
SURFACEMODIFICATION WITH POLYHEDRAL OLIGOMERIC
SILSESQUIOXANES SILANOLS This application claims the
benefit of U.S. Provisional Patent Application Serial
Number 60/648,327 filed January 27, 2005. BACKGROUND
OF THE INVENTION This invention relates generally to
nanoreinforced coatings with improved hydrophobicity,
thermal stability, hardness and durability.
Significant opportunity exists for technology that can
compatabilize the interfaces between dissimilar
materials. Polymers in particular utilize a wide
variety of inorganic materials as fillers to impart
desirable electrical, thermal, mechanical and other
physical properties in the final composition. The
hydrocarbon composition of polymers often renders them
incompatible with the inorganic composition of most
filler systems. (Polymers include aliphatics,
olefininic, aromatic, and heterofunctional systems
(representative examples include polyethylene,
polypropylene, polybutadiene, polyethers, polyimides,
epoxides, acrylics, styrenics, polysulfides,
polysulfones, polycarbonadtes, polyesters,
polyamindes). Also included are all classes of
polymers, for example glasses, semicrystalline,
crystalline and elastomers. (Representative fillers
include fillers such as layered silicates, clay,
calcium carbonate, talc, Wollanstonite, diatomacious
earth Kaloin, ATH (aluminum 



trihydrate),vermiculite, baryte, glass, metal, metal
oxides, and wood.) It has become common practice to
treat the surfaces of particulate fillers with
surfactants and silane coupling agents to promote
surface compatability between these disimilar material
types. An extension of this practice has been to
utilize silanes and surfactants as exfoliants in the
gallery layers of mineral and synthetic silicates.
(Mineral and synthetic silicates include bentonite,
hectorite, montmorillonite.) The goal of such surface
interior and exterior surfacemodification has been to
expand the spacing between adjacient silicate sheets
and to compatabilize their interior surfaces to
polymers and thereby improve both their dispersion and
reinforcement characteristics. Description of Prior
Art Although the prior art has proven to be
satisfactory for a multitude of industrial
applications, this art is limited in its ability to
compatabilize surfaces with a discrete and well
defined nanoscopic structural topology. Such control
is desirable in that it would afford rational control
over surface design and function. Furthermore, it
would enhance surface tailorability toward improved
bonding, reliability, and resistance to attack by
staining agents and destruction through the presence
of well defined nanotopology. Compatabilization of
macroscopic surfaces (one millionth of a meter
features) at the nanoscopic level (one billionth of a
meter features) is desirable because it allows for
increased detail of features, durability, and
reinforcement of polymer chains at multiple length
scales. The limitation of 



the prior art to provide such advantages directly
results from an inability to control the
surface-assembly and structure for the surface
modification agents once they are placed on a filler
or surface. Furthermore, the limited thermal stability
of traditional surfactant treatments is a key factor
that reduces the thermal and mechanical performance of
clay-based nanocomposites. The present invention
describes the use of nanostructured hybrid
"organic-inorganic" chemicals as interior and exterior
surface treatments and exfoliants for macroscopic
fillers. Prior art with nanostructured polyhedral
oligomeric silsesquioxanes (POSS and spherosiloxanes)
reports their utility as corrosion resistant materials
but makes no mention of their application and utility
in composite, nanocomposite or filler technologies in
which theirnanoscopic size, hybrid compostion and
interfacial compatabilizing properties are utilized to
improved physical properties. See U.S. Patent No.
5,888,544. SUMMARY OF THE INVENTION Nanoreinforced
coatings with improved hydrophobicity, thermal
stability, hardness, and durability have been
developed from polyhedral oligomeric silsesquioxane
(POSS) reagents and resins. POSS reagents bearing
silanols are particularily useful for coating fillers
derived from minerals, metals, glasses, and polymeric
materials. The nanoscopic dimensions and hybrid
(organic/inorganic) composition of POSS reagents are
highly effective at improving the compatability of
macroscopic and nanoscopic particulate fillers with a
wide 



range of dissimilar materials including polymeric,
biological, hydrocarbon and aqueous systems. The
preferred coating agents utilize POSS-silanols,
POSS-alkoxides, POSS-chlorides, and POSS-salts. POSS
nanostructures containing functionalized heteroleptic
compositions corresponding to formula
[(RSiO1,.X1(RXSiO10)J (m, n, # = even and odd integers
1- 1,000; R = hydrocarbon, silane or siloxy groups; X
= OH, Cl, OR) are most desired. The preferred
processes for coating include solventless spraying,
flame spraying, melt flowing, and vapor deposition.
These processes are advantagous because they do not
produce nor utilize volatile organic chemicals and
hence are emission free. Alternatively, traditional
solvent based methods of application can be utilized
and include spin coating, dipping, painting, and
spraying. POSS reagent and resin systems are also
desirably utilized in the exfoliation of layered
silicates and in the compatabilization of fillers
including, clay, calcium carbonate, talc,
Wollanstonite, diatomacious earth Kaloin, ATH
(aluminum trihydrate), vermiculite,Baryte, glass,
metal, metal oxides, and wood. The resulting
POSS-modified fillers exhibit improved hydrophobicity,
improved dispersion and rheological properties, fire
retardancy, and refractive index. POSS modification of
such macro- and nanoscopic fillers afford such fillers
with a multi-scale reinforcement (macro to nano)
capability and thus enable the improvement of the
thermal, mechanical, gas permeability and other
physical properties of 



thermoplastic or thermoset resin systems which have
ultimate utility in electronics, medical devices,
sporting goods, and aerospace as coatings and
structural components. The present invention teaches
the use of nanostructured POSS chemicals as surface
treatments for the introduction of nanoscopic surface
features onto macroscopic and nanoscopic fillers and
surfaces. The nanoscopic surface features provided by
the POSS agents further serve to compatabilize these
fillers with the nanoscopic length scales present in
polymer systems to provide multi-scale levels of
reinforcement in polymeric coatings, composities and
nanocomposites. The POSS-surface modification agents
can be applied using all conventional coating
techniques including slurry, spin-coating, painting
spraying, flowing and vapor deposition. POSS-surface
modification agents are readily available from
commercial silane feedstocks. The preferred structures
and compositions are functionalized compositions
corresponding to formula [(RSiO1,.X1(RXSiO1 )",] # (m,
n, # = even and odd integers 1-1,000; R = hydrocarbon,
silane or siloxy groups; X = OH, Cl, OR). BRIEF
DESCRIPTION OF THE DRAWINGS Figure 1 shows the anatomy
of a POSS nanostructured chemical. Figure 2 shows
physical size relationships of a traditional silane
applied to a surface as a monolayer (left) and
nanostructured coupling agents applied as
monolayers.Figure 3 shows multi-length scale
reinforcement (nano-macro) provided through
POSS-surface modification of macroscopic surfaces. 



Figure 4 shows structural representations; for POSS
silanol coupling agents R can be a functionalized
group suitable for coupling to a polymer. Figure 5
shows examples of nanostructured surface modification
agents that include POSS-mono, di-, and tri- silanols;
POSS-siloxides; halides; and POSS-resins. Figure 6
shows representative intercalation/exfoliation of two
silicate sheets by POSS. Figure 7 shows selected X-ray
diffraction maxima for potassium montmorillonite (MMT)
and MMT exfoliated with POSS silanols.DEFINITION OF
FORMULA REPRESENTATIONSFOR NANOSTRUCTURES: For the
purposes of understanding this invention's
nanostrucured chemical compositions the following
definitions for formula representations of Polyhedral
Oligomeric Silsesquoxane (POSS) and Polyhedral
Oligomeric Silicate (POS) nanostructures are made:
[(RSiOi 5X(R1SiOi 5)Jy#  r heteroleptic compositions
(where R  R') [(RSiOi )n(RXSiOi )m]y#  r
functionalized heteroleptic compositions (where R
groups can be equivalent or inequivalent) In all of
the above R = organic substituent (H, siloxy, cyclic
or linear aliphatic, aromatic, or siloxide groups that
may additionally contain reactive functionalities such
as alcohols, esters, amines, ketones, olefins, ethers
or halides). X includes but is not limited to OH, Cl,
Br, I, alkoxide (OR), acetate (OOCR), peroxide (OOR),
amine (NR2 ) isocyanate (NCO), and R. The symbols m
and n refer to the stoichiometry of the composition.
The 



symbol indicates that the composition forms a
nanostructure and the symbol # refers to the number of
silicon atoms contained within the nanostructure. The
value for # is usually the sum of m+n. It should be
noted that # 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). Nanostructured chemicals are defined
by the following features. They are single molecules
and not compositionally fluxional assemblies of
molecules. They possess polyhedral geometries with
well-defined three-dimensional shapes. Clusters are
good examples whereas planar hydrocarbons, dendrimers
and particulates are not. They have a Nanoscopic Size
that ranges from approximately 0.7 nm to 5.0 nm.
Hence, they are largerthan small molecules but smaller
than macromolecules. They have systematic chemistries
that enable control over stereochemistry, reactivity
and their physical properties. DETAILED DESCRIPTION OF
THE PREFERRED EMBODIMENT A strucutural representation
for nanostructured chemicals based on the class of
chemicals known as polyhedral oligomeric
silsesquioxanes (POSS) is shown in Figure 1. Their
features include a unique hybrid (organic-inorganic)
composition that possesses many of the desirable
physical characteristics of both ceramics (thermal and
oxidative stability) and polymers (processability and
toughness). In addition they possess an inorganic
skeleton which is externally covered by
compataiblizing organic groups R and reactive 



groups X where R = organic substituent (H, siloxy,
cyclic or linear aliphatic or aromatic groups that may
additionally contain reactive functionalities such as
alcohols, esters, amines, ketones, olefins, ethers or
halides). X includes but is not limited to OH, Cl, Br,
I, alkoxide (OR), acetate (OOCR), peroxide (OOR),
amine (NR2 ) isocyanate (NCO), and R. This inorganic
skeleton coupled with the peripheral groups combine to
form chemically precise cubic like building blocks
that when applied to a surface provide a regular and
well defined surface topology. A particularly
advantageous feature provided by nanostructured
surface modification agents is that a single molecule
is capable of providing five times the surface area
coverage relative to that provided by comparable
silane coupling agents applied in a hypothetical
monolayer fashion. The dimensions utilized in the
example in Figure 2 are taken from single crystal
X-ray data for systems where R = cyclohexyl and
support this statement.When applied to both
macroscopic surfaces (fibers, fillers, particulates,
etc) or to nanoscopic surfaces (nanoparticles,
fillers), POSS chemicals provide a surface topology
that is truly nanoscopic. Depending upon the number of
surface bonding sites the POSS cages assemble
themselves on the surface in a regular pattern to
provide a regular pattern of nano building blocks. We
have found that POSS-silanols are the most cost
effective and affordable entities to be utilized as
surface modifiers. POSS-silanols are also preferable
as they readily react with other polar surface groups
(e.g. Si-OH ) to form thermally stable 



silicon-oxygen linkages to the surface. The assembly
of POSS-mercaptos and POSS-Silanes on various surfaces
has been reported. Surface modifications using
POSS-mercapto systems has been shown to be
advantageous in both aiding the despersibility of
fillers and in improving their interfacial
compatability. When applied to surfaces nanostructured
chemicals also provide the advantage of multi-length
scale reinforcement. The example shown in Figure 3 is
representative of a macroscopic filler surface (milli
to micron dimensioned (1O to 10 meters)) modified with
POSS-surface modification agents with nanometer
dimensions of 10 9 meters. A filler (or fiber)
modified in such a manner is capable of providing both
macroscopic reinforcement (via particle size) and
nanoscopic reinforcement via the POSS surface
treatment. An additional advantage of POSS-silanols as
surface modifiers is derived from the fact that they
are emission free. The nanoscopic size of
POSS-silanols renders them nonvolatile as comparied to
traditional silane and organic-based surfactants. The
inherent stability of POSS-silanols is unique and thus
eliminates the in situ production and release of
volatile organic components such as alcohols or acid
as is necessary to occur prior to the bonding and
adhesion of a traditional silane coupling agent to a
surface. ConsequentlyPOSS-silanols are also less
flammable due to their lower volatility and the
emissionless processing advantages. 



POSS-silanols are also capable of chemically coupling
two dissimilar material types together through the
incorporation of reactive groups (such as vinyl,
amino, epoxy, methacrylic etc.) directly onto the cage
(Figure 4). This capability is analogous to the widely
known capability offered by silane coupling agents.
Surface Modification with Nanostructured POSS-Silanols
Nanostructured chemicals are part of a global
nanotechnology trend (smaller, cheaper, and molecular
control) that is directly impacting all aspects of
business and business products. A simple and
cost-effective approach to the modification of fibers
and mineral particulates is the application of
nanostructured chemicals to the surfaces of these
macroscopic reinforcements. This approach is analogous
to the coating of surfaces with organosilanes,
coupling agents, ammonium salts, or other surface
modifiers. Surface modification with nanostructured
chemicals, however, can be more effective at promoting
compatibility, retarding moisture and in controlling
coating structure which ultimately improves coating
durability and reliability. A number of POSS monomers
and reagents have been developed for surface
modification purposes. Such systems can be considered
the nanostructural analogs to traditional silane
coupling agents (Figure 5). 



POSS surface modification agents can be applied to
minerals, glass, metal, ceramic, and polymeric
surfaces via solution processing, melt spraying, or
vapor deposition. The polargroups (e.g. silanol,
silane, alkoxy, etc.) on each POSS system provide a
chemical point of attachment to the filler surface
while the remaining organic groups on the
nanostructure render the surface hydrophobic and
provide compatibility between the filler and the
polymer matrix (see Figures 2 and 3). Additionally,
the surface of such treated fillers is now suitable to
interact with a polymer matrix at the nanoscopic level
and thus provides nanoscopic, as well as macroscopic,
reinforcement of polymer chains. The resulting
multi-scale reinforcement provides broader function
and value for traditional macroscopic reinforcements.
Treatment of metal surfaces with POSS technology has
been shown to provide excellent corrosion resistance
even at elevated temperatures while the treatment of
minerals with POSS has been shown to reduce moisture
uptake and improve their dispersive qualities.
Traditional silane coupling agents (e.g. RSiXs)
typically possess one R group and contain three
functionalities that are susceptible to hydrolysis
(e.g. X = Cl, OCH3). It is common to depict the
surface coverage of a coupling agent as a monolayer
despite the fact that it has been shown that coupling
agents applied from solutions as dilute as 0.25% are
capable of depositing surface coatings that can be up
to eight layers thick. It is also known that such
coupling agents must be activated through hydrolysis
to the intermediate silanol 



species (e.g. RSi(OH)3) prior to bonding with the
surface to be coated. This activation process results
in the elimination of hazardous volatile organic
components such as HCl and methanol. Nanostructured
coupling agents offer significant advantages over
traditional "small molecule" technology. Figure 2
provides a comparison of the physical dimensions of a
"silane monolayer" to those of a nanostructured
coupling agent. It is clear from comparison of the
area covered by each that the nanostructured coupling
agents provide much greater hydrophobicity and
increased surface coverage relative to a traditional
silane monolayer.Additional benefits include the fact
that a more regular surface coverage may be achievable
given that the nanostructure has a well-defined
polyhedral structure as opposed to the random
structure produced by multiple layers of
polyfunctional silanes. Also, POSS nanostructures do
not require activation through hydrolysis since
POSS-silanols are airstable, have indefinite shelf
lives and can be reacted directly with the surface to
be treated. Other desirable attributes obtained from
the use of nanostructured POSS silane coupling agents
include the ability to tailor the compatibilizing
R-groups on the nanostructure to match the solubility
characteristics of the resin matrix. Additionally,
POSS-silanol systems can be applied in solventless
fashion and therefore are free from volatile organic
components (VOCs), thus eliminating emissions and
exposures to the VOCs present in traditional coupling
agents. Table 1. Comparative summary of traditional
silane coupling agents relative to 



nanostructured POSS coupling agents.
Intercalation/exfoliation with POSS-Chemicals
POSS-reagents and molecular silicas are also
proficient at coating the interior surfaces of
minerals, and in particular layered silicates. When
applied as coatings to mineral or other porous
materials the POSS-entity can effectively impart
greater compatability of the mineral toward selective
entry and exit of gases and other molecules such as
solvents, monomer and polymers. In a similar capacity
both POSS-silanols and the nonreactive molecular
silicas can enter the internal galleries of layered
silicates and simultaneously act as a spacer
andcompatabilizer of the galleries to impart such
materials with a greater affinity for intercalation
and exfoliation by polymerizable monomers and polymer
chains (Figure 6). This enhanced compatability
directly results from the compatabilizing influence of
the organic R-groups located on each of the corners of
the POSS cage. The ability of these R groups to enable
compatability is directly derived from the principal
of like dissolves like. This fundamental principal
simply states that substances of like composition (or
chemical potential) are more compatable than
substances for dissimilar composition (chemical
potential). Hence through the proper match of R
substituent on the POSS-cage with the hydrocarbon
composition of a polymer chain, POSS can organically
modify silicates and other like materials and thereby
compatabilize them with organic compositions. The
ability of POSS-silanols to effectively intercalate
and ultimately exfoliate layered 



silicates has proven through X-ray diffraction
experiments. The X-ray diffraction technique provides
a sensitve measure of the layer spacing between
stacked silicate sheets. The plot of incident X-ray
angle relative to intensity level for potassium
montmorillonite, and this same montmorillonite coated
with two different POSS-trisilanols is shown in Figure
7. The untreated diffraction maxima for
montmorillonite (MMT) corrsponds to a 2Q value of 7.14
which correlates to an gallery spacing of 12.4 A.
Treatment of the MMT with the POSS silanols of formula
[(EtSiO1 4(Et(OH)SiO 10)3] 7 (EthylT7) or
[(1-BuSiO15)4(IBu( OH)SiO 10)3] 7 (isobutylT7)
resulted in a shifting of this maximum to a lower
2Qvalue of 5.94 for (EthylT7) and 2Qvalue of 5.86 for
(isobutylT7) which corresponds to intergallery
spacings of 14.96 A and 15.10 A respectively.
Considering that the approximate dimensions of
[(EtSiO1 )4(Et(OH)SiO 10)3]]T7 and/or [0-BuSiO
1P4O-Bu(OH)SiO10)3] 7 nanostructures are approximately
14A, it can be affirmedthat the increase in gallery
spacing between the silicate layers of the
montmorillonite was increased by the presence of POSS
in the gallery. The POSS located in the gallery is
bonded to the internal surfaces which include both the
silicate and potassium/sodium counter cations. Note
that once the gallery layers are separated to this
level it is also physcially possible for non-silanol
bearing POSS entities to also enter the gallery yet
not bond to the interior surface. POSS molecular
silicas of the formula [(RSiOi.5)n] # and
POSS-monomers are examples of such nonbonding
penetrants/exfoliants. The additional diffraction
maximum located at 2Q= 



8.72 for the (EthylT7) and 2Q= 8.65 the (isobutylT7)
systems indicates that these POSSsilanols are also
present on the outer edges and surface of the
montmorillonite sheets. Method of Application and
Processing POSS-silanols, molecular silicas and
POSS-resins naturally exist as low and high melting
solids and as oils. They also exhibit a high degree of
solubility in wide range of common solvents which
include aromatics, hydrocarbons, halogenated systems
and a variety of organic monomers including styrene,
acrylics, ring strained and unstrained olefins,
glycidals, esters, alcohols, and ethers. Their ability
to melt and dissolve thus enables them to be applied
using all conventional coating techniques including
slurry, spin-coating, painting spraying, flowing and
vapor deposition. A typical solvent-assisted method of
application involves dissolving the POSS entity in a
desired solvent at a 0.1 wt% to 99 wt.% level and then
placing this solution into contact with the material
or surface desired to be coated. The solvent is then
typically removed through evaporation and excess POSS
can then be removed from the material or surface by
physical wiping or by washing with additional solvent.
The amount of material absorbed onthe surface will
vary by POSS composition, surface type and application
method. Typical loadings for POSS-trisilanols on
various material surfaces are shown below in Table
2.Table 2. Typical loading level for various
POSS-silanols on various material surfaces. Surface
Coating and Extraction Studies Once applied to a
material surface POSS-silanols have proven to exhibit
excellent 



adhesion and durability properties. The adhesion
however can be further enhanced through mild heating
of the freshly treated material or surface. For
example heating at temperatures as low as 12O0C
enhance the bonding of POSS-silanols presumably
through accelerating the bonding of polar surface
groups with the reactive silicon-oxygen groups of
POSS-silanols. Table 3 contains extraction data for
selected materials coated with various POSS-silanols
prior to and after heat treatment.Table 3. Typical
loading level for various POSS-Silanols on various
material surfaces. EXAMPLE Solvent Assisted
Application Method. IsooctylPOSS-trisilanol (100 g)
was dissolved in a 400 ml of dichlormethane. To this
mixture was added 500 g of montmorillonite. The
mixture was then stirred at room temperature for 30
minutes. The volatile solvent was then removed and
recovered under vacuum. It should also be noted that
supercritical fluids such as CO can also be utilized
as a replacement for flammable hydrocarbon solvents.
The resulting free flowing solid may then be either
used directly or subjected to mild heat treatment of
approximately 120C prior to use. If desired the heat
treated material may then be rinsed with
dichloromethane to remove traces of nonbound material.
What is claimed is:CLAIMS 1. A method for introducing
a nanoscopic surface feature onto a substrate selected
from the group consisting of zeolites, synthetic and
natural silicates, silicas, aluminas, minerals, 



natural and man-made fibers, glass, and metallic
fibers, comprising coating the substrate with a
nanostructured chemical. 2. The method of claim 1,
wherein the substrate is coated with a mixture of
nanostructured chemicals. 3. The method of claim 1,
wherein the nanostructured chemical is selected from
the group consisting of polyhedral oligomeric
silsesquioxane, polyhedral oligomeric silicates, and
polymers thereof. 4. The method of claim 1, wherein
the nanostructure chemical intercalates the substrate.
5. The method of claim 1, wherein the nanostructure
chemical exfoliates the substrate. 6. The method of
claim 1, wherein the substrate is coated using a
solventless technique. 7. The method of claim 6,
wherein the solventless technique is molten-state
processing. 8. The method of claim 1, wherein the
substrate is coated using a solvent assisted
technique. 9. The method of claim 8, wherein the
solvent assisted technique is selected from the group
consisting of spray, flow and mixing processing
techniques. 10. The method of claim 1, wherein the
substrate is coated using a super critical fluid
assisted technique.11. The method of claim 10, wherein
the super critical fluid assisted technique comprises
) spray, flow and mixing processing techniques. 



I 12. A composition comprising particles of a
substrate selected from the group consisting I of
zeolites, synthetic and natural silicates, silicas,
aluminas, minerals, natural and man-made fibers,
glass, and metallic fibers, and a nanostructured
chemical coating on said particles. 1 13. The
composition of claim 12, wherein the nanostructured
chemical is derived from a I member of the group
consisting of POSS-silanols, siloxides of the formula
3 [(RSiOi.5)4(RXSiOi.o)3] 7, polysilsesquioxanes
[(RSiO i.5)n]#, and POSS fragments
[(RSiOi.5)m(RXSiOi.o)n]S#. 1 14. The composition of
claim 13, wherein the nanostructured chemical is a
siloxide of the 2 formula [(RSiOi.5)4(RXSiOi.o)3] 7,
where X is OH or OR. 1 15. The composition of claim
12, wherein the group consists of synthetic and
natural 2 silicates and silicas, and wherein the
particles of substrate are intercalated or exfoliated
by the 3 nanostructured chemical. 1 16. The
composition of claim 15, wherein the nanostructured
chemical is derived from a 2 member of the group
consisting of POSS-silanols, siloxides of the formula
3 [(RSiO i.5)4(RXSiOi.o)3]7, polysilsesquioxanes
[(RSiOi.5)n]S#, POSS fragments i
[(RSiOi.5)m(RXSiOi.o)n] #, and nonfunctionalized
[(RSi0i.5) m(RSi0i.5)J S# POSS molecular 5 silicas. 1
17. The composition of claim 16, wherein the
nanostructured chemical is Siloxides of the 



2 formula [(RSiO i.s)4(RXSi0 1.o)3]7 where X is OH or
OR.18. The method of claim 1 wherein the
nanostructured chemical reactively bonds to the
substrate. 19. The method of claim 1 wherein the
nanostructured chemical non-reactively bonds to the
substrate. 


