WD 2006/ 132656 PCT/ US2005/ 032613 1 1 Hi gh Use Tenperature Nanoconposite
Resins 2 3 Cross-Reference to Related Applications 4 This application
clainms the benefit of U S. Provisional Patent Application 5 Serial No.

60/ 608,582 filed agn _Septenber 10, 2004. 6 7 Field of the Invention 8 This

i nvention rgpazp%%l?’ﬁﬁéﬁer ally to the nethods and conposi tiPo(??%U%}POSFPr"ﬁ%s 9
tenperature thernoset polyners and fiber reinforced conposites, Mre
particularly, 10 it relates to nethodsifor the incorporation and use of
nanost ruct ured chem ca } oSl of the polyner
whi ch iln turn inpacts t ﬁ?ﬁgﬁaﬁﬁ&% err'g%ﬁ%mglo,gﬁgnm r'g at ed physi cal
propertd es of thernoset polynmers. 13 This invention also relates to

processi ng and applicatigns of, the 1 oscppi'cal l.y controll ed thernoset
pol ymsfss into conposite gﬁ?@?ﬂﬁfgfen&?épiqﬁﬂEfed)ggpgﬁ%%'?%es, seal s and nol ded
articles. The resin and conposite applications include 16 inproved

conposi4t e resi This fapphicatiohi biaims thai berisfit edalliSI1gBrovivides | Patent Applicatiohace

17 properties, which lead to fire resistance printability, bioconpatibility
and pergreaiiddl No. 6é/%oscs'st2rmédoﬁ@égﬁahb@frﬂn@robu.es, and archi tectural o
coatings. 19 20 BACKGROUND OF THE I'NVENTI'ON 21 It has |ong been recogni zed
t hat tt'ée properties of polynmers can be tailored to 22 a high degree through
vari abl'es such as pol yner sequence, structure, additive and 23 filler

i ncor paration, conposition, norpFieldgfthe lineentidgnam ¢ and kinetic processing
24 control. It is similarly known that various sizes and shapes of fillers,

and par8t| cul at Shis invention relates generally to the methods and compositions of high

9 temperature thermoset polymers and fiber reinforced composites. More patticularly,
10 it relates to methods for the incorporation and use of nanostructured chemicals to
11 control the cure chemistry of the polymer which in turn impacts the thermal,

12 mechanical, and related physical properties of thermoset polymérs.

13 | This invention also relates to processing and applications of the
14 nanoscopically controlled thermoset™ polymers into composite materials, coatings,
15 ladhesives‘, seals and molded articles. The resin and composite applications include
16 improved composite resins, foams, fibers, paints, coatings, adhesives, and surface
17 properties, which lead to fire resistance printability, biocompatibility, and permeability

18  control, optical properties, and architectural coatings.

19
20 BACKGROUND OF THE INVENTION
21 It has long been recognized that the properties of polymers can be tailored to

22 a high degree through variables such as polymer sequence, structure, additive and
23 filler incorporation, composition, morphology, thermodynamic and kinetic processing

24 control. ltis similarly known that various sizes and shapes of fillers, and particulates



WD 2006/ 132656 PC F/ US2005/ 032613 2 1 (e.g. Teflon o, cal cium carbonate,
silica, carbon black etc.) can be incorporated into 2 preforned pol yners
(prepol ynmers) or nonomer m xtures to enhance physical and 3 materi al

properties ulting forrmulations. Prior art in thermpset polyners
has 4 al so&;)gé%g}é%“g%n property nodifications through t He IFWHOQEO?%}P of

interpenetrating 5 networks and crosslinks that is either partially or
fully occur anobngst the chains. 6 In the prior art, the desired effect has

been 19 I RUWCTHET AR Clobiite, LBl BhAk .fegn%%gngggggr%&s{mtbveeto

each ot her he corbi nati on of reduced chaln notion co h nor

rigid gnd the ther st abl anent s Lt.jmately e n . physi,cal
br oper &1 oS aEhSS PHmE STV BRI i orag HPRR & g R R AR 4Ry
stability. Unfortunately, all of the prigr arf. suffers fromprocess "
compi e § JrEteHELEPANSE R §R% resting BaRUEGPNS I BN ERe B AT S e

di mensions at the 1-50nm 12 level. The 1-50nm | ength scale is inportant for
pol ymedi c alf é9quskpd @ mrepeltit yndifigations thwughethecipamation ofriptaspenairaiiag a 8
nmreptation dianmeter and a radius of gyration of 14 50nm This invention
utilizés mehwerksaotwresstihissiladisseither padiaiip or §Hlymcouramongs tbé ephinki cat i on,
control over cure chem stry and rate, and nanoscopic reinforcenent of 16
pol ymer chains down to the 1 nmlevel. 17 Furthernore, it has been

cal cul at ed t hatin dke rpzionfant, ciheedésidz efectebase dsen tbSraueicoviheOmation hefythed | |
becone nore resistant to sedinentation and nore effective at 19 providing

reinf Oﬁcegwfglmérocmyﬁﬁﬂ sSYRTcRIS reldii@ foubdchasplet.C atheosorabinktibrs of fediiceti cal
20 know edge, however, has been thwarted by the |lack of a practical source

of 218parch'aﬁ1u'n%t%nr gbﬁfbﬂ{efoer\mfﬁt ntref ﬁg@; t@ﬂ&%”i%r%ﬁlgzﬁt%% 98&?%5&&%3' 'y

wel | define 22 and nonodi sperse an di aneters ow t he nm r ange

and es %ggﬁtké%tg%ém%ceg iy BRatprapLRs TR dPiftfensidRal SRBHH? %@l%ﬁgth, and

PCT/ US
10 thermal stability. Unfortunately, all of the prior art suffers from process complexity

11  and an inability to control the length scale in all three dimensions at the 1-50nm
12 level. The 1-50nm length scale is important for polymeric materials since a typical
13 polymer chain or crosslink has a 8 nm reptation diameter and a radlius of gyration of
14 50nm. This invention utilizes nanostructure chemicals to accomplish process
15 simplification, control over cure chemistry and rate, and nanoscopic reinforcement of

16  polymer chains down to the 1nm level.

17 Furthermore, it has been calculated that as reinforcement sizes decrease
18  below 50nm, they will become more resistant to sedimentation and more effective at
19  providing reinforcement to polymer systems. The full application of this theoretical
20 knowledge, however, has been thwarted by the lack of a practical source of
21 particulate reinforcement or reinforcements which are geometrically well defined,
22  and monodisperse and with diameters below the 10 nm range and especially within

23 the 1 nmto 5 nm range.



3 1 Prior art associated with thernoset polyners, interpenetrating 2

net wor ks, pol ynmer norphol ogy, and filler technol ogy has not been able to 3
adequately control polyner chain, coil and segnental notion and structure at
the 1 4 n el . Furthernore, the m smatch of c tia
(e.g., solu |I|Q§%‘S§ n1SC|b|I|ty, etc.) between poIyrneh&piléﬂ&%003%%%1

I norgani c-based fillers and chemcals has 6 traditionally resulted in a

hi gh I evel of heterogeneity in conpounded polyners, which 7 is akin to oi
mxed with water. TPREET gfe adsBERREXRS i1 rﬁw%%gtfﬁ?l i doﬁh{eﬁ‘béﬂéf stihged 8

chem cal reinforcenents, control aneters i mensl ons

di striguti %Rﬁorkg b %6 ho%rrggblaq&)g'@gégt%khé@g@?' RAZ! L&Y bebR Tl "

refine“t hd propert s of pol nts in nan050|ence
have enabl ed t he abi 1t . effectivel ufacture rc

uant | 8, ecorRtaarmicl oGt aain, soil GneCaarsnud e %@anaﬁ&rypﬁu%

chemicals due to their precise chemical formula, hy

(i nor géni dmbﬂge{m‘d?wﬂheg HIthermessibeimisarich af QEGTBW§P@EQHU§| (o0 EPWbING t o
the size of 14 traditional chem cal nolecules (0.3-0.5 nn), and snal

physi cal snigebilityl ®t¢.y detweernpghmers sangi inetganierbiased ilerst and ehsmiced® has) . 16
17 SUMVARY OF THE | NVENTI ON 18 The present invention describes nethods of

pr epar ieng tiaijtions®drdsutied inl8 Higinteeeladf uretepaéyeinrin tcoenpousetd pesinmeranhich
conposi te conpositions by controlling 20 their cure chemstry, structure,

and prgpeng hKiA t8bil thiRed ARASLRBE CThEBEWS, therd existERenedd fdrapptdpriagely sized
nano- pol yners are whol Iy useful by thensel ves or in conbination with 22

ot her gol %ﬂ@ﬁﬁca‘?rrelhfbrﬁ&ﬁgh%g%mn cYHtFohe HRSERDi( r{cfdlrﬁfeﬁéﬁ ;aﬁ?nbﬁj{fblﬁsas

foam 23 screen ay, ass m nera l'ers and

parti cal sl tguplreps *%ﬁ%k@ﬁé@%@ﬁéa R e B DR i o
physi cal properties such as adhesion to
10 Recent developments in nanoscience have enabled the ability to cost

11 effectively manufactu‘re commercial quantities of materials that are best described
12 as nanostructured chemicals due to their precise chemical formula, hybrid
13 i (inorganic-organic) chemical composition, large physical size relatiye to the size of
14  traditional chemical molecules (0.3-0.5 nm), and small physical size relative to larger

15  sized traditional fillers (>50 nm).

16
17 ' SUMMARY OF THE INVENTION
18 The present invention describes methods of preparing improved high

19 temperature polymer thermoset resin and composite compositions by controlling
20 ‘their cure chemistry, structure, and properties at the nanoscopic length scale. The
21  resulting nano-polymers are wholly useful by themselves or in combination with
22 other polymers or in combination with macroscopic reinforcements such as foam,
23 screen, mesh, fiber, clay, glass mineral and other fillers and other chemicals
24 including catalysts. The nano-alloyed polymers are particularly ueeful for producing

25 polymeric compositions with desirable physical properties such as adhesion to



WD 2006/ 132656 PCT/ US2005/ 032613 4 1 fiberous reinforcenent and net al
surfaces, water repellency, reduced nelt viscosity, 2 resistance to fire
and oxidation. 3 The preferred conpositions presented herein contain two
primary nateri 4 conbinations: (1) vinyl or other olefinic R group on the
POSS cage aﬁg{%éyn%gﬁes or 5 partial cages bearing S|Iaﬁ%¥U§W8Ug§“€Flgure
1). These material conbinations may 6 take the form of nanostructured
oligonmers, or nanostructured polyners, polyhedral 7 oligoneric

si | sesqui i I r l.l.go 8
ol yer 1 SRR cRAbEBH MY AU G, NG BholBHoR BB S Bldf BalRly,
carbon;, or_ 9 be ? Q|IZ % % ﬁhenlcal crosslinking agents or cure
accelegatd?§$ﬁfFﬁ QHIFTEHPEYAYY §i nensi ons. The crosslinking agents may in
turn be utilized mnth hydrocarbon enes, 11 or. silanes and silicones, or

phosphi_nes, or or ,sul fur.and co olics, nov Iacs
ool o3~ epory T8, Bielertee EPEIROSHERE  Arareusd Haréin s anulin: e PEane AR gl
etc., and conblnatlons thereof. 14 Preferably, the nethod of incorporating

nanost ructaaneRinations: €1yl @f@tf@j&l\eﬂmosﬂtqs@umea dhe AQS3 caepmanddRberdasPr

di ssolving or blending of the nanostructured 16 chenicals into the chenical
cr oss| inkipegtialgeages bearihgilanblegiesips of Figaiev Bn{These Imatgpiek corBinations ewyni ques
of bl endi ng however, including nmelt blending, dry blending, solution 18,

bl endi g, takedtié Y@maotinancsteatdrod eoligbmed, g ramestrtiéteedd polymehs, payimiral
t hernoset and 19 'chem cal crosslink' are used because chain entangl enments

or ent angl RBRicsic ifsclglivrRERes E&p@iﬁersq@bseér%é ChShEdl gﬁgoﬁ@ln&mncéib@ n can

behave as physical 21 crosslinks which are simlar in avior to

nanost Fuciiey S akent oY Ao TeldMefns, EAmOIBATRbRARE F LPFIIAN & Sl T, 24
cyCl Ohexer, ABHRE hehhbarBibaL ARG BRHROB AABELoebAGls WhhnSIdcEBES 1©

render

10 dimensions. The crosslinking agents may in tum be utilized with hydrocarbon enes,
11 or silanes and silicones, or. phosphines, or thiols or sulfur and cobolymers,
12 phenolics, novalacs, resoles, epoxy, cyanate esters, urethanes, polyimides,

13 ' bismaleimides, etc., and combinations thereof.

14 Preferably, the method of incorporating nanostructured chemicals into such
15 thermosets is accomplished via dissolving or blending of the nanostructured
16 = chemicals into the chemiéai crosslinking agents without the use of solvent. All types
17  and techniques of blending however, including melt blending, dry blending, solution
18  blending, reactive and nonreactive blending are effective. The terms thermoset and
19 ‘chemical crosslink’ are used because chain entahglements or entanglements
20 between a nanostructured chemical and polymer chain can behave as physical

21  crosslinks which are similar in behavior to traditional chemical crosslinks.
22  Silane rendered thermosets

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

24 cyclohexene, norborene etc and higher carbon groups) react with silanes to render



WO 2006/ 132656 PCT/ US2005/ 032613 5 1 thenoset resins which show desirable
thermal , nmechanical, electrical and optical 2 properties. A variety of
hydride containing silanes,,silicones, and silsesquioxanes 3 can be
utilized tog,gu e systens via the hydrosilation net See Li chtenhan
4 et. al. g@@ﬁ@%@ﬁgm)_ Particularly useful are trisi |5§BE§7£W6 dlic
silanes (Figure 2) 5 as these aid in solubilizing the vinyl resin. Al so
useful but not shown in Figure 2 are 6 5rganosilanes and sil oxanes, The

hydr osi{ atthgmotEBedditd whidH SRSw | duspapRStHehRal, ndetithiddl v 8leathidal bAB dPtical Si -
bond across a carbon, carbon doubl e bond and produces 8 no by products

(Figure 3)proggﬁieéeaﬁt\)aﬂ@t &f ﬁ?ﬁ?ﬂ@’é@rﬂaﬂﬁqgaéﬂan‘égo oW r‘l%ﬂr egﬂ %gwo%nes

catal ysts an free ra nitiators Sul 'fur rnosets 11

PCSS nanostru e Ifur .
12 and hléﬁrn Eég ﬁ% SO éq%%% rﬁ?\A%We%@rb&hﬁéﬁﬁ%cgﬁ?gé?\é\‘écghrrf’? 5" and
opti cal rlet of sul fur ntainin urative acce erants
oP Sarubi o ot R 5t PhuRlibed wspfl plE vbiRnd 8d el ShpETEaal o
vul cani zation and thiolation 15 nethod (see Lichtenhan et. al. USP

5, 939, 576)as hgseiald ipelybiiziag dne ding! tﬁsmpﬂw@%efah*eut nod shpwni i Fgume @ areri gur e
4) as these aid in solubilizing the vinyl resin. Part or all of the 17

sul f ur Grayorgenosilanas eandysilaxandst ur Thie fiydregiletiomsreaction pracessi snviohiedetheThe

18 accel erator determines the rate of vul cani zati on, whereas the accel erator

to sul fur oxidativetddaititincdfat 8sHtbvadeidross @ nanbonfcachisredautsle biondtandmprotiees
thermal stability of the resulting 20 polyner. In addition an accel erator

to sul fur datyopiodbea(Hiyuref 3 Thé résctPnefsetatalzedthy il ihoviH W9arodilaginor k
in which about 20 sul fur atons for each inserted chem cal crosSlink. 22 The

reacti |ve addition of a S-H or S-S bond across
n péeﬁ’&l@&% a‘n@l"cgloﬁﬁ e&c{ )k%o rI] gﬂﬁan s :

a 23 carbon-carbon produces no by products (Figure 5). The
reaction is 24 catalyzed by all known free radical, UV and thernal '

it AL pr SguifRPRHERNe thRiotets S

11 POSS nanostructured chemicals bearing R = olefin groups react with sulfur
12 and thiols to' also show remarkable thermal, mechanical, electrical and optical
13 properties. A vériety of sulfur containing curatives accelerants' and solubilizing
14 agents can be utilized to cure these systems via the vulcanization and thiolation
15 .method (see Lichtenhan et. al. USP 5,939,576). Particularly useful are disulfides and
16  cyclic sulfur (Figure 4) as these aid in solubilizing the vinyl resin. Part or all of the |
17  sulfur may be replaced by a sulfur donor such as a thiuram disulfide. The
18 accelerator determines the rate of vulcanization, whereas the accelerator to sulfur
19 ratio dictates the efficienpy of cure and, in turn, the thermal stability of the resulting
20 polymer. In addition an accelerator to sulfur ratio typically of 1 : 5 is preferred and it
21 © gives a network in which about 20 sulfur atoms for each inserted chemical crosslink.
22 The reaction process involves the oxidative addition of a S-H or S-S bond across a

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

24  catalyzed by all known free radical, UV and thermal initiators. Especially useful is



WO 2006/ 132656 PCT/ US2005/ 032613 6 1 activation of the cure process by zinc
oxi de and stearic acid and the process is 2 "accelerated" by the addition
of small quantities of conplex sul fur-based chemicals, 3 typically

sul phenam des_whi ch_not only speed up the process, but ! ce the 4
properties %92(}0?{@32?§§si n, such as its resistance to agei %S?%Is%daig/ls)ﬁﬁfgt
possible to list all the 5 chem cals used as accelerators, but sone of the
mai n groups used include 6 thiazoles, $ul phenam des, and guanidi nes. 7

Phosphijne 4qpatesreds tHe RS plsceds iEYSinBadiose Hat stb8he GRRIMaRA! the Qﬁ@ééﬂ%gisR_
-olefin'groups react with 9 phosphi nes show remarkabl e thermal, nechani cal,

el ectrixal "a@%%r%g%;;s thE! Rt ggsm#ﬁumggt.@,i()cﬁtcag@e%gnﬂ{g@ggergh%hﬁwg

phosphines, hat'es can u Ize systens Via the

phosphaor yl.at.ui.pn hod .(,see.Lichtenhan et . P 1 ,.939. 576) .

Parti C?ﬂ art?é/gﬁ‘g'esf‘weéfaémégg Wgr'%] ‘F‘%ﬂ%ﬁ%%‘?ﬂ H@iheahjgocgp§, lﬁ'ﬁ??ocrngH%%%'fhﬁes 13
(Figure 6) as t,hesg aid jn sol ubllizi_ng the vi n%é s%/stem The r _acti%n
procesd 1RIOPeYET QELE RNy RYe1 e e reRiRifiReip 39eing.pt iy nab Rgssipledediskall the

car bon- carbon doubl e bond 15 and produces no by products. (Figure 7). The
reacti dn ichegeals yyead 1B Acrelrradols, Kyt aemer el t%/%dmém drewry asedsinghigeuv
sources. 17 A efin rendered thernosets 18 POSS nanostructured chem cal s
beari ng R thiaablet; sulphengmsidescartd guartidieees 19 show renmar kabl e t hermal ,
mechani cal, electrical and optical properties. A variety of 20 hydride
cont ai ni ng enes, and including acetylenes can be utilized to cure these 21
syst eny viRhoésphide Peradetedttheatidseison net hod (al so commonly known as Diels
22 Alder). Particularly useful are linear and cyclic dienes (Figure 8) as
these aid in 23 solubilizing the vinyl system The reaction process

invol ves the add$s$onamdstructured VEhRRals1 Beakifg PRTLEUSISINS/(ISdEl Jeact with
9  phosphines show remarkéb!e thermal, mechanical, electrical and optical properties.
10 A variety of hydride containing phosphines, and phosphates can be utilized to cure
11 -these systems via the phosphorylatuion method (see Lichtenhan et. al. USP
12 3 5,039,576). Particularly useful are bis and trisphosphines and oligomeric phosphines
13- (Figure 6) as these aid in solubilizing the vinyl system. The reaction process
14 involves the oxidative addition of a P-H bond.across a carbon-carbon double bond
15 and produces no by products. (Figure 7). The reaction is catalyzed by all known by

16 . free radical initiators and UV sources.
17  Olefin rendered thermosets

18 POSS nanostructured chemicals bearing R = olefin groups react with enes
19 show remarkable thermal, mechanical, electrical and optical properties. A variety of
20 hydride containing enes, and including acetylenes can be utilized to cure these
21 systems via the 2+2 and 4+2 addition method (also commonly known as Diels
22 Alder). Particularly useful are linear and cyclic dienes (Figure -8) as these aid in

23 solubilizing the vinyl system. The reaction process involves the addition of a c-c



7 1 doubl e bond across a carbon-carbon doubl e bond and produces no by
products 2 (Figure 9). The reaction is catalyzed by all known by free
radical initiators and UV 3 sources. 4 Variations to the thernosets 5
Variations to the cure nethods and ol efin bearing POSS nanostructured 6
chemicals | YVO28U 1823 similarily be utilized. For exanpl eCTHe§54p2613
derivatization of the 7 olefinic groups contained on the structures shown
in Figure'l may be carried out by 8 oxidation and substitution methods

descri bed ichtenhan et al . in USP 5 942 638 A 9 and 100,417, an Heck
et hods: BB EANATErna BrrboRicaaLtaUAe RS, A7 ot ho gk PRUAR e of
the vinyl groups . in Figure 1 nay be desirable for increasing. 11 adhesion,
di ssol Wt i offiguie Fasthereagtion sginlyzeshy @l known by fregdliedisab intiplerscand HY 12
hydr ophobi city and bi ochem cal conpatibility. The epoxidation of the vinyl
systens3 i nsour@si gure 1 is deemed particularly useful for inproving
adhesion. 14 Incorporation of POSS silanols and other reactive or non
reactive POSS 15 systens will be useful as reinforcenents of olefin

pol yners tVariatidnslto thesthermosetee 16 and ol efin term nated pol yi mi des. Al so
t he physical properties of non-olefin 17 containing polymers such as

pol yi m des, epoxy, urethanes can also be desirably 18 enhanced through the

i ncor pog ati on ofarffibhs stol theokareantethdde anBCHSTis Yisdag PUBS apmbktuatlired
interacting with one or nore polynmer chains. 20 Silanol epoxy and cyanate

ester thersmsRibsisdibted s 9miRARSHO RS UES &enBephiRl e AizafaRbt & eof

interacting with epoxy 22 and’'cyanate ester groups through hydrogen bondi ng
and oyanar 20T PO rnbiLen PE <FhRRG AR SOREE 1 RRAY BRsBis b
8 oxidation and substitution methods described by Lichtenhan et al in USP 5,942,638
9 and 6,100,417, and by Heck methods described by Laine et. al. The derivatization
10 of one or more of the vinyl groups in Figure 1 may be desirable for increasing
11  adhesion, dissolution in base or acid conditions or for increasing or decreasing
12 hydrophobicity and biochemical compatibility. The epoxidation of the viqyl systems in

!

13 Figure 1 is deemed particularly useful for improving adhesion.

14 Incorporation of POSS silanols and other reactive or non reactive POSS
15 systems will be useful as reinforcements of olefin polymers to include bismaleimide
16 and olefin terminated polyimides. Also the physical properties of non-olefin
17  containing polymers such as polyimides, epoxy, urethanes can also be desirably
18 enhanced through the incorporation of POSS silanols and other}. Pé)SS systems

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

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

23 oxygen and nitrogen groups in the epoxy and cyanate ester polymer {Figure 10).



1 Depending on the chemi cal structure of curing agents and nanoscopic
entity, and 2 curing conditions, it is possible to vary the nechani cal
properties ranging from 3 extrenme flexibility to high strength and

har dness, and @?xsi cal properties such as 4 adhesive st § &Ig i cal
ST R B

resi st ance,” RéWP1¥8Y st ance and el ectrical resistance. eren hem cal
conpositions and curing kinetics can permt the user to process 6 over a
wi de range of tenperatures and control ghe degree of crosslinking. 7 A

o]

significa nt k _h report.ed | h iter A cerning 8
the matlur OoENALGCoT S RhPmIE TERrG 28 A Adtnl Snthreodhotif FRREENL "oy
epoxy 9 can be acgcel erated by nany factqgrs, such, as the droxyl groups
gener afed HIPS ipnOtEns fels PRESIERAI VBH B1e MSSRDICE! ArePaHes JeBgNgSTORnpng
them the catalytic effect of 11 the alcohol has been w dely acknow edged.
The cafBal yxiremsr fiexdhilityclp iph steneth and drgrdnesspandpptysiaaindrensiiies spelt @sonal
toits acidity. This is because acids or electrophilic 13 species

accel edat edhkeivadsfengtn afenmioslt rasistdreep Hhidab sesistante earmb elechricat hesistenea.si bl e
14 formation of the nore reactive conjugated acids of the epoxide. A simlar

reacti gn [ifferent bhornial basmpbeitionpanpabedg fldreticewian aririlistheQuer parprocaissar
interest is the 16 influence of silanol groups to the epoxy curing

kinetigs. o%esam\ﬁa@'raﬁgﬁccf%ffn%rratb@%mrbonira ﬁblo@%gé@ ofB@shifMirgy. aci ds

(al um num conpl exes) "has al so been identifi ed. Because of 1ts nanoscopic
size, the acidic POSS-silanol pronotes additional 19 epoxy-am ne

crosslipnking in %iBﬁifi@ taMbliit bf GBH AAs %@agepmi;&*ﬂq iu&f ﬂ%tnfé eénéafningo
di ffusion-control “mechani snms. This can be advantageously utilized 1 n the
fabricati f_(f i -1 el C i Si resimn. t fer

ol i g, prtie dELr8 gt cpaa BoleBn HORRERAR! piipelt T80 ot GRes, RS
tinme is required to elimnate rosit nd ,, 23 to produce higher Tg .

mmtor i 31 5 A B pesreralssbpy B Reipbrelis oy R SiiRcerier e poss
is also useful in controlling the volune of the reactive group which WO
2006/ 1192658 rgcthe adedivn) ¢f33igalrols @nd Lewis acids. Among them, the catalytic effect of

11  the alcohol has been widely acknowledged. The catalytic efficiency of alcohols can
12 be approximately proportional to its acidity. This is because acids or electrophilic
13  species accelerate the addition of most nucleophiles considerably Py the reversible
14‘ formation of the more reactive conjugated acids of the epoxide. A similar reaction
15 mechanism has been proposed for Lewis acids. Qur particular interest is the
16  influence of silanol groups to the epoxy curing kinetics. A synergistic éffect betweeh

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

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

24 size of POSS is also useful.in controlling the volume of the reactive group which



1 increases the propensity for reaction of the secondary hydrogen atom of
the epoxy- 2 amne. This ultimately renders a nore conpletely forned
network, 3 A simlar associative nechanismis operative in cyanate ester
systens. These 4 resin crosslink via cyclotrinerizati opcofysiifositd
functions. “f(hz%o?{észf)sfesence of silanol 5 PGCSS or related POSS systens (e.g,
am nes, siloxide anions etc), the POSS 6 increases the volune of the
reactive group and subsequently increases the 7 propensity for nore
conpl ete i id; r Iy ¥far Liple
;1 n’ﬁﬁ‘&éée@%eﬂ?@g%ﬁt NGt reBCAGR of ﬁﬁ‘s@éoﬁ%a@ﬂ%&ggﬁﬁt&ﬂ% 1 %{%)éf

bond of the cyanate es roups but t secon mechani s

requiregs L gher. .t &R r r aphglon. 10 A simlar
associ gti \%gmrlr%'cﬁrélﬁi sm ?ﬂéﬁ{)%gragtsln%g{ogﬁCB@ﬁ&#ﬁ?E@@ystéﬁn@.ﬂeThese 11 resins
crosslink'via the generation of a polyamc acid internmediate which is

strongly 12 hydrogen bonded and,to. which P .can_associate via hydrogen
bondi g The | SRt aaeRalte BeoaBisLeRRei 18 GHoBe Ea o DR TAESE o de
by heating and the | oss OI 14 water. In tc’g\i resence of silanol POSS or

rel at e p@@ﬁﬁsmweéy@mraﬁ?%m of he Q% funetighs JAghe pEgsenchof sitgss!

i ncreases the volune of the amic-acid reactive 16 groups and through the
aci di ty ofPQ%% @i relaferd PRGS sysiemshée.gatamioes,wailaxida @nionsnetc),1 thes aeJuent | y
increases the propensity for nore conplete reaction and reduced the 18 need
for high tirmcrpasest the \wlumegof lhe Aresictivé agroap sand asubsequentharineeases dber ati ve
in bismaleimde systens. These 20 resins crosslink via the reaction of

di al | yhbi gphssteity Aorinbfe aomisidieirsadiiont Thé ailamel gradps eh ixfsCaOG 3kidak.thdhe
POSS is able to strongly hydrogen bond to the diallylbisphenol 22 A and

i ncreage 1AM 1Mk WBhPbt the dyBAsi! ¥ReP GRS BIMdiHid RS8O | dlrd r}ﬁé&%ﬁ%%nt he

23 propensity for nore conplete reaction and reduces the need-for high
tor mat ey e e Genthst B B PR R aR e R, Do 7 © T Aesyiere
10 A similar associative mechanism is operative in polyimide systems. These
11  resins crosslink via the generation of a polyamic acid intermediate which is strongly
12 hydrogen bonded and to which POSS can associate via hydrogen bf)nding. The
13 polyamic acid is éubsequently converted into cyclic imide by heatin‘g and the loss of
14  water. In the presence of silanol POSS or related POSS systems (e.g. amines,
15 ’siloxide anions etc), the POSS increases the volume of the amic-acid reactive
16 groups and through the acidity of the silanol increases the rate of water loss and

17  subsequently increases the propensity for more complete reaction and reduced the

18  need for high temperature curing.

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

24  curing. A similar mechanism is also available for acetylene termated polyimided




1 through the association of the POSS with the imde group. 2 A simlar
associ ati ve nechanismis operative in phenolic, resorcinol, and 3 novol ac.
systens. These resins crosslink via the reaction of phenols to forma 4

met hyl ene crosslinked network through the |oss of water. The POSS is able to
5 strongly W84 Bond to the phenol and increase the Yollifd"¥Pihe
reactive 6 groups and subsequently increases the propensity for nore

conpl ete reaction and 7 reduces the negg for hi gh tenperature curing. 8 A

o res hs argeuf HAEAPEERR of B SRRl it 8RRy, 7 Sact i on of an al conol

or amine 10 with an isocyanate to forma uret hane crosslink. The POSS is

able tg stronghy to t.he aIc hol and i socyanat e

i ncr eage the vOI ﬁ'ﬂé‘%‘{)faystgﬂﬁ'%?\ﬁ 1SR Ry anﬁ‘ & SQ8F %FPE?"?%C?@%SES
the propensity for nore_conplete 13 reactiopn and reduces, th need for high
terrperétuﬂ@"%'\é?ﬁi’@tenﬁl Bre e restiagrreasliog \ig t [ilﬁlEreBF&\W NREPhenals ¢ 9”“ a
illustrates sone representative exanples of polyvinyl containing :
nanost fucmetexlenn smssiinked neeark higughf thades® vhIwatgr. ar Ehal%fassrmahi%dcy 17

FIG 2 illustrates sone different silanes useful in formng thernosets via
the 18 hgtioogly| matdrogenr daatli wnthel pheha. add iihdrasse dbe svdlimae hgfdthes réantlve)n
process. 20 FIG 4 illustrates sone different sulfur curatives useful .i

form ng t;g%qugsaﬁcs subsshiubhfly irfcréddegsthbgireperiity 36 efidre onigl6teSrehbtitn auae
process. illustrates sone different phosphorylation curatives. WO

2006/ 1326 éj@cgyﬂl,@ggg@fmﬁ@%gem&awlm Elfng.7 the phosphorylation process. 2

FI G 8. ustrates sone ferent ene curatlves

8 A similar associative mechanism is operative in polyurethane systems, These.
9 resins crosslink via the condensation and addition reaction of an alcohol or amine
10  with an isocyanate to form a urethane crosslink. The POSS is able to strongly
11 hydrogen bond to the alcohol and isocyanate and increasé the volume of the

12 reéactive groups and subsequently increases the propensity for more complete

!

13 reaction and reduces the need for high temperature curing.

14 BRIEF DESCRIPTION OF THE DRAWINGS

15 FIG. 1 llustrates some representative examples of polyvinyl containing -

16  nanostructured chemicals (lower vinyl functionality are also included).

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

18  hydrosilation reaction.

19  FIG. 3 illustrates the hydrosilation process.

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

22 Fig. 6. illustrates some different phosphorylation .curatives.



3 FIG 9illustrates a 2+2 ene curing process. 4 FIG 10 illustrates
crosslinked network formation through association of silanol with 5

reactive epoxy groups. Simlar nechanismfor inmde and cyante ester, and
ur et hane rs. 7 DEFINI TION OF FORMULA REPRESENT ggjﬁ]
NANOSTRUCT%ﬂggdOé/rﬁ%(gg6 t he purposes of understanding thi s'%lprr\ven 0?@2615? chem cal

conpositions the 9 following definition for fornmula representati ons of
Pol yhedral A igoneric 10 Sil sesqui oxané (PCSS) and Pol yhedral O igoneric

Silicate F(@@)th@@ﬁ@%ﬁdﬂ;[@gbﬁ%rdc@ssl1 made. 12 Pol ysil sesqui oxanes are
materials represented by the formula [RS 015] X 13 where x represents nol ar

degree of polynerization and. R = represents organic 14 substituent (H,

si | oxy, qm@.isqummkésr%e@hﬁe@@@téﬁe&Iraﬁve%natic groups that may 15

additionally contain reactive functionalities such as al cohols, esters,
am nes, 16 ketones, olefins, ethers or halides or which may contain

fl uor i%natﬁé_@ri%gn%%ees?éz_zliég]ley&jriha%ﬁégsgganes may be either honol eptic or

het er ol eptic. ptic systens ontain only one type of R group while
het erol eptic systens contain nore than one 19 type of R group. 20 PGCSS and

F?Ss{‘%t[‘F’?)'%EQ“P@%%?%&%F%%&@%@#@@%?F#rﬁ%?gwfﬁée}%%gé@ﬁ%%%&gwog2613
12 1 [(RSIOL.5)"(R SiOL.5 ' iti R# R
21 (RS IS8 WEASHSRIRNA, ERMTIBY HERER oG G 1D 6L SRGTS BEIRE. Aot oFons
(where R 3 groups can be equival ent or inequivalent) 4 In all of the above

R is tthe RYUYBe®s defi ned above and X includes but is not 5 limted to -OH,
Cl, Br, I, alkoxide (OR), acetate (OOCR), peroxide (OOR), am ne

7 DEFINITION OF FORMULA REPRESENTATIONS FOR NANOSTRUCTURES

8 For the purposes of understanding this invention’s chemical compositions the
9 following definition for formula representations of Polyhedral Oligomeric
10  Silsesquioxane (POSS) and Polyhedral Oligomeric Silicate (POS) nanostructures is

11  made.

12 Polysilsesquioxanes are materials represented by the formula [RSIO, gl
13 where x represents molar degree of polymerization and. R = represents organic
14  substituent (H, siloxy, cyclic or linear aliphatic or aromatic groups that may
15 additionally contain reéctive functionalities such as alcohols, esters, amines,
16  ketones, olefins, ethers or halides or which may contain fluorinated groups).
17 'Polysilsesquioxanes may be either homoleptic or heteroleptic. Homoleptic systems
18 “ contain only one type of R group while heteroleptic systems contain more than one

19 type of R group.
20 POSS and POS nanostructure compositions are represented by the formuta:

21 [(RSIO4 p)plyy for homoleptic compositions



£

6 (NR2) isocyanate (NCO, and R The synbols mand n refer to the
stoichionetry of 7 the conposition, The synbol | indicates that the
conposition forms a 8 nanostructure and the synbol # refers to the nunber
of silicon atons contained 9 within the nanostructure. The value for # is
usual |y t heWOu0P2%%n, where n ranges 10 typically fr RATURHSPA264Hd m
ranges typically from1 to 12. It should be noted that Z# 11 ' is, not to
be confused as a nultiplier for determiing stoichionmetry, as it nmerely 12

descri pes overall~ nanostructural characteristjcs of_t system (a' ka
cage sfzeg(hgﬁ%"-%gfg#'gﬁﬁal |f§?f]eéileei@ %@P?ﬂﬁ@?&rﬁv@i@fﬁﬁﬁ pr esent

i nvention teaches the use of nanostructured chemcals as . 15 building
bl ocks for the reinforcenment of polyner coils, donmains, chains, and 16 .

segnent s FRSIOes)pdXRI0L a)mlsgv &r functivreiived dieterdepiis. cdmpdbioheywheteaR enabl e
nanostructured chemcals to function as nol ecul ar |l evel 18 reinforcing and

al l oyi hg agents_ate: theit unique.size with respect to polyner 19 chain
di mens?ong, “8%8“85’%eﬁ\gfﬁ%’e’ﬂtﬂr|‘r?etq§r‘*"%ge®e conpatibilized with polynmer systens
to 20 overcone repul sive forces that pronote inconpatibility and expul sion
of the, 21 nanoreinfprcin e by the pol r, chain That ,is, ..

nanost? uct ur egncaﬁle%tggpgogg%pls;%eb%m}eaﬁ BP@XQEB‘D%%%@?P( b’?citf'qzﬁse%ti'%mt
affinity/conmpatibility with some pol %mer Il WO 2006/ 132656 PCT/ US2005/ 032613
13 1 i crbsited;ée WHs nBougrkaxideatPBh aaetatee(QOGROUpEraxiflee 2RR), amine

nanostructure. At the 2 sane tine, the nanostructured chemicals can be
tail ored (NRpedsocyaoaisafNOOE anictR. Theayhvdrolsrincans tiratarue dse aicidhiometneok ame
polymer, thus allowing for selective 4 .reinforcenent of specific polyner

M CT 0S4 1 U HAGHCRT OF el Ngfiaft O Sndia LT 96k Tho SoSiEhBEHbY Crams.

nanor el nf orce I nckude sp anosrzes of nanos ured chemcals, 6

di stri buti ons of nanosi zes, arbd %o at abi lhi ties and dj.sparities between the
8  nanostructure and the 'symbol # reiers to the number of silicon atoms contained

9  within the nanostructure. The value for # is usually the sum of m+n, where n ranges
10  typically from 1 to 24 and m ranges typically from 1 to 12. It should be noted that >#
11 "is not to be ponfds,éd as a multiplier for determining stoichiometry, as it merely

12 describes thé overall nanostructural characteristics of the system (aka cage size).
13 ~ DETAILED DESCRIPTION OF THE INVENTION

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

16  segments at the molecular level in thermoset resins.
L4

17 The keys that enable nanostructured chemicals to function as molecular level
18 reinforcing and alloying agents are: (1) their unique size with respect to polymer
19 chain dimensions, and (2) their ability to be compatibilized with polymer systems to
20 overcome repulsive forces that promote incompatibility and expulsion of the
21 nanoreinforcing agent by the polymer chains. That is, nanostructured chemicals can

22 'be tailored to exhibit preferential affinity/compatibility with some polymer




7 nanostrucutured chem cal and the polynmer system 8 Nanostructured
chem cal s, such as the nonoscopic sized POSS structures 9 illustrated in
Figure 1, are available as both solids and oils. Both forns dissolve in 10

solvents, or coreagents thus solving the | ong-standing di [ r obl em
11 associ at‘)—f@thlW%?(’r adi tional particulate fillers or tﬂ’@ﬁﬁ%@%@ﬂ"g

conplexities associated 12 with interpenetrating’ networks. Moreover,
because POSS nanocages dissolve into 133plastics at the nol ecul ar |evel,

the force gfofsﬂ'uctufrése%rﬁﬂgrﬁl gllé}lalf '5\‘ H \F’f’lg?&{ﬂ% n&ﬁ('e%ggaﬁda%os%cﬁﬁg.f 'A‘% Bt to

pl’ event P rom coal esc OI’ mn nerate omal ns as

aggl ondr atrble B! e Eﬁﬁpﬁiﬁqg@@h&r el “B%tt'sﬁfﬂ%h' ok lééqfﬁ%ff‘bheaxv'th

tradltlonall d formul ators and . 17 nolders. 18 A rela

conpar Bsorf! t\XB‘EﬂDS’?rHQtLE‘?SzeW in péigs e4Yes PPYM& VBB, aﬁg for lsﬁ?%‘?tWEnm ons
and filler dianeters/ Iength scales is as follows: Anorp hous Segnents 20
0.5 - 5 niffinfagemeptrbersgfic pepser nmcr@ﬁtruwurﬂioﬁhﬁ@fgr@eﬂhec&qt@rssosffp@t Am 21
Particulate Silica 9 - 80 nm.Crystalline Lanellae 1.0 - 9,000 nm Fillers-/
22 O ganodelpctive nangi@infocemant inthelesspeeifiofnaposiBes of nangﬁtrqctlﬁqdlchahmais to

that of nobst 23 polyner dinensions, thus at a nol ecul ar | evel POSS can-

ef f ect ipveldistabitnst v mahosiges, 24ndf coniparabilititkaiang. A6/ b3tksn  the
PCT/ U32005/ 032613 14 1 The .abi | | ty of POSS to control chain notion.is

particyl arHaY10§iPtE’@Ut@t’éH %ﬁﬂcal%nﬁ%@gb@nﬁé?%%ﬂéﬁ{ ated into a polyner chain or
network. See U. S. Pat 53 t0 Lichtenhan et al., U'S. Pat.. No.

5,484,867 to Lichtenhan at al, U S. Pat.. 4 No. 5,589,562 to Li chtenhan et
al, ang U.S. P"P\Fano%ﬁuctﬁre%“@hé’rﬁ%ako sYéh déi%etrhe ﬁ'ohosgbcp‘?é(@[z%ﬁsﬁ:’@S'S”&EjogW cated by
ova nke

ref erence herein en POSS nanosfructures are ently | to the

pol yneg Ct?l_ﬂls'ﬂfa tPH I‘%E;Eret P A ﬂa‘i’laﬁf&%é’b%téo%saa'ﬁgi QLB forms qllssolve in

10 solvents, or coreagents thus solving the Ilong-standing' dispersion problem
11 associated with traditional particulate fillers or the mixing complekities associated
12 with interpene‘trating.' networks. Moreover, because{ POSS ‘nan.ocages dissolve into
13 plastics at the molecular level, the forces (i.e., free energy) from solvation/mixing are
14  sufficient to prevent POSS from coalescing and forming agglomerated domains as
15 .loccurs with traditional and other organofunctionalized fillers. Agglomeration of
16 particulate fillers has been a problem that has traditionally plagued formulators and .

17 moldAers.

18 A relative comparison between the size of POSS cages relative to polYmer
19 dimensions and filler diametets/ length scales is as follows: Amorphous Segments
20 0.5 - 5 nm , Octacyclohexyl POSS 1.5 nm, Random Polymer Coils 5 - 10 nm,
21 Particulate Silica @ - 80 nm, Crystalline Lamellae 1.0 - 9,000 nm, Filers /
22 Organoclays 2 - 100,000 nm. The size of POSS is roughly equivalent to that of most
23 polymer dimensions, thus at a molecular level POSS can effectively alter the motion

24 of polymer chains.
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7 enhance tinme dependent properties such as Tg, HOI, Creep and Set, which 8
correlate to increased nodul us, hardness, and abrasion resistance. The
present 9 invention now shows that simlar property enhancenents can be
realized by the 10_incorporation of nanostructured chenjgals into

t her noset s. WRPY 1%t 1y sinplifies 11 the prior art pr‘?ﬁ‘&%@ypng?

Furt hernore, because POSS nanostructured chem cals possess spherical 13
shapes (per single crystal X-ray diffraqghi on studies), |ike nolecular

spheres, and bS?IﬁﬁSf b?@é 4 Sc%ﬂ%?ﬁ;nénhe%o% ig'psa%&flé Pﬁ!%reﬁ{ \nﬂ}%ﬂuc' N9

the viscosity o stens bene

oot 55, FaRSRLPTESH) e gl B0l ﬁ%ﬁﬂ%‘) ﬁ‘?yﬁr&qyet

chai ns due pic. n re of the ch S eas 8 0
pr ocesSabid ‘%f%ﬁbéﬁéo E@RW‘%@E@&@ t et et Mo g3, é8§§1@ rﬂ}ﬂ"‘cﬂ@i l‘c'-lzée Péte of
19 nanostructured chem cal s . PGCsS, PQOS) Wnere as prior art would have

requi rdd N® 5589568 o Lisbtan ﬁﬂo@egls anddy. SinBat.i Ne.cBH4dr49%2nte NYeidnerdeli ned
m xture of polymer 21 chains. Additional benefit nmay be realized by the
usage of rexpessshudtaorporatl hyhesfermmice hetdin.moidibrs f&80S8 nagestrichess (aree. ,
pol ydi spersity = 1) or from 23 pol ydi sperse cage sizes. Such control over

conpat ighi |dovidlently SinRES adithé pplynfitckigiig thdysact2td ketadectete m&tbnf afid ardatly
traditional filler, plasticizer, and interpenetrating network 25

t echnol0gi hankl HA06HdSARRRI ﬁb&ﬁ%@%ﬁc@ﬁ%@lﬁ* HoT, LokepMahgSsé:, Gi

Process Vari abl es Applicable Processes 3 As i's typical with c m cal

Processes c;orPr%rqef ?ﬁoﬁeggg@%oﬂl%%%éraﬁ fss Jn&?ﬁra%ﬁ)rﬁ re‘é sl?gnééseg'h rrﬁgéﬁtml

the purity, anr’smof  any proce

nf | he pr f h ncor por n of n r r hem, cal
| uerbm r}ﬁvetnh%npngv%es%%wso{hatt s‘lamflarcgro 8r’c?teln?1an8emeﬁ sotszetm %Ct Pea?ze& b?/ th%a S

10  incorporation of nanostructured chemicals into thermosets. This greatly sifnplifies

11 the prior art processes.

12 Furthermore, because POSS nanostructured chemicals possess spherical
13 | shapes (per single crystal X-ray diffraction studies), like moleculgr spheres, and
14  because they dissolve, they are also effective at reducing the viscosity of polymer
15 systems. This benefit is similar to what is produced through the incorporation of
16 plasticizers into polyﬁers, yet with the added benefits of reinforcement of the
17  individual polymer chains due to the nanoscopic nature of the chemicals. Thus ease
18 of processability and reinforcement effects are obtainable through the use of
19 nanostructured chemicals (e.g. POSS, POS) where as prior art would have required
20 the use of both process aids and fillers or and an illdefined mixture of polymer
21 chains. Additional benefit may be realized by the usage of nanostructured
22 chemicals with monodisperse cage sizes (i.e., polydispersity = 1) or from
23 polydisperse cage sizes. Such control over compatibility, dispersability, and size is
24 unprecedented for all traditional filler, plasticizer, and interpenetrating network

25 technologies.



6 (e.g. POSS/PCS etc.) into plastics include the size and pol ydi spersity,
and 7 conposition of the nanostructured chemical. Simlarly the nol ecul ar
wei ght, 8 pol ydispersity and conposition of the pol yner systen1nust al so be
matched with 9 that of the nanostructured chem cal. Final t he kjnetics,

t her modynamY@30%4A4H>6 10 processing aids used during the 3]4%%8)65%%%55 and
accel erants and copuratives 11 used during the crosslinking process are

al so tools of the trade that can inpact tshe 12 |oading Ievel and degree of
enhanc menky Aﬁﬁﬂr dng fromincorporation of 13 nanostructured chemicals
into polyners endi ng processes such as nelt blending, 14 dry bl ending
and solution mxing blending are all effective at mxing and alloying 15
nanostryct 1 . ernat e Met hod: Sol vent Assi sted
For mul at i oF—+F6 8 Fere et : OLSRSE ning the desired
polyner prepolyner or noNomers and dlssolved in a 18 suff|0|ent anDunt of

an organi c sol v&% g quane oI uene, ﬁl chl or net h etc. é

f1 uorinat ed sol ﬁ‘ttyP'S byvincherica ?@Pﬁ%ﬁelsd CET a6 NHY b%ﬁéﬁf@?eﬁﬁ §tecan1'he
20 m xture is then stirred under ?h shear at sufficient tenperature to
ensur e shdebgiatsed 11 canitehiher puriBo selenlivis @wiel anse meaghanise of cRWeMrogesst hen
renoved and recovered under 22 vacuumor using a simlar type of process
i ncl udihg dasdblésd atfiuencindidhe proeess fastheuipeoporatiorad! handstschmed chem@@als can
also be utilized as a replacenent for the WD 2006/ 132656 PCT/ US2005/ 032613
16 1 flamghl.e POSE/MCS beta.)s ity eplasticsTHirclugs Uihel Biyef an@mp@Iyd orglty, taren be

used 2 directly or for subsequent processing. 3 Exanple 1 i | ane Cure
Vinyl  PESS;asbdltiort cﬁxwlrﬁan%sﬁuéu&dmeml e sqrnnwyﬂhep%&a&ew
m xture as stirred into of 6 phenyltrisdinethlysiloxy silane. ,

m xtur % Waﬁolpcﬁ%&glt)tr %ngo&rﬁﬁ’oéﬁr S8t fhe polymer system must also be matched with

9 that of the nanostructured chemical. Finally, the kinetics, thermodynamics, and
10 processing aids used during the mixing process, and accelerants and cocuratives
11 " used during the crosslinking process are also tools of the trade that can impact the
12 . loading level and degree of enhancement resulting from ‘incorporation of
13- nanostructured chemicals into polymers. Blending processes such as melt blending,
14 dry blending and solution mixing blending are all effective at mixing and alloying

15 nanostructured chemical into plastics.

16 Alternate Method: Solvent Assisted Formulation. POSS can be added to a
17  vessel containing the desired polymer, prepolymer, or monomers and dissolved in a
18  sufficient amount of an organic solvent (e.g. hexane, toluene, dichlormethane, etc.)
19  or fluorinated solvent to effect the formation of one h/omogeneous phase. The
20 mixture is then stirred under high shear at sufficient temperature to ensure adéquate
21 mixing for 30 minutes and the volatile solvent is then rémoved and recovered under
22 vacuum or using a similar type of brocess including distillation. Note that

23 supercritical fluids such as CO, can also be utilized as a replacement for the



7 dissolution and then allowed to cure to roomtenperature. Then 3ppm of a
8 hydrosilation catalyst was stirred into the m xture. The resin was then
cast and 9 allowed to react at roomtenperature for 8 hours and

subsequent | o 60C 10 for 4 hours and at 120C f

optically c?ogg?&bg%l‘th pl aque was renoved 11 and found tlg,ITlgS\%b;OQ%E%SJ[ andi ng
thermal and nechanical properties. 12 Resin 1 part Density 1.20 g/m
Catal yst Type Platinum Cure tinme (range)145-50 mss. 70 O 12 mn. 80 O

B SEoh b, ot MOl 8 Rt g 8

El ongat on us 23t 5 X 105 psi* 13 14 15 Exanple 1
b - Sil d'%.??‘ Bﬁor\?uﬁgg’%&gpﬁ%@%a&y PCOSS resin/cape mixture 16 A sinlar
procedure to 1 a was carried out using a resin consisting of a 85% 17 vinyl
POSS and 59 : ed _in.a simlar manner to 1 a and was
18 found ot = : ARhEE8Y| and thermal properties with

i mproved WO 2006/ 132656 PCT/ U82005/ 032613 17 1 adhe5| on to wood and pol ar

surfaces including conposite fibers. (Note that 'a range

Example Ta
5 A 70g- sample of vinyl POSS cage/resin mixture as stirred into 30g of
6 phenyltrisdimethlysiloxy silane. The mixture was heated to 60°C to promote
7 dissolution and then allowed to cure to room temperature. Then 3ppm of a
8 hydrosilation catalyst was stirred into the mixture. The resin was then cast and

9 allowed to react at room temperature for 8 hours and subsequently heated to 60°C
10 for 4 hours and at 120°C for 2 hours. An optically clear resin plaque was removed

11 and found to have outstanding thermal and mechanical properties.

12
Resin . 1 part
Density 1.20 g/mi
Catalyst Type - Platinum

' Cure time (range) 48-50 min. @ 70°C
12 min. @ 80 °C

Viscosity 108 ¢cps
Shelf life (wio cat.) 24-36 mo
Heat Distortion >1,100°F (>600"C)
Flexural Strength @ 23 °C | 15,000 psi*
Elongation 3.5%

3 Modulus @ 23°C 5 x 10° psi*

14

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

16 A similar procedure to 1a was carried out using a resin consisting of a 85%
17 . vinyl POSS and 5% epoxy POSS. This was cured in a similar manner to 1a and was

18 found to have nearly identical mechanical and thermal properties with improved



2 of vinyl and epoxy fromO.1 to 99,9% was found to be acceptable.) An
additionally 3 desirable feature of this resinis its optical clarity. 4
Exanple 1c - Silane cure of vinyl POSS and Epoxy POSS resin/cage mxture 6 A

simlar pr |l a was carried out using a resin c | S f.a 80% 7
vi nyl Possogl(r(al)g‘[@g]@/é(’%ﬂenyl POCSS. This was cured in a si m%ﬁ%ﬁ'%ﬂ@%l%o la and
8 was found to have inproved fire resistance. (Note that a 0.1 to 99. 9%

relative range 9 of vinyl and pehnyl wd% found to be acceptable, Optical

clarity f i d9d atd ; i degd erty.
7 X! PRR bore oid P Mokt BakuRteTeot o i prag:

favorabl e) ¢ ., r l.e At Low [PAYA] . yl
PosS oyt ST RO SR ETENT ol 10, P WeBol AT b8 ackLBEbIc o FEBUETRY
Vi Si (Oye) 3, PhSi 3 Et Si ((Owe) 3. |l e%) (nole% (nole% PML285-0502
50 20 8 ) HeriaReggb 8P @S'”ﬁ%ﬁi@ ' 20 10 PMiI285-0509 65 20 15
PML285- 0510 60 20 20 15 16 Synthesis of PML285-0510 vi nyl POSS derivatives:
17 Vi S4(Ove)3 (184.72 g, 1.246 rmole), PhSi (OWve)3 (82.37 g, 0.415 nole) and
18 EpCyEtSi (Owe)3 (102.19 g, 0,415 nole) were dissolve in MEK (1.5 L) and

met hanal W40/ 1632 SaanBelirs'ef Viwi PSS And Eboxy POSS resin/cage mixture

6 A similar procedure to 1a was carried out using' a resin cons'isting of a 80%
7  vinyl POSS and 20% phenyl POSS. This was cured in a similar manner to 1a and
8 'was found to have improved fire resistance. (Note that a 0.1 to 99.9% relative range
9  of vinyl and pehnyl was found to be acceptable. Optical clarity for thlis formulation

10  was also found to be a desirable property.

1L Also tertiary mixtures of vinyl, phenyl, and époxy were found to be favorable).
12 ' For example the following range of vinyl POSS and phenyl POSS systems were

13°  determined to be of utility.

14 .
Final Composition ViSi(OMe)s PhSi(OMe)s EpCyEtSi{OMe);
(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

15

16  Synthesis of PM1285-0510 vinyl POSS derivatives:

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

18  EpCyEtSi(OMe)s (102.19 g, 0,415 mole) were dissolve in MEK (1.5 L) and methanol



1 (205 nL) in a 3 L 3-neck round bottomflask fitted with nechani cal
starrier and reflux 2 condenser. To this reaction m xture KOH [0.6 g,
dissolve in water (149.5 nL)] was 3 added slowy with stirring. The

reaction mxture heated to reflux and continued 4 fo fter t he
reacti on HC O\ﬁé{%‘;/]\é%%gd and stir for 30 mn. Then 1.5 kg ]i’(gTéﬁ%ﬁ?S@P 215 and 400
nmL hexane was added and stir for 30 mn. Hexane/ MEK | ayer was 6 separated
and sol vent was rem)vedl n the rotavapor iigo afford solid PML285 7

(S 017, RUP AT Bnasr Rebori sk ot R padacr BR g T <
Fermpor y'%on@ﬂée%qf?ﬁfsef%?gﬁﬁﬁxﬁﬁéE@Hi@%é (8 el eﬁi%}%%ﬁ@% g

opti cal | C in pla whi ch was found,to have

rochanital AfeshuP oLt @nggm%@rreﬁst'% sy g, B gtecerTRLU e ek 3 -
Ene Cure 15 A 50g sanple of 'vin PCSS cage/resin_m xture thoroughly m xed
with cumerer 32d. fdiepiiqieeaghen WﬁSxQCiﬂeé’ JResstirdar 3@ min. TioeT! Sokgpicemmnter

crosslinking. An optically 17 clear resin plaque was found to have
out st arfdi nand HOOwIL hespre twas .adiedl endistiri foy 3F mib8 HéxaneEKalayandvas
mechani cal properties of the resin resulting fromthe ene nethod 19 were

found ppssédpaeatetir angsoemt adal tremoved ‘in yibkoptaiAad eoeaffeiic solEN Rl 285
resin, 20 hexadi ene, norbornadi ene as co-ene nononer reagents. 21 Exanple 4

- Epoxv;jatdém,ag{,eén nyl PCSS cage/resin mxture 22.A 50g sanple of vinyl FOSS
cage/resin mxture was stirred into peracetic acid 23 (200m ) chloroform
{500M ), sodium bicarbonate (62.1 g) and sodium acetate (1.1 g) WO

2006/ 138265@x§@44 ésgﬂgmp@g,@m 19 1 mixture and refluxed. After 2 hours the
reactl on ng. At room ‘
9 Avinyl POSS cage/resin mixture (5.01 g), Sulfur (0.0516 g), Captax (0.025 g), Butyl
10 zimate (0.0255 g) and Methyl tuads (0.0254 g) were mechanically mixed, at room
-11 temperature. The mixture then cured at 110 %C for 24 and to produced an optically
12 clear resin plagque which was found to have thermal and mechanical properties

13.  similar to those of epoxy resins.

14 Example 3 — Ene Cure

15 A 50g sample of vinyl POSS cage/resin mixture thoroughly mixed with cumene
16 peroxide and the mixture was heated to 100°C to promote crosslinking. An optically
17  clear resin plaque was found to have outstanding thermal properties. Tailorability of
18  the themmal and mechanical properties df the resin résulting from the ene method
19  were found possible through the addition of cyclopentadiene, cyélopentadiene resin,

20 hexadiene, norbornadiene as co-ene monomer reagents.

21  Example 4 — Epoxidation of vinyl POSS cage/resin mixture

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

23 (200ml) chloroform {500ml), sodium bicarbonate (62.1 g) and sodium acstate (1.1 g)



2 tenperature water (700m) was added and the m xture stirred and filtered
and was 3 allowed to phase separate into an aqueous | ayer and organic
| ayer. The organic 4 |ayer was separated and treated with nethanol (100m)

to yield a i l.id of 5 epoxidized product. Note th MCPBA

(et achl or 0%2&@({;%15 acid) is also an 6 acceptable oxi%@?%&osﬁ’é@m in

pl ace of the peracetic acid. 7 Exanple 5a - POSS Sil anol and Epoxy cure 8
Two conventional epoxy nmononers and a cg@ventional ami ne curative were used

R R e R
vl 113 e nel 0O ek Yhac! SL0 PN o B e TR ML o

then 2-nmethyl -1, 5-pentadiam ne (Dytek 13 A DuPont Chem cal s_ equi val ent
hydrogén [iPwaditgrhasgosengrats igtoadn meluearsildsr &nd aigapis [ayebpyherigaRicde
(Jeffam newD230, Huntsnman Chem cals, equivalent [H weight: 15 57.5) was
added. 4Thdaysyongs SEpatatech@ndetré¢atipdrwith onatbanblvw 08t )ota rietdret white Sol§i/dfH] 16
1/4 1. To this resin m xture was added phenyltrisilanol POSS (PCSS-triol) in
ranges 5 lepokidined. prdducf. WebighthgpelCPBAagmetabtoropsibenyeis adiéhn ihatoednand
stirred at 50 C for 18 30 mn and then degassed in vacuumfor 10 mn at
room t gnpejcabptadle MidizingHgent hDlNGSofAE Readdicackp! d and cured in a

mechani cal convection air oven set at a 20 specified tenperature for 12 h.
Conmposi tions, thernonechanical, and processing 21 paraneters are given

bel ow. 7P %5 i §18nSPASC o w @OF @ Silanol Tenp Tinme 30C

Pl at eau ) Jeffamne 100 12 84 3.7 30 0.4
DGEBA Jeffam ne(r) 1"00 12 91 3.3 32 0 TGDDM Jeffam ne(r) 150 12 137 4.3 80

8  Two conventional epoxy monomers and a conventional amine curative were used to

9 demonstrate the effectiveness of this approach. Diglycidyl ether of Bisphenol A,
10 DGEBA (D.E.R.w 332, Dow Chemical, equivalent epoxide [E] weight: 173), and
11 tetraglycidyl diamino diphenyl methane, TGDDM (Aldrich Chemicals, equivalent [E]
12 weight: 105.6) were mixed with stirring and then 2-methyl-1,5-pentadiamine (Dytek
13 A, DuPont Chem‘icals, equivalent hydrogen [H] weight: 29) or a diémine terminated
14 polypropylene oxide (JeffaminewD230, Huntsman Chemicals, equivalent [H] weight:
15 |57.5) was added. The epoxy (E) 'to amine (H) ratio used was stoichiometric, [E]/[H]
16 1/4 1. To this resin mixture was added phenyltrisilanot POSS (POSS-triol) in ranges |
17  from 0.1 to 1 weight percentage. The resin was then heated and stirred at 50 °C for
18 30 min and then degassed in vacuum for 10 min at room temperature. The resin
19 was poured in a mold and cured in a mechanical convection air oven set at a
20 specified temperature for 12 h. Compositions, thermomechanical, and processing

.21 parameters are given below.

POSS Epoxy Amine Cure Cure Tg(°C) E'@ E @
Silanol Temp Time 30°C Plateau
S01458 (°C) (h) (GPa) (MPa)
0 DGEBA  Jeflamine® 100 12 84 3.7 30
0.4 DGEBA  Jeffamine® 100 12 91 3.3 32

0 TGDDM  Jeffamine® 150 12 137 4.3 80




WO 2006/ 132656 PCl Y1J S2005/032613 20 0.4 TGDDM Jeffami ne 150 12 148 3.6 76
0 DGEBA Dytek(r)A 100 12 98 2.6 29 0.2 DGEBA Dytek(r)A 100 12 115 2.6 36.
0.6 TGDDM Dytek(r)A 100 12 118 2.3 38 0.8 TGDDM Dytek(r) A 100 12 122 2.0
36 0 TGDDM tek£2 150 12 167 2.6 78 02TGDDMDytek§2 A 150 12 214 2.5
97 0.6 T %ﬁr)A 150 12 219 2.8 125 O TGDDM Dyt & ?)L%"”i’ ®%4 198 2.5
126 0.4 TGODM Dytek(r)A 100 24 207 3.0 144 1.0 TGDDM Dytek(r)A 100 24 222
2.5 172 1 Jeffem ne& Hunt sman Chem caI 30 Dytek A DuPont 2 3 Exanpl e 5b -

POSS Epoxy cyhe WHdhRY e HRs 4 TG OCEYUT & O 585 39 Tcabl e to
convent i onal OepoxyD Wb cur g4k 5 Syst ens. gkor exapgpl e, ajhhree part
epoxi de was @3 I@éggAumB A5: 55ypg/ei ghtys 6 rafjs0 of gdart AsRCSS

epoxi de, a Pgg ri dgy te%At hi s{d§ xturgowas ag@ged a o4 3wt % |3g1 dazol e’

resin was swot abl erdsyymol gl Qr | niaEsi on. oure wag carrigd out a;g 70 C for
120 9 m nutgs as wm&sDfol | BWBLP RY cuidg thq mol degh spart ©g room igenperature
before 10 rggovalrammm t hgywit A Thes?CSS epoxy hag the @ | owi ngoefdesi rabl e
properties: oll denshim 1(3;&(@2,5‘9/ M 4003 ass ghr ansifdgon 119-5120C, gcosity

cat al yst and ghe sr)@{j vva§§~t§tm,&ough 0p M xedoat ropH terrpgroature g8 The

(af ter mxing) -1Gdighige Bhel T {od e 12 opont hsy@t  24Cg glensi | gbdul us
.2 CGpa. 13 Eyanplesiom PEaed A anol 1@nd polggi m deogure o5 1792

1 Jeffamine” Huntsman Chemicals, Dytek® A DuPont
2

3 Example 5b — POSS Epoxy cure with anyhydrides

I

The procedure of 5a is also applicable to conventional epoxy and anhydride cured

wh

systems. For example, a three part epoxide was formulated using a 45:55, weight
6 ratio of a Part A'POSS epoxide, a Part B anhydride. To this mixture was added a
7 3wt% imidazole catalyst and the system was thoroughly mixed at room temperature.
8  The resin was suitable for molding or infusion. ‘Cure was carried out at 70 °C for 120
9 minutes as was .followed by curing the molded part to room tell'nperature before
10 removal from the moIcIL The POSS epoxy had the following desirable properties:
11 'density 1.1-1.2 g/ml, Glass Transition 110-120°C, Viscosity (after mixing) ~10 Poise,

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

13 Example 6 — POSS Silanol and polyimide cure

14 Commercial polyamic acid (Dupont) utilized for the formation of Kapton® film was
15 utilized to demonstrate tﬁe effectiveness of this approach. POSS silanol is dissolved
16  into a solution of polyamic acid in NMP solvent. The soluble range of POSS in this
17  mixture is from 0.1-60wi% with a preferred range from 5-15wt%. The solution of
18 poly (amic acid) and POSS® in NMP can then be cast into films or coatings and
19  subsequently imidized at 100°C for 2 hours, then 200°C for 2 hours and 300°C for 1

20  hour. The incorporation of POSS results in excellent optical propetties, increase



14 Commrercial polyamc acid (Dupont) utilized for the formati on of Kapton(r)
filmwas 15 utilized to denonstrate the effectiveness of this approach.
PCSS silanol is dissolved 16 into a solution of polyamc acid in NW
solvent. The soluble range of POSS in this 17 mxture i - 60wt %
with a pref%??goé}i?%ﬁﬁ%e from5-15m % The sol ution of 1§%&%{?§359(5&%]6 3 aci d)
and PCSS(r) in NMP can then be cast into filns or coatings and 19
subsequently imdized at 100C for 2 houns, then 200C for 2 hours and 300C

Ny R N e e T
o Vet 6, Pt B BB U OER R AP Boadnd

protective, 3 silica glass upop the fil msurface upon exposure to oxygen -

bl asra Jor HoReaTARATIe]ImAUtcR DonsAPRREado Gy goRPlasTanpyalhak ydizihng
5%posss-Pol ym de xrglgr,"l,a~ry AC pnr~a" ~,aauns 30" 200 250 .300 350 900
450 54TerAg®Nis-} 6 7 8 Typical mechanical properties for 5% POSS(r)
polyim de at roomtenperature. 9 Mterial Yousigs Mdulus (KSI) Tensile
Strength (KSI) Elougatioij Tjg P8kyrmide—846—9-05%385—C

5% POSS” polyimide

¥ Polymde
o 3% POSS-Polyimide

Higher rubbery
i A platean modulus

i T T T T T T T T T
200 250 300 336 450 430

5 Temperaturd'C}
6
7
8 Typical mechanical properties for 5% POSS® polyimide at room temperature.
9 .
Material Youngs Modulas (KSI)  Teunsile Strengh (KSI) Elongation Tg (“C)
Polyimide 346 9.0 5% , 385°C
5% POSS-polyimide 350 10.8 7% - 385 °C
10

11 Example 7— POSS Silanol and bismaleimide (BMI) cure

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

19  which indicated the full dispersion of the POSS silanol. Note that other variations for



5% PGOSS- pol yi m de 350 10.8 7% 385 C 10 11 Exanple 7- PGSS Sil anol and

bi smal eimde (BM) cure 12 Comrercial BM resins were used to denonstrate
the effectiveness of this 13 approach. PGCSS silanols were added to a

st oi chi onet | §g§0%7 %L tion of 14 BMPM DABPA (BMPM = bisnal ei m

rmnorrer/pol‘{y afd>bABPA = 15 dial | yl bi sphenol A) pr oc}’lﬁjgé‘dszw/oaﬂ%c under
product code 5250-4. The range of 16 PCSS silanols can be fromO.Iw%to
50m % with a preferred range from 1- 10wp% 17 The DABPA vvas first heated to

éﬁ;&i’ ir”jén“ﬁfi'?‘??éfs% el B %HE‘F& egt“%r'tr’?grf'%ﬁ bRk h Gherm e e
POSS
1 2§ e RS B SR B MO el

e oadr o O Th 6 AP, 5 & e ch ot bling desiebla propaites ol a77c,

1hr @ 200C, 6hr @250C The fol | ow ng deS| rabl e properties of the 4

f or mul &t i dermdationowsesr okaerved:iefminatiosrofdhe pred rﬂ@re%pap 6 cmge@@muv@cealwrﬁt
viscosity at 5 100C = 3cps, shelf-life = 12 nonths, heat distortion = 689F,
flexurdl <00Bgt Be@, shelidite = 15 mavthys heatedistogtirn erﬁ@ESﬂexurélr Sitengtivd@ | us @
23C = 5.5 x 105 psi 7 (flexural), flexural strength @275F = 9000 psi, °

el ongagi 0r3@ 27 56,0007 p8Yelon@ali®l @ 3°@ 2 455%7 nfodulus @236 = B.5 axto’apsi.- ' 9
Dynam ¢ mechani cal anal ysis of the 0.8% enhanced PCSS silanol BM resin - 10

rel atiye trr@eiure BMe eR4lt stdndisV@2ab3s e GO%GWsPV@IBHQéndn” @at e'ﬂSS? 8%,

transitio errperature and retai nnent of ‘nodulu evat ed

t enper tur 2 roI Mor eover , the presence of POSS
does not Lfé‘%@h%?il ne%’rh"gyé pﬁﬁ/‘l'? Iowterrper ature" (177C) cycl e.

Consequent I y the processiblilty of syst em | S
9 Dynamic mechanical analysis of the 0.8% enhanced POSS silanol BMI resin

10 relative to the BMI control reveals a 60°C improvement in the glass transition
11 temperature and retainment of modulus (E') at elevated temperature relative to the
12 BMI 'contrbl.’ Moreoyer, the presence of POSS does not affect the kinetics of initial |
13 “low—temperature’-’ (177°C) cycle. Coneequently the processiblilty of system is
14  retained. Note that while it is possible for BMI alone to achieve a Ty of 350°C, this
15 ‘also requires an addit.i'onal 2 hours of post-curing at 300°C. In contrast the POSS
16 BMI affords a T4 of 865°C using a lower temperature, faster, and simplified cure .
17 cycle (1 hrat 177°C, 2 hrs at 200°C, and 6 hrs at 250°C). Furthermore, the fact that
18 modulus of the POSS-BMI is not significantly degraded at 400°C proy‘ides a major
19  enablement for - high | . temperature

20 composites.



14 retained. Note that while it is possible for BM alone to achieve a Tg of
350.C, this 15 also requires an additional 2 hours of post-curing at 300C.
In contrast the POSS 16 BM affords a Tg of 365C using a | ower tenperature,
faster, and sinplified cure 17 cycle (1 hr at 1770C, C, and 6
hrs at 250€) 20084#26¥er nore, the fact that 18 nodul us O%C?ﬁ%”%ggégg i s not
significantly degraded at 400C provides a major 19 enabl enment for high
tenperature 20 conposites. WO 2006/ 132856 PCT/ US2005/ 032613 23 10" 0. 30
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rel ative tq,a BMpxcpntrol was eval uat ed 'o ng a 7 shqrb Heam shear
test. Five ganples were tested and an aveg&g . strength 3
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3 To evaluate the composite characteristics of the POSS BMI, four plies of 6" by 6"
4 T650-35 carbon-fabric composite panels were fabricated using commercial gfade _

5 Cytec 5250-4 resin reinforced with 5 weight percent POSS PMI. The interfacial

2
H

6 adhesion, of a POSS-BMI relative to a BMI control was evaluated by conducting a

7 short beam shear test. Five samples were tested and an average shear strength
‘ ! .

g value for the 5250-4 BMI contro! of 58.44 MPA x 2.68 verses 59.14 = 2.00 for the

5% POSS BMI was observed.

O

10 Example 8 ~ POSS Silanol and telechelic polyimide cure

11 The synthesis of telechelic polyimide resins (PMR) involves dissolving dialkylester,
12 diamine and monoa[kyiester (end-capper) in a low boiling alkyl alcohol (i.e.,
13 methanol). To this mixture is added POSS silanol in various wt percentages from
14 0.1-50wt% with a preferred loading range from 1-15wt%. Because the POSS
15 silanols and PMR are soluble in the alcohol the resulting visdosity solution can be
16 used to impregnate fibers or fabric to provide a prepreg. The prepreg, upon removal

17  of the solvent, contains a homogeneous mixture of the PMR and PQOSS reactants.



8 value for the 5250-4 BM control of 58.44 MPA 2.68 verses 59.14 2.00 for
the 9 5% P0OSS BM was observed. 10 Exanple 8 - POSS Silanol and telechelic
pol yi m de cure 11 The synthesis of telechelic polyimde resins (PWR

i nvol ves di ial kylester, 12 diamne and nonoal

(end-capper) 1n M)IB gvbm ling al kyI alcohol (i.e., 13 ne /Q%%Fs;mz d this
mxture is added POSS silanol in various w percentages from 14 0. 1- 50wt%
with a preferred | oading range from 1- 154t % Because the POSS 15 S|Ianols
and PMR ar g0l g 't@gé#@éef%‘t&@?cﬂ 1d6n ﬁ%éQ& td @go% St%gsrbﬁ/m ﬁﬁ’ﬁébé’%n‘iﬁ”

16 used to inpreg nate rs or fa rrc pr ovi
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t enperat ures bhetween, 150C to 200C, ndergos an in

condensat i GRCHYA NSNS \(tﬁmﬂeéq{&lreé%rﬁﬁ@dfw?n&d@”gTqatBBﬁErlégedDetﬁ@nhpﬂ' CHt® t he
3 reaction conditions (tenperature/pressure) of end-capper used, the final
cure 4 (tteermnseitinghis usealiysperfarpedett ompsiatites: etweeat3naes H8pYsdrdi5C
(600F; nadic 5 ester, NE) to 371C (700F; phenylethynyl phthalic acid, netyl
ester, PEPSter, BIECotoed 70 @l (FOERFT ephemyleiigmyInithdlicz edid, ometyf ester,t REPE ue of
POSS in this system 7 To a HFPE-11-52 PMR resin, a NASA second generation
resin) gvasCagwestciBOSHIR Besihd iaed atlﬁza@lhoaa:rmrmahéaAaQJe ohPOBS MABE eytem.
trisilanol ethyl POSS, 9 Upon curing an optically clear resin resul ted. A

pl ot ofy theygf F‘I?P'ECIIJE‘EdPM‘F{SrédH a msm@eem @eﬁéwaﬂbnaadn; %SP%dDNBsrsevea' S

an increase. in retai nment of nmodulus 11 at elevated tenperature for the
POSS PNR s d with PEPA) bl ue:
bl endedt w F TG s idlariopHap PQss BhunaTRRb Ay 58S

9 Upon curing an optically clear resin resulted. A plot of the elastic modulus for

10 the PMR control and the POSS PMR reveals an increase.in retainment of modulus

11 at elevated temperature for the POSS PMR system.

1010 s HA RS DS B BN 2N LA MO M A TN RN IRk M SNAE AR N BN M R 1.2
F red: neat HF DA+p-PDA (end-capped with PEPA)
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14  To demonstrate this desirable properties of the POSS PMR resin relative to the PMR
15  resin in composites, 8 plies of (90/0) T650-35 carbon-fabric composite panels made
16 with HFPE-II-52 PMR and POSS HFPE-Il PMR. Composite panels containing 7 wi%

17 and 15 wit% of Ethyl Triol and Phenyl triol in HFPE-lI-52 CFC show excellent



Qv f 10° 0,8 UB Wa 101 0.4 S 0.2 ...... --------- j 0" 0 0 100 200
300 400 12 tenp 13 14 To denonstrate this desirable properties of the POSS
PMR resin relative to the PMR 15 resin in conposites, 8 plies of (90/0)
T650- 35 car b8n fabric conposite panels made 16 with HFPE-|1-52 PMR and POSS
HFPE- | | %‘ﬁ 3%t e panels containing 7 w% 17 and WG Eihyl Tri ol
and Phenyl tr| ol in HFPE-11-52 CFC show excel |l ent WO 2006/ 132656 PCT/ U
S2005/ 032613 25 1 processibility as compared to non-POSS containing resin.
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0.32 +15% Phenyl PCSS 64.9 1 %8 ‘ Lo
3 have a lower density WhIC is a beneflt in obtaining “light weight” composite

4  structures.

5
Fiber Content | Density | Void Content
Materials Type (Wt %) (gm/cc) (Vol%)
HFPE-I|-52 64.1 1.626 0.32
+15% Phenyl POSS
Triols 64.9 1.618 0.37
6

7  Furthermore, the composite sam'ples were exposed to thermal aging, ar{d their
8 mechanical properties were evaluated using three-point bending tests. Testing at
9  315°C (600°F), showed an average of 10% improVement in the flexural strength for
10 ' composites made with 15 wi% additions of trisilanol ethyl POSS and a 15%
11 improvement in the flexural strength for composi;tes made with 15 Wt% additions of

12 trisilanol phenyl POSS.

13
Sample (~ 60vol% T650-35 Carbon Flexural  |Flexural Modulus®
Fabrics) Strength™ (Ksi) (Msi)
HFPE-I-52 (Control) " 9496 7.8x013
with 7% POSS-Phenyl Triol 10073 | 83:0.4
with 7% POSS-Ethyl Triol 95.7 £ 8 8.5 £0.16
with 15% POSS-Phenyl Triol 10825 | 86x0.14
14 L
15 Although the present invention has been described above in terms of a

16  specific embodiment, it is anticipated that alterations and modifications thereof will

17 no doubt become apparent to those skilled in the art. It is therefore intended that



Triols 6 7 Furthernore, the conposite sanples were exposed to thermnal
aging, and their 8 nechanical properties were evaluated using three-point
bending tests. Testing at 9 315C (600F), showed an average of 10%
inprovenent in the flexural strength for 10 conposite 5 wm %
addi ti ons WP 2Y{1831%%nol ethyl POSS and a 15% 11 i npr O\S/Pér@%? \%S{E’h% f1 exur al
strength for corrp05| tes made with 15 wt% additions of 12 trisilanol phenyl
PCSS. 13 Sanpl e (- 60vol % T650-35 Carba@a Fl exural Flexural Mdul us*

Fabr i ﬁ%ﬁ@"!ﬂ\ﬁrﬁ? {éﬁ?b)oe(lﬁﬁ'gﬁrgtéﬂf: 5@06%@%e(ll%hré?ﬂe)rast%s%n@madﬁlcaﬁ)oﬁ]sg Wi th

7% P S— 00.7 th 7% P Eth Triol 95.7 t

8.5 0,16 ROSS- 8,6 0.14 14 15 Althoughthe
pr eserit mveHWg?{?&% t@ eﬁﬁteoé}}s/crl eéfg%%&g%ptﬁ ‘erms of a 16 specific
enbodiment, it is anticipated that alterations and nodifications thereof

will 317 no doubt becone apparent to those skilled in the art. It is
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clainms be interpreted as covering all such alterations and nodifications 2
as fall within the true spirit and scope of the invention, 3 4 Wat is
clainmed is: 27



CLAIMS 1. A nethod of compoundi ng a nanostructured chem cal into a thernoset
pol ymer, conprising the step of mxing (a) POSS nanostructured chem cal
havi ng an attached ol efinic group, (b) a polynmer resin selected fromthe
group consisting of olefins, phenolics, novol acs, resoles, epoxies, cyanate
esters, urethanes, polyrnides, and bismal eimdes, and (c) a curative
selected fromthe group consisting of 23il anes, sul fur, sulfur conpounds,
phosphi nes, and enes. 2, The nethod of claiml, wherein a plurality of POSS
nanostructured chem cals having an attached ol efinic group are conpounded
into the polymer. 3. The nethod of cCHAMMS wherein the thernbpset mxture is
in a physical state selected fromthe group consisting of oils, anorphous,

semi crystafll i neA methpdt @l tompourding taomanostrustuiedecherniad| toss tharkedet
materials. 4. The nethod of claim1, wherein th§$pol ynmer contains a chem cal
h

sequence aRAYMElafeAPHRINGnHIe FieR St mixng (@) FEOS$haanestrisiures ehemnieah
wherein th | : |y ; i hai n, a
bolymer soiaify tdtdched ABNAEHORS: o) PpRmelibein URREY fRorkhd BREWFS 1.
nanost r uct consistinige nof caéfinsei piiencties, novaacherasotas; epoxiesiotywnaltarestesel . 7.

The net hod of claim wher ei n the conpoundi i s nonreactive, . 8. The
method of  BEAHEE, PANEVERS, S1Hb DSOS IS eaEH LS SCcH frodh i of
claim1, wWseupiddndisBAYy of SifineR! QMR Yulfir chbRPoLRES IPrRbh8s, Bfd ¥n&s. i S
i nproved as a result of compounding the nanostructured chemcal into the
pol ynmer. 10. The nmethod of claim9, wherein the physical property conprises
a nenber selected fromthe group consisting of adhesion to a polyneric
surface,

2, The method of claim 1, wherein a plurality of POSS nanostructured

chemicals having an attached olefinic group are compounded into the polymer.
3. The method of claim 1, wherein the thermoset mixture is in a physical
state selected from the group consisting of oils, amorphous, semicrystalline,

crystalline, elastomeric, rubber, and crosslinked materials.

4. The method of claim 1, wherein the polymer contains a chemical

sequence and related polymer microstructure.

5. The method of claim 1, wherein the polymer is a polymer coil, a polymer

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

6. The method of claim 1, wherein the nanostructured chemical reinforces

the thermoset at a molecular level.
7. The method of claim 1, wherein the compounding is nonreactive.
8. The method of claim 1, wherein the compounding is reactive.

9. The method of claim 1, wherein a physical property of the thermoset



s iy SRR

adhesion to a conposite surface, adhesion to-a netal surface, water

repell ency, density, low dielectric constant, thermal conductivity, glass
transition, viscosity, nelt transition, storage nodul us, relaxation, stress
transfer, abrasion resistance, fire resistance, biological conpatibility,
gas perneability, and porosity. 11. The method of claim1l, using a silane
curative. 12. The nethod of claim1l, ug8Bng a sul fur or sulfur conpound
curative. 13. The nethod of claim1, using a phosphorus curative. 14. The
met hod of claim 1, using an ene curative. 15. The nmethod of claim1, wherein
t he POSS nROIYHEF isdmpreedcaeairesylt ofcpmpauwndinaihedanostucitrekehemgal mie net hod
of claiml|ih gg)rﬁép t he PCSS nanostructured chem cal functions as a filler.
17. The neth ¢laim1l, wherein the POSS nanostructured chem cal
functions as a plasticizer and as a filler. 18. The nethod of claim1,

wherei n the POSS nano truc% ured chemcal is selectively conpounded into the
pol ymer suth t hEie (et P@SS (23185t uwberedy the nelysical P@pieﬁb,‘oi? PHSR 3 nto a
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consi sting of Tg, HDT, nodul us, cr eep, set, perneability, errosion

resi st anceflreaﬂels@@pasbl@l@gr%p@mﬁh@htyzgas reeneakiltpcanst petosityn 17, wherein the
POSS nanostructured chemical is

11.  The method of claim 1, using a silane curative.

12.  The method of claim 1, using a sulfur or sulfur compound curative.
13.  The method of claim 1, using a phosphorus curative.

14.  The method of claim 1, using an ene curative.

15.  The method of claim 1, wherein the POSS nanostructured chemical

functions as a plasticizer.

16. The method of claim 1, wherein the POSS nanostructured chemical

functions as a filler.

17.  The method of claim 1, wherein the POSS nanostructured chemical

functions as a plasticizer and as a filler.

18. The method of claim 1, wherein the POSS nanostructured chemical is
selectively compounded into the polymer such that the POSS nanostructured

chemical is incorporated into a predetermined region within the polymer.



selected to have chem cal properties conpatible with a selected region of
the polyner, thereby reinforcing the selected region of the polyner. 23.
The nethod of claim 1, wherein the olefinic group is selected fromthe
group consisting of vinyls, allyls, cyclopentenes, cycl ohexenes, and

nor borenes. 24. The nethod of claim 23, wherein the olefinic group is an
epoxy nodified vinyl. 29

19. The method of claim 1, wherein compounding a POSS nanostructured

chemical into the polymer serves to control molecular motion of the polymer.

20.  The method of claim 18, wherein a time dependent property is enhanced

as a result of compounding the POSS nanostructured chemicatl into the polymer.

21.  The method of claim 20, wherein the time dependent property is selected
from the group consisting of Ty, HDT, modulus, creep, set, permeability, errosion

resistance, and abrasion resistance.

22. The method of claim 17, wherein the POSS nanostructured chemical is
selected to have chemical properties compatible with a selected region of the
polymer, thereby reinforcing the selected region of the polymer.

23.  The method of claim 1, wherein the olefinic group is selected from the

group consisting of vinyls, allyls, cyclopentenes, cyclohexenes, and norborenes.

24.  The method of claim 23, wherein the olefinic group is an epoxy modified

vinyl.



