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1.0 INTRODUCTION

The objective of the recently completed research program at the Air Force Research
Laboratory, Edwards AFB (AFRL EAFB) site was to synthesize new thermoplastic and
thermosetting nanocomposite materials in order to study fundamental properties and phenomena.
When the program began, polymer and composite technology had only limited physical,
mechanical, and surface property characterization data available. By controlling polymer
composites at the nano-level, ideal property improvements were envisioned. During this
program, new materials were produced and new methods for nanoparticle incorporation were
developed. These advancements have led to numerous property enhancements, particularly in
the area of surface properties. The following paragraphs summarize the results obtained during
this program with a particular focus on the non-wetting materials research. Appendices A and B
contain copies of recently awarded U.S. patents for the incorporation of Fluorinated Polyhedral
Oligomeric Silsesquioxanes (FluoroPOSS) into polymers to produce polymer nanocomposites of
varying functionality. Appendices C and D contain copies of two recent refereed journal articles
on the synthesis of FluoroPOSS and the incorporation of FluoroPOSS into non-fluorinated
polymers to produce the first superoleophobic surfaces, respectively. All published work was

done under Air Force Office of Scientific Research (AFOSR) sponsorship.

2.0 POLYHEDRAL OLIGOMERIC SILSESQUIOXANES (POSS)

Polyhedral Oligomeric SilSesquioxane (POSS) compounds are thermally robust cages
possessing a silicon-oxygen core framework surrounded by organic functionality on the
periphery. Because these materials possess the functionality of both inorganic ceramic materials
and organic polymers, they have been described “hybrid” organic/inorganic materials. POSS
molecules can be functionally tuned and are easily synthesized with inherent functionality.
Certain POSS compounds may possess high degrees of compatibility in blended polymers.
Others can easily be covalently linked into a polymer backbone. The incorporation of POSS into
polymers produces composites with improved properties, such as glass transition temperature,
mechanical strength, thermal and chemical resistance, and ease of processing. Applications
include space-survivable coatings, and ablative and fire-resistant materials. POSS can be
produced as either completely condensed cages or incompletely condensed cages with silanol
groups, which allow further modification. Due to their physical size, POSS incorporation in
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polymers generally serves to reduce chain mobility, often improving both thermal and

mechanical properties. The generalized structure of octameric POSS compounds (Figure 1)

illustrates many of the important features of these molecules. These molecular cages may

possess reactive and/or non-reactive functionality, which allows them to be incorporated into

polymer systems either covalently or without any covalent attachment (Figure 2). This

versatility has allowed POSS to become popular as nanometer-scale building blocks in a wide

range of polymer composite materials.
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Figure 1. Generalized POSS Structure
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Figure 2. Methods of POSS Incorporation into Polymers

POSS are thermally robust cages consisting of a silicon-oxygen core framework
possessing alkyl functionality on the periphery. They are used for the development of high
performance materials in several aerospace applications. POSS molecules can be functionally

tuned, are easily synthesized with inherent functionality, and are often commercially available.

3.0 FLUORINATED POSS

A number of reports have detailed that POSS materials can act as reinforcing fillers (or
reinforcing comonomers) in a number of composite systems with nanometer-sized domains. Our
results are somewhat different in that the POSS building blocks are designed to be rather non-
interacting. Specifically, the organic “corona” surrounding the silsesquioxane core is composed
of fluoroalkyl moieties. Fluoroalkyl compounds are known to be basically inert. This is largely
because they are non-polarizable and have low surface free energy values. Fluoroalkyl chains
are often rigid, due to steric and electronic repulsion. Similarly, the large corona of the
FluoroPOSS compounds should retard the van der Waals attraction between POSS cores. These
POSS materials are monodisperse and crystalline.

FluoroPOSS compounds fluorodecyl (FD), fluorooctyl (FO), and fluorohexyl (FH) were
produced by the base-catalyzed hydrolysis of trialkoxy silanes (Figure 3). These compounds
tend to condense into T8 cages, similar to that observed in acid-catalyzed synthetic methods,

rather than cage mixtures, as has been previously observed in the base-catalyzed synthesis. The
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yields for these reactions are often nearly quantitative. This is significant because the usual
method to produce T8 cages is the acid-catalyzed hydrolysis of trichlorosilanes, which produces

an undesirable acidic by-product.

R\
O/lo ,
R-giz™">gi0|
_ KOH (cat) ), 0O \~RO
R{Si(OEt)q - 9Rr\ 0o/
EtOH/H,0 \ 0'Si~o/~Si-
. 7R
(quant) Sieg—Si 0
R R
FH R = CH,CH,CF,CF,CF,CF;
FO CH,CH,CF,CF,CF,CF,CF,CF;
FD CH,CH,CF,CF,CF,CF,CF,CF,CF,CF;

Figure 3. Synthesis of Octahedral FluoroPOSS Compounds

These FluoroPOSS compounds are soluble in fluorinated solvents, such as AK-225G and
hexafluorobenzene. Unlike most non-fluorinated POSS compounds, TGA indicates FluoroPOSS
volatilize rather than decompose. No residue remains after heating under either nitrogen or dry
air. FD POSS is the most stable compound, subliming at over 300 °C. FluoroPOSS are also
very dense, high molecular weight materials. For example, FD POSS has a molecular weight of
3993.54 g/mol and a density of 2.067 g/cm3. As a general trend, melting points become
depressed as fluoroalkyl chain lengths increase due to weaker intermolecular wan der Waal
attractions. All FluoroPOSS compounds were observed to possess narrow melting points as high
molecular weight compounds indicative of high purity. In all cases, no decomposition was
observed for these compounds at the melting point.

The ability to crystallize FluoroPOSS compounds from fluorinated solvents, using
solvent evaporation/vapor diffusion techniques, enabled the growth of single crystals for high
resolution (0.75 A) X-ray diffraction studies (Figure 4). Both FH and FD are triclinic (P1)
showing the presence of one and two crystallographically independent “half” molecules in the
asymmetric unit, respectively. In both cases, there is an inversion center in the middle of the

POSS core, which results in four pairs of fluoroalkyl chains with similar conformations. The
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molecular structure of FluoroPOSS contains rigid, rod-like fluoroalkyl chains, which are

attached to the silicon atoms of the POSS cage via flexible methylene groups. The relative
arrangement of these components and resulting molecular interactions determine their thermal
properties and may also contribute to surface properties, including hydrophobicity. The crystal
structures of FH and FD showed a near-parallel arrangement of the fluoroalkyl chains. These
result from the formation of strong intramolecular interactions between electropositive silicon
and electron-rich fluorine atoms. These intramolecular contacts of ~3.0 A are significantly
shorter than the sum of van der Waal radii for silicon and fluorine at 2.10 and 1.47 A,
respectively. The packing of FD results in the POSS cores resting at an angle, with respect to the
linear fluoroalkyl groups (mean least square angle = ~104°). This results in a rougher packing

surface than FH, as seen in the electrostatic potential surfaces (Figure 5).

Figure 4. ORTEP representation of FH and FD POSS at 103 K
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Figure 5. Electrostatic potential surfaces of FH and FD POSS

The fluorinated POSS compounds were spin cast from hexafluorobenzene onto a glass
substrate. The spin casting produces well-adhered, white power-like films and did not visually
expose any of the glass substrate. Their static (or advancing) contact angles were measured using
deionized water and hexadecane as test fluids. Hexadecane is a standard test fluid for
determining the oil repellency (or oleophobicity) of a material. The fluorinated POSS series
measured water contact angles are on average 50° higher than for hexadecane contact angles. As
a consequence of the highest wt % F content, FD produced the highest water and hexadecane
static contact angle of 154°, and 87°, respectively. Because its water contact angle was greater
than 150°, the surface of FD as a spin cast powder is classified as being formally
superhydrophobic.

It should be noted the water contact angles for the observed trend were analyzed from
spin cast, semicrystalline powder films. AFM analysis revealed the spin cast *FD POSS surface
produced a root-mean-square (RMS) roughness of approximately 4 um (Figure 6). For the
fluorinated POSS octamer series of FP, FH, FO, and FD, there is a near linear progression of
water and hexadecane contact angle in relation to the increasing fluorine content of the
Fluorinated POSS compounds. This is clearly shown by a 13% increase in water contact angle
from FP (38.2% fluorine content) to the FH (57.2% fluorine content) compound. It would



appear a leveling-off effect is anticipated past the series fluoroalkyl substitution beyond the FO,
since a negligible increase of 5% was observed from FH (57.2% fluorine content) to FO (61.9%
fluorine content). However, the FD (64.7% fluorine content) has an abrupt increase of 12% from
FO POSS. A similar trend was observed for hexadecane contact angles, but the standard

deviation would indicate oleophobicities of FH, FO, and FD are the same.

FD POSS Surface

Figure 6. FD POSS water contact angle of 154° on 4 um rms rough surface

Hepta (3,3,3-trifluoropropyl) tricycloheptasiloxane trisodium silanolate (1) was used as
an intermediate for the preparation FluoroPOSS compounds 2—7 by “corner-capping” with
fluoro-alkyltrichlorosilanes (Figure 7). The intermediate salt (1) is stable in air, but decomposes
to silsesquioxane resin upon exposure to moisture. The intermediate adduct is the result of a

pathway to fully condensed cage structures by simply controlling feedstock stoichiometry.
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Figure 7. Synthesis of corner-capped FluoroPOSS compounds
4.0 POSS POLYMER COMPOSITES

Selected fluorinated POSS compounds possessing the highest hydrophobicity and
oleophobicity were blended into several fluoropolymers in order to develop a preliminary study
of fluorinated POSS compatibility in polymer matrices. For the purposes of this paper, FD
POSS 6F-BP perfluorocyclobutyl (PFCB) aryl ether (Figure 8) polymer blends will be used to

describe fluorinated POSS dispersion and its effect on surface wettability.

FF
F F CF,

F Ar

F
fod oy ;
n

Figure 8. 6F-Biphenyl (6F-BP) perfluorocyclobutyl (PFCB) aryl ether polymer

The level of dispersion of fluorinated POSS compounds into polymer systems is largely
dependent on surface chemistry. PFCB aryl ether polymers are of interest in a multitude of
materials applications, specifically their ability to produce optically transparent, processable
films. Increasing FD POSS wt % loadings blended with 6F-BP PFCB aryl ether polymer showed
a gradual increase in water, but profound increase in hexadecane contact angle (Figure 9). The
6F-BP PFCB aryl ether polymer is intrinsically hydrophobic and produced water, and
hexadecane contact angles of 95° and 27°, respectively. FD POSS loadings up to 15 wt %

developed a plateau from static water contact angle; the blend showed an overall 32% increase in



water contact angle (124°) at this loading compared with unblended 6F-BP. At optimized FD
POSS loadings of 10 wt %, a maximum hexadecane contact angle of 80° was observed,
increasing hexadecane repellency by 158%. While films prepared from 15 wt % FD POSS
loading still appeared transparent and homogenous, 20 wt % FD POSS produced slight phase
separation. At 30 wt % FD POSS, significant incompatibility was observed producing brittle,

opaque films with crystalline aggregates on the film surface.
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Figure 9. Water and hexadecane contact angles of various wt % of
FD POSS blended into 6F-BP PFCB aryl ether polymer
Dynamic water and hexadecane contact angles were evaluated to determine the degree of
hysteresis of FD POSS blended into 6F-BP PFCB aryl ether polymer. The angles of advancing
(6a) and receding (Or) of water and hexadecane were obtained by placing a liquid drop on the
surface and tilting the stage of the goniometer. The results of the measurements for water and
hexadecane are shown in Figure 10. At all wt % of FD POSS blended into the polymer, the

water and hexadecane drops remained pinned on the surface, even when the stage was tilted 90°.



Initially, the advancing and receding angles were taken at the onset of liquid drop perturbation on
the uphill and downhill side during as the stage was tilted. However, these measurements were
difficult to assess “by eye” and produced a high deviation in recorded values. Therefore, the
dynamic angles were recorded at a 90° tilt in order to ensure consistency. These results indicate

a condition of high surface hysteresis where the surface energy (ySV) exceeds the surface tension

(ySL) of the liquid drop.
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Figure 10. Dynamic water (left) and hexadecane (right) contact angles of various wt % of
FD POSS blended into 6F-BP PFCB aryl ether polymer

Blending FD POSS into the BP-6F PFCB aryl ether polymer introduced additional
fluorine content and increased surface roughness. As demonstrated in the beginning of this
chapter, the relationship of contact angle and surface energy is governed by Young’s equation
which relates interfacial tensions among the surface to the liquid and gas phases of water.
Furthermore, surface roughness imparts increased hydrophobicity to material as demonstrated by
Cassie and Baxter, as well as Wenzel.

Atomic force microscopy (AFM) analysis of 15 wt % FD blend compared with the virgin
6F-BP PFCB aryl ether polymer (Figure 11) showed a marked increase in surface roughness.
From AFM analysis, unblended 6F-BP polymer and 15 wt % FD POSS composite blend gave a
measured surface roughness (RMS) of 0.527 nm and 1.478 nm, respectively. The incorporation
of the fluorinated FD POSS structures produced this three-fold increase in surface roughness

possibly due to blooming and aggregation of these structures on the surface during the spin
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casting process. The increase in surface roughness was nearly 1 nm (the difference of 1.278 nm
and 0.527) due to the inclusion of FD POSS. Therefore, it is presumed the low surface energy
fluorine content contributed by fluorinated POSS has the most influence on the surface contact
angle, whereas the surface roughness is an important, but minor contributing parameter. Surface
characterization is being investigated in order to determine the concentration gradient of the

fluorinated POSS structures on the surface compared to those entrained in the bulk material.

Figure 11. AFM height images of 15 wt % FD POSS (left) and
unfilled (right) 6F-BP PFCB aryl ether polymer

5.0 CONCLUSIONS

Various fluorinated polyhedral oligomeric silsesquioxanes (FluoroPOSS) have been
solvent or melt blended into a variety of fluoropolymers. These fluoropolymers include
perfluorocyclobutyl (PFCB) aryl ether polymers. The composite blends produce well-dispersed
FluoroPOSS based on microscopy analysis. The fluoroalkyl groups on the FluoroPOSS cages
demonstrate good miscibility in selected fluoropolymer matrices. These FluoroPOSS
fluoropolymer composites may be useful as low friction surfaces either as bulk components or
coatings. Contact angle measurements of the POSS fluoropolymers show an improvement of
water and hexadecane contact angles over the unfilled materials. The low surface energy POSS
compounds also appear to act as a processing aid during fluoropolymer processing, significantly

reducing both the torque and load measurements in the extruder. Thermal and mechanical
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properties of the blended fluoropolymers do not compromise the integrity of the unfilled
polymers. Work continues to encompass the other FluoroPOSS as simple drop-in modifiers for

other fluoropolymers.
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NANOSTRUCTURED CHEMICALS AS
ALLOYING AGENTS IN FLUORINATED
POLYMERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 60/459,357 filed on Mar. 31, 2003, and is a
continuation-in-part of U.S. patent application Ser. No.
09/818,265 filed Mar. 26, 2001, now U.S. Pat. No. 6,716,
919, which claims the benefit of U.S. Provisional Applica-
tion No. 60/192,083, filed Mar. 24, 2000.

FIELD OF THE INVENTION

This invention relates generally to methods for enhancing
the properties of thermoplastic and thermoset fluorinated
polymer and fluid compositions and, more particularly, to
methods for the incorporation of nanostructured chemicals
into fluorinated polymers and fluorinated fluids.

This invention also relates to several applications of the
fluorinated polymers with improved properties. These appli-
cations include space-survivable materials and creep resis-
tant seals and gaskets. Improved polymer surface properties
may be useful for applications such as anti-icing or non-
wetting surfaces or as low friction surfaces.

BACKGROUND OF THE INVENTION

It has long been recognized that the properties of poly-
mers can be tailored to a high degree through variables such
as polymer sequence, structure, additive and filler incorpo-
ration, composition, morphology, thermodynamic and
kinetic processing control. 1t is similarly known that various
sizes and shapes of fillers, and particulates (e.g. calcium
carbonate, silica, carbon black etc.) can be incorporated into
preformed polymers or prepolymers or monomer mixtures
to enhance physical and material properties of the resulting
formulations.

In their solid state all polymers (including amorphous,
semi-crystalline, crystalline, and rubber, etc.) possess con-
siderable amounts of internal and external free volume (see
F1G. 1). The free volume of a polymer has a tremendous
impact on its physical properties, since it is within this
volume that the dynamic properties (e.g. reptation, transla-
tion, rotation, crystallization) of polymer chains primarily
operate and in turn influence fundamental physical proper-
ties such as density, thermal conductivity, glass transition,
melt transition, modulus, relaxation, and stress transfer.

The accessibility of free volume in a polymer system
depends greatly on its morphology and on the size of the
agent desired to occupy the free volume. As shown in FIG.
2, for example, denser regions and phase separation within
a polymer can both increase and decrease the thermody-
namic and kinetic access to such areas. Because of its
influence on thermodynamic and kinetic properties, polymer
morphology and free volume dimension are major factors
that limit the ability of conventional fillers from accessing
the free volume regions in a polymer system. Additional
processing/compounding effort is normally required to force
compatibilization between a filler and a polymer system
because conventional fillers are physically larger than most
polymer dimensions, are chemically dissimilar, and usually
are high melting solids.

Prior art in fluoropolymers has focused on modifications
through the formation of an inorganic interpenetrating net-
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work that is either partially or fully condensed and is in
contact with or dispersed amoungst the fluoropolymer
chains. See U.S. Pat. Nos. 5,876,686 and 5,726,247. Simi-
larily modifications have been described that enhance prop-
erties through the continuous or discontinuous dispersion of
macro, micro and nanoscale particulates of a dissimilar
composition (e.g. inorganic) relative to that of the fluo-
ropolymer. In either case the function of the inorganic
network or filler particle is to reduce the relative slippage or
motion of the fluoropolymer chains and segments relative to
each other. The combination of reduced chain motion with
the thermally stable inorganic component utlimately
enhances physical properties such as dimensional stability,
impact resistance, tensile and compressive strengths, ther-
mal stability, electrical properties, abrasion and chemical
resistance, shrinkage and expansion reduction. Unfortu-
nately, all of the prior art either suffers from process com-
plexity, a length scale of the reinforcement that is too large
to sufficiently access polymer free volume, or reinforcement
that lacks sufficient geometrical definition to provide struc-
ture regularity and reinforcement at the molecular (107'° m)
and nanoscopic (10~° m) length scales. As illustrated in F1G.
4, fillers are geometrically ill defined solid particulates that
macroscopically or nanoscopically reinforce large associ-
ated or nearby groups of polymers rather than the individual
chains and segments within these polymers. As illustrated in
F1G. 5, incompletely condensed or completely condensed
interpenetrating networks also lack sufficient geometrical
definition to provide structure regularity and reinforcement
of fluoropolymer chains.

Furthermore, it has been calculated that as filler sizes
decrease below 50 nm, they would become more resistant to
sedimentation and more effective at providing reinforcement
to polymer systems. The full application of this theoretical
knowledge, however, has been thwarted by the lack of a
practical source of particulate reinforcement or reinforce-
ments which are geometrically well defined, and monodis-
perse and with diameters below the 10 nm range and
especially within the 1 nm to 5 nm range. Particularly
desirable are monodisperse, nanoscopically sized chemicals
with precise chemical compositions, rigid and well defined
geometrical shapes, and which are dimensionally large
enough to provide reinforcement of polymer chains. Such
nanoscopic chemicals are desirable as they are expected to
form the most stable dispersions within polymer systems,
would be well below the length scale necessary to scatter
light and hence are visually nondetectable when incorpo-
rated into fluoropolymers, and would be chemically com-
patible with fluoropolymers and dissolve into and among the
polymer chains, thus eliminating the need for extensive
dispersion or reactive self assembly or the complex process-
ing requirements of the prior art.

Recent developments in nanoscience have enabled the
ability to cost effectively manufacture commercial quantities
of materials that are best described as nanostructured chemi-
cals due to their specific and precise chemical formula,
hybrid (inorganic-organic) chemical composition, large
physical size relative to the size of traditional chemical
molecules (0.3-0.5 nm), and small physical size relative to
larger sized traditional fillers (>50 nm).

Nanostructured chemicals are best exemplified by those
based on low-cost Polyhedral Oligomeric Silsesquioxanes
(POSS) and Polyhedral Oligomeric Silicates (POS). FIG. 3
illustrates some representative examples of monodisperse
nanostructured chemicals, which are also known as POSS
Molecular Silicas.
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These systems contain hybrid (i.e., organic-inorganic)
compositions in which the internal frameworks are primarily
comprised of inorganic silicon-oxygen bonds. The exterior
of a nanostructure is covered by both reactive and nonreac-
tive organic functionalities (R), which ensure compatibility
and tailorability of the nanostructure with organic polymers.
These and other properties of nanostructured chemicals are
discussed in detail in U.S. Pat. Nos. 5,412,053 and 5,484,
867, both are expressly incorporated herein by reference in
their entirety. These nanostructured chemicals are of low
density, exhibit excellent inherent fire retardancy, and can
range in diameter from 0.5 nm to 5.0 nm.

Prior art associated with fillers, plasticizers, interpenetrat-
ing networks, and polymer morphology has not been able to
adequately control polymer chain, coil and segmental
motion at the 1 nm—10 nm level. Furthermore, the mismatch
of chemical potential (e.g., solubility, miscibility, etc.)
between fluoro-based polymers and inorganic-based fillers
and chemicals results in a high level of heterogeneity in
compounded polymers that is akin to oil mixed with water.
Therefore, there exists a need for appropriately sized chemi-
cal reinforcements for polymer systems with controlled
diameters (nanodimensions), distributions and with tailor-
able chemical functionality. 1n addition, it would be desir-
able to have easily compoundable nanoreinforcements that
have chemical potential ranges (misibilities) similar to the
various fluorinated polymer and fluorinated fluid systems.

SUMMARY OF THE INVENTION

The present invention describes methods of preparing
new polymer compositions by incorporating nanostructured
chemicals into polymers. The resulting nano-alloyed poly-
mers are wholly useful by themselves or in combination
with other polymers or in combination with macroscopic
reinforcements such as fiber, clay, glass mineral and other
fillers. The nano-alloyed polymers are particularly useful for
producing polymeric compositions with desirable physical
properties such as adhesion to polymeric, composite and
metal surfaces, water repellency, reduced melt viscosity, low
dielectric constant, resistance to abrasion and fire, biological
compatibility, and optical quality plastics. The preferred
compositions presented herein contain two primary material
combinations: (1) nanostructured chemicals, nanostructured
oligomers, or nanostructured polymers from the chemical
classes of polyhedral oligomeric silsesquioxanes, polysils-
esquioxanes, polyhedral oligomeric silicates, polysilicates,
polyoxometallates, carboranes, boranes, and polymorphs of
carbon; and (2) fluorinated polymer systems such as: PFA,
MFA, PVDF, semicrystalline, crystalline, glassey, elasto-
meric, oils, and lubricants thereof as derived from hydro-
carbons, or silicones and fluoropolymers or copolymers
thereof.

Preferably, the method of incorporating nanostructured
chemicals into such fluoropolymers is accomplished via
blending of the chemicals into the polymers. All types and
techniques of blending, including melt blending, dry blend-
ing, solution blending, reactive and nonreactive blending are
effective.

In addition, selective incorporation of a nanostructured
chemical into a specific region of a polymer can be accom-
plished by compounding into the polymer a nanostructured
chemical with a chemical potential (miscibility) compatible
with the chemical potential of the region within the polymer
to be alloyed. Because of their chemical nature, nanostruc-
tured chemicals can be tailored to show compatibility or
incompatibility with selected sequences and segments
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within polymer chains and coils. Their physical size in
combination with their tailorable compatibility enables
nanostructured chemicals to be selectively incorporated into
fluoroplastics and control the dynamics of coils, blocks,
domains, and segments, and subsequently favorably impact
a multitude of physical properties. Properties most favorably
improved are time dependent mechanical and thermal prop-
erties such as heat distortion, creep, compression set, shrink-
age, modulus, hardness and abrasion resistance. In addition
to mechanical properties, other physical properties are
favorably improved, including lower thermal conductivity,
improved fire resistance, and improved oxygen permeabil-
ity, improved oxidative stability, improved electrical prop-
erties and printability.

Creep Resistant Seals and Gaskets

While many fluoropolymers, such as polytetrafluoroeth-
ylene (PTFE or Teflon) and fluorinated ethylene/propylene
(FEP) are resistant to organic fuels and fluids, creep is often
a problem. Creep is the change in dimensions of a molded
part resulting from cold flow incurred by continual loading
and can cause a polymer press-fit to loosen to an unaccept-
able condition or even fail. Tensile strength is an important
factor in controlling the amount of cold flow in plastics. The
higher the tensile strength, the more resistant the plastic is to
cold flow and creep. PTFE, for example, has a very low
tensile strength. In addition to improving thermal and
mechanical properties of fluoropolymers, blended fluori-
nated POSS reduces the amount of creep. The processing
temperature of nearly all fluoropolymers is sufficient to
allow the blending of POSS materials. A notable exception
is PTFE. While the processing temperature of PTFE is too
high to allow conventional blending, supercritical methods
may allow fluorinated POSS to be incorporated into PTFE.

Space-survivable Fluorinated Materials

Fluorinated POSS can be blended into several fluoropoly-
mers, including poly(vinylidinefluoride) (PVDF) and FEP,
both of which are used in spacecraft coatings. These com-
pounds significantly improve oxidation resistance due to a
rapidly forming ceramic-like, passivating and self-healing
silica layer when exposed to high incident fluxes of atomic
oxygen (AO). AO is the predominant species in low earth
orbit (LEO) responsible for material degradation. This is
because the collision energy of AO (~5 eV) exceeds the
bond strength of carbon—carbon bonds in fluoropolymers
(~4.3 eV). The silicon-oxygen bonds present in the POSS
cage have stronger bond dissociation energies (~8.3 eV).
The POSS cage is not destroyed by the AO, but forms a
passivating self-rigidizing/self-healing silica layer, which
protects the underlying virgin polymer.

Anti-icing or Non-wetting Applications

Fluorinated POSS films show remarkable surface prop-
erties. The contact angle of water on a spin-cast surface of
fluorodecyl POSS is 140° in an unoptimized process. Sur-
prisingly, this is 30 degrees higher than PTFE. A higher the
contact angle indicates lower surface energy. These fluori-
nated POSS compounds have the potential to form ultrahy-
drophobic surfaces and also reduce the surface energy of the
fluoropolymers into which they are blended. This also leads
to increased abrasion resistance and lubricity. Anti-icing or
non-wetting applications may be possible using this tech-
nology. Lubricants and low friction surfaces can also be
developed. These surfaces would be further enhanced by the
creep reduction mentioned above.

A-10



US 7,193,015 Bl

5
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the relative positions of an internal free
volume and an external free volume of a polymer.

FIG. 2 illustrates some different regions and phase sepa-
ration within a polymer.

FIG. 3 illustrates some representative examples of mono-
disperse nanostructured chemicals.

FIG. 4 illustrates the macroscopic reinforcement a tradi-
tional filler provides to polymers.

FIG. 5 illustrates the lack of geometrical definition of
interpenetrating network polymers.

FIG. 6 illustrates a nanoreinforced polymer microstruc-
ture.

FIG. 7 is a graph of storage modulus (E*) relative to
temperature (° C.) for nonreinforced fluoropolymer and
POSS-reinforced fluoropolymer.

FIG. 8 is a picture of a fluoropolymer showing dispersion
of cages at the 1-5 nm level.

FIG. 9 shows formation of passivating surface layer upon
oxidation of a POSS fluoropolymer.

FI1G. 10 is an AFM image of 3,3,3-trifluoropropyl,T,,
blended into PVDF in 2.94 wt. %. The absence of POSS
domains may indicate that the POSS is well dispersed.

FIG. 11 is an AFM image of 1H,1H,2H,2H-heptadecat-
luorodecyl T,, blended into PVDF in 10 wt. %. The POSS
appears to "be forming domains within the polymer matrix,
indicating that the POSS with a longer fluoroalkyl chain is
less soluble in PVDF, or that a 10 wt. % blend is too high
for this particular POSS compound. 10% 3,3,3-trifluoropro-
pyl T,, was blended into PVDF with no domain appearance
by AFM.

DEFINITION OF FORMULA
REPRESENTATIONS FOR NANOSTRUCTURES

For the purposes of understanding this invention’s chemi-
cal compositions the following definitions for formula rep-
resentations of Polyhedral Oligomeric Silsesquioxane
(POSS) and Polyhedral Oligomeric Silicate (POS) nano-
structures are made.

Polysilsesquioxanes are materials represented by the for-
mula [RSiO, 5], where o represents molar degree of poly-
merization and R=represents organic substituent (H, siloxy,
cyclic or linear aliphatic or aromatic groups that may
additionally contain reactive functionalities such as alco-
hols, esters, amines, ketones, olefins, ethers or halides or
which may contain fluorinated groups). Polysilsesquioxanes
may be either homoleptic or heteroleptic. Homoleptic sys-
tems contain only one type of R group while heteroleptic
systems contain more than one type of R group.

POSS and POS nanostructure compositions are represented
by the formula:

[(RSIO; 5),. )4 for homoleptic compositions

[(RSiO, 5),(R'SIO s),,]s4 for heteroleptic composi-
tions (where R=R")

[(RSIO| 5),(RXSiO| ),.]z4 for functionalized hetero-
leptic compositions (where R groups can be
equivalent or inequivalent)

In all of the above R is the same as defined above and X
includes but is not limited to OH, Cl, Br, 1, alkoxide (OR),
acetate (OOCR), peroxide (OOR), amine (NR,) isocyanate
(NCO), and R. The symbols m and n refer to the stoichi-
ometry of the composition. The symbol X indicates that the
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composition forms a nanostructure and the symbol # refers
to the number of silicon atoms contained within the nano-
structure. The value for # is usually the sum of m+n, where
n ranges typically from 1 to 24 and m ranges typically from
1 to 12. 1t should be noted that Z# is not to be confused as
a multiplier for determining stoichiometry, as it merely
describes the overall nanostructural characteristics of the
system (aka cage size).

DETAILED DESCRIPTION OF THE
INVENTION

The present invention teaches the use of nanostructured
chemicals as alloying agents for the reinforcement of poly-
mer coils, domains, chains, and segments at the molecular
level.

The keys that enable nanostructured chemicals to function
as molecular level reinforcing and alloying agents are: (1)
their unique size with respect to polymer chain dimensions,
and (2) their ability to be compatibilized with polymer
systems to overcome repulsive forces that promote incom-
patibility and expulsion of the nanoreinforcing agent by the
polymer chains. That is, nanostructured chemicals can be
tailored to exhibit preferential affinity/compatibility with
some polymer microstructures through variation of the R
groups on each nanostructure. At the same time, the nano-
structured chemicals can be tailored to be incompatible with
other microstructures within the same polymer, thus allow-
ing for selective reinforcement of specific polymer micro-
structure. Therefore, the factors to effect a selective nanor-
einforcement include specific nanosizes of nanostructured
chemicals, distributions of nanosizes, and compatabilities
and disparities between the nanostrucutured chemical and
the polymer system.

Nanostructured chemicals, such as the POSS Molecular
Silicas illustrated in F1G. 3, are available as both solids and
oils. Both forms dissolve in molten or in solvents, or directly
into polymers thus solving the long-standing dispersion
problem associated with traditional particulate fillers or the
mixing complexities associated with interpenetrating net-
works. Moreover, because POSS nanocages dissolve into
plastics at the molecular level, the forces (i.e., free energy)
from solvation/mixing are sufficient to prevent POSS from
coalescing and forming agglomerated domains as occurs
with traditional and other organofunctionalized fillers.
Agglomeration of particulate fillers has been a problem that
has traditionally plagued formulators and molders.

Table 1 below relates the size range of POSS cages
relative to polymer dimensions and filler sizes. The size of
POSS is roughly equivalent to that of most polymer dimen-
sions, thus at a molecular level POSS can effectively alter
the motion of polymer chains.

TABLE 1

Relative sizes of POSS. polymer dimensions, and fillers.

Particle Type Particle Diameter
Amorphous Segments 0.5-5 nm
Octacyclohexyl POSS 1.5 nm

Random Polymer Coils 5-10 nm
Particulate Silica 9-80 nm
Crystalline Lamellae 1.0-9,000 nm
Fillers/Organoclays 2-100,000 nm

The ability of POSS to control chain motion is particu-
larly apparent when POSS is grafted onto a polymer chain.
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See U.S. Pat. Nos. 5,412,053; 5,484,867, 5,589,562; and
5,047,492, all expressly incorporated by reference herein.
When POSS nanostructures are covalently linked to the
polymer chain they act to retard chain motion and greatly
enhance time dependent properties such as T,, HDT, Creep
and Set, which correlate to increased modulus, hardness, and
abrasion resistance. The present invention now shows that
similar property enhancements can be realized by the direct
blending of nanostructured chemicals into plastics. This
greatly simplifies the prior art processes.

Furthermore, because POSS nanostructured chemicals
possess spherical shapes (per single crystal X-ray diffraction
studies), like molecular spheres, and because they dissolve,
they are also effective at reducing the viscosity of polymer
systems. This benefit is similar to what is produced through
the incorporation of plasticizers into polymers, yet with the
added benefits of reinforcement of the individual polymer
chains due to the nanoscopic nature of the chemicals (see
F1G. 6). Thus ease of processability and reinforcement
effects are obtainable through the use of nanostructured
chemicals (e.g. POSS, POS) where as prior art would have
required the use of both plasticizers and fillers or the
covalent linking of POSS to the polymer chains. Additional
benefit may be realized by the usage of nanostructured
chemicals with monodisperse cage sizes (i.e., polydisper-
sity=1) or from polydisperse cage sizes. Such control over
compatibility, dispersability, and size is unprecedented for
all traditional filler, plasticizer, and interpenetrating network
technologies.

EXAMPLES

General Process Variables Applicable To All
Processes

As is typical with chemical processes there are a number
of'variables that can be used to control the purity, selectivity,
rate and mechanism of any process. Variables influencing
the process for the incorporation of nanostructured chemi-
cals (e.g. POSS/POS etc.) into plastics include the size and
polydispersity, and composition of the nanostructured
chemical. Similarly the molecular weight, polydispersity
and composition of the polymer system must also be
matched with that of the nanostructured chemical. Finally,
the kinetics, thermodynamics, and processing aids used
during the compounding process are also tools of the trade
that can impact the loading level and degree of enhancement
resulting from incorporation of nanostructured chemicals
into polymers. Blending processes such as melt blending,
dry blending and solution mixing blending are all effective
at mixing and alloying nanostructured chemical into plas-
tics.

Example 1
Synthesis
Example la

(Heptadecafluoro-1,1,2,2-tetrahydrodecyl)triethoxysilane
(6.10 g), deionized water (0.27 g), and potassium hydroxide
(2.088 mg) were added to a 10 mL volumetric flask. The
balance of the volume to 10 mL was filled with ethanol. The
contents were transferred to a 25 mL round bottom flask
with a Teflon covered magnetic stir bar. The contents were
stirred at room temperature overnight under nitrogen. A fine
white powder was formed. The product was rinsed with
ethanol and dried. A 92.3% yield of pure [(RSiO; 5)s]5s) Was
obtained. *°Si NMR 8:—66.76 ppm.
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Example 1b

(Tridecafluoro-1,1,2,2-tetrahydrooctyl)triethoxysilane
(5.10 g), deionized water (0.27 g), and potassium hydroxide
(2.088 mg) were added to a 10 mL volumetric flask. The
balance of the volume to 10 mL was filled with ethanol. The
contents were transferred to a 25 mL round bottom flask
with a Teflon covered magnetic stir bar. The contents were
stirred at room temperature overnight under nitrogen. A fine
white powder was formed. The product was rinsed with
ethanol and dried. A 92% yield of pure [(RSiO, 5)s]ss) Was
obtained. *°Si NMR 8:—66.69 ppm.

Example 2
Melt Compounding
Example 2a

Poly(vinylidene fluoride) (PVDF) was used. PVDF (Hy-
lar 460) was obtained from Solvay Solexis. The melting
temperature determined by differential scanning calorimetry
(DSC) was in the range of 150-164° C. [(3,3,3-Trifluoro-
propyl,SiO, ), ]2, was blended into PVDF using a twin
screw extruder (MicroCompounder, DACA Instruments).
The PVDF and POSS were mixed thoroughly for 3 minutes
at 177° C. Three samples were prepared with POSS weight
percents of 2.5%, 5%, and 10%, respectively.

Example 2b

PVDF was used in this study. [(1H,1H,2H,2H- heptade-
cafluorodecyl SiO, 5),]Z,, was blended into PVDF using a
twin screw extruder. The PVDF and POSS were mixed
thoroughly for 3 minutes at 177° C. Three samples were
prepared with POSS weight percents of 2.5%, 5%, and 10%,
respectively.

Example 2c¢

Perfluoroalkoxy polymer (PFA) was used in this study.
PFA was obtained from duPont. The melting temperature
determined by DSC was in the range of 311-319° C.
[(1H,1H,2H,2H- heptadecaﬂuorodecyl Si0, 5),1%, was
blended into PFA using the twin screw extruder. The PFA
and POSS were mixed thoroughly for 3 minutes at 375° C.
Two samples were prepared with POSS weight percents of
2.5% and 10%, respectively.

Example 2d

PFA was used in this study. [(c-pentyl)SlO ,)7(c-pentyl)
(OH)SI0, ,);]Z, was blended into PFA using the twin screw
extruder. The PFA and POSS were mixed thoroughly for 3
minutes at 750° C. A sample was prepared with a POSS
weight percent of 2%.

Example 2e

PFA was wused in this study. [(c-pentyD)SiO, ),
(H)SI0, 5);]25 was blended into PFA using the twin screw
extruder. The PFA and POSS were mixed thoroughly for 3
minutes at 750° C. A sample was prepared with a POSS
weight percent of 5%.

A series of Nanostructured POSS Chemicals were com-
pounded into fluoropolymer at the 1 wt %50 wt % level
using a twin screw melt extruder operating at 80-120 rpm
and 190° C. Both POSS and the polymer were dried prior to
compounding to ensure a maximum state of alloying. After
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compounding, the POSS-reinforced samples were then
molded into discs, dogbones and other test specimens and
subjected to analysis and characterization. The viscoelastic
response as represented by the values for storage modulus
(E*) relative to temperature (° C.) of the POSS-reinforced
fluoropolymer is shown in FIG. 7.

Various sizes of POSS molecular silicas were observed to
have a pronounced effect on the degree to which the modu-
lus was retained at elevated temperatures. Overall it was
observed that the Octameric [(RSiO; 5)4]2; and dodeca-
metic [(RSiO, 5),,]Z,, POSS were most effective at retain-
ing the modulus at elevated temperatures. The fracture
toughness and other mechanical properties and physical
properties of the POSS-alloyed fluoropolymers were also
noticeably improved. The mechanism for this enhancement
was observed to be the restriction of the motion of the
polymer segments and subsequent polymer chains in the
fluoropolymer (see F1G. 6). The mechanism erosion resis-
tance in space is attributed to the in situ formation of a
passivating glassy surface layer (see F1G. 9). Similar levels
of enhancement have been observed for other fluoropoly-
mers (e.g. MFA, PFA, PVDF, TFE, etc.).

Alternate Method: Solvent Assisted Formulation. POSS can
be added to a vessel containing the desired polymer, pre-
polymer or monomers and dissolved in a sufficient amount
of an organic solvent (e.g. hexane, toluene, dichlormethane,
etc.) or fluorinated solvent to effect the formation of one
homogeneous phase. The mixture is then stirred under high
shear at sufficient temperature to ensure adequate mixing for
30 minutes and the volatile solvent is then removed and
recovered under vacuum or using a similar type of process
including distillation. Note that supercritical fluids such as
CO, can also be utilized as a replacement for the flammable
hydrocarbon solvents. The resulting formulation may then
be used directly or for subsequent processing.

Example 3
Incorporation into Fluorinated Fluids

Nanostructured POSS was compounded into fluoropoly-
mer fluids in the amounts ranging from 1%, to 50%, and
various physical properties of the alloyed fluids were mea-
sured and compared with the same physical properties of the
base fluorpolymer fluid (Table 3). The enhanced properties
of POSS-reinforced fluoropolymer fluid are apparent. Simi-
lar levels of enhancements were observed with other fluoro
polymer fluids and from the incorporation of POSS fluo-
ropolymer fluids into other polymers.

The mechanism for the physical property enhancements is
attributed to the restriction of motion of the polymer chains
(see F1G. 6). The mechanism erosion resistance in space is
attributed to the in situ formation of a passivating glassy
surface layer (see FIG. 9).

Example 4

A transmission electron micrograph was taken of a frac-
tured POSS fluoropolymer monolith of that was composed
of 10% [(RSiO; 5)g]ss) (see FIG. 8), which illustrates the
molecular level dispersion that can be achieved in polymers
via compounding. Specifically, the black dots in F1G. 8
represent POSS molecular silica dispersed at the 1 nm to 3
nm level.

The invention claimed is:
1. A method of alloying a nanostructured chemical
selected from the group consisting of POSS and POS into a
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fluoropolymer, comprising the step of compounding the
nanostructured chemical into the fluoropolymer.

2. A method according to claim 1, wherein a plurality of
nanostructured chemicals is compounded into the polymer.

3. A method according to claim 1, wherein the fluoropoly-
mer is in a physical state selected from the group consisting
of oils, amorphous, semicrystalline, crystalline, elastomeric
and rubber.

4. A method according to claim 1, wherein the fluoropoly-
mer contains a chemical sequence and related polymer
microstructure.

5. A method according to claim 1, wherein the fluoropoly-
mer is a polymer coil, a polymer domain, a polymer chain,
a polymer segment, or mixtures thereof.

6. A method according to claim 1, wherein the nanostruc-
tured chemical reinforces the fluoropolymer at a molecular
level.

7. A method according to claim 1, wherein the compound-
ing is nonreactive.

8. A method according to claim 1, wherein the compound-
ing is reactive.

9. A method according to claim 1, wherein a physical
property of the fluoropolymer is improved as a result of
incorporating the nanostructured chemical into the fluo-
ropolymer.

10. A method according to claim 9, wherein the physical
property is selected from the group consisting of adhesion to
a polymeric surface, adhesion to a composite surface, adhe-
sion to a metal surface, water repellency, density, low
dielectric constant, thermal conductivity, glass transition,
viscosity, melt transition, storage modulus, relaxation, stress
transfer, abrasion resistance, fire resistance, biological com-
patibility, gas permeability, porosity, and optical quality.

11. A method according to claim 1, wherein the com-
pounding step is accomplished by blending the nanostruc-
tured chemical into the fluoropolymer.

12. A method according to claim 11, wherein the com-
pounding step is accomplished by a blending process
selected from the group consisting of melt blending, dry
blending, and solution blending.

13. A method according to claim 1, wherein the nano-
structured chemical functions as a plasticizer.

14. A method according to claim 1, wherein the nano-
structured chemical functions as a filler.

15. A method according to claim 1, wherein the nano-
structured chemical is selectively compounded into the
fluoropolymer such that the nanostructured chemical is
incorporated into a predetermined region within the fluo-
ropolymer.

16. A method according to claim 1, wherein the molecular
motion of a fluoropolymer is controlled by comprising
compounding the nanostructured chemical into the fluo-
ropolymer.

17. A method according to claim 16, wherein a time
dependent property is enhanced as a result of compounding
the nanostructured chemical into the fluoropolymer.

18. A method according to claim 17, wherein the time
dependent property is selected from the group consisting of
T, HDT, modulus, creep, set, permeability, erosion resis-
tance, abrasion resistance.

19. A method according to claim 15, wherein the nano-
structured chemical has chemical properties compatible with
the predetermined region of the fluoropolymer, whereby the
compounding reinforces the fluoropolymer.
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1
FLUORINATED POSS AS ALLOYING
AGENTS IN NONFLUORINATED POLYMERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 10/815,544 filed on Mar. 31, 2004, now
U.S. Pat. No. 7,193,015, (which claims the benefit of U.S.
Provisional Patent Application No. 60/459,357 filed on Mar.
31, 2003), which is a continuation-in-part of U.S. patent
application Ser. No. 09/818,265 filed Mar. 26, 2001, now U.S.
Pat. No. 6,716,919 issued Apr. 6, 2004 (which claims the
benefit of U.S. Provisional Patent Application No. 60/192,
083 filed Mar. 24, 2000).

This invention was made in the performance of a Coopera-
tive Research and Development Agreement with the Depart-
ment of the Air Force. The Government of the United States
has certain rights to use the invention.

FIELD OF THE INVENTION

This invention relates generally to methods for enhancing
the properties of nonfluorinated thermoplastic and thermoset
polymers and particulate and filler surfaces through the addi-
tion of fluorine containing POSS nanostructured chemicals.
The fluorinated component may be contained inside the
POSS cage, external to the POSS cage or copolymerized with
POSS cages. Additionally fluorinated POSS cages may con-
tain metal atoms to improve their compatibility with poly-
mers and surfaces and to impart catalytic activity.

This invention also relates to processes and applications of
polymeric materials and composites with improved physical
properties and function that resemble those of conventional
fluorinated materials. These properties and applications
include improved surface properties, non-wetting, anti-icing,
and low friction surfaces, biological activity, permeation con-
trol, fire retardancy, improve time-dependent mechanical
properties which include (heat distortion, high temperature
stability, compression set, creep, color retention, biological
compatibility).

BACKGROUND OF THE INVENTION

As disclosed in U.S. Pat. No. 7,193,015, the incorporation
of externally fluorinated POSS into fluorinated polymers fur-
ther reduces their surface energy and contact angle rendering
them super hydrophobic. It is the objective of this application
to convey the ability of fluorinated POSS to impart “fluo-
ropolymer type” characteristics to nonfluorinated polymers,
metal surfaces, particulates, composites and biological sys-
tems.

It has long been recognized that the properties of polymers
can be tailored to a high degree through variables such as
polymer sequence, structure, additive and filler incorpora-
tion, composition, morphology, thermodynamic and kinetic
processing control. It is similarly known that various sizes
and shapes of fillers, and particulates (e.g. Teflon®, calcium
carbonate, silica, carbon black, etc.) can be incorporated into
polymers, monomer mixtures, and composites to enhance
physical properties.

In their solid state all polymers (including amorphous,
semi-crystalline, crystalline, and rubber, etc.) possess consid-
erable amounts of internal and external free volume and this
free volume has a tremendous impact on physical properties,
since it is within this volume that the dynamic properties (e.g.
reptation, translation, rotation, crystallization, interaction
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with surfaces and fillers) of polymer chains primarily operate
and in turn influence fundamental physical properties.

The accessibility of free volume in a polymer system
depends greatly on morphology and on the size of the agent
desired to occupy the free volume. Thermodynamic and
kinetic properties, polymer morphology and free volume
dimension are major factors, which limit the ability of con-
ventional fillers from accessing the free volume in a polymer
system. Significant processing/compounding effort is nor-
mally required to force compatibilization between fillers and
polymers since conventional fillers are physically larger than
most polymer dimensions, chemically dissimilar, and visco-
metricaly different than most polymers.

Prior art in nonfluoropolymers has utilize fluorinated addi-
tives and fluorinated filler particulates to impart characteris-
tics of the fluorinated entity to the nonfluorinated polymer.
Unfortunately, the prior art suffers from process complexity,
inappropriate length scale of the reinforcement to access
polymer free volume, or the reinforcement lacks sufficient
geometrical definition to provide structural regularity and
reinforcement at the molecular (10 m) and nanoscopic (10~°
m) length scales. Consequently many desirable properties of
the nonfluorinated polymer are lost upon incorporation of
conventional fluorinated components.

Furthermore, it has been calculated that as filler sizes
decrease below 50 nm, they become more resistant to sedi-
mentation and more effective at providing reinforcement to
polymer systems. The full application of this knowledge,
however, has been thwarted by the lack of a practical source
of fluorinate particulates or fluorinated additives less than 50
nm and preferably with a rigid 1 nm to 5 nm size range.
Particularly desirable are monodisperse, nanoscopic chemi-
cals with precise chemical compositions, rigid and well
defined geometrical shapes, and which are dimensionally
large enough to provide reinforcement of polymer chains.
Such nanoscopic chemicals are desirable as they form stable
dispersions within polymer systems, well below the length
scale necessary to scatter light and hence are visually nonde-
tectable when incorporated. Further fluorinated nanoscopic
chemicals would be chemically compatible with nonfluo-
ropolymers and dissolve into and among the polymer chains,
thus eliminating the need for the complex processing require-
ments of the prior art.

The fundamental premise behind this invention is under-
pinned mathematically through computation of the surface
area and volume contribution provided at various loadings of
1 nm diameter fluorine containing nanostructured chemical
entities into or onto a nonfluorinated polymeric material.
Computation reveals that a fluorinated nanostructured chemi-
cal contributes more surface area and more volume as a wt %
of'its incorporation into a material than is possible for larger
particles (see FIG. 1, FIG. 2, and FIG. 3). The net effect is that
even small loadings of nanostructured chemicals can domi-
nate the surface characteristics of a material. This is an impor-
tant economic consideration since fluorinated materials are
traditionally expensive and desired to be used in minimal
quantities.

Further, the incorporation of fluorinated nanostructured
chemicals onto the surface of a secondary material (such as
TiO,, CaCOs;, glass or mineral fillers, and fibers) can be
utilized to creating more surface area on such particle and
improve their compatibility with fluorinated and nonfluori-
nated polymers.

Recent developments in nanoscience have enabled the cost
effective manufacture of commercial quantities of materials
that are best described as nanostructured chemicals due to
their specific chemical formula, hybrid (inorganic-organic)
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chemical composition, geometrically precise and rigid shape,
large physical size relative to traditional chemicals (0.3-0.5
nm), and small physical size relative to larger sized traditional
fillers (>50 nm).

Nanostructured chemicals are best exemplified by those
based on low-cost Polyhedral Oligomeric Silsesquioxanes
(POSS) and Polyhedral Oligomeric Silicates. FIGS. 4, 5, 6
illustrate some representative examples of fluorinated nano-
structured chemicals, which are also referred to as fluorinated
POSS in this application. It is recognized that oligomeric,
polymeric, and metal containing versions of fluorinated
POSS may also be utilized. Nanostructured chemicals based
on polyhedral oligomeric silsesquioxanes and polyhedral
metallosesquioxanes are discussed in detail in U.S. Pat. Nos.
5,412,053, 5,484,867, 6,329,490; and 6,716,919, which are
expressly incorporated herein by reference in their entirety.

SUMMARY OF THE INVENTION

As disclosed in U.S. Pat. No. 7,193,015, the incorporation
of externally fluorinated POSS into fluorinated polymers fur-
ther reduces surface energy and contact angles rendering
them super hydrophobic. It is the objective of this application
to attain control over the contact angle, coefficient of friction,
and hydrophobicity of nonfluorinated polymers and filler
additives and metal surfaces through the use of fluorinated
POSS.

The present invention describes methods of preparing new
compositions by incorporating fluorinated-nanostructured
chemicals into nonfluorinated polymers. The resulting nano-
alloyed polymers are wholly useful by themselves or in com-
bination with other polymers or in combination with macro-
scopic reinforcements such as fiber, clay, glass, mineral and
other fillers and fibers. The nano-alloyed polymers are par-
ticularly useful for producing polymeric compositions with
desirable physical properties such processing aids, surface
lubricity, adhesion to polymeric surfaces, composite and
metal surfaces, water repellency, reduced melt viscosity,
reduced surface energy, low dielectric constant, resistance to
abrasion and fire, biological compatibility, optical quality
plastics, cosmetic applications.

The preferred compositions presented herein contain three
primary material combinations: (1) fluorinated nanostruc-
tured chemicals, fluorinated-nanostructured oligomers, or
fluorinated-nanostructured polymers from the chemical
classes of fluorine containing polyhedral oligomeric silses-
quioxanes, polysilsesquioxanes, polyhedral oligomeric sili-
cates, polysilicates, polyoxometallates, carboranes, boranes,
and fluorinated polymorphs of carbon; (2) nonfluorinated
polymer systems such as aromatic and aliphatics, semicrys-
talline, crystalline, glassy, elastomeric, oils, and lubricants
thereof as derived from hydrocarbons, or silicones and
copolymers thereof; and (3) inorganics metals, and particu-
late minerals and silicatious powders, and all forms of carbon
including diamond powder, graphite, carbon black, tubes,
spheres, mesophase, pitch, and fiber.

Preferably, the method of incorporating nanostructured
chemicals into nonfluoropolymers is accomplished via
blending of the fluorinated nanostructured chemicals with the
nonfluorinated materials. All types and techniques of coating,
blending, including melt blending, dry blending, solution
blending, reactive and nonreactive blending are effective.

In addition, selective incorporation of a nanostructured
chemical into a specific region of a polymer can be accom-
plished by compounding into the polymer a nanostructured
chemical with a chemical potential (miscibility) compatible
with the chemical potential of the region desired within the
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material. This is most preferably accomplished using POSS
chemicals with partially externally fluorinated cage such as
[(RSIO )5 (RFS10, 5) |25 or cages containing fluorine
inside of the cage cavity such as Cation[(RSiO, 5);@F]Zs.
The internally fluorinate cages Cation[(RSiO, 5),@F]Z, are
particularly useful for incorporation into polar polymers
(such as hydrogels because they are also polar and hence
exhibit compatibility.

The physical size of POSS cages in combination with
tailorable compatibility enables fluorinated POSS to be selec-
tively incorporated into polymers, composites, metals,
ceramics and biological materials to control the surface topol-
ogy, surface properties, and chain dynamics and subsequently
favorably impact a multitude of physical properties. Proper-
ties most favorably improved are surface properties, includ-
ing contact angle, coefficient of friction, anti-icing, surface
tension, hydrophobicity, and lubricity. Other properties
improved include time dependent mechanical and thermal
properties such as heat distortion, heat stability, creep, com-
pression set, shrinkage, modulus, hardness, and abrasion
resistance. In addition to mechanical properties, other physi-
cal properties are favorably improved, including thermal con-
ductivity, refractive index, fire resistance, oxygen permeabil-
ity, oxidative stability, electrical properties, printability and
biological compatibility and activity.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates diameter and volume contributions for
[(c-C H;;810; 5)g;55 POSS cage.

FIG. 2 illustrates the surface area contribution for [(c-
CH, ;810 5)g55 POSS cage relative to wt % loading.

FIG. 3 illustrates the volume contribution for [(c-
C H, 1810 5)g55 POSS cage relative to wt % loading.

FIG. 4 illustrates representative examples of externally
fluorinated POSS nanostructured chemicals.

FIG. 5 illustrates representative examples of internally flu-
orinated POSS nanostructured chemical which also contain a
counter cation to balance charge and assert additional com-
patibility.

FIG. 6 illustrates a representative example of partially
externally fluorinated POSS nanostructured chemical.

FIG. 7 illustrates the contact angles for polystyrene show-
ing increasing contact angle with [(CF;(CF,),(CH,),
Si0; 5)glss POSS incorporation.

FIG. 8 illustrates the contact angles for LDPE showing
increasing contact angle with [(CF;(CF,),(CH,),S10; 5)glss
POSS incorporation.

FIG. 9 illustrates the contact angles for styrene acryloni-
trile showing increasing contact angle with [(CF (CF,),
(CH,),S10 5)glss POSS incorporation.

FIG. 10 illustrates the contact angles for polymethyl-
methacrylate showing increasing contact angle with [(CF,
(CF,);(CH,),Si0, 5)glys and (CH;) N[(CF;(CF,),(CH,),
S8i0, )s@F ]z POSS incorporation.

DEFINITION OF FORMULA
REPRESENTATIONS FOR NANOSTRUCTURES

For the purposes of understanding this invention’s chemi-
cal compositions the following definitions for formula repre-
sentations of Polyhedral Oligomeric Silsesquioxane (POSS)
and Polyhedral Oligomeric Silicate (POS) nanostructures are
made.

Polysilsesquioxanes are materials represented by the for-
mula [RSiO, ], where x represents molar degree of polymer-
ization and R=represents organic substituent (H, siloxy,
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cyclic or linear aliphatic or aromatic groups that may addi-
tionally contain reactive functionalities such as alcohols,
esters, amines, ketones, olefins, ethers and R =represents
halogenated organic groups which includes fluorinated
groups). Polysilsesquioxanes may be either homoleptic or
heteroleptic. Homoleptic systems contain only one type of R
group while heteroleptic systems contain more than one type
of R group.

POSS and POS nanostructure compositions are represented
by the formula:

[(RSIO, 5),,]sx for homoleptic compositions

[(RSiO, ), (R'SIO, 5),,ls. for heteroleptic compositions
(where R=R")

[(RSiO, ), (RXSiO, ,),.Jsz» for functionalized heteroleptic
compositions (where R groups can be equivalent or inequiva-
lent)

In all of the above R is the same as defined above and X
includes but is not limited to OH, Cl, Br, 1, F, alkoxide (OR),
acetate (OOCR), peroxide (OOR), amine (NR,) isocyanate
(NCO), and R. The symbols m and n refer to the stoichiom-
etry of the composition. The symbol X indicates that the
composition forms a nanostructure and the symbol # refers to
the number of silicon atoms contained within the nanostruc-
ture. The value for # is usually the sum of m+n, where n ranges
typically from 1 to 24 and m ranges typically from 1 to 12. It
should be noted that Z# is not to be confused as a multiplier
for determining stoichiometry, as it merely describes the
overall nanostructural characteristics of the system (aka cage
size). The symbol @ is also used in association with the POSS
formula representations and indicates the presence of an F
anion inside of the cage cavity.

DETAILED DESCRIPTION OF THE INVENTION

The present invention teaches the use of fluorinated POSS
nanostructured chemicals as agents for imparting the charac-
teristics of a fluorinated material (such as polymers) to non-
fluorinated polymers, composites, additives, metals, and all
types of particles.

The keys that enable POSS nanostructured chemicals to
impart fluorinated characteristics to such a diverse number of
materials are: (1) their unique size with respect to polymer
chain dimensions, and (2) their ability to be compatibilized
with polymer systems to overcome forces that promote
incompatibility and expulsion of the nanoreinforcing agent
by polymer chains and surfaces and (3) their ability to bind to
dissimilar surfaces.

Additionally advantageous are the fundamental aspects of
high surface area, low density, and controlled volume contri-
butions imparted by the nanoscopic size of the POSS cage.
The nanoscopic cage size imparts these properties to materi-
als at very small loading amounts and affords POSS to domi-
nate the surface and volume characteristics of materials.

The chemical nature of POSS cages renders their disper-
sion characteristics to be governed by the Gibbs free energy of
mixing equation (AG=AH-TAS) rather than kinetic disper-
sive mixing as for insoluble particulates. Thus the ability of
POSS to interact with a surface or with polymers through Van
der Waals interactions, covalent, ionic, or hydrogen bonding
that can be utilized to chemically, thermodynamically, and
kinetically drive their dispersion and surface modification.
Furthermore since POSS cages are monoscopic in size,
entropic dispersion (AS) is favored.

While fluoropolymers are known for their hydrophobicity,
low surface energy, and low coefficients of friction, the incor-
poration of fluorinated POSS has been shown in U.S. Pat. No.
7,193,015 to further improve these properties in fluorinated
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polymers. Therefore extension of fluorinated POSS into non-
fluorinated systems is a logical means for cost-effectively
attaining such properties in nonfluorinated polymers.

EXAMPLES

General Process Variables Applicable to all
Processes

As is typical with chemical processes there are a number of
variables that can be used to control the purity, selectivity, rate
and mechanism of any process. Variables influencing the
process for the incorporation of nanostructured chemicals
(e.g. POSS/POS etc.) into plastics include the size and poly-
dispersity, and composition of the nanostructured chemical.
Similarly the molecular weight, polydispersity and composi-
tion of the polymer system must also be matched with that of
the nanostructured chemical. Finally, the kinetics, thermody-
namics, and processing aids used during the compounding
process are also tools of the trade that can impact the loading
level and degree of enhancement resulting from incorporation
of nanostructured chemicals into polymers. Blending pro-
cesses such as melt blending, dry blending and solution mix-
ing blending are all effective at mixing and alloying nano-
structured chemical into plastics.

Water contact angles are a measure of surface hydropho-
bicity and provide insight into the free energy of the surface.
Critical surface tension of the POSS, POSS polymers, and
POSS blends were determined. The surface tension of the
fluid is graphed in relation to its contact angle on the surface.
It should be noted that a surface with a contact angle of 90° or
higher is considered a “non-wetting” surface, while a surface
with a contact angle below 900 is considered “wetting.”
Synthesis of Internally Fluorinated CationPOSS@F Cages
(BUN[(PhSiO, 5)s@F]ss (via literature Bassindale, et al
Angew. Chem. Int. Ed. (2003), vol 42, 3488) Tetrabutylam-
monium octaphenyl octasilsesquioxane fluoride (Bu,N)[ (Ph-
Si0, 5)s@F]sg: Tetrabutylammonium fluoride (1 m solution
in THEF, 2.5 ml, with 5% water) was added to pheny! triethox-
ysilane (1.02 g, 4.2 mmol) dissolved in dry THF (20 ml). The
mixture was stirred at room temperature for 24 h and a yellow
viscous liquid obtained after removal of the solvent. Dry
chloroform (10 ml) was added, and a white powder was
obtained after filtration. Recrystallization from acetone
afforded colorless crystals (1.25 g, 46%). 2°Si NMR (79.30
MHz, CDCl,, TMS): d=80.6 ppm.

(Me),N[(PhSiO, 5)s@F]ss To a 1 gram anhydrous THF (50
mL) suspension of [(PhSiO; 5)4]ss (0.968 mmole) was added
a slight excess of anhydrous tetramethylammonium fluoride
(91 mg, 0.98 mmole). After stirring under a nitrogen atmo-
sphere for several hours the solution clarified as the product
dissolves in THF. The solution was filtered through diatoma-
ceous earth and the solvent removed under vacuum to give a
quantitative yield of the salt with fluoride inside the silses-
quioxane cage. *°F NMR (in THF) -26.5 (s) ppm. *°Si NMR
(in THF) -80.7 (s) ppm.

(Me),N[(ViSiO, 5)s@F]sg To a 0.5 gram anhydrous THF (50
mL) suspension of [(ViSiO, 5)g]ss (0.790 mmole) was added
a slight excess of anhydrous tetramethylammonium fluoride
(75 mg, 0.80 mmole). After stirring under a nitrogen atmo-
sphere for several hours the solution clarified as the product
dissolves in THF. The solution was filtered through diatoma-
ceous earth and the solvent removed under vacuum to give a
quantitative yield of the salt with fluoride inside the silses-
quioxane cage. *°F NMR (in THF) -25.5 (s) ppm. *°Si NMR
(in THF) -83.0 (s) ppm.
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(Me),N[(CF5(CH,);810, 5)s@F]|ss To a 1 gram anhydrous
THF (50 mL) suspension of [(CF,(CH,);S10, 5)lss (0.816
mmole) was added a slight excess of anhydrous tetramethy-
lammonium fluoride (76 mg, 0.82 mmole). After stirring
under a nitrogen atmosphere for several hours the solution
clarified as the product dissolves in THF. The solution was
filtered through diatomaceous earth and the solvent removed
under vacuum to give a quantitative yield of the salt with
fluoride inside the silsesquioxane cage. 'F NMR
(in THF) -28.8 (s, 1F), —69.9 (s, 24F) ppm. *’Si NMR (in
THF) -70.4 (s) ppm.
(Me),N[(CF,;CF,CF,CF,CH,CH,SiO, 5)s@Flss To a 1
gram anhydrous THF (50 ml) suspension of
[(CF,CF,CF,CF,CH,CH,SIO, 5)s)ss (0.396 mmole) was
added a slight excess of anhydrous tetramethylammonium
fluoride (37 mg, 0.40 mmole). After stirring under a nitrogen
atmosphere for several hours the solution clarified as the
product dissolves in THF. The solution was filtered through
diatomaceous earth and the solvent removed under vacuum to
give a quantitative yield of the salt with fluoride inside the
silsesquioxane cage. '°F NMR (in THF) -28.8 (s, 1F), -82.4
(t, 24F), -117.2 (m, 16F), =125.4 (m, 16F), -127.1 (m, 16F)
ppm. >°Si NMR (in THF) -70.1 (s) ppm.
(Me),N[(CF;CF,CF,CF,CF,CF,CH,CH,SiO, 5)s@F]sg
To a 1 gram anhydrous THF (50 mL) suspension of
[(CF CF,CF,CF,CF,CF,CH,CH,SIO, 5)glxs (0.295
mmole) was added a slight excess of anhydrous tetramethy-
lammonium fluoride (28 mg, 0.30 mmole). After stirring
under a nitrogen atmosphere for several hours the solution
clarified as the product dissolves in THF. The solution was
filtered through diatomaceous earth and the solvent removed
under vacuum to give a quantitative yield of the salt with
fluoride inside the silsesquioxane cage. *°F NMR (in THF)
-30.6 (s, 1F), -84.1 (t, 24F), -119.0 (m, 16F), -124.7 (m,
16F), -125.7 (m, 16F), =126.3 (m, 16F) ppm. *°Si NMR (in
THF) -70.6 (s) ppm.
(Me),N[(CF;CF,CF,CF,CF,CF,CF,CF,CH,CH,

Si0, 5)s@F]s¢ To a 1 gram anhydrous THF (10 mL) suspen-
sion of [(CF,;CF,CF,CF,CF,CF,CF,CF,CH,CH,
Si0; 5)glss (0.279 mmole) was added a slight excess of anhy-
drous tetramethylammonium fluoride (27 mg, 0.29 mmole).
After stirring under a nitrogen atmosphere for several hours
the solution clarified as the product dissolves in THF. The
solution was filtered through diatomaceous earth and the
solvent removed under vacuum to give a quantitative yield of
the salt with fluoride inside the silsesquioxane cage. °F NMR
(in THF) -28.7 (s, 1F), -82.2 (t, 24F), -117.2 (m, 16F),
-122.6 (m, 16F), -122.8 (m, 32F), -123.7 (m, 16F), -124.5
(m, 16F), =127.2 (m, 16F) ppm. *°Si NMR (in THF) -=70.7 (s)
ppm.

Cation Exchange for CationPOSS@F Cages

The utility of F@POSS cages can be controlled through
variation of the R group on the cage and through variation of
the counter cation associated with the cage. Numerous advan-
tages can be realized by exchanging nonreactive onium cat-
ions such as tetramethyl ammonium, and tetrabutyl ammo-
nium with onium cations containing reactive groups capable
of polymerization, catalytic activity, wettability, color and
pigmentation properties, radiation absorbance, biological
activity, or therapeutic properties. Such functional activity is
highly desired for the practical utility of F@POSS.

Onium exchange can be carried out by dissolving tetram-
ethylammonium octaphenyl octasilsesquioxane fluoride
(Me) N[(PhSiO, 5)s@F ]z into THF followed by addition of
a stoichiometrically equivalent amount of cetyltrimethyl
ammonium chloride and stirring for 10 minutes at 25° C.
Then 50 ml of hexane was added to the mixture to form a
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8
second layer into which the resulting Cetyl(Me),N[(Ph-
Si0, 5)s@F]s¢ was extracted. Upon removal of volatiles and
drying a quantitative amount of product was obtained. The
Cetyl(Me), N[(PhSiO, 5)3@F]ss was observed to be signifi-
cantly more effective as a biocidal agent that the tetramethy-
lammonium cation.

K[(PhSiO, 5);@F]lss Similarly, cation exchange of the
onium groups on F@POSS with an inorganic cation such as
K+, Na+, Li+, Ag+ is desirable as they afford higher tempera-
ture stability and do not produce a noticeable smell when
heated. Onium exchange for inorganic cations was success-
fully accomplished for example, by addition of KPF6 to a
THF solution of tetramethylammonium octaphenyl octasils-
esquioxane fluoride (Me),N[(PhSiO, 5)s@F]ss. This mix-
ture was allowed to stir for about 15 minutes, at which time
the solution was filtered and the POSS product was isolated
by filtration and the [(Me) ,N]*PF,~ salt was retained in solu-
tion. The POSS product was collected in near quantitative
yield upon removal of volatiles and evaluated with TGA and
FTIR relative to the starting materials. Similar cation
exchange can be carried out using other inorganic salts (e.g.
AgNO3, CuSO4) in which one of the products is water
soluble.

Polymerization of Fluorinated POSS Cages to [CF,;(CH,);
SiO, 5),(propylmethacrylate), SiO, ;),|Z¢/methylmethacry-
late Copolymers

Copolymers of hepta(trifluoropropyl)propylmethyl-
methacrylate octamer POSS ([(CF;(CH,);S10, 5),(propyl-
methacrylate)SiO, ), ]s¢) and methylmethacrylate were pre-
pared using the following general procedure. Under a
nitrogen atmosphere, a dry, oxygen free solution of toluene
(2.72mL, 2.35 g), [(CF (CH,),510, 5),(propylmethacrylate)
SiO; )]s (300 mg, 0.245 mmol), methylmethacrylate
(2702 mg, 26.99 mmol) and AIBN (11.0 mg, 0.068 mmol)
was prepared and heated to 63° C. for 16 hours. This solution
was then diluted with 15 mL of CHCl, and precipitated into
75 mL of methanol. After stirring overnight a white solid
formed, and was collected by vacuum filtration in 85% yield
and "H NMR spectroscopy showed no unreacted monomers.
In general it was observed that glass transition of the copoly-
mers decreases with increasing [(CF,(CH,);8i0, 5),{propy-
Imethacrylate)SiO, 5), ]ss content relative to that of methyl-
methacrylate and ranges from 120° C. to 130° C., while the
heat capacity and thermal gravimetric performance increases
with higher POSS loadings. The contact angle for a series of
these copolymers is listed in Table 1.

TABLE 1

Contact angles of
[CF3(CH,)3S10 5)7(propylmethacrylate) SiO| 5);|Zg/methylmethacrylate
copolymers.
Average Standard

Composition Contact Angle  Deviation
PMMA 78.5 8.5
3/97 [CF3(CH,)3810, 5) 1512 15/ PMMA 89.7 5.8
5/95 [CF3(CH,)3810, 5) ]2 15/ PMMA 80.5 11.2
10/90 [CF3(CH,)38i0, 5)15]21/PMMA 84.3 10.9
20/80 [CF3(CH,);810, 5)15]2,»/PMMA 88.4 7.0

Synthesis of Externally Fluorinated POSS

In a 1 L volumetric flask, combine one mole of
[(CF CF,CF,CF,CF,CF,CF,CF,CH,CH,Si(OED), or
[(CF;CF,CF,CF,CF,CF,CH,CH,Si(OEt);, 27.20 g was
made from 100 mL of DI water and 0.774 g 0 85% KOH and
absolute ethanol. Transfer to a 2 L flask and stir under nitro-
gen for 5 days. A white precipitate forms, which is removed
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by vacuum filtration. The precipitate is dissolved in dichlo-
romethane and washed three times with DI water. The solvent

is removed in vacuo just until precipitate starts to form. This
cloudy solution is dripped into rapidly stirring methanol
yielding a flufty white precipitate. The solid is removed by 5
vacuum  filtration. #®Si  NMR (CD,CL) &
[(CF CF,CF,CF,CF,CF,CH,CH,S8i0, 5)s@F]s/
[(CF;CF,CF, CF, CF,CF,CF,CF,CH,CH,Si0O, 5);@F]lss,
-66.7 ppm. Melting point
[(CF CF,CF,CF,CF,CF,CH,CH, 810, 5)s@F]sy 124° C.,
[(CF,CF,CF,CF, CF,CF,CF,CF,CH,CH,8i0, 5)s@F]xs
138° C. Typical yields of product range from 98-99% can be
obtained at reaction concentrations of 0.1M. More concen-
trated preparations can also be carried out with mechanical
stirring of the reaction.

Additionally fluorinated POSS cages also bearing reactive
groups are desirable for surface modification of metals, fill-
ers, and composites can be prepared. Preferred reactive
groups include but are not limited to silanols, siloxides, meth-
acrylates, thiols, amines, acids, esters, alcohols, isocyanates,
epoxides, and Lewis acidic metals.

Incorporation of Fluorinated POSS Cages into Nonfluori-
nated Polymers.

A wide variety of fluorinated POSS cages can be prepared
and potentially incorporated into polymers and the proper
selection of POSS cage is dependent upon its compatibility
with the desired polymer. Also of importance is the surface
properties of the cage. For example fluorinated POSS cages
exhibiting low surface energy, high water contact angle, with
low powder density and crystal density are desired. Table 2
contains as summary of preferred systems for incorporation
into polymers.
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were measured after annealing for 2 hours at 140° C. (Table 3)
and after annealing for 2 hours at 175° C. (Table 4).

TABLE 3

Contact angles of [CF3(CH,)3S10; 5) 51215
and PMMA blends annealed at 140° C.

Average Standard
Composition Contact Angle Deviation
PMMA 74.6 14.3
3% [CF3(CH,)3S10; 5)15]Z )5 blend 78.2 4.6
5% [CF3(CH,)3S10; 5)15]Z )5 blend 87.6 2.1
10% [CF;3(CH,)3S10, 5)15]Z 5 blend 97.4 35
20% [CF3(CH,)3Si0, 5)15]2 5 blend 100.5 2.6

TABLE 4
Contact angles of [CF3(CH,)3S10; 5) 51215
and PMMA blends annealed at 175° C.

Average Standard
Composition Contact Angle Deviation
PMMA 82.1 12.1
3% [CF3(CH,);S10, 5);5]Z 5 blend 82.6 5.25
5% [CF3(CH,)3S10; 5)15]Z )5 blend 83.3 2.0
10% [CF3(CH,)3S10; 5)15]Z > blend 90.0 1.3
20% [CF3(CH,)3Si0, 5)15]2 5 blend 96.5 39

Properties of Nonfluorinated Polymers Containing Exter-

nally Fluorinated POSS and Internally Fluorinated POSS
Nonfluorinated thermoplastics were obtained from a vari-

ety of commercial suppliers. The melting and processing

Selected physical properties for externally fluorinated POSS cages.

[(CF,;CF,CF,CF,CF,CF,C [(CF,CF,CF,CF,CF,CF,C [(CF,CF,CF,CF,CH,CH
POSS F>CF>,CH,CH, 810, 5)]ss H,CH,SIO, 5)slss 28i0; 5)s]xs
Critical 8.68 mN/m — 14.98 mN/m
Surface
Tension
Water 154° 115° 117°
Contact
Angle
Powder 1.95 g/mL 1.88 g/mL 1.86 g/mL
Density
Crystal 2.06 g/mL 2.05 g/mL 1.98 g/mL
Density

The incorporation of [CF;(CH,);810, 5),,]Z,, into com- s,
mercial grade PMMA (polymethylmethacrylate) was accom-
plished by solution blending and melt blending with POSS
weight percents of 3%, 5%, and 10% and 20% respectively.
The resulting formulations were subsequently heated to 140°
C. to anneal the systems and secondarily heated at 175° C.
until optically clear. The water contact angle was measured
after each heat treatment to determine the impact on contact
angle. Incorporation ofthe [CF;(CH,);Si0; 5),,]%,, resulted
in an increase of contact angle and corresponding increase in
hydrophobicity and surface energy reduction of the formula-
tion. Increasing the hydrophobicity of PMMA is highly desir-
able as water absorption by PMMA is well known to reduce
its durability and aesthetics for signage, utensils and optical
applications. PMMA is widely utilized in dental and pros-
thetic application, paints, adhesives, and coatings in which
the uptake of moisture causes degradation of mechanical
properties. The contact angles for a series of these blends
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temperature for each polymer was determined by differential
scanning calorimetry (DSC). Externally and internally fluori-
nated POSS were prepared as described. A general method
for incorporation of the POSS into the thermoplastic polymer
utilized a twin screw extruder (MicroCompounder, DACA
Instruments) and compounding of the polymer and POSS
thoroughly until a steady-state of mixer torque was observed.

Thermosetting polymers can similarly be utilized in which
the POSS is incorporated via both high and low shear mixing
and copolymerization. The preferred method is dependent
upon the visual homogenization of the system and the viscos-
ity of the initial resin mixture.

In general the incorporation of externally fluorinated and
internally fluorinated POSS was effective at increasing the
hydrophobicity of the polymers into which it was incorpo-
rated.

Examples provided in FIGS. 7-10 illustrate trends for the
enhancement and are not intended to represent limitations on
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the scope, range or utility, or eftfectiveness of the method. It is
realized that differing degrees of hydrophobicity are required
for specific applications along with other desirable properties
such as mechanical, thermal, biological, optical, processing,
and finish properties.

While certain representative embodiments and details have
been shown for purposes of illustrating the invention, it will
be apparent to those skilled in the art that various changes in
the methods and apparatus disclosed herein may be made
without departing from the scope of the invention which is
defined in the appended claims.

What is claimed is:

1. A method of alloying an internally fluorinated nano-
structured chemical selected from the group consisting of
POSS cages containing a fluorine ion inside the cage and POS
cages containing a fluorine ion inside the cage into a nonfluo-
ropolymer, comprising the step of compounding the inter-
nally fluorinated nanostructured chemical into the polymer.

2. A method according to claim 1, wherein a mix of difter-
ent nanostructured chemicals is blended into the polymer.

3. A method according to claim 1, wherein the nonfluori-
nated polymer is in a physical state selected from the group
consisting of oils, amorphous, semicrystalline, crystalline,
elastomeric, rubber, and crosslinked materials.

4. A method according to claim 1, wherein the nonfluori-
nated polymer contains a chemical sequence and related
polymer microstructure.

5. A method according to claim 1, wherein the polymer is
a polymer coil, a polymer domain, a polymer chain, a poly-
mer segment, or mixtures thereof.

6. A method according to claim 1, wherein the nanostruc-
tured chemical reinforces the nonfluorinated polymer at a
molecular level.

7. A method according to claim 1, wherein the nanostruc-
tured chemical contributes to volume of the polymer.

8. A method according to claim 1, wherein the nanostruc-
tured chemical contributes to surface area of the polymer.

9. A method according to claim 1, wherein the compound-
ing is nonreactive.

10. A method according to claim 1, wherein the compound-
ing is reactive.

11. A method according to claim 1, wherein a physical
property of the nonfluorinated polymer is improved as a result
of incorporating the nanostructured chemical into the poly-
mer.

12. A method according to claim 11, wherein the physical
property comprises a member selected from the group con-
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sisting of lubricity, contact angle, water repellency, adhesion
to a polymeric surface, adhesion to a composite surface,
adhesion to a metal surface, water repellency, density, low
dielectric constant, thermal conductivity, glass transition, vis-
cosity, melt transition, storage modulus, relaxation, stress
transfer, abrasion resistance, tire resistance, biological com-
patibility, gas permeability, and porosity.

13. A method according to claim 1, wherein the compound-
ing step is accomplished by blending the nanostructured
chemical into the polymer.

14. A method according to claim 1, wherein the compound-
ing step is accomplished by a blending process selected from
the group consisting of melt blending, dry blending, and
solution blending.

15. A method according to claim 1, wherein the nanostruc-
tured chemical functions as a plasticizer.

16. A method according to claim 1, wherein the nanostruc-
tured chemical functions as a filler.

17. A method according to claim 1, wherein the nanostruc-
tured chemical functions as both a plasticizer and a filler.

18. A method according to claim 1, wherein the nanostruc-
tured chemical is selectively compounded into the polymer
such that the nanostructured chemical is incorporated into a
predetermined region within the polymer.

19. A polymer composition produced by a method accord-
ing to claim 1.

20. The method of claim 1, wherein the compounding
allows control of the molecular motion of the polymer.

21. A method according to claim 20, wherein a time depen-
dent property is enhanced as a result of compounding the
nanostructured chemical into the polymer.

22. A method according to claim 21, wherein the time
dependent property is selected from the group consisting of
T, HDT, modulus, creep, set, permeability, erosion resis-
tance, abrasion resistance.

23. The method of claim 1, wherein the nanostructured
chemical is selected to have chemical properties compatible
with a selected region of the polymer, and thereby reinforces
a selected region of the polymer.

24. The method of claim 1, further comprising the step of
blending the nanostructured chemical with a particulate
material.

25. The method of claim 24, wherein the particulate mate-
rial is selected from the group consisting of metals, minerals,
silicatious powders, and carbon.

#* #* #* #* #*
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Fluorinated Polyhedral Oligomeric Silsesquioxanes (F-POSS)**
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Water-repellent materials, possessing a high degree of hydro-
phobicity are currently under a spotlight. Preparative
approaches are often inspired by naturally evolved biological
systems.l!! Specifically, a leaf of the lotus plant exhibits an
inherent self-cleaning mechanism resulting from micron-sized
waxy nodes protruding from its surface such that water is
naturally repelled, removing any foreign debris.*® This
cleansing mechanism, commonly referred to as the “lotus
effect”, has been artificially reproduced in order to prepare
materials with pronounced hydrophobicity. Utilized techni-
ques include surface patterning,””! molecular self-assembly,?
deposition,”® and etching.”” However, these examples often
require aggressive chemical surface treatments, high temper-
ature post-surface modification, or elaborate patterning. For
such reasons, there exists a demand to engineer hydrophobic
materials that are easy to prepare on a large scale.
Fluorinated compounds are an obvious choice for hydro-
phobic applications due to their low surface energy. Poly-
hedral molecules may also improve hydrophobic character by
increasing the roughness of the material surface. There have
been many reported attempts to synthesize and characterize
partially or fully fluorinated polyhedra. These reports include
the fluorination or fluoroalkylation of Cg.*! Unfortunately,
CyF4s cannot be used as a hydrophobic material, as it is
metastable and is hydrolyzed in aqueous solutions.”’ The
perfluorocarborane species, perfluoro-deca-f-methyl-para-
carborane, characterized by single crystal X-ray studies,
shows remarkable hydrolytic and oxidative stability.'""! Fluo-
rinated carbon nanotubes and nanofibers have also been
produced."™ These fluorinated polyhedral compounds may
be useful in hydrophobic applications, but are generally
hazardous to prepare, require air and moisture sensitive
manipulations, and have limited economies of scale. For these
reasons, alternative fluorinated polyhedra are highly desired.
Polyhedral oligomeric silsesquioxanes (POSS) are ther-
mally robust cages consisting of a silicon—oxygen core frame-
work possessing alkyl functionality on the periphery. They are
used for the development of high performance materials in
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medical, aerospace, and commercial applications.”? POSS
molecules can be functionally tuned, are easily synthesized
with inherent functionality, are discreetly nano-sized, and are
often commercially available. Furthermore, POSS com-
pounds may possess a high degree of compatibility in blended
polymers and can easily be covalently linked into a polymer
backbone.™ The incorporation of POSS into polymers
produces nanocomposites with improved properties, such as,
but not limited to, glass transition temperature, mechanical
strength, thermal and chemical resistance, and ease of
processing.

Attempts to produce fluorinated POSS compounds have
met with little success. The hydrolysis of (3,3,3-trifluoropro-
pyDtrichlorosilanes resulted in a mixture of products.'"*! After
purification, the octamer, (3,3,3-trifluoropropyl)sSisO;, (FP)
POSS was isolated in 10-32 % yield. More recently, FP was
produced by a “corner-capping” methodology that requires
multiple steps, as well as the use of the moisture sensitive
trisodium salt, Nay(3,3,3-trifluoropropyl),Si;O,,.™! To date,
attempts to produce long-chain fluoroalkyl POSS compounds
have proved unsuccessful.

Herein, we demonstrate the facile preparation of a novel
class of octameric fluorinated POSS compounds (F-POSS) by
the facile, single-step, base-catalyzed condensation of trialk-
oxysilanes in alcoholic media to produce nearly quantitative
yields of octameric F-POSS compounds (Scheme 1).

Reg 0 _,Rf

R, 00 'S\'
_ OH/H,0 TSI TSiSG
RSi(OEt); —— \ f/
Solvent ORg_ 94
\ OSi~o/-8ig
_Si—g—si 0
f R
FH R; = CH,CH,CF,CF,CF,CF,
FO CH,CH,CF,CF,CF,CF,CF,CF,
FD CH,CH,CF,CF,CF,CF,CF,CF,CF,CF,

Scheme 1. Synthesis of F-POSS compounds FH, FO, and FD.

(1H,1H,2H 2 H-NonaFluorohexyl):SisO;, (FH),
(1H,1H,2H 2 H-tridecafluorooctyl)sSizO;, (FO), and
(1H,1H,2H 2H-heptadecafluorodecyl)sSisO;, (FD) POSS

have been produced by this operationally simple, one-pot
synthesis. For hydrophobicity comparative studies, FP (where
R;= CH,CH,CF;) was produced using an alternate method-
ology."

These F-POSS compounds are soluble in fluorinated
solvents and their melting points lie between 122 and 140°C.
Unlike most non-fluorinated POSS compounds, thermogra-
vimetric analysis (TGA) indicates F-POSS volatilize rather
than decompose, as no residue remains after heating under
either nitrogen or dry air. FD is the most stable compound,
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subliming at over 300°C. F-POSS are also very dense, high
molecular weight materials. For example, FD has a molecular
weight of 3993.54 gmol™' and a density of 2.067 gcm™.

The ability to crystallize F-POSS compounds from
fluorinated solvents, using solvent evaporation/vapor diffu-
sion techniques, enabled the growth of single crystals for high
resolution (0.75 A) X-ray diffraction studies (Figure 1). Both

Figure 1. ORTEP representation of FH and FD POSS at 103 K, with
thermal ellipsoids set at 50% probability. Green F, black C, dark
blue H, red O, light blue Si.

FH and FD are triclinic (P1) showing the presence of one and
two crystallographically independent “half” molecules in the
asymmetric unit, respectively. In both cases, there is an
inversion center in the middle of the POSS core, which results
in four pairs of fluoroalkyl chains with similar conformations.
The molecular structure of F-POSS contains rigid, rod-like
fluoroalkyl chains, which are attached to the silicon atoms of
the POSS cage by flexible methylene groups. The relative
arrangement of these components and resulting molecular
interactions determine their thermal properties and may also
contribute to surface properties, including hydrophobicity.
The crystal structures of FH and FD showed a near-parallel
arrangement of the fluoroalkyl chains. These result from the
formation of strong intramolecular interactions between
electropositive silicon and electron-rich fluorine atoms.
These intramolecular contacts of approximately 3.0 A are
significantly shorter than the sum of van der Waals radii for
silicon and fluorine at 2.10 and 1.47 A, respectively.'") The
packing of FD results in the POSS cores resting at an angle,
with respect to the linear fluoroalkyl groups (mean least
square angle ca. 104°). This results in a rougher packing
surface than FH, as seen in the electrostatic potential surfaces
(Figure 2). This may also contribute to differences in hydro-
phobicity.

The hydrophobicity of spin-cast F-POSS surfaces was
tested using water drop shape analysis and measured for the
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Figure 2. Electrostatic potential surfaces of FH and FD POSS.

corresponding water contact angle (Figure 3). The relation-
ship of contact angle and surface energy is governed by
Young’s equation, which relates the interfacial tension of the

Water Contact Angle

Figure 3. Graph showing water contact angles of FP, FH, FO, and FD.
Hydrophobicity increases with fluoroalkyl chain length.

surface to the liquid and gas phases of water.'"”’ A trend was
observed where the F-POSS static water contact angles
increased with longer fluorocarbon chain length. Similar
observations have been made in many fluorinated systems,
including polymers,"® copolymers,'” and monolayers,*” as
well as corresponding to total fluorine content.”!! FD was
surprisingly found to have a static water contact angle over
150°. In fact, FO and FD are so hydrophobic that, even with a
density over 2 gem >, crystals (ca. 15 mm x 15 mm x 3 mm) of
these F-POSS compounds float on the surface of water!

It is well known that hydrophobicity is a function of both
surface tension and surface roughness, as demonstrated by
Cassie and Baxter™ and Wenzel.” Figure 4a is a height
image taken with an atomic force microscope (AFM) of a
spin-cast FD surface. This surface has a root-mean-squared
(rms) roughness of approximately 4 um. Surfaces of all F-
POSS compounds were prepared in the same manner, with
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Figure 4. AFM analysis of the height (a) and phase image (b) of a
spin-cast film surface of FD. Micron-sized crystallites can be observed
in the height image. The rms roughness values for all spin-cast films
were between 3 and 4 pm.

similar 3-4 pm rms surface roughness. Figure 4b is the phase
image of the same surface.

In conclusion, new octameric fluorinated polyhedral
oligomeric silsesquioxanes (F-POSS) have been produced
by a facile “one-pot” synthetic method. The polyhedral
compounds can be prepared in nearly quantitative yields and
hundred gram quantities, eliminating the need for complex
processes and patterning techniques to produce hydrophobic
fluorinated surfaces. The compounds were shown to be
thermally and hydrolytically stable and are less-hazardous
to prepare than many other fluorinated compounds. These
compounds are also soluble and have low melting temper-
atures, indicating that they may be solvent/melt-processed
into polymers for desired property enhancements. The
incorporation of F-POSS into polymers may produce nano-
composites with improved surface properties, including
hydrophobicity. To our knowledge, FD is the most hydro-
phobic crystalline solid material known.

Experimental Section
All reagents were purchased from commercial sources and purified
according to established procedures.?”

Synthesis of FH: To a solution of 1H,1H,2H-nonafluorohexyl-
triethoxysilane (4.1 g) in ethanol (10 mL) was added KOH (2 mg)
dissolved in deionized water (270 mg) at room temperature. After
continuous stirring for 24 h, a white precipitate was filtered and
washed repeatedly with ethanol. The solid was collected and
redissolved in Asahiklin AK-225G (1,3-dichloro-1,1,2,2,3-pentafluor-
opropane), and residual KOH was extracted by washing repeatedly
with deionized water. The organic layer was dried with MgSO,,
filtered, concentrated, and dried under vacuum to afford
(1H,1H2H 2H-nonafluorohexyl)sSisO,, (FH) as a white solid in
nearly quantitative yield. FO and FD were prepared in a similar
manner using 1H,1H,2H 2H-tridecafluorooctyltriethyoxysilane and
1H,1H 2H 2H-heptadecafluorodecyltriethoxysilane, respectively.

Attempts to obtain FP using the same process resulted in a
mixture of eight-, ten-, and twelve-membered polyhedra. Therefore,
FP was prepared by the recently reported “corner-capping” of (3,3,3-
trifluoropropyl),Si;O,, trisodium salt with 3,3,3-trifluoropropyltri-
chlorosilane.!"”)
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Detailed X-ray crystallography data,! surface preparation data,

and analytical characterization data of F-POSS compounds are
included in the Supporting Information.
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2001). Graphite monochromated Moy, (A=0.71073 A) radia-
tion was employed for data collection and corrected for Lorentz
and polarization effects using SAINT V 6.22 program (Bruker
AXS: Madison, 2001), and reflection scaling (SADABS pro-
gram, Bruker AXS: Madison, WI, 2001). Both the structures
were solved by direct methods (SHELXTL 5.10, Bruker AXS:
Madison, 2000) and all non-hydrogen atoms refined anisotropi-
cally using full-matrix least-squares refinement on F*. Hydrogen
atoms were added at calculated positions. For FH, M, =2393.46,
triclinic, space group PI, a=11.806(5), b=12.393(5), c=
15.729(6) A, a=75.073(6), f=76.024(6), y=66.151(5)°, V=
2009.0(14) A3, F(000)=1176, peuea(Z=1)=1.987 gem>, u=
0.356 mm™!, approximate crystal dimensions 0.37 x0.24 x

0.20 mm?, 0 range =1.36 to 25.35°, 19582 measured data of
which 7288 (R;,,=0.0194) unique with 718 refined parameters,
final R indices [/>20(I)]: R1=0.0368, wR2=0.0981, R1=
0.0389, wR2=0.1002 (all data), GOF on F*=1.038. For FD,
M,=3993.78, triclinic, space group PI, a=10352(1), b=
21.984(2), ¢=28.653(3) A, a=102.082(1), B=95.702(1), y=
90.907(1)°, V=63402(1) A>, F(000)=3888, peea(Z=2)=
2.092 gem ™, u=0.341 mm™', approximate crystal dimensions
0.43x 0.30 x 0.15 mm?, § range = 1.31 to 25.37°, 49607 measured
data of which 23049 (R;,,=0.0203) unique with 2125 refined
parameters, final R indices [/>20(I)]: R1=0.0564, wR2=
0.1599, R1=0.0676, wR2=0.1728 (all data), GOF on F'=
1.005. CCDC 608207 (FH) and 608209 (FD) contain the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Designing Superoleophobic Surfaces

Anish Tuteja,* Wonjae Choi,? Minglin Ma,* Joseph M. Mabry,? Sarah A. Mazzella,?
Gregory C. Rutledge,® Gareth H. McKinley,?* Robert E. Cohen*

1618

Understanding the complementary roles of surface energy and roughness on natural nonwetting
surfaces has led to the development of a number of biomimetic superhydrophobic surfaces, which
exhibit apparent contact angles with water greater than 150 degrees and low contact angle
hysteresis. However, superoleophobic surfaces—those that display contact angles greater than
150 degrees with organic liquids having appreciably lower surface tensions than that of water—are
extremely rare. Calculations suggest that creating such a surface would require a surface energy
lower than that of any known material. We show how a third factor, re-entrant surface curvature, in
conjunction with chemical composition and roughened texture, can be used to design surfaces
that display extreme resistance to wetting from a number of liquids with low surface tension,

including alkanes such as decane and octane.

any surfaces in nature, including var-
Mious plant leaves (I, 2), legs of the

water strider (3), troughs on the elytra
of desert beetles (4), and geckos’ feet (5, 6), are
superhydrophobic, displaying apparent contact
angles with water (surface tension y,, = 72.1
mN/m) greater than 150° and low contact angle
hysteresis. Understanding the complementary
roles of the two key surface parameters, surface
energy and roughness (7—11), for these materials
has led to the development of a number of
artificial superhydrophobic surfaces (6, 12, 13).
However, superoleophobic surfaces—structured
surfaces that resist wetting of liquids with much
lower surface tension, such as decane (y;, = 23.8
mN/m) or octane (y, = 21.6 mN/m)—are ex-
tremely rare (/4). We have developed several
different textured surfaces displaying contact
angles greater than 160°, even with octane. This
observed superoleophobicity can be explained
by considering local surface curvature as the
third parameter that affects both the apparent
contact angle and hysteresis on any surface.
This understanding also allows us to rationalize
numerous earlier observations of unexpected-
ly high liquid repellency on rough surfaces
(14-18).

The best-known example of a natural super-
hydrophobic surface is the surface of the lotus
leaf, Nelumbo nucifera (I). Numerous studies
have suggested that the superhydrophobic char-
acter of the lotus leaf surface is attributable to a
combination of surface chemistry and rough-
ness on multiple scales. However, a liquid with
a markedly lower surface tension, such as
hexadecane (y;, = 27.5 mN/m), spreads rapidly
across the lotus leaf, leading to a contact angle
of ~0° (fig. S8) (19). Such surface oleophil-
icity can have an impact on a wide range of
phenomena, including biofouling by marine
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organisms, loss of self-cleaning ability of
plant leaves in polluted waters, and swelling
of elastomeric seals and O-rings.

Two distinct models, developed independent-
ly by Wenzel (7) and Cassie and Baxter [(8),
henceforth the Cassie model], are commonly
used to explain the effect of roughness on the
apparent contact angle of liquid drops (20, 21).
The Wenzel model recognizes that surface rough-
ness increases the available surface area of the
solid, which modifies the surface contact angle
according to the expression

cos 0% = rcos 0 (1)

where 0* is the apparent contact angle on the
textured surface, 7 is the surface roughness, and
0 is the equilibrium contact angle on a smooth
surface of the same material, given by Young’s
equation (22) as cos 8 = (Ysy — Ys1)/Yn» Where y
refers to the interfacial tension and the subscripts
s, I, and v refer to the solid, liquid, and vapor
phases, respectively.

The Cassie model, on the other hand, pos-
tulates that the superhydrophobic nature of a
rough surface is caused by microscopic pockets
of air remaining trapped below the liquid drop-
let, leading to a composite interface. If ¢ is the
fraction of the solid in contact with the liquid,
the Cassie equation yields

cos 6% = —1 + ¢,(1 + cos 0) (2)

In contrast to the Wenzel relation, the Cassie
relation allows for the possibility of 6% > 90°,
even with 8 < 90°. Thermodynamic consider-
ations can be used to determine whether a par-
ticular textured surface will exist in the Wenzel
or the Cassie state [see recent work by Marmur
(10) and Nosonovsky (/7)]. The situation is
somewhat complicated by the presence of mul-
tiple local free energy minima leading to so-
called “metastable” configurations (2, 10, 23, 24).
Indeed, Krupenkin et al. (25) have highlighted
the possibility of transitioning reversibly between
the Wenzel and Cassie states (/9). However,
careful experimentation with model microstruc-
tured surfaces and corresponding free energy
calculations show that a series of rough sub-
strates with progressively increasing equilibrium

D-3

contact angles exhibits a transition from the
Wenzel to the Cassie state (24, 26, 27). The
threshold value of the equilibrium contact angle
(0,) for this transition is obtained by equating
Egs. 1 and 2:

cos B = (0, = 1)/(r — ;) (3)

Because r > 1 > ¢, the critical value of the
equilibrium contact angle 6., for this transition is
necessarily greater than 90°. Thus, it may be
anticipated that for 8 < 90°, a surface cannot
exist in the Cassie state or that the creation of
highly nonwetting surfaces (6* >> 90°) requires
6 > 0. > 90°. These arguments highlight the
difficulty of developing surfaces for which 6* >
150° when in contact with alkanes such as
decane or octane, as there are no reports of a
natural or artificial surface with a low enough
surface energy (/9) to enable 6 > 90° with these
liquids (14-17, 28).

However, studies on leaves of plants such as
Cotinus coggygria and Ginkgo biloba suggest
the possibility of designing textured surfaces
with unexpectedly high nonwetting properties.
Herminghaus (2) first pointed out that these
leaves display superhydrophobic properties,
even with 6 < 90°. Indeed, recent experiments
show that even the wax on the lotus leaf surface
is weakly hydrophilic with 6 = 74° (29). The
superhydrophobic state of these textured sur-
faces is not the true equilibrium state, and sub-
merging the leaf in water to a certain depth can
cause a transition from this metastable Cassie
state to the Wenzel state. Correspondingly, it
may be possible to design metastable super-
oleophobic surfaces even though we are limited
to materials with 6 < 90°.

We have synthesized a class of hydrophobic
polyhedral oligomeric silsesquioxane (POSS)
molecules in which the rigid silsesquioxane
cage is surrounded by perfluoro-alkyl groups
(inset, Fig. 1A). A number of molecules with
different organic groups including 1H,1H,2H,2H-
heptadecafluorodecyl (referred to as fluorodecyl
POSS) and 1H,1H,2H,2H-tridecafluorooctyl
(fluorooctyl POSS) were synthesized. We refer
to this class of materials generically as fluoroPOSS
(19). The high surface concentration and sur-
face mobility of —CF, and —CF; groups, to-
gether with the relatively high ratio of —CF3
groups with respect to —CF, groups, results in
a very hydrophobic material with low surface
energy. A film of fluorodecyl POSS, spin-coated
on a Si wafer, has an advancing (8,4,) and reced-
ing (Or) contact angle of 124.5° + 1.2°, with a
root mean square (RMS) roughness 7 = 3.5 nm.

By varying the mass fraction of specific
fluoroPOSS molecules blended with a polymer,
we can systematically change s, for the polymer-
fluoroPOSS blend. We studied blends of a moderate-
ly hydrophilic polymer, poly(methyl methacrylate)
(PMMA), and fluorodecyl POSS (which had the
lowest surface energy of the POSS molecules
synthesized). Varying the mass fraction of fluo-
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rodecyl POSS systematically changed both 6,4,
and 0, for water on spin-coated films of PMMA
and fluorodecyl POSS (Fig. 1A). The atomic
force microscope (AFM) phase images of the
spin-coated surfaces, as well as the shapes of
water droplets (volume =~ 2 pl) on those surfaces,
are shown in Fig. 1B. Comparing the phase
images of the pure PMMA and 1.9 weight %
fluorodecyl POSS indicates substantial surface
migration of POSS during solvent evaporation, as
would be expected because of its low surface
energy (30, 31).

The corresponding rough fluorodecyl POSS—
PMMA surfaces are created by electrospinning
(32-34). In Fig. 1C we show the advancing
(054y) and receding 0. contact angles with
water for the various electrospun surfaces. The
inset shows the “beads on a string” (35) mor-
phology of a representative fiber mat, as well as
the multiple scales of roughness and high po-
rosity generated by the electrospinning process.
There is no observable change in the micrometer-
scale structure with increasing mass fraction
of POSS as viewed with a scanning electron
microscope (SEM). X-ray photoelectron spec-
troscopy (XPS) analysis indicates substantial

surface migration of the fluoroPOSS molecules
during electrospinning (fig. S9). The surfaces
become superhydrophobic (movie S1) for all
POSS concentrations above ~10 weight %
(Oaay = Orec = 161° £ 2°).

An important observation from Fig. 1C is
that 634, > 90° for pure PMMA and 1.9 weight %
POSS-PMMA electrospun surfaces, even though
in each case 0,4, < 90° (Fig. 1A). This is sur-
prising, because for 6 < 90° the rough surfaces
are expected to be in the Wenzel state, and from
Eq. 1 we expect 04, < 0,4,- This unusual effect
is further explored in the form of the general
wetting diagram (/3) in Fig. 1D, which shows
a plot of cos 034, and cos 0. on the rough
electrospun surfaces as a function of cos 0,4y
and cos O, for the corresponding smooth
(spin-coated) surfaces. Even at low POSS con-
centrations (<2 weight %), the surfaces display
high apparent advancing contact angles indica-
tive of being in the Cassie state. However, these
textured surfaces also exhibit high contact angle
hysteresis. Separate experiments show that this
Cassie state is metastable, as water droplets re-
leased from a height can penetrate and wet the
fiber mat.

0 wt% POSS

wt% POSS

REPO

The electrospun fibers similarly display ex-
tremely oleophobic properties (6* >> 90°), even
though all of the corresponding spin-coated sur-
faces are oleophilic (6 < 90°). Plots of 64, and
07 for hexadecane and decane (Fig. 2, A and
B) show that in many cases both 04, and ;.
for the electrospun surfaces are much greater
than 90°, and a transition from the Wenzel to the
metastable Cassie state can also be observed for
each alkane. This metastable state is related to a
local minimum in free energy (/9) that system-
atically shifts to higher POSS concentrations
(lower surface energy) with decreasing liquid
surface tension. The electrospinning process
also enables fibers to be deposited on fragile or
natural surfaces (such as a lotus leaf) to confer
oleophobicity in addition to superhydrophobic-
ity (fig. S8).

The advancing contact angles for various
liquid alkanes on the electrospun and spin-
coated surfaces can be combined to form a
master curve of 034, versus 8,4, (Fig. 2C). A
sharp transition from the Wenzel state to the
nonwetting Cassie state is observed at an
equilibrium contact angle of 0, = 69° (see also
fig. S10). This value of 6. depends on the free
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Fig. 1. Tunable hydrophobicity of fluoroPOSS-PMMA blends. (A) 6,4, and 0,
for water as a function of the mass fraction of fluorodecyl POSS. The inset
shows the general molecular structure of fluoroPOSS molecules. The alkyl
chains (Ry) have the general molecular formula —CH,CH,(CF,),,CF3, where n =
0, 3, 5, or 7. (B) The phase angle scale on the AFM images is 0° to 10° for the
0, 9.1, and 44.1 weight % POSS images and 0° to 90° for the 1.9 weight %
POSS image. The RMS roughness (r;) for each film is also given. By
comparison, rq for a Si wafer is ~0.2 nm. (C) 634, (red dots) and 67 (blue

D-4

squares) for water on the electrospun surfaces. The inset shows a SEM
micrograph for an electrospun surface containing 9.1 weight % POSS. The
maximum contact angle for water on the spin-coated surfaces is also shown.
(D) Plot of cos 8;4,(solid red dots) and cos 8y (open blue squares) for water as
a function of 0,4, and 6,e. The surfaces in the lower right quadrant (1V) of this
diagram correspond to hydrophilic substrates that are rendered hydrophobic
purely by topography. The advancing and receding contact angles for the lotus
leaf (solid and open triangles, respectively) are also provided for comparison.
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energy landscape separating the Cassie and
Wenzel states (/9) and will be dependent on
the topography of the surfaces under con-
sideration; however, it is clear from Fig. 2C
and fig. S10 that 6, can be considerably less
than 90°.

The robustness of the metastable Cassie
state for the electrospun fiber surfaces is de-
termined by measuring the height of liquid (or
static pressure) required for forcing the liquid
through the fibers (denoted /#*). The surfaces
do not transition to the Wenzel state even when
submerged under 150 mm of hexadecane. To
scale such observations, we use the charac-
teristic capillary rise height

heap = 2, cos 0/pgD (4)

for the porous substrate, where the relevant
capillary pore size 2D is the average edge-to-
edge spacing of the nanofibers (Fig. 3A) (8),
p is the fluid density, and g is the acceleration
due to gravity. In Fig. 2D we plot the normal-
ized breakthrough pressure

h* [ heay = pgDh* /(2y1y cos 8) (5)

required to wet a fiber mat containing 44 weight %
POSS. Calculations shown in (/9) yield the pres-

sure required to increase the curvature of a liquid
droplet until it impinges on the next level of fibers.
These pressures (normalized with the capillary
pressure) are also shown in Fig. 2D.

An extremely useful application for these
porous electrospun materials can be deduced
by noticing that many of the electrospun sur-

A 2D

faces with low POSS concentrations are both
superhydrophobic and superoleophilic (O3ane =
0°). Thus, these surfaces are ideal for separating
mixtures or dispersions of alkanes (oils) and
water (36), as shown in Fig. 2E.

It is the local surface curvature that plays a
key role in driving the oleophobicity of electro-

2w

Fig. 3. Critical role of re-entrant curvature. (A and B) Cartoons highlighting the formation of a
composite interface on surfaces with re-entrant topography (for both fibers and micro-hoodoos). The
geometric parameters R, D, H, and W characterizing these surfaces are also shown. The blue surface is
wetted while the red surface remains nonwetted when in contact with a liquid whose equilibrium
contact angle is 6 (< 90°). (C and D) SEM micrographs for two micro-hoodoo surfaces having square
and circular flat caps, respectively. The samples are viewed from an oblique angle of 30°.
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Fig. 2. (A and B) 6}, (red dots) and 6;,. (blue squares) for hexadecane and
decane, respectively, on the electrospun surfaces.
angles on corresponding spin-coated surfaces (8,4,) are also shown. The inset
of (A) shows a drop of hexadecane (dyed with Oil Red O) on a 44 weight %
fluorodecyl POSS electrospun surface. (€) 64, for hexadecane, dodecane,
decane, and octane as a function of 6,4,. (D) Normalized breakthrough pres-
sure required to transition irreversibly from the metastable Cassie to the Wenzel
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The maximum contact
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Mass Fraction Fluorodecyl POSS

state on the surface of fibers containing 44 weight % fluorodecyl POSS.
Our predictions for the breakthrough pressure (19) using R = 500 nm and
D = 4 um are also shown. (E) A steel grid (square pores with 1-mm spacing)
coated with electrospun fibers containing 9.1 weight % fluorodecyl POSS used
for oil-water separation. Octane droplets (colored with Oil Red O) easily pass
through the membrane, whereas water droplets (dyed with methylene blue)
bead up on the surface (see movie S2).
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spun fibers. To support this thesis, we fabricated
model re-entrant structures (i.e., surfaces having
concave topographic features) of the form shown
in Fig. 3, B to D. These structures were fabricated
on flat Si wafers by means of SiO, deposition
followed by a two-step etching process com-
prising reactive ion etching of SiO, and sub-
sequent isotropic etching of Si with the use of
vapor-phase XeF, (79). This results in undercut
silicon pillars (covered with a 300-nm layer of
Si0,) and troughs. Because of their similarity to
geomorphological features, we refer to these
structures as micro-hoodoos (37). A key design
feature of both of the electrospun fiber and
hoodoo surfaces is that they possess re-entrant
curvature, in addition to exhibiting both the de-
sired characteristics of “roughness” (i.e., » > 1)
and low wetted surface fraction (i.e., o5 < 1)
embodied in Egs. 1 and 2.

The flat liquid-air interface shown schemat-
ically in Fig. 3, A and B (38) is in contact with
the electrospun fibers and the micro-hoodoos.
As a direct result of re-entrant curvature, for any
value of 0° < 0 < 180°, each surface in Fig. 3, A
and B, provides a point somewhere along the
fiber or cap length at which Young’s equation is
satisfied locally at the air-liquid-solid interface
(10, 11, 34). This is in contrast to other common
patterned supports [e.g., arrays of vertical posts
(25)], which can form a composite interface and
satisfy the Young equation only if 6 > 90°. It is
therefore possible to form a composite interface
on re-entrant curved surfaces, with the drop
sitting partially on air, and thus have 6* >> 90°
even with 6 < 90°. However, this Cassie state is
only locally stable, because the total energy of
the system decreases appreciably (/9) if the
liquid advances and completely covers the

fibers/hoodoos, leading to a fully wetted inter-
face (11, 39).

Analysis of these re-entrant geometries yields
two important design parameters (/9). For the
electrospun fibers, the first is the spacing ratio
D* = (R + D)/R (where R is the radius of the
fibers), which directly affects ¢ (8) and thus the
apparent contact angle. The second is the ro-
bustness parameter H* = 2(1 — cos G)Rlcap/D2
[where ., = (viw/pg)"?], which measures the
robustness of the metastable Cassie state with
respect to the fluid properties, equilibrium con-
tact angle, and surface geometry. Varying the R
and D values of these structures has competing
effects on the apparent contact angles and the
stability of the composite interface. Thus, the
metastable Cassie state may not be accessible in
practice on every surface that possesses re-
entrant curvature, depending on the applied
pressure required to transition irreversibly from
the metastable Cassie to the Wenzel state. How-
ever, it is clear that to maximize both 6* and the
stability of the Cassie state, we seek sparsely
spaced, highly re-entrant surfaces with both
H* >> 1 and D* >> 1. This is why our elec-
trospun mats of nanofibers (D* = 9; H* = 46
for octane on fibers containing 44.1 weight %
POSS) provide a more robust Cassie state than
do prototypical wire gratings (8) (D* = 1.9 to
5.8; H* =0.76 to 7.6 for octane), even at higher
porosities.

Evaluating the magnitudes of these dimen-
sionless design parameters also helps explain
the oleophobicity observed for aggregates of
anodized alumina (5, 16), plasma-treated
cotton fibers (/4), and spherical arrays of
poly(tetrafluoroethylene) (PTFE) particles (17),
as well as superhydrophobicity obtained on a

ob
0

[
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shape of the hoodoo caps had no effect
on the contact angle, and the wetted
area fraction ¢ was found to be the only

important parameter. Predictions from the Cassie equation (8) are also included for comparison

(dashed lines).
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hydrophilic substrate with a “popcorn-like” mor-
phology (/8). Re-entrant structures on the lotus
leaf surface, in the form of “overhangs™ (2, 40)
on the hemispherical nubs (inset, fig. S8A), are
also the reason for its unexpectedly high hy-
drophobicity.

For the micro-hoodoo geometry, the design
parameters take the form D* = [(W + D)W ]
and H* = 2[(1 — cos O)R + H]Icap/Dz. Because
the hoodoo spacing () and height (H) can be
varied independently for these surfaces (Fig. 3B),
we can easily decouple variations in D* and H*
and thus engineer surfaces with both higher ap-
parent contact angles and much greater robust-
ness than even the electrospun fibers can provide.

During the patterning and etching process
for fabricating the micro-hoodoos, we also left
untextured areas, thus enabling the measurement
of both 8 and 6* on the same wafer. For water
on the textured surfaces (Fig. 4A), re-entrant
curvature in the absence of any chemical surface
treatment leads to 04, = 143° (0. = 104°; D* =
2.3). By comparison, for water on the smooth
portion of the same wafer, 0,4, = 10°. The
robustness of the metastable Cassie state on the
SiO, micro-hoodoo surface (with H#* = 1560 for
water) is illustrated in Fig. 4B. The re-entrant
surface resists both the advancing (4/) and
receding of the water droplet. The images of the
receding droplet also highlight the high hysteresis
(A6* = 39°) on the textured surface; however, it is
clear that the water droplet has not reached the
SiO, surface at the base of the hoodoos, in which
case it would have been impossible to withdraw
the water droplet completely.

The SiO, hoodoos were then treated with vapor-
phase 1H,1H,2H,2H-perfluorodecyltrichlorosilane
to lower v, chemically and hence combine low
surface energy with re-entrant surface curvature.
The advancing and receding contact angles for
octane on the silanized hoodoo surfaces (D* =
2.3 t0 9; H* = 64 to 1040 for octane) are shown
in Fig. 4C as a function of ¢, or 1/D*. The inset
of Fig. 4C shows a drop of octane on a silanized
micro-hoodoo surface (¢, = 0.11, D* =9, H* =
64; 044y = 163°, 07 = 145°). A 10-ul drop of
octane can easily be rolled off this surface by
tilting to 15°. Corresponding measurements for
octane on a smooth SiO, surface (rq = 0.5 nm)
covered with the same silane coating yielded
only 6,4, = 55°, 0 = 50°. The contact angles
monotonically increased with decreasing wetted
area fraction ¢. This is in broad agreement with
Eq. 2 (42) and results from the variable resistance
offered to the receding meniscus, which is ex-
pected to be proportional to the total number of
re-entrant structural elements at the air-liquid-
solid three-phase contact line. Silanized micro-
hoodoos with o5 = 0.03 (D* = 36, H* = 10) are
fully wetted by octane.

We have demonstrated two different ap-
proaches for fabricating surfaces possessing re-
entrant curvature. In each case, the re-entrant
textures allow for the possibility of constructing
extremely nonwetting surfaces that can support
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the Cassie state with water and various organic
liquids. The presence of re-entrant curvature,
though, is not a sufficient condition for devel-
oping highly nonwetting surfaces; the Cassie
state may be inaccessible in practice if the
applied pressure (or energy barrier) required to
transition from the Cassie to the Wenzel state is
small. However, by independently controlling
both the chemical and topographic nature of
surfaces (as embodied in two dimensionless de-
sign parameters, D* and H*), we have shown
that it is possible to design extremely robust
nonwetting surfaces.
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The Equatorial Ridges of Pan and Atlas:
Terminal Accretionary Ornaments?

Sébastien Charnoz,™* André Brahic, Peter C. Thomas,? Carolyn C. Porco®

In the outer regions of Saturn’s main rings, strong tidal forces balance gravitational accretion
processes. Thus, unusual phenomena may be expected there. The Cassini spacecraft has recently
revealed the strange “flying saucer” shape of two small satellites, Pan and Atlas, located in this
region, showing prominent equatorial ridges. The accretion of ring particles onto the equatorial
surfaces of already-formed bodies embedded in the rings may explain the formation of the ridges.
This ridge formation process is in good agreement with detailed Cassini images showing differences
between rough polar and smooth equatorial terrains. We propose that Pan and Atlas ridges are
kilometers-thick “ring-particle piles” formed after the satellites themselves and after the flattening
of the rings but before the complete depletion of ring material from their surroundings.

n images sent by the Voyager spacecraft in
the early 1980s, two small satellites were dis-
covered orbiting inside Saturn’s rings (/, 2),
where Roche (3) had shown that strong tidal
forces prevent the formation of any big satellite.
Pan is located in the A ring’s Encke Gap at
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Université Paris 7/CNRS, 91191 Gif-sur-Yvette Cedex, France.
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CO 80301, USA.

*To whom correspondence should be addressed: charnoz@
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133,600 km from Saturn’s center, and Atlas or-
bits at 137,700 km from Saturn’s center, just
outside the A ring. The Cassini spacecraft has re-
cently resolved them both. Their shapes (Fig. 1)
are close to oblate ellipsoids, with equatorial
radii of 16.5 and ~19.5 km, and polar radii of
~10.5 km and 9 km for Pan and Atlas, re-
spectively. These dimensions (4) are close to the
moons’ Hill radii (corresponding to the satellites’
gravitational cross sections). More unexpectedly,
both have a prominent equatorial ridge. These
ridges are roughly symmetric about the bodies’
equators and give them the appearance of a
“flying saucer.” Assuming that Pan and Atlas

D-7

are rotating synchronously around Saturn (like
the Moon around the Earth), consistent with
Cassini images taken at several different times
(%), Pan’s ridge extends from —15° to +15°
latitude (+~5°) and apparently entirely encircles
the satellite. Atlas’ ridge extends from —30° to
+30° latitude (+:10°) on the trailing side, whereas
on the leading side the ridge is much less prom-
inent, with a modest depression on the leading
side near the equator (4) (Fig. 1C).

Recent work (6) has shown that a fast rota-
tion may explain the diamond shape of the near-
earth asteroid 1999 KW4 because of the balance
of the centrifugal and gravity forces at the as-
teroid’s equator. This mechanism seems, how-
ever, inadequate to explain the shapes of Pan
and Atlas: Their rotation periods 7' (~14 hours)
are much too long for centrifugal forces to
balance surface gravity (which requires 7 ~ 5
hours). In addition, Saturn’s tidal stress would
elongate the moons in the radial direction (3, 7)
rather than create an equatorial ridge. Therefore,
neither centrifugal nor tidal forces seem ade-
quate to explain these ridges.

A number of circumstances led us to in-
vestigate a different scenario for the creation of
the ridges: (i) Contrary to other resolved sat-
ellites, Pan and Atlas are embedded in Saturn’s
rings. (i) The ridges are equatorial and precisely
in the same plane as Saturn’s rings. (iii) The
vertical motion of Atlas (and perhaps Pan)
through the rings is approximately equal to the
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