
surface is low (7), so that strain fields 
introduced bv unoaired DBs lnav not be , L 

effectively screened. 
The DR diffusional dvnamics reoorted 

here has important implications for sLrface 
processes and, in particular, materials 
growth. It demonstrates that at low temper- 
atures, because of an attractive interaction. 
a majority of DB sites are likely to be paired 
and hence available for dissociative chemi- 
sorption and further growth. Had it been 
otherwise. growth would necessarilv be- " 

come a trimolecular process involving two 
uncorrelated surface DBs and an incident 
precursor inalecule. At higher tempera- 
tures, entropj. drives DBs to unpair, and DB 
diffusion becomes increasingly random. 
However, the number of DR sites is corre- 
spondingly larger (because of desorption), 
so that a statistically significant fraction of 
sites is present in a configuration that favors 
growth. Although the present study in- 
volves the Si(100) surface, these same ar- 
guments may well apply to a variety of 
systems, particularly if through-space DB 
interactions prove to be the origin of these 
local correlations. 
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Triblock Copolymer Syntheses of Mesoporous 
Silica with Periodic 50 to 300 Angstrom Pores 

Dongyuan Zhao, Jianglin Feng, Qisheng Huo, 
Nicholas Melosh, Glenn H. Fredrickson, Bradley F. Chmelka,* 

Galen D. Stucky* 

Use of amphiphilic triblock copolymers to direct the organization of polymerizing silica 
species has resulted in the preparation of well-ordered hexagonal mesoporous silica 
structures (SBA-15) with uniform pore sizes up to approximately 300 angstroms. The 
SBA-15 materials are synthesized in acidic media to produce highly ordered, two- 
dimensional hexagonal (space group p6mm) silica-block copolymer mesophases. Cal- 
cination at 500°C gives porous structures with unusually large interlattice d spacings of 
74.5 to 320 angstroms between the (100) planes, pore sizes from 46 to 300 angstroms, 
pore volume fractions up to 0.85, and silica wall thicknesses of 31 to 64 angstroms. 
SBA-15 can be readily prepared over a wide range of uniform pore sizes and pore wall 
thicknesses at low temperature (35" to 80°C), using a variety of poly(alky1ene oxide) 
triblock copolymers and by the addition of cosolvent organic molecules. The block 
copolymer species can be recovered for reuse by solvent extraction with ethanol or 
removed by heating at 140°C for 3 hours, in both cases, yielding a product that is 
thermally stable in boiling water. 

Large oore-size molecular sieves are much - 
in deinand for reactions or separations in- 
volving large molecules ( 1 , 2). Since meso- 
porous lnolecular sieves such as hexagonally 
ordered MCM-41 were discovered by Mobil 
Corporation scientists in 1992 (3, 4) ,  sur- 
factant-temolated svnthetic orocedures 
have been e'xtended t; include a k d e  range 
of comoositions, and a varietv of conditions 
have 6een developed for ;xploiting the 
structure-directing f~~nctions of electrostat- " 

ic, hydrogen-bonding, and van der Waals 
interactions associated with amnh~oh~lic 

A 

~nolecules (5-16). Typically, these materi- 
als are svnthesized under conditions where 
silica-suifactant self-assembly (1 6)  occurs 
simultaneouslv with condensation of the 
inorganic species, yielding rnesoscop~cally 
ordered coinoosites. For examole, MCM-41 
materials prepared with cationic cetyltri- 

D. Zhao, Q. HLIO, G. D. S t ~ ~ c k y ,  Depariment of Chemistry 
and Materials Research Laboratory, Universty of Cafor- 
nia, Santa Barbara, CA 93106, USA. 

methylammonium (CTA+) surfactants 
~o~nmonly  have d(100) spacings of about 40 
A, which after calcination yield a hexago- 
nally ordered porous golid with uniform 
pore sizes of 20 to 30 A (5-9, 12). Cosol- 
vent organic molecules, such as 1,3,5-tri- 
methylbenzene (TMB) used to expand the 
pore size of MCM-41 up to 100 A (3, 4) ,  
unfortunately yield materials with less-re- 
solved x-ray diffraction (XRD) patterns, 
particularly near the high end of this size 
range, for which a single broad diffraction 
peak is often observed (9). Extended ther- 
mal treatment during synthesis gives ex- 
panded pore sizes up to -50 A (17). We 
have used postsynthesis treatment, by sub- 
sequently heating the product obtained 
from an alkaline S + I  synthesis at room 
temperature in distilled water at pH =o 7, to 
obtain pore sizes as large as -60 A (9) 
without the need for organic swelling 
agents. Using CTA+ surfactant species in 
an L, soonge ohase, McGrath e t  al. ( Id)  , .  - .  

J. Feng, Depariment of Chemstry and Center for QLlan- created siliceous solids with large, uniform, 
tzed Electronc Structures, Unversity of California, Santa 
Barbara. CA 931 06, USA. but disordered pore assemblies. Pinnavaia 
N. Melosh, G. H. Fredrickson, B. F. Chmeka, Materials and co-workers (1 1) used nonionic surfac- 
Research Laboratory and Department of Chemical Eng- cants in neutral media to 
rieerlng, University of California, Santa Barbara, CA 
n?,d,,n , , - A  worm-like disordered mesooorous silica 
Y J  IUD, UhH. 
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with uniform pore sizes of 26 to 58 A. To 
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posite syntheses, we anticipated that the use 
of amphiphilic polymers of larger molecular 
weight would extend the mesoscopic-length 
scales achievable. 

We report the syntheses of well-ordered 
hexagonal mesoporous silica structures 
(SBA-15) with tucable large uniform pore 
sizes (up to -300 A) which are obtained by 
use of amphiphilic block copolymers (15, 
19) as organic structure-directing agents. In 
particular, poly(alky1ene oxide) triblock co- 
polymers such as poly(ethy1ene oxide)- 
poly(propy1ene oxide)-poly(ethy1ene ox- 
ide) (PEO-PPO-PEO) are good candidates, 
because of their mesostructural ordering 
properties, amphiphilic character, low-cost 
commercial availability, and biodegradabil- 
ity. Using aqueous acidic conditions (pH = 
1) and dilute triblock copolymer concentra- 
tions, SBA-15 has been synthesized with a 
highly ordered (four- to seven-peak XRD 
pattern) two-dimensional (2D) hexagonal 
(p6mm) mesostructure and thick uniform 
silica walls (31 to 64 A). The thick silica 
walls, in particular, are different from thin- 
ner walled MCM-41 structures made with 
conventional cationic surfactants and lead 
to greater hydrothermal stability on the part 
of SBA-15. The pore size and the thickness 
of the silica wall can be adjusted by varying 
the heating temperature (35" to 140°C) 
and time (1 1 to 72 hours) of SBA-15 in the 
reaction solution. 

SBA-15 can be synthesized over a range 
of reaction mixture compositions and con- 
ditions. Use of concentrations of block co- 
polymer higher than 6 weight % yields only 
silica gel or produces no precipitation of 
silica, whereas concentrations of copolymer 
below 0.5 weight % result in only amor- 
phous silica. Preparation of SBA-15 has 
been achieved with reaction temperatures 
between 35" and 80°C. At room tem- 
perature, only amorphous silica powder 
or poorly ordered products are obtained, 
whereas higher temperatures (>80°C) yield 
silica gel. Tetraethoxysilane (TEOS), tetra- 
methoxysilane (TMOS), and tetrapropoxy- 
silane (TPOS) are suitable sources of silica 
for the preparation of SBA-15. Hexagonal 
mesoporous SBA-15 has been formed' in 
acid media (pH < 1) with HC1, HBr, HI, 
HNO,, H2SO4, or H3PO4 acids. At pH 
values from 2 to 6, above the isoelectric 
point of silica (pH - 2), no precipitation or 
formation of silica gel occurs. At neutral 
pH - 7, only disordered or amorphous silica 
is obtained (1 1 ,  15). 

SBA-15 samples with d(100) spacings in 
the range 74.5 to ll? A and pore sizes 
between 46 and 100 A have been synthe- 
sized by using PEO-PPO-PEO triblock co- 
polymers with different ratios of ethylene 
oxide (EO) and propylene oxide (PO) com- 
positions with and without addition of 

TMB as a swelling agent. For the triblock 
architectures used, the E0:PO ratio affects 
the formation of SBA-15, with a lower ratio 
favoring a p6mm hexagonal morphology. 
For example, use of Pluronic L121 
(E05P070E05) (20) at low concentrations 
(0.5 to 1 weight %) in the absence of 
cosolvent species leads to hexagonal SBA- 
15, whereas higher concentrations (2 to 
5 weight %) yield an unstable lamellar 
mesostructured product. Higher E0:PO 
ratios in the block copolymer, such as 
E0106P070E0106r E0100P039E0100, Or 
E080P030E080, produce cubic meso- 
porous silica ( 1 3,  2 1 ). Hexagonal meso- 
porous silica SBA-15 can also be synthe- 
sized by using reversed PPO-PEO-PPO ar- 
chitectures, for example P019E033P019. 
Table 1 summarizes the physicochemical 
properties of mesoporous silica prepared by 
using poly(alky1ene oxide) triblock and 
reverse triblock copolymers. 

The small-angle XRD pattern for as- 
synthesized mesoporous silica (SBA-15) 
prepared with EOzoP070EOzo shows four 
well-resolved peaks (Fig. 1A) that are in- 
dexable as (loo), (110), (200), and (210) 
reflections associated with p6mm hexagonal 
symmetry. Three additional weak peaks in 
the 20 range of 1" to 3.5" correspond to the 
(300), (220), and (310) scattering reflec- 
tions (3, 4, 9), indicating that as-synthe- 
sized SBA-15 has a high degree of hexago- 
nal mesoscopic organization. The intenge 
(100) peak reflects a d spacing of 104 A, 

corresponding to a large unit-cell parameter 
(% = 120 A) (9). After calcination in air at 
500°C for 6 hours, the XRD pattern (Fig. 
1B) shows that the p6mm morphology is 
preserved, although the peaks appear at 
slightly larger 20 yalues, with d(100) = 95.7 
A and q, = 110 A. Six XRD peaks are still 
observed, confirming that hexagonal SBA- 
15 is thermally stable. A similarly high de- 
gree of mesoscopic order (four p6mm XRD 
peaks) is observed for hexagonal SBA-15 
even after calcination to 850°C. 

Scanning electron microscopy (SEM) 
images (Fig. 2) reveal that the as-synthe- 
sized SBA-15 sample of Fig. 1 consists of 
many rope-like domains with relatively uni- 
form sizes of -1 pm, which are aggregated 
into wheat-like macrostructures. After cal- 
cination in air at 500°C, SBA-15 shows a 
similar particle morphology, which reflects 
the thermal stability of the macroscopic 
structure. Transmission electron microsco- 
py (TEM) images (Fig. 3) of calcined SBA- 
15 [including different sample orientations 
(22)] show well-ordered hexagonal arrays of 
mesopores (1D channels) and further con- 
firm that SBA-15 has a 2D p6mm hexago- 
nal structure (3 ,4 ,  9). From high-dark con- 
trast in the TEM image of this sample (Fig. 
3B), the distance betyeen mesopores is es- 
timated to be - 1 10 A, in agreement with 
that determined from the XRD data. 

A calcined SBA-15 sample prepared 

hkl d(A) 

110 60.0 
200 52.0 
210 39.4 

220 30.0 

100 

0 = :: 
x 4 

A 

hkl d(A) 
100 X I 0  100 95.7 

110 55.0 

B 
I I I I 

1 2 3 4 5 6  

2 8 (degrees) 
Fig. 1. Powder XRD patterns of (A) as-synthe- 
sized and (B) calcined mesoporous silica (SBA- 
15) prepared using the amphiphilic triblock copol- 
ymer EO,,PO,EO, as structure-directing spe- 
cies. The chemical composition of the reaction 
mixture was 4 g copolymer:0.041 mol TEOS: 0.24 
mol HCk6.67 mol H,O. The XRD patterns were 
acquired on a Scintag PADX diffractometer 
equipped with a liquid nitrogen-cooled germani- 
um solid-state detector using Cu Ka radiation. 

Fig. 2. Scanning electron micrographs of as-syn- 
thesized hexagonal mesoporous silica SBA-15 
obtained on a JEOL 6300-F microscope at differ- 
ent magnifications. 
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with E020P070E020 by reaction at 35°C for 
20 hours, heating at 100°C for 48 hours, 
and subsequent calcination in air at 500°C, 
yielded an SBA;l5 product with a mean 
pore size of 89 A, a pore volume of 1.17 
cm3Ig, and a Brunauer-Emmett-Teller 
(BET) surface area of 850 m21g. Three well- 
distinguished regions of the adsorption iso- 
therm (Fig. 4) are evident: (i) monolayer- 
multilayer adsorption, (ii) capillary conden- 
sation, and (iii) multilayer adsorption on 
the outer particle surfaces. In contrast to N2 
adsorption results (23, 24) for MCM;41 
mesoporous silica with pore sizes -40 A, a 
clear type-H1 hysteresis loop (23) is ob- 
served, and the capillary condensation oc- 
curs at a higher relative pressure (PIPo - 
0.75). The approximate pore size calculated 
using the Barrett-Joyner-Halenda analysis 
(23, 24) is significantly smaller than the 
repeat distance determined by XRD, using 
the Halsey equation for multilayer thick- 
ness, because the latter includes the 
thickness of the pore wall. The thickness 

Fig. 3. TEM images of calcined hexagonal SBA- 
15 mesoporous silica with different average pore 
sizes, from BET and XRD results (24): (A) 60 A, (B) 
89 A, (C) 200 A, and (D) 260 A. The thicknesses of 
the silica walls are estimated to be (A) 53 A, (B) 31 
A, (C) 40 A, and (D) 40 A. The micrographs were 
recorded digitally with a Gatan slow-scan charge- 
coupled device (CCD) camera on a JEOL 2010 
electron microscope operating at 200 kV. The 
samples were prepared by dispersing the powder 
products as a sluny in acetone, which was then 
deposited and dried on a holey carbon film on a 
Cu grid. A low-exposure technique was used to 
reduce the effect of beam damage and sample 
drift. Focus-series measurements show that the 
bright areas correspond to the pores and dark 
areas to the silica walls. 

of the pore wall is estimated to be -31 
A (Table 1) for SBA-15 prepared with 
E020P070E020' 

Heatine as-svnthesized SBA-15 in the " ,  
reaction solution at different temperatures 
(80" to 140°C) and for different leneths of 
iime (11 to 72'hours) resulted in a s k e s  of 
structures with systematically different uni- 
form pore sizes (47 to 89 A) and* different 
silica wall thicknesses (31 to 64 A) (Table 
1 and Fig. 3, A and B) (25). These wall 
structures are substantially thicker than 
those typical for MCM-41 (commonly 10 to 
15 A) prepared with alkylammonium cat- 
ionic surfactant species as structure-direct- 
ing agents (3, 4, 12). Higher temperatures 
or longer reaction times result in larger pore 
sizes and thinner silica walls, which may be 
caused by protonation or temperature-de- 

Relative pressure (p/pJ 

Fig. 4. Nitrogen adsorption (0)-desorption (x) 
isotherm and pore volume plots for calcined me- 
soporous silica SBA-15 prepared with the am- 
phiphilic triblock copolymer E0,0P070E0,0. The 
isotherms were measured with a Micromeritics 
ASAP 2000 system. The pore volume was deter- 
mined from the adsorption branch of the N, iso- 
therm cutve at the P/Po = 0.983 signal point. STP, 
standard temperature and pressure. 

pendent hydrophilicity of the PEO block of 
the copolymer under the acidic synthesis 
conditions (13, 26), or a combination of 
both. Resulting PEO moieties are expected 
to interact more strongly with the silica 
species and thus be more closely associated 
with the inorganic wall than the more hy- 
drophobic PPO block. However, at higher 
temperatures, the PEO blocks become more 
hydrophobic (26), resulting in increased hy- 
drophobic domain volumes, smaller lengths 
of PEO segments associated with the silica 
wall (see below), and increased pore sizes. 

The pore size of hexagonal mesoporous 
2BA-15 can be increased to more than 300 
A by increasing the hydrophobic volume 
of the self-assembled aggregates. This can 
be achieved by changing the copolymer 
composition or block sizes, or by adding 
cosolvent organic molecules such as TMB. 
For example, the XRD pattern of as-syn- 
thesized SBA-15 prepared with a TMB: 
E020P070E020 weight ratio of 3:4 (Fig. 5, 
curve A )  shows three peakso with d spac- 
ings of 270, 154, and 133 A at very low 
angles (20 range from 0.2" to lo), which 
are indexable as (loo), (1  lo),  and (200) 
reflections associated with p6mm hexago- 
nal symmetry (4, 6). The inten2e (100) 
peak reflects a d spacing of 270 A, corre- 
sponding to a unit cell parameter a. of 3 10 
A. After calcination in air at 500°C for 6 
hours, the XRD pattern (Fig. 5, curve B) 
displays slightly improved resolution, with 
a bro2d (210) reflection at a d spacing of 
100 A. In spite of such large lattice dimen- 
sions, hexagonal SBA-15 is thermally sta- 
ble and mesoscopically well ordered: the 
calcined product has a BET surface arga 
of 910 m2/g, an average pore size of 260 A, 
a pore volume of 2.2 cm3lg, and TEM 
images show a highly ordered material 

Table 1. Preparation and physicochemical properties of hexagonal SBA-15 prepared with poly(alkylene 
oxide) triblock copolymers. The value inside brackets for d(100) is the value for the SBA-15 product 
calcined at 500°C for 6 hours. Pore size distributions, pore volumes, and BET isotherms were deter- 
mined from N2 adsorption-desorption experiments. The wall thicknesses were calculated as: a, - pore 
size (ao = 2 x d(100)/fi). 

Block Reaction d(100) BET pore pore Wall 

copolymer temperature (4 Surface size volume thickness 
("C) 

area 
(m2/g) ( 1  (cm3/g) (4 

'Reaction at 35% for 20 hours, then heating to the higher temperature for 24 hours, or for the second entry for 80°C, 
48 hours. 
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a i t h  hexagonal sylnmetry and large pore 
sizes (Fig. 3 D ) .  

This adjustlnent of the  pore size of SBA- 
15 can be made essentially continuously by 
syste~natically varying the  relative concen- 
trations of swelling agent and copolylner or 
cationic surfactant species used in the  re- 
spective reaction mixtures. Figure 6 shon,s 
the  increases that occur in  the  XRD d(100) 
spacings and the  subsequent mean pore sizes 
as filnctions of the  TMB:E02,POi,E0,, 
Inass ratio (ranging from 0 to 2) for SBA- 
15. Although the  d(100) spacing and pore 
size of MCM-41 prepared by  sing $ationic 
surfactant can be expanded to 100 A (4)  by 
addition of TMB, the  increase is much less 
than for SBA-15 (Fig. 6 ) .  Furthermore, the  
XRD patterns for MCM-41 inaterials with 
such expanded channel iiilnensions tend to 
consist of single low-angle peaks ( 4 ,  9 ) ,  
which reflect relatively poor ~nesoscopic or- 
dering compared to  that  of SBA-15 (Fig. 
5A) .  W h e n  the  pore size of SBA-15 is 
expanded by using T M B  as a cosolvent 
under otherwise identical conditions, the  
wall thickness remains unchanged, as does 
the hydrothermal stability of the  resultant 
lnesoporous product. Eve; for structures 
a i t h  pore sizes up to 300 A, the  materials 
retain their periodic structure after hydro- 
thermal treatment. 

T h e  31- to  64-P\-thick silica walls of 
SBA-15 iinpart significantly greater hydro- 
thermal stability to calcined SBA-15 in 
colnparison to calcined MCM-41 inaterials 
prepared without additional treatment with 
TEOS (27,  28).  Calcined MCM-41, pre- 

0 1 2 3 4 

2 8 (degrees) 
Fig. 5. Powder XRD patterns of (A) as-synthe- 
sized and (B) calcined mesoporous silica SBA-I 5 
prepared using the amphiphilic triblock copolymer 
EO,,PO,,EO,, with TMB added as  an organic 
swell~ng agent The chemical composition of the 
reaction mixture was 4 g copolymer,3 g TMB: 
0.041 mo TEO30.24 mo HC1.6.67 mo  H,O. 

pared by using C,(,H3,N(CH3),Br as previ- 
ously described (9), shows a well-resolved 
hexagonal XRD pattern (Fig. 7A),  but after 
heating in  boding water for 6 hours, the  
~naterial  becomes amorphous and loses all 
XRD scattering reflections (Fig. 7B). In  
contrast to  this, all of the  calcined SBA-15 
samples prepared with the  triblock PEO- 
PPO-PEO copolylners are stable after heat- 
ing in  boiling water for 24 hours under 
otherwise Identical conditions. T h e  XRD 
pattern of calcined SBA-15 prepared with 
E02,P07,E02, a t  35°C (Fig. IB)  is essen- 
tially unchanged from that obtained after 
the  sample has been heated in boiling water 
for 24 hours (Fig. 7C) .  All scattering reflec- 
tions are retained after this relatively severe 
hydrotherlnal treatment, although the 
(210) reflection becomes broader and the  
(300),  (220),  and (310) peaks become 
weaker. T h e  (100) peak, however, is ob- 
served with similar intensity (Fig. 7C) .  BET 
lneasurelnents carried out after such hydro- 
thermal treatment show that the inonodis- 
persity of the  pore size, the  high surface 
area, and the  high pore volume are retained 
(29).  By providing larger pores and more 
stable walls, the  SBA-15 synthesis proce- 
dure is a n  improvement over two-step 
postsynthesis treatments that use TEOS to  
stabilize lnesoporous MCM-41 by reinforc- 
ing the  inorganic wall with additional silica 
( 4 ,  28) .  

Fig. 6. Var~at~on of the d(100) spacings (circles) 
and pore sizes (squares) for hexagonal meso- 
porous SBA-I 5 (solid circles and squares) and for 
hexagonal mesoporous MCM-41 (open circles 
and squares) a s  functions of the TMB/surfactant 
ratio (g.'g) The materals were calcined at 500°C 
in air for 6 hours before the XRD and adsorption 
measurements. Pore size data for MCM-41 were 
taken from (4) ,  and the d(l00) spacing data from 
(6). The chemical composition of the reaction 
mixtures used to prepare the SBA-15 samples 
was 4 g E02,P0,,E02,  copolymer:^ g TMB 
0.041 mol TEO30.24 mol HCI:6.67 mo  H20. 
The reaction mixture for the MCM-41 samples 
was NaAO2:5 3 C,,TMAC 2.27 TMA0H:I 5 9 
Si0,:x g TMB:1 450 H,O (C,,TMACI, cetyltri- 
methyl-ammonium chloride, TMAOH, tetra- 
methylammonium hydroxide). The solid lines 
have been added to guide the eye 

T h e  '%i magic-angle spinning nuclear 
magnetic resonance spectrum (30) of as- 
sy~~t l~es ized  hexagonal SBA-15 shon,s three 
broad peaks at 92, 99, and 109 p p m  These 
peaks correspond to Q', Q3, and Q4 silica 
species, respectively, which are associated 
with progressively increased silica cross- 
linking. From the  relative peak areas, the  
ratios of these species are established to be 
Q' : Q' : Q4 = 0.07 : 0.78 : 1. These results 
Indicate that compared to  MCM-41, SBA- 
15 has a somewhat less condensed, but sim- 
ilarly locally disordered, silica framework 
(7).  

Therinal gravirnetric and differential 
thermal analyses ( T G A  and D T A )  in air of 
SBA-15 prepared with E02,P07,E0,, 
show total weight losses of 58 weight %. A t  
8O0C, TGA registers a 12 m2eight % loss 
acco~npanied by an  endother~nic  D T A  peak 
because of desorption of water ( 7 ,  12).  This 
is followed by a 46 weight % TGA loss at 
14 j °C ,  which coincides a i t h  an  exother- 
inic D T A  peak associated nit11 decomposi- 
tion of the  organic block copolyrner ( 7 ,  12, 
31 ). 

T h e  telnperatule (-145°C) at w h ~ c h  
the  block copolv~ner specles are decom- 
posed and desorbed from the  SBA-15 
channels IS much lower than the  decompo- 
sitlon tempelature of pure E02,POi,E02, 

Fig. 7. Powder XRD patterns of (A) calcined 
MCM-41 silica prepared using the cation~c surfac- 
tant C,,H,,N(CH,),Br; (B) calcined MCM-41 after 
heating in boiling water for 6 hours, and (C) cal- 
cined SBA-15 prepared by using the triblock co- 
polymer EO,,PO,,EO,, after heating in bo~ling 
water ior 24 hours, The pattern in (C) 1s essentially 
unchanged from those shown (Fig 1 ,  A and B) 
for the as-synthesized and calcined SBA-15 
products. 
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(-250°C). It is also much lower than the 
temperature required (-360°C) to remove 
lower-molecular-weight cationic surfactant - 
molecules from the channels of as-synthe- 
sized MCM-41 (7, 12). For comparison, the 
T G A  of E02,P07,E02, impregnated in 
SiOz gel shows that the copolymer is not 
removed until 190°C; the origin of the low 
decomposition temperature for poly(alky1- 
ene oxide) species in SBPI-15 is currently 
under investigation. Alternatively, solvent 
extraction of as-synthesized SBA-15 using 
ethanol at 78'C allows the organic copoly- 
mer to be completely removed without de- 
composition, per~nitting its recovery and 
reuse: W e  have used such recycled copoly- 
mer species to synthesize high-quality hex- 
agonal SBA-15 with characteristics and 
properties that are essentially identical to 
those oresented above. 

T h e  structure-directed assembly of me- 
soscopically ordered silica by dilute poly 
(alkvlene oxide) triblock copolymers in  
acid media likely occurs by a pathway that 
involves a co~nbination of electrostatic 
and hydrogen-bonding interactions. Un- 
der acidic conditions, the PPO block is 
expected tb display more hydrophobicity 
than the PEO block upon heating to 35' 
to 80°C (26) ,  thereby increasing the ten- 
dency for rnesoscopic ordering to occur. 
A t  pH .=: 1,  positively charged protonated 
silicate species interact preferentially with 
the Inore hydrophilic PEO block or blocks 
to promote cooperative self-assembly of a 
silica-block-polymer-rich lnesophase from 
a dilute water-rich phase ( 6 ,  8 ,  13) .  Con- 
current and further condensation of the 
silica species in the presence of the block 
copolymer surfactant species results in the 
formation of the lnesophase silica compos- 
ite (6 ,  8 ,  9 ) .  The  absence of sufficiently 
strong electrostatic or hydrogen-bonding 
interactions at UH values 2 to 7 leads to 
the formation of alnorphous or otherwise 
disordered silica (1 1 ,  15). The  use of am- 
phiphilic block copolymers with higher 
molecular weights can be expected to 
yield lnaterials with still larger pores than 
observed here, with potentially thicker 
walls and correspondingly enhanced hy- 
drothermal stabilities. 

In general, the silica poly(alky1ene ox- 
ide) block copolylner systems described 
here represent a special case of a inore 
general category of lnaterials in which ki- 
netically quenched structures are pro- 
duced by using the self-assembly charac- 
teristics of block copolymers. Unlike con- 
ventional surfactants, block copolymers 
have the advantage that thelr properties 
can be nearly continuously tuned during 
synthesis by adjusting composition, molec- 
ular weight, or architecture. Moreover, 
they permit solution organization of larg- 

er-scale features than 1s possible with slln 
ple surfactants and achleve thls a t  lower 
concentrations. For example, we have also 
prepared lnonoliths and highly ordered, 
oriented, continuous mesoporous silica 
thin films (pore size up to -90 '4) on  
various substrates, by dip-coating using 
the block copolymers in organic solvents. 

Other  e x a m ~ l e s  are found in uurely 
L ,  

organic systems, in a h i c h  heterogeneous, 
nanoscale structures have been controlla- 
bly produced and stabilized in block co- 
polymer composites containing polymeriz- 
able additives. Hilllnyer e t  al. have recent- 
ly de~nonstrated this by selectively incor- 
porating and cross-linking a therlnosetting 
epoxy resin in the PEO domains of a poly- 
(ethylene oxide)-poly(ethy1 ethylene) 
(PEO-PEE) diblock copolymer (32) .  Nov- 
el ~norphologies can be produced by ex- 
ploiting kinetically hindered lnicrophase 
seoarations in  such svstems. Moreover, re- 
cent theoretical progress on  the phase be- 
havior of block copolyiner/ho~nopc~lymer 
blends is approaching a comprehensive 
understandine of the existence and se- - 
quence of lnesoscopic morphologies ob- 
tained in these lnaterials 133). The  overall 
strategy is thus applicable ' n o t  only to 
co~nposites containing hydrophilic-hydro- 
phobic copolymers, such as the silica- 
poly(alky1ene oxide) systeln discussed 
above, but more generally to any self- 
assembling surfactant or copolymer systeln 
in a h i c h  a network-for~ning additive is 
selectively partitioned among compo- 
nents. A n  enormous variety of nanophase- 
separated co~nposite lnaterials can be en- 
visioned in which variations in the choice 
of blocks, copolymer compositions, or 
chain architecture are used to tune self- 
assembly, while processing variables such 
as temperature, pH, and external fields 
(34) ,  are lnanipulated to regulate fixation 
of the one or more resultant structures. 
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