WD 03/ 045840 PCT/ US02/ 37744 MESOPOROUS MATERI ALS AND METHODS FI ELD OF THE
| NVENTI ON This invention relates to nesoporous nmaterials and net hods of

maki ng t hwo 08/0smsae. BACKGROUND Mesoporous materials, suchlkcaasoEsTpor ous
silica and other netal oxides, are of great interest for application in
nunmerous fields. For exanple, these materials are wuseful for separation
and catal ysis applications, and are also attractive candidates for 10 | ow K
dielectric applications. Literature reports indicate these structures can

exhibit dielectri E:(S@ RYADSEA \m\r d 2.1, meking
t hem desirabl e to!\{i e ?n@?gg]%c rj%rglEcs ‘?ngﬁstﬁﬁ?/. 0 %‘a(?]e):@rmst Mesopor ous

netal oxide materials have been prepared using aqueous nedia. For exanple,
|l ow K dielectric filns are typically prepared by spin- 15 casting a

wat er/ al cohol sol ution ont O%Eﬁl{ﬁim INVREREGO! Uti ons contain a

surfactant and a precursor, Ich devel op nesoscal e structure through a
coor di nat ed seThis imsatobtejatestsundsopordus magrielsapd nadthaats ofmaking thol vent . As

t he sol vent evaporates, the surfactant self-assenbles into a tenplate to
whi ch ¥ heS%cursor sinultaneously associates. Renpval of the tenplate

yi el ds the nesoporous material. This approach 20 is exenplified in U S.
Patent No. 5,858,457, granted to Brinker. D A Loy et al. (Chem WMater.,
9, 2264, 1997) describes silica %F&E}%BQI{N& are prepared by condensation

of tetranet hoxyplhaRGus MaSHRE shEh hd mdlopbldds sTTieh The ofEl Metal SxilELHAS a
condensi ng agent, because agents comonly used for initiating the

condensat obgreafintsrest oaapplmatien 81 nuincevousafididsc i kibe example, theseHA@erialypiecal | y have
| ow 25 soluhility in.CQ2.. Porous tal. oxides can al so be prepar.ed through
2 casti nousdet i s RN et iAoty SB aBsR v el e, oy
Wakayaie RIVIK @Rel¥idfi K 85l ca B8 MLiteMbir@ reporth Indida® theb 2 huradéhnGhBibit Mat er .,
12, 756 (2000)). In this nmethod, the ‘activated carbon structures are

coat ed bydielsatrigconsipnth thabparsighge baswsent 3 mad 211, a1akingithem desypbly3p 05840

PCT/ US02/ gggrg'éectronics industry.

To date, most mesoporous metal oxide materials have been prepared using

aqueous media. For example, low K dielectric films are typically prepared by spin-
15  casting a water/alcohol solution onto a substrate. These solutions contain a surfactant

and a precursor, which develop mesoscale structure through a coordinated self-

assembly, usually during evaporation of the solvent. As the solvent evaporates, the

surfactant self-assembles into a template to which the precursor simultaneously

associates. Removal of the template yields the mesoporous material. This approach
20 is exemplified in U.S. Patent No. 5,858,457, granted to Brinker.

D. A. Loy et al. (Chem. Mater., 9, 2264, 1997) describes silica aerogels that
are prepared by condensation of tetramethoxysilane in supercritical CO,. Formic acid
is used as a condensing agent, because agents commonly used for initiating the
condensation of silica from a silicon alkoxide, such as H,O, typically have low

25  solubility in CO;.

Porous metal oxides can also be prepared through a casting process using
activated carbon as a support material (see, e.g., Wakayama and co-workers (Chem.
Mater., 13,2392 (2001) and Chem. Mater., 12, 756 (2000)). In this method, the

activated carbon structures are coated by contact with CO; solutions of metal alkoxide



precursors, and precipitation is induced. The nmetal oxide precipitates onto
the activated carbon structures, conformng to the structures' shape.
SUMMVARY WwWbea3ssenti on i s based on the discovery that a pretwssns77ean be
deposited 5 within a tenplate to forma mesoporous nmaterial (e.g.,
mesoporous silica and other netal oxides). Methods of the invention

i ncl ude exposing a tenplate (e.g., a prefornmed bl ock-copolyner) to a

pr ecur sor preotirsens, ahelprecgpitadionns sdpesde (Tiheinestal axiderpregipitaiepentetliet i cal sol uti on
(e.g., dissolved iin a solvent that is nc{g supeyrcritical or near

super cri t fEHRte &ﬁﬁ%OPiSSH@)‘{e%&‘?PE%‘é%Wéﬁ?% ctnﬁ‘égtséarlﬂ?r ate, and on interaction
with a 10 reaction reagent and/or catalyst and/or upon heating, the

precursor chemcally reacts and %iﬁ\ﬁiﬁéxa material within one or nore
phases of the tenplate. After the , the tenplate material can be

removed, whil eThbgEaRASE baddTRUEE dB¢oveR b 1Sprebirdéiioan bEidepstited
mesopor ous structure of the deposited nmaterial. The tenplate can be a

st r uctaur ewithsngleaipiatd . fgrm amgsopenops aatsrigh(e. oangraperoup eidica &l gheri n t he form
of an order ar.ray whj ¢ i.el ds. a.structured sopQraous article.

Tenpl at esm(‘?ggoﬁlélegt M%lﬂcidsé)g t%erl%?nst{o&} iy ege)@)?%%ggex{lgla{e &B8sdl ution. Met hods
of  struchiefdrifed bEMRIBbEISMeNAb UGRedurionadicariRlivered HesupB@ritiba orasat! at e by
applying fields external to the tenplate material, and using surface

i nt er act i sHpsrarical sebition e g+ dispolxedin dodvant Hat ispodaruperertipaliopAea| so
features f ! u ] Y, : ods.

Pot enti al yu}%%ﬁnglgaa%g%@ 8%%3’ ?Hgﬁkg@%@aﬁ tislé)%gg)q?t?f atnﬂe%zi?tlegga\séﬁg? %{l alysis, |low
K di e ecteattich reagont mntiofedatayst ardionuson leating, thapresaparchemivatly resets opt i cal
coatings. In_a first aspect, the invention features a nethod for. formng a
mesopor oud"d drpogifs amatsyial vihip 08g PEMeE %patsf‘e“n‘tﬂtg? TP rTg‘F"n‘ge il ate
material ; th(e'téﬁle\nﬁfe[]rﬂﬁ%ﬂ Rin bérerhdVRd! wHiL ﬁire%eiﬂ‘%stitl@d aRbrB WS Qhs infdct,i ) reacting

t he precursor Int tenplate to forma deposit; and (iv) renoving
t enpl at e yetding ainefopomousseuctergifahedepositat matehial. nmesopor ous nmateri al .

Enbodi ments of -t he et hod i ncl f the follow
Foatur oo, The FHe ROPRGHT St SEETES romoe feey Biegraplale GoRpREhRE ¢ cnpl at o
can 39 i BCintae fdHnSiTas ottt réLarthy), WRidh iyltlds SitfubteabinefPbraushamn. at e

precursor (e.g., the tenplate naterial and a solvent) onto a substrate. The
subst r at eTemplates shublestansiurediperrtatbeing exposed to the solution. Methods of

structuring templates include lithography, ordering the template by applying fields
external to the template material, and using surface interactions to order the template
material.

20 The invention also features uses of mesoporous materials formed by the above
methods. Potential applications of the materials are in the areas of catalysis, low K
dielectrics, environmental sensors, molecular separations, and optical coatings.

In a first aspect, the invention features a method for forming a mesoporous
material by (i) providing a template comprising a template material; (it) permeating

25  the template with a precursor; (iii) reacting the precursor within the template to form a
deposit; and (iv) removing template material from the template to form the
mesoporous material.

Embodiments of the method can include one or more of the following
features. The method can include forming the template. Forming the template can

30 include disposing (e.g., coating, spin-casting) a template precursor (e.g., the template

material and a solvent) onto a substrate. The substrate can include any substrate



2 WD 03/ 045840 PCT/ US02/ 37744 capable of supporting the tenplate. In sone
enbodi nents, the substrate is a silicon substrate. The substrate can be a
por ous swwetmsaiss4 The tenpl ate material can be honbgeneo®ETArsS02/37744

i nhonbgeneous. I n sone enbodi nents, the tenplate material includes a

pol ymer (e.g., a honopol yner or a copolyner). The polyner can be a 5

sem -crystalline polynmer or an anorphous polyner. In enbodi nents where the
pol yner iapableopelppoBing théenpdpel Imssmeanbdidunentsghasuiistete isopdcgmer. | n

sone enbodi nent the tenplate material includes por.ogen . 9., polyner
nanospher¥9sEe. %E‘F VWéVatﬁanrégef %B??ouﬁ'ﬁ‘&’s{'%tﬁpﬁlgf’ge%?tér‘?ﬁp%géﬁg ﬁ%ve a
deconposi il ehESREYr MHdhRgLMNRE. IhdmelembdlliHe RO figIN8 njhdRer ature of the
deposit. For "exanple, the deconposition tenperature of the deposit can be

great er tinalndedhopel ydeOE. g c2 pmopetymeertararropdlynter). ABg@olBogCan§80C, 600C, or
nore), while the tenplate material, can have dec 0si tion.tenperature of
mbout Sa00enteryliq BoIgme: g Bollgie T ePBGETRRS el nh e

ermbodi Mendslymbfie afBepsI9shet @t dopelynite car HRhided Blbkk dopbBRadreIn Sdiee tenpl ate
material can be ordered by causing domains in the tenplate material to

sel f- assunpdiments:the femplate mpterigh inglides » BAROREY (€ Hr RIRIYIAGNANQEPReEFIr at e

material ¢ i applying a field external to the tenplate materi al,
such as a%oqg'fjgcrg’ir%ﬁrgs netic field or a nechanical field. Exanples of

el ect r omagnet i Thd fegiplite maktivdeandlaee b de@nipoaltids téraperaturdlowzdttand/ or DC) and
magnetic fields. Exanples of nmechanical fi include flow fields and

. field
shear 10F | ed48MPPHtign RSSO EI PoilheFoﬁreéé‘BP]ZaoWei@c‘?ﬂ‘%%gHP%d in a
Pr ecur ST ettt b f3eibosit &2 bl kol iRERAINOIA400 U] e BL BGE B B6ke Very agent

can be un supercritical or supercritical conditions. The precursor

del i very 4861 568€, 5510 0€0°CoORr miore)awthile thenigmplBteanatatialeandayo| y, the
precursor  delivery agent can..incl S ol liquid., JB ecursor can be a
netal oOXxi %OWSEhggff?“Re@“ﬂ? of gbqijt F{ﬂ@; ﬁﬁ@%ﬁ;’%r3%§r8’a3 0-Bt &t %{9 goﬁr ecur sor).

Exanpl es gfsysilica precursor include silicon alkoxides. One exanple of a
silica precursor is tetraethylorthosilicate. In various enbodi nents, the
precutisor can esooreeengrodimagnss, diie mpthod ein waludg ordeaing|thaverpdate. aTkd | ane (e. g.

an template material can be ordered by causing domains in the template material to self-

assemble. Alternatively, or additionally, ordering the template material can include
applying a field external to the template material, such as an electromagnetic field or a
mechanical field. Examples of electromagnetic fields include electric fields (e.g., AC

20 and/or DC) and magnetic fields. Examples of mechanical fields include flow fields
and shear fields. '

In some embodiments, the precursor is dissolved in a precursor delivery agent.
During permeating, the precursor delivery agent can be under supercritical or near-
supercritical conditions. The precursor delivery agent can include CO,. In addition,

25  or alternatively, the precursor delivery agent can include a polar liquid.

The precursor can be a metal oxide precursor (e.g., a silica precursor or a
titania precursor). Examples of silica precursor include silicon alkoxides. One
example of a silica precursor is tetraethylorthosilicate. In various embodiments, the
precursor can be one or more of the following: an alkoxide; a silane (e.g., an

30  organotrialkoxysilane, an diorganodialkoxysilane); methyltriethoxysilane; a silicate
(e.g., tetraethylorthosilicate); a bridged silsesquioxane; a halosilane; an alkoxysilane;

an alkyl silsesquioxanes; an aryl silsesquioxane; and/or titanium alkoxide.



30 organotri al koxysi |ane, an diorganodi al koxysi |l ane);

met hyl tri ethoxysilane; a silicate (e.g., tetraethylorthosilicate); a

bri dged swbysmeisioxane; a hal osil ane; an al koxysil ane; amcalusyt/37744

si | sesqui oxanes; an aryl silsesqui oxane; and/or titanium al koxide. 3 WD
03/ 045840 PCT/ US02/ 37744 The method can further include providing a
reaction reagent, such as water, within the tenplate to pronote the
precursor reacThomethod kamfurther inehyde areviding ageastion egrigenti sushtas watene t enpl at e
i ncl udes a.

lurality of domains and the reaction reagent .is referentially
sequest er‘@lﬁg’\ﬂit{‘%feﬁ“%ﬁggoo?mwg tZ‘Sr%?CHES.Or Iﬁafté%‘gﬁFWéﬁ@, ng’ﬁat%d{ﬁli {())fr%?nal ly, 5
the precussolditiehis BE YenBdRB inchades At off doffils a8 tHeddgRidh rédpepfignot € t he
precursor reaction within the tenplate. In other enbodinments, the nethod

can i ncl uptefeperdiallyisenyestersdtveithie pne ef e domains g Aligrmativeliotrdditignaldner at or ,

an i ncl uefefcperts ' . HVploed |
' entfodi GRS LT pe ErEA Rl bERARE FOAGEPfeab R bR e Bilybiaf, 1™ e

cat al yst gadtidew~ihigitis eipladd.| y sequestered within one of the domains. The
met hod can include heating the tem})ll ate to pronote the precursor reaction

within the tenjsether embodisaents, dhymaihad sesinclude perypdag & catdlyst K&-138npl at e

mat eri al ri 6.t i terial can
i ncl ude aa"g‘?qg‘f%"ﬁ%ﬁggé“ r oér;rﬁwgl.n @ﬁé&n@%&ﬁ?ﬁoﬁggﬁeﬁ eectrug%?lk%(fﬁlﬂr?or min one
of the dowhhinghe femplite. Hegnisidiments wherethe temad]atd énclundes n@lgaliiyofmat er i al

(e , a netal, npetal oxid

. g. or. mxtures thereof).. Exapples of inorganic
deposi% s %ﬂ"éalg?’lt?‘?:‘&‘t%mﬁcﬂg%ﬂ’iege.re t}?ﬁgéﬁ%“es@%‘ﬁ‘iﬂhﬂﬁﬁ f’%éﬁ’a’@ﬂﬁs! t can
i nclude an or gafl fmeff Bl @5 fHcld® Hdating?thP MnYTRE Yo plootd BlelRétrRFRALiiGENL S, the
deposit can be or include one or nore of a hybrid material conprising

or gani ¢ awthinrtbe tpanpilate.c bngvorecemisodiments,, theidenpsiy and dieltéoplate matgadl as a 20

hal d i, hal ial . . i
mat e &, Pgse sebaETp v s fomand PRl Do R oona B SREMEREN a1 can
i ncl ude dgsRATROSTRYAPRSt EAeRk@tiallfFeH alone DEGRGsAE. t enpl ate materi al

can be extracted fromthe tenplate. To deconpose the tenplate naterial,
the t&npl ate chhe geposiéstmbe ordrplydean ingrgansgnyteriel (e.233 metal Bictabepidsed t o

lr ?,? Ih g;ir gg(?]ryr};?x%iuj%? {h}épe%f)(.: aékalﬂi&?és%?”?no‘?@i&@ &&Jo@ﬁs Sljaﬁilfcg QH& ﬁ{aﬁia(. &hY9omeYS ing
embodiments, the deposit can include an organic material (e.g., a polymer). In
various embodiments, the deposit can be or include one or more of a hybrid material
comprising organic and inorganic components (e.g., an organosilicate, such as a
20  halogenated organosilicate), a halogenated material, a semiconductor material, or a
superconductor material.

Removing the template material can include decomposing the template
material. Decomposed template material can be extracted from the template. To
decompose the template material, the template can be heated, exposed to a solvent,

25  and/or exposed to radiation.

The method can include patterning the template (e.g., using lithography), in
which portions of template material are selectively removed prior to or after the
template is permeated with the precursor.

The resulting mesoporous material can include pores having a characteristic

30 dimension between about 5.0 and about 2,500 Angstroms. For example, the pores can
have a characteristic dimension of less than about 2,500 Angstroms on average (e.g.,

less than about 2,000, 1,500, 1,000, 500, 250, or 100 Angstroms). In some



whi ch portions of tenplate material are selectively renoved prior to or
after the tenplate is perneated with the precursor. The resulting

mesopor ouwormaiesss@l can i ncl ude pores having a charact eri PUTUSBZ3TUAMENSI ON
bet ween about 5.0 and about 2,500 Angstrons. For exanple, the pores can
have a characteristic dimension of |ess than about 2,500 Angstrons on
average (e.g., less than about 2,000, 1,500, 1,000, 500, 250, or 100
Angst r onsy¢mbddimsntsrthd pu¥es 081 BavsuhaRCENESIGINENTIeN of ewbothanditt s, t he pores

can have characteristic di i on.of re than 5.0 Angstrons (e.g., nore
t han 10, gSthéﬁ'gAﬁﬁ%rF?llﬁ%l)rB?g&r °§38f%fbggr°’?ﬂ)emb%vrﬁéa§ecan be ordered. For
exanpl e, the pPPrESore@farRVGAEEl ERbPENRDH, theitésUantaddslidtitnal order
(e.g., cylindrical pores can be aligned parallel to a common 5 axis, which

can be paaral/érgtansiationed opleafeg.otylindecaliposesrcan by aligned predlshoraxemmen eri al can
have a | ow.di el.ectri.c co nt. For a t.the mesoporous material can
have & di %’il%&el}l&kc t?? aeﬂfetlﬁ)&@gpﬁﬁgﬁ?é@%ﬁ%ﬁ@&); |l ess than 2.4, 2.3, 2.2,
2.1, 2.0, 1.9, The fhesobofousndierial chn havet lo@rdidle@riocohddaM! For ekample; §@POr OUs
material can be hard. For exanple, the mesoporous material 1o can have a

har dness Beewosqustmpgieria) can topi  delgetric gprsiand desg han 205 (2.2.0less than 24, 0.5, 0. 6,
0.7, 0.8 t&er T- r ial can have a | ow
refracti vgia%%glgfpgﬁ%’x%gnﬁ@ngﬁ?o@%égggéggz‘g’% iterial can have a
refractive i nd€ie inessokdiBmmakerial cen be harle§or &xuaipld, tBe mésapprous ndatertad | ess) .

Al ternatively, or additionally, th soporous material can_be 1

bi r ef 19 ngeAMthaveRbaringEsgreates thame 1 ”E‘?'g'oﬁreétﬁﬁthiaﬂgt%gg’ 81468'31‘8'9‘0&%’ of the
features O.Q@iiﬁﬁrér%‘?gat%]x‘j'. regard to aspects of the invention described bel ow

I n anot her aspect, thé invention features an integrated circuit including a
| ayer of mesopbe mesopvesusmatéridfl cambaveslowgrefragsivabndex- dos exdnmel thet hod

(i ncluding any of 0.the features descrihed herei el ei h

nesopor ou&efm%é%séilﬁ%f’hﬁﬁ? E%Vse 4§ %8%“‘1’?6{%5%36%? tE‘ﬂhfﬁg%gT’ Xe\g? fh@ngﬁtm% %s i on

bet ween abQuér 18ss). Anemaledly, ot ad@itioAMYS tHeafBsopbidus HRARIaBEdNH Ment s of the
integrated circuit, the mesoporous material can have a dielectric constant

| ess tHhanbipeffngent.

Embodiments of the invention can include one or more of the features
described in regard to aspects of the invention described below
In another aspect, the invention features an integrated circuit including a layer
of mesoporous material formed using the above-described method (including any of
20 the features described herein), wherein the mesoporous material comprises pores
having a characteristic dimension between about 5.0 and about 2,500 Angstroms. In
some embodiments of the integrated circuit, the mesoporous material can have a
dielectric constant less than 2.5.
In another aspect, the invention features an optical component including a
25  layer of mesoporous material formed using the above-described method (including
any of the features described herein), wherein the mesoporous material comprises
pores having a characteristic dimension between about 5.0 and about 2,500
Angstroms. In some embodiments of the optical component, the mesoporous material
has a refractive index less than about 1.4. Alternatively, or additionally, the
30 mesoporous material can be birefringent.
In another aspect, the invention features a porous membrane including a layer

of mesoporous material formed using the above-described method (including any of



I n anot her aspect, the invention features an optical conponent including a
25 | ayer of mesoporous material fornmed using the above-described net hod

(i ncl udi mryo oanyssad t he features described herein), wherei rcrhsozegepor ous
material conprises pores having a characteristic dinmension between about
5.0 and about 2,500 Angstrons. |In sone enbodi nents of the optical
conponent, the nesoporous material has a refractive index |ess than about
1.4. At ethodtdnves Yescobedlgtdein), ovirkdity thetrhesoBorone anpmiabesmpriseeporas  can be
birefringent. In another aspect, the inve #gon f eat or ous nenbr ane

i ncl udi nghaying:y eharacigrisiie dipensiandehgasrabant 3-8 AR AbQH Er@%ﬁ%’é UPBYe- descri bed
met hod (i ncl Udinr%;loﬂ{% éliwfect A e A T Eg&ﬂcﬁqgf ﬁ%& a thBRpbRAL UT €s

descri bed herein I'h the nesoporous nmateria rises pores havi ng
a char act aticktbydi)domeingiademplatenie@n aartmprltateﬁnﬂemldthab@npla@ in0adidggst rons. | n

anot her as e i.nvention features od for fo sopor ous
articl® b@lB{%?‘)ty ‘P{)‘P Z%%‘WEF%HD@ tF? gempjatf’év BRTECH e {I&ﬁega{nﬁgﬁ? enpl ate
i ncl udi ngpr@cméorﬂbmlﬁlat festOhe AORBINBTithd rem)pla@@ raM8 v Rend ik leBpRi@t e Wi th a
precursor; (1il1) reacting the precursor within at | east one donmain of the

t enpl at e; matmial(i‘rm’p thcemxpilaﬁgtotf@mplﬂm@esqmrmramcler r Birs nwélori@mpmﬂ@et o form
t he Mesopor ous arti.cle. This ne. no

features OI° ?rﬁgorﬁé’lf ﬁk?afgataﬁaﬁéﬁ sangg‘ortalip %no\feﬁﬁ Llng?lntl esdg?cl ibe{ii her ei n.
For exanpheeint [For BRiniel tB@ﬁetHbﬁ'cdﬂﬁrcﬁﬂl@ ot offBfoge Of tht icidwihg feaiungs. f eat ur es.

10 Perneating the tenplate (e.g., a | ymer, such as a bl ock copol yne

1% di bl OBWM@WMP@WCIF& ad’obfnil%i ek a¢ 8 bk $8P9IYRES B St e precursor
can i ncl u I agent (e.g.,
02). " ThelBlogR bR @nbigE s YUTB B RiRiRGMERRLorCEh kRl 2070,

Duri ng pepmhunrg;hettémplmemﬂrespxrecmd@i deligery a@gmr(b gcdtODeThe piepesa@r i tical or
near - supercr.i fluid. Perne t| the 1 I ate .can include perneating
il fis

at | east &R d dip Hhgi PRECUFIOF el Bgeé’&ugé‘ﬁflg PIANCIHDS R PIELRYt | t he
i nventi Ondél%}}”a{g%ﬁt @anpﬁ?eta%geﬂcﬂﬁ&al'oilﬁl:é%@ﬁﬁercﬁhaal frRldT PYmeatin@RP| ate from a

honopol yner an anor phous honopol yner or a sem - crystalline
honopad yrmn)p,laté ca@ inplederparnaating htdeasé o of the dpomhing withetbe preoursorand (i)
reacting the pyrecur.sor w

SO QLI T EATIURRITRE R EREN AN AT N
herein. FempRaaBhea hdhépolymer (e.g., an amorphous homopolymer or a semi-
crystalline homopolymer); (ii) permeating the template with a precursor; and (i11)
reacting the precursor within the template to form a deposit within the template. This
20 method can include one or more of the features described herein. For example, the
method can include removing the homopolymer from the template to form a
mesoporous article. Reacting the precursor within the template can cause the
template material and the deposit to phase separate. The deposit can be an organic
material (e.g., a polymer). The deposit can be an inorganic material (e.g., a metal or a
25 metal oxide).

In a further aspect, the invention features a method for creating a metal oxide
article (e.g., of silica or titania) by (i) forming a template from a template material, the
template including a plurality of domains; (ii) permeating the template with a metal
oxide precursor (e.g., an alkoxide or tetraethylorthosilicate); and (iii) reacting the

30  precursor within at least one domain of the template to form a metal oxide. The

method can include removing template material from the template to form the



met hod can i nclude renoving the honopolyner fromthe tenplate to forma
mesoporous article. Reacting the precursor within the tenplate can cause

t he tenpwetosommueri al and the deposit to phase separate. PCrasdepusit can
be an organic material (e.g., a polyner). The deposit can be an inorganic
material (e.g., a netal or a 25 netal oxide). In a further aspect, the
invention features a nethod for creating a netal oxide article (e.g., of
sili ca ormesdpariua)mdal okide. fhisninathod careimplude ené oomoee dfehpfeatueesrantileri al , t he
tenplate including a plurality of domains; (ii) perneating the tenplate
with a netsgpets eﬁcggedpﬁ%ﬁlﬂr sor (e.g., an al koxi de or

tetraet hyl or t hsjbifeb&bet, #antdntibd fEaRA6S & ARtHoBForG et ARl t hi n at
| east one domain of the tenplate to forma netal oxide.” The nmethod can

i ncl ude ratokeibydi)tfermping reemplaterliygdr ffonomtentpdate ampérsad;dii) patfepning thee 6 WO

03/ 045840, PCT/ US02/ 37744 opQr ous _mef. oxi de. Thi t hod n incl ude
one or® m)?eggérﬁte axer @Jﬁ%?ég&iﬁg&?ma%péﬁ %erﬁlgg%‘}% égagﬁ‘gﬁrga%m@%eanot her
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tenpl ate materi econpose I n portions o enplate. The tenpl ate
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features Gﬁ met h](E?.d or creating an ordered 15 article. The nethod includes
the fol | oMREBREYHY. (i) applying an external field (e.g., an electric
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material to assemble an ordered template from the template material; (ii) permeating

the ordered template with a precursor; and (iii) reacting the precursor material within

the ordered template. The method can include one or more of the features described

20 herein. For example, reacting the precursor within the ordered template can form a
deposit within the ordered template. The method can include removing template
material from the ordered template to form a mesoporous structured article. The
ordered template can be permeated with the precursor under supercritical or near-
supercritical conditions.

25 In yet another aspect, the invention features a method for forming an
integrated circuit by (i) forming a template layer on a substrate, the template layer
comprising a template material; (ii) permeating the template with a precursor; (ii1)
reacting the precursor within the template to form a deposit; (iv) removing the
template material to form a dielectric layer; and (v) processing the substrate and/or

30 dielectric layer to create the integrated circuit. This method too can include one or

more of the features and/or aspects described herein. For example, the method can

include one or more of the following features.
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In another aspect, the invention features a method for making a permeable
membrane including a mesoporous layer by (i) providing a porous substrate; (ii)
forming a template layer on the substrate, the template layer including a template

20  material; (iii) permeating the template with a precursor; (iv) reacting the precursor
within the template to form a deposit; and (v) removing template material from the
template to form the mesoporous layer on the substrate, thereby forming a permeable
membrane comprising pores having a characteristic dimension between about 5.0 and
about 2,500 Angstroms. The method can include one or more of the features and/or

25  aspects described herein.

As used herein, a "supercritical solution" (or solvent or fluid) is one in which
the temperature and pressure of the solution (or solvent or fluid) are greater than the
respective critical temperature and pressure of the solution (or solvent or fluid). A
supercritical condition for a particular solution (or solvent or fluid) refers to a

30 condition in which the temperature and pressure are both respectively greater than the

critical temperature and critical pressure of the particular solution (or solvent or fluid).



can be polished before or after renoving the tenplate material. |In another
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20 The methods can be substantially non-aqueous in nature, and can also obviate
the need for water/alcohol solutions as the reaction media. The temperature at which
the reaction is performed can also be increased above that used for aqueous
preparations at atmospheric pressure. The elevated temperature can enhance the
reaction rate.

25 Self-assembly of the template can be decoupled from the presence of the
reagents, providing increased flexibility with respect to the framework chemistry over
systems in which both reagents and surfactants must participate in the self-assembly
process. For example, precursors can be used without concemn for its solubility in the
template solvent. Additionally, the supercritical or near-supercritical solvent for the

30  precursor does not dissolve the template, but only dilates it slightly. Thus, the
template can be prepared in an independent step and the resulting composite material

will retain the net shape of the template. Finally, using a supercritical or near-



additives required. In addition, the solvents can be inert wth respect to
the reagents, 15 and do not partake in the precipitation of the reaction
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sol vent an ate can be cont d by adjusting solvent density
t hrough thadjggmgitemplatesounmesitidon,Tlemphate $Hocling anrfsceosterastipad, byd/oeduce or
elimnate shrigﬁlﬁ&e of the tenplated nesoporous material during and/or
after renB&8M2uf!the tenplate by calcination or other methods. Shrinkage
upon cal ci nat i pRleSPHhENViR dfindeSdlr Belfcak bid §ditifRfternisnRed héreindlaveynt hesi s
of mesoporous silica and can | ead to cracking of mesoporous filnms and
nmonol 1§ h. theGame msiaping asreepOnbynderstoaded yransi qb ordinay Sb@l ipdhamstiong one or

fror € which this invention belongs. Although methods and materials similar or equivalent

to those described herein can be used in the practice or testing of the present
invention, suitable methods and materials are described below. All publications,
patent applications, patents, and other references mentioned herein are incorporated
20 by reference in their entirety. In case of conflict, the present specification, including
definitions, and examples are illustrative only and not intended to be limiting.
Other features and advantages of the invention will be apparent from the

following detailed description, and from the claims.

DESCRIPTION OF DRAWINGS
25 Fig. 1 is a set of X-ray Diffraction (XRD) patterns of a mesoporous film
produced according to Example 1. The top trace (and top inset) shows the XRD
pattern for the calcined film. The bottom trace (and bottom inset) shows the XRD
pattern for the as-infused film.
Fig. 2(a) and Fig. 2(b) are lattice images of the transmission electron

30 micrographs for mesoporous material synthesized in Example 1.

10



nor phol ogi cal paraneter(s). For exanple, tenplate norphol ogy can be

mani pul ated by adjusting tenplate conposition, tenplate swelling, surface
i nt eract iwn3/0assdd or external fields. Unless otherw se detirnesd/3akd
technical and scientific terns used herein have 15 the sanme neani ng as
commonl y understood by one of ordinary skill in the art to which this

i nvention bel ongs. Although nethods and naterials simlar or equivalent to
t hose descri beBighisa set ofX-be Diffiedtiom(XRP) patterts efe roesopesus figmof t he
present invention, .suitable t hods and naterials are descri bed bel ow. All
publ i cat iR ‘,‘cedﬁﬁ‘fcgﬂ’tngé?)g?‘?@ﬁ ions, patents, and other references nentioned
herein are i ncppPPiAhRide Rad2)(wi@itRoPdeRorsRniab&Id) o Nk itfaBinfissibAl eled®éh Of
conflict, the present specitication, including definitions, and exanples
are il | usmiciegreghsdat pesapdravsimateriab syethesizedyin Bxamipleizlhg. Ot her features and

desor 1Bt on. a7 IO RERarh Do RRRPPho- e T trredin 8S °7 T &
set of X-pyudddfabestding@d EkXRPk 3 atHeaop sracd (add FESIARDY Hesvsfthd RRDpr oduced

according to Exanple 1. The top trace (and top inset% shows t he XRD
pattern featterhior &g calgiead flm. nihethpitopviracsiand bettomt Hise) BRAYSohs KEd2t ) shows

t he XRD }2%{6}1%09 ﬁeo s-ihRGeffimhNfused film Fig. 2(a) and Fig. 2(b) are

| attice inages 01‘t the transm'ssion el ectron 30 micrographs for nmesoporous
mat eri al synt hBigi é@yandFigx@bplagtick.imhBesD thStrodknd dorPlddtidBaRIcREraphs Fi g. 3
is aset of X-ray Diffraction (.X@D)zﬁoatt rns of a mesoporous film produced
accor #l nglor greeaparpysamatenglsynthgsized pbxample 3-npge (with two portions

enl ar ged) Of_tﬁgﬂ@{@%ﬁﬁlﬁg;ﬁfﬁ%ﬁwmFat%ﬁm-iﬁﬁ_eemﬁworous mat eri al
synt hesi zed in anple 2. 5 Fig. 5is a set of X-ray Diffraction (XRD)
pat t er ns poducedesopdingus Ekimples gr huardd/, aespesttiielhyy t o Exanpl e 3. The top

t dt i t h t f he.cal.cined fil Th
bot om ¢ ace (RS Bt 10 Rrree T reton BRBDS Rl o AR bR rdsed’ o e
film Fi gaccbtdg REkalples 6606 ahdf tregrcliiv@ges of the transm ssion el ectron

m crogr aphs _ , o o
15 Fig. 9(a) and Fig. 9(b) are lattice images of the transmission electron

micrographs for mesoporous material synthesized in Example 4.
Fig. 10(a) and Fig. 10(b) are lattice images of the transmission electron
micrographs for mesoporous material synthesized in Example 5.
Fig. 11(a) and Fig. 11(b) are lattice images of the transmission electron
20  micrographs for mesoporous material synthesized in Example 6.
Fig. 12(a) and Fig. 12(b) are SAXS profile snapshots of a mesoporous silica
film produced according to Example 8.
Fig. 13 is a set of integrated SAXS profiles of a mesoporous film produced
according to Example 8.
25 Fig. 14 is a set of X-ray Diffraction (XRD) patterns of mesoporous film
produced according to Example 9.
Fig. 15(a) and Fig. 15(b) are lattice images of the transmission electron
micrographs for mesoporous material synthesized in Example 9.
Fig. 16 is a cross-sectional scanning electron microscope image for
30  mesoporous film synthesized in Example 10.

Like reference symbols in the various drawings indicate like elements.
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10 for nesoporous material synthesized in Exanple 3. Fig. 7 is a set of
X-ray Diffraction (XRD) patterns of as-infused filns produced according to
Exanpl es Wp 03/04B4@nd 7, respectively. Fig. 8 is a set of Xcmawotsi7is action
(XRD) patterns of calcined filns produced according to Examples 4, 5, 6
and 7, respectively. 15 Fig. 9(a) and Fig. 9(b) are lattice imges of the
transm ssion electron mcrographs for nmesoporous nmaterial synthesized in
Exanple 4. Fig. 10(a) and FiDETAD(ED DESCRIPTI@N i mages of the transm ssion

el ectron mcr rag1 mesopor ous nmaterial synthesized in Exanple 5.
Fig. 11(a) and—%%—ﬁi—@ﬁ#—% | attice i mages of the transm ssion el ectron
20 m cr ogr aphsyfe@spIREARAERMS ardpr§fakdd lnwaw%rasﬁndlﬁhl%m 6. Fig. 12(a)

and Fig. 12(b) are SAXS profile snapshots of a nesoporous si |ca film
produced suwtabledemplateois Eimmpﬂ er greppied; anti(ii) thedemptateos pemeagadawithia SAXS

files of d
'a dor Brotefay MR P are ke ot B ARG “RubperBTeF: Piacts ootced

accor di ngethBodihefR] e ompiae is ehlodrd, abulig Behidbihe)measgorb@d tbefal. mages of the
transm ssion el ectron mcrographs for nesoporous material synthesized in

Exanpl e 9. Fi gAs eed hereincpesoporoas matsiials refes thingtriglsdavingporgsondBe ope i mage
for 30 I I synbol s
in the vor e B DS RYARBERIAR n S bR, B ebhorl Y SEEAG

PCT/ USO|2/ Bﬂléédbor@li'liﬁdutgﬁﬂ hiS@ERY. PThl sohe@aitexdaheris tpoesd dh @ gyesdfisomor ous
materials are prepared . in t Qr nore r|nC|paI ep sui tabl e

t enpl #t e M3teppt HF KaMloBly ﬁaa@m@r@@m@ﬁﬂo Rqry shapes mshﬂ?a%s frzyaﬁér meated with a
> precurSQ)rheng\A] Bhesd Q%hﬁaﬁwaelﬁ}%%ﬁfal &e@rsﬁﬁléf&{tlaﬁ oy RiRRRE1 llsc)reé’v' thin the
tenpl ate. "I'n so e ts enplate 1s rem)ved eavi ng behind the
mesopor ousibsahtallyadectangularsmeaiesh er mbnt;anndls}dpdvna)prsemﬁ@raxadm towheh to

mat eri al s_havin t he . . . .
pores are%r&rec? alave trans?atlonal and/or orientational order) in a mesoporous

material can also vary. In some embodiments, pores are not ordered, and randomly
15  permeate the mesoporous material. In some embodiments, pores can possess
orientational order. For example, the cylindrical pores can be aligned substantially
parallel to a common axis. In some embodiments, pores can possess translational
order. For example, pores can be layered and/or closed packed (e.g., 3-D cubic
packed spheres or 3-D hexagonally packed spheres). In further embodiments, pores
20  can possess both translational and orientational order, e.g., hexagonally packed
cylinders. The pore size and/or degree of order can be determined using, €.g., X-ray
diffraction techniques or Small Angle X-ray Scattering techniques.
The first step for preparing mesoporous materials includes providing a
template having a desired mesoscale structure. For example, suitable templates for
25  the formation of mesoporous metal oxide films can be made from block copolymers,
such as polyethylene oxide — polypropylene oxide - polyethylene oxide (PEO-PPO-
PEO) triblock copolymers. These copolymers can be spin-cast from solution onto a
substrate. During evaporation of the solvent, the block copolymer self-assembles into
distinct phase domains, the different phases being formed from the different blocks. A
30  catalyst or reagent (e.g., p-toluene sulphonic acid (PTSA)) is included in the template,

and is usually partitioned in one of the template phases (for example, PTSA is

12



order or about 5.0 to 2,500 Angstrons in dinension. In general, the shape
of pores in a nesoporous material may vary. |In sone enbodi nents, pores in
a nmesoporwo3p@ssamt eri al are randomly shaped. Exanpl es of poaresosbapes

i ncl ude substantially spherical pores, substantially ellipsoidal pores,
substantially cylindrical pores, substantially rectangular pores, or
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per meat e’ Sttﬂ‘ét%gﬁb& gtﬂ?? ‘ﬂﬁ?@*‘ﬁﬁ?@s Fhr‘? R f 88if ﬂ’\?r{?%sf’p‘erP\%g‘aEeélﬁw possess
orientational Qrfetecofi@ktepXANRbEsoripREnsaés iﬁwm@@émmaw?eﬁan%r&%a@{g gned
substantially parallel to a common axis. In sone enbodi nents, pores can

possess tthatshplaiedmer witdrtheprecser carsgsphelecides fshe prgcireor tafiffusd ivtad/ or

cl osed packed (e -D qubi c . packed heres, oy .3-D hexagagnal |y packed
spher %) .aqlaﬁglfqg‘g{l%Ekagr‘?ﬂ%gf”i’?ﬁlﬁtlg%eptSVl&a%‘gﬁla erigl ﬁ%%agt%lé@t %5?%‘”% ansl at i onal
and ori endeghéststad withfifthe tédnyslate iklEX@98 Nkl Yordasssaeh reaytidisithépredligopor e si ze
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re: € ng, e.%€i§X—ray diffraction
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formati on of NRSPBR@dImEES, thxprdeurkor ifdeldaredsinpddelivenngdehoEle.,
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oxi de'q PEO-pprrepeyl ﬂW%@Q%I@@%OS%@@Opﬁhé%G fymers can be spin-cast

from sol Uicl: 88 OBHA @_i%agé;m@t&ssoi%a in{lg?%y&ﬁ%a&rineﬁ Dbercfficat @ssah, the

bl ock copol yne s 1nto distinct phase donmains, the different
phases bedapgsit siliceeithinoasuitabledehplatee itdditiaeksagatgatdustahgesssany foreagent

.g., p-tol | phoni i d (PTSA))..is jnclyded in t pl at e, d
< Gsual | SRSSOR oF BHEGHTITT SREEr e B (e BpHESR Pt akERITE, “PToa | s
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of this phase providée the nesoscale structure that, at least in part,
di ct atées sdhetidn. o bsgvitycwe well ofe thy éermageposas s xwee wrrieter to the preseirsescond
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di ffuse i akRt inorenablt Meprgburadr tb pasicatBe iy, dnd/dr keatilethelredctionat erial . A

catal yst or reagent
product to deposit within the template.
In some embodiments, the template is removed after deposition of the reaction

20  product, leaving a mesoporous structure of the reaction product (e.g., mesoporous
silica). Usually, the mesoporous structure has a similar morphology to that of the
template. For example, in the case of a block copolymer template, where the reaction
product occupies regions corresponding to the domains of one particular phase of the
block copolymer. Template removal is often accomplished by decomposition of the

25  template material, (e.g., by calcination or exposure to other energy sources including

UV radiation or plasmas).

Template Materials and Methods

Templates can be prepared from any material or combination of materials that
30  possess the desired level of mesoscopic ordering (i.¢., that exhibit structure over sub-
micrometer length scales), that include portions (€.g., domains) that are permeable to

a desired precursor mixture, and that are compatible with the precursor condensation
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sequestered within the tenplate initiates a |ocal condensation reaction of
the precursor wthin the tenplate, and the reaction product (e.g., silica
for TEOCS)woOaposisue onto the tenplate structure (donai ns) pyiraisde/smy4a

tenpl at e/ deposi ti on product conposite. In sonme enbodi nents, the precursor
is delivered using a delivery agent (e.g., 10 in a supercritical fluid
(SCF) or near-SCF solution). For exanple, tetraethylorthosilicate (TEQGS)
di ssol vedchemigp dearpldte aateriats 0agarclelepegaric triateaials(?;% @arymedgp@nic silica
within a suitable t | a Addi ti.onal re ent s/ cat al ysts, necess for
deposi ti ofPIoupfs ap g@??“gh%‘?fdﬁ%’ﬂc FRIPHR %e“lnid\}’é?rg%f“ ferig éeﬁr’é sor .
Water is QR&| 8;;Tarrpl e of a reagent that may be included in a supercritical

or near super tical C2 15 solution. For brevity, we will use the term
precursor m xtExanples ofgbmplateombtesalp iredudeddock comnbmwsoBlodlebcbpoéyryeragent, and

any other co ents delivere wth ecurs t hat assi st or enabl e
t he pr%cu“roélfﬁ‘n;?f‘g‘nff’é'raﬁ@%eén?WQ QE’ZOCkg’i’?H’/gcﬁpoéh%‘b?ga P‘Hémf‘regf? pr oduct
to deposi i whitiiHa rﬁé}ﬁmse%mnﬁ& ﬁave'di'le%@(%e&ﬁﬁﬂﬁihﬁ&ﬁ‘l?e e cha@nRhat e is

removed after deposition of the reaction 20 pr oduct | eavi ng a nmesopor ous

st ruct ur emafeuptod theedocksp ar pndigueationd (g.8;» thﬁe@rtq@ecm@m ofgtomsca)the Usual 'y, the

ccampi e, - TRCUA KU Py ) Ris by ERRCO R pf ol sl (S VAR, Fon T

product offaWbiaBf ttRpb@AnSe 0T fewpeadmd&gtrhﬁbdﬂaﬁgé)ommmé copoBmixas t i cul ar
phase of the block copolyner. Tenplate renpval is often acconplished by
deconfosi felfrssenble Ngojgnpgwpﬁgfegoma@ply&|51ng@%b1@c tY¥8§- cal ci nation or

cxpost {5, o SRR BRI S R el
or conbi ngly ethytehe nsntder(PEOsPRMﬂEO) Mblpdmdqaolys@rd%paiwhylmﬂedmw
Tangt b ocReRsS) ks aehiitinos oo ooty TS bRik o BRERmeabl e t o
30232?,23??‘%"%%§ B s e " rermpl At o mat e al s
can i mel ude orlgaoine emhoditherits, blaskgopolyuieysipelude atrlgashpee blodnthetbass, and
2|S 2;\ g;) l | epsart?c];ula(ljrra%a nllt}S: fof OnE of r%%? co%]p%nen 90P% precurrég} %ﬂtl?rles enlgerénéal ts and
attracting selected components of the precursor mixture, the template can enhance
partitioning of those components in desired phase domains of the block copolymer.
For example, at least one of the blocks could be hydrophilic and/or CO,-philic,
20 thereby enhancing permeation of water, hydrophillic precursors and/or CO, within
those blocks. Additionally, one block can be hydrophilic and a second block can be
CO,-philic. As another example, a block can be selected with which the precursor
selectively reacts and/or partitions.
Furthermore, block copolymers can include at least one other block that is
25  phobic to a precursor mixture or precursor mixture component. A block that is phobic
would inhibit permeation of the precursor mixture, or component, from the template
phase composed of the block. For example, a block copolymer can include a
hydrophilic block and a hydrophobic block. Water can be selectively partitioned into
a template phase composed of the hydrophilic block phase. In another example, one

30  block can exhibit very low permeability to a SCF solution while the other block is

readily swollen by the same solution.
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Exanpl es of tenplate materials include block copolyners. Block copol yners
5 contain a linear arrangenent of blocks, a block being a portion of a

pol ynmer rmabacolss40in which the nononeric units have at | e®str/usaE37744
constitutional (e.g., the chem cal nmakeup of the blocks) or configurational
(e.g., the arrangenent of atons in the blocks) feature different from

adj acent bl ocks. Under suitable conditions (e.g., within a favorable

t enper at ur e anhh soeleaimbodimans; didckabpolymesrthat)contoms ledsooke lo:loq:lozh‘gmers |l o

sel f-assenbl e i nt o domai ns of. predom ant Sui t abl e
bl ock copﬁrﬁo fhethat aRcFYges ﬁé’l"%‘pﬁﬂ R BQP}H%OWSI&O%F%@?& X?E‘i‘ed% ! pol y

et hyl ene wul&&e&BE@rfogQ A 5&%%%&@%%@{ Srtaffce gl yehbyl ene oxi de
(PS-PEO) di bl oc pol’y yI si | oxane) yet hyl ene oxi de di bl ock and

triblock propsdryners, and poI yet hyI ene- pol yet hyI ene oxi de bl ock copol ymers.
15 In Sone enb i men

S copo e at | east gne bl ock that
has a ° parti cu & M8 OH) Pa%?rﬁgp%rngﬁi’ aR 8%%‘35?%“ oafrya19 recur sor
m xture. &aniph) %eﬂﬂb&l&’cop@lﬁﬁe’%@:ﬁh R LRI desetetel d6:0 8189 BEM Fisst Bfock fgpepr ecur sor
m xture, the terrpl ate can enhance partitioning of those conponents in

desired perabesdadimss metroy ofiarscenddirekciypel Hemativaly thellapipeapolyamericagst one of
t he bl ocks %nq rggnetg%gégﬁ&hgﬂn?l and/or C02-philic, 20 thereby enhancing

per neat i on' o C precursors and/or OC2 within those

bl ocks. Addi tlmh’dklitibn dm&alblsmlcmaavh&dwmresipéd |IIDemaindiza caeboNnd bl ock can
be CO02-philic. As another exanple, a block can be selected with which the
pr ecui&or mﬂé‘%ﬂcéélbb’mlvull%é’t‘ﬁl%hté’ﬁ dheogksy {1 F‘?IB?]%ase?;lﬁ‘rcsPlréFtt‘?’BFtéc bl ock

copol ymer &m‘feﬂﬁoh A% h&q&‘m%ize 1@@1%})019{(')3&0(5 Iﬂ‘fer %hﬁqgotw‘feﬁe fn%legélapagi%hp to a

precursor mxture or precurs m Xt ure conponent | ock that “i's phobic
woul d i nhDbinkingeambain tbe nafondier tp taswf samomdters narge. diteomtipelpghe, from t he

tenpl ate hase ock exanpl e, bl ock copol yner can
el ude. adSg R GHHTTbP ek CRRETR R BbRE n B Ahe BEFGPTEan be
sel ecti velyucRRE td deki9BE o the doﬁa&%ﬁﬁbtﬁfr@ hBRsRnHeSs Bhsedllyt ddatrbNsly ophi | ic
bl ock phase. In another exanple, one 30 block can exhibit very |ow

per me&bi | tOtS}ltlsf(ﬁ the [goperyiod Qi&th@memqr@sm@temlh@ﬁhetﬁr@é rpplisatiore defictops swol | en by

the same s 14.\\0 5840 7744 | n sonme enbodi nents,
bl ock cop%ﬁ?ﬁ@gg‘)’%}ﬁ%mea 85 mé&? afr g éo Yck are

Block copolymers can also exhlblt additional phase ordering within template
domains that further influence the morphology of the mesoporous material. For
example, crystalline or liquid crystalline polymeric units display varying degrees of

20 translational or orientational order between units. One or more blocks can be chosen
to have these properties, so that the polymeric units order within the template domains
formed of these blocks. Mesoporous material deposited in these domains may
manifest artifacts of this ordering, such as periodic variations in density within the
ordered domains. In instances where at least one block i1s semi-crystalline, the

25  mesoporous material can exhibit structures arising both from the phase separated
copolymer domains and the crystal structure in one or both domains. This can occur
under conditions in which infusion and reaction of the precursor proceeded in the
amorphous regions but not in the crystalline regions of a semi-crystalline phase
domain. The presence of a least one semi-crystalline phase domain during the

30 templating process can also reduce or prevent the bulk dilation of the template.

Several parameters affect block copolymer morphology. These parameters can

be varied to tailor the template structure to a desired form. Typically, the chemical
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chosen that can serve as a positive or negative photoresist. These bl ock
copolyners could then be lithographically patterned prior to, during, or
after infweimdn4ssiiot he precursor. 5 The norphol ogy of a plrasasezparat ed
bl ock copol yner can vary. For exanple, the block copol yner can include
di screte domains of a first block type enbedded in a matrix of a second
bl ock type. Alternatively, the block copolyner can include

i nt er penettnatiragf the mednomericunisl diakingrup eddrbliopk dictate thanntomction besweerns

desired. Donmain size can 10 i nfl uepced. by, nol ecul ar ight .of the

bl ocke. 1HougAEs Subng Sirndiascmel il bR Pei 8 Hah i it | ¢
proporti op@hed@ tidtk o%ﬂH?,rﬁﬁrhib%hdl’cﬁg)I hRr eRdngslel ia¢luyiBh 8ha m igrs can be in
t he nanoneter to tens of nanoneters range. Alternatively, the domains can
be on t hemoietiete. &2 ¢ane binkienylgnoiety) ineg Fepomerncagrosalt Hméilqmgorpt}mus
structure,is .derived fr t he d in s ' hZe. i s

usual I%/ c%%??%f’la% e%gt’?(ga 36 gf@ﬁ%ﬁl fepf—‘%"g‘éh%f glgengig ‘Qfﬁlég?r‘@c‘?g‘%efﬂ?ﬁ%*mt eri al

in the fimnakitaRy) indabillsirongiaGhDidhce piidse sépangiofteHiasemiti e ofithd bddokuct ure are
di scussed bel ow. Bl ock copolymers can al so exhibit additional phase
or deri ng Sdpohmieriatgphasecdongd®dai ns that further influence the norphol ogy of

the mesopor ou STﬁ%fe?Jt e llen\gﬁ%rof tlﬁ?(lgga&(?n t}fert%ﬁ(%(géc{p#)%%ﬁ? ralsbiiﬂﬂ+é?18§ rystalline

polymeric units display varying degrees o at1ona
or i ent at i enpilate mobephobetywdansemorphology earovarprbetevebh spliesestarcybrdechtosen  t o

have these properties, so that the pol ri ni ord wi thin the

empl B o Giseatg lameirdierd s e sHaIA e B o) R krat s FRATP Bebos ¢ ed i n
these dongpj,ps c{?ﬁl’ymé@%hfaﬁﬁﬁg Mo 5180 rahit W asd RIARE Y Bng&Widtkass peri odi c
variations in density wthin the ordered domains. I'n instances where at

| east oneutst Bedanireswdteinisphergseaatdining blackeo Duit sofbor @ oentimaipes phise ean exhi bi t
structure risi oth fromthe phase separate copol omai ns and the
crystal sf E?:‘fgﬁf ngﬁs %tlr:lg“tolg'_ ﬁh?ﬁqa@mg?eo‘%ﬂ?io %5?? ‘@ge&}ﬁgg[?ﬁ e Ccondi ti ons

in which jydube@BmaNsheig A8E cPihdefs folif fRrigeHhedistcRE®seeded in the anorphous
regions but not in the crystalline regions of a sem-crystalline phase

domai 16 The pr bsemeengfodimenindhe enpelygrsiiarchitpetieg i maaimpwaiedbythgai n duri ng

the 30 teppl.at i QQ{! e 0 dilation of
t he tenpl éﬁ%iét.lér{ @glvogrgog)l%%%gerrgrre %{sﬁ%&ir;g&%ﬁé&g] ggﬁécogo%’f%r’gﬁr %’Irré;hol ogy. These
par anmet er Borfigpblyriérs\oibheor inoret dithoblotizan tenlbekt eopdlymirican be bdded toesi r ed
form Typically, the chem cal . ) oo

increasé the repeat distance of the blocks. Examples of this technique are described in

U.S. Patent Application Serial No. 09/814,891, published May 9, 2002, as U.S. Patent

20  Application 20020055239, and by Urbas et al. (4dv. Mater., 12, 812 (2000)).

Furthermore, swelling agents that exhibit lower solubility in the SCF than the
precursor (such as, e.g., dioctylphthalate, squalene, or polypropylene oxide) can be
selective or non-selective for a given block can be applied to the template. In some
cases, selective swelling agents can induce order-disorder transitions (e.g., transitions
25 between ordered states having different morphologies) within the template, which will
further modify the copolymer architecture. Selective swelling is further discussed by
K. J. Hanley, T. P. Lodge, and C. I. Huang (Macromolecules, 33, 5918 (2000)), for
example.
In further embodiments, template morphology is altered during the
30 precipitation reaction. For example, reagents and reaction by-products can selectively

partition into different domains, leading to dilation of the template, which increases
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15 WO 03/045840 PCT/ US02/ 37744 structure of the nononeric units making up
each block dictate the interaction between nononers form ng each bl ock and
chem cal Wwondiossg4bet ween bl ocks, both of which infl uencepPoirask2/sopol ymer
nor phol ogy. For exanpl e, inclusion of a nesogenic noiety (e.g., a cyano

bi phenyl noiety) in a nonomer can result in ordering within 5 domains, as
descri bed above. Furthernore, nononmer chem stry also influences bl ock

m sci bi | i thy sizanflithes¢ feastresarfghey mesdpomes ceatgir sempapd tathegnfrsgdohdimgsenbl y of

t he bl ock_. copal yner into phase domains. The relative |engths of the bl ocks
in the bl HaEr d’b\g} T %Ltlegge‘? f€uence tenpl ate norphol ogy. Phase

nor phol ogy canoMRf ¥xRffINEseRpRR]S Bstctisls ﬁiehdd@d@frﬁ)ﬁb@melp(@gﬁt ShABhO NI
| anel | ae depending on'the relative | ength of each bl ock. For exanple, a

bl ock copaispmecrystatling hoimmpotyhaars), bypsrirenated palymess oends«ifat i vel y | onger

bl ocks of, unit B, can resul.t in her es. cont ai ni n | ocks -of _unit A within
a contd nu%%omgs 8‘?‘9% Mefbgﬁlbcélfg %P@(?}? S r%%liotm Ea‘.gp"ia“ﬁ §r|§ hgtxfuﬁgféfarrel | ae
tend to ferHenpRRmidieinelude sl @methadllisiheillf) poBaaylicerit)ipolgatlyleyéd i nders form
for internediate cases. 15 In sone enbodi nents, the copolymer architecture

i s nmani pubdde@obigapralactonadioly(astie peidymng polienyl aephodr Exagplessd agents. For

exanpl e, r in the

b1 ock. copirtreniel e RE BRI Rl o iR Boiés 3 BplFRys '

bl ocks. BExanidt psly@hethii metheahhicjetediaiethyd @siind kgl hethaddylste) Pat ent
Application Serial No. 09/814,6891, published May.9, 2002, as U.S. Patent 20
Appl i ®ation 200FemssRediments, [fyhegs @aéﬁf’éﬁl%mm@%wc’l éﬁﬂ.O,mOBQl,YI%el’z (2000)) .

Fur t her nog,e hoﬁlw?élhlgﬁgg@g@ eép%rét&aﬁomﬁ\«% Rbferih CMBbsiRQAl Wiltih kil /tepldidie SCF t han

the precursor e.’d., dioctyl phthalate, squalene, or polypropylene
oxi de) cadurbe the dépesitionpragesndrhis phase s¢pacatiooryiddgdomainphideio than be appl i ed

to the tenplate. In.so . cases, selectivy wel.ling agents can induce
or der - di sg;ﬁ?ﬁ‘é‘?r ?F‘QE@‘? W%ﬁ‘gffr@. .n,lal?sr%%‘slf‘ttg%i?o gedﬂg?t\?ﬂgln tfered states
havi ng di §dp&raBbh caPbddphddal @SDindddl i Matliree PhasRkpdr@tion b g Beotr ki anyf ur t her

modi fy the copolyner architecture, Selective swelling is further discussed
by K15 J. pdiaindusing deposition ¢fdhe deppsiedonateriabiggn gluping evaston etthees, 33, 5918

g|2'([) g?)eé’ dﬁfgﬁ%&&?\ﬁi@rll Hhe tL:r%pfa?é)F @%Bse%ﬁ?n(%%&g\% 3f th%%mf)l%e%ﬂgﬁﬂrl%ﬂ% I's
be used to produce a porous material. Such porous materials can exhibit features
having length scales that are dictated, at least in part, by the domain sizes of the
phase-separated or partially phase-separated materials.

20 Alternatively, in some embodiments having homopolymer template material,
phase separation of the template material and deposited material into distinct domains
does not occur, but removal of the template after infusion and deposition of the
deposited material results in a porous material having a lower bulk density than a
nonporous sample of the deposited material.

25 In some embodiments, a template may be composed of a homogeneous
polymer matrix physically mixed with one or more other components that function as
porogens. As used herein, a porogen refers to any material that can cause a difference
in the partitioning and/or reactivity of the precursor and/or can alter the structure of
the material produced using the matrix polymer. Examples of porogens include

30  nanospheres or micelles of a polymer (or mixture of polymers) different from the

template material. The nanospheres may be modified to improve compatibility with
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30 precipitation reaction. For exanple, reagents and reaction by-products
can selectively partition into different domains, |leading to dilation of
t he t enplwDa3/odssch i ncreases 16 WO 03/ 045840 PCT/ US02/ 37 Pé4/usoher7s4 ze of
those features of the nesoporous material conpared to the correspondi ng
features in the pre-dilated tenplate. O her exanples of tenplate materials
i ncl ude honopol yners (e.g., anorphous or sem-crystalline honopol yners),
hyper br anhbeshplatey Fxamples obtlendsal dindionalmy pldt ymagrisipeorvet/compiatipdibr anched

pol ymers .and random cppol ynmers. Exanpl es of honopol yners incl ude

pol y( met HAgkgE %&%&%@%ﬁt‘/ﬂ%@ﬁw ic acid), polyethylene oxide,

pol ycapr ol act op&omRUntoliffddtS pdfdgdid mafte RRlHONAIRYA tabreoiaelchvaléatanpl es of
hyper branched polyners include the aliphatic pol yesters. Exanpl es of
copol yneratachmettudenqbéryiometyh ﬁxaMdsamlydeaﬁJectmaﬁm‘emwﬁat gadtho famhy|

met hacryl at e?ﬁ. b10 I n Eorre enb dd' rrents,t wher e (ihe tgn’g{ atdecog?t erg.al i ncl udes
a honopol SAValeNt bangds: RS Sa7 Iedide gRauns thal §a0 Bpdered 1agicet fi SoRFErAUM deposi t ed
Wit hi n t headtRBl(@b e fundtibrial grdubs tHae pasichitaRclRdOGRASalkdhY, Scqiase separati on

yi el ds donmai ns r'icﬁ in the polyner tenplate material and domains rich in

t he deposhydeexynsilaneigaups pndotersy dpsprmeicahodimentsdhe fingHaeal gsupsimydal i n

nat ure. Bhas e ti ur at any 15 point during deposition of the
deposi teag]errlél r8‘k§‘f°§?ﬁ’?e°?§&?‘%§ﬁ%ﬁﬁ’§' reaction of the precursor within the

tenpl ate). SubR&gu@Rimdyesxhibil brafichel @r tieepliaieasionilatar atchitactuteh g, be used to
produce a, porous material. Such poroys materials can exhibjt features
havi n | edfgdRmsEs hgrerpranghed pelymes.and grattploglcenolymers #ith a 59mbhe  domai n

si zes of .ag%turabﬁsaﬁ@@ﬁb nf t&q{%‘@hﬂ »ﬁﬁplaegﬁl-ra‘-i%agr, ahied saR¢ &r i al s. 20

Al ternatively, In sone e ollrrents onmopol ynmer ‘tenpl ate naterial,
phase sepdiimt ligudofystahpolyerepd) and/ondesegriedito emphrosppodicichemivat eri al into
di stinct dopain does negt occur but renoval of the tenplate after

f
i nf usi on MRAPSEAHBSPFHEMN SFmERS o BeFRSPPYURASPR Al results in a porous

mat erial havi ng @nbRyeKe BitkkeddTshd témpldlager cARBEVEMtBasSRRAREE Of the
deposited material. 25 In some enbodi ments, a tenplate may be conposed of a

hormog#ne olnplpts|thinkmessraften determingsahe thycknesseaf th mpsaparous dilwp de semper
Pt or A heh S0k RR: Ahs 28 BPEAT o hillBALPBEAL (g ARIAES, TeTers Lo
0.3, or 0.1 micrometers). In alternative embodiments, template films are at least one
micrometer thick (e.g., at least 2, 3, 5, or 10 micrometers). In general, templates are
not limited to thin films. Bulk templates can also be used to prepare bulk mesoporous
20  materials (e.g., templates can be on the order of millimeters or centimeters thick).
Template layers are typically prepared by first disposing or depositing a layer
of template material onto a substrate. The substrate provides mechanical support for
the template and the resulting mesoporous film. Typically, the type of substrate will
depend on the specific application of the mesoporous film. For example, a silicon
25  wafer can be used as a substrate for microelectronics applications. As another
example, a porous substrate can serve as a supporting layer for a mesoporous
membrane or other mesoporous separation medium. The substrate can be an integral
part of a final product if the mesoporous film is part of a composite article (e.g., a
microchip can include a mesoporous layer on a silicon wafer substrate). Suitable
30  substrates include silicon wafers, glass sheets, polymer webs, silicon carbide, gallium

nitride, and metal, metal oxide, or semiconductor layers deposited onto these

substrates etc.
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in the partitioning and/or reactivity of the precursor and/or can alter the
structure of the material produced using the matrix polynmer. Exanpl es of
por ogens woaBwoeas480 nanospheres or micelles of a polyner (eom/usoxsume of
polyners) different fromthe tenplate material. The nanospheres may be
nodified to inprove conpatibility with 17 WO 03/045840 PCT/ US02/ 37744 the
tenpl ate. Exanples of chem cal functionality that nmay inprove conpatibility
i ncl ude al koxyThnmplee materigh(s)was be ldispssedmnahb ewhisretetis 2 npmbegewaysay be

functional.ized, tqQ provi de coval ent  attachment to another | ety. Exanples
i nclude f Wﬁb’n&e GrBdsds ﬁB?Seﬁé’élé?e f%sﬁﬁtfﬁ?ag’aé’é Ic8ﬂsc15t5‘3nﬁ'op§?lﬁsl'ﬁesengan
i ncl ude gERWPSe fa)athasfy M@ﬁécﬁ&iél&@ésfﬁg RAPoSiABAE RsAKafpId, @RAEMPNRE (€. J. |

functional groups that can react include vinyl, alkoxy, acetoxy, hydroxy,
si | ane groatesakaad betchated pntolthe subwerate b edisprarvast, kmiée-¢aatast baresiategr oups may

be introduced by copolynerization. Pqrogens. xhi bi ranched or

t hr ee-di n?erﬁ‘é‘ilrS'rféPteg’toérd){de%%‘?cﬁeé@ﬁ fp ?tgg'@a??naq%%" ﬁ%ﬁ%f??c#r%‘ﬁg? S(Fﬁllﬁtg%nr’ br anched
pol ymer s, araindle S61afién HlaP6tatedad HAdR 15/eibf femplat€ aterial. StHelteinplg) . | N some
enbodi nents, the porogens may be chiral (e.g., chiral salts or chiral

l'i qui d criysterp! qaolalsedesy apaiaied pnigessugpEaict o i npart specific chenical or

bi ol ogi cal .1 ' I, th
hi cknese of -t neteat s FebElicetd b EaRRGRRU IR Al Bye 0o 2 21+ 118
t hi cknesscapdlyans cfdnaequireiso ifidatehhejmeeipitatidn dfitke presaparaitstei | m I n sone

enbodi nments, tenplate filns are | ess than one mcroneter thick (e .g., |ess
than . 5, templaje. Bysomeemhodpasnts drsgatalyss e seCuFYEE ULOTErbat i Biock enpl at e

films ar ecc@)%lﬁﬁé%m b, fr{ﬁlﬁﬁ%pﬁ-{ﬁ ecipith@én d&ufh prirddrily $36in the ddmams OF 10

m cronet er I'n general, te ates'are not I'imted to thin filnms. Bulk
t enpl at esofthat phlaso Ib@thes ethbbdinenispacaalyst thatie sepataihy &Posme tr lights (e. g.
tenpl ates c be on the order of mlimeters or centineters thick).

Tenpl at e ?reﬁ;ag?rstgﬁ?seoér?%?g%ﬂ BynaprRoyated gnigene o g‘toreﬂ‘?gb%g%‘?& d8Palisnositing a
layer  of Oh&BRInAlIE ofBich al cAtalyRNsA FhotddoRt dge@ﬂ'eﬁtor.-r BRSPS bf phitodidVi des
mechani cal support for the tenplate and the resulti ntg mesoporous film

Typi c#i | ygenetators ysdudstpesfiinpseqcaylsulfpnate, dipspledionnm heaadyseritimonatspl i cat i on
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[(2-hydroxytetradecyl)oxy]phenyl]phenyliodonium hexafluoroantimonate, and
triphenylsulfonium hexafluoroantimonate. The catalyst can then be activated in
selected regions of the template by selective exposure. In another embodiment an
20 inhibitor to the reaction involving the precursor can be incorporated into one or more
of the phase domains.
The catalyst can be included in the coating solution from which the template
layer is cast, or it can be applied to the template layer in a separate process step.
Often, the catalyst is a distinct chemical compound that does not react with the block
25  copolymer of the template. In some cases, the catalyst can be chemically
incorporated into a block of the block copolymer, or can be the block itself.
The chemical nature of the catalyst is determined primarily by the precursor
material and nature of the desired precipitation reaction. Some acid catalysts, such as
p-toluene sulfonic acid (PTSA), are suitable for initiating metal oxide condensation
30 from their alkoxides (e.g., silica condensation from TEOS). Compatibility with the
template, or at least one phase of the template, is another factor in catalyst selection.

PTSA is a suitable catalyst for use with a PS-PEO template, and is sequestered in the
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exanpl e, a porous substrate can serve as a supporting |layer for a

mesopor ous nenbrane or other nesoporous separation nedium The substrate
can be arworiBegisad part of a final product if the mesoporeaaishe/Brms s part
of a conposite article (e.g., a mcrochip can include a nmesoporous |ayer
on a silicon wafer substrate). Suitable 30 substrates include silicon
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portions of the underlying template, which are then etched away (e.g., wet etched or
plasma etched). Removal of the residual photoresist yields a patterned template.
Selective exposure of the template or photoresist to radiation can be achieved
20 in one or more of a variety of ways. For example, a radiation beam (e.g., an electron
beam) focused to a spot can be rastered across the exposure surface. In another
example, portions of the exposure surface are selectively masked from a blanket
exposure to radiation using a shadow-mask. In a further example, the radiation forms
an interference pattern, to which the template 1s exposed.
25 Typically, lithographic methods can be used to form channels, islands, and/or
tiered relief structures in the template. These structures can be on the scale of

hundreds of micrometers to less than one micrometer in size.

Ordering Template Domains

30 Under appropriate conditions, template domains can be ordered (e.g.,
positionally oriented or orientationally ordered) by self-assembly. For example, block

copolymers can self-assemble into a cylindrical morphology when heated above the
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| ayer is cast, or it can be applied to the tenplate |layer in a separate
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r adi atd on“’ﬁsullh’é}1 QﬂPFPIé_\?t ®eevertigaly ggnsationn e pp plestriciclgpts ppepiationhi ch can
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renoval of thi has wi |l prevent sil d t f th
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radi ation can H@atﬂfghh@téﬁiblate above the glass transition temperature of the co-polymer
blocks makes the polymer molecules mobile and allows them to flow more easily.
Alternative methods can also be used to achieve this effect, usually by lowering the
20  glass transition temperature below ambient temperature. One can, for example, add a
plasticizer or a solvent to the template to mobilize the copolymer molecules and allow
them to move and self-assemble. After an orienting field is applied, the plasticizer or
solvent is removed to immobilize the molecules. Thereafter, the orienting field is
removed, but the immobilized molecules retain their orientation. In some
25  embodiments, the supercritical or near-supercritical solvent can mobilize the template
molecules. In such cases, it is conceivable that template orientation and precursor
precipitation could occur simultaneously.
Ordering of block copolymer templates can also be facilitated by means other
than electro-magnetic fields. For example, anisotropically shaped domains, such as
30  cylindrical or disc-shaped domains, can be ordered in flow or shear fields.
Anisotropic objects tend to orient in flow fields to present the smallest cross-sectional

area to the flow field lines. Hence, cylindrical domains would tend to align with their
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20 in one or nore of a variety of ways. For exanple, a radiation beam
(e.g., an electron beam focused to a spot can be rastered across the
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di pol e nobteck Sopolyrhdrean bapompaicd of iestae nr@tonadr as igdddn ftheadaddimduced
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copol Yfrercopahymessyhichweuld yieldisph d‘?rHaIPﬁgf @F@Vé’i?f’?‘?'ﬁc gg’I‘?EtWé'i]I‘i%a of the
copol ymery deimiRSmafxdi f f erence of about 0.1 percent in the dielectric

constants can 10 result in a specific, e.g., vertical, orientation. In an
el ectric fi el dfurthee detaileon tieiwsa of Gelde antbsvrfapoireatineatsito mdaneengyr easoci at ed

with the cylinder di el ectric bodies, tha r ani,sot r.opi c, i hape, w |
B o 1 neSepRath R xatpli 41 TEymeAbRRRt B ArPen Bl AT 2. 2BhEr”

suf fi ci emd7y afd IPOS. ﬁ’ia@hﬁiﬁp%i’daﬁbh Sbridl Nd. /834891 1 BkiRer approharetal i gnment  of
t he nor phol ogy can usual |y be overcone, producing cylindrical domains

ori entéed ¢rderinstepwiaied iarlude cherpigal modifiepsion pf subsyraich UFINg AlcIgedriadis can be
normal to_and exten # I | 'y t | at
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above theprbII ransi enperature o
directional crystallization of a solvent (see, for example, C. Park et al.

(Macromolecules, 34, p. 2602 (2001))), and the use of roll-casting for the preparation
of bulk materials (see, for example, R. J. Albalak and E. L. Thomas (J. Polym. Sci.
20  Polym. Phys. Ed., 31, p. 37 (1993))).

A portion (or portions) of the template can be crosslinked once the ordered
template has formed. For example, at least one domain of an ordered block co-
polymer can include a compound that crosslinks in the presence of ionizing radiation
(e.g., UV radiation). Examples of such compounds include polymers, such as

25  polyethylene, some polyolefins, and poly (vinyl chloride). Crosslinking can impart
mechanical stability to the template, which may be advantageous, especially in
embodiments where the template is likely to undergo additional processing (e.g.,

mechanical and/or chemical processing).

30 Precursor Delivery into Templates

In general, any means by which to permeate the template with the precursor

that does not detrimentally alter the template morphology, or detrimentally affect the
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bl ocks makes the pol ynmer nol ecul es nobile and allows themto flow nore
easily. Alternative nethods can also be used to achieve this effect,

usual |y bwoloowessimg t he 20 gl ass transition tenperature belcawsarbizent
tenperature. One can, for exanple, add a plasticizer or a solvent to the
tenplate to nobilize the copolynmer nol ecules and allow themto nove and
sel f-assenble. After an orienting field is applied, the plasticizer or
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donai ns, can bg tRé B8ERGIoh ThATWIAYs, phRafsof detives, inAdisBiogidcoatihesiss tend to
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L S T L

field, pr € aspec aneter) of the
cyl i nder spiogediife A eihgletabsttateand® Ridwvicapssl of pescarsoa areglssed ea edadisred by
surface interactions, A substrate _su,rfafe can ‘i)g]ﬁ%hem' cally treated (e.g.,

with 2 suressdd@ags § sigimless stegl Ripak P"!I?{fhv%/? b3 qdpRuTgE |Sa{Vénq> Rgtghed. pAd ¢ enpl at e
| ayer COUln%n&ﬂg&ﬁn%hmhﬁﬁﬁg, Yroﬁ&% @H%efafhré‘bﬁ’tﬁ?%@ QBN then¥dWth
the che ca acC

interaction wt sur treatnment. For exanple, a thin film
of a ranshdventapotaimeg a kaowmgmbyatrod presbisor, argd usingradpphdpressutenoner units can

be coated ont substrate.to produce a utral .surface for a bl ock
copol yner"‘f‘%‘%ﬁa?g? copjgnts Bf %Kez@%greympg}gg%aﬁgecﬁ t8’§188ra_£3"fre b same
nONoONer  agreb@i®atiwhid@ie s8R 2 QusQRaiANEY neabigebcritRd] $b1venehespher i cal
domai ns of the hydrophobic block wthin a hydrophilic matrix. Further

det ai s ospletian pesweatés the édmplatend'hs pracuser diswdyaddnithe sobvanhinigrectowetbr can  be
e N Y
appr oachegithf the template. The precursor reacts within template in these domains. The
vessel is maintained at this condition for a period of time sufficient to ensure that the
solution has completely penetrated the template and that the precursor has reacted,
20  precipitating a reaction product onto the template. The reaction is typically carried
out for at least one hour, though the reaction can be complete at times much less than
one hour, e.g., less than 20 minutes or even less than 30 seconds. The optimal length
of reaction time can be determined empirically. When the reactor has cooled, the
substrate is removed and can be analyzed or further treated to remove the template.
25 A continuous precursor delivery process is similar to the above batch method
except that known concentrations of the supercritical (or near-supercritical) solution is
taken from a reservoir and continuously added to a reaction vessel containing multiple
substrates as supercritical solution containing precursor decomposition products or
unused reactants is continuously removed from the reaction vessel. The flow rates
30 into and out of the reaction vessel are made equal so that the pressure within the
reaction vessel remains substantially constant. The overall flow rate is optimized

according to the particular reaction. Prior to introducing precursor-containing
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15 ordering tenplates include chem cal nodification of substrates using

m crocontact printing, as disclosed by Heier et al. (J. Chem Phys., 111,
p. 11101 w200BMy3840 use of directional crystallization of @cyaisemst74{ see,
for exanple, C. Park et al. (Macronolecules, 34, p. 2602 (2001))), and the
use of roll-casting for the preparation of bulk materials (see, for
exanple, R J. Albalak and E. L. Thomas (J. Polym Sci. 20 Polym Phys.
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dissolved in a_ supercritica near supercritical fluid. The SCF or near
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which a precursor in a  SCF solution.is deliyere a | ate | ayer
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A temperature gradient between the substrate and solution can also be used to enhance
chemical selectivity and to promote reactions within the template.
20 Solvents useful as SCFs are well known in the art and are sometimes referred

to as dense gases (Sonntag et al., Introduction to Thermodynamics, Classical and

Statistical, 2nd ed., John Wiley & Sons, 1982, p. 40). At temperatures and pressures
above certain values for a particular substance (defined as the critical temperature and
critical pressure, respectively), saturated liquid and saturated vapor states are identical

25  and the substance is referred to as a SCF. Solvents that are SCFs are less viscous than
liquid solvents by one to two orders of magnitude. The low viscosity of the
supercritical solvent and absence of surface tension facilitates improved transport
(relative to liquid solvents) of reagent to, and decomposition products away from, the
template. This is particularly advantageous in ensuring complete permeation of the

30 template layer by the solution. Furthermore, the solubility of many precursors
increases in supercritical solvents, relative to various liquids and gases. Generally, a

supercritical solvent can be composed of a single solvent or a mixture of solvents,

24



mani fol d. The contents of the reactor are brought to a specified
tenperature and pressure at which the solvent is a supercritical or

near - supeworostissad sol vent. The 15 sol ution perneates thePoamshas®44 The
precursor dissolved in the solvent interacts with the catalyst or other
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rates 30 into and out of the reaction vessel are nade equal .so that the
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sol uti on ¢nitical plessures aotica ivolumss eloleculee weeghe tand writiea siehsitysfof edched thd t h neat
sol vent (vc\/gi ch is the sane as the solvent in the precursor solution) at
supercrit ’¥%™Sr near- supercritical pressures and is heated to
supercritical or near-supercritical tenperatures. As a result,
supercritical or near-supercritical conditions are maintained as the 5
precursor-containing solutionis initially added to the reaction vessel.
Solubility of the precursor at the reaction conditions can be verified in a
vari abl e volune view cell, which is well known in the art (see, for

exanpl e, McHugh et al., Supercritical Fluid Extraction: Principles and
Practice, Butterworths, Boston, 1986). Known quantities of precursor and
supercritical solvent are |oaded into the
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10 view cell, where they are heated and conpressed to conditions at which a
single phase is observed optically. Pressure is then reduced isothermally
in smal | woosemsmis until phase separation (either |iquiacrapsoz/3on
solid-vapor) is induced. The tenperature and pressure of the process depend
on the reactants and choice of solvent. Generally, tenperature is |ess
than 250C and often less than 15 100C (e.g., less than about 90C, 80C,

70C, GOC SOC or 40C3 mhlle t he pWEAmablls typlcally betmeen 50 and 500
ba Y-URY.

and 150 bar, ll@RlHiIC@DPRmiEl@HES@FSEEECEED mldvmtrsbar) A terrper ature
gr adi ent betmeen the substrate and solution can al so be used to enhance
chem cal sellectivify and[to pronote reactigns wt ﬁﬁt ate. 20

Sol vegtenusef ul ascSCFs are weld known in the art| a a%onetinespc
referred to as d e gages ( tag (et @n/mol)nt rjoduclyiemst o (g/em®)
Ther nodynamic assical and tatigtical, 2nd gd., John WI gy & Sons,
1982, 40)]. eratures d pressur abovle cer n val ues a
parti ar substéhggp(de ined7gg t he crltgggl tenperaﬁ%@ and cribgéa

© P | - b (] - -
presstre—t+espectivety)saturated—tiquid—and—satjurated—vaporstates—are

i dent Celdd 25 and30hd subst ancd8Rs reflerred4B8o as [a SCB0.0%ol vents tA3P are
SCEs_are lesls viscous than liquid s@lvents by one to two orders of

magni pude. The | ggpgi scopity af ot he |superxpiticdgl solygpt anfl absgnge of
surface tensfion facilitates inproved|{transport (relative to [iquid

sol ve rea and onpositio rodudts a fronw t he
tenppqizﬂoThls |g§ggrt|CJlarlg? dvantageogégin ensurlﬁgxconplnte pgg%eatl(n
of the—30tgnptatetayerby the sotutiom. |—urt herjmore, _the so{ubi 1ty of
many niéfskur sprs  4PRér eases i n338percri ti cad%sol vents, 72dPative to 98fi ous
| i guids and gases— Generflly a supercritical—s 'vnnf cahn—belconposed—ofa
si ngHgsoHyeNnt or4@p m xt ure of3.gol vents, 248WO 03/04586@7PCT/J802/62644
includinq for exanple a >nall anmount {(< 5 nol per|cent) of a pplar liquid
co- éﬁ(¥ g psuchsgsethapol ( % other alcohgl). It is,d@girable thghgethe
r eagent s are sufficCiently solu Pe i nithe supercrltlcal solve1t to all ow
hoTmogeneous fransport of [the reagentg. solubiTity in a superc itical__ b5

sol verl20i s gener &5 proporti &h8l to|the &fsity |of tH&0Supercritilap

solvent ldalal —conditiant far nNnron: on
LINEA A =0 I B ) LI~ ) T CUTIOUT C T Oy LI | Pt III LAY A ¥ JJPL,IUIILIUU.

sol ve,Fglensjity @b28t | east 030.4 22.4 138.01 0.61

U
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J o t T

To describe conditions for different supercritical solvents, the terms "reduced
temperature,” "reduced pressure,” and "reduced density" are used. Reduced
5 temperature, with respect to a particular solvent, is temperature (measured in Kelvin)
divided by the critical temperature (measured in Kelvin) of the particular solvent, with
analogous definitions for reduced pressure and density. For example, at 333 K and
150 atm, the density of CO; is 0.60 g/cm’; therefore, with respect to CO,, the reduced
temperature is 1.09, the reduced pressure is 2.06, and the reduced density is 1.28.

10  Many of the properties of supercritical solvents are also exhibited by near-
supercritical solvents, which refers to solvents having a reduced temperature and a
reduced pressure greater than 0.8 and 0.6,respectively, but not both greater than 1 (in
which case the solvent would be supercritical). One set of suitable conditions for
template infusion include a reduced temperature of the supercritical or near-

15 supercritical solvent of between 0.8 and 1.6 and a critical temperature of the fluid of
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to 0.2 g/cnB or a density that is at |least one third of the critical
density (the density of the fluid at the critical tenperature and critical
pressur e)wobalohs4d bel ow | i sts some exanpl es of sol vents a@cangsons1/i4 t heir
respective 10 critical properties. These solvents can be used by thensel ves
or in conjunction with other solvents to formthe supercritical solvent.
Table 1 lists the critical tenperature, critical pressure, critical

vol unme, niessahan 850°@ei ght, and critical density for each of the solvents.

25 WD 03/04584Q PCT/ US02/ 37744 TABL CRI. TI CAL ERT| ES . OF . SELECTED
SOLVENTS T, s‘g?fg%‘hfi“’ﬁ@ze\?,%%’lsél é"r“E’r!*é g°€f%)°¥‘?lﬁ? HfE SF‘Q’?‘éP‘?Pf-nhF)”'“\‘/%lght (gl cnB)
CO2 304. Zeifide@ndéd (1. 776)0d cBséth anfbidirt 1omp@atute 48 tRusldtwiQnOdscdb20 C31-18
369.8 41.9 203 44.10 0.22 n-C4H10 425.2 37.5 255 58.12 0.23 n-C5H12 469.6

33. 3 304 mMadestePrédéss tOHPpe@ORS(<4RI0 (B3 It0s 4128 un@adtiveOvitemanyBGiatld 516. 2 63. 0
167 46.07 0.28 H20, 647..& %Zg 35.0 18. 02 0. 33, C2F6 292.8 393 22.4 138.01
0.61 S5To HESETIBAEH AT MediAdPT tPH& EHTIOBY BRFERT BEERMEWNR Rt s, the
terms "reghig@chri8@eiRtHIcs, © “reduced pressure,” and "reduced density" are
used. Reduced 5 tenperature, with respect to a particular solvent, is
tenperature (neasured in Kelvin) divided by the critical tenperature

(measured,in Kelvi of. t articular solvent, with anal ogous definitions
for redudpmg%?ééégig—%—rﬁg—ﬁ?ﬂm%—rc 0_ eqttioh Medha Vo For exanple, at 333 K and 150 atm the
density of CO2Presurfor6@redfhoset: sotthatrtbéyoyield addstted 851081 inatedialitithet he reduced
tenperature is 1.09, the reduced pressure is 2.06, and the reduced density

is 1.1 tempigniplloringrsagiondfasiitaged tor the Gafalyst (of reaglionsispgmt Paog!tn| so
exhi bi t ed; Ry, Q6 sxides (e.g., SiO, and TiO,), or mixed metal or mixed metal oxides (e.g.,
a superconducting mixture such as Y-Ba-Cu-O), metals (e.g., Cu, Pt, Pd, and T1),
elemental semiconductors (e.g., Si, Ge, and C), compound semiconductors (e.g., III-V
semiconductors such as GaAs and InP, II-VI semiconductors such as CdS, and IV-VI

15  semiconductors such as PbS). Oxides, such as metal oxides (e.g., oxides of Si, Zr, Ti,
Al, and V) are an important class of materials for mesoporous articles. Precursors for
oxide deposition include alkoxides, such as TEOS for silica deposition. Deposits can
also include halogenated compounds (e.g., a fluorinated, chlorinated, brominated or
iodinated compounds).

20 In some embodiments, the precursor is a monomer or mixture of monomers
and the deposited material is a polymer or a mixture of polymers. In such cases, the
deposited polymer can exhibit a decomposition temperature substantially above the
decomposition temperature of the template material (e.g., a template polymer). Once
the high temperature polymer is deposited, the template polymer can be removed. A

25  catalyst for monomer polymerization can optionally be deposited selectively within
one domain of a copolymer template or one domain of the copolymer template may
possess chemical functionality such as acid groups that catalyses the polymerization.
In another embodiment a block copolymer template may be chosen such that
monomer precursor preferentially partitions into one domain of the block copolymer.

30 Non-limiting examples of polymers with high decomposition temperatures (e.g.,
greater than about 450°C or 500°C, such as 550°C or more) include aromatic

polymers, such as polyphenylenes.
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supercritical solvents, which refers to solvents having a reduced
tenperature and a reduced pressure greater than 0.8 and 0.6, respectively,
but not bwohsgssai er than 1 (in which case the solvent wedrdiSoE37744
supercritical). One set of suitable conditions for tenplate infusion

i nclude a reduced tenperature of the supercritical or near 15 supercritical
sol vent of between 0.8 and 1.6 and a critical tenperature of the fluid of
26 WD 03/ 04584 JoGiE ddBivdiraents] 4he ;blestsrscbrhadudésoeCB -sGaedorgans palysibef C02) is a

particul ar| ood choi ce. of soIv Ilts critical ratureg (31.1 C) is
close to % matgxmaterial, B-siagg tr‘#ﬁr'ss t%PPMEfﬁméer@%@e?BPﬁwwa ate process

t enper at uges.. ggprg&@te c(gr;dlmsaé BAtARH ¥AEb YR1yM 1A el d&ShE abl e 5

precursors and 1s an ideal nedia for running reactions between gases and
sol ubl e polymiedsedoor carsdi shcbtabby lcam@gsatMemJﬁognﬂlsgIEndmr@alat weighhechani sns

o't orfpl APEEaI SARARCTEmEr Poia e et el e A PoboraiC  cact on
reagent) . olRRagictoy mikAes thekod e @%g&ﬁﬁla(eﬁagls,ﬁnﬁh&:inthTb @Rludeor m xed
metal or mXed netal oxides (e.g., a superconducting m xture such as

Y- Ba- Cu- Onjxtnass af polymerjc ma@gial with npnomeny oligymerser @ muptuag okmegBBuct or s
(e.q. SIC%%lqu and C), conpound sem conductors (e.g., IIl-V sem conductors
such as O TP, 11-VI seniconductors such as CdS, and V-Vl 15

seni conduct or smg@braa,&n?bﬁ)cno@iedﬁﬁg the de$iredismacetiall fraax tigsedusoy can oxi des of
S, Zr, Ti, and V) are an inportant class of materials for nmesoporous
articl®s. bws&éu}l\@&rrgllx, e Preurgpss H&b@@‘fttqndﬁe‘iharellsﬁ’déh‘&}lﬂéiFﬂ'@@a“bé%ch as TECS

for S' I | it  FRPG ok dﬁaethﬁg eI:&rs glh,ﬁe tw%h%@lﬁe hgd %%g%eah&pnpounds

f{Uori nat e at e nat i nat conpounds). 20
In sorre entilodn g BE6F ©r nédneSQFr@hﬂm&iow proaesmampmatms (mgxtl@slsehmfzsﬁﬂa,orrers and

cases. |t n0leboute an Ty feF Cetiarafnly et e el o
substant i @b'gcra’ofayedzm th@ielemﬁrﬂpmﬁé o Ia@é‘ﬁ%ﬁﬁbéﬁ&t ®athrbe trewwp! ate materi al
(e.g., atenmplate polyner). OnCe the R erature polyner is
deposi edtentpiase teamsirattng iptsioymgr, theadenbidy o ﬁhﬁ\fblg]) lnAhQSIClmib'aqf)ﬂ@t for monomer
pol ymeri 28 Isgate%ggro a}els ﬂpadeng/lty St adg%!%os Idt t‘ﬁ(e:I bgg"el f' the lsé’lut%rg Qased
process are lost. In addition, a high template temperature can adversely affect
template morphology. For example, the reaction can involve reduction of the
precursor (e.g., by using H; or H,S as a reducing agent), oxidation of the precursor
20 (e.g., by using O, or N,O as an oxidizing agent), or hydrolysis of the precursor (i.e.,
adding H,0). An example of a hydrolysis reaction is water (the reaction reagent)
reacting with a metal alkoxide (the precursor), such as titanium tetraisopropoxide
(TTIP), to produce a metal oxide structure, such as TiO,. The reaction can also be
initiated by optical radiation (e.g., photolysis by ultraviolet light). In this case,
25  photons from the optical radiation are the reaction reagent.
In some cases, the precursor delivery agent can participate in the reaction. For
example, in a supercritical solution including N>O as an additional solvent and metal
precursors such as organometallic compounds, N,O can serve as an oxidizing agent

for the metal precursors yielding metal oxides as the desired material. In most cases,

30  however, the solvent in the SCF is chemically inert.
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one domain of a copolymner tenplate or one domain of the copolyner tenplate
may possess chem cal functionality such as acid groups that catal yses the
pol yneri zaniodn4s840 n anot her enbodi ment a bl ock copol yner trempisat/g77aay be
chosen such that nonomer precursor preferentially partitions into one

domai n of the block copolynmer. 30 Non-limting exanples of polyners with
hi gh deconposition tenperatures (e.g., greater than about 450C or 500C,
such as 5B&xESonthesis &jeaimaitude aronatic pol ynmers, such as pol yphenyl enes.
27 WD 03/045840 PCT/ US02/ 37744 In s errbo iments, the precursor includes
a B-staged or ghHoPTRENSOf Precyrsgr @‘?@E’Eyrtggh %&eiﬁeﬁm%qsﬂe% HFrefers to
uncured ngfeqd {Softmeﬁfpmé m4RkdPand tHé‘FE%En&pﬂ’oﬁﬁ?ét' ahe (G el RESal 2

B- staged organo ‘polysilica material can pol ymeri zed 'or cured, such as
by condensatteaamoved fogyiehd hing¢seponond smsrtvae Oﬁ\rélegmctlsnmd@pi dhsuchsuch as

coatings or filns ch S terial nmay.be nononer ol igameric or
i xt urbe e Hsrempiats Bteah SRR s E ik bR ue poe pHEbE

m Xt ures @EnRQhedMEb} ExIG16d BbckNdpbl iR eiiigte cah | bl@%ﬁ:dééd fhefhathyir e of
mononers and oligoners. In general, any reaction yiel t he desired

mat eri al By Qﬂhlnﬁ@nprwggrewl fro sécarnpbymenggmpositesyis weH suisedsiour sor s and
reaction ch n|sns Q 0

precursorngc {?e@/s e% %omgo%ﬁq%qgrggérhﬁk O&lﬁ%n%lrﬁo vﬁ%gpk gs u |°ﬁ?%¢}%e) SCF or

near SCF wil nﬁtla@fa& th@‘d\ﬂlﬁ:!i SeRBigel Amaawy,eﬁe {etnplate cﬂtrﬁbédécbﬁipoé’éﬂ(lﬁ 200C,
150C, or 100C for C02) and rel atlveI%/ﬁ gh fluid densities (e, g , Qgreater
C

t han 10. 2digyobyas hycf#le@@cza} of phatehepicy h'yqb?s tihe cemwﬁléﬁléyzrrcém Fpor t ant
features. I S d { ty of the
fluid in t){?e %%F%R%EO e?:?;'gmg g{uxggc?a Ee)g\eappr olg@ es tﬁlg gﬁrfgﬁﬁlta éhof a gas,
and t he bmoédadtt Photochdmicslakbclniqes babeld thqodmwssmoeof thettemplatedddi t i on, a
hi gh tenpl ate tenperature can, ,adversely affect niD| at e nor phol ogy. For

exanpl e, Pipesye e thespPropnatefadipten (e tlr?vd?lleb’fadlaHQ precursor (e.g., by

using H2 or H2HGe@snfbsitRAWTIROIcAPR thatefX] &atue%r@ﬁnwﬁ tRE Bfesdnzelbr 80 (e. g.,
by using 02 or N20 ‘as an oxi di zi ng agent), hydrol ysis of the precursor

(i.e.15 afdidng fadiipte tﬁnple.mmloealoﬁn soThg/ eRses, ylm preewssntdebmeryagonitcar (t he

{Ie? g;: Snm ég? Inlé)le}IB; %ﬁ: L5'glgexamp supercrléhcafj‘orkr%)élr-gl?pe{fcnmcapé %‘rr z/bz such as

mixtures can exploit the transport advantages of SCFs in mesoporous materials to

expedite removal of the decomposed template.
After template removal, the mesoporous material can be further treated as
20 desired. In some embodiments, the mesoporous structure is chemically modified in a
further process (or processes). For example, it can be necessary to modify the
hydrophilic silica surface that is obtained from alkoxide condensation by reaction
with 1,1,1,3,3,3-hexamethyldisilazane or (CH3)3SiCl to cap dangling —OH groups and
produce a hydrophobic surface. In many cases, this can be achieved using SCF CO,
25  solutions of reagents. These reactions can include the use of commercial organosilane
coupling agents including mono, di, and trifunctional coupling agents, such as those
described in C.J. Brinker and G. W. Scherer, Sol-Gel Science: the Physics and
Chemistry of Sol-Gel Processing, Academic Press, San Diego CA, 1999, p. 662.

Further treatment of the mesoporous material can also be performed in the
30 presence the precursor delivery agent, e.g., in the presence of a supercritical or near-
supercritical fluid mixture (e.g., CO, or CO,/0,), thereby exploiting the transport

advantages of SCFs in mesoporous materials.
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(TTIP), to produce a netal oxide structure, such as Ti02. The reaction can
also be initiated by optical radiation (e.g., photolysis by ultraviol et

i ght). Iwotobiosssemase, 25 photons fromthe optical radiati @eaTarse2/siies
reaction reagent. In sone cases, the precursor delivery agent can
participate in the reaction. For exanple, in a supercritical solution

i ncluding N20 as an additional solvent and netal precursors such as

or ganonet al | i cIncforthbenamtsdith@@ts,ahamssperouadilmns pattatned aftpr sapaplste f or t he

tal i el di tal oxi the desired material . | t
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delivery to the tenplate is a conposite (e.g., filmor bulk layer) of the
tenpl ate #heverial and the reaction product. The tenplate material can be

rermvesd to yie dsg%g%@?égﬁg’iazgr%ct{l%o?lrisein fse&pnq%@ge (e:rtnhga?%gr oduct. In such 5

cases,  the te sual I'y 'deconp T8%%r nore of a

nunber of proll@ghd&peeited Within@kéRiptate andahe tdnslageatativh piaiipl @ntposas be
deconposed thermally, by calcination. Tenplate renoval from silica-polyner

conposi t e Prasegied|fuharipsigr tremexplafiian femlate sin thesesahodpodits tsn t enperature
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Al ternati ate ca econpo I'ssolve y chemi cal
or phot ocfrecessinlg. Fet bxingplehe Ehplaerqacsent grodagteompasitean beyptaaed t o
sol vents or, etchants that dectgggose the tenplate, but not th§_1hr eaction

prodult . BHGHAPHOE 19 remavRke e emplate iiaceRaraipdaitsotiveiugss: dhet he tenpl at e

by eXpO?ﬂéﬁ@laIthetabﬁo@ AR oRlpBsifcrdh Bk leRfed fo Sicorpitatd @@ @htfeldi ation).
Deconposition of the tenplate material can be performed in the presence of

a 15 f| uindtetialsfcar bé depasged withingheserfeatareahnd the deposited azaterial careber ecur sor

del i very ent can rovide this functign. .For. ex le,.s rcritical or
near - supeh gt anocfr o s remps Materiah peBiRR My R F v or

advant agesapinchfdeopper B FXIOH PatcrdBhe Edpies fdrQhe R¥HEHInSiRERYANecof t he
deconposed tenplate. After tenplate renoval, the nesoporous material can be

furt her tyegtuses @5 saoicgedyctadevices, §grEamplsodi nent s, the nesopor ous
structure is chemcally nodified in a further process (or processes). For
exanple, it can be necessary to nodify the

Applications

Mesoporous materials have several characteristics that make them attractive

materials for numerous applications. For example, some mesoporous materials can

20 have a low dielectric constant (e.g., less than about 2.5, 2.2, 2.0, 1.8, 1.5, or less),
making them attractive dielectric materials in, e.g., integrated circuits and
microelectronic devices. Alternatively, or additionally, mesoporous materials can
have high hardness (e.g., hardness greater than about 0.1, 0.5, 0.7 GPa or more),
making them attractive candidates for, e.g., protective, functional coatings. High

25  hardness can also make a material more amenable to certain manufacturing processes,
such as, for example in integrated circuit manufacture. Moreover, some mesoporous
materials can have a low refractive index (e.g., a refractive index lower than about
1.4, 1.2, or lower), which makes them suitable for low index optical applications.
Accordingly, mesoporous materials can be applied in the areas of low K dielectrics,

30 catalysis, molecular separations, optical coatings, optoelectronics, photonics, and

sensors, for example.
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hydrophilic silica surface that is obtained from al koxi de condensati on by
reaction wth 1,1,1, 3,3, 3-hexanet hyl di silazane or (CH3)3Sid to cap

dangl i ng wOH3gsssups and produce a hydrophobi c surface. | rcmarsg2/sEs€s, this
can be achi eved using SCF CO2 25 solutions of reagents. These reactions can
i nclude the use of commrercial organosilane coupling agents including nono,
di, and trifunctional coupling agents, such as those described in C J.

Bri nker and G MvyopSuiusisdica fibmk aféadf iBeresttodhe mipzodentwings imhigtry,Ghgninst ry of

Sol - Gel Processing, ,Academ ¢ Press,. n,Di ego CA, 199 . 662. .Further
DT et pent BT A st 18 BRaioah het i S s ERR S g2 PveaY 50
presence §bRciic 8RR, tﬁﬁldléé%aro_agﬁﬂﬁs% ar€ pBtentidlTy dsBful B RSCACRcRIc @

supercritical or near- supercritical fluid mxture (e.g., CO2 or CO2/2),
t her eby esqpblentdoatingsan sendeaiploetor watbyaninsges catbodomnty, mesepmspes dlms

materials, 29 03/.045840Q PCT/ US02/ 37744 . f. yr [ iments, the
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Mesopor oUstaridatdfeSlaniques. E@étﬁﬂu@@%mﬂﬂ%inidglﬂaed eipdiiite ard dsdlodedu®s, such as
phot ol i t hography and el ectron beam |ithogra h){, as described above. 5 In
sone enbodimisendictos Manufacturing Teshnolegys &y ﬁg%? QuerkrapddulianeSerda r eact i on
product i it.e hthi tenpl ate and the tenpl ate/reaction product
conposite&r%gﬂ%gﬁggég%e t?t?’fah re'pri or to renoval of the tenplate. In these
enbodi ment s, tMesoppr@seaimdaerid$ cinhdsd smped tepoaileioppeaalicoftarpsfonoptitalmechani cal

properties for subsequent rocessi ng. .For_exanple, the tenpl atef/reaction
produtd cbhgsdand thergptigal Cﬁgfﬂoé?l?féan‘ggevé‘?‘?& SARYOY Paergls CHEWES\Y €%f the

tenpl ate fg ﬂeﬁ&&fv@%ﬁéxq%f@,v\;vﬁﬁh SakECthemSReful B8 antiGBRLRLRCOARRE AN Product
conposite can be etched 1o incorporate device features, matéerials can be

deposi t edothértdptinaltapplientioaat Mossovan by tjpsiiegibs ivokuhenfiacsion ff thegerdsan

pl anari ze rior to renmoval. of the,tenplate.. Material,s.d sited wthin the
Feat ur ee. REPSPIREP GIBSEEHp e T PR STERRAP FIdEP S B e e EP BeahSt e

fabri cat i piuowithifladbeQvBGluch Detitdel BidreftactiRind&RIfehn@ualL oxiddand sies, for
exanpl e. Applications Mesoporous material s have several characteristics

that takeAlteraatively, thacparesemayhe &tlpdwithfaduid (e dbighapindtivaindsk luidey
exanpl e, 7 ﬁ(rft%d rc[Fy%%B? LoV e TR 18] ¥l index selected to be within a range of

values between the refractive index of the metal oxide and the fluid. Accordingly, the

methods disclosed herein can be used to form mesoporous films on commercially
available optical components (e.g., lenses, fibers, integrated optical components, and
20  optical substrates such as glass substrates for electronic displays).
Mesoporous materials are also useful for catalysis and in molecular
separations, and can be used in porous membranes.
EXAMPLES
The invention is further described in the following examples, which do not
25  limit the scope of the invention described in the claims.
Chemicals
The block copolymers and non-ionic surfactants described herein are
commercially available from BASF (Mt. Olive, NJ) and Aldrich, and were used as
received without further purification. Pluronic® F127 copolymers, which are triblock
30  copolymers including poly(ethylene oxide) blocks on either side of a poly(propylene
oxide) center block, were provided by BASF. Brij® 76 and Brij® 78 are oligomeric

alkyl-poly(ethylene oxide) non-ionic surfactants and were obtained from Aldrich.
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20 have a low dielectric constant (e.g., less than about 2.5, 2.2, 2.0,

1.8, 1.5, or less), nmaking themattractive dielectric materials in, e.g.,

i nt egr at edomBoes4a s and m croel ectroni c devices. Alternaticralsyz/3mn4
additional ly, nesoporous materials can have high hardness (e.g., hardness
greater than about 0.1, 0.5, 0.7 GPa or nore), nmaking themattractive
candi dates for, e.g., protective, functional coatings. H gh 25 hardness can
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separations, optical coatings, optoelectronics, photonics, and. sensors,

for exanpfrem Agoyphemicalss glmnplway sisined fram Phosueo, oMstiyltaethoxysilang ng are of

i nterest & ' ’@’I@S o ' d or device

i ndustry. EWEEE?‘@ %ﬁﬁgéﬁ&yggg{}g@aﬂm oporli%t’\j‘{::e(?ﬁ2 %t%lb@gﬁﬁ%@ggl g\?\}t dielectric
const ant schenfitals wesaped asisbthinkdrsvithoet foohamnturidichtyoru Sedfrbidn disxidew di el ectric
constant coati ngs sem caonductor, wafers. I n sone _enbodi nents, nesoporous
films 5 c&?fﬂﬁ‘@arhgré ga%anQbéar”é‘?ffg‘i“EM '(s’far‘( 3 mdg‘bﬁegla%EFcﬁlivg‘gu]ﬁ“fsléo,us%i ch can
be made UgiiBfizeShaRARLIudATHNE W RsiodeChni ques for making integrated
circuits are disclosed in Sem conductor Mnufacturing Technol ogy, by

M cha® Quirk and Julian Serda (Prentice Hall, 2001), for exanple.

Mesoporoug gratlerll glls can alillg%"%%%rend.[ﬁ&sprow de optical coatings on

opti cal _ pttcar_conponents and devi ces. Mesoporous
material s can AreQwof @uiktrateqW. 758hERL 1 i768ndH) IR clead&d in Avkiix@lredBkes them
useful for anti-reflection coatings and other optical applications.

Mor eover , amynoatjnubydroxide,dsionitedveatérrand hiydrogen perowidg¢p:dsl patts byhe mesopor ous
material, the materjal.s refractive index can.he sele 0 _be.any val ue
W thi s vARGETarspbR iRt R RrF sERh S5 RBRSTHEE RIS oxi e
and ahs. WatePhhEhRbEnleYoxidd@: POhads BRYolame) hid @6n Yihidd in dblobized (e. 9., a
high refractive index fluid or a liquid crystal), and the materials
refracti veatendethis8lne of Blranic® & 137 was spin-casirogdhotleanedisilicon sehsfigten t he

refracti Vgsilng g%(urc\)z\];eiéhq %e{cr:eeltltaslolu(%f(ohqr? e&llggoltc%gtagrlirlljgl g Sméﬁ’ gr%Bgﬁtrz)ql})%blu%Htie

sulfonic acid (PTSA) and water. After drying, the film containing PTSA was
approximately 1500 Angstroms thick. The substrate with the spin-cast film was then

20  placed into a high-pressure reactor. The reactor was constructed from opposed
stainless steel blind hubs sealed with a metal seal ring (Grayloc). Machined ports
were present on the blind hubs for the introduction and venting of the CO; and for
monitoring the pressure and temperature inside the reactor. A rupture disc assembly,
with a pressure rating below that of the reactor, was also present on the reactor for

25  safety purposes. The temperature in the reactor was maintained constant using
external band heaters (Watlow). The reactor was sealed and the film was exposed to a
specific amount (5 microliters) of tetraethylorthosilicate (TEOS) in humidified carbon
dioxide at 50°C and 122 bar for 2 hours using a high pressure syringe pump (ISCO,
Inc) that was maintained at 50°C using a constant temperature bath. The inner

30 temperature of the reactor was measured using an inner thermocouple and was

maintained to £2°C using a combination of an externally mounted thermocouple and a
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met hods di scl osed herein can be used to form nmesoporous filnms on
commercially available optical conponents (e.g., |enses, fibers,

i nt egr at edoaplokssal conponents, and 20 optical substrates Puaiusay3ghass
substrates for electronic displays). Mesoporous nmaterials are al so useful
for catalysis and in nolecular separations, and can be used in porous
menbr anes. EXAMPLES The invention is further described in the foll ow ng
exanpl es, tevmieniuurd(uommller 2vﬂ1itli nietl eixteenad bepkhesters (Watlow)etathicatrthelester i bed i n

the cl ai ns. m cal bl ock co oI nd non-io csurfatants
descri bedV Al e rﬁ?“éor% Elf"é{r}i VPRISLS FEB?S@%??%?ﬁeBSRE'?nj(.}m COMEASUR, NI) and
Al drich, ﬁﬁﬁlvd%@'ﬁ%nl#érﬁgveﬂsﬁorﬁ Qe @6r Mdth@Bked Unehgdss B teffilfahERAsed
Pl uronic(r) F127 COE)H yners, which are trirblock 30 copol yrmers incl uding

v

pol y( et hybeh&psxdede tngkibe oracedt.her side of a pol y(propyl ene oxi de)

ol gorieri o al K5t CuBRLETRY o PR e ok et AR RN B Ve o
obt ai ned ppipip MOu@JMPmlthééﬁﬂﬁﬁﬂgtﬁ@d m&%ﬁ%e rarﬂaa hiigéetinr es of

the copol yner tenplates are as follows: Pluronic(r) F127 C 12,600)
E0106PO70the Do gy, (28 .5% tp 67 60.CABEDGOsifepld s¢aomnil ’COBItII]g(tIl‘)le)78 c18 E020

(Al drich). Pol (rret cyrylic ac 000 d.f

Pol ysci ences. THEtY Q@’t"ﬁ?%&ﬁcﬁa’é‘#g t éns(jgfég@)'s %M\{\%ﬁ(&aﬁﬁig‘e %HPIFSm c acid
(PTSA) me@gzggf,ﬁte?@g ah 4RO MR SosIERH & 1P o FIRARRI® PRE7 RiRtRH AE from
Phar nto. tri et oxysi | ane MIES) and Bi s(triethoxysilyl)ethane

(BTESH) WEE©Sdhisapeneritical cambdredieside a¥§0°C anidaR Sdlas Ivshevahe prassnceehifai ned
wi t hout further purification. Carbon dioxide (Coleman grade) was obtained

from Mer r {haes soag eeflestions s 24 valnes b@éﬁe@éa 5°12n(W6h|§’épaCd’é$Sd?ﬁ 13d8Amat er was
used for 17165[&' n?%afqr};?‘ﬁt nﬁé%ﬁ%l § ﬁ{ﬁgk%%?({eg k§' lica filmfrom TECS A

silicon su eaned in a mxture of
ammoni um hydr oXhéRlurété® IF1 2B ebnvislite v as fiibn Ao OgERoRaRO¥dBisosite filmd bpar t s by

vol une), rinsed in deionized water, cleaned in a second solution of HCO,
dei oni zedheatmg the composite film in air from room temperature to 400°C over a period of 6

15  hours, maintaining the sample at 400°C in air for an additional 6 hours, and finally
cooling from 400°C to room temperature over 6 hours. Upon calcination of the
mesostructured film at 400°C for 6 hours, the XRD peaks shift to the right to higher
values of 20 or lower d spacings, indicating slight shrinkage in the film (see Figure 1
(top trace and top inset)). The intensity of the XRD peaks increases significantly due

20  to increased electron density contrast from the removal of the template and the
increased degree of polymerization of the silica network, also indicating that the
mesostructure of the films is thermally stable (up to at least 400°C). The XRD pattern
of the calcined film shows three sharp peaks between 26=0.5°-2.5° with d spacings of
102.3 A, 55.7A and 37.1A. '

25 The ordered nature of the film is evident in transmission electron microscopy
images (TEM) shown in Figure 2. The TEM images were taken on a JEOL 100CX
electron microscope operating at 100kV. The sample for the analysis was prepared by
scraping the mesoporous film off the Si wafer, grinding the film into small particles
and dispersing the particles onto a TEM grid using a slurry of particles in ethanol.

30 TEM images and corresponding Fourier diffractograms indicated the near 3-D cubic

structure of the calcined films. Figures 2(a) and 2(b) show the TEM images and the
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15 water and hydrogen peroxide (6:1:1 parts by volune) and then rinsed in
deionized water. Athin filmof Pluronic(r) F 127 was spin-cast on the

cl eaned swbiosossssubstrate using a four wei ght percent solpatriusn2/a714€t hanol
containing a small amount of p-toluene sulfonic acid (PTSA) and water.
After drying, the filmcontaining PTSA was approxinmately 1500 Angstrons
thick. The substrate with the spin-cast filmwas then 20 placed into a

hi gh- pr essurresporslag BourieT Hiffracogrims fovds 0@jomdt( i Lid imulddncemofoppdseadr st ai nl ess

nere pr eeoimid SRRERE B THM el Bid s S0 Ptk doep e bR . Phe ooe

and for iR MBShphhR fsfﬁéfabtﬁﬁu%%lhemaweqr it BRsépiRsd RaGtor . A
rupture disc assenbly, wth a pressure rating below that of the reactor,

was al so galasehfilmgn t he react or for 25 safety purposes. The tenperature in
t he reactor was nmi ntai ned constant using external band heaters (Watl ow).
The réactor was seal ed and the film was exposed to a specific amount (5
m cr ol i t eEsamslE 2t dlésapbroNd Siich oHin ﬂr(ﬁﬁﬂm_TECB) in hum di fied carbon

di oxi de at 50C and 122 bar for 2 hours using a high pressure syringe punp
(1SCO,  Inc) tASliceasubsitata @i Thdackr 155anelyiwag cépaaﬁg%lagnthetmwéur@t ure bath.

Th 30t tu th d
{ her mocoUiE BRI Plret it S B FLETy R SBlkEhE FBA ARl Rext er nal 1 y
nount ed t §BEAREOMAISO0 HIHF uSing aa 2%9%%&&6%8@% Hﬁ@&ﬂ%&ﬁﬁﬁnng £5paM at ure

controller, which used external band heaters AV\atIow to heat the outer
wal | $10 Thamewssof prtolness SUhfénlcgiICUlfﬂPQ' Sve anéwates ﬁﬁﬁbﬁﬁ@s the fdmessure. The

te fil th f
Che 11 msonindedd Sy RIbSIRITApE BOBb e, 2R AR AP B 1087 2
filmwas %B@dd&ﬁto&flhlgﬁ-@réayuré(réa@tbrdieﬁéﬁb%dtm BRafipBD) with a Phillip

PWB040- MPD di ffractonmeter using the Cu-Ka ray fromthe rotatlinog anode in
the 0-20 geonefh§repgior wagsegledgng thafilypwasexpesed toa 0.9 we dierisat 38 ng

time). Fi t t X-ray
Dffracti %Pnfg?iﬁgﬁ%gﬁ@ (gr(lrilé%)$t @ﬁégggil%?use%F%é%ﬂﬁ (rglu tataJhrl%ﬁlB egﬁllrrﬁ

Pl ur ord c(gyhnlg&?ﬁmpr(IS&E,dnw, tvhichboas Tt ained st pEACCusing £ ednstat bon di oxi de at
50C and 122.5 bar. hows the presence of three st{long refle |ons at 20
val tos. belmREHIGEBa & tr?ﬁca)ré*ﬁa&hwgi ol veRigd gnatmopphagic ey

addi tion to,MfehImeRE rnden004 H65 tREAKSor and weighed. The mass of the ﬁlm

increased by 112 percent following the reaction.

The composite film was characterized by X-ray diffraction using the Cu-Ka

20 ray from the rotating anode in the 6-26 geometry (0.02° step, 40 second counting
time). A sharp peak at a 26 of 0.68°, which corresponds to a d-spacing of 129.8
Angstroms, indicated a periodic structure had been produced (see Figure 3). The peak
was narrow with a half intensity width of less than 0.1°. The polymer template was
then removed by calcination using the procedure described in Example 1. The

25 calcined film was examined by XRD. After calcination, a contraction of the silica
network was observed as the primary XRD peak shifted to 0.74°, which corresponds
to a d-spacing of 119.3 Angstroms, as shown in Figure 3. The analysis revealed that
the contraction in this film was approximately 8.1 percent. By comparison, literature
reports describing coordinated self-assembly of TEOS-surfactant structures indicate a

30  contraction of 43 percent upon calcination as determined by XRD by measuring the
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The Pluronic(r) F127 tenplate was then renoved fromthe conposite filns by
heating the conposite filmin air fromroomtenperature to 400C over a

peri od ofw6 o3b%sshours, maintaining the sanple at 400C i n &cCm/(soz/3EmM
additional 6 hours, and finally cooling from400C to roomtenperature over
6 hours. Upon calcination of the nesostructured filmat 400C for 6 hours,
the XRD peaks shift to the right to higher values of 20 or |ower d

spaci ngs, mpytienaof thg 200ipghi ofthe mekesyaiciure (theGropdomt @beGhdmi. ddarer-113,(t op trace
and top i §t1) 5 %F(g@intensmy of the XRD peaks increases significantly due
20 to incre sé& é t) on density contrast fromthe renoval of the tenplate
and the i ncreapefhrdegd asmed ofihé iR iag atident fedm tharsishiigngéondr K, al so
indicating that the mnmesostructure of the filnms is thermally stable (up to
at | east mmaphm@mepﬂtr@ ér ihe samplg dorcthe analesds Was pretredysingthee sharp
peaks bet 20 7 1A, 25
The or der uc}'egc%?e%[ ﬁE’;‘(‘F &:ﬂ%%dll :ﬂ%vﬁ%géfﬁlcat%@téﬁé%@gg@geﬁl etlfe}gt(3 fﬁ%

m CrOSCO[Iymplalf@.msbe(eﬂ_EMSeﬁbd)mhbImd§bgh‘bﬂ’s ﬁhnsTm&erEMsidxa@aﬁdmﬂbmetﬁken on a
JEOL 1 OOCX electron mcroscope operating at 100kV, The sanple for the
anal ysi s ¥iadpeal marakplegy. Qramsyyity belﬂ’g wgf‘@ﬁ%&oaagarﬁll?l&%@ the Si wafer,
grindi ng I | df Ak he particles onto a
TEM gri d r?fgiclgmsr tﬁﬁr%f ﬁ% dgértl calgglgee? ene@e}?ﬂ‘é%})?@%ﬁd%aal&hi mages and
correspondl ng Fourier diffract ogr ans |nd| cated the near 3-D cubic

structure of the cal CI ned f | g, a 2(b) show the TEM i mages
and tHfe 3RG2 : idi ng Fouri er

diffract OgraA%&lsﬁealat d75[13ﬁL%< 75'19811.)494;%%11”(; cng 00 6 precubic

structure. The I rrages D patt’erns co sence of a
3- D cubi cdesestaia Braingle 1. h& tids filmfof B2 ®f 76 waspeh-sasBobtieaddaned Bilicomesophase
for the calcined filns. 5 Exanple 2. Mesoporous Silica Filmfrom TECS A
Silicon s&lulbstmf%ltl@ngiﬁﬁ Wiriedicont 3olytion Wcsthangheontainiagadmadiampunhef Pr ocedur e
descri be n. Ex f ur ’FSE}Q n cl eaned
silicon dtgh 5S¢ rlg lc a‘%d &maﬁl%m{%rng&% r%&’."ég’ gﬁlﬂé?é@%? ngp E)Vr?gl n

et hang Czﬁi@hﬁdulﬁhl&w BS®Aahdstrofh® tiitko uThe substpate ®J11h€the sitHchodilm veasi tHer{ PTSA) and

water. After drying, the film
placed info a high-pressure reactor which is similar to the one described in Example

0
R

1. The reactor was sealed and the Brij® 76 film was exposed to a specific amount
(five microliters) of tetraethylorthosilicate (TEOS) in humidified carbon dioxide at
40°C and 122 bar for 2 hours using a high pressure syringe pump (ISCO, Inc), which

20  was maintained at 40°C using a constant temperature bath. The inner temperature of
the reactor was measured using an inner thermocouple and was maintained to £2°C
using a combination of an externally mounted thermocouple and a temperature
controller, which used external band heaters (Watlow) to heat the outer walls of the
reactor. The reactor was then slowly vented to atmospheric pressure. The composite

25  film was then removed from the reactor and weighed. The mass of the film increased
by 157 percent following the reaction.

Figure 5 shows typical X-Ray Diffraction patterns for as-infused and calcined
silicate films using non-ionic Brij® 76 surfactant as the template. The XRD pattern
of the as-infused film that was infused with TEOS in supercritical CO, at 40°C and

30  122.5 bar has three sharp peaks between 20 values between 1° and 3°(one sharp peak
and two sharp shoulder peaks) corresponding to d spacings of 65.94, 62.7A and
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contai ni ng PTSA was neasured to be 8,095 Angstrons thick. The substrate was
then placed into a high-pressure reactor, described in Exanple 1. The
react or vwae is@adsed and the fil mwas exposed to a 0.01 wt . pogrusens778ol uti on
of TECS in humdified CO2 at 60C and 122 bar for 4 hours using a high
pressure 15 syringe punp (1SCO 1Inc), which was mai ntained at 60C using a
constant tenperature bath. The reactor was then slowy vented to

at nospheriZlf(ssFigee 5 Thastons tageosidtbettbin insatls Upessalcantiomdhé paalts t he r eact or

d i ghed. The. f the fil i d by 112 t foll ow th
Feact | on IiEsed ipEa v ST utidhen 2 SEEER oy B Rarmet Skt | on Usi ng
the Cu-Kasg @R 4%%@?&.&!&%@52 pgg tr@BOSIR fop iﬁ&%).orl@xm&ﬁ% of0. 02 step,

40 second counting tine). peak at a 20 of 0.68, I ch corresponds
to a d-spath tig wfinflizé] $d catnsdrsamp]esicanl be intdesedasped-Doltixagatal uct ur e had been

duced Fi : k i th I f intepsity width of
Peos. Enarmgrophssedibe sty X1 pBRG OB sstiseh ol s rrticd s Bt i on' usi ng
the proce@dpLarfdigg ty) dffhction RSB 8 31D hdbodll mdophLe Wifhi i s exani ned by

XRD. After calcination, a contraction of the silica network was observed

as the priaremgtensRE bk anhit1264, £6=0.052 (idari ol 1ca32).e 4 Perenicinationat d- spaci ng
of 119.3 trons, shown..in Fi gure The apal.ysis ealed that the
cont ract i@ﬂ’gﬁn{hleﬁ}@ ﬁﬁ?ﬁﬁ%@l&%tf%% {‘?ﬁé g?é %‘%f‘gg-ﬁﬁ‘eﬁ’tsa.‘i-@ conpari son,
literature reprydatcif@BHint RhdshatpRl ‘iiisiﬂgt’l?ﬁlsﬁﬁésimﬁﬁl%@ti’@i Mi&@bschp¥S- sur f act ant
structures indicate a 30 contraction of 43 percent upon calcination as

det er 19 ne(d"fHM)h XHB sayppiasdetiF EMgvern enadg41sing® t@@pm@m@d@m@s@ﬂxlammm
veror 1 15, Fieqies 08 gBE I Stopfot e T S0Y) TEBL IRt O AT Rl - 1as"ev! dent

fromthe meaphniesséwdt Abcthe P00 1Tiaad PRI pEnsHAMTheinkdt gl tiesdfigurbe sanpl e for

the anal ysis was prepared using the 5 procedure described in Exanple 1. The
i mage i noyeasdle eqrEssPeing i ysiep diffagtogramss Combining g 6RI2 paliempaloRE pr eser ved

in the "E&Rﬂg{eofﬁMfiHagﬁs' coﬁpﬂngppfh%%—ﬁ)hl& .ohgﬂn%gﬂﬁﬁ‘é%‘f% filgal 1 ndri cal
nmor phol ogy. alns w cylinder orientations parallel to and
per peradi cul ar to the plane of the inmage were evident in the mcrograph. 1o

Exanpl e 3. Mesoporous silica filmfrom TECS and Brij(r) 76
Example 4. Mesoporous Silica films from TEOS and Brij® 78

A Silicon substrate (1.75 inch x 1.75 inch) was cleaned using the procedure described
in Example 1. A thin film of Brij® 78 was spin-cast on the cleaned silicon substrate
using a five wt. percent solution in ethanol containing a small amount of p-toluene

20 sulfonic acid (PTSA) and water. After drying, the film containing PTSA was
approximately 1700 Angstroms thick. The substrate with the spin-cast film was then
placed into a high-pressure reactor, which is similar to the one described in Example
1. The reactor was sealed and the Brij® 78 film was exposed to a specific amount
(five microliters) of tetraethylorthosilicate in humidified carbon dioxide at 60°C and

25 122 bar for 2 hours using a high pressure syringe pump (ISCO, Inc). The high
pressure syringe pump (ISCO, Inc) was maintained at 60°C using a constant
temperature bath. The inner temperature of the reactor was measured using an inner
thermocouple and was maintained to £2°C using a combination of an externally
mounted thermocouple and a temperature controller, which used external band heaters

30 (Watlow) to heat the outer walls of the reactor. The reactor was then slowly vented to
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A Silicon substrate (1.75 inch x 1.75 inch) was cl eaned using the procedure
described in Exanple 1. Athin filmof Brij(r) 76 was spin-cast on the

cl eaned swbiogosss4substrate using a five w. percent sol utipem/uisaz/gt7manol
containing a small amount of p- toluene sulfonic acid (PTSA) and water.
After drying, the filmcontaining PTSA was 15 approxi mately 1500 Angstrons
thick. The substrate with the spin-cast filmwas then placed into a

hi gh- pr esstumepheeiaan@suremﬂhe homposterfilinarasttben remoore fivvestheirbatbriand Exanpl e 1.

The reactor, eal ed e. Brij(r) .7 il mwas exposed to a specific
amount (‘fVF‘\g eo‘PPStSé’?g') ‘%W{“é{eﬁggt‘%%’y]i r{IP\‘?S%‘?% cate (TEOS) in hunidified
carbon di oxi demghre Féovanke XRD perd O the c&ﬁ?&sﬁteqﬁm%eﬂlﬂﬂlﬁbn pitRssur e

syringe punp ( Inc), which 20 was nai ntai ned at 40C using a constant
t enper at uTEOBat humidifed mpercrﬂtleaﬂmartmnuﬂn@ﬂdﬁ at GORE andd 22 bar. idwe XRAsur ed usi ng

an inner therno | e nt a n nbi nat .on of an
ext Ier el IVWHU?@B%%‘H%?R’B@@%& I niési i:tlf%}lrrg§I E[g‘ﬁWIpétlFe i ch used
ext er nal ﬁ@@glm@decroﬁlﬁyﬁé fiMhatl RadBdisel bﬁ‘thOPE@S iN@lpeforitfcat dabonr €actor. The

reactor was then slowy vented to atnospheric pressure. The conposite 25
filmwas ﬂlbmderaeﬁmfﬂam&mr’uar has foeashagr peaksl (ot sldvel in Hilgererbdie tothet he fil m

i ncreased 157 rcent followng the r t.i on.. Fi_gure ws typical

X Fay DI f FRRAGTEPBRCOBFROADE ST al arid- 04%4 ned SRR+ e

usi ng ”0”add@t‘iﬁxﬁo%‘tl&dr(v&e)akgr@eﬁé&lfoﬁgt ant as the tenplate. The XRD pattern of
the as-infused filmthat was infused with TECS in supercritical CO2 at 40C

and 3m 122.5 b#he ¢traspaskie é@mn@np@mdb@tnmtbﬁpmeWb dessribed ileen 1  and

3 h h dj d
of 65, oA RIHA 53 S0 B AR 6B B A B UREBP 5 58 SRR absgure s "
(bot t om t (e shoinlFakire 18 dud $@the)scalblp Othe GadtY totddshoding hied pRRiags of Ncrease in

intensity azg shift to hi %her 20 val ues correspondi ng to d spacings of
58. 6A, 455%AAand 292A1in adiitign e other wesker reflestionsd Tihﬁﬁ pReaks in thq%R?éRD

57D hexagbrisrr el He sSfy B8 Mip9RAp 3064 SR TED, AR 20388 (M) 03T T my was
i ndex exl a&fﬂriﬁoﬁb@ﬁlas of a(oﬂﬁﬁ)mmﬂha(s& 122%1 Odii3t&f)r aht XRD pealdsf die alcthed hexagonal
7 ach. o325 Hleie e ARCHAQ OrORD reltiens PFkodiG BeaPrENRBTREA) dABHcont r act s
(a=59. 7A 9@9&%’ &(%) SHow ‘f’éﬁl’&na@as of a calcined film that was infused at 50°C and 122
bar. The sample for the TEM was prepared using the procedure described in Example
1. The TEM images show the cubic mesophase along the [100] and [111] directions.
20

Example 5. Mesoporous Organosilicate films from mixtures of TEOS and

methyltriethoxysilane (MTES)

A Silicon substrate (1.75 inch x 1.75 inch) was cleaned using the procedure

described in Example 1. A thin film of Brij® 78 was spin-cast on the cleaned silicon

25  substrate using a five wt. percent solution in ethanol containing a small amount of p-
toluene sulfonic acid (PTSA) and water. After drying, the film containing PTSA was
approximately 1700 Angstroms thick. The substrate with the spin-cast film was then
placed into a high-pressure reactor, which is similar to the one described in Example
1. The reactor was sealed and the Brij® 78 film was exposed to a specific amount

30  (five microliters) of a (1:3 by weight) mixture of TEOS and methyltriethoxysilane in
humidified carbon dioxide at 60°C and 122 bar for 2 hours using a high pressure
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The cal cined filmwas anal yzed using Transm ssion Electron M croscopy 10
(TEM. The sanples for TEM were made using the procedure described in
Exanpl e Wo oBjogasnes 6(a) and 6(b) respectively show TEM i magasons7ehe 3-D
hexagonal nesophase viewed al ong the [001] and [011] zone axis. The inset
of these figures shows the corresponding Fourier diffractograns. Conbi ning
the XRD patterns along with the TEMinages confirned the 3-D hexagonal

mes ophas esyingt pempi(ISfe0, 1h6). ERtwripglep#ssunesioinge oumpSI3GQant) Was from TECS and
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The or bcoamuea SDRCHSRE b sl Rac it tath TRy Rt P ERRTS So B
Spi n- cast Qfof anﬁﬁegﬁ?&pus‘i\'ﬁ élpﬁlﬂerstHQ*ﬁ{d'céﬁﬁe ah@bv'ﬂgnﬁurftélﬁgd 1200815
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was maintained to 2C using _a conbination _of an exter naII nount ed
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infused film was indexed as the (100) reflection, while the sharp peak for the calcined

film was indexed as the (100) reflection of the 2D hexagonal mesophase.

20 Example 6. Mesoporous Organosilicate films from mixtures of TEOS and

methyltriethoxysilane (MTES)

A Silicon substrate (1.75 inch x 1.75 inch) was cleaned using the procedure
described in Example 1. A thin film of Brij® 78 was spin-cast on the cleaned silicon
substrate using a five wt. percent solution in ethanol containing a small amount of p-

25  toluene sulfonic acid (PTSA) and water. After drying, the film containing PTSA was
approximately 1700 Angstroms thick. The substrate with the spin-cast film was then
placed into a high-presshre reactor, which is similar to the one described in Example
1. The reactor was sealed and the Brij® 78 film was exposed to a specific amount
(five microliters) of a (1:1 by weight) mixture of TEOS and methyltriethoxysilane in

30  humidified carbon dioxide at 60°C and 122 bar for 2 hours using a high pressure

syringe pump (ISCO, Inc). The high pressure syringe pump (ISCO, Inc) was
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scale of the plot) corresponding to d spacings of 71.3A, 49.9A 37A and
24.9A, in addition to other weaker reflections. 10 The conposite film was
t hen cal cwoad/owusiung t he procedure described in Exanpl e 1rPCThmsoXRD4pattern
of the calcined filmshows two extrenely sharp peaks -(not shown in Figure
8 due to the scale of the plot) corresponding to d spacings of 58.7A and
29.9A in addition to other weaker reflections. The sharp peaks in the XRD
pattern omainfgnait 60TCIasidg &icbfistaasermpuaedatio Theen(drtGhpere@OOYf thé 220) and
(400) 15 diffraction peaks of a cubic rres? hase (a=101.3A). The XRD peaks
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nmesophase = i .rﬂﬁé} cined film
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descr 1bedeampasite fifih ¢hat was Hesadewith af1:hhx weightarixiwg of MTES ppd FEOSJ8 fi | m was

exposed to.a s iLfic anpun (S AR j croli f ;3 wei ght)
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60C and 1gedkl¥af a & Spactg T H4A . UBHITURD pattein dFfiiessabeesild/af o cAR{d&840

PCT/ US02/ 37744 syringe punp (1 SCO Incé. The hi gh pressure syringe punp
4t

(1SCO, | nesingiths prapgilvre sliesrsiped in Epamplsil shows & spilapf stianggefleptignefosgt h. The
inner te [ t i N nocoupl e
and vas: OLAREY Sei 1A S8 24ATRS! Qou bR FIERRL IR Ui, B TERF RSB
t her mpc oughle @ aleii@dd sarhplenaes sHowrein@igire ¢l (apand B (WhiTEMusegdessofttbe ceddindaand
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sample indicates a 2D hexagonal disordered mesophase for the sample. The Bragg

peak for the as-infused film was indexed as the (100) reflection, while the Bragg

peaks for the calcined film was indexed as the (100) and (200) reflections of the 2D

. hexagonal disordered mesophase.

20

Example 7. Mesoporous Organosilicate films from mixtures of TEOS and

methyltriethoxysilane (MTES)

A Silicon substrate (1.75 inch x 1.75 inch) was cleaned using the procedure
described in Example 1. A thin film of Brij® 78 was spin-cast on the cleaned silicon
25  substrate using a five wt. percent solution in ethanol containing a small amount of p-
toluene sulfonic acid (PTSA) and water. After drying, the film containing PTSA was
approximately 1700 Angstroms thick. The substrate with the spin-cast film was then
placed into a high-pressure reactor, which is similar to the one described in Example

1. The reactor was sealed and the Brij® 78 film was exposed to a specific amount
30  (five microliters) of a (3:1 by weight) mixture of TEOS and methyltriethoxysilane in

humidified carbon dioxide at 60°C and 122 bar for 2 hours using a high pressure
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reactor was then slowy vented to atnospheric pressure. The conposite film
was then renoved fromthe reactor and wei ghed. The mass of the film

i ncr easedwbyw3b#8B40 percent. Figure 7 shows the XRD patternpofi/ushe3Tenposite
filmafter infusion, while the 10 XRD pattern of the sane filmafter
calcination is shown in Figure 8. The XRD pattern of the as-infused film
that was infused with a (1:3) mxture of MIES and TEGOS in supercritical
car bon di 9xinge pahp GBCQdoc)l ZLhelidgh prassure Hiringé push ASC@Pdak) wasor r espondi ng t o
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Pexagohal hEbsaraeiaded Hrrs (WARNEBySRote Selt sl ihe SRttt The 11 om
m xtures Qb (JECR @Bd slow b‘éﬂt&lf {oettRBhetit BREsUMTER) coinpdisttt &R wildpsdar at e

(1.75 inch x 1.75 inch) was cl eaned using the procedure described in
Exanpl e lremavehfromfthe neagtfor Bnd jMeighed.8Themmasspifithe ik ingreasérkbycl@ahed silicon
substrate using a five w. percent solution in ethanol containing a small
anount of PP°D5 t ol uene sul fonic acid (PTSA) and water. After drying, the
fil m containi nEgfESAHERE thaRRIDOAHERE 6f tie d0ifosite giin 20186 irlfliek whileehess ubst r at e
with the spin-cast filmwas then | aced into a high-pressure reactor,

whi ch1@ s X P%ﬁem@tb%@%ﬁlf@ég@ﬁqa&é@mﬁ1ﬂ§bﬁﬁﬁlléFlwf6 h&oFt@&ct or was seal ed

and the Brj ' N e (.

mcr ol ¢yt ity jid Mgt BT GRRRES 7, B PERRLEATRHITES TS i1 ane
i n 30 hunindivmigdict 3iMbon dibxids AG02C afd B, the XRIapatiedtis of thow-mfusedng a hi gh
pressure syringe punp (1SCO,_1Inc). The hiﬁg&npressu‘re,syri ngg_ppurrp (1 SCO

I nc) was SBWAR Wkchedder meak faod smpingsf 48sint @n peeinaios e ng a const ant
tenperatu | 1 Or W red using
an inner %ﬁgg?n%f(}gﬁgggmgﬁQ%ﬁé%?%@é%@é& ggkggtl%@g%hgog%ﬁgg@ gn of an
ext er mal | presamgadLalsdlbevenioslannpded pasidindichiespdisatderel mesvphadel er,  whi ch used
external band heaters (Watlow) to heat the outer walls of the reactor. The

Example §. Silica Mesoporous Film from TEOS

A high resistance 100pm-thick (100) silicon substrate (1 cm x 1 cm) obtained

from International Wafer Service was cleaned using the procedure described in

20  Example 1. Thin films of Pluronic® F127 were spin-cast on cleaned silicon
substrates at 1500 rpm using 12.5 wt. percent solution in ethanol containing a small
amount of p-toluene sulfonic acid (PTSA) and water. After drying, the film
containing PTSA was measured to be 8095 Angstroms thick. The film was then
placed into high-pressure stainless steel tubular reactor (High-Pressure Equipment)

25  sealed with a stainless steel end plug at one end and a needle valve at the other end.
The reactor was sealed and the film was exposed to a 0.095 wt. percent solution of
TEOS in humidified CO; at 40°C and 122 bar for 2 hours using a high pressure
syringe pump (ISCO, Inc) that was maintained at 40°C using a constant temperature
bath. The temperature of the reactor was kept constant by immersing the reactor

30  vessel in a circulating constant temperature water bath. The reactor was then slowly

vented to atmospheric pressure. The polymer template was then removed by
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5 reactor was then slowy vented to atnospheric pressure. The conposite
filmwas then renoved fromthe reactor and wei ghed. The nmass of the film
i ncr easedwioy3bhiB4percent. Figure 7 shows the XRD patt ernpoff/usSo®3Tanposi t e
filmafter infusion, while the XRD pattern of the sanme filmafter
calcination is shown in Figure 8 For the 10 conposite filmthat was
infused with a (1:1 by weight) m xture of MIES and TECS in humdified
carbon di eMéiggticatusGpChaprcddize Bescribecim Bdapial t &he fith ows charatterized peak for
a d spacing of 54A. Th XRD patter e sa fllmafter cal cination
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cl eaned sjlof £ suf?é etk Bbth méls@g(%cfahygw\eﬁa emewclahg@ dhde®d i n et hanol
cont ai ning a snal nmount of p toluene sulffonic acid (PTSA) and water.

Af t er 1dr yvalge (20he0 58t )widonpeiknividth STRSA2NaThis apprespohdstoal d/sphdi@ ofingst r ons
thick. The substrate with the_ spin-cast filmwas t£I n_ placed into a

hi gh- pr es% nggigaiso No lmlpqmrqlegpgill?ﬁw%{p opgeryqsendhie géécri bed in Exanple 1.
The reactor was sealed and the Brij(r) 78 filmwas exposed to a specific
ampunt 30 (five mcroliters) of a (3:1 by weight) m xture of TECS and

met hyl t r i Exdroplg9i IMesoponous Bidiied diofi ®BridgedoSitsestiudociade PetcuBOC and 122 bar for

2 h hi.gh 39 WD 03/.045840 PCT/ USQ2/ 3774
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60C Ug{ NO42ARAFH IR P K il 08 3 STREEHEE Rl

silicon substrate using the solution described in Example 1. After drying, the film

containing PTSA was approximately 1500 Angstroms thick. The substrate with the
spin-cast film was then placed into a high-pressure reactor, as described in Example 1.
The reactor was sealed and the film was exposed to a specific amount (10 microliters)

20 of a bridged silsesquioxane, bis(triethoxysilyl)ethane (BTESE) in humidified carbon
dioxide at 60°C and 122 bar for 2 hours using a high pressure syringe pump (ISCO,
Inc) that was maintained at 60°C using a constant temperature bath. The reactor was
then slowly vented to atmospheric pressure. The composite film was then removed
from the reactor and weighed. The mass of the film increased by 225 percent

25  following the reaction.

The XRD pattern of the as-infused composite film has sharp reflections
corresponding to d spacings of 131.9A, 73.6A and 50.2A, as shown in Figure 14
(bottom trace and bottom inset trace). Upon calcination using the procedure
described in Example 1, the XRD pattern showed sharp reflections at higher values of

30 20 or smaller d spacings of 102.7A, 53.5A and 36.2A (see Figure 14 (top trace and

top inset trace)). The sharp reflections of the as-infused composite film was indexed
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reactor was neasured using an inner thernocouple and was nmaintained to 2C
using a conbination of an externally nounted thernocouple and a tenperature
control | ewp o3/0vdskch used external band heaters (Watl ow) t eclwamb2/sires out er
wal |'s of the reactor. The reactor was then slowy vented to atnospheric
pressure. The conposite filmwas then renoved fromthe reactor and

wei ghed. The mass of the filmincreased by 162.5 percent. Figure 7 shows

t he XRD pwtthe(Oﬂsz(ZO(D)eandJ(riﬁé)sﬁeﬂectfdnls of a2Desenterddusttongulavrtay of he 10 XRD
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TECS A hi gbceﬁ@featraagfguwaffaybfcﬂlddéﬁ()) silicon substrate (L cmx 1 cm

obtained from International Wafer Service was cleaned using the procedure

described in 20 Exanple 1. Thin films of Pluronic(r) F127 were spin-cast on
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wat er. Af {MTES) mdMEOShe film contai ni ng PTSA was neasur ed to be 8095
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humidified carbon dioxide at 60°C and 122 bar for 2 hours using a high pressure

syringe pump (ISCO, Inc) that was maintained at 60°C using a constant temperature
bath. The reactor was then slowly vented to atmospheric pressure. The composite

20 film was then removed from the reactor and weighed. The mass of the film increased
by 125 percent following the reaction.

The template was removed and the residual silanols in the film were capped
by reaction with hexamethydisilazane (HMDS). The resulting film had a dielectric
constant of 2.11 and a hardness of 0.75 GPa. Scanning Electron Microscopy was

25  performed on a cross section of the sample using. Figure 16 shows a cross-sectional

SEM image of the sample, and illustrates the porous nature of the film.

Example 11. Using a Cold-Wall Reactor

A silicon substrate is cleaned using the procedure described in Example 1. A
30 thin film of Pluronic® F127 is spin-cast onto the substrate at 1500 rpm using a 12.5

wt. percent solution in ethanol containing a small amount of p-toluene sulfonic acid
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using Small Angle X-ray Scattering (SAXS) after the infusion and again
after the calcination process. Figures 12(a) and 12(b) show snapshots of
SAXS pr ofwbas/oedst@i ned for the as- 5 infused and cal ci nedPirluse2/81744 he
transm ssion node with normal beam geonetry configuration (i.e., with the
i nci dent beam nornmal to the sanple surface). Referring to Figure 13, which
shows the integrated SAXS profile as a function of 20, no shift in the
primary p@disA)asd ohser Thesubstratads BAXBlacedigdg a highipragsiregceld vadint raction in

the inorganic gilica network. Both the SAXS.scan ive a.peak at nearly
Lhe sane. e, haree 26 Cairuaay of G SipoS BRR IR s Bt Congeib pors, Pk
cor r espongdsashAng tfnpePAeid Phessire 2o RESEORE CAYunlirédiRAts Ahd@dr peaks were
observed I n the SAXS. Exanple 9. Mesoporous Silica froma Bridged

Si | sesqui exasdionrte safetyoreligt devices oFhesghrier alsecqntainsa resisHvsly heated | nch) was

cl eaned using, the procedure . 15 descri i-n Exanple. 1. A thin film of

Pl ur ort c(ﬁiﬁgeghitﬁpﬁ%gs tgf)FW@S‘s?h%ﬁen{p}%ﬁ%gé)gnﬂjeed“aggicla{l(?Sﬁo%tﬁodgefl rate using the
sol uti on jdassniBRE dfMhéeasit walls. PHd resctel iy séided Gy 4 hletdl se0Fihgland ng PTSA
was approxi nately 1500 Angstrons thick. The substrate with the spin-cast
filmwas tha@hrphia®eftim eantaining ithyrcagal kst g anacaled ot waat supsraisiserCBe® i n Exanpl e

1. The reactor s seal,ed and the fil,mwas e sed t peci fic anmount
(10 micr o‘frPP’@?es‘3r\é,a 15 h‘eBref‘acbsgétos? bg &}uﬁ’%&e&ﬁg(?luﬁ%?ﬁﬁgﬁ%xysi | yl ) et hane
(BTESE) i gurhidifiedi CO£&t goac had 124bafoflevoationdd) Crigg@adidPwhid tenfgetatdreliour s usi ng
a high pressure syri n&e@fgurrp (I'SCO,  Inc) that was maintained at 60C using
a contt anmaingainnasal 607 angthe stagp tempesauiss thes raisele 120wWigr apaddidignaly

at nospherq ¢ p . i i . V. m.t he reactor
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shown i n 15340 EOTYrOOMYSTPEIH I ?p‘g(%gﬁd’vgb‘l‘ PR #sﬁzlrow%&%t M Ypon cal ci nati on
usi ng th%&{n&%ﬁﬂggﬁeesaﬂﬁymfe@ﬁt k? JF%5@8MbBalk hdupe XRD pattern showed sharp

g
reflections a r values of 30 20 or smaller d spacings of 102.7A,
53. 5A1:nd 36. 2A (see Figure 14 (top trace and top inset trace)). The sharp
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A silicon substrate is cleaned using the procedure described in Example 1. A

thin film of Pluronic® F127 is spin-cast onto the substrate at 1500 rpm using a 12.5
wt. percent solution in ethanol containing a small amount of p-toluene sulfonic acid
20 (PTSA) and water. The substrate is then placed onto the heated stage in the high-
pressure, cold wall reactor described in Example 4. The reactor is sealed using a
metal seal ring. The stage is heated to 120°C and the wall of the reactor is maintained
at 50°C. The substrate-supported Pluronic® film containing the catalyst is then
exposed to a 0.03 wt. percent solution of TEOS in humidified CO, for one hour. The
25  reactor is then slowly vented to atmospheric pressure and the composite film is
removed from the oven. The polymer template is then removed by calcination in an
oven by heating from room temperature to 400°C over a period of 6 hours and then

maintaining the sample at 400°C for an additional 6 hours.

30 Example 13. Using a Cold-Wall Reactor in which the Template i1s Removed In-Situ

A silicon substrate is cleaned using the procedure described in Example 1. A

thin film of Pluronic® F127 is spin-cast onto the substrate at 1500 rpm using a 12.5
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to the (002), (200), and (204) reflections of a 2D centered rectangul ar
array of cylinders (a=146. 6A, c=264A, c/a=1.8). The Bragg peaks for the
cal ci ned Wwolosoy#sne® i ndexed as the (002), (200) and (204) pcafusezsi7ens of a
2D centered rectangular array of cylinders (a=109A, c=205A, c/a=1.88).
Referring to Figure 15(a) and 15(b), TEM 5 inmages of the cal cined sanple
and the correspondi ng Fourier diffractogranms show the 2D centered

r ect angul at. parceatysobftiooyh ethdeslson@xungh emald ampasted priolenSsulfanic &id m from a

M xture o thyltriet i | ane MIES) , and .JEOS, 10 A l.ow resji stivit
S 11 con oISy e el B85 et gs s blacks SRS A SR as i My FBke ot betaur o
descri bedplegkufx a1l valllreaddof ddsBrisdd iRBxampiecd I ThdrkadtoMBSc A8 Bsig@gt on the

cleaned silicon substrate using the solution described in Exanple 1. After
drying, timetal $dal rmg amd thie Flurgnie®SAnnesntaipmedle ertalpstys @@osediogdt 0wt t hi ck.

The substrate with t i.n-cast. fil J hen ced intq a high-pressure
reactot, B C"d‘éé@f‘?%ﬂgﬁagén@mﬁgd 5{82%20 r@%ﬂ:dt ﬁjrﬂ?ﬁégorstgaﬁﬁarsaﬂg‘et he film
was exposgfbd @mpedRRE islthén AMRERE 460°C toFbmbR !hTe%BE{}ne?ftqrﬁplﬁt%E Fnby weight)

m xture of nethyltriethoxysilane and TECS in um di fied carbon di oxi de at
60C and 1zactpmis thewslowlhyoignted (ig emepspheniggressiesssur e syringe punp (1SCO, | nc)
that was mai ntained at 60C using a constant tenperature bath. The reactor
was then slowy vented to atnospheric pressure. The conposite 20 fil mwas
then renoEgdnile 9m Ukihgl260610 ONaldREadtEr ifltch th Teipiite i9Retlvred Id-pitu ficr eased
by 125 percent follow ng the reaction. The tenplate was renoved and the
resi difal &TwandenPiogesshe fil m were capped by reaction with

hexanet hydi si | ﬁﬂg@?} ; ! i Bedi L ¢ aAconstant
of 2.11 and a ﬁé?gﬁgés 0 § s§%%$§%ﬂgcdéﬁ f(%géltg}?ggété?g% Igleéc)%gﬁé{l:%gy was 25
per f or medth@infikn 6f Piforfe® il 2T istdpiri-test smophesubstratg at FOgupd uktgdidg a

cross-sectional SEMinage of the sanple, and illustrates the porous nature
of the fiWVPergaiselusionin ehanelgogtaiminga spll ameypt e p-taluene selimicidt rate i s
cl eaned u T'%Bt c L j i film of

Pl ur oni c(@) fggl“galiés%p?ﬂg(g:lgogg g%g% g{%ﬁ %édcgﬁgg@@% geaéetd %ﬁgg%eml sing a 12.5
W . peF ceprlessaipd, edidowall rraetdbhdmaleddo xampiedy Bhesneadtor ianenlied usiig patetll uene

sul fonic acid 42 WD _03/045840 PCT/ US02/ 37744
seal ring and the Pluronic® film containing the catalyst is exposed to a 0.03 wt.

percent solution of TEOS, in humidified CO; at 60°C and 124 bar for two hours. The

reactor is then vented and purged with CO,. The reactor is then filled with a mixture
of a trace amount of oxygen in CO; and heated to 60°C. The stage temperature is
20 then raised to 400°C to decompose the polymer template. The reactor is then slowly

vented to atmospheric pressure.

Example 15. Using a Cold-Wall Reactor in which the Template is Removed In-Situ

and a Porous Substrate is Modified by Chemical Reaction

25 A silicon substrate is cleaned using the procedure described in Example 1. A
thin film of Pluronic® F127 is spin-cast onto the substrate at 1500 rpm using a 12.5
wt. percent solution in ethanol containing a small amount of p-toluene sulfonic acid
(PTSA) and water. The substrate is then placed onto the heated stage in the high-
pressure, cold wall reactor described in Example 4. The reactor is sealed using a

30 metal seal ring and the Pluronic® film containing the catalyst is exposed to a 0.03 wt.

percent solution of TEOS, in humidified CO; at 60°C and 124 bar for two hours. The
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(PTSA) and water. The substrate is then placed into a high-pressure, cold
wal | reactor. The reactor is constructed of two opposing blind hubs that
cont ai n pwotos/o#ssr0 neasuring tenperature and pressure, forcrnmesssnsi ng CO2
and reagents and for connection to safety relief devices. The reactor also
contains a resistively heated 5 stage that supports the sanple. The
tenperature of the stage can be controlled mdependently of the reactor
wal | s. Thsiageetatrmonatlirs issthent maised 30 AG0°4 teulearads g palymer tamdlate:. HeP| ur oni c(r)

filmconta| e ca n d in t ercritical CO2 to

pr onot e of& §ﬁf’f"1 p“r%‘ﬁgw}/t@?éjdsaggn? S?%\g%ds %01\/\5? & aﬁkfkpé\rﬁd%tbqn Ot%l on of TECS in
hum di fi eCIgRiet aflQCoOaRAntedhcb@intd e réaBortadribe teﬂp@raﬁlﬁa@d@fse&\/&i |
tenperature is 10 mai ntai ned at 60C and the stage tenperature is then

rai sed tol@¥6c Fhereagtiondenidersshaporesiface hydeophehicr dmeireactasanthen Jaly vent ed
to at ?spo&qé({:topaglgwggc {l;gs&n?e conposite filmis renoved. The pol yner
tenplate IS Tenov cination in an oven by heating fromroom
tenperature to 400C over a period of 6 hours and then nmaintaining the
sanpl e at 4OOC for an addltl onal 6 hours 15 Exanple 12. Using a Col d-Vall
React or #Bplg 16y Ustgabiftsrent demplate Schedul e A silicon substrate is

cl eaned usi ng i %ﬂqﬂg 1. il mof

Pl uronic(r) Fl%ﬂfﬁﬁﬁﬁﬁqgggﬁﬁsﬁﬁgbglIJrEEt ra lg latAt%éno%llﬁk gfn% using a 12.5
wt. per cepd)lysmienmbhmkmmlymmamrel oxddrndoad lymey havisgalcbrrmnmum thaf yiplds ol uene

sul fonic a P’ nd The substrate is th d onto the
ant o0 ot Shetied] dofpains; ok oS AdfcE an S sineian] € glepst bR FREREE . Bxam e
4. The re@shof sdlftion@dhthils h BaR amdBAAIf pSRflent lsmomJ E@d &tm@ dnd heated to
120C and the wall of the reactor is maintained at C.

subst r at ewsigp p@ﬁ@recuymguﬂl@ hile(is )tqualemat@mmqmtn@ atbhée thﬁtnaﬂl?@ paigt afhen
exposed t 3w ent sol t| h for one
hour . Theﬁlfgjﬁjg%lflam ise rélﬁStsen af/:evlenrtl (f]ug[%% Surel%gaet?ljlsgﬁlg%et%te and the

conposi t edésctibed is Exagiphy BAThe fwttbhe sealedandthe el iy BEgost®d @1 Pericentt hen
removed by calcination in an h%? heat i ng from room tenperature to 400C

over a5 pepeledongf MTE&’F@W@HHﬁ?%@Qﬁ I"framdrizadar s et dhareastisds f or an
addi ti ona heﬁ f&%g%glt%@to?f @n&?ﬁresgﬁhnghgsﬁﬁg&lt\éﬂﬂn Fggne odeﬁ whi ch the

Tenpl ate I's I con su teisc u5|ng t he
pr ocedur efidmsthe rdaetdr.i 'ﬂhdixdymleleteﬂnpla@e istthémrehidvid by cBlcinater a(40)°Ei2ah i s

spi n-cast onto the substrate at 1500 rpmusing a 12.5
oven.

20  Example 17. Porous Silicate Films Produced Using Homopolymer Template with

Inherent Acidic Groups

A Silicon substrate (1.75 inch x 1.75 inch) was cleaned using the procedure
described in Example 1. A thin film of poly(methacrylic acid) was then spin-cast
using a five wt. percent solution of poly(methacrylic acid) in water. After drying, a

25  thin film of poly(methacrylic acid) was ~1700 Angstroms thick. The substrate with
the spin-cast film was then placed into a high-pressure reactor, as described in
Example 1. The reactor was sealed and the film was exposed to a specific amount
(10ul) of TEOS in humidified carbon dioxide at 60°C and 122 bar for 2 hours using a
high pressure syringe pump (ISCO, Inc) that was maintained at 60°C using a constant

30 temperature bath. The reactor was then slowly vented to atmospheric pressure. The
composite film was then removed from the reactor and weighed. The mass of the film

increased by 166 percent following the reaction. The composite film was then placed
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43 WD 03/ 045840 PCT/ US02/ 37744 w . percent solution in ethanol containing
a small anount of p-toluene sulfonic acid (PTSA) and water. The substrate
is then pveosd4ssmi 0 t he heated stage in the high- pressurecTtashzzwad |
reactor described in Exanple 4. The reactor is sealed using a netal seal
ring and the Pluronic(r) filmecontaining the catalyst is exposed to a 0.03
w. 5 percent solution of TEGCS, in humdified CO2 at 60C and 124 bar for
two hour sin aflen aidE@en taloea at A00RCiis air eingtied prétedude dE0fbédinBxampe: t he
pol ymer tenplate. The reactor is then slowmy vented to atnospheric
pr essur e. 1 Bader te ramove b pglymecitineplatg) ThRealeingd samplanyas thanidalygedhl ate i s
Renmoved | n-situ. i - St ep X frh rat.e d eaned
RiRottihie s SprdBactRPaipREran, (vase) o MiRs ifel e

using the™] m of uronic(r)
F127 is spi3oseaskirail ond Hefedhvd ﬁm@éﬁﬁp@bfﬁﬁ@. Mherefadige tdkR oBthewt . per cent
solution in ethanol containing a small anount of p-toluene sulfonic acid
(PTSA)5 anuiloimtdefilm iFmeuchubsstthat thai of fumed sihica Ged . 4Ntindicdimgtbapardsiiiige in t he

hi gh 15 pressure,. co]d | | reactor detailed iin Exanple 4. The reactor is
seal ed usti’f’léﬁ atﬁé"thgldueéﬁe mﬁﬂﬁleh’ﬁlﬁryﬁﬁé‘:]ﬁ# f??’b‘ﬂigs-( r) filmcontaining the
catalyst is exposed to a 0.03 wt. percent solution of TECS, in humdified

CO2 at 60C and 124 bar for two hours. The reactor is then vented and
pur ged wi Exangdp 18 TRerous Silicate Hikng Preduded (Using Block Copelvmendemplate with r ace

anount of  oxyge n X Sand heated to 60C. The stage tenperature is 20 then
rai sed tol—"ﬁgé%—'&ﬁﬁﬂse_the pol ymer tenplate. The reactor is then
sl owl y vent eda tsplicdhRBARES (107 P0ES £ UIB- inERagplegnclifusingthd frodedugt d- VI |
Reactor in which the Tenplate is Renbved In-Situ and a Porous Substrate is

Modi fi ed depcrihedrin Examplealct A dhin Sim af pply(strane)diedk-pelu(aceyliglagidhsdhensi ng t he
procedure_described i n Examnple. I AL m Le(): 27 is

spi n- castSpbrﬁf%St trees Sglélgré gt‘ e g‘%’gaﬂfééil‘;reg{m%‘fé‘%rﬁg}l gg’ltg13 g& b%\%a {% ‘%?ahrt@ént sol ution
i n et hanodpigemt ilMiidthen phided Intaahightpredsure-readtorg aedesutifedrin Examplt 1.( PTSA) and
wat er. The substrate is then placed onto the heated stigﬁfe in the high-

pr essur e, Theteactapisisealed andihe fdmds poged (9 aSpasHHc empuntief Bror is sealed
usi ng 8al . il : | i Lkhfag the catal yst
'S oxpos el A b0l Mol K PRI ko eion) BUBLED, 0% at
60C and 1@4cthartirhounsihgw highypressurBtsgringe pump (ISCO, Inc). The reactor is then

slowly vented to atmospheric pressure. The composite film is then removed from the

U

reactor and calcined using the procedure described in Example 1 to remove the
polymer template to yield a porous silicate film.
20

Example 19. Using a Patterned Block Copolymer Template

A silicon wafer is cleaned as described in Example 1. A thin film of a
polystyrene-block-polyethylene oxide copolymer having a composition that yields
spherical domains of PS in a PEO matrix is spin-cast onto cleaned silicon substrates

25  from a solution containing a small amount of p-toluene sulfonic acid (PTSA) and
water. After drying, the film is annealed at a temperature above the melting point of
the PEO domain. A suitable lithographic mask is placed onto the substrate supported
block copolymer film. The film and mask are then exposed to ultraviolet radiation.
The mask is removed and the low molecular decomposition products are extracted

30 from the polymer films by solvent washing. The patterned film is then placed into a
high-pressure reactor similar to that described in Example 1. The reactor is sealed and

the film is exposed to a 0.1 percent solution of TEOS in humidified CO; at 60°C and
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44 WO 03/ 045840 PCT/ US02/ 37744 stage tenperature is then raised to 400C to
degrade the polyner tenplate. The reactor is then purged wth CO2 and the
stage i s woaBmasst® 60C. A solution of (CH3)3Sid and CO2pc3/usar/seuced
into the reactor and the tenperature is raised to 160C. The reaction
renders the pore surface hydrophobic. The reactor is then slowy 5 vented
to atnospheric pressure. Exanple 16. Using a Different Tenplate A silicon
waf er i s d5&anéd 3dmude sthd teador in thenahptlg véntedta dtimosphdrimpoéssere. The

pol yst yr ene- bl ock- pol yet hyl ene .oxi de copol r havi conposi tion that
yi el ds 1‘?5’“3’;9%?5‘6‘2}5 ghismRyed fro %Fﬁeaggﬁ%ﬁ?}a?lm?f&g“@%? 085t onto
cl eaned %Moegdwéﬁ@éhwneﬁ 4O RMParsRel tyicdding phAémbd HoforsFRlch fAmpUNt  Of
p-tol uene sulfornic acid (PTSA) and water. After drying, the filmis

anneal ed at a tenperature above the nelting point of the PEO domain. The
filmis then placed intq ,a high-pressure regetor simlar to that described
in Exanpliexamoler) Vsngaliomopolymer Resishas teuplate) ) s exposed to a 0.1
percent 15 sol Altliesn Wafd/IESeinddhy dbsdiibbdie ER@@pM 1 606 Matkr 12epre-f or 3
hours. The reactor is then slowy vented to atnospheric pressure. The
conposi t erdatadrhyi expesisn tor bidvied 3-Hekanethydisitazaeg efrby Cﬂﬂéng)t}’lltgrﬁéranﬂerrpl ate is

t hen renmoved by cal ci nat.i. t J rous

i1 cat o NToRCoP R e LB G AR E ey Py e o 25,

G OUDZ A tBE Wia€® frosub sélubecdntaitimgiapbbtoacidl. géheratoe h Thevessisc Isahereekposdédng t he
procedure _described in Exanple 1. Athin filmof poly(nmethacrylic acid)
was tHWen usigl ¥ dadiatiopsthegyeh anjaparapfiategagske Jhe §‘?§Fﬁ§ﬁptgﬁ‘¥é?veif&e§(lﬁ‘§8 Racrylic
acid) in Sfeafih¥! okl AGhY G aRENERE Yhilenaaci d) was
1700 Angstegte splbbhloaihk bRt Sty btitichtla ekl o thd bk B pidcndt

pl aced i nfilm & théngHaqedasteurlegh-passue reaa®r sieslar idohdt descritedanpdxemple IThe

react or s seal ed and, the fi.l m.was expos to a.s i fi unt (101) of
TEOS fn nih RPio SEbEM BF SRPAR OResahe sdhtpasSREs EIBBRs uSing a

hi gh presgiigifRUMCOLR d0UTRnd | 5 6hr tbIThodrialh¥ascteRisthél 16/ 1yden®dGousi ng a
constant 30 tenperature bath. The reactor was then slowy vented to

at nospherdtmopphess pressurgh&he compesttetidmfis then vigrsovaddrom dregvedon rlds t he react or

and wei ghpeoqym;el_r}}gmlr;}%?ezsis(%lflent r@r%o%cl g} calcination at 400°C in an oven yielding a

patterned, porous silica film on the wafer.

Example 21. Using a Patterned Negative Tone Block Copolymer Resist as Template

20 A silicon wafer is cleaned as described in Example 1. The wafer is then pre-
treated by exposure to 1,1,1,3,3,3-hexamethydisilazane or by coating with an anti-
reflective coating. A thin film of a negative tone block copolymer photoresist that
yields a patterned block copolymer containing hydrophilic and hydrophobic domains.
One suitable example is a poly(tetrahydropyranyl methacrylate-block-1H, 1H,

25  perfluorooctyl methacrylate) resist developed by Ober and co-workers. (Chem.
Mater., 12, 45 (2000)). A poly(tetrahydropyranyl methacrylate-block-1H, 1H,
perfluorooctyl methacrylate) copolymer is spin-cast onto the wafer from a solution
containing a photoacid generator. The resist is then exposed using a 193-nm stepper
and an appropriate mask. Upon exposure, the tetrahydropyranyl methacrylate block is

30  deprotected yielding a poly(methacrylic acid-block-1H, 1H, perfluorooctyl
methacrylate) copolymer. The resist is then developed using a suitable solvent,

leaving the patterned poly(methacrylic acid-block-1H, 1H, perfluorooctyl
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i ncreased by 166 percent follow ng the reaction. The conposite filmwas
then placed 45 WO 03/045840 PCT/ US02/ 37744 in an, oven and then cal ci ned
at 400C iwoaBn4isse ng t he procedure described in Exanpl e 1PCor/usogeri4d o
remove the polymer tenplate. The cal ci ned sanple was then anal yzed using
Vari abl e Angl e Spectroscopic Ellipsonetry (VASE). The filmhas a thickness
of 1395 Angstrons and a refractive index () of -1.19. The refractive index
of the 5 mathe¢nykitt)copatyinsr omitie wafers Theanattennad fibh i theedlaséd intema high- 45)

i ndi cating the porosi.ty i the silicate fil e to. the |y t hacrylic
aci d) tenpEsE I%&w%la&@.th%feaﬁébe%ﬂ? Xappled; ?@Er B%d%%%?‘?ﬂé’ﬁghesl ock
Copol yner fijhe Eixpbdb & 0. 1perRAT RINitioAJfIBO I IAHupEdilied A dt boaMakd bt r at e
(1.75 inch x 1.75 inch) is cleaned using the procedure described in
Exanpl e 1barfon hheurs.i The whctepisithen slowheventedde ptnprsphgriceprossiee. ddied) is t hen
spi n-cast _usin solution in suj.ta S t Lyhng, the

subst r‘t’:t e“Wi Rqﬁg? ﬁ}am ?Sstlp})llfrrl] ?ec%%‘fed% qmml hlesr Q%cﬁ(gh ql{# ggléfgleﬂ ngl%tg ﬁ%/%lﬁg pressure
reactor, @modesby chlCilation Z4O0PC én dn ovehhBeldRgatpatteinsd gRadwdilivadilinen fil mis
exposed to a specific amobunt of TECS in 15 hum dified carbon dioxide at a
sui tabl e ﬂ‘éﬂ(ﬁ&rature and pressure for a suitable reaction tine using a

hi gh pressure syringe punp (1SCO, Inc). The reactor is then slowy vented
to atnospheric pressure. The conposite filmis then renoved fromthe

react or aBxhngsb 22.nEdingsainrQrid¢riter Pengeiatd Preduded UsingedNéutraERanfplee 1 t o renove

t he ol ymer t Jate to yjeld a poropys silicate_fil 20, Exappl e.19. Usin
a Pat E(br%eq Bl 0¢ lc%ﬁv&%‘?ﬁﬁ”t%ﬁﬁlc Bed;assqseis‘?rib& IQ\EF[%‘PSEG &@hﬁﬁ" gk o
descri bed, | Rd6H2BPS§mEr h&iﬁ@h?dﬁ)%lﬁdﬁi@inﬁlyd%ﬂhﬂ% MbEARerInDS ke pRil-¥at hyl ene

oxi de copol yner having a conposition that” yields spherical domains of PS
in a PEO onto thesubsiraptaprodede aomruirabiusfane thr $hd blodncopghanar serapla®s A r om a
sol ution @o t ai n:ln a smal | %{Fﬁunt of 1gl)-tol uenedshlljlﬁorni&o aci d Pg;SA) and
wat er . Af P8F 89%9 Yﬁ‘g‘?“f’ﬁ’émfffq ¢ SAMHENERR A B ehp & At urnéc%oé e 't he

nel ting prividg #fompdigidnR@atdaeas spheAcs Wolmalisefliid tyagsphpbicblsarsk ai s pl aced
onto the substrate supported block copolynmer film The filmand nmask are
t hen &xpobysthophiligmetrixis spiatcastafitathegandonTerpoaai film fFapgveltiand t he | ow

mol ecul ar coqfaﬁx(ﬁlﬂg Q%Hailoaﬂlo%lh?gflﬁ:&oﬁu&{e%uﬁéﬁif: ggih?pTSA) and water. After drying,

the film is annealed to promote copolymer order and orientation. The substrate-

supported polymer film is then placed into a high-pressure reactor similar to that
described in Example 1. The reactor is sealed and the film is exposed to a 0.1 percent
20  solution of TEOS in humidified CO, at 60°C and 125 bar for 3 hours. The reactor is
then slowly vented to atmospheric pressure. The composite film is then removed
from the reactor. The polymer template is then removed by calcination at 400°C in an

oven yielding a porous silica film with oriented cylindrical pores.

25  Example 23. Using an Oriented Template Produced with an Electric Field

A thin film of a block copolymer having a hydrophobic and hydrophilic
segments with a composition that yields spherical domains of the hydrophobic block
in a hydrophilic matrix is spin-cast from a solution containing a small amount of p-
toluene sulfonic acid (PTSA) and water onto a substrate covered with a thin gold layer
30 that serves as an electrode. After drying, the copolymer film is covered with a thin
Kapton® sheet coated with aluminum that serves as a second electrode. The film is

then annealed in the presence of an electric field to promote copolymer orientation.
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30 fromthe polyner filns by solvent washing. The patterned filmis then

pl aced into a high-pressure reactor simlar to that described in Exanple
1. The rewotoon43sso seal ed and the filmis exposed to a 0. Pcparso®sit7460l uti on
of TECS in humdified CO2 at 60C and 46 WD 03/045840 PCT/ US02/ 37744 125
bar for 3 hours. The reactor is then slowy vented to atnospheric pressure.
The conposite filmis then renoved fromthe reactor. The pol yner tenplate
is then TbemmwdelbytrQﬁ&Ilsrfmamedranétthmbwﬂtﬁsmodvénomt fiimgs thepat t er ned,

B Feon whlPEs inlo ThighRES e réheled sy BB X B TpRadBhen ore-

treated bjs sexB@aM e fin s dxpbsel 1, a%0. h?&ﬁeﬁtsbmioﬁioK&E@SQn%hnﬂdﬁﬁ@@@Uzng with
an anti- reflective coati ng Athin filmof a poly(tert-butyl nmethacrylate)

is then s@qwea@@l%b@ for hBowpsf dhe feagior & hen slevbhveas taialmesphariphot oaci d
gener r a hr ough an
approp | a réag-sr?g% kﬁﬁ%élpro ?alg% H?I?lse‘ﬁ%ﬁ Jé{i/)g:é @p@ riﬁg}oﬁg?hgﬁélﬁ %bl e sol vent,
| eavi ng peipidte &ch@oleyrored bgaeﬁlyﬂnaﬁomanmn%m ihevenafidding Bliyerqatsilaned  fi I m
is then pI aced into a hjgh-pressure reactor simlar to that described in
Exanpl e llmm@or”éﬁ@tiéymﬂcg‘c%%ﬂréﬂ and the filmis exposed to a 0.1 percent
solution of TECS in humdified CO2 at 60C and 125 bar for 3 hours. The
reactor is then slowy vented to 15 at nospheric pressure. The conposite
filmis then renoved fromthe r(e’EHEREMn@DIMENTr&r terrpl ate is then
removed by cal |nat| on at 4Q0C i oven t.erned, porous
silic®dfilmon t‘sh@ Wg?rstogggp?ﬁ'wg-l ]%nhe OLEH h’f%‘e‘feﬁ%‘%’ “d4dBat i ve Tone Bl ock
Copol ymer c&gslctibn dth TRIBA QI dedSHiphion thér@@fn tﬁ@eﬁn%rgoﬂng dedcepiieH iiited@&Er i bed in
Exarrple 1. The wafer is then pre- treated osure to

1, 3, 3icallnssaendnadliont the ame@ftwnmxonnghmﬁﬂwqme@hy.the sceps ot i ve
coatl ng m_of negat bl si st that
yields a tlgtg?%eg(fllaoﬁngcﬁ)ﬁé%p ecr?ézrldvggn i ﬁﬁ%hﬂoﬁq}% lﬁealr?gﬂg}nghﬁydrophobi c
domai ns. sddpe ofthetfalidvEingxRis.e i s a pol y(tetrahydr opyr anyl
met hacryl at e- bl ock-1H, 1H, 25 perfluorooctyl nethacryl ate) resist devel oped
by Obé¥ and co-workers. (Chem Mater., 12, 45 (2000)). A
pol y(tetrahydropyranyl nethacryl ate-bl ock-1H, 1H, perfluorooctyl
met hacryl ate) copolyner is spin-cast onto the wafer froma solution
containing a photoacid generator. The resist is then exposed using a 193-nm
st epper
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and an appropriate mask. Upon exposure, the tetrahydropyranyl nethacrylate
bl ock is 30 deprotected yielding a poly(nethacrylic acid-block-1H, 1H,

per f | uor owotoglo4ssaet hacryl at e) copol yner. The resist is theaTdsezBoped usi ng
a suitable solvent, ||eaving the patterned poly(nethacrylic acid-Dblock-1H,
1H, perfluorooctyl 47 WO 03/045840 PCT/US02/ 37744 nethacryl ate) copol yner
on the wafer. The patterned filmis then placed into a high- pressure
react or sWHAZASICLANMEDIESscri bed in Exanple 1. The reactor is seal ed and
the filmis exposed to a 0.1percent solution of TECS in hum dified CO2 at
60C and 125 bar for 3 hoyrs.. The reactor is the | owl ented.to

at mospheri ¢ prgssur .mefﬂ%&j{f?ré%%ﬂnees‘?mr%sl Igatfﬂ%lhﬁlre énr%li{/oedc;c%pcg'rﬂrfghe
reactor. The pgloyiiiig g@ﬂ%h;ﬁé BorhpridiReR teni@ igderty, cal cination at 400C in an
oven yielding a patterned, porous silica filmon the wafer. Exanple 22.

Usi ng an Ori enpesthedtétgthe temmatoauthedipresigef; a Neutral Surface 10 A silicon
waf er substrate_ is cle d_as S G | | I L hin filmof a
randorﬁscopol ynree?ahnzgvtl %gl% 1>1,r (r)rovb’ﬁ%gﬁiéé %ﬁ‘g’l‘lﬁgt Ffép i I@lﬁggsrlr%ﬁ%émr units is

spi n-cast ont@nidvéngStedplatenetetiol fomducemplaets foah tieuméaperduer the bl ock
copol ynmer tenplate. A block copolynmer conposed of the sanme nononers as
used in t¥ateFidhdom copol ymer having a conposition that yields spherical
dormai ns of the hydrophobic block in a 15 hydrophilic matrix is spin-cast
onto the random copol ynmer filmfroma solution containing a small anount

of p-tol uene sl fonTke methdd oPFISi 1afudthemtcanprishig fermubgythaigmplattie filmi s
anneal ed to pronote copol yner order and orientation. The substrate-

suppoft ed polyner filmis then placed into a high-pressure reactor sinilar
to that described TR F@RBBLEcIhim 2hEhé@RCIHANINeIhSRAPSA: sdifprhides filmis
exposed to a 0.1 percent 20 solution of TEGS in humdified CO2 at 60C and
125 bar fdisp&ingniesplarhprecwaenanto psubstraten sl owl y vented to at mospheric
pressure. The conposite filmis then renoved fromthe reactor. The pol yner
tenplate is then renoved by cal cination at 400C in an oven yielding a
porous silica 4ilm vhé Me®bd @NtREN GyWhadin thateniite precdBoRx@nfises &@. Usi ng an
Oiented Tenpl ate Produced with an Electric Field Athin filmof a bl ock
copol arer tepaNgtegaterial doptedtsing and hydrophilic segments with a conposition
t hat yields spherical domains of the hydrophobic bl ock

5. The method of claim 3, wherein the substrate comprises silicon.
6. The method of claim 1, wherein the template material is homogeneous.
20
7. The method of claim 1, wherein the template material is
inhomogeneous.
8. The method of claim 1, wherein the template material comprises a
25  polymer.
9. The method of claim 8, wherein the polymer comprises a
homopolymer or a copolymer.
30 10.  The method of claim 9, wherein the copolymer comprises a block

copolymer.
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in a hydrophilic matrix is spin-cast froma solution containing a small
anount of p- toluene sulfonic acid (PTSA) and water onto a substrate
covered vwol3m4isho n gol d | ayer 30 that serves as an el ect PodaISOBB17e4
drying, the copolymer filmis covered with a thin Kapton(r) sheet coated
wi th alum numthat serves as a second el ectrode. The filmis then anneal ed
in the presence of an electric field to pronote copol yner orientation. 48
WO 03/ 045840 PCT/U802/37744 The upper electrode is renoved and the

substrat e- supposted S a. hi pressure

react or sinilaf{to ?ﬁ @§§8FF%EHH WLE§QH§ m? ?8%8@%? NS¢ & seal ed and
t he filn1%§0§éposed to a 0.1 percent solutlon of TEGS in hunidified CC2 at
60C and 1 ar for 3 hours. The reactor is then slowy vented to

at nospheric 5 pressure The conposite filmis then renoved fromthe

reacto The p | St on at 400C in an
oven y{ el di ng gi porgﬁ ﬁgBfic?a(‘?lmflﬁIl’rn\ta'\gx,ié}tei;?et:}){g|¥eerﬁlg%n%lffl(lfnmg?‘;il%%:al pores. OTHER
EMBODI MENI&goddpobitioh Senﬁpbrzb@rellmaftﬁiroﬂdeddﬁﬂios%hhﬁnpéiautemﬁﬁé t&pasinas been
described in conjunction with the detailed description thereof, the
foregoing description is intended to illustrate and not limt t he scope of
the invention, %ym' C*f'hé ﬁ';%& P thX \;Vﬂgreﬁl%ﬂﬁl fthe@eﬂﬁldt@t:&ﬂ dsclaims. O her
aspects, advan ages, 8 Ications are w hln scope of the

f ol | owi ngokangthe téxﬁplé& rﬂ\(ﬁexﬁb’sl 045840 PCT/ US02/ 37744 WHAT | S CLAIMED I S: 1.
A method for formng a nesoporous material, the method conprising:
proviing a tenplate conprising a tenplate material; perneating the
tenplate with %pre?%&gfhodéfl%l%ﬁﬁ% n\ghérbﬁtﬁé%uﬂai%awriamsrbraé}edwpl ate to
forma deposit; and renoving tenplate material fromthe tenplate to form
t he mesopcausing ‘domginsrin die teplafmatesaliodelffasssblen 1, furt her conpri sing
formng the tenpl ate.

15.  The method of claim 13, wherein ordering the template material

15  comprises applying an external field to the template material.

16. The method of claim 15, wherein the external field is an electric field

or a magnetic field.

20 17. The method of claim 15, wherein the external field is a flow field or a
shear field.
18.  The method of claim 1, wherein the precursor comprises a metal oxide
precursor.
25
19.  The method of claim 18, wherein the metal oxide precursor comprises

tetracthylorthosilicate.

20.  The method of claim 1, wherein the precursor comprises an alkoxide.
30
21. The method of claim 1, wherein the precursor comprises an

organotrialkoxysilane, a diorganodialkoxysilane, tetracthylorthosilicate,
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10 3. The nmethod of claim2, wherein form ng the tenplate conprises

di sposing a tenplate precursor onto a substrate. 4. The nethod of claim 3,
wher ei n tWe osemska@at e precursor conprises the 15 tenpl at e po&tisnt/ad74and a
solvent. 5. The nethod of claim3, wherein the substrate conprises silicon.
6. The nethod of claim1l1, wherein the tenplate material is honogeneous. 20
7. The nethod of claim1, wherein the tenplate material is inhonbgeneous.
8. The nambthgltoéthexymilane] a bridgededilsesgnmxangyplhatosilaee, en alkbxysolape,iases a 25

pol ymer. naz Tt]e met hod of clainmn 8é wherein the polynmer conprises a

honopol yrakYISHSSSARGERTISS AL AN 2B SUSSSAHME et hod of claim 9, wherein the

copol yner conprises a block copolyner. 50 WO 03/045840 PCT/ US02/ 37744 11.
The nmethod of claim11, wherein the tenplate material conprises a porogen.
5 12. The net h3d of Tld method of olaisn &j Wherpia thepjscarser cpmmsisehi tiRaBI

deconposi tlf'iondterrper ature lower than a deconposition tenperature of the
deposi‘t. 4% 1% rhe method of claim 1, wherein forni ng the tenplate conprises
ordering the tenplate material. 10 14. The nethod of claim 13, wherein the
tenplate material is ordered by causing donains in the tenplate materi al
to sel f-assenb?®. 1Bhe mpdodef plain bf futher Gampisingepedingdigastiongeassat t enpl at e

material . I g@g | gﬁgle{g@tk f ki gllﬂ tdemplate material .
16. The nvev%%ggﬂ%%mcﬂﬁ%éﬁ] h%&/ﬂg?g&ﬁ the externa lqfﬂitlée)tle ?ds ‘an electric field
or a magnetic field.
10 24, The method of claim 23, wherein the template comprises a plurality of
domains and the reaction reagent is preferentially sequestered within one of the

domains.

25.  The method of claim 23, wherein the reaction agent comprises water.
15
26. The method of claim 1, further comprising providing a catalyst within

the template to promote the precursor reaction within the template.

27. The method of claim 26, wherein the catalyst comprises an acid or a

20 photoacid generator.

28.  The method of claim 1, further comprising heating the template to

promote the precursor reaction within the template.

25 29.  The method of claim 1, wherein the deposit and the template material

phase separate during the reaction.

30.  The method of claim 1, wherein the template material comprises a
plurality of domains.
30
31. The method of claim 30, wherein the deposit preferentially forms in

one of the domains.
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20 17. The method of claim 15, wherein the external fieldis a flowfield
or a shear field. 18. The nethod of claim1l, wherein the precursor

conpri seswe oaw#amho oxi de precursor. 25 19. The nethod of elcaiusnd8774mher ein
the netal oxide precursor conprises tetraethylorthosilicate. 20. The

met hod of claim 11, wherein the precursor conprises an al koxide. 30 21. The
nmet hod of claim 1, wherein the precursor conprises an
organotri al koxysi | ane, a di organodi al koxysi | ane, tetraethylorthosilicate,
51 WD 03/0458 PCTL,US02/ 37744 . met hyl t.ri et hoxysilane, a hridged

si | sesqui oxanée%,%'a h 663?418%8€éﬁwl”§’|%??gitﬁ%%e@,ogliﬁo%f’?w A8 "LeY0i oxanes or
an aryl shisggfqui oxane. 22. The nethod of claim 1, wherein the precursor
conprises a titanium 5 al koxide. 23. The method of claim1, further
conprising providing a reaction reagent wthin the tenplate to pronote the
precursor reacf,y on Wt hi h . 2: : f . im23,

wher ei’n t he terfq‘pl attﬁec%(rettg?ﬁ& ggglgﬁln%%’ﬁ%lgﬁr?l%&l o Orgggﬁarﬁqﬁés@agga&f) H%S(}eacti on
reagent iretpl, efetdl @Ridedr ixseguestet ed within one of the domins. 25. The
met hod of claim 23, wherein the reaction agent conprises water. 15 26. The
met hod of claim11, further conprising providing a catalyst within the
tenpl ate to prgmot i; TS : . 27. The
method of ol Ay 26, TnaePEBHHER 3} SR b baltc e A T B e 20

phot oaci dilipareeniadmia.. 28. The nethod of claim 1, further conprising heating
the tenplate to pronote the precursor reaction within the tenplate. 25 29.
The n®thod of claim1, wherein the deposit and the tenplate materi al

35.  The method of claim 1, wherein the deposit comprises a hybrid

material comprising organic and inorganic components.

36. The method of claim 35, wherein the hybrid material comprises an

15  organosilicate.

37. The method of claim 1, wherein the deposit comprises a halogenated

material.

20 38. The method of claim 1, wherein the deposit comprises a semiconductor

material or a superconductor material.

39. The method of claim 1, wherein the deposit comprises an organic
material.
25
40. The method of claim 39, wherein the organic material comprises a
polymer.
41. The method of claim 1, wherein removing the template material

30 comprises decomposing the template material.
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phase separate during the reaction. 30. The nmethod of claim1, wherein the
tenplate material conprises a plurality of domains. 30 31. The nethod of
cl ai m 30, watvaneisno t he deposit preferentially forms in onecafusotgr7donmai ns.
52 WD 03/045840 PCT/ US02/ 37744 32. The method of claim1l, wherein the
deposit conprises an inorganic material. 5 33. The nethod of claim 32,
wherein the inorganic material conprises a netal, netal oxide or m xtures
t hereof. 34. Tk nelhouedbdof elaim 32, whgielnapmoving thentempiaté materiakr i al

conpri ses ilica or titapia, 10 35 T haod .of .claim 1, wherein the
deposi t C%W’B?ri Csoélépréfe%%ﬁcﬁng Mt%??%?osggﬁ%r?n@éﬁeﬁﬁat%’?adani ¢ and inorganic
conponents. 36. The nethod of claim35, wherein the hybrid materi al

conprises an 15 organosilicate, 37. The method of claim1, wherein the
deposit conpri4®s alkrmetiedaf eldim Aht whergin deoompesingrthe teppplpigdnaserial] ai m 1,

wherein t de it i m I.a er conduct or
mac er 51 - SRR BB R AP Rle B RGP ARG et TUTENCr Bpgln M 07
organi ¢ teRipkité & radidbort0. The nethod of claim 39, wherein the organic

material conprises a polyner. 41. The nmethod of claim 1, wherein renoving

the tenplate material 30 conprises deconposing the tenplate material. 53
44, The method of claim 1, further comprising patterning the template.

10 45.  The method of claim 44, wherein patterning the template comprises

selectively removing portions of the template material.

46. The method of claim 45, wherein the portions of the template material
are removed prior to permeating the template with the precursor.
15
47.  The method of claim 45, wherein the portions of the template material

are removed after permeating the template with the precursor.

48.  The method of claim 45, wherein portions of the template material are

20 selectively removed using photolithography.

49. The method of claim 1, wherein the mesoporous material comprises
pores having a characteristic dimension between about 5 Angstroms and about 2,500
Angstroms.
25
50.  The method of claim 49, wherein the pores have orientational order or

translational order.

51. The method of claim 1, wherein the mesoporous material has a

30 dielectric constant less than 2.5.
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WO 03/ 045840 PCT/ US02/ 37744 42. The method of claim41l, wherein renoving
the tenplate material further conprises extracting the deconposed tenpl ate
mat er i al . w@33/0438¢0 net hod of cl ai m 41, wherei n deconposi ng PCTa/HEEPHat e
material 5 conprises heating the tenplate, exposing the tenplate to a
solvent, or exposing the tenplate to radiation. 44. The nethod of claim1,
further conprising patterning the tenplate. 10 45. The nethod of claim 44,
wherein patterf.ng Th@m&mﬂlo&bbimdmhi:@élsthemmbuﬁehyteriédmviang portions of
t he terrplg g mater th G}he met hod of claim45, wherein the portions of
t he tenpl & n‘??ﬁtgg?aeél g {a 8moved prior to permeating the tenplate with
the precursor. 15 47. The nmet hod of claim45, wherein the portions of the
tenplate material are renoved after perneating the tenplate with the
precur sor 48. 53he e methodiof elaim h whereirribe &lesopnspus wafsriathag ke t enpl at e

mat er i yely removed using photolithography. 49. The nethod
of cl ai mTfraﬁﬁ ei'lélﬁﬁxf etlhrrrggéporous mat eri al conprises pores having a
characteristic dinmension between about 5 Angstrons and about 2,500
Angstrons. 25 50. The nethod of claim49, wherein the pares have
orientational ofder The methodo§claim dnwhersifhe m%qpormhsemﬁ‘éflﬂdﬂ of claim 1,
wherein b@g@ﬁgﬁgorous material has a 30 dielectric constant |ess than
2.5. 54 840 PCT/ US02/ 37744 52. The nethod of claim 1, wherein the
mesoporous nmaterial has a hardness great er than 0.1 GPa. 53. The method of
claiml1, wherein tngprreso orous rat eri.al s a .5 refractiyve. index |ess

than 194. 54. The HBG alra}uﬁfampmagé 4yer AEMAROPSPEE I bt erial i s

formed using the method of claim 1, wherein the mesoporous material comprises
pores having a characteristic dimension between 5 Angstroms and about 2,500

Angstroms.

15 56.  An optical component comprising a layer of mesoporous material
formed using the method of claim 1, wherein the mesoporous material comprises
pores having a characteristic dimension between 5 Angstroms and about 2,500

Angstroms.

20 57. A porous membrane comprising a layer of mesoporous matenal
formed using the method of claim 1, wherein the mesoporous material comprises
pores having a characteristic dimension between 5 Angstroms and about 2,500

Angstroms.

25 58. A method for forming a mesoporous article, the method comprising:
forming a template from a template material, the template comprising a
plurality of domains;
permeating the template with a precursor;
reacting the precursor within at least one domain of the template; and

30 removing template material from the template to form the mesoporous article.
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birefringent. 10 55. An integrated circuit conprising a |ayer of nesoporous
material formed using the nethod of claim1, wherein the nesoporous

mat eri al wormppnisBes pores having a characteristic di mensi eaThsSvneTm 5
Angstrons and about 2,500 Angstrons. 15 56. An optical conponent
conprising a |layer of mesoporous material fornmed using the nmethod of claim
1, wherein the nesoporous material conprises pores having a characteristic
di mensi on bet wedn 5Thegsthod of claivd S8vlhkrein psoacatingdha eopate c@npiTses A por ous
menbr ane conpr Si a la of, Meso S rial forned using the nethod
of claimi® té’?%“lﬂﬁeafsﬁ%n%‘gs%%g?%ﬂgs %{b g}?? %r”a%roor?pri ses pores having a
characteristic dinension between 5 Angstrons and about 2,500 Angstrons. 25
58. A nethod for form ng a nesoporous article, the method conprising:

form ng a tenpb@te Themethodeofplame 88iubapindhe template mpfsirial eorBRIISSF Psi ng a
pIuranty(ﬁgmgpnains; perneating the tenplate with a precursor; reacting

t he precu?s rwWwthin at | east one donmain of the tenplate; and 30 renoving
tenplate material fromthe tenplate to formthe nesoporous article. 55 WO
03/ 045840 PCT/ US02/ 37744 59. The nethod of claim58, wherein perneating
the tenpl ate c®hpri $eemshofofeiapy 68 WhesathepRlymer sRPlotkPAY™Ht h t he
precursor. 60. The nethod of claim58, wherein the tenplate materi al
conprises a 5 polyner. 61. The nethod of claim 60, wherein the polyner is
a bl ock copol y6®r. Tb2mefhod offelaino@1,0#hartiaithe Block vdped winer dolmprisésock copol yner
conpri ses.. o di bl ock copl.ol.ymer.or a triblock copolyner. 63. The nethod
of clgln1@EF”&ﬁBS@Bﬂ“?ﬁ?ﬁ%ﬁaoﬁﬁﬁmPQW%yate conpri ses sel f- assenbling the

bl ock copolynmer to formthe plurality of domains. 15 64. The met hod of

cl ai m 58, wherein one of the pl pralit%/ of domai ns _
63.  The method of claim 61, wherein forming the template comprises self-

assembling the block copolymer to form the plurality of domains.

15 64.  The method of claim 58, wherein one of the plurality of domains

comprises an amorphous polymer or a semi-crystalline polymer.

65.  The method of claim 64, wherein the precursor permeates domains
comprising the amorphous polymer, and does not substantially permeate domains

20  comprising the semi-crystalline polymer.

66. A method comprising:
forming a template from a homopolymer;

permeating the template with a precursor; and

25 reacting the precursor within the template to form a deposit within the
template.
67. The method of claim 66, further comprising removing the

homopolymer from the template to form a mesoporous article.
30
68. The method of claim 66, wherein reacting the precursor within the

template causes the template material and the deposit to phase separate.
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conprises an anor phous polyner or a sem -crystalline polyner. 65. The

nmet hod of claim 64, wherein the precursor perneates donains conprising the
anor phouswpaBypmsa) and does not substantially perneate domaiTrsso2/2044
conprising the sem -crystalline polyner. 66. A nethod conprising: formng a
tenpl ate froma honopol yner; perneating the tenplate with a precursor; and
25 reacting the precursor within the tenplate to forma deposit within the
tenplate. 67. The method of claim®66, further conprising renoving the

honmopol ymer fr t tenplate to r - oporous article.., 30 68. The
met hod of cl ai ?3?66%&%%?@0&13‘& E&fgwr%e%%ggl?eeége@??g?owl?ﬁﬁpf’%nert enpl at e
causes the tenplate material and the deposit to phase separate. 56 WO
03/ 045840 PCT/ US02/ 37744 69. The nethod of claim 66, wherein the deposit
conpri ses a pol6 nmerTherpethyd of plamn66 wierein dhadepgsit srpariaorganipmaisipdsit i s an
i nor gasni c material. 5 71. The nmethod of claim 70, wherein the inorganic
material conprises a netal or a netal oxide. 72. A nethod for creating a
met al oxi de ar71i.cl €Thd method bholdint 0dprheseinghe indfFahiermatagal@ompripdsat € from a
tenplate material, the tenplate conprising a plurality of donmains;
per meat i ngcteher 3 BBl axidewi th a metal oxi de precursor; and reacting the
precursor within at |east one domain of the tenplate to forma netal
oxi de. 15 73. The nmethod of claim 72, wherein the netal oxide precursor is
an al koxi de. 7. TAeneteachfod cehting aimetdl 8xidelagrads, tha thethné taposingte precur sor
'S 10 forming a template from a template material, the template comprising a
plurality of domains;
permeating the template with a metal oxide precursor; and
reacting the precursor within at least one domain of the template to form a

metal oxide.

15
73.  The method of claim 72, wherein the metal oxide precursor is an
alkoxide.
74. The method of claim 73, wherein the metal oxide precursor is

20 tetracthylorthosilicate.

75. The method of claim 72, wherein the metal oxide comprises silica or

titania.

25 76. A method for creating a structured article, the method comprising:
forming a template layer from a template material,
patterning the template layer to form a structured template;
permeating the structured template with a precursor; and
reacting the precursor within the structured template to form the structured

30 article.
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20 tetraethylorthosilicate. 75. The nethod of claim 72, wherein the netal
oxi de conprises silica or titania. 25 76. A nethod for creating a

st ruct ur e@oasisshe, the nmethod conprising: formng a tenmpcatsot/ayes from a
tenplate material; patterning the tenplate |ayer to forma structured

tenpl ate; pernmeating the structured tenplate with a precursor; and
reacting the precursor within the structured tenplate to formthe
structured 307hrtiHlemeﬁn@d\ﬂﬁ:l@ﬁmOmmeiﬁmwsgmmé’axtsorwithiﬂ'ﬁe met hod of

claim76, wherejpn re 1 he recur sor within the tenplate fornms a
deposit V\ﬁef“ﬂ?faﬁe HEse ‘Psétt ithiy dhe (g arsﬁ%t hod of claim 76, wherein patterning

the tenplate conprises 5 exposing the tenplate to radiation. 79. The

met hod of claim 78, wherein the radiation causes the tenplate material to
crosslink in pdkti oBee methodef cleim 76+ whergip petiemingshertentpdate spmptisgsm 78,
wherei n the radltattl on!fgatu i tthe tenplate material to deconpose in

porti 05ns BPOPHE l%e ﬁISP @089 Y4e method of claim 76, wherein the tenpl ate
is patterned |ithographi caIIy 15 82. A nethod for creating a order ed
article, the nethod conprising plying a field external to tenpl ate
material to asienbl Ehemededef é’élmt7 Aeia the @ﬁaﬁlﬁécﬁ@ﬁwhﬁﬂ@nﬂlﬁ@erl al ;

per neat i n&atte gltBrF&Eﬁnﬁ%ﬁl%ﬁ{seof ettg 1L ecursor; and 20 reacting the

precur sor e or ere terrpl ate. 83. The nmethod of claim 82,

wherein the field is an eI ectric fleld or a magnetlc field. 25 84. The

rrethod of cIa|m82 wher %hef I d is. wfield or a shear field.
80. ' The met o claim whereln e ra 1ation causes the template

material to decompose in portions of the template.

81.  The method of claim 76, wherein the template is patterned
lithographically.
15
82. A method for creating a ordered article, the method comprising:
applying a field external to a template material to assemble an ordered
template from the template material;
permeating the ordered template with a precursor; and

20 reacting the precursor material within the ordered template.

83. The method of claim 82, wherein the field is an electric field or a

magnetic field.

25 84. The method of claim 82, wherein the field is a flow field or a shear
field.

85. A method for forming an integrated circuit, the method comprising:
forming a template layer on a substrate, the template layer comprising a

30 template material;
permeating the template with a precursor;

reacting the precursor within the template to form a deposit;
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85. A nethod for formng an integrated circuit, the nmethod conpri sing:
formng a tenplate | ayer on a substrate, the tenplate |ayer conprising a 30
t enpl at e weatosnimhg perneating the tenplate with a precursecr/useastishg t he
precursor within the tenplate to forma deposit; 58 WD 03/045840

PCT/ US02/ 37744 renoving the tenplate material to formthe dielectric

| ayer; and processing the substrate or dielectric |layer, or both, to create
t he i nt egr at edremovinguht tenfpl86 mafdrial toefotro dhodickscticiads; anlur t her conpri si ng
formng an additional . layer on t.he dielectric .layer or. the d sit. 87.
The method of RPSESHTE&E SF%?tf*}’i%Pr ‘i‘S’eﬁﬁﬂcgi’bﬁ% Qﬂ&of%ﬁ‘%/ﬂﬁatf’ fhe lﬁgeéfzg'f)nal | ayer .
10 88. Thgrdmt hod of claim 86, wherein the additional |ayer conprises
copper. 89. The nethod of claim87, wherein the additional l|ayer is
polished prior 15 to renoving the tenplate material. 90. The nethod of

Cempl o’ mat ol o5 BenonoRSRin S Bt SoRbrs Bl b bR CCrponent.

t he met hodyercRithé Uiidagic 1Ry \or ientkpasit.opt i cal conponent; forming a tenplate
| ayer on a surface of the optical conponent, the tenplate [|ayer conprising
a tenplate material; 25 perneating the tenplate with a precursor; reacting

the precursor wthi Iolishif rAaR%hLag tenplate
mat eri al fron1¥%e tgw%ﬁgPég?gh?%E%?%m%%g??néggﬁ&ﬁhésdpgﬁggﬁ Eonponent. 30
92. The nmayéerod of claim 91, further conprising polishing the coating to
10
88.  The method of claim 86, wherein the additional layer comprises

copper.

89.  The method of claim 87, wherein the additional layer is polished prior

15  to removing the template material.

90.  The method of claim 89, wherein the additional layer is polished after

removing the template material.

20 91. A method for forming a coated optical component, the method
comprising;
providing an optical component;
forming a template layer on a surface of the optical component, the template
layer comprising a template material;
25 permeating the template with a precursor;
reacting the precur'sor within the template to form a deposit; and
removing template material from the template to form a coating on the optical

component.

30 92. The method of claim 91, further comprising polishing the coating to

form an optically flat surface.
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forman optically flat surface. 59 WO 03/ 045840 PCT/US02/ 37744 93. The

nmet hod of claim 92, wherein the tenplate material is renoved after

pol i shi ngwvohenesposit. 94. A nethod for naking a perneabl eCwarsbz/zntes
conprising a 5 nesoporous |ayer, the nethod conprising: providing a porous
substrate; formng a tenplate |ayer on the substrate, the tenplate |ayer
conprising a tenplate material; perneating the tenplate with a precursor;
10 reacting t h48.pr eEha methodof tliaim Phevheserpltle tempiaté oaterial depoevad, and

removi ng tenpl ate terial. fromthe tenplate to formthe nesoporous | ayer
on the s ngﬁﬁéfm nﬁ‘gﬁ«% % orming a pernmeabl e menbrane conprising pores
having a characteristic dinension between about 5 Angstrons and about
2,500 Angstroms. 15 95. The nethod of claim1, 58, 66, 72, 76, 85, 91, or
94, wherein p¥ neafimgihadler makpigatnermipabic mEmbmNecoMPOISINE@Npr i ses

permeating the tenplate wth.a precursor delivery agent. 96. The net hod of
claim 5,Igs&?@f’faoluﬁT%ﬁ‘étﬂber%lg%l?g(g?m&smﬁé!ssol ved in the 20 precursor delivery

agent. 97. Theprapidipth §drosd fibskAS, wherein during permeating, the precursor
delivery agent is a supercritical_ or near-supercritical fluid. 25 98. The
met hod of cl ai ferome afspkthlayerondhe sihstate. heteprlate lays sompasiegp. 60

template material;
permeating the template with a precursor;
10 reacting the precursor within the template to form a deposit; and
removing template material from the template to form the mesoporous layer
on the substrate, thereby forming a permeable membrane comprising pores having a

characteristic dimension between about 5 Angstroms and about 2,500 Angstroms.
15 95. The method of claim 1, 58, 66, 72, 76, 85, 91, or 94, wherein
permeating the template with the precursor comprises permeating the template with a

precursor delivery agent.

96.  The method of claim 95, wherein the precursor is dissolved in the

20  precursor delivery agent.

97. The method of claim 95, wherein during permeating, the precursor

delivery agent is a supercritical or near-supercritical fluid.

25 98. The method of claim 95, wherein the precursor delivery agent is CO,.
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