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7. The syntheses
of a number of stable nonsilica periodic
mesoporous
materials
such as ZrOZ [26], AI,O, [27-291
TiO, [30] Nb20s [31], Ta20s [32] AlPO, [33,34] and manganese oxide [35’].
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9. The incorporation
of functionalized
moieities into mesoporous silicas [41], an example
of which is reactive vinylfunctionalized
mesoporous
silica composites
[42’,43’,44].
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scanning electron microscopy
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transmission
electron microscopy

10. Fabrication
of mesoporous
silica thin films, spheres,
fibers and monoliths
using sol-gel chemistry
and emulsion
chemistry
[14”,4S’,46,47”,48~,49”,50”,51’,52’,53~*SS”,56’,S7’,58.59,60’].

bromide

at half maximum)
monolayer

11. Demonstration
of numerous
potential
applications
mesoporous
materials [1,10,61-64,65”,66’*67].

tetraethyloxysilane
tetramethyloxysilane

Introduction
Interest

(20-500
progress

templating
for semiconductor
mesostrucand mesoporous
metallic Pt [39”,40”].

1998,

Abbreviations
BET
Brunauer-Emmett-Teller

TEM
TEOS
TMOS

6. The encapsulation
of nanosized
conducting
polymer filaments [ZZ], semiconductors
[23] and metals [24,25] into
the hexagonal
channels
of MCM-41,
thus demonstrating
the feasibility
of using mesoporous
materials for nanometer scale electronic
devices.

8. Liquid crystal
tures [36”,37,38]
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and functional
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of California

[14”],

5. The formation
of many new mesoporous
silica struttures including
bicontinuous
sponge L, [18”], 3D cubic
Pm3m[19”],
3D hexagonal
(P63/mmc)
cage [‘20,21’], and
ImTm mesostructures
[13”].
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4. The syntheses
of hierarchical
macrostructures
scopically ordered silica [16”,17”].

materials

silica having designated

macrostructures,
integration

at the

the use of block copolymers

of mesoporous

ordered

3. The syntheses
of ordered
conia and silica [14”,15].

materials

definition

levels (shape and morphology)

during

(> 30 nm), the formation

mesoporous

structure

Huo, Bradley F Chmelka and

ia the synthesis
and characterization
A) materials
continues
unabated
has been made areas the following

1. Elucidating
the assembly
thesized
ordered mesoporous

of large pore
11. Much
areas:

[l-l

mechanism
of alkaline
phases [12”].

syn-

2. The synthesis
ot mesoporous
materials with larger pore
sizes (up to - 300 A) (Figure 1) using triblock copolymers
as structure-directing
agents [13”].

of

The early syntheses
of mesoporous
materials
such as
FShI-16 [68] and the M41S family [69,70] were carried out
in basic media with anionic silica species,
following
the
classical aqueous
chemistry
approach
that has proven so
successful
for the synthesis
of nanoporous
silica molecular
sieves.
Attempts
to extend
this silica molecular
sieve
chemistry
to the synthesis
of organized
nanoporous
molecular sieve silica phases at lower pH values using cationic
silica species
have been notably
unsuccessful
over the
years.
The syntheses
of hexagonal and cubic mesoporous
silica at
pH < 2 (the aqueous isoelectric
point of silica) [71,72] was
a major advance in periodic porous silica materials synthe-
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electron microscope
Images of calclned hexagonal SBAwith different average pore sizes. from BET and XRD

results [13”]:
(a) 60 A, (b) 90 A. (c) 200 i\ and (d) 260 i\. The
thicknesses
of the silica walls are estimated to be (a) 53 A, (b) 31 A.
(c) 40 i\ and (d) 40 A. Reproduced
with permission from [13"].
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Topological

block
concentrations
of poly(isoprene-h-ethyleneoxide)
copolymers
(PI-b-PEO)
to make lamellar and hexagonal
aluminosilicate-polymer
mesostructures
that are highly
ordered on length scales to -40 nm. The synthesis
was carried out in an acidic and nonaqueous
solution (mixture of
CHCl, and tetrahydrofuran).
The thermal stability of the
materials and possibility
for removal of the organic species
still needs to be clarified.
Hexagonal
anda cubic mesoporous
silica structures
with
large (-50-300
A) pores have been synthesized
using commercially
available
amphiphilic
triblock
copolymers
(polyalkylene
oxides), strong acidic conditions,
and dilute
aqueous
polymer
solutions
[13”]. The hexagonal
(plane
group
p6~n)
materials
(SBA-15)
are highly
ordered
(Figure Z), silica-block
copolymer
mesophases.
Calcination
in air at 500°C yields thermally-stable
mesoporous
struc-

Fiaure 2

as-synthesized
0

1

I

I

2

3

,A
4

2 8 (degrees)
Powder XRD patterns of A, as-synthesized
and B, calcined
mesoporous
silica (SBA-15) prepared using the amphiphilic copolymer
E020P070E020
with 1,3,5+rimethylbenzene
(TMB) added as an
organic swelling agent. The chemical composition
of the reaction
mixture was 4 g copolymer: 3 g TMB: 0.041 mole TEOS: 0.24 mole
HCI: 6.67 mole H,O. Reproduced
with permission from [13”].

tures with unusually large d(100) spacings of 74.5 to 320 A,
uniform pore sizes that can be varied from 46 to over 300 A,
pore volumes
to 2.5 cm”/g, and pore volume fractions
as
high as 0.85. SBA-15 silica wall thicknesses
can be varied
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from 31 to 64 A, which is much thicker than for MChI-41,
and results in a high hydrothermal
stability in boiling water.
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 to 850°C. These
large pore mesoporous
materials are not readily formed under basic conditions.
Cubic
mesoporous
silica cage-structures
(Im3m)
have
been synthesized
using poly(alky1
oxide)-block-copolymers (PEO-PPO-PEO)
with relatively
high EO/PO ratios
[13”]. This silica metophase
has a large unit cell (4 200 A),
large pore size (>80 A), type IV adsorption
isotherm,
and
high hydrothermal
stability.
A PmJm
cubic
phase
is
obtained
with oligomeric
nonionic surfactants.

Cage-structures
The hI4lS family of mesoporous
materials discovered
by
hlobil’s scientists
[69,70] has three important
members,
RIChI-41: hexagonal (p6mm) structure, hlChI-4X: bicontinuous
cubic structure (Iajd), and hlCh~l-50: a lamellar based
mesostructure
(L,). RICYI-41 has a 1D channel structure
that may present diffusion limitations
for catalysis and separation applications.
3D bicontinuous
cubic hlChl-48
is
expected
to be more useful than hlChl-41 in certain uses,
because it allows more facile 3D mass transport.
A mesoporous silica phase with a 3D cage-structure
(SBA-1) was
synthesized
using cation surfactants
with large head groups
(e.g. C,,H,,N(C2H,j),~Br)
and acid or base synthesis conditions [71,72]. SBA-1 has a 3D cubic mesostructure
(unit cell
size as large as 180 A) with a Pm% space group and a high
BET surface area (-1500 m’/g,). SBA-2 has a 3D hexagonal,
P6.3/mmc space group and a cage structure that can be synthesized in both acid and basic media in the siliceous form
[20,21’]. This cage mesostructure
has also been found for
the early transition
metal oxides by I’ing and co-workers
[8,31]. The
Imjm
structure
noted
above
is the third
presently
known mesoporous
silica cage structure based on
adsorption
and modelling
of liquid crystal diffraction
data.
An AIRIPO, (hl = hlg, hln, Co or Zn) zeolite-type
structure
with ordered crystalline
\valls and cage dimensions
20 x 20
0
x 15 A (between
oxygen centersj is at the edge of mesoscale
dimensions
and suggests
the possibility
of mesoporous
materials with crystalline walls [82].

Topological structure definition
macroscale level

at the

The use of silica-organic
interface
interactions
that are
weak compared
to other
competing
assembly
forces,
together
with kinetic control of the silica polymerization
makes it possible
to simultaneously
control the periodic
mesostructure
and particle shape on the micrometer
to centimeter
length scales [3,83’]. The different
entropic
and
interaction
energies in the nanoscale organic, inorganic, and
interface
regions during the assembly
result in structure
frustration
with incompatible
local packing constraints
that
forbid an optimal geometry
where the free energy is minimized within these regions. During synthesis
and process-
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3

(a,b) Representative
TEM images of the channel patterns for different areas of samples
and water. Reproduced
with permission from [86’]. (c) TEM image of TX+x disclination
geometrical
structure. Reproduced
with permission from [85’].
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and no mesoporous
silica fibers are observed.
On the other
hand, if TBOS is used as a silica source, the organic solvents
are not necessary for growth of the silica fibers.
The fibers can be made with hexagonal
or circular cross
sections
l-10 pm in diameter.
The length of the fibers
(from 100 pm up to 5 cm) can be as much as the height of
the aqueous
solution.
The long fibers are optically transparent in the visible region and uniaxial with optical axes
that lie along the long direction
of each fiber. Insight into
the pore structure
of the mesoporous
silica fibers
is
revealed
by high-resolution
TEM images of thin transverse cross sections
cut from the fibers. Well-ordered
hexagonal
arrays of pores are found in fiber cross sections
cut normal to the fiber axis, and TEM images of longitudinal sections show parallel pores that follow the fiber axis
curvature of the fiber axis with high fidelity. The fibers are
thermally
stable and exhibit a BET surface area of 1200
mZ/g, a pore volume of 0.78 cm/g,
and a narrow pore size
distribution
at 22 A (FWHM
= 5 A).
Baskaran et nl. [56’] have synthesized
mesoporous
silica
spun fibers (Figure 4) by rapid evaporation
of hydrolyzed
alkoxysilane-cationic
surfactant
solutions
under
acidic

115

Figure 5

TEM images of sectioned

bacterial

thread viewed

approximately

parallel to the fiber axis. (a) Low magnification
image showing
organized macroporous
silica replica of the interfilament
spaces.
(b) High magnification
image of unmineralized thread showing
bacterial

filaments

and void space.

Cc) Corresponding

image of

mineralized thread showing formation of continuous
silica walls and
encapsulated
multicellular filaments. Reproduced
with permission
from [16”1.

were subsequently
removed
after deposition,
leaving
a
hollow fiber of MCM41.
Raimondi
etaL [St?] used glass
capillary
walls and relatively
high concentrations
of a
nonionic polyoxyethylene
surfactant
(octaethylene
glycol
monododecyl
ether, C12EOs) as the surfactant
to synthesize an aligned
hexagonal
mesoporous
silica within the
capillaries.

Figure 4

Thin films

Scanning electron micrograph
of calcined
Reproduced
with permission from [56’].

mesoporous

silica fibers.

conditions.
The spinnable
solution is composed
of a large
portion of ethanol and a small amount of poly(ethylene
oxide). The spun fibers have highly ordered
hexagonal
mesoporous
channels
aligned
parallel to the fiber axes,
high BET surface areas (-1100 mz/g) and mean pore sizes
of around 20 A.
Two groups have used substrates
to direct the formation
of mesoporous
fibrous
materials.
Mann and co-workers
[16”] in a novel approach
used the fibrous organization
of bacteria (bacilhs subtilis) as a substrate
for the deposition of MCM-41-type
material
(Figure
5). The bacteria

Another example of the synthesis
of mesoporous
materials
with definite
shape and phase by the acid silica synthesis
pathway [71,72] is the formation
of mesoporous
thin films.
Yang et&. [47”,49”,86’]
have reported syntheses
of mesoporous silica thin films on mica or at an air/water interface
at which the pores are formed parallel to the surfaces. The
films grown on the mica substrate are granular, whereas the
free-standing
films grown at the air/water interface are continuous with a root-mean-square
surface roughness
of 3 A.
They are resilient enough to withstand
significant
bending
and flexible
enough
to be transferred
onto substrates
of
different
shapes.
Aksay et ul. [SO”] have synthesized
continuous
thin films
of mesostructured
silica on hydrophobic
and hydrophilic
surfaces
through
a two-step
acid synthesis
procedure.
They
have also surveyed
a variety
of techniques
that
attempt
to control the phase, orientation,
and microstructure of inorganic
films grown at interfaces.
According
to
this procedure,
hexagonal
mesostructured
silica films with
different
textures at a length scale between
OS-10 pm can
be grown on many substrates,
with the corresponding
porous nanostructure
determined
by the specifics
of the
substrate-surfactant
interaction.
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Spheres

Figure 7

Emulsion
chemistry
can be used to control the macroscale
topology
of mesoporous
silica and other metal oxides
[14,“17”,53”].
By jfarying the stirring rate of the system,
one can control the organic-inorganic
assembly
through
modification
of long-range
hydrodynamic
forces, which
Fiaure 8

I ;EM images of (a) 1 mm line and (b) 20 mesoscopic
formed

by guided

permission

growth

microcapillaries.

Reproduced

silicate
with

patterns

from [87”1.

enhance
the ductility
and elasticity
of the resulting
composite so that it can be molded
into monolithic
blocks.
Hard, transparent
mesoporous
silica monoliths
can be prepared in acidic media by using nonionic
surfactants
and
block copolymers
at room temperature.
An hexagonal
periodic
mesoporous
silica gel monolith
was synthesized
by Anderson
ef al. [58] using ThlOS
as the silicate source
and CTAB as the structure-directing
surfacatant.
The
monoliths
exhibited
pore volumes of -0.3-0.6 cmJ/g, surface areas of -345 mz/g, and pore sizes of -20 A.
Macroscopic
orientational
ordering of the pores in hexagonal mesopores
and monoliths
can be achieved
through the
alignment
of an unpolymerized,
hexagonal,
lyotropic silicate-surfactant
liquid crystal in a magnetic field [74”,75”].
The orientation
is preserved
during both silica polymerization and subsequent
calcination.
This permits control over
orientational
ordering of the pores with respect to monolith
morphology
can be obtained.

Photographs
of mesoporous
silica hard spheres with different sizes.
mm and (b) -1 cm. Reproduced
with permission from [53”1.

(a) -0.8

play a crucial role in establishing
macroscopic
particle morphology or shape [17”]. Shear forces can induce structural
transformations
of organized
surfactant
arrays, for example, isotropic-to-nematic
worm-like
micelles
[92,93], and
subsequently
influence
the resultant
morphology
of the
mesoporous
silica.
Hollow
spheres
with 2D hexagonal
(p6mm)
and 3D
hexagonal
(P6,/mmc)
mesophase
structures
have been
synthesized
in acidic media
using oil-water
emulsion
chemistry
[17”]. The sizes of the hollow spheres can be
varied from -10 pm to -SO pm by controlling
the stirring
speed. With increased
stirring speed, the shear forces are

118

Solid

catalysts

and porous

solids

and

also of practical

useful
‘I’he

catalytic.
synthesis

ducting

the

cxtniplc

of an emulsion-b~tsccl

gcrteration

of umsparent.

(I~igtire

8) of \wiahlc

eniitlsion

solution

sttrhctant

species

shaping.

‘Ike

size

as TBOS,

(SO pm-2

of ‘I’BWS
;iI room

source

yield

high

sizes can be controlled
modifying

intcrfitw.

I’nger

ditions.

cvercised

control

microtnetrr

m~soporoiis

kinetics

of

P~c//. [S-J”]

with

the

such

spheres.

Potential applications
progress

of the

sizes

composiltons,
phologies
)-cars.

of

I)?

(400-l
structttre

phases.
marerials

hlcsoporous

sheets,

hollo\v

silica

spheres.

can bc selccti\,cly

fibers,

prcparcd

pore size through
erattI’e

transparent

assctnbly

the

st~wal

sphcrcs,

films,

and

and

Corma A: From microporous
to mesoporous
molecular sieve
materials and their use in catalysis. Chem Rev 1997, 972373.
2419.

2

Flrouzl A, Stucky GD, Chmelka BF: Self-assembly
of silicatesurfactant
liquid crystals during mesophase
materials syntheses.
In Synfhesis
of Porous
Mafenals.
Edited by Occelli ML, Kessler H.
New York: Marcel Dekker; 1997:379-389.

3

Stucky GD, Huo Q, Flrouzi A, Chmelka BF, Schacht S.
Volgt-Martln IG, Schijth F: Directed synthesis of organic/inorganic
composite
structures. In Proceedmgs
of the 1 Ifh /nfernaf,ona/
Zeolite
Conference:
1996 August;
Seoul.
In Progress
~1 zeolife
and
m~roporous
mater/a/s.
Edited by Chon H, Ihm S-K, Uh YS. Elsev~er:
Amsterdam; 1997:3-28.[Studles
in Surface Science and Catalysis.
vol 105.1

4

Antoniettt M, Gdltner C: Superstructures
of functional colloids:
chemistry on the nanometer scale. Angew
Chem
//If Ed big/
1997.
36:91 o-928.

5

Ozln GA: Morphogenesis
of biomineral and morphosynthesis
biomimetic forms. Act Chem Res 1997. 30:17-27.

6

Sayart A: Periodic mesoporous
characterization
and potential

7.

Mann S, Ox
form. Nature

a

Antonelli DM, Ying JY: Mesoporous
lnferface
Sci 1996, 1:523-529.

9

Zhao XS, Lu GQ, Millar GJ: Advances in mesoporous
molecular
sieve MCM-41. Ind Eng Chem Res 1996. 35:2075-2090.

tnonoliths

strttctitrc

emulsion

and
coop-

or

applications

rcntl>

king

of these

extcnsi\.cly

not yet been achic\~ed.
surface

sol-g:cl

man)-

channels
ordcrcd

of rclc\uicc
[01.92.9.3].

ronmental
positcs
crlies.

I:or

crtzynie\
porw
ical

inside
Lint

in\atigations

should

Hca\~

metal

thcsc
to the

of meul.

apptzirs
‘I’his
or

of the

matric.e\
cffccts

of

cnC-

n:lnocom-

materials: synthesis,
applications.
In Recenf advances
and new horizons
in zeolffe
science
and fechnoiogy.
Elsevier:
Amsterdam; 1996:1-46.
[Studles In Surface Science and Catalysis.
vol 102.1

the

hiologrcnarding
ih an

on the

1 cr,g:c of

and the dc\et-

cspcciall>.

promising.

nanowire

or magnetic
is ftlnd~tn~cntall~
of qitantttm

art-ays
ni;ttcri;ils
impor-

confincmcn~

material

materials.

by crystalline mesoporous
8:1840-l 852.

with complex

Curr Open Co//cud

Sayan A: Catalysis
Chem Mater 1996,

11

Raman NK, Anderson MT. Brlnker CJ: Template-based
approaches
to the preparation of amorphous,
nanoporous
silica. Chem Mater
1996, 8:1682-l 701.

large

rcmdiation

to IX

t‘\ cn

of

GA: Synthesis of inorganic
1996, 382:313-318

10

prop

cnlrapmcnr

and

application

appcir

cr).

corresponding

fruitful

semiconductor

mesoporotts
study

[ 1,101. scpra-

insidc

Cii~-it-onmental

sensors

nnnocrytal

on the

11rhcir

using
matcri-

and clccrronic

niotecrttcs
I)c

thar

[~~.5”.66”],

of chemical

[2.3.95,96’]

no\’

fabt-ic:ttion

oprical

biological

application

Entrapping

lhc

nm) and saidyin,

rcalizeti

opniwt

2nd

niagncric.

of highI!

marcrials

to man)

catal) sis

matrices

of

I csscls for chemi-

for cirttg deli\

fttnctionality

[bl,c)Z,W].

:i~.cnuc

IIYIII

ordered

synthesis

sensors,

other

(10-50

thr

has

silica

highly

to Iqe-moteculc

example.

important
being

opens

uscfttt

or

rcbon

‘1%~ successful

remccliation
\\,ith

of the

(10-W nm) mesoporotts

large pore

arc cttr-

potential

pore size. high

to IISL’ thcsc

3s nanosi/.c

ructions.

copol~ mars

rions

full

large accessihlc

opportunities

and porcs

cal/l,iological

;iIs

7’hc

materials

their

areas. and cas); functionalization

pro\idc

block

mesoporotts

explored.

reading

within the annual period of review,

1

chetnistries.
\Yhile

ii and stttd-

Yeolitc\.

* of special Interest
*a of outstanding interest

glass

of inorg~inic-organic

processes

u) the 11cII kno\\
and cr!3t;illinc

Papers of particular interest, published
have been hIghlIghted as:

mor-

past

controlled

a combination

2nd func-

References and recommended

of the

macroscopic
hard

thin

lvith

relarix-c
phases

port

strttcturc.

100

surfitc-

in the control
in

hierarchical

Acknowledgements

in an

chloride

and

mcsoscopic
tnesoporotts

silica

;ipplicarion\

0~ cr conil~osition.

at the

basic con-

and outlook
ma&

pro\~idc

to

[.~5’,.~6”..i7.~0”.~~7~.

stirring

specifically

,\I(:hl-41

has hccn

that they

u ith cow

appro;ich

in conimcrci:~l

of control

:~nd

‘I’he

system.

‘l’remcndous

proceswt~ility

materials

is another

tnaterials

materials

degree

csotic

propcrtics.

in the s\:nthc-

asscmtdy

ridinitrm

pq3ertics,

of these

fion

and sul,micromctcr-sized

silica

on the high

ied amorphous

physical

ha\.c, ttndcr

of particle

ammonia-ethanol-n-hcsadcc)-lp)
L\lll

role

an

future

rats

laninioniiin~

dkox~-silanes,

by \,ariation

the

oil/vXer

;I kc)-

fhii

‘I’hc

possible
or optical

mrsoporous

franie~~wks

mcsoporotts

my

dk!

I\ ithottt

is

[.53”1

step

hard transpurcnt

or

nm)

in one

long chain

ciuality

process

spheres

cacionic

plays

only

sped

preparing

cm)

and

sphere

by

hard

It‘nip~r~~ttifc

of silica

sis of the hard spheres:

synthesis

porous

for their

electronic.

of nonsilica

or tnagnctic

fttnctionalized
Another

intcrest

magnetic,

molecular

sieves.

Flrouzi A. Atef F, Oertll AG. Stucky GD, Chmelka BF: Alkaline
Lyotropic silicate-surfactant
liquid crystals. J Am Chem Sot 1997,
119:3596-3610.
In s/fu NMR. XRD, and optical studies ot the molecular parameters
governing mesoscoplc orgamzatlon in slllcate-surfactant
lyotroptc llquld
crystals with hexagonal and lamellar morphologles under alkaline
condltlons. DetaIled descnptlons of the roles of the various slllca species,
the silicate-surfactant
phase behavior, and the assembly processes that
take place during mesophase formatlon are given.
12
..

13.
..

Zhao D. Feng J, Huo Q, Melosh N. Frednckson GH, Chmelka BF,
Stucky GD: Copolymer syntheses of mesoporous
silica with
periodic 50 to 300 Angstrom pores. Science 1998, 279:548-552.
This paper reports the preparation of well-ordered hexagonal (p6mm)

Topological

mesoporous silica structures (SBA-15) with uniform pore sizes from 46 A
to -300 A by use of amphiphilic block copolymers to direct the
organization of polymerizing silica species in acidic media.
14. lmhof A, Pine DJ: Ordered macroporous materials by emulsion
..
tamplating Nature 1997, 389:948-951.
This paper describes the use of monodispersed emulsions to create
ordered microscale structures of silica, titania and zirconia in one-step
synthesese.
15.

Schacht S, Huo 0, Voigt-Martin IG, Stucky GD, Schtith F: Oil-water
interface templating of mesoporous macroscale structures.
Science 1996, 273:766-77 1.
The authors report the formation of surfactant/silicate mesoscopic hollow
spheres with 2D hexagonal (p6mm) and 3D hexagonal (PGs/mmc)
mesostructure at the oil/water interface, wherein the mesoporous hollow
sphere structure is controlled by surfactant/silicate interactions but the
macroscopic hollow sphere curvature is controlled by the emulsification of
the oil phase.
18.
..

McGrath KM, Dabbs DM, Yao N, Aksay IA, Gruner SM: Formation of
a silicate Ls phase with continuously adjustable pore sizes.
Science 1997, 277:552-556.
The synthesis and characterization of the L, sponge phase are presented.
This is an interesting prospect for creating tunable pore-size (20-l 00 nm)
materials and high surface area films with accessible pores.
19.
..

Lu Y, Gangli R, Drewien CA, Anderson MT, Brinker CJ, Gong W,
Guo Y, Soyez, H, Dunn B, Huang MH, Zink JI: Continuous formation
of supported cubic and hexagonal mesoporous films by sol-gel
dip-coating. Nature 1997, 389:364-368.
The careful combination of organic/inorganic domain assembly and sol-gel
chemistry in acid media is used to create continuous mesoporous films
with cubic and hexagonal structures.
20.

Huo Q, Leon R, Petroff PM, Stucky GD: Mesostructure design with
gemini surfactants: supercage formation in a three-dimensional
hexagonal array. Science 1995, 268:1324-l 327.

21.

Huo 0. Maroolese D. Stuckv GD: Sutfactant control of ohases in
the synthe&
of mesoporous silica-based materials. &em Mater
1996, 8:l 147-l 160.
This paper examines how the molecular shapes of covalent organosilanes,
quaternary ammonium surfactants, and mixed surfactant arrays, in
conjunction with various reaction conditions result in different silica-based
mesostructured materials including MCM-41, -48, -50, SBA-I, -2, and -3.

.

22.

Wu CG, Bein T: Conducting polyaniline filaments in a
mesoporous channel host. Science 1994, 264:1757-l 759.

23.

Leon R, Margolese D, Stucky GD, Petroff PM: Nanoctystalline
filaments in the pores of a mesosilicate. Phys Rev B 1995,
52:R2285-R2288.

24.

Ko CH, Ryoo R: Imaging the channels of mesoporous
sieves with platinum. Chem Commun 1996:2467-2468.

25.

Shido T, Yamamoto T, Harada M, lchikawa M: XFAS characterization
of platinum clusters synthesized in the channel of a mesoporous
zeolite. J Phys IV 1997,7:855-857.

26.

Ciesla U, Schacht S, Stucky GD, Unger KK, Schtith F: Formation of
a porous zirconium 0x0 phosphate with a high surface area by a
surfactant-assisted
synthesis. Angew Chem Int Ed Engl 1996,
35:541-543.

27.

materials

Zhao et al.

119

Antonelli DM, Ying JY: Synthesis of stable hexagonally packed
mesoporous niobium oxide molecular sieves through a novel
ligand-assisted ternplating mechanism. Angew Chem Int Ed Engl
1996, 35:426-430.

32.

Antonelli DM, Ying JY: Synthesis and characterization of
hexagonally packed mesoporous tantalum oxide molecular
sieves. Chem Mater 1996, 8:874-881.

33.

Holland BT, lsbester PK, Blanford CF, Munson EJ, Stein A: Synthesis
of ordered aluminophosphate
and galloaluminophosphate
mesoporous materials with anion-exchange properties utilizing
polyoxometalate cluster/surfactant
salts as precursors. J Am
Chem Sot 1997,119:6796-6803.

34.

Zhao D, Luan Z, Kevan L: Synthesis of thermally stable
mesoporous hexagonal aluminophosphate
molecular sieves.
Chem Commun 1997:1009-l 010.

16.
..

17.
..

of mesoporous

31.

Velev OD, Jede TA, Lobo RF, Lenhoff, AM: Porous silica via colloidal
crystallization. Nature 1997, 389:447-446.

Davis SA, Burkett SL, Mendelson NH, Mann S: Bacterial templating
of ordered macrostructures in silica and silica-surfactant
mesophases. Nature 1997, 385:420-423.
Report of the preparation of ordered macroporous fibers of either
amorphous silica or ordered hexagonal mesoporous silica by templatedirected mineralization of the bacterial interfilament space followed by
removal of organic materials by calcination.

construction

Tian ZR, Tong W, Wang JY, Duan NG, Krishnan VV, Suib SL:
Manganese oxide mesoporous structures mixed-valent
semiconducting catalysts. Science 1997, 267:926-930.
In this paper, hexagonal and cubic phases of manganese oxide
mesoporous structures were prepared by means of the oxidation of
Mn(OH),.

35.
.

36. Braun PV, Osenar P, Stupp SI: Semiconducting superlattices
H
ternplated by molecular assemblies. Nature 1996, 380:325-328.
An important example of using phase separation chemistry and polymer
templating to create mesostructured phases with semiconducting
superlattices.
37.

Tohver V, Braun PV, Pralle X, Stupp SI: Counterion effects in liquid
crystal templating of nanostructured Cds. Chem Mater 1997,
9:1495-l 498.

38.

GGltner CG, Antonietti M: Mesoporous material by templating
liquid crystalline phase. Adv Mater 1997, 9:431-436.

of a

39.
..

Attard GS, Barrlett PN, Coleman NRB, Elliott JM, Owen JR,
Wang JH: Mesoporous platinum films from lyotropic liquid
crystalline phases. Science 1997, 278:838-840.
Hexagonally structured, mesoporous platinum is formed by electrochemical
reduction of platinum salts confined within the aqueous environments of
the lyotropic liquid crystalline phases of surfactants.
40.
..

Attard GS, Gtiltner CG, Corker JM, Henke S, Templer RH:
Fliissigkristalle fi.ir nanostrulduriete Template. Angew Chem 1997,
109:1372- 1374. Fitle translation: Liquid crystal templates for
nanostructured metals.]
Hexagonally structured, mesoporous platinum is formed by impregnating
the hexagonal lyotropic phase of octaethylenglycolmonohexadecylether
with hexachloroplatanic acid and subsequent reduction with less noble
metal.
41.

Fowler CE, Burkett SL, Mann S: Synthesis and characterization of
ordered organo-silica-sutfactant
mesophases with functionalized
MCM-41-type architecture. Chem Commun 1997:1769-l 770.

42.
.

Ge

molecular

Yada M, Machida M, Kijima T: Synthesis and deorganization of an
aluminum-based
dodecyl sulfate mesophase with a hexagonal
structure. J Chem Sot Chem Commun 1996:769-770.

Lim Ml-i, Blanford CF, Stein A: Synthesis and characterization of a
reactive vinyl-functionalized MCM-41: probing the internal pore
structure by a bromination reaction. J Am Chem Sot 1997,
119:4090-409
1.
Report of a simple one-pot synthesis of MCM-41 functionalization with a
reactive vinyl group. A bromination reaction of the products provided
evidence for attachment of most vinyl groups to accessible surface within
the mesopore channels.
43.
.

Burkett SL, Sims SD, Mann S: Synthesis of hybrid inorganicorganic mesoporous silica by co-condensation of siloxane and
organosiloxane precursors. J Chem Sot Chem Common
1996:1367-1368.
The use of organosiloxane as a method of functionalization of the
mesoporous materials is described.
44.

Brien SO, Tudor JT, Barlow S, Drewitt MJ, Heyes SJ, Hare OD:
Modification of MCM-41 via ring opening of a strained [II
ferrocenophane.
Chem Commun 1997:641-642.

Yang H, Coombs N, Ozin GA : Morphogenesis of shapes and
surface patterns in mesoporous silica. Nature 1997, 386:692-695.
This work describes how the acid synthesis of hexagonal mesoporous
silica produces an array of shapes, surface and channel patterns.

45.
.

28.

Vaudry F, Khodabandeh S, Davis ME: Synthesis of pure alumina
mesoporous materials. Chem Mater 1996, 8:1451-l 464.

29.

Bagshaw SA, Pinnavaia TJ: Mesoporous alumina molecular sieves.
Angew Chem Int Ed &g/1996,
35:1102-l 105.

46.

Ozin GA, Yang H, Sokolov I, Coombs N: Shell mimetics. Adv Mater
1997, 9:662-667.

30.

Antonelli DM. Yino JY: Svnthesis of hexaaonal Dacked
mesoporous TiO; by a modified sol-gel-method. Angew
Ed Engl 1995, 34:2014-2017.

47.
..

Yang H, Kuperman A, Coombs N, Mamiche-Afara S, Ozin GA:
Synthesis of oriented films of mesoporous silica on mica. Nature
1996, 379:703-705.

Chem Int

120

Solid

catalysts

and porous

solids

Report of an ordered surfactant/slllcate
mesoscop~c hexagonal film
heterogeneously nucleated onto a solld substrate with pores one&d
parallel to the substrate surface.

61

Corma A, Martinez A, Martinez-Sorla V: Hydrogenation
of aromatics
in diesel fuels on Pt-MCM-41 catalysts. J Catal 1997, 169:48804891.

48.
.

62

Junges U, Schiith F, Schmld G, Uchlda Y, Schldgl R: Synthesis and
characterization
of catalysts based on ligand-stabilized
clusters
incorporated
in mesoporous
oxides. Ber Bunsenges
Physkai
Chem
1997, 101 :1631-l 634.

63

Kloestra KR, van Laren M, van Bekkum H: Binary cesium-lanthanum
oxide supported on MCM-41: a new stable heterogeneous
basic
catalyst. J Chem Sot Faraday
7ians 1997. 93:121 l-1 220.

64

Carvalho WA, Varaldo PB. Wallau M, Schuchardt U: Mesoporous
redox molecular sieves analogous to MCM-41. Zeo/&s
1997,
18:408-416.

Huo Q, Zhao D, Feng J. Weston K. Buratto SK, Stucky GD,
Schacht S. Schuth F: Room temaerature
arowth of mesoDorous
silica fibers: a new high-surface
area optical waveguide.‘Adv
Mater 1997, 9:974-978.
First report of long (up to centimeter scale) optically transparent
mesoporous slllca fibers, based on a two-phase system (011and water) and
one-step acid synthesis chemistry.

49.
..

Yang H, Coombs N, Sokolov I, Ozln GA: Free-standing
and oriented
mesoporous
silica films grown at the air-water interface. Nature
1996. 381:589-592.
The authors report the formatton of oriented mesoporous silica films at the
alriwater interface, conslstlng of cylindrical pores onented parallel to one
another and to the Interface.
50.
..

Aksay IA. Trau M, Honma I, Yao N. Zhou L, Fenter P, Elsenberger PM,
Gruner SM: Biomimetic
pathways for assembling
inorganic thin
films. Soence 1996. 273:892-898.
A review of solution-based approaches to thin films and nanolamlnates with
special emphasis on Interfacial surfactant templatlng. By examlmng
surfactantisillcate
mesophases nucleated at different solldiliquld Interfaces.
the authors show that Interfacial surfactant aggregates template the
nanocomposlte structure.

65.
..

Feng X. Fryxell GE, Wang LQ, Kim AY, LIU J, Kemner KM:
Functionalized
monolayers
on ordered mesoporous
supports.
Soe/lce 1997, 276:923-925.
,I
,
A cross-llnked monolayer ot mercaptopropylsllane
was covalently bound to
mesoporous slllca and closely packed on the surface. The functionallred
mesoporous materials are extremely efflclent In removing mercury and other
heavy metals from both aqueous and non-aqueous waste streams. with
partition coefflclents up to 340.000.

51.
.

Mercler L, Plnnavala TJ: Access in mesoporous
materials:
advantages of a uniform pore structure in the design of a heavy
metal ion adsorbent for environmental remediation. AC/VMate,
1997, 9:500-503.
This work demonstrated the vastly Improved access of guest species to the
bIndIng sites of adsorbents designed from a mesostructure with welldefined mesopore channels, relative to those prepared from materials with
disordered pore networks. such as sI/Ica gel.

52.
.

67.

Tang YS, Cal S, Jln G, Duan J. Wang KL, Sayer HM, Dunn BS, SiGe
quantum dots prepared on an ordered mesoporous
silica coated
Si substrate. Appi Phys Lett 1997, 71:2448-2450.

68.

Yanaglsawa T. Shlmiru T. Kuroda K, Kate C: The preparation of
alkyltrimethylammonium-Kanemite
complexes and their
conversion to microporous
materials. Bu// Chein Sot Jpn 1990,
63:988-992.

69

Kresge CT. Leonowlcz ME, Roth WJ. Beck JS: Ordered mesoporous
molecular sieves synthesized
by a liquid-crystal
template
mechanism. Nature 1992, 359:71 O-71 2.

70

Beck JS, Vartull JC, Roth WJ. Leonowlcz ME. Kresge CT, Schmitt KD,
Chu CT-W, Olson DH, Sheppard EW. McCullen SB et a/.:A new
family of mesoporous molecular sieves prepared with liquid
crystal templates. J Am Chem Sot 1992, 114:10834~10843.

71.

Hue Q, Margolese DI, Clesla U, Feng P, Gler TE, Sleger P. Leon R,
Petroff PM, Schuth F. Stucky GD: Generalized
synthesis of periodic
surfactant/inorganic
composite
materials. Nature 1994, 368:317321.

72.

Hue Cl Margolese DI, Clesla U. Demuth DG. Feng P, Gler TE,
Sleger P, F~rouzl A, Chmelka BF, Schtith F, Stucky GD, Organization
of organic molecules with inorganic molecular species into
nanocomposite
biphase arrays. Chem Mater 1994, 6.1 176-I 191.

73.

F~rouzl A, Kumar D, Bull LM. Besler T, Sieger P. Hue a. Walker SA,
Zasadzlnski JA, Gllnka C. Nlcol J et a/.: Cooperative
organization
of
inorganic-surfactant
and biomimetic
assemblies.
Science 1995,
267:l 138-l 143.

Ogawa M: A simple sol-gel route for the preparation of silicasurfactant mesostructured
materials. J Chefn Sot Chem Commi~n
1996:i 149-l 150.
Report of hexagonal slllca-surfactant films prepared by a simple sol-gel
process.

Hillhouse HW, Okubo T. van Egmond JW, Tsapatsls M. Preparation
of supported mesoporous
silica layers in a continuous
flow cell.
Chem Mafer 1997, 9:1505-l 507.
This paper describes processing advancements in preparing mesoporous
materials under continuous flow conditions.
Hue 0. Feng J. Schtith F, Stucky GD: Preparation of hard
mesoporous
silica spheres. Chem Mater 1997, 9:14-l 7.
Selective preparation of hard transparent mesoporous slllca spheres.
Synthesis was achieved by a new approach lnvolvlng em&Ion chemistry
using TBOS as a slllca source.

66.
..

53.
..

54.
..

Grijn M, Lauer I, Unger KK: The synthesis of micrometerand
submicrometer-size
spheres of ordered mesoporous
oxide MCM41. Adv Mater 1997, 9:254-257.
Reports on the control of particle sizes of mesoporous slllca spheres that
were synthesized using cationic surfactants in basic media.

55.
..

Lin H-P, Mou C-Y: “Tubules-within-a-tubule”
hierarchical order of
mesoporous
molecular sieves in MCM-41. Soence 1996,
273:765-768.
A careful study of how the co-assembly of organic and InorganIc species
can be used to create hlerarchlcal silica shapes and structures.
56.
.

Brulnsma PJ, Kim AY, LIU J, Baskaran S: Mesoporous
silica
synthesized
by solvent evaporation
spun fibers and spray-dried
hollow spheres. Chem Mater 1997, 9:2507-2512.
This paper describes a simple synthesis method for mesoporous s+ca
fibers and hollow spheres by fast solvent evaporation. Both the fibers and
powder show highly ordered hexagonal mesostructures.
57.

Tolbert SH. Schgffer TE. Feno J. Hansma PK. Stuckv GD: A new
phase of oriented mesopor%us silicate thin film;
&em Mate/
1997, 9:1962-l 967.
Oriented hexagonal (P6,lmmc) continuous thin films with 3D channel
networks are synthesized and characterized.

.

58.

Anderson MT. Martin JE. Odlnek JG. Newcomer PP. WIlcoxon JP:
Monolithic periodic mesoporous
silica gels. M~croporous
Mater
1997, IO:1 3-24.

59.

Martin JE, Anderson MT, Odinek JG, Newcomer PP: Synthesis of
periodic mesoporous
silica thin films. Langmuir 1997, 13:4133
4141.

60.
.

Ryoo R, Ko CH, Cho SJ, Kim JM: Optically transparent,
singlecrystal-like
oriented mesoporous
silica films and plates. J Phys
Chem
6 1997,101:10610-10613.
A novel synthesis methodology IS used to create highly ordered thin films,
plates and drawn fibers using non-aqueous azeotropic solvents, cationlc
surfactants and low acid concentrations. An aluminoslllcate composltion IS
created by postsynthesis treatment with AICI, in ethanol, glvlng cation
exchange capabtlity.

74.
..

FI~OUZIA, Schaefer DJ, Tolbert SH, Stucky GD, Chmelka BF:
Magnetic-field-induced
orientational
ordering of alkaline lyotropic
silicate-surfactant
liquid crystals. J Am Chem Sot 1997,
119:9466-9477.
By applying a magnetic field, noncondensed surfactantislllca
llquld crystals
can be macroscoplcally oriented, If heated above the anIsotropIc-toIsotropic phase transition temperature and then cooled In the magnetic
field. Different orientations of the llquld crystal phases can be obtalned by
varying different orgamc cosolvent molecules In the CornpositIon.
75.
..

Tolbert SH, Flrouzl A, Stucky GD, Chmelka BF: Magnetic field
alignment of ordered silicate-surfactant
composites and
mesoporous
silica. Soence 1997, 278:264-268.
Magnetic field alignment of a hexagonal stllcate-surfactant
llqutd crystal
followed by silica polymerization and subsequent calclnatlon yields oriented
monollthlc mesoporous slllca phases. This procedure gives controlled
orlentatlon of pores with respect to monolith shape.
76.
.

Voegtlln AC, Ruth F, Guth JL, Patarln J, Huve L: F- mediated
synthesis of mesoporous silica with ionic and non-ionic surfactants. A new templating pathway. M~croporous Mater 1997. 9:95-l 05.

Topological

Synthesis of mesoporous silica phases at room temperature from solutions
in the presence of fluoride anions at a pH between 6 and IO using
cetyltrimethylammonium cation and Triton Xl 00, a nonionic surfactant.
77.

70.

Prouzet E, Pinnavaia TJ: Assembly of mesoporous molecular
sieves containing wormhole motifs by a nonionic surfactant
pathway: control of pore size by synthesis temperature. Angew
Chem Int Ed Engl 1997, 36:516-518.
Bagshaw SA, Prouzet E, Pinnavaia TJ: Templating of mesoporous
molecular sieves by nonionic polyethylene oxide surfactants.
Science 1995, 269:1242-l 244.

Tanev PT, Pinnavaia TJ: Biomimetic templating of porous lamellar
silica by vesicular sutfactant assemblies. Science 1996, 271:
1267-l 269.
This paper reports a thermally stable porous lamellar silica by using a
neutral diamine bola-amphiphile.

79.
.

80.

Attard GS, Glyde JC, Gejltner CG: Liquid-crystalline phase as
templates for the synthesis of mesoporous silica. Nature 1995,
378:366-368.

81.
..

Templin M, Franck A, Chesne AD, Leist H, Zgang Y, Ulrich R,
Sch?idler U, Wiesner U: Organically modified aluminosilicate
mesostructures from block copolymer phases. Science 1997,
278:1795-l 798.
The authors report the syntheses of organically modified aluminosilicate
mesostructures using poly(isoprene-b-ethyleneoxide)
block copolymers as
the templates. Lamellar and reversed hexagonal phases were obtained.
82.

Belcher AM, Zaremba C, Huo Q, Landry CC, Tolbert SH, Firouzi A,
Janicke M, Hansma PK, Morse DE, Chmelka BF et a/.: The
organic/inorganic
interface and materials synthesis in the nanoto macroscale continuum. In Chemistry on the Nanometer Scale.
Proceedings of the 40th Robert A. Welch Foundation Conference on
Chemical Research, Robert A. Welch Foundation, Houston TX,
1996:101-112.
Discussion of the relation of the concepts of biomineralization assembly to
silica mesoporous materials synthesis.
Gailis KW, Landry CC: Synthesis of MCM-48 by a phase
transformation process. Chem Mater 1997, 9:2035-2038.
A simple synthesis procedure for MCM-48 using conventional, easilyavailable surfactants is presented.
Feng J, Huo Q, Petroff PM, Stucky GD: Morphology definition by
disclinations and dislocations in a mesostructured silicate crystal.
Appl Phys Lett 1997, 71:620-622.
Two types of dislocations, longitudinal edge dislocations and mixed
dislocation dipoles; and two types of disclinations, single +z disclination
and discllnation quadrupoles are observed and identified in a MCM-41
crystal. The defects are formed during synthesis in the precursor,
unpolymerized, liquid crystal-like silica/organic phase.
Yang H, Coombs N, Dag 0, Sokolov I, Ozin GA: Free-standing
mesoporous silica films; morphogenesis of channel and surface
patterns. I Mater Chem 1997, 7:1755-l 761.

Zhao et al.

121

Trau M, Yao N, Kim E, Xia Y, Whitesides GM, Aksay IA: Microscopic
patterning of oriented mesoscopic silica through guided growth.
Nature1997, 390:674-676.
A supramolecular assembly of surfactant molecules is used to create
tubular structures with diameters of around 10 nm which are then used for
the templated polymerization of mesoporous silica thin films. An electric
field is used to induce electro-osmotic flow and control the rate of silica
polymerization by localized Joule heating. Removal of the mold leaves
patterned bundles of oriented nanotubules on the surface. This method
permits the formation of orientated mesoporous channels on a nonconducting substrate with an arbitrary microscopic pattern.
88.
.

Raimondl ME, Maschmeyer T, Templer RH, Seddon JM: Synthesis
direct ternplated aligned mesoporous
silica coating within
capillaries.
Chem Commun 1997:1843-l
844.
The capillary substrate is used to direct silica polymerization and yield
tubular mesoporous silica coatings.

of

89.

Ogawa M: Formation of novel oriented transparent films of
layered silica-surfactant nanocomposites. J Am Chem Sot 1994,
116:7941-7942.

90.

Kumar A, Abott NL, Kim E, Biebuyck HA, Whitesides GM: Patterned
self-assembled
monolayers
and meso-scale
phenomena.
Act
Chem Res 1995, 28:219-226.

91.
.

Yang H, Coombs N, Ozin GA: Mesoporous silica with micrometerscale designs. A& Mater 1997, 9:81 l-81 4.
Line arrays of oriented silica particles are deposited on alkane thiol
decorated gold surfaces patterned (3-I 0 pm line dimensions) with
polydlmethylsiloxane
stamps by SAM techniques.
92.

Berret JF, Roux DC, Porte G: Isotropic-to-nematic
transition in
worm-like
micelles under shear. J Phys II 1994,4:1261-l
279.

93.

Cappelaere E, Cressely R, Makhloufi R, Decruppe JP: Temperatureand flow-induced viscosity transitions for CTAB sutfactant
solutions. RheoiActa1994, 33:431-437.

94.

Jirage KB, Hulteen JC, Martin CR: Nanotubule-based
filtration membranes.
Science 1997, 278:655-657.

95.

Bein T: Synthesis and application
of molecular
membranes.
Chem Mater 1996, 8:1636-l 653.

molecular-

sieve layers and

96.
.

Diaz JF, Balkus KJ: Enzyme immobilization
in MCM-41 molecular
sieve. J MO/ Catal B 1996, 2:115-l 26.
A pioneering study of the possible utility of MCM-41 mesoporous phases
for biocatalysis.
97.

86.
.

materials

87.
..

84.
.

85.
.

of mesoporous

The formation of concentric circles, herringbones, fingerprints and hairpins
are observed in an oriented mesoporous silica film that is synthesized at the
boundary between air and water. The origin of the channel patterns may be
from defects, such as disclinations and dislocations. A linear radial stress
model is found to account for the warp patterns.

Bu X, Feng P, Stucky GD: Large-cage zeolite structures with
multidimensional 12-ring channels. Science 1997, 278:2080-2085.

83.
.

construction

Tolbert SH, Sieger P, Stucky GD, Aubin SMJ, Wu CC,
Hendrickson DN: Control of inorganic layer thickness in selfassembled
iron oxide/surfactant
composites.
J Am Chem Sot
1997, 119:8652-8661.

