
l'atrem,. ot the  a>-s\-nthesizeil, ErilI1-ex- 
rracteil, anLl EtilI1-extracted a n J  calcined 
\\.lSC-\' l~ ro~ luc r s  prepared ~v1t11 DADD 
i 1 3 )  are q11(1\v11 111 Fic. 1 .  T h e  as-synthe.iiecl 
i ; i l - i~~le  cxhihit-\ an XI113 pattern typ~cal  tor 
l ,~mellar m~te r i a l .  T\vo n~ell-expresse~l GO( 
rei'lectlons, corresllonci~ng to ,I 17;1,11 spacing 
of 2.3 and 1.2 11111, arc res~>l\.eil. T h e  ah- 
sence of ,idilitional retlecrions of the lamel- 

BiomimeRic 'Vempratiwg sf Porous Lan~s!!~rr. 
Silicas by Vesicular Surffaetant AsssmbOies 

Peter T. lanev  and Thornas 4. Pinnavaia* 

A biomimetic templating approach to the synthesis of lamellar silicas is demonstrated. The 
procedure is based on the hydrolysis and cross-linking of a neutral silicon alkoxide 
precursor in the interlayered regions of multilamellar vesicles formed from a neutral 
diamine bola-amphiphile. Unlike earlier surfactant-templating approaches, this method 
produces porous lamellar silicas (designated MSU-V) with vesicular pal-ticle morphology. 
exceptional thermal stability, a high degree of framework cross-linking. unusually high 
specific surface area and pore volume. and sorption properties ihat are typical of pillared 
lamellar materials. This approach circumvents the need for a separate pillaring step in 
building porosity into a lamellar host structure and offers new opportunities for the direct 
fabrication of adsorbents, catalysts, and nanoscale devices. -- ---. d 

1,ir yh,iw could lie attril~l~rccl tc) I~mireil 
kxcler In the la~llcllar irame~vork i>i' rliis sil- 
Icatc. ;\ tc \v  rei'lect~onq \Yere a l w  reported 
L)r the hes,igon~il  LlC:h/l-41 and relatecl 
l ~ e x a ~ o n a l  mcsoyorou~ 5ilic:l ( H b l S )  rn,ite- 
ri,~l.;; these ivere ,~ttril>uted to the linliteil 
lc>c,~l ortler in the  trcime\vorl\ wall; ( 3 .  6).  

T h e  ren~a\.,il i)f the remrl,ite hv EtC1I-I 
esr ract io~l  sliglitly altered tl1c carreqyonJ- 
in: NRI) pattern (Fig. 1 ). A ne\v reflection 
cei~tere~d a t  a11 inrer~~l , in ,~r  idist,ince or (1 ~ O L I >  larnell~ir sllicaa that h a ~ . e  vr..icular par- 

t~cle., ;I high degree o t  thermal .tai>iliry ~11~1 

tramc\\-c~i-l\ cross-IinLing, T.er\- hiell ,\pecitlc 
spac i~~ :  oi' 1 .3 11111 a1111 a \ve,ik s1ii)ulcler at  
-1.2 11111 ne re  ol?ser~.e~l. These retlections 

the  de.;ign of v a l ~ ~ a h l e  i n o r ~ a n i c  n ~ a t e r ~ a l s  
( 1 .  2). S~mil , i r  yraccssei l~aqetl 011 t he  
liydrk>ly>i.; and crnts-l~inlcing o t  Inorganic 

nearly co incde  \v~t l i  a hevagonal 11G ~11il  
7 X  ~ ~ h s e t  r;ather than w ~ t l i  tllc expected 
l , i~ncllar one. I-Ic)\ve\.ei-, the  rt,>ihil~tv i)t 

. ~ ~ r f , ~ c e  are;l a n ~ l  pore ~ .o lume ,  anLl sorpr1on 
pi-opel-t~m that are like those ot y ~ l l a r e ~ l  
lamellar skj11~1s. 0 ~ 1 r  a ~ ~ ~ r o ; i c h  is I~aie,l 011 

the  h~-iirol\si? ,111~1 cros~- l inh~ni .  of a neutral 
i ~ l o l - g ~ i ~ ~ i c  ~ l l < i ) x ~ J e  ~ ~ S ~ C L I S > L ~ S  111 the inter- 
laycreil r eyon>  of mulrilamellar \-e.icles of ;I 
neutral I ~ o l a - a m 1 ~ l ~ i L ~ l l ~ i e  ~ ~ ~ r f a c t , i n t  r l ~ ~ ~ t  
ck)lltCji~ls t ~ v ~  pk)l.ir heail :roupd~ilke<I IT a 
11~iirop11oh1c alkyl chain. In ,1,1~11ri~)n, rllc 
method provide$ tor the etficieilt a i d  e111.i- 
rk)nmentall~- benign recovery ot  tllc tern- 

reorgan~zarion of our laillellar surfactant- 
inc)rg;rnic arrays into '1 hr.x,ig~~ilal  qtrucrure 
L d ~ ~ r i ~ ~ g  ~ ~ o l v e l ~ t  extract1(>11 lq111111~ir t o  t l ~ ~ i t  
kll~sei-\~eJ for ka11em1te ( d ) ]  i; r r e c l ~ ~ d e J  011 

the  l ~ a i ~ s  of the  c o r r e , ~ ~ ~ o n L l ~ n ~  tr,insmis- 

pi-ecurs,)rs a t  t he  s ~ ~ r i a c e s  of ~ ~ ~ y i - ~ m c ~ l e c u -  
lClr ~ ~ ~ r f ~ i c r a n r  ; i~seml~ l i c \  ha\-e I v e n  used to 
prepire 11e\\- tam~lle.;  of hexagon,~l  antl 
<ILI'LC 111ebO~Ol~OLI~ L ~ I O I C C L I ~ ~ I ~  SIC\.?' (-6 1. 
L ~ i n t o r r ~ ~ i ~ a r e l ~ ,  h ~ ) \ v e ~  er. a11 of the  ri.late~l 
s ~ ~ r t a c t ; l n t - r e r ~ ~ l ~ l a t ~ ~ l  l,~mellar p I~ ,~ses  pre- 
p;lred rci date collay.;e t o  a11 a n ~ o r p h n ~ ~ ~  
o x ~ i i e  ~ l p o n  temyl ,~te  r en~ova l  (7. 3 ) .  La- 
mellar phase> ha\,? I:een recoy111:e~l for 
their  abilir1- tki t u r n  c o n r i n u o ~ ~ ~  filixls ('5) 

hion elecri.on mlcriT.coyy (TEL'I) 1maqt.s 
that  <ire simil;lr tc> tllahe i l i (>n~n  111 Fiq. 2. B 
and C. Also, correl.ontlin,n elecrri)n Jl t-  

y l ,~ re  hy sol\-enr extraction. Tlli? b1oi111- 
nletlc ,11i1~rci,1e11 elim~nares the neeid tor a 

traction 'attern$ of the  most orclered re- 
q~o11s oi' the  >ample exhihi te~l  iiittrii.;lct~on 

the  tr;lmen.orl; remains intact in the  all- 
>ence ot  the  tem~i la te .  

T h e  1mti11~111tv c~t s~1rtnctanr-te1llplare~4 
lCimcllar phase.; represent5 an  Imyorranr gay 
in the chemi,~try of ~>ort)us nleral kiside,. pre- 
pared by d ~ r e c t  5vnthesls. Porkx~s i leri~.c~ti~.e> 
of lamellar LICLI-59 franlen i )~l i i  CCIII 13e lire- 

EtOH-extracted 
and calc~ned 

hkL dlnrn) 1 
- - 

001 2 1 
002 1.0 , 

l\-:e~l in the presence of neutr,il Ll iaminr  
11-it11 alkyl c h a ~ n  lencthi trom C, to C1,? an,l 
a co>ol\-ent [eth,~nol (ErCJH)]. The  preyar-i- 
t1~)n n-lth I ,  1 : - ~ l i a m i i ~ o ~ l ~ ~ c l e c ; ~ ~ ~ e  (13AlJlJ) 
~ l l ~ ~ ~ t r d t e s  thi, 11~)ve1tv ilf the , rnr i~et ic  strar- 

lurr'il l ~ y  ~1 pc><ts\-nrheq~s cro.;h-linl<il~g treat- 
nlent ~v i rh  retracrhvl arrho.llliatc (TEOS)  
i 12) .  This ,ipproach, howe~.er,  sutii-rs a m,i- 
lor dran~hack ~ ~ C C ~ I L ~ S C  it require,  111- analogy 
to convent~onal  p~llaring mi.tho~l. (1  1 , 12).  

cgy. I11 a ryplcal p r e p a r a t ~ ~ ) ~ ~ ,  TEOS 11-a. adil- 
ecl to a tcmy1,lrin: ~colurion i>f L3.IL3D in 
ErO1-I ,ind ,leiunl:e<l n.arcr; the reaction 
miuture ha,i the molar cc7n1pohitian 1.g 
TEOS : p.26 nLmn : 9.29 E ~ O H  : 59.3 
IH1O. The  1-e~ction mlxrure ivas ~-i:urollsl\- 
stlri-eJ at  amhlcnr remperar~ii-e tor I S  hcxir.: 
tu o l~ ta in  the ten11ilareJ la1l1ell;lr pr~>,lucr 

,1 seco~~cl  post.vnthcsis step to ~ntercalarc 
lnarganlc oxide pillar< in the y,illcr\- of the 
lamellar 11k)sr. I11 aklLlitiio11, the c11,irged quat- 1 

1 1  0 
1 1 1 :  

As synthesized 

, A, 001 2.3 1 
3. 1% 002 1.2 

I !, .- \>" 

i, --- x5 1 2 I\.-<' 
I --i 

emary a i l l m ~ i n i ~ ~ m  rempl~re  1i strii~lzly 
~ W L I I I L I  to  the tr~i~~~e\\-fir l< and I> L l ~ t t i c ~ ~ l t  t c  
reco\,er 1.y i lonile~truct~\-e inerhclds. There- 
fore, a c~ne-btep direct yntlleji ,  appriuch to 
rlie f o r m , ~ t ~ n n  of st,~l?lc. Ix>rou 1,1mellar iili- 

1 8 8 8 1  8 1 -- 
0 5 10 15 20 

2B (degrees) 

cas r11,1t n.o~ilii allox\- for eftlilent removal of 
the template 1s high11 desiral~le. 

I-iere, \ve rey(3rt the yrcyar;itlon o t  yo- 

.nlvent extraction. Tlle solvent esrracrlon 
Tvas performed as ilescril?t.il ln i6) .  liut tlie 
temperature o t  the estr;ictloll \\-a> let  at  
-4PCC. C:i)mylete ircias-llnb~ng of the strLic- 
ruse ot the ErClH-exrracre~l 1~roiliict \!>I.; ,ic- 

Fig. 1. Powdel. XRD patterns of as-s)nrlies~zecl, 
EtCH-exil.acred. atid EtOH-extracred a i d  cal- 
m e d  R4SLI-V sat-ipes The patrerpis were mea- 
sured o r  a Rigaku Roiaflex d~ffractonieter 
ec(u~p:)ed wrh a rotatng arode and aslng Cu I<,, 
radaton (v~aveength. 0.1 541 5 nt-1). 

De2;rtn'eiit c i  Cnemsr-,, and Centel icl. FI-ncla-ie-,re1 
IkAateriaIs cieseercti I~iictigan State U i,,'e~s ti. Eas: Lan- 
s nn, I\311 s2224, USA 

- 
Tc ,>:lion -09esuondence she-CI 13% ac!d~essed 

com1~lislic.~l 1-1 .;liI~seqi~enr c c ~ l c ~ i l , ~ r ~ a n  111 x r  
at 63GCC tk)r 4 hiiur;. 

Tlie ron-(ler x-ray illttracti~)ll (XRD) 



maxima typical of a lamellar structure. 
In contrast to all previously reported 

bilayer quaternary ammonium-templated 
lamellar phases (3, 5, 7, 8 ,  1 O), our EtOH- 
extracted MSU-V samples and our EtOH- 
extracted and calcined MSU-V samples 
clearly retained their crystallinity (see Fig. 
1). The XRD pattern of the MSU-V mate- 
rial in which the template was removed by 
calcination (not shown) was similar to that 
exhibited by the EtOH-extracted and cal- 
cined MSU-V sample. In addition, the as- 
synthesized MSU-V and EtOH-extracted 
MSU-V exhibited superior thermal stability 
relative to the conventional pillared lamel- 
lar materials. Our experiments indicate that 
the thermal stability of MSU-V materials is 
comparable to that of hexagonal MCM-41 
and HMS molecular sieves; these materials 
retain their XRD patterns upon calcination 
in air up to 800°C for 4 hours. 

A low-magnification TEM micrograph 

of a thin section of the as-synthesized 
MSU-V is shown in Fig. 2A. Elliptical 
multilamellar vesicles of -300 to 800 nm 
are evident in this image. The multilamel- 

lated by a well-ordered lamellar phase. 
This is evident from the multiple parallel 
dark lines (layers) that surround the vesi- 
cle cores (see arrows). This structural fea- 
ture is indicative of biomimetic nucleation 
and growth of a lamellar silica material in 

lar regions near the vesicle surface are 
populated by a dense inorganic phase. The u 

the interlayered regions of the multilamel- 
lar bola-amphiphile vesicles. 

The vesicular particle morphology of the 

presence of layerlike patterns in the cen- 
tral Darts of some vesicles is most likelv the 
result of damage caused by ultrathin sec- 
tioning. The lamellar character of the 
MSU-V structure is clearly evident from 
the TEM images in Fig. 2, B and C. The 
basal spacings measured from the micro- 
graph in Fig. 2B (-2.5 to 2.9 nm) agree 
well with the value obtained from XRD 
data (do,, = 2.3 nm). The thickness of the 
lavers is - 1.0 to 1.3 nm. which is similar 
to' that observed for smectite clays ( I  I )  
and the layered silicic acids magadiite and 
kenyaite (14). Figure 2C shows an ultra- 
thin section of a few adjacent vesicles that 
have multilamellar regions entirely popu- 

MSU-V 0'5 MCM-41 

1.0 2.0 3.0 4.0 5.0 

Pore size (nrn) 

Fig. 3. (A) N, adsorption-desorpt' isotherms of 
Al-Mont, MSU-V, and MCM-41 (PiIPo, partial pres- 
sure of nitrogen). (B) Corresponding Horvath- 
Kawazoe pore size distribution curves. (Inset) 
Horvath-Kawazoe pore size distribution of 
mesoporous MCM-41. We measured the N, ad- 
sorption-desorption isotherms at - 196°C on a 
Coulter Omnisorp 360CX Sorptometer, using a 
continuous adsorption procedure. Before mea- 
surement, samples were evacuated overnight at 
150°C and 1 0-6 torr. The volume adsorbed is at 
standard temperature and pressure (dW/dR, de- 
rivative of the normalized nitrogen volume ad- 
sorbed with respect to the pore size of the ad- 
sorbent). The isotherms were shifted from the 
origin for improved clarity. The micropore size 
distribution was estimated from the adsorption 
branch of the isotherms by the method of Hor- 
vath and Kawazoe (15). 

Fig. 2. TEM m~crographs of the 
as-synthesized MSU-V sample 
clearly show regions of (A) mul- 
tilamellar vesicles and (B and C) 
fringes of a well-ordered larnel- 
tar MSU-V whase. (D and E) 
SEM micrographs of the as- 
synthesized and calcined - 

40 nrn MSU-V sample, respectively. 
TEM micrographs were taken 
on a JEOL 100CX equipped 

WI )ride gun using an accelerating voltage of 120 kV and an aperture of 20 prn for 
the oqecrive lens. S ~ M  micrographs were taken on a JEOL JSM 6400V using an accelerating voltage of 
8 kV and a working distance of 16 mrn. 

th a lanthar 
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a ? - ~ y ~ i t l e s i e  h iSU-\ '  prt>~luct (conraininy 
the templ~ire) is confirme~l b7- t l x  corre- 
pf inding zc,inliine e lec t ro~l  micrt>icc>p\ 
( ?E l f )  ii11~1ge prcse11te~1 111 Fig. 2D. l-lle size 
of the \.ezicle. determi11~~1 ti-~)m t h ~ s  SEX1 
Im,lge is ill apreemeilt with that obtaint.il 
trom TEhI.  Tlle calci~ieil XISC-\' p1ia.e 
~nher i t>  the ve,s~cul,ir mi~r~711~)ii)xi- a t  rllz 
or iy~nal  c>rgan~c-inorq;il~ic comples (Fly. 
2E).  T h ~ z  ,igaln ,Li<ge.;ts t h ~ r  rlie elt-;lsccm- 
Id7 pr"ces> o c c ~ ~ r s  in rhc 111terla\-ereil re- 
gionr t)t the.\e mulrilamcllar \ -e \~cle>.  

T h e  ST ,1~1c~)r~~tio1i-ile~i)r13t1on ~sothermr 
;111il co1-re~pt31iili11: H L ) r v c i t l i - K c ~ ~ ~ - ~ ~ ~ o e  ( 1 j) 
pore sire ~ l ~ \ t r ~ l ~ u t i i ) n  (PSLJ) cur\-es c>t the 
hlSU-\' q,1111171~?> ;Ire bho\\~n 111 Fie. 3. A ,111~1 

6, re>pc.ctivel!. Incluile~i tor comparison are 
the cilrves for tvpical b1Cli-41 a1ii1 -41- 
p ~ l l , ~ r e ~ I  ~ ~ ~ o ~ ~ t ~ ~ ~ o r i l l o ~ ~ i t e  t.41-Liont). T h e  
corrcspo11,ling parameters of the pore qtrirc- 
tilre are ~~1111111,1ri:e~l 111 Table 1 .  All  hlSU-\,' 
samples exliil~it type I isortl~crills \\-it11 hys- 
teresiq loops i)t tvpe H 4  ( 1  6 )  (see Fig. ;A). 
Tllesc ~ac>tller~lis are \,cry ilifferent from the 
~s i ) thcrm of the 11exaqi)nal LICLI-4 I. T h e  
sharp aii.;orption feature at P,:'P,, i>t i'.c?S tt) 
17.25> 1\-111ch is c l~dsacte~~is t ic  tor LIChI-41 
i d ) ,  is absent in nilr isotlierms. In a d i l ~ t ~ o n ,  
the c o r ~ e s p o n ~ l i n ~  PSD curves tor LiSU-\. 

Multilamellar 

Fig. 4. Proposed bornimeiic i e s c - j a r  t e m p a t n g  
~ n e c h a n s m  for the fo r rna i io~  of MSU-V. 

,1s the ciir1.e ft)r h iChl-41 sl~ii\\-s a ii1as1- 
I~ILIIII a t  a t'rame1\orl<-co1it'i11e~l me>opore 
si:e of 2 . 2  n m  (see Elil. iR). 

CL>ilipi~l.~st>~l i>t tlle Ja ta  111 Talile 1 .shn\\-s 
that hiSC-\' anLi LlChi-41 ha\.e similar spc- 
c~ f i c  s~ r rhce  area.;. Hon-el-er, h [Chi-4  1 es-  
l l l l ~ l t ~  c-i111y fr<lll1e\~-L~rl<-cL>l1ill1eLl llle5L>p>rL)S- 
itv ~111~1 11ttlc LX nt> 1111cr~)~-~-ir~>>itv i l l -  t c s t ~ ~ r ~ i l  

\~-i)rli ~ i~ ic rop t>ro i ty  cinil complement,~ry tex- 
tural or i1iterp.1rt1cle mesoporositv, ,I$ e1.i- 
ilc~iceil 1-y the ,signit~cant micrororc ~ - i > l ~ u n e ~  
(I-,,, < , ) L1llLj llleSi>l3<>re \-L>l~lllles (I-,, L- ,  ) 'llltl 

1-.\- the laryc CRFT cc)~lstCi~lt>,  \\111cli pi\-? a11 
i~n~lication c ~ t  the m,~pni tu~ie  of the ailior- 
l~ent-;iLliorl~,ite interactii>n cnergv. Tllc \im- 
il,lr sorption propertlcs of calcined ; ~ n d  
EtOH-estractcil LlSC-\' signify that the 
nciitral tc.mpl,~te call 1.e etticicntlv remo\-eJ 
licjm the pore net\vork 171- sol\-ent extr,~ction. 
I11 , l~ l J~ t ion ,  the i~o the rm iif the EtOH-ex- 
trasted <i~nil . ; i ~ l ~ ~ e c ~ i ~ e n t l ~  c;llcineJ hISC-\ '  1s 
111111~1r ti) thdt exll11?1te~l I>\' the EtOH-ex- 
tractccl psocluct. Tlle S, ,1il.;c~ryt1i)1l-ilc~i~rl~- 
t o  t l e r  I r e  l:e i i~s t r~hut ion 
c i ~ r ~ . e i  i>t LlSC-\: rcemble  thL)sc o t  .41- 
Xlont , ~ n d  related ~il1,lreil cia\-> i 1 ,-, 1 6 ) .  
These result.; ilpgest that <)us materi,il. are 
str~1ctilr,1llv bim~lar tc-i rillareil clay. and lire- 
c l i~de the p ~ > ~ ~ i l ~ i l ~ t v   it L ~ I I  a~~alc-igv 1\-1tl1 tllc 
temylateLl h e x a ~ o n , ~ l  h1-1.15 pha<es. 

LVe postulate that the form,1tiL>~l ot 
LISC-\' m a t e s ~ ~ ~ l s  occi~r; 111 a m,lnncr reml- 

plati1ig svntlieris nlost likely i)ccur.s tllrol~gh 
the ,1sscml?l\ o t  neutral .liam~ne .;urt~ct,ulti 
inti> mi1ltilami.11~r ~ e ~ ~ i l i . .  . Tlle mi~ l t~ l~ ime l -  
1d1- regiL)n\ of the \-e\icle> arc it>~i?ri>seil t ) t  

clo.;el!- p,icl<e~i layer. of \urfaitant be~ar,rte~i 
1.1- water la\-ers. The  aLlLl~tion of T E 0 5 t c )  the 
temyl,1te soli~tii>n atforLl.; l i ~ ~ ~ r ~ ~ l y : e L l  
S i ( i ~ C ~ r I H i ) t ~ \ O E I ,  ipec~e'. T11eie neutral 
species penetrate the vesicle interface. Jit- 
fuse into the i~inltilamcllar regions, and par- 
t ~ c i p ~ i t e  in H-ho11~111i~ iilteractio~ls \\ it11 the 

Table 1. Sorptot i  propellies of MSU-V s c a s  preparecl by b o t n ~ n e ; c  d i a r n i ~ e  v e s c e  te~nplat ing T' ie 
s p e c f c  s t l~ face area. S S E l ,  ancl i - e  CEEr cons;ant were calculated f r o ~ i i  tihe n e a i  p a d  of ;he Br, i~a-~er- 
Emtiiet;-Teller ( B E T  po; according to  n i e r n a i o n a  Clnon of P ~ r e  ancl A p p e d  C' iemsir),  reco rn tne~da-  
t o n s  176). The total pol-e volume ,, 'v~as taken '1.01 i i  i l i e  clesotpi~on hrarc l i  o'tl ie 1sotne8.m at PI F , = 

0.95,  assumng coml)Iete s-liiace sai'.~raton. T' ie vo lc~~ne  of mcropores.  I/,,, ,,. ?..:as deiermned by the 
I - p o i  metiiocl ('6). The volume of rnesoFores, I/, ,_,,,. )%!as esttmaied from the eq-laiioli I/, .25C = ly/IJ,; - 

~ . , ,  A \:oIu~iies?":ere ex1:ressed n t e r n s  of adsorbecl I q ~ d  n i rogen The average [pore size dl; ';,!as 
determ necl frotii t -e  tnax m a  of the cor respondng Hot7:atIi-Kasi,!azoe pore s z e  dstrib-I? on ct,ll!es ('51 
lsee Ftg. 3 9 ) .  

MCh,l-41 1104 5 4  0 .70  0 0.70 2 .2  
MSU-V (EtCH-exir.aciec1 and calcnedl 333 765 0.562 0.075 0.433 0 . 6  
\4SU-V (Et3Fl-exiractecll 756 177 0.463 0.121 0 347 0.6.  1 .2 
\4SU-V (calzlnedl 95d  252 0.526 0.16P 0.357 0 .6 ,  1 .2  
Al-Moni 8,: 7 365 : 0 .23 0.12 0 13  0.6.  0 .5  

'Kot e ~ o t e d  
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lone electrL>n pairs on  the .;irrf;lcta~ir he,id 
g s o ~ ~ p .  The  lack of electri)st,itic rel~ulsions 
l.et\\:een the neutral silica oligi~mer bpecies, 
the 21-wnce ot cl1ar:e-1llarclling s~~rfactail t-  
i~ l t> r s i~ l i c  ~ ~ ~ t c r a c t i o ~ l s ,  the C ~ I > S C  ~-r t )x~~l i i t \ -  of 
the lciyers, ,111~1 tllc filrthcr cri>ss-li111<111q anLl 
l c r i t  ot atliacent s~lica qpecles leads 
tn the siml~ltancc>~ls e r t ~ ~ v t h  of the ~3arallel 
silica layers slid tlie ~nterqallcr!- pillars. Fur- 
tlier iup1:ort <IS the prul:t>seLl mechan~sm is 
t>l~taineL1 trom the Qt/Q' ratio5 ot  Sl(OSi), 
to Si(OSi) ;OH ,,~liio~-i site. 101-tallied from 
- , I  , 
- Si mailic ;infile s l? i~in~ng nuclear m a ~ n e t i c  
re>onani.e (hIAS NbIR)  spectra (1 9)] exhill- 
iteJ 13)- the as-.;ynthesi:ed hlSC-\ '  and 
EtOH-estracreJ h.ISU-\,' 11.15 anil 1.63, re- 
\pectively), 11-hicl-1 are mucli higher tlia11 the 
ratios reportcLl fin hil,i\,-er tenlplate~l la~liellar 
silicas itl.0111 C.73 ti) l.C) ( 3 .  5). T111. result 
~ ~ l i l ~ c a t e  ,I ~llrich higher Llcgree t>f cro<s-link- 
inq tor nonc,ilc~ned LlSC-\' s , ~ m p l c ~ .  
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