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18, 1998.

STATEMENT REGARDING FEDERALLY FUNDED RESEARCH OR
DEVELOPMENT

This invention was made with Government support under Grant
Nos. DMR 9257064, DMR 9520971 and DMR 9632716 from the National
Science Foundation, and Grant No. DAAH-04-96-1-0443 from the United
States Army Research Office.

BACKGROUND OF THE INVENTION

Large pore size molecular sieves are in high demand for reactions
or separations involving large molecules and have been sought after for
several decades. Due to their low cost, ease of handling, and high
resistance to photoinduced corrosion, many uses have been proposed for
mesoporous metal oxide materials, such as SiO,, particularly in the fields
of catalysis, molecular separations, fuel cells, adsorbents, patterned-
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 biomolecules
such as enzymes and/or proteins. Such technology would greatly speed
processing of biological specimens, eliminating the need for time
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speci mens, b dRe0fh B8ing!Hie656rou8 /3, M8i, ALO,, Siy,TiO,. as acidic
catalysts. Mesoporous WO, can be used as the support for ruthenium,
which currently holds the world record for photocatalytic conversion of
CH, to CH,OH and H,. Mesoporous materials with semiconducting
10  frameworks, such as SnO, and WO,, can be also used in the construction
of fuel cells.
Mesoporous materials in the form of monoliths and films have a
broad variety of applications, particularly as thermally stable low dielectric
coatings, non-linear optical media for optical computing and self-switching
15 circuits, and as host matrices for electrically- active species (e.g.
conducting and lasing polymers and light emitting diodes). Such
materials are of vital interest to the semiconductor and communications
industries for coating chips, as well as to develop optical computing
technology which will require optically transparent, thermally stable films
20 as waveguides and optical switches.
These applications, howéver, are significantly hindered by the fact
that, until this invention, mesoscopically ordered metal oxides could only
be produced with pore sizes in the range (15 ~ 100 A), and with relatively
poor thermal stability. Many applications of mesoporous metal oxides
25  require both mesoscopic ordering and framework crystallinity. However,
these applications have been significantly hindered by the fact that, until
this invention, mesoscopically ordered metal oxides generally have
relative thin and fragile channel walls.
Since mesoporous molecular sieves, such as the M41S family of
30 materials, were discovered in 1992, surfactant-templated synthetic
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resulting products possess less resolved XRD diffraction patterns. This is

10  particularly the case concerning materials with pore sizes near the high-
end of this range (ca. 100 A) for which a single broad diffraction peak is
often observed. Pinnavaia and coworkers, infra, have used nonionic
surfactants in neutral aqueous media (S°I° synthesis at pH =7) to
synthesize worm-like disordered mesoporous silica with somewhat larger

15  pore sizes of 20 - 58 A (the nomenclature S°° or S'I" are shorthand
notations for describing mesophase synthesis conditions in which the
nominal charges associated with the surfactant species S and inorganic
species | are indicated). Extended thermal treatment during synthesis
gives expanded pore sizes up to 50 A; see D. Khushalani, A. Kuperman,

20 G. A. Ozin, Adv. Mater. 7, 842 (1995).

The preparation of films and monolithic silicates using acidic sol-gel
processing methods is an active research field, and has been studied for
several decades. Many studies have focused on creating a variety of
hybrid organic-silicate materials, such as Wojcik and Kiein’s polyvinyl

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
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di scover eSd ! ?ra%gggierfc%(r; fsggt .né._ ktetch!.I;aj. %’. émtehg icf. G61tner, C. G. Nature
378, 366 (1995). Dabadie et al. have produced mesoporous films with
hexagonal or lameliar structure and pore sizes up to 34 A using cationic
surfactant species as structure-directing species; see Dabadie, Ayral,
Guizard, Cot, Lacan; J. Mater Chem., 6, 1789-1794, (1996). However,

10 large pore size (>50 A) monoliths or films have not been reported, and,
prior to our invention, the use of block copolymers as structure-directing
agents has not been previously explored.(after our invention, Templin et
al. reported using amphiphilic block copolymers as the structure-directing
agents, aluminosilicate mesostructures with large ordering lengths (>15

15  nm); see Templin, M., Franck, A., Chesne, A. D, Leist, H., Zhang, Y.,
Ulrich, R., Schadler, V., Wiesner, U. Science 278, 1795 (December 5,
1997)). For an overview of advanced hybrid organic-silica composites,
see Novak's review article, B. Novak; Adv. Mater., 5, 422-433 (1993).

While the use of low-molecular weight surfactant species have

20 produced mesostructurally ordered inorganic-organic composites, the
resulting materials have been in the form of powders, thin films, or
opaque monoliths. Extension of prior art surfactant templating
procedures to the formation of nonsilica mesoporous oxides has met with
only limited success, although these mesoporous metal oxides hold more

25 promise in applications 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.
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el ectrostati ¢ and hydrogen-bondi ng interacti ons associated with
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synthesi s conditi ongrO) (Chdstd, WhSchacht, S108HigKy, G .0BRgap IRCKaRMutht h the

surfactant species S and inorganic Speci es | are i ndicated). Extended
‘thermal treat ndmtAngew.nghegminteEds Engl. 35, $4144988Panded pore sizes up to 50

oney, > KUl &Myl BB Ker, R Lot A8 s
using aci djgg sol - 9elredyced Pt (Attard, G. S., Barlett P. N., Coleman N. R. B., Eliiott J.
M., Owen, J. R.,, Wang, J. H. Science, 278, 838 (1997)).

However these often have only thermally unstable mesostructures;
see Ulagappan, N., Rao, C. N. R, Chem Commun. 1685 (1996), and
Braun, P. V., Osenar, P., Stupp, S. |. Nature 380, 325 (1996).

16 Stucky and co-workers first extended the surfactant templating
strategy to the synthesis of non-silica-based mesostructures, mainly metal
oxides. Both positively and negatively charged surfactants were used in
the presence of water-soluble inorganic species. It was found that the
charge density matching between the surfactant and the inorganic

20  species is very important for the formation of the organic-inorganic
mesophases. Unfortunately, most of these non-silica mesostructures are
not thermally stable. Pinnavaia and co-workers, supra, used nonionic
surfactants to synthesize mesoporous alumina in neutral agueous media
and suggested that the wormhole-disordered mesoporous materials are

25 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,
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Skylyarov, A., Fripiat, J. J. J. Mater. Chem 8, 219 (1998).

A scaffolding process was also developed by Knowles et al. for the
prebaration of mesoporous ZrO, (Knowles J. A., Hudson M. J. J. Chem.
Soc., Chem. Commun. 2083 (1995)). Porous HfO, has been synthesized
using cetyltrimethyllammonium bromine as the structure-directing agent;
see Liu, P, Liu. J., Sayari, A. Chem. Commun. 557 (1997). Suib et al,
supra, prepared mixed-valent semiconducting mesoporous maganese
oxide with hexagonal and cubic structures and showed that these
materials are catalytically very active. A ligand-assisted templating
approach has been successfully used by Ying and co-workers, supra, for
the synthesis of Nb,O; and Ta,0,. Covalent bond interaction between
inorganic metal species and surfactant was utilized in this process to
assemble the mesostructure. More recently, the surfactant templating
strategy has been successfully extended to platinum by Attard, Barlett et
al, supra.

For all these mesoporous non-silica oxides (except Pinnavaia's
alumina 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 resuiting
mesoporous materials generally had small mesopore sizes (<4 nm), and
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
148, 135 (1996). However, the reported X-ray diffraction patterns cannot
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There has also been a need for porous inorganic materials with
structure function on different length scales, for use in areas as diverse as
large-molecule catalysis, biomolecule separation, the formation of
semiconductor nanostructure, the development of medical implants and
16 the morphogenesis of skeletal forms. The use of organic templates to
control the structure of inorganic solid has proven very successful for
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 long-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,, Zr0,,
Si0, structures with pore sizes ranging from 100 nm to 1 um. 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-
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V. V., 30 Suib, S. L. Science.

5 AlTerr](err] (Bagshaw, S. 8A., Pinnavaia, T. J. Angew. Chem
Int. Ed. Engl . 35,1102 (1996)), Ti2 (Antonelli, D. M,

Ying, J. Y. A@.ﬁﬁé[ctéﬂi@ﬁésdﬁﬁase‘édseﬁfméws%; L. BurketE \.4H.(MeREkIson, 5,
No[err](Jerr] (Antonell Y. Chem Mater. 8, 874 (1996)),
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composites directed by protein or organic surfactants, but little on the
5 effect of inorganic salts on the self-assembly of macroscopic silica or
calcium carbonate structures with diatom, coral morphologies; see Davis,
S. L. Burkeit, N. H. Mendelson, S. Mann, Nature, 385, 420 (1997); A. M.
Belcher, X. H. Wu, R. J. Christensen, P. K. Hansma, G. D. Stucky,
Nature, 381, 56 (1998); and X. Y. Shen, A. M. Belcher, P. K. Hansma, G.
10  D. Stucky, et al., Bio. Chem., 272, 32472 (1997).

BRIEF SUMMARY OF THE INVENTION
The present invention overcomes the drawbacks of prior efforts to
prepare mesoporous materials and mesoscopic structures, and provides
15  heretofore unattainable materials having very desirable and widely useful
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 biocks. 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 seif-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



HJersr] (LiFu, P., Liu, J., Sayari, A Chem Commun. 557 (1997)), and 10
reduced Pt (Avoasmsh70$5 S., Barlett P. N., Coleman N. R B., Epkirfisbszko

M, Onen, J. R, Wang, J. H Science, 278, 838 (1997)). However
these often have only thermally unstable rrgsostructures; see

U agappan, N., Rao, C N. R Chem Comun. 4685 (1996), and Braun, P.
V., GCsenar, P., Stupp, S. . I. Nature 380, 325 (1996). 15 . St ucky and
co-workers fi rmoréﬁffﬁndwmmmg-dtmaas@n@l hexaganal ePmm), cubie () 15 t he
synt hesi s of ngys I&A'ca- based nmesostructures, mainly netal oxi des.
Bot h positivel y and negatively charged surfactants were used in t he

presence of watrhesestrudtured, depending 6 ehbRS of the WiGcK Sapulyinees, Haliting
charge density matchi ng between the surfactant and the i norganic 20

speci es is ver {0 remove e organic templateyields achesoporoug productibationi c
hases.. Unf,ort tely, .mqst. of thes on-silicg,nesostructures are
gts 0{3 her el y ﬂTeJBijag@ %ﬁ%&%%'%ﬂa&ﬁ 556? E@@b”é’t’égﬁ,mm%ﬂﬁgi oni ¢
factants t ' ' t AL | a
St capaost ed SUCHIGS With HIBR(BICT Slikate WrkaS UMIRE Waidhlori 4PU8I IR 5

assenbl ed by haddagenelithsgdihegnesbscapitaliyomiered siligateéscdesoribed inithis t he

surfactants. Apntonelli and Yi[é]‘?, supra, .prepared stabl e, rresog&r)ous
titani um oxi de!MHaNFOpIRNPR PrrduGedwith highdegraes: of praerinuthe H0-280Ae|

resence of al IS SERRAAIEE, Brdrbfely BYE3RfTRERRRHS, BuiEBlRat  des

10  constants, large anisotropy, can incorporate very large host molecules,
and yet still retain thermal stability and the transparency of fully densified
silicates.

In accordance with a further embodiment of this invention,

inorganic oxide membranes are synthesized with three-dimension (3-d)

15  meso-macro structures using simultaneous muitiphase assembly. Self-
assembly of polymerized inorganic oxide species/amphiphilic block
copolymers and the concurrent assembly of highly ordered mesoporous
inorganic oxide frameworks are carried out at the interface of a third
phase consisting of droplet of strong electrolyte inorganic salts/water

20  solution. The resultis 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 um to several millimeters.
The macropore size (0.5 ~ 100 um) can be controlled 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 controlied 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
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6 andwayepabey | ¢ cocam dopropyl betaine as the structu ' hiNQ
agents; see Kim A., Bruinsma, P., Chen, Y., Wang, L., Eueﬁms%% 1em
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Fripiat, J. J. Chem Cormun 491 (19@7) and Pacheco G, Zhao, E.,
Garcia, A, 5 Skylyarov, A, Fripiat, J. .. Mater. Chem 8, 219
(1998). importan stbgsedneswqﬁreeewma&mm B&’dﬂ%?xv@lmtes et
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Commun. 557 (1997). Suib et aI supra prepared m xed- vaI ent

sem conductin n i Lt h hexagonal and cubic
tructures. andRURE,BESRIPTRASDY THE DRAWIRGS |
S  Figure 1 shows a size comparison between two prior art porous inorganic
materials, Faujasite and MCM-41, and SBA-15, prepared in accordance
with this invention.

Figure 2 shows powder X-ray diffraction (XRD) patterns of as-synthesized
and calcined mesoporous silica (SBA-15) prepared using the amphiphilic
10  polyoxyalkylene block copolymer PEO,,PPO,,PEQO,,.

Figure 3 shows scanning electron micrographs (SEM's) (a, b) of as-
synthesized SBA-15 and transmission electron micrographs (TEM's) (c, d)
with different orientations of calcined hexagonal mesoporous silica SBA-
15 prepared using the block copolymer PEO,,PPO,,PEQO,,.

16  Figure 4 shows nitrogen adsorption-desorption isotherm plots (top) and
pore size distribution curves (botiom) 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 micrographs 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.
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bet ween i norgani ¢ nmetal species and surfactant was utilized in this
process to assenbl e the nesostructurd. More recently, the surfactant
tenpl ati ng . Strategy has been successfully extended to platinumb
Attard, Barl et fig{re6 sh%waw powdgy4cray diffraction (%D) aattemse@fea%ﬁxemsmdv

non-silica oxi f t_ Pl lLas | um na work, in which
copol yners wer%ﬁgsé%éﬁgapmggﬁggﬁ%%6'%&%%@’153} al um na in neutral aqueous

condi tions), |ow nolecul ar-weight surfactants were used for the
assenbly of the nesostructures, and the resulting . hresoporous
materi al s genefFagurg hahowsaariation®f the d10Q)sspacing (olidyandrretsizer (1-3 nm)

d fragile f .. The ch | | | . |
oxi des ner o ex PROTLEN yEHREROn Sexadere Bab:l g Gafined at ST R 6 Biady -

| el t i ' | , - ARTMER
wth orystalli NaReshand FceStpBRis MEN N TRRHaRA) a8 fiRctions of SRTMEZL Y1)
Huang, Y., MCampiyiphile (Sopolfimenbt surfagtant) ratipg/g)Catal . A 30 148, 135

(1996). However, the reported X-ray diffraction patterns cannot
Figure 8 shows 2°Si MAS NMR spectra of as-synthesized silica-
copolymer mesophase materials; (a) SBA-11 prepared by using Brij
CsEO,, surfactant; (b) SBA-15 prepared using PEO,,PPO,,PEO,, block
10  copolymer.

Figure 9 shows thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) traces for the as-synthesized SBA-15 prepared by using
the block copolymer PEO,,PPO,,PEO,,.

15  Figure 10 shows powder X-ray diffraction (XRD) patterns of (a), as-
synthesized and, (b) caicined MCM-41 silica prepared using the cationic
surfactant C,gH;3N(CH;),Br; and (c), calcined MCM-41 after heating in
boiling water for 6 h; Calcined SBA-15 (d, €) prepared by using the block
copolymer PEO,,PPO,,PEO,, after heating in boiling water for (d), 6 h;

20 (e),24h.

Figure 11 shows photographs of transparent SBA-15 silica-copolymer
monoliths incorporating (a) 27 wt% and (b) 34 wt% of the PEO-PPO-PEO
structure-directing copolymer Pluronic F127.

Figure 12 shows a 200-keV TEM image of a 38 wt% SBA-15 silica-
25  copolymer monolith prepared with Pluronic F127.



7 exclude the possibility of phase separation between the nesoporous

and Cr g sd7hgde naterials, and therefore their evi dencePEi‘ﬁlsgﬁﬁE?l .

i nconcl usi ve. In addition, nost of the syntheses were carried out in
aqueous sol ution usi ng netal al kyoxi des as inorganic precursors. The

| arge proportion of 5 water nmakes thelRBydrolysis and condensation of the
reactive netal - al kyoxi des and the subsequent nesostructure assenbly

extrenely Figuck fi8ishaws (a) a photograph of a transpareftb50-qumdhick\SBA-18 the
non-silica nespgporous nmaterials prior..to.this i pvention,..see,.the
Savari and LiSicaRARalyEet fim Prordipd with Rilrdnic,P1p4. {b) 8N - BFaCEONat or

12, 149 (199 Wattern of this film sﬂ&%{r@nﬂéﬁ rééaﬁ?eég;ﬁggge tﬁ?le%éd; igtHﬁRQBféUé's I nor gani ¢

materials wt ur e ction on re scal es, for use

Copar ot on. the Fa et o e or - aanoetretor o, 't he
devel opmeﬁi drexaganal symmetsy i whieh ﬁ'@ opedimensionat axes of the s kel et al

nor gani ¢ sorsapaetr fis ROGERAY TR the plane pr AR N Structure of

Figure 14 shows the predicted variation of optical dielectric constant and
refractive index as a function of silica porosity.

Figure 15 shows low-angle and wide-angle X-ray diffraction (XRD)

10  patterns of (a, ¢), as-made zirconium/EO,,PO,,EO,, composite ,
mesostructure and (b, d) calcined mesoporous ZrO,. The XRD patterns
were obtained with a Scintag PADX diffractometer using Cu Ka radiation.

Figure 16 shows TEM micrographs of 2-dimensional hexagonal
mesoporous ZrO,. (a) and (b) are recorded along the [110] and [001]

15 zone axes, respectively. Insetin (b) is the selected-area electron
diffraction pattern obtained on the image area. The images were
recorded with a 200 kV JEOL transmission electron microscope. All
samples were calcined at 400 °C for 5 hr to remove the block copolymer
surfactant species.

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]



de5| gning porous materials with pore size ranging fromangstrons to
"mcroneters. W099Imosrpl e, mcroporous alum nosilicate and PCT/US98/26201

al um nophosphat e zeolite-type structures have been tenpl ated by organic 20
nol ecul ars such as am nes. Larger mesopor?gs (20 ~ 300 A) materials

have been obtained by using | ong-chain surfactant as structure- directing-

' t R t t | | te that ch h f
emil i on or | aRRE %%ﬁé.rr'@spéﬁ{svéyen@seimiae)o@é‘s#%ééﬁ%a etf offEadin
Zrgerr], a%ﬂ% éj;rﬁ%gé\na}gapore sizes ranging from 100 nm to
ani s

1 pm Recently, use process that conbi ned phase
~separation, solvent exchange with sol - gel chem stry to prepare

macroscopic siljca s ctures W th rg m Meso d macr porous
structure; seeFlgurd @aﬁPWTE\M micrograpis 61,4 slong G’?aQ‘i Mann and

Couer A L () o Tob bRk GRS 1ok

8 5  zone axes, respectively.

Figure 20 shows TEM micrograph of 2-dimensional hexagonal
mesoporous Nb,O;, recorded along the [001] zone axis. Inset is selected-
area electron diffraction pattern obtained on the image area.

Figure 21 shows TEM micrograph of 2-dimensional hexagonal
10 mesoporous Ta,0; recorded along the [001] zone axis.

Figure 22 shows TEM micrographs of disordered hexagonal mesoporous
ALO,.

Figure 23 shows TEM micrograph of 2-dimensional hexagonal
mesoporous HfO, recorded along the [110] zone axis.

16  Figure 24 shows TEM micrographs of 2-dimensional hexagonal
mesoporous SiTiO, recorded along the [001] zone axis.

Figure 25 shows TEM micrographs of 2-dimensional hexagonal
mesoporous SiAlO, . (a) and (b) are recorded along the [110] and [001]
zone axes, respectively.

20  Figure 26 shows TEM micrograph of 2-dimensional hexagonal
mesoporous ZrTiO, recorded along the [001] zone axes.



surfactant nmesophases; see Davis, S. L. Burkett, N H Mendelson, S

Mann, Nat ur o 99839795420 (1997) Resear chers have CRETR @s?zgz(ﬂn t'he
assenbly of inorganic conposites directed by protein or” organic
surfactants, but little on the 5 effect of inorganic salts on the

sel f-assenbl y of macroscopic silica or 14 cal cium carbonate structures
with diatom coral norphol ogies; see Davis, S. L. Burkett, N H

Mendel ?:ﬁn S.Fitytren27 Isinowse(a) Bight4izdd TEM ithagé.of id thin slicsef theer, X I(—I V\ﬂ)
R J. ri stensen, Hansng, . St U , Nat 381, 56 1996
Rk ¥ Shanssaporussticrsample. (&) Dakdisle Inwge ebtaiped s theysam

Bi 0. Chem, Y T ICN
The prosent GBI 6 SHLY diRa sample:o The bridht spot I nideg F@r%%*ff
prepare nesoperfi@®; rapoorystaks. and nmesoscopi ¢ structures, and provides 15

her et of ore unattai nable material s having very desirable and wi dely useful
properties. These materials are prepared by using anphiphilic block

5  Figure 28 shows (a) Bright field TEM image of a thin slice of the
mesoporous ZrO, sample. (b) Dark field image obtained on the same

area of the same ZrO, sample. The bright spots in the image correspond
to ZrO, nanocrystals.

Figure 29 shows nitrogen adsorption-desorption isotherms and pore size

10  distribution plots (inset) calculated using BJH mode! from the adsorption
branch isotherm for calcined ZrO,. The isotherms were measured using a
Micromeritics ASAP 2000 system. The samples were outgassed
overnight at 200 °C before the analyses.

Figure 30 shows nitrogen adsorption-desorption isotherms (a) and pore

15  size distribution plots (b) calculated using BJH model from the adsorption
branch isotherm for calcined TiO,. Insetin (b) is the EDX spectrum
obtained on the mesoporous samples.

Figure 31 shows nitrogen adsorption-desorption isotherms and pore size
distribution plots (lower inset) calculated using BJH model from the

20 adsorption branch isotherm for calcined Nb,O,. EDX spectrum obtained
on the mesoporous samples is shown in the upper inset.

Figure 32 shows nitrogen adsorption-desorption isotherms and pore size

distribution plots (lower inset) calculated using BJH model from the

adsorption branch isotherm for caicined Ta,0,. EDX spectrum obtained
25 on the mesoporous samples is shown in the upper inset.



copol ynmer species to act as structure-directing agents for netal oxides in
sel f - assenbl WQ9%373e%=ns. Aqueous netal cations partition w thper/iSesrezor
hydrophilic regions of the self-assenbled system and associate with the 20
hydrophilic pol ymer bl ocks. Subsequent polﬁnerization of the netal ate
precursor species under strongly acidic ca ditions (e.g., pH 1), produces

d I ] d.. mesoscopi cal | rder ed tal oxide network.,
Nesoscopt o or dElBUrS S snds AREApar ARRaArmip Y dleserAtor seiaris A Rare size 2
i norgani ¢ and -gBBRIYN ¢ LM Saf ' r thelr klic- 25
hydr gphobi c {int erfaljcﬂgj.rJ }'Jlﬁtssﬁﬁ%t?%alcﬂ@égﬁfgmlng@argéﬁaltI g tpﬁ%&%@g '
sol vent, the chrgnehiisetherm forwakirsed ALQyr es can be forned into transparent,

crack-free filns, fibers or _
9 nonol it hs, havi ng two-di nensi onal hexagonal (p6m), cubic (InBm,

or l-arel Effure 34 shows nitrogen adsorption-desorption isotherms and pore size
5 distribution plots (inset) calculated using BJH model from the adsorption
branch isotherm for caicined WO,,

Figure 35 shows nitrogen adsorption-desorption isotherms (a) and pore
size distribution plots (b) calculated using BJH model from the adsorption
branch isotherm for calcined SiTiO,.

10  Figure 36 shows nitrogen adsorption-desorption isotherms (a) and pore
size distribution plots (b) calcutated using BJH model from the adsorption
branch isotherm for calcined ZrTiO,.

Figure 37 shows low-angle and wide-angle X-ray diffraction (XRD)
patterns of (a, c), as-made titanium/EO,,BO,; composite cubic

15 mesostructure and (b, d) caicined mesoporous TiO,.
Figure 38 shows TEM micrograph of cubic mesoporous TiO,.

Figure 39 shows TEM micrograph of cubic mesoporous ZrO,.

Figure 40 shows SEM image of calcined mesoporous ALO, monolithic
thick film. The image was recorded on JEOL 6300FX microscope.

20  Figure 41 shows scanning electron micrographs (SEM) of (a, b) as-
synthesized meso-macro silica membranes prepared by using P123 biock
copolymer (EO,,PO,EQ,,) in NaCl solution after washing out NaCl with



mesostructures, depending on choice of the block copol yners. Heating
to renove thwwooss@ps C tenpl ate yiel ds a mesoporous product thardsesséer
thermally stable in boiling water. Calcination yields nesoporous
structures with high BET surface areas. Unlike traditional sol-gel filns
and nonol iths, the nesoscopically ordered&ilicates described in this
invention can be produced with high degrees of order in the 100-200 A

| engt h scal e derignic watere(a)) smallmacropore sizessilica merhranecprepared byo
constants, |arge. ani ro ap. ncorporat e | ar ge host ol ecul.es,
ond yet ot 11 afdiar s il abunt Blhyieiie pRECEIN RAZ3 biodl doedi¥iesandiCT
densified hht i L g shyer
enbodi nent of s?'H;Esb hf é%? llcgnrf\gmbrane ipﬁ%?%%ﬂﬁgﬁméﬁigyg{%ﬁ&

synt hesi zed wWPtR3tbloek copolynserin NaCbsollition. i(e); silivacmentdiranetwitiegrape ng

si mul t anequs nul ti phase assenbly. Self- assenbl y_of | yneri zed
nor gani o Poxi MBESHOEPRAIDGHPPRAIEG With|high concentralion o NaCl! @l dnerganic

Framowor ks ar SERNAG Ravaiae ¥R it B alieatigmprane, ' "7 970 0 ¢

consisting of droplet of strong electrolyte inorganic salts/water 20
solution. The result is a 2-d or 3-d macroporous/ mesoporous nenbranes
whi ch, with sFigure 42.showsrseanning:elegtronduicrograghs| (8EM) ab(a ks @)as4 cmwith

The mmor opor ¢ SNk tEmESoiiaEth ik ToambranEn hidRA BA B Ta A AR
copolymer (EO,,PO,,EO,,) in (a), KCI; (b), NH,CI; (c), NaNO, solution
10 after washing out inorganic salts with de-ionic water. (d), large
macropore size silica membrane prepared by using P65 block copolymer
(EO,,PO;,EO,) in NaCl solution.

Figure 43 shows SEM images of as-synthesized silica membranes after
washed with water prepared by (a), using F127 block copolymer

15  (EO,,sPO,EO,0) in NaCl solution; (b, ¢, d), using P123 block copolymer
in (b), MgSO, solution; (c), MgCl, solution; (d), Na,SO, solution.

Figure 44 shows powder X-ray diffraction (XRD) patterns of as-
synthesized and calcined mesomacro silica membranes prepared using
the amphiphilic polyoxyalkylene block copolymer (a), P123,

20 EO,,PO,EOQ,, (b), P103, EQ,;PO,EO,;; (¢); P65, EO,,PO,EQ,,. The
chemical composition of the reaction mixture was 1 g coploymer : 0.017
mol NaCl: 0.01 mol TEOS : 4 x 10°° mol HCI: 0.72 mol H,0: 0.33 mol
EROH.

Figure 45 shows fransmission electron micrographs (TEM) (a, b) of
25 calcined silica membrane prepared using the block copolymer P 123 in
NaCl solution recorded in (a), (100); (b), (110) zone axes; (c, d) of



el ectrolyte:strength of inorganic salts and evaporation rate of the
sol vents. 25WOIhesr el ectrol yte strength of inorgani c salt spcundsdsacioer

evaporation result in a thicker inorganic oxide a framework and
| arger macropore size. The rresosc'opiﬁ structure, either 2-d hexagonal
(p6bmm pore size 40 ~ 90 A or 3-d bic array, can be controlled by

anphi philic bl ggk cagpoel yner tenpl afes. ,The resul tin rapes are
Chernai 1y st asrcnRd ek Rembyans prepaisd Y addiiG.A s 4mO%eb8 SIS . “and
pore vol ume u 1. &rd taken dipat ectron microscope operati

10 [ rrpoﬁql ﬁ?‘l yﬁ@%se rreso-dr\rgécrzc?ggr‘lo%gl'ceéraT q li.nll<e pF%%eespSracmgde
excel | ent at200ek¥. t o t he nesopore surfaces for catalytic, sorption,
catal ysi s, separation, and sensor arrays, applications. BRI EF
DESCRI PTI ON OF THE DRAW NGS

Figure 46 shows thermogravimetric analysis (TGA) and differential

5 thermal analysis (DTA) traces for the as-synthesized mesc-macroporous
silica membranes prepared by using the block copolymer P123
(EO,,PO,,EQ,,) in NaCl solution, (top), after removal NaCl by washing
with water; (bottom), without removal NaCl.

Figure 47 shows nifrogen adsorption-desorption isotherm plots (a) and

10  pore size distribution curves (b) for meso-macro silica membranes
prepared using block copolymer P123 in NaCi solution without removal
inorganic salt NaCl.

Figure 48 shows nitrogen adsorption-desorption isotherm plots (top) and
pore size distribution curves (bottom) for calcined meso-macro silica
15 membranes prepared in NaCli solution using different block copolymers.

Figure 49 shows nitrogen adsorption-desorption isotherm plots (a) and
pore size distribution curves (b) for calcined meso-macro silica
membranes prepared using block copolymer F127 in NaCi solution.

Figure 50 shows nitrogen adsorption-de sorption isotherm plots (a) and

20  pore size distribution curves (b) for calcined meso-macro silica
membranes prepared using non-ionic oligomeric surfactant Brij 76
(C44H4,EO,,OH) in NaCl sofution.

Figure 51 shows SEM images of (a)-(d), as-synthesized silica membranes
prepared by using P123 block copolymer in LiCl solution without washing



5 Figure 1 shows a size conparison between two prior art porous inorganjc

material s, wagoasrgse and MCM 41, and SBA-1 5, prepared in acggefsdsiRzor
with this invention. Figure 2 shows powder X-ray diffraction (XRD)
patterns of as-synthesized and cal ci ned nesoporous silica (SBA-1 5)
prepared using the anphiphilic 10 polyéﬁyalkylene bl ock copol yner
PEQerr]PPQerr]PEqerr]. . Figure 3 shows scanning el ectron

m crogr aphs (reeardsd atdifferentiregion, (a(SJ. topgegion: {bymiddissegian; {4e)) same

transm ssi on ectron m crogganhs C. with different
orientations @# Wé% l@r%nh"qgﬂﬁﬁﬁw; Qﬁg%lﬁg@hq@gewtbrane. (%Sﬁﬁr epar ed
usi ng the bl [ sificeohfd rgs% Niei hgure 4 shows
nit rggen ads??gé% or'i'-g keﬂs@grs[;![i)l on |r§%ﬁ:er 'Eh%t%sa ?Y(gs)pmgaﬁﬁé?’ blghﬁpore si ze
dihst ri buth i on c;npolwalet bONiSO) suhﬂisnrwmtplisﬁwgshsig% r?dgmlqni abdiffgrent regiamch  of
the i sotherm for cal c|ne sopoyqus,.sjlica - repar . usin

t he bl ockgcor(é ,yﬁerresngby?w%@mnﬂt 9?(‘]‘%@06")0&(9;:39&0%@%%0 03) \g/]m'th
TMB as an or gggifieAfiibheY (), disk-like NiSO, crystal. -

Figure 52 shows the change of the compositions of the reaction mixture.
functioned with evaporation time. Change of the concentration in liquid
phase of ethanol (open circle); water (solid circle); LiCl (open square);
10  SiO, (solid square); Intensity ratio for (100) diffraction of silica-block
copolymer mesophase (open triangle) and for (110) diffraction of LiCl

crystal (solid triangle) at d spacing of 3.59 A determined by XRD in solid
phase. '

Figure 53 shows a schematic diagram of the simple procedure used to
16  prepare coral-like meso-macro silica. membranes.

Figure 54 shows progressively higher magnifications of a section of a
meso-macro silica membrane made in accordance with this invention..

DETAILED DESCRIPTION OF THE INVENTION

20 This invention provides a simple and general procedure for the
syntheses of ordered large-pore (up to 14 nm) mesoporous metal oxides,
including TiO,, ZrO,, Nb,O;, Ta,0;,, ALO,, Si0,, WO,, SnO,, HfO, and
mixed oxides SiAlO,, SIAIO;,, AL TIO,, ZITIO,, SiTiIO,. Commercially
available, low-cost, non-toxic, and biodegradable amphiphilic

25 poly(alkylene oxide) block copolymers can be used as the structure-
directing agents in non-aqueous solutions for organizing the network



20 Figure-5 shows transm ssion el ectron mcrographs with different pore
sizes and si W@3/F03 t hi cknesses for cal ci ned hexagonal mesopEr/OSYE/26201
silica SBA-1 5 prepared using the bl ock copol ymer PEQ err]PPJerr]PEqJ err].
(a) pore size of - 47 A sil i-ica,i/% t hi ckness of 60 A; (Db) pore
size of 89 A silica wall 25 thickness of 30 A; (c) pore size of 200 A

(d) pore size , . .
Figure 6 shovvs?%'gﬁ’g‘% 'é?tﬁlzf‘yeﬁﬁsf referghly etlopl copplymesis ésm?!ﬂq(hes! zed
and cal ci ned NRepPRRA rﬁéﬁlnﬁlvhicﬁ? ﬁlllc goly(alkyl{d&ﬂﬁuﬁe?sﬁ@ﬁ’% variation of
t he d(100) spacing(solid) and pore Oor mesopor ous
hexagonal SBA- poﬂy(em}dememm (mu) s hné?arl)ow\ﬁalm'a wittathie opposite ends of a

hydrophobic poly(alkyiene oxide) such as polypropylene) oxide (PO,) or a

11

5  diblock polymer in which , for example, poly(ethylene oxide) is linearly
covalent with poly(butylene oxide) (BO,). This can variously be
designated as follows:

poly(ethylene oxide)-poly(propylene oxide)-poly(polyethylene
oxide)
10 HO(CH,CH,0)(CH,CH(CH,)0),(CH,CH,0)H
PEO-PPO-PEO
EO, PO, EO,
or
poly(ethylene oxide)-poly(butylene oxide)-poly(polyethylene oxide)
15 HO(CH,CH,0),(CH,CH(CH,CH,)O)H
PEO-PBO-PEO
EO, BO, EC,
where x is 5 or greater and y is 30 or greater, with no theoretical upper
limit to either value subject to practical considerations. Alternatively , for
20  particular applications, one can use a reverse triblock copolymer or a star
biock amphiphilic poly(alkylene oxide block copolymer, for example, a
star di-block copolymer or a reversed star di-block copolymer.
Inexpensive inorganic salts rather than alkoxides or organic metal
complexes are used as precursors. Both two-dimensional hexagonal
25  (p6mm) and cubic (Im3m) 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



5 (circles) and for nmesoporous MCM 41 (squares) as functions of the TMB/

anphi phil e wep@rygeer or surfactant) ratio (g/9g). Fi gbimisSs/ 580\
[err] Si MAS NWR spectra of as-synthesized silica- copol ymer nesophase
materials; (a) SBA-11 prepared by using Blj Cerr]Eq err]

surfactant; (b) SBA—l 5 prepared using PEYerr]PPO7[err] PEQ err] block 10
copol yner. ' i gure 9 shows therm)g{raw netric analysis (TGA) and
differential therthese novel meseposousmetal pxides arerbqhﬁgedgobﬁnfpﬂwﬂzed

SEQL ot 1] Pl ol TppBly Fiqthanism théﬁ?a%@%ﬁ@ﬁ@%%m SSif-pESEmPIN W, ; o1

(XRD) patt er nghefating comptexatlon of th@ ilergankrimetal speties: aAAinigde Wepbét
silica prepared usi nﬁﬁrmcat ionic sur f act ant

C err] H err] NoCHyese lystablermesoporaus) exides) isvtheinrobast inorgasaici ng i n
copol yner Specleriewetk andBREnaRReLrALE Wilh RERCH BB dedhift: Tor ().
6 h; 20 (e) nafbchystallites can be nucleated during calcination without disrupting the
mesoscopic ordering. In addition, variations of this simple sol-gel process
yield mesoporous oxides with technologically important forms including
thin films, monoliths and fibers. The nanocrystailine framework, periodic
10 large-pore structures, and high versatility of the inexpensive synthetic
methodology make these mesoporous materials an excellent choice for
applications including catalysis, molecular separations, fuel cells,
adsorbents, optoelectronic devices, and chemical and biological sensors.
For example, due to its low cost, ease of handling, and high resistance to
15  photoinduced corrosion, one application for mesoporous TiO, is
photocatalytic water splitting, which is extremely important for
environmentally friendly energy generation. There is also tremendous
interest in using mesoporous ZrO,, Si,,Al,O,, Si,,Ti,0,, as acidic
catalysts. Mesoporous WO, can be used as the support for ruthenium,
20  which currently holds the world record for photocatalytic conversion of
CH, to CH,OH and H,. Mesoporous materials with semiconducting
frameworks, such as SnO, and WQO,, can be also used in the construction
of fuel cells.
Many applications of mesoporous metal oxides require both
25 mesoscopic ordering and framework crystallinity. The mesoporous metal
oxides of this invention are thermally stable and retain their mesoscopic
ordering and structural integrity even after the nucleation of the high
density of nanocrystallites within thick, robust channel walls.
Development of such thermally stable, large-pore mesoporous metal
30  oxide materials with nanocrystaliine frameworks using lowcost, non-toxic,



Figure 11 shows phot ographs of transparent SBA-1 5 silica-copol yner
nonol i t hs 1 NnCWOPYBEDS Nng (a) 27 wt % and (b) 34 wt % of the PEO PECAUSEER6201
structure-directing copolymer Pluronic F127. Figure 12 shows a
200-keV TEM i mage of a 38 w % SBA-15 sili Sy 25 copolyner nmonolith
prepared with Pluronic F127.

sea15° | s ANCLRDRBEsaRable PoReinigS Bk bk ARINETRIER naiail . oy
6C1ac11on,  poBTpraShrkl SRS oy ngpstaspesnons o
W th p6mm In practicing this invention, one can use any amphiphilic block
polymer having substantial hydrophilic and hydrophobic components and
5  can use any inorganic material that can form crown-ether-type complexes
with alkylene oxide segments through weak coordination bonds. The
inorganic material can be any inorganic compound of a multivalent metal
species, such as metal oxides and sulphides, preferably the oxides. The
metal species preferentially associates with the hydrophilic poly(ethylene
10  oxide) (PEO) moieties. The resulting complexes then self-assemble
according to the mesoscopic ordering directed principally by microphase
separation of the block copolymer species. Subsequent crosslinking and
polymerization of the inorganic species occurs to form the mesoscopically
ordered inorganic/block-copolymer composites. The proposed assembly
15 mechanism for these diverse mesoporous metal oxides uses PEO-metal
complexation interactions, in conjunction with (for example) electrostatic,
hydrogen bonding, and van der Waals forces to direct mesostructure
formation.
As Indicated above, one can carry out the assembly process in
20 non-aqueous media using metal halides as the inorganic precursors,
which effectively slows the hydrolysis/condensation rates of the metal
species and hinders subsequent crystallization. Restrained hydrolysis
and condensation of the inorganic species appears to be important for
forming mesophases of most of the non-silica oxides, because of their
25  strong tendency to precipitate and crystallize into bulk oxide phases
directly in aqueous media.
The procedures of the present invention enable close control of the
porosity of the final structure by varying the proportions of PEO and PPO
or PBO

30 and by adding an organic solvent to swell the PPO or PBO.



5 hexagonal symetry in which the one-dimensional axes of the

aggr egat es ¢d zontal ly in the plane of the film
shows t he B\E%gg ct ed variation of optical dielectric const antpCg‘}r'llfwél%zafl
refractive index as a function of silica porosity. Figure 15 shows
| ow-angl e and wide-angle X-ray diffractida (XRD) 10 patterns of (a, c),
as-made zirconiunfEQerr]PJerr]EQerr] conposite "~ mesostructure and
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Mesoporous silicas
in accordance with this invention, we have synthesized a family of

high quality, hydrothermally stable and ultra large pore size mesoporous
silicas by using amphiphilic block copolymers in acidic media. One

10 member of the family, to which we have assigned the designation SBA-
15, has a highly ordered, two-dimensional hexagonal (p6mm)
honeycomb, hexagonal cage or cubic cage mesostructures. Calcination
at 500°C yields porous structures with high BET surface areas of 690 -
1040 m?/g, and pore volumes up to 2.5 cm®g, ultra large d(100) spacings

15  of 74.5 - 450 A, pore sizes from 46 - 500 A and silica wall thicknesses of
31 - 64 A. SBA-15 can be readily prepared over a wide range of specific
pore sizes and pore wall thicknesses at low temperature (35 - 80°C)
using a variety of commercially availéble, low-cost, non-toxic, and
biodegradable amphiphilic block copolymers, including triblock

20 polyoxyalkylenes, as described below. in general, all microphase-
separating, domain-partitioning copolymer systems can be considered as -
candidates for the synthesis of such mesostructured materials, depending
on solution composition, temperature, processing conditions, etc. The
pore size and thickness of the silica wall is selectively controlled by

25  varying the thermal treatment of SBA-15 in the reaction solution and by
the addition of cosolvent organic molecules, such as 1,3,5-
trimethylbenzene (TMB). The organic template can be easily removed by
heating at 140°C for 3 h, yielding the mesoporous SBA-15 product, which
is thermally stable in boiling water. |



20 Figure.17 shows TEM m crographs of 2-di mensi onal hexagonal

mesopor ous TiWPEBT05(a) and (b) are recorded al ong the [110] pamaspzrzt
zone axes, respectively. Inset in (a) is the selected-area electron
diffraction pattern obtained on the inage ea. Figure 18 shows TEM

m crographs of 2-di nensi onal hexagonal 25 sopor ous SnJerr]. (a) and (b)
are recorded al ong

13 zone axes, Lfr}ggéé%%"& ﬁpﬁs'[ﬁ’r%%'t ari]q] "HP“F'E'C g@tg{]@@dy 5‘? Lt ico n
diffraction  ord8Aéasalsc’bé prévstedby 4 irildstodess utilizing the same family
~ oftriblock polyoxyalkylene copolymers, yielding mesoporous structure in
bulk. These materials are similarly synthesized in acidic media at low
& temperatures (20-80°C), and display a variety of well-ordered copolymer
phases with mesostructures of about 100-500 A. They can be processed
(e.g., molded) into a variety of bulk shapes, which are also transparent.
In addition, it is possible to use polymer processing strategies, such as
shear alignment, spin casting, and fiber drawing to induce orientational
40 order in these materials. After calcination at 350°C these monoliths and
films retain their macroscopic shape and mesoscopic morphology. To our
knowledge, these are the first reported thermally stable, transparent,
monolithic, large pore-size materials with well-ordered mesostructure.
Their dielectric constants can be varied to low values via the Lorentz-

15 Lorenz relationship by tuning the pore volume fraction from 0.6 to as
much as 0.86. The fluid sol processability, extraordinary periodic pore
and cage structures, high pore volume fraction and inexpensive synthesis
make them exceilent low dielectric materials for inter-level dielectrics
(LID) for on-chip interconnects to provide high speed, low dynamic power

20  dissipation and low cross-talk noise.

To produce the highly ordered, ultra large pore silica
mesostructures we adopted an S'I'X1* synthesis processing strategy.
This synthesis methodology is distinctiy different from the S*I route (pH >
3) used to make the M41S family of mesoporous materials: the two

25 methods employ conditions that are on opposite sides of the isoelectric
point of aqueous silica (pH = 2). For example, mesoporous silica SBA-15
can be synthesized using block copolymers, which that have a
polyoxyethylene-polyoxypropylene-polyoxyethylene (PEO-PPO-PEQ)
sequence centered on a (hydrophobic) polypropyiene glycol nucleus

30 terminated by two primary hydroxyl groups; see Tabie 1 The synthesis is



Fi gure 19 shows TEM m crographs of 2-dinmensional hexagonal Meso0por ous
WY err]. (aywomag7ios) are recorded along the [1 10] and [001] pérusdsPaspiaxes,
respectively. Figure 20 shows TEM m crograph of 2-di nmensi onal
hexagonal mesoporous Nb[err](Jerr], recorded along the [001] zone
axis. Inset is selected- area el ect ®dn diffraction pattern obtained on
the inmage area. | '?ure 21 shows TEM m c(ré_zougraph ‘of 2-di mensi onal

hexagonal 10 Cafﬁiﬁg(ﬁﬂi_rimﬁ@ dig[(€:g- kChrBr, S0 4 diNGsoHgP Oplemedia at 38me axi s.
7 gure 22 shoys-CBIAG SRR R P BB ARt
hexagonal (TMOS)O8PtettpropbRysiRpe (TFDS) 88 thé BRicalsdlircgone axis.
Hexagonal SBA-15 has a wheat-like macroscopic morphology, a
5 highly ordered (four to seven peaks in the X-ray diffraction pattern), two-
dimensional hexagonal (p6mm) mesostructure, BET surface areas up to
1040 m?/g, pore volumes to 2.5 cm®/g, and thick silica walls (31 - 64 A). -
The thick silica walls in particular are different from the thinner-walled
MCM-41 mesostructures made with conventional low molecular weight
10 cationic surfactants. The pore size and the thickness of the silica wall can
be adjusted by varying the heating temperature (35 - 140°C) or heating
time (11 - 72 h) of the SBA-15 in the reaction solution and by adding
organic swelling agents such as 1,3,5-trimethylbenzene. The thick walls
of the hexagonally ordered pores of these materials produce a novel
15 combination of a high degree of both mesoscopic organization and
hydrothermal stability. Based on the above properties, SBA-15 materials
have potential applications in catalysis, separations, chemical sensors,
and adsorbents.
Transparent films and monoliths have been synthesized with
20 similar PEO-PPO-PEO copolymers as structure-directing agents in an
acidic sol-gel reaction. These materials can be synthesized with various
amounts of water, acid, silicate source, and polymer to yield different
mesophase structures depending upon the polymer and processing
conditions used. The materials consist of a collection of aggregates of an
25 organic polymer component, such as the amphiphilic copolymer Pluronic
F127, which for a hexagonal array that organizes a polymerized silica
matrix in the interstices between the polymer aggregates. Such
morphologies are formed by interactions among the block copolymer and
the oligomeric silicate species, and solidified as the silica polymerizes to
30 form a monolithic structure. The polymer is not strongly incorporated into



15 Fi gure-24 shows TEM m crographs of 2-dinmensional hexagonal

‘mesoporous SO 79 recorded al ong the [001] zone axis.

PCT/USYS2@t01E 25

shows TEM m crographs of 2-di nensi onal hexagonal mesopor ous
SiAlJerr]. (a) and (b) are recorded al O\?\%él'he [1101 and [001] zone
axes, respectively. 20 Figure 26 sho EM m cr ograph of 2-di nmensi onal

Qix agonal the' Sihca %aclfé? agrirye e%{{rémrtﬁg%?n%?kaﬂlﬁg rl]gwttg%p[eggt}}]re %f 5n§ ° éi)x oS
needed to remove the polymer, and supporting 'H nuclear magnetic
resonance (NMR) relaxation measurements. These structures possess
characteristic length scales of 100-200 A and have very large domain

5 sizes (>1 um), yet retain good transparency. Upon calcination the
monoliths become opaque, though retain their bulk shape and possess
mesoscopically ordered, hexagonally arranged pores (100-200 A
diameter), which impart high internal surface areas to the materials (ca.

1000 M¥g).

10  Synthesis of highly mesoscopically ordered ultra-large-pore, and

hydrothermally stable mesoporous silica.

Referring to Figures 1a,b,c and d, there is shown, approximately to
scale, two prior art inorganic oxide porous structures and the SBA-15
produced in accordance with this invention. As shown in Figures 1a and

15 1b Faujasite, a sub-nanoporous zeolite has a pore size of less than 1 nm.

MCM-41, a mesoporous molecular sieve material, shown at Figure 1c,
has a pore size of about 8nm. In contrast, as shown in Figure 1d, SBA-
15, the ultra large pore mesoporous silica material produced by this
invention, has a pore size of about 20nm, in this particular example.

20 Mesoporous silica SBA-15 was synthesized at 35 - 80°C using a
hydrophilic-hydrophobic-hydrophilic PEO-PPO-PEO triblock copolymer as
the structure-directing-agent. 4.0 g of Pluronic P123 (PEO,PPO,,PEQ,,)
was dissolved in 30 g water and 120 g (2 M) HCI solution while stirring at
35°C. To the resulting homogeneous solution 8.50 g TEOS was added

25  while stirring at 35°C for 22 h. The mixture was then aged at 100°C
without stirring for 24 h. The solid product was filtered, washed, and air-
dried at room temperature, Calcination was carried out in air by siowly
increasing the temperature (from room temperature to 500°C over 8 h)

and heating at 500°C for 6 h.



Figure 27 shows (a) Bright field TEMinmage of a thin slice of the
nmesopor ous Wgherhds sanpl e. (b) Dark field inage obtained onpihf;ssgiBor
area of the sane Ti(err] sanple. The bright spots in the imge correspond
to Tigerr] nanocrystals. 5 Figure 28 shows (a) Bright field TEM i mage
of athin slice of the Mesopor ous Zrzﬁerr] sanple. (b) Dark field

| mage obtained on the sane area of the sane ZrJerr anpl e. _The

bri ght spots in thx-raysgjﬁrantnones;ammportanttmegnqgrrcmaraﬁlemqgtm SBA-

i otr i buti on b ey R SaeiYely. CEloPes 230 28 MR MBI HEB RS  on
branch | sot hefop sy Shesizearerit GhRIried hakiydridtiesaportas sifErsaRets usi no a

M croneritics ASAP 0 system The sanpl €s were assed over ni ght
at 200 [err] Cptagared bwusmgethgsr,miyoxyalkylene mlzjuclecapolyrrmns ni t rogen

adsor pt °F deE%ro‘;oéﬂ&ob%‘Bm ﬁ{’luroéxg)P%. the chemical composition of the
reaction mixture was 4 g of the copolymer : 0.041 M TEOS : 0.24 M HCI :
6.67 M H,0. The XRD patterns were acquired on a Scintag PADX
diffractometer equipped with a liquid nitrogen cooled germanium solid-
state detector using Cu Ka radiation. The X-ray pattern of as-synthesized

10  hexagonal SBA-15 (Figure 2a) shows four well-resolved peaks that are
indexable as (100), (110), (200), and (210) reflections associated with
p6mm hexagonal symmetry. The as-synthesized SBA-15 possesses a
high degree of hexagonal mesoscopic organization indicated by three
additional weak peaks that are present in the 2© range of 1 - 3.5°,

16  corresponding to the (300), (220), and (310) scattering reflections,
respectively. The intense (100) peak reflects a d-spacing of 104 A,
corresponding to a large unit cell parameter (a = 120 A). After calcination
in air at 500°C for 6 h, the XRD pattern (Figure 2b) shows that the pémm
morphology has been preserved, although the peaks appear at slightly

20  higher 20 values with d(100) = 95.7 A and a cell parameter (a,) of 110 A.
Six XRD peaks are still observed, confirming that hexagonal SBA-15 is
thermally stable. A similarly high degree of mesoscopic order is observed
for hexagonal SBA-15 even after calcination to 850°C.

SEM images (Figures 3a, 3b) reveal that as-synthesized hexagonal

25 SBA-15 has a wheat-like morphology with uniform particle sizes of about
~80 um, and that these consist of many rope-like macrostructures. The
SEM's were obtained on a JEOL 6300-F microscope. Calcined hexagonal
SBA-15 at 500°C in air shows a similar particle morphology, reflecting the
thermal stability of the macroscopic shape and structure. TEM images

30  (Figure 3c, 3d) of calcined SBA-15 with different sample orientations



15 si.ze distribution plots (b) cal cul ated using BJH nodel fromthe
adsorption WO9/emch i sothermfor calcined Ti(Jerr]. I|nsetpifusdRhetd t he
EDX spectrum obt ai ned on the nesoporous sanpl es. Figure 31
shows nitrogen adsorption-desorption isot ms and pore size

distribution plots (lower inset) calcul at usi ng BJH nodel fromthe 20
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5  samples were prepared by dispersing the powder products as a slurry in

acetone and subsequently deposited and dried on a holey carbon film on
a Nigrid. From high-dark contrast in the TEM images, the distance
between mesopores is estimated to be about 110 A, in agreement with
that determined from XRD data.

10 Nitrogen adsorption-desorption isotherm plots and the
corresponding pore-size distribution curves are shown in Figure 4 for
calcined hexagonal SBA-15 samples that were prepared using the
copolymer PEO,,PPO,,PEO,,. The sample corresponding to the
measurements shown in Figures 4a and 4b was prepared by reaction at

15 35°C for 20 h, heating at 100°C for 48 h, and subsequent calcination in
air at 500°C, yielding a hexagonal SBA-15 product material with a mean
pore size of 89 A, a pore volume of 1.17 cm?/g, and a BET surface area of
850 m*g. The sample corresponding to the measurements shown in
Figures 4c and 4d was prepared under identical conditions but

20  additionally used TMB as an organic swelling agent to increase the pore
size of the subsequent product material. Using TMB yields hexagonal
mesoporous SBA-15 silica with a mean pore size of 260 A, a pore volume
of 2.2 cm®/g, and a BET surface area of 910 m?g. The isotherms were
measured using a Micromeritics ASAP 2000 system. Data were analyzed

25 by the BJH (Barrett-doyner-Halenda) method using the Halsey equation
for multitayer thickness. The pore size distribution curve was obtained
from an analysis of the adsorption branch of the isotherm. The pore
volumes were taken at P/P, = 0.983 signal point. Prior to the BET
measurements, the samples were pretreated at 200°C overnight on a

30  vacuum line. in both Figures 4a and 4c, three well-distinguished regions



15 Fi gure 33 shows nitrogen adsorption-desorption isotherns and pore

si ze Qjosggki.,ﬁ#t lon plots (inset) calculated using BJH npe.?}usgg,ﬁg@t he

adsorption anch isothermfor calcined Al[err](err]. i gure
34 shows nitrogen adsorption-desorption isotherns and pore size 5

distribution plots (inset) cal cul ated usi2®y BJH nodel from the adsorption
branch isothermfor calcined WJerr]. Fi gure 35 shows nitrogen

adsor pt i on- desbithet adsorpiontisethermagre:auident: 1) monolsyermultiayenut i on pl ot s
() 2l cul 2t ek ain®(5) SBbn dotieiaugioana Lo Pty SASiBloh 3% Mo ™
ool o Y SRR s fRopkt In et N2 adcioen s o2 ot
for cal ci ned &1 Me$eporpus silica with pore sizes less than 40 A, a clear type H,
5 hysteresis loop in the adsorption-desorption isotherm is observed for

hexagonal SBA-15 and the capillary condensation occurs at a higher

relative pressure (P/P, ~ 0.75). The approximate pore size calculated

using the BJH analysis is significantly smaller than the repeat distance

determined by XRD, because the latter includes the thickness of the pore

10 wall. Based on these results, the thickness of the pore wall is estimated
to be ca. 31 A (Table 1) for hexagonal SBA-15 prepared using the
PEO,,PPO,,PEO,, copolymer.

Heating as-synthesized SBA-15 in the reaction solution at different
temperatures (80 - 140°C) and for different lengths of time (11 72 h)

15  resulted in a series of structures with different pore sizes (47 - 89 A) and
different silica wall thicknesses (31 - 64 A) (as presented in Table 1). The
pore sizes and the wall thicknesses determined for hexagonal SBA-15
from TEM images (such as shown in Figures 5a, 5b) are in agreement
with those estimated from X-ray and N, adsorption measurements. The

20 walls are substantially thicker than those typical for MCM-41 (commonly
10-15 A) prepared using alkylammonium ion surfactant species as the
structure directing-agents. Higher temperatures or longer reaction times
result in larger pore sizes and thinner silica walls, which may be caused
by the high degree of protonation of the long hydrophilic PEO blocks of

25  the copolymer under the acidic S*X1* synthesis conditions. EOH moieties
are expected to interact strongly with the silica species and to be closely
associated with the inorganic wall. Increasing the reaction temperature
results in increased hydrophobicity of the PEO block group, and therefore
on average smaller numbers of the EOH groups that are associated with

30 the silica wall (see below) and thus increased pore sizes.



Figure 37 shows | ow angle and wi de-angle X-ray diffraction (XRD)
patterns of  (WO9¥3770%s- nade titanium EQerr]BJ err] conposit epewioisss/ssaon

mesostructure and (b, d) calcined mesoporous TiJerr]. - Figure 38
shows TEM m crograph of cubic nesoporous qu err]. _ Fi gure 39 shows
TEM m cr ogr aph of _cubi c nesoporous Zr q«er Fi gure 40 shows SEM
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(Eq err] Pq err IFEUFMQQHZ&IIG\&(MB); dnmyprcaapr@ammm 4.0 gof PNa6hic#123
was dissolved in 30 g water and 120 g (2 M) HCI solution with stirring at
5  room temperature. After stirring to dissolve completely the polymer, 3.0 g
TMB was added with stirring for 2 h at 35°C. 8.50 g TEOS was then
added to the above homogeneous solution with stirring at 35°C for 22 h.
The mixture was then transferred to a Tefion autoclave and heated at 100
-140°C without stirring for 24 h. The solid product was subsequently
10  filtered, washed, and air-dried at room temperature.
Figure 6 shows the typical XRD patterns of hexagonal SBA-15
prepared by adding an organic swelling agent. The chemical composition
of the reaction mixture was 4 g of the copolymer: 3 g TMB : 0.041 M
TEOS : 0.24 M HCI : 6.67 M H,0. The X-ray pattern of as-synthesized
15 product (Figure 6a) shows three well-resolved peaks with d spacings of
270, 154, and 133 A at very low angle (20 range of 0.2 - 1°), which are
indexable as (100), (110), and (200) refiections associated with p6mm
hexagonal symmetry. The (210) reflection is too broad to be observed.
The intense (100) peak reflects a d-spacing of 270 A, corresponding to an
20 unusually large unit cell parameter (a = 310 A). After calcination in air at
S00°C for 6 h, the XRD pattern (Figure 6b) shows improved resolution
and an additional broad (210) reflection with d spacing of 100 A. These
results indicate that hexagonal SBA-15 is thermally stable, despite its
unusually large lattice parameter. The N, adsorption -desorption results
25  show that the calcined product has a BET surface area of 910 m%g, a
pore size of 260 A, and a pore volume of 2.2 cm¥g. TEM images confirm
that the calcined products have highly ordered, hexagonal symmetry with
unusually large pore sizes (Figures 5¢, 5d).
Figure 7 shows the change of the pore size and the d-spacing of
30  the XRD d(100) peak as a function of the TMB/copolymer mass ratio for



16 de-ionic water; (c), small macropore size silica nmenbrane prepared

by addiwegises t | e amount et hyl ene glycol in P123 bl ock pgqRfdoysgp and
NaCl sol ution; (d), silica nmenmbrane prepared with fast evaporation by
usi ng P123 bl ock copolymer in NaCl solution. (e), silica nenbrane with
grape 5 vi ne nor phol ogy prepared wi t h 3@ gh concentration of Nad; (f),

I norgani c salt NaCl crystals co-grown with the silica rrenbrane
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5 41 sample were taken from ref. 4. The chemical compositions of the
reaction mixture were 4 g of the copolymer : xg TMB : 0.041 M TEOS :
0.24 M HCI : 6.67 M H,O for SBA-15 and NaAlO, : 5.3 C,;,TMACI : 2.27
TMAOH : 15.9 SiO, :x g TMB : 1450 H,0O for the MCM-41 (C,;TMACI =
cetyltrimethylammonium chloride, TMAOH = tetramethyl- ammonium
10  hydroxide). The ratios used in this study ranged from O to 3, with the
d(100) spacing and pore size increasing significantly, up to 320 A and 300
A, respectively, with increasing TMB/copolymer ratio. The increased pore
size is accompanied by retention of the hexagonal mesostructure, with
the X-ray diffraction patterns of each of these materials exhibiting 3 - 4
16  peaks.

To the best of our knowledge, hexagonal SBA-15 has the largest
pore dimensions thus far demonstrated for mesoscopically ordered
porous solids. As shown in Figure 7, the d(100) spacing and pore size of
calcined MCM-41 prepared by using cationic surfactant species can also

20 be increased, but compared to SBA-15, the change is much less. In
éddition, although MCM-41 pore sizes of ca. 100 A can be achieved by -
adding auxiliary organic species (e.g., TMB), the resulting materials have
significantly reduced mesostructural order. The XRD diffraction patterns
for such materials are substantially less resolved, and TEM micrographs

25 reveal less ordering, indicating that the materials possess lower degrees
of mesoscopic order. This is particularly the case near the high-end of
this size range (~100 A) for which a broad single peak is often observed.
These materials also tend to suffer from poor thermal stability as well,
unless additional treatment with wellTEOS (which reduces the pore size)

30 is carried out. From our results, a family of highly ordered mesoporous



Figure 43 shows SEM i mages of as-synthesized silica nmenbranes after
washed wi th \WO&3P0epared by (a), using F127 bl ock copol ynmer pE51s98/26201

(EJerr]Pderr]Eqerr]) in Nad sol utlon c, d), using P123 bl ock
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~Na2SO4 sol uti on. Fi gure 44 shows p er X—ray di ffraction (XRD)
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: that established from separate N, adsorption measurements.
Magic-Angle Spinning #*Si NMR spectra (Figure 8) of as-

synthesized hexagonal SBA-15 show three broad peaks at 92, 99, and
109 ppm, corresponding to Q2, @3, and Q* silica species, respectively.

10  From the relative peak areas, the ratios of these species are established
fobe Q%: Q%: Q*=0.07:0.78 : 1. These results indicate that hexagonal
SBA-15 possesses a somewhat less condensed, but similarly locally
disordered, silica framework compared to MCM-41.

TGA and DTA analyses (Figure 9) of hexagonal SBA-15 prepared

15 using PEO,,PPO,,PEO,, show total weight losses of 58 wt% apparently
consisting of two apparent processes: one at 80 OC (measured using
TGA) yields a 12 wt% loss, accompanied by an endothermic DTA peak
due to desorption of water, followed by a second 46 wt% weight loss at
145°C with an exothermic DTA peak due to desorption of the organic

20  copolymer. 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.

The desorption femperature 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 coliected
without decomposition by heating SBA-15 in an oven (air) at 140°C for 3
h. (The possibiity 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 PEQ,,PPO,,PEO,, decomposes at 270 OC, which
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be desorbed at 190°C, which is ~50°C higher than requured for hexagonal
SBA-15. Removal of the organic species from as-synthesized SBA-15 at
these relatively low temperatures (e.g., 140°C) suggests the absence of
strong electrostatic or covalent interactions between the copolymer
species and the polymerized silica wall, together with facile mass
transport through the pores. The possibility to recover and reuse the
relatively expensive triblock copolymer structure-directing species is an
important economic consideration and advantage of these materials.

Hexagonal SBA-15 can be synthesized over a range of copolymer
concentrations from 2 - 6 wt% and temperatures from 35 - 80° C.
Concentrations of the block copolymer higher than 6 wt% yielded only
silica gel or no precipitation of silica, while lower copolymer
concentrations produced only dense amorphous silica. 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
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,S0,, or H,PO,. Concentrations of HCI (pH 2 - 6) above the
isoelectric point of silica (pH 2) produce no precipitation or yield

unordered silica gel. in neutral solution (pH 7), only disordered or
amorphous silica is obtained. We aiso measured the precipitation time (f)
of the silica as a function of the concentration of HCl and CI. The [CI]
concentration was varied by adding extra NaCl, while keeping the H*
concentration constant. From these measurements, log () is observed to
increase linearly with log C (where C is the concentration of HCI or CI).



Fi gure 48 shows nitrogen adsorption-desorption isothermplots (top) and
pore size di WOp¥IMdHN curves (bottom for cal ci ned nmeso- nacr pCRUBISE2M5
menbranes prepared in NaCl solution using different bl ock copol yners.
Figure 49 shows nitrogen adsorption-desorpj4j on i sothermplots (a) and
pore size distribution curves (b) for cal ¢i"ned neso-macro silica
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5 pathway. While both the EO and PO groups of the copolymer are

positively charged in acidic media, the PO groups are expected to display
more hydrophobicity upon heating to 35 - 80°C, thereby increasing the
tendency for mesoscopic ordering to occur. The protonated
polyoxyalkylene (S*), the anionic inorganic (X) bonding, S*X;, and the

10  positive silica species (I*) are cooperatively assembled by hydrogen
bonding interaction forces. Assembly of the surfactant and inorganic
species, followed by condensation of silica species, results in the
formation of hexagonal SBA-15 mesophase silica. At high pH values (2 -
7), the absence of sufficiently strong electrostatic or hydrogen bonding

15  interactions leads to the formation of amorphous or disordered silica.

One of the limitations of calcined MCM-41 materials prepared

without additional treatment with TEOS is their poor hydrothermal
stability. As shown in Figure 10, both as-synthesized and calcined
(500°C for 6 h) MCM-41, prepared with C,;H;;N(CH;),Br as previously

20 described, show well resolved hexagonal XRD patterns (Figures 10a,
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 calcined hexagonal SBA-15 samples prepared using

25 the PEO-PPO-PEO block 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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calcined hexagonal SBA-15 silica is significantly more hydrothermally

stable than calcined hexagonal MCM-41 silica, most likely because SBA-

15 has a thicker silica wall. This is an improved one-step alternative to-

two-step post-synthesis treatments that use tetraethylorthosilicate (TEOS)

10 to stabilize mesoporous MCM-41 by reforming and structuring the

inorganic wall with additional silica.

Preparation of mesoscopically ordered silica-copolymer monoliths and
films.
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,,,PPOgPEOQ,,, triblock 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 m! of an acidic solution of HCI (pH 1.5) is added to the

20 bolymer solution while stirring, followed by addition of 1.0 mi of
tetraethylorthosilicate (TEOS). The solution is stirred untii 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-giycidoxypropyltrimethoxysilane 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



Figure 53 shows a schematic diagram of the sinple procedure used to 15
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sol utions fé’r chQF’éHsﬁa’?gn&hgna%Wﬁne crack in the 34 wt% sample. Subsequent

research has allowed us to produce crack-free monoliths by varying the
aging time and temperature. The monoliths pictured are approximately 3-
mm thick; although thicker monoliths can be produced, the aging time for
these samples increases significantly to eliminate cracking.

10 These monoliths were analyzed using XRD, TEM, and NIVIR to
determine mesostructural morphology, as well as the mechanism of the
structure formation. The F127 polymer series above showed an
aggregation point of roughly 25 wt% F127, below which the polymer was
disordered and homogeneously dispersed within the matrix and above

15 which aggregation of the polymers led to silica-copolymer mesophases.
The copolymer weight percents required to produce specific phases vary
depending upon the exact conditions and copolymer used, however this
example may be considered representative, though by no means all
inclusive, of the results observed.

20 XRD patterns of powdered samples obtained from the monoliths
show a single diffraction peak with increasing intensity for increasing
polymer concentration with a maximum at 38 wt%. Below 27 wt% F127,
no XRD intensity is observed. The d(100) peak is centered at 112 A for
27-34 wt% and increases to 120 A for the 38 wi% sample. The change in

25 the location of the peak is due to phase changes in the material, as
observed by TEM and NMR. TEM reveals well ordered silica-copolymer
mesophases in the samples with higher copolymer concentration, such as
the lamellar phase in the 38 wt% sample shown in Figure 12. The image
shows that the material has an extremely well ordered lameliar

30  mesoscopic structure with a repeat distance of ~105 nm. The image
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N um? for the lamellar phase, which makes it-surprising that only one XRD-
peak is observed, although others have shown that single XRD patterns
do not always imply poorly ordered-materials (F. Schiith). Below 27 wt%
no mesostructural ordering is observed.
10 NMR spectroscopy was utilized to provide information about
copolymer-silicate interactions on the molecular level. *H T,, relaxation
and two-dimensional 2Si-'H and *C-'H heteronuclear correlation NMR -
experiments reveal that the polymer is rigidly incorporated in the silicate
at 11 wit% and begins to microphase separate at 20 wt%. At 27 wt% the
16 PEO and PPO are 80% separated from the silicate, and at 38 wt% the
PPO is fully separated (>10A) from the matrix. This indicates that a phase - -
change has occurred in progressing from copolymer concentrations of 27
to 34 wit% in the samples, where some PPO-2°Si-correlation intensity is
still observed. Some PEO was.observed to be associated with the matrix R
20 atall concentrations, implying that the polymerizing silica and PEO blocks
are compatible. This suggests that the material is produced by
polymerization of silicate oligomers that selectively swell the PEO block of
the composite mesostructure.
it is possible to use this chemistry and proeessing to produce thin -
25 SBA-15 silica-copolymer films by either spin-, drop-, or dip-casting. Such
films can serve as robust permeable coatings for use in separation or-
chemical sensing applications or as host matrices for.optically or
electrically active guest molecules for use in optoelectronic devices.
Figure 13 shows a photograph and X-ray diffraction pattern of an optically
30 transparent hexagonal SBA-15-copolymer film formed by drop-casting the —
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0 904 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 mi 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
15 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 formation of p6mm hexagonal SBA-15. For example, Pluronic L121,
PEO,PPO,,PEQ;,, 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 block copolymer, e.g. PEQO,,PPO;,PEO,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,¢H;,(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.



CHerr] to € err]OHd and Herr]. Mesoporous materials with sem conducti ng
franmewor ks, SUBRY3H9Bngerr] and W) err], can be al so used i nPCRAIS98/26201
constructi on of fuel cells. Many applications of
nmesoporous netal oxides requi re both 25 %@soscopi c ordering and franework
crystallinity. The nesoporous netal I des of this invention are

nCeori Uy even ot orFilnie 8hH ESolthd eaR He Bougad W'thoégﬁé’ﬁﬂﬁﬁﬁa%nsst ot
nanocrystal | i t eplWidhtonditibe& anbt ol g%h?ﬁﬂeﬁhefé% 's'izcg as the %{ Fofapét at of

such thermally stable, |arge-pore nes ous net al S
wi th nanocryst 401 TEQSE agmmnesaudltm,gadmhmttempemtumumd chOIces of

ot ent i al for SUPANTEEL ObpoRRRkRUNActaRts. MAtarals TaHBaeo IR AP RIGRIGTR G,
In practicigg W formiiARH Y apSropriafd méiciibnBRLEL bhtfmBlets  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

16 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 pym), 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 iarger degrees of orientational order than provided by drop-cast
preparations. Moreover, guest molecules such as conducting or optically
active organic species can be introduced o 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 involve

30  one of five pathways that rely on Coulombic or hydrogen-bonding
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10 syntﬁesis 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

16  greater extent than possible with the current state-of-the-art.

The ultra large mesopores in caicined 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 knowledge there have been no reports of
mesoscopically ordered silica monoliths or films with large characteristic
structural length scales (>50 A). The large dimensions of the inorganic-
copolymer aggregates and large pore sizes of the composite or
mesoporous materials detailed herein are superidr to conventional

30 mesoporous solids due to their thermal stability, transparency, monolithic
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which we wi il partiguladyfordpplieationaraqitimgadewer dielectric constant material.
SBA-15 has much lower density, long range mesoscopic order and
9  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 materiais
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-ge! reaction, such as
some optically active dyes and polymefs. 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 controflability of the
30  SBA-15pore sizes, inorganic wall composition, organic composition, and



Mesoporous silicas In accordance with this invention, we have

synt hesi zedw §ep3¥hdsy Of hi gh quality, hydrothermally st gg#ﬁjssg)ﬂaw tra
| arge pore size nesoporous silicas by using anphiphilic C
copolynmers i-n acidic nedia. One 10 menber of the famly, to which we have
assi gned the designation SBA- 15, W2s a highly ordered,

t wo- di nensi onal ‘hexagonal (p6nm honeyconb, hexagonal cage or cubic

cage mesost r uguesteapecias composiion permit the papesties (2.gi,dptoelectronic,

t t i th _hi gh T f 690 - 1040 nP/
Vol unes. up.  dnecBagital hetiieh 31368 uted pVer 0 eprrmalis fage, Jnaded . 50" A
pore sizes fr l{e]é;léﬁl iPoductith 6f Judst speles! 'Pércég)feﬁ@ &Sa %Bnglugting 31 - 64 A

SBA-1 5 can be y prepared over a w de ran specl pore
si zes and porpolymidr adatingres thesinderidroof theripergenic wafl3followssf by a] s@cond

b1 0degr atbl CPHIRT MetRseamikoRriPs RBp&Es e BOFR Conias GeNid9ad to
Caparating,  aunairst eSEREBEly MuRtid afaEDEhahesad BTN, .

candi dat es f owireBe synthesis of such nesostructured materials, depending
on solution conposition, tenperature, processing conditions, etc. The
pore size and thickness of the silica wall is selectively controlled by 25

varying the tRermal .treatnment of SBA-1 5 in the yeaction solutign and by
the’ addi ti on GEnERalized HIOEK coRalymarayiitheses pfi mesopolons metal
oxides
10 Mesoporous metal oxides were synthesized at 30 - 70 °C using

poly(alkylene oxide) block copolymers HO(CH,CH,O),(CH,CH(CH,)O),
(CH,CH,0),H (EO,-PO-EQ,) 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 ethano! (EtOH). To this solution, 0.01 mole of the inorganic chloride
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 films
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 for 4 hr. For WQ,, calcination at 300 °C is sufficient to yield
ordered mesoporous oxides.
X-ray diffraction (XRD) is an important technique for characterizing
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 EO,,PO,,EQO,, as the structure-directing agent. A broad
array of mesostructured composites have been successfully prepared,
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and 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, Si0,, SnO,, HfO,, and mixed oxides Siy,Ti,0,, Zr,,Ti,O,, Al,Ti,O,,
Si;,AlLO, 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 patterns 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  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 patterns (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




24 . carried out in acidic (e.g., HC, HBr, Herr]SOerr], HNJerr],

H err] PQ err] VORRETHW5at 35 - 80[err] C using either PCT/US98/26201
tetraethylortho-silicate (TEOCS), tetramethylorthosilicate (TMOS), or
tetrapropoxysilane (TPOS) as the silica soygce. Hexagonal
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MCM 41 nesost r untaging hasdreen used tvemdlusively demonettate thay oweme_bpafbus
cationic surfactants. ,(il'ﬁk:sebgore size and the thickness of the silica wall

can be adpg@lexi ¥& nagoenystaliing fragem@ilser at ure (35 - 140[err] 0

and by addiBg | TOPYIER 2958 Sndiy BENCisPter s el ate T B8R R benz ane.
The thick wal | snesoporotis hdiadomarZrPOR 1D, B £ T=HOL 681,0f, WS siTRseri al s
produce a rloveland ZrTiO,. Barrett-Joyner-Halenda (BJH) analyses show that the
calcined hexagonal mesoporous metal oxides exhibit pore sizes of 35 -
140 A, BET surface areas of 100 - 850 M?/g, and porosities of 40 - 60%.
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 contrastto 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,,P0,,EQ,, copolymer species as

20  the structure-directing agent. Mesoporous metal oxides with other
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,;B0,; 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 EQ,BO;, as the structure-directing agent, before and after
caicination. 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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temperature, aging time, humidity, and chonce 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 formuiated by appropriate modification of
these parameters. .

The advantages and improvements over existing practice can be

15 summarized as follows:

20

25

(1) Robust, thick channel walis (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

(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
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.



25 . the silica walls, as inferred fromthe rerarkably | ow tenperature
“(150[err] C) WO9937eseded to renpve the pol yner, and supporti ngctresesistol

nucl ear magnetic resonance (NVR) relaxation measurenents. These
structures 'possess characteristi€ | 9gth scal es of 100-200 A and have
very | arge domain Si zes (>1 [err]m, retain good transparency.

Upon cal ci nation th@ggs % | ths becone, op ough retain their

bul k shape and poss tallizatio ri'rﬁ narganic Apegies F'Hﬂco?ﬁﬁ'gglﬁal |y arranged
pores (100-200; urface areas
to the materi a‘rf%r?%rélc/orﬂéﬁf?él%f—%si%b&%dﬂgﬂttor?'ngﬁ;%to Egéﬁg 'bﬂa I ghly

nesoscopi cal | yseparation oflithe Indrganic and organid componehnysir thsasrbﬂdauset abl e
mesopor ous silica. Referring to Figures la,b,c _and d, there is

shown, appr oxi Gestallization energiegeaften dpmin@ta tbe interaction gaergiesthate por ous

nvent | on. Sas. SRS edngtaanic-prdaf iEAa0E, GERAL BRI e . anopor ous

zeolite has a é@fa‘blu‘éhﬁférﬁ%f strigfyral Oller. This |s'\63‘|‘héé!ar theTease fornen-
nol ecul ar sieve materi al own at Figure lc, has a pore size
about 8nm In lameilarspham dhdhe presmtgnvmtm tigBAituation is successfuily
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 nanocrystallinity 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



15, the ultra large pore nesoporous silica material produced by this _
i nvention, kwasoga/mey € size of about 20nm in this particul ar peXxAesSs20£0
Mesoporous silica SBA-15 was synthesized at 35 - 80[err]C using a :
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24 h. The solid product was filtered, washed, and air- dried at room
tenmperature. Calcination was carried out in air by slowy i ncreasi ng
the tenperature (from roomterrperatur%to 50@[err] C over 8 h) and
heating at 500[err]C for 6 h. 0N 0

26 X-ray diffraction i-s, rrql’;?rog{_g_nt means for characteri zing
the SBA- m\o,

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 crystallization 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 difficuities 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



15 fanily of materials. Figures 2a and 2b show snal[-angel XRD patterns
for as-synt h&@IUW78d cal ci ned hexagonal nesoporous silica SPAFW1S98/26261
prepared by using the pol yoxyal kyl ene tribl ock copolyner 5

PEO[ err] PPO[ err] PEO[err] (Pluronic P123). '5he chem cal conmposition of the
_reaction mxture was 4 g of the copolyner:0.041 M TECS: 0.24 M HC :
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10 hexagonal SBA-1 5 (Figure 2a) shows four well-resol ved peaks that are
i ndexabl e as ( demgnstiated in tiEmesopooymiyed exitles syotnesasusingithel wit h
p6nm hexagonal .The a nt hesi zed SBA-1 5 possesses a hi gh
degree of hexa@?)éfg”%ﬁééé@édﬁ\'@ lﬂréani zation indicated by three

15" correspond ng 1 o ihaTaAioR FHBR LobOiAE syisseniIpSF cBhiuhetioh w1
respectively. Thelatimgesumplekafipn m@ahorgémmrgamc @oeparatwg agsehilly in the
corresponding to a large unit cell Eararret er (a =120 A). After calcination

in air at 500[@pnragu@ussmdlaﬁ@ pssiblerte wmﬁléemscmmsmﬁ@nahe

ot 1y 20" gty AReRTRMESIINTY exdobfPd T8 e e T

parameter (a[err]) of 110 A Si x XRD peaks are still observed,
confirm ng that hexagonal SBA-1 5 is thermal |y stable. A5|mlarly
hi gh degree of GooperativecMultiphase Assemblycof 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 muitiphase 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,C], 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



for hexagonal SBA-15 even after calcination to 850[err]C . SEM
i mges (Fi owmoessBes 3b) reveal that as-synthesized hexagonalpcfusesPfnl 5
has a wheat-1i ke norphology with uniformparticle sizes of about ~8
[err]m and that these consist of many rgﬁe | i ke macrostructures. The

SEM s were obtained on a JECL 6300-F m cP®scope. Cal ci ned hexagonal S
BA-15 at 500[err]C.in air shows a_simlar particle norphology, reflecting

t he t héﬂq@gam@ soits ior raphiphilickleck sepplymertamplates. skhemasreporesy
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vel | ordered raeééﬂﬂi@éo%h@ysrhefmégém@gtrﬁ@mﬁeﬂ bﬁﬁflfé ﬁighlly orderedleannel s)
and further confirmthat SBA-1 a two-di nensi onal hexagonal

structure. THoneyaombéperesize |4tOed gﬂsAhgr 3-cbeahic praoking, and mmmlleﬁwby
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subsequently Hapaskhied rﬁéﬁutﬁéhéé‘ af¢ tﬁerﬁ%lﬁfystéﬁlebﬁu bkhibitdlarge surface
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(ethyiene 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,,EO,, (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, aliowed 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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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 pm (+0.4) (Figure
4la) and can be varied from ~0.5 ym to ~100 um by changing the
evaporation rate or the electrolyte strength of the inorganic saits. 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 4ic. 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 pym, 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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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
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 4lf), 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
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,Cl,
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

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,Cl
are used, with electrolyte strengths comparable to that for NaCl, a similar
coral-like morphologies (Figures 42a, b, ¢) are observed, aithough 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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' membrane with large macropore size is obtamed (Flgure 42d).

The mesoscopic ordering in these silica membranes formed by the
cooperative self-assembly of inorganic silica species/famphiphilic block
copolymer is mainly controlled 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 slurry 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 cell 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,,PO4EO,,) (Figure 44b)



29 The pore size of hexagonal nesoporous SBA-1 5 can be .
increased woo9y#ms~300 A by the addition of cosolvent organperRiRbssesies

such as 1, 3, 5- trimethyl benzene (TMB). In a typical preparation, 4.0
g of - Pluronic P123 was di ssol ved I%“’UBO g water and 120 g (2 M HC
solution with stirring at 5roomterrper After stirring to dissolve

conpletely the pol yner H% was added Wth stirring for 2 h at
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stirring for g#gusturdse solid product was subsequently 10 filtered, washed,
and air-dried at room tenperature. ure 6 shows the typical
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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 ethyiene 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 results.

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 |



270, 154, and 133 A at very low angle (2[err] range of 0.2 - 1), which are
i ndexabl e as W@893770% 110), and (200) reflections associ ated wptivusssmszol
hexagonal symetry. The (210) reflection is too broad to be observed.
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TMB/ copol yner mass ratio
weight % TGA Ioss 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 ym) 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 sample
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 model 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 cbtained 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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cationic surfaekadd ap@LEbP726 Hndd5® m2/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,;H3,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



20 be increased, but conpared to SBA-1 5, the change is nmuch less. In
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' 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

10  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

15  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-iike silica macrostructure and inorganic

20 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

25  mixture was | g P123 block coploymer: 0.0 4 mol TEOS: I g LiCl : 4 x 10°
mol HC}: 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,

30 silica-block copolymer gel starts to form, in liquid phase, the concentration
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I arge block completeeir Theseéfeduttsrflifher 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). Ethanoil 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 salt
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 salt solution
approaches to the bottom of the container progressively. The cooperative
self-assembly of silica/block copolymer occurs at the interface of the
dropiet, 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,



I's mugh | ower than that of cationic surfactants (~360[err]C), so that the
25 or gani c wopeBymer speci es can be conpletely renoved and ®CTIUS28/26201

wi t hout deconposition by heating SBA-15 in an oven (air) at 140[err]C for 3
h. (The possibility to recover and reuse tﬁ& rel atively expensive tribl ock
copol ymer structure-directing species is anvinportant economc

consi deration and benefit to these naterials.!@ht shoul,d be poted that the
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32

whi ch S
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cal cination. For conRafdrfing. toFigurt®@4, grogtessivaby higher magnifications are
PEq err] PPg err] PE( err] irgrpregnated qu] gi derr] gel shows that the

copol ymer can Showpef @esrationmofa mesormacicsilion nempeansE@adeNic hi gher than
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140[err] Q) sugggich hA€ adhaeRiPdreéstructure, 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-ge! chemistry in the present of inorganic salts.
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 understand'mg
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 pm) can be controlled by inorganic salts
and the evaporaticn 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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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 triblbck 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
20 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, chiorate, per chiorate.
The preparation of meso-macro silica membrane are emulsion

chemistry latex sphere template; phase separation and solvent
25 exchanged; inorganic salts 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

materi

als would have many applications in the areas of sorption,

catalysis, separation, sensor arrays, optoelectionic devices. The
30 materials and synthesis method described here are very versatile in that
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Physicochemical Properties of Mesoporous Silica (SBA) prepared using Poly
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all of %e cal ci ned hexagonal SBA-15 sanples prepared Sjsﬁng,_,ZS

6 h, sfhe (210) reflection becomes broader, the (300), §220)5 and
peak%becorre weaker, while the (100) peak is still obaerﬁedswlth
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34 simlar intensity (Figure 10d). After heating in boiling water for
24 h, 'the  wobsfsBpsity of the (100) Bragg peak (Figure 10e)PCEHUS4826201
unchanged. N trogen BET adsorption isofggerm measurements carried out
after such hydr ot hermal treatnent shows that the nonodispersity of the
pore size, 5 surface area, a@l pore volume are retained. The results
confirmthat ~cal ci ned hex%&onal SBA-1 5 silica is significantly nore
hydrothermal |y ¢ st abl e t harg cal ci ned hexagonal MCM 41 silica, nost
likely because §BA- 15 pag a thickgr silFcwall TR s& swansi nproved
one-step alternaive to st@-step pst-syRtiRsiS Qed nht 8 tHat use
tetraethyl ort hos®licate (TECS) 710 to sPabi | iZe nesopor ous MCM 41 by
reform ng and st®ucturing the inorganic wall with additional silica.
Preparation of soscopically ordered silica-copol yner nonoliths and
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filmns. A typical preparation of nonolithic silica-copolyner
nmesostruct weesydfes i s outlined below. A series of sanples V‘%T?WSS%%’#I h°
varyi ng amounts of Pl uroni c F127 PE®ferr] PPQ err] PEQ ert riplock
copol ymer, while hol di ng ot her processi ng conditions constant. A
cal cul ated anmpunt of Ga 20 wt % Et OH Pl uroni c F127 sol utj on (between
0.7 and 3.5 m) "is tgansferred into a 30 m vial. 0.72a41 of an
acidic solution of (pH 1.5) is added to the 20 pol ymar%ol ution while
stirring, foIIovvqub additiom ob 1.0 vl of m o obelgaethyl grthosilicate
(TECS). The sol ut i'c-pné s sterr&d bnti| BonogdBed@s, 8 &  and@llowved to gel
uncover ed under arbi ént coRdi ®i oRs. AfPer gePatPorP (S Z:gdays) t he
sanpl es are covered for 2 weeks at roomtenperature. At the § end of
this period the gels have shrunk, yet done so uniformly to rebain 25 the
shape of the container. Further research has shown that addi tgon of a
smal | anount of 3‘-’§gl yci doxypropyl tri met hoxysil ane can prevent-Eshri nkage.
The cover is remoued and the nmaterials are dried at roomteng®rature to
el imnate excess #lyent. The F127 series materials produced gre
transparent up to 383 % pB yRerd af t e whi dh t8e PolQrer ma@ o- phase
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35 separates creating a white opaque material. Figures 11 a and 11b
show ' opwbeeas7mekot ogr aphs of two of the nonoliths producBaT/USSEAS01
nonol i t hs were produced using a 2:1 Patio of water to TECS at pH 1.4
and room tenperature, with aging for approximately 1 nonth. Note the
hi gh degree 5 of transparency -and only one crack in the 34 w % sanpl e.

Subsequent research has all owed us to produce crack-free nonoliths Py
varying the aging tinme and tenperature. The nonoliths pictured are
approxi matel y 3- mm t hi ck; al though thicker nonoliths can be
produced| the aging time for t hese sanples increases significantly to
el i m nat rBpkhNG 1@ © o © wTeesegmenal i tles wner © anat yged dsbng XRB, oTEM
and NI VI Rt o & & fefePrEng §eF0% LS & § Frd) & Soy AR N Tt Rel D
mechani sm of | t he structure formation. The F127 pol yner series above
showed a aggregati on point of roughly 25 wt % F127, bel ow which the
pol ynmer was di sordered and honogeneously di spersed within the matri X
and abovg 15{ which aggregation of the polyners led to silica-copol yner
mesophasd$ The copol yner wei ght percents required to produce
~specific E%ases vary dependi ng upon the exact conditions and
copolyneré?sed, however this exanpl e may be consi dered
- representj@i Ve, though by no neans al
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I ncl usi ve,
sanpl es ob{gj fa@Adsdsr om t he monoliths
with increasing Intensity for
maxi num at 38 wt % Bel ow 27 wt % F127,

of the results observed. 20

The d(100) peak is centered at 112 A for

120 A for the 38 w % sanpl e.

show a single di f;,&?/ﬁg;

i ncreasi ng 66

XRD patterns of powdered |
gkadeak

pol ymer concentration with a

no XRD intensity i s observed.

The change in 25

27-34 Wmt % and increases to
the | ocation of the peak is

due to phase changes in the material, as observed by TEM and NVR. TEM
reveals well or derj~d si |l i ca-copol yner mesophases in the sanples with
hi gher copol yger céncentration, such_as the | anell ar phase in tihe 38
wt % sanpl pgt@wn in B oglEe 22 . 9ThirBgee £ ghow tfat.g heemageri gl has
an extrengl, 1l orger @B 1-gmed aif 30 Fesescepi cGstBucir ewi-gh a frepeat
di stance pf3-805 nhLTheinBge® E E £ & 0. 0 0 0 O 0 :
36 @gicon i s 98D B 1280 gm Fhedl afgeghagkardund sGi s Frel
artifacts
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produced by.the mcrotonme cutting process and are otherw se unrel ated
~to the norphO9B75 t he material. Lower concentrations of cdHEIV§S8R6201
produced hexagonal, gyroid, or mcellar phases with spacings of about 5
110 A. The donmain sizes for these struceggres is quite large, well over 1

—_— T

[err]merr] for the lamellar phase, which makes it-surprising that only one
XRD peak is observed, although others have shom " m#uumw
patterns 0 lways i nply poorly ordered. mat'ef*&l #h) .
Bel ow 27 wt % Tﬁ% ehél'ﬁ@sostructur al ordering is observed. 10 s NVR
spectroscopy was utilized to provide information about

copolyner-silicate interactions on the nolecular level. [err]H T[err]

rel axation 4. and rhethod offoRmiNgFad medskcoplcally sttusfufet dndrg@nicematetial,

het eronucl ear correl ati on NVR experinents reveal that the polyner is
rigidly incorpe@apPB8iNgh the silicate at 11 wt % and begins to
m!glropﬁalse segf;?afe ;tgnZO wtO/cIJ :At 27.W.% the 15 POOand PI%IO are_80%
Separated from t e CoTPRuRG an.aPhiphis hlpck Balimer Wit aRdorganis (i of e
(>104) Trom t hg riffiivdiént fBtal shBelos anier bBAdItBne Wtiéteby the bIGER"8EpHgMer
_occ;JLred |nI progressing rorrnpﬁmcj)ggsytrr;g éonce%aatbl ogs of 2; dinto o] 34tyv|t;%_
i n the sanpl esandirorgasionen afeSself-asseimbledand podymetized into a sti
observed. Sone PEO was, oﬁserved tg be associated with the matrix 20 at

al | concent r at MES9SCOpiERYY AlUEhEed CARNSSISNBRE 2i ng silica and PEO bl ocks

ol yror  zat i on of | sPPOHEEY i HesbSEollBaf puct g OTHERe Biomerld ok

of mesoscopically structured inorganic material.

10 2. The method of claim 1 in which said block copolymer and inorganic
compounds are combined in an agueous 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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films by either spin-, drop-, o' dfp-easting. Such filnms can serve as
robust perneabl e coatings for use in sepqé tion or- chem cal sensing
applications or as host matrices for optically or electrically active
guest nol ecul es-for use in optoel ectronic devices. ' Figure 13 shows a

phot ogr aph aifd X- e miethodiof claimZin whichesaid transpacent inatarial hasra pubient
hexagonal SBA—l 5- M@!ﬁyrrer filmformed by drop-casting the

37 pea on (2 mM TEGCS, 0.6 mM Herr]O 0.80 g Pluronic
P104, 1 ml dlnethylfornanide) onto a glass slide and drying at room

t enper at ur e. The filmis 50-pmthick, crack-free and transparent. The
X-ray diffra@tion The methwd péclaimf2 imwhidh saidtranspareni matenidhhas @eaks t hat
are indexable as_ (100), 110), (200), and (210) reflections associ ated

Wi th p6nn1he%ﬂ§9ﬂ€lrnesosnu§ try in which the one-di nensional axes of the
ca. 200 A aggregates

5 O 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
multivalent metal oxide material with a high surface area.



are highly ordered hori zontaII in the plane of the film Hi gh
qual ity fil mwessies pr H"éjm ml u}",as foll ows. A m xtur epct/useseors ni
tetraethylorthosili cate H20 (pH=1.4) is stirred for 10
approximately 30 mn or until the"silicate s hydrolyzed sufficiently to
become m scible with water and thereby fornra honogeneous sol ution.

" An appropriate am)unt (general ly between 10-40 wt9% of bl ock

copol ymer, sucHl&s Iiﬂ’[B b’lﬁfhoﬂbgﬁclaﬁﬁl%ﬁh\yh@h&&dWWWW%W’U@“@@%@@

pol yet hyl eneoxi de c i ssolved in the solution. An additive 15
such as et hanolP r8§ héf&@?ﬂﬂm or tetrahydrofuran can be added to
vary the vi scosrty and coati ng properties The m xture is allowed to age,
then is dip-, drop-, or spin-coated onto a glass or Si wafer substrate.

Thi n fi1 m6.wi {The method ef chaimkhe irsehichesaid ipoee izers @t least 3Ang spi n
coat i ng. The XRD patterns confirmthat these thin filns have
hi ghly ordered 20 hexagonal (pémm, cubic (1 n8m, or 3-d hexagonal

be shear alignel- 1o Aigthod o eRim TRRWAICh e shaRirg et et GO, U< 1Y

narrow pore size di stributions, pore sizes of 20-120 A, pore vol unes
up to 1.7 cnferr]/g and BET surface areas up to ~1500 err]/% SE
i mges of theseld.hi nThe rathed of cigig 4 iruwhichy sai¢ watkthicknessde at Iagst 30
t hi ckness of the filnms can be adjusted from100 nm- 1 nmm by varying
the concentration of the solution, aging time and coating tine.

19. The method of claim 14 in which said surface area is at least

100m?/g..

20. The method of ciaim 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
16  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 fo said block polymer



The exanpl es shown above use PEQerr[PPJerr] PEq err] copol yner

spect o5, oot MBI 55 hon Yoo o o5  Fembohasse b e

38 bl ock copol ynets i tth different 5§t ios of EOto PO and wi thout
addi ng suppl enmental organic swelling®dgents, such as TVMB. Table 1
sunmari zes t he physi cochem cal properties of nesoporous silica

prepared by woilutibn in thetforml afck selhgeltofermesaid ingrgakricoupterishassa meas-
d(100)-spacings from X-ray 5 diffraction neasurenents can be in the

range of 74. snacroi$fructui@.t h pore sizes of 46 - 100 A established by N2
adsor pti on neasurenents. The EQ PO ratio and intranol ecul ar
di stribution and sizes of the corresponding bl ocks affects the

formation of ABA- ke mtthed®T cliP24 indluding the steps of pelymerizing the ntésoek

PEO- PPO- PEO copol yner architecture favors the 10 formation of p6mm

hexagonal SBAnasro stucturedspapasiterand salcining the polymerized ComP03|te e o form
5 amuitivalent 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(ethylene 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.



PEQ err] PP err] PEQ err], at Iow concentrations (0.5 - 1 w % forns
hexagonal W095$EA0515 ”“I“Nﬂﬂlmlml“ mgher concentrations of PCTU898/26201
copolymer (2 - 5 wm% unstabl e | anel | ar nesostructured
silica phase. H gher EQPO® " "ratids of fhe bl ock copol yner, e.g.
PEqerr]PPJerr] PEQerr] or 15 PEQ err]PPJerr]PEq err], yield cubic

L L1 gt el S 1 iy BEKEex FOB G SBEARARRR o1

BET surface ar pgﬁ,ng to 1000 nMerr]/g). Hexagonal mesoporous silica
SBA-1 5 can .al so’be synt hesi zed by usi ng reverse PPO PEO PPO tri bl ock
copol ynmer configuration, for 20 exanpl e, PPQ err] PEQ err] PP err].

T o AT Bl AP S VR bk ek rever Sl ™

mesost ruct ured ﬂ'p S&&i 9ccord| ng to the speC|f|cat|ons | nposed by
processing congl 1 on d ultimately the product properties desired. 25
Addi tionally, cubic (PnBr’r) and hexagonal (p6m) mesostructures can be
formed by usin BI‘IJT err;H[err](G:I—I[err]Cl—I[err])[err]O—l

(Clerr] EQ & r] P4sur Thermmathod of clabpdwhereinsaid inaegasts 6orpasRde YROROI | abl e

(GLer 1] 0y or ¢ pAGTARD. FHens &R cadds seRefaRedh 10, 2, Mhoa TaRe 8Qp )
and two- di mens iggnalwitgx &2 Hfgg,lﬁgﬁgogg SIAIGS O, THOL, WravOydry simol, ar pore

si zes and surface® areas see

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 mesoscopicaily ordered porous material comprised
of a muitivalent 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.



39 ths can be produced with several variatipns
of the wogg},#(,g on M!@ﬂﬁ Iﬂﬂ sol -gel paraneters, pggalsoszs2bhe
rati o of water L , acidity, additives, tenperature,
and choi ces of copolyrrer or nom onigysurfactants. Materials for
specific applications can 5 be fornul at'ed by appropriate rmdi fication of
t hese paraneters. Heat treatnment after gelation can als roduce

harder nater#44l s Thetmesestryettred materiakef glaing 38 ipthe form of thln \Q iims$e have
found that silica-surfactant nmesophases and MCM 41- t ype mesoporous
materials can be aligned using liquid crystal processing 10 . strategies,

i ncl uding i ngesi t e ﬁ%sﬁ&ﬂﬂéfu'r?d n%léﬁél ofélaih B in the forhtlef monoliths.

Sinmlarly, polyner processing of the silica-copol ynmer conposites is
expected to be equally advantageous for producing aligned ultra | arge

hydr ot hermal | y hould b
poss bl o 16 ARdUCA TG esORTHEREBY srelsrieh gt SRTTNE SOmPHETSR O er 15

conposi tes  angl EAsHR NexBESRAMMRYSsHEkERS.! S by applying shear to the

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.
50. The mesostructured material of claim 37 in the form of thin films.

51. The mesostructured material of claim 37 in the form of monoliths.



MR 5 e

strat egi es,
verti cal

i ncl udi ng spin<castihg sand di p-casting (i.e., drawing a

coverslip froma reservoir g3 the reaction solution), have

been shown to 20 induce |arger degrees of orientational order than

provi ded by dr
~ conducting or

68 | caheymethod SEEIRRT 143 o SERnar IR waterkil o R

the reaction sy bPQGﬁés@éHégucally ortef, PRéstiptilold) tablfre® thirf fims.0pol ymer

nmonoliths, filnms or powders

duri'ng processing. We have

dennnstrated the efficacy of this for the 25 I ncl usi on of conductlng

olymer noieties, such as poly(3, 4- . thyl e i oxyt hi ophene n SBA- 15
Y e conor yres: modBeimesSstnistUind material of A’ NaWRYE BORRD dfidtigast

Met hods curren
nmesophases or

%Qy avai l abl e for the preparation of inorganic-organic

dscopically ordered porous materials typically involve 30

one of five pathways that rely on Coul onbi c or hydrogen-bondi ng

5

10

15

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
least 30 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.

59. The mesoporous metal oxide material of claim 58 having a dielectric
constantof 2-2.5.

60. A macroporous multivalent metal oxide material having an ordered
mesoporous surface area.



40 |nteract|ons nt ed by the shorthand notations S[err], .
S[err] S ew@},%-,s{,garr] ,’m mﬁmlr ym S[err]. The nost popLﬂcq{,Uggg,ggzm used
i n syntheses of nesoporous | s has been the S[err] approach in
basic nmedia, but the S[err] and *S[ er synt heses generally yield
unst abl e non-silica based nmesoporous 5 materials. Furthernore, the

surfactants used as the structure-directi agents in these cases

(e.g., alkyl @honTheymesestractured nmtenewgc%ama? wherelm gaigk muiivalentnent al | y

wor m |t ke el eoBRliE ah s SeRERATION IR, E00 Mp:Co THIEARGE o1 o

or hydrogen Bodivy, Sne 2Hf nsw@gg smgrgamgn@gdzmq, ana'giFd,s et hod

described here are l%ess ezx |ve n-t oxr C, consi der abl y nore
versatile than the cases descrl bed above. They can be used to tune
mat eri al pro rti such u,c or dering, pore siz .

ydr ot her ol B8t abi TevSSABROFLTR CratREal of caim A7, whsfem Sakfimuivalenty
conpat i big Itm%L %ﬁg |?g1ge of guest nol ecules to a significantly 15
greater extent t OSSI ble wfth the current state-of-the-art.

The ultra Iarge mesopores in cal cined SBA— 15 materials provide new

22" pr ot 61 ns, 83ngy ALEISNaR B PRRBRING BiPRAlACHIes o ABIOGRAL SPRFEIONE
prom se for ggufraRR rhﬁ@&n‘e?Eﬁnid?nsﬁi&"béé&ﬂﬂ%’éi&'biél&&%ﬁl Sdcifen Dt Mhixftite ! Ne

through a mesoporous multivalent metal oxide material.

2

64. The method of claim 63 in which said biomolecules comprise enzymes
10  and/or proteins.

65. A method of separating biomolecules from a biological specimen or
synthesis mixture, comprising passing said biological specimen or mixture
through a macroporous multivalent metal oxide material having a
mesoporous surface.

15 66. The method of claim 65 in which said biomolecules comprise enzymes

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. |



—_———

20 clean up of polycy |cs or phyrins, other |arge organics,
and heW9Q 98175 s f "@l@@w ﬁams or soils. These ppapashs/mseoican

be enhanced and tai onalizing nol ecul ar noi eti es al ong
t he inorganic walls to provi de chemce as well as size selective
specificity of adsorption interactions. 25 To t he best of our

know edge t her gghav orts of i cal ordered.silica
nonol i ths or fi % &%ﬁp?ﬂlaf S%H%é?té{l& inpragnics from a S@Fﬁ N§INGBEFSQ al es
(>50 A). The | %aﬂﬁsdiuﬁ@'ﬂﬂ'irﬁﬂgh 8fmédupdrogs srittivalent metal Gﬂ@é)'rﬁéféﬁalaggf egat es
and | arge pore sizes of the conposite or nesoporous material s

detailed herein are superior to conventional nmesopor ous solids due to

s e TR Anbndd W#?&%ﬂf%m@h‘%&%@*ﬂ@a@w%C@m@ng RESSIng 5

mesoporous si | isaiti sdlatiohtfrodgls hiraéropeustmaifaleHEmet BXRIeSinbtdr i havmg a
parti cul arlgl for applications requiring a | ower dielectric constant
mat eri al mesoporous surface.

71. A method of imparting adsorption and catalytic reaction selectivities to a
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

10  said selectivities.
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(54) Tifle: BLOCK POLYMER PROCESSING FOR MESOSTRUCTURED INORGANIC OXIDE MATERIALS

(57) Abstract

self-assembling system.,

Highly mesoscopically ordered, hydrothermally stable and ultra large pore size metal oxide-block copolymer composite or mesoporous
films, fibers, and monoliths are formed using amphiphilic block copolymers which act as structure directing agents for the metal oxide in a

*(Referred to in PCT Gazette No. 09/2000, Section IT)




25 wavelengths, allows an entirely new area of nonoliths and coatings to

be dewsd mperbsusi ng hydrophobi c dyes and optically actipg  ogeipfs

whi |l e retaining optical transparency. Furthernore, inclusion of guest
conducti ng or optically active species, such as polynmers and/or netal
nanoparti cl es, i n the pores can cﬂé@fe guantum effect materials. The

controllability of the 30 SBA- 15 pore sizes, inorganic.-wall conposition,
or gani ¢ conposition, and '

42 guest species conposition permt the properties (e.g.,

opt oel ectronic, mechani cal, thermal, etc.) to be tuned over an

enor nous range. | ndeed, sequential introduction of guest species, for
exanpl e a conducting pol ymer coating on the interior of the inorganic
wal |, f0||oﬁf§y€? a sﬁ%ﬁnd 5 pol ymer or netal/sem conductor species in

t he pore cent gry/coul ead to the first nesoscopica]im‘prdered

arrays of nanosized coaxi gy Il WYy 1res - < 1nm
| pumsie B

.’ “ "
l\‘-’:\
"(‘.“".' 0.75 nm
e Il V)
=20

F
FIG. Tc 16 1h

MESOPOROUS MOLECULAR SIEVES: 2- 10 nm
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W res, .. Ceneral i zed bl ock copol yner synt heses of nesoporous netal

oxi des 10 wooosshgoporous netal oxides were synthesized at ®fr/gsyEsfoerr] C
usi ng pol y(al kyl ene oxi de) bl ock copol yners

HXXCH err]CHerr]O[err](CHerr]CH CH err])OTerr]

(CHerr]CHerr]OJferr]H (EqQerr]-PJerr]ZE&ferr]) or

HO(CH err]CH err]O[err](CHerr]CHCH err]CHerr])OJ[err]H
(Eerr]-BJerr])-hlack cepolynmers as the structure-directing agents. In a
typi cal syﬁ:ﬁéi,s @ of poly(al kyl ene oxi de) bl ock copol yner was

dissolved in 10 15 ~ g 6 et hanol _(Et OH).. . To.-t-hi-s—~sel-titi-on—001moteof
the i norganic chlorfide precur sprg was added with vigorous stirring. -
The resulting sol $olution vva?s gelled in an open petri dish at 4Q -
60 [err]Cin air. The agingxt|0ms ffifers for different inorganic
systens. Alternatively, the sol soldytion can be used to ,, pwe are thin
films by dip coating. The as-nade bul k sanples or thin fﬁ‘i‘frrs 20 wer e {t hen
calcined at 400 [efr]C for 5 hours to renove the bl ock CEQQ)I ymarm4
surfactants. For the Al and Si[err]Ai[ex] systems, cal cliati onf@ds carried
out at 600 [¢rr]C for 4 hr. Fo ecr], calcinatiggoat 3080 err]iCis
sufficient to yielg ordered mesepor QUs oxi des. 210 39.4X- 1 ay|
diffraction (XRD) iis an inportant techg{que fror charact eg'@i ng 334 these
nmet al oxi de nesostriuctures. Table 3 su es the synt hfgbc 30.0
E f
= 100 Ji0 285
%
=)
11‘ e S
1% x 4
4
| | | | |
7 2 3 4 5 6
20
hicl d()
10 100 95.7
0 ¥ 1o 550
s~ | 0 200 477
% S Jo0 317
5 S 20 275
= N o 710 76.5
E # “,;; 31 20,
SIS t\
\M,,/\,/L X 4
1 | | | | J
/ 2 3 4 5 6
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conditions, including the inorganic precursors and aging tenperatures
and tinmes for the nesostructured inorganic/copol yner conposites (before
calcinati omjosmimgs EQerr]PJerr]EqJ err] as the structure-digcaaisosgsagent .

A broad array of mesostructured conposites have been successfully
pr epar ed, _ 5;%2 43

covering the first-, second- and third-row transition netals and sone nain
group elements as well. The ordering |l engths shown in Table 3

correspond to the largest d value observed fromthe | ow angle XRD
patterns; it ranges from 70 to 160 A for the dlfferent systens Hi gh- or der
5 | ow-angl e di ffract S ON E . e : 5 R SyStens.
Quantitative el ement al G , Ty 1 nmewor ks of

t hese nesostruct ured C RGN R e o K | ori ne

net wor ks. - o L s 2 IZrJ err]
No[err](err], Tal[err] ' f B ‘ :

FIG. 3b
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10 MWJerr], Sigerr], Sngerr], HJerr], and m xed oxi des
Slerr]Ti[err]derr], Zr[err]Ti[err](err], AI[err]Tl[err]C{err]
Si[err]Al[er are obtained. X-ray dlffractlon transm

scanni ng ﬁkﬁhﬁﬁgsron m croscopy i magi ng (TEM & SEN@ and ni roge’?l'g!"(ill
adsor ption/ desorption are three crucial #g8hni ques for characterization of
these materials. Table 4 summaries the analysis results, including the 15
ordering length, pore size, wall thickness, wall structure, porosity and

Br unauer - Emmet - Tel | er (BET) surface area. : . Figure 15 shows
typical XRD.patterns for nesostructured zi rconi um oxi des prepared
usi ng EC{err]PC{err]EC{err] as the structure directing agent before
and after cal cinati on=#he=8 TS B R ergaRivehpol ymer

mesostructure (Figur

115, 65, and 59 A Af appear at
hi gher 20 angles w tH: th sets
of diffraction peaks } (200)
reflections fron12-diL lattice 25
constants aferr] ; esults are
obtained in other nme hs of

t hese nesoporous net gk ger than
those of materials prf W avi metric
experiments indicate [ ely renoved

upon cal ci nation at

SUBSTITUTE SHEET (RULE 26)



44
preserved
TEM i mages
26 show
WJerr], Nb[err](err],
SSTiderr], SiAlIdJerr],

wo soz7f¥

zone axes of the 2-di nensi onal

arrays. THE oo ¢

3.5 - 9 nm They are sub

Ta[
and

wa

2

oxide materi al s.

err], Tierr],

Sngerr],
f2rr]gerr], 5

err]Jerr], Hderr],

ZrTigerr]
hexagonal mesostructures.

Il's are conti nuous and have thi cknesses of
ntially thicker than those typica

oxi des prepared using al moni um | on surfactant species as the
structure-directing agents. {In addition, energy dispersive XL
spectroscopy (EDX) neasurengats nmade on the cal ci ned sanplyg how
expected primary netal elenmgnt signals wth trace of O si whi ch
N
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of netal

~

| ow-angl e diffraction peaks indicates that nmesoscopic order is .

in the cal cined netal
ai ned from nmesoporous sanpl es.
mages of nesoporous Zr

This is confirmed by
As exanpl ggrrisogrug86 16 -

recorded along the [110] and [001]

I n each case,
ggkﬁ are clearly observed to be arranged i n hexagonal
el

10

t he



confirnms that the inorganic walls consist predomnantly of netal -oxygen 1 5
net wor ks. Furthernore, selected area electron diffraction
patterns ( EDQyg gg/3rr9sr €COrded on nesoporous Zrqerr], TiJerr]pcésaEdl .
andWJ err] show that the walls of t se materials are made up of
nanocrystal li ne oxides that show dct eri stic di ffuse el ectron
diffraction rings (Figures 16 - 18 and 20 20 insets). Wde-angle X-ray
diffraction studies of calcined sanples al so clearly show broad peaks
t hat can be indexed according to the correspondi ng oxide crystalline
phase. Figur. d sh ms a w de-angl e diffraction pattern for the

cal ci ned Zrcigjéi The si zes of the nanocrystals in the

cal cined material’s are estlnated to be ~ 2 nn1u5|ng 25 the Scherrer
fornmula. In addition, brigltsftiretrd—and—dark=fietd—(BF/ DF) TEM i magi ng
were enpl oyed to study the djstribution of these nanocrystal
Figures 27 and 28 show such Lnmages recorded on sane area
Mesopor ous TiC{err]ﬂggd ZrC{ rr] sanple. As can be seen
i mge (Figures 27b

enbedded in a contifflous éﬁ% pﬁéhgefﬁ%$8§%¥§?%%?ﬂg; th
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45 semcrystalline wall structures. This is‘the first tinme that the
conbi nati on of electron diffraction, X-ray diffraction, and bri ght
field/dark field TEM i magi ng has been used to concl usivel

denonst r at V@ RUITT®uUr nesopor ous met al oxi des have nand’&'ﬂ/’éﬁggﬁzﬂ%e
framework. 5 Figures 29 - 36 showgBET isotherns that are
representative of Mesopor ous hex222nal ZrJerr], Tierr],

rriaby barret s B HOOGE (b abaryooo o et by

cal ci ned hexagonal des exhib .

140 A, BET surface § err]/g, 60%
10 The pore size b 1y | ar gEs

reported i sot : t al

oxi des, three B egi ‘herm
are evident: ( il ayerps

condensat i on, ' R R (s 0 l e
surfaces. In ca i on por ous

met al oxi des pr | ecu
pore sizes |ess E Y St ef
typical Herr]-f
mesopor ous net a
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The foregoing exanples used EQerr]PJerr]EdJ err] copol yner species as 20
t he struct ur¢gldor8edsi Ng agent. Mesoporous netal oxides w th opdwensesrsiol
mesostructures can be synthesized by using Eerr]-PJerr]-EJerr] or
EQerr]-BJerr] bl ock“‘copol ynersiwith different ratios of EOto PO or
BO. For exanpl e, when EQ err] BJ egybZcopol ynmer is used as the
structure-directing agent, mesoporous TiJerr] wth cubic
mesostructure can be prepared. Figure 37 25 shows typical XRD patterns
for nmesostructured titani um oxi des prepared using EJerr]BJerr] as
the structure-directing agent, before and after cal cination. The
as-made titaniuminorgani c/ polynmer nmesostructure (Figure 35a) shows
six diffraction peaks with d = 100, 70, 58, 44, 41, 25 A, which can
be i ndexed as (110),—{(200} 23t} -34O) (22244030 reftectiong of
an | nBm nesophase. j{After calcination, the diffraction
46 peaks appear at higher 20 angles with d = 76, 53, and 43 A (Ffgure
35b) .

110

INTENSITY

B

CALCINED /

AS~SYNTHESIZED / A

| 1 -
0 ] 2 J 4
20

FIG. 6
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These diffraction peaks can be indexed as the (110), (200), and (211)

reflection n8m nesostructures. The cubic nmesostructur
confirmed E%/J{% EMimaging (Figures 38 39). 5 Fi l rxr)s%rlél% mrfﬁg%nol iths
(Figure 40) can be produced by varying h synthetic conditions as

t he solvent, the ratio of inorganic/pol r, aging t enperature, aging
time, humdity, and choice of the bl ock copol yner. Liquids that are
comon sol vents for inorganic precursors and the bl ock copol yners
(e.g. nethanol, ethanol, propanol , butanol) can be used 10 during the
synthesis. The tenperature, the anount of water added, and the pH can
adj usted to control formation of the nesostructures. Materials for
specific applications can be fornul ated by appropriate nodification of
t hese paraneters. The advantages and i nprovenents over existing
practice can be 15 sumarized as foll ows: (1) Robust, thick
channel walls (35 - 90 A which give enhanced t hermal and

chemi cal stabilities. (2) Very Ié&ge pore sizes (3.5 - 14 nm

(3) Use of |owcost inorganic precurfﬁ]é;ZO (4) Versatile synthetic
met hodol ogy usi ng non-aqueous nedi a t Hat’° can be generally

applied to vastly different conpositions, anpbng whi ch
mesoporous Snderr], WJerr], and m xed oxides SiTiQerr], ZrTierr],

400 400
L
@ ]
% Lo =
Ly
> T
< &
S Lo
=
[
NS
0
0 T T ‘ ‘
0 05 i 15 2 25 3

TMB/SURFACTANT (9/3)
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Alferr]Tierr] are synthesized for the first tine. (5) For

the first tigeosengl usi ve denonstration of the 25 nanqeiysskasdot nity
of the framework in mesoporous ZrJerr], Tierr], Sngerr],

W)3 using XRD, ED and BF/ DF TEM inaginga/az (6) Mesoporous neta
oxi des with various physical propertie i ncl udi ng

sem conducting, |ow dielectric-constant, high dielectric-
~constant, and negative thernmal expansion.

47 Crystallization of inorganic species during cooperative

i norgani c/organi c self-assenbly can | ead to nmacroscopi ¢ phase

separation of the inorganic and organic conponents. This is because
crystallization energies often dom nate the interaction energies that 5
stabilize the inorganic-organic interface, thereby{disrupting the

establ i shment of nesostructural order. This is particul a?\m he case for non-

;J

| \
J
|
I\

1
f\\

50 60 /70 80 90 100 7110 120
CHEMICAL SHIFT (ppm)

FIG. 8
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| anel | ar phases. In the present invention, this situation is successfully
circunventg& Qé Lng conditions that initially produce a ne i ﬂkly
ordered rmat &P Pyé#th an anor phous inorganic wall structure ?@ﬁ@§§%§ 5¢

10 and 35c) within which a high density,of nanocrystals can subsequently
be nucl eat ed upon cal ci nati on. Tﬂé/ﬁﬁick wal | and the noncrystallized
inorganic matrix prevent this partially crystalline structure from

col | apsi ng by effectively sustaining the |local strain caused by the
nucl eati on of the nanocrystals. The coexi stence of nesoscopic
ordering and framework 15 nanocrystallinity is extrenely inportant for
catal ysis, sensor, and opt oel ectroni ¢ applications. To

t he best of our know edge, there has been no previous report of

mesoporous netal oxide synthesis with such sinplicity and versatility.

The formation, with such unprecedented sinplicity and generality, of 20

| ar ge- pore nesoscopically ordered netal Qxid suggests that the sane
general inorganic/ block polyner ass , mecHfani sns may be

operating. In fact, it is well docunented that al kyl ene oxi de segnents can
form crown-ether type conplexes with many inorganic ions, through weak
coordi nati on bonds. The nultivalent netal species (M can associate 25
preferentially with the hydrophilic PEO noieties, as indicated in Schene
1, because of their different binding capabilities with poly(ethylene

oxi de) (PER) #d—Pory(propyl ene oxide) (PPO. The resulting ¢oppl exes
t hen
14 b
4 90
s
Ly
9 3 =~
= 1w 3
S b
fr ©
oA 4 50
T TGA
-6 1 I ) ] 30
0 200 400 600 800 1000

TEMPERATURE (°C)
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sel f-assenbl e according to the nesoscopic ordering directed principally
by the m cropltesgsragpar ati on of the bl ock copol ynmer species, @ffusessez01

48 subsequently cross-1ink and pol ynerize (Schene 1) to formthe
mesoscopi cal |y ordered inorganic/ pol ynmer conposites.
Scheme 1 12/62
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\ \J
**Q i Se) o SR
S x |
¢
(1 ™
= 0iZ 015/
Lo
007 j 00¢ - N
7y il =
% ‘..—::—“"J “"J - ™
= T ! TN

S
< L] ©0
o Q
.
S \
— . 02z 1
D
oiz{| =
G
iy e 002 <~
011 o)
e — — SN
/001 N w .

INTENSITY

SUBSTITUTE SHEET (RULE 28)



5 The proposed assenbly nmechani smfor these diverse nesoporous netal
oxi des uses PEO-netal chelating interactions in conjunction with
el ectrostatics, van der Waals forces, etc., to direct nesostructure

f or mati on. WO 99/37705 A uni que feature of the current synthe¢]/ES98/726201

met hodol ogy is use of 10 inorganic prggupsors I N non-aqueous nedi a.
Because of the | ower el ectronegati'vies of the transition netals
conpared to silicon, their al koxi des are nmuch nore reactive towards
nucl eophilic reactions such as hydrol ysis and condensati on. There has
been sonme work on the nonhydrol ytic sol -gel chem stry of inorganic

oxi des, a non-hydrolytic route 15 | g8
i nstead of the netal - oxygen

b
del ay crystallif/@ of t71ez al
first step of our ‘iwOfgani‘c- ggélyne
process. In addition, the hydrolytic
| eads to difficulties in controlling
Honogenei ty depends on the rate of h
of MOMand M-OM) versus the rat
can be hardly controlled in the hydr
different reactivities of the variou
and condensati on. However, in princi
shoul d favor the formati on of honobge

} cl eavage
lency to

t for the
benbl y

B often
Poeneity.

3 formation
®n, which
b of the
Bydrol ysi s
C process

FIG. 11b
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oxides fromdifferent nmetal precursors because of the decreased
49 difference in hydrolysis and condensation rates for different
i norgani c woIgBIeLes in .non-aqueous, nedi a. This has been spCTasssraskdty
denonstrated in the mesoporous m xed oxigﬁépsyntheses usi ng the
[

met hods of this invention. 5. Thi l'ization of bl ock copol yner

sel f-assenbly in conjunction with chel ati ng conpl exation for

i norgani c/ organi ¢ cooperative assenbly in the non- aqueous mnedi a nmake
it possible to synthesize nesoporous materials with vastly different
conpositions exenplified in Table 4. Cooperative Miltiphase Assenbly
of meso-macro silica nenbranes 10 Here we describe a novel procedure
for the synt hesis=ek =

P

B5 UNSTAINED, 51
PL1044 120.0KV X 60K 1000n

FIG. 12
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coral silica nmenbranes with 3-d neso-macro structures. This process
utilizes multi phase nedia while including mcrophase separation bl ock
copol ymer / si:d beys7ePpnposi t e and macr ophase separati on bet weerpcaiwsesige201
el ectrolytes and the conposite in a sin Iézstep. We find that strong 15
el ectrolytes such as NaCl, Lid, KC, ﬂﬁ{ rld, KNJerr], or even

transition netal cationic salts such as NN SO4, can be used to prepare
Meso- macr o silica menbranes that are fornmed at the interface of

dropl ets of these inorganic salt solution. It is well known that in
nat ure, macroscopic ordered silica structure such as diatom and cora
are grown through a 20 protein nodified process in the ocean environnents
that are rich in i norgani c salts such as NaCl. The process used in
this study may be S | kit teaSe i r ieh Satee ' formati on of

di atom and coral in naturg . oo ; #dered as a 3-phase
medi a process: the ¢ E : ' dl | nmenbrane and the
aqueous nedia within 25 { menbr anes (size -
4 cmx 4 cm thickness ~ § silica network
structures that we have prg I nuous rope,
tyroid, and grape vine or , nhor phol ogi es
depended on the el ectrol yt
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50 _ inorgani c salts or anphiphilic block copolynmer tenplates. The
macropore  wooeshkz®s(0.5 ~ 100 [err]m can be controll ed by ipmngseeteoesal ts
and evaporation rate of .the solvent. The mesoscopic structures can be
highly ordered 2-d honeyconb (pore size 40 ~ 90 A) or 3-d cubic

packi ng, and controlled by 5 the anphypigdic bl ock copol ymer tenplates.
These artificial coral neso- macro silica nmenbranes are thermally
stable and exhibit a | arge surface ~ areas up to 1000 cnjerr]/g and pore
volunes up to 1.5 cnferr]/g. The silica nmenbranes were prepared
by the use of two-step sol-gel chem stry. First oligonmeric silica

sol -gel was obtained by pre- 10 hydr ol ysi zing of tetraethoxysiliane
(TECS) in ethanol solution by an acid- catal yzed process. Second, the
oligoneric silica sol-gel was added into a-mixture-soluti-of :
pol y(et hyl ene ofki'dey~ bl ock- pl oy(propyl ene oxi 'de) - bl ock- pohy( et hyl ene
oxi de) (PEO-PPOPEO) tribl ock copol ymer and inorganic saltg in water
and et hanol. The final conposition of this m xture .
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15 was range of 1 TECS: (6.8 ~ 34) x 10[err] copol yner: 0.51 -

i norgani c t: 18 - 65 Herr]O 0.002 ~ 0.04 HA : The
silica Worgr?af3 ranes with 3-d meso-nmacro structures were o%(f_ﬁgneg a]Jter
drying at roomtenperature, washing with water to renove the
inorganic salts, and cal cination 7t79’5QorrpI etely renove the organic

bl ock copol yner,. 20 In a typ| cal synthesis, 2.08 g TECS (Al drich)
were added to 5 g ethanol, 0.4 g water and 0.4 g (0.1 M of HC
solution with stirring at room tenmperature for 0.5 h, then heated at

70[err]C without stirring for 1 h. After cooling to roomtenperature,
1 gEJerr]PJerr]Eqerr] (Pluronic P123, Aldrich/ BASF, average

nol ecul ar wei ght 5800), 1 g NaCl, 10 g ethanol and 10 g 25 water were
added to this solution with stirring at roomtenperature for 1 h. The
resultant solution was transferred into an open petri dish, allowed to
evaporate at roomtenperature. After conplete drying, the solid

menbrane was renoved fromthe dish, QP r yjadded and t hen heat ed
in a seal ed container at 100[err]CF& 240 di ssol ved the 30

inorganic salts. After cooling to room terrperature, the solid silica

——e—— OPTICAL DIELECIRIC CONSTANT |
22 =TT =TT T 1 TT T 1 Tﬁl T | T T‘ﬁl [ 75
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51 menbr anes were washed with de-ionic water and dried at room

t enper at ur e. whh@samssynt hesi zed silica nmenbranes were cal ci neg@iisesrs201
500[err]C for 6 hin air to conpletely renove all organic bl ock copol yners.
Figure 41 shows several representative®scanning electron 5 m croscope
(SEM images, obtained on a JEOL 6300-F pgggpscope, of the silica
menbranes and inorganic salt (NaCl) crystal co-grown with the

menbranes by sol-gel chem stry. The silica nmenbranes prepared from

NaCl sol ution show 3-d macroscopi ¢ network structures and a coral -1ike

nmor phol ogy (Figure 41a). The reticular 3-d netmork (thickness of ~ 1
[err]m 10 of the silica nenbrane is ontinuous rope-1like
silica which exhi bits highly ne;ﬁgggﬁlc (o] ring (see below). The
silica menbranes can be as larg s~ 4 cmXx 4 cm depended on the
size of the container that is used. The thickness of the silica
menbranes can be varied from L0—+terrmtoSomr—157 0 As—shagwn in
Figure 41b, the mho[g sijl i ca menbrane shows sjmlar | ocal macr ogcopic
structure that is not |aong-range ordering. The average macr oporg si ze
of the silica nmenbriagnes jis about ~2 [err]m (0} 4) (Figure 4l1a) and] can

be varied from~0.5 [errfmto ~100 [err]m by fhanging the

S
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evaporation rate or the electrolyte strength of the inorganic salts. For. 20
exanpl e, when a snmall anount of ethylene glycol is added into the sol-gel
solution to slow the evaporation rate, a small nacropore size ~0.5§#?rr]n)
is oMY APHEA% s shown in Figure 41lc. O interest is fi chﬁ’fl.‘b”P’ﬁ when
t he evaporation rate is |ow, theyppgzkness of the silica network is
decr eased several hundreds nanonet'er as shown in Figure 41 c. \Wen
the 25  evaporgti Lo bl . o - bl
menbranes can §
I ncreased (as g
the silica nmenbg
structure.

can be used to
el ectrol ytes, f§
52 MySq el
addition, the

FIG. 16b 2
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'hDrphoIogy of the silica nmenbrane can be nodified through changing the
concentration of inorganic salts. Low concentrations of the inorganic salts
result in anydhpegeneous silica nmenbrane. Wiile high COMenﬁ&ﬁ;%éé%%mﬁ

result in the grape vine nofphol ogy that nmakes up the silica NMenprane as
shown in Figure 4le. The mofy6Fogi es of the inorganic salt
crystals are also affected by t he organi c bl ock copol yner. For
exanpl e, w thout gt 57 Sieis bi rystal s of
NaCl as large ask wat er and
et hanol , however j our
synthesis conditi (-1 pmin
di anet er) nor phol dh as 1 cm
VWhen NSO err] is lesi s
condition, a disH 4t 15 the
bottom of the si |zation

of the inorganic {

Besi des Nadl , ot ,

Na[err] SO err], qr], and
organi ¢ acids su i silica
menbr anes. Fi gur & el ectron
m croscope (SEI\/)% br anes

prepared by using n different

I norganic salt sg¢

}f7(;¢ | 7 :?25 o ég!Wn”
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nor phol ogy of the silica nmenbranes is dependent on the electrolyte

strength of the inorganic salts.

25
simlar
al t hough t he
different.

el ectrolyte str
t he synt hesi s,

For exanpl e,

when Li d ,

are used, with electrolyte strengths conparable to that fo .
WO 99535708 - | i ke mor phol ogi es (Figures 42a, b, TB&@?@@‘H

KO ,
c) arf&

and NH[err]O

net wor k nnrphology‘gﬁﬂgme silica nenbranes i s sonewhat

However,
engt hs

such as Na[err]SC{err]

t he macroscopic

when the inorganic salts with stronger
are used

MgSQ err],

53 struct
di sh, and

macroscopi c str
hi gher aver - age
F127 (E( err] Pd
SEM (Fi gure 43a
cubic Nad crys

gyroi d nor
ucture
nmol ecul ar

{eH]EQeﬂf
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is als
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pinmk
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FIG. 18b
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tenpl ati ng process for the nmesoporous silica growth. Wen bl ock

copol ymers such as Pluronic P65 (EQerr]PJerr]Eqerr]) is used, the silica
10 nmenbr an&QiHFi705ar ge meicropore size is obtained (Figure 42@3}‘15898!26201

The nesoscopic ordering in these S|l|ca§§§%?ranes formed by the

cooperative sel f-assenbly of inorganic sifita speC|es/anph|ph|I|c bl ock
copol yner is 1e o} 0pol _

characteri zed b ;‘ and
15 transm ssi
of Figure 44
Ka radi ation.
prepared by di

subsequently d As 20
shown in Figur

using P123 tri 5 a
typi cal hexago

four - diffracti: 1 5
descri bed abov:

four - peak 25

diffraction pe copi c
ordering is pr appear
at slightly la er s of

nmesoscopi ¢ or dgEl

FIG. 19a —m

FIG. 19b %0 m
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the silica nenbranes can be varied by using different triblock copol yners.
30 For exanple, a = 10 1 A for Plunroin P103 (EQerr]PJerr]Eqerr])
(Figure 44R4g 99/37705 FET/USISR6ANd a =
73.5 A for Plunronic P65 (EC{err]PC{erg%EI%err]) (Figure 44c), these

mat eri al s have 2-d hexagonal (p6m) ne e pi ¢ highly ordered

structures. These results suggest that the presence of the

i norganic salts such 5 as NaCl does not greatly effect the cooperative
sel f-assenbly of bl ock copolyner/silica to formhighly ordered
nmesostructure. Figures 45a,b show TEM i nrages of calcined silica
menbr anes prepared by using P123 ~ bl ock copolyner in Nad solution at
different orientations, confirmng that silica network of the
menbranes is nade up of a 2-d p6mm hexagonal 10 mesostructure, with a
wel | - ordered hexagonal array and one-di nensi onal channel structure.

TEM i mages (Figure 45 c, d) of the silica nenbranes
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with small macropore size (-0.5 pmfrom SEM prepared by adding a
smal | amount of ethylene glycol show that the rope-like networks of the

silica nenbrgﬂfévgg de up of | oop-like nmesoscopic silica “‘ﬁ@wﬁ&kﬁeﬁ d 15

1-d channel arallel to the long axis. These rope-like silicas form
a 3-d network nmacroporous structur®/8% should be noted that when

hi gher nol ecul ar wei ght bl ock copol yner F127 is used as the

nMesoscopi ¢ structure-directing agents, a silica nmenbrane with cubic.
mesostructure (a = 217 A) can be obtained, based.on XRD and TEM
results. 20 . SEM i mages of the silica nenbranes after cal cination at
500 [err]Cin air show that the coral-like macrostructure is

retai ned, denonstrating that the coral -like neso-macro silica
menbranes prepared with inorganic salts are thermally stable. Thernm
gravinetric and differential thermnal anal yses (TGA and DTA) (Figure
46) in air of the silica nmenbranes 25 prepared by using P123 bl ock
coploymer in NaC solution after renoval of the inorganic salts, show

aht. % (FLaur _ A

total weight Welo A_Net h

Ié)ses,of only 24

products, si
5 Kmin[err] i

of
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55 desorption of water, this is followed by-a 6 weight % TGA.|l oss at
190[err] C whi ch coincides with an exotherm c DTA peak associated with
deconposi tion of the organic bl ock coploymer. By conparison, the silica
menbr anes YR &¥#E0F wi t hout renoved the i norganl c salts show RGH¥§98/26201

wei ght | osses of 50 weight % (Figure 4gshppton). At 100[err] C TGA registers
a 4 weight @6Ioss fron1physrcal adsorp |on of mater follomed by a 46

wei ght % TCA | 0 ; i «c bl ock

copol yner. nteraction
bet ween silica and after
washing with he silica

menbr anes i s

al ci nati on,
t hese silica '

behavior to th a, b) so
that after was por ous (60
A) channel s ar e 47 were

measur ed usi ng

FIG. 22b o
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M cronmeritics ASAP 2000 system Data were cal cul ated by using the BdB
(Broekhoff and de Boer) nodel. The pore size distribution curve was

obtained fro anal ysis of .the adsorption branch, of the iso 20
030208 p e

pore vol une at P/Plerr] = 0.985 signal ‘point. The sanpl e
was pre-treated at 200[err]C overni ght of6fdfe vacuum |i ne. The
representative nitrogen adsorption/desorption isotherns and t he

correspondi ng pore size distribution calculated by using Broekhoff and

de Boer's nodel are shown in Figure 48. The isotherns of Figure 48. 25

The isotherns were neasured using a Mcroneritics ASAP 2000 system

Data were cal cul ated by using the BdB (Broekhoff and de Boer) nodel.

The pore size distribution curve was obtai ned froman anal ysis of the
adsorption branch of the isotherm The pore volune was taken at P/P[err] =
0.985 signal point. The BET sanple was pre-treated at 200[err] C overni ght
30 on the vacuum l-ine. The coral-like silica nmenbranes prepared using
P123 56
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bl ock copolyners in a NaC solution show a typical isotherm (type 1V) of,
cylindrical channel nesoporous materials with Herr]-type hysteresis, and
exhibit a {aysepwagrore size distribution at the nmean val ue ofpc§4sshe26k0i S
mat eri al has a Brunauer-Emett-Teller (BET) surface area of 660 nR/ 9,

and a pore volune of 1.1 cnferr]/g. ThgZAfBfsoscopic pore size of the silica
menbr anes prepared I n Nad solutlon depended on the anphlphlllc bl ock
copol ynmer, for g -

show sim |l ar i

surface areas ¢
cnijerr]/g respg
copol ymer is uj
mesoscopi c str
hysteresis

nodel by using
(Fi gure 49b)
size distributi face
area of 1003 nf§ v ; The
silica nmenbrandg ) ‘ S t ant
Cerr]Herr] EQ - ‘ and
pore vol une of

row pore

FIG. 24 &=

FIG. Zb S
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nmean pore size of 3.6 nm (Figures 50a,b). ' I n order to
understand the formation of the coral-1like neso-macro lica
nmenbr anes, arefull'y investigated the macroscopic res
in di fferent zﬁ(’gjé’g’? Fi gure 51) of the as-made sili‘ca marrbrane’%cmféggg}i{g0
to washing. As shown in Flgures 51 a d, gwyﬁﬁout mashlng out the
I norganic salt ( he - 0 Ar e
menbr ane have bed
menbrane. On the’

the silica nenbra i on and
30 show di sorde M ndow
57 Size co est

t hat the Si | t than
t hat wat er lica
menbr ane

FIG. 250 &m

FIG. 25b <2,
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prepared by LiCd recorded at the bottomregion, suggesting that the 5

nosai c-1i ke inorganic salt Lid crystals, which are confined by XRD and
chemi cal analysis, are formed in the bottomof the silica nenbranes. The
shape of tWOPYB1705 | i ke Li G crystals is somewhat sinilar tRFYPR826201
fenestrated norphol ogy observed at the yggzregion of the silica

menbrane. SEM i nages of the silica nenbrane prepared by using 10

Ni SJerr] as the inorganic salt recorded on the top, mddle, bottomregions
of t he nenbrane are shown in Figures 51 e-h. Wthout washing out the
inorganic salt (NiSO4) (Figures 5le,f) SEMimages reveal a disk-Iike

wi ndow nor phol ogy at the top of the nenbrane, while inside this w ndow,

a coral -1ike norphol ogy can be seen (Figure 46f). However, at the bottom 15
of the menbrane, grape vine-like silica macrostructures with disk-1ike
inorganic salt NNSJerr] crystals are observed (Figure 51g, h). The size of
disk-like NNSOerr] crystals is the sane as the w ndow size of the silica
menbrane at the top. These results are consist with initial phase

separati on between the coral-like silica macrostructure and inorganic 20
salts, followed by formation of the silica macrostructure above the

I norgani c salts. In order to further confirmthe fornmation of
the materials, we i nvestigate the change of conposition as a function
of the evapg | A bbb P how-chor-oal Eimaaded he
starting r

FIG. 26 C -
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25 m xture was | g P123 bl ock coployner: 0.0 1 nol TECS: | g Lid: 4 x

10[ err] nmol HCI: 0.55 nol H20: 0.33 nol EtOH As shown in Figure 52,
in the begi nni ng, the concentration (weight % of etha |1 So8126201
decr eased raﬂ“ﬁ%@?ﬂm and the concentration of water and Si e%ﬁf and
inorganic salt LiCl are i ncreased ¥lffge a | arge anmount of ethanol is

evaporated. After about 3 h, 30 silica-block copolyner gel starts to
form in liquid phase, -the concentration N

58 of silica: Lid is
rapi dly ~incre S
det er m ned by liquid
phase, a conce nt of
silicais found in: cal/ organic
bl ock copol yner ' his tine
at the interface w salt LiC

i's near saturation

FIG. 27b
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concentration (45%, the crystallization of the inorganic salt LiC occurs.
At this time, the formation of nesostructured silica has been al nost 10
conpl eted. These results further indicate that the macroscopic silica
structure WOPHPHEY first at the interface of inorganic sal t PGEHUSIS262Md
sequentially, when the solution of the_”?ggganlc salt reaches saturation
concentrations, cr stal _of inorganic re fornmed in the bottom of the
menbrane. 15 roscopi c

silica St § | t

sol ution as i : first
evapor at ed, thef8 | lones nore
concentrated, t - in, where
nost i norganic wher e
silica and bl oclg rmati on of
two donai ns L i nor gani c
salt solution pl The
droplet of the § of
silica-block co S
rigidified, the ot t om of
t he container p of
silicalblock co et, and

results in coral

FIG. 28b
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ot her . hand, when the silica is forned at the interface of air and salt

wat er, WO 90/37705 59 PC‘M@SH&@D | et
of the salt solution beconmes:flatters,.resulting.in the f enestrated
menbrane at the top. o Referrlng to Figure 54, progressively

hi gher magnifications are shown of agxfgtion of a meso-macro silica
menbrane made in 5 accordance with this i1nvention. The nenbrane i s shown
in Figure 54a whi ch has a macropore structure, as shown in Figure 54b.
However the wal | s defining the nmacropores have a nesoporous structure.
In summary, artificial coral silica nenbranes with 3-d neso-nacro
structures have been synthesized by a novel process of an acidic 10

catal yzed silica sol-gel chemstry in the present of inorganic salts.

Inorganic salts play an inportant role on the formation of neso-nmacro
si'lica menbranes tha t-he—rnt-erface—of—a droplret qr i norganic
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salt solution. The results are of general inportant for understandi ng
mul ti phase s such as the formation of diatons coral pgihisescktr
structuresvﬁ%&ﬁgﬁ% The silica menbranes (size ~ 4 cmx 4 cm

t hi ckness ~ 5 m) mnth 3-d nmeso-nmacro si networ k structures show
oriented continuous rope, toroid, and gr vi ne, or dish, pinwheel,

gyroid, and cubic cage norphol ogi es depending on the électrolyte

strength of the inorganic salts or anphl hilic ck copol yner tenpl ates.
20 The macropore size (0.5 ~ 100 [e can;g ggntrolled by inorganic
salts and the evaporation rate g _saleht” Themeseseopire—)

structures can

be hi ghly ordered 2 d honeyconb (pore size 40 ~ ggon
or 3-d cubic

packi ng and are controlled by the anphiphili

D 1O
copol yner tenppat-¢s. The coral -1i ke nmesomacro sil igas«t ‘ﬂ’?’ge ar €
thermal ly stable and 25 exhi bit |arge surface argas 400 cnerr] /ig)
and pore vdEDne (o 1.1 cnferr]/ g). £ that these new
process cer&mjge ffaterial with structure X gn on multiple

| ength scalgs will] have many applications i areas, including

separation, i}orptlon, medi cal i npl ant,

sensor array
appl i cati ons> 80
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60 The exanpl e shown above in form ng nmeso-macro silica
menbr anes used Pluronic P123 bl ock copol ynmer, E(J err] P( err] Eosdokrgmit he
tenpl ate to BRI nesoscopi c ordering of the silica menbranes.

Besi des P123,

ot her surfactants can al so be used in the synthesis. For 5
exanpl e, one coul d use: (1) azgigd ock copol yner, poly(ethylene
oxi de) - bl ock- pol y( propyl ene oxi de); poly(ethyl ene
oxi de) - bl ock- pol y( but yl ene oxi de) (Dow Conpany); B50-6600,
BL50- 1500; (2), a triblock copolyner, poly(ethylene
oxi de) - bl ock- pol y(propyl ene 10 oxi de) - bl ock pol y(ethyl ene oxide);
(BASF) pol y(ethyl ene oxide) - bl ock- pol y(butyl ene oxi de) - bl ock
pol y( et hyl ene oxi de) (Dow Conpany); 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-coep

epetyfer—Pruroni c
25R8, 25R4, 25R2 15 (4) a star di-block copolyner (BASF), Tetyonic
901, 904, 908; and | ﬁ% (5) a reverged star di-block copol yner
Tetronic 90RL, 90R4, 1 90R8. !
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The inorganic salts can be electrolyte, such as K€, Nad, Lid,

NH err]d, %g;g,?.,.,h/,gsq err], KNQerr], NaClJerr], Na[err] Sq}qj’-,r/ﬂjsgg,;z@m

Ni SO err], err], water 20 organic acid, such as DL tartaric acid,
citric acid, malic acid. W claim t hat dissol vable al kali salts,
al kaline earth salts, transition metal Jo¢@¢fate, nitrate, halide,
chlorate, per chlorate. The preparation of nmeso-macro silica
menbrane are emnul sion chem stry | atex sphere tenpl ate; phase
separation and sol vent 25 exchanged; inorganic salts tenplating which was
devel oped by oursel ves here. This discovery should have great
signification for understanding the formation of the diatom and coral
in nature, The macronesopor ous mat erial s woul d-have AR ap"}icati ons
in the areas of &gk ption, catal ysis, separation, sensqgr arrays,
opt oel ecti oni c{ dew; The 30 terials and synthesis netlhod descri bed
here are very versdtile in that
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they can be used for many fields of application and for synthesis of any
I nor gani c- suwbaetamos conposites, for exanpl e, al um nophosphatrtnzsssdszol
Tierr], Zrgerr], Aferr]Jerr], No[err]Jerr], Ta[err](Jerr],
Cr[err]derr], Fe[err]derr], ZrTierr], Al[ferr]SiJerr], HJerr],
nMeso- macroporous silica nenbranes. These jpfgorials woul d have many 5

applications on sorption, catalysis, separation, sensor arrays,
opt oel ecti oni c devi ces. 62 [err]
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THE CLAI M5 - 1. A method of form ng a mesoscopically structured

i nor gani ¢ nedyerdsgtins conpri si ng: conbi ni ng an WQFA%ZM C

bl ock polymer with an inorganic conpound of 5 a multival ent net speci es
under conditions whereby the bl ock copol yner and i norgani ¢ conpounds
are sel f-assenbl ed and pol yneri zed i nt of é/ mesoscopi cal ly structured
conposite; and pol ymeri zi ng the nmesoscopically structured
conposite to formsaid nmesoscopi cal |y structured inorganic materi al

10 2. The nethod of claim1 in which said block copol yner and i norganic

conpounds are conbined in an aqueous or polar solvent and including the
step, after polynerizing the nesosc |caIIy ctured conposite, of
evaporating said solvent to forn1a paréﬁ mesostructured nmaterial with
a uniformcharacteristic ordering
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15 3. The nethod of claim2 in which said transparent material is
crack-free. 4. The nmethod of claim2 in which said transparent
material has a large d spacing and thick inorganic walls 5.
The met hod W 9%37295m 2 i n which said transparent material isPCHYSR¥2EE m
of fibers. 20 6. The nmethod of chkaygp 2 in which said transparent
material has a two di mensi onal hexagonal nesostructure.

68
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7. The nethod of claim2 in which said transparent material has a cubic

nmesostruct ure. 8. The net hod of clain12 I n which said transparent
mat eri al haswa 997377051 anel | ar mesostruct ure. 9. The nmetdrackogtsast ai m
2 in which said wall thickness is at %? &% 10. The net hod of
claim2 in which said nesoporous struct é, as a structural ordering

| ength scale of at |east 50 A 11. The method of claim 2 including
the step of adding an organic cosol vent to said anphiphilic block
polynmer to increase the pore size and 10 wall thickness of said
mesoscopi cal ly structured i norganic material . 12. The met hod of

claim2 including the step of thermally treating said

SUBSTITUTE SHEET (RULE 26)



conbi nati on of anphiphilic block polynmer and inorganic conmpound to.

I ncrease the pore size and wall thickness, and thermal stability.

13. The ne 99/9;7 5cI aim1 including the step, after pol yneri]zdj%g%}ggmﬁ
mesoscopi cal Ty Structured conposite, of renoving said polyner to forma
thermal |y stable nesoporous naterial. 43/62 14. The nmethod of claim1

I ncl udi ng the step, after polynerizing the . nmesoscopi cally structured
conposite, of calcining or solvent extracting said nmesoscopi cal |y
structured inorganic oxide-bl ock copol yner -conposite 20 material to
renove the organic species and thereby form a nesoporous mul tival ent
netal oxide material with a high surface area. :

69
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15. The nethod of claim 14 in which said nesoporous structure has a
porosity of at |east 40% 16. The nethod of claim 14 in which said
pore size is_at |east 30 A 17. The nethod of claim 14 in which
said d spaci NP 1878 | east 60 A 5 18. The nethod of cl aPSi/¥¥82§28ni ch

said wall thickness is at least 30 A.  44/57 19. The nmethod of claim 14 in

whi ch said surface area is at | east 100nerr]/g.. 20. The
met hod of claim 14 in which said nesoporous material is in the f or m of
fibers.

FIG. 41a

10 fm
0 kv X 3.000 12mm

FIG. 41b

0.1 mm
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10 21. The method of claim 14 in which said nmesoporous material. has a.

t wo di mensi onal hexagonal nesostructure. 22. The met hod of
claim14 in which said nesoporous naterial has a cubi c nesostructu
23. The met¥R8/F0%| aim 14 in which sai d mesoporous net al oﬁ“ﬁ@u%g

material has a dielectric constant of 25/52.5. 24. The nethod of
claim1l in which, prior to conbination with said " inorgani ¢ conpound,
sai d bl ock polyner is placed in an aqueous sol ution of ' i norgani c salt

and said inorga ck pol ymer

FIG. 471d

— 10 m
3.0 kV x 1.300 10mm

FIG. 417

S ,Um
3.0 kY x 5500 1imm
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70 : solution in the formof a sol gel to formsaid inorganic materia

as a neso- macro structure. . 25. The nethod of claim 24
including th f polynerizing the neso- macro str

conposite angmigﬁgﬁﬁ?ng t he pol yneri zed conpositeito formb5 u&%H§§$Fﬁ¥%Ient
metal oxide material w th macroporosity 4ixé2a Mesopor ous surface area.
26. The nmethod of claim1l in which said block copolyner is a triblock

pol yrer . 27. The method of claim26 in which said tribl ock copol yner
is a 10 pol y(et hyl ene oxi de) - pol y(al kyl ene. oxi de)- pol y(ethyl ene oxi de)
pol ymer - where the al kyl ene oxide noiety has at | east three carbon

at ons. : : '

10 tm | — 1 fdm
JEOL 30 kv x 2550 12mm 30 kv X 5000 12mm

FIG. 4Za FIG. 42b

—— 10 lim | —— 100 lm
30 kv X 2.700" 11mm JEOL 3.0 kv X 160" 1.1mm

FIG. 4Z¢ FIG. 424
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28. The nmethod of claim26 in which said triblock copolyner is a -
poly(ethylene OXIde) pol y( propyl ene oxi de)- poly(ethylene oxide) polyner
29. The claim26 in which said triblock copol ynergrsusasids!
poly(ethylene OX|J%)-pon(buterne oxi de).z. pol y(et hyl ene oxi de) polyner.
30. The nmethod of claim1l in which sang@Zock copol ynmer is a diblock

pol yner. ~31. The method of claiml in which said bl ock copol yner
is a reversed triblock polyner.

— 10 Um | —— 10 fm
306V X 550  12mm 30k X 1500  11mm

FIG. 43a FIG. 43b

S
-— i/%m —— Nl/an
3.0 kY X 5000 {2mm 30 kv X 1100 Timm

FIG. 43c FIG. 43d
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32. The nmethod of claim1 in which said block copolyner is a star di-block
pol ynmer. w0 99/$%305 The nethod of claim 1 in which said bl opkr@ebsygesr i S
a reversed star di - bl ock pol yner. 34. The method of claiml
wher ei n sai d i norgani ¢ conpound, upon 48/6é’al cination, forns an oxide
selected fromTigerr], Zrgerr], Nb[rr]qerr] Ta[err]qerr]

A [err]Jerr], Sigerr], V\Qerr SnCIerr] HfCIeré SlAI Jerr]
SiAlgerr], Aferr]Tigerr], |qer ]_ ger The
met hod of claim 1 wherein sal norg f? §Y@§%§%§% ﬂ %4@“&“ on,
formse SiJerr]. 10 36 spscopi cal Iy structured conposite of an
anphi philic bl ock copol r ant?L & conpound of a nultival ent netal
speci es. N
L =735 A
£
A
=
=
~~ a=101.4 A
0 ¢=118 4
T T ] I i 1
! 2 J 4 5 6
20 (DEGRFE)
CALCINED F / G ‘44b
0=71.8 A
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]
2
i
= 0=99.7 £
a=111 A
T T T T 1 H
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37. A thermally stable nesoscopically ordered porous material conprised
of a nultivalent netal conpound and having a narrow distribution of pore
sizes in tReppRSOSLCOpPIi C Si ze regi ne. 15 38. The nesost rREVIF98/E6201

material of claim 37 having a high surface area, | arge d spaci ngs and
thick walls. 39. The nesostrughuped material of claim36 in which
said material is transparent.. 40. The nesostructured

material of claim39 in the form of fibersh

FIG. 45a FIG. 45b

FIG. 45c¢ FIG. 45d
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72 : 41: The nesostructured material of claim39 in the formof thin

films. wolR37Ie nesostructured naterial of claim39 in ﬁdﬁpuégrmmgq)f
nonol i t hs. 43. The nesostructured naterlal of cIa|n136 conprising a
t wo di mensi onal hexagonal nesostrucgéygi The nesostructured
material of claim 36 conprising a cubic nesostructure 45. The

nmesostructured materi al

of claim36 conprising a |anellar
mesost ruct ure.

FIG. 4b6a
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46. The nesostructured material of claim37 conprising a two 10
di nensi ona#v naI mesostructure

: 47. The nmesost @@@h}sggﬁm]
mat eri al cl/arm 37 conprising a cubic nmesostructure.
mesostructured material of claim37 co

rrp;/iﬁfi ng a |lanellar
nmesostructure. 15 49. The mesostrdd ed material of claim37 in the
formof fibers. 50. The nesostructured material of claim37 in the

formof thin filns. 51. The nesostructured material of claim37 in
the formof nonoliths.
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73 - 52: The nmethod of claim14 in which said transparent material is

in the - vy swvagfosa nesoscopi cal ly ordered, nesoporous, cragrieaeesidii n

film 53. The mesostructured material of claim 37 having a porosity
of at | east 40% 5 54. The masogé/ré.g:tured material of claim37 in
whi ch said pore size is at | east 30 & 55. The nesostructured

material of claim 37 having d spacings of at | east 60 A
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56 The nesostructured naterial of claim 37 having wall thicknesses of at

| east g‘&)@ The mesostructured material of mhfggﬁz@hﬁw ng
a structur PaE Flng | ength scale of at |east 50 A
mesopor ous nul tival ent netal oxide materjal_ having a neso range pore
size and a surface area of_ at |east looﬁféﬁa]/g. 15 59. The mesoporous
met al oxi de ngf?(gpl of M 58 having a dielectric constant of 2 -
2. 5. A ous rmultivalent netal oxide material having an
ordered nesoporous surface area.
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74 : 61.. The nmesostructured material of claim 37 wherein said

mul tival ent wosesgal conpound is an oxide selected fromTi W 6201
ZrJerr], No[err](err], Ta[err](err], Alferr]derr], errlf
WJerr], SnJerr], Hderr], SiAIJerr], SiAIdJerr], Aferr]Tigerr],
ZrTiderr], and SiTierr]. 62. Fhgaesostructured materi al of claim
37 wherein said nultivalent 5 nmetal conmpound is SiJerr]. 63. A
nmet hod of separating bionol ecul es froma biol ogi cal specinen or

synthesis m xture, conprising passing said biological specinmen or mxture

t hrough a nesoporous nultival ent netal oxide material. 64. The
~method of claim63 in which said bionol ecul es conprise enzynes

49q
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10 and/or proteins. 65. A nethod of separating bionol ecules from
a bi ol ogi cal specinmen or

synthesis m xture, conprisin (ﬁ?ﬁg' ghopai d
bi ol ogi cal ¥} T®h or nixture t hrough a nacroporous %h |v§?ent
nmetal oxide material having a

nmesopor ous surface. °~ 15 66. The
met hod of claim65 in which said bi onol

S conprise enzynes and/ or
pr ot ei ns. 67. A nethod of separating organics froma solution
conpri si ng passing said solution through a nmesoporous mnultival ent
metal oxide material.

68. A nethod of separating organics froma
sol ution, conprising passing 20 said solution through a macroporQys

mul tival ent netal oxide material having a nmesopor ous surface
{ —
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75 = 69. A nethod of separating inorganics froma sol ution,

conpri Si Ng PRIBIYEY705 said solution through a nmesoporous npdniyskesnt
nmetal oxide material. 70. A nethod of separating inorganics froma
sol ution, conprising passing said solution through a macroporous

“mul tival ent netal oxide material having 8/ nmesoporous surface.
71. A nethod of inparting adsorption and catal ytic reaction selectivities

to a macroporous rnultival ent netal oxide material having an ordered
mesopor ous surface area, conprising functionalizing separately the
di fferent : mesoscopi ¢ and macroscopi ¢ pore surfaces of said material of

to provide 10 said selectivities.
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