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OLI GOVERI C  SI LSESQUI OXANES SI LANCLS This application clains the benefit of
U.S. Provisional Patent Application Serial Nunber 60/648,327 filed January
27, 2005. BACKGROUND OF THE | NVENTION This invention relates generally to
nanor ei nforced coatings with inproved hydrophobicity, thermal stability,
har dness and durability. Significant opportunity exists for technol ogy that
can conpatabilize the interfaces between dissimlar materials. Polymers in
particul ar wi igbdesesi@ Wi de variety of inorganic mater PEEAISHE6/HB312Ders to

i mpart desirable electrical, thermal, mechanical and other physical
properties in the final conposition. The hydrocarbon conposition of polyners
often renders theminconpatible with the inorganic conposition of nost
filler systems. (Polyners include aliphatics, olefininic, aromatic, and

het er of unct i onalgRIPAEEMODEICATIONWITH FOEYREDRAIL OLXGOMERI(Y et hy! ene,

pol ypropyl ene, pol ybut adi enegpy BRSGHEIORKANESHILANOIRS, epoxides, acrylics,
styrenics, polysulfides, polysulfones, polycarbonadtes, polyesters,

pol yam ndes). Also inc|uded ar Il _cl s_of , polyners, for exanmple
gl asses, seni crips applicgiion ‘g‘i“?’ét‘g? I%F‘F?gt °§§§§e}”8§{sgﬁﬁr%@tﬂ’(‘ Reppligation el e
fillers include fillers such as Iaﬁred silicates, clay, calcium carbonate,

talc, Vol | NanbeePwoa8.33] tedfapaydd. 2999t h Kal oi n, ATH (al umi num

trihydrate),vermculite, baryte, glass, netal, netal oxides, and wood.) It

has become common practice,to treat the surfaces of particulate fillers
with surfactants and sil an%A&KGROUNDOFTHEINVENTION

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,'polyanﬁndes).
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 surface



coupling agents to pronote surface conpatability between these disimlar
material types. An extension of this practice has been to utilize sil anes
and surfactants as exfoliants in the gallery layers of mneral and
synthetic silicates. (Mneral and synthetic silicates include bentonite,
hectorite, nontnorillonite.) The goal of such surface interior and exterior
surface WO 2006/ 081512 PCT113S2006/ 003120 2 nodification has been to expand
t he spaci ng between adjacient silicate sheets and to conpatabilize their
i nterior suybaermsisez pol ynmers and thereby inprove bot heaimeszoosdomamer si on  and
rei nforcenent characteristics. Description of Prior Art Although the prior
art has proven to be satisfactory for a nultitude of industrial
applications, this art is limted in ifs ability to conpatabilize surfaces
with a discrete and well defined nanoscopic structural topology. Such
contr ol | SudlEflafiPlnsis ieed R lexdand WRY | sHackle Bieert BAAER! SEAR b AT o511 f aCE
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ével (one Dbillionth of a neter features) is
desirabl e because it allows for increased detail of features, durability,

and rei nf ot cepent polynmer chains at nultiple |l ength scales. The
limtatiorre ripiio 9£n8”&¥art to provide such advantages directly results
froman inability to control the surface-assenbly and structure for the
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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 their



Is a key factor that reduces the thermal and nechani cal performance of

cl ay-based nanoconposites. The present invention describes the use of
nanostructured hybrid "organic-inorganic" chemcals as interior and
exterior surface treatnments and exfoliants for nmacroscopic fillers. Prior
art with nanostructured pol yhedral oligomeric silsesqui oxanes (POSS and
spherosi |l oxanes) reports their utility as corrosion resistant materials but
makes no nention of their application and utility in conposite,

nanocorrposi‘g(gé@%glgél er technol ogies in which their V\Q&%ZJOQM%Z

PCT/ US2006/ nanoscopi ¢ size, hybrid conpostion and interfacia
conpatabilizing properties are utilized to inproved physical properties.
See U S. Patent No. 5,888, 544. SUMMARY3OF THE | NVENTI ON Nanor ei nf or ced
coatings with inproved hydrophobicity, thermal stability, hardness, and
durability have been devel oped from polyhedral oligoneric silsesquioxane
(POSS) r aaupsenpic size hylkrid ¢psmpostiogand iigstapiekcampatabiligingiprepenies argrusilized to
particularily useful for coating fillers derived frommnerals, netals,
gl asses, amproped physichlpropettiss.i Sded].S. Ratent Mo SFB889#4€ di nensi ons and hybrid
(organi c/inorganic) conposition of POSS reagents are highly effective at
I mproving the conpatability of macroscopi c and nanoscopic particul ate
fillers with a wide range SUMMABYOF THERNVENEION | ncl udi ng pol yneri c,
bi ol ogi cal, hydrocarbon and aqueous systens. The preferred coating agents
utilize POSS-silanols, POSS-al koxides, POSS-chlorides, and POSS-salts. PGOSS
nanost r uct ur es Neoereinfoi¢ed crontings twidhnimproved hixdrophobicitpi thermab stpbidity, handaess,

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 [(RSIO, )(RXSIO, )13 (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,



corresponding to formula [ (RS O15)' (RXSi O1)Jz, (m n, # = even and odd

I ntegers 1- 1,000; R = hydrocarbon, silane or siloxy groups; X =04 d, OR
are nost desired. The preferred processes for coating include solventless
spraying, flanme spraying, nelt flowng, and vapor deposition. These
processes are advantagous because they do not produce nor utilize volatile
organi c chem cals and hence are em ssion free. Alternatively, traditional
sol vent based net hods of application can be utilized and include spin
coating, ¢&3thg s1Pai nting, and spraying. PCSS reagePCT/u$2d06/06332h syst ens
are also desira Fy utilized in the exfoliation of |ayered silicates and in
the conpatabilization of fillers including, clay, calciumcarbonate, talc,
Wl | anstonite, diatonacious earth Kal ddn, ATH (alum numtrihydrate),
vermculite, W 2006/ 081512 PCTNS2006/ 003120 4 Baryte, glass, netal, neta
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features onto magrosgopi ¢ and nanosco&lc fillers t%nd_surfaces. The
ul

nanoscopi &CERRplagHe of glresin sYstemsVich hays upsipate 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 [(RSiO )(RXSiO ),lyy (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.



agents further serve to conpatabilize these fillers with the nanoscopic

| ength scales present in polyner systens to provide nulti-scale |evels of
rei nforcenent in polymeric coatings, conposities and nanoconposites. The
FOSS-surface nodification agents can be applied using all conventi onal
coating techniques including slurry, spin-coating, painting spraying,

fl owi ng and vapor deposition. POSS-surface nodification agents are readily
avai l able from comercial silane feedstocks. The preferred structures and
conposition r@sg Qcti onal i zed conpositions correspeadivsmod/asfor nul a

[ (RSI O15), P ﬁ# ]z, (m n, # = even and odd integers 1-1,000; R =

hydr ocar bon, silane or siloxy groups; X = OH d, OR. BRI EF DESCRI PTI ON OF
THE DRAWNGS Figure 1 shows the anatogy of a POSS nanostructured chem cal
Figure 2 shows physical size relationships of a traditional silane applied
to a surface S a ol ayer.(left) .and panostructured coupl|ng,agents

appl i ed as mn@%ﬁgo‘w)}/’?&fﬁ&‘@gl%i]ﬁ rﬁég?‘fﬁg?ﬁ{) 6’%’2"65 Pf)g"ll‘#eau‘ihfé’ shows
nulti-len%th sc&le rej, forc%nent (nano-_macro) provided through POSS-surface
modi f i cat FORSERIRE jiocofdnacrogeapic sufpesdy e 4 shows struct ur al
representations; for FOSS silanol coupling agents R can be a functionalized

group suitable_for cqupling to a polyner. _ F e,. 5 sho exanpl es of
nanostructuredFWFﬁag‘@&ﬁﬁfH?‘:f"FﬁléF?f n%%ﬁifgfi’ﬁgﬁlwef%\é\ism%%?mgedi-, and
tri- silanals; PQOSS-siloxides; halides; and POSS-resins. Figure 6 shows

r epr esent AfvRrdoRalized Eavnyitahle ko coppling fappabfmeryo silicate sheets by POSS.

Figure 7 shows selected X-ray diffraction nmaxi ma for potassium

nontnorillonite, . .
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.



(MVT) and MMI exfoliated with PCSS sil anols. WO 2006/ 081512

PCTI US20061 003120 6 DEFI NI TI ON OF FORMJULA REPRESENTATI ONS FOR
NANOSTRUCTURES: For the purposes of understanding this invention's
nanostrucured chem cal conpositions the follow ng definitions for fornmula
representations of Polyhedral digoneric Silsesquoxane (POS5) and

Pol yhedral A igoneric Silicate (POS) nanostructures are nade:
[(RSIi01.5),(R Si015)n] E# for heteroleptic conpositions (where R# R) [(RSI O
1.5), (RXSi @b fdek¥stz for functionalized heterol eptic cBEPESAHEHI (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 nay additionally contain r@active functionalities such as

al cohol s, esters, am nes, ketones, olefins, ethers or halides). X includes

but is not HEFINIIONOF EORMULAKEPRESENRATIONS FOR NANOSTRUCTURES |
peroxide (OOR), am ne (NR2) isocyanate (NCO, and It. The synbols in and n

refer to the stoichionmetry of the conposition. The synbol E indicates that

the conpositi OFof QhéBpupdIesN ATt iiderstirdingn Ghit hRveniole! ndhoktficared tienti® nunber
of silicon atons contained within the nanostructure. The value for # is

usual |y t R@mp&sitions fthd Tollowihd défimitng fdiSormtlLRpleliatatibas dfPolyhbarhicORNeaBf used as

a multiplier for determning stoichionetry, as it nerel’y describes the
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Nanostructured chemcals are ‘defined by the followi ng teatures. They are
single nolecules and not conpositionally fluxional assenblies of nol ecules.

They possqgssio, 5),R'S iO4 5)al5 4 for heteroleptic compositions (where R #R’)

[(RSiOl_S),,(RXSiOI_O),,,]E# for 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, Ci, Br, I, alkoxide (OR), acetate (OOCR), peroxide (OOR), amine (NRj) isocyanate
(NCO), and R. The symbols m and n refer to the stoichiometry of the composition. The
symbol Y 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 larger



pol yhedral geonetries wth well-defined three-dinensional shapes. Custers
are good exanples whereas planar hydrocarbons, dendrinmers and particul ates
are not. They have a Nanoscopic Size that ranges from approximately 0.7 nm
to 5.0 nm Hence, they are | arger WO 2006/ 081512 PCT/ 1JS2006/ 003120 7 than
smal | nol ecul es but smaller than nmacronol ecul es. They have systematic

chem stries that enable control over stereochem stry, reactivity and their
physi cal properties. DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENT A
strucuturajozrogs&;,psqgnt ation for nanostructured chem cadpubecres8n t he cl ass
of chem cals known as pol yhedral oligoneric silsesquioxanes (POSS) is shown
in Figure 1. Their features include a unique hybrid (organic-inorganic)
conposition that possesses many of the desirabl e physical characteristics of
both ceram cs (thermal and oxidative stability) and polyners
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functionalities such as al cohols, esters, am nes, ketones, olefins, ethers
or halides). ' | A ( , al koxide (OR),
acetate (m@'ﬁéﬁé&?@@gmldghﬂnﬁhME%%? and R This

i norgani ¢ skel eton coupled with the peripheral groups conmbine to form

chem cally prgecjse ubic |1ke i1din | ocks t.hat,when applied to a
surface pr ovi‘%éhﬁcqt‘gélufeafﬂseél%oﬂgﬁﬁ W&W@ﬁedcg%n?lﬁseb?%go@og’g As§ i cul arl y

advant ageou ature prqvid by nanostruct ur ur f ace ification
gc em?caIs own as 1?oly edrale oqigor\;\eric sr%lsesquioxanes (%g)s§) 1Is shown ige‘?gure 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 extemnally 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 (NR,) 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.



agents is that a single nolecule is capable of providing five tinmes the
surface area coverage relative to that provided by conparable silane
coupling agents applied in a hypothetical nonolayer fashion. The di nmensions
utilized in the exanple in Figure 2 are taken fromsingle crystal X-ray
data for systens where R = cycl ohexyl and support this statement. WO

2006/ 081512 PCTI US2006/ 003120 8 When applied to both macroscopi ¢ surfaces
(fibers, fillers, particulates, etc) or to nanoscopic surfaces

(nanoparti cweleoshsisizer s), POSS chem cal s provi de a surg@aag:2éopehmngy that is
truly nanoscopi c. Dependi ng upon the nunber of surface bonding sites the
POSS cages assenble thensel ves on the surface in a regular pattern to
provide a regular pattern of nano buiBdi ng bl ocks. W have found t hat
PCSS-sil anols are the nost cost effective and affordable entities to be
utilized as sufface POSS-.si as_ they

I fiers. | anol s..are al so_pr.eferab

readi |y react B agﬁgrtoda&phpagraﬁ,cpggés 61 be(se.f@lF‘SsP- A% HD19n? her nal |y
stable silicon-oxygen |inkages t.h rface. The assenbly o
POSS- er ¢ APASSOPi Y Bt S1agop s o BB GGy aroues ﬁéﬁ%@i@hﬁm ed.
Surface nodifications using POSS-nercapto systens has been shown to be
advant agedt8uly Papescopie BEprading APefths apiber; ofjspfacgrbopding sites the\BOSS, ca89pr ovi ng
their interfacial conpatability. Wen applied to surfaces nanostructured
cheni cal s aatemblegherpselies omthe sudacs it a srsulsr Patgm: to-prasids: dregdlen pattergiofifuppe enent .
The exanple shown in Figure 3 is representative of a macroscopic filler
surface ( riuilding ttdocks.cr Bie bivaeiound thatl ROSS-slanals a®. the mpstegost pffentiie fandd wit h
PCSS -surface nodification agents with nanoneter dinensions of 109 neters.
A filler (affordableeentitigsadibé iutilizadras surfdee anodifierse rPQSS-silapalbhre also preferabldiang bot h

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 (102 10 10°
meters)) modified with POSS-surface modification agents with nanometer dimensions of 107
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. Consequently



macroscopi ¢ reinforcenment (via particle size) and nanoscopi c rei nforcenent
via the POSS surface treatnent. An additional advantage of POSS-silanols as
surface nodifiers is derived fromthe fact that they are em ssion free. The
nanoscopi ¢ size of POSS-silanols renders them nonvolatile as conparied to
.traditional silane and organic-based surfactants. The inherent stability of
POSS-silanols is unique and thus elimnates the in situ production and

rel ease of volatile organic conponents such as al cohols or acid as is
necessary to "?? o) glzprl or to the bonding and adhesi orrcxfUs2006/pG8ti20t | onal

si |l ane co ?? é agent to a surface. Consequently WO 2006/ 081512

PCTI US2006/ 003120 9 POSS-silanols are also | ess flamable due to their

| ower volatility and the emni ssionless 9 processing advant ages. POSS-sil anol s
are al so capable of chenmically coupling two dissinmilar material types
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epoxy, acrylic etc.) directly onto the cage (F %IS capability

i s anal og gdely known capability offered by silane coupling
agents. &H?a%gg%gﬁnﬁkcétion wi th Nanostructured POSS-Sil anol s

Nanostructured chem cal s are part of a global nanotechnology trend (snaller,

cheaper_and SSLCEHLAR s UL BbieP Blenhcind bk od ARAGHL Mbull ypgnoct s of
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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 cor;trolling 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 polar -



macroscopi ¢ reinforcenents. This approach is anal ogous to the coating of
surfaces with organosil anes, coupling agents, ammnium salts, or other
surface nodifiers. Surface nodification with nanostructured chem cals,
however, can be nore effective at pronoting conpatibility, retarding

nmoi sture and in controlling coating structure which ultimtely inproves
coating durability and reliability. A nunber of POSS nononers and reagents
have been devel oped for surface nodification purposes. Such systems can be

consi der ed yhaogaeisst ruct ural anal ogs to traditional peirh@meeeil i ng agents
(Figure 5). POSS surface nodification agents can be applied to m nerals,

gl ass, netal, ceramc, and polyneric surfaces via solution processing, nelt
sprayi ng, or vapor deposition. The pol ¥ WO 2006/ 081512 PCT/ Q52006/ 003120

10 groups (e.g. silanol, silane, alkoxy, etc.) on each FOSS system provide a
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provi de co tibjli tween the filler.and the polymer .matrix see Figures
2 and 3). %‘%Weing L%P’féﬁﬁf ﬁ‘gg%cﬁ r%l?eé’%fer%ad‘@ﬂg {EAF S04 | e tig RaBOSTYGIEL ¢ abl e
to interact wth a _polynmer natrix at,the nanoscopi c [evel and thys provides
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resulting multi-scale reinforcenent provides brqader function and val ue for
tradi t i onalatik&ses Sy & and &) nhdgidenallnitae surtacef farh treged fillers is go suitable v t h
PGOSS t echnol ogy has been shown to provide excellent corrosion resistance
even at el ©JbicEg VishpPolymer matrigat (tke pamascopig JAveband thes propidesopanoscopic, 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. RSiX3) typically possess one R group and
contain three functionalities that are susceptible to hydrolysis (e.g. X = Cl, OCH;). 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 HCI 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.
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Q her desirable attributes obtained fromthe use of nanostructured POSS
sil ane couplh@hclude 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. :
Characteristic Traditional Coupling Agent | POSS™ Coupling Agent

Coverage Ratios 0.3 3

Activation Required Yes No

Method of Application Neat or Solution Neat, Melt, or Solution

Volatility/VOC High Zero VOC

Tailorability to Matrix Moderate High plus tailorable to filler

Cost Moderate-Low Moderate-Low

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 and



agents include the ability to tailor the conpatibilizing R-groups on the
nanostructure to match the solubility characteristics of the resin matri x.
Addi tionally, PGCSS-silanol systens can be applied in solventless fashion
and therefore are free fromvolatile organi c conponents (VQOCs), thus
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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 20
value of 7.14 which correlates to an gallery spacing of 12.4 A. Treatment of the MMT with

the POSS silanols of formula [(EtSiO )(Et(OH)SiO, )]y, (EthylT7) or [(I-BuSiO ,),(I-
Bu(OH)SiO, );]3 (isobutylT7) resulted in a shifting of this maximum to a lower 26 value of

5.94 for (EthylT7) and 26 value 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 [(EtSiO, )(Et(OH)SiO, )]y > and/or

[(i-BuSiOl_5),(i-Bu(OH)SiOm),]‘Z7 nanostructures are approximately 144, it can be affirmed
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such nonbonding penetrants/exfoliants. The additional diffraction maximum located at 20 =

8.72 for the (EthylT7) and 20 = 8.65 the (isobutylT7) systems indicates that these POSS-

silanols 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 mdnomers 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 on



Consi dering that the approxi mate dinensions of [(EtSiOL.5 )4(Et(OH) SiAO AE7
and/or [(i-BuSiO1l5), (i-Bu(OH) Sido)3]E nanostructures are approxi mately
14A, it can be affirmed WO 2006/ 081512 PCT/ US2006/ 003120 13 that the
increase in gallery spacing between the silicate |ayers of the
montnorillonite was increased by the presence of PGSS in the gallery. The
POSS | ocated in the gallery is bonded to the internal surfaces which

i ncl ude both the silicate and potassiuni sodium counter cations. Note that
once the gauﬁgg% kg%ers are separated to this |evel i tpdrfssthéespgyscially
possi bl e f &Y 1 anol bearing POSS entities to also enter the gallery
yet not bond to the interior surface. PGOSS nolecular silicas of the formul a
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penetrants/exfoliants. The additional diffraction nmaxi mum|ocated at 20 =
8.72 for the (EthylT7) and 20 = 8.635 the %isobut | T7), syste i ndi cates that
these Posde wirfags $ill vawdyRQY choposiien, St ‘Ffety?ﬁﬁlérape gn gichody Typical of t he
montnorillonite sheets. Method of Application and Processing POSS-silanols,
nol ecul ar leddings foy PORS-misitagols 08 jvarioup matsrial sufages prprshepen below imErbli Zh el ti ng
solids and as oils. They also exhibit a high degree of solubility in w de
range of comon sol vents which include aromatics, hydrocarbons, hal ogenated
systens and a variety of organic nononers including styrene, acrylics, ring
strained and unstrained olefins, glycidals, esters, alcohols, and ethers.
Their ability to nelt and dissolve thus enables themto be applied using
all conventional coating techniques including slurry, spin-coating, painting
sprayi ng, flow ng and vapor deposition. A typical solvent-assisted nethod of
application involves dissolving the FOSS entity



in a desired solvent at a 0.1 wt%to 99 w.% |l evel and then placing this
solution into contact wth the material or surface desired to be coated.
The solvent is then typically renoved through evaporation and excess POSS
can then be renoved fromthe material or surface by physical w ping or by
washing with additional solvent. The anount of material absorbed on WO

2006/ 081512 PCT1US2006/ 003120 14 the surface will vary by POSS conposition,
surface type and application nmethod. Typical |oadings for POSS-trisilanols
on various material surfaces are shown below in Table 2. WD 2006/ 081512

PCT/ 052006/ VW83%8881512%5 Tapl e 2. Typical |oading |evel fiSrT/R33p06(¢3a20

POSS-sil anol s on various material surfaces. Surface/ Material

POSSTM Tri sil anol W% Coated Silica [(Ethyl SiO1,5)4(Ethyl (HO Si 01. O 31E7 96
[(i-Butyl SiOL. 5), (i-Butyl (HO Si01.0)3]87 69 [(i-CctylSiO

1.5),(i-Cctyl (HO Si 01.0)31E7 62 Talc L(Ethyl SiOl.5)4(Ethyl (HOSI OL.O,]E7 5
[ (1 -Butyl Jgifle B)TypicaBishoing lekdl Rir Gariés PDSE-sitanols on various material surfaces.

[(i-Cctyl SIOL.5),(i-Cctyl{HO Si01.0)3]E7 4 Bentonite

[(Ethyl SiOL,5), (Ethyl(HO S A.0),]E7 1

Surface/Material POSS™.-Trisilanol Wt% Coated
Silica
[(EthylSiO 5)(Ethyl(HO)SiO | g}l 96
[(-ButylSiO| 5)i-Buty(HO)SiOy o)., 69
[(-OctylSiOy ),(i-Octyl(HO)SIOy o)., 62
Talc
[(EthyISiOy 5)(Ethyl(HO)SIO| )], 5
[(-ButyISiOy )i-Butyl(HO)SIOy o).,
[(-Octy1Si0 5)(i-Octyl(HO)SiO | g, 4
Bentonite '
[(EthylSiO) 5)(Ethyl(HO)SiO) )], 1
[G-ButylSiOy ),(i-Butyl(HO)SIOy o)), 7
[-OctylSiO) 5)(i-Octyl(HO)SIO| )], 7
Montmorillonite
[(BthyISiOy 5)(Ethyl(HO)SIO| )], 57
[(-ButylSiO; 5),G-Butyl(HO)SIOy ). 23
[(i-OctylSiO 5),(i-Octyl(HO)SiO, o)l 22

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 120°C 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.



[ (i-Butyl SiOL,5), (i-Butyl (HO Si 01.0)3]E7 7

[(i-Cctyl SIOL.5), (i-Cctyl (HO SIOL.O,]E7 7 Mntnorillonite

L(Et hyl Si OL. 5), (Et hyl (HO) Si OLO) 3] E7 57

[ (i-Butyl SiO1,5), (i-Butyl (HO Si 01,0)3]E7 23

[(i-Cctyl SiOL.5), (i-Cctyl (HO Si01.0)3] 7 22 Surface Coating and Extraction
Studies Once applied to a material surface POSS-silanols have proven to
exhi bit excellent adhesion and durability properties. The adhesi on however
can be further enhanced through mld heating of the freshlal treated

mat eri al orWQaMFSYE12 For exanpl e heating at tenper at urdd@e06PHI055 120C
enhance the bondi ng of POSS-silanols presumably through accelerating the
bondi ng of polar surface groups with tlgée reactive silicon-oxygen groups of
POSS-sil anols. Table 3 contains extraction data for selected materials
coated with various POSS-silanols prior to and after heat treatnment. WO
2006/ 0815 1PabRCY.| TypRADDEiOE)8 1l Gor vhfiousdESS-Slandly po earlout matisiguifseel f or
various POSS-Silanols on various material surfaces. Surface/POSS W % W %

Ret ai ned [Ret ai ned aft er Sattaee/POSSt racti on extracti Wt% (Heat Wt%
Retained Retained
after after
extraction | extraction
(Heat
Treated)
Silica/[(i-ButylSiO) 5),(i-Butyl(HO)SiO; o))y 72 69
Talc/[(i-ButylSiOl.5)4(i-Butyl(HO)SiO1.0)3127 >1 4
Bentonite/[(i-ButylSiO1.5)4(i-Buty1(HO)SiO1.0),]27 12 7
Montmorillonite/[(i—ButylSiO1_5)4(i-Butyl(HO)SiOl.0)3]27 28 23

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 120°C 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:



Treated) Silica/[(i-Butyl SiOL.5),(i-Butyl(HOS d.o0),]E7 72 69
Talc/[(i-Butyl SiO 1.5)4(i-Butyl (HO Si O -0)31Y7 >1 4

Bentonite/[(i-Butyl SiOL,5), (i-Butyl (HO Si A .a3]E7 12 7
Montnorillonite/[(i-Butyl SiOLl), (i-Butyl (HO Si O1,03] 7 28 23 EXAWMPLE Sol vent
Assi sted Application Method. Isooctyl POSS-trisilanol (100 g) was di ssol ved
ina 400 m of dichlornmethane. To thislm xture was added 500 g of
nontnorillonite. The mxture was then stirred at roomtenperature for 30
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wherein the nanostructured chemical modifies a physical property of the substrate
selected from the group consisting of (a) reduced moisture absorption by the substrate
and (b) enhanced compatibility with a polymer when the substrate is used as a filler
material, and wherein the substrate is coated with the nanostructured chemical in a

molten state, solventless processing step.

2. The method of claim 1, wherein the substrate is coated with a mixture of

nanostructured chemicals.

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 nanostructured chemical reactively bonds to

the substrate.



wherein the nanostructured chem cal nodifies a physical property of the
substrate selected fromthe group consisting of (a) reduced noisture
absorption by the substrate and (b) enhanced conpatibility with a pol yner
when the substrate is used as a filler material, and wherein the substrate
is coated with the nanostructured chemcal in a nolten state, solventless
processing step. 2. The method of clagigm 1, wherein the substrate is coated
with a mxture of nanostructured chenmicals. 4. The method of claiml,
wherein the nanostructure chem cal intercalates the substrate. 5. The

met hod of. cl arlma thethudef efaiin ti hehenein dist manotiicarreheented] nendfredctiadle Hofidsao the
substrate. 6. The nethod of claim| wherein the nanostructured chem cal
reacti velypstegeds to the substrate. 18 7. The nethod of claim 1l wherein the
nanostructured chem cal non-reactively bonds to the substrate.



