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ABSTRACT

Polyhedral oligomeric silsesquioxanes (POSS) have attracted substantial academic interest for
many years as hybrid materials and nanofillers for controlling thermal and mechanical properties,
and providing thermal and chemical resistance while retaining ease of processing. A natural
extension of these studies has been POSS-based amphiphiles and thin film coatings. Studies at
the air/water (A/W) interface have shown that trisilanol-POSS derivatives are amphiphilic and
form uniform Langmuir films, whereas closed-cage POSS derivatives are hydrophobic and

aggregate.

In previous work, a triester (POSS-triester) and a triacid (POSS-triacid) were synthesized
from PSS-(3-hydroxypropyl)-heptaisobutyl (POSS-OH) and Weisocyanate and fully
characterized by surface pressure — area per molecule (II-A) isotherm and Brewster angle
microscopy (BAM) studies at the A/W interface. The results indicated that POSS-triester is
surface active forming a liquid expanded (LE) monolayer, whereas POSS-triacid forms a liquid
condensed (LC) monolayer that is only weakly affected by pH. A face-on conformation was
proposed and examined to understand the packing of POSS-based amphiphilic molecules at the
A/W interface. The face-on/vertex-on comparison is rarely discussed for Langmuir monolayers

at the A/W interface.



In this thesis, three other POSS-based esters were synthesized from POSS-OH and
aminopropylisobutyl-POSS (POSS-NH,) using Weisocyanate and a similar isocyanate
containing two tert-butyl protected carboxylic acids. The synthesized materials are characterized
by I1-4 isotherm and BAM. For POSS-OH based diester (PA/DE) and POSS-NH; based diester
(PAmDE), LE/LC phase transitions were observed in II-4 isotherms over part of the
experimentally accessible temperature range and were attributed to a change from a vertex-on to
face-on conformation. Apparent BAM images confirmed LC islands coexisted with the LE
phase. The experimentally observed dynamic estimates of the critical temperatures (7,) were
estimated from a two-dimensional Clausius-Clapeyron analysis and were consistent with the
temperature dependence of the II-4 isotherms. These LE/LC phase transitions are the first

observed for POSS amphiphiles.
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Chapter 1

Overview

Studies on monolayers of amphiphilic molecules at the air/water (A/W) interface provide a
unique way to investigate two-dimensional (2D) materials at asymmetric interfaces.' For over
more than a century, a rich variety of physical phenomena and applications have been reported.’
In past decades, the importance of Langmuir trough technique increased with the evolution of
optical techniques, such as laser light scattering,” fluorescence,® and Brewster angle microscopy
(BAM).” This development allowed visualization of monolayer morphology associated with

collapsed structures and phase transitions.’

Polyhedral oligomeric silsesquioxanes (POSSs) are a new generation of lighter weight, higher
performance materials.” As a hybrid material, POSS is composed of a rigid inorganic core and a
flexible organic corona. The nanoscopic sizes of POSS provide opportunities to behave as
nanofillers in a variety of polymers. Although POSS has received considerable attention, extra
efforts are still strongly desired. From previous work, trisilanol-POSS derivatives seem more
interesting for surface studies because of their amphiphilic character in contrast to closed-cage
POSS molecules which tend to aggregate at the A/W interface. In this dissertation, a series of
closed-cage POSS-based amphiphilies have been synthesized and characterized by '"H NMR, *C
NMR, melting point tests, high resolution mass spectrometry (HRMS), surface pressure-area per
molecule (I1-4) isotherm, and Brewster angle microscopy (BAM). The possible conformations

of molecules at the A/W interface and phase behavior are also discussed.



Chapter 2, Introduction and Literature Review, provides a general introduction to interfaces,
thin films, and Langmuir monolayers. Experimental instruments and techniques, such as the
Langmuir-Blodgett (LB) trough and BAM are discussed in detail. In order to understand the LB-
technique, the 2-dimensional (2D) II-4 isotherms of fatty acids with phase transitions are
explained as an analog to 3-dimensional (3D) bulk P-V isotherms. Different phases, such as gas
(G), liquid expanded (LE), liquid condensed (LC), and solid (S) are used to describe phase
transitions that arise from differences in packing and tilt angle of amphiphiles at the A/W
interface. In addition, POSS is reviewed as a core material in this dissertation. The POSS cage
synthesis, POSS-based polymers, physical properties, and applications are discussed. Based upon
previous work, the conformation of POSS derivatives as well as phase behavior of amphiphiles
with different length/diameter ratios are introduced. In general, trisilanol-POSS molecules
exhibit a vertex-on conformation through the entire monolayer region. On the other hand, a
closed-cage amphiphile based upon PSS-(3-hydroxypropyl)-heptaisobuyl (POSS-OH), a triester
(PAITE) has a I1-4 isotherm that is consistent with a conformational change from a vertex-on to

face-on upon collapse.

Chapter 3, Experimental Materials and Methods, contains a detailed description of the
material synthesized for this dissertation. Preparations of materials, experimental techniques,
methods of characterization, and procedures used in subsequent chapters are summarized. This

information will not be repeated in detail in the subsequent research chapters.

Chapter 4, Synthesis and Characterization of POSS-NH, Based Triester at the Air/Water
Interface, discusses the surface behavior of a POSS derivative (PAmTE) synthesized from
aminopropylisobutyl-POSS (POSS-NH;) and Weisocyanate. II-4 isotherm studies confirm

POSS-NH, and PAmTE are both amphiphilic at the A/W interface. Analysis of the II-4

2



isotherms reveals packing of these amphiphiles at the A/W interface is similar to that of PA/TE.
Unlike the vertex-on conformation for trisilanol-POSS derivatives, POSS-NH, exhibits a face-on
conformation at the A/W interface. PAmTE starts with the POSS-cage and three ters-butyl esters
adsorbed to the plane of the interface. As the film is compressed, PAmTE initially exhibits a
vertex-on conformation and ultimately a face-on conformation when the film collapses.
Isotherms of four closed-cage POSS derivatives (POSS-OH, POSS-NH,, PA/TE, and PAmTE)

are compared.

Chapter 5, Synthesis and Characterization of POSS-OH Based Diester at the Air/Water
Interface, describes the phase transition and conformational analysis of a newly synthesized
POSS-OH derivative (PA/DE). PAIDE is obtianed from POSS-OH and an isocyanate diester. I1-
A isotherm studies and BAM confirm POSS-OH and PA/DE are both amphiphilic at the A/W
interface. Whereas trisilanol-POSS derivatives pack in a vertex-on conformation, POSS-OH
packs in a face-on conformation. For PA/DE, a transition from vertex-on to face-on packing is
observed during dynamic compression of the molecules at the A/W interface. II-A isotherms
indicate that PA/DE Langmuir monolayers exhibit a liquid expanded-to-condensed (LE/LC)
phase transition. BAM images reveal large islands of the LC phase are dispersed in the LE phase
during phase coexistence. The apparent critical temperature (7.) of the phase transition is
obtained from a 2D Clausius-Clapeyron analysis. The result agrees well with experimental
observations of 7., however, the transition is obtained under non-equilibrium conditions and “7;”
is probably influenced by the close proximity of the collapse transition. This result is the first

example of a POSS material that exhibits a LE/LC phase transition at the A/W interface.

Chapter 6, Synthesis and Characterization of POSS-NH, Based Diester at the Air/Water

Interface, examines II-4 isotherms of another POSS-NH, derivative (PAmDE). PAmDE is

3



synthesized from POSS-NH; and an isocyanate diester. I1-4 isotherm studies and BAM are used
to characterize PAmDE at the A/W interface. Analysis of the I1-4 isotherms revealed packing of
these amphiphiles at the A/W interface was similar to that of PA/DE discussed in Chapter 5.
Similar to PA/DE, PAmDE also exhibits a LE/LC phase transition that is consistent with a change
from a vertex-on to a face-on conformation during compression. BAM images show large
islands of the LC phase dispersed in the LE phase in the phase coexistence region. The critical
temperature of the phase transition is predicted from a 2D Clausius-Clapeyron analysis. The
result agrees well with the temperature dependence of the I1-4 isotherms. However, the results
for PAmDE are even more strongly affected by a completion between collapse and phase

separation that is more pronounced than for PA/DE.

Chapter 7, Overall Conclusions and Future Work, provides a summary of this dissertation and
suggests several natural extensions of this study. A series of close-cage POSS derivatives are
designed and synthesized to examine their surface behaviors by II-4 isotherm and BAM.
Conformational analysis agrees with the conclusion drawn from PA/TE. A first-order LE/LC
phase transition is firstly observed for POSS derivatives. These studies provide new insights into
design and interfacial properties of silicon based surfactants and surface modifying agents. In
addition, some suggestion for future work are given as follows: (1) synthesis and characterization
of POSS-based monoesters; (2) synthesis and characterization of POSS-based monoesters with
different linkers; (3) synthesis and characterization of POSS-based non-tert-butyl esters; (4)
synthesis and characterization of POSS-based esters with different substituents on the POSS cage;

and (5) blends of amphiphilic POSS derivatives at the A/W interface.



Chapter 2

Introduction and Literature Review

2.1 Introduction to Colloids and Interfaces

Interfaces, the dividing region which separates two phases from each other, generally include
the solid/liquid, solid/gas, and liquid/gas interfaces. Since the boundary between water and oil
can be distinguished as two immiscible liquids, liquid/liquid interfaces are also studied as well as
solid/solid interfaces. However, gas/gas interfaces are not considered because all gases are
miscible. Colloids, usually discussed with interfaces, are disperse systems, with dispersed phase
lateral dimensions on the order of nm to um.® Colloids and interfaces are intimately related since
the interface-to-volume ratio is so large that their behavior is critically dependent upon the
interfacial properties. For this reason, some properties of nanoscience and nanotechnology are

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

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

membranes in biology,” swelling of clay or soil in geology,'® butter manufacturing in food

5 .
etc. However, a surface is seldom an

science,'! detergency,12 thin films," coatings,14 paints,1
infinitesimally sharp boundary in the direction of its surface normal; rather it is rough, and this
roughness affects properties and applications. In this thesis, the air/water (A/W) interface is the
main interface. The density of a liquid surface decreases from its bulk value to its vapor value

. 1
over a few molecular diameters.'®



2.2 Introduction to Molecular Films

Molecular films by definition are ordered monolayers of molecules with a thickness ranging
from the scale of nanometers to hundreds of nanometers. Due to their attractive properties,
molecular films offer many challenging scientific and technological opportunities, such as
sensors, !’ displays,18 solar cells,” electroluminescent devices,”® field-effect transistors,”’ etc. As
molecular thin films exhibit promise for molecular engineering with desired structure and
functionality, researchers developed interests in adhesion and biomedical applications.”* Along with
the development of techniques and materials, dimensions of devices are continually being reduced to
the monolayer level and various methods have been reported to achieve thin films, such as spin

5

coating,” direct deposition,” thermal deposition,” electrodeposition,”® micro-imprinting,”” brush

tethering,”  laser micro-patterning,”’ self-assembly (SAM),” the Langmuir-Blodgett (LB)

le, 30

technique, etc.

In order to study the ordering of molecules as films, the LB-technique is one of the best on the
basis of a few advantages: (1) the ability to precisely control the films from monolayer to multilayer,
(2) controllable compression rates allowing for the transfer of molecules in different relaxation states
(i.e. different orientations), and (3) the possibility to deposit films onto a variety of solid and liquid

substrates.

Although a preponderance of the work has been performed on organic thin films, studies of
inorganic films, such as silanes and siloxanes, cannot be disregarded. Based upon intermolecular
interactions between the film and the substrate and the intramolecular interaction of the film,
molecular films can be divided into thin crystalline and amorphous films of individual molecules,

thin films of liquid crystals, LB-films, self-assembled films, and polymeric films (Figure 2.1).



TR
N
NN

Cryst

AN N VRN AN
VNOVAN ANNL NN
NN ANNAN ANANANNYN

N
/
L
L

N
\?

ays
NI
N
N
N

N

\
/
/

/\/\/
.
.
N
N
P
e

e
d

\

=
.l

ine Film

Smectic Liquid Crystal Film

Partial Oriented Polymeric Film

Nematlc Liquid Crystal F|Im

TTITTTTTTTTT
SULLLL LR

Langmuir Blodgett Film

TITITTITT

Self-assembled Film

Partial Crystalline Polymeric Film

Figure 2.1 Schematic depictions of thin film types from crystalline, liquid crystalline,

assembled films, amorphous, and partially oriented polymeric films.*

The Langmuir —Blodgett

and self-assembled films represent side views whereas the other films are top views.



2.3 Terminology and Historical Background of Langmuir Films

In this dissertation, some terms have to be clarified because they represent different information
although they seem similar, such as Langmuir films and Langmuir-Blodgett (LB) films. To be specific,
when amphiphilic molecules are spread at the A/W interface and monolayers are generated, they are
Langmuir films. Amphiphiles form Gibbs monolayer if they are soluble in water and adsorb at the
A/W interface from solution, whereas a Langmuir monolayer is generally insoluble in water. A
Langmuir film is an excellent model for studying ordering in a two-dimensional (2D) system.'® !4
First, similar to traditional solid substrates, such as silica or gold, water has a very smooth surface
with a roughness 3~5 A,* which minimizes the boundary and fluctuation effects on the organic films.
Second, thermodynamic variables, such as temperature (7), surface area occupied per molecule or
monomer (4) and surface pressure (I) are controllable. Third, interactions between the polar head
groups and the water subphase can mimic biomedical surroundings because phospholipids bilayers
comprising the cell membranes can be considered as two weakly coupled monolayers.* Moreover,
only a minimal amount of sample is required for a single experiment. For example, 0.5 ug of a
material with a molecular weight of 1000 g-mol'1 is enough to cover a 600 cm? surface to the point

where each molecule occupies 200 A’ (relevant parameters for a polyhedral oligomeric

silsesquioxane (POSS) molecule).

On the other hand, a Langmuir-Blodgett film is not necessarily identical to a Langmuir monolayer
since it could also be a multilayer rather than a single monolayer. In experiments, LB-films are
generated on solid substrates by Langmuir-Blodgett or Langmuir-Scheaffer deposition.'”** In this

dissertation, Langmuir monolayers are mainly discussed.

It is interesting to note that thin film, or even a monolayer, has been made and applied by ancient

people. Babylonians predicted success, marriage, birth, death and luck by spreading an oil layer on



water and observing the shape of the film around the 18™ century BC.*® Two thousand years ago,
Chinese applied suminagashi, which involves early ‘ink-stream’, on marble sculptures.’® People did
not regard monolayers as a scientific field until Benjamin Franklin designed his famous Clapham
pond experiment in 1774.%° During the later 100 years, scientist discussed monolayers more
systematically. In the early 1900’s, Irving Langmuir developed techniques and exhibited evidence for
the monomolecular nature of the film as well as the orientation of the molecules at the A/W
interface.”” Seventeen years after Langmuir successfully transferred a monolayer onto a solid
substrate,*® Katharine Blodgett transferred multiple layers of long aliphatic carboxylic acids onto a
solid substrate.** Their work in surface chemistry led to a Nobel Prize for Langmuir in 1932.

Nowadays, these films are known as Langmuir-Blodgett films.

However, isotherm studies alone are often ambiguous and led to dispute and controversy, such as
the order of phase transitions in Langmuir films.*’ During past few decades, in situ techniques have
been developed to assist the study of Langmuir films with respect to thermodynamic, kinetic, and

mechanical properties. Such techniques include Brewster angle microscopy (BAM),"' X-ray

diffraction techniques (XRD),* fluorescence microscopy (FM),* surface light scattering (SLS),*"**

28,45 42j, 46

interfacial stress rheometer (ISR), and ellipsometry.

2.4 Formation of Langmuir Monolayers

Langmuir monolayers are composed of amphiphiles with polar head groups anchoring the
molecules to the interface and hydrophobic tail oriented towards air that prevent dissolution.
Such amphiphilic molecules include long chain fatty acids, alcohols, esters, and phospholipids
(Figure 2.2)*" and polymers such as polyethers,*® polyesters,* polysiloxanes,” polyacrylates and

30e, 51

polymethacrylates, etc. (Figure 2.3).
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Figure 2.2 Examples of amphiphilic molecules that form Langmuir monolayers: (A) n-
octadecanoic acid,”® (B) n-hexadecanoic methyl ester,” (C) diacylphosphatidylethanolamine

(DPPE),** (D) diacylphosphatidylcholine (DPPC),” and (E) POSS-OH based triester (PAITE).*’
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Figure 2.3 Example of polymers that form Langmuir monolayers: (A) poly(fert-butyl acrylate)
(PtBA),”® (B) poly(dimethylsiloxane) (PDMS),”” (C) poly(tetrahydrofuran) (PTHF),”® and (D)

poly(vinyl acetate) (PVAc).”

2.5 Experimental Techniques

The objective of my research is to synthesize and characterize closed-cage POSS-based
triesters at the A/W interface. The Langmuir-Blodgett (LB) and associated techniques will be
used to study the phase behavior of POSS derivatives at the A/W interface. In order to study the
morphology of amphiphilic molecules, Brewster angle microscopy (BAM) is coupled with a

Langmuir trough.

2.5.1 Surface Pressure-Area per Molecule (I1-A) Isotherms
2.5.1.1 Surface Pressure (II) and Surface Tension (y)

Surface tension (y) is a critical property of a liquid caused by cohesive forces between

molecules. This effect is depicted in Fiugre 2.4. For molecules within the bulk liquid, forces

11



experienced on the molecules are symmetrical resulting in a net force of zero. These forces
include van der Waals forces, hydrogen bonding, dipolar interactions, etc. Without these
attractions there would not be a condensed phase. However, for molecules located at the
interface, forces are not balanced and result in a net attractive force that pulls molecules at the
surface of a liquid towards the bulk. In order to bring a molecule from the bulk to the surface, a
“surface free energy” penalty represented by the surface tension or surface energy is required.
This surface tension with a unit of force per unit length can also be considered as surface energy
density (energy per unit area), reflecting the tendency of liquids to reduce their surface area. At

thermodynamic equilibrium, the surface tension of a planar interface can be expressed as:'®

r= (Z_Z)T,V,n oY= (z_fl)T,P,n @1

where T, P, and V are temperature, pressure, and volume, respectively, 4 is the surface area, and
F and G are the Helmholtz and Gibbs free energies, respectively. In this thesis, only water is
discussed because it is not only the most frequently used liquid, but it also has a higher surface
tension (about 73 mN-m™ at 20 °C) than traditional organic liquids. The larger y arises from

strong hydrogen bonding between H>O molecules.
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Figure 2.4 Diagram of the forces on two liquid molecules, one in the bulk versus one at the

surface. Red arrows highlight attractive forces acting on a given molecule.

A Langmuir-trough (Figure 2.5) is a laboratory instrument used to study the properties of
amphiphilic molecules. The instrument can be used to compress the monolayer to create a
surface pressure-area per molecule (I1-A4) isotherm. With the addition of a dipper and dipping
well, a Langmuir trough becomes a Langmuir-Blodgett (LB) trough that allows the deposition of
LB-films onto solid substrates. The instrument is named after Irving Langmuir and Katharine

Blodgett, who demonstrated it was possible to create monomolecular coatings on surfaces of
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water, metal, and glass.61 Films on water have become known as Langmuir films while films

transferred to solid substrates by vertical deposition are known as LB-films.

Balance J

Barriers
'] I l_'.":‘ —_—= ] e y i I ']
[ [ t/ /
Wilhelmy
plate
/ Monolayer covered surface /
Trough with subphase

Figure 2.5 Schematic depiction of a Langmuir trough.

Monolayers on water are usually composed of amphiphilic molecules with hydrophilic heads
and hydrophobic tails.* Most of the early work involving Langmuir monolayers was conducted
with long-chain carboxylic acids (such as stearic acid), which contain a polar headgroup
anchoring the molecules to the surface of water and a hydrophobic tail preventing dissolution of

the molecule. These amphiphilic molecules are also known as surfactants, since they lower the
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surface tension of water and allow easier spreading of the liquid on another liquid or solid. As

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

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

tension. This change in the surface tension is usually called the surface pressure, IT = Yiiquid — Yitm,

where Yiiquia 1 the surface tension of the neat liquid and ygi, is the surface tension of the liquid

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

dimensional (3D) bulk pressure (P). Semi-quantitatively, IT is analogous to a pressure distributed

over the thickness of the thin film:

(mN -m™)

P(mN -m™) =
thickness(m)

Likewise, a 2D lateral modulus, &, (to be discussed later):

)
‘ o4 ),

can be considered as an analog of the 3D bulk modulus, K:

K - _V(a_”j
ov ),

(2.2)

(2.3)

(2.4)

In these studies, the amphiphilic molecules are normally dissolved in a spreading solvent

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

coefficient:

S= Yair/water = Yair/solvent = Vsolvent/water

15

(2.5)



Where Yairiwater, Yair/solvent @Nd Ysolvenvwater COTTespond to the interfacial tensions between air and
water, air and solvent, and the spreading solvent and water, respectively.”’ Ideally, the spreading
solution is deposited onto the surface of the trough to disperse the material in a monomolecular

state.

The aqueous subphase is normally placed in a trough made of a hydrophobic material, like
Teflon. IT can be monitored by the Wilhelmy plate method (Figure 2.6). In the Wilhelmy plate
method, absolute forces acting on the plate, usually made of roughened platinum or filter paper,
and partially immersed in the subphase, are measured. Downward forces working on the plate,
such as gravity and surface tension, are balanced by upward forces, such as buoyancy, resulting
from the displacement of water by the plate, and the pressure sensor itself. These forces are

usually measured with a sensitive electrobalance.”* y and I can be calculated from:

F, -F, .
H - —_ iim = M 26
o= Tn 2(L +t)cosl (2.6)

where v is the surface tension of the pure liquid and vy, is the surface tension of the film
covered surface. F,s 1s the force measured by the Wilhelmy plate when there is no Langmuir
film on the surface, Fopsmm is the force measured by the Wilhelmy plate when there is a
Langmuir film on the surface, L is the length of the plate, ¢ is the thickness of the plate, which is
usually small relative to L and is frequently ignored, and @ is the contact angle between the

water and the Wilhelmy plate.
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Figure 2.6 Measurement of surface pressure with a Wilhelmy plate.

The contact angle is the angle at which a liquid-gas interface touches a solid surface. When a
droplet of liquid is at rest on a solid surface, the contact angle only depends on the material
properties of the liquid and the solid. In this thesis, the liquid phase discussed is water unless
otherwise mentioned. As shown in Figure 2.7, if a water droplet is on a hydrophilic solid surface,
water molecules spread and @ < 90° is observed. On the other hand, if water droplet is on a
hydrophobic solid surface, the contact angle will be in the range of 90° to 180°. Young’s

equation provides a quantitative description of wetting phenomena:®’

Yair/solid — Yiiquid/solid — Yair/liquid €OS 0=0 (2.7)
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Figure 2.7 Contact angles of water on hydrophilic and hydrophobic surfaces.®

Paper or roughened plates often lead to perfect wetting (6 = 0°). Therefore, Equation 2.6 is

sometimes written as:

18



Fbs,O - E)bs,ﬁlm

- 2.8
Y3 (28)

szo_yﬁlm=

when t << L.

As seen in Equation 2.8, the surface pressure is the difference in surface tension between a
clean or pure liquid (water) surface and a film covered surface. I as a function of molecular (or
monomer) area (4) at constant temperature is called a [I-4 isotherm. I1-4 isotherms are two-
dimensional analogs of three dimensional pressure versus molar volume isotherms. Conceptually,
A is nothing more than

A
A= trough 29

where Aougn 15 the area of the trough and N is the number of molecules on the surface. 4 and N
are easily calculated by knowing A.uen, the concentration of the spreading solvent and the
amount of spreading solution spread. Phase changes may be identified by monitoring IT as a

function of 4.

2.5.1.2 I1-A Isotherms and Phase Transitions in Langmuir Films

Figure 2.8 is a classic depiction of a IT-4 isotherm.”” When 4 is very large, molecules are far
apart from each other; therefore the interactions between adjacent molecules are very weak. At
this point, the amphiphilic molecules exist in a phase similar to a gas (G). As the molecules are
compressed, the molecules will start to interact with each other and repulsive interactions will
cause the molecules to start rising off the surface. As a consequence of the compression, liquid-

expanded (LE) and condensed (LC) phases can form. A key difference between liquid phases is
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their densities. While condensed phases have densities that are similar to bulk liquids and solids,
LE phases have densities that are ~ 50% smaller than 3D liquids. The other major difference is
long-range order. For the LE phase, the orientation of molecules is random. In contrast,
traditional LC phases for molecules structurally similar to fatty acids are a collection of ordered
phases with different tilt angles and unique packing which can be differentiated in grazing
incidence X-ray diffraction (GIXRD) studies.*™ ®"*® Prior to monolayer formation, LE and the

LC phases can coexist with G to form G/LE or G/LC coexistent phases at IT ~ 0.*"*

Untilted tails, nearly

Collapse (2D->3D)

: compressible
Density comparable to

: i %’\H" é g “‘I'J Compressible
L W =T Stronger intermolecular

interactions (LE)

II /mNem!

A

Small intermolecular
interactions (G)

v

A /mmZemolecule?

Figure 2.8 A schematic depiction of a II-4 isotherm for amphiphilic molecules at the A/W
interface. The area scale on the plot roughly corresponds to room temperature values for fatty

acids, where 4, for the condensed phase is in the vicinity of 20 A* molecule™.®’
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Figure 2.8 is idealized. A film need not exhibit both LE and LC nor solid (S) phases. Special
molecules like stearylamine (deposited on water acidified to pH=2.5 with HCI),” 4-(((10,12-
pentacosadiynoyl)oxy)methyl)pyridine in the presence of Cu™’’ amino-acid-derivatized
diacetylene lipid,”" n-octadecyltrichlorosilane (OTS),”* phospholipid,” poly(L-lactic acid)
(PLLA),**™ ™ exhibit both LE and LC phases. For these systems there is a first order phase
transition between the LE and LC phases leading to phase coexistence.”” As already noted,
GIXRD studies showed the traditional LC phase was actually a collection of different phases that
could be distinguished on the basis of their long-range order and average tilt angles. For example,
fatty acids are known to form up to 9 condensed phases.”® One of these is the solid phase (S),
where the tilt angle is zero. Transitions between other LC phases and S are manifested as kinks
rather than plateaus and tend to be second-order transitions.*® At sufficiently high II, all

402 yWhether this transition entails the formation of

monolayers undergo collapse transitions.
multilayer structures (Figure 2.9) or dissolution into the bulk subphase is dependent upon the

molecular structure.
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Multllayer: *2D-3D" transformation

Figure 2.9 A schematic depiction of a Langmuir film undergoing collapse from a monolayer into

multilayer domains.

As noted in the previous paragraph, monolayer phase transitions can be either first-order
(common phase transition from undergraduate thermodynamics) or second-order (much rarer).**
In general, a transition for which the first derivative of the chemical potential with respect to
temperature is discontinuous is classified as a first-order transition. As a result, the densities of
the two phases are discontinuous and a plateau in the I1-4 isotherm is observed. In contrast, for
second-order transitions, the first derivative of the chemical potential with respect of temperature

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

phase transitions are first-order. However, I1-4 isotherm studies may be ambiguous because of
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kinetic effects and the influence of line tension.”” For example, the nature of the LE-LC
transition of n-pentadecanoic acid was argued for years and scientists only reached agreement

after BAM and fluorescence microscopy showed the nucleation and growth of the LC phase.**

As one may notice in Figure 2.8, at the end of solid phase, molecules are no longer
compressible and after a so-called “collapse” transition 3D structures are formed as depicted in
Figure 2.9 or dissolution of parts of the Langmuir film occurs. The surface pressure
corresponding to collapse is defined as the “collapse pressure” (Iloiapse), Which indicates the
limit of the stability of a 2D monolayer. Normally, the value of I1.oupse 1 related to the barrier
speed (compression rate) and the history of the film. A schematic diagram (Figure 2.9)
demonstrates the process of collapse. As seen in Figure 2.9, compression of amphiphilic
molecules with a constant force after the formation of a stable 2D monolayer ultimately pushes
some molecules out of the monolayer away from the water subphase. During the transition, the
hydrophobic tails of the upper molecules will interact with hydrophobic tails of the molecules in
the bottom layer. However, the exact multilayer structure depends upon specific materials with

most molecules tending to form different multilayer structures.’’

2.5.2 Langmuir-Blodgett (LB) Technique

A LB-film contains one or more monolayers of a material deposited onto a solid substrate
from a Langmuir film. A LB-film is formed by passing a solid substrate through the A/W
interface of a Langmuir film. For special materials a monolayer is added with each immersion or
emersion step, resulting in films with precisely controlled thicknesses. The procedures for

preparing LB-films and measuring [1-4 isotherms are similar.
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Several transfer modes for the deposition of molecules onto a substrate are depicted in
Figures 2.10 and 2.11. For Y-type deposition onto a hydrophobic substrate (Figure 2.10), the
substrate is lowered into the subphase and the molecules are oriented with their hydrophobic tail
towards the substrate for the first layer. On the upstroke, the polar hydrophilic headgroups of the
molecules on the surface are attracted to the outward facing headgroups that have already been
deposited on the substrate. Continuous upstrokes and downstrokes can yield a multilayer LB-
film. With an even number of layers, the hydrophobic tails face the air in the final layer. For the
less common types of transfer, X-type (Figure 2.11b) and Z-type (Figure 2.11c) deposition,
molecules are only deposited on the downstroke or upstroke, respectively. In contrast to Y-type
deposition where molecules are deposited into an alternating superstructure, X- and Z-type
transfer yield mutilayer films where each molecule in every layer theoretically has the same
orientation. X-ray diffraction studies of multilayers prepared via X-type deposition usually show
that a bilayer structure exists. As such, molecules rearrange during or after transfer to form a

78

more energetically favorable conformation.'™ Normally, these conformations have

hydrophobic tails of the final layer oriented toward air.
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Figure 2.10 Y-type deposition of LB-multilayers onto a hydrophobic substrate: (A) formation of
a stable Langmuir monolayer at the A/W interface by compression, (B) first immersion of a
hydrophobic substrate, (C) first withdrawal, and (D) LB-multilayers with head-to-head and tail-

to-tail configurations.”

25



(A)

00
00—
00—
00—
00—
00—

e . A
@
@
@
@
Q@@
@
@
@@

Hydrophobic

(©)

@O
RPN
@@
R --4
~r— P —r—-
~r— P —r—-
e n @
R --4
~r—Pprp—r—@

ilic

Hydroph

OO 0 O
OO I (OO0
~—GO a. ~r
~— S ~r
~—GO = ~r
~ ~r—
~— G ~r—
~— G ~r—

o0

@

o0

o0

o0

o0

00—

o0

o0

Figure 2.11 Structures of LB-multilayers: (A) X-, (B) Y-, and (C) Z-type. The structural

difference between Figure 2.10 D and (B) reflects the fact that (B) depicts a hydrophilic substrate.

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

. . . .. . . 80
corresponding structure as rearrangement with time after deposition is possible.

2.5.3 Brewster Angle Microscopy (BAM)

[1-4 isotherms have limitations with respect to determining phases and phase transitions in

Langmuir monolayers.'"® Therefore, BAM and fluorescence microscopy are usually used to

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

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

fluorescent probe must be added to most systems to do fluorescence microscopy. As the Esker



group primarily uses BAM, I will discuss this technique further. In addition to the ability of
BAM to study phase transitions, BAM can even reveal in sifu morphological information about

the texture and homogeneity of Langmuir films.®'

When light passes through an interface between two media, some of the light will be reflected
at the boundary while the remainder will be refracted. However, at a specific angle (Figure 2.12),
p-polarized light is not reflected. This special incident angle is called Brewster’s angle, 8z, which

is named after the Scottish physicist, David Brewster.

reflected ray
incident ray (polarized)

{unpolarized}

8, p-polarizer

refracted ray

(slightly polarized)

Figure 2.12 Schematic depiction of the reflection of unpolarized light at Brewster’s angle.
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Different components of linearly polarized light are defined according to their orientation
relative to the plane of incidence (the surface of the paper in Figure 2.12). By convention, the
electric field vector of p-polarized light is parallel to the plane of incidence, while the electric
field vector of s-polarized light is perpendicular to the plane of incidence.** In Figure 2.12, p
stands for p-polarized light and s represents s-polarized light. 6, is the angle of incidence and the
angle of reflection, and 6, is the angle of refraction. Brewster’s angle (65) can be deduced from

Snell’s law:

n, sin(6,) = n, sin(6,) (2.10)

where n; and n; are the refractive indices of medium / and 2, respectively, and 8; and 6, are the
angle of incidence and angle of refraction, respectively. At Brewster’s angle, 8; + 6, = 90°. For

the A/W interface, Brewster’s angle corresponds to 6; = 65 = 53.1°.

Brewster’s angle can also be deduced from Fresnel’s laws, which describe the reflectivity (R)
of light as a function of incident angle and polarization. The reflectivity of s-polarized light (R;)

and p-polarized light (R,) can be calculated from Equations 2.11 and 2.12, respectively:

R _[ni cos 8, —n, cos 6. jz _sin’(6.-6)

n,cos@, +n,cos, | sin’(6,+6,) (2.11)
2
R - n,cosf, —n,cosd | tan’(6,—0,)
P\ n,cosd +n, cosb. tan’(6, +6,) (2.12)

where subscripts i and 7 represent incidence and refraction, respectively.
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For an 1deal isotropic interface (Figure 2.13), R, increases continuously with increasing
incident angle while R, exhibits a minimum, where the sum of 6; and 0, approach 90° causing
tan(0, +6;) — oo. For the case of Langmuir films where a sample is spread onto the surface of
water, the thickness of the film and refractive index of the sample will cause some light to reflect

at Oz for the A/W interface. Under these conditions:®'?
—2
Rp (93) = Rs(eg)pB (2.13)

where R,(0p) and Ry(05) represent the reflectivity of a Frensnel interface at Brewster’s angle for
p- and s-polarized light, respectively, and pg is the average ellipticity at Brewster’s angle which

is defined as:

— 1/n2 +n12 i (1) —m1ln(2)" = ms] (2.14)
Ps 7 ni-n’ 4 n(z)’ .

where A is the wavelength of the incident light, and z within the integral indicates the distance
from the average interfacial position, z = 0. If we can make the approximation that the thin film
has a refractive index profile n(z) that is uniform, the reflected intensity (/,), at Brewster’s angle

will be proportional to the square of film thickness, 4”:

- + —_ —
1= 1R, (0,) % py = zh“”z i )| (2.15)

n —n n’

For any particular system, like the A/W interface, n; and n, are constants. Therefore, the

thickness of the film can be obtained.
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e, /°
Figure 2.13 Reflectivity at different incident angles for s (solid line) and p (dotted line)

polarized light.

Figure 2.14 is a schematic depiction of a BAM with a laser source, a Glan-Thompson
polarizer with the electric field vector parallel to the plane of incidence, and a light detector
(such as a charge coupled device (CCD) camera). Since the light source is required to have a
high intensity and a well defined polarization (p) for uniform illumination, a laser is the only
reasonable choice. A polarizer is a device that converts a beam of light of undefined or mixed
polarization into a beam with well-defined polarization. Depending on various applications, there
are basically two types of polarizers: linear polarizers and circular polarizers. Linear polarizers
can be further divided into two categories: absorptive polarizers, where the filtered polarization
states are absorbed and beam-splitting polarizers, where the unpolarized beam is split into two
beams with opposite polarization states. Beam splitting polarizers are used for BAM. In

traditional BAM, the polarizer is placed in the path of the incident beam to polarize the radiation

30



in the p direction before it meets the surface. As the technique developed, the polarizer was
moved to the path of the reflected beam to remove residual s-component before any reflected p-

radiation reaches the CCD detector. This approach was found to enhance resolution.

CCD

p-polarizer

lens

black plate

Figure 2.14 Schematic depiction of a BAM. A p-polarized laser beam is incident on the water
surface at Brewster's angle for water (03 = 53.1°). Light reflected by the interface is detected by
a CCD camera. A p-polarizer is placed in the path of the reflected beam to remove residual s-

polarized light.

In the experiment, a tilted black glass plate is used underneath the water surface to prevent the
light from randomly scattering from the subphase and trough. A set of lenses is used to direct the

reflected beam to a CCD camera for imaging. Theoretically, nothing can be observed on the
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monitor when no film is present at the interface because p-polarized light is not reflected at
Brewster’s angle, while s-polarized light is blocked by the p-polarizer. However, once a sample
is spread onto the A/W interface, Brewster’s angle changes as the refractive index of the sample
differs from water. Thus, even a trivial alteration results in some reflected p-polarized light
reaching the CCD camera. Therefore, BAM is widely considered as a sensitive instrument for
detecting and studying phase transitions, phase separation, crystallization, aggregation, etc, when

o : - 30b, ¢, 30i, j, 83
it is coupled with IT-4 isotherms.”™ © ™"

2.6 Phase Diagrams of Langmuir Monolayers
2.6.1 Monolayer Phases

Figure 2.8 describes the packing stages of amphiphilic molecules at the A/W interface.
However, scientists studied fatty acids, classic and traditional amphiphiles, from a different
perspective prior to the 1980s. For example, both gas (G) and liquid-expanded (LE or L;) phases
can be considered as expanded phases while both liquid condensed (LC) and solid (S) phases can
be considered as condensed phases. Accordingly, some argued that liquid-condensed (LC or L)
is actually a 2D solid rather than liquid phase. Stallberg-Stenhagen and Stenhagen obtained a
surface pressure-temperature phase diagram by the study of behenic acid. Solid phase was even
divided into S and LS while L, was divided into L, and Lz’.84 The completion of the phase
diagrams for fatty acids was not possible until FM and BAM were invented. With the help of
optical instruments, the nature of the different condensed phases was explored with respect to the
conformation of molecules. An example is shown in Figure 2.15. Experiments with XRD drew

the same conclusion and introduced more condensed phases. According to the tilt angles, their
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azimuths could be differentiated into toward nearest neighbor (NN), toward next-nearest

neighbor (NNN), and untilted hexagonal (U) (Table 2.1).
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Figure 2.15 Experimental II -7 phase diagram for an eicosanoic acid Langmuir film, which was

modified from the original source.®
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Table 2.1 A summary of condensed phases of Langmuir monolayer.

Liquid - .
Condensed Superliquid Solid
Notation L, L, L,"” 0, LS, LS, S CS
Tilt azimuth NN NNN | NN | NNN U U U U

NN = tilt to the nearest-neighbor molecule, NNN = tilt to the next-nearest neighbor, U = untilted

hexagonal.”®

2.6.2 Chain-length Dependence of Monolayer Phase Diagrams

Amphiliphilic molecules, such as fatty acids, have been thoroughly studied at the A/W
interface through Langmuir film studies. In the experiments, the temperature is controlled.
Therefore, the accessible temperature window is narrow since water freezes below 0 °C and
evaporation interferes with the stability of the film above 45 °C. In this window, fatty acids with
shorter chains (less than C;3) are soluble and lead to Gibbs monolayer formation. Alcohols,
esters, and acetates may behave similarly if they are structurally close to fatty acids.*® A chain-

length dependent phase diagram is depicted in Figure 2.16.
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Figure 2.16 The chain-length dependence of the monolayer phase diagram for fatty acids (Cis—
Ca4). Solid lines exhibit first-order transitions and dashed lines indicate second-order

.. 4
transitions.**> ¥’

2.7 Introduction to Polyhedral Oligomeric Silsesquioxanes (POSS)

Polyhedral oligomeric silsesquioxanes are more commonly known as POSS. These
compounds have attracted substantial academic interest for many years as hybrid materials.”®*
The most common POSS derivatives are the closed-cage comprised of eight silsesquioxane units

(Ts) and the seven-unit (T7) open cage trisilanol POSS (Figure 2.17). Tg and T; POSS are

composed of a relatively hard 0.5 nm diameter inorganic core and that makes the overall
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diameter of the molecules 1 to 3 nm. While octaalkyl-POSS derivatives are normally
hydrophobic, many open cage trisilanol-POSS derivatives are amphiphilic. Since the octaalkyl-
POSS can be synthesized from a trisilanol-POSS, opportunities to build molecules with different
rigidities and amphiphilic properties in nanoscale dimensions exist."® POSS has attracted
considerable interest for high-temperature nanocomposites, space-survivable coatings, ® low-k
dielectric materials,®™ liquid crystalline polymers,™ and catalysts.” Varieties of POSS-based
polymers have been made and have shown interesting properties.”™ **¢* Such hybrid materials
have properties between inorganic and organic compounds with respect to glass transition

temperature, mechanical strength, thermal and chemical resistance, and ease of processing.*™

R R
O-si—o ~Si—0OH
R’/ / R~/ /
N S N
| Si-O 0 ‘ Si-OH
R\s| | R R\S' R on
o 0-Si
. 0 N\ 0
R \_ 07 4si-g e 0—/~Si~g
0—si—0 0—si—0
R R
Octaalkyl-POSS Trisilanol-POSS

Figure 2.17 Two most common types of POSS. R = alkyl group.

2.7.1 POSS Cage Synthesis

A silsesquioxane has a general empirical chemical formula RSiO; s, in which R is hydrogen
or an alkyl, alkene, aryl, or arylene group. However, substituents are not necessarily the same on
every Si atom. Frequently, one substituent on closed-cage POSS derivatives has a more branched

arm that ends with a functional group, such as an alcohol, amine, alkene, etc.
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Synthesis of the POSS cages requires hydrolytic condensation. POSS derivatives have been
formed from trialkoxysilanes and trichlorosilanes (RSiX3) (Scheme 2.1 and 2.2).* In order to
obtain different POSS derivatives, the reaction rate is controlled with a catalyst or by the choice

of solvent.

) Si-O
RSIX3 —> R\S lR
O- |
O /
R 0—/%Si-
0] /Si/o

Scheme 2.1 Scheme for synthesizing closed-cage POSS derivatives.*’

Problems with Scheme 2.1, where R is usually a chemically stable organic substituent or H,
include the need to carefully control the initial concentration of the monomer and catalyst, the
temperature, the rate of addition of water, etc.?" The character of the substituent X and
solubility of polyhedral oligomers can also influence the rate and distribution of products for the
reaction in Scheme 2.1.%** For example, higher temperature tends to favor polymer formation;
hence room temperature reactions under mild conditions are normally preferred. Furthermore,
dropwise addition of H,O is suggested to control the concentration of silanol groups to avoid
extensive side reactions (such as branched oligomers and linear polymers). Different solvents
(such as cyclohexane, benzene, methanol, and acetone) and catalyst (either HCl or KOH) have

been used depending on the organic substituents.”’
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Scheme 2.2 Scheme for synthesizing open-cage POSS derivatives.”

Open cage trisilanol POSS derivatives are one example of a series of incompletely condensed
POSS cages. Here, an open cage POSS means that at least one hydroxyl group exists with at
least one missing vertex. Feher and his coworkers’ have designed a method to control the
reactivity of the monomer RSiXj to synthesize open-cage POSS (Scheme 2.2). By introducing
acetone, it was possible to slow the hydrolytic condensation when R was a cyclopentyl or
cyclohexyl group. However, these reactions usually took a few days and the yields were
relatively low (< 30%). Later, strong acids proved to be effective for the selective cleavage of

completely condensed octameric polyhedral silsesquioxane (RsSigO2) cubes (Scheme 2.3).”
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Scheme 2.3 Synthesis of incompletely condensed POSS cages from the cleavage of completely

condensed POSS in the presence of an acid or base catalyst.

2.7.2 Synthesis of POSS-based Polymers

As an organic/inorganic hybrid material, POSS is of interest for blends with polymers or
dendrimers. These blends tend to exhibit increases in use temperature, reductions in flammability,

better oxidation resistance, and surface hardening.”* One major advantage for POSS in these
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potential applications is the ability to tailor the POSS cage in order to control blending with
polymers.”” The physical properties of these hybrid materials depend on the miscibility of the

host polymer and the POSS derivative.”®

Polyaddition and polycondensation are common methods for the synthesis of POSS-based
polymers.”’ One interesting study used epoxy-functionalized cubes,
octaaminophenylsilsesquioxane (OAPS), polyaminophenylsilsesquioxane (PAPS),
octa(dimethylsiloxypropylglycidyl ether) silsesquioxane (OG), diaminodiphenylmethane (DDM),
and diglycidyl ether of Bisphenol A (DGEBA) to create nanocomposites.” For the resulting
nanocomposite, it was believed that the rigidity, processability and thermomechanical properties
could be improved by adjusting the architecture of the organic tethers between vertices.” Many
examples of asymmetric POSS derivatives derived from an octafunctional-POSS have been

studied.38¢ 190

2.7.3 Physical Properties and Applications of POSS

As a hybrid material, POSS is a bridge between ceramics and polymers. Compared to
conventional organic and inorganic materials, it has intermediate properties with respect to
oxidation resistance, toughness, density and ease of processing. POSS has tremendous potential
as a space survival material based on its low density, reduced heat evolution and good oxidation
resistance, and as case insulation for solid rocket engines and ducting for liquid rocket
engines.'”' In order to achieve these properties, control of molecular weight and composition led

to the modification of open-caged POSS derivatives to create polymerizable and crosslinkable
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units for the development of model silica surfaces,'*® building blocks for network solids,'” and

ligands.'**

The morphology of POSS-based polymers has attracted greater attention. Crystalline
polymers, such as polynorbornene'” and poly(lactide-co-glycolide) (PLGA)'* were introduced
into POSS segments. Compared to the earlier work done on block copolymers with amorphous

POSS segments,'”’

the nanoconfinement effect within microphase-separated domains highly
depended upon the state of the POSS. The POSS-rich domains mainly acted as crosslinks,
however, “pseudo-network” systems were sometimes observed during physical aging
experiments.'” Many techniques have been used to examine the morphology of POSS-
containing copolymers. For example, wide-angle X-ray scattering (WAXS) was used to
investigate POSS-based ABA triblock microstructures'”” and the intermediate ordering of POSS
homopolymer.''® Transmission electron microscopy (TEM) and dynamic mechanical analysis

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

109
components.

Open cage POSS derivatives are surface active and closed-cage POSS derivatives can also be
coupled with hydrophilic polymers to create amphiphilic materials. These new materials usually
exhibit an affinity for interfaces, which makes them potential compatibilizers and dispersion
aides. POSS is also an excellent model nanofiller with well-defined size. The Esker group has
demonstrated an increase in the 7, of polymeric thin films with small amounts of
trisilanolphenyl-POSS (TPP).""! Meanwhile, different filling behaviors based on different POSS
derivatives were also examined at the A/W interface. For example, when trisilanolisobutyl-POSS
(TiBP) is benlded with polydimethylsiloxane (PDMS), TiBP was believed to platicize the blend

films at low surface pressure, thereby reducing mechanical strength.''> TPP could also form thin
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film bilayers and thin film blends with polymers leading to interesting morphological
behavior.** ''* For example, thin film bilayers of polystyrene (PS) and TPP were studied with
respect to morphological evolution during annealing at elevated temperatures. The dewetting
mechanism in work by Paul ef al. was different from similar studies with polymer/polymer

114

bilayers. " These results indicate that dewetting of both the upper TPP and the lower PS layers

led to the exposure of the silicon substrate.''*

Topological constraints in POSS-based polymers also affect physical properties. For example,
molecular motion associated with network junctions slowed when the weight percentage of
epoxy-POSS increased in the blend with diglycidyl ether of bisphenol A (DGEBA) and 1,4-
butanediol diglycidyl ether (BDGE).'"> Fu et al. increased the rubbery plateau modulus by
introducing trisilanolphenyl-POSS into the tetraglycidyl diamino diphenyl methane / 2-methyl-

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

2.7.4 Conformational Analysis of Closed-Cage POSS Derivatives

In a previous study, (3-hydroxypropyl)heptaisobutyl-POSS (POSS-OH) was added to an
isocyanate in the presence of triethylamine''’ to give a triester (PAITE) (Scheme 2.4). As POSS-
OH and PAITE are amphiphilic, surface pressure—area per molecule (IT-A) isotherms were used
to probe the quasi—two-dimensional thermodynamic properties of these materials at the A/W

interface.
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Scheme 2.4 Synthesis of PA/TE

Figure 2.18 has I1-4 isotherms for POSS-OH and PA/TE at the A/W interface at 22.5°C. A II-
A isotherm for trisilanolisobutyl-POSS (TiBP)** is also provided on Figure 2.18 as a reference.
The II-4 isotherm for POSS-OH reveals a lift-off surface concentration (4.5 where II
increases from zero) around Ao ~185 A’molecule™, followed by a long plateau until lower A
(~ 125 A%smolecule™) at low II (~ 1 mNem™). This smaller 4 value corresponds to the limiting
area (A4y), which was obtained by extrapolating the steepest portion of the II-4 isotherm back to
I1 = 0. At a relatively low collapse pressure (II. ~ 5 mNem™), the POSS-OH film collapses into

multilayer domains.
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Figure 2.18 [[-4 isotherms of TiBP, POSS-OH, and PAITE at 22.5°C at the A/W interface.

The second plateau (65 A%emolecule” < 4 < 110 A%emolecule™) corresponds to multilayer
formation. The factor of two changes in area may be consistent with bilayer formation. The long
plateau at intermediate IT has also been observed for other weakly amphiphilic POSS derivatives,
trisilanolcyclohexyl-POSS®” and trisilanolcyclopentyl-POSS.*> At even smaller 4, IT increases

further as the multilayer structures are rigid.

For PAITE, the isotherm is consistent with a more compressible monolayer. Ajp..p ~215
A’emolecule” and 4y ~175 A*smolecule” are much larger than POSS-OH. Moreover, the rise in
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IT in the monolayer regime (125 A%smolecule” < 4 < 215 A*molecule™) is more gentle, like a
LE monolayer. Collapse of the film at 4. = 125 A%emolecule™ and II.~22 mN em’! is followed
by a plateau (65 A*molecule” < 4 < 125 A’emolecule™) that is similar to POSS-OH. Further

compression of the film (4 < 65 A*molecule™) also causes IT to increase like POSS-OH.

The other isotherm in Figure 2.18 is for trisilanolisobutyl-POSS (TiBP). Deng et al.*”

interpreted this isotherm as follows:
A > Ajgior= 230 A%emolecule™: coexisting G/LE monolayer.
Ap=177 A>»molecule” < 4 < Ajs.op= 230 A>»molecule: LE monolayer.
A. =140 A’smolecule <4 < A4,=177 A’smolecule™: more condensed liquid-like monolayer.
A <A, =140 A%emolecule™: collapse into multilayer structures.

It is interesting to note similarities and differences among the isotherms in Figure 2.18. The
PAITE seems similar to TiBP with respect to Ao and 4y, however, 4. is similar to 4, for
POSS-OH. As both Ay and A. serve as estimates of molecular cross-sections, and the cage
portion of the molecules are the same (isobutyl substituents on seven silicon atoms), a natural
question arises, “How are the POSS cages packing?” Before addressing this question, it is
necessary to explore how electrostatic interactions associated with deprotonation of POSS-triacid

influence isotherm.

Traditional modeling of the structure of fatty acids in Langmuir films has treated the
molecules as rod-like objects due to their large length/diameter ratio. In contrast, the
silsesquioxane core of POSS molecules is essentially a cube, while the flexible organic coronae

have led to treatments of POSS as nanometer sized spheres. Hence the overall shape is
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essentially the same whether the POSS is a closed Tg cage or an open T; cage. One key

difference is that the T trisilanols exist as hydrogen bonded dimers in the crystalline state.'**

Previous studies with POSS have focused on trisilanol-POSS derivatives,**> ¢ 300 83¢. 1132 118 )
order to understand the liquid-like state, TiBP was modeled with known crystal structure of
TCyP'*® and CS Chem Draw Pro to substitute isobutyl groups for cyclohexyl groups on the cage.
In Chem Draw 3D, MM2 and MOPAC calculations in vacuum were run to minimize the energy
state of the structures. Finally, a barrel-like model and a cross-sectional area around 177

A’emolecule” were suggested for TiBP.** In this model, the silsesquioxane core had a vertex-on

conformation at the A/W interface.

The Tg POSS cage is considered as an ideal cube, ABCD-A,B;C;D,, where the substituents R
are distributed evenly at each vertex of the cube and fill out the pink sphere (in Figure 2.19A). In
this model, silicon atoms are located on the eight corners while omitted oxygen atoms are in the
middle of the 12 edges. Therefore, the sizes (limiting area) of the POSS derivatives are
effectively spherical areas determined by the largest cross-sectional areas. If the molecule is
tilted on one corner, 4, as proposed for TiBP,*® a vertex-on conformation would be observed
that would look like the labeled “Atomium” built for the World’s Fair in Brussels (Figure 2.19B).
As shown in Figure 2.19B, its largest cross-sectional area would be the circumcircle of the

triangle 4;BD or B;CD;.
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Figure 2.19 (A) The Tg POSS cage was treated as an ideal cube with the substituents evenly
distributed at the vertices of the cage. In this model, Si atoms are located at the eight corners of
the cube while omitted O atoms are in the middle of the 12 edges. (B) The Atomium for Brussels
World’s Fair.'"” The labeling of the cube in (A) and Atomium in (B) are consistent with

balancing the cube on vertex A for a vertex-on conformation.
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On the other hand, if the POSS cage is packed on one of its faces, the biggest cross-sectional
area is the circumcircle of the square ABCD or A4;B;C;D; and turns out to be the face-on
conformation. Therefore, the ratio of largest spherical areas between a vertex-on conformation
(S7) and a face-on conformation (S,) is 4:3. Since the limiting area of TiBP is 4y ~ 177
A?molecule’, the limiting area of a POSS molecule on its face should be ~ 130 A?molecule™.
This value is in accord with the observed limiting area for POSS-OH. On the basis of these
experiments, POSS cages with longer tethering chains or fewer hydrophilic end groups tend to

lie on one of the six faces of the molecule at the A/W interface.*’¢

Poly(tert-butyl acrylate) (PtBA) was used to understand the packing of PA/TE. Figure 2.20A
shows a I1-4 isotherm for PtBA where A is expressed as a function of the area per repeating unit
(monomer for short). As seen in Figure 2.20A, IT for the PtBA film initially shows a slow rise in
the region 35 < A4 < 55 AZ-molecule™ = Ajifi-o; P4 Further compression of the film causes II to
rise rapidly for 4 < 35 A% molecule” before the film collapses at 4. ~ 21 A?*molecule™ and I1. ~
23 mN-m™. The rapid rise in II for 4 < 35 A*molecule™ is consistent with the formation of a
condensed (LC) film. Extrapolation of the I1-4 isotherm for the LC monolayer back to IT = 0
yields 4y =~ 30 A*molecule”. As seen in Figure 2.20B if one neglects the short linker, POSS-
triester is essentially POSS-OH plus three PtBA repeating units. Interestingly, Ay poss-on +
34y pi4 yields 215 A%-molecule™ (= Aijpi-op; paire)- As such, we speculate that PA/TE starts with
the POSS-cage and three fers-butyl esters adsorbed to the plane of the interface (Figure 2.21A).
Throughout the monolayer regime, the POSS cage is likely riding on top of the ters-butyl esters
(Figure 2.21B). Recalling that TiBP and PAITE II-4 isotherms essentially coincided throughout
the monolayer regime (Figure 2.18), a somewhat more speculative conclusion is that the POSS

cage tilts during the transformation from a cage on the A/W interface to a cage on the tert-butyl
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esters as depicted in Figure 2.21B. However, there is a difference in A, between PA/TE and TiBP.

TiBP collapsed at 4. = 140 Az'molecule'l, whereas PAITE collapsed at a smaller 4. = 125

A?'molecule™. This value is consistent with a face-on conformation for POSS-triester at collapse

(Figure 2.21C).
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Figure 2.20 (A) I1-4 isotherm for PtBA on water at T=22.5 °C. The red dashed line indicates 4

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

“repeating units”.
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Chapter 3

Experimental Materials and Methods

3.1 Materials and Sample Preparation
3.1.1 Obtained Materials

The reagents and solvents noted in this section were used for the synthesis and
characterization of the polyhedral oligomeric silsesquioxane (POSS) derivatives from PSS-(3-
hydroxypropyl)-heptaisobuyl (POSS-OH) and aminopropylisobutyl-POSS (POSS-NH,)
described in this thesis. POSS-OH (FW 875.30 gemol, mp 233.0-234.1 °C) from the Sigma-
Aldrich Corporation was purified by flash chromatography. POSS-NH, (FW 874.58 gemol™', mp
227.6-228.8 °C) was purchased from Hybrid Plastics Incorporated. All other reagents were used
without further purification. Weisocyanate (FW 441.56 gemol™) was purchased from Frontier
Scientific, Incorporated. Isocyanatediester (FW 327.42 gemol') was provided by Bhadreshkumar
Maisuria from Dr. Richard Gandour’s research group in the Chemistry Department at Virginia
Tech. Triethylamine (TEA, reagent, ACS grade, FW 101.12 gemol™) was purchased from
Sigma-Aldrich Corporation as a catalyst. Chloroform (CHCl;, reagent, 99%, ACS grade, FW
119.38 gemol™), hexanes (reagent, 99%, ACS grade, FW 86.18 gemol™), ethyl acetate (EtOAc,
reagent, 99%, ACS grade, FW 88.11 g°mol'1), methanol (MeOH, reagent, 99%, ACS grade, FW
32.04 gemol™) were purchased from Sigma-Aldrich Corporation as solvents. Spreading solutions

were prepared with nominal concentrations of around 0.5 mg-mL™ in chloroform. All aqueous
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subphases were prepared from ultrapure water (Milli-Q Gradient A-10, 18.2 MQ-cm, < 10 ppb

organic impurities).

3.1.2 Purified and Synthesized Materials
3.1.2.1 Purification and Characterization of POSS-OH

From 206 mg of commercial POSS-OH (1, in Figure 3.1) was isolated as a crystalline white
solid (195 mg, 94.7%) from a silica gel (60 A) column using methanol/ethyl acetate/ and hexane
(10/10/80) as the eluant, and characterized: mp 233.0-234.1 °C; '"H NMR (500 MHz, CDCl;) &
3.61 (q, J = 6.5 Hz, 2H), 1.88-1.80 (m, 7H), 1.69-1.63 (m, 2H), 1.33 (t, /= 5.5 Hz, 1H), 0.94 (d,
J=6.5 Hz, 42H), 0.64-0.58 (m, 16H); >C NMR (125 MHz, CDCl;) § 65.1, 26.1, 25.8, 24.0, 22.5;
¥Si NMR (82 MHz, CDCl;) & -66.8, -67.1, -67.4; HRMS calcd for C3H7013Sis (M+H) ™
875.3043, found 875.3065; IR v (cm'l) 3405, 1081; Anal. Calced for C5;H7¢0;5S1g: C, 42.52; H,

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

0-S o
S N\ 9/  R=isobutyl
Figure 3.1 Structure of POSS-OH
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3.1.2.2 Synthesis and Characterization of POSS-OH Based Diester (PAIDE)

As shown in Scheme 3.1, compound 1 (0.350 g, 0.40 mmol) and isocyantatediester'> (2,
0.137 g, 0.42 mmol) were dissolved with 7.0 mL CHCls in a 50 mL round bottom flask. 0.5 mL
triethylamine (TEA) were added dropwise to the mixture. The solution was allowed to stir and
reflux overnight. Then the solvent was removed under reduced pressure and a white gel was
obtained. The white gel was dissolved with 4 mL hexanes at 65 °C and 10 drops of MeOH were
added into the solution until it was cloudy. 2 mL hexanes were added to make the solution clear.
The flask was capped with parafilm and stored in the freezer (-15 °C) overnight. After filtration,
a white crude product PA/DE (3 in Scheme 3.1) was collected. Finally, 3 was purified by a silica
gel (60 A) column with EtOAc : hexanes = 10 : 90 (0.407 g, 84.6%): mp 101.8-103.5 °C; 'H
NMR (500 Hz, CDCl3) 6 4.69 (s, 1H), 3.92 (t, J = 5.5 Hz, 2H), 2.33 (t, J = 8.0 Hz, 4H), 2.03-
1.97 (m, 2H), 1.89-1.79 (m, 9H), 1.66 (quintet, J = 7.5 Hz, 2H), 1.43 (s, 18H), 1.23 (s, 3H), 0.95
(d, J= 6.5 Hz, 21H), 0.94 (d, J = 6.5 Hz, 21H), 0.61-0.58 (m, 16H). °C NMR (125 MHz, CDCl;)
0 173.0, 154.9, 80.5, 66.4, 54.4, 33.8, 30.3, 28.1, 25.7, 23.9, 23.0, 22.5, 22.1, 8.3; HRMS calcd

for C48H99Nolgsig 12014974, found 1201.5016.
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Scheme 3.1 Synthesis of PA/DE

3.1.2.3 Synthesis and Characterization of POSS-NH, Based Triester (PAMTE)

As shown in Scheme 3.2, compound 4 (0.262g, 0.30 mmol) and 5 (0.146g, 0.33 mol) were
dissolved in 1.0 mL of chloroform. Triethylamine (TEA) 1.0 mL was added to the solution
dropwise. The reaction was stirred and refluxed for 24 hours. The solution was then removed
under reduced pressure and the residue was separated by a silica gel (60 A) column with ethyl
acetate : hexane (10 : 90) yielding compound 6 (in Scheme 3.2) as a white solid (0.246 g, 62.3%):
mp 145.6-146.9 °C; 'H NMR (500 MHz, CDCl3) & 4.57 (s, 1H), 4.03 (t, J= 5.0 Hz, 1H), 3.06 (q,
J=6.5 Hz, 2H), 2.23 (t, J = 8.0 Hz, 6H), 1.94 (t, J = 8.0 Hz, 6H), 1.89-1.81 (m, 7H), 1.60-1.56

(m, 2H), 1.43 (s, 27H), 0.95 (d, J = 6.5 Hz, 21H), 0.94 (d, J = 6.5 Hz, 21H), 0.61-0.58 (m, 16H);
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PC NMR (125 MHz, CDCl3) § 173.2, 156.7, 80.6, 56.6, 43.1, 30.7, 30.0, 28.2, 25.8, 23.5, 22.6,

9.5; HRMS calcd for Cs4H;1oN2O19Sig 1314.5897, found 1314.5857.

R
O-si—o0
R.a’Z /
/S(IJ/ O\ s NH,
Tr 5 I TEA, CHCI
2Si , RS +  0=Cc=N >< i ;
/Sio N /O/ ° A fl 24h>
O0—/=Si< reflux
R So—sico” R4 5
R
O-s " 0 i
A
R-si-<0 AN A o CHs
o’ N\ _si NN ><
Si-O | 3 R=
ch? | |R © CH
R/SI \O—/—%I\/R 6
O—/Si/o
R

Scheme 3.2 Synthesis of PAmTE

3.1.2.4 Synthesis and Characterization of POSS-NH, Based Diester (PAMDE)

As shown in Scheme 3.3, compound 4 (0.262g, 0.30 mmol) and 2 (0.108g, 0.33 mol) were
dissolved in 1.0 mL of chloroform. Triethylamine (TEA) 1.0 mL was added to the solution
dropwise. The reaction was stirred and refluxed for 24 hours. The solution was then removed
under reduced pressure and the residue was separated by a silica gel (60 A) column with ethyl
acetate : hexane (25 : 75) yielding compound 7 (in Scheme 3.3) as a white solid (0.217 g, 60.2%):

mp 137.3-138.8°C; 'H NMR (500 MHz, CDCls) § 3.06 (t, J = 7.0 Hz, 2H), 2.26 (t, J = 8.0 Hz,
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4H), 2.05-1.97 (m, 2H), 1.90-1.78 (m, 9H), 1.58-150 (m, 2H), 1.43 (s, 27H), 1.27 (s, 3H), 0.95 (d,
J=6.5Hz, 21H), 0.93 (d, J = 6.5 Hz, 21H), 0.61-0.56 (m, 16H); *C NMR (125 MHz, CDCl3) &
173.7,157.8, 80.9, 55.5, 43.4, 34.1, 30.4, 28.2, 25.8, 24.4, 23.9, 23.2, 22.6, 9.5; HRMS calcd for

C48H100N2017Sig 12005165, found 1200.5176.

R ~ TEA, CHCI

R :

O-Si , o) + 0=C=N O><> ’ -

R’ : O—/—OSi\/R 4 2 reflux 24 h
0—si-0 2

0]
Si AN 4
R\ _O—/E)Si\R 7
Scheme 3.3 Synthesis of PAmDE

3.2 Sample Characterization
3.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

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

with a 45° pulse angle, acquisition time of 3.6 s and a 1 s relaxation delay with 32 scans.
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Samples were dissolved in CDCl; at a typical concentration of 0.2 mg/mL. *C NMR spectra
were obtained in CDClj at a typical concentration of 0.1 g/mL on a JOEL Eclipse+ spectrometer
operating at 125 MHz with a 45° pulse angle, acquisition time of 1.0 s and a 1 s relaxation delay
with 25000 scans. Abbreviations used in the splitting pattern were as follows: s = singlet, d =

doublet, t = triplet, q = quartet, and m = multiplet.

3.2.2 Melting Point Determinations

Melting points were determined in open capillary tubes and were uncorrected. Melting point
data are reported as a range: the temperature at onset of melting and the temperature at which the
sample was completely liquid and a meniscus was evident. Rough measurements were made at a
rate of 5 °C/minute. Final measurements were made at a heating rate of 1 °C/minute. Three

experiments with differences less than 0.5 °C were considered acceptable.

3.2.3 High Resolution Mass Spectrometry (HRMS)

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

LC/MS in the Analytical Services Laboratory of the Chemistry Department at Virginia Tech.
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3.3 Experimental Methods
3.3.1 Langmuir Trough Configuration

The experimental results presented in this thesis were conducted with a standard Langmuir
trough (700 cm?’, Nima Technology, Ltd., 702 BAM) equipped with a BAM (MicroBAM3,
NanoFilm Technologie, Ltd., lateral resolution of 8 pum). The instruments were housed in a
Plexiglas™ box at 70 to 75% relative humidity and a dust free environment. The instruments
(Langmuir trough, BAM, and Plexiglas box) rested on a floating optical table to minimize
mechanical vibrations (Newport RS-2000 & [-2000). The Langmuir trough was made of
hydrophobic Teflon” and was cleaned by dichloromethane or chloroform. The Langmuir trough
was filled with ultrapure water. Two movable barriers, made of hydrophilic acetal resin polymer
(Delrin®) were cleaned with 2-propanol. In the experiments, barriers were used to sweep the
water surface during the compression of the monolayer to vary the surface area symmetrically
from both sides of the film (in Figure 2.5). The hydrophobic trough supported an approximately

1 mm brim of water above the top of the trough edge.

After the trough was cleaned, it was filled with ultrapure water; the barriers were allowed to
move toward each other thereby collecting dust and surface-active contaminations into the center
of the trough. Next, the dust and surface-active contaminants were suctioned off by a clean
pipette connected to a vacuum pump. The cleaning procedure was repeated several times until
the surface tension in the opened and closed barrier positions matched the reported value for
water and remained constant for at least 30 minutes. After spreading the organic solution

(usually chloroform), 25 to 30 minutes was allowed before measurements to allow evaporation
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of the spreading solvent. Surface pressure, I1, was recorded by the Wilhelmy plate technique to +

0.1 mNem™ during all isotherm measurements.

As depicted in Figure 2.6, a piece of completely wetted filter paper was used as the Wilhelmy
plate to detect the surface pressure. In this thesis, the aqueous subphase is ultrapure water unless
otherwise mentioned. The temperature of the subphase was usually maintained at 22.5 °C by
circulating water from a water bath (Neslab RTE-111) through the base of the trough. Surface
pressure-area (I1-4) isotherms were obtained automatically by a computer, which controlled the

barrier positions and provided a read-out of I1.

The relationship between the temperature of the circulating water and the actual temperatures
of the water subphase at various positions for the 702 BAM trough indicated that the actual
temperature of the subphase at different positions differed from the temperature of the circulating
water; however, the values at different trough positions were quite similar for a given
temperature.'?' Calibration curves for the temperatures of the subphase are provided in Figure
3.2. At position 1, 2, 4, and 5, three points were measured as depicted in Figure 3.2(A) and the
average value was used. Position 3 was at the center of the dipping well and only one point was
measured. For II-4 isotherms reported in this thesis, the temperatures correspond to the

measured temperatures rather than the setting on the circulating bath.
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Figure 3.2 (A) Schematic depiction of positions on the trough and (B) calibration curves for the

temperatures of the subphase.
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3.3.2 Constant Compression Rate Experiments

I1-4 isotherms were obtained at a constant compression rate of 10 cm*-min™'. This rate meant
the compression rates varied from 3 to 5 A%-molecule min!. The static elastic moduli, g =

-A(OIl/O0A)rt, of the films were deduced from the recorded I1-4 isotherms.

3.3.3 Stepwise Compression Experiments

I1-4 isotherms were obtained at a constant compression rate of 10 cm*min™ in 10 cm? steps.
After 10 cm” steps, the barriers were stopped and IT was allowed to relax for 5 min. After waiting

5 min, the process is repeated leading to saw-tooth I1-4 isotherms.

3.3.4 Brewster Angle Microscopy (BAM)

BAM studies (MicroBAM3, NanoFilm Technologie, Ltd., lateral resolution of 8§ um) were
carried out simultaneously during isotherm measurements, and BAM images were taken by a
charge-coupled device (CCD) camera under the "automatic gain control" mode to obtain an
optimal average brightness rather than absolute intensity values. The original size of all BAM
images taken during the measurements was 3.6 x 4.8 mm’. Some BAM images presented in this
thesis were cut from the original images utilizing imaging software and their sizes are noted in

the figure legends.
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Chapter 4

Synthesis and Characterization of POSS-NH, Based Triester at the

Air/Water Interface

4.1 Abstract

A triester, polyhedral oligomeric silsesquioxane (POSS) derivative was successfully
synthesized from aminopropylisobutyl-POSS (POSS-NH,) and Weisocyanate. Surface pressure-
area per molecule (I1-4) isotherm studies confirmed POSS-NH, and POSS-NH, based triester
(PAmTE) were amphiphilic at the air/water (A/W) interface. The I1-4 isotherms of POSS-NH,
and PAmTE were compared to two other POSS-derivatives, (3-hydroxypropyl)-heptaisobutyl-
POSS (POSS-OH) and a POSS triester (PA/TE) synthesized from Weisocyanate and purified
POSS-OH. Unlike the vertex-on conformation for trisilanol-POSS derivatives, both POSS-NH,
and POSS-OH exhibit face-on conformations at the A/W interface. Analysis of the II-4
isotherms revealed PAmTE and PA/TE behaved similarly. PAmTE starts with the POSS-cage and
three fert-butyl esters adsorbed to the plane of the interface, and as the film is compressed
PAmTE may exhibit a vertex-on conformation in the liquid-expanded monolayer before taking

up a face-on conformation near the collapse transition.

4.2 Introduction

Polyhedral oligomeric silsesquioxanes (POSSs) have attracted substantial academic interest
for many years as hybrid materials and nanofillers for controlling thermal and mechanical

properties, and for providing thermal and chemical resistance while retaining ease of processing.
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Trisilanol-POSS derivatives have been studied and reported as a class of amphiphilic molecules
that form stable Langmuir monolayers at the air/water (A/W) interface. As a material firstly
reported by Scott in 1946,'* POSS molecules have attracted considerable interest as shape memory

125

materials,'? coatings,7d’ ¢ 300, 41h, 1132, 124 10w k dielectric materials,  and catalysts for the

Tc, 126

preparation of nanostructured materials and dendrimers.”® ** 127 Due to the core-shell

structure and intermediate properties between ceramics and polymers, POSS cages have been

123h, 128
’ and

incorporated into polymers for enhancement of the glass transition temperature
thermal stability'?7c- 128 0 12841281129 a4 the development of superoleophobic surfaces'* at the A/W
interface. Since POSS derivatives also manifested interesting phase transitions and aggregation
behavior and were considered to be excellent model nanofillers with well defined sizes, the

- . . 111-112, 118¢, 131
Esker group has systematically investigated these compounds.®”™ *3¢ » 118e, 13

For example,
trisilanolphenyl-POSS (TPP) has been blended with poly(t-butyl acrylate) (PtBA) as a nanofiller.
Although both the bulk and surface glass transition temperatures (T,) increased as TPP was
added to PtBA, the surface T, increased more significantly with limited incorporation of the

POSS component.'"

In another study, an open-cage POSS, trisilanolisobutyl-POSS (TiBP), and
a closed-cage POSS, octaisobutyl-POSS, were blended with polydimethylsiloxane (PDMS) to
compare their effects on PDMS films at the A/W interface.''*® The amphiphilic trisilanol-POSS

exhibited more interesting phase behavior than hydrophobic closed-cage POSS molecules at the

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

Although trisilanol-POSS has been more thoroughly studied at the A/W interface, the Esker
group achieved progress on the modification and characterization of closed-cage POSS.*’
Purified (3-hydroxypropyl)-heptaisobutyl-POSS (POSS-OH) was modified to a POSS-OH based

triester (PA/TE). Surface pressure-area per molecule (II-4) isotherms and Brewster angle
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microscopy (BAM) were used to probe the quasi-two-dimensional thermodynamic and
morphological properties of these materials, respectively, at the A/W interface. The results
indicate that PA/TE is surface active with different packing orientations at the A/W interface.
The studies were inspired by the ideal cube representation of the eight silsesquioxane unit (Ty)
POSS closed-cage (Figure 2.18A) and the “Atomium” built for the World’s Fair in Brussels

(Figure 2.18B) which was hypothesized to correspond to a vertex-on conformation.*’®

According to this hypothesis, the largest cross-sectional area for the vertex-on conformation
would be the circumcircle of the triangle 4;BD or B;CD; (shown in Figure 4.1). Since the side
length of the cube ABCD-A;B;C;D;, is assumed as a, A;B = BD = A;D = V2a indicating an
equilateral triangle 4;BD as shown in Figure 4.1. Their perpendicular bisectors 4;E, BG, and DF
pass through vertices and intersect at O, the center of the circle. As the areas of triangles AO;B,

A;0,D, and BO,D are equal, the area of triangle BO;D is equivalent to 1/3 of the area of triangle

A;BD. Hence,
~(BD X 0;E;) = 3 x 2 (BD X A;Ey) (4.1)
3 01E1=A1E1=A101+01E1 (42)
2 2 (V3 2 (V3 V6
r1=A101=201E1=§A1E1=§(7BD)=§(?X\/Ea)=?a (43)

Therefore, the area of circumcircle O; (S)):

2
S;=mri=m (\g_g a) = gnaz (4.4)
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Figure 4.1 Circumcircle O; of equilateral triagle 4,BD. A,E, BG, and DF are perpendicular
bisectors of BD, A;D, and 4,B and intersect at £;, G, and F, respectively. r; = A;O; represents

the radius of the circumcircle centered at O;.

On the other hand, the face-on conformation is determined by the biggest cross-sectional area
of the square ABCD or A;B;C;D,. As shown in Figure 4.2, the side length of the cube ABCD-
A;B;C;D; is still considered as a, the effective radius of the circumcircle, and the area of

circumcircle O; (S>) are:

r=D0, =2 AB=24 (4.5)
2 VZ \2 1 o
S,=mr’=n(La) =3ma (4.6)

Therefore, the ratio of largest spherical areas between a vertex-on conformation (S;) and a

face-on conformation () is 4:3. Since the limiting area (the area obtained by extrapolating the
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I1-4 isotherm in the monolayer regime back to the A axis) of TiBP is 4y~ 177 A*molecule™, the

limiting area of a POSS molecule on its face should be ~ 130 A”-molecule™.

Figure 4.2 Circumcircle O; of the square ABCD. Two diagonals AC and BD intersect at O,, the

center of the circumcircle. », = DO, represents the radius of circumcircle centered at O..

In order to examine the vertex-on conformation hypothesis, PAmTE was synthesized and
characterized by "H NMR, *C NMR, high resolution mass spectrometry (HRMS), and melting
point measurement. PAmTE Langmuir monolayers were examined at the A/W interface. The
conformation of the PAmTE at the A/W interface is explained relative to a previous study of

PAITE.
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4.3 Experimental

Experimental details regarding the synthesis of PAmTE (6 in Scheme 3.4) are provided in
Chapter 3.1.2.4. Experimental methods for I1-4 isotherms (Chapter 3.3.1) are covered in Chapter

3.3.

4.4 Results and Discussion
4.4.1 Synthesis and Characterization of POSS-NH; Based Triester (PAMTE)

The starting materials POSS-NH, and Weisocyanate were used without purification.
Chemical compositions and purity were confirmed via 'H NMR, *C NMR, melting point, and
HRMS. Figure 4.3 contains the "H NMR spectrum for PAmTE in CDCl;. Figures 4.4 and 4.5
contain the >C NMR and expanded >C NMR spectra for PAmTE in CDCls, respectively. The
spectra reveal sharp, well-resolved peaks. The characteristic differences in the splitting pattern
of the protons of the linker and essentially quantitative integrations were consistent with the

labeled structures on each spectrum.
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Figure 4.3 '"H NMR of PAmTE.
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Figure 4.5 Expanded ’C NMR of PAmTE.

4.4.2 POSS Molecules that Exhibit Face-on Conformations

In order to explore the hypothesis for conformations of PA/TE at the A/W interface,
experiments on other compounds were performed at 22.5 °C. The structure of POSS-OH based
triacid (PAITA) and propylmethyacrylate-POSS (POSS-MA) are provided in Figure 4.6. []-4
isotherms of POSS materials with seven isobutyl substituents and a different eighth hydrophilic

substituent are compared in Figure 4.7.

70



R. S-’O ;Sg—o\
i AN
o T \Si_-osil POSS-MA
’ R‘Si IR 0
SO\ R/

0—Si-
\
R
0
R
O-si—0
R/*Si', z 0\ H OH
0 Si 0 N
’ RoL I R PAITA
_o-SI @] 0
Si o/ o)
R\, O05si-g

Figure 4.6 Chemical structures of POSS-MA and PAI/TA. Substituent R represents an isobutyl

group.

As seen in Figure 4.7, the lift-off areas (4s.05) Where [[ increases from zero are A5~ Ag =
130 A%-molecule” for POSS-NH; and Aj.o5 = Ap = 120 A*-molecule™ for POSS-MA. The 4, of
PAITA *™is reported as 125 A*molecule™. These values are consistent with the results observed
for POSS-OH. Furthermore, the shapes of the POSS-NH, and POSS-MA isotherms are similar to
POSS-OH. All three isotherms exhibit plateaus after collapse of the films. For POSS-MA,
collapse occurs at an area of 4. = 110 A% molecule™ and a surface pressure of [[. = 3 mN-m’
with a plateau from 75 A*molecule™ < 4 < 110 A*smolecule™, whereas collapse for POSS-NH,
starts at 4. = 120 A*molecule” and [1. = 17 mN-m™ with a plateau from 80 A%emolecule™ < 4 <
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120 A2emolecule’. The [1. follow the trend [1. possua < Il poss-on < Il poss-nuz2 and reflect
stronger interactions between the hydrophilic moiety and the subphase. As seen in Figure 4.7, [ 1.
for POSS-triacid is in excess of 35 mN-m™. Furthermore, POSS-NH, and POSS-MA exhibit
increases in [] at small 4 that are similar to POSS-OH. On the basis of these observations, it
appears that POSS-MA and POSS-NH; also pack in face-on conformations. Although PAITA
has a longer side chain, the interactions between three carboxylic groups and water surface is
strong enough for all three carboxylic acid groups to reside under the cube. Therefore, PAITA

also appears to pack with a face-on conformation and form a rigid liquid-condensed (LC) film.
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30k === POSS-MA -
=
€
°®
< 20
=
~
=
10~
ok
0 50 100 150 200

A/ Azomolecule-1

Figure 4.7 [ [-4 isotherms for isobutyl substituted POSS derivatives: PA/TA, POSS-NH,, POSS-

OH, and POSS-MA at the A/W interface (T = 22.5 °C).
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4.4.3 Possible Conformations for POSS-NH,; Based Triester at the A/W Interface

Compared to the isotherms for POSS derivatives with face-on conformations (in Figure 4.7),
the isotherm for PAmTE (Figure 4.8A) is consistent with a more compressible monolayer. An
isotherm of trisilanolisobutyl-POSS (TiBP) is also provided as a reference. Aj.ofr pamre ~220
Amolecule™ and Agpamre ~175 A’emolecule” are much larger than those of POSS-OH and
POSS-NH,. Moreover, the rise in IT in the monolayer regime (100 A’emolecule” < 4 < 220
Az-molecule'l) is more gentle, like a LE monolayer. Collapse of the film at A, psmrz = 100
AZemolecule™ and 1. pamre = 23 mNem™ is followed by a plateau (70 AZemolecule < 4 < 100
A?smolecule™) that is similar to POSS-OH. Further compression of the film (4 < 70
A?molecule™) also cause II to increase like POSS-OH. The isotherm for PAmTE is similar to
that of PA/TE since they are similar in chemical structure. A further comparison of the two esters
and their starting materials will be discussed later. Therefore, the conformation of PAmTE is

discussed according to the analysis of PA/TE.
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Figure 4.8 (A) [[-4 isotherms for trisilanolisobutyl-POSS (TiBP) and PAmTE at the A/W

interface (T = 22.5 °C) and (B) the chemical structure of TiBP.

74



In order to understand why the film of PAmTE forms a LE monolayer, it is useful to
consider the II-4 isotherm for poly(fert-butyl acrylate) (PtBA). Figure 4.9A shows a II-4
isotherm for PtBA where A4 is expressed as a function of the area per repeating unit (monomer
for short). As seen in Figure 4.9A, II for the PtBA film initially shows a slow rise in the region
35 <4 <55 A%molecule” = Alifi-of; PiBa- Further compression of the film causes II to rise rapidly
for A < 35 A%molecule™ before the film collapses at 4. ~ 21 A%molecule™ and II.~23 mN-m™.
The rapid rise in IT for 4 < 35 A*molecule™ is consistent with the formation of a condensed (LC)
film. Extrapolation of the I1-4 isotherm for the LC monolayer back to IT = 0 yields 4y = 30
A% molecule”. As seen in Figure 4.9B if one neglects the short linker, PAmTE is essentially
POSS-NH; plus three PtBA repeating units. Interestingly, Ao, possvuz + 3Aopa yields 220
A%-molecule™ (= Aiifi-of; PamTE)- As such, we speculate that PAmTE starts with the POSS-cage and
three tert-butyl esters adsorbed to the plane of the interface (Figure 4.10A). Throughout the
monolayer regime, the POSS cage is likely riding on top of the tert-butyl esters (Figure 4.10B).
However, a somewhat more speculative conclusion is that the POSS cage tilts during the
transformation from a cage at the A/W interface to a cage on the tert-butyl esters as depicted in
Figure 4.10B. There is a difference in 4. between PAmTE and TiBP. TiBP collapsed at 4. = 140
Az'molecule'l, whereas PAmTE collapsed at a smaller 4. ~ 100 A% molecule™. This value is

consistent with a face-on conformation for PAmTE at collapse (Figure 4.10C).
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Figure 4.9 (A) I1-4 isotherm for PtBA at the A/W interface at T=22.5 °C. The red dashed line

indicates 4y for PtBA. (B) Structure of PAmTE highlighting the POSS-NH; piece and the three

PtBA “repeating units” (outside the linker, circled in blue).
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4.4.4 Comparison of POSS-Based Triesters

Since POSS-NHj; is very similar to POSS-OH in structure, the 4y of POSS-NH, is similar to
that of POSS-OH (Figure 4.11). These A, values are consistent with a face-on conformation.
Furthermore, similar collapse areas suggest that they both tend to aggregate to form multilayers
at the same molecular area. However, it is interesting to note that 77, of POSS-NH, (~ 16 mN-m™)
is obviously larger than that of POSS-OH (~ 6 mN-m™) due to the stronger solvation effect of

: 132
the amino group.
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Moving onto POSS-based triesters (Figure 4.11), their difference in lift-off areas (~ 10
Az-molecule'l) 1s consistent with the difference in 4y between POSS-OH and POSS-NH,. More
importantly, the A4, for both triesters is consistent with the PtBA repeating units and POSS cages
both residing at the A/W interface as the monolayer forms. At the other end of the monolayer
regime, PAmTE and PAITE show a similar collapse area (~ 100 A%-molecule™) with a difference
less than 2 A*molecule™ (within experimental error) and nearly identical collapse pressures (Il
~23 mN-m™). Therefore, PAmTE forms a softer LE film in monolayer regime than PA/TE even
if they both exhibit a limiting area of ~ 175 A% molecule™. This result is consistent with a vertex-
on conformation around 4, in the LE monolayer region. It is also interesting to note that the I1. ~
23 mN-m™ are identical even though the collapse pressure of POSS-OH is ~ 1/3 that of POSS-
NH,. This coincidence indicates that ureido (-NH-CO-NH-) and carbamate (-O-CO-NH-)
interactions with the water surface are similar and likely insignificant compared to the ester
linkages as I1,, pa4 ~ 23 mN-m™ as well. This behavior would be consistent with POSS cages and
the ureido or carbamate linker residing on top of the three ester groups forming a tripodal face-on
conformation. Therefore, the POSS-based triesters are essentially PtBA repeating units in contact

with water with POSS cages on top.

78



30 = E i I [ b |
-3 POSS-NH,
25 |- ‘L“ T o -
" \x“ s == : PAITE
o 20f 1 AT -

15 . g -

10 e

IT /mNem
o

50 100 150 200 250

A/ AZemolecule™

Figure 4.11 I1-4 isotherms for POSS-NH,, POSS-OH, PAmTE and PAITE at the A/W interface

at 22.5 °C.

4.5 Conclusions

A new closed-cage POSS derivative, PAmTE was synthesized and characterized. I1-4
isotherm studies of PAmTE at the A/W interface revealed a similar behavior to that of PA/TE.
This behavior was interpreted as PAmTE initially lying on the water surface with the POSS cage
and tert-butyl groups in the same plane. In the monolayer region, the POSS cage may exhibit a

vertex-on conformation as the film is compressed and ultimately a face-on conformation upon
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collapse. Compared to PA/TE, PAmTE has a larger lift-off area and smaller collapse area leading
to a softer LE monolayer. Even though POSS-OH and POSS-NH, exhibit similar collapse areas
and very different collapse pressures, the fact that PAmTE and PA/TE collapse at the same area
and surface pressure suggests the triester portion of the molecule dominates the interaction with
water while POSS cages control the packing with a face-on conformation near the collapse point

of the film.
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Chapter 5

Synthesis and Characterization of POSS-OH Based Diester at the

Air/Water Interface

5.1Abstract

A diester, polyhedral oligomeric silsesquioxane (POSS) derivative was synthesized from (3-
hydroxypropyl)-heptaisobutyl-POSS (POSS-OH) and an isocyanate diester. Surface pressure-
area per molecule (IT-4) isotherm studies and Brewster angle microscopy (BAM) confirmed
POSS-OH and POSS-OH based diester (PA/DE) were amphiphilic at the air/water (A/W)
interface. Analysis of the I1-4 isotherms revealed packing of POSS-OH at the A/W interface was
significantly different from previously reported POSS amphiphiles. Whereas trisilanol-POSS
derivatives pack with a vertex-on conformation, POSS-OH packs with a face-on conformation.
I1-4 isotherms show that PA/DE Langmuir monolayers exhibit a liquid expanded-to-condensed
(LE/LC) phase transition with an apparent critical temperature (7;) near room temperature. The
two-dimensional (2D) Clausius-Clapeyron equation yields an apparent 7, = 37.5 + 2.3 °C for
non-equilibrium compression at a fixed rate experiments. Stepwise compression experiments
show the observed non-equilibrium phase transition is strongly influenced by film collapse. For
PAIDE, the LE/LC phase transition may correspond to a transition from a vertex-on to face-on

conformation during compression of the molecules at the A/W interface.
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5.2 Introduction

Polyhedral oligomeric silsesquioxane (POSS) molecules have attracted considerable attention

in the past decades as shape memory materials,'” coatings,’® © 3% 4!h 124 |ow_k dielectric

5 126

materials,'” and catalysts for the preparation of nanostructured materials,’™ and
dendrimers.”® ¥ 2" Dye to the core-shell structure and intermediate properties between ceramics
and polymers, POSS cages have been increasingly incorporated into polymers for the

s 123h, 128
enhancement of the glass transition temperature =

and thermal stability and the development
of superoleophobic surfaces.'?’® 128 b 1284 1281 129-130 However, Jess research focused on the surface
behavior of POSS as amphiphilic materials until Deng, et. al. provided a series of reports on the
ability of trisilanol-POSS derivatives to form stable Langmuir monolayers at the air/water (A/W)
interface.’* *3® Multilayer POSS films,** *** POSS/polymer blends,"" '** and phase behavior of

POSS on solid substrates were subsequently studied.’*> '3 1184134

Trisilanol-POSS derivatives have been more thoroughly studied at the A/W interface since
they are amphiphilic and exhibit more interesting phase behavior than most commercially
available closed-cage POSS derivatives which are hydrophobic and aggregate at the A/W
interface. Furthermore, the Esker group achieved progress on the modification and
characterization of octafunctional-POSS.*"® A triester (PAITE) was created from a purified
closed-cage POSS (POSS-OH) and characterized by surface pressure-area per molecule (I1-4)
isotherms and Brewster angle microscopy (BAM) to probe the quasi-two-dimensional
thermodynamic and morphological properties of these materials, respectively, at the A/W
interface. The results indicate that PA/TE is surface active and forms a liquid expanded (LE)

monolayer at the A/W interface.
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Traditional Langmuir monolayers are composed of amphiphiles with polar head groups,
which anchor them at the interface and hydrophobic tail parts that prevent their dissolution into
the subphase.'® The progress in the study of Langmuir monolayers have been reported in fields

3¢ and lipids"’ are

of chemistry, physics, and life sciences.'® ¢ ** 3% Long-chain fatty acids
classical amphiphiles which have been thoroughly studied at the A/W interface. As a two-
dimensional (2D) analog of three dimensional (3D) pressure-volume (P-V) isotherms, II-A4
isotherms also had different phases: gas (G) where molecules are far apart and interactions are
negligible, liquid-expanded (LE) where molecules are loosely packed, liquid-condensed (LC)
where molecules are closely packed with defined tilt angles, and solid (S) where the monolayer
collapses into multilayers. Phase transitions, such as G/LC, G/LE, LE/LC, and LC/S could be
observed. Among these phase transitions, the LE/LC phase transition is the most interesting
since the key difference between liquid phases are their densities and long-range order.*”

Brewster angle microscopy (BAM),*' X-ray diffraction techniques (XRD),* fluorescence

microscopy (FM),* have all been used to study these differences.

Although the LE/LC phase transition mostly appears as a non-zero slope “plateau” in the
isotherms, its first-order nature was revealed by fluorescence imaging,’” electron microscopy,'** and
BAM.*% 3% Normally, the non-zero slope correlates to artifacts from impurities, the formation of
small molecular aggregates or surface micelles, or non-equilibrium effects such as finite compression
rates.**® *7* Therefore, it was necessary to develop a very careful experimental protocol to observe a
zero slope for a LE/LC phase transition. This protocol required an ultra-clean system, pure materials,

extremely slow compression rates, and a stable film.'*°

The traditional model for amphiphilic molecules, such as fatty acids, can be simplified as rod-like

objects due to their large length/diameter ratio (Figure 5.1). As the length/diameter ratio decreases,
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the traditional amphiphiles become water-soluble leading to Gibbs monolayers.®” Additionally, the
complicated regions of the monolayer phase diagram shifts to temperatures that are experimentally
inaccessible for these short chain amphiphiles. As a result, short chain fatty acids only form a liquid-
expanded monolayer phase. Trisilanol-POSS derivatives were also expected to have simple phase
diagrams at experimentally accessible temperatures because of their small length/diameter ratios and

barrel-like shapes. This chapter will challenge this prediction.
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Figure 5.1 Experimentally accessible windows of I1-4 isotherms for fatty acids and barrel-like

POSS model.®
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In this study, a POSS-OH based diester (PA/DE) was synthesized and characterized from (3-
hydroxypropyl)-heptaisobutyl-POSS (POSS-OH) and an isocyanate diester by 'H NMR, "*C
NMR, high resolution mass spectrometry (HRMS), and melting point measurement. PA/DE
Langmuir monolayers were examined at the A/W interface and a LE/LC phase transition was
observed. This is the first known POSS material which has a LE/LC phase transition. The critical
temperature (7,.) obtained through the 2D Clausius-Clapeyron equation agrees well with the

experimental results. The conformation of the PA/DE is explained based on the study on PA/TE.

5.3 Experimental

Experimental details regarding the synthesis of PA/DE (3 in Scheme 3.2) were provided in
Chapter 3.1.2.2. Experimental methods for I1-4 isotherm (Chapter 3.3.1) and BAM (Chapter

3.3.3) studies were covered in Chapter 3.3.

5.4 Results and Discussion
5.4.1 Synthesis and Characterization of POSS-OH Based Diester (PAIDE)

POSS-OH (1 in Scheme 3.1) was insufficiently pure to begin the synthesis of PA/DE (3 in
Scheme 3.1). Flash column separation was ultimately chosen for purification over
recrystallization because it afforded better yields. In Scheme 3.1, a slight molar excess of
isocyanate diester (2 in Scheme 3.1) reacted with POSS-OH (1 in Scheme 3.1) with a molar ratio

of 1:2=1:1.05.
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Chemical composition and purity were confirmed via 'H NMR, C NMR, melting point, and
HRMS. Figures 5.2 and 5.4 contain the "H NMR spectra with melting point ranges for POSS-
OH and PAIDE in CDCl;, respectively. Figures 5.3 and 5.5 contain the °C NMR spectra for
POSS-OH, and PA/DE in CDCl;, respectively. In order to clarify different peaks, an expanded
*C NMR spectrum is provided in Figure 5.6 for PAIDE. The spectra reveal sharp, well-resolved
peaks. The characteristic differences in the splitting pattern of the protons of the linker and

essentially quantitative integrations were consistent with the labeled structures on each spectrum.
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Figure 5.2 "H NMR and Ty, of purified POSS-OH.
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Figure 5.6 Expanded ?C NMR of PA/DE.

5.4.2 Observation of a LE/LC Phase Transition

Figure 5.7 shows II-4 isotherms for PA/DE at the A/W interface at 5 °C. Four different
regions are depicted: (a) 4 > 182 A%smolecule” where IT ~ 0 and the film is either a G or G/LE
film; (b) 140.5 < A < 182.0 A%*molecule™, a highly compressible LE monolayer with II between
0 and 9.4 mNem™; (c) 134.1 < 4 < 140.5 A®molecule”’, LE-LC phase coexistence with a non-
zero slope around IT ~ 9.4 mNem™’; and (d) 116.3 < A < 134.1 A*smolecule, a less compressible

LC monolayer with IT between 9.4 and 21.9 mNem™.
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The biphasic nature of the LE/LC phase transition has been observed by BAM.'?! 3% 141 1

Region b (Figure 5.7), a uniform film is formed without obvious features indicating a
homogeneous monolayer (BAM image i in Figure 5.7). In Region ¢, coexistence of LE and LC
phases is observed. Circular domains are dispersed in another phase (BAM image ii in Figure
5.7). Similar results have been reported for diethylene glycol mono-N-octadecyl ether,'* di-n-
tetradecyl hydrogen phosphate (DTP),'** dimyristoyl phosphatidyl serine (DMPS)*, dipalmitoyl
phosphatidyl choline (DPPC)'*, and even poly(L-lactic acid).'*' This feature can be understood
from the change of density during the first-order transition. Upon compression, the LC phase
forms through nucleation and growth inside the LE phase. Therefore, at the end of Region ¢ with
a transition pressure (II,) of 9.4 mNem™, the circular domains disappear (BAM image iii in

Figure 5.7) and give way to a uniform monolayer in region d (BAM image iv in Figure 5.7).
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Figure 5.7 I1-4 isotherms of PA/DE at the A/W interface at 5 °C. Four regions are depicted: (a)
G or G/LE; (b) a LE phase; (¢) LE/LC coexistence; and (d) a LC phase. BAM images at different
A are provided: (i) 141.0 A’emolecule”’, LE monolayer prior to phase transition; (i) 136.8
A?emolecule™, circular domains of coexistent LE and LC domains; (i11) 133.8 A?molecule™,
approaching the end of the plateau; and (iv) 133.8 A%molecule”’, a LC monolayer. All BAM
images are 2.0 X 2.4 mm’ cut from the original BAM images. Each BAM image has an

independent gray scale.
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5.4.3 Different Compressibility between the LE and LC Phases

As a 2D analog of a 3D P-V isotherm, I1-4 isotherms also have compressibilities (k;) and

5}

static elastic moduli (g): & = k"1 = —A (i) . Hence 2D TI-4 isotherms can be used to
T

estimate the stiffness of the Langmuir film through &.

A plot of & -4 is compared with the I1-4 isotherm at 5.0 °C in Figure 5.8. In the first plateau
(4 > 182.0 A*molecule™) of the I1-4 isotherm, &, is essentially zero and increases slowly as the
monolayer forms. As the film is compressed in the LE region (140.5 < 4 < 182.0 A*molecule™),
&s increases faster until it reaches the first maximum, shortly before the kink in the [[-4 isotherm
that signifies the starting point of LE/LC phase transition. The value of the static elasticity
maximum, & mex ~ 50 mNem™, is consistent with a LE monolayer. However, an ideal plateau
value of & = 0 mNem™' is not observed due to the non-zero slope in the LE/LC phase transition
region. This result may be due to the artifacts of impurities, small molecular aggregates or
surface micelles, or nonequilibrium effects such as finite compression rates.” After the second
plateau (134.1 < A4 < 140.5 A%smolecule™), ¢, increases obviously corresponding to the formation
of rigid LC Langmuir monolayer. The second maximum of & is observed at 4 ~ 117.1
A?emolecule™ and IT = 20.2 mNem™'. The value, &, max ~ 218 mNem™, is consistent with a LC

monolayer. Collapse of the LC monolayer into multilayers occurs in region e.
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Figure 5.8 Comparison of the [[-4 isotherm (red dotted lines ----) and ;-4 plot (black crosses +)

for PA/DE at 5.0 °C. The dashed vertical lines break the isotherms into the same regions defined
in Figure 5.7.

5.4.4 Temperature Dependence of the LE/L.C Phase Transition

The temperature dependence of the non-equilibrium LE/LC phase transition of PA/DE at the

A/W interface for experiments performed at a constant compression rate is shown in Figure 5.9.
As temperature increases, several changes occur in the [[-4 isotherms of these Langmuir

monolayers. First, the onset of the LE monolayer shifts to a larger lift-off area (4;..5), where I1
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increases from zero. This result is expected because molecules possess greater thermal energy at
higher temperature and have larger effective cross-sectional areas. Second, II at the onset of the
LE/LC phase transition (Il,) increases while the corresponding area (4,) decreases. Meanwhile,
the area at the end of the LE/LC phase transition increases leading to a shorter plateau as
temperature increases. These changes in Il, and 4, are also related to the enhanced molecular
mobility. Third, an apparent critical temperature (7.) is approached from below as temperature
increases. At 37.5 °C, an obvious phase transition is still observed while a smoother curve is

observed at 40 °C suggesting the apparent 7 lies between 37.5 °C and 40 °C.

It is also interesting to note that the collapse pressure ([ conapse) of PA/DE decreases and the
collapse area (Acolapse) INCreases as temperature increases. The temperature dependence of
[Leottapse and Acoliapse for PA/DE is shown in Figure 5.10. This tendency is opposite to that of [
and A4, and is expected because it is easier for Langmuir monolayers to overcome the energy
barrier associated with the nucleation and growth of the 3D structures at higher temperatures. At
each temperature, three experiments were performed and the average values with one standard

deviation error bars are used in Figure 5.10.
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Figure 5.9 Temperature dependence of the LE/LC phase transition of PA/DE at the A/W
interface. Isotherms at different temperatures are labeled by different colors and different line
styles. LE/LC phase coexistence is observed for isotherms below 37.5 °C, and is not observed at

40 °C, indicating the critical temperature (7,) lies between 37.5 °C and 40 °C.
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Figure 5.10 Temperature dependence of [ [couqpse (red squares) and Acoiiapse (black triangles) for
PAIDE Langmuir films at the A/W interface. Each point is the average value from three

experiments. The standard deviation error bars are provided to indicate uncertainties.

In order to estimate the value of T, predicted from the [[-4 isotherms, a 2D Maxwell

relationship for the entropy of the transition (S):

5o), =), G-

leads to two different forms of the 2D Clausius-Clapeyron equation:*’* '**

dmey
ar

ASt = ( Y(ALc — ALg) (5.2)
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dT[tr

AHy =T ar Y(ALc — ALg) (5.3)

AS,, represents the entropy change during the LE/LC transition and AH,, represents the enthalpy
change during the LE/LC transition. [];, the same as [, is the surface pressure of the onset of
LE/LC phase transition while [ is the surface pressure at the end of the LE/LC phase transition
at a given temperature 7. Arg corresponds to the surface area at [ [, while ALc is the 4 value at

the end of LE/LC phase transition.

Ay g is determined by the area where a kink is observed and [ is the corresponding surface
pressure. However, in view of experimental limits, it is difficult to determine A ¢ by simply
reading a value off the []-4 isotherms.'*® Grazing incidence X-ray scattering (GIXS)'*" and
BAM'*® have been applied to localize 4, c. However, the results are accurate only when the size
and density of the LE/LC phase are homogeneous over the entire plateau region.'*® In another
approach, the Butler equation was used for both coexisting 2D phases in equilibrium.'*
Nevertheless, this method seems intricate and is not suitable for subphases containing ions."’
For example, dipalmitoyl phosphatidyl glycerol (DPPG) was spread on a physiological subphase
containing Na’ and Ca®" ions. The strong influence of the ions on the properties of the
monolayer led to invalid results from the Butler equation.'*® The limiting area (4), which was
obtained by extrapolating the steepest portion of the I1-4 isotherm back to Il = 0, is used to
estimate the cross-sectional area of a molecule. When a LE/LC phase transition exhibits a non-
zero slope, an approximation of A c is achieved from the intersection of the line used to estimate
the limiting area of a LC monolayer and a horizontal line representing a constant [ [, as depicted

in Figure 5.11.
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Figure 5.11 Schematic depiction of the procedure to determine Arc at the end of LE/LC phase
transition for an isotherm of PA/DE at 5 °C. Arg is obtained from the kink in the [[-4 isotherm
and a horizontal line represents [[; = 9.1 mNem™' at the onset of the LE/LC phase transition. 4rc

is obtained from the intersection of the line used for obtaining the limiting area of the LC

monolayer and the horizontal line.
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In order to determine AS, and AH, in Equation 5.2 and 5.3, a plot of the temperature
dependence of [ is provided in Figure 5.12. A linear relationship is approximated with a slope
of 0.15 + 0.01 mN*m™*K". An extrapolation of the best linear fit back to the x-axis yields a
temperature of -60.6 + 1.6 °C, the temperature below which no LE phase should be observed.'”!
Noting the rather long extrapolation to obtain this value, it should be noted that the exact value is
unimportant. Rather, it shows that the absence of an LE phase occurs at temperatures much

lower than are experimentally accessible.

With the slope obtained from Figure 5.12, the temperature dependence of AH, and AS; for
PAIDE Langmuir films at the A/W interface were calculated and are provided in Figure 5.13. AS;
values are negative since ordered structures are formed from less ordered structures during the
LE/LC phase transition.'® The 2D analog of heat capacity change between the LE and LC phases

is defined as the slope of AH,; versus T':

ACE = ("’f%)n (5.4)

At the critical temperature (7;), the LE/LC phase transition reduces to a single point when AH;, =
0. Therefore, the critical temperature can be predicted by extrapolating the linear fit line to the x

axis. The result, an apparent 7. = 37.5 + 2.3 °C, agrees with the experimental prediction between

37.5 and 40 °C.

Data for temperature (7), the area at the LC end of the LE/LC phase transition (4.c¢), the area
at the onset of the LE/LC phase transition (4.r), the difference of A g and ALc (44), and entropy
changes (4S;) and enthalpy changes (4H,) during the LE/LC phase transition are shown in Table

5.1.
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Figure 5.12 Temperature dependence [[; for PA/DE Langmuir films at the A/W interface. The

linear fit provides a slope of 0.15 + 0.01 mNem™'*K ",

The close proximity of the apparent Tc to the collapse transition and the dynamic nature of
the constant compression rate experiments make it likely that there is a strong interplay between
the LE/LC phase transition and film collapse. In order to examine the interplay between the
LE/LC phase transition and collapse, stepwise compression experiments for 5 °C and 22.5 °C
were performed (Figure 5.14). At 5 °C , the constant compression rate and stepwise compression
experiments show agreement up to a surface pressure of II ~ 7.8 mNem™ or 4 ~ 154

A?emolecule™. The decrease in transition pressure for the stepwise compression experiment is
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caused by relaxation in surface pressure during stepwise compression, since compression at a
constant rate does not allow molecules to reach equilibrium conformations. Similarly, the
collapse pressure for stepwise compression is reduced. A LC region (albeit smaller for stepwise
compression) is observed for both experiments even if the I1-4 isotherms are obviously different
overall. At 22.5 °C (Figure 5.14B), it is clear that [, is strongly influenced by compression rate
and must impact the LE/LC phase transition even in constant compression rate experiments. For

this reason, the 7, estimate from the 2D Clausius-Clapyeron analysis is regarded as an apparent
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Figure 5.13 Temperature dependence of AH, (red crosses) and ASy (black filled squares) for
PA/DE Langmuir films at the A/W interface. Both AS;; and AH;; were calculated using the linear

fit from Figure 5.12.
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Table 5.1 A, ¢, ALg, 44, AS,, and 4H,,, at different temperatures for the LE/LC phase transition

of PA/DE.

T(K

A, (A2*molecule-’

A, (A2molecule!

AA(AZsmolecule

AS;, (J*mol=K"1

278.3

134.0

140.5

-6.5

-56:04

-1620.1

283.2

134.3

139.8

-47+03

-13101

288.0

134.7

139.2

-3.8+0.3

-1.1£0.1
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293.1

135.6

138.8

-3.2

-2.71:0.2

-0.79+£0.05

302.9 3103
1375 138.1
138.6 138.3
-1.1 0.2

0951006 -0.17£0.01

-0.29£0.02 -0.053 £ 0.004
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Figure 5.14 I1-4 isotherms comparison for PA/DE at the A/W interface at (A) 5 °C and (B) 22.5
°C. The stepwise experiment is set up with a constant rate of 10 cm®min’', a trough area

decrement of 20 cm?, and a time interval between compressions of 300 seconds.

5.4.5 Possible Conformations for POSS-OH Based Diester at the A/W Interface

The POSS cage was treated as an ideal cube with the substituents evenly distributed at the
vertices of the cage. In this model, Si atoms are located at the eight corners of the cube while

omitted O atoms are in the middle of the 12 edges (Figure 2.18A).*’% Therefore, the sizes
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(limiting areas) of the POSS derivatives are effectively spherical areas determined by the largest
cross-sectional areas. If the molecule is tilted on one corner, as proposed for TiBP,*® a vertex-on
conformation would be observed that would look like the labeled “Atomium” built for the
World’s Fair in Brussels (Figure 2.18B).""” On the other hand, a face-on conformation would be

observed if the POSS cage is packed on one of its faces.

In order to understand the conformation of PA/DE, it is useful to consider the I1-4 isotherm
for poly(tert-butyl acrylate) (PtBA) (Figure 5.15B). Since POSS-OH based triester (PA/TE) is
considered as POSS-OH plus three PtBA repeating units, PA/DE is essentially one PtBA less
than PA/TE if one can neglect the short linker. Therefore, at 22.5 °C, Ajp.of; painE = Alifi-of;, PAITE -
Aopia = 215 - 30 A%molecule! = 185 A>molecule™’. The result agrees with the experimental
observation suggesting PA/DE starts with the POSS-cage and two fert-butyl esters adsorbed to
the plane of the interface (Figure 5.16A). Throughout the LE monolayer regime, the POSS cage
tends to rise on the top of the fert-butyl esters, perhaps with a vertex-on conformation (Figure
5.16B). Upon further compression, the POSS cage decreases its cross-sectional area by changing
from a vertex-on to face-on conformation. Unlike the tripodal structure of three esters in PA/TE,
PAIDE exhibit a somehow unstable dipodal structure. Therefore, this distinction may give rise to
the observed LE/LC phase transition. A top view of PA/DE at the end of LC region is depicted in
Figure 5.16C with an 4. = 125 A*'molecule” and an Ay ;¢ ~ 135 A*molecule™. This value is

consistent with a face-on conformation for PA/DE at collapse.
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Figure 5.15 I1-4 isotherms at the A/W interface (T= 22.5 °C) for (A) POSS-OH (red dotted line)

and PA/DE (blue solid line) and (B) PtBA along with the chemical structure of PtBA. (C) The

structure of PA/DE highlighting the POSS-OH piece and the two PtBA “repeating units”

connected by a short linker.
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Figure 5.16 Schematic depictions of PA/DE (top view) in Langmuir films at various 4: (A) 4 =
Ajifi-o, the size of PAIDE is determined by A posson (~125 A2~molecule'l) with a face-on
conformation plus 2 PtBA repeating units (~30 A?molecule” each); (B) 4 = A4z, the size of
POSS cage is determined by the circumcircle of the equilateral triangle of a vertex-on

conformation; and (C) 4 = 4., the size of POSS cage is determined by the circumcircle of the

square in a face-on conformation.

5.4.6 Comparison of POSS-OH Based Esters

Figure 5.17 contains surface pressure-area per molecule (I1-4) isotherms for POSS-OH,

PAITE and PA/DE. As one may notice, there is a “window” with respect to packing at the A/W
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interface between the POSS-OH and PA/TE due to the large difference in collapse pressure.
However, PA/DE exhibits a similar isotherm to PA/TE instead of filling this “window”. The lift-
off area of PA/DE is ~30 A?-molecule” less than that of PAITE, which is consistent with the
difference in limiting area associated with one fewer PtBA repeating unit. It is also interesting to
note that their collapse pressures are identical (~ 23 mN-m™) although the collapse pressure of
POSS-OH is ~ 6 mN-m™, and their collapse areas agree with a face-on conformation. On the
other hand, PAITE has a smaller collapse area (~ 105 A*molecule™) than PA/DE indicating that
PAITE forms a softer LE film in the monolayer regime even if PA/DE also exhibits a limiting
area of ~ 175 A*molecule”’ in the LE region. This result is consistent with a vertex-on
conformation in the LE monolayer region suggesting that PA/DE forms a more ordered vertex-on
conformation. In addition, the additional ester group of PA/TE relative to PA/DE may hinder the
packing of the vertex-on state. Furthermore, the conformational change from vertex-on to face-
on for PA/TE is possibly easier than that of PA/DE since the tripodal structure could stabilize the

POSS cage better. Therefore, the I1-4 isotherm for PA/TE leads to a smoother transition.
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Figure 5.17 II-4 isotherms for POSS-OH, PAITE, and PA/DE at the A/W interface at T =

22.5°C.

5.5 Conclusions

A new closed-cage POSS derivative, PA/DE was synthesized and characterized. [1-4 isotherm
studies of PA/DE at the A/W interface reveal a non-equilibrium, first-order, LE/LC phase

transition. This is the first POSS material exhibiting a LE/LC phase transition at the A/W
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interface. The 2D Clausius-Clapeyron equation was used to obtain the critical temperature, and
the result was consistent with estimates from the I1-4 isotherms. However, stepwise compression
experiments clearly show the observed LE/LC phase transition must be strongly influenced by its
close proximity to the collapse transition. The conformational analysis for I1-4 isotherms of
PAIDE suggests that PA/DE initially lies on the water surface with POSS cage and two bulky
tert-butyl groups in the same plane. In the LE monolayer region, the POSS cage may have a
vertex-on conformation prior to LE/LC phase transition and a face-on conformation in the LC
film until monolayer collapse. These studies provide new insights into design and interfacial

properties of silicon based surfactants and surface modifying agents.
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Chapter 6

Synthesis and Characterization of POSS-NH, Based Diester at the

Air/Water Interface

6.1 Abstract

A diester, polyhedral oligomeric silsesquioxane (POSS) derivative was synthesized from
aminopropylisobutyl-POSS (POSS-NH;) and an isocyanate diester. Surface pressure-area per
molecule (IT-4) isotherm studies and Brewster angle microscopy (BAM) confirmed POSS-NH,
and POSS-NH; based diester (PAmDE) were amphiphilic at the air/water (A/W) interface. [1-4
isotherms show that PAmDE Langmuir monolayers exhibit a non-equilibrium liquid expanded-
to-condensed (LE/LC) phase transition. BAM images show large islands of the LC phase are
dispersed in the LE phase during phase coexistence. An apparent critical temperature (7;) of the
phase transition was obtained from the two-dimensional Clausius-Clapeyron equation. The result
agrees well with the experimental window for 7. in non-equilibrium constant compression rate
experiments. Analysis of the I1-4 isotherms revealed packing of these amphiphiles at the A/W
interface was similar to that of PA/DE discussed in Chapter 5. Unlike the vertex-on conformation
for trisilanol-POSS derivatives, POSS-NH, exhibits a face-on conformation at the A/W interface.
For PAmDE, there may also be a transition from vertex-on to face-on packing during

compression of the molecules.
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6.2 Introduction

Polyhedral oligomeric silsesquioxane (POSS) derivatives have received considerable attention

for applications in shape memory materials,'” coatings,’® & 3% 41 1138124 1o £ dielectric

5 126

materials,'” and as catalysts for the preparation of nanostructured materials, ® and

dendrimers.”® ** 7 Based on the study of tradition trisilanol-POSS derivatives as Langmuir

: : 30b, ¢, 300, 83b, ¢, 113, 118d, 131, 133-134
films at the air/water (A/W) interface,” > © > ®7> & 112 119G 120

the Esker group has also
studied closed-cage POSS derivatives.*’® From previous work, purified (3-hydroxypropyl)-
heptaisobutyl-POSS (POSS-OH) was modified to a POSS-OH based triester (PAITE)*™® and
diester (PA/DE, discussed in Chapter 5) with Weisocyanate and an isocyanate diester,
respectively. Then, an aminopropylisobutyl-POSS (POSS-NH,) based triester (PAmTE,
discussed in Chapter 4) was synthesized. Further characterization by surface pressure-area per
molecule (I1-4) isotherms and Brewster angle microscopy (BAM) were used to probe the quasi-
two-dimensional (2D) thermodynamic and morphological properties of these materials at the
A/W interface, respectively. Most amphiphiles exhibit 2D or 3D structures at the A/W interface,
therefore face-on conformations and edge-on conformations are observed for polymers,'*

3 and derivatives

dendrimers,'> organometallic supermolecules,'* photoelectronic molecules,'’
of natural products.””® However, the vertex-on conformations are rarely discussed at the A/W
interface. Results indicated that PA/TE was surface active and formed liquid expanded (LE)
monolayers with different orientations at the A/W interface. Its conformation changed from

vertex-on conformation to face-on conformation as discussed in Chapter 4 and 5. Similar

behavior was reported for PAmTE (Chapter 4).

In addition, a liquid expanded-to-condensed (LE/LC) phase transition was observed during

the analysis of PA/DE. This was the first known POSS material with a LE/LC phase transition.
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Compared to traditional models for amphiphilic molecules, such as fatty acids, previously studied
POSS molecules exhibited simpler phase diagrams within experimentally accessible temperature
windows. Although the LE/LC phase transition normally appears as a non-zero slope plateau in I1-4
isotherms, fluorescence imaging,®’ electron microscopy,'*® and BAM** '* showed it was first order.
Normally, the non-zero slope correlates to artifacts from impurities, the formation of small molecular
aggregates or surface micelles, or non-equilibrium effects such as finite compression rates.*** 47
However, a zero slope LE/LC phase transition plateau could be obtained by using a very careful

experimental protocol: an ultra-clean system, pure materials, extremely slow compression rates, and

a stable film.'*°

In this study, PAmDE was synthesized and characterized by '"H NMR, "C NMR, high
resolution mass spectrometry (HRMS), and melting point measurements. PAmDE Langmuir
monolayers were examined at the A/W interface and a LE/LC phase transition was observed.
This is the second known POSS material which has a LE/LC phase transition. The critical
temperature (7,) obtained from the 2D Clausius-Clapeyron equation is within the range expected
from the experimental I1-4 isotherms. Possible conformations of the PAmDE in Langmuir films

are discussed with respect to PA/DE.

6.3 Experimental

Experimental details regarding the synthesis of PA/DE (7 in Scheme 3.4) were provided in
Chapter 3.1.2.4. Experimental methods for I1-4 isotherm (Chapter 3.3.1) and BAM (Chapter

3.3.3) were covered in Chapter 3.3.
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6.4 Results and Discussion
6.4.1 Synthesis and Characterization of POSS-NH, Based Diester (PAMDE)

Chemical compositions and purity were confirmed via '"H NMR, "*C NMR, melting point,
and HRMS. Figure 6.1 contains the 'H NMR spectrum for PAmDE in CDCls. Figures 6.2 and
6.3 contain the >C NMR and expanded *C NMR spectra for PAmDE in CDCls, respectively.
The spectra reveal sharp, well-resolved peaks. The characteristic differences in the splitting
patterns of the protons of the linker and essentially quantitative integrations were consistent with

the labeled structures on each spectrum.
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Figure 6.1 '"H NMR of PAmDE.
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Figure 6.3 Expanded *C NMR of PAmDE.

6.4.2 Observation of a LE/LC Phase Transition

Figure 6.4 shows a I1-4 isotherm for PAmDE at the A/W interface at 5 °C. Four different
regions are depicted: (a) 4 > 185.2 A%molecule”’, G or G/LE films; (b) 123.3 < 4 < 185.2
A?molecule™, a highly compressible LE monolayer with a surface pressure between 0 and 10.6
mNem™; (c) 111.0 < 4 < 123.3 A%smolecule”, a LE/LC phase transition with a non-zero slope
starting at [T = 10.6 mNem™'; and (d) 80.2 <4 <111.0 A?emolecule™, a LC monolayer with IT

between 10.6 and 19.8 mNem™.
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The biphasic nature of the LE/LC phase transition has been revealed through BAM
observations.'*" 1> ! In Region b (Figure 6.4), a uniform film is formed without obvious
features indicating a uniform film (BAM image i in Figure 6.4). In Region ¢, a LE monolayer is
slowly converted into a LC film starting at a transition pressure of at IT,.= 10.6 mNem™". Circular
domains dispersed in another phase (BAM image ii in Figure 6.4) confirm the region is biphasic.
Similar results were shown in Chapter 5 for PA/DE, and have also been reported for diethylene
glycol mono-N-octadecyl ether,'** di-N-tetradecyl hydrogen phosphate (DTP),'* dimyristoyl
phosphatidyl serine (DMPS),%1 dipalmitoyl phosphatidyl choline (DPPC),144 and even poly(L-
lactic acid)."*' This feature can be understood from the change of density during the first-order
phase transition. Upon compression, the LC phase forms through nucleation growth inside the
LE phase. Therefore, at the end of Region c, the circular domains disappear (BAM image iii in

Figure 6.4) to form another uniform monolayer in Region d (BAM image iv in Figure 6.4).
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Figure 6.4 I1-4 isotherm of PAmDE at the A/W interface at 5 °C. Four regions are depicted: (a) a
G or G/LE phase; (b) a LE phase; (c) LE/LC coexistence; and (d) a LC phase. BAM images at
different 4 are provided: (i) 125.2 A*molecule™, monolayer prior to the LE/LC phase transition;
(ii) 120.5 A%smolecule™, circular LC domains growing in the LE film; (iii) 117.6 A*molecule™,
approaching the end of the plateau; and (iv) 110.3 A*molecule, formation of a LC monolayer.
BAM image i is 4.8 X 6.4 mm” while images ii-iv are 2.0 X 2.4 mm’, cut from the original

BAM images. Each BAM image has an independent gray scale.
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6.4.3 Different Compressibility between the LE and LC Phases

As a I1-4 isotherm is an analog of a three-dimensional (3D) pressure-volume (P-V) isotherm,
parameters such as the surface compressibility (k;) and static elastic modulus (&) can be

calculated from I1-4 isotherms of Langmuir monolayers:
_ ]
g, =K, "l =—A (ﬁ)T (6.1)

&5 18 an elastic response of the film to an applied lateral pressure. A plot of & -4 is compared with
the II-A4 isotherm of PAmDE at 5.0 °C in Figure 6.5. In Regime a, the first plateau (4 > 185.2
A’molecule™) of I1-4 isotherm, ¢, increases slowly at the end of the gaseous phase as the
monolayer forms. As the film is compressed in the LE region (Regime b, 123.3 < 4 < 185.2
A?molecule™), & increases faster until it reaches a maximum at A ~ 127.4 A%smolecule” with a
value of &, yax ~ 32 mNem™, Shortly after & v, the LE/LC phase transition starts. However, an
ideal plateau of &, = 0 mNem™ is not observed due to the non-zero slope in the LE/LC phase
transition region. This result may be due to artifacts like impurities, small molecular aggregation
or surface micelles, or nonequilibrium effects such as finite compression rates.”” After the LE/LC
phase transition (111.0 < 4 < 123.3 A’emolecule™), & increases as a rigid LC Langmuir
monolayer forms. The second maximum for & with a value of &, ya ~ 38 mNem™ is observed at
A =97.5 A%»molecule™” and IT = 15.2 mNem™'. With further compression, &, again falls as the LC
monolayer starts to collapse into multilayers. The value of & 4, in the LC phase is smaller for
PAmDE than PAIDE. This difference is likely due to the lower collapse for PAmDE, which

limits the I1 range over which the LC phase exists.
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Figure 6.5 Comparison of the [[-4 isotherm (red dotted lines ----) and &,-4 plot (black crosses +)

for PAmDE at 5.0 °C.

6.4.4 Temperature Dependence of the LE/L.C Phase Transition

The temperature dependence of the LE/LC phase transition of PAmDE at the A/W interface is
shown in Figure 6.6. As temperature increases, several changes occur in the Langmuir

monolayers. First of all, the onset of the liquid expanded monolayer shifts to a larger lift-off area
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(Ausi-of), where I1 increases from zero. This result is expected because molecules possess more
thermal energy at higher temperature. Molecules at higher temperature have a larger effective
cross-sectional area. Second, I1 for the onset of the LE/LC phase transition (I1;) increases while
the corresponding area (4,g or A,) decreases. Meanwhile, the area at the LC end of the LE/LC
phase transition (4;¢) increases leading to a shorter plateau as temperature increases. These
changes in Il, and 4, are also related to the enhanced molecular mobility. Third, a critical
temperature (7,) is approached from below as temperature increases. At 27.5 °C, an obvious
phase transition is still observed while a smoothened curve is seen at 30 °C suggesting 7, lies

between 27.5 °C and 30 °C.
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Figure 6.6 Temperature dependence of the LE/LC phase transition of PAmDE at the A/W
interface. LE/LC phase coexistence is observed for isotherms below 27.5 °C, and is not observed

at 30 °C, indicating the critical temperature (7;) lies between 27.5 °C and 30 °C.
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Similar to the observations for PA/DE in Chapter 5, the collapse pressure ([ [coiiapse) of PAmDE
decreases and collapse area (Acoiapse) 1NCreases as temperature increases. The temperature
dependence of [lcoliapse and Acoliapse for PAmDE is shown in Figure 6.7 where individual data
points are averages of three experiments with one standard deviation error bars. This tendency is
opposite to that of []; and Ay, but is expected because it is easier for Langmuir monolayers to

overcome the energy barrier associated with the nucleation and growth of the 3D structures at

higher temperatures.
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Figure 6.7 Temperature dependence of [[coiapse (red triangles) and Aconapse (black squares) for
PAmDE Langmuir films at the A/W interface. Each point is the average of three measurements

with one standard deviation error bars.
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In order to estimate the value of 7, from the [[-4 isotherms, a 2D Maxwell relation (Equation

470,145 -
“™ is used. Figure

5.1) that leads to 2D Clausius-Clapeyron equations (Equations 5.2 and 5.3)
6.8 shows a plot of temperature dependence of [ ;. A linear relationship is observed with a slope
of 0.15+ 0.01 mN*m™*K"'. An extrapolation of the best linear fit line back to the x-axis yields a
temperature of -31.8 + 1.3 °C, the temperature below which no LE phase should be observed.''

As with PA/DE in Chapter 5, this estimate simply shows the LE phase exists over the

experimentally accessible temperature window.
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Figure 6.8 Temperature dependence of [[;; for the LE/LC phase transition of PAmDE Langmuir

films at the A/W interface. The best fit yields a slope of 0.15 + 0.01 mNem™ K.
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With the slope obtained from Figure 6.8, the temperature dependence of the molar enthalpy
(AHy) and molar entropy (ASy) of the transition for PAmDE Langmuir films at the A/W interface
are calculated from Equations 5.2 and 5.3 and displayed in Figure 6.9. Both AH; and AS; are
negative because ordered structures are formed from less ordered structures during the LE/LC
phase transition.'® At the critical temperature (7.), the LE/LC phase transition should be reduced
from a plateau to a single point, and AH,. = 0. Therefore, the apparent critical temperature can be
predicted by extrapolating the linear fit line for AH,; in Figure 6.9 to the x axis. The result, 28.6 +

1.8 °C, agrees with the window between 27.5 and 30 °C inferred from the [[-4 isotherms.

Data for temperature (7), the area at the LC end of the LE/LC phase transition (4,c¢), the area
at the onset of the LE/LC phase transition (4.r), the difference of A g and 4.c (44), and entropy
changes (4S;) and enthalpy changes (4H,,) during the LE/LC phase transition are shown in Table

6.1.
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Figure 6.9 Temperature dependence of AH; (red crosses) and AS; (black filled squares) for
PAmDE Langmuir films at the A/W interface. Both AS;; and AH,, are calculated using the linear

fit from Equations 5.2, 5.3, and Figure 6.8.
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Table 6.1 Aic, Arg, 44, A4S,, and 4H,,, at different temperatures for the LE/LC phase transition

of PAmDE.

It is interesting to note that the LC region for PAmDE (in Figure 6.6) tends to be ambiguous
suggesting possible overlap of LE/LC phase transition and collapse. Stepwise compression
experiments demonstrate the stability of the film and quasi-static behavior while compression
experiments indicate dynamic behavior of the film in response to compression (Figure 6.10). For
the stepwise compression experiment at 5 °C, the transition pressure is slightly lower than the
collapse pressure after 300 s at a constant area. In contrast, the transition pressure is almost the
same as the relaxed collapse pressure for stepwise compression experiment at 22.5 °C although a
sharp increase in surface pressure between LE/LC phase transition and collapse is still observed
in the region of 81< 4 <93 A*molecule”’. These features indicate that the LE/LC phase

transition is strongly influenced by the collapse transition for PAmDE.
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Figure 6.10 I1-4 isotherms comparison for PAmDE at the A/W interface. Red and blue curves
represent experiments at 22.5 °C and 5 °C, respectively. The stepwise experiments are set up
with a constant compression rate of 10 cm®smin™, a trough area decrement of 20 cm?, and a time

interval of 300 seconds between compressions.
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6.4.5 Possible Conformations for POSS-NH, Based Diester at the A/W Interface

Following from the discussion of the conformations for PA/DE in Chapter 5, the
conformation of PAmDE prior to monolayer formation is considered as the addition of POSS-
NH,; and two poly(zert-butyl acrylate) (PtBA) repeating units if one can neglect the short linker.
Therefore, there is a relationship between their lift-off areas (4.0 where I1 increases from zero)
and limiting areas (4, obtained by extrapolating the steepest portion of the I1-4 isotherm back to
IT = 0). At 22.5 °C, Aisiof pampe = Ao possamz + 2Aopsa = 130 + 2 x 30 A>molecule™” = 190
A*molecule” (Figure 6.11A). The result agrees with the experimental observation suggesting
PAmDE starts with the POSS-cage and two fert-butyl esters adsorbed to the plane of the interface
(Figure 6.11A). Throughout the regime of the LE monolayer, the POSS cage could rest on top of
the fert-butyl esters with a vertex-on conformation (Figure 6.11B). Upon further compression,
the POSS cage could decrease its cross-sectional area by changing from a vertex-on to face-on
conformation. A top view of PAmDE at the end of LC region is depicted in Figure 6.11C with an
Agrc~ 140 A%molecule™. Similar to the structure of PAIDE, PAmDE may also exhibit a dipodal
structure. Therefore, these conformational changes provide a plausible explanation for the

LE/LC phase transition.
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Figure 6.11 Schematic depictions of PAmDE (top view) in Langmuir films at various 4: (A) 4 =
Ajifi-o, the size of PAmDE is determined by Ay poss-nuz (~130 Az-molecule'l) with a face-on
conformation plus 2 PtBA repeating units (~30 A*molecule™ each). (B) A4 = Az, the size of
POSS cage is determined by the circumcircle of the equilateral triangle in a vertex-on
conformation. (C) 4 = A4y, .c, the size of POSS cage is determined by the circumcircle of the

square in a face-on conformation.

6.4.6 Comparison of POSS-Based Diesters

Figure 6.12 contains I1-4 isotherms for PA/DE, and PAmDE at the A/W interface at T=15.0 °C.
The small difference (~5 A**molecule™) in Ajinopy between the diesters agrees with an initial face-
on conformation for the POSS cage plus 2 PtBA repeating units. In addition, Ay . for PAIDE

(green dashed line) leads to almost identical value as PAmDE (blue dashed line). This result is
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consistent with a vertex-on conformation in the LE monolayer. As one may notice, the I1, for
PAmDE is ~ 1 mN-m™ larger than PA/DE and 4, is ~ 17 A**molecule™’ smaller for PAmDE than
PA/DE. This may mean that nucleation of the LC phase for PAmDE is more difficult. In Figure
6.12, PAmDE shows a similar 4, ;z with PA/DE indicating face-on conformation in the LE
monolayer regime. It is also worth noting that the extrapolated areas for the LC phases (4y, .c)

corresponding to the solid lines in Figure 6.12 are also nearly identical.

35F | ) 1 | | T |
w— PAIDE
30 === PAMDE =

ok I 1 L\ L

60 80 100 120 140 160 iSO 200
2 4
A /A" emolecule

Figure 6.12 I1-4 isotherms for PA/DE, and PAmDE at the A/W interface at T= 5.0 °C. Green
dotted line and solid line are Az and 4y ¢ for PAIDE, respectively. Blue dotted line and solid

line are Ay and Ay rc for PAmDE, respectively.
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It is surprising but interesting to note that A. for both diesters is smaller than 120
Az'molecule'l, which is the value of face-on conformation. In addition, values of 4. and II. for
PAmDE are ~20 A”-molecule” and ~ 6 mN-m™ smaller, respectively than the values for PA/DE.
These differences are larger for the diesters than the triesters where the differences were nearly
zero. A schematic depiction in Figure 6.13 may explain these results. For triesters, LE
monolayers have a uniform thickness since carbamate and ureido groups are evenly distributed
by three tert-butyl esters (Figure 6.13A). However, for diesters, a methyl group replaces one of
the tert-butyl esters destabilizing the films leading to decrement in molecular thickness upon
compression (Figure 6.13B). The greater Il. of PA/DE relative to PAmDE suggests stronger

interaction between carbamate group and water surface.

From another standpoint, some key parameters, such as maximal static elastic modulus (&, max)
in LE and LC regime, critical temperature (7,), and the minimal temperature to observe LE phase
(Ty), of the diesters are compared in Table 6.2. PAmDE exhitibs smaller &, 4, in the LE regime
and much smaller & 4, in the LC regime corresponding to weaker interaction between ureido
group and H,O. In addition, PAmDE has a smaller 7, but a greater 7) suggesting a less ordered

LC phase forms.
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Figure 6.13 Schematic depictions for packing of (A) triesters and (B) diesters at the A/W

interface.

132



Table 6.2 Comparison of & may, Te, and Ty, for PAIDE and PAmDE.

-

PA/DE 50 mNem! 218 mNem-! 37.5+23°C -60.6 £1.6°C

P4AmDE 32 mNem! 38 mNem! 28.6+1.8°C 31.8=+13°C

6.5 Conclusions

A new close-cage POSS derivative, PAmDE was synthesized and characterized. I1-4 isotherm
studies of PAmDE at the A/W interface reveal a first-order LE/LC phase transition. The 2D
Clausius-Clapeyron equations were used to deduce the apparent critical temperature. The result
agrees with the estimation from I1-4 isotherms. The LE/LC phase transition is strongly interfered
by the collapse. Conformational analysis for I1-4 isotherms of PAmDE indicates that PAmDE
initially lies on the water surface with the POSS cage and two fert-butyl groups in the same plane.
In the LE monolayer region, POSS cage may have a vertex-on conformation in the LE phase and

a face-on conformation in the LC phase.
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Chapter 7

Overall Conclusions and Future Work

7.1 Overall Conclusions

Polyhedral oligomeric silsesquioxane (POSS) devivatives, from aminopropylisobutyl-POSS
(POSS-NH;) with two (PAmDE) or three (PAmTE) tert-butyl esters, or purified (3-
hydroxypropyl)-heptaisobutyl-POSS (POSS-OH) with two (PA/DE) or three (PA/TE) tert-butyl
esters have been synthesized and characterized by '"H NMR, C NMR, high resolution mass
spectrometry (HRMS), melting point testing, and surface pressure-area per molecule (I1-4)
isotherms and Brewster angle microscopy (BAM) at the air/water (A/W) interface. All the POSS
derivatives are amphiphilic. Unlike trisilanol-POSS derivatives, these esters have greater lift-off
areas (Ao as well as limiting areas (4y) with smaller collapse areas (4.). Therefore, POSS-

based esters initially form softer monolayer films than the trisilanol-POSS derivatives.

The monolayer phase of PAmTE can be described as a liquid-expanded (LE) phase before the
two-dimensional (2D) film collapses into three-dimensional (3D) multilayers. This result is
comparable with the observation for previously studied POSS-OH based triester PA/TE.
However, the analysis of PA/DE reveals a liquid expanded-to-condensed (LE/LC) phase
transition, the first observed for POSS materials. A LE/LC phase transition was also observed in
the study of PAmDE. BAM images show large islands of the LC phase are dispersed in the LE

phase in the two-phase coexistence region. The apparent critical temperatures (7.) of the non-
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equilibrium phase transitions were obtained from the 2D Clausius-Clapeyron equations. The

results of this analysis are consistent with the I1-4 isotherms.

Deng, et al>® proposed a vertex-on conformation for trisilanol-POSS derivatives. This
concept was used to explain features in the I1-4 isotherm of PAITE.*’® In this thesis face-on and
vertex-on conformations were used to provide a speculative molecular basis for the LE/LC phase
transitions seen in PA/DE and PAmDE during non-equilibrium experiments where I1-4 isotherms
were obtained at a constant compression rate. In general, POSS-based esters initially lie on the
water surface with the POSS cage and fert-butyl groups in the same plane. In the monolayer
region, the POSS cage may exhibit a vertex-on conformation as the film is compressed in the LE

phase with a face-on conformation prior to collapse for LC films

7.2 Suggestions for Future Work
7.2.1 Synthesis and Characterization of POSS-Based Monoesters

This dissertation shows rational changes in POSS structure lead to new phase behavior for
POSS derivatives. After the synthesis and characterization of POSS-based triesters and diesters,
POSS-based monoesters would be a natural extension. Compared to the tripodal structure of
triesters and dipodal structure of diesters, monoesters would have an even more difficult time
supporting the Si-O cage. As discussed in Chapters 5 and 6, the LE/LC phase transition for
diesters is possibly due to a change in packing of the POSS cages as one ester group is removed.
The []-4 isotherms of monoesters may exhibit even more complicated phase diagrams in the

monolayer region.

135



Possible POSS-based monoesters are proposed in Figure 7.1. The structures are simplest
when the substituent R’ = R” = CHj;. Such monoesters can be obtained from POSS-OH, POSS-

NHa, and an appropriate isocyanatemonoester.

0 ,Si’
R R =isabutyl
R R pr
0 R
L-si—o0 )y M
R- Vi 0
Si—=0 VAV
S 0" °N )(
/- \Si‘-o | H
’ R\ I R 0]
O—SI

o)
si- \\. 0/
/ 0-/~Si-

R \O—ISi-"O R

R

Figure 7.1 Structures of POSS-NH, and POSS-OH based monoester.

A possible synthetic scheme for the synthesis of an isocyanatemonoester is motivated by the
synthesis of isocyanatediester (2 in Figure 3.1)."”" The synthetic route for a nitromonoester, tert-
butyl 4-methyl-4-nitropentanoate (3), is proposed in Scheme 7.1. Newkome et al. have published

several methods for preparing dendritic headgroups with two zerz-butyl ester groups.'*® Through
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their efforts, the yield increases to 95% although low temperature is required for work with
liquid NHs. In order to avoid the inconvenience of working at low temperature, Actis
accomplished the synthesis of nitrodiester by a reaction of nitroethane and two equivalents of
tert-butyl acrylate (2) with Triton B (benzyltrimethylammonium hydroxide, 40 wt % solution in
methanol) as a catalyst in yields as high as 44%."> The purified yield was modest because of the
difficulty in removing excess acrylate. Other work by the Gandour group'® reported using 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) as a catalyst for the Michael addition reaction at 40 °C.
After comparison, the best result was achieved with 5 mol % DBU."’ Therefore, the same
reaction condition is proposed in Scheme 7.1. Slow addition of one equivalent of 2 is suggested.

2-nitropropane (1), tert-butyl acrylate (2), and DBU are commercially available from Sigma-

Aldrich Corporation.
O
ON \j\ /J< CH,Cl, S% DBU J<
+ - 2
\|/ AN o 48h, 40 °C ©
1 2 3

Scheme 7.1 Synthetic scheme for fert-butyl 4-methyl-4-nitropentanoate (3).

After 3 is obtained, Raney Ni and H;, can be used to reduce the nitro group to an amine
(Scheme 7.2). This hydrogenation reaction usually requires elevated pressure (50 — 60 psi)."”™

The bulky fert-butyl ester may even prevent possible intramolecular cyclization observed for less

bulky esters (such as methyl)."”® Heptanes have been used instead of methanol with a higher
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purity and yield (98%) in a mechanically stirred sealed reactor.'® However, this method is
inconvenient for the desired scale of the reaction. As a result, I would suggest optimizing the

reaction yield by altering the pressure of the reaction.

0 O
Raney Ni, H
ON J< Y e N /l<
(8] EtOH 0
4

3

Scheme 7.2 Synthetic scheme for fert-butyl 4-amino-4-methylpentanoate (4).

Isocyanate esters were prepared from compounds similar to 4 in the presence of triphosgene
with an inorganic or organic base in an ice-bath.'®* Scheme 7.3 is suggested as a modification of
these reaction conditions to obtain 4-isocyanato-4-methylpentanoate, isocyanatemonoester (7).
The recation can be completed within 15 minutes with dimethyl amino pyridine (DMAP, 5) and
120a, 163

di-tert-butyl dicarbonate ((Boc),O, 13) in methylene dichloride at room temperature.

DMAP and (Boc),0 can be purchased from Sigma-Aldrich Corporation.

According to the synthesis of diesters and triesters,"’d POSS-OH based monoester (PAIME,
10) and POSS-NH, based monoester (PAmME, 11) can be obtained in the presence of

triethylamine (TEA)''"” when X = O and X= NH, respectively (Scheme 7.4).
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Scheme 7.3  Synthetic scheme for fert-butyl 4-isocyanato-4-methylpentanoate,

isocyanatemonoester (7).
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Scheme 7.4 Synthetic scheme for obtaining POSS-OH based monoester (PA/ME, 10) and POSS-

NH; based monoester (PAmME, 11).
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7.2.2 Synthesis and Characterization of POSS-Based Monoesters with Different Linkers

In Section 7.2.1, R"=R" = CH3 was chosen as the simplest possible linker to afford 10 and 11.
As the length of R" and R"” increases (Figure 7.2), closed-cage POSS-based esters would become
more hydrophobic. Their synthesis would follow from appropriate modification of 1 in Scheme
7.1. An alternative approach would be used to modify the length of the methylene spacer
between the POSS cage and the carbamate group in 10. Due to the availability of samples, I
would suggest that POSS-based carbamate esters be pursued first. Examples are provided in
Figure 7.2. R" and R"” can be different or the same as the case for -CH,-CH,-COO-C(CHj3)3 in
PAITE and PAmTE. Less bulky R" and R" groups, such as —CHs, are initially preferred as an

analog of fatty acids.
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Figure 7.2 Examples of POSS-based carbamate esters with different linker lengths.
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Fatty acids dissolve in water forming Gibbs monolayers with shorter alkyl chains (number of
carbons < 13) and form Langmuir monolayers at the A/W interface with longer alkyl chains
(number of carbons > 13).% ** Therefore, as the methylene spacer of the POSS-based
carbamate esters increases, closed-cage POSS derivatives may exhibit phase diagrams as
complicated as long chain fatty acids. Meanwhile, the possible phase transitions may shift to an

experimentally accessible temperature window.

The aim would be to synthesize a shorter chain methoxylisobutyl-POSS (13 in Scheme 7.5).
13 can be achieved from the hydrolysis of methacrylate isobutyl-POSS (12 in Scheme 7.5),
which is available from Hybrid Plastics Incorporated. After the synthesis of esters, corresponding
acids could be obtained by removing the fert-butyl esters with trifluoroacetic acid (TFA). It
would also be interesting to directly compare closed cage POSS-based carbamate acids with

traditional fatty acids.

0"SI—R 0 0 IR
Sl R.c/
0/ o’ \ -0 /\ /SI '0\ i/\OH
' LIS AT Y
—SI\ S,iO-Si\ (L ©
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\O_SI"/ I R R/ \O_OSi—’/aSI..R
£
= isob: R
12 isobutyl 13

Scheme 7.5 Synthetic scheme for methoxylisobutyl-POSS (13) from methacrylate isobutyl-

POSS (12).
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Starting from 13, the synthesis of monoester and monoacid carbamates with a single

methylene unit as a linker are shown in Scheme 7.6 as an example of what is possible.
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Scheme 7.6 Synthetic scheme for POSS-based carbamate monoester (15) and monoacid (16)

with a single linking methylene unit between the POSS cage and the carbamate.
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13 can be modified by 1,n-diols (17, in Scheme 7.7) to design longer chain carbamate esters.
The length of side chain can be controlled by the number of methylene groups. For 17, diols with
n varying from 2 to 10 are available from Sigma-Aldrich Corporation. Then, closed cage POSS-

based carbamate esters and acids can be synthesized using reaction conditions similar to Scheme

7.6.
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Scheme 7.7 Synthetic scheme for POSS-OH derivatives (15) with different length, methylene

Spacers.

7.2.3 Synthesis and Characterization of POSS-Based Non-tert-butyl Esters

Figure 7.3 contains surface pressure-area per molecule (I1-4) isotherms for POSS-OH and
PAITE from Chapter 4 (Figure 4.11). As one may notice in Figure 7.3, there is a “window” with
respect to packing at the A/W interface between the POSS-OH and PA/TE. It should be possible
to design, synthesize, and characterize POSS molecules to fill this “window”. This thesis reveals
that the number of ester groups has a small effect on the collapse area and collapse pressure of

the POSS derivatives in dynamic, constant compression experiments. Instead, the surface
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properties of the t-butylester play an important role. Therefore, I would like to change the sizes
of the tripodal esters by substituting bulky tert-butyl groups with other alkyl groups. After
different esters based upon POSS-OH are synthesized and characterized, similar work can be
done on the corresponding POSS-NH, derivatives. Some suggestions are provided in Figure 7.4.

R’ can be methyl, ethyl, isopropyl, etc.

25 1 1 1 |
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A /A’emolecule™

Figure 7.3 I1-4 isotherms of POSS-OH and PA/TE at the A/W interface at 22.5 °C. The shaded
peach region represents a region of interest for controlling POSS packing through the synthesis

of new POSS amphiphiles.
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Figure 7.4 Examples of POSS-OH and POSS-NH, based non-'butyl esters.

POSS-OH based triacid (20, PA/TA) has been synthesized from the hydrolysis of PA/TE (19,

Scheme 7.8) in the presence of TFA at room temperature for 30 hours.*’ In the past few decades,

multiple synthetic strategies have been developed to obtain functional dendrimers.'®* 20 will be

treated with alcohol in the presence of CH,Cl, using pyridinium p-toluenesulfonate (PPTS) as a

195 As an example, POSS-OH based trimethylester could be obtained from Scheme 7.9.
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Scheme 7.9 Synthetic scheme for POSS-OH based trimethylester (21).
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Similarly, acids can be obtained through the hydrolysis of PA/DE, PAmTE, and PAmDE.

Chemical composition and purity were confirmed via '"H NMR, *C NMR, and HRMS. Figures

7.5, 7.6, and 7.9 contain the "H NMR spectra for POSS-NH, based triacid (PAmTA), POSS-OH

based diacid (PA/DA), and POSS-NH, based diacid (PAmDA) in CDCls, respectively. Figures

7.7 and 7.8 contain the ?C NMR and expanded *C NMR spectrum for PA/DA in CDCl;,

respectively. Other esters could be made from PAmTA, PAIDA, and PAmDA via Scheme 7.9.
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Figure 7.5 '"H NMR of POSS-NH, based triacid (PAmTA).
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Figure 7.6 '"H NMR of POSS-OH based diacid (PA/DA).
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Figure 7.7 °C NMR of POSS-OH based diacid (PA/DA).
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Figure 7.8 Expanded *C NMR of POSS-OH based diacid (PA/DA).
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Figure 7.9 "H NMR of POSS-NH, based diacid (PAmDA).

7.2.4 Synthesis and Characterization of POSS-Based Esters with Different Substituents on

the POSS Cage

To this point, the POSS cages have had the same R substituent (isobutyl). It is also possible to
vary R through the amine-based linking chemistry. For the long term, I propose to expand the
library of POSS-based esters and acids by creating amino functionalized branches from

trisilanol-POSS derivatives with different substituents on the cage (Scheme 7.10).'%7123% 1% With
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POSS-NH; possessing different R, it would be straight forward to create other POSS-NH; based
esters and acids. With these materials, the relationship between the interfacial properties of
POSS-based surfactants and chemical structure would be better understood. Trisilanolethyl-
POSS, trisilanolcyclohexyl-POSS, trisilanolcyclopentyl-POSS, and trisilanolphenyl-POSS can
be purchased from Hybrid Plastics Incorporated. (3-Aminopropyl) trimethoxysilane (23) is

commercially available from Sigma-Aldrich Corporation.
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Scheme 7.10 Synthetic scheme for obtaining closed-cage POSS derivatives with a single

primary amine from trisilanol-POSS with different R.
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7.2.5 Blends of Amphiphilic POSS Derivatives at the A/W Interface

With a core-shell structure exhibiting organic/inorganic hybrid properties, POSS molecules
have been treated as the smallest particles of silica.”™ '®” Over recent decades, the well defined
and easily modified chemical structure served as a building block for composite materials. The
mechanical, optical, and thermal properties of POSS copolymers and POSS/polymer blends have
been extensively studied.'®® The Esker group has studied interactions between polymer and
POSS as nanofillers in 2D Langmuir monolayers.''®* 3" '3 Therefore, I suggest these new POSS
derivatives be examined as nanofillers in Langmuir films. Polydimethylsiloxane (PDMS) is a
material known to form stable flexible monolayers and multilayers at the A/W interface.'®’
Blends of PDMS and trisilanol-POSS derivatives at the A/W interface have been examined with
respect to aggregate formation'’’ and rheological properties.''> '”" Since closed-cage POSS are
normally non-amphiphilic and tend to form rigid multilayer aggregates at the A/W interface,
octaalkyl-POSS/PDMS blends show filler reinforcement when dispersed in PDMS."' The
POSS-based triester and triacid derivatives I have made are also closed-cage; however, the
hydrophilic arm makes them amphiphilic. ~As such, I hypothesize these materials can

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

In addition, a blend of trisilanolisooctyl-POSS (TiOP) and trisilanolphenyl-POSS (TPP) has
been examine by [[-4 isotherms and BAM. The preliminary work is represented in Figure 7.10.
TiOP is considered as a true liquid trisilanol-POSS since it behaves as a liquid in the monolayer
region and exists as liquid in bulk. The II-4 isotherm for TiOP has a lift-off surface
concentration (Ajs.op where II increases from zero) around Aoy ~ 220 A2emolecule™. Its
limiting area (4y), which is obtained by extrapolating the steepest portion of the I1-4 isotherm
back to IT = 0, is coincident with 4.5 At a collapse pressure (I1.) of ~ 13.5 mNem™, the TiOP
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film collapses into multilayer domains. The second plateau (60 A*smolecule” < 4 < 180
A?molecule™) corresponds to multilayer formation. The factor of three changes in area may be
consistent with trilayer formation. The shape of the isotherm for TPP is similar to that of TiOP
with Ao~ 155 A>emolecule” and 4y ~ 150 A*»molecule. In the monolayer region, the steeper
isotherm of TPP suggests a more rigid film. At a lower I, (~ 12.5 mNem™), TPP exhibits a
plateau (50 A%molecule”’ < 4 < 140 A%molecule™). The small limiting area for TPP was

explained by the “interlocking” space-filling model of rigid phenyl groups (Figure 7.11).%
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Figure 7.10 I1-4 isotherms of TiOP, TPP, and a 50 : 50 blend by mass at the A/W interface at T
=22.5°C. The 4.8 mm x 6.4 mm BAM images for 50% TiOP were captured at 4 = 85 and 45

A%-molecule™.
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Figure 7.11 A demonstration of “interdigitating” or “interlocking” phenyl groups for TPP at the
A/W interface. Gray atoms are carbon, red atoms are oxygen, purple atoms are silicon, and green
atoms are hydrogen. The model represents the configuration where the three silanol groups of
POSS are exposed to water (out of the page). With the “interdigitating” phenyl groups, the
recalculated cross-sectional area (AMM2 = 158 A’molecule™) of TPP is smaller than the one

without interdigitation (AMM2 = 210 A*smolecule™) and close to the experimental limiting area

(4,= 152 + 8 A%»molecule™) obtained from IT-A isotherms.®

Moving onto the blend of 50 : 50 by mass blend of TiOP, the isotherm exhibits a smaller
collapse pressure (~ 8 mNem™) and negative excess areas of mixing that suggest greater cohesive
interactions due to intermolecular hydrogen bonding. Aggregate formation is not observed for
neat TPP even at the end of the compression suggesting uniform gels or liquid crystals rather

than the rigid and crystal-like films.* However, at the end of collapse (~85 A’emolecule™) of
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TPP/TiOP blend, BAM images reveal regular star-shaped heterogeneous films, which are not
observed for the blends of TiOP/TiBP, TiOP/TCyP, and TiOP/TCpP. These results may be
related to more ordered structure. It is possible that the isooctyl groups of TiOP fill gaps between
rigid phenyl groups of TPP. Therefore, I suggest altering the composition of the TPP and
comparing their isotherms as future work. BAM should be able to provide more details about the
collapse process. Then, the molar Gibbs excess free energy of mixing (AGeycess) obtained from
I1-A4 isotherms as a function of mole fraction of TiOP (Xtiop) can be interpreted and related to the

BAM studies.
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