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PREFACE 

Polymer-clay nanocomposites (PCNs) h ~ v e  :~ttracted greal interest duririg the 

past two decades because they oftcn exhibit remarkable thermal. mcchaniciil and 

barrier pn)peflies for replacing convemtionnl polymer cunlposi tcs for several 

applications. Thcsc properties have heen attributed to dispersion of clay layers having 

thickness of' one nanometer and Iateral dimensions of scveraI nanometer% in polymer 

Iiulrrx. Gc~ncrally 11 ydrophil ic clays arc' made organophilic by cation-exchange of 

interlayer alkali metal ions with long-chain alkylarnmonium lolls. IZecently. Polyhcrlral 

Oligon~riic Silsesrluioxane ( POSS) have been used as an organonludi licr for cli~y due 

to i l ~  high f her~nal st;rbility and synergic henetits from dual nano-reinfbruemcnts. 

POSS-modi fied organoclay with reactive: functional groups such ;IS vinyl can be u~eful  

for the synthesis ol' novel PCNs. hut are not currently available in t hc literature. The 

rhesis is hcuscd on the iollow~ng major aspects: ( i )  synthesis and properlies of 

organoclays using novel hetero-substituted POSS with vinyl and arninopropyl group' 

( i i )  polystyrene-POSS-clay ~anocomposite particles and thcir cnlvent-;r.;cictcd wlf- 

assembf ing to produce microvesicles and microporous film (ii i)  guest-cncapsulalled 

~nicsovesicles and thcir properlies in different solvents. The thesis i s  divided into six 

chapters. 

The cliaplcr 1 presents a hticf introduction to the syithc~is .  structure mid 

properties of PCNq. limitation of conventional org:~noclayf and recenl inrcrcst in 

POSS-modified ergmuclays. The chapter 2 deals with synthesis u t' r~rgn11nc lays using 

hetero-substituted POSS from hydrolytic co-condcnsaticln of T -  



amint,propyFtriethnxysilnne (AS)  and vinyltriethoxysilanc {VS). E1'fcct or AS:VS 111ole 

ratio on the structure and properties of POSS-modified organoclayh is prcscn~cd . 

The chapter 3 presents a detailed investigation on synt hcsis of  ptrl yst yrcnc- 

POSS-clay nanocomposite particles and their solvent-assiritcil 1;c1 I'-asscmhlin g 

pmper~ies in tetrahydrofuran (THF). Concentration dependent morphulogicul ~nmsition 

of nannconipn\ite particles ( - 200 niii) intn niicrovr~iclcs ( -  2 5 3 . 5  k~ 111) and 

micropuwus film have been o b s e n ~ d .  Structure of particle and pl:iusil~lc r~~eclianisr~l 

for the obscrvcd morphological trmsi~ions are cxplaincd. 

The chapter 4 presents prepxa~ioli of guest-encapsulated microver;icIes and 

their properrick in watcr. alcohol and toluene. Vcsicles wcrc cncapsu latcd with 

fluuresuerlt probe+ Rhodamine 6G, 8-Anilinon;~phthalene sul t'onic acid (ANSI ant! a 

triglyceride oil in which ANS was dispersed. The vesicles were found stable in aqueous 

media, exhibited slow release of encapsulated dye rnolccwlcs in alcohol and 

spon1ancuu.c rclcusc in talucne. 

The POSS ~ o l u t i o n  Srom AS:VS mule ratio of 1 :3 was l'otl~tcl I I + C V L I I  fur the 

synthesis of bifunctioi~alized hybrid silica spheres (HS) having size it1 lhc rengc of250 

nrn to 2.5 ptn. The rhaprer 5 presents the mechanism of formation of HS containiilp 

PQSS-hilaycr and siloxane network and its application for synthesizing pnlyst y e n e  

campol;itc with low d iclcutric amstunt. 

The chapter 6 summarizes the outcome of the research work carriorl urlt in I hc 

thesis and the scope for future work. 
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Chapter 1 

Introduction to Polymer-Clay Nanocomposites 

I 

Chapter 1 presents introd~cctiun to polymer-chy nano co mposites including structure 

of clays, organoclays, synthesis and characterization techniques, need of novel 

organochys, chemically significant rno phohgies fmm po lymer-chy na no co mpn sites 

and scope and objectives of the present research work. 



Chapter I 

1.1. Introduction 

Polyrrier nanocompo.;itcs ill-c a 11c.u class of cumpusites 1 hat ;rr.e ~,;~~.licle l'i Ilccl 

spterns For which at least one di~nension o l  thc cii+pcr.lcd pa~liclch is it1 I I I C  1l;inoillttur 

range. They often exhibit physical and chemical pl.operlies that a l e  dramatically 

different from pure polymers and conventional inicrocnlnposites and gcncrate interesl 

principally because of their wide potential for applications ; i s  high pcri'orming 

structural materials. Nanofillers, becausc of their smaIIness, can ei't'ecti ve l y he agitaled 

by thermal motion that helps to eve~l ly  disperse the111 in polymer rrlatrix. As a I-csul~, by 

embedding just a few volume percent of such nann-fillers. one can signiticantl y nlodify 

the mechanical, thennal, transport, electrical, optical, and orhcr propcrtich ul' rn;itrix 

pulymer.f.' Added advantage is that onc can still cunvcnicnlly mold them into cor~~plex  

shapes with pre-existing industrial equip~ncni. Thcrc already exis1 application.: u i  such 

~anocomposites. as well as many appealing expectations regarding their 

Clays, carbon nanotubes, silica, alumina etc are polentiul nanofilless that have been in 

the focus of current research Among Ihese nat~ofillers. clays have beell 

widely used as fillers for thermoplastics likc polypropq'lcnc, polyuthylcnt., polys~yrene 

and, nylon due to its natural abundance. low cost and broadest coinr~~crcial  viahilitv, 

Although the intercalation chemistry o l  polymers when mixed wir h appropriate1 y 

modified clays has lung been known, the ticld of polymer-cl;~y nanocnmposires (PCNs) 

pined momentum following two major findings. First, the report t'ro111 'l'uyura Ccntral 

Research Laboratory that very moderate clay loading resulteci i n  cuncurr~iiar~t 

enhancement in thermal and ~nechatlical properties of thc matrix polymer. Nylon 6." 

Second, Giannelis et al. l3 found that it was possible to melt-mix poly~rlcl-s w irh clays 

without the use of' organic solvents. The ilrlproved propertics of PCNs wcl-c a ~ t ~ - i b u ~ c d  



to the dispersion of  clay 1;iycrs having rhickncss of one nanorlleter anrl laterril 

dimensions of several nanometers in the polymer matrix. Extcrlsivc reviews arc 

available in litcrdture on the preparation, structure and propeni~s s f  PCNs." "' 

1.2. Structure of Clays 

Clay.  alternnrivcly referred as layered ~ilicatcs are cornpriscd of slacks ul' 

hydraled aluminosilicate wilh ihichess of minimum 1 nrn and latcral dirnen\iun of 50- 

IIXH) nm.' Fr;[rnework layers of clays are generated by a combination of' tetrahedral and 

octahedral sheels, Silica 1s the major conlponenl of' tetrahedral sheel whcrcas octahedri~l 

sheet comprises diversc cleinents such as Al, Mg and I%. Tetrahedral and octahedral 

sheets stack naturi~l t y in specific r i ~ t i ~ s  and modes, leading to the lvrmatinn of I : 1 . 7: I 

or 2:l: 1 layered silicates or phyllusilicates. Amvng these. 2: 1 phyllosilicates hive been 

used Ibr PCNs due to the e;lse of separation of individual silicate Inyers owing t o  its 

structural features. The crystal lattice of 2: 1 phyllosilicate consists of 1 11111 thick 

aluminosilicate hiprs, with an octahcdrat alumina sheet sr~ndwichl'cl: hetween tu cl 

ketrahcdral ailica cheer\ (Figure 1 . 1  ). Thc ctacki~lg uK ~ h c  platelet.; lc;~dc in Van clcr 

Wads gap or gallery betweet, the plntclets. Isor-norphic substitulion nt A"\I" in  thc 

alumina sheel with catiom such as M$'' or ~ e "  produces negalivc chnrpe lro the la yo-.;. 

This negative charge is balanced by alkali cations (Na*, ~ i '  or ~ a " )  posilic~ncd in rhc 

gallery bctwceli the alurninul;ilicnte Inyers which are exchangeable with othci- inclryniu 

and organic cations and the cation exchange capaciry (CEC) i+  cxprne~st.d :n 

mequivll OO g clay. Clays having high CEC arc generalIy rrsed for PCNs. Thu type nt' 

cations positinned in Ihe gallery and its degree of hydratioil deteririincs the gallcry 

heighl of pristine clay. 2:l phyllosilicate include mica, smectitc. vermioulitc. and 

chtorire. Srnectire group can he further divided into mont mnrillonirc I M MT). 



Chapter I l t l r t - o ~ l u t ~ ~ i o t ~  

nontronitc, saponite and heclorite species."*22 Typical CEC values of sclcctcd 2: 1 

phyllosilicates are listed in table 1 . 1 .  

Figure 1.1. Smcctrrre of 2:E slluminosilitnte.'" 

Table 1.1. Chmmir:ul,fi)nnulal arlrl r:u~irnn exclzmzge cc1paci1y($2:/ ph~ l lo . c i l i c~r r t~~ . s ' '  

Silicate Formu la CEC (,111eiluiv/I 00 g) 
-- - 

Montmurillonite M,(AIA-~M~,)S  isO:u(OMh 02 .h- 1 20 

Saponite M,M~~~S~R.~A~,)S~RO~O~OH)~ 86.6 

Vermiculite (Me. Fe, Alh[(AI, S ~)JOIU](OH):M,.,H~O 1 50 

M represents exchangcahlc cation and x i s  thc laycr chargc. 

13. Organoclays 

In its pristinc statc. clay is hydrophilic and ~niscible only with hydrophilic 

polymers whereas mosr of the polymers are organuphilic. Therefore, r hc c ta!: surface 

often requires organomodification to make the platelets compi~lihle with nrganophilic 

polymer matrix. Clay can be organotndified via cation exchange o f  N;i* with 



alkylamrnvnium ions including primiiry, secondary. tcrliary and c1u;Itcrn;iry 

alkylrtmmonirt m cnliunh under proper conditions." Thc space berwecn the .;I l r a t e  

Inyerl; in  the urganoclay depends grcatly un the length of tht. .~lhgl c.htiil1 o f  

' 1 
organomodifier and the ratio of cross-sectional area to available aced per cation.- 

Organomodification of clays improves the interfacial adhesiot~ properties he~wccn thc 

inorganic phax and hydrophobic polymer matrix. 

The key issuc in the design of PCNc is how to mouizt~r the d ~ \ p c r \ ~ r r n  ut cliiy 

platelets at nanomcter ~cale in a polymer matrix. Accordingly, i t  i t  iiecccwry to 

understand the interaction between the clay surfaces and the intcrcalants. In other 

words, underctnnding the Ftructure of orgai~oclays and the interaction o f  c;urf:~ctant in  

clays is of crucial irnportancc in design. fabrication and characlerinitiun ut PCNc. 

Pmper <election of organoclnyq depends mainly 011 thc type of polymer matrix uwd. 

When the hydrarcd cations are ion-exchanged with e rpn ic  cation.; such ax bulky iilkyl 

arnmoniums including primary. secondary. tertiary. and quaternary alkylatnlnoniutrl c>r 

alkylphosphunium cations, il generally results in larger inteilaycr spacrng. 

Alkylamrnoniurn or alkylphosphoniutn cations in thc organorilicatex lowel the sill l'acc 

energ)' o f  the inorganic I~osl and improvv thc wetting chardcteristiu+ ol pr~lynicr 111i111'1x. 

and result in larger interlayer spacing. Additionally, the nl kylammo t~ium or 

alkylphosphonium cations can providc futictional gmups [hut can react with the 

polymer matrix. or in wme casec initiate the pul ymeri~at ion of mononlci-5 to i mpsove 

the strength of. thc ~nterface between the it~organic and the prhyri1c.r nlatrix.".'" 

Traditional hlructuriil characrcrization to de tertnine the urien tii t  ion ii nd ;irrilngemsn t or' 

the alkpl chain was performed using Wide Angle X-ray diffrriction (WAXD). 

Depending on the packing density, temperature and alkyl chain length. Ihc ch:i~ns were 



thought to lay eithcr parallel to the silicate layers forming mono ur bilayers. or rad1at.r: 

away from the silicate layers forming mono or himolecular arrangementh ( F l y  re 1.2.)." 

Figure 1.2. Arraagrmrnrs uf aihylurnrnon ;urn iotw in ~ n i r a - ~ p e  lryet-rd s i l i ~ w r ~ s  wirh 
d#erenr layer c/ilarge.s. Hatrh oreas are siliccrt~ luy~i-s.27 

Figurc 1.3. AILTI cEtain nggregation morlels (a) short chain lerigth, tl~c ~nolrr~uics artJ 
tjj'~~fi.c~i\~elj i.$olrrre~l,fron~ ruoh orher, ( b )  trzediutn I P I I R I ~ S ,  quuxi- + i l i i , l ~ ~ ~  hyet .s Ji>t.ttl 

~ ' i i l i  i~uriou.\ dc~rec? ofbl plarie disotdur und inrerdigiruriorl ~ P ~ M ' C J P I I  I ~ C  1crpr.v 
ut~d(c)  lot18 lengths, interl~~yer n r d ~ r  irlcs~(is~~ leading lo Ii~/uiii-i.t~~srol1i11~~ 

po1,i.tnt.r eni~irantnmt. Open rirclc reyresptlt thc CH? rr~grtlrrl,~ ~vhrl t .  
r.ationic hmd groups are represertred by filled c.ircles.'" 

However. the~e idealized structures have been shown to be unrealistic by Vaia et al." 

using FTlR cxpcriments. They showed thal alkyl chains could vary f1.o~) liqu~d-llkc to 

solid-like, with thc liquid-like structure dominating as the interlayel- density or chain 

length decrcascs, or as the temperature increases. This occurs because of the relative1 y 

small energy differences between the trans and gauche mnformess: t hc idealized 

models described carlicr assume all trans conlurrnations. In addition. l'ur longer chain 



length surfactants, the surfactants in the layered siIicate can show thermal tr;u~\ition 

akin b melting or liquid-crystalline to liquid-like transitions upon heating (F~gure 1.3). 

IA. Preparative Methods for PCNs 

The preparative metllods are dividcd lnlu thrw ~niun g r o u p  Jcpcnci~t~g o n  the 

starting materials and processing techniques: 

1.4.1, Intercalation of Polymer or Pre-polymer from Solution 

T h i ~  i s  based on a solvent system in which the polymer ur pre polyner is 

soluble and the silicate layers are swellable. The layered silicate i s  t i r ~ t  \wollcn in a 

solvent, such as water, chlorotonn, or toluene. When the polymcr and Lhc layered 

silicate solutions are mixed. [he polymcr chains intercalate and di>pliice thc <olvent 

within the interlayer of the silicate. Upon solvent removal, the intercalated ctructure 

remains, resulting in nanocomposite. 

Water-soluble polymers, such as poiy(ethye1ene oxide)," poly(vinyl a lcoh~l) . '~  

poly(vin yl pyrolidone)," and pol y(ethy1ene vinyl alcohol)," have been intercalated into 

the clay galleries using this method. Examptes horn non-aqueous sotvents are 

nanocomposi tes of poly(cdpro lactone)'.' and poly l a ~ t i d e ~ v n  c hluruiom as a cu- 

solvent. and high-density potyethylene with xylene and ben~onitr i le .~~ The 

thermodynamics involved in this method are when the polymer is exchanged with thc 

previously intercalated solvent in  the gallery. a negative variation it1 the Gihb  ircc 

energy is required. The driving force for the polymer intercalation into layered silioatc 

from solutio~l is thc entropy gained by dcsorption ol' solve~~r I ~ I ~ I C C U I C ~ ,  which 

compensates fur the decreased entropy of the confined, intercalzitcd chains.'" Usins t h ~ s  

method. intercalation on1 y occurs for certain polynierlsolvent pairs. This rnct hod is 



good for the intercalation of' polymers with little or no polarity inro laycred structures. 

and facilitates production of' thin films with polymer-oriented clay intercalated layer\. 

However, from commercial pc~inl of view, this mcthod involvcs the copiuuj uhc ui' 

organic solvents, which is usually environmentally unfriendly. 

1.4.2. In situ Interralative Polymcri~alion 

I n  this method, the layered silicate is swollen within 111e liquid rtlonoInt.1 or a 

monomer solution so the polymer [ormation can occur within the inter1;tlncllar region. 

Polymerization can he initialed either by heat or radiation, by the diffusion of a ~uttable 

initiator, or by an organic initiator or catalyst fixed through cation exchange before the 

sweEling step. 1-caprolact:un." po~yurcthane,'7 polystyrene,'"3~polypropylene.'0 

polyethylene." poly(ethy1cne terephtha~ate')4\and cpoxy resinJ7 iutl cxamples uf 

polymers used fur In situ intercalation. 

1.43. Metl Intercalation 

This method involvcs annealing, crati\tically or under shear. n ~ i i i x tu rc  o f  the 

polymer and organoclay above the softening point of thc polymer. Nvwaclays, the melt 

intercalation rechnique has become widely accepted mcthod for the prcparatlon of' 

PCNs. This method has great advantages aver either in situ intercalative polymerization 

or polymer solution intercalation. For example, direct melt intercalatio~l i s  highly 

specific for the pulymcr. Icading to ncw hybrid5 thn~ were previni14y i~i:ccc\\ihlt. 111 

addition, the absence of a sulvcnt ~nakec direct melt intercalation an cnvirot~rncnlaIIy 

sound and an ec~nornically favorable mcthod for industries. Also iL i \  cornpatrhle with 

current industrial processes, such as extrusion and injection molding. 

Vai;i and Giarlneris have dcveIoped mean field, lat tice-based thermod ynarn~c 

model for polymer melt intercalation i n  organically modified mica type silicates. 37 



T h y  reported that the outcome of polymer intercalation is determined by i nicrpl ay of' 

entropy and energy change in the system. During polymer melt inlcrc:iIation. the 

entmpy loss of polymer confinement in the gallery spacc call bc ct~rnpcrr~ared L'or hq 

the increased cunformational freedom of the surfactimt chains ;is the layer\ \ep;tsate duc 

to the less confined environment. The cntropy change associated with r he curfactr~nl 

increases unlil the interlayer separation is equal ro the fully exrended Icngt h of the 

surfactant chains. On the other hand, as the interlayer sepzlratioi~ increasec. inorc 

polymers are contirled and the total penalty of polymer confinement per unit area 

continuously increases. Thus. the penalty for polymer confinemenz ix compensated clnIy 

up to a critical gallery height. Thc extent of intermolecular interaction% wciuld 

determine ihc amount of the intercalated polymer, beyond this critical gallery height. 

At this stage, the penalty of polymer confinement dominates and strong erlergctlc 

molecular interactions are needed to overcome the unfavourllble entropy chatigc in ~ h c  

system. When the total entropy change is stnall, small changes i n  thc Tree energy of the 

system determine whether intercaIation I S  ther~nodynarnically \table. For 

alkylammonium-tnodified silicates. the free energy change is rendered fiivourahle by 

maximizing [he magnitude atld number of favourable pol y tr1er-surf:ice intcraui ion w l ~ i  lc 

minimizing the magnitude of the number of unfavuurable apt~lm intcr;iclivn~ brt\+,c*cn 

the polymer and functionalizing elkyl surfactants. For most conventional 

osganosilicatcs, the tethered surfactant chains arc apolar. thus thc dispcrsio~l forces 

dominate the polymer-surfactant interactions. In an earlier stagc of melt i ntercalarion 

process, polytner chains fro111 hulk polytrle~. nccd to bc ttamportcd il-onl the bulb mc[l 

into the expanded clay galleries. This process does not require high shear fbrce. The 

driving force i s  the affinity OF the polymer chains for the arganoclay surfaces. The 



enthalpy nf mixing could bc rcndcreil favourahlr by maximizing the polyt~~c"i--r-l;~y 

 interaction^, At later stage, the clay tactoids are exKoliatcd u n d s ~  5hc'ar :IIIJ \~iicL\ ot 

chy platelets tend ta slide apan fro~n each uthcr. High shea~. intensity \~oulrl  a.;\i\r rhc 

Formation of' PCNs by hrcaking up the cl;~y plntclctc and inclVeucing \;t~iiplc 

uniformity. I' The process il; thus faci l ir;tted by holh reqidcnce time ~ ~ n d  ccrcw 

configuration in rhe c\(~-rrdcr. 

1.5. Classification of PCNs 

Dcpcnding on the strength 01' i ntcrl'iicral i~ltcractionc betwr'cn { ~ F C  I)OI\.IIII'I 

rnalrix and layered silicate. three difrcrent types of  PCNs arc thcrrrlcdyrlamicall y 

;whicviible (Figurc 1 A). 

In in~rrca la~ed nanucumpusitcs, the ~l~vrt l ir~n ol' po1ymt.r ~natr lx  i l l l r~  (he I :~>~!c t l  

silicate structure occurs IH a cr~t; i l lographical ly reguli~r I't~shion. 1.egarcl1rss of' ~ h c  c1uj 

to polymer la~io. Pn)penicl; ul' Ihc coriipociter; tlij~ic;iljy r c \ c ~ i ~ h l c  t h ~ w  111' c.cr;urn~i 

materials. 

1.5.2. Flocculated Nanocon~posites 

Conceptually this i s  same us intercalated nanocomposites. However, bilicatc 

layers are sornetimcs flocculated due 10 hytlrox ylarcd edge-ed~e intcraclio~l of zhc 

silicate layers. 

1.53. Exfoliated Nanocomposites 

tn an exfolinred nanr,ournpositc, the individui.tl clay laycrs i I X  sepalatcd In ;I 

continuous polymer matrix hy an averae Jisrance that dcpcnds cl:~\: luiiiling. 



Usually. the clay conten1 o f  an cxfoliatcd nanocomposite IS much lower  than that of a n  

intercalated t~anocornpocite. 

Figure 1.4. S(~lr~i?icrriu illrisrr-rrt~m~z of rhl-c.r diffiwnr O p P r  ( I f t / l r t 7nor /~~?r r i r1 ic 'c i ' / / ~ .  

nr.hie17~1 hie PCitls. ' 

1.6. Techniques used fnr the Characterization of PCNs 

In addition to the techniques ilsed for the churac~erization of the recpective 

polymers, the structure of nanucompositc~ has typically been established using wide 

Anglc X-ray Diffraction (WAXD) analy\i\ ;~nd uansmission electron micrographic 

(TEM) observatinn (Figure 1.5). Due to its eas i~~ess  and availability. WAXD IS mosl 

commonly uced to prohe nanocon~posite atruclure4' and occasionally ~u cluciy thc 

kinetics of the polymer melt ~ntcrcalat ion.~~ "' B y  monitoring the poxition. \ hap .  and 

intensity of the basal rcflcctiotl~ from the dixtrihutcd silicate laqers. the nanocompositc 

struclure Iintercalu~ed or exfoliated ) may be identified. For cxatnple, in an exf'olialcd 

nanocomposite, thc cxtcnsive layer separal~nn associated with the delamination of the 

original silicate layers in the polymcr matrix recull\ in rhr cvcntual disappearance or 

any coherent X-ray diffraction T I - o ~  thc distributed ~ilicalr l a p s .  On the other hand. 

for intercalated nanocompositcs. the finite layer expansion asr;ociated wirh rhc polyrr~rr 

intercalation results in the appearance uf a new hasal rcflectiun cul-1-esponding to the 

larger gallery height. 
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Figure 1.5. WAXD p ~ i ! ( e w  v rlrld TI;M itturgt's of ~ h r w  dj(f>r-ur l r  

Vpes qf ~ r t l ~ ~ o r ~ r n t ~ ~ l ~ o s i ~ ~ ~ , ~ . ~ ~ ~  

Although WAXD offers a convcnient method 10 ds1t.r-mine the intcsIa!,er 

spacing of the silicate layers in the origillal layercd 5iliunte.s and i n  the  interuali~tzd 

nanoeomposites (within 1-4 nm), spatial diwibution of the \il icate layer\ 01- an!) 

structural non-homogeneities in nanooompo\ites cannot be predicted. .41xv. sornt: 

layered silicates initially do not exhibit well-defincd htical rcl'lcctions which m,ikc 

systematic analysis of peak broadening and intenhit!! dccreafcc, very difficult. Only 

tentative conclusions concerning the mechanism of nanocoinposlte formation and thcir 

structure can be made based on WAXD patterns alonc. 'TEM allows a clual~tnrlvc 



mclerstanding of the internal structure, spatial distribution of  thc various phaxs. and 

*S of the defect structure through direct visualir,ation. Huwever, special carc must 

be made to make a representative cross-section of the sample. TEM is time-intzns~vc, 

and only gives qualitative information on the sample as a whole, while low-angle peakh 

in WAXD allow quantification of change\ in layer spacing l4  

1.7. Properties of PCNs 

Nanocomposites consisting of a polymer and Iayered silicate (modified or no() 

Frequently exhibit remarkably improved mechanical and material properties when 

compared to those of pristine pulymerc. Improvementl; include a hi ghcr modu 111 c. 

increased strength and heat resistance, decreased gas permeability and tlamtnabi l ity and 

increased biodegradability of biodegadable polymers. The main reason for t hcse 

improvements is the stronger interfacial interaction between thc matrix and ~ht: layered 

silicate, compared with conventional filler-reinforced systems. 

1.7.1. Mechanical Properties 

Dynamic mechanical, [ensile and flexural properties of polymeric materials 

showed remarkable iillprovemen~ when nanocomposites are Formed with layered 

1,7.2. Thermal Stability 

Generally, the incorporatior1 of clay intu the polymer matrix wah found to 

enhance the thermal stability by acting as a superior insulator and mass tr-ansport barrier 

20 the volatile products produced during decomposition. In some cases, though the clay 

was found to shift the early stages of [henna1 decomposition to higher tc~nperature, a 

reversal in thermal stdbbiliry due to the heat barrier effect of the stacked silicate Inyers 



holding accurnulatcd hcat that cou Id he used iis a heat source ;~ccclc~.i~~c the 

decomposition process in conjunction with the heat flow supplicd by [lie clulsidc heat 

source. was also ~hc;erved?'.~' 

1.73. Fire Retardant Propcdies 

The nanocomposites' flame retardant mechanism involves a high-pcrtbnnance 

carbonaceous-silicate char, which builds up on the surface during burning. This 

insulates the underlying material and slows the mass loss rare of dtcolnpo~ihu~i  

@ U C ~ S . ~ ~  

f.7A. Heat Distoriion Temperature (HLIT) 

HDT of a poiymeric mutctial is  an index of heat resistmcc luwards applied 

load. The increase af HDT due to clay dispersion is a very importunt llroperly 

impmvemen! Tor any polymeric material. not only froin applicaliori or industrial poilit 

of view, but nlso because it is very difficult to achievc similar HDT cnh;incer~~cnts by 

chemical modification or reinforcelllent by conventional l'iller.".''' 

1.75. Gas Barrier Properties 

Conventional composite Tortuous path in PCNs 

Figure 1.6. ?hl-rttous pnrir-fir pm~tmrtrs in I'cN.I.'" 

Clays are believed to increase the hanier propettics by ct.ealing o maze or 

'tortuous path' that retard the progress of gas mnleculcs through :hhc matrix resin. The  

duction in permeability arises from the longer diffusive path that the pelvtriults mus~ 



(ravel in the presence of filler, aq shown below. A sheet-like morphology is parirlicularl y 

efficient in maximizing the path length due to Fhe large length lo width ratio when 

compared to other tiller shapes such as spheres or cubes (Figure 1 .fi).s5~5(' 

1.7.6. Optiml Properties 

Although layered silicates are microns in lateral sizc. they arr juqr 1 nrn thick 

Thus, when single layers are dispersed in a polymer rnrtrrix, rht: ru~ulting 

namompsite is optically clear in visible light.'' 

Another interesting and exciting aspect of PCNs is the significant improvement 

of bidegradabilit y after nanocornposite preparation with organociay. Thc impi40ved 

bidegradability of nanocomposites may bc due lo a catalytic role of the orgimclny in 

the 'biodegradation mechanism.""" 

1.7%. Other Properties 

Polymer-clay nanocornposi~cs also show improvc~ncn~ in  nus st gencl.ii1 poly11e1-ic 

properties. For example, in addition to t hc decreased perme;~bifity of liryuids and gases, 

nanocomposites also show significan~ improvement in solvent uptake. Scralch 

resistance is another property that is strongly enhanced by the incorporation of layered 

silicates." The potential use of PANI-based nanoconiposites us e lec~rurhzolugical I y 

sensitive fluids or the cornbinalion of dispersed laycred silicates in a liquid crystal 

medium is also an attractive application. This could result in u ststablc clectro-opizcal 

device that is  capable of exhibiting a biitahlu and rcvercihle clcctl-u-vptic:~l cffcct 

between an opaque and transparent $tale. Tn addition, nanoconrposites have h w n  itt the 

impmvernenl of ablative properties in aerona~tics.'~ 





time but the cream time and gel time remain unchanged. The increase in risc t imc is 

attributed to hydrogn bonding of water with the hydroxyl grouph on the clny. 'Thc 

bound water is released on1 y when the te1nper;ttuf-e becomes high enough. resutting in a 

slower blowing reaction. In the case of  modified clays the gel tine is reduced b111 rhc 

cream time and rise time remain thc same as that for the ham without clay. Hydrugcn 

bonding of  water with the clay is thus not significant, and the acct.lrr:~tccl gelling 

reaction tnay be due to the catalytic activity of' the surfactants used for mudil'ying the 

clay. En this case cell opening may be due to rupture ot' foam larnellae by l icluid riiatrix 

phobic clay prtrlicles. 

(1) ah-prcirdrctl (1  1)  Elongn tiun (11)  l i w u * t ~ j  

Figure 1.7. Schenla~ic rrp~rcet~~atir;rn of the srt.ur.lural t~wdel~for r lru~r)r~ot~q~rt . \ i rc  
h l  # P I S  ill [he course r ~ f  elotrgcrtio~r prnce.i,\. 

Recently, Hwaguchi et developed a breakthrough i~~cthocl by rrtaki t y  

hydrogels ui' an organic-inorganic network using lapnnite clay. Thcy uscd riatioulay 

instead o f  the chemical cross-1 inker. These nanocolnposite gels arc novel. uncl destroy 

the prevailing common sense on conventional gels. I t  was found that mechanical 

properties of (he nanucon~posite gels were improving with clay contcnr. For gels with 

low clay contenl. the clny platelets may be nligncd perpendicular ro thc qtretch 

dircctiun. Huwcvcr, i t1  wnocomposite gels with high clay cotitent, it was cstirn~ited 

from rhc changcs in riiechanical properties that the clay platelets rnay he orientate.tl 



parallel to the stretch direction. Because of the high concentration o f  clay and their 

cooperative alignment toward the stretch direction on elongation, the urierltation us 

well as the struin is pmiaIIy retained, evcn after tong relaxation times, resulting in 

much-improved mechanical properties (Flgure 1 .7).h" 

OQQ Aqueors colloidal 
@ dkpa inn  nl'cloly (~ IateCt~ 

I =  , ,-. 3) Film formation - 
-. 

ep - 
Figure 18. Sclzetnr ill~rsrrating the . ~ y t E e . ~ i . ~  oj p ~ 1 j  (SQ-I'O-BUA il /Lrpclr lit(> 

nunorumposite [atcres undfi1ibnafom~rion,'5 

hrn i  et a!."' rcported the formation of transparent pol yiner- laponilc 

mnocomposite films, which contained an unconvent ions! hone ycolnh laponire 

network. whose microstructure rcsu Ired irom the original nrmorcd rnol-pho Inpy of thc 

composite latex particlev. The fiIrns were obtained by drying ;I cu+pcr l \ i~>~~ r)f I ; l i c~  

~"rtic1e.s syillhesizcd ~hrough en~ulsion polymerization uf atyrene and butyl ticrylale 

EBuA) in the presence of laponite clay parricles intercalated with cationic iniliator 
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rnoleculcs. Thc diffcrcnr rcactlun \teps are illuclrated it1 (F~gurc 1.8) and i n ~ o l v r  ( i )  

iniliator intercalation. ( i i )  in silu frcc radical cmulr;ion pol>ine~-i/.;~tion in thc prcscncc of 

the functionalii~ed clriy plates. and ( i i i )  filr~l formation by water evaporation and 

composite p111-ticl~5 cnnlcscencc. 

6.5 Lsing n siini1;u ;~pproach C x i ~ w  et al. pl-eprtrecl lupo~~itu hot low sphcrc5 using 

compmite particle+ coinprl\ing n PS corc and well dztined laponire nanoparticlc./Pb 

rniiltilayers rabricatcd hy using the la~er-hy-laler approach. The hybrid core-+hell 

particle4 were cub\equt.n~l\, culcincd to create well-defined hollou 5phcrcs with 

predeter~n~rieci diarnrter:. ( Figui-r 1.9). 

Figure 1.9. SEM ( c r )  crnd TEiM ( h )  irnr, \q~v q('llo1lort. Icipol~itc .ipllc~rc..s 

r,b!rrirleri nlter calrirrcrrwur r!f  PS .rpl~rrc~,s (640  tlnl).h" 

More rcccntly. U'eisnes et al."' obscrzcd hc.xagonall> patrerned lamellx 

mnrpholog! in AHC triblock copolymei- poly (ethylcnc-r~lr-propylene-I~Iri(-k-ethyt.ne 

oxide-lrlor-k-11-liex yl melhacrylatc )-clay nanocompclsites. Lcvcl scr tnodzlli ng 

confirmed that this patterning of the PEO-alutninosilicare slicer+ i +  consislent with 

micellar PEP donlains forming cither pillar< thrvugh the ahcct (Figure 1.10). The 
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hybrid materials possess structure within the PHMA and PEO aluminosilicate domains 

atthe 1-3 nrn length-scale. These results establish that ABC triblock copolymers can be 

used to direct the asscmbl y of' inorganic precursors into hybrid materials with complex. 

hierarchical srructureh. 

Figure 1.10. ( n )  Hexagnnul puilenl, S c d e  bur t-rpresent 20 tzm, nt~d  ( h )  structuml 
model for PEP-h-PEO-b-PHMA block r.opnl~lrt--rlrg lanrelkrr- t?totpllologirs 
with a a~~crll PEP hIock. T ~ I P  PEO (red) a11d PHMA (grwrl) c.hairls .stretch 
into their respective d ~ ~ m u i n s  ~vhilr hre crluminr~.silic.ate pnnicies partition 

irzio the h~dt-ophilic PEO riorncrbt and t11~. s n ~ l i l l  PEP block (bllre) 
#orrns rorrr~d rlzic.elJar domains. h7 

1.9. Limitation of Conventional Organodays 

Melt intcrcalnlion is the broadly applicable method for the synthesi:, of many 

commodity and engineering polymer nitnocomposires. These polymers are produced on 

a Iarge scale and it is desirable to use these inaterials as they arc currently produced. 

Melt compounding is a flexible and co~nmcrcial process capable of producing a variety 

of products on large volume scales. Since Giannellis and co-workers conducted the 

melt intercalation o f  PS with MMT, the melt intercalation method has become a 

mainstream technique h r  the fabrication of PCNs in extrusion or in-jcction molding. 

Moreover, the high shear environmenr of the melt extruder can assist the delamination 

or exfoliation of clay platelets.""~e disadvantage of mell intercalation is related lo 



low thermal stability of [he organomodifiers. Although a lky lammon~~n cat~ons rcndcr 

the layered silicatcc more organophilic. the main limitr~tion ol' rhr org;~nocl:iy< ic 

derived from thcir low ther~nal stability during melt proccs~ing at high lcmperarurcs. 

This situation hecomcs more serious for melt-compounding ol' many high purforrnancc 

polymers such as polyerherimidc with high melting point. Vrlnderhart ct :il."' s lud~cd 

the thermal stnhility of MMI' moditicd with dirncthyl, dehyclrogen;~~cd-~nIluw 

ammonium during melt blending with Nylon 6 at 240 'C. They reporred that IIIO'~I o f  

the organic modifier on the clay surface decomposes, releasing a Free aminc with one 

methyl and two tallow substituents. This was caused by the combined effect3 of t hc 

temperaturc and shear stress during melt blending. 

Gelfer et a~.'" studied [he rhcrn~ally induced phzw rl-nnsitions and 

morphological changes in organoclays. Figure 1 . 1  1 shows the proposed morphulogicnl 

model Tor organoclays it1 three temperaturc zones. I n  zone 1 tcmperatul-e range (I-uorn 

ternperaturc to ;ihout 30 "C), a bimodal organic layer. thicknesses distribution e x i w  in 

organoclays. Thc thinner organic layer conlains n rnonolayer with surj'iictant molccu lcs 

bound io the adjaccnt clay surfaces. Thc thicker laycr contiiins LWI) munol;~yci~> oL' 

surfactant with only about half of them being bound to the clay surfacc. This asscrrihly 

was termed the double layer structure with a thickness of exactly twice that uf r he thin 

Iayer thickness. The double layer content was found to increasc with rhe overall 

surfac~anl lo;~d ing. In zone 2 temperature range (40- 1 80 "C). t hc coli tenl o f  I hickcr 

layers drasriually decreases. 0rganocl;lys undergo n melting-like ordcr-disordcr 

transition. resuIting in the randomizatiun of surfhctunt conformalion. The thicklzcsh 41l 

the thinner organic layer is about the same as that of thc thin laycr ill rtjnc. I .  In ~ h c  

zane 3 temperature range (180-260 "C), the layer thickness distribution h tco~~lcs  
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bimodal again. organoclays containing disordered monolayers of bound surfactant and 

fused silicate layers. The drastic increase in the content o f  [used silicate layers above 

200 "C can be attributed to thermal degradarion andlor escape of bound curfactant 

molecules. 

Zone I &me 2 Zoac 3 
Blmodal Llnlmpdml thtcknrs~ dktrlbatloa Dqmdrtlon. rurlwrtanl lor# 

t ~ k n c u r  dbtdbutlon dwbk-hytr colhpc orplnlr hyen Eollrprr 

Figure 1 .I 1, T11u proposed ~norpl~olo~qirc~l  n l o d ~ l  for c~r~a~znc lays  
70 in ~h ree telnpe rnru re zojl ex. 

7 l Vaia er al. also studied thermal degradation chemistry of al kyl quarernary 

ammonium rnontrnorillonite including ( 1 )  the temperature regimes of thermal 

degradation reacrions within alky l quaternary ammonium monrmorEllonite and natural 

rnontrnorillonite. (2) the onset temperatures, stages, and products of organic 

decomposition within organoclays (3) structural changes to  the organoclay during the 

initial stage?, of organic decomposition. and (4) the mechanism and pathways of organic 

decomposition for urganoclays. They found that onset temperature of decomposition of 

these organoclays was approximately 180 "C. Analysis of decompositiun products 
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indicates that the initial degradation of the surfactant in the organoclays follows a 

Hoffmann elimination reaction and that the architecture (tritnethyl or dimethyl), chain 

lengrh, surfactant mixture, exchanged ratio, or preconditioning (waching) dncc not alter 

the initial onset temperatures. However, these factors do affect the initial  mas^ loss. 

Relative to the parent alkyl quaternary ammonium sait, catalytic sites on the 

ahrninosihcate layer reduce the thermal stability of a fraction of the surfactants by an 

average of 15-25 "C. 

1.9.1. Alternatives for Conventional Organomodifier 

Numerous concepts have been proposed that offer altcrnat ives tn conventional 

organoclays when thermal limitations are a concern. These include emulsion and 

suspension polymerization in which unmodified (alkalimetal-containing) 

rnontmorillonite is used,7z soVgel technology which consists of a direct cryqtallizatiun 

of organically modified la yered silicates by hydrothermal treatment with a gel 

containing organics and organornetallics,72 partially exchanged system? which decrca5e 

h e  volume fraction of surfactant needed,14 rnontmorillonite, charge balanced by  

pmtons (so called proton clays),7' alkyl imidazolium as the surfactant to increase the 

initial decomposition temperature (Figure 1.1 2),7h phosphonium-based surfactants to 

improve the thermal stabilit J7"8 and Polyhedral oligorneric silsesequioxanes (POSS) 

cations.'""' Other cations, such as pyridinium, and iminium, have also bcen used to 

treat the layered silicate because of their greater thermal stabilities.'? New thennall y 

stable systems should enable the preparation of PCNs from thern~oplasl ic engineering 

polymers with high melt-processing temperatures and from thermoset resin$ w i ~ h  high 

cure temperatures withuut loss of properties due to the presence of degradation 

products, loss of molecular mass, or network structural defects. 



Dimethyl alkyl imidazoliurn salts 

Figure I .  It. Strrr ciur-es q f 17urinu.q ih~id(~:o [iirm . s (~ l f s  rtsril tn rr-(*rrt sr~dilt~tr 
rn~ntmoriilonire.~~~~ 

Amoug the alternatives for conventional organorndifiers, oclatncric POSS 

have been of particular interest due to thc synergic benefits that can cxpect for POSS- 

rndified clay filled nanocomposites. POSS are an interesting class of thermally stable 

macromers derived from hydrolytic polycondensation of tri functional organosilat~e 

monomers RSiX3, where X being an easily hydrulyzablc group, c.g. -OCH3 or -Cl. A 

variety of stoichiometrically well-defined POSS frameworks with syn~hcticn'l'ly uceful 

funcdonzll groups are sivailable in Ii~erature and also the 11umbe1. 01' wailable 

frameworks arc expanding rapidly with the improvement in t111alyt.ical inl;trumenration. 

The term silsesquioxane is generally used to describe any substance that is derived 

from rhe condensation of  RSi(Ol..I)3, where R is an organic group attached to Si vili Si- 

C bond. Ideal empirical forrnula of [ R S I ~ ~ R ] , ,  are used lo repscse~lt fully condensed 

silsesquioxane frameworks and inconlpletely-condensed silscsquinxancc posscss 

reactive Si-OH groups which can form additional Si-0-Si linkages. 

Heterosilsesquioxanes are derived by substitution of a main group, lransi tion-metal 

atom for onc ur ttlore Si atoms in a s i l s e ~ ~ u i o x a n e . ~ ' ~ ~  The typical PUSS octdn~ei-s 

consist of cube-octarneric si1ox;~ne core of size of about 0.5 n m  with Ihe organic groups, 

attached to the comer Si atoms (Figure 1.13). 
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Figure 1.13. Strucrurc of POSS. 

POSS are widely used as precursors to hybrid inorganiclorganic materials. 

hompletely condensed POSS have been used as comunomers for silsesquioxane 

based polymers and for network solids. Fully condensed POSS frameworks are 

precursors to photocurable resins, liquid crystals. electroactive films, catalytically 

active organometallic gels etc. One of the most promising application of POSS is that 

fully-condensed POSS with polymerixable pendant group can be used as comonomers 

for excellent mechanical, thermal stability. flame retardation etc of the matrix polymer 

(Figure 1.14). ''-'' 

Figure 1.14. h'rfnommpusiie forntation from POSS via cross-lit~king 
offunctional groups wish monomers. 

POSS having cationic functional groups have Iong been used as intercalating 

agent for layered materials through cation exchange reacrions. Thus octa-aminoprop yl 
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POSS has ken  known as ideal silica pillaring agent for clays because (hey can form 

homogenously distribu~cd pillars and rhe cubic geometry of' the POSS cages offers only 

one possible orientation in the interlayer zone of the clay to produce controlled p u r e  

size and distrihu~ion. Petridis et aLg9 atudied the intercalation of a cubic octamer 

derived from Lhu controlled hydrolysis of 3-aminopmpyllricthoxysilanc with smectite 

clays. The nlairl conclusion of work was the high Eendency of smcctite clays to insert 

into their aurf'aues thrcc di~nensional POSS in amounts exceeding the CEC uf ~ h c  

mineral, the excess being in the form of physically adsorbed ion pairs, 

POSS-modified clays have also bccn of particular interest in [he preparation of 

polymer nalw?co~mposites for various reasons. Firht, high lhcrmol stability of POSS 

monomers, up 10 300 'C or higher for ~ypical amino-funaionalized POSS. makc ~ l l e ~ n  

ideal clay-modi fiers for processing nf cornporites, especial1 y at clevated tcn~pera~urcr 

at which the conventiunal low mulccular wcight nrg;~no-modifiers firid litnirntions. 

Second. the relatively large d-spacings and large organic surface al-ca of POSS- 

modified clay should facilitate !heir dispersion in a variety of polymers. Third. rhc 

resulting cu~npt~sites containing two types of nano-reinforcements would show synergic 

effects. 

Epoxy and polystyrene clay nanocompesites, respectively using octa- 

aminopropyl POSS md (aminopropy1)iso-bu tyl POSS as clay-modifiers. wcre reported 

[I( was shown that intercalation uf POSS in the clay facilitated the 

fmarion uf exli~liatcd palyrncr-cln y nauocomposites. The I'OSS-mod ificd clay 

irnpmvcd the lhernlai stabitity of polysryrene when convcntional organo-muditicd cIa y 

did not show any improvement. Fox and coworkers reported the preparation ol' ;I ncw 

iso-hut~l  POSS-irnidazolium surfactant and its use as clay r n ~ d i f i c r . ~ '  The mr~dified- 



clay rhowed ~nreresting features cuch as large d-spacin? (3.6 nm) cluc to L'nrmation of 

bilayer of the POSS bearing surfactant in the clay-gallery and high thermal 5lrtbility. 

200 "C higher than  of a conventional organo-modifier, useful for nunocompositcs by 

indust ry-preferred melt-process tncthod (Figure 1 .15). 

Figure 1.15. Rilayer s f r u r i u r ~  of POSS-imiclu:nli~tm exrhang~d mnrlrmnr-i l l r~~?i~o.~'  

Murc rccently Wan et a!. (" synthesized novel porous (3-aminopmpyl}iw octyl 

(POSS) moditicd inontniorillonite clay complexes with large intzrl;~ycr distance and 

specific surface arcs vial ion-exchange reaction. fol towed hy freeze-drying procedure. 

The morphology of the POSS-mrdificd clay is highly influenced by the POSS 

concentration. auspensio~~ acidify and drying procedure, but lhe interlayer J ~ h t d f ~ c e  of 

the POSS-mcxlit'lcd clays does not changc much when the POSS coricentratior~ is i ihuic 

0.4 CEC. The p;ulid surl'acc coverage 01' POSS on the clay surface Icaves high-ene~ g y 

surface uncovcrcd, resulting in formatiorl OF card-house stnlcturc. The ~pecial tcxturc 

and properties of the POSS-modified clay was used as catalyst supporter l'nr cyclic 

butylenc terrphthalate uligomers (CBT} poIymerir.at ion reaction. The POSS-moriificd 

clay >upported Sn catalyst is fully dela~rlinated by the mclted CBT oligc~~iiers, but it 



reorganizes into ordered structure after polytnerization. 1-10 wcvcr. i l  can hc 

redelaminated after melt compounding with commercial PBT resin. 

1.10. Scope and Objectives of the Present Investigation 

The uhe  of reactive organumodifiers with unsarura~cd bondc or o ~ h e r  rcilctivu 

f~nctioniil groups for clay is n good strategy to improve the strength nt' (hc inlcrfauc 

ktwecn the inorganic and the polymer matrix. These groups are expected to react with 

the growing polymer chains so bat the polymer chains remain attached to the clay 

surhce. POSS-mclditicd orgnnoclays with rcactivc I'unctionaI gi-uup~ will hu 

particularly attractive in this regard. None of the POSS-modified clays reported in 

literature contain reactive functional groups like vinyl. Also vinyl POSS cat1 undergo a 

wide range u i  useful reactions including free-radical addition reaction?, catalytic 

hydrogenation, Diels-Alder reactions, cross-metathesis with alefins, liydrohoration and 

epoxicln~ion elc. 

Thus the objectives of the present work are 

I )  To prepare POSS-modified clay having vinyl functional groups 30 (hat rhc PUSS 

moleculcs intercalated in the clay can take part in polymerization reautioils ur be 

further modii'ied rhraugh the reactive vinyl group. 

2) To study the structure and dispcrsibility of thc POSS-modified clays and hence i t h  

usefulnc~t for the synthesis of polymer-clay nnnocornposites. 

3)  To study the structure and properties of polymer-clay nanocomposites from 

POSS-modified clays. 
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Chapter 2 

Polyhedral Oligomeric Silsesquioxane (P0SS)-Modified Organoclays 
using POSS Solution from Hydrolytic Co-condensation of 3- 

Aminopropylh'ethoxysilane and Viny 1tPiethoxysilan e 

Chapter 2 presents synthesis of POSS-modified organoclays having reactive vinyl 

p u p s  using POSS derived fmm hydrolytic co-condensation of 3 -aminopmpy 1 

lriethoxysilane (AS)  and vinyltrr'ethoxysilane (VS). Effect of ASrVS mole ratio on the 

structure and properties of POSS-modified organochys is investigated. 



2.1 lntroductian 

Hydrolytic condensation ul' trifuunczionai orgunosil;ines XSiY 1, whcrc X trt.in_c a 

aon-hyclrolysahle g o u p  and Y being an casil y h ydrolysable group, e.g. -0CH; u r  -Cl 

is the widely accepted method for the synthesis nf Polyhcdl-a1 Oligolneric 

Silsesquioxane (POSS). ' Under controlled reaction conditions, r he method yields 

octameric POSS cubes in good quantity. Synthesis of heterosubstituted POSS through 

hydrolytic poly condensation from mixtures of silanes was described by Voronkuv and 

hent 'ev. '  When hydrolpic condensation of XSiY3 yield homosubstiturd POSS. 

having general formula of (RSiOI,S)B, hydrolytic co-condensation of a rnixtui-e of 

XSiY3 and X'SiY3 monomers usual1 y gives heterosubstituted PUSS, having general 

formula of X,,X'B.n(Si01.5)8 where n vary from 0 ro 8 which depends mainly on the 

motar ratio and reactivity of the initial organosilane monomer, In thc casc of' :tin 

equirnvlar rario of borh lnonorners and similar rates of hydroly~is. POSS with an equal 

number of X and X', X4X4'(Si01.5)1(, is furrned in highest yield. Variations in t h t  ~riolar 

ratio of the organusiiane ~notlomers give rise ro different products and yields. Thus. thc 

XsiY~(-x'SiYx co-hydrolysis in the mcllar ratio 1 :7 leads to the formallo11 ul 

XXt7(SiOl .S), in maximum yield. 

I n  thc present study, attempt has been made to produce POSS having both 

amino and vinyl group5 by hydrolytic co-condensation of a rnixturc of 3- 

aminopropyltriethuxyiilane (AS) and vinyltriethoxysilat~e (VS ) in cthano1Iwatc.1 

mixture ( 14: I vlv rario). Aminopropyl g o u p s  on POSS ensure cationic centre esscnlial 

for exchange reaction with clay and vinyl groups will provide reactive groups tuwards 

olefinic monomers. Effect of AS:VS n~ol: ratio on the structure and p rupe~~ ie \  c ~ f '  

POSS-modi fied organoclays i s  presented in chapter 2. 



22 Experimental 

2.2.1. Materials 

The clay used in this work was Cloisite-Na' (Cation exchange cappllcily (CEC) 

92.6 mequivl 100g) from Southern Clay Products. 3-aminopropyltriethoxy~i1ane (AS, 

B%) and vinyltriethoxysi t ane (VS, 97%) were purchased from Aldi-ich Chcnricalc. 

Polyester re5in (isophthalic, unsaturated). MEK-peroxide (i~litiator) and Cobalt 

naphthanarc (accclerator) were purchased locally. Benzoyl pel-oxrdc and ;th<oliitc 

ethanol wa.c purchaced from S.d Fine Cheln Limi~ed, India. MiIliporc gr i~dc u'ntei- was 

used. 

2.2.2. Preparation of POSS Solulions 

POSS solutions from ASNS compositions were prepared by following thc 

proccdurc repor id  for the preparation of octn-aminopropyl POSS.' A prcrrlrx of AS 

and VS of desired composition was diluted with ethanol-water mixture (v l i  = 1411 ) to LI 

concentration of 0.35 M and the sulutions were aged at ambient condilion\ for ar Ica\t 

seven days. AS:VS tnole ratio was varicd between 1 :0 and 1 :7. The solutions from 

VSlAS mole ratio >3 produced gels upon aging and hence o m ~ ~ t e d  trurr~ further 

analysis hince i t  was 1101 useful for intercalation reactions in  aqucous tnedium. Thc 

POSS-organotnodifiers were represented in general as Oxy where x represents numbcr 

of aminopropyl group on the POSS and y, the number of vinyl groups with 

approxi~r~ation that eight functio~lal groups on the POSS is in  the same ratio as in the 

organocilane trlixture.' The silane cclmpositions obtail-ied from AS:VS molc ratio of 3:I ,  

l.5:1, l :I. 1:1.5, 1:3 are respectively designated as 062, 053, 044, 0 3 5  and 026. For 

comparative pul-pose, ocix~minopropy l POSS (080) from AS was alw prcpar~ui. 



Chapter 2 

2.23. Synthesis of POSS-Modified Organoclay 

POSS-modified organoclays were prepared by reacting aql~eouc clay cuspcnsion 

(0.5 wt '31) with calculated amount of POSS solution (equivalent t t ~  2 T E C  of thc u Iay  

with respect to amine content) at ambient conditions for 38 hrs, under stirring. Thc 

POSS solutions were acidified with dilute HCI, sufficient fbr protonating thc amino 

groups. Modified clays were separated by ccntril'ugation. washccl with ethanol hy rc- 

dispersing, separated by centrifugation and finally dried in vacuum at 80 "C. The 

POSS-rnoditied organoclays from the ASlVS composi tiotis 080, 062, 053, 044, (135 

and 026 are referred, respectively as OC80, OC62, OC53. OC44, OC35 arid OC26 (in 

general OCs). 

2.2.4. Characterization 

POSS-modltied clays were charactenzed using "'SI and ' 'c' NMR, FT-IR, TGA. 

XRD and Cl IN clcmental analysis. Sol~d \[ate " ' ~ i  and "C NMR vpcc11-;1 were ~ . e o o ~ d e d  

on a Bntker DRX-500 spectrometer operated ar a frequer-icy of 59 M H L  and 75 MHz. 

respeaively using broad-band CPMAS pmbe. San~ples were sput~ at 8 or 10 ~ H L  uhlng 

4 rnm zirconla rotors. The spectra were rettrenced extert~ally to TEOS a1 -82.4 ppm fo~. 

2 9 ~ i  and tu methane carbon at 29.46 ppm of adamantine for "C NMR. lT -1R  

rneasurcmenla were made on a Perkin-Elmer Spectrum one spectrophotometel- in r he 

range of 4900-4Ml cm-' using KBr pellets containing ca. 2 w i  % ssampie. X-ray powder 

diffraction (XRD) data were collected on a Philips X'pert Pro X-ray diffractutneter 

equ ippcd wirh graphite mot~ochrornator ;~nd X'ccleralor detector. Thc t c h t h  *el-t. car ried 

OUI in reflection mode using nickel filtered CuKal (k= 0.15405 nm) rad~ation. The 

measurements were performed over a 28 range of 2" to 14" using a stcp size o f  0.033". 

Thcrmogr:ivimetric analysis was performed on a TGA-50 (Shimadzu) 
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thmogravimetric analyzer employing a heating sate uf 10 "Clmin l iom 40 to 800 "C 

under a nitrogen flow of 20 m u m i n .  Elemental analysis wa.; pcrforrtlecl oil a Perkin 

Elmer Series [I CHN analyzer and the vinyl/anlinopropyl ratio was calculated fro111 the 

CIN ratio. Dispersion characteristics of the POSS-modified clays were characterized by 

preparing composite films (general 1 y refer-red as ONGs) with polyester resin. Gcnc~ al l y 

composite films were prepared by soaking the tnoditied clay 15 wt 5%) for overnight in 

commercial unsaturated isuphthalic polyester laminating recin. d isperslng by vi  gurouc 

stirring and cured at room temperature after mixing with MEK- peroxide (initi;~tor) and 

cobalt naphthanate (accelerator). Thc films were post-cured at 100 "C for 2 hrc. 



23. Results and Discussion 

W.1. Nature of PUSS Solutions 

ASNS compositions in alcohol-water mix!urc can undergo hydrolyiu 

condensattion without an external catalyst, owing to the internal catalytic iictivi~y of rhc 

basic alkyl aminn group of AS which upon reacting with water produces iiuclcoph~l~c 

OH-. Hydrolytic co-condensation of a mixlure of XSiY3 and X'SiY3 monclmerh usual1 y 

gives heterohubstituted POSS, having general formula of X,Xat(.,(SiO, I h  whzrc n vary 

hum 0 to X which clepcndk mainly 011 the molar ratio and reacti! it! 0 1  tht. I I ~ I ~ I ; I I  

rnonotners.' Therefore POSS cages produced from AS:VS molc riltio betwcen 3:l and 

1:3 conlain vinyl arrd arninopropyl groups predominantry in thc sanle mole ratio. Thc 

aged sc~lutiunc of ASJVS compositions of AS:VS mole ratio up to I :3 was stable whet1 

neutralized with dilute HCI for producing POSS ammonium for facilitating catlc~n 

exchi~nge rcactlons with the clay. The solutions of VSlAS ratio >3 produccd gel upon 

aging and hence omitted from further analysis as it was not useful for it~tercalntion 

reaotioils in aqueous mcdia. 

Howcver, drying of POSS solutioil yielded solids insolubZe 111 common nrganlc 

sol\ t ' ~ i t \  ;ii\tI htlowcd 1R spe~tral Futures of typ1ca1 PUSS conlainiug silox;~ne poly met 

I t  ~ndicatcs that ~ h c  POSS molecules become unstable when the solvcnc i s  re~noved 

under the given preparative method, as reported for base-catal yzed hydrolytic 

condensat ion mechanism. Base-catal yzed hydrolytic condensation rcacrions are 

'thermod yanunicall y controlled' since the formation and hydrolytic cleavage of Si-0- 

Si lir~kages are facile. This prevented the separation and identification of the PUSS 

lnolccule~ derivcd from the A S N S  compositions using cornmoil chal.actcl.i7atlon 



techniques like GPC and " ~ i  NMR. However. octaaminopropyl POSS was stable when 

intercalated in the clay.? Therefore, evidences for the formation of POSS rrlolecules 

from ASNS cotnpositions and the possible variatiorls in their strucrurc were derived 

from the chal-ac~cri~ation of the POSS-modified clays. 

2.3.2. Nature of  the POSS-Modified Clays 

POSS solutions fro111 AS:VS mole ratio between 3: I and 1 :3 wc~,e uhcd li)r 

preparing POSS-mod if'ied clays. When the hydrolyzed s i  loxane solutions wcrr added to 

aqueous clay suspcnsiot~, the clay particles tended to flocculate in Ihc medium. upon 

drying, OC80 formed hard agglomerate because tethering of the adjacent clay layers by 

the anmino goups around the POSS molecule prevented its dispersion in polymer. 

Whereas OC44, OC75 and OC26 yielded soft puwder, dispersible in coitlrnon organic 

solvenrs atid monomers, OC62 and OC35 also resisted dispersion. Thu5 POSS- 

modified clays from VSlAS ratio <I was not suitable [or thc preparation of- 

nanocompusite and OC44, OC35 and OC26 were ch;uacterizcd for i t $  structure i~nd 

dispersihilii y. OC80 was an;il yzcd as the standard fur cornpariso 11. 

2.3.2.1. " ~ i  and '" NMR 

Figure 2.1 and 2.2, respectively show the " ~ i  and ' j ~  NMR speclra of OC2h as 

a repmrcntativc ol. POSS modified = l i l y  containing vinyl group and OCXO. In ' ' ~ i  

NMR specira. OC80 showed two peaks, at -92.1 a ~ ~ d  -69 ppm, respectively from the 

clay silicate hycr and an~inupropyi functiunalized triply cundensed Si of POSS.'.' In 

OCX, an additior-ii~l pcak at -81 ppm corresponds to vinyl functionalized triply 

condenxcd ~ i . "  A similar observation was made in  the 'k C R  spectra, wherein OC26 

showed the peaks due to vinyl group at 131 and I35 ppm. in addition to [he 17t'nk~ due 

to the aminopropyl group at t 0, 22 and 44 pprn for 0~80."'  



29 Figure 2.1. Si NMR pectm of Cloisite-Nu', OC80 and OC26. 

Figure 2.2. ''c NMR spectra of OC80 and OC26. 



2.3.2.2. FT-IR Spectroscopy 

Figure 2.3 shows the FT-IR spectra of' the pristine clay and the modified clays. 

The un~nod itied clay showed hands due lo Si-&Si asymmetric stretching of sil~cate 

layer (I030 cm-'), structural hydroxyls and adsorbed water (33m-360 cm" and 1650 

cm-I). For thc modified clays, additional bands appeared due to the POSS cages (Si-O- 

Si s~;)mmetric. '~tretching ar 1130 cm") and the organic function;il groups. Far OC8O. 

two bands appcared duc tn -NHJt vibration.;. These bands. at 1490 cm-' ;~nrl 157.1 crn". 

respectively were ashigned to  N-H bending vibrations of -NH?' interacting w ~ t h  the 

clay curfacc and the anion, -NHI'CI-.8 Thi? phenomenon wac, oh.;crvcrl when thc 

amounr ul' the imercalated 080 n~olccules exceeded the coverage imposed by the cntlvn 

exchange capacity (CEC) of the clay and intercalation of 080 by more than 1.8 t imes 

of the CEC has been reported3 The free space, lhar was available al'ler saturation of the 

exchange +iles of the clay with 080. could host additional rnolccule\ as phy.;ically 

adsorbed iion-pairs. However, IR spectra of the vinyl POSS-modified cliiy., \hovled a 

singlc haid for -NHt' at 1490 cm-I, indicating the absence of such phys~cally adsorbed 

ion-pain. The qpectrir alqo yhuwed the hand? duc to vinyl group (-CH=C'lI:) With 

decrc;t+ing number of aminoprop yl group, the intensity of  the bands duc to C-H 

stre\ching of alkyl (293 ! ,2873 and E 290- 1370 cm") and N-H beridlng 111' iiinim~ group 

(1490 cm-') diminished and the hands due to the vinyl group (3062 and 3025 cm-' for 

C-H stretching, 1603 cm-' for C=C stretching and I41 0 cm" fur C-H bct~dit~g) became 

prominent. Frum the intensitle5 of the corresponding peaks. aminulv~i~yl ratio wa\ 

found 1 : 1.2. I : 1 .X and I :2.X. respectively for OC44, OC35 and OC26, which it, i n  

agreement with ihc experimental rsltio of 1 :1, 1:1.5 and 1 3 .  
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Figure 2.3. FFJR spectra of Clay, OCC80, OC44, OC35 arld OC26. 

2.3.2.3. CHN ElemcntaI Analysis 

Table 2.1. C H N  e i ~ m ~ n i ~ i l  iinu1yai.r UC44, OC35 crrzcl OC26. 

Table 2.1 gives the CHN elemental analysis results of OC44. OC75 and OC20. 

C h -  mole rat iv of 5 ,  6.3 and 9.9 was obtained respectively for OC44. OC35 and OC2h. 

The results also support that hydrolytic co-condensation of ASNS  mixture^ at I : 1 ,  

1 : 1.5 itnd 1 :3 rnule ratio yield predorninanrl y POSS containing atninopl.op yl rttlcl L in) 1 

~ 1 - 0 ~ 1 7 s i i n   he same rnol;ir rario. 

- .  - 

5% (Experimental) Amit~opropyllVl~~yl I 
Modified clay -- CJN 

OC44 

OC35 

OC26 

Carbon 

4.72 

5.7 

11.9 

Nitrogen 

1 . 1  

1.05 

1.51 

mole ratio 

5 

6.3 

9.9 

r;~tio Icalcu latcr l)  I 

! : I  

1:1.5 

1 ;  3.3 I 
I 



Chapter 2 

23.2.4. Thermugravimetry 

Figure 2.4 shows the thermogram of the POSS-modified clays. All thc samples 

were thcrmall y stable up to about 270 "C. The decomposition path followed two-step 

weighr loss, one at  270-420 "C rmd rhe other a1 420-630 "C. The Kormer is causcd by 

the sublimation of the  POSS molecules and the latter by the produclion of volatiles 

through C-C and Si-C bond c l e a ~ a ~ e . ~ ~ " '  It can be seen that OC44. though c o r l ~ a i ~ ~ e d  

significantly lower amount of POSS as inferred h m  CHN analysis, showed distinctly 

higher weight loss due to POSS sublimation when compared to OC.15 and OC?h. Vinyl 

POSS aggregates were reported to resist subli~nation due to thermal polymeriz;~tiun 

through the v inyl  goups  leading to POSS cross-linkitlg. Therefurc. lower POSS 

sublimatio~l in OC35 wd OC26 could bc caused by enhanced POSS-POSS interacrion5 

due to high umilunt of POSS. 

I 
l ' l ' l ' l ' l ' l -  

100 200 300 400 500 600 700 800 

Temperature (OC) 

Figure 2.4. TGA aunpes of OC44, OC35 and OC26. 



W2.5. X-Ray Diffraction 

Figurc 2.5 shows the XRD patterns or' [he pristine clay at-id thc n ~ o d ~ l i e d  ~ l a q h .  

The pristine clay exhibited 001 reflection at 12.1 A, whereas the rnnditied clays qhowcd 

a higher d-spacing due to intercalation of POSS. OC80 exhibited a d-spacing of 1 I .h A 

with additional reflections at 10.8 and 7.2 A. OC44 exhibited a pattern similar tu that 

observed for OC80. but with 001 reflection at a lower value of 10.5'1 A and a 

corresponding 002 reflectio,~ at 10.24 A. Or35 also showed 001 rcflecrion at aboul 

20.6 A,  hut rlw rcflcction bl-oadzrwd rowardh lower iuiglc appxrnt ly  due  10 n~erging 

with an addirional reflection at around 26.5 ,%. In contrahl. OC26 exhibited it peak ~t 

26.35 A. 

Angle 20 Degree 

Figure 2.5. Powder X-ray difSraction patterns of Clnisite- Nil +, 

0 2 0 ,  OC44, OC.35 and OC26. 

Depending on the amount intercalated in the day, POSS can take horizolltal or 

vertical c~rientation, as shown in ligure 2.6 for octaaminopropyl POSS.~  For OC8U. thc 



d-spacing of 2 1.6 k is indicative of the clay galleries saturated wilh a rr~clrlolayer 01 

vertically utiet~ted PUSS molecules along with physically adsorbed iorl pa11.a. The 

additional reflections observed at 10.8 and 7.2 k are, respectively c:lusrti by 002 2nd 

003 planes. Considering that the rcplaccmcnt of the aminopropyl groups with s h o ~ ~ e r  

vinyl groups would ~rctiuce thc latcral dimension of oriented POSS. (he ohherveil cl- 

spacir~g of 20.59 A for OC44 can be a~lrihurcd to closely packed rnn~iotnyrr of' 

ami~lopropyl vinyl POSS. For OC26, the increase in tl-spiicing fi-0111 2ff.h to Zh..35 :'i. 

which is h y  murc than the size of the POSS cage (0.53 nm) is indicative of the 

fom~a~iun  ol' POSS-hilayer in the clay gallery. The formation or POSS-bilaycl- In OC2h 

was also evidenced li-om the rcflcetion at 10.14 A which was less than the v:lluc: 

cxpccrcd r 13 lirr 002 reflectinn. 

Figure 2.6. (o) V~rrirnl und (h )  1rori:onrul urienlutiorl oforrc~crmir~op~'oi~~I 
PUSS n~oler.ul~i ir, tEle r.luy g l ~ l l ~ ~ , y . '  

POSS in its pure state will be h i ~ h l y  crystalline and POSS cage$ can bc lr.caied 

a \  cphcl-c\ M hich pack hexagorially i n  ABCA sequence in which sphei-e+ i n  clnc laycr 
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l i e  above the interstitial spaces in  adjacent layers. Corner urlits occupy space in the 

slrucrurc and p i -e~en t  "clohe-packing" ol' the spheres (Figure 2.71.'' POSS shuw fuu r  

strong refleutlons i l t  20 in the range of 8-20" where the reflection ;u-ound 8" (d-spacing 

aruund 10 A )  is causcd by size uf the POSS and remaining peaks s t  higIrer 20's are 

produced by the hexagonal or rholnbohedral crystalline structure ul' thc POSS 

Figure 2.7. Srlrenwtir of Ite-ragonally packed PPOSS tnol~urrles. 
The sequence packing in adjarent la-vet-s is ABCA. ' '  

These reflections, particularly the strongest peaks that observed around 8' 

and 1Y" were also seen i n  POSS-polymer nanocornposites where POSS formed two- 

dimensionallbilaycr asscmbly within the poly~ner matrix. In  isobutyl POSS-polymcr 

nanocompo~ites hilayer assembly was detected by the XRD tefleclion at 10.8 A and 

4.66 A,'.'.' ' The iorrner was caused by the size of the POSS ~nolcculc arid the I ;~~ te r  

by the two-di~nensionnl cry~tal  \tructu~-e of' [he POSS aggregates. ' ' Recently, khe 

Formation of POSS bilayer structure in iso-butyl POSS-irnidazolium exchanged clay 

was also confirmed by the presence of. XRD reflection at 10.8 h." Thcrcforc. the 

reflection at 10.14 f i  for OC26 can be assigned lo  he reflection caused by  POSS 



biIaycr ashcmhly. Thc reflection that wa5 expected about 19" for the POSS- 

b~layer asscmbly could not bc detected for further confirmation duc tn the presence 

ofstrong hk rellections of the clay." 

I t  is evident from CHN elemental analysis that the clay ah\urbed increasing 

amounts of POSS with increase nf vinyl concentration which prornr~led the frlrnmat~on 

of POSS-bilayer i n  the clay gallery. In order to confirm this, OC26 Wac; ;ilso prepared at 

lower concentrslrion of POSS salution (equivalent to CEC with respect to ailline 

content), Figure 2.8 shows the XRI) pattern obtained using POSS soluiion equivalent 10 

CEC and 2xCEC. The increase in d-spacing at lower concentralion of POSS ( -  CEC) 

corresponds to the formation of POSS monolayer In thc clay gallery, wlth a dtll,b 

spacing nf 20.25 ,% and dOw spacing of 10.34 A. This again conl'inns that the peak at 

10.14 for OC26 is due to POSS-bilayer arrangement. B e p n J  2xCEC, no lusther 

increase i n  d-spacing was observed. 

2 4 6 8 10 12 14 
Angle 28 Degree 

Figure 2.8. XRD pirtem ufOC2fi treareti wirh POSS eguivaler~r 11) CEC uizd ZCEC. 



23.2.6. Dispersion Characteristics in Polyester Resin 

0 1 I I I I 

2 4 6 8 10 12 

Angle 20 Oegw 

Figure 2-9. XRD pattern of polyesier composites NOC44. NOC35 und NOC26. 

Dispersibility of OCs were further assessed by malung composite with a 

commercial polyester resin. OC80 was found not dispersible in polyester resin matrix 

whereas OC44, OC35 and OC26 formed intercalated nanocomposites. Figure 2.9 

shows the XRD patterns of Wpolyester resin nanocomposites (NOCs) from OC44, 

OC35 and 0C26. All the composites exhibited intercalated morphology with a d- 

spacing of about 29.1 A. It indicated that both monolayer and bilaycr POSS-modified 

clays were equally successful for the synthesis of intercalated nanocomposites. 

Intercalated or orderly exfoliated morphologies were generally obtained for thermoset 

polymer nanocornposites, which were cured under quiescent conditions, where no 

external force acted on the clay layersn2' However, expansion to higher d-spacing than 

observed wa5 expected because the POSS molecules provided large organic surface 
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(vinyl p u p )  for high order of interaction with styrene and the un5nturated polyester. 

The equilibriuin nature of polymer-clay nanocomposites is strongly re1,ited 10 the 

nature of the iuteractions occurring at the polymer-organoclay interface which depend% 

on ~ h c  ilature of the polymer (polai- or apolar). surface poiarit y of the silicate laye1 and 

structure of the surfactant  molecule^.'"'^ Tt was evident that undcr the givcn preparative 

technique, the geumetrical constraints imparted by the rigid POSS molecules in clay 

gallery prevent effective polymer diffusion and complete exf'oliatiou uf rhc clay 

platelets. 

23.2.7. Structure of POSS and POSS-Modified Clays 

Figure 2.1 0. Pnssihfe structures of POSS. 

OC44. OC35 and OC26 l~nl ike OC8O were equally dispers~ble i n  ul-ganic 

solvents and polye\ter resln. This wac possible when one face of thc POSS cage was 

moditied with the vinyl groups which could prevent the adjacenl clay plutelcth from 

tethering together. Thus hydrolytic condensation reactions lead to the forr~latiorl or 

POSS having vinyl groups in one face of the cube and the vinyl and arninopropyl 



on the othcr face, however, do nor prevent the formation of a mlxture o t letra, 

di and mom-aminopropyl derivatives of vinyl-POSS octamers. Figure 2.10 shows 

possible structures of POSS produced. 

L It 

Figure 2.11. Sdtemulic repre.setlt~rio~l ufF'I1SS nlonrjliij~r i r r  CIC'44. 

I 
- 

Figure 2.12. Srhertznric re~~rt.sent#riun of POSS bilayer in OC26. 

'The cation exchange reaction is fo1Iowcd by progressive depletion of' N;I+ from 

the clay. The tetra-arninopropyl POSS has exchangc capacity four times higher than of 

the mono-aminupropyl POSS. As a result, the abosrption of  POSS from the Eetra- 

aminopropyl POSS enriched solution will be restricted to a lower amount than from the 

soh tien ennc hed with the mono-aminopropyl POSS. Thus in OC44, the amount oc 

POSS absorbed tnigh~ havc been restricted to the formation of monolayer (Figure 2.1 1). 

Apparent1 y. the form;~tion of the bilayer structure (Figure 2.12) in OC26 was prornoted 



due to the absorption of POSS higher than the amount that could bc accon~odnted as a 

monolayer. However, CEC of thc clay would play a rnajvr role in the formation of 

POSS-bilayer srructure by the above mechanism. 

2.4. Conclusions 

POSS-~rludificd o~gmoclays w ilh rc i~c~ ivc .  L inyl gluuph, cl\cl ul  l u ~  [he 

prepmatioil of polymer-cla y nanocomposi tes were prepared using PCISS sulut~ons 

derived from hydrolytic co-condensation of mixtures of 3-aminopropyltriuthoxysilane 

(AS) and vinyltriethoxysilane (VS). I t  is proposed that POSS synthejls [I-[-om the AS/VS 

compositions occurred in a defined manner leading to the formation of rnixturc of tctra, 

tri, di and munu ami~loprnpyl vinyl POSS. As a result, the clay absorbed increasing 

amounts of PUSS with the increase of vinyl concentration which pro~naled the 

forrnatiot~ of POSS bilaycr structure in the clay gallery. Both the ~~~onul ;~ycr  (d-spacing 

20.05 A )  and POSS-bilayer modified clays (d-spacing 26.35 A) prnduced intercalated 

poIye5tel. resin-nanocomposites proving its non-tethered s t n r c l u l ~ .  The preserzr study 

was airncd to provide insight into the structure of the POSS-modified orgiinoclays and 

their general dispersion behaviour in polymer matrix. 



25. References 

I .  Fehcr, F. J.;  Newman, D. A. ; Walzer. J .  F. J. Am.Chern. Soc., 1989. I l l .  1741. 

2. Voronkov, M. G.: Larenr' yev, V. I. Top. Curr. Cltem. 1982,102, 199. 

3. Szabo, A.; Gournis. D.; Karakassides, M. A.; Petridis, O. Chem. Mi~rer. 1998, 10. 

639. 

4. Fetter. G.; Tichit. D.: Massiami, P.; Durartre, R.; Figuents, F. Clays Clay Miner. 

1994,42, 161. 

5. Xu. H.; Yang, B.; Wang, J . ;  Gumg, S.; Li, C. Macron~olccules 2005.38, 10455. 

6. Ek. S.;  Iiskola, E. I.; Niinisto, L.; Vaittiuen, J . ;  Pakkanen, T. T.: Kerancn, J.; Auroux. 

A. h n ~ i n u i r  2003. 19. 1 0601 . 

7. Wahab. M .  A. ;Imae, 1.; Kawakami, Y . :  Ha, C. S. Chem. Marer. 3005, 17. 2165. 

8. Farmer. V. C.: Mortland. M. M. .I. Phvs. C h ~ m .  1965.69. 6x3 

9. Mantz, R.  A,; Jones. P. F.; Chaffee, K. P.; Lichtenhan, J .  D.; Gilman, J .  W . ;  C i t ~ ~ n .  

Mare,: 1995.8, 1250. 

10.Fina. A.: Tabuani. D.: Carniato, F.; Frache, A,: Boccaleri, E.: Camino, G. 

TI~~rtno(:himi~.lr Arta 2006,440, 36. 

11. Waddun, A. J.: Coughlin, E. B. Chem. Mafer. 2003, 15,4555. 

12. Zheng, C.; Waddon, A. J.; Fmis, R,  J . ;  Coghlin, E. B. Mucromolenrle.~ 2 0 2 ,  35. 

2375. 

13. Zheng, L.; Hong, S.; Cardoen, G.; Burgaz, E.: Gido, S. P.; Coughlin. E. B. 

Mur~ro~nolec.ules 2004,37. 8606. 

14. Fox, D. M . ;  Maupin, P, H.: Harris Jr. .  R .  H.: Gilman. J. W.: Eldred, D V.: 

Kastsoulih, D.; Trulove, P. C.; De Long, H. C. h n g m u i r  207,23 ,  7707. 

15. Alba. M. D.; Becerro, A. 1.; Castro, M. A,; Perdigon, A. C. A~nel-ican Mi~ierulogist. 

2001, 86, 1 15. 

Ih. Balazs. A. C.; Sitlgh. C.; Zhulina, E. Mucrornoiecules 1998. 313 8370. 

17. Vaia. R. A.; Giannellis. E. P. Muoronwlecul~s 1997,30, 7990. 



Chapter 3 

Polystyrene- Clay Nanocornposite Exhibiting Solvent-assisted 
Self-assem b l i  Properties 

In sittl intercalative poly rnerizution of styrene with the POSS-modijied clays yielded 

discrete nanocomposite particles which exhibited solvent-assisted self-assem bling 

properfies in solvents like THF. Chapter 3 presents a detailed investigation on the 

formation of nanocomposite particles, their seEf-assembling properties and the 

resuldant morphologies. 



3.1. Introduction 

Dispcrsibility of POSS- inonolayer and bilayer modified clays in polyester resln 

matrix gave insight into their structure as explained in chapter 2. The POSS-modified 

clays with high vinyl content can graft large aalnount of polymer chains through 

pulyinerizat ion reactions alnvolving olef~nic monomers such as st yre~le The usc of 

POSS w ~ t h  reactwe functional groups as cores to produce sphcrically syrnrrletrlc 

dendnn~ers was reported in li~eraturc. ""0s S-cored dendrimers have i n  relatively 

globular confot.mation and few en~anglcnicnts of their branches with a high p ~ . o p o r ~ i u ~ ~  

of ~ e ~ m ~ n a l  i'utlc~ional groups positioned on the exter~lal surface uf tlic dcnd~  i~i~crs.  

Thercfort: thc grafting of POSS-modified clay? with polymcr chains can pruduce 

nanocomposite particles. Chapter 3 deals with the synthesis of polystytet~e-POSS- 

modified clay nanocomposite particles thruugh in situ intcrcalative polymerization of 

styrene monorner. Interestingly the nanocomposite particles obtained after the removal 

of crow-linked fraction and frce polymer exhibited self-assembling properties i n  

solventc likc THF to give different morphologies. A detailed invest isat ion on the 

mcchnriisr~l o f  observed coilceiltration dcpcndent morphological transitions i5 given in 

chapret 3. 



3.2. Experimental 

3.2.1. Materials 

S tyre tie lnrlno tner was purchased from Aldrich Chemicals and hcn~oyl peroxide 

horn S.d Fine Chem Lid, India. Toluene and methanol were of cxtrn ptwe grade and 

tetrahydrol'trran of' UPLC grade from Merck Specialties Pvt. Ltd. India. Styreiit: wlzs 

washed with 5 3, sodiun~ hydroxide solution to rernovc the inhihiror, I'ollowcd by 

repealed washing with disrilled water to remove the alkali and finally distilled under 

reduced pressure. The inhibitor free monomec was stored under ice-cold conditions. 

3.2.2. Synthesis of Polystyrene-Clay Nanommgosiie 

Pulyslyrene-clay nariocompositc was syn(hesized hy in ~ i t u  intcrcalativr: 

plymerizat ion of styrene with the POSS nlodified orgmuclny, Nanocompo.;ite ~1si11  g 

difyerent lul~ding of the ~nadified-clay ( 1. 5,  10 zmd 15 wt 470 of the monomer) wcre 

cynthesi7cd by thc following procedure. Desired amuunt of (he niodiiied-clay was 

dispersed in styrenc: by sonication, added benmyl peroxide (2 wr Q of thu monomcr) 

and, ulider nitrogen atmosphere and magnetic stining (I00 rpm). heated a1 70 T for 

31)-6I) minutes to form a sofi gel and then at 90 "C for 12 hours to obtain the 

nanocomposile. Any free polymer presed was removed by soxhlet extraction of the 

nanocnmposite using toluene. Thc residue was dispersed in toluene, centrifuged to 

remove insolublelsuspended patticles and the soluble fraction was then precipitated by 

adding niclhanol. fi lttred and dcicd at 100 "C in vacuum. 

3.2,3. Characterization 

The nt~uocomposites were characterized using X-ray diffraction I XRD). 

~hermngravimetry (TG), dynamic light scauering (DLS), opticul transmission 



microscopy (OTM). scanning electron microscopy (SEM). transtt~ission electrun 

microscvpy (TEMI and a~on~ ic  force microscopy (AFM). Samptcs for SEM and CITU 

were prepucd by drop-castitlg dilute solutivns of NC in THF with conccnlrotions in the 

range of 0.1101 -30 mgrnt", un gliiss slide? followed 'by ewporalion 01' the solvenr at 

ambient tempernture. Thc samples were prepared on Eormvar coatctl cnppcr grid tor 

TEM analysis and on mica sheet for AFM. All the samples were dried az ambient 

conditions For overnight. OTM pholographs wcre taken using Zeicii DMRX 

Micmvnpe. SEM images were tnken in IEOL JSM-5600 1.V scanning electron 

microscope using samples pruvidcd with u thin gold coating using SEOL JFC- 1200 f ne 

coater. TEM analysis was performed in FEI, TECNAI 311~ '  S-TWIN mitroscopr: at an 

acceleriring wltagc of 1 0  kV. DLS measurements were done in Nancr ZS Mnlver~~ 

Inslrumeat employi~~g a 4 m W  He-Ne laser (k = 632.8 nm) and quipped  with a 

thermosutcd sample chambcr. AFM images were recorded under ambient uollditions 

using a Digital Instrument Ntcgru operating in the tapping made lrgime using 

rnicruiahricated silicon cantilever tops (MPP- F I 100- IO) with a resonance frequency of 

299 kHz and a spring constant of 20-80 ~ r n - ' .  %A was perf'umed on a TGA-50 

(Shimadcizu) therrnogravimetric aualyzer employing a heating rsrte of 1 0 OClinin. XRU 

dnril were colleckcd on a Philips X'pert Pro X-ray diffractomerer equip@ with 

graphite monochromator and X'cclerator detector. Differential scanfling calorimetry 

was performed using Pcrkin Elmer PyEz 6 DSC calibrated using indium as standard 

and glass transit ion temperature was rncasured on sccond heating. Dye-encapsulated 

vesiclee wcre characterized using Leica DM LB2 fluorescence microscope. 
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33. Results and Discussion 

Ac, experitnentalt y ohl;clrved. the nanocompositc by the hr viru intcrc:~l:lt ivc 

poly~nel-izat iu 11, after removing the free polymer, contained soluble and insoluhlc 

fractiuns in tolucne. The nanocomposite5 using the POSS-bilayer modified clay when 

compared to I hohe from POSS-inonolayer modified clay, showed relatively h i ~  her y ~ e l d  

of the solublc fraction, hcrcaf'ler referred as NC, which cxhibited soIvent-a+sisted \elf- 

awmbling properties. This can bc due to high vinyl content of POSS-bilayer modified 

clay. Hcnce. N C  from the PUSS-bilayer mudified clay (OC26) was used i'o~ further 

studies. Table 3.1 shows thc variation in the yield of NC with !he amount of POSS- 

bilaycr modified clay. The yield of NC increased with the modified-clay lo;iciing, to a 

rnaxinium of 73.3 % at 10 wt % loading, and thcn decreased at higher loatling. It Wac, 

observed th;ir the amount of free polymer decreased and the insoluble fraction 

increawd with the modified-clay loading. The low yield for 1 wt % loading waq due to 

free polymcr whereas the loss above 5 wt % loading was due ru the insnliihlc fraction. 

Tablc 3.1. Variation of yield and inorganic content of NC with modified-clay loading 

Tablc 3.1 also shows the inorganic content of NCs, as measured fro111 TGA 

residue at 700 "C. A typical thermogra~n of NC is shown in Figure 3.1. The NC was 

ther~rinlly sr able up to 270 "C. Inlerestingly, the NCs prepared from difkrenl modified- 

Loading w.r.t 
weight of styrene 
munome1 (wt 76) - 

1 

5 

10 

I I S  
-.- 

Yield of 
Nanocomposite 

("/.$ 

43.2 

50.1 

73.3 

56.3 

Inorganic content (wt %) 
(TGA residue at 700 "C) 

- 2.5 

- 2.69 

- 3.2 

- 3.3 
.. . 



clay loading qhowed inorganic content in a close range of 7.5 to 33. wt %.  F\JC showed 

a glass t r an~ i t i on  temperature of 86.2 "C as measured fmrn differential scanning 

dorigram (Figure 3.2). 

Figure 3.1. A rypiml tl~ennugrcln~ r~fhrC: 
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Figure 3.3 shows the XRD pattern of NC. The NC exhihitell inttrcalated 

morphology, as observed earlier for polyester based nanocomposite, with a d-spacing 

of 29.35 A. disrupting the crystalline nature of thc POSS-bitayer a\sembly. 

2 4 6 8 10 

Angle 28 Degree 

Figure 3.3. XRD paifen1 i$ NC. 

3.3.1. Particulate Nature of NC 

NC exhibited particulate nature as chzrracterized by SEM, TEM and AFM. 

Figurc 3.4a and b respectively show the SEM and TEM of samples prepared by drop- 

casting and drying of a dilute solution of NC (0.00L rngmL") in tetrahydrofuran (THF). 

Thc particlc size varied in the range of 190-810 nm, as measured from the images. The 

particles thal appeared as spherical in nature in SEM appeared flat i n  TEM, por;sihly 

due to the effect of substrate surface used for the preparation of the sa~ilplea. Thi\ 

prc~mpted us  to examine the particle morphology by AFM. Figure 3.5 shows the AFM 

irnage of NC particles. Cross-sectional analysis revealed anisotropic nature of the 

particles with thickness significantly lower than the lateral dimension. A typical 

particle having lateral dimension of 600 nrn showed a thickness of 110 nm. A l ~ o ,  thc 
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particle on the mica surface showed surface contuur rssenlblirig that of a deformed 

spherical particle. 

Figure 3.4. ( a )  SEM and ( b )  TEM irtuiges uf NC p~irtic,les drop-cns~ Jrorn 
r$ sr~liition rant-m Irurion r!f 0.001 m g m ~ - ' .  

Figure 3.5. l'uppitzg mode A FM image unJ r.ross-s~r.tioml analy~is r,J'NC purtii.les. 

3.3.2. Concentration Dependent Self-assembling Properties of NC Particles 

The residuc thar was prepared by drop-casting solutions of NC i n  THF at 

different concentration< showed different dimcnsions and morphological fcalures, 

indicating the possibilily of self-ac;sernbly of the particles in Lhe solution or during 

drying. Dynamic light scattering (DLS) provides a method for analyzing the association 

of parlicles in colution. Figure 3.6 show!, DLS histogram of NC solutions in THF at tuo 



different concentrations. From the figure. it can be seen ~ X E I  thc paniulu~ ott solulion 

concenlration of 0.001 1ngrn~-' showed an average hydrodynamic diameter ol' 550 nm. 

On the other hand. rhc particles at higher solution concentration of  I m g n i ~ - '  showed 

additional bands due to plrticle size of 2-3.5 pm, indicating i t <  self-nggcgatinn 

propertie~ in THF solution. 

Figure 3.6. DJS histograms of NC sample.7 in THF at sulution conrenfrcrlion 
nf[u J 0.001 rngmL" and (h) I r n R r n ~ E .  

DLS measurements showed erratic results as the particle canccntra tion 

increaw.1. Also, the aggregation property was solvent specific that thc property was 

ob~crvetl in sc)tvetlts such as tetrahydrofuran, but not in solvenl I ike tolume, Therefore. 

concentrarion dcpcndent aggregation and morphological transitions were studied in 

detail by ohscrving the change in the microscopic features af drop-cast residues with 

increasing concentrations of NC soPurions in THF. The changes in features were 

initially examined by Optical Transmission Microscopy (OTME, Figure 3.7 chows [he 

ep~ical micrographs of  drup-cast rcsidues from solutions of different concentrations. 

Whe~cns thc rcsidue from solution concentration ol' I r n g r n ~ ]  showcd the prcscnce of 

sub-liiiul-omcter pal-ticles of different dimensions (Figure 3.7n),  thc residuc fro111 



concentratjons berween 5 rngrn~" md 20 r n g r n ~ - '  showed distinct1 y different 

aggregation patterns (Figures 3.7b-d) and finally a featureless film at high 

concentration of 50 ~ n ~ r n ~ . '  (Figure 3.7e) was observed. 

Figure 3.7. Optiral trclnsntission rnicrclgprrl>h.s of NC in THF oj' solution r.orlct.nrrarion 

of (0) I rngm~-' .  (h )  5 mgmii' (c) 10 rnRrn~-' (d) 20 rngrnl-'and (ej 50 r n g r n ~ - '  in T H E  

Smle  bar rPprtstwt.\ (u & e )  20 pm, (b, c & d)  10 P H I .  



A clear picture uf IIle sggrcgaliotl partcrns and molpbo logical trans ition was 

obtslincd by SEM and TEM. Figures 3.8 and 3.9 show t l~c SEM images of drop-cast 

residue!, from mlurions of different conccntrarions. As mcnt ianed earlier. the rcsidzle 

from concentration o f  O.OU I rngm~- '  showcd particles of size 1 (10-8 10 nm (Figure 3.4). 

The particle sizc rlrrunatically increasecl with increase in ccrr~ccn~ration at ~hcr expense uf 

primary particles and ~nicrospheres werc found to form at concentration$ between I 

mgmL and 2.5 rnemt-'. as shown i n  figure 3.8. At concentration of 2.5 m f r n ~ - ' ,  the 

residue was consistent with esscntiilll y ni icrospheres of sizc in the range of 2.5-3.5 p tn 

consutning al l  the primary particles (Figurc 1 . 8 ~  & d). T%e spheres were found hollow 

in nature a.s observcd under TEM (discus~ed later). Mixed morphological features were 

observed at concentrations between z5 m g n i ~ *  and <XI ingrn~" (Figures 3.9). a 

mixture of near-to-circular platelets and giant spheres of s i x  > 10 p tn at 5 rngrn~-' 

(Figure\ 3.9a. b Xr c) and porous film and spherical particles at 10 r n g m ~ - '  (Figure 

3.9di. However evolution of molt: or Icss unifortn microporous qtructurc was ohscrvrd 
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The micro-spheres (2.5-3.5 pm) as shown in figure 3.8 were vesicles (hollow 

spheres) as proved by TEM analysis (Figure 3.1 1). The vesicles showed an average 

membrane thickness of about 85 n m  as measured from the TEM image. The giant 

spheres (Figure 3.9a-c) were also proved as vesicles by observing then] in fluorescent 

microscope (FM). Figure 3.12 shows the FM image of the giant vesicle. Thc sample 

was prepared by drop-casting and drying of NC solution containing a fluorescent dye. 

8-anilinonapthalene sulfonic acid. The giant-vesicle was appeared having large 

membrane thickness p~ss ibl  y due to multilatnellar assembly of the NC particles. 

2 

Figure 3.1 1. TEM image of microspher~s showing hollow srrucrure 
wirith mernhrune thickness of -85nm. 

Figure 3.12. Fl~domscent micrognzph of gian f hollow s p h e r ~ s  rncaps~llared 
with 8-onilinanuplzthulcne scrlfunic acid. 



3.3.3. Slruclure of NC Particle and Mechanism of Mnrphologir.al Transitinns 

AF rnentinned earlier, NC showed intercalated structure with a do,ll-spacing o l  

29.3 A duc tr, polystyrene (PS) associated with POSS-intercalated parallel stack of 

silicate layers. Thickness (D) of the stack of the silicate layel-s was calculated frnin 00 1 

reflection using Scherres equation5 

wherc k I.; a constant (Lhe value generally = 0.9). 1 is the X-ray wavelength (0.154 nm). 

p is the width of the XRD peak (in radian unit) and is ineasurerl by thc full w ~ d  th al 

half-maxirnum, and 8 is the WAXD peak position. D showed n value of 12.6 nm (136 

A). h s  a d-hpacing of 29.3 A, this value arises frolm stack 01.4-5 individual clay layer.: 

separiited by a repeat distance of 19.3 A. Intercalated nwocornposites, containing itacks 

ot 4-5 clay 1~yer.s as line dispersions in the mamix have bcen reponed in literature." I' 

NC particle showed lateral dimension ~ninimutn of 190 nrn (Figure 3 3 )  which was 

tound rnatch~ng with ~ h c  lateral dimension of silicate layers of the clay (Clois~te-Na') 

tha~ was uwd in the present study."The srzes of larger particles were close tu muitiples 

of the s17e rninirnum. On the other hand, average membrane thickness of the vesicle 

was 85 nm, which was far less than Ihe lateral dimension of particles, but close to the 

pxtcle thickness. The above results suggested the following: (i)  &C parlicles mere 

rormed from parailel stack of  silicate layers and its aggregates through edgc lo edge 

associrttion and ( i i )  vesicle was also forn~ed by edge to edge association of the particles 

co t h i ~ t  ciliciite layers lie flat along the vcsicle membrane. 

Formation of NC particle and vesicle can be explained by the following 

plausible IIIK hanism. In  styrene monomer. POSS-modified clay dispcrscs to produce 



domains (tactoids) containing individuaI stack of 4-5 clay layers. During intercalative 

polymerization, the silicate layers are rethered together by cross-linking reactions 

involvi~lg styrene and vinyl groups on the POSS within the clay galleries. On the other 

hand, PS chains originating and grnwing tiurn the un-intercalated mollumer art: graflccl 

to thc tr~ctoid surf'r~ces through vinyl groups of POSS adsorbed on the tactuid surfaces. 

This mechanism favours the formation of NC particles having sandwich structure 

cons1r;ting of stacked si l ica le layers at the cure and PS Inyers 011 ci thc~ \ ~ d c ,  c.x[>oklng 

the hydroxylatcd edges of the silicate layers desired for inter-particle intcriict ion 

through H-bonding. The hydrophobic PS layers staying away from the hydrophilic 

edges oF the silicate 1aye1.s may explain  he particle thickness (120 nm) higher than of 

vesicle membrane thickness (85 nm). Scheme of formation of NC particle i s  ~ h o w i i  in 

figurc 3.13. 
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Figure 3.13. Scheme #Sformation of NC particle. 



Chaprer 3 Self-assernblin~ PS-Ctq  Nanocamposi~e 

Block-copolymers when dissolved in solvents for one of the bIocks 

spontaneously self-assemble into bilayer due to aggregation of the insoluble blocks 

though coulornbic interactions, TI-= interactions. H-bonds, dipolar interactions e t ~ . ' ~ . ~ '  

As the bilayer grows in size, its closure to vesicle becomes the predominant 

aggregation motif due to high surface tension. NC particle assumes the characteristic 

features of bilayer from amphjphilic block copolymer due to core-shell structure from 

stacked silicate layers bearing edge-hydroxyls sandwiched between hydrophobic PS 

layers. THF acts as a good solvent for the PS surface layers, but a p m r  solvent for the 

cross-linked silicate layers. Inter-particle interaction rhough the solvated PS layer is 

prevented due to steric repulsion. Instead. H-bonding interactions between the particles 

through hydroxylated edges of the silicate layers favour formation of extended bilayer, 

which closes to form microvesicle. The particles failed to produce vesicle when 

Figure 3.14. SEM image of K from THF containirtg vinyltriethoxysilane 
( 1  wt % 'of THF) for a solution concentration of 2.5 lagd-'. 

molecules such as long-chain carboxylic acids and alkyltriethoxysilane which can react 

with the free edge hydroxyls and inhibit edge-edge interaction of NC particle was 
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introduced in the solution (Figure 3.14) confirming the association of NC particles 

through H-bonding. Figure 3.15 shows schematic of microvcsiclc by self-assembly of 

NC particles. No vesicle formation was observed in toluene, possibly due to swelling of 

the PS-POSS-intercalated stack of the silicate layers so that the PS chains extending 

outward from the galleries inhibit association of  he particles through their edges. 

Pal9tyren e - Silicate layer * POSS 

Figure 3.15. Schematic representation qf vesicle membrane cross-sectiun showing PS- 
POSS intercalrred cluy r~ictoids at the core and PS /flyers on either side ofrhe tactnid. 

The observed rnixed morphologies for the residues from solution of 

concentrations in the range between 5-20 rngrnl-'can be explained as following. As 

described earlier, vesicle formation occurs by closure of the extended bilayer from 

lateral association of NC particles. It becomes clear that as rhe concenuation increases 

beyond a critical value, closure of the extended bilayer becomes difficult due to volume 

constraint. As a result, partially closed vesicles may collapse during drying to form 

circular discs. The formation of giant vesicle having large membrane thickness, could 

be due to association of the extended bilayers and closure of resulting multi-lamellar 

assembly during the drying process. Generally, size of the vesicle increases as the 

bending modulus of the bilayer increases.14 Multi-lamellar assembly should show 



higher bending modulus than of uni-lamellar hssemhiy. When thc solurion 

con~~nt13t ion is increased further. volume constraint becomes too high that Ihc: two 

dimensional assembly of the particles in the solution assumes closc-packcd lamellar 

arrangement of' long-range order. Bending 01' the individual Ii~rnellu being re~rrictrrl. 

cosllecceilce of thc layers during drying of the solution leads to thr. formiition o l  film. 

nnd as c~bservcd, rnicroporous or neat tilm depending on the conceutrat~on. 

The occurrence of twolthree-dimensional microporous film can hc explained by 

-2  breath-ligure I BF) mechanism os described helow.- ,- Duo to cvaporittive coolirtg, 

water droplets nucleate on the surliace of a polymer solution and grow suhseilue~~tly. 

After sonietlmc, rafts of non-coalescing droplets form and organize on the surfdce ~nto  

hexagonally ordered and highly mobile may.  These arrays do not coelescc. hut slart to 

sink illto the solution. Now a second layer of droplets can be deposited on top of the 

!in1 unc. Arrays of pores are formed when drying of the remaining solvent leaves the 

imprini o i  the water droplets in  the film. Pore-size greatly depend5 on the conccntratinn 

of  the solution, evaporation rate of the sulvent and the relative humidity. However, BF 

does not form in an atmosphere that has less than 45-50 % relative humidity. In the 

prescnr case. micropomus films were obtained at ambient humidity of over 80 C/o. BF 

mechanism was furlher confismed by the fact that pornus film was not formed when 

cwting and drying o l  the solution was carried out under non-humid condition in a glove 

box. Generally. the pore-size and strut-rhickness does not vary significantly and the 

porch form uniform hexagonally close-packed structure. However, in the present caw, 

the size of pores varied from 800 nm-1.3 pm and the thickness of strut varied frorn 

210-750 nrn. Thc strut thickness was of the order of the lateral dimenhion of the NC 

par~i~1t.s. This implics [hat the water droplets were channeled through tlrc hyclrophilic 



interface between the NC particle as schematically shown in figure 3.16. Array of open 

pores are formed during drying or coalescence of the remainins solvent or precipitation 

of the panicles around the water droplets. At very high concentration of 50 r n g m ~ - ' ,  the 

formation of pore could be restricted due to hlgh viscosity of the solution or formation 

a solid film over the surface of the solution which prevents sinking of the water 

droplets. 

E n L- 9- u Drying 
nmnf--7w - - 
n - - ---- --- - 

D I I1 - r  3- CInJ=- c- 
I I 
I Dropeast from 20 rngrnl.-'~~HF 2D Microporous film I 

Figure 3.1 6. Sc-l~eme t?fqfomntion <$ NC microporous.film fhrolr~h 
ht-~nrlr $Lq~4 re rnerhod. 

3.4. Conclusions 

In  situ intercalative polymerization of styrene with POSS-modified clay having 

reactive viny 1 groups produced nanocomposite particles exhibiting solvent-assisted 

self-assembling properties when dissolved in a highly volatile solvent followed by 

drop-casting and drying of the solutions on a substrate. The particles having lateral 

dimensions of 190-8 10 nm consisted of sandwich structure having polystyrene-POSS- 

intercalated clay tactoid of thickness of 12.6 nrn at the core and polystyrene layers of 

thickness of 3 1.6 nm on either side of the core, exposing the hydroxylated edges of the 

silicate layers. As a result, the particles resembled a bilayer assembly consisting of 



hydrophub~c layers on either qide of a hydrophilic rigid core from amphiphilil- hlock 

copolymers. The  drop-cast residues of  solutions of the nanocornpositc p,uticles in THF 

showed concentration dependen1 well defined morphologies such as microvel;iclez clt 

tht S ~ T C  05. 2.5-3.5 prn at snlurion concentration of' 2.5 mgml" and two-dirncn\iuni~l 

I microporous bilrn of long range order at solution concentration or' 20 JO  tngrn1,- . 

Microvesicles were formed by closure of the extended hila yer from lateral a\.;uciat~on 

of the nrtnocornposite particles by H-bonding interactions between edge-h ydroxy I\ uf 

the silicate layers. Thc breath figure mechanism has been proposed for the hrmnt ion of  

the ~wa-dimensional microporous tilm from solutions in which the extendcd hilayers 

Foncd clc)\el y packed lame1 lar amingement. 
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Chapter 4 

Jnvestigations (In G~~est-encapsulation and Release 
Properties of Microvesicles 

Chapter 4 preselzts prelinliaary studies on the guest-encapsulation and release 

properties of pa lyst~rene-clay nanocomposite tnicru vesicles. Vesicles were 

encapsulated with flriorescenf dyes and oil. They were found stable in aqueous 

medium and unstable ill solvenfs for PS wkicl~ resulted in total release of flze dye 

molecules. Slow release of the encap~rclated dye molecu1e.s were observed in alcoholic 

solvents. 



4.1. h troduction 

I n  secenr years vcsicles have been receiving intense research at tention because 

ul' thc i1 pulenrial fur apippljcations in encapcu lationldcli very of drugs. cos~rle~icall y 

active rnnlecu les, dyes and inks, catalysis, as micro-containers or reactors and sensorz.'- 

' Various strategies have been adapted ta synthesize polymer, inorganic and urganic- 

inorganic hybrid vesicles. Arnphiphilc polymers,h-7 rod-coil diblock polyner5,x'' 

dcndrinlcrs. I('-' ' and f'oldarners'%were shown to form vesicles through se lf-assemhl y i n  

selec~ive +olvcnLs. Alterna~ively. polytncr vesicleh can bc s y ~  t hcsitud t111 rlugtl 

sacrificial template r n e t h ~ d . ' ~  ~nor~anic'""" and organic-inorganic hybrid"." vtsicles 

show .;upel-lor stability and resistance to many external stirnuti when ct~mpared t o  

p l y rne l -  veuiclzx, but they often need tedious synthetic strategy involving hacriticial 

templatc and layer-by-layer self-asembly. Hybrid vesicles through the facjlc. snlvent- 

assisted self-assemh l y is scarit in literature. 8-Z0 

Polymeric and hybrid vesiclcs could be models for biological membranes arid 

can have i n m y  practical applications. Their high mechanical stability, resistance to 

ma11 y external stimuli and ability to encapsulate both h ydrophilic and hydrophobic 

compounds lnake them excellent candidates for use in medical. pharmaceutical and 

envimnmental fields." They have the capability to further release the encapsulated 

~nolccules due to rnernhrane diffusion, vesicle breaking, or afier the application of a 

~lirnulus lo the syslem. A continuous release of encapsulated substance can occur via 

permeation lhrnugh the vesicle bilayer which depends on the bilayer thickness and 

vesicle radius, block lengths and vesicle preparation method. The vesicle can be 

intcll igen t responding to changes i n  pH, temperature, or ionic strength tu encapsulale, 

transpurt and release of drugs, or genes fur use in che~no and gene therapy. It was 



nece\v;i~-y t u analyze the usefulness of pulyst yrene-clay nanocomposite (NC) 

rnicroves~cles for encapsulation and release applications. Preliminary investigation on 

the use of NC microvesicles for encapsulation and release applications were camicd out 

and chapter 4 presents the results obtained. 



4.2. Experimental 

Rhodaminc 6G (R6G) and 8-anil inonap hthalene sulp honic acid ( ANS) were 

purchaccd !'-om Aldrrch Chernicsls. 7'oluc.n~ and riicthanul werc ul' cxti-a p u r t  gradc and 

tetr;ihydr.oIur;~t~ of HPLC zrade from Merck Specialties Pvt. Ltd, Indi;~. 

4.2.2. Preplr ration of Guest-encapsulated Vwicles 

I n  gcneral guest-encapsulated vesicles were prep:ued by casting snlutions nf 

I puly\tyei-ie-clay nanocomposite (NC) in THF (2.5 ~ n g m U  ) c o n t ~ ~ n i n ~  y e \ t  

mnlccrllec (ANS,  RhG or oil) on a glass plr~tc followed by evaporation of the ~ l v c n t  at 

ambicnt temperahrrc. R6G and ANS were taken 0.4 wt % and oil 1 wt O/u of NC. For 

encoprulating the ANS and R6G ~imultancously, the dye3 were dissolveil in THF 

l h a ~  the total arnuunt nf clycs ic 0.4 wt '% to  NC. IJnencap~rrl;itcct mnlcculc+, ~ ~ ' c r c  

retr~oved hy  repeatcd washing using nlerhanol. Dye-cncapsulatcd i~~";icIc\ were 

chiuac~el-izcrl using Leica DM LR2 tluorescence microscope. ANS eprfluorc~cencc was 

obl;~i~lc.d by using cxcit ing light of wnvelength 360 nm. For R6G. light of tv;ivclcngt h 

480 rlrii w:i\ used for irradiating the sample. 

4.2.3. Release Properties of Encapsulated R6G in Selected Sollvents 

NC was dissolved in THF (2.5 r n g r n ~ - ' )  containing R6G (0.4 wt % to NC). 

Knnu11 volume ot' NC solutiorr was drup-cast on dift'erent glass plates and thcn whole 

of' the d yc-encapl;ula~ed vcsicles without removing thc unencapsu lared dye were 

~uspcnded i n  a known volume of cthatlol (5 rnL). ar regular time intervals. Thc tesiclcs 

wcrc not wuhhed with methanol since the leaching away of a few vesicle\ alung with 

uncnc.;~pl;uIiited dye rnr~lecules can ai'lect the cluantitativc analysih. The ethanol 



solu lionr were filtercd 10 remove the suspended vesicles and releasc c haracteristic5 

were ctudicd by rneaauring the tluurescence intensity usin_r S P E X - F I ~ I  F1 12X 

spzctrollouri~ncter uaing an excitation wavcl. The fluoresccnce intznsl~y I I I C ~ I ~ L I I ~ . ~  

corresponds to released and unencapsrilated dye molecules. Fluorescence i nt ellsit y 

obtaincd irtllnediatel y after suspending the d ye-encapsulated vesicles in  ethanol was 

considered to he that from unencapsulated dye molecules alone and was used to iiild 

the fluorescence intensity from the dye molecules released alone. A statldard plot of 

concenlr;lticln vs fluoresccnce intensity was alw plotted to find the alncentl-atinn of dye 

releuhccl with time, uaing which 1,eleasc plot was dr;iwn. Adopti11~ a 5inlil:ir pr~occdu~-c, 

release properties of the encapsulaled dye molecules in water and to1ucne were also 

investigated. 
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43. Results and Discussion 

4.3.1. Encapsulation of &st-Molecules 

Fluorescence microscopy is a very powerful to tool to characterize \ esicles and 

the guest-encapsulation ability of the polystyrene-clay nanocompositc (NC) vesicle was 

proved by encapsulation with tluurescent probes 8-Anilinonaphthalene sulphonic acid 

(AM) and Rhodamine 6G (R6G). Figure 4. la & b, rcspecrively shows the fluorescent 

micrograph (FM) of vesicles encapsdated with dyes ANS and Rhodamine 6G R6G. 

The dricd vesicles appeared fluorescent due to dye molecules adhering to the inner 

walls since unencapsulatcd dye molecules were washed off using methanol. Ths 

further confirmed the uni-lamellar nature of the vesicle wall. 

Figure 4.1. Fllaore.scence microgruphs of NC vesicles containing fluorescent probe 
(a)  8-Anilinonul>thcilet1e suifonic acid and (b )  Rhodumine 642. FIuorescrnce 

was due tn b e  adheritlg to rhr iwzer wall of the dried vesicles. 

Vesic lcs were also encapsulated simultaneously with R6G and A N S  by forming 

them in THF containing both the dyes. Figure 4.2 shows the fluorescence micrograph 

of the vesicles containing both the dyes and it was found that vesicles have no 

particular affinity towards either R6G or ANS. The result indicated that NC vesicles are 

useful for encapsulating two active molecules at the same time. The vesicles 
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encapsulated with dye molecules appeared a$ ring due to the fast drying nature of THF 

which causes thc deposition o F dye molecules on the inner wal Is of vesicles. Therefore 

we have used a rriglyceride oil in which ANS was dispersed as the guest-molecule to 

observe the vesiclcs filled. Figure 4.3 shows fluorescent rniurogaph of the vesicles 

containing triglyceride oil in which ANS was dispersed. Vcsicle encapsulated with oil 

appeared fu l ly  fluorescent due to dow drying nature of the solvent containing oil in 

which ANS was dispersed. 

Figure 4.2. Flunrescer~ce tnicrograph of vesicies en~*upsulated sirnultaneoitsiy witl~ 
dyrs RItoclnnzine 6G (a)  UP^ ANS (b). The sample was irrudiated at 480 nm 

for R6G nnd 360 nrn for ANS. 

Figure 4.3. Fluorescenc~ micrograph of vesicles encapsulated with 
a rrig1jrerid.e nil containing ANS. 
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4.3.2, Release Properties of the EncapsuIated R6G in Selected Solvents 

4 a y  5 
+ay 7 
+ay 10 

Day 12 
*ay 18 

Sk 550 660 650 700 

Wavelength (nm) 

Figure 4.4. F l ~ w r e ~ c ~ n r - e  specrru of R6G at various time intenluls and+fl~luresr.ence 
intensify corresponds ro releuxed and unencupsul~r~d dye. 

The release properties of the: encapsulated R6G from NC vesicles into ethanol, 

water and toluene were investigated. Figure 4.4 and 4.5, respectively shows the 

fluorescence spectra of the dye reteased at various time intervals and the release plot of 

the dye into ethanol with time. In  figure 4.4, fluorescence intensity corresponds to the 

dye released and unencapsulated. The fluorescence intensity obtained immediately after 

suspending the vesicles in ethanol (DO in figure 4.4) was subtracted from that obtained 

at reg~ la r  intervals tn obtain the fluorescence intensity from the dye released. Dye 

molecules showed gradual release into ethanol with time, which then stabilized after 

period of I5 days. Though polystyrene has limited swelling in ethanol, the hydrophilic 

dye lnolecules within the vesicle wal l  might have opened the path for diffusion of 

ethanol and the release of dye molecules. In order to confirm this, vesicles without dyes 

were put into ethanoliu solution of R6G. Even after prolonged keeping for one month. 

no diffusion of ethanoydye molecules inward to the vesicle was observed. In other 
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words, diffusion of cthanol was not raking place due to the highly hydrophobic 

polystyrene chains. The dye rnulrcules prrscnt in the wall of dye encapsulated vesicle 

was necessary to iacjlitare  he diffusion of ethanol inward ro the vesicle. 

Figure 4.5. Rp/ease p h t  of R6Gjkm v~sk les  in?[) erhnlr01 wirh rilnr 

Figure 4.6. Rclrrrse plot of R6G from ~~esirlrs info wuhr atrd toluene with time. 
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Adopting a cimilar method used for crhanol. release propcrty of encapsulated 

dye n~olecules in wutcr and toluene were iilxo htudicd. It was found that i n  uatcr no 

relcasc of dye molecules was obscrved with time (Figure 3.6) and the tluorescence 

intensi~y obtaincd was from unencnpsulated dye molecules. This could be due to the 

high stability or vcsicles with hydrophobic polystyre~~e chains in uqucous medium. 

Whereas i n  toluene. cornplctc dissolution of  he vcsiclzs with spontaneous rclcast. of 

the dye moleculcs was observed (Figurc 3.6) .  Interestingly. it was observed that the 

vesiclcs can be broken 10 obtain the NC particles by sonication after suspending them 

in cthanol. ANS-encapsulated vexicles wcre put in ethanol and sonicatzd to obtain the 

NC particles and  warhcd repeatedly with methanol. Figure 3.7 shuws the fluurescznce 

micrograph of S U  particles obtained by bre;iking of dye encapsulated vesicles. 'The 

fluorescence was duc to dye molecules intercalated in PS-POSS-clay tactoids since the 

dye rnolzcules enc;ipsulatcd were removed by breihng the vesicles. 

Figure 4.7. Flrrore - e ~ t l t  tnic.lvgnrph qf'NC partic.lc3~ obt~lirwd by bred kirlg 
tha \~esicles b .ionir u!ion i ~ r  mealrunul. 

NC vesicle was thcrrnally stable up to 270 "C in nitrogen atrllosphere with a 

gIa+x transition terrlperature ol' 86.2 "C as deycribed in chapter 3. Slow release of the 
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Chapter 5 

B$x~lctionalized Hybrid Silica Spheres by Hydrolytic Co -condensation 
of 3-Arninopropyltriethoxysilane and Vinyltriethoxysihe 

Bifrcnctionalized hybrid silica spheres were prepared by casting and drying of stable 

siloxane solution from hydrolytic co-condensation uf 3-aminopropylh'ethoxysilane 

(AS) and vi~ylttieihoxysilane (VS) with AS:VS mole ratio of 1 :3 in ethanolhater 

mixture. HS was formed frum co-precipitation a f fully condensed polyhedral 

oligotneric silsesquioxane (P0SS)-bihyer a d  incompletely condensed siloxanes 

(SIL) produced during d q i n g .  
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In recent years, design and synthesis of organic-inorganic hybrid materials have 

attracted considerable attention because of their potential applications in the area of 

cata~~sjs . '  drug d e ~ i v e r ~ , ~  sensors,~eparation4 etc. Among these. hybrid silica have 

attracted much interest due to ease of formation in a wide range of sizes and 

morphologies, possibility of hnctionaljzation with a variety of organic groups md high 

stability to find different applications.5 

Different routes to synthesize hybrid silica have been reported. The widely 

accepted method is by surface functionalization. Tn this procedure, pure silica particles 

synthesized by hydro1 ysis of  tetraeth yl orthosilicate (TEOS) or tetramethyl orthosilicate 

(TMOS), for example by Stober r n e t h ~ d , ~  are organo-modified by reacting surface 

~ilanol groups with organa-silane.' However, the approach does not allow high surface 

coverage of organic groups and rarely spheres have been internally modified. In a 

different appmach, hybrid silica have been prepared by co-condensation of 

TEOSlTMOS and functionalized trialkoxysilanes, although the reaction systems were 

too complex in  alcohol-water mixture with the use of surfactants.' Alternatively. hybrid 

~ i l  ica with organic moieties throughaut the silica network have been possible by 

hydrolysis of  corresponding triatkoxy organosilane precursor."' ' However, hybrid 

silica available in literature are limited with a few functional groups. '-' 

During attempt to synthesize POSS with reactive vinyl and amino groups as an 

organo~nodifier for clay by hydrolytic cocondensation of vinyl- and 3- 

aminopropyltrie~hoxysilanes, it was found that the same POSS solution can be useful 

for the synthesis of bifunctionalized hybrid silica spheres. Thus chapter 5 is a cognate 
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work to the main research topic and explains the synthesis of bifunctionalized hybrid 

silica spheres with vinyl and arninopropyl groups. The advantages of the method are as 

follows: ( I ) nonsurfactant route though high concentrat ion of organosilanes is used ( 2 )  

no external cat;ilys~ is requircd due to ~ h c  aclf-catalytic. ac~iv i ty  uf a~ i~ inuprnpy l  gsuup:, 

(3) use of organosilanes without other precursors such as TMOS or TEOS' (4) hybrid 

silica spheres will be having very high surface and internal organic content which can 

be useful as precursors for mesostructured silica and for the preparation of hybrid silica 

particles with complex str~ctures'~, 
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5.2. Experimental 

5.2.1. Materials 

3-arninopropyltriethoxysibne (99%, AS) and vinyltriethoxysilane (97%, VS) 

were purchased from Aldrich Chemicals and absolute ethanol (spectroscopic grade) 

from s. d. Fine Che~n Limited, India. Milliporc-grade water was u\cd. 

5.2.2. Synthesis of Siloxane Solution and Hybrid Silica Spheres (HS) 

Siloxane soIution From ASNS composition was prepared by following 

procedure for the prqaration of octaarninopropyl polyhedral oligorneric silsesquioxane 

(POSS) solution from trialkoxyaminopr~ylsilane without using an external catalyst.'5 

Typically, siloxane solution was prepared by diluting a mix of AS and VS with AS:VS 

mole ratio of 1 :3 using ethanol-water mixture (v/v = 1411) to a silane concentration of 

0.45 M and aging the solution in a closed container at ambient temperature for a period 

over 7 days. HS was prepared by casting the solution un glass plare lul1uwt.d by 

evaporation of the solvent at ambient temperature and then drying at 80 "C for 6 hrs. 

5.23. Synlhesis of Polystyrene-HS Composite 

Polystyrene- hybrid silica sphere (PS-HS) composites were prepared through 

~olutlon-blending technique. Required arnvunt of HS was d~spersed I I I  twlurnz, thc11 

mixed with solution of polystyrene in toluene and mixed thoroughly. Solvent was 

evaporated off at 90 OC under vacuum. 

5.2.4. Characterization 

Hybrid silica spheres (HS) were characterized using Fourier t r a n s f u r ~ l ~ - l ~ l  Crucd 

Spectroscopy (IT-IR), differential scanning calorimetry (DSC), thermogravimetric 
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analysis (TGA). X-ray powder diftiaction (XRD), scanning elcctrun niicroscopy (SEM) 

and high resolution transmission elecrron niicruscopy (HRTEM). FT-IR measurements 

ucre made on Perkin-Elmer Spectrum one speclrophotometel. in the rangc r j t '  4000-40U 

- I  
tin using KBr pellets containing ca. 2 wt 5% s;imple. TGA was pcrfonncd un a TGA- 

5 0  I Shimadzu) Thermopavitnetric Analyzer employing a heating ratc o t' I 0  "Clmi n 

fi-OIII 30 IO 800 "C.' undcr a nitrogen flow of 20 rnll~nin. DSC analyxir; was p.et.for.~nc~l 

using Perkin Elmer I'yis 6 Differential Scanning Culorimetel. caIibrated ucing Indium 

,I, \ ~ a ~ d ~ - c l .  X-I-ay powrler ciif'i'ruciion ( X R D )  data ?U bclwc.cn 2' ;ind 20' MCI'C 

cchlecterl on a Philips X'pcrt Pro X-ray diffraclometer equippccl with gruphitt. 

monochromator. and X'ceIerator detector. SEM images were taken in JEOL JSM-5600 

L\: <canning clcctrotl microscope using san~pIes providcd with a ~ h i n  gold c*oalir~g 

using JEOI. JFC- I200 fine cualer.. TEM analysis was performed in FEI. TEC NA1 

30G2 S-TWIN tnicroscope with an accelerating voltage of 100 or 300 kV. For 

dielectric n~easurernents. polystyrene composite was hot pressed in to pclluls at 170 "C 

for I hour. Cylindrical pellets were eleclroded using silver-paste :mcE dielectric. 

rlicasurcmenls wvi-e mri-led OUI using LCR meter (HIOKI 3532-50 J i ~ p u n l .  SEM 

I i - i l u r t ~ ~ r ; ~ p h  0 1 -  I hc c t ~ ~ l ~ p o s i r e s  were r~htainrd by breaking the pcl lc~h at (el- clippir~g 111 

liquid 11itr'ogen fur  5 rninutes. 
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5.3. Results and Discussion 

Figure 5.1. SEM images of H S  obtained at silnxune:et~~unnl v/v rutiu (ratiu of reacted 
silo-mne to additional ethanol) of (a) I:0 (b)  1: I (c) 1:Sand (d) I : I O ,  inset shows t11e 

SEM i~nuges at higher magnification, scale bar represents 10 Fm. 

Figure 5.2. TEM intnge of HS proving dense nuttare. Scale bar represents 1 pm. 
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The siloxane solution from the AS/VS cumposition was clear and stable even 

after a period of AO days. And. a\ generally observed, a T-gel was obtained on 

concentrating bulk of the solution by slow evaporation of the ~ o l v c n t . ' ~  On the other 

htlnd, thc sohtion when cast on a glass plate and allowed to dry at arnhienr temperature 

yielded white powder ~mmposed of hybrid silica spheres (HS} having diameter ranging 

t'rnrn 1-10 pm. as ohserved in SEM (Figure 5.1;1). The aged siloxnne solution upon 

dilur~rlg with ethanol produced essentially spherical particles, the size of which showcd 

a decrca~ing trend with increasing amount of ethanol. While, the solution diluted with 

equal volume u f ethanol produced predominantly spheres having average diameter of 

2.5 p m (Figure 5 .  I b). dilution by five times yielded spheres of size in the range of 0.8- 

1 . 1  p m (Figure 5 .  l c) and dilution by ten times yielded spheres of sizc in the rarlge of 

250-370 nln (Figure 5.ld). Dense nature of the HS was evident from TEM image 

(F~gurc 5.2). 

5.3.1. FT-IR Spectra 

ASNS cornposition in alcohal-water mixture undergoes hydrolytic cu- 

condensiltion wilhout an external catalyst, owing to the internal catalytic activity of  the 

hasic alkyl amino group of AS which upon reacting with water produces nucleophilic 

OH' . Accordirig to ~orankov.'~ hydrolytic co-condensation of a r~~ixtrrre of 

irifu~lctional silane monomers having similar reactivity usually gives hetero-substituted 

fully condet~sed poIyhedral aligomeric siIsesquioxane (POSS) as thc rniijvr product. 

Thus, undcr thc given experimental conditions, ASlVS composition was expected to 

yiulJ POSS having arninupropyl and vinyl goups. However, under basic conditions, 

formation of POSS frameworks typically occurs with thermodynamic control because 

both io~-ma~ion and hydrolytic cleavage of Si-0-Si linkages arc facile and precipitatiorl 
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I Si-0-Si fitr (Siloxane network) I 
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Figure 5.3. I-'TIX specrra oj' HS showi~lg penks due ro r~agr-.\/rccr/lrri poiyh~l-l,al 
nligo~neric s i l s~squiomn~ (POSSJ and brar~ciiin~~/nct~vork s i i o x ( ~ r ~ ~ . ~ .  

ol' POSS is  normally the driving forcc Ibr heparating thern in quanti~ativc y ir Ids. Wher.r 

pr~c ip ik i t ion  or POSS does riot occur. the siloxane solution at equilibrium will contain 

prt.dominantly fulIy condenseci POSS together with incornpletel y ctJndensed POSS. '~  

Slow drying ot' such solutions generally gives T-g l s  due to increase r l l '  sulution 

concentration which promotes formation of incon~pletely condensed siloxanes (SIL) 

followed by shifting of the equilibrium in a progressive manner to produce siloxane 

ne~wr j rk  in Lhe sulution. Howevcr. ln the present study, since the sulvenl was allowej to 

eva[x)rate otf fast. spontaneous precipitation of fully condensed POSS along wi~h SIL 

Forrned during drying can uccur. FT-IR spectral features of HS support thic (Figurc 

5 3) .  The spectl-utn showed band5 due to vinyl groups 1600 crrl ' (C=C,,,). 1408 c * ~ i i  I 

(C-Hh,.,,,l), 3062 and 3025 cm-'  [C-H,lr), iind aminopropyl group3 1500 crn ' (N- t l , , , d~ ,  

I 3400 c.tn-] (N-I I,,,), 2866 cm" at14 2932 c ~ n - '  (C-H,I,). The peaks at 1 I 3 0  cm and 1030 
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cm" can be assigned due to Si-0-Sin,, respectively from cage-structured POSS and 

incon~pletel y condensed lineadnetwork SIL. The characteristic Si-0-Si b'md a1 1 130 

cm-' for a cage would be due to its highly symmetric ~tructure.~'-'~ The peak at 965 cm- 

I confirmed the presence of Si-OH from incompletely condensed POSSISTL. However, 

peak at 3360 cm-' and 1650 cm" suggest the presence of adsorbed water~elhanol.~" 

5.3.2. Thermal AnaFysis 

$ loo 
0 - 

1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 a M 7 0 0 8 0 0  

Temperature (OC) 

Figure 5.4. 'l'hemogram ofHS. Gradual loss below 150 "C is due trj elirninnfiorl rv 
adsorbed wa ter/erhanol and weight loss above 400 "C is associated with partial 

~mlea~age of organicfinaiional group with production of ~wtrrtilrs. 

Figure 5.4 & 5 .5 ,  respectively shows the results of thermogravime\ric (TGA) 

and differential scanning calorimetry (DSC) analyses of HS. Thcrmogram showed 

gradual loss of  3.4 wt % up lo 150 "C and a more significant loss, starting above 400 O C  

lcading to n final 83 wt % thermally stable residue at 800 "C. The gradual loss below 

I50 "C can be due to evaporation of adsorbed watedethanol. The main weight loss at 



tcrrtpesarure ahovc 400 "C is associated with parrial cleavage of  organic Functional 

pottp with productio~~ of volatilcs. DSC (Figure 5.5) showed endothern~~c process 

helow 150 "C and an exothermic ptuccss starring around 20(1 "C. HS showed softening 

hchnt irlr a1 lcrllpzl-alurc aboke 120 "C and, under preqbure, they tc11dt.d lo I'ortn t~l;aclet 

htructurt: as confirmcd from SEM (Figure 5.8a). POSS, in general. hhuw lncltillg point 

ahovc 200 "C and vinyl-substituted POSS decornposc:, withuu t melting and cxhihitq 

exo~hc~.rnic peak starting around 200 "C due thermal polymcriznt iu11 through \ inyl 

1 ] 17 

groupc.- '-- On !he other hand. SIL can <how low temperature melting characteristicc. 

Thcrefnrc, the endothermic peak at 120- 150 "C can be originated from ewiporation of 

ndqorhecl watcrlelhnnol and melting of S'IL. 

50 100 150 200 250 

Temperature 'C 



5.3.3. X RI) of HS and Hot-pressed HS 

Angle 28 Degree 

Figure 5.6. XRD qf HS (a)  ns pr~parrrl ( A )  h e ~ r ~ t l  nr 770 "r lnrcl 
(c) hotprrwed RI 170 OC. 

The XRD of HS dried at 80 "C (Figure 5.6n) exhibited broad rcilccliu~~s at 

al-ou nd ?A of 8" and 22" which respectively corrcspand lo d-values o t' 9.8 A and 4.4 A. 

t Z t ~  addition;il ~.cllection a1 30 A (Figure 5.6b) appeared for HS heated a( 170 "C. The 

seilcction bcca~rle stronger (Figure 5 . 6 ~ )  when the pawder was hol-pressed to form a 

pellet arid XRD measurements were made on the pellet. POSS crystals generally show 

1'0~11. ~1ro1ig re tlecrions at 20 in thc range of 3-20" whcre the rctlect iun around X u  (cl- 

cpacing arorrnd I0 A) is caused by size or the POSS and remaining pcaks at higher 20's 

are produced by the hexagonal or rhombohedral crystalline structure of lhc POSS 

' 3  
aggregates.-- These reflections, particularly the strongest peaks that obscrved around 

8" a ~ d  19" were also seen in POSS-polymer nanocsrnpositcs where POSS formed 



hilayer al;semhly within the polymer r n a t r i ~ . ~ ~ . ~ ~  The peak at 8" will appear only when 

PUSS-as5ernhly exh~bi t  as a minimum two-dimensional ordering, indicating [fie 

presence of POSS-bilayer assembly in HS. The broad peak centcrcd at 22" For HS can 

bc tfuc to merging or characteristic peak of POSS-bilayer XI-angement with the 

amorphous halo frotn SLL. The XRD rcflection a1 30 A for the heated HS indicates 

POSS-hilayer and SIL form ordered layered struclure during melting and dens~fication 

of SIL. FTlR spectra (Figure 5.7) of HS hot pressed at 170 "C showed intact vinyl 

p u p ' i  and increase in STLJPOSS Si-0-Si,,, intensity ratio when compared ro 11s. 

further support~ng melting and densitication of incompletely condensed POSS and SIL 

during Hot-presqing promotes formation of two-dirnen4onal lumcllar 

structure by transforming spheres into plate-like structures (Figwe 5 . W .  causing the 

rcllcctiun to bccome more intense. Lamellar structure was further cui~firincd b j  

HK'I'EM (Figure 5.8b-d) using sample which was prepared from hot-pressed pellets. 

The pelle! was ground well using agate mortar and pestle. The fine powder thus 

ubralncd was ultri~~onicall y dispersed in methanol and allowed the coarse particles to 

scltlc. Thc supernatant suspension was drop-cast on carbon-coated Cu grid and dried at 

100 "C for viewing in HRTEM. The specimen appeared as produced by break~ng and 

clcaving of pnrricle having layered structure and exhibited features of two-dimensional 

1:imellar structure. Also. disordered porous nature of the layers was confirmed F~um 

HRTEM image. The above results and observations suggest a randomly ordered 

structure for HS with POSS bilayers alternating with layers of STL which rearrarige on 

hrat i i i~ to form layered structure. 
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Wavenumber (cm-I) 

Figure 5.7. FTIR spectra of hyhrid silica spheres hut pressed at 1 70 "C showing 
intucr vinyl groups and increase in siloxone networWPOSS Si-0-Si ,,, 

intensiQ mrio when compared to HS. 

Figure 5.8. (u) SEM (scale bar I pm) and (h-d) TEM (scale bar I 0  nm) images of 
lamellar srructures from HS hot pressed at 170 "C. 
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As explained in Chapter 2, POSS-amine derived through hydrolytic 

cui-idcn~ation i n  ethanoVwater mixture can be i~ltercalated in layered materials through 

c.;itlun exchangc mechauism."-"' probable structure of POSS from ASCVS composition 

waq derived by infercaking and stabilizing them in clay and analyzing the structure 

and behavior of the POSS-intercalated clay (For 2"i wd "C NMR spectra, JX-IR 

spectra, TGA, XRD, CHN elemental analysis and structure of POSS-bilayer modified 

c1;)y wc cli;ii)tc~. 2). Modified cl;~y showtd approximarely two aminupropll group and 

.;rx vinyl pcr POSS as was expected from co-condensation of AS and V S  at 1':3 mole 

ratio. The POSS-bilayer in clay gallery has aminoprupyl groups interacting and facing 

towards the clay surface with vinyl groups hcing inward to the bilayer. 

The effect of vinyllamino ratio on the formation of HS wak invectigated hy 

preparing silica from stable siloxane solution with AS:VS mole ratio ol' 3:l and 1 : I  

uadcr identical conditions. Interesting1 y, siloxane solution with 1 : I AS:Y S nlole ratio 

~ I - V ~ U C C C I  pliltcIct 11101.ph01ugy and with 3:  1 mole ratio produced rod l ~ k c  murphulugq 

(Figurc 5.9). Ir wac evident that the aminopropy1:vinyl ratio and hencc structure or 

POSS influence the aggregation pattern and also the formation of sp  here^. Based on Lhc 

ahow i)bservatlons, plausible mechanism for the formation of HS from the 4iloxanc 

solution is proposed. During fast drying of the siloxane solution. $elf'-a\scmbly of 

POSS into bilayers takes place through hydrophobic interaction betwcen the wnvl 

grr>up\. prelerenti;illy wilh arninopropyl groups exposed outward lo [he b~ldyt'r i111cJ SIL 

w~ll  \ i m u l ~ a n c o u ~ l y  +elf*-assemble along with the POSS bilayerr, forming domains of 

POSS-SIL aggregates with hydroxyl groups of S L  interact in^ with arninopropyl 

E~CIUPS. At lowcr concentration, number of adjacenl domains will he less prcvetlting 
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further aggregation and smaller particles were formed. At hgher siloxane solution 

concentration these POSS-SIL domains will be in close proximity for further 

aggregation and spheres of larger size were formed. Scheme of POSS bilayer-SIL 

aggregate is shown in figure 5.10. 

Figure 5.9. Hybrid silica obtained from siloxane solution with 
AS: VS mole ratio (a) 1 : I  (b) 3: 1. 

Siloxane Network 

I 

Siloxane Network 

Figure 5.10. Scheme of POSS bilayer-silomne aggregate. 
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POSS has been used for preparing polymer-composites with law dielectric 

constant, which can find application as packaging materials for microelectronic 

industry."'." The decrease in dielectric constant ior POSS-polymer composite was due 

to the structural porosity obtained through cross-linking of polymer segments with the 

reactive functional groups on the POSS and the internal porosity of the POSS cubes. 

Since HS contains POSS, we measured its dielectric constant and obtained a value of 

3.5 when measurements were made on hot pressed pellets, compared to a value of 4 for 

pure silica. In order to check the usefulness of HS for the synthesis of polymer 

composite with low-dielectric constant, polystyrene-HS composite with different HS 

loading was prepared. It was found that the composite with 10 wt % HS exhibited a 

dielectric constant of 2.6 when compared to 3.1 for neat polystyrene. Figure 5.1 1 shows 

the SEM fractograph of  polystyrene composite containing 10 wt 96 HS.  Figure 5.12 

shows the variation of dielectric constant with HS loading. A detailed investigation on 

the observed dielectric properties is in progress, 

Figure 5.11. SEM,frartograpk ofpolystyrene composite with 10 wt% HS. 
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Figure 5.12. Variation ufdielrcrric rnrrsranr with HS loadin~,fitr- 
polystyrene contyo.sife. 

- 
2 3.2 - 
V 

@ 

I= 
m 
C 
U) 

5 o o .- 
L * 
0 
a, 2.8 - - 
dl .- 
a 

5.4. Conclusions 

3.0-'\ Trn 

In conclusion, synthesis of bifunctionalized hybrid silica sphcres through 

surfactant-frce method, using only urganosilanes is illustrated. Casting and drying of 

2.6 - 0 t my=\./ I I I 

5 10 15 

Weight O/O of hybrid silica 

siloxane solution from hydrolytic co-condensation of 3-~aminopropyltrie~hox ysi lane and 

vinyl~tiethuxysilane in ethanollwater mixture with I :3 mole ratio produced hybrid silica 

qpheres by spontaneous precipitation of POSS and incompletely condensed siloxanes. 

Caritrol in the size of the spheres was achieved by dilution of rhe aged siboxant: solutiun 

with ethanol. The hybrid silica was found useful Tor the synthesis ol' polymcr- 

composites with low dielectric conslant and a detailed investigation has been 

undertaken 10 expiain the observed dielectric properties. 
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Chapter 6 

Summary and Conclusio~zs 

Chapter 6 gives a brief summary of the thesis and fzifure directions of the work: 



Ctlrtl>fer 6 Summary and Concllrsion 

Among the alternatives tried for conventional oraganomodifiers fm clays when 

thermal limitations are a concern, Polyhedral Oligomeric Silsesquioxanes (POSS) have 

been of particular interest due to its high thermal stability and synergic benefits h r n  

dual nano-reinforcements. POSS-modified organoclays with reactive func2ion;il groups 

such os vinyl can be useful for the synthesis of novel polymer-clay nanocomposite, but 

werc not available in the literature. The main objective of the research was 10 prepare 

POSS-modified organoclay having vinyl functional groups so that the POSS molecules 

intercalated in the cIay can take part in polymerization reactions or he further modified 

through the reactive vinyI group. The other objective was to study the structure and 

dispersibility of the POSS-modified clays and hence its usefulness for thc synthesis of 

pol ymer-clay nanocomposites. 

POSS-modified oraganoclays with reactive vinyl groups were synthesized by 

using POSS solution from hNrolytic co-condensation of a mixture of 3- 

aminopmpyltriethoxysilane (AS) and vinyltriethoxysilane {VS). The PQSS sotutions 

frr~m VStAS mole ratio >3 produced gels upon aging and was nok useful for 

intercalation reactions in aqueous medium. ERect of AS:VS mole ratio on the structure 

of POSS-modified clay was also investigated. POSS-modified clays from VS/AS ratio 

<1 resisted dispersion in common organic solvents and was nor suitable for the 

preparation of nanocomposite. Modified clays from VSlAS mole ratio between 1 : 1 and 

3: 1 were characterized using 2 9 ~ i  md 'k C R  spectroscopy, ET-IR spectroscopy, 

TGA, XRD and CHN elemental analysis. It was found that with increa5ing 

concentration of vinyl group, clay adsorbed increasing amount of POSS, producing 

POSS-monolayer (Qa, spacing of 20.5 %1) and POSS-bilayer modified organoclays 

( & I I  hpacing of 26.35 A). Dispersion chiacteristics of the modified clays in polyester 
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resin mt~trix i rldicated equal dispersibilit y for both monolayer and biluyer modified clay 

and produced intercalated nanocomposites proving its non-tethered structure. 

In situ intercalative polyrnerizution of styrene with POSS-modified clay 

p d u c d  polystyrene-clay narmcomposi!e particles exhibiting solvent-a~sisted self- 

itssemhling prr~perties when dissolved in highly volatile solvent like TMF. The particles 

having lateral dimensions of 190-8 10 nm consisted of sandwich rtructure having 

polystyrene-POSS-intercalated clay tactnid with thickness of 12.6 nm at the care and 

pnly\tyrent layers of thickness of 3 1.6 nm on cither side of the curc, exposirig rhc 

hydroxylated edges of  the silicate layers. The particles resembled a bilayer assembly 

consisting of hydrophobic layers on either side of a hydrophilir: rigid cure frum 

a tnp hiphilic block coplymers. The drop-cwt residues of solu tiuns oC the 

nnnocorrlposi te panicles in TI-TF showed concentration dependent we1 l de tined 

~~~orphologies such as microvesicles of the size of 2.53.5 pm at solution concenzrativn 

of 2.5 rngrn~-' and two-riimensional microporous film of long range order ul soblion 

con~xntration of 20-40 r n g m ~ ' .  MicrevesicEes were formed by closure of the extended 

bilayer frorn lateral association of the nanocomposite particles by H-bonding 

interactions betwecn edge-hydroxyls of the silicate layers. The breath figure 

mechdnism has been proposed for the formation of the two-dimensional microporous 

I'ilm h r n  solutio~ls in which the cxtended biluyers formed closely packed lalncllrrr 

arrdngcment. 

Prclirninary studies on the guest-encapsulation and release properties of polymer- 

clay nanocomposite vesicles were carried out. Encapsu tation with dye rnoIecules 

~.evcaled uni-lamellar nature of vesicle wall. Vesicles were also cncapsula~ed with 

triglyceride oil. They were found stable in aqueous medium and unstable in toluene 
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which resul~ed in total dissolution and release of the dye molecules. Slow release of the 

encapsulated dye  molecules was observed in ethanol. The high thermal stability alung 

wilh barrier prnperties of polymer-clay nanocomposites may tnake the vesicle exccllcn! 

~nicl-(!-\torage and reactor system and can alsu be useful for aolvent-assisted releasc 

appl~ca~ions, 

Thc POSS solution from AS:VS mole ratio of I :3 was found useful for the 

synlhccis of bihnc!ionalized hybrid silica spheres (HS). HS with vi~ryl and 

amit~upropyl groups was synthesized by casting and drying of stable siloxane solution 

froin hydrolyiic co-condensation o f  AS and VS with AS:VS mole ratio of 1:3 in 

ethanoWw;itur mixture. No sphere furrna!ion was observed from siloxnne solutions' elf 

AS:VS mole ratio < I  :3. Hybrid silica w a  fumed from m-precipitatinn o f  l'ully 

condensed polyhedral oligomeric silsequioxane (P0SS)-bilayet. and incurnpletel y 

condensed ~iloxaneq produced during drying. Control in the ci7e of the cpherec w;~c 

achieved by dilution uf the aged siloxane solution with ethanol. The hybrid silica was 

found useful for the synthesis of pol yrner-composites with low dielectric constant. 

Scope for future work include 

r Synthesis of polymer-uIay nanocomposite from vinyl-POSS rnoditied clays using 

olefinic monomers such a$ methyl methacrylate. 

Synthesis of POSS-modified organuclays and hence vesicles of smaller size using 

clays having very low aspect ratio like laponite. 

r Preliminary studies on the use of vesicIes for cncapculation a l ~ d  release 

application were carried out using fluorescent dyes. Future work includes 
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encapsulation of the vesicles with active molecules such as drug or cosmetics and 

to study its release properties in solvents. 

+ Vesicles can act as recoverable templates for producing hollow/spherical 

morphoEogies of poIymer or silica after leaching out the vesicle shell. Studies in 

this respect have been in progress. 

> Preliminary studies indicated the use of bifunctionalized hybrid silica for the 

\ y nlhesis of lo w-dielectric constant polymer composite. Systematic analysis of 

the observed reduction in dielectric constant is andemay. 
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