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H gh Use Tenperature Nanoconposite Resins
Cross- Reference to Related Applications This
wappidisaasson cl ai ms the benefit of U S. Provi spomals2005/032613

Pat ent Application Serial No. 60/608,582 filed on
Sept enber 10, 2004. Field of .the Invention This
invention relates generally o the nethods_and
conposi ti oltighUse gﬁmmrﬁm@Q%menﬁner s
and fiber reinforced conposites. More particularly, it
relates to nethods for the incorporation and use of
nanost r uct ur gSkgsiseRefetbAct Qo Rulatetd AppHcatibAschen stry
of the polynmer which in turn inpacts the therrral
mechani cal , and rel ated phy5|cal properties o
t hérhrﬁas?@php@ncyhﬂagmsmes biemedihtf od- Sl EEPW%PE@%?&E@“ Application
processi ng and applications of the nanoscopically

Seriab ot 60/6868,38%filedet Sppleymesrs1 0, 2004conposi t e
mat eri al s, coatings, adhesives, seals and nol ded
articles. The resin and conposite applications include
i nproved conposite resi.ns, foans, fibers, paints,
coatings, adhesives, Figld %fum&doveptlopertl es, which
I ead to fire resistance printabi I ity,

| | I [ . .
o HETPASGeL B G 9 AR S, Bheps o o
THEINVII::gTIO\IIt has | on een r nlzed t ItM
tempeFuie thesmapehBPlymers aeng & relg Qrﬁ &OI'IP°§ ﬁFg ore particularly,
degree through variabl es such as pol ymer sequence,
it redateadeunethogiddior ithe irgrrperatiosr anch sise pdr raqrpqgiructured chemicals to
conposi tion, norphol ogy, thernodynam c and ki netic
confrobdles s¢curg cbeﬂnl'slty. off t thies pelyméramhichk iowiurh himdpacis | thes thermal,
si zes and shapes of fillers, and particul ates(e.g.

mecT%frIléaI (dnd relatedl pHyskal Fﬂ%ﬁfrﬁes &f thetmoseppbIgmeps ack

etc. can be incor porate nto

This invention also relates to processing and applications of the

nanoscopically controlled thermoset polymers into composite materials, coatings,

'adhesives, seals and molded articles. The resin and composite applications include

improved composite resins, foams, fibers, paints, coatings, adhesives, and surface
properties, which lead to fire resistance printability, biocompatibility, and permeability

control, optical properties, and architectural coatings.

BACKGROUND OF THE INVENTION

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 incorporation, composition, morphology, thermodynamic and kinetic processing

control. It is similarly known that various sizes and shapes of fillers, and particulates



10

11

12

13

14

15

16

17

18

19

20

21

22

23

preformed polyners (prepol yners) or nononer m Xxtures
to enhance physical and material properties of the
woesusl1B24sg fornul ati ons. Prior art in thermosePCT/US2005/032613

pol ymers has al so focused on property nodifications

through the formation of interpenetrating networks and
crosslinks that is either pa?tl ally or fully occur

(e.gaffefigst, ¢aleiunrhaarenate dilioa, wartoon hlack ¢the ateshbe dacorporated into

ef fect has been to reduce the notion of the polyner:

refehabd ponifleie byiethRbi teoidmenetixiatéeto ehhance physical and
P conbi ;patl on ogﬂ;@gdﬁced %hal n notion conbined wth r?orye

matéh%l arSjrog h(ﬁ‘ ﬂ'\@%gﬁlhhér : Eﬁﬁ%ﬁoﬁﬁw n@ﬂgﬂ%ﬂﬁg@bﬁbéﬂymem has

S|cal prop I es suc
nd t her,

gt T —

process conplexity and an inability to control the
netW@K@taﬁ'ds%’aﬁié'ﬁkﬁ thdt 1S P EE PaRiALY o S4lly aRoUr RETongsbiha chains.
l evel . The 1-50nmlength scale is inportant for

polyneric materials since a typical polyner chain or
cr bz $he nikriarasria i wesiredt effecinhas heeneto seduce thelirstion of the
of gyration of 50nm This invention utilizes

polyhggioghdine tantiesemrenteaktative teceacipbitsr. prive esmbination of reduced
sinplification, control over cure chemstry and rate,

chaﬁ\n%&ﬁﬂp%ﬁﬁblﬁecﬂ Wi OfeREBRGIdO BN OtHE B Refhatiyn %téB?émcérﬂponents
the Inmlevel. Furthernore,” it has been cal ¢ul at ed

r

u't'rbé*?fv e AR oS B8 b RiAl Sy, S¥nath, and
ef fectiyve at r0VI e| nforcerrent t

therGyal Al fasTunalalfi A & e T o SUTRB U Rigpess complexity
knowl eo!gtly however, has been t hwarted by the |ack of

andpamdnaty toogeniEol gheplengite sraleeinr all Miisecdimansiens at the 1-50nm
rei nforcenents which are geonetrically well defined,

levehnd hreo hédinsp éeregth escdlenist impbrtametfer polyeerio m&mos isince a typical
range and especially within

polymer chain or crosslink has a 8 nm reptation diameter and a radius of gyration of

50nm. This invention utilizes nanostructure chemicals to accomplish process

simplification, control over cure chemistry and rate, and nanoscopic reinforcement of

polymer chains down to the 1nm level.

Furthermore, it has been calculated that as reinforcement sizes decrease
below 50nm, they will 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 reinforcements which are geometrically well defined,
and monodisperse and with diameters below the 10 nm range and especially within

the 1 nm to 5 nm range.
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the 1 nmto 5 nmrange. Prior art associated with

t hernoset pol yners, interpenetrating networks, polyner
wonophotadgy, and filler technol ogy has not beeRCahise005032613

adequately control polyner chain, coil and segnent al

notion and structure at the 1 nm 10 nml evel.

Furthernore, the nismatch of3chenical potential (e.g.

sol ubi | Prigr miriscadsddidtgd etith ) thermeseh polymenss mtelrpenetratlng

i norgani c-based fillers and chem cal s has

nethdrﬁé“ tdonabl Ymoeshblbgyl iaRda fileNtekRkblog sz has not been able to

het er ogeneity in conpounded pol yners, ichis akinto

ade@éétegpéﬁg[)dr’i’: i eﬁ‘i@F SﬁalnTE&L%Br gn’ié}ﬁéfm%’ﬁbﬁta?}oast?ﬁcﬁghe at the 1

Si.zetl chem cal® rei nforcenmen

ntr i nmet ers (,nanadi di.stributions
-6t iR HETISaTh ot CORaN Poteati (B solubitty
refl ne the propertl es of poI nmers. Recent devel opnents
misqibilityargie ¢ i katween elymgspead m&%mwbaﬁ?dtfdle&@md chemicals has
effectively manufacture commercial quantities of
traditiehally edssiltetdn ashighbes! ofl bstarogeneibsinneomoundadipelymers, which
chemi cals due to their precise chem cal fornula,

is ali 6 ofl rhike@nEtated IHIr6tbrs, TRt akisoapestttbpapproprigily snzed
physi cal size relative to the size of tradi ti onal

cheﬁlfb%mrgiﬂko@h%% e\f?ltﬁ LoRtBiled i tra e 05ﬁ+ Fﬂﬁézdrs (dlg,glbutlons

I ze relat rve ta er size

andd\gn&*{: g’%p RYp%bcgl_l Lfrlclﬁggg&ty Bﬁﬁ?[y{fﬁ}?ﬂ o Sert*tle%nof polymers.

terrperature pol ynmer t her noset reS| n and conposite

S|t|ons by controlling their cure ch
o TReaTt S alab DN ity BANGRTIENS s EoRPIEd dhg: Abilty to cost
scal e. The resul ting nano-polyners are whol ly useful .
effeaiiveii ensifaciuire commersiali quartisas wiftmatarias thall greebestolescribed
in conbination with nmacroscopic reinforcenents such as
as haaostructured chemicals due to their 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).

SUMMARY OF THE INVENTION

The present invention describes methods of preparing improved high

temperature polymer thermoset resin and composite compositions by controlling

their cure chemistry, structure, and properties at the nanoscopic length scale. The

resulting - nano-polymers are wholly useful by themselves or in combination with
other polymers or in combination with macroscopic reinforcements such as foam,
screen, mesh, fiber, clay, glass mineral and other fillers and other chemicals
including catalysts. The nano-alloyed polymers are particularly useful for producing

polymeric compositions with desirable physical properties such as adhesion to
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screen, nesh, fiber, clay, glass mneral and other
fillers and other chem cals including catalysts. The
woanw/atdseyed pol yners are particul arly usef ul PEDUS2005/032613

produci ng polyneric conpositions with desirable

physi cal properties such as adhesion tofiberous

rei nforcenent and netal surféces, water repel | ency, ‘
fibemaduemfoncehient isscomietal surfases,t watee repellency, wdiliced melt viscosity,

oxi dation. The preferred conpositions presented herein
resii@héatdrfite/dndPbkidatignmat eri al conbi nations: (1) vinyl

or other olefinic R group on the POSS cage and (2)

cages or partial cages bearing silanol groups (Figure

1) ThdNsreferi@d gfdn%os‘?m PredePisd 'HéYeihaJ,‘@nth?é\g?r rRAry material

nanostruct ur e_ ol gorrer _S, or n_anost ructure ners,
comBHBFEL B0 TS AL oS S AR B 5 £95S s p) cases o

polysilicates, polyoxonetal] ates r bor anes, . bor anes,

partfe ghges G pRLSIBROL Gr e (Giguse U TAESednArioh GaMRations may
crosslinking agents or cure accelerators with

takentnestoomi of danestsiciueed Tligorerss or inaiostiuaiyeed polwmetsn polyhedral
turn be utilized with hydrocarbon enes; or silanes and

olig@hkfi€ osiB®sqaioxphes,plpohalisesquitdndss polylsedfalir oligutneric  silicates,
copol yners, phenolics, noval acs, resol es, epoxy,

poEBRSEEEFb ol Tty oo, i oo g oo or

be ﬁ{qgeﬁg géféﬂeﬁé iic§Ig cP@é%%ﬁkﬁggégéﬁg gh %ﬁ]’(% ?Jrﬁ:ge!)ér?}:\&r% %ip'nn gnanscopic

cconpli's “via drsso .
e AR S B So S a7 k1A Rilgoparbon enes,

Eﬁ_‘épes and techni ques of blending however, including -

or sitanesbreddisiigonas.y o5l Bhaspiynes oot ihinls bPEnwitvg, and ~copolymers,
reacti ve and nonreactive blending are effective. The

phehelicss nbealavsetreaolds, cbpoxyalcyanates| éstkts, aeethands, polyimides,
because chai n entangl enments or entangl enents

bismaleimides, etc., and combinations thereof.

Preferably, the method of incorporating nanostructured chemicals into such
thermosets is accomplished via dissolving or blending of the nanostructured
chemicals into the chemical crosslinking agents without the use of solvent. All types
and techniques of blending however, including melt blending, dry blending, solution

blending, reactive and nonreactive blending are effective. The terms thermoset and

’chemical crosslink’ are used because chain entanglements or entanglements

between a nanostructured chemical and polymer chain can behave as physical

crosslinks which are similar in behavior to traditional chemical crosslinks.
Silane rendered thermoseis

POSS nanostructured chemicals bearing R = olefin (vinyl, allyl, cyclopentene,

cyclohexene, norborene etc and higher carbon groups) react with silanes to render
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bet ween a nanostructured chenmi cal and pol yner chain

can behave as physical crosslinks which are simlar in
woehmBzset o traditi onal chem cal crosslinks. BCralse05/032613

rendered thernosets POSS nanostructured chem cal s

bearing R = olefin (vinyl, agl yl, cycl opent ene,

cycl ohexene, .norborene etc and hlgher carbon groups) i
thermiest e Wiafh SBOW, devEatie thRGRYs dRestEdiivl, RIRCEIC IR optical

desirabl e thermal, nmechanical, electrical and optica
proparieer tA esriely ohhydide cbntajoingdzilapeas silioomes, sancsidsgsquioxanes

.Silicones, and sil sesqui oxanes can be utilized to

can B¢ gtillZedst® cyretiRese gystehiteviaytledsidradilation méthed (Sseclichtenhan
Li chtenhan et. al. USP 5,939,576). Particularly useful

et. eﬂrg SF 5 Yz Qﬂlc‘ﬁ}’aﬁéf Gsetli| Areis(ldn el aRd ﬁ%"é‘?‘ﬁ?”dﬁs (Figure 2)

solu izing t vinyl resin. Also

oo Bl OISO S S ADEE RS S o 2 are

oxi dative addi t| on of Si-H bo d. across . a

organgasianes AN silgsante b%ﬁ& By %ch%e@aﬁtborbwrﬁ%%d{‘&o'ves the
(Figure 3). The reaction is catalyzed by all known

oxidaside asldltini ofra Shtidvgrst scrasd agarbpasaren dauble bond and produces
initiators. Sulfur rendered thernosets POSS

no Bpnmetudiet (FigdreCc BRThal reabtion | isgedtalyzed by rligkweps hydrosilation
react with sulfur and thiols to' al so show remar kabl e

Cataﬂ}tgfg BR4:b aicalinitiglopst ri cal and opti cal

properti A variety of sulfur containing curatives
accelerants and sol ubilizing agents can be utilized to

r via the vul cani zati on and
Su'ﬁ“irgpggfgﬁt%'ﬁé%ﬁ see Lichtenhan et. al. USP
5,939,576). Particularly useful are disulfides and

o3BG S 5 6,6 £ T L S s
ahdgﬁ'gqlg.lg? %@?gq-?@%w frg&agl?e?bolé t%%?gaﬁsmaec}ﬁgrlnléaﬁ electrlcal and optical
properties. A variety of sulfur containing curatives accelerants’ and solubilizing
agents can be utilized to cure these systems via the vulcanization and thiolation
method (see Lichtenhan et. al. USP 5,939,576). Particularly useful are disulfides and
cyclic sulfur (Figure 4) as these aid in solubilizing the vinyl resin. Part or all of the |
sulfur may be replaced by a sulfur donor such as a thiuram disulfide. The
accelerator determines the rate of vulcanization, whereas the accelerator to sulfur
ratio dictates the efficiency of cure and, in turn, the thermal stability of the resulting
polymer. In addition an accelerator to sulfur ratio typically of 1 : 5 is preferred and it
gives a network in which about 20 sulfur atoms for each inserted chemical crosslink.
The reaction process involves the oxidative addition of a S-H or S-S bond across a

carbon-carbon double bond and produces no by products (Figure 5). The reaction is

catalyzed by all known free radical, UV and thermal initiators. Especially useful is
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accel erator determnes the rate of vul canization,

whereas the accelerator to sulfur ratio dictates the
wehbietidzsey of cure and, in.turn, the thermal stcahiskiosy32613

of the resulting polyner. In addition an accel erator

to sulfur ratio typically Of[ﬁl : 5 is preferred and it

gives a network in which abo 20 sul fur atons for .
actirgiion i Jbpt @urecpmeiesal by zinesoxide . arkh steasinc atidnapd dhegrocess is

i nvol ves the oxidative addition of a SSHor S S bond

"acaeletaied'abyzﬂné)addumnb@frsrdaw@UanmoﬂB&nPTé}dﬂﬂﬁﬁ-U&%eEBbhemicals,
products (Figure 5). The reaction is catal yzed by all

typisampsulbh&Bamffi<Cahichhbt: EB@écgr?btthgiﬁrB@éég but also ig{/luence the

Especi al |y useful isactivation cure process

b [ ' [; the progess |s . C
profofis D I 1M SHFPES s Bvtafits o 8aPb S he Sosublgto tistai he
canpl ex sul fur-based, chermicals, typically
CheQU?%ﬁeHﬁ?#d%% Wﬁei?{afﬂfﬁ MitySQPEeQT Lipet Reaipr graips, used include
. also influence the properties of the resin, such as
thiazples, elphengmidass anggusagidines.i s not possible to |ist
all the chem cals used as accel erators, but sone of
the mai n groups used include thiazoles, sul phenam des,
Phasphigeaenderext thétnossdtsne r ender ed t her noset s POSS
nanostructured chem cals bearing R = olefin groups
react with phosphi nes show renmarkabl e t hernal,
vari ety of hydride containing phosphi nes, and '

PR Bhorsio g ot ol hereh ek AERRIGH e Gplefgpertos
. 939 . Parti. '
A vaictd it S0 S blydonties, ashbEhmrmhadot erg e uiized to cure

as these ai.d in lubjlizing the vinyl system The

S
‘thess, sysiedms priacihies AhesBhopkatiive iethadi (seeaddshteohamfeta al. USP

P-H bond across a car bon-carbon doubl e bond and

- 5,939 )c Partinvlaly psefuligresbis aFidgisphdyphifide and atiyoweric phosphines

_cat al yzed by all known' by ‘
(Figure 6) as these aid in solubilizing the vinyl system. The reaction process

involves the oxidative addition of a P-H bond across a carbon-carbon double bond

and produces no by products. (Figure 7). The reaction is catalyzed by all known by

. free radical initiators and UV sources.

Olefin rendered thermosets

POSS nanostructured chemicals bearing R = olefin groups react with enes
show remarkable thermal, mechanical, electrical and optical properties. A variety of
hydride containing enes, and including acetylenes can be utilized to cure these
systems via the 2+2 and 442 addition method (also commonly known as Diels
Alder). Particularly useful are linear and cyclic dienes (Figure -8) as these aid in

solubilizing the vinyl system. The reaction process involves the addition of a c-c
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free radical initiators and UV sources. Oefin
rendered thernosets POSS nanostructured chem cal s
woearsingrsk = ol efin groups react with enes shoRrCT/US2005/032613
remar kabl e thermal , nechani cal, electrical and opti cal
properties. A vari ety of hydri de cont ai ni ng enes, and
i ncl udi ng acetyl enes can be dtilized to cure these
doubjstbend acrass he cattibraoarbbh2dagtsliet hend medhprbduebs no by products
commonly known as Diels Alder). Particularly useful
(Figth& d)' TR re@blort Y& bbfél)ﬁﬂe%n@f all AW b ireds rddiéfSinitiatbrs and UV
In solubilizing the vi'nyl system The reaction process
sou? \égl ves the addition of a c-cdouble bond across a
on- car bon doubl e bond and produces no by products
(Fl gure 9). The reaction is catalyzed by all known by
ee rad |n|t| tors and UV sources. Variations to
Var{eﬂgarﬁ&hy‘sg] §t| ons to the cure nethods and
ol efin bearing P()SS nanostructured chem cals |isted
can simlarily be utilized. For exanple, partial
der\laﬂﬂ[lpﬂﬁtﬁoo}{h%fcqfﬁeméﬂ’é?fdsnHBdgﬂ@ﬂBsb@Qfmml%Ssoﬁaﬂﬁﬁtrucwred
structures shown in Figure 1 may be carried out by
chemicalatlisted eanl simiteily thet vtdizedet Pardexatepler ipaddhl lerivatization of the
Li cht enhan et al in USP 5,942,638 and 6, 100, 417, and

olefitic gesilps®dritaiedis’s tid Brdctyed-éhdven @ Figilre fTﬁﬁy be carried out by
derivati zation of one or nore of the vinyl groups in

omdc?t@W%qlsﬂﬁéﬁtﬁﬁ% Rthatd BebQibdd 67 fﬂ:ﬂt&%ﬁf@?él M JSP 5,942,638

| SSO fon | ase or acid condl i ons or

and, S BRZ0N2 A o) PR PRy dsBRBRT a8 Kl e dervatization

vinyl systens in Figure 1 js _deened particularly
of steefqmmpﬁﬁ qfrrbeownwggmsmoﬁfgurmhmb&%ﬂﬁéﬁabﬁﬁ fopdacreasing

silanols and other reactive or non reactive POSS _
adhesion, dissolution in base or acid conditions or for increasing or decreasing

hydrophobicity and biochemical compatibility. The epoxidation of the vinyl systems in

t

Figure 1 is deemed particularly useful for improving adhesion.

| Incorporation of POSS silanols and other reactive or non reactive POSS
systems will be useful as reinforcements of olefin polymers to include bismaleimide
and olefin terminated polyimides. Also the physical properties of non-olefin
containing polymers such as polyimides, epoxy, urethanes can also be desirably
enhanced through the incorporation of POSS silanols and other POSS systems

capable of interacting with one or more polymer chains.
Silanol epoxy and cyanate ester thermosets

Silanol POSS nanostrucutred chemicals are capable of interacting with epoxy
and cyanate ester groups through hydrogen bonding of the polar silanol with the

oxygen and nitrogen groups in the epoxy and cyanate ester polymer {(Figure 10).
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systenms will be useful as reinforcenents of olefin

polyners to include bisnmaleimde and olefin term nated
woabosizeades. Al so the physical properties of neaTwiSefosn32613

cont ai ni ng pol yners such as polyi m des, epoxy, ‘

uret hanes can al so be desirably enhanced through the

i ncorporation of POSS silanoBs and ot her POSS systens

Depempairy) encthei chiemizal strgctuird fbf Qigingr agante dil WARGscopic entity, and
chains. Silanol epoxy and cyanate ester thernosets ,

curigty! GaRitidHSSt ﬂéhrﬁ’éésfibléufor gggflﬂ?é“rﬁé&’?arﬁéeﬁ P%ﬁi@s hinging from

interacting with epoxy an anate ester g

0 0 ' f th ol ar_silanol, with the
extrbTCHERRIMN P 1, SBAuTCAR4 ANnBR, el PhAGRAL Bideelid such as
ester pol ymer (Figure 10).Depending on the chem cal .
adhggivg catengts Cbém'qg?d, rﬁ‘g’@ﬁ%@%ﬁ@%ﬁdﬁ%@@ﬂﬁ% apgt¢legiricahgesistance.
curing conditions, it is possible to vary the
Differeth agemal moopresitiens aad gunigg fkinetiosxeare perrit dhe hiser ty process
to high strength and hardness, and physical properties
ovesdida sargthefiontperatiaagahd conedi i dégebdianessiinkiat
resi stance and el ectrical resistance. Different
chem cal conpositions and curing kinetics can permt

the sgAlfichAt BRALAT OfoVSTk ﬁ‘aé"’ib@@n_r@Eﬁﬂeefinttﬁgﬂﬁél%&lh'rreeéoncerning
and control the degree of crosslinking. A significant

the ﬂgﬁ}’rgtof%aﬁﬁ#f bRRFe T %@P&ﬁegr%rﬁg ﬁhﬁré%srv]\glé Ané %Q @ﬁé Eggﬁetigﬁ Pf epoxy

concerni ng e nature reac

m nes. The curin inetics pof epo an be 3 )
can 38, B5cieriky BY iy facltis sl as el diawyiiaves enerated during
groups generated duri ng cure, the addition of alcohols
curey e |asiditionnef aleohalfoard tisds aciss. Auneng themethe cataditic effect of
- the al cohol has been wi dely acknow edged. The ,
the alwohblhas beéhivddelycackmovdddgsth I Theceatalytic agfficiencyraf edlyohols can
proportional to its acidity. This is because acids or

be @pmokingbiy bfbp’ﬂ@ﬁﬁﬂeﬂ&oait‘s?ab%ﬁt?.t Thide Bééétlﬁéé“écﬁfs 8P electrophilic

nucl eophi I'es consi derably by the reversible

~ species accelerate the addition of most nucleophiles considerably by the reversible

formation of the more reactive conjugated acids of the epoxide. A similar reaction
mechanism has been proposed for Lewis acids. Our particular interest is the
influence of silanol groups to the epoxy curing kinetics. A synergistic effect between

silanols and Lewis acids (aluminum complexes) has also been identified.

Because of its nanoscopic size, the acidic POSS-silanol promotes additional
epoxy-amine crosslinking in the post-vitrification stége, which is dominated by
diffusion-control mechanisms. This can be advantageously utilized in the fabrication
of fiber-reinforced composites using the resin transfer molding process, where
maintaining the low viscosity for a period of time is required to eliminate porosity and
to produce higher Tg materials at a lower post-cure temperature. The nanoscopic

size of POSS is also useful.in controlling the volume of the reactive group which
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formati on of the nore reactive conjugated acids of the
epoxide. A simlar reaction mechani smhas been .
wonropasadef or Lewi s acids. Qur particul ar int ePeSUS2®S5/032613
the i nfluence of silanol groups to the epoxy curing
ki netics. A synergistic effect between silanols and
Lew s acids (al um num conpl e>?es) has al so been o
incregees the ptopeBsitydsierasiction of iha secopdaryshytrogématanidlithe epoxy-
POSS- si | anol pronotes additi onal epoxy-am ne

aminepsHlis okimgelyrehbersp® fiordidomIbed) iovmest Mstopmhi ch i's
dom nat ed by diffusion-control nmechanisns. This can be

advant ageously utilized in the fabrication of ‘ ‘

fi iR ' S : tr.ans

ol e RSO gB RRRh LT Lo eiatle bl b Shlpms. These
; ner . o ] .S T Lr to elimnate porosity .

resih oS Vi Evonra ey b e Bngtiors. e EOSS of silanol

st-cu ature. The nanoscopi ¢ size of is

P0§$ssr JE'%'?‘%F’ %géoﬁwtsm% S rRMingsuilogider paionsaeto)vthe POSS
group whichincreases the propensity for reaction of :

increagess dbgndaiynenyefr dlae nreactivie ogroupe amposybesegesntihiiscreases the
ultimately renders a nore conpletely fornmed network. A

propsensity for axgeaiamhplete rexpiiani Thei silafBPgAIUpecd aRbeadd Bcross the -
ester systens. These resin crosslink via

CN abisleobondreyfi that bpdhaté ddigr %\'} Sp6t it@%‘%%eddho‘agﬁsc%ee _Anét_achanism

presence of silanol PGOSS o ated Syst

oo IR Rior Pt b RABR G o Blreakf ettt 1y

i ncreases the propensity for nore conpl eLe r-Cilacti oln. .
Thg sil.anol droups can al.so add across. the CN triple
b O%\dglél%{?h%ssggﬁlﬂlg{? emggltw%rglsgnr SupBeRive; i Bolyitpigegaysiems. These
.cure chani smrequires a higher tenmperature in order
resigg, CFOe‘"gE'Plk ¥Bnifecgensiation of & pelyamisaeiddntermesiata atiicmis strongly
. s operative in polyinmde systems. These resins
hydrigges shonded, aad tthewlicheP @SS canfassopizty afa hydedgbn bonding. The
internmedi ate which is strongly , ‘
polyamic acid is subsequently converted into cyclic imide by heating and the loss of
water. In the presence of silanol POSS or related POSS systems (e.g. amines,
}
siloxide anions etc), the POSS increases the volume of the amic-acid reactive
groups and through the acidity of the silanol increases the rate of water loss and
subsequently increases the propensity for more complete reaction and reduced the -

need for high temperature curing.

A similar associative mechanism is operative in bismaleimide systems. These
resins crosslink via the reaction of diallylbisphenol A with an maleimide to form a
cyclic crosslink. The POSS is able to strongly hydrogen bond to the diallylbisphenol
A and increase the volume of the reactive groups and subsequently increases the
propensity for more complete reaction and reduces the need for high temperature

curing. A similar mechanism is also available for acetylene termated polyimided
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hydr ogen bonded and to which POSS can associate via
hydr ogen bondi ng. The polyam c acid is subsequently
woamsasted i nto cyclic imde by heating and theCcrass006032613

water. In the presence of silanol POSS or rel ated POSS

systens (e.g. am nes, siloxide anions etc), the POSS

i ncreases the volume of the %hic-acid reactive gr oups
throwgittherassoghativheofdloe QIS ofitht the igiideagmiup. ncr eases t he

rate of water |oss and subsequently increases the

propensity for nore conplete reaction and reduced the

negdsifrilar hisgbclagivp enathasisauls Rperativd i |gienolic, resorcinol, and
associ ative nechanismis operative in bismaleimnde

ovoZé{cgltﬁ?/@Fg?J h?ﬁ@sér? er%bﬁ‘r% EFRSRAK Via thé Fé&%tl{)or 5t EHBnQIfs to form a

spheno wth an maleimde to cyclic

crasslin P yd e
methv&eqengrooa‘éar'r%eiﬁﬁ&%\ SRR 6 158 SR etet TARIROYS able to
the reactive, roups an sequently increases th ,
strongiy, hwHegs éh%o‘ﬁiﬂ"@iea"&%mrﬁ%ﬁ éﬁa Y@H%Q?tfh% reactive
need for high tenperature curing. A similar nmechani sm
groups aﬂOBs)um&queaﬂyencpreasa@élne;llpm@nsgyrfgt gipre complete reaction and

pol yi m dedt hrough the association of the POSS with the

reduces tee geed for Hghs itemnperatassaringf. i ve nechanismis
operative in phenolic, resorcinol, and novolac
systens. These resins crosslink via the reaction of

PhgGthfart é‘sécdéiamvé NS ER @ﬁé‘i&ti\)é“lh%bl%\ﬂ%%ﬁé systems. These
t hrough the |l oss of water. The POSS is able

r‘esmsst ﬁr%'%gfn'}f% Ul}éhfh%gc%h dyibA érﬁPaHa@Bﬂ'r aBflort '?)‘fr ?naﬁﬁoﬁgleor amine

€ reactive groups an seque

ncr eases. t he propensi f or_nor.e, conpl e a

with A6 PN B R ctiediens GrSRuor @%5- g2 to strongly
simlar associative mechanismis operative in

hydrpgery haitchdpethey sicohs! ande isocyaraies apd olpsreane e oheme of the
condensati on and addition reaction of an al cohol or

reactivé ngroups and subsequently increases the propensity for more complete

!

reaction and reduces the need for high temperature curing.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 llustrates some representative examples of polyvinyl containing

nanostructured chemicals (lower vinyl functionality are also included).

FIG. 2 illustrates some different silanes useful in forming thermdsets via the

hydrosilation reaction.

FIG. 3 illustrates the hydrosilation process.

FIG. 4 illustrates some different sulfur curatives useful in forming thermosets.
FIG. 5 illustrates an aspect of the sulfur cure process.

Fig. 6. illustrates some different phosphorylation curatives.
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with an isocyanate to forma urethane crosslink. The
POSS is able to strongly hydrogen bond to the al cohol
wandeiiszsyanat e and i ncrease the vol une of therPCceasi08032613

groups and subsequently increases the propensity for
nore conpl ete reaction and r@guces t he need for high
tenperature curing. , BRI'EF SCRI PTI ON OF THE

FIG. Brhwmesphptlation pragessat es sone representati ve
exanpl es of polyvinyl containing nanostructured
chemcals (lower vinyl functionality are also

FIG. i8nlluistthidy sofeliff2rentlanst ctabthgessonme di fferent sil anes
useful in formng thernsets via the hydrosilation
reaction. FIG 3 illustrates the hydrosilation

FIG. orithestrstes Bl Z3-2 nélcuripy pré&ssssome di fferent sul fur
curatives useful in formng thernosets. FIG 5
illustrates an aspect of the sul fur cure process. Fig.

FIG. 60 illhéﬂ#étb‘saér%sﬁ%ﬁ rﬁ’étWo f‘éﬂstﬂfﬂf% ak588ation of silanol with

-curatives.- | FIG 7 t ospho I on proce

ool ot 7B B A Fer 8 ot

illustrates crosslinked network formation through
POIYBEEhci ati on of silanol with reactive epoxy groups.
Simlar nechanismfor imde and cyante ester, and

uret hane mers. DEFIN TI ON OF FORMULA
EEEIN R RERRESENTATRONS FORMNANOSTRUCTHIRES

underst anding this invention's chem cal conpositions
t he
For the purposes of understanding this invention’s chemical composmons the

following definition for formula representations of Polyhedral Oligomeric
Silsesquioxane (POSS) and Polyhedral Oligomeric Silicate (POS) nanostructures is

made.

Polysilsesquioxanes are materials represented by the formula [RSIO, (],
where x represents molar degree of polymerization and. R = represenis organic
substituent  (H, siloxy, cyclic or linear aliphatic or aromatic groups that may
additionally contain reéctive functionalities such as alcohols, esters, amines,

ketones, olefins, ethers or halides or which may contain 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:

[(RSiO1 5)nls# for homoleptic compositions
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followi ng definition for fornula representations of

Pol yhedral digoneric Sil sesqui oxane (POSS) and
weaboshiezhsal O i goneric Silicate (POS) nanostr ueCumss005832613

made. Pol ysil sesqui oxanes are materials represented by

the formula [RSIO 1 ]x where x represents nol ar degree

of polynerization and R = relﬁr esents organic
[(RSEMbs KR B 5)0ih 4 $ort letgroleptid campositiome Gwheitel BlaRic or

aronmatic groups that may additionally contain reactive

functl onalities such as al cohols, esters, am nes,

(RS SRRl RSk 5 155 551 A8ul S Btopg (whr

be ei ther honol eptic or heterol eptic. Honol eptic

grougy sae e émm«@lem onhgquingleny)pe of R group while
eterol eptic systens contain nore than one type of. R
group. POSS and POS nanostructure conpositions are

I QRrASEthehidvel Res i BlhR ad GBHEY hbobe RhdX f mbludes but is not
honol eptic conpositions[(RSIO 1 5 n(RS G .5m#

llmlt&f&&%e?l % n,jcgn?lﬂﬁk%g@?m( Mll%{tg;tgg((aet er blﬂeégb)@de @)OR) amine
(NP3 eernate g Ohnaas Fof e sambsin B A tafer Bipe gichiometry of

defi ned above and X i ncl udes 'but is not I|mted to OH,

the GOm sitidn,. aTHOXsAAbOORY., indieateke th&OGRE, dupnsoditith forms a
, am'ne (NR2) i socyanate (NCO), and R The

nano%%ﬁgg‘lgé emde‘ rﬁbﬁl{)#tr‘eférg oSth@! ﬁ&hg@?to‘fysﬂfgo nt Boms contained

|t|on esy I'cat’es
osi tion nostructure and the s .
witif dREAENDST G TDE A OF T S oiFuBiE e SR %fyfnéa wﬁerﬁ { ranges
t he nanostructure. The value for # is usually t
typically fmm 1 @deand matiagges typically from 1 to 12. It should be noted that >.#
is not to be confused as a multiplier for determining stoichiometry, as it merely

describes the overall nanostructural charactenstlcs of the system (aka cage size).
DETAILED DESCRIPTION OF THE INVENTION

The present invention teaches the use of nanostructured chemicals as.
building blocks for the reinforcement of polymer coils, domains, chains, and

segments at the molecular level in thermoset resins.

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 incompatibility 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
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typically from1l to 24 and mranges typically from1
to 12. It should be noted that # is, not to be

woanfeuszdcas a nmultiplier for determ ning PCT/US2005/032613
stoichionetry, as it nerely describes the overall
nanostructural characteristicg of the system (a'ka

~cage size). DETAILED DESCRI PEPON OF THE | NVENTI ON The ‘

micpasiistires MhegughoMatiatinrhof thénd? greups onasash manostracture. At the
chem cals as building blocks for the reinforcenment of

samm tiymee rtheondrsostdrterbd schathighRScam st &flor@ts Y iridddnpatible with
mol ecul ar l'evel in thernoset resins. The keys that

othénahlcPoftARASIidsY GhitHie d i e8a ma! zsogl)ﬁpéHn?ﬁLixémaﬁcﬁNingr for ‘selective

nol ecul ar | evel reinforcing an oyi ng agents

. [y ' ' It - t ey chain
reinfhbeleF of $PeHE YV firllitiosiAREsE, ThsRCloifohe Bl dg offect a
wi.t h pol ymer systens to overcome repul sive forces that . .
seleﬁngﬁﬁagof/ﬂe et ine emcgw@rgqs&esoqf Ranostructured chemicals,

. nhanoreinforcing agent by the polynmer chains. That is,
distrilwtinns ueft Uranesizesni sad s compatabitiies oardl dispaxitiedi between: the
preferential affinity/conpatibility with sone :

nanpstrycoiured: cloerhicat fnd dse polymegisygnat i on of the R
groups on each nanostructure. At the sane tinme, the
nanostructured chem cals can be tailored to be

| no@nRRtiubliRedMdnRNAIEAIS] sUE rastHel ifdHoaBopict §1kéd 1PBSS structures
same polyner, thus allow ng for seleotive

iIIusfrr%iéH E‘LFQH?@H fe%@ﬁﬁét‘;ﬂteocasggétﬁngglg ;&erfcggtlé.ugotfﬁ Rorms dissolve in

ere thé Tactors I've ,
oreji nfaorcement include .specgjfic nanosizes of . .
solVRfRs L CRUFAEF I e LSl SOVBBs e b [RTBRENGING, fisepisian  problem
and co tabilities and disparities between the - o
assoiateck mguv@(#@an@h%ﬁ“@a'ﬁt%ﬁlﬁe%er R yRinGs gampigxities associated
Nanostructured chem cal s, such as the nonoscopic sized
withFgB3peneiating oetwarks.s tMartesttet, batiagise P QS Sananeoegjesadiiseolve into
as both 'solids and oils. Both forms dissolve in
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

loccurs with traditional and other organofunctionalized fillers. Agglomeration of

particulate fillers has been a problem that has traditionally plagued formulators and .

molders.

A relative comparison between the size of POSS cages relative to poIYmer
dimensions and filler diameters/ length scales is as follows: 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 size of POSS is roughly equivalent to that of most
polymer dimensions, thus at a molecular level POSS can effectively alter the motion

of polymer chains.
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sol vents, or coreagents thus solving the |ong-standing
di spersion problem associated with traditiona
woaodsiicedsat e fillers or the m xi ng conpl exiti eBCT/US2005/032613
associ ated with interpenetrating networks. Moreover,
because POSS nanocages dissolve into plastics at the
nmol ecul ar | evel, the forces (I4 e., free energy) from
solTnet ahility of H@OSSetcs abhirol ehaint mqmlpevenpamnyrmparent when
coal escing and form ng aggl onerated donai ns as 'occurs

POSEL Iy liicstpdiasd! infn@ ohghedichairfoinativairl | Z% U.S. Pat. No.
fillers. Aggl oneration of particulate fillers has been

5,40 gs% 2l Séﬁ;\a all,"3Y. PRAb! ¥ sBliasHed L.eﬁﬁ%awt%u, U.S. Pat.

at Ive conparl son between t

No. ﬁ?ﬁ%fomﬁ%@a "D ?ﬁ%"”%@?ﬁﬁ% to"Weidner, al

Segnents 0.5 - nm, Oct ac cl ghex POCSS 1.5 nm
ex F%ﬁ%br’rﬁ“FQfP?F?éPddQYI@f@encﬁo frgin. Pa)(’f’héﬂl BpeSSsu martodﬁtryctures are
80 nm Crystalline Lanellae 1.0 - 9,000 nm Fillers /
covalegily dinkad do2the padgmeoehain thieasi ke refhrd>CBSin Mmotion and greatly
roughly equivalent to that of nost polymer dinmensions,

enhahoé tinea depbadeniaprdpariiés Rdh @an Tof fHDT] \Cﬁ‘e}épathrSet which
the notion of polynmer chains.The ability of PCSS to

corr‘éi%ﬁéﬁ%' ing s dTRo0aN éjs' fha?é‘ﬁéésc Uéer IalSr rr@éi’éta%@n The present

I'sS I ncorporate into a al n net wor

e B W B Al S gpwgf o e

5, 589, 562 to Li chtenga et,a and U.S. Pat
incagperaoRgel paNeRIURiUe! ‘g“?mlé‘fﬁ Eﬁ%ltbeﬁ‘rﬂ%%ﬁtﬁor'ﬁﬂ'écg%?”y simplifies
reference herein. Wien PCSS nanostructures are
the pgonaBrpgessesked to the pol ymer chain they act to
retard chain notion and greatly enhance tine dependent
properties such as T9, HDT, Creep and Set, which
Furthermore, because POSS nanostructured chemicals possess spherical

shapes (per single crystal X-ray diffraction studies), like moleculgr 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 polyrﬁers, yet with the added benefits of reinforcement of the
individual polymer chains due to the nanoscopic nature of the chemicals. 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 process aids and fillers or and an illdefined mixture of polymer
chains. Additional benefit may be realized by the usage of nanostructured
chemicals with monodisperse cage sizes (i.e., polydispersity = 1) or from
polydisperse cage sizes. Such control over compatibility, dispersability, and size is
unprecedented for all traditional filler, plasticizer, and interpenetrating network

technologies.
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correlate to increased nodul us, hardness, and abrasion
resi stance. The present invention now shows that
wei2mel1azespr operty enhancenents can be real i zedroy/ush®s/032613
i ncorporation of nanostructured chem cals into
thernosets. This greatly sinmpl.ifies the prior art
processes. Furthernore, becadSe POSS nanost r uct ur ed
EXAMBLESI| s possess spherical shapes (per single crystal
X-ray diffraction studies), |ike nolecular spheres,
and because they dissolve, they are also effective at
Gen&dl Progess &/ atiines Applichbhe Tv R Pipeesssds Thi s
benefit is simlar to what is produced through the
i ncorporation of plasticizers into polynmers, yet with

t hq\sagq?gﬁaﬁmﬁ ié:b%n?%alr b QeCqABRY ahn?nsé}%fyhga%s that can

pol y.merI al ns fhe nanoscop:p nat ur e of
e SG8H: 67 conudl tie DRy e RoBURS Ak 4 wPSthaniemeot.apy process.

of napgstructured chemcals (e.g. POSS, POS) where as .
Varighles idfuenging @erwgeﬁ%gfm thedneipaigion ot aa%ﬁstmqiu@yschemlcals
aids and fillers or and an illdefined m xture of
(e.poPYES/PEPRI ate.) Adidi tolastios fraiede t thenysizee andhl palydispersity, and
t he usage of nanostructured chemcals wth
coniysosiibrs pefr site Crgtostiucasedi chemidqzel ydbisnifgi the Tmdlecllar weight,
from pol ydi sperse cage sizes. Such control over

'polfd?%%it)bia]nidt YomPbsili8h ok 6¢1ym%9‘§fyi§?eﬁ§rrh§st] also.be matched with

unprecedented tor all traditional pl asticl zer,

thafgh b8 PRIkl R, Eib EL e RinSie BiEdypamics, and
As i.s typical wth chem cal processes there are a i
profRsRiag AW (aPf Abig” e o0ae: FERCER rich SGERIPIAIS R coouratives

purity, selectivity, rate and nechani sm of an

“usegr drgsthe crosslinking 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 plastics.

Alternate Method: Solvent Assisted Formulation. POSS can be added to a
vessel containing the desired polymer, prepolymer, 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 adéquate
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



[\

w

N

9]

o)}

oo

O

1

o

1

jom—y

12

13
14

15

16

17

18

Vari abl es influencing the process for the

i ncorporation of nanostructured chem cals (e.qg.
woeCEkB/1BfdScet c.) into plastics include the sizeramas2005/032613

pol ydi spersity, and conposition of the nanostructured

chemcal. Simlarly the nol ecul ar wei ght,

pol ydi spersity and conpositi d

of the polynmer system

flanmmablea hydrdearnet cobdenis.t hTheatesoftingh fomaulatan unayrtkdn be used
chemcal. Finally, the kinetics, thernodynam cs, and

direletlp ©f f6vi subbsabdenusredessingng the m xing process, and
accel erants and cocuratives used during the
crosslinking process are also tools of the trade that

Exeﬁﬁﬁlé W@i‘aﬁé‘%urg'\ﬂﬁgi POSHrekjpnd degree of
porati on of

nanostructured chem cals into polyners. Blending
ses such as nelt blending, dry blending and
Exéﬁﬁgﬁﬁbn m xing blending are all effective at m xing
and al | oyi ng nanostructured chem cal into plastics.

Al terpate Method: So| yve Assi st ed Fornul ati on, POSS
o e SaBIPIS ohavipgl E3SSonaet Raty MAGGoes, gired o 30g of

r, pre

or nononers and di ssolved in a

pol yme pol ymer, ! !
phe@uﬂmsdjm@mly%ll%aunsllme-aﬁ her gaiiures viagemeated gio HREndo promote

t ol uene, dichlornmethane, etc.) or fluorinated sol vent
disdotutieht end then falowsid tm @freotee rbomo ¢Empersughasthed Bppm of a

m xture is then stirred under

hi gh shear at sufficient

hydtSSIBASARL SHtElY50 WS dfife@ARRMUME Mixitir8d Ther rekih Wad!t¥én cast and
and the volatile solvent is then renpved and recovered

sl EAEPATI i 8 Pt i S kP CuBE RT3 g o c0°

I nclu atron.

I'ng

for 3B rS AR A 6t I DO PO Rt FlgF Bedin ague Was removed
formul ati on may then be used directly or for,.
andsfeyd 4o Save pubdasding dhemmalandemechanicabiprepetties: vi ny|

POSS Resin

Resin

Density

Catalyst Type
Cure time {range)

Viscosity

Shelf life (wio cal)

Heat Distortion

Flexural Strength @ 23 °C
Elongation

Modulus @ 23°C

1 part

1.20 g/mi

Platinum

45-50 min. @ 70 °C
12 min. @ 80 °C

108 cps

24-38 mo
=1,100°F (=B00°C)
15,000 psi*

3.5%

5 x 107 psi*

Example 1b — Silane cure of viny POSS and Epoxy POSS resin/cage mixture

A similar procedure to 1a was carried out using a resin consisting of a 85%

vinyl POSS and 5% epoxy POSS. This was cured in a similar manner to 1a and was

found to have nearly identical mechanical and thermal properties with improved
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Exanple la A 70y sanpl e of vinyl POSS cage/resin
m xture as stirred into 3Qg of
woheosyB2ass sdi met hl ysi | oxy silane. The m xture Ra$/US2005/032613
heated to 600C to pronote di ssolution and then all owed
to cure to roomtenperature. Then 3ppm of a
hydrosi |l ati on catal yst was st1 rred into the m xture.
adh@sienrtesvapdrard polar stutaceanacladingwrampesiieditarsat(Notsothat a range
tenperature for 8 hours and subsequently heated to 60C
of vingt aAd repaixy feom al 14 BB Yowad foumd so banacueptatse))y An additionally
-clear resin plaque was renoved and found to have
deswamétfé@t@lr@affmﬂé% |55\ﬁ‘éj Cgﬁ‘&h%mrﬁﬁ' properties. sin 1
part Density 1.20 gM tat | p Cure tinme (range)
45-50 ma 70 C 12 mn. 80 C Shelf lie (Wo cat.) Heat
Distortion Flexural Strength @3 C El ongation Mtlylys
@ 23*G Exanpl e 1b - Silane cure of vinv POSS and Epoxy
Exah{§ie 1es iSilanegsure oft vingl ROSSrahdEwexe PSS résinicagemixture
carried out using a resin consisting of a 85% vinyl
POSS and 5% epoxy POSS. This was cured in a simlar

MBA8imila? pkScedlffeWBS1a was carried out using a resin consisting of a 80%

h

vinyl POSS and 20% phenyl POSS. This was cured in a similar manner to 1a and

‘was found to have improved fire resistance. (Note that a 0.1 to 99.9% relative range

of vinyl and pehnyl was found to be acceptable. Optical clarity for this formulation

was also found to be a desiréble property.

Also tertiary mixtures of vinyl, phenyl, and époxy were found to be favorable).

' For example the following range of vinyl POSS and phenyl POSS systems were

determined to be of utility.

Final Composition ViSi(OMe)3 PhSi(OMe)s EpCyEtSi(OMe)s
(mole%) (mole%) (mole%)
PM1285-0502 - 80 ‘ 20 0
PM1285-0502 75 20 5
PM1 285'-0508 70 20 10
PM1285-0509 65 20 15
PM1285-0510 60 20 20

Synthesis of PM1285-0510 vinyl POSS derivatives:

ViSi(OMe)s (184.72 g, 1.246 mole), PhSi(OMe)s (82.37 g, 0.415 mole) and

EpCyEtSi(OMe)s (102.19 g, 0,415 mole) were dissolve in MEK (1.5 L) and methanol
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found to have nearly identical nechanical and thernal
properties with inprovedadhesi on to wood and pol ar
weoeundeasmsei ncl udi ng conmposite fibers. {Note thaCT/US2005/032613
range of vinyl and epoxy fromO0.1 to 99. 9% was found
to be acceptable.) An additi qgal |y desirable feature
of this resinis its optical ‘Clarity. Exanple 1c -
(2055inlgria acd Le3-nkcl iroynd m&mkﬁﬁt@dywmmmw stagder and reflux
m xture A simlar procedure to la was carried out '
condenser. Jo s neanioni mbiting KOH [B6%), dissolvéGbWarmd(12@%6 mL)] was
phenyl POSS. This was cured in a simlar manner to la

add@ﬂ%l&ﬁﬁl Wig! '@.Eirrfng hENe rddatfopVidtktdie \ﬁaé %'a%édiﬂ)c Peflu&“&ﬁoﬁcontmued
1 to 99.9%relative range of vinyl and pe nyl

for #@?'nﬁ%? I'on ?@%Ogﬁ_g(gp‘&gpl gid{a @O% acél]ir eS| {) r@%éﬁﬁ opé??? |ce/ water
anddDB iy hsvatieriap aodied g i Eé@m Hexaibs Mt gyer was

range of vi nyI POSS and phenyl POCS systens were
sepaeated nan@ Balveriewss @moved, in 3hat r&t@vamff topriifopd ssatig1 0PM1285
vinyl POSS derivatives: ViSi(Ow)3 ( 184.72 g, 1.246
derivatiws. PhSi (Ow) 3 (82.37 g, 0.415 nole) and »
EpCyEtS (OWe) 3 (102.1 9 g, 0,415 nole) were dissolve
in MEK ( 1 .5 L) and nethanol (205 mM ) in a 3 L 3-neck
Exa’,ﬁ?rédzhcgm%p €upsk fitted with nechanical starrier and
refrux condenser. To this reaction m xture KOH [0.6 g,
dissolve in water (149.5 m )] was added slowmy with

A Vit POSR gﬁe§,ﬁm§gﬁﬁ (B Bu @????31%} Cabel @ms g), Butyl
zmg%b&ﬂ_pggg éﬁ M@hggwggga@@% g) e ﬁf@plcaﬁy mlxed at room

Hexane/ NEK | ayer was separat ed gnd sal vent was renmpyv

tempgratyee. rﬂieavwgare thenaevigdgats b1 9 dCpRl 24-anb e PEaRJusss. & optically

clear resin plaque which was found to have thermal and mechanical properties

similar to those of epoxy resins. ' o

Example 3 — Ene Cure

A 50g sample of vinyl POSS cage/resin mixture thoroughly mixed with cumene
peroxide and the mixture was heated to 100°C to promote crosslinking. An optically

clear resin plaque was found to have outstanding thermal properties. Tailorability of

~ the thermal and mechanical properties of the resin resulting from the ene method

were found possible through the addition of cyclopentadiene, cyclopentadiene resin,

hexadiene, norbornadiene as co-ene monomer reagents.

Example 4 — Epoxidation of vinyl POSS cage/resin mixture

A 50g sample of vinyl POSS cage/resin mixture was stirred into peracetic acid

(200ml) chloroform {500ml), sodium bicarbonate (62.1 g) and sodium acetate (1.1 g)
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Exanple 2 - Sulfur Cure A vinyl PGCSS cage/resin
m xture (5.01 g), Sulfur (0.0516 g), Captax (0.025 g),
waeuabosl13zdseat e (0. 0255 g) and Met hyl tuads (0. OBPE#/U§2005/032613

were mechanically m xed, at roomtenperature. The

m xture then cured at 110 OC for 24 and to produced an
optically , clear resin pl aqilj% whi ch was found to have

mixiure mmal refindede chiteri 2 doups dpe réactonswas |stopped biaeling. At room

epoxy resins. Exanple 3 - Ene Cure A 5Qg sanpl e of

tempbialireRWBRrq00MIEWRS dBedUAR tHE k@i BtiffeyathdViltdred and was
cunene peroxi de and the m xture was heated to 1000C to

alofl B 0SSR T 1 afBLE6E Yl Ry e orgac
vl e, Bl S S SRS TR0, BOEPE S s o

possi bl e through the addition of cyclopentadiene,
epoxidizegppraduatendlotedhal MeRBdi dmetaciieioppirinzeic asid) is also an

co- ene nononer reagents. Exanple 4 - Epoxidation of
acceptable GXdSingeament &3 placei oftthe peradaliy aadopl e of vi nyl

PCSS cage/resin mxture was stirred into peracetic

acid (200m ) chloroform <500m ), sodi um bi carbonate
@@felsag; PSS BifnoNamEERbRY Luke 1 g) m xture and

refTuxed. After 2 hours the reacti on was stopped by

cooling. At roomtenperature water (700m ) was added

Tw@ﬁ@mie%‘ﬁoﬂh?%éﬁ& @Bhbﬁ%‘?s and o &&ﬁ\%rﬁgygpgrm?c@@ﬁ%%re used to

to phase se I nto an aqueous organi c

| ayer e nic layer at t t :

corg i, TG, G105 47 i BpBFRRGE RS SO 8 Bisphencl A
epoxi di zed product. te, that NCPBA ) )

DGE t@?:ﬁl-%f%@é’ﬂ%é?%i‘gﬁ%lcég equUIvRlept groxideelRlagpight: 173), and
oxi di zing agent in place of the peracetic acid.

tetraglycidyl diamino diphenyl methane, TGDDM (Aldrich Chemicals, equivalent [E]

weight: 105.6) were mixed with stirring and then 2-methyl-1,5-pentadiamine (Dytek
A, DuPont Chemicals, equivalent hydrogen [H] weight: 29) or a diémine terminated
polypropylene oxide (JeffaminewD230, Huntsman Chemicals, equivalent [H] weight:
‘57.5) was added. The epoxy (E) 'to amine (H) ratio used was stoichiometric, [EJ/[H]
1/4 1. To this resin mixture was added phenyltrisilanol POSS (POSS-triol) in ranges |
from 0.1 to 1 weight percentage. The resin was then heated and stirred at 50 °C for
30 min and then degassed in vacuum for 10 min at room temperature. The resin
was poured in a mold and cured in a mechanical convection air oven set at a
specified temperature for 12 h. Compositions, thermomechanical, and processing

parameters are given below.

POSS Epoxy Amine Cure Cure Tg(°C) E @ E @
Silanol Temp Time 30°C Plateau
501458 (°C) (h) (GPa) (MPa)
0 DGEBA Jeffamine® 100 12 84 3.7 30
0.4 DGEBA  Jeffamine® 100 12 o1 3.3 32

0 TGDDM  Jeffamine® 150 12 137 4.3 80
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Exanpl e 5a - POSS Sil anol and Epoxy cure Two

conventi onal epoxy nononers and a conventional am ne
wouomiBusewer e used to denonstrate the effecti penass006032613

this approach. Diglycidyl ether of Bisphenol A, DGEBA

(D E. R w 332, Dow Chem cal, ui val ent epoxi de [ E]
weight: 173), and tetraglycidyl dianmno diphenyl

fdt hanEGD@MDDMJG(fondm ch Chevi cal s12 equi vidBent [ BJ6 76
viei ght PGERA 6) Q}éﬂe Avi xed1@@ th sti2ring ehd t heB.6 29
0-2met hPIGEBA 5- @nelad‘h am ng0q Dyt ek, DuPRdft CheBibcal s, 36.
egui vaT@HDl\hydrmgdﬂ AH wed@ht: 2% or 416i am ne.3 38
0.8r ni NEGBOMO! \ytEOVA ene 980 de (I f ani @AD230, 2.0 36,
Hunt smB@DOMeN datek” Aqui vaseEnt [ Hl2 wei glB7 57. 52.6was 78
e@ded. TGROMpoOXWIEE)At 0 amdhe (H)12 ati o2dd4ed wal.5 97

860i chTGDEM i c,Dyt /4 H 1480 1. Tol2his rd8in ni 2Bure 125
vias adt@bDdhenydytek®A | anot0POSS (ROSS- t rvsl ) i n2isanges 126
0.4om OTGDDM 1. \mjt@{‘?tA per ct0 age. Jhe reLOAm was Bloen 144

heat edTGDOMt i rDywek®Ad 50 G or 30241 n ald2t hen 2.5 172
Jeffadeg%@s@manﬁhmlam kA DNt N at roomtenperature. The
resin was poured in a nold and cured in a nmechani cal

, : jaydades and processing
par ameters are given beI OW. POSS Epoxy Am ne Cure Cure
Tg (0O E @E Silanol Tenp Time'300C Pl ateau SO1458
The pfogcetinye 06Ba) is(ABa)appliCiBIBA0 Jinfvantioral (epoxyOéhd anBydride cured
3.7 30 0.4 DGEBA Jeff amne(r) 100 12 9 1 3.3 32 0

sysmdﬁéiéiﬂglée d ﬂ‘)reé?hril%géﬁae%é”s ot dlattddhg a 45:55, weight

Jef fam ne
ratio of a Part A'POSS epoxide, a Part B anhydride. To this mixture was added a
3wt% imidazole' catalyst and the system was thoroughly mixed at room temperature.
The resin was suitable for molding or infusion. Cure was carried out at 70 °C for 120

minutes as was followed by curing the molded part to room temperature before

removal from the mold. The POSS epoxy had the following desirable properties:

|
density 1.1-1.2 g/ml, Glass Transition 110-120°C, Viscosity (after mixing) ~10 Poise,

Shelf Life 12 months at 24°C, Tensile Modulus 2.2 Gpa.

Example 6 — POSS Silanol and polyimide cure

Commercial polyamic acid (Dupont) utilized ‘for the formation of Kapton® film was
utilized to demonstrate the effectiveness of this approach. POSS silanol is dissolved
into a solution of polyamic acid in NMP solvent. The soluble range of POSS in this
mixture is from 0.1-60wt% with a preferred range from 5-15wit%. The solution of

poly (amic acid) and POSS® in NMP can then be cast into films or coatings and

~ subsequently imidized at 100°C for 2 hours, then 200°C for 2 hours and 300°C for 1

hour. The incorporation of POSS results in excellent optical propetrties, increase
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0 DGEBA Dytek (r) A 100 12 98 2.6 29 0.2 DGEBA Dyt ek

(r) A 100 12 115 2.6 36 0.6 TGDDM Dytek (r) A 100 12
wWQ280623%588 0.8 TGDDM Dytek (r) A 100 12 122 2r0T@62005/032613

TGDDM Dytek (r) A 150 12 167 2.6 78 0.2 TGDDM Dyt ek

(r) A 150 12 214 2.5 97 0.6 TGDDM Dytek (r) A 150 12

219 2.8 125 0 TGDDM Dytek (r)IA 100 24 198 2.5 126 0.4 .
modGDONE!) @y elevated) témpomtare, J0Gredsed 1odghnessT Gabha)arelk tensile)

(r) A 100 24 222 2.5 172 Jeffam ne Huntsman Cheni cal's,
andDyite2kly iﬁwabhFéidWe&ét@ﬁ@éeto%kidatRﬁSﬁmrEQ?%\thé Fbemadidém of a protective

anvhvdri des The procedure of 5a is also applicable to |
- r TN !
Sl b e B U808 LMoL g TE e, o Yiner oxidizing
ﬁ : 55, weight ratio of a Part A POSS epoxide, a Part B-
age ydride. To this m xture was added a 3w % i m dazol e
catal yst and the systﬁg[pvvas t horoughly m xed at room
tenperature. The resi asS sul tabl'e Tor™ nol difng™ oA
504 POSESipgeRimi@Ir € was carried out at 70 C for 120 nmi Autes
aczvaetall owed by curihg the nol ded PJdb%ete mj

before renoval fromthe nold. The POS$S
e foll ow ngjdesirable properties: | 1
1.2 g/mMg Eeassmbhansition 110-120C,
fter mxigt) -10 Poi se. o 3
. w4 ] Higher rubbery
] orve] A platean medulus

s il

i r T T 7 T T T T T
00 250 ane 350 4D 430

Temperatwd'$}

Typical mechanical properties for 5% POSS® polyimide at room temperature.

Material Youngs Modulus (KSI)  Tensile Strength (KSI) Elongation Tg (°C)
Polyimide 346 2.0 5% , 385°C
5% POSS-polyimide 350 10.8 T% - 385 °C

Example 7- POSS Silanol and bismaleimide (BMI) cure

Commercial BMI resins were used to demonstrate the effectiveness of this
approach. POSS silanols were added to a stoichiometic formulation of
BMPM/DABPA (BMPM = bismaleimide monomer/polymer and DABPA =
diallylbisphenol A) produced by Cytec under product code 5250-4. The range of
POSS silanols can be from 0.1wt% to 50wt% with a preferred range from 1-10wt%.
The DABPA was first heated to 100°C, and then POSS silanols were dissolved prior
to the addition of the BMPA. All mixtures of BMI POSS silanol were optically clear

which indicated the full dispersion of the POSS silanol. Note that other variations for
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Shelf Life 12 nonths at 240C Tensile Mdulus 2.2 (a.
Exanple 6 - POSS Silanol and polyi m de cure Commerci al
weoabosasrase aci d (Dupont) utilized for the formaPCowsefos/032613

Kapton filmwas utilized to denonstrate the
effectiveness of this approagg. PCSS sil anol is
di ssolved into a solution of“polyamc acid in NWP

BMRMI vant beThtilizenl sbck asandienathylPetiieri madified DABRAe (ms-DABPA)
fromO0.1-60m % with a preferred range from 5- 15wt %

folloWieg e vameproteddey TReTesinginiaoet WasHen cured\bfheating 1 hr
can then be cast into filns or coatings and

| hep di . )
@ W@gqﬂ'ﬁn@ 232;@,3 %le@ a5 bB0CTHE o owmggeﬁ%éﬁ?ipﬁﬁﬁgpes of the

hour's Cfor 1 hour. The

POSS results in excgellent optijcal pr bes . . :
formutatil, 831% sheel efLefmitioncdtsh sk BERLDIE ure step, viscosity at
increased toughness (el ongation x' tensile) an
1008 2B SHATBIEG restoniioanes! ditelion onoBHTF Jifurestrength @
formation of a protective silica glass upon the film 5
23°G ur f1&:R0Q psiy alamuatione @ @35&ygeh5H, avadulos @t B3FC = 5.5 x 10° psi
oxi di zing agents. 50 POSS b polyim de Hi gher inbbbry

(flexuiral) e aflexardl strengm@r 275°H &) 90901 vsi) etorgjatiohc@® 275°F = 7-8%,
properties for 5% POSS(r) polyimde at room :

B — Y/ Modithys (KSI) Tensile Strength
moibﬁlgél))@ %7§n'§aﬁ'§n" &;{%?r(n v I VA )

5%°CSS- pol yi mide 350 10.8 7 ' 385 OC Exanple 7- PCSS
S IRgnid MedHamTEd enZiyiss 6PMe 089 Snhanced POSS silanol BMI resin

relative to the BMI control reveals a 60°C improvement in the glass transition -
temperature and retainment of modulus (E’) at elevated temperature relative to the
BMI contrbl.’ MoreoVer, the presence of POSS does not affect the kinetics of initial
“low-temperature” (177°C) cycle. Conséquently the processiblilty of system is
retained. Note that while it is possible for BMI alone to achieve a Ty of 350°C, this
\also requires an additional 2 hours of post-curing at 300°C. In contrast the POSS
BMI affords a T, of 365°C using a lower temperature, faster, and simplified cure .
cycle (1 hr at 177°C, 2 hrs at 200°C, and 6 hrs at 250°C). Furthermore, the fact that
modulus of the POSS-BMI is not significantly degraded at 400°C proyjdes a major
enablement for high . temperature

composites.
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Commercial BM resins were used to denonstrate the

ef fecti veness of this approach. PCSS silanols were
waddsa3taea stoi chionetic formulation of BMPM PABRA2005/032613
(BMPM = bi snal ei m de nononer/ pol yner and DABPA =

di al | yl bi sphenol A) produced by Cytec under product

code 5250-4. The range of P silanols can be from

0.1 w98t 50wt % with g oreferred range froml 10wt % 0.30 '
The DABPA was first heated to 1000 and 't heh Posg ™ 4 Y-
@i | anol s fnepeasmgdissol ved prior to g addi ti on of the3 4
BVPA. ALIL m xt ur €S DT BivmaRQlS Si bl were optically 0.25

T

‘*c’l ear whilch indicated the ful™MydW®melsi g0 of the POSS .
Wil an®. ENote that other variat N WERPM can be 3 pog
ftilizedfsuch as dinethyl ether 'f DABPA ’
gms- DABPE) following the sane pfocgdyf he resulti —gﬂ 15
mxture -was then cured by heatf o /C, 1lhr @
OOC,mSzhl @ 250C. The fol |l ow b c broMerties
@f the f@rmulation were obserjfed: gfel i nigat§on of thej 0.10

eed for F3GDC cure Yo Fy at 100CR= 3cps,
g§helf-ll1'e ‘ e st orti on = G
flexural strength @23C = 15 OOO pS|, eI on Ji.on @
| i,

230C 074!
fl exural strengt ion 275F
= 7-8% m)dul us i&'@S "%, a]aQﬁe (fI e%@bal) 553
Dynami ¢ nmechani cal anal yS| ST % enhanced PCOSS
silanol BM resin relative to the BM control reveals
a 6Q0C i nprovenent in the glass transition tenperature
and retai nnent of nodulus (E') at el evated terrperature

0.05

2750F = 9000 ’ eI on

2 ey

To é@él@htevﬁhé eoﬁ'n%?fé\ﬂcp‘é%éﬁétlcsw %Vébqﬁ HMI t6ar piics S e by 6 |

0SS does not " a kKi nétic

| tly th
T658r%%%§§¢@f [t Gomb)Sie Her el ibse TabicaicusiNacommesial grade

c |tgg% fssn bl e for BM alone to achieve a T9 of 350C,
Y1§¢,i5250-4 resin reinforced with 5 weight percent POSS PMI. The interfacial

E:
1

adhesion, of a POSS-BMI relative to a BMI control was evaluated by conducting a
short beam shear test Five samples were tested and an average shear strength
value for the 5250-4 BMI control of 58.44 MPA + 2.68 verses 59.14 + 2.00 for the

5% POSS BMI was observed.

Exampie 8 ~ POSS Silanol and telechelic polyimide cure

The synthesis of telechelic polyimide resins (PMR) involves dissolving dialkylester,
diamine and monoalkyiester (end-capper) in a low boiling alkyl alcohol (i.e.,
methanol). To this mixture is added POSS silanol in various wt percentages from
0.1-50wt% with a preferred loading range from 1-15wt%. Because the POSS

silanols and PMR are soluble in the alcohol the resulting viséosity solution can be

~ used to impregnate fibers or fabric to provide a prepreg. The prepreg, upon removal

of the solvent, contains a homogeneous mixture of the PMR and POSS reactants.
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"al so requires an additional 2 hours of post-curing at
3000C. In contrast the POSS BM affords a T of 3650C
wadesg3zwsbower tenperature, faster, and sinpli PCeaSewws©32613
cycle ( 1 hr at 1770C, 2 hrs at 2000Cland 6 hrs at
2500C). Furthernore, the fact that nodul us of the
POSS-BM is not signifi cantl94degraded at 4000C
When dhdatied ta temperaterssbbeimeen 150°ChiqR00¥DptheaPMR: undergos an in-
conposites. 100 200 300 400 Tenperature{ C) To eval uate

situldoMdeRBRSH FéactidbA BGofh! &id-68pHed IMRIcPSIRPNRA: DEepénding on the
plies of 6" by 6" T650-35 carbon-fabric conposite

oS I P IALES o o
ﬂhe{raoae 06 'a%h?ﬁ%f’c' Y oré@%q? %L?%rap f%#ﬁﬂf b 4748 [600°F; nadic

eam shear_te Fi v were tested and an
est%rvelNEgetoSr@d Cst(?%@ hphemelehwnvknhtha{e 5ekh- matyh ester, PEPE).
control of 58.44 MPA 2.68 verses 59.14 2.00 for the
CorbirierasiSPBNA regiss elese rutitided Ex aopfien 8he VRODESOoSPIQBMlin dinid system.
tel echelic polvimde cure The synthesis of telechelic

To AAHFPE-I82r MR fedif MR)NABROsa@shdl h8RéYaYibA desin) was added POSS
di al kyl ester, diam ne and nonoal kyl ester (end-capper)

silanﬁllsg%u'cﬂ Qﬂb.‘lér{&@gggh%l P%ggo%ﬁ trféll Rol et Ith’GQQ) To

urels anor |nvr|ousvvt
percentages fromO.1-50m % with a preferred | oadi ng

o Do MG A G EERL TS 285 AT A RigT o7 e, R Hibaulus for
tne ?D?VI tcocnrt]ro and ﬂe1e POSS PMR reveals an increase in retainment of modulus

at elevated temperature for the POSS PMR system.

10" 7 1.2
' red: neat HF DA+p-PDA (end-capped with PEPA)
blue: blended with 15% ethyltiolPOSS

Complex Elastic Modulus (Pa)
|
[=]
[=,]
@rug)

107

To demonstrate this desirable properties of the POSS PMR resin relative to the PMR
resin in composites, 8 plies of (90/0) T650-35 carbon-fabric composite panels made
with HFPE-II-52 PMR and POSS HFPE-Il PMR. Composite panels containing 7 wt%

and 15 wt% of Ethyl Triol and Phenyl triol in HFPE-II-52 CFC show excellent
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used to inpregnate fibers or fabric to provide a

prepreg. The prepreg, upon renoval of the solvent,
woanicaBmse a honogeneous m xture of the PMR andpe0$S2005/032613

react ants. When heated to tenperatures between 1500C to

2000C, the PMR undergs an insitu condensation reaction

to formend-capped imde oli eners. Dependi ng on the -
procesaifilityrasceomdparedts r{arePESAcantaining sesine)in @iddition, the density of

end- capper used, the final cure (thernosetting) is '

POSSu#bl 5 Ib%éfméﬁEHFBE PRIP ¢ IRsishRE POSB-3dhfeining composite to
(6000F; nadic ester, NE) to 371 O0C (7000F;

R i
hav%oﬁn)@v&’ér Eﬁwm%gls&é‘r geﬂt@ﬁtfl Zetgﬁtéigﬁn on@ﬁ ight” composite

stru ﬁgue of POSS in this system To a HFPE-II-52 PI\/R
P a NASA second generation resin) was added POSS
silanol s such as trisilanol phenyl PGOSS and trisilanol
ethyl POSS Upon curing an optically clear resin

resul ted. A plot of tHe_el asti c Iglusfcr the PMR
Nrbeielerient anDeRgife g s¥oid{Content
at 8V&Vak ed |t @meeht|ur e(Yolo) he
elfab2e e

abl e
3 PI\/R64613| n to tp82PWR
LY PDOS pllca of \‘UIU) ToyU=—59
car bjo ﬁ"115a/6Fh ”X%Pn§’§§te papglos nmade MG1d HFPE- DI3752
PMR land_PCS! KM&DF-I | _BMR _Conpositfle paneld -containing
7 wt%and 15 wt% of Ethyl Triol and Phenyl triol in
HFPE-11-52 CFC show excel |l entprocessibility as
Furdhenmeradtheo campopitsSsaroptesi weng expoisad ton theriali aging, and their
- the density of POSS triol is Iess than HFPE PMR which
medieafical tpropeigscweteabralogiad Upingi theed-polma\seningtests. Testing at
density which is a benefit in obtaining "light weight"

h

propert i e 4FPE-II- Be POSc
r esi

‘ 315%;(%@6"#)6 shbiveE taH ﬁ%raﬁérdfhmmﬁﬁroﬁiﬁeﬁﬁﬁ%@ ﬂé%(ural strength for

I'es ‘were exposed t0 thermal aging, and

. confERARY ARLCOUARCTE! S SRR UR AR B SRR & 15%

est S. Test

improvement in the flexural strength for composites made with 15 wi% additions of

trisilanol phenyl POSS.

Sample (~ 60vol% T650-35 Carbon Flexural  |Flexural Modulus”
Fabrics) Strength* (Ksi) (Msi)
HFPE-II-52 (Control) " 949=x6 7.8+0.13
with 7% POSS-Phenyl Triol 100.7 +3 8.3x0.14
with 7% POSS-Ethyl Triol 95.7 + 8 8.5+0.16
with 15% POSS-Phenyl Triol 108.2 x5 8.6 + 0.14

Although the present invention has been described above in terms of a
specific embodiment, it is anticipated that alterations and modifications thereof will

no doubt become apparent to those skilled in the art. It is therefore intended that
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3150C (6000F), showed an average of 10% i nprovenent in

the flexural strength for conposites made with 15 wt %
waddictdzase of trisilanol ethyl POSS and a 15% PCT/US2005/032613

i nprovenent in the flexural strength for conposites

made with 15 wt % additions of_ _trisilanol phenyl POSS.

Al t hqugh the present i nventi of has been descri bed

the éﬂb'&)/\@ng r?'ét"é\sri%e erpreted As ceveasingorll swakt alteratipss and modlflcatlons

antici pated that alterations and nodifications thereof
as fail mithirothdolbe spieit and sapparcftite friventiose skilled in the
art. It is therefore intended thatthe follow ng cl ai ns
be interpreted as covering all such alterations and
nodi fications as fall within the true spirit and scope
What istgieimeslignt i on, Wiat is clained is: CLAIMS 1. A
nmet hod of conpounding a nanostructured chemcal into a
t hernoset polymer, conprising the step of mxing a
nanostructured chenmcal with a resin and ah additive
selected fromthe group consisting of cocuratives,
accel.erants and catalysts. 2. A nethod according to
claim1, wherein a plurality of nanostructured
chem cals is conmpounded into the polynmer. 3. A nethod
according to claim1, wherein the thernoset m xture is
in a physical state selected fromthe group consisting
of oils, anorphous, semicrystallihne, crystalline,
el astoneric, rubber, and crosslinked materials. 4. A
met hod according to claim1, wherein the polyner
contains a chem cal sequence and rel ated pol yner
m crostructure. 5. A nmethod according to claima1,
wherein the polynmer is a polyner coil, a



pol ymer domain, a pol yner chain, a polynmer segnent, or

m xtures thereof. 6. A nmethod according to claim1,
wohersaBdmss he nanostruct ured chem cal rei nf or ceBCTUS2005/032613

thernoset at a nolecular level. 7. A nmethod according

to claim1, wherein the conpounding is nonreactive. 8.

A nethod according to cl agmajpswher ei n the conpoundi ng

is reactive. 9. A nethod according to claim1, wherein

a h%éi cal property of the thernoset polyner is
ingr g’tPQbSOfaCQ'@QQUBdIBQ 8onpoosidiciyrachehemicalt infot ar etrmoset
chem cal into the polyner.10. A nethod according to

clrglymer, ogheprising theestphyos insiaingra nprRostyuctoRse tssiRical with a resin
menber sel ected fromthe group consisting of adhesion

t arl 9 bydaRive SefettdRHBmM ﬂité;@@hﬁrbdrﬁis%n%%?%ma‘?ives, accelerants

surface, adhesion to a ne surface,

r el tRBRKs, density, |ow diel ectric constant, thernal
conductivity, glass transition, viscosity, nelt
transition, storage nodul us, rel axation, stress

tr k: esistance, .fire resistance,

biﬁg@%ﬁ;"ﬂ a@&ﬁ%@ﬁﬁb{q iggim gﬁs WISrRiBa 1% 1RyRality, @ nanostructured
porosi.ty. .11. A nethod according to claim1l, using a

si QHEC%EH%WWQPUE% Rtadhe Balya&tor ding to claim 1,

using a sul fur curative. 13. A nethod according to

claim1, wusing a phosphorus curative. 14. A nethod
adeBedino ageording i, dainudi whetein dne tharmatsiet enixtuiSe istin a physical
met hod according to claim1, wherein the

natetstselettad drbre Heeigralip fconsksting of asllsp aplciphbgs, Z&micrystalline,
16. A nmethod according to claim1, wherein the-

nenesallingt slasientdiRMider, and crosslinked materials.

A method according to claim 1, wherein the polymer contains a chemical

sequence and related polymer microstructure.

A method according to claim 1, wherein the polymer is a polymer coil, a

polymer domain, a polymer chain, a polymer segment, or mixtures thereof.

A method according to claim 1, wherein the nanostructured chemical

reinforces the thermoset at a molecular level.
A method according to claim 1, wherein the compounding is nonreactive.
A method according to claim 1, wherein the compounding is reactive.

A method according to claim 1, wherein a physic'al property of the thermoset
polymer is improved as a result of compounding the nanostructured chemical

into the polymer.



10.

11.

12.

13.

14,

15.

16.

17.

18.

functions as a filler. 17. A method according to claim
1, wherein the nanostructured chem cal functions as

woabds/1a2¢sbast i ci zer and a fill,er. 18. A nmet hodPCT/US2005/032613

according to claim1, wherein the nanostructured
chemcal is selectively conmpounded into the polyner
such that the nanostructured chem cal is incorporated

iﬂg mﬁh(‘??%‘?&iﬁb r}Sdcléﬁrgig?r\NH\értem gl?é %y?@%ygﬁpaelﬁr cémprises a

controfl1ng the nolec

pol . C r1,Sj.n ompoundi ng_a _nanostrycture .
oResfiTBar SaleBotinboR, MmoUnoconsiallid, o adiesit g aopolymeric
claim 18, wherein a tinme dependent property is
eShEReegadResion ée @ qoraposisnpdiang. mghesionder siatalsuiface, water
chem cal into the polyner. 2 1. A nethod according to
clrepelieawy, wiensityn lone dielestrite peortbant, pthepeal ycorsductivity, glass
selected fromthe group consisting of T9, HDT, '

Maedisiton, CUIBEPsitys CineltP @rameRion|, | sioragy r@ddalus, relaxation, stress
resi stance, abrasion resistance. 22. A nethod of

r i HsPEICT dradion® lr@é?égﬁﬁcé,e GO relfstahd?! Hig?’dgiqcatl h@orﬁsé\ﬁmﬁty, gas

conpri sing: compoundl ng a nanostructure em ca
chemni cal ..pr o jes.conpatible with the sel ected
r&geu%r?%hﬁ‘“%f’ﬁ@‘%?@%ﬂ@? 23. The method of claim 1,
usi ng an epoxy nodified vinyl conponent.

A method according to claim 1, using a silane curative.

A method according to claim 1, using a sulfur curative.

A method according to claim 1, using a phosphorus curative.
A method according to claim 1, using an ene curative.

A method according to claim 1, wherein the nanostructured chemical

functions as a plasticizer.

A method according to claim 1, wherein the nanostructured chemical

functions as a filler.

A method according to claim 1, wherein the nanostructured chemical

functions as both a plasticizer and a filler.

A method according to claim 1, wherein the nanostructured chemical is
selectively compounded into the polymer such that the nanostructured

chemical is incorporated into a predetermined region within the polymer.
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19. A method of controlling the molecular motion of a polymer, comprising

compounding a nanostructured chemical into the polymer.

20. A method according to claim 18, wherein a time dependent property is
enhanced as a result of compounding the nanostructured chemical into the

polymer.

21. A method according to claim 20, wherein the time dependent property is
selected from the group consisting of Ty, HDT, modulus, creep, set,

permeability, errosion resistance, abrasion resistance.

22. A method of reinforcing a selected region of a polymer, the method
comprising:
compounding a nanostructured chemical with chemical properties compatible

with the selected region of the polymer.

23. The method of claim 1, using an epoxy modified vinyl component.



