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ABSTRACT

¶1ePrlmarylmPetuS女汀developing amecbanlsticunderstandingofzeolite synthesisistbeultimate

goalof血eration血des如andsynthesisofnovelzeoliteporearcbitectures．Totbatend，也emecbanisms
bywbicb血egeometriesoforganicstructure－directlngagen臨訂etranSlated血totheproductporearchiteαures

htbesyntbeses ofbigb－Silicaandbtermediate－Silica contalれmgZeOlitesarediscussed・Twodiぽerent

mecbanisms ofstructure direction and selfJassembly via血e fomation ofextendedinorganic／organic

COmPOSitestructuresorofpurely－inorganicstructuresareproposed払r也etwodifferentclassesofmaterials，

respectively・By co刀Side血glSSueSSuCbasbydropbobicbydratio刀bebaviorof血estructure－directl刀g

喝ent and tbe optlmization ofborganic－Organicvan der Waals血teractions，tbe successfuldesigれOf

StruCture－directl喝agentS女汀也esyntbesisofれeW ZeOlitestructuresmaybepossible・Extensionoftbe

zeoliteassemblyprocessto血euseoforganicmolecules血atcan払rmmicelles払nyieldorderedmesoporous

materialslikeMCM－41and MCM－48．Aun上申iIlgPICtureOf血e assemblyprocesses occurrlngiれtbe

Synthesesofmicro－andmesoporousmaterialsisprese山ed・

INTRODUCTION

Zeolitesando血ercrystalliIle，microporoⅥSSOlids

b訓e払und g陀at utility as catalysts and sorptlOn

materials．One of血e reasons why血isis弧is

be瓜uSetbesecrystallineoxidesconta血1arge血ternal

馳ぬce areas accessible tbrough uniformly sized

印reSOfmoleculardimensions．Todate，tbelargest

provenporesizeis approximately12－13Åin tbe

materialcalledWト5・1・mequestforlargerpore、

αySta止iIlematerialsisongolng．

ReceIltly，WOrkers at Mobilprepared ordered

mesoporous．materials・a3These（alumimo）silicate
SOlidscontalnPOreSOfuni払rmsizeintberangeof

～15－100Å．Tbus．solidspossessi咽meSOPOreSWith
Size u皿血rmlty COmParable to that observedin

αyStalline、microporousmaterialscanbeprepared．

Two types of mesoporous materials that caれ be

Syntbesized are：（i）（alumino）s止icatescontain血g

bexago皿alけarranged one－dimensionalpores of

加ablediameter舟om～15tolOOÅ（de刀OtedMCM－
41）and（fリ（alumino）sillcatespossessi刀g a tbree－

dimensionalporesystemofsize～30Å狐drevealing

狐Ⅹィaydi圧ractionpatterntbatcanbeindexedwitb

伽bicsymmetry，SPaCegrOuP：Ia3d（denotedMCM－

48）．乙31もeseれ0Velmaterialsarepreparedusing
Organic surfactant moleα1es a皿d aliquid crystal

templa血gme血anismisproposed・ち3Additio血1y，

YanaglSaWa虎βJ・4bave sy山besized mesoporous

S払icas 女om kanemite and organic surfactant

molecules血atalsorevealabigbdegreeofuれifomlty

血theporesizedistributioIl．Ⅵ1ePOrediametercan

betuned血tbistypeofpreparationaswell・4

Thereis along bistory of川templating■’or

StruCture－direction血tbe synthesis of crystalline，

microporous materials．However，tbe organic一

血organic血teractioれSare血oughttooccurbetween

血organicspecies狐dsiれgleorganicmolecules・With

血emesoporousmaterials，血eorganicmoleculesmay

have the opportunlty tO丘rstself－aSSemble血to an

aggregate ofsometype to血1n血on asa stmcture－

directlng喝ent．Thus，tbequestionofwbetberisolated

moleculesororga血c喝gregateSSeⅣeaSStmCture－

directlng agen臨 血血e syntbesis of mesoporous

materialsmustbeaddressed，anditmustbedone弧

withcautioIl．

At血erequestofDr．Tatsumi，WeWritetbisarticle

to：（f）discussstructureldirectioれ血血esy打tbesisof
CryStalline，microporous，Silica－CO山ainlngmaterials，

（ff）describestructure－directionin血epreparationof
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mesoporousmaterialsand（肪）sbowtherelatio瓜Sbips
between（J）and（叶Wewillrefertotbepaperby
Zo皿eSαβ′・5wbeれdiscusslngStruCturedirectlOn血

microporousmaterialsanditisrecomme力de山eadiれg

PrlOrtOPrOCeedingfurtherbere．

ⅦCROI10ROUSMATERIALS

Introduction． 1me routes by wbicb crystalline

ZeOlites are produced from an amorpbous alu叫i－

nosilicateorsilicategelarecomplexself－aSSembly

PrOCeSSeS血at血voIvenumeroussimultaneousand

血terdependent equilibria and condensation s亡eps．

Consequently，ZeOlite crystallizationis not well

understood，eXCePt血thattberedoesnotappearto
be a universalmecbaIlism to describe au．zeolite

甲ntheses・1Tもeadditionofcationicorneu加10rganic

molecules，e．g．，alkylammoniumions，am血es，Or

CrOWnetbers，tOZeOlitesyntbesisgelscaれa批cttbe

rateatwhi血apafticularmaterialis払rmed，Or払n

make new sはuctures or 血amework dlemical

COmPOSitions accessible．However，也e exact role

Oftheorganicspeciesa爪dthemechanismsbywbicb

血ey a飴cttbeformationofthe producIstructureS

rem血tobeelucidated・1・6hparticul叫theれature

祖d extent of血eractionsbetweentbeorganicand

血0瑠皿iccbmpo力e山sOfazeolitesy刀tbes汰gelare

notwelldefined．Inorganic－Organicinteractionsmay

PrOVidetbemeans throughwbicbtbegeometryof

血e organic moleculeis traれSlated bto血ezeolite

POrearChitectureb血stancesofstructuredirectio叫

ltlSPOSSiblethat血tbeabsenceofsucb血eractio瓜S，

nocrystauineproductisformedor血at血eorganic

甲eCiesservessimplyas aspace一武1血gagentwitb

nogeometriccorresponden∝between tbeorganic

guest and tbeinorganic host．Knowledge of tbe

mecbanismsbywbich structuredirection occursis

Ofcriticalimportancetothegoalofusingoftailor－

madeorgaれicmoietiesLo synthesizenewmaterials

Wbi血血corporateparticularstructural托atures．h

examl刀mg也eseisslほSbere，tWOClassesofma【erials，

Pure－Orbigh－Silica molecularsieves（Si／Al＞10）
皿d血temediate－Silicacontai血gzeolites（～4＜SiノÅl

＜10）areconsidered・BecチuSeOfthelackoforganic
molecule stmcture－directlOnin their syntbeses，

aluminum－ricb zeolites are not discussed．1廿e

absence of structure－directioniIlthis caseis most

likely because the highly cbarged and highly

bydropbilicaluminosはica亡egelisnotcompatiblewitb

也emore hydrophobico唱anic species and／or that

血evolume－tO－Cbargeratiosoftheorganicmolecules

aretoolargetoalloweぽectivechargecompensation

Ofthealum血osはicateIletWOrk．

T血ermodYnamics of Zeol托e SYnthesis． Aれ

understandiqgoftbethermodynamicdrivingforces

tbatareresponsibleforzeoliteformationmayprovide

弧memeCbanisticiれSightintotbeassemblyprocess．

Rece刀tけ、Helmkamp aIldDavis haveprovided an

estimate oftbe termodynamic parameters for the

tetrapropylammoIlium（TPA）auoride－mediated

SyIlthesis of pure－Silica ZSM－5（Si－ZSM－5）丘om

quartz and血・Om amOrPbous s止ica（glass）．7
Ⅷe

Sy皿血esisof TPA寸F‾／Si－ZSM－5丘omquartzcanbe

CO皿Sideredasfollows（T＝298K）：

quarは 一 Si－ZSM－5 （1）

△Gl＝DHllT△S）1

△Gl＝（5斗（1・4）＝4・1kJ（moISiO2）‾1

Si－ZSM－5十TPA†F●㈲ 一ⅧA十印Si－ZSM－5十H20（初
△G2＝△H21T△S）2

△G2ヰ6．2）イ1．7）＝－7，9U（moISiO2）●1

quaTtZ十TPA十FI 一珊A†F‾／Si一詣M－5（total）
△G也l＝－3・8U（moISiO2）●1

Similarly，血ethermodynamics oftbesynthesis

OfTI｝A十FソSi－ZSM－5血・OmamOrPhouss止ica（glass）
CaIlbedescribedasfollows（T＝298K）：

glass
→ SトZSM－5

△G3＝△H3てr△S）。

△G。＝（－3・65）十0・66）＝3・OkJ（moISiO2yl

（3）

Si－詣M－5十ⅧA十F‾㈲一廿A十F‾ノSi－ZSM－5十H20（の

一△G4＝△H41T△S）。

△Gバー6・2）－（1・7）＝－7・9U（moISiO2デ

glass十TPA†F－ →WA†F●ノSi一詣M－5（total）

△Gt。．＝－10・9U（moISiO2）‾1

札isevideIlt鈷omtberesultsfo＝hesynthesisof

SトZSM－5from qua托z that altbough the Lransfor－

mationofthe血organicphasealoneisれOtthermo－

dyれami仏11y払vorable、tbepreseれCeOftbeo昭和ic

StruCture－directlngagent血血e system renderstbe

Sy山hesis possible．¶1e thermodynamic analysis

uIlderscores theimportance of orgaIlic structure－

directlngagentSin也esynthesisofze山itesthatwould

o血erwise be 血accessiblein the abseIICe Of tbese

O噌anicadditives．

hreactioれS（2）and（4），Lhefavorableenthalpic

term（△H＜0）is related to tbe van der Waals

血eractions between tbe occluded TPA molecules

（or，mOrePreCisely、theTPA十Fionpairs）andtbe
丘ameworkof血eSトZSM－5host．Tbisfactorprovides

tbeprlmary血ermodynamicdrivhg払rcenot only

払rtbeocclusionoftheorganicmoleculesintotbe

VOid甲aCeOftbeiれOrganicmaterialbutalsofbr tbe
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0Ve血1syntbesisofTI｝A†F‾／SトZSM－5血・OmquartZ

Or皿10rPbous silica．Tbereis a smau，払vorable

CO仙ibutio皿tO the reaction e皿ergetics血）m tbe

entropictem（T△S＞0）血thisprocessthatlikely
re凸ectstheentropically－ねvorablereleaseofordered

Water mOlecules血■Om tbe bydropbobic bydration

甲beresoftbeTPAmoleculesas血eorga山cspecies

訂eOCduded血to血ehydrophobicsilicatematerial．

TPA／Si－ZSM－51ikely representsanearly optト

mum case for血organic－Organic van der Waals

血teractio瓜S血zeolite synthesis．Wben tbeinter－

molecular 血teractions areless 払vorable and 血e

e山h血pic co加rib山ion tothe driviI増血rceis thus

less strong，itis possible tbat the entropIC term

detemines whe也er tbe 払rmation ofiれOrganic－

Organiccompositespeciesandacrystallineproduct

are tbemodynamically possible．Tbis analysis of

也e 血ermodynamic parametersinvoIvedi刀 也e

Synthesis of pure－SiliαZeOlites provides a useful

COnStmCtinwhicbto assess therole ofinorganic－

Organic血temolecularhteractionsandhydropbobic

bydratio皿Oftbeorga血cspecies血structuredirection

皿dzeolitesyntbesis．

0爪e muSt eXerCise caution when at亡emptmg to

extend 血e 血ermodynamic analysis of zeolite

Syntbeses血volvi咽F‾【O tbose uslng（）fr as the

mine血汝iI鳩ageれtand／ortheadditionofheteroatoms

SuCbas血umiIlum．Pure－SilicasynthesesofZSM－5

WitbTPA＋Fasthestructure－directl皿gagentreSult

血血eTPA＋Fionpairbei昭OCdudedintbeZSM－5

VOidswitbout血efbrmationsofsu．anolgroups．Wben

TPA十oH‾is usれonly tbeTPA†ionis ocduded

皿discbargebalancedbyaSi－0●de托ct．Theaddition

Of alum血um decreases 血e Si－（）●de托ctIlumber

densitybutalsocreatesflameworkcbarge．Tbus、血

Ordertoexte爪dtbeaforementio瓜edtbermodynamic

amlysis tozeolite syntbesisin gene柑1、COulombic
血teractionsmustbe

acc（1untCd foras well．At this

time．itisnotknownhowtoaccuratelydothis．

Str址Ct牡reDirectionintheS nthesisorPure・Silica

and Hi h・Silica Zeolites． Pure－Silica molecular

Sievesandzeolitesthatconta血abigbs止icacontent

are血es血plestsystemsinwbichtoassessorganic

StmCture－directlngeffectsfortworeasons．First，in

tbesesystemstbereisalimitednumberofsy山betic

Variables：Silica．water、Organicspecies、∽d10W

COnCentratio瓜S Of a址alimetalbydroxides（small
amounts of alkalimetalions may enhance tbe

crystallizationkineticsofsomesyntbeses、8buthigh

COnCentrations exhibit a strong structure－directlng

血伽ence7）．Second．thepure－Silica produc【is

bydrophobicanduncbarged（except払rnon－Su也ce

Si（OSi）3（0‾）defectsitesthatbalancethecbargeofa

αtionic structure－directi喝agent），9and血us血e

Predomin弧t 血eractions between tbe organic

moleculesandthesilicatespeciesshouldbevander

Waals forces．10 Tberefore、tbein瓜uence of the

geometry oftbe organicmoiety on the shapeand

Sizeofvoidspaceswitbinthep川ductstructureshould

be apparentiれa Pure－Silica orhigh－Silica system・

Tberelationsbipsbetweensizeandshapeoforganic

moleculesandtbezeolitevoidspacesthatthey払rm，

i．e．，tbestructure払rmed，isclearlydemonstratedby

ZoneseJαJ．5andGiesandMarler．10

ZSM－5（MFItopology）isoneofthemostwidely
鈍udiedandcommerciallyimportantzeolites．When

Pure－SilicaZSM－5（SトZSM－5）issyntbesizedusi？g
也etetrapropylammonium汀PA）cationastheorganlC

Sはucture－directlng agenL 血e Tf，A molecules are

locateda＝hecbannel血erseclionswiththe propyl

Cbainsexteれdiれgl力tOboththelinearaれdsiれuSOidal

Channels．Tもemoleculesareheld tightlyatthese

Sitesand canberemovedonlybycalc血atio叫they

Ⅷ皿Ot d皿se血to or outoftbe structure．Tigbt

e瓜Clatbration of血e TPA molecules suggests tbat

血eymustbe血corporated血tothesilicatestructure

du血gtbeprocessofcrystalgrowth．Directevidence

Ofvander WaalsiれteraCtionsbetweentbe organic

StruCture－directlngagentandi爪Organic甲eCies血the

Syntbesisofpure－Silicazeolitescomes血●Omthework

OfBurkettandDavisontbesyれtbesisofpure－Silica

訪M－5（MFI）using血etetrapropylammoniuヮ加ion
（TPA）．11AIH一汐sicrosspolarizati叫maglCangle

SPimiqg（CPMAS）NMRtechれiquewasemployed
byBurkettandDavissinceMentzenandcoworkers

bave suggestedtbattbe H…Sibteratomic distance

necessaryfore航cientlH－29siCPisapproximately

tbatofavanderWaalscontact（～3．3Å．12Results
如ml打診siCPMASNMRspectraoffreeze－dried

泌mPlesobtainedatintervalsduringthesynthesisof

ZSM－5suggestthatclosecontac【betweeれtheTPA

ioれSaれdtbesilicatespeciesisestablishedpr10r tO

thedevelopme山oflong－range、CryStallineorder（～4－

5unitcells、Or～100Å）．Evidenceofs【ructureson

thelengtbscaleoflO－200Åintbissyntbesishave

血sobeenobservedbysmall－angleneutroIISCatterlng

皿dsmall－angleX－raySCatterlng・13・14 specificallyI

血esはuctures detected by NMR baveweak，nOn－

COVale叫mtermolecular血eractioIIS、ムe．，Van der

Waalsinteractions、betweenthealkylgroupsofTPA

皿d the silicate species．Tbis work suggests that

StruCture－directioれ hvoIves preorganization of

SilicatespeciesbyTI）Apriortotheformationofthe

long－rangeOrderofthecrystallinezeolitestructure・

NoanalogousintermolecularlH－29siCPoccurswben

aIlOかStruCture－directlng Organic species，e．g．，

tetrametbylammonium（TMA），is used血1ieu of
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J
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〈NOCPINIH一紳SiCPMASNMR〉

Fi印re2．S血ematic representat血ofTPA＋a爪d

TEOA十iIIWater．

m，SuggeStmg tbatiれtermOlecular血teractions

ObseⅣedby血eCI，tedlniquearerelevanttostruc仙re

d辻ection．For血eTPA－mediated synthesis ofSト

ZSM－5（see Figurel〉，辻was血us proposed tbat

Sili¢虹eisdoselyassociatedwith血eTPAmolecules

to血）rm血orga皿ic－Organiccompositespecies血atare

血ekeyspecieshthenucleatioれandcrystalgrowtb

processes for血e selfJassembly ofSi－ZSM－5（we
nowbelievetbatwehavetrappedthesespecies飢）m

asyntbesisgel15）．
¶1eSignificanceofbydropbobichydratione蝕cts

血thesyntbesisofpure－Silicazeolitesis叫ggeSted

bytheobservationthatteはaetbanolammoni11m汀E

OA），Wbi血issimilar血s辻e toTPAbutdoes皿Ot

払rm a hydropbobicbydration甲berein aqueo11S

SOl11tionbecauseitcanpartlCIPatei爪thebydrogeれ

bondingnetworkofwatervia血ealcobolmoieties

¢eeFi卯re2），doesnotseⅣe誠aStruCture－directing
昭e皿t forthe sy皿tbesis ofSi－ZSM－50r祖yOther

ZeOlite．NoαyStallineproductswereformed飢〉m

Syntbesis gels contal皿mg TEOA，eVen at big血er

Sy皿tbesistemperatures．Us血g mixt11reSOfTEOA

祖dTPA，SトZSM－5wasfbmedin4daysat175℃

Onlywhenas11払cientamountofTPAwaspresent

血也egelto completely丘11tbevoid space oftbe

ZeOlitepro血ct汀PA侶i＝1ノ24；gelcompositionO・21

mβ：0．29TEOA20：10SiO2：380H20）・However，
noTEOAwasdetectedbylH－13ccpMASNMR血

也eproductformedu瓜der血eseconditions・Wbena

lower m conte皿t WaS uSed（TPA／Si＝1／96；gel

COmPOSitio瓜0・05TPAβ：0・舶1℃OA20：10SiO2：
380Hβ），nOαyStallinematerialwasobtainedu瓜der
血esameconditionsofbeatl瓜gtlmeandtemperat11re．

Similarly，nO血ermolecu血1H－冴siCPwasobserved

血血e TEOA－CO瓜talnlng Symtbesis mixtlユre a此er

heatingforlO daysatllO℃．Theobservationof

血termolecularCP血tbeXィayamorpbo11S，beated

Synthesis mixt11re aPPearS tO CO汀elate witb血e

Observationofastructure－directione批ct；Onlywhen

SトZSM－5is eventually 払rmedis e拝icient CP

ObseⅣedintbebeated，Ⅹィ叩amOrPhousprecursor・

1mus、Wben也e organicmolecule shows血vorable

血teractioIISWitb血esolvent、tbe solve皿tmOlecules

払nnOtbereplacedbysilicatespecies・Us血gtbe

Zonese∫α′・a皿alogy，5tbe血ellofthepeanutαnnOt

beremoved弧tbecandycoatlIlgOftbepeaれutCan

notbeaccomplished（seeFig．50fRef・5）・Zoneseと

αJ．sbowthatorganicmoleculestbatareIlei血erbigbly

bydropbilic or hydropbobic are good stmcture－

directingage打払（Fig．60fRef・5）・旺tbeorganic

moleculesaretoohighlysolvatedbywater，theれnO

血eractionwitbs止icaoccurs（rMA†，1H－29siNMR

experやentsmentionedabove）・HoweverIif血e
OrganlCmOleculesare

too hydrophobic，tbeれtbey
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mostlikelyaggregatein araIldomfasbion and are

血erefore unable to direct tbe formatioれOf welト

Orderedstructures．Tbus，thehydrophobic伽ydro－

Pbilicproperties oftbe orgaれic molecule mustbe

PrOPerlydesignedifoneistoαeateneWStmCture－

direαlng喝e皿臨．

1もe proposed me血anism for血e synthesis of

Si－ZSM－5canlikelybegeneralizedtoo也erexamples

Ofstructuredirectioninthesyntbesisofhigb－Silica

祖dpure－Silicazeolites．1もe prlmarylmPetuSfor

developing amechanistic understanding ofzeolite

Syntbesisis血eultimategoaloftIleratioIlaldesign

皿dsyntbesisofnovelzeoliteporearcbitectures．The

加e test of the validity of tbe proposed role of

borganic－OrganicinteractioIIS血zeolite syntbesis

わ訂ticularly払rtbesynthesisofbig血－Silicamaterials）
1iesiれitsapplicabilitytotbesyntbesisofnewzeolites

祖dmolecularsieves・Altboughitmaynotbepossible

tocontrol血epreciseatomicarraれgementSrequired

toconstructaparticular structure，ParameterS SuCb

誠tbetypeofvoidspace（one－dimensionalcbannels，
血tersectl瓜g血annels，isolatedcages，Or血terconれeCト

edc喝e netWOrks），thesizeandsbapeof血evoid

甲aCeSandthe血tervenlムgaPertureS、andthearrange－

me皿tOftbevoidspacesrelativetoeachotberwitbiれ

tbe crystalunit cellsbould be ameれable to the

血且uenceoforganicstructure－directlngagentS．Many

di蝕renttopologleSShouldbeaccessibleto a pure－

Silicatetrabedralnetworkbecauseofthe且exibility

oftbe Sト0＿Sibond16and because tbereislittle

energeticdi蝕rencebetweentbevariousporoussilica

Phasesandbetweenthesestructuresanddensephases，

乙e・IPuartZ（－10－12kJ伽01）・17Ⅶepresenceof

ahmlnumintbetetrabedralnetworkappearsto払vor

Certa血 stmctural飴址ures，SuCh as htersectlng

channelsandpores，5andsmallamountsofaluminum

肌d／orotherbeteroatomscanapparentlybetolerated

h a synthesis geltbatisi姐ueれCed by organic

StmCture－directlng喝e皿tS．However，eVen Small

amoun臨ofaparticularheteroatomcmgreatlyaffect

thestructure血atisformed（seeTablel）．Onereason
払rthiseぽectcouldbethatSi－0－M（M＝Al，B，Zn）

anglesbaveamorelimitedrangeofvariatioれtbaれ

Si10－Siangles and tbat the optlmum angles are

Smallerfortbeheteroatomanglestban知tbeSト0－Si

angle．Additio皿ally－10W COnCentratioれS Ofalkali

metalions，Particularlysodium，mayfacilitatezeolite

Syntbesis，Wbereasbigbconcentrationsmaymaskor

eliminate血erelativelyweakin且uenceoftheorganic

SPeCies．

Zonesandco－WOrkershaverecentlydemonstrated

也efirst example ofzeolite synthesis byαク〃Or∫

designintbesyntbesisofSSZ－26・5I18，19 with伽

goalofmakinganovelzeolitecontalnmg amulti－

dimensionalcbannelsystemwitblarge－POre血tersec－

tions，adiquaternaryammoniumpropellane species

Tablel．馳ctofalum血m，boronandzincon血estructureofmolecularsievesobtaineduslngOrganic

StmCture－di∫eCtingagents．伊romre知ence9．）

SiO2 SiO2仏1203 SiOノBβ3 SiOノZnO
＜50 ＜30 ＜1柵

二＞くこ

N針N＄N

仰カ3N∠』。

㊤－N＋（CHカ3

禽
鶴」

ZSM－12 ZeoliねBeta ZeolileBeta VPト8

ZSM－12

ZSM－12

SSZ－24

SSZ－31

ZeoliteBeta

Mordenite

SSZ－25

Mordenite

SSZ－31 SSZ－37

ZeoliteBeta VPト8

ZeoliteBeta

SSZ－33

byered

Material

VPト8

SSZ－33 VPト8

SSZ－33
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WaS血ose瓜 based oれ geOmetric consideratioIIS．

Co瓜CePtually，tbis compoundis derived血・Om a

bicydic，diquaternaryammoniumspeciesthatbasa

linearaxis and has been used血the syntheses of

ZSM－12．Introductionofthefusedcydobexanermg

ge皿erateSamOlecule血atistoolargetobecontained

Witbimao皿e－dimensionalcbaIlnel．Thus，tbediquateト

n∬y，bicydicportionoftbeorganicmoleculemay

direct血eformationofac血aIlnelstructurewbile tbe

血止dringmaydisrupttbeone－dimeIISioれalchannel

SuCbtbataniIlterSeCtio瓜mightbecreated（seeFigure
3）・Ⅶeresultinghigh－Silica．zeolite・SSZ－26，is
COmPOSed of加ersectlng te皿イ1刀g and twelvelrlIlg

血annels（or，mOreCOrreCtly、aniIltergrOWtboftwo

related polymorpbs， eaCb composed of

血ese血ersectingcbannels）1Witho？emOleculeof
血eorganicstructure－directlI鳩喝e瓜tlmmObil汝edat

ea血血annel血ersection，aSantlCIPated・訓

÷のキーー 、 エ．
っ

㌣

ZSM－12

■■－一一一－－－－－－一一●－－

÷①÷一） も

SSZ－26

F軌re3．RepfeSentation of how a diquaternary

ammonium propellane species migbt

disrupttbefomationofalinear血annel

StruCture 血 SSZ－26． Adapted 鉦om

refereIICe18．

StrⅦC仙re Direction in the S nthesis of

Intermediate・Silica Containin Zeolites．1me

Sy打血esesof血termediate－SilicacontainlngZeOlites

arelessameIlableto structure directionbyorganic

甲eCiestbanbigb－Silicasyntbeses．A比alimetalions

are necessary to balance tbe negative cbarges

血troducedby血・amewOrk aluminum，because even

旺organiccations are prese叫thezeolitetypically

侃nnOtaCCOmmOdateasu仇cientnumberoforganic

仏tionsb血evoidspaceto balancetbeframework

血a噌eS．Tもe bigh concen汁ations ofa址alimetal

hydroxides 血at are tbus usually usedi瓜these

Syntbesescanstrongly血fhe皿Ce tbeinorganicgel

血emistry and subseque皿t StruCture知mation・1・9

0rganicstnlCture－directlnge蝕ctsareweakrelative

to these血皿ue瓜CeS，Perhapsin part because血e

血teractions between organic molecules and the

血orga血cspeciesareprlmarilyelectrostatic血nature・

Asaresult，Organicstructure－directlnge批ctsappear

血amucbnarrowerr祖geOfsy山besisconditioれSaS

tbe aluminum contentisinαeaSed．Although

ahmhosはicate sy山血eses area more complicated

野Steminwbi血todiscemstructure－directl皿ge蝕cts，

也ereareexamplesofstructuredirection血alumino－

Silicatezeolitesyntbeses・

Ⅶembicpolym？叩bof叫asite（払U）isa
れaturally－OCCurrlれgmlれeraltbatcaれalsobesy山he－

SizedatavarietyofSi／Alratiosbynumer仙Sme血ods，

botbwithoutandwitborganicadditives（iれCludhg
15－CrOWn－5）．Thestructureconsistsofonetypeof
largesupercagewhichisa∝eSSedtbrougb師elve－

rmgapertures・TheFAUtopologycaれbeconsidered

asstackedaluminosilicatesheetstructures（払叫asite
Sbeets），eaCbofwbichiscomposedofri咽SOfsix

SOdalitecagesconnectedviabexagonalprlSmS，With

aniれVerSion center between
adjoini皿gSbeets．旺

也ereis血stead amirror plane between
aqjoining

払ujasitesheets†血ebex喝Onalpolymorphof血相asite
（EMT）isproduced．Tbes11btledi批renceinstructure

necessitates very spec泊c synthesis conditions・

Doma血sofEMTbavebeenidentifiedinhtergrowtbs

withFAU血severalmaterials－butEMT has only
been syntbesizedi幻its pure払rm牡om gels血at

COIltain18－CrOWn－6asthestructure－directlIlgageIlt．
21・24EMTcontainsequalnumbersoftwodifFereれt

ellipticalsuperαgeS，a幻d tbereis o幻e COmPlex of

18－αOWか6andasodiumion（sodiumisacomponent

Ofthesynthesisgel）血eachoftbelargerandsmaller
superαgeS。aSSuggeStedbyRamaれSPeCtrOSCOPy〉訓

static13ccpNM札加andX－rayd放actionres山ts・ぴ

Tbecationicsodium／18－αOWか6complexisthe

StruCture－directlngagentdurhgcrystallization，and
both tbe sodium－binding ability and tbe sbape of

18－CrOWn－6areapparentlyesse血alto伽srole・訓

However、tbestructure－direct叫gef托ctisweak，and

itcanbemaskedbyan血αeaSed concentratioれOf

SOdium血tbegellWbicbresultsinthecrystallization

OfFAU．EMTis synthesizedwbentheamount of

18－αOWIト6prese瓜tin tbe sy山besis mixtureis

Su払cient女）rS血gleoccupationof血eproductsupeト

CageS，but reduction of tbe available18－CrOWn－6

COIICeIltration to one molecule pertwo supercages

resultsinno如mationofEMT・訓 Ⅶissuggests

thattbepresenceof18－CrOWn－6iれbothsupercages

isimportantforthesyntbesisofEMT・hthepreseれCe

ofmixtures of15－CrOWIト5and18－αOWIト6，imter－

growthsof varylngamOuntSOf FAUand】ミMTare

synthesized．22，加witb the relativeamount ofeach

polymorpb prese山 roughly proportionalto the
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Na十／18－erOWIII6

iIISOlu銭on

Naイ18－erOWIl・6ad80rbed
r

丸蒜ニ㌶£1

18－erOWa＿8／

EMT

F短Ⅷre4．Proposed mechanism of structure

direction 血 tbe18－CrOWn－6－mediated

Sy皿tbesisofEMT．Growtboccurslayer－

by－1ayer．

おnOunt Ofea血crown ether used，SuggeStmgthat

血esyntbesisiscontrolledbytheorgaれicspecies．

1me dose correspondence血 size and sbape

between tbe sodium／18－αOWIl－6complex and血e

SmallersⅥPerCageiIIEMTsuggestsameaIISthrougb

Wbidl18－αOWn－6mayexbibititsstructure－directlng

e蝕ct．Tもecationicsodium／18－CrOWn－6complexes

訂eaSSOCiatedwitbtbesu血ceofthegrowlエーgaIlio血c，

alumiIlOSilicatecrystalliteviaanelectrostatic血terac－

tion．1meessential血teractionsiteisapparentlytbe

Sixィ1皿gtbatbecomespartofthesmallersupercage

a此er血enext払巾asitesbeetisattached．Thisrlng
Ofsixoxygen如omsintbeframeworkofEMTand

也e血gofsixoxygenatomsin18－CrOWれ－6areclosely

matcbed血size，aIld a saIldwicb－1ike complex of

sodiummaybeformedattbissite・封・びAmecbanism

Of syntbesis（Figure4）bas been proposed that

血volves血eassemblyofsodium－temPlated、eXtended

ahminosilicatestructures，WbichmaynotIleCeSSarily

resemble faujasitesheets．¶1e SPeCificity oftbis

a汀弧gement for a mirror plaIle between払ujasite

血eets（inEMT）rathertbananinversionceIlter（in

FAU）臨directed by血e shape and size of tbe

sodium／18－CrOWn－6 complexes；糾if the slightly

Smallersodium／15－CrOWn－5complexisused，FAU

is知mediIIStead．Tもesitingoftbestructure－directlng

喝e皿tmOleculesimposes geometric constraintson

血eplaceme山ofsubsequentaluminosilicateunits．

皿dtbegeome叫Of血ecationicorganicspeciesis
血ekeytostructuredirectioIl．

Asecondexamf〉1e ofstructure directionisthe

MCO polymeトmediated synthesis ofgmelinite

39

（GME）・Ⅶeorgチicspeciesthatareusedasstmcture－
directlngagen臨1nZeOlitesyntbesisareusuallysmall

molec山esthatareaccommodatedwitbin．as血由e
ZeOlite cage，Cban瓜elintersection，OrSeCtlOn Of a

one－dimeIISioIlalcha皿nelthatis smaller tban oIle

u血cellof血ezeolite・1Theuseoforganicpolymers

tbat contain regularly－SPaCed払tionic tetraalkyト

ammonium groups presents tbe oppoftuIllty tO

b仙1eれCe瓜OtOnly血eshapeandsizeoftbe血dividual

VOidspacesbut血紺地erelativearra皿gementOfvoid

SPaCeSWithin tbe unit∝u．To this end，Rollman

皿dcoworkersusedaltematmgcopolymersderived

丘oml、4－diazabicydo［2．2．210Ctane（DABCO）皿d
dibromoalkanes（Br（CH2）乃B叩＝3，4，5，6，10）血tbe
Syntbesisoftbehvelve十rlngCbannelzeolitegmelinite

（GME）血om an aluminum－COnta血咽 Synthesis

mixture血atproduceszeoliteY（FAU）皿dzeoliteI）
（GIS）血tbeabsenceofpolymer．27・詔Ⅶepolymeris

OCdudedintact血to血e product，aS COn血med by

13ccpMASNMR．訝us血g也emonomericN，NI－

dimethylated derivative of DABCO，Or uSlng a

POlymerwith alonger（decyl）orshorter（propyl）
1inkagebetweenDABCOunits，ZeOliteY（c喝eStruC一

仙e）orzeoliteP（血amlelstructure）resulted．㌘・誠
1もeDABCOpolymersi爪皿uenceseveralaspects

Ofstructure払rmation．First，atWelve－rlng ZeOlite

WaSSynthesizedbe払uSetbediameterof血eDABCO

unitiれtbepolymerisapproximately6．1Å，Z7・冴wbicb
istoolargetobeaccommodatedbyaten－mgu血t・

Second，aChannelstructurewas produced desplte

tbepre知encef血払geStmCtureSinaluminum－ricb

Syntbeses．Tbi血thele皿gtboftherepeatlユnitof仇e
butylpolymerisapproximately8．7Å，27・㌶wbichis

nearlycommensuratewitbtbeu血tceudime爪Sions

ofthecbannelaxisoramultiple血ereof（～10Å）．27－29
However．血e飴aturetbatisunlquetO血euse ofa

POlymeras tbestructure－directlngagentistbat血e

gmelhite姐mPlessynthesizedinthepresenceof仇e

butylpolymerwerenot払ulted・Z7－29 h co山rast，

gmelinitetbatissynthesizedbyorganic一女eemetilOds

（ortbemineralgmeli血e）co血n苧manyStaCking
払ults．and血usexbibitstbeadsorptlOnPrOPertiesof

Smalトporerathertbanlarge－POチe（twelvering）zeo－
1ites．Z7，30Tb嶋血eorganicspecleSれOtOれけco仙01s
tbesizeaIldsbapeoftheindividualvoidspaces，but

due toits polymeric natureit alsoi刀血uences tbe

long十rangearrangementOfvoidspaces，PrOd11Cinga

払111ト鈷ee system．Itis apparent tbattbe polymer

exhibitsadist血ctin凸ueIICeOnStruCture永〉rmation．

地b血e血vestigationsoftbemechanisms
Of structure directioIland self－aSSembly 血 血e

Syntbeses of SトZSM－5肌d EMT and FAU，the

COmmOn tbemeis tbe organization of extended
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Silicate or aluminosilicate structures，エビ．，0Ilthe

leagtb scale oflO－200Å，by organic stmcture－

directlngage軸兆tbe esseIltialprocess血zeolite

皿uCleationandcrystalgrowtb．However，血enature

Of血eextendedstructuresandthemeansbywbi血

血eorganicspeciespartlCIPateSi瓜tbeir払rmatioれ

狐dtbeassemblyhto畑e丘nalproductaredifferent

払rthe付osystems血vestlgated・htbesyntbesisof

SトZSM－5 血 tbe presence of tbe tetrapropyト

ammonium（TPA）、血e formation of composite

S止血te－Organicstructuresisdeterminedhitiallyby

払vorable overlap of the hydrophobic bydratio瓜

甲beres of伽0噌a山c and silica〔especies．Sub－

Sequent OPtlmization of btermolecul叫血orgaIlic－

0噌anic vaれder Waalsinteractio爪S PrOVides tbe

esse血血structure－directlng血仇1enCe．Bycon【rast、

hthesynthesesofEMTandFAU、Lheinorganicgel

COmPOSition alone may de【ermine the types of

extended、alum血osilicatestructuresthat are払rmed

（inparticular、eaCh alkalimeLalion 払vors the

払rmation of certain stmcturaltypes）、Wbile
仙e

O唱和ic speciesiれ仙ユeれCetbe orie刀tatio力i刀Wbi血

tbese structures assemble to create thelong一柑nge

Orderwithin theαyStal血ezeolite．Tもe払rmation

Ofasaれdwich－1ikecomplexviaioれ－dipoleinterac－

tionsbetweenthesodium／18－CrOWn－6complexand

theringofsixoxygenatomsi爪thesmallersupercage

OfEMTis proposed as the key stepln StruCture

血ection．（Veryrecently，Zones appears to have

PrOVidedyetanotberexampleofthistypeofstructure－

directioれiれShowl刀gtbattbeadditionofdioxaneto

azeolitePs叩tbesisgelgivespurezeoliteomega．31）
b botb ∝lSeS、Weak、nOn－COValeIltinteractions

between血eorga爪icandiIlOrganiccompoれentStbat

訂e eaSily masked by thein瓜uence of stroI唱er

StruCture－directlngSPeCies，e．g．，highconcentrations

Ofa比alimetdcations、PrOVide血eessentialinteト

molecularforcesthrougb wbichstructure direction

OCCurS．

1もesigれificanceofextendedstructuresinzeolite

Syntbesis underscores血e conceptualcoれneCtion
between the processes 血voIvedin zeolite seげ－

a盟emblyandthebierarcby oforganization血self一

鵡SembledstructuresinbiologlCalsystems・32Mole－

CulesspoれtaneOuSlyassemble血tocompositesはuc－

turesofinαeaSlれglargerlengthscales．hbotbzeolite

Syntbesisandbiologicalsystems，Weak、nOれ－COValent

血teractions，e．ぎ．、VanderWaalshteractionsandion－

dipoleforces，Playaslgnificantroleinthemultipolnt

molecular recog仙10れPrOCeSSeS血at occur a＝be

d肥ereれtlevelsoforga瓜ization．Forexample、hydro－

Pbobic hydration 肌d hydrophobic 血teractions

provide血por伽tcontributionstoproteinfolding33

狐d totbe血）rmation oflipid bilayer membrmes；

tbeseorganizedstructuresprovidethe subunitsfor

1argerarcbitectures．

Judgi刀g丘om tbe example ofthe syntbesis of

SSZ－26，tbeprospectsfor tbeβク〃Or∫design a皿d

syntbes由ofmolecularsievesareoptimistic・340ne

muststartwitb an血organic synthesis gelthatis

ameれable to血ei姐uence of organic stmcture－

directi咽agentS，e・g・，abigh－Silicasysteminwhich

t址predominantnon－COValent血termolecularinteト

actionsbetwee山heorgaれicspeciesandtheinorganic

丘ameworka代VaIlderWaalsinteractioIIS．However，

one must also consider thelimitatioIIS OIIWbicb

丘atures onecan control．Altboughit mayIlOt be

realisticto attempt to conは01the absolute atomic

a汀aIlgement

nevertheless

Sbape，Size、

areibrmed

Withinanewzeolitematerial．onemay

be able to slgnificantly h凸uence the

andconnectivltyOfthevoidspacesthat
血rougb the use of organic strucLure－

directlngagen臨with specifically－designed geome－

tries．Tbus、byconsideringlSSueSSuChashydrophobic

bydrationbehaviorandtheoptlmizationofi刀Organic－

Ofganicvan derWaals血teractions、the successful

desi卯Of orga力ic structu代トdirech咽ageれtS a刀d

templatesfortbesyntbesisofnewzeolitestructures

maybepossible．

M瓦SOPOROUSMÅTERIALS

Introduction． As discussed above，isolated

moleculescan血nctionasstructuredirectlngagen臨

h也esyntbesisofcrysta11ine、microporousmaterials

瓜dtberedoes呼PeartObeconceptualco爪neCtioれS

between thezeolite self－aSSemblyprocess and tbe

OrganizationalstepsobseⅣed血biologicalsystems．

bbiologi払1structures、Organicmateriallargerthaれ

S血glemoleculescanfunctionastemplates．Tもus，

Onemightexpect血atorganicmolecularaggregates

COuld seⅣe aS StruCture－directlng agentSin tbe

PreParatio力Ofporousi刀Orgaれicmaterials・

Considerwhathappenswbenmoleculesoftype

（CH3）3N（CH2）xCH3arePlaced血water・Ifxissmall，
e．ざ．、Ⅹ＝仇1，2、themolecules remaiれisolatediれ

SOlutio札 However，ifxbecomeslarge，e．g．、Ⅹ＝15

（hexadecyltrimetbylammonium：C16TMA），themole－

Cules払nSPOntaneOuSlyselトassemble血tomolecular

aggregates、とe．、micellesinwhicbthebydrophobic

hydrocarbonchainsaggregateintbeceれterandtbe

POlargroups arelocated at the suぬceiれCOntaCt

Withtheaqueous－Pbase．ThecriticalmicellecoれCen一

也tionisO・03wt％forC16TMABrinwater鈍room

temperature・35 hordertotestwhethermolecular

aggregation払n e批ct the synthesis process，We

heatedareactionmixtureofcompositionO・15C16

慧㍊こ慧1≡ごi三蒜箪㍑三：：e；訟芸慧芸
arenot brmed．ⅠれtereStlngly、at temPeratureS血
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ex∝SSOf150℃，tbezeoliteZSM－48（pores汝e～5－
Å）iscrystallizedwbiletemperaturesbelow150℃

yieldMCM－41わoresize～30Å）．From13ccp
MASNMRspectroscopy，tbeC16TMA代mai鵬iれtaCt

血ZSM－48andMCM－41．TもesedataarecoIISisteIlt

Withtbepremisetbatisolatedmoleculesstmcture－

direct血e fbrmatioIlOfzeolites while tbe organic

aggregationprocessleadstotbepreparationofMCM－

41．Morerecently，WOrkersatMobilconductedmore

exbaustiveexperimentsofthistype・37Byvarylng

bothx，6≦Ⅹ≦18．andT、100〇c≦T≦200〇C．their

陀Sults clearly support the premise tbat molecular

aggregation（10WT、higbx）払vorstheformationof
MCM－41while conditioIIS tbat mostlikelydo not

址owtbeformatioれOfmolecularag甲egateS（higb
T、10W

X）yield zeolites．At this polnt、We muSt

makeitabsolutelycleartbatzeolitesare望坐竺
血organicmaterialswbilc血ehorganicportionsof

tbemesoporousmaterialsarenotaれdmoreresemble

amorpboussolidsintbeirlocalbonding・38Thus，lt

isno【surprlSlngthatborganiccompositionsknown

toyieldamorpboussolidsalsoglVeOfganic／inorganic

bipbasearrays・39・40whatwouldbeofsignificanceis

血epreparationofabiphasea汀ayWithacrystalline

血organicportio札

Hi hTem eratureAsseml）l
Processes．Aswitb

ZeOlite syntbeses、there appears to beれumerOuS

mecba山smsfbr the assemblyoforganic／inorg姐ic

∞mPOSites that canlead to ordcred mesoporous

materials．Attemptstodefinean auencompasslng

mecbaれismare tberefore mostlikely futile・Thus．

WeWilldiscuss severalof the assemblyprocesses

也atappeartoexist・

TもeMobilgrouporlglnallyproposedthaLMCM－

41couldformbyoneoftwomechanisms・a3FirsL－

也eC16TMAionsco山dself－誠Semble血owhatis

refe汀edtoastbeHIPhase（hexagonalarrangement

Ofrod－1ikemicelles血abinary．aqueous－Phase）a批r

wbichsilicatespeciespeneLraLelntOtheaqueousinte卜

r血reg10nandcondenseto払rmtbe丘nalorganic－

血organiccomposite material・Second・thesilicate

甲eCiesif血uencethe知mationoftbemicellesand

work血concertto払rIIIMCM－41．WeiれVeStlgated

tbesyntbesisofMCM－41recordingX－rayPOWder

di飴aαion，thermogravimetric analyses a爪d29si

MRspectroscopicdatao力SOlidsamplescollected

overthecourseofaMCM－41prcparation．Additio－

na址y，姐dmost血portantly，Wefollowedthesynthe－

sisofMCM－41byれ9∫r“14NNMRspectroscopy・

Ⅶe14NNMRspeclroscopyCandiscernthepresence

of血eHIPbas6・41AtnotimewastheHIPhase

detected byわ∫∫∫打14N NMR spectroscopy・41

Tberefore，thepathwayproposedbyworkersatMobil

血atincludesLheformationoftbeHIPhasemustnot

becorrectand血eorganizationl¢adingtolong－range

OrderisduetosynerglStice蝕ctsbetweentbeorga血c

皿dinorganicspecies141subsequent血vestlgat血s

鵬mgOthertedlniquessucbas血方∫f〃SANS，422H

NMRspectroscopy43，SANS弧dXRD43b即′eCOn一

点rmedourco皿dusions．1加s丘瓜di皿gdoesappearto

beagene血飴aturetbatisappliαbletoa止typesof

bわb鵡ea汀呼Sy皿血eses．However，Otberstepsi刀
血eassemblyprocessareme血od，よe・，COmPOSitio叫

temperature、e托．，depende瓜Below、We血●Stdiscuss

assemblyprocessesuslqghigbtemperatureaれdpH

血atmoredosely resemble coれditions employed

知zeolitesy山hesis・1

Forhigbtemper如びe Syntheses ofmesoporous

m址e血短via血eoriginalMobiトtypepfeParationsI

wep叩OSed血atMCM41Gm如mbyame血皿1sm

scbematicallyillustr如edin Figure5・Ra皿domly－

odered fOd一触e orga血c micelles form血tially

（observedbyわざfJ〃14NNMRat95℃）a皿d血eract
witb silicate species via coulombic aはractions

betwee叩OSitively－Cbargedsur払c伽tmoleculesand

negatively－Cbargedsilicateanionstof血msilicate

coatedmicellcs．1meserandomly－Orderedcomposite

甲eCiesspo皿taneOuSlypa止血oabexago血おrange－

me叫OneOfthedrivhgforces forthepad〔inglS

condensatio瓜Of血e silicatespecies．Wbileintbe

hex喝Onalarray，蝕tbersilicate∽瓜densationoccurs

（ⅩRDpatternsdonot血angebut29siNMRspectro－

scopyrevealsanbαeaSe血也eratioofQ4／（Q2＋Q3）
s止iconspecies）．As血glelayerofsilicaarouれd

a

rod－1ikemicellewouldconsistofapproximately払ur

SiatoIワSPerN（訂eaOf血esuぬα狐tbeadgroup短

呼PrOX皿ately50Å2）．叫Ⅶisme血祖ism would

suggest血atMCM－41possessesSi仰⊆4and血ows

awalltbic血ess ofapproximately8Å・MCM41
basbeenpreparedw址Si仰＝3・5－4・53・38祖dawall

tbic血ess of8－10Å．3・38Additionally，BeckefβJ．3
b即／eSbown血att血eporesizeofMCM－41払nbe

expandedabovetbevalueobta血ed飢）muSlngO血y

C16TMAionsby加oducingbydropbobicorganic

species，e・ぎ・，1，3，5血methylbenzene，血o
the

s沖血esisgel・Beck戌βJ・Claimtbattheadditionof
the血ydropbobicorganicmoleculesmustbedone

e血y血血esy皿血esisprocessandtbisresultbas

bee皿Ver脆edbyHuo♂αエ舶Ⅶeme血血sm知

poresizee山argementiseasytoratio血由ewithour

syntbesisme血a血sm・Tberod－1ikemicellesabsorb

血e弧姐orga皿icspeciesand血αeaSe血eirdiameter

狐dtbis血timatelyincreases血eporesizeofMCM－

41．Sweuing of C16TMA micellesis we山

docume皿ted．451meabsorptlOna皿d swel血gof血e

micellesαn OCCur狐y time prlOr tO血e sは血

e皿侃PSulation・

Upo皿bomog6nほ1ng tbe MCM－41s叩thesis
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F短廿代5．Proposedbigbtemper鉱uresyntbesisofMCM－41．Adapted丘omre知ence36．

mix仙e，agelisformed．旺tbis gelis exposed to

ambie皿t air払f eXte皿ded periods of time，ⅩRD

PattemSreVealtbepresenceofalamellarpbase（as
WatereV呼OrateS丘om tbegel．tbephase becomes

morepro皿OunCed）．41wedonotbelieve血atalamellar
Pbaseactuallyexistsasaprecursorto MCM－41as

wassuggestedbyMo血er成αJノ6butratber如ms

upo皿debydrationof也egel．Tbus，Webelievethat

O皿1y血β才知te血血quessbouldbeemployedtoprobe

血enatureof血esy皿tbesisgel．Tbus払r，0山ytwo

仙e血β∫伽e甲erimentsbavebeenperformed；14N

NMR41a皿dSANS・42－もei〃ざ‘f“SANSexperim甲tS

血弧donotrevealthepresenceofalamellarpbase

prlOrtOtbe如matio瓜OfMCM－41・42A止oftbesolids

∞ueCteddurhgtbeheatingof血eMCM－41sy皿血esis

mix山rerevealtbepreseれCeOforganicspecies血es－

PeCtiveofwbetbertbeXRDpattern血owstbesolid

tobeamorpbousorMCM－41．Ⅰ皿tereStingly、a止tbe

姐mPles血aveanorganicconte皿tOf50wt％，aWater

C仙t蝕tOflOwt％皿dnearlyide血α1血ermogravim－

etrican血yses．Tbe similarityl瓜the TGApro丘1es

SuggeStSthattbelocala汀angementOfbotborgaれic

弧diれOrganicspecieswitbinthesesolidsissimilar，

a血ougb血elongィaqgeordervarieswitbtime・41

WebaveIlOticed血atmaIlySyntbesesglVeSOlids

血如血owo山yo皿elargepeak血血eXRDpattern．

1鮎sisalsoはue forsome of血e examplesintbe

Mo仙patents on tbe syntbesis ofMCM－41．Tもe

materialstbat revealtbe（100），（110），（200〉peaks
血owtbebex喝0皿alorderingofporesbytransmissioム

electronmicroscopy▲（TEM），Wbilethosetbatcontain

O血yasingleXRDpeakdonot．TheTEMimages

Ofmaterialsbavingonlyas血gleXRDpeakappear

tocontainrandomlyorderedcyliれders．Su叩rlSlれgly，

血esem鈍erialssbowh也hsurfaceareasand払出y

（10）

皿血rmlysizedporedist血utioれSWhe皿COmPared

to血esolidsconta血1ngbex喝OnauyOrderedpores・

Tb鵬，WeSPeC111ate血attbesematerialsalso払rmby

Silica encapsulation ofrod－1ike micelles tha＝10W

訂enOt able to pack血狐Orderly知hio皿．Tもe
disordercouldbe relatedto血ei血omogenelty Of

血esynthesismedillm．

址追払teres山皿gtOnOte血如血eHIP血ase does

ムOtformwitbC16TMAatco瓜CentratioムSOflesstban

26wt％organic血abin訂yaqueOuS SyStem．For

血esyntbesisofMCM－41，atyPi払1C16TMAco皿∝nt－

ノrationisapproximately17wt％・However，MCM－41

bas been prepared丘om gels contalnmgC16TMA

∞nCe皿はationsra皿glng鉦omapproximatelylwt％

to29wt％．Wi血TEOSa皿da29wt％aque仙SSOlutio皿

OfC16TMAatC16TMAβiratioslesstban仙e，MCM－

41isぬrmed・旺tbeC16TMAβiratioisraisedto

l・1－1・4、aCubicpbaselSPrOduced・3・47Furtber血αeaS－

esintbisratio yieldalamellarpbase（ratiobelow

2）andtbesilicateoctamer（C16TMA〉8Si8020（ratio
Of2）．Tbus，げ血eessenceofourdescription of血e

Sy打thesisme血anism forMCM－41is co汀eCt，血en

WeSbo111dbeabletoextendtheanalysistodescribe

bowa止oftbeafbrementio皿edpbasesareformed．

We血vestlgatedthestateof血eC16TMAspecies

血synthesisgelspreparedwitbTEOSa皿d29wt％

aqueoussolut血ofC16TMAby血方∫仙14NNMR・

C16TMルSiO2ratiosbetweenl皿d2yield血esame

14NNMRspectrum如gelsat mom temperature

狐d at95℃；namely a singleisoはopicline tbat

血dicatesthepresenceofmicelles・Tbus，haは仏SeS

webelievetbattbestartlngPOlntforamecba皿istic

PrOPOSalm鵬tbavetheC16TMA甲eCiesassembled

血tomicelles．

Figure6illustrates tbe phases tbat bave been
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F短肝e‘・Phasesformed血■OmC16TMルSiO2朋20・Adapted血■Omre知ence36・

sy地esizedusingC16TM郎SiO2朋20・Z，3，35，47T血e

PreParation of tbe cubic octamer with C16TMA

侶iO2佃β血ows血atatsu払ciently b也hC16TMA

侶iO2ratios，tbe suぬctant plays no role血tbe

払rmatio瓜Of thefinalproduct．Itis血own血at

quater皿∬yammOIliumbydroxidesっe．g．，tetramethyト

ammoIlium bydroxide、払rm tbe cubic octamer鈍

organic／SiO2≧1・48Thus＝heC16TMAspeciesact

nodi蝕reIltlythanotberquaternaryammoniumioIIS

蝕C16TM〃SiO2＞2・Wee刀Visio刀tbe丘）rmatio刀Of

MCM－41，MCM－48and tbelamellar phase to a址

beginbybaviれgrandomly－Orderedmicelles血eract

Witbsilicatespeciesviacoulombicattractionsto払rm

Organic一血organiccompositespecies也atarrange血to

bex喝On血．αbic orlamellar∬rayS for MCM－41、

MCM－48（Monnier戌βJ？6proposethatMCM－48is

COmPOSedofsbortrod－1ikeorganicaggregatestbat

払mtwo血erpeれeはatlngnetWOrksseparatedbya

S血由esilicatesheet）andtbelamellarpbase（organic－
血orga血cspeciescouldstackandtbenrearrangeto

払rmlamellarsbeetsofalternatl昭Organicandsilicate

domains），reSPeCtlvely．SiIICetbeN／Siratio血MCM－

41，MCM－48andtbelamellarproductlS坐竺塑
血e盟me，47tbe

role of血e 血ead一軒OuP areaiIl

determl瓜mgtheparticularmesopbasetbatisformed

血ab血aryorganic－aqueOuSPbasesystem49maynot

beacritical払ctorin tbe払rmatio瓜Oftbeorganic－

Silicamesopbases．Alternatively．aprlmarydriving

払rce払r organic－ino噌aIlic mesophase formation

COuldbethe optlmlzationofthesur払ctanトsilicate

血teractions血amannerthatallowsthehighestdegree

OfsilicatecondensatioIl．ballcases，血ecoIIVerSion

Oftbesilicatespecies血totbefinalorganic－iIlOrga血c

composite occurs at yields approaching90乳41・47

However・theyieldsofC16TMAdependonthestartlng

gelcompositionandaretbehighestatapproximately

40％払rMCM＿4141，47anddeclineforMCM＿48and

血elameuarp血ase・47These resultsunderscoretbe

払cttbattbe払rmationofthefinalcompositematerials

43

are払medviakiIletically－COIltrOlledprocesses．

TbeaforementionedinterpretatioIlOftbepossible

SyIlthesis mecbanisms for mesoporous m加erials

払rmationhasbeenquestioned・40sinceC12TMAG

doesnotbrmrodlikemicellesataれyCO瓜Centr如ion

祖dC16TMA十does瓜Ot払rmrodlikemicellesatlow

COnCentrations，e．g．，1wt乳andbotb∝鵜eS仏nyield

MCM－41，thepresenceofrodlikemicellesprlOrtO

血d血g tbe silicate pbase does notappear tobe a

刀eCeSSaryCO刀ditio刀払rmesoporousmaterialsprepa－

ration・401もekeyhereis也加S止icaandotberspecies

areclearlypresentin血esyntbesismixture．Itbas
been sbown previously tbattbe additio皿Ofsilica，

NaOHaIldNaBreadldramatiα11ycbange血epbase

diagramofaqueousC16TMA十・41T血us，W血atis血por－

tantis也estate oftbeorga瓜icspeciesatsyntbesis

COnditions，i．e．，血．！ifⅣ！1もus、Orgaれicsur血ctaれtS

notcapableofformlIlgrOdlikestructuresatconditio皿S

O血er tbaれ血ose oftbe biphase silicate assembly

PrOCeSSmayin払αdoso wbena止compone皿臨of

thesyntbesismixture are added andtbesystemis

beated．

Iton and co－WOrkers performed f乃方舟ⅣSANS

measureme加s o凸 血e sy仙esis of MCM－41・42

SohtionsofC16TMABr由owednoindicatio皿Oftbe

HIPbaseat25℃・1もeadditionofsodiumsilicate

仏uSed血ecylindricalmiceuestoformadose－PaCked

a汀ayat25℃．However，Wbeれtbegelwasbeatedto
95℃、theclose－PaCkeda汀aydisappeared．Tbisresdt

ledItoれandco－WOrkerstosuggest血atatelevated

temperatures血e‘gradualdevelopment（viasilicate

COndensatio？reaCtions）ofasilicatenetworkaround
血emicellesIS皿Oti血tiatedfromaclose－PaCkedstate．

Itonandco－WOrkersdearly血ow也鈍theaddition

OftbesilicatespeciesαmCauSeOrderiれgat rOOm

temperature，f．e．，aSaltformation，andtbatt血1stype

OfbiphasearraymwbicbthesilicateisれOthighly

COndensed caれ re－dissolve upo皿 heatlIlg．Tもe

OrderingofC16TMA寸micelles血心biphasesilicate
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訂raySbytbeadditionofsili払atrOOmtemPerature

bas血sobeenverifiedbyCbmelkae∫β′・43Fortbis

αSe，tbemicelleswerespheres．Veryrecently．Edler

祖dWbite血aveshowntbatiftbehexagonalbiphase

a汀ayis払medatroomtemperature、0Ver也ecourse

Ofseveraldaysat伽stemperature，tbesilicatespecies

αnCOIlde皿SetOformMCM＿41．50

WorkersatSantaBarbara40proposetbatamech一

肌ismofbipbasesilicate arrayformatloれ血volves

isolatedsurfactantmoleculestbatcanionpalrWitb

Silicate species to tben払rm血e f血alcomposite

StruCture．Thus、One血terpretation血voIvesisolated

molecules wbile previous work would suggest

micelles37几42（itispossibletbatspbericalmicelles
αnPe血malltbesamef皿Ctionsasrodlikemicelles

Witb血e additional托ature tbat wheIltbe micelle－

Silicate甲eCiespackintoanarray、血eorganicspecies

COn皿eCtin a maIlner analogous to the rodlike

micelles）．At血ispointintime、tbereisnoexperi－
men也1data tbat canlead one to disregard either

Pa血way．

九由easytoratio刀alizetbe女）rmatio刀Of－！salt－1汰eI－

Organic－血organica汀ay女）matioIISatnear ambient

temperaturesashasbeenobservedusing silica and

100・1500C（re仁3）

㊨
＋

Silicaand

OtIler

Componen也

〈LowSilica

Conneeti▼ity）

ÅmbieIlt（re143）＿．．

ÅmbientくreL43）

Åmbient（ref．4ヱ，43，50）

感

消開

嗣

嗣

（bwSiljcaCoII11∝tiγjけ）

otbermetaloxides．39・40・43，50hFigure7wei址ustrate

tbeproposedpbasetramsitioれS血atmayoccurbtbe

preparationofmesoporousmaterials・Notetbatat

lowtemperaturewbensilicaisれOtbigblycoれdensed・

pbasetr狐S止血scanbereversible・43Additkmally，

OnemuStbecare血1todistiI唱uisbbetweenhigband

lowtemperatureco瓜ditionssince血eirbehaviorsdo

れOtbavetobemutuallycompatible・

Asmentionedpreviously，Yam噂1SaWaefαJ・4have

Sy皿tbesizedmesopor叫SSはicas丘omkaれemiteand

Orga血csuぬα皿tmOlecules．Herewedistinguisb

tbeworkofYanagasawae∫βJ．丘omthatofInagaki

戌β′・51・52sincewebelievetbelatter血vestlgations

JuStformedMCM－41uslngka瓜emite as tbe source

ofsilica・3webaverepeated血eworkofYamaglSaWa

戌αJ・andproposedthefollowlngmeCbanismfor也e

払rmatioれOf mesoporous materials derived血●Om

kanemiteattemperaturesarouれd60－80℃（re知to
Figure8）．53

The血terlayerNa＋αtio爪S血kanemite areex－

CbangedbyC16TMA十αtionsthatpiuar血ekanemite

layers・Si刀Ceka8emitebasa止Q3silicoれ，也eC16TMA＋

－kanemite canbe viewedalmostllketbe orgaれic一

血organic川salt川arraysobservedwheれSilicaisadded

450C

一←
→

→

700C

100．1500C

→

Dissolution

＆

Fomation

（re£42）

Åmbient（ref」50）

粁

〈LowSilica

CollneCtiYity〉

FigⅦ・re7．Summa汀Ofproposedpbasetransitio耶inthepreparatioれOfmesoporousmaterials・
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Fig址re＄・Proposedme血anismfor血e血）rmatioIlOfmesoporousmaterials血・Omkanemite．Ad叩ted血）m

re飴rence53．

tosolutionsofsurfactants．40，42・43，50Next，thesilicate

甲eCies血tbekanemitelayersarereorganlZlngunder

血ei姐ueれCeOf血epolarhead、grOuPOfexchanged

Suぬα祖tCations．1もatis，thesilicateslnglelayers

Ofkanemitearebrokenupandthesilicatespecies

訂elocallyrearranged．Altboughtbe血organiclayers

訂e血tially ordered bythe血tercalatedbilayers of

theex血angedsurfactantcatioIIS、thelossinstructural

血tegrltyOftbekanemitelayersincombinatio瓜Witb

血eabilityof血esuぬctantmoleculestochange杜om

a bilayered structure to a cylindricalmicelle－1ike

喝野egatedrives血ereorganizationoftbeorganic一

血organic compositematerial．Ⅵle Silicate furtber

代a汀皿geS tO SurrOuIld 血e 女）mmg CyliIldrical

micelle－1ikeaggregates、肌dcondensationofsilanol

groupsresultsiれtbe払rmationofathree－dimensional

血organic瓜etWOrk．Du血gtbisprocesssomeoftbe

q6TMA＋加io？Saredisplaced丘omtbe血rganic－
OrganiccomposltePbase．旺tbeproposedmecbanism

臨qualitatively correct，tbenitis appareれt血at the

鵬eOfmolecules tbatformmicelle－1ikeaggregates

訂e required and single－1ayered sillcates are most

likely皿eCeSSary because tbeywouldbet士1e eaSiest

Ofa止1ayeredsilicatestoauowforlocaldestruction

Of血eifStruCture．Thusfar、tbese typesofreageIltS

are也eonlyoれeSthathaveallowedtbeformationof

mesoporollSmaterials witb preparationmethods of

血is type（moleculesthatdonot formmicellesaIld

layeredsuicatestbatarenota］Q3sillcondonot

払mmesoporousmaterials）．53

SYNTIIESIS OF MICROPOROUS ANI）

M五SOPO又OUSMATERIALS

A comparison ofthe routes by which zeolites

狐d orderedmesoporousmaterials（bigbTand pH

PreParations）areproducedshowsthatmanyof也e
mecbanisticsteps appear to be similar・Here we

PrOVide an overallmecha皿ism 払r也e organic

mediatedsyntbesesoforderedporous（uponremovd

Oforganicspecies）materials．

一Additionoforganicspecies血toaqueousmedia
仏nCauSeWater tObe organizedintbevIClnltyOf

血eorganic．Webelieve血atorga瓜icspecies血atdo

not orgaれ汝ewater wi皿not乱1nCtion兆StmCture－

directlng喝e鵬．1・7・9 At bigb pH，bydroxylions

αtalyze the depolymerization of silica wben也e

S江icoIISOurCeisIlOn－mOIlOmeric，e．g．，amO甲bous

Silica、伽med silica，眈．Soluble silicate species

血teractwitb血e bydrated organiccomponeIltSVia

coulombic and va瓜der Waals血teractions and血e

quatemaryammoniumionsassistiれ血econdensatioれ

Oftbesilicate species．Thus、tbegeometry ofthe

O噌anic speciesis tr姐Slated 血to 也einorganic

COmPOnenttbrougbmultipositio皿almolecular－1evel

血teractions（bothcoulombicand van der Waals；

VanderWaalsinteractioDSOCCuraftersilicatespecies

CO瓜dense toformhydrophobicチegions）・Tbese
Organic－inorganiccompositespecleSthen comb血e

toformmaterialscontaiれ1nglonger－rangeOrder．Tもe

血ivi刀g払rces血Ⅰ・tbeassemblyprocessi刀dudetbe

払vorable orga血c－inorganic血ter－aCtions and tbe

eれはopICgainbytbereleaseoforderedwateraround

血eorganicswbenitissubst血tedbysiliconspecies．

Witb microporous materials，thei力Orga血cportion

Ⅷ払rm crysta止血e structures．Itisimportantto

POlntOut tbattbepropertiesof血e血organicspecies

arecriticalto血e丘nalstructures血atcanbeformed．

Forexample，Witbtetraetbylammoniumbydroxide，

zeolites ZSM－12、beta and VPト8areformedwhen

血eborganicgelcompositionsarepureSiOッSiO2

謁訂器芸蕊王；タ仏1203≦50and SiO2／ZnO＜

Tもeaddition ofbeteroatomstosilicatesstiffenstbe

T－0－Tangle血omSト0－Siand血池s血eoptlmum

肌gletoavaluelowertbanexpectedi叩ureS止icates・9
Thus，血e beteroatom－COntaiれ1ng血・amewOrks wi止
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mostlikely contain smaller T－（）－Tangles．When

払mmgmesoporousmaterialsthisfeatureisれOLtbat

αiticalsince tbeinorganic portionis nolonger

CrySta止ine．Forthemesoporousmaterials、thenumber

Ofαtioasrequlrmganionicsilicatespeciesfor血arge

balaれCmglSquitebigh．Forexample，WitbMCM－41

血e produc＝atioofSi／Nisapproximately3．5－4．5．

1もisverylowSi榊ra亡ioisatleastonereasonwby

血e MCM－41（MCM－48）materials do not form

CrySta止ine血organicwalls；血e鈷action ofsilicon

血atcbarge compe瓜SateSthe organicspeciesistoo

h短b to a止ow a crystalline oxide toぬrm．Witb

ZeOlites，tyPicalSi／Nratiosare7（worstcase；ZeOlite

ね払）－23（ZSM－5）．
′mesyれtbesisofzeolitesandorderedmesoporous

materialscanberationalizedbyaunifiedsLrategyof

Self一鵡Sembly 血voIving structure－direction via

numerousno瓜－COValent血teractio爪Sbetweenorganic

皿dborganicspecies血atworkbconcerttocreate

Order on血creaslれglength－SCales tbroughout the

Syntbetic process．Additionally，and unlike tbe

mesoscopICPbasesformedin binaryorganic－Water

SyStemS，theorga山c－inorganiccompositematerials

払med虹elevated Lemperatures are most址ely

PrOducedbykiれeticallycontrolledprocesses．¶1eSe

訂eSOmeOftbesameconceptsLha【arise血bio10glCal

assemblies，in bo仙 purely organic or organic一

血organiccomposites（biomineralization）．
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