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reactions 15 or separations involving Targe nol ecul es and have been sought
after for several decades. Due to th@xideMatenials ease of handling, and

hi gh resi stance to photoi nduced corrosion) many uses have been proposed for
mesoporous netal oxide materials, such as Si02) particularly in the fields
of catalysis) nolecular separations, fuel cells, adsorbents, pattened 20
devi ce devel opnent, optoel ectronic devices, and chem cal and bi ol ogi cal

sensors. One GROSBWEFERENCEGPOIREEATEDAPHLIGA'FIONS catal ysis and
separation of nolecules that are too large to fit in the smaller 3-5 A

pores of crystalli rhis@pplication slaimssthehenefit ofPravisional BatenkApplicsation
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~e~~wn~ 2 cqgsyggyy ul tracentrifugation procedures for separating
proteins. Qher applications include supported-enzyne biosensors w th high
selectivity and antigen expression capabilities. Another application, for
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15 circuits, and as host matrices for electrically- active species (e.g.
conducting and casing polymers and fight emtting diodes). Such materials

are of vital i nd conmuni cations industries

for coating ch?’%?@h%ﬁ@gmml igighfl cal conputing technol ogy which

will require opti calanggmﬂzeenotecuwmws are dhigh idemana focreattiopsi des
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mesoporous metal oxide materials, such as SiO,, particularly in the fields
of catalysis, molecular separations, fuel cells, adsorbents, patterned-

20 device development, optoelectronic devices, and chemical and biological
sensors. One such application for these materials is the catalysis and
separation of molecules that are too large to fit in the smaller 3-5 A pores
of crystalline molecular sieves, providing facile separation of biomoleculés
such as enzymes and/or proteins. Such technology would greatly speed

25  processing of biological specimens, eliminating the need for time
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t hese applications have been signficantly hindered by the fact that, until
this invention) nmesoscopically ordered netal oxides generally have relative
thin and fragile channel walls. Since nmesoporous nol ecul ar sieves, such as
the MA1 S famly of 30 materials, were discovered in 1992, surfactant

tenpl ated synthetic 3 procedures have begn extended to include a w de
vari ety of conp03|t|ons and conditions for exploiting the

nt or act | ons GGt AEcRRtRigaoR BroERbr ek 1t KerHARAEEIAIGRE. \Bther
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si zes up1@o SibamevsmkstuKh @shShbsi and\WRypcambe, also usedin the constauction
Mater. 7, 842 é&%@gﬁ The preparation of films and nonolithic silicates

usi ng acidic @ I Processing nethods is an active research field, and
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as a structure-directing agent. to produce nesoscoplcally or der ed naterlals
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mesost ruct ur al ni.e _conpo8ites) the resulting

materi al s havég%ﬁﬁﬁﬁﬁﬁ$gngqﬁﬁﬁﬁ?BSaﬁégﬂﬂP S thin films) or opaque
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that involve electron transport and transfer or magnetic interactions. The

fol | owi ng nesoporous inorgani c oxi des have been synthesized with small
mesopore sizes (~ 4 nm over the past few



years: Mi02 (Tian, Z., Tong, W, Wang) J., Duan) N., Krishnan, V. V.) 30
Suib, S. L. Science. 5 Al 203 (Bagshaw, S. A ) Pinnavaia) T. J. Angew.
Chem Inf. Ed. EngJ. 35, 1102 (1996)), TiOz (Antonelii) D. M) Ying, J. Y.
Angew. Chem Inf. Ed. Engl. 34, 2014 (1995))) 5 Nbz05 (Antonelli, D. M,
Y<ng) J. Y. Chem Mater. 8, 874 (1996)))qTaZ05 (Antonelli, D. M, Yi ng J
Y. Chem Mater. 8, 874 (1996)), ZrQz (G eésla) U ) Schacht, S.) Stuck
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25 acetate toughening of TEOS monoliths (Wojcik, Klein; SPIE, Passive

Materials for Optical Elements I, 2018, 160-166 (1993)) or Lebeau et al's

organ ic-inorgan ic optical coatings (B. Lebeau, Brasselet, Zyss, C.

Sanchez; Chem Mater., 9, 1012-1020 (1997)). The majority of these

studies use the organic phase to provide toughness or optical properties

30 to the homogeneous (non-mesostructured) monolithic composite, and not



20 For all these nmesoporous non-silica oxides (except Pinnavaia' s alumna
wor k, in which copolyners were used to produce nesoporous alumna in
neutral aqueous conditions)) |ow nolecular weight surfactants were used for
the assenbly of the nesostructures) and the resulting nesoporous naterials
generally had small nesopore sizes (<4 nm)y and 25 thin (1-3 nm and
fragile franemnrks The channel walls of these nesoporous netal oxides were

exclusively a ' Wﬁ X-ray
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t hat conbi ned Ehase separati on, sol vent exchange with sol-gel chem stry to
prepare macr 0s¢897)). o aa overview ekadvanaced hybridorganicasilicawonpesites,s

covor ker s uiiﬁs%ad“avaﬁ# Felipulaicid, B nieaky Ack, ﬁete‘l%iﬂ?z&ﬂﬁéh%ed
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Burkett) N. H Mendei son, S. Nat ur 1997) searcﬁers have
comrent ed2@n tpmMngsastmamayymrdemﬂmgamc-drgmcmmpoﬁteseﬁhe or

52?? e sonbl ?Cﬁﬁaﬁ!ﬁmgéj@f@ﬁa@s bave heed in he o oL PoWASTS 1Bin s 85 v & b
i i S.
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P. K. Hensma, m-odedmesdbxhemmaﬂonaﬂhmsﬂﬁ:d ﬁwpnrausl oxides hasanet withv
Bel cher) P. K nsngy, D. StUCQKI et al Chem , 2T2, 32472

(1997). BRI EF 8O0 e@lsumsssmlshnu these mmrouﬁmﬁtal@me@ heldaore,e
drawbacksp8l PhtGhisd {rPapplidations that involve electron transport and transfer or

magnetic interactions. The following mesoporous inorganic oxides have
been synthesized with small mesopore sizes (< 4 nm) over the past few
years:
MnO, (Tian, Z., Tong, W., Wang, J., Duan, N., Krishnan, V. V.,
30 Suib, S. L. Science.



prepare nesoporous materials and nmesoscopic structures) and provides 15
heretof ore unattai nable nmaterials having very desirable and w dely useful
properties. These nmaterials are prepared by using anphiphilic block

copol ymer species to act as structure-directing agents for netal oxides in
sel f-assenbl i ng systens. Aqueous netal cgnons partition within the
hydrophilic regions of the self-assenbl ed system and associate with the 20

o cour Sor  Spbci ooRIEAENEN S A FRCETRHIT PoALaRl. EHOREEERE Oy, oo

a densely cre,z 1. 148 ka2 W&opi cally ordered netal oxide network.

Mesoscopi ¢ order 1s inpa y cooperative self assenbly of the inorganic

and anphi phi lic sTQj (Antomedil, D.tMNYing| 0s¥. Ahgew. [Chiempint. Ed. ZEndly Bdpphobi c
i nterface. By sl owlé evaporating the aqueous solvent) the conposite
mesost ruct ur2@1444988)) orned into transparent, crack-free films) fibers or

9 nmonol i ths, havi -di nensi Qn xa I 6 cubi i or

| anel | ar¥nesostr ugﬁzbﬁ‘,‘\n&g@ﬁnﬁn@‘o lf@,g‘?% Qéé)’pwquﬁﬁ @%é&lr'@%»s
Heating to renove | G I e gmthat S
5 thermal |y stabl ﬁ@%ﬁﬁﬁ“ﬂ“ﬁ@ﬁ@&yéi ﬁﬁ%ﬁ@gé@ﬁ%ﬁ rous»'
structures with heo,fClesia; UaGehactrsS., Stucky, G Bj Unger) Ks i.; 8ehafh,| ns
and nonoliths, the nesoscopically ordered sillcates described in this

:nvenLi on f:aﬁ- Aag@m(ﬁbem.w:m Iﬁmi@?gl.&@;%t(ﬁgﬁ))delr in the 100-200 A
constants) & ar go SHESILREE, L. Savath, A CoBbEComatt SELLIRBYD 800 ana
yet stihp retain Iégﬁe@d F%F(AEBE&,}EG. SNBadet P NIseviénen R K. B, EIstegi fi ed

silicates. In accordance w't urt Rer enbodi ment of this invention)
i nor gani ¢ oxMigOweeyr AR5 WaagsyniHh Seierwe, #78) 838 @997 ))ensi on (3-d) 15

meso-macro structyres using sinultaneous | ti se gssenbly. Sel f assenbly
of pol ymeJ[i zed i n?‘i%ﬁ\@r_ %%w@bba&m%%ﬁaqﬁwm%@fe B!%?P_ y Uréshd tEe
concun-ent a | r ghen L | r amewor ks
are carried %%F%Fﬂ’kaﬁnﬂe]r ngeegﬁ;hg%hgapp%g@'yu@gr@?gt nggggfsgpopl et of
strong el ect BeamhePi Wor Osenar, R, Suipp 8! I. Naferé 3809325T(1998)sul t is a 2-d
or 3-d macroporousl nesoporous nenbranes which, with silica, are coral-1liKke,

and can1Be as | ar §ueky andeo-workers firsh extendeskthessufaetant iemplating ust ed

be. control | catraiedIG ik sPhtnesiEethdnshlbabRE T AR hstuidiutes, tra ool o
evapor ati on beides! Bbliepesitvel! and ABHiiv crirget sUrtdctants wesk used in

inorganic salts and faster evaporation reSult I'n a thicker inorganic oxide
a framewor k #mwe praserce pfiwatenseluble inorganicspesiespiltwesfounditbat the her 2-d

by aooheoni | ka8 defsily iatihing Betwaedine siBeur 4iid e indBatic °orc ' '
ther nal bp St%?b%iéi‘%@ﬁ&ﬁ%ﬁn?&m&ﬁﬁﬁtmh%mﬂ&mo@m and pore

volunme up to 1.1 ¢ 10 inportantly, these neso-macroporous
coral -1i ke pmessphases.dbt/infartahately, mostakthesetran-silicarmesastnuchures arer

catal ytic, sorptjon atal ysi g, separatipn, and sensor_arra A
appl i cati ons nog%EﬁhB@EE%‘ﬁ?I Rﬂ@vqﬂ@meﬁ'lﬁ% Llfﬁ%%logl%i ze
conparison b | | hG i b | asddi® and
VOV 41 ) and SSERhtElorithe S MSCERerOuRAIlRing ifHelivad dueos dfadid 27
shows powder avd syggesteddttiat the wsRPhotedisordered neesoporoussinaterialsdare
cal ci ne% nmesoporous, silica (SBA 15) prepared usi n% t he arrphi'f)hi I i,ch
S5 assembled by hydrogen-bonding interaction of inorganic source with the
surfactants. Antonelli and Ying, supra, prepared stable mesoporous
titanium oxide with phosphorus in a framework using a modified sol-gel
method, in which an organometallic precursor was hydrolyzed in the
presence of alkylphosphate surfactants. Mesoporous zirconium oxides

30 were prepared using long-chain quaternary ammonium, primary amines,



10 pol yoxyal kyl ene bl ock copol yner PEO-PPO-PEO~. Figure 3 shows scanni ng
el ectron m crographs (SEMs) (a) b) of assynthesized SBA-15 and

transni ssion el ectron mcrographs (TEMs) (c, d) with different
orientations of cal cined hexagonal mesoporous silica SBA15 prepared using
the bl ock copol ymer PEO-PPQ, ~PEO-. 15 Figuyse 4 shows nitrogen

adsor ption-desorption isothermplots (top) and pore size distribution

cal oined mes A BPHERE SdcHimiatibrBRybatdinl af R sini eyt Srstihg Fgen
PEO-PPO, ~PEOgderKir) AY BRdinsnteldP ( ©héh, Y, WahbBLaslianJoChem.cCaffmunye. 20

Figure 5 shows transnission el ectron mcrographs with different pore sizes

and silica w161 (199K))eRacheco, Galﬂllam.theG@@Im ., ISklyare; dusFeplatcd. $BA- 15
d th | k O ~PEO~ 47 A,
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t hi ck f f 260 A
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and cal ci ned mssOpArsuatffddingspro%%%slﬁasElwdevéloﬁw\by\laiowlescatalf forhthe

d(100) spacing (solid) and pore siz open) for nesoporous hexa onal SBA— 15
cal ci ned at Soreparation of meseperaus Zré)sl(Kap\ﬂdeﬁijAr udsen Mb.ud.

ia?ga‘(:g? g;;"s $550 & afh eatbhiu. 2985 (FHe8)). '&quéﬁgfm@z"ﬁéﬁﬁesi*‘és&ﬁﬁ@%

C sEQ o gun}/act aWM@m@gﬁg}%@%&éég@ppo gl:éldlrEFhﬁg %ém

Tl anal yor A i avas fom A 62?"2 pryi g e b

usi ng the b > SiBiEh pBISRAIE AR bRl SEMIESNACHNG TReSeRERS dqs.erﬁy
MCM 41

s: i Ezgct)lrggagaﬁabm ngqﬁl dg{ | %dccgﬁﬁ% ﬁ @Qn&%&%&?tﬁég (c),

cal ci ned I\/Cl\/#m‘ateﬁalsramtammmwbmﬂyl atmveatkmgbwd-ﬁsslstmemplaﬁngBA- 15 (d,

e) prepared by using the block co mer PEQ20PPO, oPEO~ after heating |n
boi | i ng vvateraPBFOQ‘g') hag heerpsu ss Hy wsed; ?);1& Elﬁﬂvlﬂ arkers, $URrae for

(b 34 ud3 or e VnibissisEey BELPRATT T2 gh@%’#ﬁé‘%@%@%&"w befkpghe:, 7
Figure 12 shoiworgaRROmietal dFdtiestarm sirfactitvias GOtzed s tis progéss twol ymer

nonolith prepared with Pluronic F127. 12 Figure 13 shows (a) a phot ograph
of a transpar aasenpleithe mesosiBictiresiMoitegantly:the surfactanttemnl

resolved poakSrEikaY fing Hebn fUEHEEGLIY ABNAE b Platiiih by Aﬂﬁ%ﬁgﬂﬁ' |

refl ections aapqu ed with p6mm 5 hexagonal symetry in which the
one- di nensi onal’ axes of the aggregates fie horizontally in the plane of the

film Fig0Ore 14 sh&er alhthese-mesoporousinan-silicafoxides (exceptfinpavaia's
constant and gy mina work, in which copolymers were used to produce mesoporous

alumina in neutral aqueous conditions), low-molecular-weight surfactants
were used for the assembly of the mesostructures, and the resulting
mesoporous materials generally had small mesopore sizes (<4 nm), and

25 thin (1-3 nm) and fragile frameworks. The channel walls of these
mesoporous metal oxides were exclusively amorphous. There have been
claims, based solely on the X-ray diffraction data, of mesoporous ZrO,
and MnO, with crystalline frameworks; see Bagshaw and Pinnavaia,
supra, and Huang, Y., McCarthy, T. J., Sachtler, W. M. Appl. Catal. A

30 148, 135 (1996). However, the reported X-ray diffraction patterns cannot



refractive index as a function of silica porosity. Figure 15 shows | ow
angle and wide-angle X-ray diffraction (XRD) 10 patterns of (a, c), as-mde
zi rconi um EO~-PO~EO~ conposite nesostructure and (b) d) cafcined nesoporous
ZrQZ. The XRD patterns were obtained with a Scintag PADX diffractoneter
using Cu Kay radiation. Figure 16 shows IEM m crographs of 2-dinensional
hexagonal nesoporous Zr02. (a) and (b) afe recorded along the [110] and

bl ect ron_di PREMEE e PasEbliky OF phasedenaraHon Hatyeen Ba MeRaPRrRR 8ntler o
ol i . Rea” . |
were cal cf neSipiiig shatdiials, andgieiars el Biddibalhas BEEANAcoRthisiATY oS

speci es. 20 |rfriadditior, mekbofthE-$jntheses wares cafried itinraquemis solutivmal

mesoporous Ti02. (a) and (b) are recorded along the [11 G and [001 j zone
axes, respetiSing:metal aliyoxides(as inorgamic precursers. al be largecpraportipniofact i on

pattern _obtained on the i e area. Fiqure 18.sho TEM ni crogr. aphs of
2- di men$i on qﬁé?&%ﬁﬂ%ﬁ‘%@ﬂ&'ﬁ!ﬁ 0@6%3%1‘9" Qﬁﬁ'? 5‘3“3)&”8 'F"gé%rded al ong
the [11 § C{)@@és g.mqg@ﬁ ' \ is

sel e[ct ed-qar gg@e ectrjgrr\‘dd*lh%fractl n peyt‘tégg‘ﬂ?g%t}'a?%aewg}%ﬁ#ggk ar ea.
Figure 19 sidiffisult@docontralgr aphs of 2-di mensi onal hexagonal nesoporous W3.
(a) and (b) are regcorded al,ong the j110], 6 and [001] 5 zone ,axes,. \
ebpectively . Fi GiTADGVERGRS ciLihe hpRrslisemeseporous mAsriaiphinGiotina
Mesopor ous : ; LS lans igg sel ected
ar eapel ect r%ﬁrﬁ'g{gg g’?ﬁ%&?@%ﬁ%ﬁﬁaﬁ%ﬁ%ﬁ?ﬁﬁ%@&% g‘é‘!' ﬁIéi gure 21
shows MGM nmiMicegpordusoMater 12 189o@9o)exagonal 10 mesoporous Ta20s

recorded along the [001 ] zone axis. Figure 22 shows TEM tnicrographs of
di sorder ed hexagoHaerenhas gisawbeen aineed for poreusinasganic matenialswidh aph of

-di ' h l, d I h I S.
15 F gur e 2 PR RiEtaRCon BatRat lengin foaing; 16r Lo AgBn S ARebiRASLs
STO4 T ecor degrgd ARSleLfe EANSIE. MERNLEIeL6hEBISA, BRORIRITLE 00T aphs of

2-di mensi onal "hexagonal rresyporous Si a) and (b) are recorded al ong
the [110] aseniconductorcnanestiuctuedbe developaentiof medizal icnplants amd

lo01] “Foho Shemomshogedsss of Skefialtors, Pheilise & olgamé iampiigs Tor ' (hin
e o e, o TREAASE Sy ot ARG RRE oo eIy fostigtInG o0 (1
designing porous materials with pore size ranging from angstroms to
micrometers. For example, microporous aluminosilicate and
aluminophosphate zeolite-type structures have been templated by organic
20 moleculars such as amines. Larger mesoporous (20 ~ 300 A) materials
have been obtained by using iong-chain surfactant as structure-directing-
agents. Recent reports illustrate that techniques such as surfactant
emulsion or latex sphere templating have been used to create Ti0,, Z2r0,,
Si0, structures with pore sizes ranging from 100 nm to 1 ym. Recently,
25  Nakanishi used a process that combined phase separation, solvent
exchange with sol-gel chemistry to prepare macroscopic silica structures
with random meso and macro-porous structure; see K. Nakanishi, J.
Porous Mater. 4, 67 (1997). Mann and coworkers used bacterial threads
as the templates to synthesize ordered macrostructures in silica-



to Ti 02 nanocrystals. 5 Figure 28 shows (a) Bright field TEMinmage of a
thin slice of the nmesoporous ZrQ2 sanple. (b) Dark field i mage obtai ned on
the sane area of the sane Zr02 sanple. The bright spots in the image
correspond to Zr02 nanocrystals. Figure 29 shows nitrogen

adsor pti on-desorption isotherns and pore siqze 10 distribution plots (inset)
cal cul at ed usi ng BJH nodel fromthe adsorpt® on branch i sothermfor calcined
Zr02. The isothernms were neasured using a Mcraneritics ASAP 2000 system

The sanpl es mesprhases. see RavisoS. &. Burkelt, Ny H. Mendelson,iSqur e
30 sh it [ d | i soth d 15 si
SO SRotE gt ks B85 AR, 0L 1oL () e pore 1 <1
branch isotherm for R%%Le%‘r&‘i‘&sThﬁWe cb@ﬁﬁéniéﬂ o é%s&éﬁﬂﬁ?éﬁﬁ@@éﬁi&‘

npl es. Fig r

obt ai ned on the nmesoporous sa ure 31 shows nitrogen

adsor pt i on- dessomposites ditdtted byproteinrer onganicsurfactants cbutlittiesor theer
i nset) cal cul ated using BJH nodel fromthe 20 adsorption branch_jsotherm

f (ﬁr cal ci rﬁﬁd Neffiect oHprraaricisalis apthe ﬁ@ﬁ'ﬁﬂmﬂygmﬁﬁrﬂﬁ@%ﬁﬂlc@sﬂ S
eother s and SAEMr{ETbanale ticritas WHT dRdmoEp Rt ioRRaLBES. 58 BV,
BJH nodel frongt E?%“Sﬁ“{)ﬂi ) Néridét8ohs 8t WPdldﬁ.WétdiéJ 38591293@@@7 EX M,

spectrum obt ai ne e nmesoporous’ sanples I's shown In upper inset.
15 Figure 33 sBelecher| X: &jaNua @R . Christersen; Bt KoMansmacGnD.a8tugky; e si ze

distribution plots (inset | cul at [ BJ | from.the. adsorption
branch i sot herh¥@f@éfe, &Q%lgﬁaﬁﬁﬂéogng&ﬁfgﬂ% Sh@ﬂ&eﬂr:{'% e-nﬁ- "?ansmg. G.
adsor pti ofy des@r el,i I §0t4h p ' et ri bution plots (inset)
cal cul at eﬁo usi ﬁg%&&m@e '-ﬁ’@ﬁﬁ%&"-am S‘?.Z‘zﬁﬂg?z&h i sotherm for cal ci ned
W)3. Figure 35 shows nitrogen adsorption-desorption isotherns (a) and pore
size distribution plots (b) cal culated using BJH nodel fromthe adsorption
branch i sothemn for calcined SiTiQ . 10 Figure 36 shows nitrogen

adsor ption-desorption isotherns (a) and pore size distribution plots (b)
cal cul ated usi ng BJH nodel fromthe adsorption branch isothermfor calcined

ZrTiQ . Figure MAR THE '%grf@]qle X-ray diffraction (XRD)
B@??@‘n&de ?i@ggni urr1qgg~ )

patterns of (a, s conposite cubic 15
mesostructure and (Fhelpresentimeshtionoperoomesithiee drawbacks 88 priorneffortsvto

T o otSmtoashporain sl b osRAaipie shEkiFed, S Bidies
rerasopts' Lierefite, (hafnEie hBBRaIalRG Vod esltabiCandrGRigl yoetu
b) as properties. These materials are prepared by using amphiphilic biock
copolymer species to act as structure-directing agents for metal oxides in
self-assembling systems. Aqueous metal cations partition within the
hydrophilic regions of the self-assembled system and associate with the
20 hydrophilic polymer blocks. Subsequent polymerization of the metalate
precursor species under strongly acidic conditions (e.g., pH 1), produces
a densely cross linked, mesoscopically ordered metal oxide network.
Mesoscopic order is imparted by cooperative self-assembly of the
inorganic and amphiphilic species interacting across their hydrophilic-
25 hydrophobic interface.
By slowly evaporating the aqueous solvent, the composite
mesostructures can be formed into transparent, crack-free films, fibers or



synt hesi zed neso-macro silica nenbranes prepared by using P123 bl ock

copol yner (EO-PO, oEO~) in NaCl solution after washing out NaCl with 16
de-ionic water; (c), small nacropore size silica nmenbrane prepared by
adding a Tittle amount ethylene glycol in P123 bl ock copol yner and NaCl
solution; (d)) silica nmenbrane prepared yith fast evaporation by using P123
bl ock copolynmer in NaCl solution. (e)) sFlica nenbrane with grape 5 vine

hol ed with hjigh t ' f c (F), . ' | t
Naq orye! alaoBglidie fiaipa hieimensianal hexaaanal (HEr e ISAIAIMC 2 ng
el ectron m ﬁgﬂ@ﬁhs (SEM of (a) b, c) assynthesized nmeso-nmacro silica

menbr anes prepared by using P123 bl ock copol yner (EQZOPO, oEO-) in (a), KO ;
(b)) NHAC; mesosiridtdres dépendind onfdhoiceof the blook copolyorersc Heatingwi th

de-ionic water. (d), |large nacropore size silica nenbrane prepared by using

P65 bl ock cdpdemeve ;r@omg?igdemplatewdeidssaamasanoroEsagm_duntstlﬁtdas SEM |
by (. st ApSINY 3t4 e i nificl Jtah “Califaien weds Heslodol, L PonP 7l b

c, d), usi ”%t)R]&ﬁré%Qﬁ’lh E@H%muﬁd&e(éfbhsmﬁﬁkéﬁ‘a iotal sotgel Firrs2

solution; ( Na2S0, sol Otion. Figure 44 shows powder X-ray diffraction
(XRD) patt erard otonalithgnthecmesoscapidaliy bodered siticatescdesaribed in thisbr anes

e e L
heni cal bt | ' j : 0.017 nol
NG 0. 01 nonotsfAlPtardi; sifenioi Tarde YiiScd Beds, JoRHSINARE ¢ /)" ™
Fi 0 sheons Jargs anisotiopy morﬁom tepvery lecdl
ciallggirﬁed siSI i ca t%?b{rgﬁfg?igpar ed;ﬁg?}lg t he bl ock ggﬁ?g%?n??%ﬁ NaCl
sol ution recandyet still retain themmal stability and the dranspasency of fully densifieq

cal ci ned silﬁﬂeaﬂgpbrane prepared by adding a little anmount of ethyl ene
gl ycol. TEM aken on a 2000 JEOL el ectron m croscope operating at 200

kV. Figure 46 shows acBerdartieawitia fuptheranibodindiiof thiglimientiorgntial 5
thermal anal ysis (DTA) traces for the as-synthesized nmeso-nmacroporous

si | i ca menbrinesgapiccpxidemembranesy are synthesized with thseerlicension {Ba)oE0-)

(ot or 8\ eRRe A B stmithils GG $PoubaNbal HGRBRRe HsdentBhS " setr-
adsor pt i on- daseamibly Bf peRiMenzadindrgativ)oxade sPecha/anphishiicsilotkut i on

curves (b) for neso-macro silica nmenbranes rggqred usi ng bl ock copol yner
P123 i n NaCl copolymers and the coneurent assempgmo highly ordsred mesoperags shows

Gi st 'but onNEABOBE SRGE RIS are FAatech Lt ok 14 EtefTaR8 At & iy, anes
P £ 0gen_adshrors onfistiiy SPAMPIEN Of AT plocryiEInelgamC salfsiiatey 15 shove
20 soﬁltion. The result is a 2-d or 3-d macroporous/mesoporous membranes
which, with silica, are coral-like, and can be as large as 4 cm x 4 cm with
a thickness that can be adjusted between 10 uym to several millimeters.
The macropore size (0.5 ~ 100 ym) can be controlied by varying the
electrolyte strength of inorganic salts and evaporation rate of the solvents.
25 Higher electrolyte strength of inorganic salts and faster evaporation result
in a thicker inorganic oxide a framework and larger macropore size. The
mesoscopic structure, either 2-d hexagonal (p6mm, pore size 40 ~ 90 A)
or 3-d cubic array, can be controlled by amphiphilic block copolymer
templates. The resulting membranes are thermally stable and have large

30 surface areas up to 1000 m?/g, and pore volume up to 1.1 cm¥g. Most



pore size distribution curves (b) for calcirfed nmeso-nmacro silica nenbranes
prepared using bl ock copol ynmer F127 in NaCl solution. Figure 50 shows
nitrogen adsorption-de sorption isothermplots (a) and 20 pore size

di stribution curves (b) for calcined neso-macro silica nmenbranes prepared
using non-ionic oligonmeric surfactant Brij 46 (C-8H3, EQ oOH) in NaC
solution. Figure 51 shows SEM i mages of (a)-(d)) as-synthesized silica

menbr anes pre ' _li ' oy ] t
vashi g 1o nEmsrEt the Ficse MACIorRBES AL IKe pldresBldliue gt
region; (c), sacoessbto the inesopore supfacesdar icatalytic,} sorptionpcatalysisn. of t he
menbrane. (e~(h) as-synthesized silica nenbranes prepared by using P123

bl ock copol yneseparakioBoand sensosarays: ARPIKaAYIANEy recor ded at different
region) 5 (a)) top region; (b) same (a) with large magnfication; (c) bottom
rﬁgion of the menbrane; (d), disk-like Ni SO crystal. Figure 52 shows the
cMange of the ' Sﬂﬂﬁ THE IDRAN functioned with

evapor ati on ti%emghqgﬁge olﬂlgﬁ?oﬁcentratlgx@% i qui d phase of ethanol

(open cirche); Figurer $howsd sizedompatisoh bietweens worprjor drt paroas (notgahic
square); Intensity ratio for (100}M%i ffracti OﬁB&f I 1'i ca-bl.qck copal yner
mesophase (opefaterfialsyFayjasite and NieMy 1gand 3BA-3n, Brepared ip; dapesg) i g
triangle) at | .3.59 A determined by XRD in solid phase. Figure
53 shows a scﬂ‘g’ﬁﬂ?ﬁ%‘@b@ﬂ\ of the sinple procedure used to 15 prepare
corallike neso-macro silica nmenbranes. Figure 54 shows progressively higher
magni fications of a section of a neso-nmacro silica nenbrane nade in

accor dance wi t Rigures2 showstpawdemnXay diffragtiomr(XRD)patternsiof assymhesized
This i ti i d i npl d.. d f t h f
or dor ed | ar go- BOH SAEIASH InEAOPRIPLALSIES (SHE-18) BrepalsiLUSing 8 AfRRRES) °
Zr02, Nb , T g‘hi,jg’n Hars BRO2 | xed id Si Al 03
Sir A105. 5)2le ZTP%r O, ,e @?%cdﬁnéo "@riﬁplz_{/ avﬁﬁ?@gs I gi/(vl- cgzt , | non =)
toxi c) and bi odegradabl e anphi philic 25 poly(al kyl ene oxi de) bl ock

| b d t he st directi )1, | -
Sol ut | ons for EIHIRS ShGWeREARRING @lecian migrogrphaderms)da; BY of Beer or abi y
the bl ock : i : : L
pol y(al kyl ene. SYmesied SHA- 1S4 fiapSrEBion SetoInferbB4mtis (TEMS) (6, 9,
wi th t he opposwith diffésent’ orieritations lofigalcinedyhiexagdnal mesopenous.silica SBA-

pol ypropyl ene) .gxide (P .or . .a di. bl oc ol i 8;‘; ( for exanple)
pol yet hyl ene oﬂgd%'FP?&e ing the glgﬁfl @QOW%@(% ﬁeﬁ@mxi de) (BOY).
This can variously be designated as follows: polyethylene

oxi de) - pof y(propyl ene oxi dey- pol y(pol yet hyl ene oxi de) 10

HO( CHz CH2 @ bx ( CRiguieshows( fitidgenladsorplion-iés éiiptiondsoffigrni-plots(top) and
pore size distribution curves (bottom) measured using the adsorption
branch of the isotherm for calcined mesoporous silica SBA-15 prepared
using the block copolymer PEO,,PPO,,PEO,, (a, b) without and (c, d) with
TMB as an organic additive.

20 Figure 5 shows transmission electron rmicrographs with different pore
sizes and silica wall thicknesses for calcined hexagonal mesoporous
silica SBA-15 prepared using the block copolymer PEO,,PPO,,PEO,,. (a)
pore size of
47 A, silica wall thickness of 60 A; (b) pore size of 89 A, silica wall

25 thickness of 30 A; (c) pore size of 200 A; (d) pore size of 260 A.



pol yet hyl ene oxi de~pol y(but yt ene oxi de~pol y(pol yet hyl ene oxi de) 15

HO( CH2CH20) x( CH2CH( CH3CH2) O yH PEO- PBO- PEO EOx BOy EOx where x is 5 or
greater and y is 30 or greater, with no theoretical upper limt to either
val ue subject to practical considerations. Alternatively ( for 20
particul ar applications, one can use a rﬁ{erse triblock copolyner or a star
bl ock anphi philic poly(alkylene oxi de bl 0Ck copolyner) for exanple, a star

or gani ¢ SHBUS BAteps RAWISTIGERY Aaction XSS Ratéme of o SYBEhes €t
as precursorghd Bglhhbéd\ﬁb%amg@ﬁ@ qgal 25 (p6m) and cubic (I mam

nmesostructures can as lamel | ar nesostructures,
dependi ng on the choice of the block copolyners. Calcination at 400 C

yi el ds mssori:orous structures with high BET surtace fixrea (100 - 850 nklg),
porosity of Figure §h°W%NQEa§°§|®fdhﬁgﬂ1Q@bsPan lid) and poresizes 30 - 140
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speci es. A unique aspect of these thermally € nmesoporous oxides is

t hei r robustamphipfilei (copolymee oosurfactanthratio (g)nel wal I's, within which a
hi gh density of nanocrystallites can be nucl eated during catanafion w thout
di snrpting the nmesoscopic ordering. in addition) variations of this sinple

sol -gel pro [ S8 mﬁj I Jpor t ant
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i nexpensi veﬁgy hetl C odol ?a%make t hese neso gouiﬁﬁt §E: al % ar](

excel I ent cHei riactant {b) SRA-1 ﬁcpremgdmm?’ QPR =k &Qan bloc

separ at 4 @ns ‘F'ﬂkﬁ‘% I | s, adsorbents, optoelectronic devices, and chem cal
and bi o 0gi ca sor For exanple, due to its |ow cost, ease of handling,

and hi gh resistance to 15 phot oi nduced corr osi on, one application for
mesoporous Ti02 is photocatalytic water splittin is extrene

i nportant f Jrigke S shewsithermogravimetric analysis (& bﬂﬂd) Hlffel' patial thgrm% 0

aci dic car al SayseEEAY A R HE e kimfhedived sna-(h Bibhardi b Pt

20 whi ch curthetlogk /e MPE’OM’P@-}{,P‘ED{OOV phot ocat al yti c conversi on of
CH, to CH30H and Hz. soporous fmateritals Wth sem conducting frameworKks,

such as Sn02 and W)3) can be also used in the construction of fuel cells.
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struct ural |ntegr|ty even after the nucleation
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ol yal kyl en cp r i ety of
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one can2Qse @)y 2drtphi philic bl ock poI ymer having substantial hydrophilic

and hydr ophobi c conponents and 5 can use any inorganic material that can
f orm cr own- et her type corrpl exes W th al kyl ene oxi de segments through weak

coordi nati on [ ound of
a nmultival enf@?@?sp CI e@@&@&%pﬁ%bﬁ@aﬂsp@%a@?ﬁ%S W@é@'ﬁé@f erably
t he oxides. ﬁlmoﬂthsinmraﬁngga{ 27 Qﬂ% andy(b) SPWt% efthe PEC-PPO-PEO

hydr ophi | i ¢ pol yet hyl ene 10 oxi noi eties. The resulting conpl exes
then sel f as§mlﬁeadimtmg190polm HMOElﬂdfaiZ?or dering directed
principally by m crophase separation of the bl ock copol ynmer species.
Subsequent crosslinking and polynerization of t he i norgani c species occurs

to formthe ssemg ?ygnecqp;m v1 é gv&%)galmg ﬁﬁegom tes.

The proBosed I Verse nesoporous net al

oxi des 28es éﬁalyma? mornalithprepared mrmomm'n conjunction with (for
exanpl e) electrostatic, hydrogen bonding) and van der Waals forces to
direct nesostructure formation. Ass Indicated above, one can carry out the
assenbly process in 20 non, aqueous nedia using netal halides as the

i norgani ¢ precursors,



whi ch effectively slows the hydroiysislcondensation rates of the netal
speci es and hinders subsequent crystallization. Restrained hydrolysis and
condensati on of the inorganic species appears to be inportant for form ng
mesophases of nost of the non-silica oxides, because of their 25 strong
tendency to precipitate and crystallize injg bulk oxide phases directly in
aqueous nedi a. The procedures of the present invention enable close control

ond Pro o - pebaie)d SV T S it fat of dbdrafard aRR i SBR-15"5e0
22 Because of gfiisgichpofynepfilm prepared With PRfonit 164 thpan X-2ag difftattione
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stabl e an ore Ze nesoporous S y usl anphi philic

bl ock copol yﬁ&ggrégaﬁs'ﬁého%m!lmhwpmwrthefﬁlmhe famly, to which we
have assi gned e designation SBA 15, has a highly ordered)

finro-dinensi onal hexagonal (p6mm honeyconb) hexagonal cage or cubic cage
Sur  ace. ar oas FIBUGHA4 RNRR $h6 previctan Fangust ol 6Byga( deledfe clinstat dha™ "
| arge d(100) iti g®es from 46 - 500 A and
silica wall tﬁﬁgaﬁggesgéd%aﬁa-ﬁ‘%%ﬂi?os 'k%@%’ﬁﬁe readily prepared over a
wi de range of specific pore sizes and pore wall thicknesses at | ow
tenperature (35 - 8QC) .using a variety, of . co rcially avajl ahl | ow Cost)
o toxi 0) - anEIGHERIAS ShANE LodARaIBIANd Wids-9Bale Sradiractan BXBRng
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consi dered as mesgsttattrefand (iedsoaltinetd mesbporous ZrO9s ThecXRE patterns
mat eri al s) dependi ng. on sol uti on conposition) tenperature, processing,

condi ti ons, etw,eremgtqjaeé with @ %mmummq gter ysipg (e Ha radiation.

selectively controlled by 25 varying the thermal treatnent of SBA-15 in the
reaction solution and by the addition of cosolvent organic nol ecul es, such

as 1,3,5 tri Migukéﬂ&mm-mﬁmgmmwbtzummimalmmmi ly renoved
by heating at 140C for 3_h, yielding the nmesoporous SBA-lSﬂEroduct, whi ch
i's thermal |y dngspporeus&rO,ndahandr(b) are seqerdedalongithei[l1B] andifiod] and

i1 ar pibcodbrs pred; bebrRNARATIsatin (b8 e s B0 Hest dleia o e
copol yners) vyiditffadtibrirpatteph dbtainbdlsn theirmage dréa. THSitnagésweéres are
simlarly synthesized In acidic nedia at low 5 tenperatures (20-80C), and

dib spl a;lfog \S/S(r) irzpp;dedwa'm af%k&&ﬁ%mimfabmqmmwm% es of

t - . . o . t

bul k. shapes, \HTBRISH welP cHiciRERc 3Eh: Cen SR fifdve IR bogepBplimier .
pol yrer procesg‘}m%b%iéss_, such as

20 Figure 17 shows TEM micrographs of 2-dimensional hexagonal
mesoporous TiO,. (a) and (b) are recorded along the [110] and [001]
zone axes, respectively. Inset in (a) is the selected-area electron
diffraction pattern obtained on the image area.

Figure 18 shows TEM micrographs of 2-dimensional hexagonal
25 mesoporous SnO,. (a) and (b) are recorded along the [110] and {001}



shear alignnment, spin casting, and fiber drawing to induce orientational 10
order in these materials. After calcination at 350C these nonoliths and
films retain their nmacroscopi c shape and nesoscopi ¢ nor phol ogy. To our

know edge) these are the first reported thermally stable, transparent,
nonolithic) large pore-size materials w wel | - ordered nesostructure.
Their dielectric constants can be varie o fow values via the Lorentz 15

L | at i hip b i h | ' f . h

a5 0. 36, THEORP NeRs SFsneanl. edtip el EBriRcREoR Blrctith Bifariodny cage

structures) paﬁefh BOtAinka! 3 the ﬁﬂ?gg%egpd i nexpensi ve synthesis nmake them
Ia

excellent ow dielectric mater for Inter-level dielectrics (LI) for
on-chip interconnects to provide high speed) | ow dynam c power 20

di ssi pation_and | ow cross | k .noi se. To prqduce the highly ordered) ultra
| arge pore EPQW@a‘P%BG?ﬁ'EéRQJFEFJQﬂ!aﬂbﬁﬁf %W@'Pnﬂ' P‘egﬁgaﬂﬂ'esi s

From the & Megtstitbus WG, 8T Al AT pesef bidrin e {iane [d 15T r
mat eri algs: gbﬁetmsﬁ_eggémy.errpl oy conditions that are on opposite sides

of the isoelectric point of aqueous silica (pH = 2). For exanple,
nmesoporous silica SBA 15 can be synthesi zed using bl ock copol yners) which

o AR TN R A S B0 ™

. . _ T oY

24 carried HesdRorRUSREIONHERSed it (007 Fefichvls, Msevislsuseted; <

80C usi ng eiaréaelectron diffractionpatteérni ahtainedi@dthe imagesargany| ort hosi | i cate

(TMOS), or tetrapropoxysilane (TPOS) as the silica source. Hexagonal SBA-15
has a wheat-1i ke macroscopi c norphology) a 5 highly ordered (four to seven

o ey . ¢ ! . | (o6
Peoost r uct uf IUHSEY1 SHOWE TEM aigRod Gl of 2 MiIBRESHt RexagBhaRC"s | 5P
cnB/ g) 19nd nhesdporduscPay®| tecdrdéd-alérig the [0 2dnebxis. | ica walls in

particular are different fromthe thinner walled MCM 41 nesostructures nade
with conventional | ow nol ecular weight 10 cationic surfactants. The pore

heati g t embd A2 st TRILAicoGRR of diRfitel heldidthaipefinortis s | |
the reacti oMlgOLution and by adding organic swelling agents such as

1,3,5-trinethyl benzene. The thick walls of the hexagonaily ordered pores of
these materials produce a novel 15 conbination of a high degree of both

or oper U1 es, T &3 Atk TEMHROGRRIT Y 2rienslona TRARAdRL 5 Vei o)
separ at i ons meSeporsus FlﬂD;?éédrd@@bl@ﬁthbﬂn!e] zdhezdgr ent films and

nonol it hs have been synthéesized with 20 siml|ar PEO PPO PEO copol yners as
structure-directing agents in an acidic sohgel reaction. These materials

and pol iror FIGUER eecbey SENHRicEEBiRS. 2 Hiereid ) abiackT. on the
pol yner andrﬁé@éaéﬁduwsmq;irbbemewémh tHeL[0D) Yorl axigonsi st of a

col l ection of aggregates of an 25 orgarﬂc pol yfrer conponent, such as the
anphi philic copolymer Pluronic F127, which for a hexagonal array that

i I i zed sidl trix,i 1 nt fi bet th
ol yrmer - agaAgUIEES Sws TN TIGaaeaPhs of SeimensignaliemiaN®ne among ¢ he
bl ock copol s Qlch 9O [ iy LAt ' d0lL £ t he
silica pgl yﬁ??gégﬁ%g]?ﬂo cﬂg%r@')lr%\r%ﬁ)lt#cﬁgﬁ ﬁ:%q %?%“@ﬂ%@o‘?‘%‘idr ﬂ?bsﬂ?\ot
strongly i norearesraspeetiveRe the silica walls) as inferred fromthe

remar kably | ow tenperature (150C) needed to renove the polyner, and
supporting' H nucl ear magnetic resonance (NVR) rel axation measurenents.

Iﬂlfiﬂ %Ecﬁﬂéﬁfﬁa‘??ﬁ@éﬁaﬁﬁobﬁéﬁ ph?z?&h\%%‘i@ﬁﬁaé’é?‘i?@ﬂgﬁfkﬁpgﬂd “aV:
passcas. moseaoPOTYS T R AB Mot Hh T LN BReb ! (100 500 A

di aneter), which inpart high internal surface areas to the materials (ca.
1000 M2l g). 10 Synthesis of h_igl~l~r mesoscopicall orde ed -1large-pore.
and h~rslrothennallv , tabled nmesonorous silica. Referring to Figures
la,b,c and d, there is shown) approximately to scale, two prior art

i norgani c oxi de porous structures and the SBA 15 produced in accordance
with this invention. As shown in Figures 1 a and 15 1 b Faujasite) a

sub- nanoporous zeolite has a pore size of toss than 1 nm MM41l, a

mesopor ous nol ecul ar sieve material, shown at Figure tc, has a pore size of
about 8nm In contrast, as shown in Figure 1 d, SBAl5, the ultra |l arge pore

o e - - o o -



prepared by using the pol yoxyal kyl ene tribl ock copol yner 5 PEO-PPO~PEOC~
(Pluronic P123). The chem cal conposition of the reaction mxture was 4 ¢
of the copolynmer : 0.041 MTECS : 0.24 MHCI 6.67 MH20. The XRD patterns
were acquired on a Scintag PADX diffractonmeter equipped with a liquid

ni trogen cool ed germani um solid state det qgt or using Cu Ka radiation. The
X-ray pattern of as-synthesized 10 hexagonal SBA-15 (Figure 2a) shows four

et et ons. EGURF R 8RR B) R BRE TR dablot § b iR S e csi coa Sen

15 possesses ' farﬁﬁ a Koehd ' ' i m%c at ed
by ltohree addiﬁé(?n '%SEQ%%ks tﬁégszpea presegﬁal nt tgﬁ%d?gntg'g %f - 3.5)

15 correspondarea obthénsaOT)O, sarhple. Tihe Kiiglist) spoatstin ¢he imags cerrespond
respectively. The intense ]1203 peak reflects a d-spacing of 104 A)

cor r espondi ngt@ $1@2 NANGe -cell parameter (a = 120 A). After calcination
inair at 500C for 6 h, the XRD pattern (Figure 2b) shows that the p6mm
nor phol ogy has been preserved, although the peaks appear at slightly 20

hi gher 285val Prsurei 28 sHoWXa) Bright field TEManerld oPathmRsiive 6fthe of 110 A
Si x XRD peaks are still observed) confirm ng t'hat hexagonal SBA-15 is
thermal |y st atiesoporousidri),samplg ddark fieldimagecobtained on thessame:r ved

f h | SBA- t | ci i Lo 850C.. M.i Fi
5] 56) CovenArehal e Same REd: samAle. s AroRL SRE indheEa0s coteshanE
nor phol ogy w{@m %ﬁﬁéﬁisc.l e sizes of about -80 Nm and that these

consi st of many ro e’ nacrostructures. The SEM s were obtained on a
JEOL 6300-F m croscope. Cal ci ned hexagonal SBA 15 at 500C in air shows a

62 A SR e A et s o
SBA- 15 w ' { ' :
S A0 S 0 (o) SR v BT OB o 06 el ™

SBA-15 has a branch issthemndfor paltinéd Zr0Q The jdsthenwsewerd meaddred wsing a
acquired usi ng‘_a 2000 JEQL el ectron m croscope operating at 200 kV. For the
i

TEM neasur ene Misroresiting ASARZQ0G system d The samplasswete ontgassedr product s

as a slurry i ent | ited and dried on a hol ey
car bon fiIn1o%vgﬁﬁbﬂggﬁ?@Gﬁﬁggéﬁﬁéﬂﬁﬁ%¥ﬂg@§§§Tast in the TEMinmages) the
di stance between nesopores is estimated to be about 110 A, in agreenent
with that deterrr~ined from XRD data. 10 N trogen adsorption-desorption

i sot her m pl ot Figute 80shaws oittagen adsomptionsdesomtionrisotherans (a) and pore
shown in ki gure 4 for., C [ X nal SBA- 1 I hat ,.wer red
sing t hdScopSi3alstpRaRibaias BT CaRTRed 14iha 2R T ERRS ot s BflaBhti
measur enent s IiSofhefw i i EDR be@ﬂ-, M 15 35C
for 20 h) heaﬁiﬁgegt@?ooc f@?%?ﬁ?d;ﬁ?’mssﬂﬁgﬂeﬁﬁi nat ?on in air at
500C, vyi el di n@btainedgnthe neesoparopscAamplesat erial with a nmean pore size of

89 A a pore volunme of 1.17 cm g, and a BET surface area of 850 nRlg. The
sanpl e corresponding to the neasurenents shown in Figures 4c and 4d was

o7 ghni ¢ swel | 1 igune SAshoues itoduIy alsbrrliorsdEsLAEH stiniitfls B dbrerlizs

organic swelling agent to 1ncr e pore Si1z

mat eri al . Usi rdistridtitioneplots {lowag insét) caloulatedussing/BXiS modetfrom the a nean
pore size of 260 A _angre vQl u of 2.2 cnBl mand BET surface, area of
910 nz/ g20rhe 3ASAREPRDLMABER IsRthonmdor calcined NP O seectra-obtained

i4ing tho ol 0 S e EROteER SRR IF ol R GEBEE gy °0) 0

distribution curve was obtained froman analysis of the adsorption branch
of the isotherm The pore volunes were taken at PIPS = 0.983 signal point.

Prior to the Htigunes:.showsmitrogen adsopption-desorptian isathetmstarrbpare size
overni ght on a,30.vacuu ine. In both Eiqures 4a 4c) three

wel | -di sti ngui@ﬁglp‘ﬁ!—ﬂﬂ 519&5 OmrdPS?ﬁ&aiﬂgaﬁwnﬁg‘ﬂﬂa f'@“é@??lent (1
) nonol ayer - i i i 0 i

1 Layer accasarpien BEFEhsbMemt for callfhet Yo, cie EBX epsoifnt Bbtdinkg
adsor pti @5 r eson tihe mesdfdiblsrszmplescigsiown irfthe queamsai. zes |less than 40
A) a clear type H 5 hysteresis |oop in the adsorption-desorption isotherm
i s observed for hexagonal SBA-15 and the capillary condensation occurs at a
hi gher rel ative pressure (PIPo - 0.75). The approxi mte pore size

cal cul ated using the BJH analysis is significantly smaller than the repeat
di stance determ ned by XRD, because the |atter includes the thickness of
the pore 10 wall. Based on these results, the thickness of the pore wall is

estimated to be ca. 31 ~ (Table 1 ) for hexagonal SBA 15 prepared using the
PEO-PPQO, ~PEO~ copol yner. Heating as-synthesi zed SBA 157Ln the reaction

r r y | mm—— o, o [T~ r r o " Y



from TEM i mages (such as shown in Figures 5a) 5b) are in agreenment with
those estimated from X-ray and N2 adsorpticm neasurenents. The 20 walls are
substantially thicker than those typical for MCM 41 (commonly 10-15 A)
prepared using al kyl amoni umion surfactant species as the structure

di recting-agents. Hi gher tenperatures OHg onger reaction tines result in
targer pore sizes and thinner silica walls) which nay be caused by the high

d f t j f t I hydr.ophilic PEO. f 25 the.

copol yrer LRI 3e Shes ptieogh sisRHiRBesarpiBrisRe Mecand pote Nize o ¢
Lod t otk . >0 . o

ass00i at ed WISHBUfich plofsiitat) Caicuiathl using BILF ARIEI I tne adsbrpYBhY, £

resul ts in branctisothepmfopcalsined AljD,.t he PEO bl ock group) and therefore

on average snaller nunbers of the ECH groups that are associated with 30
the silica wall (see below) and thus increased pore sizes. 29 The pore

size of hex I - be | . 0, tk

addi 1 on of FIOAR FERHAB Bt pdsorpliBnofeedighen 65tepnd dhd pife e,
(TMB). B0 adiétﬁb&ﬁbn@éﬁiﬂ:ﬁéét?%alcﬁléieﬁ_ﬁnj"ﬂﬂl—Pﬁid‘déﬁ?&n‘&h& adssrptivad i n 30
g water and 120 g (2 ' M | solution with Stirring at 5 room tenperature.
After stirrbngnch isbthemnor calgined WQ,t he pol yner, 3.0 g TMB was added with
stirring for 2 h at 35C. 8.50 g TEAS was then added to the above
honbgeneous solution with stirring at 35C for 22 h. The m xture was then

transferredg; f g ‘ i\ irrin
for 24 h. Tﬁ('ag"sl% |§§ g%ﬁ@%@?ﬂ S 39@3‘?%’?8%???@#3@8 @sﬂ%&’ogénd ai rg
ﬁri ed atI rgsi:elgisﬂr:ibaﬁom gl%t&i(bg chglc&latbdwasimglﬁ.ﬂ-ymcllrllé_l ﬁﬁiﬁtheta&;rogptiog ol
exagona - repare idi n organi c swel ling agent. e chem ca
corrpgsi tion F"FHES‘P'%QENW)/ 9![‘9?’%‘%2&-499 of the copgl y?rer . 3 g TMB :
0.041 MTE4AS : 0.24 MHC : 6.67 MH20. The X-ray pattern of as-synthesized
15 product (Figure 6a) shows three well-resol ved peaks with d spaci ngs of
270, 134 aifighfi836 sHows hitragen adsorptiondesorptionfisétiiermis {d) ard porer e

i ndexabl e as, (100)). (110), and (200) reflections agééci ated with p6nm
hexagonal s distribytian plats)(b) calctatedusing & m eBdSerPioN The

i ntense (10 - i of 270 A, corresponding to an 20
unusual |y | grsgsﬁﬁ?éﬁ?ﬁ%g}éﬂeégﬁwt 310 ~). After calcina~ion in air

at 500C for 6 h, the XRD pattern (Figure 6b) shows inproved resolution and
an additional broad (210) reflection with d spacing _of 100 These results

A
i ndi cate t h&igHEs 3dFhawsiowangie andwvide-apgle: ey ditfeagtione(XRB) unusual | y

| arge latti [ WOl SQ o]} Lts 25 show t hat
t he caici nemgﬁt @a@’ﬁ%&%ﬁ@é@#@@ﬁ”%ﬁgﬁ%;%E@"%ore si ze of
260 A, #851d anesbstruetureRard (- ) cHitihed mEsbhoRISSTIONT i 1M that the cal cined
products have highly ordered, hexagonal synmetry w t’h unusually | arge pore
sizes (Figures 5c) 5d). Figure 7 shows the change of the pore size and the
c~spaci ng 0f=.30 RD d ) _peak a fynction of th | copol yner nass
Fatlo tor  Figaes 3B siiwe SEMmEFOdaRh. & SHIE meTeBQrOB TR cal o1 ned. SeA 18
were nmeasured fromthe adsorption branch of the NZ adsorption-desorption

i sothermcurve by the BJH (Barrette-Joyner Hal enda) nethod using the Hal sey
equat i on f orFigure I38/shows i TEMeawicrogtaphoof eubicmesapardgus Zt@g MCM 5 41
sanple were taken fromref. 4. The chem cal conpositions of the reaction

m xture were 4 g of the copolynmer : x g TMB : 0.041 M TECS 0. 24 M HC

6.67 M HZO f To g - 0 : Si 02 :
g B - a5t BYEC A Shels S ikage ot calerieb iRsgpofodd Al Hhendifinie = °
chl ori de) TINARK filrheTMhenedgé wayTezorded bh JEOLB3I0OFX riltroseopes used in
this study ranged fromO to 3) with the d(100) spaci ng and pore size

increasing significantly) up to 320 ~ and 300 A) respectively, with

Increaydd gLt %Y YRGIs'stanfing Blectith Ficregrashs (SEM) of (a, b) as-
synthesized meso-macro silica membranes prepared by using P123 block
copolymer (EO,,PO,,EQ,,) in NaCl solution after washing out NaCl with



size is acxonpanied by retention of the hexagonal nesostructure, with the
X-ray diffraction patterns of each of these materials exhibiting 3 - 4 15
peaks. To the best of our know edge) hexagonal SBA 15 has the | argest pore
di rensions thus far denonstrated for nesoscopically ordered porous solids.
As shown in Figure 7) the d(100) spacing ang pore size of calcined MCM 41
prepared by using cationic surfactant species can also 20 be increased, but

conpared to SBRA ; i SFaSai IR ethbrafel 41
pome) si zes of %@%ﬁegtﬁﬂﬁnﬁmﬁmﬁﬁﬁgg auxi lrary 'organi C species
(e.g.) TMB), tadidingafittieramonntetiyleneglycoliip™128block capalymher and NaCl

mesostructural order. The XRD diffraction patterns for such,maberi als are

subst anti al | y solision;de) siiea membraneRrepaged with tast evaparation byJsipgi ng,

i ts parti FAZH P EodinataRNaRL SHifiorl )cBcR rodERaRARMn Y SEs

for which g brgpal lﬁblﬁi&lﬁ@fﬁ&%ﬂﬂ with i8R ntrEtRFofRACL; @), Snatrganicend

to suffer from poor ty as well, unless additional treatnent
wi t h wel | TECS saltiNall ceystatsscogrowor withithe)silica membraned out. From our
results, a famly of highly ordered nesoporous 31 SBA-15 silica can be
synt hesi zed with |l arge uniformand controllable pore sizes (from89 - 500

Stnr et ure- di r E00PTE 4288 SeiBRing BN RicHERARAS SEM) & @89 8 agent <
in the reacti gynthesized méke-ateo silica memihranesyreparedbi-using  t23bleck by
TEM i mages (Fi gures 5c,( 5 established from

d) is in agreenment w th that
separate N2 a 2B 00sER0e) in (@) KCh(h) NELECH {F)h NaNOeatutionct r a

ymen
00, and 160" pytier AP BERL AT ingPEBRR Sty de-Joiil wtef S ), Bl =< 1 °%
, an p c , n a I*es,
o ostabl i shafacropie Slee i mgmBRAte Preparsd B uelid Fe S ok e poamer <
i ndi cate that (EQgR Cﬁgﬁnlﬁéﬁbsom a somewhat | ess condensed) but
simlarly locally disordered) silica framework conpared to MCM41. TGA and
DTA anal yses (Figure 9) of hexagonal SBA-15 prepared 15 using PEO-PPO, ~PEO~
show total wei Q t oot di t
rocesses: ond gurg SRERoRs SEMiagRsar 3R SINIRERRESIMth Mlerhtfarigy amen
acconpani ed bywasheddwitihwater prépanezibby {a); using &1@7pbiock copolymer, fol | owed

b 46 % Wei I t . 145C Wit t.h ' TA k d t
3:1 Eggﬁggfft o Bt {I;n@fsﬁﬁv%w?i&.g“m € QUrUSig AR lEiqréé%;eqlx%f

S us i : 0. i YaTafIF NS WS
per f or m ng TGAHSLHJPMP?% tﬁélhﬁ'eog{' K%Eq‘pgtehé’sg%lp{ 'gﬂkﬁ)hNaszlsgnal r. The Y
desorption tenperature of the large bl ock copolynmer (-150C) is nuch | ower
th t hat of ti i fact ant ~- 3600) , t t he, 25 i
gg§§| yggrt_‘;gﬁﬁ lauTe 44 SBows-pawter K-raaucactier (LB)RAA AT CT

1 U1 = - - 1.1

possiml;i f~ty to&%@ggg&aﬁaér%qi?bggﬁgegéﬁ%é@e%'@c%bb%'ﬁgﬁ/ié% ?ﬁ#horg&l \?éing
copol yner st r ugielamphi ﬁﬂ!’b‘ﬂtﬂ¥éﬁ)@kﬂ%n'esbléﬁkldﬁwyméf (=), 23, C
consideration and benefit to these materials.) It should be noted that the

30 pure bRBck E6hePPyEORE (bR O0BHEO, sROuKRat (C)a P65 EQPQuEShs. The i s
bstanti al | . th t . Of tionc. A -3 j.

cal ci nat on. * 16PRiGHERmbeRc of e Aictionmuafhe Wel | abolmutissidior?

[ ted i ' I t. ® b 90C,

whch T o 500 T T X G R M D O e e

organi ¢ speci eEItOKmM as-synt hesi zed SBA-15 at these relatively | ow

tenperatures (e.g., 140C) suggests the absence of strong electrostatic or
coval ent interactions between the copol ynmer species and the polynerized

possi bi 11ty t oFINSTAD drinivs BEDSRYRTOR AERERTDIrbBME O IR! BT 5L,
copol yner 28t r ugaldised isilksd mdmbrATe prepared 'usifgthedlbckeapelymer P 123 in
consi deration and advantage of these materials” Hexagonal SBA-15 can be

synt hesi zed ov&aGl selutiondecorded iméa), {400} (b).a{118)zonecaxes; -(cod)ofs and
tenperatures from35 - 80 C. Concentrations of the bl ock copol yner higher
than 6 wt~6 yielded only 15 silica gel or no precipitation of silica, while
| ower copol yner concentrations produced only dense anorphous silica. At
room tenperature, only anorphous silica powder or products with poor
mesoscopi ¢ order can be obtained, and hi gher tenperatures (> 80C) yield
silica gel. Like TECS) tetranethylorthosilicate (TMOXS) and 20

t et rapropoxysilane (TPOS) can al so be used as the silica sources for the
preparation of hexagonal SBA-15. SBA-15 can be fornmed in acid nedia (pH<l )
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33 Slopes of 0.31 for [C1'] and 0.62 for HCl indicate that Cf influences
the synthesis of SBA 15 to a |l esser extent than does H . Based on these
results) we propose that the structure-directed assenbly of SBA-15 by the
pol yoxyal kyi ene bl ock copolynmer in acid nedia occurs by a S X |1 5 pat hway.
Wil e both the EO and PO groups of the ol ymer are positively charged in
acidic nedia) the PO groups are expected to display nore hydrophobicity

or dor  ng 1 oCalcned sHick tHerbbEE HrarbirbT). Alingra W Bfetnh Ut ffspe” ©

| nor gani ¢ ( ) ycdlo"lﬁrlrsbrpqgexb% ?éhkegﬁgﬁ g 2600 YEOE electfor? MicfisctpCopérdting  ar e

cooperative asse gen ing interaction forces. Assénbly of
t he surfact ab20@kVj nor gani c speci es, follomed by condensation of silica
species) results in the formati on of hexagonal SBA-15 nesophase silica. At
hi gh pH values (2 7)) the absence of sufficiently strong electrostatic or

& sor der ed 1o, 48 St BmRGRVAiERS anabis (YER) aRR R Y 5 <

prepareg w tnenhaladﬁéiyglsa(DTAyﬂh&aetfor\m@a's*@fﬁthésutédImemﬂabwﬁurbhsr nal
stabil'~ty. As shown in Figure 10) both as-synthesized and cafcined (500C

for 6 h) Mcsilica membranas praparedd:mmgahsmloals copelyroes R1230 descri bed,

after heati NE QP Do Oag MdVas sRRtEhy BN At Temteral NACLEY Wotieicn 41 1 s
destroyed anﬂ.ﬁ“&ngat &Pgﬁ?ﬁﬁﬁréﬁﬁﬁﬁng§3las evi denced by the absence

of XRD scattering ref ectl i gure By contrast, all of the
cal ci ned hexagonal SBA-15 sanpl es prepared using 25 the PEO- PPO- PEO bl ock

copolynmers are stghle after heati in. boiling water for 2 der

ot hervi ce. i Figure 47 shows fitepasn pgko m@mﬂe&ﬁ@m@e&we@ ot @ ahd eq by
using 4 P f } t 500C and
subseque@nt ?&Fl ng ?;.QEOI Pﬁm s%’@%ﬁ"ﬁh@‘?ﬂ@ re bg%h %n becones
broader, t heprépaged ushit blockncopslyiriet 128:irk NaG] oketior without weitioval he
(100) peak i,s still ? rved with 34 simlar intensity (Figure 10d).
After heati r&l@orgamenatnﬁ ter for 24 h) the intensity of the (100) Bragg
peak (Figure 10e) is still unchanged. Nitrogen BET adsorption isotherm
measurenents carried out after such hydrothermal treatment shows that the
nonodi sper siRigupé 48" shows nittogen adsorpticre-desorptiornisbtherm plotsi(toppand

retained. The results confirmthat cal cined hexagonal SBA 15 silica is
signifi cant IBbfmﬁléeMM@nrﬁHW9s {battom)far salcined mesormnagronsilicacv 41

mr oVl ond %M#ﬁ@%@éﬁﬁﬁi%ﬁoﬁ%@@@M@éé?%%?hier%ﬁa?”use

tetraethylorthosiiicate (TECS) 10 to stabilize nesoporous MCM 41 by

reform ng and structuring the inorganic wail with additional silica, Pre~~
of ~~gsoscop.%gmﬁ%smWsmwogea@d%@@nmem@n isntherm piptsita) and ypi cal

el o A serare SR8 it clifies 1B b EciFERE BeliotiAcEs shied ¥, oni ¢ Fro7
PEQ, PPOSSPEﬁemM‘ddésoﬁi%ﬁé?éa blodK EEpAYhiErB127 e NATPSSIaEbAY

conditions constant. | at gg anount of “a 20 wt % Et OHI Pl uroni ¢ F127
solution (between 0.7 and 3 5mM) is transferred into a 30 mM vial. 0.72 n

of an aci di solut n, of HC H1 s_agdded t,p the 20 polyner solution
while sti rr écfﬁmgwsw*@égnﬁcﬁ&e#' ﬁPfRSP"c isot I%‘tst(lr%é cate

( TECS) he fﬂhﬁﬁt ﬁﬁﬁ? to gel
uncoveﬁgg ud§ﬂ$ygﬁgﬂgﬁﬁjcond{ I ons a¢9§£§a%% |on ( dﬁ e sanples are
covered for membkanes preparetjamingm-mnmbhgbmermsmﬁacﬁam Brij76od the gels
have shrunk, K yet done so unlforn1 to retain 25 the shape of the container.
Furt her resdfrahlsRE«khin jan.on of a small anount of
3~chidoxypropy|tr|nethoxy5|lane can prevent shrinkage. The cover is
renoved and the materials are dried at roomtenperature to elimnate excess
sol vent . TheFjgiié sﬁsheﬁ,snsgm lrﬁb @a%gd*) HsCsYritABS R SicH nbmMbrEnds ~
pol ymer, after which the polyner cro- e separates creating a

whi t e opaqueprapanedy using:P423Hloek copolymbr imhiClgolution withoutyashing of
two of the nonoliths produced. These nonoliths were produced using a 2:1
ratio of water to TECS at pH 1.4 and roomtenperature, with aging for
approximately 1 nonth. Note the high degree 5 of transparency and only one
crack in the 34 wt~ sanple. Subsequent research has allowed us to produce
crack-free nonoliths by varying the aging tine and tenperature. The

nonol iths pictured are approximately 3mmthick; although thicker nonoliths
can be produced) the aging tinme for these sanples increases significantly
to elimnate cracklng 10 These nDnollths vwere analyzed u5|ng XRD TENl and

”n ™~ a2 I - o "



25 the location of the peak is due to phase changes in the material, as
observed by TEM and NVMR. TEM reveals welt ordered silica-copol yner
nmesophases in the sanples with higher copol yner concentration, such as the
| anel | ar phase in the 38 wt ~6 sanple shown in Figure 12. The i nmage shows
that the material has an extrenely well om@ered |anmellar 30 nmesoscopic
structure with a repeat distance of ~-105 nm The i nmage 36 region is 990

i or ot ome. cut eeGIEA SAAETBLCHY ool (RF toB R, (b1 FASORS REUIR, (CX eeliie,
the material . (b)awith lag@mﬁgrﬁﬁm;Qﬂ{;mtdmrragiog,oﬂwmémbm.al(é yoid,

or mcellar phases with spaci ngs of about 5 11 The domain sizes for

these struct @esynthesized silicajmembranes, preparesby usingtR123 Rleclr phase)
whi ch makes it surprising.4hlat only one XRD peak is obseryed) although
ot hers have s y ﬂ@ﬁ!%&esstﬁ@%awn%?@wagﬁmfmg? q\frf‘ﬁ\)f?r% n,

d d Al : : 0 ! i
obser ved D10 (IR Fegio: (b camdtel) Wil 1atge AagREaon; fof Batiofl Adibhthr ©
copol yner - si | fheamembtaniec(d)odiskdike NiSOpeastalar [evel . 'H T,p rel axation

and two-di nensional 2Si'H and' 3C-'H heteronucl ear correlation NVR
experinents reveal that the polyner is rigidly incorporated in the silicate

PEG and pro ar Ul 52 SBpMS R Aitas BE e FAmbsfifon Gne taddtidh FijkRiEe, .
fully separ at ghckioheld withavdgtratiBh tinte. Tlandeef s énédwiration i siquidiange

has occurred i n progressing from copol yner concentrations of 27 to 34 wt~6

in the sanpl ephase©fetbanel (op@n-circle)irwateart(solid icircle)s LiG1 (opest squarg)ser ved.

S PEO dtob iated. w.th fix 20 at..all

cgglcee ntr a&ing%ze &ﬁvfﬁlq ﬁﬁuﬁf%)??'ftgﬁls&%?fzﬂ&?@mﬁé&ﬁ°9rﬂ? 51&’%’5%?5'& ks are
Tbne o Frzyt _ cS

of Si1 i cate ol RONHNFRicsdphaise (Spefftiiaingly) ary BTy diftadten BPLICK ol

mesost r uct ur ecrystali (sqlidstsiainigle) at dispacinigsofc3.58i A defermined by &R Drip salid
produce thin 28 SBA- 15 silica-copolyner filns by either spin-, drop-) or

di p-casting. BO®R®filns can serve as robust pernmeable coatings for use in
separation or chem cal sensing applications or as host matrices for
optically or electrically active guest nolecules for use in optoelectronic
devi ces. f =i gFigure3s3 ishows asohematipdiagrdm ef the sivipie procedupausedtoof an
opticall \1/ 30 transparent hexagonal SBA 1,5- I,'(;gol ynmer filmformed by

dr op- castliPng PReparescoral-like mesednacre silica memiiraneso 6 i H20) 0.80 g
Pluronic P104, 1 m dinethylfomam de) onto a glass slide and drying at
roomtenperature. The filmis 50-Nmthick, crack-free and transparent. The
X-ray diffracFigurepbd tshows prodressivelyrhighermaghifications of & section ofa are
i ndexabl e as (1%‘"0]-), 5 (110)) (200), aer(.j‘ 210)%f | ections associated with
p6mm hexagonaMmesanfeaerp silicaimembrase sradeiinagsetianceswith this invention. 200 A
aggregates are highly ordered horizontally in the plane of the film High
qual'~ty filnms can be produced generally as follows. A mxture of 5 m
tetraethylorthosilicate and 0.75-3.0 mMl H20 (pH=1.4) is stirred for 10
approximately 30 min or until the silicate has hydrol yzed sufficiently to

becone ni sci bIREWAILERDESGRIPTION Dy THEANVENTIQNNeous sol ution. An
i t | .y bet 10- 40 wt ~ f Ql ock I h
2" B r oA Ploa polSiEuRyPENdR Brovss s Brape Ak bRRee sipeeRpTe fuCsie
I i : . e, = 1
i et byl or eS¢ f ofied fyelddr (uto 4 hir) RedSpattils ffetd) bies,
and coating pinglading3i07H2&r@], Nb,G;, Ta,0%/ AOq, SI0Z WO, BnOj, HiOpand dr op-,
or spin-coated onto a glass or Si, wafer substrate. Thin films with variable
thi cknesses cARIX@d@XIFES PN U s SWOsg Al I0s LT Qg. SITH. xFEOpMeEeially
confirmthat ' RE38ni&, IBw-chif, noh‘foxid, hd biddigrédable amphiphilic
25  poly(alkylene oxide) block copolymers can be used as the structure-

directing agents in non-aqueous solutions for organizing the network



20 hexagonal (p6nm, cubic (1 nBm, or 3-d hexagonal (p63/ Mt~
mesostructures. They are highly ordered and can easily be shear aligned.
BET neasurenents show that the thin filns have narrow pore size

di stributions, pore sizes of 20-120 A) pore volunmes up to 1.7 cnBlg and BET
surtace areas up to -1500 nR2/g. SEM inag¢? of these thin filnms 25 show a
uniformy flat surtace. The thickness of The filnms can be adjusted from 100

Coat | ng. 1 rofor{L Sy sE8EiERs ARG tne B b BRler WAIBRIAEE Crc o
as the strucggpslyheraatwhighadpdrophifiopbly(alkgienecoxide) sach asge pore 30 size
SBA-15 material s"can al so be synthesized by using PEG PPO-PEO 38 bl ock

copol yners vxpoly(elihylmeaoxid&e(ﬁé,é isfinearly covalent with theooppasite egds of a

Eﬁgé’! cochen BYMRNSRIS PobyaliieHis Bxie) 3USE 45 palYpronires) ByEtF 1 Bl ock
i1 actPon IBIGHBONTREFmNRICE , BF Exainile Bafstiiiand Ofigc)icingany |
sizes of 46 chvalent with @bld\f(bhq!elbuo%eﬂw\pﬂms camvariouslytbe The EQ PO

rati o and intranol ecul ar. distribution and sizes of the correspondi ng bl ocks
affects the tesignated asfollowsis. A |ower EQPO ratio with a symetric

tribl ock PEO PPO - anChilt r jon of p6nmm
hexagonal | SoA 15, PENHGH e Bicyt ErbplBne WakabBRKAdeRIBNG " ©
concentrati oggide}- 5 -1 W % fornms hexagonal SBA 15) while use of higher
concentrations of this copolyner (2 - 5 W% |eads to an unstable |anellar

mesost r @Bt ured si HOECHGHO)XCHCH(EHHO)EH,CH,)Mhe bl ock copol yner,

e.g. PEO ~PPO~PEOH%Q e)g EIE)»PPO-PEO-) yi el d cubic SBA-15 sili ca,

I ncludi ng an | n8Bm %‘3 B ~ These cubi c mesophase materials yield |arge
54 - 80 A nesoscojg@apy gpmdered pores and high BET surface areas (up to

1000 n2/g). Hexagona! n¥sopbrous silica SBA-15 can al so be synthesized by
usi ng reverse PPO PEO PPO trorbl ock copol ynmer configuration, for 20 exanpl e,

PPO, sPEOC~-PPO, 9. I n genergl, an I cr.ophgse- separ,atin d | n-partitioni ng
copol yner ar chi te&q&(@ﬁ?ﬁﬁhﬁg%quyw’ggﬁ m&(mﬁg’i‘%ﬂﬁgﬁ&?éel)f
such meggstructur H P? ' speci fications inposed by
pr ocessi Eg condi tmgé‘;ﬁ% 4 ‘f(%ﬂ;sn t}ﬂ'&%’?odaagt properties desired. 25
Addi tional ly, cubiREQOFRBOD-P&EQ hexagonal (p6mm) nesostructures can be

formed by using B%(i) gﬁ édl—k( OCH2CH2) , oOH (C, eEQ, 0) surfactant species)
with the pore siz e®My*o¥Vkable from 25 - 40 A and BET surface areas up to

1070 n2l g. By i . ' j :

(oot ey andieteIsch O drdaterdld ¥ i¢ 3P or UrsGaet, WiEho ticonficatPper

sim | ar por elimit teeither valubasubjecttaspratticallcdmsidératior0 Ritemativelyndop! i t hs
can be produced with seyeral variations of the sol uH&n condi ti ons andl or

sol - gel “Par ab@ricular applications,one;caR Use aspvarse ribiack copglymeriarg star

2Cl A1y, G BRI ke B R e RIS o PEATBIENS
appropri ate wtar di-bioickubpolyrhir of aveverssd star diltslotk copolymer. af ter

gel ation can al so produce harder nmaterials that are less |likely to crack.

Ve have foundnexpensiveiinorganic sats nathes than aliexides orarganicimstaliesopor ous
materials caggoRied’rd Utdd'ds prédlirdofd Y Boith tRoifivsHeiShal hexagonal

25 (p6mm) and cubic (/m3m) mesostructures can be obtained, as well as

lamellar mesostructures, depending on the choice of the block

copolymers. Calcination at 400 °C yields mesoporous structures with

high BET surface area (100 - 850 m?/g), porosity of 40 - 65%, large d

spacings (60 - 200 A), pore sizes of 30 - 140 A, and wall thickness of 30 -
30 90A



10 strategies) including inposifion of magnetic, shear) or electric fields.
Simlarly, polynmer processing of the silica-copolynmer conposites is
expected to be equally advantageous for producing aligned ultra | arge
mesopore hydrothermally spH materials. For exanple, it should be possible
to induce arientational ordering of the sibpca-copolyner 15 conposites and
resul tant nmesoporous nmaterials by applying shear to the sol -geUcopol yner
systemas it dries. ' L bl ' : a1 b3 r
Chin fiims (0. 1 1007 oS Tovel tedipdtolhetil ags ate Baievdla e Rinicd

spi n-casting ahwoogh acmechapigm. thal combines bioclecopolymercself-assenibly with
reservoir of the reacfion solqtiag) have been shown to 20 i nduce | arger
degrees of or i chelatingcamplexationiafithginorganic metal speciess t Aginigue aspect.
Mor eover) gues I I uc L.ng 0 i | ' rgani c
speci es can beéfi %@%@E@@X #ﬁ@ﬁ@%@ﬂﬁ@#@%pﬁﬁ%tﬁéhﬁbﬁ% F'ﬁggf@% into
the silicagcopglya kibiRE AW ' hfJ
pr ocessi ng.5 W have oemns?’?'&?ecé{d&n?gﬁulsgacy o?"?ﬁll‘??@p %%ﬁ%blflncl usi on
of conducti ng pahgomystaliifes: cars bewdieatedodiinii@ caicinatien withoutidisnypting:theé n

SBA- 15 silica-copol yner nonoliths and

I | _spin-). drop-, .and di p-cast fil ns.
Met hods cur r enfESOSGAPIcOrdernng. lﬂw@dgﬂt@gaNa%laﬁﬂﬂgfoﬁthﬁrﬂmﬂq% -geliprocess

one_of 11 ve. paliRRLp SOl GAqE RinBeRDidbicah) fnpefRt fiimy inchiffing *°
i nteractions) triwfilrhs)hrshdliths Baddissrsh e nahatrystallifel fram@work; pefiodic )

S X 1", or SI. The nost popular route used in syntheses of mnesoporous
mat eri al s1Pas lasge-pare s;ructuegmranﬂ;hlghnvq@sﬂhtymér@ inexpengivessynthetie

matorial o Fur RSP0y MakeThese 1RhECP Gl inbiteliE ot REEaIBRCARREop

agents in thesgpaieatori@intiudinb'egtdfyaiy) nidlecaldrdeiaratona! fucdenas! ve

andl or environ Yy Nnoxi ous. synthesis route generally vyields

di sordered or adsarberits, optosiectronickdevices,and chenticaland biojogical sensgrs.
et 051, o kG (U819 RS SAE Sk T e oo o
consi der allsy ggh@tdiﬁflﬁééﬂ lcdridiion ! Sife %ﬁggéaﬁ%‘ﬁ ot Risoperyas TIORYs can be

used to tune terial properties, suc nmesoscopl ¢ ordering) “pore size,
hydr ot her mal s phbtodatalyticomater splitting; swhichiis extremely importantfor, and
conpatibility with a wi de_ range,of qguest nolecules to g significantly 15
greater extent ePHEﬁ“BWgPBY 313&%{ Qn%‘é‘gxmﬂgﬁafglﬂp s I?ég%he.m%g‘)éﬁt ra
| ar ge Mesopor eyl | t-Rl- a [ o] alties in
chr omat ogr aphi @téﬁ%%?ﬁﬁ%ﬁ@ %@8@@&?@8{‘%&%“@&?%%@? enzymes)
or polyners. | catalystsi dviesbporous' WOy, i cars beausedbas'thes rifor ratipenician, ons
nt al .renmedi atj such as the 20 clic

ar omat | cP0nor WY RurTeRtychoiss the Wi reeard 196 PRtaGa Bkl odnVetmin o coss

streans or soi I e L :
functionalizing m@?ﬁ%%ﬁﬁ%@%ﬁ@ﬁ@%ﬁ@@‘ %gﬂ'ésﬁ'?%u%}/n&/i de
chenical as vweftameworks, sudheas SHOsand WO, tan®e alktouséd im the construction.
25 To the best of our know edge there have been no reports of . ~

nmesoscopi cal | yoffaekeellssi | i ca nonoliths or films with large characteristic
structural length sggles (350 A . T | arge di nensi,o Q he.

i nor gani ccopol yner 3@3&!5&@?%8&% 'Pu?i @gialoéﬁgﬁé réﬂ\ﬂgﬁsqqtg or
nesopor oupgrat ?ﬁé@é&dﬁé%rﬁgﬁnb rid fta &véwts%lliﬁﬁy.c?ﬁ%%&oﬁﬂ maetal

mesoporous solids due to their thernal stabi transparency, nonolithic
t.: ' .n ~ p~, oxides of thisyinventiarbare thermally-stable anderetaingheinmesoscopic

i Ie?;ar 1 craenparand siuchiral iniedriensn aler ihe Scieaian atine 8d rnifgﬁf
[ . SBA- Lol | 5

bossi byl tiee Fandy ShimhocyStaIfiegwithif thick Fobdetendinerghs.. 010 o "

ani sot r opy) corwadﬁhﬁmm tﬂamallzfsstgbm,)mwparé medsperousaetalexceed

those provided by pe materials, I scussed earlier.” This has

at tract i ve3Q nplaxide imaterfais withcnanoerystatiime framewarks using lowcastnponstoxic,
materials, particularly for reducing the capacitance of interconnects)

whi ch 10 are anong the nost severely |imting factors in inproving

i ntegrated and optical circuit performance. As shown in Figure 14) the
guest for materials with dielectric constants significantly bel ow 2 appears
to be well within reach; calcined SBA-15 nmaterials have been prepared with
porosities of 0.6-0.86, which lead to calculated optical dielectric
constants of 1.1-1.4. 15 One can prod~rce aligned norphol ogi es or
structures wth unconnected spherical cavities to elimnate transverse

o r -



the uni que~ability to stabilize hydrophobic guest nol ecul es that woul d not

20 ~ otherw se be conpatible with the hydrophilic sot-gel reaction) such as
~soirr~e optically active dyes and polynmer. Before now all optical noieties
i ncorporated into sol-gel materials were either water soluble or had to be

w, chemcally grafted onto a conpatibl egpol yner. The inclusion of a

hydr ophobi ¢ region within our silicates) yet still smaller then optical 25

I t hs; | ' | weto b
fovel opad udiieh RATRACERIS PAYRIGRAR LR LR Wdyifelf fak Wtiariys ' °°
r et ai ning_ ogsctential forrs varietycof inimedidteran fiturenindustrial applmatishsconduct i ng

or optically active species such as polyners andl or netal_nanopartid es,

i E t he pores can l!TE@@iﬁmgiﬂﬁéiﬁ\@ﬂtm one ean use anyramphiphilic bieck | t]}/ of
30 SBA-15 ' ' i1 ' if4 on,
and 42 B g sBstatta viRonnfie R s BBno Bt HAME Bd "
P hge. © 1Bedsn uSBaincRoantcRatBal tRaf can Im erdwARAnerlypé ofilipRy >
Ay i et L it g e riraetl e
a secon ,
cgul d I ead tiBOF ipima_teriﬁémwminwgﬁrﬂepea{)m@e* ameﬁ?f@&fitéBegﬁJax: al
o des 10, oRediERrEdcH AR Bt thiddp ahu Tolprikes. Bidtardty ths SRiey CTHE' @
pol y(al kyl enpetal sisaciés g&ferenﬁémssoﬁﬁéﬁmmé iﬂﬁ’ﬁlﬂ?ﬂh lene
) or HX CH2) O ~, H (EQ

(CH2CH20) , ~M (EOX POy EOX) ¢ CH2 CH2 0~ ( CHZCH(C)IEg § )~ H ( EOX BOy)
bl ock cHpol youide) 4B eties. uThe desultingrrpraplexes then self-agsemble ynt hesi s,

et hanol "t G 17 e Blestaebpic 8pTentd bindFieel AN BARY K Imictppfede ™

precur sor %Md’bﬁhe}’blﬁ%%}oﬁrhéf bge;ieihsmﬁeduémps:r&sbgimh tarh was
gelled in an op8n petri dish at 40 - 60 inair. The aging time differs
for diff er erpolymerizatian of thecinorganicsspedies ogeurs-to fosm the mesascopically used

hin fil. by .dj ing. Th - mad | k I '
1150 verdrdared IBBrdAniEofRopoHmer Safppifies’, JhenGiBishatiefbly
copol yneg s UnletHaibriy for tiésé Bﬂfe?écre %&orolusfiﬁétaﬂb%dﬁ?hsg@@mﬁieﬁ was

carried out at '600 Cfpr:4 hr. Fo >, calcination at 300 C~.is
suf fi . ~ci entcomplexatibrinteractiomss irpoonjunctien dith (far example) electrestaticRD) i s

an inportant, techni que for characterizin # t hese netal oxide

rnesost ruct W%STO%BQ“Q'%MY%QQM{@g reRR Q:dﬁﬁﬁﬁmqstﬂ‘?gfuqt% udi ng
t he i norgani forRifiigts.sors and. aging tenperatures and tinmes for the
mesost ructured 1 norganicl copol ymer conposites (before cal cination) using

E020PO-EO- as t he Ast Indicated-abovs; ionegcan eatry gutitheassembly process in

The 11128 GRncARbSaE Ted HEIng, motah baiden Sl aNaORANIG PRRCHRGR g: oup
| t : . ' ' to th
el ements as Welidh eﬁé‘i‘:tﬁgﬂ@élbﬂ& th%%g%ﬁ%%%ﬁﬁr&e&%ﬁﬁéﬁﬁ%l 0 the

Largest d value observed’fromt erns; 1t ranges from 70

to 160 A forspecied and hindersysubseguerit crystaization! Restraineddhydrotysis i ons
are al so observed for nost of these systens. Quantitative el enental
cheni cal ana®Ddicondensation otthe inpsganigrpRciesappearst:badmpartantfor o d

mesopor ous. TG, pipRoRaBES L BaHI St hoH-slieaShides Becaligd of ey 1"
i xed 035 dessGongEnd@ncyto précitatéanddiysBiizednto bulk EXic¥ phasesi ned.

X-ray diffraction) transim ssion and scanning el ectron m croscopy i nmagi ng
(TEM & SEM) , dueetlyiin agueousdnedia.i onl desorption are three cruci al

t echni f h terizati t h terjals. ble 4 ' th
anal ysi's resul ts, {HEPORSAPER®!Ghe RERRSRI Fyenbian anatis close BoRtRLpf he "°
thickness, wgbrogity df the finaPSirdcturd by \arying the proportions of PEO and PPO
or PBO
30 and by adding an organic solvent to swell the PPO or PBO.



Brunauer Emmet Teller (BET) surface area. Figure 15 shows typical XRD
patterns for nesostructured zirconi um oxi des prepared using EO-PO ~EO~ as
the structure-directing agent before and after cal cination. The as-nade
zi rconi um 20 i norgani cl pol yner mesostructure (Figure 15a) shows three
diffraction peaks with d = 115, 65; and 59 49 After calcination) the
diffraction peaks appear at higher 20 angles with d = 106, 60, and 53 A

Fi 15b). Eoth bff LAt ' he (100
{118y Cand 200y EsGafde Gt diF i 8ast Weshiad sk i dastiof 7 (1L
with lat#ice 2prepaition, wewill firsPdesshibe’and exeraplifythe prepafation af XRD

results are obtained in other nesoporous netal oxides. The ordering | engths

of . . these mmesepooussiiica, followed bytheprepasation of other metaloxideger

than th f ppter, ' ted. Th i et i ment

i cat e that Vie Wil dhBn igRarhe e hIGbhSEK ade SN DRIRRR- MRS AT ci nar i on
400 C. . ki ' Yl h

at e snémdiranes wﬁic(p }”ﬂ“ﬂﬂ%ﬁ?‘@,"ﬁ/‘e \gﬁﬁ‘s'tilgé g Srdrigd, cat es that

mesoscopi c order i S preserve me e materials. This
is confirnmed by TEM i nages obt ai ned from nmesoporous sanples. As exanpl es)
Figures 16 - 2G show TEM i nages of nesoporous Zr02) Ti Oz, Sn02, W9, Nb20s)
Ta20s, Al 209) Besoporeussilicasi 00.s, and zrT1 04 recorded al ong the [110]

cnse) or dured | ar ge IBIARHAERRGEER B8 GveRlia J58 Payd At OkiEb A Tamy of 2"
hexagonal afra@%?{‘tﬁéiﬁﬁﬁdfﬁﬁi‘éﬁham \é*afd yil§mEo@§Wsoggrous

t hi cknesses of ey are ‘substantia er than tho
typi cal of net silice® by using amphiphiliciblock capbiymerscini acidicomedia.f &neant

7 *2pede oS OB 8 SER o Srerned o st SRA

e ! . . ohion
conti s {hat s Nane daFeldered B dinensici eXagbhab o8B, “. 00, 1
net wor ks. Furt ihonesyotimbchexagonal cagebe cubivcaé mesdstructores. eCatcinatidn

recorded on mesoporous Zr02) TiQZ) Sn02, andW)9 show that the walls of
hese mat or | o SUBU0YE vislds ReToE sbaIchsies With digh HILE suacedeRs of 650 -

50 | neets) . w40 7o g Pof MITERIS &2 G Ul idera(to0) b
clearly shdv brof&4. 56450 ) poreasizés froml 4620500 Foand silicaowall ¢hivknessas ofi ng

oxi de crystalline phage. Figure 15d shows a w de-angle diffraction pattern
fior the cal ci méd= . SIBAL1S cande readilyoprepased aver a,wide s@ange of specific

Cormia. I aadfdrd Sie8s A BBie el ickhesses ATIOY Bihresat IS GETRATE) \er e
enpl oyed 1o st uibinglapvalisty ofuirmrereiall/ Weliabiedewsso8 Ponict,en” cnd 28

show such i mages recorded on same area of one thin mesoporous T1i02 and Zr02

sanmpl e. As can hiedegeadabletamaphiphilic black copajymers g ingdribleek) , t he

I d t al ~ | f 0 dded ,i conti
aror phous 40hor ivexvalky(EHes, 38 sifscribas Belob. I GENE(alc N InErGRnaRR- o5
This io the fi i g . . ; .
't fraction) are R ENng MmAiichAMmBniR ogolmet SYstems cal bericierett 48
concl usi vel y decandidatesforithe synthesisafsucismesostructirédsmaterials, depending

nanocrystalline frapmework. 5 Figures 29 - 36 show BET isotherns that_are
representative Q@MFBU'&P Jdemperagre, processipg conditions, etg; dhe
X

S
the cal ci ned ndiSsizR andBiickhess BB slicaihia s RELndRly etk 22'
~, BET sur2®ce varyiryg tite ifmaltir@atifiént ofSBARS ia the reactiorf Sotutiifand By The

pore sizes are again substantially larger than the previous reported

val ues. For noshecaddition efcosolventorganic malecules; sushias 135des, three
wel | - di sti ngui L ons_of adsorption i.sothermare evident 1
nonol ayer mul t%ﬁ?@ﬁ%&i@ﬁ d;ﬂfB)( gfh% ?'i"&r@"!ﬂﬁffe?@%&eo?ﬁs&]@r{"gye& by
nmul til ayer ads i ] Rl :
adsorption resﬂ??éh'ggt%ﬁned y%é?%é@smﬁ@%%aégfoﬁésﬁgge d}s??'n‘gﬁ'cw
| ow nol ecul ar visitglumllyfstabmn-sbailihg watet. si zes less than 4 nm |arge
hysteresis | oops that resenble typical H - and H2- type isotherns are
observed for these nesoporous netal oxides. The foregoi ng exanpl es used
EO~-PO ~EO~ copol ynmer species as 20 the structure-directing agent.
Mesoporous netal oxides with dther nesostructures can be synthesized by
using EOX POy EOx or EOx BOy bl ock copolyners with different ratios of EO
to PO or BO For exanple, when EO sBO- copolyner is used as the
structure-directing agent, nesoporous Ti02 with cubic nesostructure can be
prepared. Figure 37 25 shows typical XRD patterns for nesostructured
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46 peaks appear at higher 20 angles with d = 76, 53) and 43 A (Figure 35b).
These diffraction peaks can be i ndexed as the (110), (200), and (211 )
reflections from I nBm nmesostructures. The cubic nmesostructure is confirned
by the TEMimaging (Figures 38 39). 5 Filnms and nonoliths (Figure 40) can
be produced by varying such synthetic c itions as the solvent, the ratio
of inorganiclpolyner, aging tenperature, aging tine) humdity, and choice
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49 difference in hydrolysis and condensation rates for different inorganic
sources in non-aqueous nedia. This has been successfully denonstrated in

t he nesoporous m xed oxi des syntheses using the nethods of this invention.
5 This utilization of block copolyner self assenbly in conjunction with
chel ating conpl exation for inorganiclorganpg cooperative assenbly in the
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Figure 41 shows several representative scanning electron 5 m croscope (SEM
| mges, obtained on a JEOL 6300-F m croscope, of the silica nenbranes and
inorganic salt (NaCl) crystal co-grown with the nenbranes by sol -gel

chem stry. The silica nmenbranes prepared from NaCl solution show 3-d

macr oscopi ¢ network structures and a coz@-—like nmor phol ogy (Figure 41a).
The reticular 3-d network (thlckness of 1 Nm 10 of the silica menmbrane
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structures consist silica networks nmade up of toroid, pinwheel, dish) and
gyroi d norphol ogies (Figure 43). The macroscopic structure is also affected
by the bl ock copol ymer. Wien hi gher aver age nol ecul ar wei ght bl ock

copol yners such as 5 Pluronic F127 (EO ~PQ, ~EQO, ~) is used, cubic norphol ogy
i's observed by SEM (Figure 43a). This norpp@l ogy results fromsilica grown
around cubic NeCl crystals, suggesting a nmacroscopi c inorganic crystal
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46 top). A Netzsch Themmoanal yzer STA 409 was used for thermal analysis of
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stnrctures in different areas (Figure 51 ) of the as-nmade silica nenbranes
25 prior to washing. As shown in Figures 51 a-d, w thout washing out the
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fenestrated nenbrane at the top. Referring to Figure 54, progressively

hi gher magni fications are shown of a section of a nmeso-nacro silica
menbrane made in 5 accordance with this invention. The nenbrane is shown in
Fi gure 54a which has a macropore structu§§E as shown in Figure 54b. However
the walls defining the nacropores have a soporous structure. In sunmary)

artificial coral lica nenbr es W t nes truc ures have, been
aynt hes! yed' by a TOEHOTBAES o NaradRhaliesoPorsus SEAy) & el peURctaRsssh)
chem stry in tl‘:?o@ tlﬁ%é’édﬂlﬁah%?%oﬁiéﬁt% ghﬁi&r Mdlcul Qﬁcﬁ'é&"l &H)5-

|nportant ro e on e‘formation MesSo- macr si Il ca nenbranes that are

grown at t hetrinmethyibarzerie GTMB).dnca typncarp«eyamwom& 0 gsof Pluramic P23 esul t s
are of general ipportant for understgndlng multip roce ses such as the

on ot e as sibsaived in B0 water a5d930.8 (3 MLHE] & g 8

1o et wiepra touiheflubes P AHABIE Beseiie W@&éw BN A Y ape

vine) or di STMBivery 4886 with Shirfing=for 20 at 852898 BU'PTECGiveas tieendi ng on

the electrolyte strength of the |norgan|c sal ts or anphiphilic bl ock

copol yner t caided ée the@bove hmnogpneeuslsnwuqn with stioinguat 3536 for 22/ r ol | ed
o it ures CHS BB was Ine Eislene sha Tefion alfedayd 3B nddled ERTOR S

cubi ¢ packi ng49¥& t

tgrr;:)l altoes I'Ir]'ﬁe corg\f‘ﬂ‘diﬁe%hﬁe%s%%*c%hsP&%gaﬁaé%g%‘gs‘pgggqaﬁgraﬁhr“g stabl e
and 25 t&hi Hilterieal; gm&edarﬁarmc(abrdmmemﬁraty)‘eand pore vol une (to 1.1
cm | W antic t hese HEMI ocess cera cs nmate

str;J(r:]tgLre and desb:gﬁi-' réﬁﬁpwsaﬁstvewg! %ermdp 9@30@{1%%\3”@ cations
in the areas i s,
and sensor - PERATEY Y SaBRE ar orGhicHeting gerft: THE I corfBbdtEn
Meso- macr o sofﬁwreanﬁumrmetursmsmgrm ﬁpzﬂymbocaga'myrmm1wpo OEO-

as the tenpl o control nmesagscopic_ordering of th I 1ica menbranes.
Besi des P123 Egéeto 24 M HCLB.STMH QP sThe X-raypattern ﬁé asysynthesizedror 5

I bl ock
exap! eXsonpfaile (¥ifirda) Snel s, RRTeHIREY ML o EFBiiolpr ook
Conpany) ; B52706084, BhBOtwAQat Very low dnigie! nammwwer-m P wisichydrene
oxi dey- bl ock polypropylene 0 oxi de)-bl ock pol yethyl ene oxide ( BASF)

pol yet hyl enecinslexable Bisd300)0f 10).and {200} reflestiops @ssosiated with pSmMLxi de)

b1o5, proo) LexBoRRCRmnMSY. The 180y tefecchris teEif%e@%ﬁ bhapriet”

triblock CopvhermterEeJ (100)pediiafietis:a d-%bB&mbEm(Z')O A, toiresporiding to an
copol yner (BASF), Tetronlc 901, 904) 908; and ( a reversed star di-Dblock

copol yrd® Teunysually iatge)unibeell patametearia 7 390045 Aftercalcinationdn air at

Reoso. . N PO R heRRed pehitn e oo s el i

citric acid)afdlar adgitibnal b\“éa&'(zw)? tfﬂﬁ& g%'(ﬂ'm(ﬁ' {Thesge kal i ne

earth salts, transition netal, sulfate) nitrate chl orate) per
chl or at e. Thsesmltq)mdmaterthat heuagenabSBPeﬂsus mermailyastabb despitesitsn

nor gani ¢ salDUSHBINGISae gt Barae e DR icadsTORnBRsOtoHen EeSR o
i norgani c sa e
i scovesssharbiy i ingakinaldtbilerhaga BET dirbABg1DAKEE™ O

of the diatomand cora € nacr omesoporous naterra uld have

many appl i capopesizeof EBOaﬁemd Q 1ptzn’:er\brdilumb ot2.22¢m¥gs . TENDimages rcordiens or
arrays, optoel ecfionic, devices. mat eri al s an synthe5|s met hod

?es;:(rjl be]g hethatthe Q@lﬁ:y\afepmﬁuqt%hauetmghly orderedidiexagonal sysametat withny
composi tes . ApHSERINTARR ot 5288 (BEhirbebe, 38y "7 05) 21 05) Al 708, 10203
Ta205) Cr203, Fe2@q u?é T'éﬁmﬁﬂﬁngéfdﬁh HoTe SiZE A8 the tspac

menbranes. These na erirals ave nany appl1cations on Sorpt

cat al ys89) stheXRDal(100) peak as afunctiopiof the TMB/copoligmer ayass ratio for



Tabl e 1. Bl ock Copol yner Pluronic L121 Pluronic |121 Pluronic F127 Pl uronic
F88 Pluronic F68 Pturonic P123 Pluronic P123 Pluronic P123 Piuronic P123

Pl uroni ¢ P123 Pluronic P103 Pluronic P65 Pluronic P85 Pluronic L64 Pluronic
25R4 Tetronic 908 Tetronic 901 Tetroni c 90R4 Physi cochem cal Properties of
Mesoporous Silica (SBA) prepared using Pol ggxyal kyl ene Bl ock Copol yners.
Formal . Mesophased(A)' BET surfacepore sizeporeWall area

| A | :
Y% )vo! Uil ReCfSa SRA15. The p ST sizes ffm?fgﬁ?&@zsaxsam -
PO ~PEQ, ~cubi qheastiéd ﬁ%%éé@ﬁ@hﬁﬂmofm& EO-PP

O-PEO-cubi c91. 6( 88. 9) PEO-PPO, PEOnhexagonaI 104( 95. 7) 69 o 55764P O-PPO-PEO
~hexagonal 105(|satlmmsua@by@bsmﬁm glmd )usmmhel 03

350851 1751 PEOASAY SReston for DRV BSse Thieouth e AARRI b
o8 AR S TR ooty . v

) 103043133523?%%%:5% @fﬂg%mpdy?ﬁeﬂ( xQ gmal 0.041 M TEOS :

Z:(r:ul;r égt EI’I gLI Q. ? 6? Mh‘bQﬂ h an ?ﬁ?&)@neva bﬂMWam
cai cul ated fams;ﬁfg St T 4?9&?‘*@ e MEMAT(CIMRGL=_ ,,
d(100)1J3). ceﬂyﬁﬁﬁiethplammbﬁﬁrh%hloﬁdé TMAOH=aétrameth )-ahnﬁ?&ﬁuhw 24

h; (e) at 80C for 48 h; _§‘ at 90C for 24 h; (g) at 100Cfto- 24 h. a~ N
Tabl e 2. mysuhyadnm«de)al !neopuos useddn thissstudy sangedi frem Q 6/, wntlemmed

oo - Sor ) offAd LA bt 4R S
C'EQzRTI arrelgl ar 64 ssoec’(gg I cubl cﬂga?{‘ §4MB’gg%%lg"}%%r€thOTg%l '2%??5” pore

(La) 45. T570C, ZﬁzeGSGcmmpameﬂ byoretention of the bexagonabd WMJWMZSO 6
78C dEO 0100Chexagonal 652 10351 0 RTcubic73,7 291C
" EQ, oRTP6~ /nm: g( éme; éﬁ@gg}f’é&m‘ﬂsﬁ(g'}b gngo 923
C~aH3sEp~¢ p 49 1 (47. 7)1004270 587C =EOX, RTcubi c64. 8(43 3)503160 241
a~ w Tab e 2 %contl nued) Surfactant ReactlonI\/Esophased( ~)"' BET surfacepore

si zepor eTenper at ur eJiocthe(bestofounknowiedge, hexagonal %N-dlﬂ)haﬁi'thé largest

(46.8) 795190, 370Tween AORTcubl c82. 4049, 6) 104200 363Tuee
60RTcubi c62. 4(Baredimensions:tbusdar, GM%@T’J@QB‘%‘J&‘&P'“"V ordered

CTTEU <52 2 A B )i s v sz o

X114RTcubi c42. galtined MONBEA1 Frépared by uBifg cationic surfactant species can also
6RTcubi c44 3(39 9) 1160230. 568Teri t or, TM\_10RTcubi c42. 3( 36. 5) 804200 379 a,

d(100) spaBi ngberingraages: byt comparedda $BA-15the-changeds mueh less.

o et o o BB gt PN B sﬁese%%%@mwﬁa&gw%ﬁ@u :
3S | ek C
Sio1e Tan011o0e g EeRIERy OrguinBpEciB (g MBS résuTing thiterials hiave
13402130Si Si d significarthcretivcerbmesastmicturab otdsTaThe XRModiffraction patterns
186015126Hf Hf C, 1, 40 1627@@8 1. 401

1, 607111ZnZnGCi IR0 S ate 5uas B ielly lesseselyed. and FIENMIRHEraRhs 100
74071201000 10 SHALRS Rrdbh, Eeatincf BiF8 the Higtkris Psgets \ohsl Mitiets .

1, ~C 1, 402110Aof thésascopic Order. This is particularly the case near the high-end of
1, 407112Si Ti Si 4031032 lQIéréD! M Cl a403140Snl nSnC |, | | nC 13403083

Zabl e 4 Oxide gus sizerange (- thicha braad single peak iscoften chserved.
Physical 3t ;“CQ}{?}%ﬁaﬁéﬁﬁﬁsa@bﬁné\&&%u?(e? fferh pobrthernal staBility as Wi, %)

13605041 6l et LS S e s SRR a B e i

eni cond. S0210éCeasried out.c FrscauBrEsUiEs afamilyiof-highly brdered messpord$050.
52di el ectri cAl zO186anor phous35-

31403000. 61di el ectri cSi 02198anor phous86--1208100. 63di el ectri cSi Al 03_S95anor
phous38--603100. 59di el ectri cSi zAl 05. s124anor phous40-- 1003300. 55di el ectri cAl
ZTi Gs105anor phous40- - 802700. 59di el ectri cZr Ti 04103anor phous35- - 801300. 46di el
ectricSi Ti O 95anor phous45--804950. 63di el ectri cZr W20al00anor phous45--50170Q.
SINTE 67 THE CLAIMS 1. A nethod of forming a nesoscopically structured
inorganic material) conprising: combining an anphiphilic block polymer wth
an inorganic conpound of 5 a nultival ent netal speC|es under condltlons



mesoscopi cal ly structured inorganic material. 10 2, The method of claiml
I n which said bl ock copol yner and inorgani c conpounds are conbined in an
aqueous or polar solvent and including the step, after polynerizing the
nmesoscopi cal |y structured conposite, of evaporating said solvent to forma
transparent nmesostructured material wthgq uniformcharacteristic ordering
| ength scale.. 15 3. The nethod of claim2 in which said transparent

terial i . y : r : : ¢
matorial haSBATLS SIS odh bf rifibsiety Winflefod unitoft ind botklabiE BRR" °
claim2 in \gized)(froi0B9 - S00A) bytusing PEGPPO-PEQ bopblymerépétiesras 20 6.
The nmethod of claim2 in which said transparent material has a two

di nensi onal anapbiphilic struchuerditadiing agentshaugmenteddinte use of grganici n

whi ch idt t terial . Gubi 8. t hod of
ol m > i n ARG Aaent e, Feadtth Mutice. THE BSie Hizbitof nedegbHBlctur e,
9. Th th f b Wi ' ' \ id LA

10. Tﬁersenet ho 6‘}5&:‘@5%&@?ﬂ%§@2§8§%§ o%.grb?ues} S r't?? gpééﬁg‘sgnémth
structural dhdtestablishedifromcseparate N, ddsarption measureniéntsoet hod of claim

2 including the step.of adding an | c_COSOjve to sai d anphiphilic
bl ock pol y?mr to Ma%'@-es\s?e ﬁ@?wna%sgﬂghﬁmpg igune 8kabas of sai d
mesoscopi cal | X i y m 2
i ncl udi ng théﬁéﬁé%‘*%&ﬁ%édﬁﬁﬁﬁﬁﬁ*éﬁ@ @ér%qﬁgfggtél??r?ﬁ%ﬁu lic
bl ock pol ynetos: m.rmmmdig?n@tmﬁd QY ando? silical spedies crespectively. wal |
t hi ckness, and thermal stability. 13. The nmethod of claim1l1l inclu t he

step, atQer fyon theirelatiye:prak areass sae saties of these apegb@car@qﬁ}@biiségg of

o BTG e S A UL e L P soohe ¢
Tesoscopi cal SBASI5\siesieaties A BSMBWHat Msy ebhiliehsed churdinifity leallgct i ng

sai d nesoscopically structured i norgani c oxi de-bl ock copol yrrer conposite 20

mat eri al t o disordered; silicaframewqrk companed toMCGMy41.or m a nesopor ous

mul tival ent net al | de rial, with.a hi rface a 15. The
nmet hl)\(; of claim 11&*%@# I ﬂy%m%% F}QFB%%??:‘\%‘PQP@#;?@“‘éS’&QQ'QdOf at
I ; . . N | ad . ) . . ) '
soon 1 Tresing PECRPPORPEO SR totsh WhinhticTSes STSE Wi Spbardtity 05T
5 18. The neconsistingdfdwo dpparentpradessest one at 80i OC{measured usingst 30 A

20. The mot hEAYYIEKR #124M% IGps.APMBRNESRY, oL RdRthgrmis DR Peefne 1 o7 m
has & two di S o oriBon el uiitef, BilGved e Seciha™h WOE NIGROIRS R, T 7
i n which sai t4&2€owith @amsexsthermid DTAspeak duectondesorptiont of the Gryanitie et hod
i el cct20c orrelmer: AoNelzsch Tharmongaiizer, ol A 0B wasUsed fofihermal | or
to combi nati gfaield of Heé'solid products, simultaneously performing TGA and DTA
with heating rates of 5 Kmin“! in air.
The desorption temperature of the large block copolymer (~150°C)
is much lower than that of cationic surfactants (~360°C), so that the
25  organic copolymer species can be completely removed and collected
without decomposition by heating SBA-15 in an oven (air) at 140°C for 3
h. (The possibility to recover and reuse the relatively expensive triblock
copolymer structure-directing species is an important economic
consideration and benefit to these materials.) It should be noted that the
30  pure block copolymer PEQO,,PPO,,PEQO,, decomposes at 270 OC, which



I norgani ¢ conpound, said block polyner is placed in an aqueous sol ution of
I norganic salt and said inorganic conpound is added to said bl ock polyner
70 solution in the formof a sot gel to formsaid inorganic material as a
meso macro structure. 25. The nethod of claim 24 including the steps of
pol ynmeri zing the neso macro structured conpegite and cal cining the

pol yneri zed conposite to form5 a nultivalent netal oxide material with
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.71 32.
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mesostructured goheentratiohsproducad only densecamorphousislicah At room
temperature, only amorphous silica powder or products with poor
mesoscopic order can be obtained, and higher temperatures (> 80°C)
yield silica gel. Like TEOS, tetramethylorthosilicate (TMOS) and
20 tetrapropoxysilane (TPOS) can also be used as the silica sources for the
preparation of hexagonal SBA-15.
SBA-15 can be formed in acid media (pH<1) using HCI, HBr, Hi,
HNO,, H,SO,, or H,PO,. Concentrations of HCI (pH 2 - 6) above the
isoelectric point of silica (pH 2) produce no precipitation or yield
25 unordered silica gel. In neutral solution (pH 7), only disordered or
amorphous silica is obtained. We also measured the precipitation time (f)
of the silica as a function of the concentration of HCl and CI". The [Cl7]
concentration was varied by adding extra NaCl, while keeping the H*
concentration constant. From these measurements, log (t) is observed to

30 increase linearly with log C (where C is the concentration of HCI or CI).



43. The nesostructured material of claim36 conprising a two di nensi onal
hexagonal nmesostructure. 5 44. The nesostructured material of claim 36
conprising a cubic nesostructure. 45. The mesostructured material of claim
36 conprising a | ameliar nesostructure. 46. The nesostructured nmaterial of
claim 37 conprising a two 10 di nensi onal #exagonal mesostructure. 47. The
mesostructured material of claim 37 conp? sing a cubic nmesostructure. 48.

esost T uct ur ioREE ofgP 3o EEh b L8R Kir Ao s bt CERuBRces thRe 1 or
of fibers. SnifEgis GPSBA-1514/KbsEBt Bxieit than dopis'MS  Baelith fiitigs of thin

films. 51. The nesostructured material of claim37 in the form of
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A nethod of forpation ofjhexagohalc®BAs15 mmsapﬂasﬂ sificaalAthighiphtvaluessf2h+ hesi s
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conpri si ng passn n@moﬂtm liitations cﬂutnmed MCMthmaeemduscprgbaaed
macroporousn’m‘hgl val ent netal oxide material having a nesoporous surface.
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10b). However, after heating in boiling water for 6 h, the structure of
calcined MCM-41 is destroyed and the material becomes amorphous, as
evidenced by the absence of XRD scattering reflections in Figure 10c. By
contrast, all of the caicined hexagonal SBA-15 samples prepared using
25 the PEO-PPO-PEO bilock copolymers are stable after heating in boiling
water for 24 h under otherwise identical conditions. For calcined
hexagonal SBA-15 prepared by using the PEO,,PPO,,PEO,, copolymer
and after calcination in air at 500°C and subsequent heating in boiling
water for 6 h, the (210) reflection becomes broader, the (300), (220), and
30 (310) peaks become weaker, while the (100) peak is still observed with
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A typical preparation of monolithic silica-copolymer mesostructures
15 is outlined below. A series of samples was made with varying amounts of
Pluronic F127 PEO,,PPO.PEO, friblock copolymer, while holding other
processing conditions constant, A calculated amount of a 20 wt% EtOH/
Pluronic F127 solution (between 0.7 and 3.5 ml) is transferred into a 30
mi vial. 0.72 mi of an acidic solution of HCI (pH 1.5) is added to the
20 polymer solution while stirring, followed by addition of 1.0 mi of
tetraethylorthosilicate (TEOS). The solution is stirred until homogeneous,
and allowed to gel uncovered under ambient conditions. After gelation (-~
2 days) the samples are covered for 2 weeks at room temperature. At the
end of this period the gels have shrunk, yet done so uniformly to retain
25 the shape of the container. Further research has shown that addition of a
small amount of 3-glycidoxypropyltrimethoxysilane can prevent shrinkage.
The cover is removed and the materials are dried at room temperature to
eliminate excess solvent. The F127 series materials produced are
transparent up to 38 wt% polymer, after which the polymer macro-phase
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symmetry in which the one-dimensional axes of the ca. 200 A aggregates
are highly ordered horizontally in the plane of the film.
High quality films can be produced generally as follows. A mixture
of 5 ml tetraethylorthosilicate and 0.75-3.0 ml H20 (pH=1.4) is stirred for
10 approximately 30 min or until the silicate has hydrolyzed sufficiently to
become miscible with water and thereby form a homogeneous solution.
An appropriate amount (generally between 10-40 wt%) of block
copolymer, such as Pluronic P104 polyethyleneoxide-polypropyleneoxide-
polyethyleneoxide copolymer, is dissolved in the solution. An additive
18  such as ethanol, dimethy1formamide, or tetrahydrofuran can be added to
vary the viscosity and coating properties. The mixture is allowed to age,
then is dip-, drop-, or spin-coated onto a glass or Si wafer substrate. Thin
films with variable thicknesses can also be produced using spin coating.
The XRD patterns confirm that these thin films have highly ordered
20 hexagonal (p6mm), cubic (1m3m), or 3-d hexagonal (p6/mmc)
mesostructures. They are highly ordered and can easily be shear aligned.
BET measurements show that the thin films have narrow pore size
distributions, pore sizes of 20-120 A, pore volumes up to 1.7 cm®/g and
BET surface areas up to ~1500 m%/g. SEM images of these thin films
25 show a uniformly flat surface. The thickness of the films can be adjusted
from 100 nm - 1 mm by varying the concentration of the solution, aging
time and coating time.
The examples shown above use PEO,,PPO,,PEO,, copolymer
species as the structure-directing agents. Highly ordered, ultra large pore
30 size SBA-15 materials can also be synthesized by using PEO-PPO-PEO
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10% & () -5f 1dfifréction ieddlifetnénts dakPbedn the Pahl® SITEEEABA, With pore
sizes of 46 - 100 A established by N, adsorption measurements. The EQ/
PO ratio and intramolecular distribution and sizes of the corresponding
blocks affects the formation of SBA-15. A lower EO/PO ratio with a
symmetric triblock PEO-PPO-PEO copolymer architecture favors the
10 formation of p6mm hexagonal SBA-15. For example, Pluronic L121,
PEO,PPO,,PEO;, at low concentrations (0.5 - 1 wt %) forms hexagonal
SBA-15, while use of higher concentrations of this copolymer (2 - 5 wt%)
leads to an unstable lamellar mesostructured silica phase. Higher EO/PO
ratios of the biock copolymer, e.g. PEO,PPO3PEO,q OF
15 PEO,PPO;PEO,,, yield cubic SBA-15 silica, including an Im3m
morphology. These cubic mesophase materials yield large 54 - 80 A
mesoscopically ordered pores and high BET surface areas (up to 1000
m?/g). Hexagonal mesoporous silica SBA-15 can also be synthesized by
using reverse PPO-PEO-PPO triblock copolymer configuration, for
20 example, PPO,,PEO,,PPO,,.

In general, any microphase-separating, domain-partitioning
copolymer architecture can be considered promising for the synthesis of
such mesostructured materials, according to the specifications imposed
by processing conditions and ultimately the product properties desired.

25  Additionally, cubic (Pm3m) and hexagonal (p6mm) mesostructures can be
formed by using Brij 56, C,4H4,(OCH,CH,),,OH (C,,EO,,) surfactant
species, with the pore sizes controllable from 25 - 40 A and BET surface
areas up to 1070 m?/g. Brij 76 (C,,EO,,) yields the three-dimensional
hexagonal (P6/mmc) and two-dimensional hexagonal (p6mm)

30 mesostructures with similar pore sizes and surface areas; see Table 2.
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5 be formulated by appropriate maodification of these parameters, Heat
treatment after gelation can also produce harder materials that are less
likely to crack.
We have found that silica-surfactant mesophases and MCM-41-
type mesoporous materials can be aligned using liquid crystal processing
10 strategies, including imposition of magnetic, shear, or electric fields.
Similarly, polymer processing of the silica-copolymer composites is
expected to be equally advantageous for producing aligned ultra large
mesopore hydrothermally spH materials. For example, it should be
possible to induce orientational ordering of the silica-copolymer
15 composites and resultant mesoporous materials by applying shear to the
sol-gel/copolymer system as it dries. Concerning variations on processing
SBA-15-copolymer thin films (0.1-100 pm), use of shear alignment
strategies, including spin-casting and dip-casting (i.e., drawing a vertical
coverslip from a reservoir of the reaction solution), have been shown to
20 induce larger degrees of orientational order than provided by.drop-cast
preparations. Moreover, guest molecules such as conducting or optically
active organic species can be introduced to the reaction solution(s) and
incorporated into the silica-copolymer monoliths, films or powders prior to
or during processing. We have demonstrated the efficacy of this for the
25  inclusion of conducting polymer moieties, such as poly(3,4-
ethylenedioxythiophene) in SBA-15 silica-copolymer monoliths and spin-,
drop-, and dip-cast films.
Methods currently available for the preparation of inorganic-organic
mesophases or mesoscopically ordered porous materials typically invoive
30 one of five pathways that rely on Coulombic or hydrogen-bonding
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5 materials. Furthermore, the surfactants used as the structure-directing
agents in these cases (e.g., alkylammonium, alkylamine) are expensive
and/or environmentally noxious. The S%° synthesis route generally yields
disordered or worm-like mesoporous solids due to the absence of strong
electrostatic or hydrogen bonding interactions. The materials and
10 synthesis method described here are less expensive, non-toxic, and
considerably more versatile than the cases described above. They can be
used to tune material properties, such as mesoscopic ordering, pore size,
hydrothermal stability, monolith shape, orientational alignment, and
compatibility with a wide range of guest molecules to a significantly
15  greater extent than possibie with the current state-of-the-art.

The ultra large mesopores in calcined SBA-15 materials provide
new opportunities in chromatographic separations of large molecules,
such as proteins, enzymes, or polymers. In addition, these materials have
promise for new applications in environmental remediation, such as the

20 clean up of polycyclic aromatics, porphyrins, other large organics, and
heavy metals from process streams or soils. These properties can be
enhanced and tailored by functionalizing molecular moieties along the
inorganic walls to provide chemical as well as size selective specificity of
adsorption interactions.

‘25 To the best of our knowiedge there have been no reports of

- mesoscopically ordered silica monoliths or films with large characteristic
structural length scales (>50 A). The farge dimensions of the inorganic-
copolymer aggregates and large pore sizes of the composite or
mesoporous materials detailed herein are superior to conventional

30 mesoporous solids due to their thermal stability, transparency, monolithic
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5 possibilities for obtaining materials with high degrees of structural
anisotropy, compared to dense silica. The improvements substantially
exceed those provided by MCM-type materials, as discussed earlier. This
has attractive implications for the development of low dielectric constant
materials, particularly for reducing the capacitance of interconnects, which
10 are among the most severely limiting factors in improving integrated and
optical circuit performance. As shown in Figure 14, the quest for materials
with dielectric constants significantly below 2 appears to be well within
reach; calcined SBA-15 materials have been prepared with porosities of
0.6-0.86, which lead to calculated optical dielectric constants of 1.1-1.4.
15  One can produce aligned morphologies or structures with unconnected
spherical cavities to eliminate transverse channel connectivities, which
are undesirable for dielectric materials applications.
Use of block copolymers with a hydrophobic core also produces
the unique-ability to stabilize hydrophobic guest molecules that would not
20° otherwise be compatible with the hydrophilic sol-gel reaction, such as
-. 'some optically active dyes and polymers. Before now all optical moieties
" incorporated into sol-gel materials were either water soluble or had to be
- . chemically grafted onto a compatible polymer. The inclusion of a
hydrophobic region within our silicates, yet still smaller then optical
+ 25  wavelengths, allows an entirely new area of monoliths and coatings to be
developed using hydrophobic dyes and optically active organics while
retaining optical transparency. Furthermore, inclusion of guest conducting
or optically active species, such as polymers and/or metal nanoparticles,
in the pores can create quantum-effect materials. The controllability of the
30 SBA-15 pore sizes, inorganic wall composition, organic composition, and
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Generalized block copolymer syntheses of mesoporous metal
oxides
10 Mesoporous metal oxides were synthesized at 30 - 70 °C using
poly(alkylene oxide) block copolymers HO(CH,CH,0),(CH,CH(CH,)0),
(CH,CH,0)H (EO,-PO,-EO,) or HO(CH,CH,0),(CH,CH(CH,CH,)O)H
(EO,-BO,) block copolymers as the structure-directing agents. In a typical
synthesis, 1 g of poly(alkylene oxide) block copolymer was dissolved in 10
15 g of ethanol (EtOH). To this solution, 0.01 mole of the inorganic chioride
precursor was added with vigorous stirring. The resulting sol solution was
gelled in an open petri dish at 40 - 60 °C in air. The aging time differs for
different inorganic systems. Alternatively, the sol solution can be used to
prepare thin films by dip coating. The as-made bulk samples or thin fiims
20  were then calcined at 400 °C for 5 hours to remove the block copolymer
surfactants. For the Al and Si, Al, systems, calcination was carried out at
‘600 °C for4 hr. For WO,, calcination at 300 °C.is sufficient to yield
ordered mesoporous oxides. v :
' X-ray diffraction (XRD) is an important technique for charactenzmg
25 these metal oxide mesostructures. Table 3 summarizes the-synthetic
conditions, including the inorganic precursors and.aging temperatures
-and times for the mesostructured inorganic/copolymer composites (before
calcination) using EOQ,,PO,,EO,, as the structure-directing agent. A broad
array of mesostructured composites have been successfully prepared,
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correspond to the largest d value observed grom the low-angle XRD
patterns; it ranges from 70 to 160 A for the different systems. High-order
5 low-angle diffractions are also observed for most of these systems.
Quantitative elemental chemical analysis suggests that the frameworks of
these mesostructured composites are made up of metal-oxygen-chlorine
networks.

Upon calcination, mesoporous TiO,, ZrO,, Nb,O;, Ta,0,, Al,O,,

10 WO, SiO,, SnO,, HfO,, and mixed oxides Si,, Ti,0,, Zr,,Ti,0,, Al,,Ti,0,,
Si,,Al, O, are obtained. X-ray diffraction, transmission and scanning
electron microscopy imaging (TEM & SEM), and nitrogen
adsorption/desorption are three crucial techniques for characterization of
these materials. Table 4 summaries the analysis results, including the

15  ordering length, pore size, wall thickness, wall structure, porosity and
Brunauer-Emmet-Teller (BET) surface area.

Figure 15 shows typical XRD pattems for mesostructured
zirconium oxides prepared using EO,,PO,,EO,, as the structure-directing
agent before and after calcination. The as-made zirconium

20 inorganic/polymer mesostructure (Figure 15a) shows three diffraction
peaks with d = 115, 65, and 59 A. After calcination, the diffraction peaks
appear at higher 20 angles with d = 106, 60, and 53 A (Figure 15b). Both
sets of diffraction peaks can be indexed as the (100), (110), and (200).
reflections from 2-dimensional hexagonal mesostructures with lattice

25 constants a, = 132 and 122 A, respectively. Similar XRD results are -
obtained in other mesoporous metal oxides. The ordering lengths of ..
these mesoporous metal oxides (Table 4) are substantially larger than
those of materials previously reported.

Thermogravimetric experiments indicate that the block copolymer

30 is completely removed upon calcination at 400 °C. The appearance.of
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10%& () - 3.5 - 9 nm. They are substantially thicker than those typical of metal
10 oxides prepared using alkyammonium ion surfactant species as the
structure-directing agents. In addition, energy dispersive X-ray
spectroscopy (EDX) measurements made on the calcined samples show
the expected primary metal element signals with trace of Cl signal, which
confirms that the inorganic walls consist predominantly of metal-oxygen
15  networks.

Furthermore, selected area electron diffraction pattemms (ED)
recorded on mesoporous ZrO,, TiO,, SnO,, andWO, show that the walls
of these materials are made up of nanocrystalline oxides that show
characteristic diffuse electron diffraction rings (Figures 16 - 18 and 20

20 insets). Wide-angle X-ray diffraction studies of calcined samples also
clearly show broad peaks that can be indexed according to the
corresponding oxide crystalline phase. Figure 15d shows a wide-angle
diffraction pattern for the calcined ZrO, sample. The sizes of the .
nanocrystals in the calcined materials are estimated to be ~ 2 nm using

25 the Scherrer formula. In addition, bright-field and dark-field (BF/DF) TEM
imaging were employed to study the distribution of these nanocrystals.
Figures 27 and 28 show such images recorded on same area of one thin
mesoporous TiO, and ZrO, sample. As can be seen in the dark field
image (Figures 27b, 28b), the oxide nanocrystals (~ 2 nm) are uniformly

30 embedded in a continuous amorphous inorganic matrix to form
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10 The pore sizes are again substantially larger than the previous reported
values. For most of the isotherms obtained on these metal oxides, three
well-distinguished regions of the adsorption isotherm are evident: (1)
monolayer-multi layer adsorption, (2) capillary condensation, and (3)
multilayer adsorption on the outer particle surfaces. In contrast to N,

15  adsorption results obtained for mesoporous metal oxides prepared using
low-molecular-weight surfactants with pore sizes less than 4 nm, large
hysteresis loops that resemble typical H,- and H,- type isotherms are
observed for these mesoporous metal oxides.

The foregoing examples used EO,,PO,,EO,, copolymer species as

20 the structure-directing agent. Mesoporous metal oxides with cther
mesostructures can be synthesized by using EO,-PO-EO, or EO,-BO,
block copolymers with different ratios of EO to PO or BO. For example,
when EO,,BO,, copolymer is used as the structure-directing agent,
mesoporous TiO, with cubic mesostructure can be prepared. Figure 37

25 shows typical XRD patterns for mesostructured titanium oxides prepared
using EO,;BO,, as the structure-directing agent, before and after
calcination. The as-made titanium inorganic/ polymer mesostructure
(Figure 35a) shows six diffraction peaks with d = 100, 70, 58, 44, 41, 25
A, which can be indexed as (110), (200), (211), (310), (222), (440)

30 reflections of an Im3m mesophase. After calcination, the diffraction
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synthetic conditions as the solvent, the ratlo of inorganic/polymer, aging
temperature, aging time, humidity, and choice of the block copolymer.
Liquids that are common solvents for inorganic precursors and the block
copolymers (e.g. methanol, ethanol, propanol , butanol) can be used
10 during the synthesis. The temperature, the amount of water added, and
the pH can adjusted to control formation of the mesostructures. Materials
for specific applications can be formulated by appropriate modification of
these parameters.
The advantages and improvements over existing practice can be
15 summarized as follows:
(1) Robust, thick channel walls (35 - 90 A) which give enhanced
thermal and chemical stabilities.
(2) Very large pore sizes (3.5 - 14 nm)
(3) Use of low-cost inorganic precursors
20 (4) Versatile synthetic methodology using non-aqueous'media that
can be generally applied to vastly different compositions, among
which mesoporous SnO,, WO,, and mixed oxides SiTiO,, ZrTiO,,
Al,TiO, are synthesized for the first time.
(5) For the first time, conclusive demonstration of the
25 nanocrystallinity of the framework in mesoporous ZrO,, TiO,, SnO,,
WO, using XRD, ED and BF/DF TEM imaging
(6) Mesoporous metal oxides with various physical properties
including semiconducting, low dielectric-constant, high dielectric-
constant, and negative thermal expansion.
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10% c& (g - >"EBilizel R’ {norganic-orgamc interface, thereby disrupting the
establishment of mesostructural order. This is particular the case for non-
lameliar phases. in the present invention, this situation is successfully
circumvented by using conditions that initially produce a mesoscopically
ordered material with an amorphous inorganic wall structure (Figures 15¢
10  and 35c¢) within which a high density of nanocrystals can subsequently be
nucleated upon calcination. The thick wall and the noncrystallized
inorganic matrix prevent this partially crystalline structure from collapsing
by effectively sustaining the local strain caused by the nucleation of the
nanocrystals. The coexistence of mesoscopic ordering and framework
15  nanocrystaliinity is extremely important for catalysis, sensor, and
optoelectronic applications.
To the best of our knowledge, there has been no previous report of
mesoporous metal oxide synthesis with such simplicity and versatility.
The formation, with such unprecedented simplicity and generality, of
20 large-pore mesoscopically ordered metal oxides suggests that the same
general inorganic/ block polymer assembly mechanisms may be
operating. In fact, it is well documented that alkylene oxide segments can
form crown-ether type complexes with many inorganic ions, through weak
coordination bonds. The multivalent metal species (M) can associate
25 preferentially with the hydrophilic PEO moieties, as indicated in Scheme
1, because of their different binding capabilities with poly(ethylene oxide)
(PEO) and poly(propylene oxide) (PPO). The resulting complexes then
self-assemble according to the mesoscopic ordering directed principally
by the microphase separation of the block copolymer species, and
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Scheme 1
5 The proposed assembly mechanism for these diverse mesoporous metal
oxides uses PEO-metal chelating interactions in conjunction with
electrostatics, van der Waals forces, etc., to direct mesostructure
formation.
A unique feature of the current synthetic methodology is use of
10 inorganic precursors in non-aqueous media. Because of the lower
electronegativies of the transition metals compared to silicon, their
alkoxides are much more reactive towards nucleophilic reactions such as
hydrolysis and condensation. There has been some work on the
nonhydrolytic sol-gel chemistry of inorganic oxides, a non-hydrolytic route
15  involving carbon-oxygen bond cleavage instead of the metal- oxygen
bond which has a general tendency to delay crystaliization of the metal
oxides, a very important for the first step of our inorganic-copolymer
cooperative self-assembly process. In addition, the hydrolytic route to
metal oxides often leads to difficulties in controlling stoichiometry and
20 homogeneity. Homogeneity depends on the rate of homocondensation
(i.e. formation of M-O-M and M'-O-M'") versus the rate of
heterocondensation, which can be hardly controlled in the hydrolytic
process because of the different reactivities of the various precursors
towards hydrolysis and condensation. However, in principle, the non-
25 hydrolytic process should favor the formation of homogeneous binary
oxides from different metal precursors because of the decreased
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chelating complexation for inorganic/organic cooperative assembly in the

non-aqueous media make it possible to synthesize mesoporous materials
with vastly different compositions exempilified in Table 4.

Cooperative Multiphase Assembly of meso-macro silica membranes

10 Here we describe a novel procedure for the synthesis of artificial
coral silica membranes with 3-d meso-macro structures. This process
utilizes multiphase media while including microphase separation block
copolymer/silica composite and macrophase separation between strong
electrolytes and the composite in a single step. We find that strong

15  electrolytes such as NaCl, LiCl, KCI, NH,CI, KNO,, or even transition
metal cationic salts such as NiSO,, can be used to prepare meso-macro
silica membranes that are formed at the interface of droplets of these
inorganic salt solution. It is well known that in nature, macroscopic
ordered silica structure such as diatom and coral are grown through a

20 protein modified process in the ocean environments that are rich in
inorganic salts such as NaCl. The process used in this study may be
significant in understanding the formation of diatom and coral in nature
which also can be considered as a 3-phase media process: the
environment of the cell, the cell membrane and the aqueous media within

25 thecell.

The silica membranes (size ~ 4 cm x 4 cm, thickness ~ 5 mm) with

3-d meso-macro silica network structures that we have prepared show
oriented continuous rope, tyroid, and grape vine or dish pinwheel, and
gyroid, morphologies depended on the electrolyte strength of the



&S109%&' ()- ! C L#10%z& ()-!L#10%gg& ()-" "10%& ()-!
"109& () - @10%& ()- RRSaSSOTTIEPE: 10 1 "L)10%& ()-L) 10%& ()-sL' #10%& () -
"9 109g& ()-'9 10%& ()-'Lm 109& ()- TTTUUUUULVb@ 10 1

1 68 109 ()-&310% & ()- 10 10 10 " 110% ()-& 110% & () - &s/ #10%& () -
WX Xz2YYZ} [ 9b@ 10 50

1] "#10900& ()-M 9 S#109DA0AL ()- ! S#10900& ()-  #10% & ()-!#10%& ()- & 10%

& () -2\ n n] o] pedgani @tahﬁiﬁ?%hibrﬁﬁc blb‘dk"@%dlym&%’mléﬁes IVR@ mi&kapore
10QQ | " #10%XK ' #10%>8" () - A ZX9r S1.
| a#t" #10%g & ()slngMS(-& pp pm3cambe leBJta#lmwa ic-salts and evaporation

st Gt e o caﬁﬁcl%ﬁeétér%%géﬁe&é’@@ﬁ%%?@ﬁéd 24
11,1270 oris 9 S50 3 ki e sonbsy.

10%& ()-: 1§~ #lﬁé@rﬁibhmﬁil"d bm&dpolymdrltémmEr snhosaamav/waﬂ meso-
S???{?ﬁ‘ (1)0%32 %ggcrgc‘» s%li:a LnIerlnol:;aﬁes are the glly s%able and exﬂlblt a lan engér?ggg =S
areas up to 1000 cm?/g and pore volumes up to 1.5 cm¥g.
The silica membranes were prepared by the use of two-step sol-gel
chemistry. First oligomeric silica sol-gel was obtained by pre-

10  hydrolysizing of tetraethoxysiliane (TEOS) in ethanol solution by an acid-
catalyzed process . Second, the oligomeric silica sol-gel was added into
a mixture solution of poly(ethylene oxide)-block-ploy(propylene oxide)-
block-poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymer and
inorganic salts in water and ethanol. The final composition of this mixture

15  was range of 1 TEOS: (6.8 ~ 34) x 10 copolymer: 0.51 ~ 3.0 inorganic
salt: 18 ~ 65 H,0: 0.002 ~ 0.04 HCI: 11 ~ 50 EtOH. The silica
membranes with 3-d meso-macro structures were obtained after drying at
room temperature, washing with water to remove the inorganic salts, and
calcination to completely remove the organic block copolymer,.

20 In a typical synthesis, 2.08 g TEOS (Aldrich) were added to 5 g
ethanol, 0.4 g water and 0.4 g (0.1 M) of HCI solution with stirring at room
temperature for 0.5 h, then heated at 70°C without stirring for 1 h. After
cooling to room temperature, 1 g EO,,PO,,EOQ,, (Pluronic P123, Aldrich/
BASF, average molecular weight 5800), 1 g NaCl, 10 g ethanoland 10 g

25 water were added to this solution with stirring at room temperature for 1 h.
The resultant solution was transferred into an open petri dish, allowed to
evaporate at room temperature. After complete drying, the solid
membrane was removed from the dish, 20 g water added and then
heated in a sealed container at 100°C for 3 days to dissolved the

30 inorganic salts. After cooling to room temperature, the solid silica
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membranes by sol-gel c emistry The silica membranes prepared

NaCl solution show 3-d macroscopic network structures and a coral-like
morphology (Figure 4la). The reticular 3-d network (thickness of ~ 1 yum)

10 of the silica membrane is made up of continuous rope-like silica which
exhibits highly mesoscopic ordering (see below). The silica membranes
can be as large as ~ 4 cm x 4 cm depended on the size of the container
that is used. The thickness of the silica membranes can be varied from
10 pm to 5 mm.

15 As shown in Figure 4lb, the whole silica membrane shows similar
local macroscopic structure that is not long-range ordering. The average
macropore size of the silica membranes is about ~2 ym (+0.4) (Figure
4la) and can be varied from ~0.5 ym to ~100 pm by changing the
evaporation rate or the electrolyte strength of the inorganic salts. For

20 example, when a small amount of ethylene glycol is added into the sol-gel
solution to slow the evaporation rate, a small macropore size (~0.5 ym) is
obtained as shown in Figure 4lc. Of interest is finding that when the
evaporation rate is low, the thickness of the silica network is decreased
several hundreds nanometer as shown in Figure 41c. When the

25 evaporation rate is high, the macropore size of the silica membranes can
be as large as ~10 pm, the framework thickness is increased (as shown
in Figure 41d) and the macroscopic structure of the silica membranes is
changed to a 2-d honey comb channel structure.

The electrolyte strength of the inorganic salts also can be used to

30 control the macropore size. By using stronger electrolytes, for example,
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10 10 result in an inhomogeneous silica membrane. While high concentrations,
5 result in the grape vine morphology that makes up the silica membrane as

shown in Figure 41e.

The morphologies of the inorganic salt crystals are aiso affected by
the organic block copolymer. For example, without the amphiphilic block
copolymer, cubic crystals of NaCl as large as ~100 ym can be grown in

10 the solution of water and ethanol, however, in the presence of the
surfactant under our synthesis conditions, most NaCl crystals show an
acicular (~1 ym in diameter) morphology (Figure 4if), with a length of as
much as 1 cm. When NiSO, is used as the inorganic salts in our
synthesis condition, a disk-like morphology of NiSO, crystal is observed at

15 the bottom of the silica membranes. This suggests that the crystallization
of the inorganic salts can also be directed by block copolymers.

Besides NaCl, other inorganic salts such as LiCl, KCI, NH,CI,
Na,SO,, MgSO,, NiSO,, MgCl,, chiral NaClO,, and organic acids such as,
malic acid, can be used to form the silica membranes. Figure 42 shows

20 several representative scanning electron microscope (SEM) images of the
meso-macroporous silica membranes prepared by using block copolymer
P123 (a-c), or P65 (d) in different inorganic salt solutions. The
morphology of the silica membranes is dependent on the electrolyte
strength of the inorganic salts. For example, when LiCl, KCI, and NH,CI

25 are used, with electrolyte strengths comparable to that for NaCl, a similar
coral-like morphologies (Figures 42a, b, ¢) are observed, although the
network morphology of the silica membranes is somewhat different.
However, when the inorganic salts with stronger electrolyte strengths
such as Na,SO,, MgSO,, are used in the synthesis, the macroscopic
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SEM (Figure 43a). This morphology results from silica grown around
cubic NaCl crystals, suggesting a macroscopic inorganic crystal
templating process for the mesoporous silica growth. When block
copolymers such as Pluronic P65 (E0,,PO,,EQ,,) is used, the silica

10 membrane with large macropore size is obtained (Figure 42d).

The mesoscopic ordering in these silica membranes formed by the
cooperative self-assembly of inorganic silica species/amphiphilic block
copolymer is mainly controlied by the block copolymer while can be
characterized by the low-angle X-ray diffraction patterns (Figure 44) and

15  transmission electron microscope (TEM) (Figure 45). The XRD patterns
of Figure 44 were acquired on a Scintag PADX diffractometer using Cu
Ka radiation. For the TEM of Figure 45 measurements, the sample was
prepared by dispersing the powder products as a slurty in acetone and
subsequently deposited and dried on a hole carbon film on a Cu grid. As
20  shown in Figure 44a, the coral-like silica membranes synthesized by
using P123 triblock copolymer after removal of NaCl by washing, shows a
typical hexagonal (p6mm) XRD pattern for mesoporous materials with
four diffraction peaks (a = 118 A), which is similar to that of SBA-15
described above. After calcination at 500°C in air for 6 h, the four-peak
25 XRD pattern is also observed and the intensity of the diffraction peaks is
increased, suggesting that the p6mm mesoscopic ordering is preserved
and thermally stable, although the peaks appear at slightly larger 20
values, with a = 111 A. The celi parameters of mesoscopic ordering on
the silica membranes can be varied by using different triblock copolymers.
30 For example, a = 10 1 A for Plunroin P103 (EO,;POEOQ;,) (Figure 44b)
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These results suggest that the presence of the inorganic salts such
5 as NaCl does not greatly effect the cooperative self-assembly of block
copolymer/silica to form highly ordered mesostructure. Figures 45a,b
show TEM images of calcined silica membranes prepared by using P123
block copolymer in NaCl solution at different orientations, confirming that
silica network of the membranes is made up of a 2-d p6mm hexagonal

10  mesostructure, with a well-ordered hexagonal array and one-dimensional
channel structure. TEM images (Figure 45 c, d) of the silica membranes
with small macropore size (~0.5 ym from SEM) prepared by adding a
small amount of ethylene glycol show that the rope-like networks of the
silica membranes is made up of loop-like mesoscopic silica with oriented

15  1-d channel arrays parallel to the long axis. These rope-like silicas form a
3-d network macroporous structure. It should be noted that when higher
molecular weight block copolymer F127 is used as the mesoscopic
structure-directing agents, a silica membrane with cubic mesostructure
(a =217 A) can be obtained, based on XRD and TEM resuits.

20 SEM images of the silica membranes after calcination at 500 °C in
air show that the coral-like macrostructure is retained, demonstrating that
the coral-like meso-macro silica membranes prepared with inorganic salts
are thermally stable. Thermal gravimetric and differential thermal
analyses (TGA and DTA) (Figure 46) in air of the silica membranes

25 prepared by using P123 block coploymer in NaCl solution after removal of
the inorganic salts, show total weight losses of only 24 weight % (Figure
46 top). A Netzsch Thermoanalyzer STA 409 was used for thermal
analysis of the solid products, simultaneously performing TGA and DTA
with heating rates of 5 Kmin™ in air. At 100°C TGA registers a 18 weight

30 % loss accompanied by an endothermic DTA peak caused from
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+10%% () - which coincides with an exothermic DTA peak associated with
decomposition of the organic block coploymer. By comparison, the silica
membranes obtained without removed the inorganic salts show total
5 weight losses of 50 weight % (Figure 46 bottom). At 100°C TGA registers
a 4 weight % loss from physical adsorption of water, followed by a 46
weight % TGA loss at 200°C from decomposition of the organic block
copolymer.
The above observations confirm that the interaction between silica
10  species and block copolymer species is weak, and after washing with
water 84 weight % of the block copolymer in the silica membranes is
removed. After washing by water and without calcination, these silica
membranes already show similar nitrogen sorption behavior to that for
calcined silica membranes, (Figure 47a, b) so that after washing, both
15 macroporous (~ 2 pm) and mesoporous (60 A) channels are already
accessible. The isotherms of Figure 47 were measured using a
Micromeritics ASAP 2000 system. Data were calculated by using the BdB
(Broekhoff and de Boer) model. The pore size distribution curve was
obtained from an analysis of the adsorption branch of the isotherm. The
20 pore volume was taken at P/P, = 0.985 signal point. The BET sampie
was pre-treated at 200°C overnight on the vacuum line.
The representative nitrogen adsorption/desorption isotherms and
the corresponding pore size distribution calculated by using Broekhoff and
de Boer's mode! are shown in Figure 48. The isotherms of Figure 48.
25 The isotherms were measured using a Micromeritics ASAP 2000 system.
Data were calculated by using the BdB (Broekhoff and de Boer) model.
The pore size distribution curve was obtained from an analysis of the
adsorption branch of the isotherm. The pore volume was taken at P/P, =
0.985 signal point. The BET sample was pre-treated at 200°C overnight
30  on the vacuum line. The coral-like silica membranes prepared using P123
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exhibit a narrow pore size distribution at the mean value of 84 A. This
material has a Brunauer-Emmett-Teller (BET) surface area of 660 m?% 9,
5 and a pore volume of 1.1 cm®g. The mesoscopic pore size of the silica
membranes prepared in NaCl solution depended on the amphiphilic block
copolymer, for example, the materials prepared by using P103 and P65
show similar isotherms and exhibit pore sizes of 77 and 48 A, BET
surface areas of 720 and 930 m?/g, and pore volumes of 1.12 and 0.99
10 cm?¥g respectively (Figure 48). When large molecular weight F127 block
copolymer is used as the templates, the silica membrane with cubic
mesoscopic structure shows the isotherms with a large H,-type hysteresis
(Figure 49a) much different with that for hexagonal mesoscopic array
silica membranes and does not fits to cylinders model by using BdB
15 model to calculate the pore size distribution. (Figure 49b) However,
using spheres model, it shows quite narrow pore size distribution at a
mean of 10.5 nm, and exhibit a BET surface area of 1003 m?/g, pore
volume of 0.8 cm¥g (Figure 49b). The silica membranes prepared by
using nonionic oligomeric surfactant C,H,EO,, also high BET surface
20 area of 710 m?/g and pore volume of 0.64 cm®g, but slight smaller a
mean pore size of 3.6 nm (Figures 50a,b).

In order to understand the formation of the coral-like meso-macro
silica membranes, we have carefully investigated the macroscopic
structures in different areas (Figure 51) of the as-made silica membranes

25  prior to washing. As shown in Figures 51a-d, without washing out the
inorganic salt (LiCl) the macroscopic coral-like structures of the
membrane have been already formed in the middle region of the silica
membrane. On the other hand, the image recorded in the top region of
the silica membrane is quite different than that from the middle region and

30 show disordered pillow windows that have similar average macro-window
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interface. lg-uree 51d shows the SEM image of the silica membrane
prepared by LiCl recorded at the bottom region, suggesting that the
mosaic-like inorganic salt LiCl crystals, which are confined by XRD and
chemical analysis, are formed in the bottom of the silica membranes. The
shape of the pillow-like LiCl crystals is somewhat similar to the
fenestrated morphology observed at the top region of the silica
membrane. SEM images of the silica membrane prepared by using
NiS04 as the inorganic salt recorded on the top, middle, bottom regions of
the membrane are shown in Figures 51e-h. Without washing out the
inorganic salt (NiSO,) (Figures 51e,f) SEM images reveal a disk-like
window morphology at the top of the membrane, while inside this window,
a coral-like morphology can be seen (Figure 46f). However, at the bottom
of the membrane, grape vine-like silica macrostructures with disk-like
inorganic salt NiSO, crystals are observed (Figure 51g, h). The size of
disk-like NiSO, crystals is the same as the window size of the silica
membrane at the top. These results are consist with initial phase
separation between the coral-like silica macrostructure and inorganic
salts, followed by formation of the silica macrostructure above the
inorganic salts.

In order to further confirm the formation of the materials, we
investigate the change of composition as a function of the evaporation
time (Figure 52). The chemical composition of the starting reaction
mixture was | g P123 block coploymer: 0.0 1 mol TEOS: | g LiCl : 4 x 10
mol HCI: 0.55 mol H,0: 0.33 mol EtOH. As shown in Figure 52, in the
beginning, the concentration (weight %) of ethanol is decreased rapidly,
and the concentration of water and SiO, and inorganic salt LiCl are
increased since a large amount of ethanol is evaporated. After about 3 h,
silica-block copolymer gel starts to form, in liquid phase, the concentration
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XRD, almost all the ethanol has evaporated (in liquid phase, a
concentration lower than 1%) and only a trace amount of silica is found in

5 the liquid phase, suggesting that the silica/organic block copolymer
composition has been aiready solidified at this time at the interface with
salt water. When the concentration of salt LiCl is hear saturation
concentration (45%), the crystallization of the inorganic salt LiCl occurs.
At this time, the formation of mesostructured silica has been almost

10 completed. These resuilts further indicate that the macroscopic silica
structure is formed first at the interface of inorganic salt water, and
sequentially, when the solution of the inorganic salt reaches saturation
concentrations, crystal of inorganic salts are formed in the bottom of the
membrane.

15 Based on above results, we postulate that macroscopic silica
structure is formed around a droplet of inorganic salt solution as
illustrated in Scheme A (Figure 53). Ethanol is first evaporated, then,
water. As the inorganic salt solution becomes more concentrated, two
domains are formed, one a water-rich domain, where most inorganic sait

20 is located, another a water-poor domain, where silica and block
copolymer compositions are located. The formation of two domains
results in tri- phase separation, a droplet of inorganic salt solution phase
separated by silica-block copolymer gel. The droplet of the solution
serves as a template for the growth of silica-block copolymer composites.

25 Once the macrostructure is rigidified, the inorganic sait solution
approaches to the bottom of the container progressively. The cooperative
self-assembly of silica/block copolymer occurs at the interface of the
droplet, and results in coral-like mesomacroscopic silica structure. On the
other hand, when the silica is formed at the interface of air and salt water,
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Referring to Figure 54, progressively higher magnifications are
shown of a section of a meso-macro silica membrane made in
5 accordance with this invention. The membrane is shown in Figure 54a
which has a macropore structure, as shown in Figure 54b. However the
walls defining the macropores have a mesoporous structure.
In summary, artificial coral silica membranes with 3-d meso-macro
structures have been synthesized by a novel process of an acidic
10 catalyzed silica sol-gel chemistry in the present of inorganic saits.
Inorganic salts play an important role on the formation of meso-macro
silica membranes that are grown at the interface of a droplet of inorganic
salt solution. The results are of general important for understanding
multiphase processes such as the formation of diatoms coral silica
15  structures in nature. The silica membranes (size ~ 4 cm x4 cm,
thickness ~ 5 mm) with 3-d meso-macro silica network structures show
oriented continuous rope, toroid, and grape vine, or dish, pinwheel,
gyroid, and cubic cage morphologies depending on the electrolyte
strength of the inorganic salts or amphiphilic block copolymer templates.
20 The macropore size (0.5 ~ 100 um) can be controlled by inorganic salts
and the evaporation rate of the solvent. The mesoscopic structures can
be highly ordered 2-d honeycomb (pore size 40 ~ 90 A) or 3-d cubic
packing and are controlled by the amphiphilic block copolymer templates.
The coral-like mesomacro silica membranes are thermally stable and
25  exhibit large surface areas (to 1000 cm? /g) and pore volume (to 1.1 cm¥
g). We anticipate that these new process ceramics material with structure
and design on multiple length scales will have many applications in the
areas, including separation, sorption, medical implant, catalysis, and
sensor array applications.
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Besides P 123, other surfactants can also be used in the synthesis. For
example, one could use:

(1) a diblock copolymer, poly(ethylene oxide)-block-poly(propylene

oxide); poly(ethylene oxide)-block-poly(butylene oxide) (Dow

Company); B50-6600, BL50-1500;

(2), a triblock copolymer, poly(ethylene oxide)-block-poly(propylene

oxide)-block poly(ethylene oxide); (BASF) poly(ethylene oxide)-

block-poly(butylene oxide)-block poly(ethylene oxide) (Dow

Company); such as Pluronic L64, L121, L122, P65, P85, P103,

P104, P123, PF20, PF40, PF80, F68, F88, F98, F 108, F 127;

(3) a reversed triblock copolymer Pluronic 25R8, 25R4, 25R2

(4) a star di-block copolymer (BASF), Tetronic 901, 904, 908; and

(5) a reversed star di-block copolymer Tetronic 90R1, 90R4,

90RS.

The inorganic salts can be electrolyte, such as KCi, NaCl, LiCl,
NH,CI, MgCl, MgSO,, KNO,, NaClO,, Na,SO,, NiSO,, CoCl,, water
organic acid, such as DL tartaric acid, citric acid, malic acid. . We claim
that dissolvable alkali salts, alkaline earth salts, transition metal, sulfate,
nitrate, halide, chlorate, per chilorate.

The preparation of meso-macro silica membrane are emulsion
chemistry latex sphere template; phase separation and solvent
exchanged; inorganic saits templating which was developed by ourselves
here. This discovery should have great signification for understanding the
formation of the diatom and coral in nature, The macromesoporous
materials would have many applications in the areas of sorption,
catalysis, separation, sensor arrays, optoelectionic devices. The
materials and synthesis method described here are very versatile in that
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TiOz, Zroz. Al,0,, Nb,O;, Ta,0;, Cr,0,, Fe,0,, ZrTi0,, Al,SIO;, HfO,,
meso-macroporous silica membranes. These materials would have many

S5 applications on sorption, catalysis, separation, sensor arrays,
optoelectionic devices.
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1. A method of forming a mesoscopically structured inorganic material,
comprising:
combining an amphiphilic block polymer with an inorganic compound of
5 amultivalent metal species under conditions whereby the block copolymer
and inorganic compounds are self-assembled and polymerized into a
mesoscopically structured composite; and
polymerizing the mesoscopically structured composite to form said

mesoscopically structured inorganic material.

10 2. The method of claim 1 in which said block copolymer and inorganic
compounds are combined in an aqueous or polar solvent and including the
step, after polymerizing the mesoscopically structured composite, of
evaporating said solvent to form a transparent mesostructured material with
a uniform characteristic ordering length scale..

15 3. The method of claim 2 in which said transparent material is crack-free.

4. The method of claim 2 in which said transparent material has a large d
spacing and thick inorganic walls

5. The method of claim 2 in which said transparent material is in the form
of fibers.

20 6. The method of claim 2 in which said transparent material has a two
dimensional hexagonal mesostructure.
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8. The method of claim 2 in which said transparent material has a
lamellar mesostructure.

5 9. The method of claim 2 in which said wall thickness is at least 30 'A.

10. The method of claim 2 in which said mesoporous structure has a
structural ordering length scale of at least 50 A.

11. The method of claim 2 including the step of adding an organic
cosolvent to said amphiphilic block polymer to increase the pore size and
10  wall thickness of said mesoscopically structured inorganic material.

12. The method of claim 2 including the step of thermally treating said
combination of amphiphilic block polymer and inorganic compound to
increase the pore size and wall thickness, and thermal stability.

13. The method of claim 1 including the step, after polymerizing the
15  mesoscopically structured composite, of removing said polymer to form a
thermally stable mesoporous material.

14. The method of claim 1 including the step, after polymerizing the
mesoscopically structured composite, of calcining or solvent extracting said
mesoscopically structured inorganic oxide-block copolymer composite

20 material to remove the organic species and thereby form a mesoporous
muiltivalent metal oxide material with a high surface area.
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16. The method of claim 14 in which said pore size is at least 30 A.
17. The method of claim 14 in which said d spacing is at least 60 A.

5 18. The method of claim 14 in which said wall thickness is at least 30 A.

19. The method of claim 14 in which said surface area is at least
100m?/g..

20. The method of claim 14 in which said mesoporous material is in the
form of fibers.

10 21. The method of claim 14 in which said mesoporous material has a two
dimensional hexagonal mesostructure.

22. The method of claim 14 in which said mesoporous material has a
cubic mesostructure.

23. The method of claim 14 in which said mesoporous metal oxide
15 material has a dielectric constant of 2 - 2.5.

24. The method of claim 1 in which, prior to combination with said
inorganic compound, said block polymer is placed in an aqueous solution of
inorganic salt and said inorganic compound is added to said block polymer
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25. The method of claim 24 including the steps of polymerizing the meso-
macro structured composite and calcining the polymerized composite to form

5 a multivalent metal oxide material with macroporosity and a mesoporous
surface area.

26. The method of claim 1 in which said block copolymer is a triblock
polymer.

27. The method of claim 26 in which said triblock copolymer is a
10  poly(ethylene oxide)-poly(alkylene oxide)- poly(ethylene oxide) polymer
where the alkylene oxide moiety has at least three carbon atoms.

28. The method of claim 26 in which said triblock copolymer is a
poly(ethyiene oxide)-poly(propylene oxide)- poly(ethylene oxide) polymer.

29. The method of claim 26 in which said triblock copolymer is a
15  poly(ethylene oxide)-poly(butylene oxide)- poly(ethylene oxide) polymer.

30. The method of claim 1 in which said block copolymer is a diblock
polymer.

31. The method of claim 1 in which said block copolymer is a reversed
triblock polymer.
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polymer

33. The method of claim 1 in which said block polymer is a reversed star
di-block polymer.

5 34. The method of claim 1 wherein said inorganic compound, upon
calcination, forms an oxide selected from TiO,, ZrO,, Nb,O,, Ta,0;, Al,O,,
SiO,, WO,, SnO,, HfO,, SIAIO,,, SiAlO,, AL TiO,, ZrTiO,, and SITiO,.

35. The method of claim 1 wherein said inorganic compound, upon
calcination, forms SiO,.

10 36. A mesoscopically structured composite of an amphiphilic block
copolymer and a compound of a multivalent metal species.

37. Athermally stable mesoscopically ordered porous material comprised
of a multivalent metal compound and having a narrow distribution of pore

sizes in the mesoscopic size regime.

15 38. The mesostructured material of claim 37 having a high surface area,
large d spacings and thick walls.

39. The mesostructured material of claim 36 in which said material is
transparent..

40. The mesostructured material of claim 39 in the form of fibers.
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41. The mesostructured material of claim 39 in the form of thin films.

42. The mesostructured material of ciaim 39 in the form of monoliths.

43. The mesostructured material of claim 36 comprising a two
dimensional hexagonal mesostructure.

5 44. The mesostructured material of claim 36 comprising a cubic
mesostructure.

45. The mesostructured material of claim 36 comprising a lamellar
mesostructure.

46. The mesostructured material of claim 37 comprising a two
10 dimensional hexagonal mesostructure.

47. The mesostructured material of claim 37 comprising a cubic
mesostructure.

48. The mesostructured material of claim 37 comprising a lamellar
mesostructure.

15 49. The mesostructured material of claim 37 in the form of fibers.
§0. The mesostructured material of claim 37 in the form of thin films.

51. The mesostructured material of claim 37 in the form of monoliths.
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5 54. The mesostructured material of claim 37 in which said pore size is at
least 30 A.

55. The mesostructured material of claim 37 having d spacings of at least
60 A.

56. The mesostructured material of claim 37 having wall thicknesses of at
10 least30 A.

57. The mesostructured material of claim 37 having a structural ordering
length scale of at least 50 A.

58. A mesoporous multivalent metal oxide material having a meso range
pore size and a surface area of at least 100m?/g.

15 89. The mesoporous metal oxide material of claim 58 having a dielectric
constant of 2 - 2.5.

60. A macroporous multivalent metal oxide material having an ordered
mesoporous surface area.
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synthesis mixture, comprising passing said biological specimen or mixture
through a macroporous muitivalent metal oxide material having a
mesoporous surface.

15 66. The method of claim 65 in which said biomolecules comprise enzymas
and/or proteins.

67. A method of separating organics from a solution, comprising passing
said solution through a mesoporous multivalent metal oxide material.

68. A method of separating organics from a solution, comprising passing
20  said solution through a macroporous multivalent metal oxide material having a
mesoporous surface.
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69. A method of separating inorganics from a solution, comprising passing
said solution through a mesoporous multivalent metal oxide material.

70. A method of separating inorganics from a solution, comprising passing
said solution through a macroporous muiltivalent metal oxide material having a
mesoporous surface.

71. A method of imparting adsorption and catalytic reaction selectivities to &
macroporous multivalent metal oxide material having an ordered
mesoporous surface area, comprising functionalizing separately the different

mesoscopic and macroscopic pore surfaces of said material of to provide
said selectivities.



