = a surface film with an infinite
lateral modulus. A counter-clockwise trend in the data with increasing Π (noted by Π
values at selected points) is observed as films become more rigid after monolayer
formation. During PEO collapse, data points (▼) trace back along their original path in a
clockwise fashion.

In contrast to PEO83K, trisilanolcyclohexyl-POSS (Figures 6.5 and 6.6) shows an
abrupt change in fs,eq and ∆fs,c,eq from pure liquid behavior (Limit I) to viscoelastic
behavior which is consistent with the minimum velocity limit of a perfectly elastic
surface film (Limit IV) even before a Π value could be detected by the Wilhelmy plate
technique at Π < 0.1 mN•m-1. This feature can be more clearly seen on Figure 6.7(E).
The fact that both pure liquid behavior and monolayer behavior (Limit IV) are observed
at Π = 0 mN•m-1 would support the coexistence of liquid like (LC) monolayer and gas
phases at the surface.180 Even though a few data points lie between Limit I and IV, their
position at points other than the limits is indicative of monolayer flow at submonolayer
coverage. As the points represent average results for four wavevectors, and the power
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spectra themselves are temporal averages, there are times SLS will yield water-like
behavior, monolayer behavior, or a temporal average of what was in the beam for surface
concentrations where the film is heterogeneous. This has previously been seen and noted
in a variety of systems.96,97 Another interesting feature is that as the film collapses, there
is no indication that the dilational viscoelastic character of the monolayer changes from
εd,max ~ 50 mN•m-1. Hence, the conclusion is that the trisilanolcyclohexyl-POSS

monolayer is more brittle than PEO83K.
It is clear that POSS, even though they are only endgroups, yields POSS-like behavior
in POSS-PEG-POSS rather than a PEO-like film. In Figures 6.5(A) and 6.6(A), both fs,eq
and ∆fs,c,eq exhibit sharp deviation from pure liquid dynamics (Limit I) at Π ~ 0 mN•m-1
much like trisilanolcyclohexyl-POSS. The key difference is that this deviation is
continuous for POSS-PEG-POSS and discontinuous for trisilanolcyclohexyl-POSS as a
function of Π. This difference is more easily seen by looking at Figures 6.5(B) and
6.6(B), which expand the Π region from 0 < Π < 2 mN•m-1. In Figure 6.5(B) and 6.6(B),

one clearly sees that PEG exerts some influence during the early stages of monolayer
formation as POSS-PEG1K-POSS, POSS-PEG2K-POSS, and POSS-PEG3.4K-POSS exhibit
maxima in ∆fs,c,eq at Π = 1, 0.2 and 0.2 mN•m-1, respectively. For the case of POSSPEG1K-POSS, the maximum in ∆fs,c,eq is consistent with the maximum damping
coefficient for a perfectly elastic surface film (Limit III). However, Π where ∆fs,c,eq
maximize in POSS-PEG1K-POSS, Π (∆fs,c,eq,max) ~ 0.3 mN•m-1 is substantially smaller
than for PEO83K, Π (∆fs,c,eq,max) ~ 4 mN•m-1. Furthermore, POSS-PEG1K-POSS does not
return to pure liquid dynamics after attaining Limit III. Instead, both fs,eq and ∆fs,c,eq
approach but do not reach the limiting behavior for a surface film possessing an infinite
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complex dilational modulus (ε*Æ ∞, Limit V), and remain there even after the film
collapses. This result indicates that coupling oligomeric PEG1K with rigid POSS
endgroups yields a material that has dilational elastic moduli in excess of either model
compound, PEG83K and trisilanolcyclohexyl-POSS. As seen in Figure 6.7(B), the
trajectory from pure liquid behavior (I) toward ε* Æ∞ is consistent with κ < 5 × 10-5
mN•s•m-1 for Π < ~ 2 mN•m-1 but may be large at higher Π as ε* Æ∞.
Figures 6.5-6.7 clearly show that POSS-PEG-POSS properties at low Π are molar

mass dependent. Interestingly, the position where ∆fs,c,eq maximizes shifts and its
magnitude decreases with increasing Mn of the oligomeric PEG (Figure 6.6(B)). This
shift means that POSS-PEG2K-POSS and POSS-PEG3.4K-POSS are actually more rigid
than POSS-PEG1K-POSS. Looking at Figure 6.7(B)-(D), the trajectory seems to indicate
that POSS-PEG2K-POSS is actually the most rigid film. Such behavior may be consistent
with the looped conformation discussed in Chapter 5 and the enhanced surface activity of
PEG oligomers as Mn increases from 1 to 3.4 kg•mol-1. In POSS-PEG1K-POSS, the PEG
loop may be short enough to keep some PEG segments at the interface. In contrast,
POSS-POEG2K-POSS could allow for more significant looping leading to less PEG in the
upper most layer of the film. Moreover, the PEG3.4K in POSS-PEG3.4K-POSS has greater
surface activity than short-oligomers. Hence, POSS-PEG3.4K-POSS could actually have
more PEG at the interface. If this speculation is correct, there may be a maximum in
membrane rigidity with respect to Mn of the PEG linker between PEG1K and PEG3.4K.
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6.3.4 Dynamic Elasticity and Viscosity Data as a Function of Π
Figures 6.8 through 6.12 show εd, εs, and κ data as a function of Π for PEO83K, POSS-

PEG1K-POSS, POSS-PEG2K-POSS, POSS-PEG3.4K-POSS and trisilanolcyclohexyl-POSS,
respectively. Figure 6.8(A) shows the type of agreement one generally sees between εd
and εs for polymeric films where the A/W interface can be regarded as a good solvent
with respect to polymer chain confrmations.31,97 Under these conditions κ is small as seen
in Figure 6.8(B). The maximum values of εd and εs (~ 12 mN•m-1) show that PEO(PEG)
is a soft material at the A/W interface as discussed in Chapter 4. In contrast,
trisilanolcyclohexyl-POSS (Figure 6.12) forms a rigid monolayer where εd values show
large deviation from static values at Π ~ 0 mN•m-1, consistent with a rigid, heterogeneous
film.44,180 Although κ appears to be large for trisilanolcyclohexyl-POSS, these values are
not statistically significant and fluctuate around zero. This point reflects the scatter in
Figure 6.7(E) where values to the left of κ = 0 mN•m-1 in the vicinity of Limit IV (the

minimum velocity limit for a perfectly elastic surface film) have negative κ values.
As noted in the discussion of Figure 6.5 through 6.7 above, POSS-PEG1K-POSS
exhibits the most PEO-like behavior. Nonetheless, Figure 6.9 shows the POSS-PEG1KPOSS forms much more rigid films than PEO83K. Figure 6.7(A) and (B) focuses only on
the region where ∆fs,c,eq is changing with increasing Π in Figure 6.6 and 6.7. (0 < Π < 4
mN•m-1), while Figure 6.9(C) and (D) examines the entire Π range. The dashed vertical
lines on Figure 6.9(C) and (D) signify the end of the range examined in Figure 6.9(A)
and (B), respectively. Focusing on Figure 6.9(A) and (B), one sees that compression of
the film leads to a rapid and relatively scatter free rise in both εd and κ values with εd well
in excess of εs. Such behavior has previously been seen for other rigid films. This region
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of εd and κ versus Π corresponds to the region in Figure 6.7(B) where ∆fs,c,eq versus fs,eq
follows a counter clockwise trajectory from pure liquid dynamics (I) to the infinite lateral
modulus limit (V). The erratic scatter and absence of any discernable trends for data to
the right of the dashed vertical lines in Figure 6.9(C) and (D) can also be explained with
Figure 6.7(B). The general solution of the dispersion equation used to generate the lines

of constant εd and κ start and end at the singularity where ε* Æ ∞. In essence, ε* Æ ∞
serves as the origin for the coordinate system where the four quadrants (εd > 0 , κ > 0),
(εd > 0 , κ < 0), (εd < 0 , κ > 0), and (εd < 0 , κ < 0) come together. As a result, SLS data
with one standard deviation error bars of ± 0.5% for fs,eq and ± 5% for ∆fs,c,eq can take on
any value of εd and κ in the vicinity of the infinite lateral modulus limit (V). Similar
results have been seen for other rigid systems like poly(methyl methacrylate) and poly(tbutylmethacrylate), as well as other systems.145 Nonetheless, even with this complication,
representation of the data in Figure 6.7 shows εd for POSS-PEG1K-POSS is greater than
trisilanolcyclohexyl-POSS. The presumable explanation is that the longer more
hydrophilic PEG “anchors” make it more difficult for hydrophobic POSS groups to pull
away from the interface and form multilayer aggregates. This behavior is consistent with
the dramatic differences in aggregate structure observed by Brewster angle microscopy
(BAM) for POSS-PEG1K-POSS181 and trisilanolcyclohexyl-POSS44,180 reported in the
literature.
Figure 6.10 and 6.11 provide analogous plots to Figure 6.9 for POSS-PEG2K-POSS

and POSS-PEG3.4K-POSS, respectively. Qualitatively, the behavior is the same as POSSPEG1K-POSS in Figure 6.9. The key differences are larger κ values in the limit of Π Æ 0,
and shifting of the vertical dashed lines on Figures 6.10 (C) and (D) relative to POSS-
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PEG1K-POSS with POSS-PEG2K-POSS reaching the infinite lateral modulus limit (V in
Figure 6.7) at the smallest Π. One plausible explanation for these subtle differences is

differences in PEG segment density in the immediate vicinity of the interface.
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Figure 6.8. (A) εs (filled symbols) and εd (open symbols), and (B) κ for PEO83K plotted

as a function of Π for data obtained T = 22.5 ˚C for successive addition experiments at
the A/W interface. The dynamic values represent averages for results from the 6th through
the 9th diffraction orders.
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Figure 6.9. (A) εs (filled symbols) and εd (open symbols), and (B) κ data obtained at T =

22.5 ˚C from successive addition experiments at the A/W interface for POSS-PEG1KPOSS in the Π – range of 0 < Π < 4 mN•m-1. (C) and (D) contain analogous information,
respectively, for the entire Π – range. On (C) and (D), the vertical dashed line at Π = 4
mN•m-1 indicates the end of the range covered in (A) and (B), respectively. All plots
contain data for PEO83K for comparison (V = εd or κ and ▼ = εs)
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Figure 6.10. (A) εs (filled symbols) and εd (open symbols), and (B) κ data obtained at T

= 22.5 ˚C from successive addition experiments at the A/W interface for POSS-PEG2KPOSS in the Π – range of 0 < Π < 1 mN•m-1. (C) and (D) contain analogous information,
respectively, for the entire Π – range. On (C) and (D), vertical dashed line at Π = 1
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contain data for PEO83K for comparison (V = εd or κ and ▼ = εs)
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Figure 6.11. (A) εs (filled symbols) and εd (open symbols), and (B) κ data obtained at T

= 22.5 ˚C from successive addition experiments at the A/W interface for POSS-PEG3.4KPOSS in the Π – range of 0 < Π < 3.5 mN•m-1. (C) and (D) contain analogous
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plots contain data for PEO83K for comparison (V = εd or κ and ▼ = εs)
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Figure 6.12. (A) εs (filled symbols) and εd (open symbols), and (B) κ data obtained at T

= 22.5 ˚C from successive addition experiments at the A/W interface for
trisilanolcyclohexyl-POSS.

6.4 Conclusions

In this study, POSS-PEG-POSS telechelic polymers produce interesting surface
activity and viscoelastic behavior at the A/W interface. Π-A isotherm measurements in
compression experiments for a series of amphiphilic POSS-PEG-POSS confirm the
surface dilational viscoelastic behavior depends on PEG chain length and is consistent
with the A/W interface acting as a poor solvent. Comparisons with PEO83K and
trisilanolcyclohexyl-POSS show that adding POSS to the ends of the PEG oligomers does
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not simply decrease dissolution of the PEG segments leading to high molar mass PEO
behavior. Similarly, POSS-PEG-POSS does not behave exactly like trisilanolcyclohexylPOSS which exhibits an abrupt change from pure liquid like dynamics to a mildly elastic
film as soon as the monolayer forms. Rather, POSS-PEG-POSS telechelics exhibit a
smooth transition from pure liquid dynamics to monolayer dynamics ultimately achieving
a surface with larger dilational moduli (ε*Æ ∞) than either PEO (maximum εd ~ 12
mN•m-1) and trisilanolcyclohexyl-POSS (maximum εd ~ 50 mN•m-1). This enhancement
in film elasticity is consistent with the model proposed in Chapter 5181 for POSS-PEGPOSS conformations at the A/W interface. Moreover, the ability to manipulate
mechanical properties through nanoscale control of structure demonstrated in this hybrid
organic-inorganic systems should be applicable to controlling interfacial rheological
properties in PEG stabilized nanoparticle systems.
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Chapter 7
Surface Behavior of Hemi-Telechelic Poly(ethylene glycol) Amphiphiles
with Polyhedral Oligomeric Silsesquioxane (POSS) Endgroups and
Trisilanolcyclopentyl-POSS at the Air/Water Interface

7.1 Abstract

Linear oligomers of poly(ethylene glycol) (PEG) with one polyhedral oligomeric
silsesquioxane (POSS) end group and a methoxy group on the other end of the chain,
represent hemi-telechelic polymers (POSS-PEG) which exhibit different properties at the
air/water (A/W) interface than telechelic POSS-PEG-POSS of comparable POSS:PEG
ratios. Surface pressure-area (Π-A) isotherms and Brewster angle microscopy (BAM)
studies at the A/W interface show that POSS-PEG with 10 and 46 ethylene glycol (EG)
repeat units are amphiphilic, whereas 3 EG repeat units yield a POSS-PEG that fails to
form stable Langmuir films. Comparisons of surface light scattering (SLS) studies of
POSS-PEG with 10 EG repeating units to POSS-PEG-POSS where PEG has 22 EG
repeating units reveal qualitatively similar behavior, although the POSS-PEG exhibits
greater flexibility. This trend is even more pronounced for POSS-PEG with 46 EG units
relative to POSS-PEG-POSS containing 44 and 74 EG units. This study reveals that
tethering two chain ends to the A/W interface dramatically reduces chain flexibility
relative to chains with one tethered end, thereby producing another structural parameter
for controlling modulus in ultra thin PEG coatings at aqueous interfaces.
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7.2 Introduction

Making a thin film for amphiphilic surfactants or polymers at the air/water (A/W)
interface has received significant attention in surface science. Not only do adsorbed
molecules modify interfacial film properties,181 but they also exhibit interesting
thermodynamic phase transitions within monolayers due to interactions with other
surfactant chains and the subphase.78,145,151,179,213,234 Moreover, multicomponent mixtures
of amphiphilic molecules or nanoparticles with polymeric surfactants provide an
interesting approach for studying intermolecular interactions in a nearly two-dimensional
(2D) system.247,248
Polyhedral oligomeric silsesquioxane (POSS) molecules represent a versatile class of
hybrid organic-inorganic materials249-252 and have attracted tremendous theoretical and
experimental attention because of their core shell structure and potentially amphiphilic
character. Fully condensed POSS molecules such as octafunctional-POSS depicted in
Figure 7.1(A) [T8R8, where T is a silsesquioxane unit (SiO1.5) and R is alkyl] are non-

amphiphilic, while open POSS cage POSS derivatives like trisilanol-POSS (T7R7(OH)3,
where R is variable)175,178,180,181 depicted in Figure 7.1(B) are amphiphilic and act as
surfactants.
Although changing the R group leads to different thermodynamic interactions between
neighboring molecules, the Langmuir film phase behavior and packing states of POSS
are generally simpler than other molecules such as fatty acids46,253-255 where the larger
aspect ratio (length/diameter) leads to a rich diversity of condensed monolayer phases.
The surface shear viscoelastic characteristics of POSS Langmuir films were first reported
recently for interfacial stress rheometry studies of trisilanolcyclohexyl-POSS.44 Likewise,
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surface light scattering (SLS) has been utilized to probe surface dilational viscoelastic
properties of some trisilanol-POSS derivatives (where R is isobutyl and cyclohexyl).
These studies show that POSS forms films with large elastic moduli.
POSS need not exist as the small molecules depicted in Figure 7.1. In fact, various
POSS derivatives can serve as monomers in step growth,44 chain growth,180 and living
polymerizations. Another way to incorporate POSS into polymeric materials is to add
them as chain ends. Telechelic POSS derivatives of poly(ethylene glycol) (PEG), POSSPEG-POSS, essentially act as amphiphilic “block copolymers”.181-184 In this study,
POSS-PEG-POSS are designated as POSS-PEGn-POSS where n is the number average
degree of polymerization. POSS-PEG22-POSS, POSS-PEG44-POSS, and POSS-PEG74POSS have cyclohexyl substituents and correspond to POSS-PEG1K-POSS, POSSPEG2K-POSS, and POSS-PEG3.4K-POSS, respectively, of Chapter 5 and 6.
In this chapter, water soluble PEG oligomers which fail to form stable Langmuir films
and a hydrophobic POSS endgroup, analogous to an octafunctional-POSS cage, which
also fails to form monolayers at the A/W interface produce amphiphilic hemi-telechelic
POSS-PEGs (Figure 7.1(D)). These hemi-telechelic POSS-PEGs should form insoluble
surfactants at the A/W interface. The advantage of hemi-telechelic POSS-PEG molecules
over other telechelic or hemi-telechelic systems is that these materials can serve as
building blocks for the construction of hybrid organic-inorganic materials.181 Compared
with telechelic POSS-PEG-POSS systems, the PEG component in hemi-telechelic POSSPEG should exhibit different conformations and viscoelastic film behavior at the A/W
interface. Surface pressure-area (Π-A) isotherms, Brewster angle microscopy (BAM),
and surface light scattering (SLS) studies will be used to understand how coupling POSS

150

to PEG to form POSS-PEG yields amphiphilic properties that deviate from relevant T8R8
cages, trisilanol-POSS, and POSS-PEG-POSS of comparable POSS:PEG ratio. In
particular, these studies start to address the question of how tethering two ends versus one
end of a linear polymer chain to the A/W interface affects the surface dilational
viscoelastic properties of the film.
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Figure 7.1. Representative POSS derivatives: (A) a closed cage POSS molecule (T8R8),

(B) an open cage POSS molecule [T7R7(OH)3, where relevant R = Cp and Cy], (C)
POSS-PEGn-POSS [R = Cy, where n =22, 44, 74], and (D) POSS-PEG [n = 3,10, or 46,
where R = Cp].

151

7.3 Results and Discussion
7.3.1 Π-A Isotherm Studies of POSS-PEG

POSS-PEGn exhibit interesting isotherm results. As n increases, each Π-A isotherm of
the POSS-PEG series takes on characteristics that are more consistent with PEO and
poly(ethylene glycol) (PEG) than POSS during constant compression rate and successive
addition experiments at the A/W interface. In the subsequent discussion, hemi-telechelic
POSS-PEGn with n = 3, 10, and 46 EG repeat units will be expressed as a subscript,
POSS-PEG3, POSS-PEG10, and POSS-PEG46, respectively.
7.3.1.1 Π-A Isotherm Studies of POSS-PEG3
Figure 7.2 shows Π-A isotherms of POSS-PEG3 where A is expressed in terms of

area/molecule. POSS-PEG3 Π-A isotherms obtained by compression at a constant rate
and successive addition experiments reveal large discrepancies between the two methods
for controlling A. For Figure 7.2, the Π-A isotherm exhibits a number of interesting
transitions at A ~1.2, 1.0, and 0.4 nm2•molecule-1 that presumably arise from PEG chain
rearrangement during constant compression rate experiments. However, BAM images
taken at all A exhibit three-dimensional heterogeneous aggregates. Moreover, isotherm
results for successive addition experiments show that Π remains at zero for all A
indicating that POSS-PEG3 does not form stable Langmuir films. The apparent
explanation for this observation is that 3 EG units are insufficiently hydrophilic to
compensate for the other seven hydrophobic substituents on the POSS cage. As a result,
molecules start to be piled up and make multilayers even at low surface concentration (Π
≈ 0 mN•m-1). In essence, POSS-PEG3 behaves the same way as octaisobutyl-POSS,175
and octacyclohexyl-POSS.181
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Figure 7.2. Π-A isotherms of POSS-PEG3 during successive addition (□) and constant

compression rate (solid line) experiments with a compression rate of ~ 0.34
nm2•molecule-1•min-1 experiments at T = 22.5 °C. The successive addition experimental
results verify that POSS-PEG3 does not form monolayers at the A/W interface. Points A
through D on the isotherm indicate A values where 4.8×6.4 mm2 BAM images were
taken: (A) A = 1.8, (B) A = 1.3, (C) A = 0.9, and (D) A = 0.6 nm2•molecule-1,
respectively. While the resolution is poor in the images, all BAM images exhibit
aggregated domains. For the BAM images, compression was symmetric from the top and
bottom of the image.
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7.3.1.2 Π-A Isotherm Studies of POSS-PEG10 & POSS-PEG46
Figure 7.3 shows Π-A isotherms of POSS-PEG10 and POSS-PEG46. The solid lines in
Figure 7.3 represent isotherms obtained by constant compression rate experiments and

the solid symbols represent isotherms obtained by successive addition experiments. From
Chapter 4 and 5, it is clear that oligomeric PEG exhibits almost no surface activity and
fully condensed POSS does not form monolayers,181 whereas POSS-PEG10 and POSSPEG46 form insoluble films.
For POSS-PEG10 in Figure 7.3, the monolayer is initially in a gas-like phase (G) at
very large A. As compression proceeds, the gas-like phase and liquid-like phase (G/L)
coexist at areas per molecule larger than 4 nm2•molecule-1 where the surface pressure (Π)
is close to 0 mN•m-1. For the area between 1.4 < A < 4 nm2•molecule-1, Π starts to rise
slowly and the film apparently exists as in an expanded liquid-like monolayer (LE) phase.
In the vicinity of 1.2 <A < 1.4 nm2•molecule-1, the surface pressure begin to rise much
more sharply. Further compression of the monolayer (1.1 < A < 1.2 nm2•molecule-1)
leads to a condensed liquid-like monolayer (LC) phase. The limiting cross-sectional area,
A0, estimated by extrapolating the steep portion of the LC phase back to the A axis yields
A ~ 1.3 nm2•molecule-1. Additional compression of the monolayer (A <1.1
nm2•molecule-1) leads to multilayers (Π ~ 35 mN•m-1). This conclusion is based upon
interesting morphologies in BAM images Figure 7.4 (B)-(D) for A values below the A
corresponding to the collapse transition (Acollapse ~ 1.1 nm2•molecule-1 and Πcollapse ~ 35
mN•m-1). During successive addition experiments, the behavior of Π-A isotherm is very
similar to that of the compression experiments, however, A0 and Πcollapse values are
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smaller. The formation of the LC phase starts at A0 ~ 1.25 nm2•molecule-1 and multilayer
structures start to form at Πcollapse ~ 15 mN•m-1 (Acollapse ~ 0.9 nm2•molecule-1).
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Figure 7.3. Π - A isotherms of POSS-PEG10 and POSS-PEG46 during successive addition

(open symbols) and constant compression rate experiments (solid lines) for POSS-PEG10
(○) and POSS-PEG46 (∆) with a compression rate of ~ 0.43 nm2•molecule-1•min-1 and at
T = 22.5 °C. The inset shows a Π-A isotherm of POSS-PEG46 for the entire A range.
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Figure 7.4. BAM images for POSS-PEG10 obtained with a constant compression rate of

~ 0.43 nm2•molecule-1•min-1 at T = 22.5 °C. (A) A uniform LE monolayer at A ~ 3
nm2•molecule-1, and aggregates observed in collapsed films at (B) 0.73, (C) 0.56, and (D)
0.48 nm2•molecule-1. BAM was unable to detect any heterogeneous surfaces at any A for
POSS-PEG46. All images are 4.8 × 6.4 mm2 and the film is symmetrically compressed
from the top and bottom of each image.

For POSS-PEG46, the film likely exists in G and G/LE states in the region A > 20 nm2
•molecule-1 (Π ∼ 0 mN•m-1). Further compression leads to the formation of an expanded
liquid-like (LE) monolayer (2.5 < A < 20 nm2 •molecule-1). For the region 1.4 < A < 2.5
nm2 •molecule-1, the compressibility of the film is more consistent with a condensed
liquid-like (LC) monolayer. Extrapolation of the steepest portion of the LC region back to
the A-axis (Π = 0 mN•m-1) yields A0 ~ 1.5 nm2 •molecule-1. Even further compression
leads to collapse of the film. The collapse pressure of the film (Πcollapse ∼ 41 mN•m-1) of
POSS-PEG46 (the inset graph) is even higher than that of POSS-PEG10. BAM does not
reveal heterogeneous domains in the collapsed regime for POSS-PEG46 in contrast to
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POSS-PEG10. This difference may indicate some solubility of POSS-PEG46 in the
subphase at elevated Π much like high molar mass PEO which does not form aggregates
in the collapsed regime. Similar to POSS-PEG10, Π-A isotherms for POSS-PEG46
obtained during successive addition experiments show the same qualitative trends as
constant compression rate experiments with smaller Πcollapse ~ 25 mN•m-1.
Looking at the isotherms for POSS-PEG10 and POSS-PEG46, several features can be
discussed. First, the gentle rise in Π is probably due to the PEG components. For example,
the relatively longer PEG chains for POSS-PEG46 make larger contributions to the larger
A regimes (Π < 10 mN•m-1). Second, the shapes of the isotherms are similar to POSSPEG-POSS system discussed in Chapter 5. As such, the POSS groups likely control the
formation of the LC phase after EG units have been squeezed out of the film to yield a
close-packed POSS monolayer. On the basis of these two points, an obvious next step is
to compare POSS-PEG behavior to relevant POSS, PEG, and POSS-PEG-POSS
molecules. Third, the addition isotherms for POSS-PEG10 start to deviate from the
compression isotherms after Π ~ 2.5 mN•m-1. Fourth, Πcollapse for successive addition
isotherms are smaller than those obtained by compression at a constant rate and are molar
mass dependent. As a result, the window between Πcollapse for the constant compression
rate and successive addition Π-A isotherms represents a metastable state for the
monolayers. Finally, the collapse of the film for POSS-PEG46 occurs at even higher Π
than that of POSS-PEG10 in both addition and compression isotherms. High Πcollapse is
usually indicative of interactions between the surfactant and the aqueous subphase. As a
consequence, it is more difficult to pull POSS out of the interface into air to form
multilayer structures. In this case, it may even favor desorption. Considering the
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discussion in Chapter 6, where features qualitatively similar to the later 3 points lead to
interesting viscoelastic properties, similar effects are expected here. Hence, static Π-A
isotherm analyses and SLS results for dilational viscoelastic behavior of POSS-PEG will
be examined in Section 7.3.4 and 7.3.5.

7.3.1.3 POSS-PEG Π-A Isotherms as a Function of POSS Surface Density
Figure 7.5 shows the same Π data in Figure 7.3 plotted as a function of the surface

area per POSS endgroup, APOSS, for POSS-PEG3, POSS-PEG10, and POSS-PEG46 during
constant compression rate experiments. Figure 7.5 also includes a Π-A isotherm for
trisilanolcyclopentyl-POSS (T7Cp7(OH)3) for comparison. It is possible to estimate the
area each cyclopentyl substituted POSS cage occupies at the A/W interface from
trisilanolcyclopentyl-POSS since these molecules form stable monolayers at the A/W
interface. For trisilanolcyclopentyl-POSS, Π increases sharply from zero at a lift-off area
of Alift-off ~ 1.65 nm2 •POSS group-1 and undergoes collapse at Acollapse ~ 1.5 nm2 •POSS
group-1 and Πcollapse ~ 9 mN•m-1. The estimated area A0 value for T7Cp7(OH)3 molecules
is essentially the same as Alift-off as APOSS,0 ~ 1.65 nm2 •POSS group-1. On the basis of the
shape of the trisilanolcyclopentyl-POSS isotherm along with previously published work
on trisilanolcyclohexyl-POSS,44,180 the long plateau between ~ 0.55 < A < 1.51
nm2•POSS group-1 and the sharp rise in Π for A < 0.5 nm2•POSS group-1 reflect
multilayer transitions that are not relevant to the discussion here. It is obvious form
Figure 7.2 that POSS-PEG3 molecules form multilayers at Π ~ 0 mN•m-1, hence they

yield areas per POSS group that are smaller than trisilanolcyclopentyl-POSS. In contrast,
plotting Π versus APOSS for POSS-PEG10 and POSS-PEG46 reveals that the LC phase
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starts at APOSS ~ 1.65 nm2•POSS group-1. Hence, one conclusion from Figure 7.5 is that
PEG has been squeezed into the subphase at the beginning of the LC phase for POSSPEG10 and POSS-PEG46 yielding a brush-like and mushroom-like layer, respectively with
POSS anchors at the air side of the interface and PEG chains extended into the subphase.
BAM images in Figure 7.4 show POSS-PEG10 collapses into multilayers, whereas
POSS-PEG46 may actually collapse via dissolution into the subphase at elevated Π.
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Figure 7.5. Π-A isotherms of POSS-PEG3 (solid line), POSS-PEG10 (○), POSS-PEG46

(∆), and T7Cp7(OH)3 (dotted line) as a function of area per POSS group obtained by
compression at a constant rate of ~ 0.35 nm2•POSS-1•min-1 at T = 22.5 °C. The inset
graph shows the entire APOSS range for POSS-PEG46.
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7.3.2 Static Elasticity Analysis for POSS-PEG Films at the A/W Interface

The 2D analog to the 3D bulk modulus is the static elastic modulus
⎛ ∂Π ⎞
⎟
⎝ ∂A ⎠T

ε s = κ s−1 = − A ⎜

(7.1)

where κs is the 2D analog to the 3D isothermal compressibility. As noted by Esker, et
al.97,145 ε s = zΠ in the semi-dilute regime for polymeric Langmuir films with z = 2.86 for
the case where the A/W interface can be regarded as good solvent with respect to chain
conformations,97,99 and values between z = 8100 and z = 101101 for the analogous theta
solvent case. Figure 7.6 shows εs-Π for POSS-PEG10, POSS-PEG46, PEO83K (where 83K
signifies a number average molar mass of 83 kg•mol-1), and trisilanolcyclopentyl-POSS.
In Figure 7.6(A), POSS-PEG10 data is plotted for both constant compression rate
experiments (filled circles) and successive addition experiments (open circles), along
with compression data for trisilanolcyclopentyl-POSS (crosses) for 0 < Π < 10 mN•m-1.
Likewise, Figure 7.6(B) contains POSS-PEG46 data for constant compression rate
experiments (filled triangles), and successive addition experiments (open triangle), along
with successive addition data for trisilanolcyclopentyl-POSS (Y). Data for both types of
experiments with PEO83K is provided as the inset on Figure 7.6(B). The relevant
theoretical predictions for good solvent (dotted line) and theta solvent conditions (solid
line, z = 101) are also included on Figure 7.6(A) and (B).
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Figure 7.6. εs vs. Π at T = 22.5 °C for (A) POSS-PEG10 for compression at constant rate

(●)

and

successive

(○)

experiments,

along

with

compression

data

for

trisilanolcyclopentyl-POSS (+) restricted to 0 < Π < 10 mN•m-1, and (B) POSS-PEG46 for
compression at a constant rate (▲) and successive addition (∆) experiments, along with
addition data for trisilanolcyclopentyl-POSS (Y). The inset shows εs for PEO83K from
compression at a constant rate (♦) and successive addition (◊) experiments. The solid bold
lines corresponds to the most extreme numerical prediction for theta solvent conditions101
and the bold dotted lines correspond to good solvent conditions.99
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7.3.3 Comparison of POSS-PEG and POSS-PEG-POSS Π-APOSS Isotherms

In order to understand if there are any differences in surface properties between
tethering one or two ends to a POSS anchor, the POSS-PEG-POSS derivatives in Chapter
6 are compared to the POSS-PEG in this chapter. The comparison is not perfect as POSSPEG and POSS-PEG-POSS have different R-substituents on the POSS: cyclopentyl
versus cyclohexyl, respectively. As seen in the Π-APOSS isotherm of Figure 7.7, where
trisilanolcyclohexyl-POSS is compared with trisilanolcyclopentyl-POSS, the overall
shape of each isotherm is the same. However, cyclopentyl (Cp) substituents are smaller
than cyclohexyl (Cy) substituents. As a consequence, trisilanolcyclopentyl-POSS are
shifted to smaller A relative to trisilanolcyclohexyl-POSS (Alift-off ~ 1.81 nm2•POSS-1, A0
~ 1.81 nm2•POSS-1, and APOSS,collapse ~ 1.65 nm2•POSS-1). The other significant difference
is a slightly higher Πcollapse for trisilanolcyclopentyl-POSS (Πcollapse ~ 9 mN•m-1 vs. 4.7
mN•m-1 for trisilanolcyclohexyl-POSS). As substituent effects on the viscoelastic
parameters at different Π are expected to be minor, POSS-PEG10 is compared to POSSPEG22-POSS in Figure 7.8(A) as these two molecules have nearly identical POSS:PEG
ratios. As seen in Figure 7.8(A), the two Π-A isotherms coincide with each other in the
LC monolayer regime (1.4 < APOSS < 1.6 nm2•POSS-1). The key differences are that Π is
lower for POSS-PEG22-POSS in the LE regime (A > 1.6 nm2•POSS group-1), and that the
POSS-PEG22-POSS has a lower Πcollapse ~ 30 mN•m-1, while the lower Πcollapse may be an
effect of cyclohexyl vs. cyclopentyl substituents, the higher Π in the LE regime is most
likely an effect of PEG having one free chain end in the POSS-PEG10. This difference is
even more dramatic for POSS-PEG46. As seen in the Π-APOSS plot of Figure 7.8(B),
POSS-PEG46 exhibits vastly larger Π values in the LE regime A > 1.3 nm2•POSS group-1
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than either POSS-PEG44-POSS or POSS-PEG74-POSS. It is interesting that POSS-PEG46
and POSS-PEG74-POSS are nearly coincident in the LC monolayer regime for POSSPEG46 where the POSS:PEG ratio is the closest. Much like the POSS-PEG10:POSSPEG22-POSS comparison, Πcollapse for POSS-PEG46 is greater (Πcollapse ~ 40 mN•m-1) than
for POSS-PEG74-POSS (Πcollapse ~ 30 mN•m-1). Here, it is tempting to argue that the
increase in Πcollapse must also be influenced by the tethering mechanism of PEG and the
length of the PEG tail. If it were not, one might expect that the difference in Πcollapse
between POSS-PEG10 and POSS-PEG22-POSS and POSS-PEG44-POSS and POSSPEG74-POSS should be of comparable magnitude, which it is not. These observations
hint that POSS in POSS-PEG could have a much stronger influence on viscoelastic
behavior in POSS-PEG than POSS-PEG-POSS.
Figure 7.6 reveals several interesting features about POSS-PEG10 and POSS-PEG46.

Both POSS-PEG10 and POSS-PEG46 exhibit scaling behavior that is consistent with the
A/W interface acting as a good solvent with respect to chain conformations over a fairly
wide range of Π, 0 < Π < ~ 5 mN•m-1, in both cases just like PEO83K. While deviation
from the good solvent prediction for POSS-PEG10 starting at Π = 5 mN•m-1 reflects the
effect of POSS-POSS interactions, PEO-like behavior extends up to the collapse pressure
for PEO83K (~ 10 mN•m-1) for POSS-PEG46. After this point, POSS-POSS interactions
start to dominate film behavior in the POSS-PEG46. Analogous Π for the start of POSSPOSS interactions in POSS-PEG-POSS systems were substantially smaller (< 1 mN•m-1
see Section 6.3.1). The other key feature is the lower collapse pressure for data obtained
in successive addition experiments compared to compression experiments where the data
was obtained by compression at a fixed rate. Similar effects were observed in Section
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6.3.1 for POSS-PEG-POSS systems. On the basis of Figure 7.6 and Chapter 6 substantial
differences are expected between POSS-PEG and POSS-PEG-POSS for dynamic
dilational data obtained in SLS experiments.

7.3.4 Dynamic Dilational Viscoelastic Properties of POSS-PEG Films at the A/W
Interface

All of the experimental data from SLS was obtained through successive addition
experiments. Figures 7.9 and 7.10 shows fs,eq and ∆fs,c,eq as a function of Π for POSSPEG10 and POSS-PEG46, as well as trisilanolcyclopentyl-POSS and PEO83K. Figures 7.9
and 7.10 also contain the five limits of the dispersion equation that are relevant to
perfectly elastic surface films (I-V).145 fs,eq and ∆fs,c,eq were obtained following the
procedure outlined in Chapter 2.
In Figure 7.9, PEO data shows a maximum in fs,eq at Π ~ 2 mN•m-1, a minimum at Π
~ 4.5 mN•m-1, and approaches pure liquid behavior as the film collapses around Π ~ 9.5
mN•m-1. This behavior is matched with increasing ∆fs,c,eq as the monolayer forms, a broad
maximum in ∆fs,c,eq at Π ~ 4.5 mN•m-1, and a decrease as the film collapses as seen on
Figure 7.10. Looking at the limiting behavior on Figures 7.9 and 7.10, one may

conclude that PEO83K forms a flexible monolayer that is nearly perfectly elastic. This
conclusion is supported by Figure 7.11 where ∆fs,c,eq is plotted versus fs,eq. On Figure
7.11(A), data for PEO83K from 0 < Π < 4 mN•m-1 is plotted as open inverted triangles,

while data from 4 < Π < 9.5 mN•m-1 is plotted as filled inverted triangles. Focusing on
Figure 7.11(A), ∆fs,c,eq- fs,eq shows a trace that starts at pure liquid behavior (Limit I) for

Π = 0 and then follows the outside of the plot (dynamic dilational viscosity, κ < 5 × 10-5
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mN•s•m-1) with increasing Π that approaches but does not reach the maximum velocity
limit for a perfectly elastic surface film (II) before ultimately arriving at Limit III, the
maximum damping coefficient for a perfectly elastic surface film (Π ~ 4 mN•m-1). At this
point the dynamic dilational elasticity has maximized, εd,max ~ 13 mN•m-1. Further
compression starts the film towards collapse, and the data traces back along the same
path (i.e. when ∆fs,c,eq was increasing) towards pure liquid behavior. These observations
are completely consistent with previous studies30 and the discussion in Chapters 4 and 6.
Next, the effect of PEG length on POSS-PEG film behavior is considered. In
oligomeric homopolymer PEG systems, the film is unable to form stable Langmuir
monolayers. As discussed in Chapter 4, 1 and 2 kg•mol-1 PEG Π-A isotherms exhibit
gross deviation from the behavior observed for PEO83K (high molar mass PEO).
Nonetheless, the dynamic dilational viscoelastic behavior for 1 and 2 kg•mol-1 PEG
agrees with PEO83K at comparable Π. The addition of a single POSS group to PEG
oligomers to form POSS-PEG10 and POSS-PEG46 yields molecules that do form stable
monolayers at the A/W interface. For POSS-PEG10, the oligomeric PEG influences
monolayer formation at low Π (Π < ~ 5 mN•m-1), whereas POSS exerts a strong
influence on POSS-PEG10 properties for Π > ~ 5 mN•m-1 according to Figure 7.6. As
seen in Figures 7.9 and 7.10, POSS-PEG10 shows deviation from PEO83K-like behavior
at smaller Π (Π > ~ 1 mN•m-1). In Figures 7.9 and 7.10, both fs,eq and ∆fs,c,eq increase
from pure liquid behavior (Limit I) for 0 < Π < ~ 1 mN•m-1. As seen on Figure 7.11(B),
this corresponds to a trajectory on ∆fs,c,eq vs. fs,eq plot that passes near the maximum
velocity limit for a perfectly elastic surface film (II) before proceeding to the maximum
damping coefficient for a perfectly elastic surface film (III) at Π ~ 1.0 mN•m-1. This
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value is smaller than the equivalent value for PEO90K (Π ~ 3.5 mN•m-1), but is still larger
than POSS-PEG22-POSS (POSS-PEG1K-POSS in Figure 6.7(B)). After the maximum in
∆fs,c,eq, both fs,eq and ∆fs,c,eq approach the infinite lateral modulus limit (Limit V) and do
not return to pure liquid behavior (Limit I) like PEO83K does (Figure 7.11(A)). On the
other hand, PEG has a much large effect on POSS-PEG46 during monolayer formation.
POSS-PEG46 shows PEG-like behavior up to Π ~ 5 mN•m-1. While PEO83K proceeds
back towards pure liquid dynamics for 5 < Π < 9.5 mN•m-1 on Figure 7.11(A), POSSPEG46 remains in the vicinity of Limit III on Figure 7.11(C). ∆fs,c,eq-Π exhibits two
maxima on Figure 7.10. One maximum is at Π ~ 4 mN•m-1 like PEO83K, while the
second occurs at Π ~ 10 mN•m-1 where PEO83K has already collapsed. For compression
past Π > ~ 10 mN•m-1, the dilational dynamics proceed from Limit III to Limit IV, the
minimum velocity limit for a perfectly elastic surface film in Figure 7.9 through 7.11 and
remain there as the film collapses. This behavior is different from POSS-PEG10 and also
the POSS-PEG-POSS in Chapter 6. For POSS-PEGn-POSS with n = 44 and 74, the films
actually had viscoelastic moduli that approached Limit V, and these films appeared to be
even more elastic than POSS-PEG22-POSS. Here, the PEG clearly softens the POSS
interactions over the entire range of Π. Furthermore, additional compression of the POSS
starts to exert an influence on the film’s viscoelastic properties in this region.
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Figure 7.9. fs,eq-Π for POSS-PEG10 (○), POSS-PEG46 (∆), trisilanolcyclopentyl-POSS

(□), and PEO83K (#) at T = 22.5 ˚C for (A) the entire Π range, and (B) Π ≤ 5 mN•m-1.
Limiting behavior of the dispersion equation is indicated by the roman numerals I, II, III,
IV, and V (Chapter 2) for comparison. Error bars of ± 0.5% on fs,eq have been omitted for
clarity.
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Figure 7.10. Δfs,c,eq-Π for POSS-PEG10 (○), POSS-PEG46 (∆), trisilanolcyclopentyl-

POSS (□), and PEO83K (#) at T = 22.5 ˚C for (A) the entire Π range, and (B) Π ≤ 5
mN•m-1. Limiting behavior of the dispersion equation is indicated by the roman numerals
I, II, III, IV, and V (Chapter 2) for comparison. Error bars of ± 0.5% on fs,eq have been
omitted for clarity.
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Figure 7.11. Δfs,c,eq-fs,eq for (A) PEO83K (V = Π < 4 mN•m-1, ▼ = Π > 4 mN•m-1), (B)
POSS-PEG10 (○), (C) POSS-PEG46 (∆ = Π < 4.8 mN•m-1, ▲ = 4.8 < Π < 10 mN•m-1, ■ = Π
> ~ 10 mN•m-1), and (D) trisilanolcyclopentyl-POSS (□) at T = 22.5 ˚C. The solid curves
represent the dynamic elasticity, εd in mN•m-1, while dashed curves correspond to the surface
viscosity, κ × 105 in mN•s•m-1. Roman numerals correspond to limiting behavior of the
dispersion equation: I = the pure liquid limit, II = the maximum velocity limit for a purely
elastic surface film (PESF), III = the maximum damping coefficient for a PESF, IV = the
minimum velocity limit for a PESF, and V = a surface film with an infinite lateral modulus.
A counter-clockwise trend in the data with increasing Π (noted by Π values at selected
points) is observed as films become more rigid after monolayer formation. During PEO
collapse, the data (▼) trace back along their original path in a clockwise fashion.
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7.3.5 Dynamic Elasticity and Viscosity Data as a Function of Π
Figures 7.12 through 7.15 show εd, εs, and κ data as a function of Π for PEO83K,

POSS-PEG10, POSS-PEG46, and trisilanolcyclopentyl-POSS, respectively. Figure
7.12(A) shows the type of agreement one generally sees between εd and εs for polymeric

films where the A/W interface can be considered to act as a good solvent.31,97 Under these
conditions κ is small as seen in Figure 7.12(B). The maximum values of εd and εs (~ 12
mN•m-1) show that PEO(PEG) is a soft material at the A/W interface as discussed in
Chapter 4. In contrast, trisilanolcyclopentyl-POSS (Figure 7.15) forms a rigid monolayer
where εd valued show large deviation from static values at Π ~ 0 mN•m-1, consistent with
a rigid, heterogeneous film.44,180 Although κ appears to be large for trisilanolcyclopentylPOSS, these values are not statistically significant and fluctuate around zero. This point
reflects the scatter in Figure 7.11(D) where values to the left of κ = 0 mN•m-1 in the
vicinity of Limit IV (the minimum velocity limit for a perfectly elastic surface film) have
negative κ values.
As noted in the discussion of Figure 7.9 through 7.11 above, both POSS-PEG10 and
POSS-PEG46 exhibit PEO-like behavior at low Π. Nonetheless, Figure 7.13 shows the
POSS-PEG10 forms much more rigid films than PEO83K. One sees that compression of
the film leads to a rapid and relatively scatter free rise in both εd and κ values with εd well
in excess of εs. Such behavior has previously been seen for other rigid films and for
POSS-PEG22-POSS in Chapter 6. This region of εd and κ versus Π corresponds to the
region in Figure 7.11(B) where ∆fs,c,eq versus fs,eq follows a counter clockwise trajectory
from pure liquid dynamics (I) to the infinite lateral modulus limit (V). Much like the
POSS-PEG22-POSS system in Chapter 6, the data in Figure 7.13 show that εd for POSS172

PEG10 is greater than trisilanolcyclopentyl-POSS. The presumable explanation is that the
longer more hydrophilic PEG “anchors” make it more difficult for hydrophobic POSS
groups to pull away from the interface and form multilayer aggregates. This behavior is
consistent with the dramatic differences in aggregate structure observed by Brewster
angle

microscopy

(BAM)

for

POSS-PEG10

after

the

film

collapses,

and

trisilanolcyclopentyl-POSS which behaves in a similar fashion as trisilanolcyclohexylPOSS.44,180
Figure 7.14 provides an analogous plot to Figure 7.13 for POSS-PEG46. Qualitatively,

the behavior is similar to PEO83K in Figure 7.12 at low Π (Π < ~ 8 mN•m-1). The key
difference is larger deviation between εd and εs. For Π > ~ 10 mN•m-1, POSS exerts an
effect. However, the effect is not as significant as in POSS-PEG10 or POSS-PEG-POSS
systems in Chapter 6. In fact, maximum εd are at most 20% greater for POSS-PEG46 than
trisilanolcyclopentyl-POSS. One interpretation is that only tethering one end of the PEG
to the A/W interface allows the PEG tails to soften the monolayer. One plausible
explanation for the difference in viscoelastic behavior between POSS-PEG10 and POSSPEG46 is that the PEG segment of POSS-PEG46 has a more globular mushroom-like
conformation than POSS-PEG10. In high molar mass PEO monolayers, the area per repeat
unit at collapse is ~ 0.12 nm2. Hence, 10 repeat units are still smaller than one POSS. In
contrast, 46 repeat units are appreciably larger than a POSS unit. Hence, one could
consider a POSS-PEG to look like a fried egg floating on the surface of water, where
POSS is the yolk and PEG is the egg white. During compression PEG interactions occur
long before the POSS knows there is other POSS on the surface. If PEG is short, all of it
can fold under the POSS leading to strong POSS-POSS interactions. However, if there is
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too much PEG, if is not possible to fold all of the PEG under the POSS thereby
weakening POSS-POSS interactions leading to more compressible films.
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Figure 7.12. (A) εs (filled symbols) and εd (open symbols), and (B) κ for PEO83K plotted

as a function of Π for data obtained T = 22.5 ˚C for successive addition experiments at
the A/W interface. The dynamic values represent averages for results from the 6th through
9th diffraction orders.
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Figure 7.13. (A) εs (filled symbols) and εd (open symbols), and (B) κ data obtained at T

= 22.5 ˚C from successive addition experiments at the A/W interface for POSS-PEG10 in
the Π – range of 0 < Π < 4 mN•m-1. (C) and (D) contain analogous information,
respectively, for the entire Π – range. On (C) and (D), the vertical dotted line at Π = 4
mN•m-1 indicates the end of the range covered in (A) and (B), respectively. The dotted
sloped line indicates a scaling law prediction for the case where the A/W interface can be
regarded as a good solvent. All plots contain data for PEO83K for comparison (V = εd or
κ and ▼ = εs)
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Figure 7.14. (A) εs (filled symbols) and εd (open symbols), and (B) κ data obtained at T

= 22.5 ˚C from successive addition experiments at the A/W interface for POSS-PEG46 in
the Π – range of 0 < Π < 5 mN•m-1. (C) and (D) contain analogous information,
respectively, for the entire Π – range. On (C) and (D), the vertical dotted line at Π = 5
mN•m-1 indicates the end of the range covered in (A) and (B), respectively. The dotted
sloped line indicates a scaling law prediction for the case where the A/W interface can be
regarded as a good solvent. All plots contain data for PEO83K for comparison (V = εd or
κ and ▼ = εs)
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Figure 7.15. (A) εs (filled symbols) and εd (open symbols), and (B) κ data obtained at T

= 22.5 ˚C from successive addition experiments at the A/W interface for
trisilanolcyclopentyl-POSS.

7.4 Conclusion

In this study, POSS-PEG hemi-telechelic polymers produce interesting surface
activity and viscoelastic behavior at the A/W interface. Π-A isotherm measurements in
compression experiments for POSS-PEG10 and POSS-PEG46 confirm the surface
dilational viscoelastic behavior depends on PEG chain length and are consistent with the
A/W interface acting as a good solvent at low Π. For Π > 1 mN•m-1 (POSS-PEG10) and
Π > 5 mN•m-1 (POSS-PEG46), POSS exerts a strong influence on the film and
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substantially increase the dilational viscoelastic moduli. Like POSS-PEG-POSS,
comparisons with PEO83K and trisilanolcyclopentyl-POSS show that POSS-PEG does not
behave exactly like trisilanolcyclopentyl-POSS which exhibits an abrupt change from
pure liquid like dynamics to a mildly elastic film as soon as the monolayer forms. Rather,
both POSS-PEG10 and POSS-PEG46 exhibit a smooth transition from pure liquid
dynamics and show nearly perfectly elastic behavior (κ < ~ 5 × 10-5 mN•s•m-1) until they
reach their maximum dilational elastic moduli in the LC monolayer. For POSS-PEG10,
the ultimate state exhibits large dilational moduli (ε*Æ ∞) that are much larger than both
PEO (maximum εd ~ 12 mN•m-1) and trisilanolcyclopentyl-POSS (maximum εd ~ 50
mN•m-1). In contrast, POSS-PEG46 have smaller moduli than POSS-PEG10 and the film
exhibits behavior that has ultimate moduli that are comparable in magnitude to
trisilanolcyclopentyl-POSS. Clearly, 46 EG units are long enough to weaken POSSPOSS interactions. Comparison of POSS-PEG to POSS-PEG-POSS systems reveals that
tethering only one end of the PEG with 46 repeating units to the A/W interface versus
both ends in POSS-PEG-POSS is sufficient to decrease the dilational viscoelastic moduli.
These differences in film elasticity are consistent with brush-like conformations for PEG
in POSS-PEG10 and mushroom-like conformations for POSS-PEG46. These results are
consistent with studies of pegylated lipids253 and dendrons254 where the compressibility
of the films is controlled by the conformation of the PEG with increasing PEG length.
From a practical point of view, this study demonstrates the possibility of controlling
interfacial rheological properties in PEG stabilized nanoparticle systems by varying the
number of tethers per PEG chain.
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CHAPTER 8
Overall Conclusions
8.1 Surface Behavior of Poly(ethylene glycol) (PEG) and Poly (ethylene oxide)
(PEO) at the A/W Interface

Water soluble oligomeric poly(ethylene glycol) (PEG) and poly(ethylene oxide)
(PEO) polymers exhibit interesting surface activity and viscoelastic behavior at the
air/water (A/W) interface. Surface pressure-area per monomer (Π-A) isotherms for PEG
and PEO are molar mass dependent. Low number average molar mass PEG (Mn < 8
kg•mol-1) were not able to form insoluble Langmuir monolayers, whereas relatively high
molar mass PEG (8 and 10 kg•mol-1) and PEO molecules formed stable films at the A/W
interface. Two-dimensional (2D) static dilational elastic moduli (εs) deduced from Π-A
isotherms along with scaling concepts from de Gennes95 can be used to reduce εs for
PEG(PEO) Langmuir films to a single εs-Π curve for all molar masses. This curve is
consistent with the A/W interface acting as a good solvent for PEO(PEG). The dynamic
dilational elasticities (εd) obtained via surface light scattering (SLS) are consistent with εs.
εd values for any molar mass PEG(PEO) only depend on Π and this relationship is even

valid in the collapsed regime. The dependence of εd on Π in the collapse regime is
consistent with chain desorption for low molar mass PEG and looped PEG structure for
high molar mass PEG(PEO). The maximum εd in the collapsed state for PEG occurs at
intermediate Mn (~ 5 kg•mol-1), the same size range used to stabilize nanoparticle systems.
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8.2 Surface Behavior of Telechelic POSS-PEG-POSS at the A/W Interface

The combination of two weakly or non-surface active building blocks, hydrophilic
oligomeric poly(ethylene glycol) (PEG) and a completely hydrophobic polyhedral
oligomeric silsesquioxane (POSS) cage, creates amphiphilic telechelic POSS-PEG-POSS
polymers, which exhibit surface properties at the A/W interface that vary with the Mn of
PEG. For the case of short PEG chains (Mn = 1, 2, and 3.4 kg•mol-1), Π-A isotherms
indicate that insoluble monolayers form with the POSS groups are anchoring the
molecules to the A/W interface, thereby preventing dissolution of the short PEG
segments into the subpahse. During film compression, the PEG chains are squeezed into
the subphase with increasing Π. On the other hand, Π-A isotherms show that the film
properties are similar to high Mn PEG and PEO up to collapsed pressure (Πc) of the PEG
and then take on POSS-like characteristics at higher Π when the relatively long PEG
molecules (8 and 10 kg•mol-1) are attached to fully condensed POSS. The scaling
behavior of POSS-PEG-POSS is consistent with the A/W interface being a good solvent
when PEG chains at low Π, prior to A where POSS exerts its influence on the film
properties.
The balance of the hydrophilic and hydrophobic moieties provides the possibility to
fabricate Y-type Langmuir-Blodgett (LB)-multilayer films for POSS-PEG-POSS where
the Mn of PEG is 1 kg•mol-1. X-ray reflectivity studies on Y-type LB-multilayers reveal a
monolayer thickness of 1.76 nm and a double layer structure that is characterized by a
double layer spacing of ~ 3.52 nm. This double layer arises from segregation of
hydrophobic POSS and hydrophilic PEG moieties in the film. This structure presumably
exists at the A/W interface as well, with the PEG in the subphase and POSS in the air.
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Τhe surface dilational viscoelastic behavior for the POSS-PEG-POSS series weakly

depends on PEG chain length and is strongly influenced by the POSS components.
Comparisons between PEO (Mn = 83 kg•mol-1) and trisilanolcyclohexyl-POSS show that
the addition of POSS to the ends of the PEG oligomers does not simply decrease the
dissolution of the PEG segments leading to high molar mass PEO behavior. Nor does
POSS-PEG-POSS show viscoelastic behavior that is identical to trisilanolcyclohexylPOSS. In fact, POSS-PEG-POSS telechelics exhibit a smooth (continuous) transition
from pure liquid dynamics to monolayer dynamics achieving much larger dynamic
dilational elastic moduli (ε* Æ ∞) than both PEO(PEG) (maximum εd~ 12 mN•m-1) and
trisilanolcyclohexyl-POSS (maximum εd ~ 50 mN•m-1). This mechanical enhancement in
film elasticity should also apply to the rheological properties of other PEG stabilized
nanoparticle systems.

8.3 Surface Behavior of Heme-Telechelic POSS-PEG at the A/W Interface

Another class of interesting hybrid materials, hemi-telechelic POSS-PEG, are obtained
from the combination of oligomeric poly(ethylene glycol) (PEG) that do not form stable
Langmuir films and closed cage polyhedral oligomeric silsesquioxanes (POSS). Hemitelechelic POSS-PEG film behavior at the A/W interface is substantially different from
POSS-PEG-POSS. Π-A isotherm and Brewster angle microscopy (BAM) studies at the
A/W interface reveal that PEG segments with 10 and 46 ethylene glycol (EG) repeat units
are amphiphilic. In contrast, POSS-PEG with 3 EG repeat units are too hydrophobic to
form stable Langmuir films.
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Similar to the POSS-PEG-POSS series, the surface dilational viscoelastic behavior
for POSS-PEG series also depends on PEG chain length. In POSS-PEG with 10 EG
repeating units POSS-PEG10, POSS-POSS interactions are dominant, and the viscoelastic
profiles are similar to POSS-PEG-POSS of a comparable POSS:PEG ratio. The key
difference is that it takes a greater degree of compression (higher Π) to push the
dilational moduli to the infinite lateral modulus limit. In contrast, POSS-PEG with 46 EG
units exhibits dilational moduli with magnitudes that are comparable to high molar mass
PEO up to Π ~ 10 mN•m-1. At higher Π, POSS exerts an influence on the film’s
viscoelastic properties, however, the ultimate dilational moduli only reach a magnitude
that is comparable to trisilanolcyclopentyl-POSS. These results suggest that controlling
the tether density per chain to the A/W interface is one strategy for controlling interfacial
rheology.

8.4 General Conclusions

PEG is widely used to stabilize nanoparticles for aqueous biomedical applications. For
many of these applications PEG molar masses are in the 1 to 5 kg•mol-1 range to
maximize the ratio of nanoparticle:PEG without losing colloidal stability.255 In this study,
it was shown that oligomeric PEG at a given Π exhibit the same surface dilational
viscoelastic properties as high molar mass PEG. Coupling these oligomeric PEG to POSS
(a model nanoparticle), it was possible to create POSS-PEG-POSS and POSS-PEG
surfactants. For POSS-PEG-POSS, it was even possible to form supramolecular
structures via the LB technique. Hence, these molecules may provide one avenue for
modifying surfaces to render them biocompatible and new biomaterials that bridge the
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gap between organic and inorganic materials. Moreover, the apparent differences that
tethering oligomeric PEG to one or two POSS anchors have on the interfacial viscoelastic
properties provide insight into designing other surfactant systems with controlled
rheological properties. As such, this thesis contributes greatly to the greater
understanding of how surfactant design affects rheological properties.
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CHAPTER 9
FUTURE WORK
9.1 Polyhedral Oligomeric Silsesquioxane (POSS) and Poly(ethylene glycol) (PEG)
Based Amphiphiles

The combination of hydrophobic polyhedral oligomeric silsesquioxanes (POSS) with
hydrophilic oligomers of poly(ethylene glycol) (PEG) yielded interesting POSS-PEG
hemi-telechelic and POSS-PEG-POSS telechelic polymers. As seen in Chapter 4, PEG
oligomers themselves were interesting with respect to the fact that the dynamic dilational
elasticity (εd) from surface light scattering (SLS) was independent of the number average
molar mass (Mn) at any given surface pressure (Π), even in the collapsed regime. The
explanation for this behavior was that PEG oligomers may desorb from the air/water
(A/W) interface while higher molar mass PEO forms a thicker looped layer.32
Ellipsometry and neutron reflectivity studies may shed additional light on the mechanism
in this regime. Once, PEG was coupled to two POSS groups, the resulting POSS-PEGPOSS exhibited very large εd (approaching the infinite lateral modulus limit). In contrast,
POSS-PEG exhibited large εd when PEG was short, but εd decreased over the studied
range as PEG length increased. This change was attributed to changes associated with
having one POSS tether versus two at the A/W interface. It would be desirable to have a
more systematic set of POSS-PEG and POSS-PEG-POSS to explore the region where
POSS-PEG-POSS and POSS-PEG transition from infinite lateral modulus dynamics
(Limit V in Chapter 4, 6, and 7) to films with smaller εd. SLS studies along with
ellipsometry and/or neutron studies to probe PEG segment density at the interface would
be interesting, and would shed light on where the mushroom to brush transition occurs
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with respect to Mn. Likewise, additional POSS-PEG-POSS and POSS-PEG in the molar
mass regime where Y-type Langmuir-Blodgett films were formed would be useful for
testing the range and wettability of different POSS-PEG surfaces that can be prepared.
Subsequent studies of protein adsorption by surface plasmon resonance (SPR)
spectroscopy and quartz crystal microbalance (QCM) measurements would yield an
appreciation for the feasibility of using the LB-films for biocompatible surfaces. Finally,
it would also be desirable to probe the soluble surfactant properties of these materials by
light scattering and standard CMC determinations.

9.2 Tri-headed & Carbamate-linked and Ureido-linked Amphiphiles

Most of the work in the previous chapters focused on the characterization of
polymeric systems such as homopolymer (PEG and PEO), and hybrid polymers
(telechelic POSS-PEG-POSS and hemi-telechelic POSS-PEG) with respect to their
interfacial properties as Langmuir films at the A/W interface. In this section, suggestions
for future work based on preliminary results for tri-headed and carbamate-linked or
ureido-linked amphiphiles (tri-headed fatty acids) will be provided.
Tri-headed and carbamate or ureido-linked amphiphilic fatty acids (tri-headed fatty
acids) are introduced as one possible way to increase the aqueous solubility of long alkyl
chains and create new surfactants to bind to metal and metaloxide surfaces (Figure
9.1).185,186 To explore their amphiphilic properties at the A/W interface, SLS and the

Wilhelmy plate technique were used. These preliminary results will show how one tail
and three heads affects the phase behavior and viscoelastic properties of alkane chains
(C14 – C22) at the A/W interface. Subsequent studies can then focus on fatty acid-
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biomembrane interactions or how many heads and how many tails are required to
produce synthetic analogs to natural cell membrane lipids. These molecules could then be
used for subsequent studies of the preparation of wholly synthetic lipid-like bilayers,
micelles, and vesicles.
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Figure 9.1. The molecular structures of (A) tri-headed and carbamate-linked amphiphilic

fatty acids (3CCb), and (B) tri-headed and ureido-linked amphiphilic fatty acids (3CUr).

9.2.1 Tri-headed and Carbamate-linked Amphiphiles (3CCb) at the A/W Interface

In the 3CCb series, the tri-headed fatty acids are derived from the reaction of alkyl
amines and alcohols, respectively.186 These derivatives were obtained from the Gandour
research group at Virginia Tech. In the subsequent discussion, the total number of carbon
chains in tail groups of the 3CCbx series will be expressed as a subscript (x = n +1) where
n is defined the same way as in Figure 9.1.
9.2.1.1 Π-A Isotherms for 3CCbx
Figure 9.2 shows Π-A isotherms for a 3CCb series with a subphase condition of pH ~

0.9 at T = 22.5 °C. The compression isotherm results for 3CCb molecules reveal the
shapes of the isotherms and phases present depend on the length of tail groups for each
sample. For 3CCb14, the film should exist in a G phase at large A. Upon film
compression, the coexistence between gas (G) and a liquid-expanded (LE) film is
186

expected. As the lift-off A is approached at Alift-off ~ 0.8 nm2•molecule-1, Π starts to
increase. For the LE region (0.35 < A < 0.8 nm2•molecule-1), Π begins to rise slowly and
shows the films are homogeneous. As the films are compressed further, there is a change
to a plateau at Π > 40 mN•m-1. This transition likely corresponds to multilayer formation
as A ~ 0.2 nm2•molecule-1, the cross sectional area of an alkyl-chain. For the case of
3CCb16, 3CCb18, and 3CCb20, the film behavior is qualitatively similar to 3CCb14. At
large A, all three likely exist as G or coexisting G and LE phases at A > 0.9
nm2•molecule-1. The molecules start to interact with their neighbors at Alift-off ~ 0.9
nm2•molecule-1, and Π begins to increase with all three derivative exhibiting identical
behavior in the LE monolayer phase. The fact that Π is greater at any given A for 3CCb16
through 3CCb20 may mean that 3CCb14 may be partially soluble in the subphase. Even
further compression brings the molecules to their collapse pressure (Πcollapse).
Interestingly, 3CCb16, 3CCb18, and 3CCb20 are nearly identical Acollapse ~ 0.4
nm2•molecule-1 even though Πcollapse = 33, 38, and 32 mN•m-1 varies for 3CCb16,
3CCb18, and 3CCb20, respectively. For 3CCb22, monolayers presumably exist in a G
phase at large A. During film compression, the coexistence of G and a condensed phase
is expected (A > 0.6 nm2•molecule-1). As the Alift-off value reaches around 0.6
nm2•molecule-1, Π begins to rise, slowly at first (0.6 < A < 0.56 nm2•molecule-1) and then
much more sharply. The steeper slope may mean that 3CCb22 forms a condensed (LC)
phase. By extrapolating the steepest portion of the isotherm back to the x-axis (Π = 0),
the limiting cross-sectional area (A0) is estimated as A0 ~ 0.55 nm2•molecule-1. The value
of A0 for three head groups at the A/W interface is reasonable if one considers that the
area for a single head group was reported as 0.18 nm2•molecule-1.256,257 The other
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interesting feature of the isotherm is the shape in the vicinity of 30 < Π < 40 mN•m-1
where A shifts from ~ 0.4 nm2•molecule-1, the cross sectional area for two COOH groups
to ~ 0.2 nm2•molecule-1, the cross sectional area for one head group. There are a few
interesting features for the 3CCb series. 3CCb22 may exhibit a LC phase, but the others
do not. In contrast, single head fatty acids form LC phases at room temperature for C15
chain lengths and greater.258 Finally, the region between 0.20 < A < 0.4 nm2•molecule-1 is
consistent with 3CCb molecules having a large metastable regime in the LE and LC
regime as Π approaches Πc.
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Figure 9.2. Π-A isotherms of 3CCb for 3CCb14 (○), 3CCb16 (dotted line), 3CCb18 (solid

line), 3CCb20 (dashed line), and 3CCb22 (□) during compression at a constant rate with a
compression rate of ~ 0.03 nm2•molecule-1•min-1 at T = 22.5 °C on a pH = 0.9 ± 0.1
subpahse.
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9.2.1.2 Surface Light Scattering (SLS) Studies for 3CCb

The SLS viscoelastic profiles for 3CCb are provided in Figures 9.3 through 9.7.
Figures 9.3 through 9.7 were generated following the theoretical discussion in Chapter 2

and the experimental details of Chapter 3. For 3CCb14 shown in Figure 9.3, the
monolayer starts from pure liquid behavior (Limit I) at Π ~ 0.0 mN•m-1 and follows a
counter clockwise path consistent with a perfectly elastic surface film (κ < 5 × 10-5
mN•s•m-1) to the minimum velocity limit (Limit IV) corresponding to Π ~ 7.4 mN•m-1
where εd,max ~ 30 mN•m-1. Similar to 3CCb14, the film behavior for 3CCb16 shown in
Figure 9.4 exhibits less elastic film behavior than 3CCb14 at low surface concentration

(Π ~ 0.1 mN•m-1). However, once the LE monolayer forms the path for 3CCb16 is similar
to 3CCb14, and 3CCb16 reaches Limit IV, εd ~ 30 mN•m-1 a bit faster, Π ~ 5.4 mN•m-1.
Much like 3CCb16 molecules, 3CCb18 and 3CCb20 samples shown in Figure 9.5 and 9.6,
respectively, nearly follow the same viscoelastic path thereby exhibiting elastic film
behavior. In contrast, the viscoelastic profiles for 3CCb22 in Figure 9.7 shows different
behavior from the other four samples. Staring from pure liquid behavior (Limit I) with Π
~ 0.0 mN•m-1, the monolayer behavior reaches the minimum velocity limit for a perfectly
elastic surface film (Limit IV, εd ~ 30 mN•m-1) at low surface concentrations (Π ~ 0.1
mN•m-1). As surface concentration increases, the maximum value of εd, εd,max ~ 50
mN•m-1, indicates the film is more condensed.
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Figure 9.3. Δfs,c,eq-fs,eq for 3CCb14 on a pH = 0.9 ± 0.1 subphase at T = 22.5 ˚C. The solid

curves represent the dynamic elasticity, εd in mN•m-1, while dashed curves indicate the
corresponding surface viscosity, κ × 105 in mN•s•m-1. Roman numerals represent limiting
behavior of the dispersion equation. These correspond to I = the pure liquid limit, II = the
maximum velocity limit for a purely elastic surface film (PESF), III = the maximum
damping coefficient for a PESF, IV = the minimum velocity limit for a PESF, and V = a
surface film with an infinite lateral modulus. A counter-clockwise trend in the data with
increasing Π (noted by Π values at selected points) is observed as films become more
rigid after the monolayer forms.
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Figure 9.4. Δfs,c,eq-fs,eq for 3CCb16 on a pH = 0.9 ± 0.1 subphase at T = 22.5 ˚C. The solid

curves represent the dynamic elasticity, εd in mN•m-1, while dashed curves indicate the
corresponding surface viscosity, κ × 105 in mN•s•m-1. Roman numerals represent limiting
behavior of the dispersion equation. These correspond to I = the pure liquid limit, II = the
maximum velocity limit for a purely elastic surface film (PESF), III = the maximum
damping coefficient for a PESF, IV = the minimum velocity limit for a PESF, and V = a
surface film with an infinite lateral modulus. A counter-clockwise trend in the data with
increasing Π (noted by Π values at selected points) is observed as films become more
rigid after the monolayer forms.
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Figure 9.5. Δfs,c,eq-fs,eq for 3CCb18 on a pH = 0.9 ± 0.1 subphase at T = 22.5 ˚C. The solid

curves represent the dynamic elasticity, εd in mN•m-1, while dashed curves indicate the
corresponding surface viscosity, κ × 105 in mN•s•m-1. Roman numerals represent limiting
behavior of the dispersion equation. These correspond to I = the pure liquid limit, II = the
maximum velocity limit for a purely elastic surface film (PESF), III = the maximum
damping coefficient for a PESF, IV = the minimum velocity limit for a PESF, and V = a
surface film with an infinite lateral modulus. A counter-clockwise trend in the data with
increasing Π (noted by Π values at selected points) is observed as films become more
rigid after the monolayer forms.
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Figure 9.6. Δfs,c,eq-fs,eq for 3CCb20 on a pH = 0.9 ± 0.1 subphase at T = 22.5 ˚C. The solid

curves represent the dynamic elasticity, εd in mN•m-1, while dashed curves indicate the
corresponding surface viscosity, κ × 105 in mN•s•m-1. Roman numerals represent limiting
behavior of the dispersion equation. These correspond to I = the pure liquid limit, II = the
maximum velocity limit for a purely elastic surface film (PESF), III = the maximum
damping coefficient for a PESF, IV = the minimum velocity limit for a PESF, and V = a
surface film with an infinite lateral modulus. A counter-clockwise trend in the data with
increasing Π (noted by Π values at selected points) is observed as films become more
rigid after the monolayer forms.

193

1.8

Δfs,c,eq /kHz

1.6
1.4

IV

30

II

Π ~ 0.1

Π ~ 0.0

Π ~ 0.8

50

Π ~ 5.2

100
inf.

0.8
0.6

10

20

1.2
1.0

III

-1

εd (mN•m )
(solid lines) 15

V

inf. 100 50 30 20
15

5
10
5

5

-1

κ•10 (mN•s•m )
(dashed lines)

0.4
7.4

7.5

7.6

0

7.7

7.8

0

I

7.9

8.0

8.1

fs,eq /kHz
Figure 9.7. Δfs,c,eq-fs,eq for 3CCb22 on a pH = 0.9 ± 0.1 subphase at T = 22.5 ˚C. The solid

curves represent the dynamic elasticity, εd in mN•m-1, while dashed curves correspond to
the surface viscosity, κ × 105 in mN•s•m-1. Roman numerals represent limiting behavior
of the dispersion equation. These correspond to I = the pure liquid limit, II = the
maximum velocity limit for a purely elastic surface film (PESF), III = the maximum
damping coefficient for a PESF, IV = the minimum velocity limit for a PESF, and V = a
surface film with an infinite lateral modulus. A counter-clockwise trend in the data with
increasing Π (noted by Π values at selected points) is observed as films become more
rigid after the monolayer forms.
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9.2.2 Tri-headed & Ureido-linked Amphiphiles (3CUr) at the A/W Interface

Similar to 3CCbx molecules, the 3CUr series were also synthesized from alkyl amines
and alcohols.186 Like the 3CCb series, the total number of carbon chains in tail groups of
the 3CUrx series will be expressed as a subscript (x = n +1) where n is defined in Figure
9.1.
9.2.2.1 Π-A Isotherms for 3CUrx
Figure 9.8 shows a plot of Π-A isotherms for the 3CUr series obtained by

compression at a fixed rate with the subphase condition of pH ~ 0.9. The 3CUrx Π-A
isotherms exhibit interesting surface activity that depends on the length of alkyl tail group.
For 3CUr14, the film is expected to exist in a G phase at low concentrations (A >> 0.75
nm2•molecule-1). As the film starts to be compressed, the film is expected to have a
coexistence regime between G and LE phases until Π starts to increase at Alift-off ~ 0.65
nm2•molecule-1. In the LE monolayer, Π rises gently in the region 0.4 < A < 0.65
nm2•molecule-1 and the films are homogeneous in BAM images. Further film
compression leads to another change in slope (A ~ 0.4 nm2•molecule-1) which marks the
onset of multilayer formation (Π > 30 mN•m-1). Much like 3CUr14, 3CUr16 and 3CUr18
form insoluble monolayers and their Π-A isotherms exhibit the same features as 3CUr14
except that Πcollapse for 3CUr16 and 3CUr18 is ~ 25 mN•m-1. Unlike 3CUr14, 3CUr16, and
3CUr18 molecules, 3CUr20 forms a more condensed film at the A/W interface. At low
surface concentration (A > 0.60 nm2•molecule-1), the film behavior for 3CUr20, is similar
to 3CUr14, 3CUr16, and 3CUr18. Between 0.5 < A < 0.6 nm2•molecule-1, Π is relatively
flat and 3CUr20 presumably exists as a more condensed (LC) monolayer for A < 0.5
nm2•molecule-1. Even further compression leads to Πcollapse region (Acollapse ~ 0.4
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nm2•molecule-1). For 3CUr22 which is the longest of the hydrophobic chains in the 3CUr
series, the surface behavior is quite different. At low surface concentrations, the
monolayer should exist in a G phase at large A. Upon film compression, a condensed
phase should coexist with G at intermediate A. When A reaches Alift-off ~ 0.5
nm2•molecule-1, Π begins to rise quickly in what appears to be a LC monolayer (0.4 < A
< 0.5 nm2•molecule-1). From Figure 9.8, A0 is estimated to be ~ 0.5 nm2•molecule-1.
Further compression of the monolayer leads to collapse at Πcollapse ~ 32 mN•m-1.
From the above results, several things can be discussed. Similar to the 3CCb series,
the different length of the tail groups appears to yield Π-A isotherms that are consistent
with different phase behavior. For example, 3CUr14, 3CUr16, and 3CUr18 only form an
LE monolayer while 3CUr20 and 3CUr22 appear to form more condensed LC monolayers.
SLS can test the conclusion that there are two different types of monolayers for the 3CUr
series.
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Figure 9.8. Π-A isotherms of 3CUr for 3CUr14 (solid line), 3CUr16 (dashed line), 3CUr18

(dotted line), 3CUr20 (○), and 3CUr22 (∆) during compression at a constant rate of ~ 0.03
nm2•molecule-1•min-1 at T = 22.5 °C on a pH = 0.9 ± 0.1 subpahse.

9.2.2.2 Surface Light Scattering (SLS) Studies for 3CUr

The viscoelastic profiles for 3CUr molecules are similar to those of the 3CCb series.
Here, we only provide the viscoelastic profiles for 3CUr14 and 3CUr18. For 3CUr14 shown
in Figure 9.9, starting from pure liquid limit (Limit I) at Π ~ 0.0 mN•m-1, the film
behavior approaches the minimum velocity limit for a perfectly elastic surface film
(Limit IV). The film profile for 3CUr14 exhibits εd,max ~ 30 mN•m-1. It is interesting like
3CUr14, the film profile for 3CUr18 in Figure 9.10 is consistent with elastic film behavior.
Starting with pure liquid behavior (Limit I), the viscoelastic behavior approaches the
minimum velocity limit of a perfectly elastic surface film (IV, εd ~ 30 mN•m-1) as surface
concentration increases. As expected from the isotherms, 3CUr14 and 3CUr18 have the
same monolayer phase. SLS studies on the 3CUr20 and 3CUr22 should provide an
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interesting contrast to 3CUr14 and 3CUr18. Moreover, differences between 3CCb14 and
3CUr14 suggest the different linkers for the trihead strongly influence film properties.
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Figure 9.9. Δfs,c,eq-fs,eq for 3CUr14 on a pH = 0.9 ± 0.1 subphase at T = 22.5 ˚C. The solid

curves represent the dynamic elasticity, εd in mN•m-1, while dashed curves indicate the
corresponding surface viscosity, κ × 105 in mN•s•m-1. Roman numerals represent limiting
behavior of the dispersion equation. These correspond to I = the pure liquid limit, II = the
maximum velocity limit for a purely elastic surface film (PESF), III = the maximum
damping coefficient for a PESF, IV = the minimum velocity limit for a PESF, and V = a
surface film with an infinite lateral modulus. A counter-clockwise trend in the data with
increasing Π (noted by Π values at selected points) is observed as films become more
rigid after the monolayer forms.
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Figure 9.10. Δfs,c,eq-fs,eq for 3CUr18 on a pH = 0.9 ± 0.1 subphase at T = 22.5 ˚C. The

solid curves represent the dynamic elasticity, εd in mN•m-1, while dashed curves indicate
the corresponding to surface viscosity, κ × 105 in mN•s•m-1. Roman numerals represent
limiting behavior of the dispersion equation. These correspond to I = the pure liquid limit,
II = the maximum velocity limit for a purely elastic surface film (PESF), III = the
maximum damping coefficient for a PESF, IV = the minimum velocity limit for a PESF,
and V = a surface film with an infinite lateral modulus. A counter-clockwise trend in the
data with increasing Π (noted by Π values at selected points) is observed as films become
more rigid after the monolayer forms.
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9.2.3 Specific Suggestions for Tri-headed Amphiphiles at the A/W Interface

Clearly, the first order of business is to complete the SLS studies of the 3CUr series to
confirm that 3CUr20 and 3CUr22 form a LC phase. Second, fluorescence microscopy with
a suitable fluorescent probe should be used to determine if the region 0.5 < A < 0.6
nm•molecule-1 corresponds to a true LE/LC phase transition in 3CUr20. If so, temperature
dependent studies should be utilized to deduce transition enthalpies. In addition to
temperature, pH should be used to see if deprotonation of 3CUr22 and/or 3CCb22 can
produce a LE/LC phase transition. Additionally, C19 and C21 chain derivatives should be
produced as something interesting may be happening in this chain length regime. Fatty
acid interactions with ions in the subphase have been shown to induce a condensing
effect on their Langmuir monolayers.258 Here, the tri-head structure should allow a wide
variety of ions to modify the Π-A isotherms. If these ions can condense the film, SLS
will be an important tool to probe the change in modulus. It is clear from Figures 9.2 and
9.8 that the tri-heads all have A values at collapse of ~ 0.4 nm•molecule-1 a value that is

larger than the cross-sectional area of an alkyl chain. One area that could be particularly
interesting is detail tir-heads with long alkyl chains ( > C14) which could lead to phase
behavior that is comparable to phospholipids.259 Finally, the intricate features in the
collapsed regime (A< 0.4 nm•molecule-1) and the upturn in Π at A ~ 0.2 nm•molecule-1
suggest that the molecules are capable of forming well-ordered collapsed film structures
(bilayers, trilayers, etc.) through a nucleation and growth mechanism. Utilizing isobaric
area relaxation experiments in the metastable regime, Π close to but just below Πcollapse,
along with a Vollhardt analysis,260-262 and ellipsometry experiments may provide insight
into the nucleation and growth mechanism of the final collapsed structure.

200

Bibliography
1) Kaganer, V. M.; Mohwald, H.; Dutta, P. Rev. Mod. Phys. 1999, 71, 779.
2) Casilli, S.; De Luca, M.; Apetrei, C.; Parra, V.; Arrieta, A. A.; Valli, L.; Jiang, J.;
Rodriguez-Mendez, M. L.; De Saja, J. A. Appl. Surf. Sci. 2005, 246, 304.
3) Chen, S.; Liu, Y.; Xu, Y.; Sun, Y.; Qui, W.; Sun, X.; Zhu, D. Synth. Met. 2006, 156,
1236.
4) Davis, F.; Higson, S. P. J. Biosens. Bioelectron. 2005, 21, 1.
5) Girard-Egrot, A. P.; Godoy, S.; Blum, L. J. Adv. Colloid Interface Sci. 2005, 116, 205.
6) Lojewska, J.; Dynarowicz-Latka, P.; Kolodziej, A. Thin Solid Films 2006, 495, 299.
7) Gupta, R. K.; Suresh, K. A.; Guo, R.; Kumar, S. Anal. Chim. Acta 2006, 568, 109.
8) Gotoh, K. J. Surf. Deter. 2005, 8, 305.
9) Sgobba, V.; Giancane, G.; Conoci, S.; Casilli, S.; Ricciardi, G.; Guldi, D. M.; Prato,
M.; Valli, L. J. Am. Chem. Soc. 2007, 129, 3148.
10) Umemura, Y.; Onodera, Y.; Yamagishi, A. Thin Solid Films 2003, 426, 216.
11) Mohapatra, M.; Anand, S. J. Hazar. Mater. 2007, 148, 553.
12) Albalat, R.; Claret, J.; Ignes-Mullol, J.; Sagues, F.; Moran, C.; Perez, L.; Clapes, P.;
Pinazo, A. Langmuir 2003, 19, 10878.
13) Lance, M. R.; Washingto, C.; Davis, S. S. Pharma. Res. 1996, 13, 1008.
14) Bottier, C.; Gean, J.; Artzner, F.; Desbat, B.; Pezolet, M.; Renault, A.; Marion, D.;
Vie,V. Biochim. Biophys. Acta 2007, 1768, 1526.
15) Vollhardt, D. Adv. Col. Inter. Sci. 2006, 123-126, 173.
16) Flores, A.; Ize, P.; Ramos, S.; Castillo, R. J. Chem. Phys. 2003, 119, 5644.

201

17) Gaines, G. L. Insoluble Monolayers at Liquid-Gas Interfaces; John Wiley & Sons:
New York, 1966.
18) Stottrup, B. L.; Veatch, S. L.; Keller, S. L. Biophys. J. 2004, 86, 2942.
19) Pavinatto, F. J.; Caseli, L.; Pavinatto, A.; dos Santos, D. S., Jr.; Nobre, T. M.;
Zaniquelli, M. E. D.; Silva, H. S.; Miranda, P. B.; de Oliveira, O. N., Jr. Langmuir 2007,
23, 7666.
20) Ulman, A. An Introduction to Untrathin Organic Films; Academic Press: San Diego,
1998.
21) Adamson, A. W. Physical Chemistry of Surfaces; John Wiley & Sons: New York,
1982.
22) Evans, D. F.; Wennerstrom, H. The Colloidal Domain; Wiley-VCH: New York, 1999.
23) Langmuir, I. J. Am. Chem. Soc. 1917, 39, 1848.
24) Langmuir, I. J. Am. Chem. Soc. 1918, 40, 1361.
25) Ertl, G. Langmuir 1987, 3, 4.
26) Everett, D. H. Basic Principle of Colloidal Science; Royal Society of Chemistry:
London, 1988.
27) Vollhardt, D. Adv. Coll. Interf. Sci. 1999, 79, 19.
28) Yaminsky, V. V.; Ninham, B. W. Adv. Coll. Interf. Sci. 1999, 83, 227.
29) Chen Y.-L.; Kawaguchi, M.; Yu, H.; Zografi, G. Langmuir 1987, 3, 31.
30) Kuzmenka, D. J.; Granick, S. Macromolecules 1988, 21, 779.
31) Sauer, B. B.; Yu, H. Macromolecules 1989, 22, 786.
32) Shuler, R. L.; Zisman, W. A. J. Phys. Chem. 1970, 74, 1523.

202

33) Yoncheva, K.; Guembe, L.; Campanero, M. A.; Irache, J. M. Int. J. Pharmaceutics
2007, 334, 156.

34) Chibowski, St.; Paszkiewicz, M.; Mazur-Opala, E. Adsop. Sci. Tech. 2004, 22, 385.
35) Cheyne, R. B.; Moffitt, M. G. Langmuir 2005, 21, 5453.
36) Leiva, A.; Urzua, M.; Gargallo, L.; Radic, D. J. Colloid Interface Sci. 2006, 299, 70.
37) Douglas, J. F.; Cherayil, B. J.; Freed, K. F. Macromolecules 1985, 18, 2455.
38) Cantin, S.; Fichet, O.; Perrot, F.; Teyssie, D. Langmuir 2007, 23, 12243.
39) Pu, Z.-Y.; Lu, J.-Q.; Luo, M.-F.; Xie, Y.-L. J. Phys. Chem. 2007, 111, 18695.
40) Bowen, D. K.; Tanner, B. K. Nanotechnology 1993, 4, 175.
41) Migal, Y. F. Phys. Stat. Sol. 1999, 212, 3.
42) Sohn, D.; Yu, H.; Nakamatsu, J.; Russo, P. S.; Daly, W. H. J. Poly. Sci. B 1996, 34,
3025.
43) Cantor, R. S.; Dill, K. A. Langmuir 1986, 2, 331.
44) Deng, J. J.; Viers, B. D.; Esker, A. R.; Anseth, J. W.; Fuller, G. G. Langmuir 2005,
21, 2375.
45) Bell, G. M.; Combs, L. L.; Dunne, L. J. Chem. Rev. 1981, 81, 15.
46) Dhathathreyan, A. Coll. Surf. 1988, 29, 425.
47) Fazio, V. S. U.; Nannelli, F.; Komitov, L. Phys. Rev. E 2001, 63, 1.
48) Ren, Y.; Iimura, K.; Kato, T. Langmuir 2001, 17, 2688.
49) Hiemenz, P. C.; Rajagopalan, R. Principles of Colloid and Surface Chemistry;
Marcel Dekker, Inc.: New York, 1997.
50) Chen, P.; Susnar, S. S.; Neumann, A. W. Int. J. Miner. Process. 1999, 56, 75.
51) Tabor, D. J. Colloid Interface Sci. 1980, 75, 240.

203

52) Scott, J. C. Oil on Troubled Waters. A Bibliography on the Effects of Surface-active
Films on Surface-wave Motions; Multi-Science Publishing Co. LTd: London, 1979.
53) Franklin, B. Phil. Trans. Res. Soc. (London) 1774, 64, 445.
54) Pockels, A. Nature 1893, 48, 152.
55) Pockels, A. Nature 1894, 50, 223.
56) Rayleigh, L. Phil. Mag. 1899, 48, 321.
57) Langmuir, I. Trans. Faraday Soc. 1920, 15, 62.
58) Debreczeny, M. P.; Svec, W. A.; Wasielewski, M. R. Science 1996, 274, 584.
59) Cantor, R. S.; Dill, K. A. Langmuir 1986, 2, 331.
60) Shin, S.; Wang, Z. G.; Rice, S. A. J. Chem. Phys. 1990, 92, 1427.
61) Cavalcanti, L. P.; Konovalov, O.; Torriani, I . L.; Haas, H. Nuclear Instrum. Method
Phys B 2005, 238, 290.
62) Chang, C.-H.; Franses, E. I. Colloids Surfaces A: Physicochem. Eng. Aspects 1995,
100, 1.
63) Blodgett, K. B. Phys. Rev. 1937, 51, 975.
64) Petty, M. C.; Barlow, W. A. In Langmuir-Blodgett Films; Roberts, G., Ed.; Plenum
Press: New York, 1990.
65) Wilhelmy, L. Ann. Physik 1863, 195, 177.
66) Ellison, A. H. J. Phys. Chem. 1962, 66, 1867.
67) Richard, J.; Barraud, A.; Vandevyver, M.; Ruaudelteixier, A. Thin Solid Films 1988,
159, 207.
68) Moreira, J. C.; Demarquette, N. R. J. Applied Poly. Sci. 2001, 82, 1907.
69) Atkin, P. Physical Chemistry; 6th ed.; Freeman: New York, 1998.

204

70) Dynarowicz-Latka, P.; Dhanabalan, A.; Oliviera Jr., O. N. Adv. Colloid Interface Sci.
2001, 91, 221.

71) Riviere, S.; Henon, S.; Meunier, J.; Schwartz, D. K.; Tsao, M. W.; Knobler, C. M. J.
Chem. Phys. 1994, 101, 10045.
72) McConnell, H. M. Annu. Rev. Phys. Chem. 1991, 42, 171.
73) Islam, M. N.; Kato, T. Langmuir 2005, 21, 10920.
74) Overbeck, G. A.; Honig, D.; Mobius, D. Langmuir 1993, 9, 555.
75) Gaonkar, A. G.; Neuman, R. D. J. Colloid Interface Sci. 1984, 98, 112.
76) Iimura, K.-I; Yamauchi, Y.; Tsuchiya, Y.; Kato, T. Langmuir 2001, 17, 4602.
77) Riviere-Cantin, S.; Henon, S.; Meunier, J. Phys. Rev. E 1996, 54, 1683.
78) Ni, S. L.; Lee, W. –J.; Li, B. B.; Esker, A. R. Langmuir 2006, 22, 3672.
79) Ni, S. L.; Yin, W.; Ferguson-McPherson, M. K.; Satija, S. K.; Morris, J. R.; Esker, A.
R. Langmuir 2006, 22, 5969.
80) Bourque, H.; Laurin, I.; Pezolet, M. Langmuir 2001, 17, 5842.
81) Ries, H. E.; Kimball, W. A. Proc. Intern. Congr. Surface Activity, 2nd 1957, 1, 75.
82) Henon, S.; Meunier, J. Rev. Sci. Instrum. 1991, 62, 936.
83) Dutta, P.; Peng, J. B.; Lin, B.; Ketterson, J. B.; Prakash, M.; Georgopoulos, P.;
Ehrlich, S. Phys. Rev. Lett. 1987, 58, 2228.
84) Langevin, D. J. Colloid Interface Sci. 1981, 80, 412.
85) Brooks, C. F.; Fuller, G. G.; Frank, C. W.; Robertson, C. R. Langmuir 1999, 15, 2450.
86) Bhattacharyya, K.; Castro, A.; Sitzmann, E. V.; Eisenthal, K. B. J. Chem. Phys. 1988,
89, 3376.
87) Lewis, G. N. J. Am. Chem. Soc. 1908, 30, 668.

205

88) Huggins, M. L. Makromo. Chem. 1965, 87, 119.
89) Lawrie, G. A.; Barnes, G. T. J. Colloid Interface Sci. 1994, 162, 36.
90) Takahashi, A.; Yoshida, A.; Kawaguchi, M. Macromolecules 1982, 15, 1196.
91) Kawaguchi, M.; Yoshida, A.; Takahashi, A. Macromolecules 1983, 16, 956.
92) Kawaguchi, M.; Komatsu, S.; Matsuzumi, M.; Takahashi, A. J. Colloid Interface Sci.
1984, 102, 356.

93) Granick, S.; Clarson, S. J.; Formoy, T. R.; Semlyen, J. A. Polymer 1985, 26, 925.
94) Li, B. B. Ph. D. Thesis, Virginia Tech, VA, 2007.
95) de Gennes, P.-G. Scaling concepts in Polymer Physics, Cornell University: Ithaca
New York, 1979.
96) Esker, A. R. Ph. D. Thesis, University of Wisconsin-Madison, WI, 1996.
97) Esker, A. R.; Zhang, L. H.; Sauer, B. B.; Lee, W.; Yu, H. Colloids and Surfaces, A:
Physicochemical and Engineering Aspects 2000, 171, 131.
98) Flory, P. J. Principle of Polymer Chemistry; Ithaca, New York,: Cornell Univ., 1971.
99) Le Guillou, J. C.; Zinn-Justin, J. Phys. Rev. Lett. 1977, 39, 95.
100) Duplantier, B.; Saleur, H. Phys. Rev. Lett. 1987, 59, 539.
101) Stephen, M.; McCauley J. Phys. Lett. 1973, 44A, 89.
102) Vilanove, R.; Rondelez, F. Phys. Rev. Lett. 1980, 45, 1502.
103) Tanaka, H.; Akatsuka, T.; Ohe, T.; Ogoma, Y.; Abe, K.; Kondo, Y. Polym. Adv.
Tech. 1998, 9, 150.
104) Fu, Z.; Santore, M. M. Colloid Surface A 1998, 135, 63.
105) Drude, P. Ann. Physik 1891, 279, 126.
106) Meunier, J. Colloids Surf. A: Physicochem. Eng. Aspects 2000, 171, 33.

206

107) Tabe, Y.; Yokoyama, H. Langmuir 1995, 11, 699.
108) Berreman, D. W. J. Opt. Soc. Am. 1972, 62, 502.
109) Russell, T. P. Mater. Sci. Rep. 1990, 5, 171.
110) Zabel, H. Appl. Phys. A 1994, 58, 159.
111) Gibson, P. N. In Surface and Thin Film Analysis; Bubert, H., Jenett, H., Eds.;
Wiley-VCH: Weinheim, 2002, p 208-221.
112) Kiessig, H. Ann. Physik 1931, 10, 715.
113) Kiessig, H. Ann. Physik 1931, 10, 769.
114) Parratt, L. G. Phys. Rev. 1954, 95, 359.
115) Thompson, C.; Saraf, R. F.; Jordan-Sweet, J. L. Langmuir 1997, 13, 7135.
116) Daillant, J.; Gibaud, A. X-ray and Neutron Reflectivity: Principles and Applications;
Springer: New York, 1999.
117) Kundu, S.; Datta, A.; Hazra, S. Phys. Rev. E 2006, 73, 051608/1.
118) Gidalevitz, D.; Huang, Z. Q.; Rice, S. A. Proc. Natl. Acad. Sci. U. S. A. 1999, 96,
2608.
119) Arias-Marin, E.; Arnault, J. C.; Guillon, D.; Maillou, T.; Le Moigne, J.; Geffroy, B.;
Nunzi, J. M. Langmuir 2000, 16, 4309.
120) Kapp, D. S.; Wainfan, N. Phys. Rev. 1965, 138, 1490.
121) Lesslauer, W. Acta Cryst. B. 1974, B30, 1932.
122) Matsuda, A.; Sugi, M.; Fukui, T.; Lizima, S.; Miyahara, M.; Otsubo, Y. J. Appl.
Phys. 1977, 48, 771.
123) Panambur, G.; Robert, C.; Zhang, Y. B.; Bazuin, C. G.; Ritcey, A. M. Langmuir
2003, 19, 8859.

207

124) Schalchli, A.; Benattar, J. J.; Tchoreloff, P.; Zhang, P.; Coleman, A. W. Langmuir
1993, 9, 1968.

125) Vidya, V.; Ambily, S.; Narang, S. N.; Major, S.; Talwar, S. S. Colloids Surf. A:
Physicochem. Eng. Aspects 2002, 198, 383.
126) Braslau, A.; Pershan, P. S.; Swislow, G.; Ocko, B. M.; Als-Nielsen, J. Phys Rev. A
1988, 38, 2457.

127) Cantor, R. S.; Dill, K. A. Langmuir 1986, 2, 331.
128) Runge, F. E.; Yu, H.; Woermann, D. Berichte der Bunsen-Gesellschaft 1994, 98,
1045.
129) Pisarcik, M.; Polakovicova, M.; Devinsky, F.; Lacko, I. Langmuir 2006, 22, 9160.
130) Kim, C.; Yu, H. Langmuir 2003, 19, 4460.
131) Monroy, F.; Ortega, F.; Rubio, R. G. J. Phys. Chem. B 1999, 103, 2061.
132) Lee, W.; Esker, A. R.; Yu, H. Colloid Surface A 1995, 102, 191.
133) Thompson, W. Phil. Mag. 1871, 42, 368.
134) Langevin, D. Light Scattering by Liquid Surfaces and Complementary Techniques;
New York: Marcel Dekker, 1992.
135) Levich, V. G. Acta Physicochem. URSS 1941, 14, 307.
136) Dorrenstein, R. Koninkl. Ned. Akad. Wetenshap. Proc. 1951, B54, 350.
137) Levich, V. G. Physicochemical Hydrodynamics; Englewood Cliffs, NJ: Prentice
Hall, 1962.
138) Goodrich, F. C. J. Phys. Chem. 1962, 66, 1858.
139) Hansen, R. S.; Mann, J. A. J. Appl. Phys. 1964, 35, 152.
140) van den Temple, M.; van de Riet, R. P. J. Chem. Phys. 1965, 42, 2769.

208

141) Lucassen-Reynders, E. H.; Lucassen, J. Advan. Colloid Interface Sci. 1969, 2, 347.
142) Kramer, L. J. Chem. Phys. 1971, 55, 2097.
143) Mann, J. A. Langmuir 1985, 1, 10.
144) Hard, S.; Newman, R. D. J. Colloid Interface Sci. 1987, 120, 15.
145) Esker, A. R.; Kim, C.; Yu, H. Adv. Polym. Sci. 2007, 209, 59.
146) Esker, A. R.; Zhang, L.-H.; Olsen, C. E.; No, K.; Yu, H. Langmuir 1999, 15, 1716.
147) Sauer, B. B.; Chen, Y. L.; Zografi, G.; Yu, H. Langmuir 1988, 4, 111.
148) Sauer, B. B.; Kawaguchi, M.; Yu, H. Macromolecules 1987, 20, 2732.
149) Yu, H. Macromolecular Symposia 2003, 195, 185.
150) Yu, H.; Polymeric Materials Sci. Eng. 1994, 71, 637.
151) Kim, C.; Esker, A. R.; Runge, F. E.; Yu, H. Macromolecules 2006, 39, 4889.
152) Daoust, H.; St-cyr, D. Macromolecules 1984, 17, 596.
153) Fainerman, V. B.; Miller, R.; Makievski, A. V. Langmuir 1995, 11, 3054.
154) Malzert, A.; Boury, F.; Saulnier, P.; Ivanova, Tz.; Panaiotov, I.; Benoit, J. P.; Proust,
J. E. J. Colloid Interface Sci. 2003, 259, 398.
155) Malzert, A.; Boury, F.; Saulnier, P.; Benoit, J. P.; Proust, J. E. Langmuir 2002, 18,
10248.
156) Peron, N.; Meszaros, R.; Varga, I.; Gilanyi, T. J. Colloid Interface Sci. 2007, 313,
389.
157) Holland, N. B.; Xu, Z.; Vacheethasanee, K.; Marchant, R. E. Macromolecules 2001,
34, 6424.
158) Kim, M. W.; Cao, B. H. Europhys. Lett. 1993, 24, 229.
159) Xu, Z.; Holland, N. B.; Marchant, R. E. Langmuir 2001, 17, 377.

209

160) Elias, H.-G. Macromolecules; Plenum Press: New York, 1984.
161) Feng, Y.; Klee, D.; Hocker, H. J. Appl. Poly. Sci. 2002, 86, 2916.
162) Kuhl, T. L.; Majewski, J.; Howes, P. B.; Kjaer, K.; von Nahmen, A.; Lee, K. Y.C.;
Ocko, B.; Israelachvili, J. N.; Smith, G. S. J. Am. Chem. Soc. 1999, 121, 7682.
163) Bailey, Jr. F. E.; Koleske, J. V. Poly(ethylene oxide); Academic Press: New York,
1976.
164) Baney, R. H.; Itoh, M.; Sakakibara, A.; Suzuki, T. Chem. Rev. 1995, 95, 1409.
165) Lichtenhan, J. D.; Vu, N. Q.; Carter, J. A.; Gilman, J. W.; Feher, F. J.
Macromolecules 1993, 26, 2141.
166) Lichtenhan, J. D. Comments Inorg. Chem. 1995, 17, 115.
167) Provatas, A.; Matisons, J. G. Trend in Polymer Sci. 1997, 5, 327.
168) Li, G.; Wang, L.; Ni, H.; Pittman Jr., C. U. J. Inorg. Orgmet. Polym. 2002, 11, 123.
169) Hay, J. N.; Shaw, S. J. Europhys. News 2003, 34, 89.
170) Gonzalez, R. I.; Phillips, S. H.; Hoflund, G. B. J. Spacefraft Rockets 2000, 37, 463.
171) Hacker, N. P. MRS Bulletin 1997, 22, 33.
172) Brunsvold, A. L.; Gouzman, I.; Grossman, E.; Gonzalez, R. High Perform. Polym.
2004, 16, 303.

173) Laine, R. M.; Zhang, C.; Sellinger, A.; Viculis, L. Appl. Organometal. Chem. 1998,
12, 715.
174) Duchateau, R.; Abbenhuis, H. C.L.; van Santen, R. A.; Meetsma, A.; Thiele, S. K.H.; van Tol, M. F.H. Organometallics 1998, 17, 5663.
175) Deng, J.; Polidan, J. T.; Hottle, J. R.; Farmer-Creely, C. E.; Viers, B. D.; Esker, A.
R. J. Am. Chem. Soc. 2002, 124, 15194.

210

176) Voronkov, M. G.; Lavrent’yev, V. I. Topics in Current Chem. 1982, 102, 199.
177) Viers, B. D.; Esker, A. R.; Farmer, K. Polym. Prep. 2001, 42, 94.
178) Kim, H.-J.; Deng, J. J.; Lalli, J. H.; Riffle, J. S.; Viers, B. D. ; Esker, A. R.
Langmuir 2005, 21, 1908.
179) Hottle, J. R.; Kim, H.-J.; Farmer-Creely, C. E.; Viers, B. D.; Esker, A. R.
Macromolecules 2004, 37, 4900.
180) Deng, J. J.; Farmer-Creely, C. E.; Viers, B. D.; Esker, A. R. Langmuir 2004, 20,
2527.
181) Lee, W.; Ni, S.-L.; Deng, J.; Kim, B.-S.; Satija, S. K.; Mather, P. T.; Esker, A. R.
Macromolecules 2007, 40, 682.
182) Kim, B.-S.; Mather, P. T. Macromolecules 2002, 35, 8378.
183) Mather, P. T.; Kim, B.-S.; Ge, Q.; Liu, C. US Patent 7,067,606 B2, 2006.
184) Kim, B.-S.; Mather, P. T. Polymer 2006, 47, 6202.
185) Sugandhi, E. W.; Macri, R. V.; Williams, A. A.; Kite, B. L.; Slebodnick, C.;
Falkinham, J. O., III; Esker, A. R.; Gandour, R. D. J. Med. Chem. 2007, 50, 1645.
186) Williams, A. A.; Sugandhi, E. W.; Macri, R. V.; Falkinham, J. O., III; Gandour, R.
D. J. Antimicrobial Chemotherapy 2007, 59, 451.
187) Welp, K. A.; CO, C. C.; Wool, R. P. Neutron Res. 1999, 8, 37.
188) Esker, A. R.; Grull, H.; Satija, S. K.; Han, C. C. J. Polymer Sci., Part B: Polym.
Phys. 2004, 42, 3248.
189) Sano, M.; Kawaguchi, M.; Chen, Y. L.; Skarlupka, R. J.; Chang, T.; Zografi, G.; Yu,
H. Review Sci. Instrum. 1986, 57, 1158.
190) Hard, S.; Neuman, R. D. J. Colloid Interface Sci. 1981, 83, 315.

211

191) Akentiev, A. V.; Noskov, B. A. Colloid J. 2002, 64, 129.
192) Winterhalter, M.; Burner, H.; Marzinka, S.; Benz, R.; Kasianowicz, J. J. Biophys. J.
1995, 69, 1372.

193) Kawaguchi, M.; Tohyama, M.; Mutoh, Y.; Takahashi, A. Langmuir 1988, 4, 407.
194) Malzert, A.; Boury, F.; Saulnier, P.; Benoit, J. P.; Proust, J. E. Langmuir 2001, 17,
7837.
195) Glass, J. E. J. Phys. Chem. 1968, 72, 4459.
196) Malzert, A.; Boury, F.; Saulnier, P.; Benoit, J. P.; Proust, J. E. Langmuir 2000, 16,
1861.
197) Gilanyi, T.; Varga, I.; Gilanyi, M.; Meszaros, R. J. Colloid Interface Sci. 2006, 301,
428.
198) Cao, B. H.; Kim, M. W.; Cummins, H. Z. J. Chem. Phys. 1995, 102, 9375.
199) Castellanos, I. J.; Crespo, R.; Griebenow, K. J. Controlled Release 2003, 88, 135.
200) Haba, Y.; Kojima, C.; Harada, A.; Ura, T.; Horinaka, H.; Kono, K. Langmuir 2007,
23, 5243.
201) Kojima, C.; Kono, K.; Maruyama, K.; Takagishi, T. Bioconjugate Chem. 2000, 11,
910.
202) Tobio, M.; Gref, R.; Sanchez, A.; Langer, R.; Alonso, M. J. Pharm. Res. 1998, 15,
270.
203) Kunii, R.; Onishi, H.; Machida, Y. Eur. J. Pharm. Biopharm. 2007, 67, 9.
204) Richards, R. W.; Taylor, M. R. J. Chem. Soc., Faraday Trans. 1996, 92, 601.
205) Henderson, J. A.; Richards, R. W.; Penfold, J.; Thomas, R. K.; Lu, J. R.
Macromolecules 1993, 26, 4591.

212

206) Linse, P.; Hatton, T. A. Langmuir 1997, 13, 4066.
207) Polverari, M.; Van de ver, T. G. M. J. Colloid Interface Sci. 2007, 313, 389.
208) Cao, B. H.; Kim, M. W. Faraday Discuss. 1994, 98, 245.
209) Noskov, B. A.; Akentiev, A. V.; Loglio, G.; Miller, R. J. Phys. Chem. B 2000, 104,
7923.
210) Noskov, B. A.; Alexandrov, D. A.; Loglio, G.; Miller, R. Colloid Surf., A 1999, 156,
307.
211) Schwuger, M. J. J. Colloid Interface Sci. 1973, 43, 491.
212) Seo, Y.; Esker, A. R.; Sohn, D.; Kim, H.-J.; Park, S.; Yu, H. Langmuir 2003, 19,
3313.
213) Lenk, T. J.; Lee, D. H. T.; Koberstein, J. T. Langmuir 1994, 10, 1857.
214) Kawaguchi, M. Pro. Polym. Sci. 1993, 18, 341.
215) Knobler, C. M.; Desai, R. C. Annu. Rev. Phys. Chem. 1992, 43, 207.
216) Kawaguchi, M.; Sauer, B. B.; Yu, H. Macromolecules 1989, 22, 1735.
217) Kim, Y.; Pyun, J.; Frechet, J. M. J.; Hawker, C. J.; Frank, C. W. Langmuir 2005, 21,
10444.
218) Wegner, G. Macromol. Chem. Phys. 2003, 204, 347.
219) Goncalves da Silva, A. M.; Simoes Gamboa, A. L.; Martinho, J. M. G. Langmuir
1998, 14, 5327.

220) Peace, S. K.; Richards, R. W.; Kiff, F. T.; Webster, J. R. P.; Williams, N. Polymer
1998, 40, 207.

221) Lasic, D. D. Nature 1996, 380, 561.

213

222) Jo, Y. S.; Kim, M. C.; Kim, D. K.; Kim, C. J.; Jeong, Y. K.; Kim, K. J.; Muhammed,
M. Nanotechnology 2004, 15, 1186.
223) Zaghib, K.; Charest, P.; Guerfi, A.; Shim, J.; Perrier, M.; Striebel, K. J. Power
Sources 2004, 134, 124.
224) Aktas, Y.; Yemisci, M.; Andrieux, K.; Gursoy, R. N.; Alonso, M. J.; FernandezMegia, E.; Novoa-Carballal, R.; Quinoa, E.; Riguera, R.; Sargon, M. F.; Celik, H. H.;
Demir, A. S.; Hincal, A. A.; Dalkara, T.; Capan, Y.; Couvreur, P. Bioconjugate Chem.
2005, 16, 1503.

225) Hottle, J. R.; Deng, J. J.; Kim, H.-J.; Farmer-Creely, C. E.; Viers, B. D.; Esker, A.
R. Langmuir 2005, 21, 2250.
226) Knischka, R.; Dietsche, F.; Hanselmann, R.; Frey, H.; Mülhaupt, R.; Lutz, P. J.
Langmuir 1999, 15, 4752.
227) Tsuchida, A.; Bolln, C.; Sernetz, F. G.; Frey, H.; Mülhaupt, R. Macromolecules
1997, 30, 2818.

228) Kopesky, E. T.; Haddad, T. S.; McKinley, G. H.; Cohen, R. E. Polymer 2005, 46,
4743.
229) Sulaiman, S.; Brick, C. M.; De Sana, C. M.; Katzenstein, J. M.; Laine, R. M.;
Basheer, R. A. Macromolecules 2006, 39, 5167.
230) Zheng, L.; Farris, R. J.; Coughlin, E. B. Macromolecules 2001, 34, 8034.
231) Liang, K. W.; Toghiani, H.; Li, G. Z.; Pittman, C. U. J. Polym. Sci. Part A: Polym.
Chem. 2005, 43, 3887.
232) Yoon, K. H.; Polk, M. B.; Park, J. H.; Min, B. G.; Schiraldi, D. A. Polym. Int. 2005,
54, 47.

214

233) Lipp, M. M.; Lee, K. Y. C.; Waring, A.; Zasadzinski, J. A. Biophy. J. 1997, 72,
2783.
234) Buzin, A. I.; Godovsky, Yu. K.; Makarova, N. N.; Fang, J.; Wang, X.; Knobler, C.
M. J. Phys. Chem. B 1999, 103, 11372.
235) Barentin, C.; Muller, P.; Joanny, J. F. Macromolecules 1998, 31, 2198.
236) Karabiyik, U.; Esker, A. R. Proc. Annu. Meet. Adhes. Soc. 2005, 28, 253.
237) Buzza, D. M. A.; Lu, C.-Y. D.; Cates, M. E. J. Phys. II 1995, 5, 37.
238) Naumann, C. A.; Brooks, C. F.; Fuller, G. G.; Knoll, W.; Frank, C. W. Langmuir,
1999, 15, 7752.

239) Collins, S. J.; Dhathathreyan, A.; Ramasami, T. J. Colloid and Interface Sci. 1998,
203, 249.
240) Haro, M.; Cea, P.; Gascon, I.; Royo, F. M.; Lopez, M. C. J. Phys. Chem B 2007,
111, 2845.
241) Wang, C.; Zheng, J.; Oliveira, O. N. Jr.; Leblanc, R. M. J. Phys. Chem C 2007, 111,
7826.
242) Li, B.B.; Esker, A. R. Langmuir 2007, 23, 574.
243) Lichtenhan, J. D.; Schwab, J. J.; Reinerth, W. A. Chem. Innov. 2001, 31, 3.
244) Wright, M. E.; Schorzman, D. A.; Feher, F. J.; Jin, R. Z. Chem. Mater. 2003, 15,
264.
245) Carroll, J. B.; Waddon, A. J.; Nakade, H.; Rotello, V. M. Macromolecules 2003, 36,
6289.
246) Schwab, J. J.; Lichtenhan, J. D. Appl. Organomet. Chem. 1998, 12, 707.

215

247) Yin, W.; Huffer, S. M.; Deng, J. J.; Hottle, J. R.; Kim, H.-J.; Esker, A. R. Poly. Prep.
2007, 48, 674.

248) Yin, W.; Xie, Q.; Deng, J. J.; Goff, J. D.; Vadala, T. P.; Riffle, J. S.; Esker, A. R.
Poly. Prep. 2006, 47, 1217.
249) Bornhauser, P.; Calzaferri, G. J. Phys. Chem. 1996, 100, 2035.
250) Zhu, B.; Katsoulis, D. E.; Keryk, J. R.; McGarry, F. J. Polymer 2000, 41, 7559.
251) Feher, F. J.; Newman, D. A.; Walzer, J. F. J. Am. Chem. Sco. 1989, 111, 1741.
252) Biolln, C.; Tsuchida, A.; Frey, H.; Mulhaupt, R. Chem. Mat. 1997, 9, 1475.
253) Soong, R.; Macdonald, P. M. Biochimica et Biophysica Acta 2007, 1768, 1805.
254) Heise, A.; Nguyen, C.; Malek, R.; Hedrick, J. L.; Frank, C. W.; Miller, R. D.
Macromolecules 2000, 33, 2346.
255)

Thevenot,

J.;

Troutier,

A.-L.;

David,

L.;

Delair,

T.;

Ladaviere,

C.

Biomacromolecules 2007, 8, 3651.
256) Menger, F. M.; Wood, M. G.; Richardson, S. D.; Zhou, Q. Z.; Elrington, A. R.;
Sherrod, M. J. J. Am. Chem. Soc. 1988, 110, 6797.
257) Nagarajan, M. K.; Shah, J. P. J. Colloid Interface Sci. 1981, 80, 7.
258) Chen, Y.-L.; Sano, M.; Kawaguchi, M.; Yu, H.; Zografi, G. Langmuir 1986, 2, 349.
259) Koppenol, S.; Zografi, G.; Yu, H. J. Colloid Interface Sci. 1997, 189, 158.
260) Vollhardt, D.; Retter, U. J. Phys. Chem. 1991, 95, 3273.
261) Vollhardt, D.; Retter, U.; Siegel, S. Thin Solid Films 1991, 199, 189.
262) Vollhardt, D.; Retter, U. Langmuir 1992, 8, 309.

216

