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Silicates

wt. % in earth crust: but...
O: 47 % X
Si: 28 % silicates and NESOSILICATES
. aluminosilicates
Al: 5 % SOROSILICATES
5 % )
Fe / Y (AD) ~ % (Si) CYCLOSILICATES
Ca: 3.5 % INOSILICATES
. r(Al3+)/r(0%) ~0.43
Na: 2.8 % PHYLLOSILICATES
K: 2.6 % CN(AI): 4 or 6l TECTOSILICATES
Mg: 2 %

Oxygen atoms .

view along
c-axis

a very large variety of structures!...
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the basic structural unit:

Si0,*

nmmmmp linked by vertices (only...)‘

¢ ~52A



Neso- and sorosilicates

«isolated» SiO,* units: nesosilicates
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Mg,SiO,: Forsterite Hz?zj
+ , e +

: - Mg
(Mg,Fe),SiO,: Olivine

other examples: garnets,
Portland cement...

X,Y,(Si0,),

«isolated» Si,0,%- units: sorosilicates

Ha B

Sc,(Si,0,): Thortveitite
Zn,(Si,0,)(OH),,H,O0: Hemimorphite

other units (rarel!): Si;0,.8-, Si,0,5'°-

Ag,,(Si,0;3)

Si0,, Ag,0, T ~ 600°C, P(O,) ~ 4.5 kBar




Cyclosilicates

Cycles including 3, 4, 6 or 8 silicate units: (Si,0;)> (n = 3, 4, 6, 8)

/ shared vertex P> :j\ %/Wj

T -~ A‘ : </

: N2
Rb(m
cl— IH0

. PR AT TR j
Be,;AlSi,O,,: Beryl e N LN

or... emerald! High-temperature structure and crystal chemistry of hydrous alkali-rich beryl
from the Harding pegmatite, Taos County, New Mexico

¢ 5‘3
N

Gorpon E, BRown, Jr., Braprorp A, MiLLs'
Department of Geology, Stanford University, Stanford, California 94303

(Na,Ca)(Li,Mg, Al);(Al,Fe, Mn),(OH),(BO,);Si,0,,: Tourmaline 5



Inosilicates
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¢ ~52A pyroxenes

view along
c-axis
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(Si04,)°"

amphiboles

properties of fibers




Phyllosilicates

PAUSCoviEe [or Biotike)

PRy Y., ‘_’[.-ﬁ-.|5I3C|1D:I
s v —
:ﬁlﬁ:ﬁﬁ (Al 5{OH) :|4+

o Lo Mg

Faclinibe {or Antigoribe)
¥ ~{AlL(OH) )4+
TR, .o

Puraphdlite (or Talc)

(3401 g
A j. ry A&
AT, (41,(0H) )5+
[c}r [MQEI{DHMJ ']

but also...clays! (intercalation of water molecules) ] .
plastic properties

(montmorillonite. ..)




Tectosilicates

(SiO,)n or (Si,Al,C*)0,,

silica

Feldspaths

zeolites

porosity?

Si a typical zeolite structure 8




Hierarchical porosity

porous materials

|
l l l

nanoporous mesoporous macroporous
@ < 2 nm 2 < @ < 50 nm 50 nm < @
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zeolites




Zeolites

dicovered by Baron A. Von Kronstedt

ZEO: to boil
LITHOS: stone

ﬁaracteristics. ..

m exchangeable cations

(1756)

MICROPOROUS AND
MESOPOROUS MATERIALS

(neutrality)

:: “( .::. “-‘
[ ML (AlO), (SiO), ].imH,0 ]
& i L

official journal of the
international zeolite association

m rigid anionic networks

m cavities and channels

\ m guest molecules (wa’rer'y
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Natural zeolites

Faujasite

~ 40 natural zeolites

Natrolite

Anacilme
11



The sodalite cage

Sodalite, a mineral: Na,Al Si O,,Cl,

24 linked tetrahedra
(Si or Al)

Sodalite (mineral)

Lapis-lazuli

r
. 4

the sodalite entity
> Linde-A (synthetic)

Faujasite (mineral)

v— NaCa, 5(Al,Si;0,,).10H,0
12

octahedron

truncated octahedron



Some characteristics of zeolites

A- the Si/Al ratio B- exchangeable cations
Linde-A: Si/Al =1 various accessible sites
Mordenite (mineral): Si/Al = 5.5 wall

ZSM: 20 < Si/Al < «l (hydrophobic)

C- cavities and tunnels

Zeolithe tetrahedra O (pm)
Sodalite 4 260
Linde-A 8 410
ZSM-5 10 510 x 560
Faujasite 12 740

Mordenite 12 670 x 700



Synthetic zeolites: the ZSM family

Zeolite Socony Mobil (~ 1975)

«Pentasil» unit

(five-membered rings) -

chains

3D architecture ZSM-5

ZSM-5 ZSM-11 ZSM-18 44




Interconnected channels: structural dependence

Faujasite

15



More and more porosity!

New materials try
to emulate

1982 1988 1990 1001 1002 1004 19686

~ 200 synthetic zeolites!




Classification of zeolites

Zeolite Type Categories and Framework Type Groups

Si (Si,P) P

# Zeolite type categories

Silicates® al::t;hsoiit:;is Phosphates’
m Silicates AFG IFR OFF ABW ACO SAO
ASY ISV 050 AET AEI SAS
m Phos phates *BEA ITE -PAR AFI AEL SAT
BIK JBW PAU AFX AEN SAV
BOG KFI -RON ANA AFN SBE
BRE LIO RSN AST AFO SBS
® Framework type groups cAS LOV RTE BPH AFR SBT
CFI LTN RTH CAN AFS VFI
m Silicates -CHI MAZ RUT CGS AFT WEI
CON MEI SFE CHA AFY ZON
= Phos phates DAC MEL SFF DET AHT
DDR MEP SGT APC
m Both, silicates and i STF e BE
DON MFS STI FAU ATN
phosphates EAB MON STT GIS ATO
EMT MOR TER LAU ATS
EPI MSO TON LEV ATT
ESV MTF TSC LOS ATV
EUO MTN VET LTA AWO
FER MTT VNI LTL AWW
FRA MTW VsV MER CGF
GME MWW “WEN PHI -CLO
GON NAT YUG RHO czp
GOO NES SOD DFO
HEU NON THO osI
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_ Secondary Building Units (SBU)

/\ O

3 (S3R) 4(S4R) 6 (S6R) 8 (S8R)
Spiro-5  4-4 (D4R)  6-6 (D6R) 8-8 (DSR)
4-1 4=1 4-2 4-4=1

5-1 5-2 5-3

D4R type SBU




Mimicking SBU: Al-O-P clusters

T. Azais
3 (S3R) 4 (S4R) 6 (S6R) 8 (S8R)
X 0D &R
Spiro-5  |4-4 (D4R)| 6-6 (D6R) 8-8 (D8R)

4-1 4=1 42 4-4=1
5-1 52 53
6-2 2-6-2 6=1

AlCl,, AlBr,
“““““““““““““ * "~~-.,..._........
0 . o e o
|| & Il A I
P PO PO

oy | ToH o L on o | oH

OH . OH H
E+OH EtOH PrOH  sBuOH EtOH  "BuOH

v

Lol
T XA




Cluster structures

T. Azais, Paris 6

20



Exotic solid state NMR: 'H and 35Cl|

2.14 kHz
IH B ccceBR-24 soee

HOCH,CH,

LW = 330Hz
o/21n vy,

(kHz) (MHz)
14 300

500
600

llllllllllllllllllllllll

28 24 20 16 12 8 4 0 -4 -8 -12-16
(ppm)

SIMPSON:
CT and sat.
e 29 order

e finite pulses

1 1 1 1 1
2000 1000 0 -1000 -2000 21

(oom)



Synthesis of zeolites: general approach

N\

solution of silicates and aluminates
(high pH)

AN

co-condensation: gel

~

templating agent

OH- or F-
TEA™ TPA
hydrothermal condition

/T \ / (T.P)
(C%_ E0‘> —N" hll
Cnmnnn _I;:’ Na:j:: ||||||||||||| \
<—0 "’*oj . o

N/ /N\ characterization (XRD..)

+
Na 18Co 22



The zeolite web site: www.iza-structure.org

Struciure
COnurission

Tetramethylammonium ZAPO-M1
IN8C42.656]| [AI25Zn7P320128]

Welcome to the
Database of Zeolite Structures

m Atlas of Zeolite Framework Types

m Catalog of Disordered Zeolite Structures
m PDF Files of IZA Publications

m Collection of Simulated XRD

m Powder Patterns of Zeolites

100

80

60—

o- 7 1 23






Molecular sieves

catalysis (8%) separation (3%)

cationic exchange (89%)

keyword's:

m adsorption

m ion or molecule exchange
m substances removal

m catalysis

the concept...

small
molecule

large molecule

25



Catalysis

%

CH;OH

e
toluene

WL
1
C
|
¢

Coke

kerosene )
- residuals

60% 80% 100%

zeolite Y
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A key concept: zeolite acidity

J Phys. Chem. B 2001, 105, 3917—3921 3917
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Chmactenﬂn‘a Zeolite Acidity hy Spectroscopic and Catalytic Means: A Comparison’

L 4
4 ‘
LN ] ®
"Ysypppuunns®

S. Kotrel,>! J. H.Lunsford,! and H. Knzinger*+

Department Chemie, Physikalische Chemie, LMU Mimchen, Butenandtstrasse 5-13 (Haus E);
81377 Mimchen, Germany, and Texas A & M University, Department of Chemistry, P.O. Box 30012,
College Station, Texas 77842-3012

Received: June 16, 2000; In Final Form: October 27, 2000

Adsorption of Ha, Na, and CO on four different protonated zeolites—H-ZSM-3. H-§, H-Y. and dealuminated
H-Y—at low temperatures was stucied by transmussion Founer transform infrared spectroscopy. The mtroduction
of the basic probe molecules caused a red-shift of the IR stretching bands of the zeolitic acidic OH groups.
This perturbation, which 1s commonly interpreted as a hyvdrogen bonding between the acidic OH group and
the adsorbate and often taken as a measure of the acidic strength. was then compared with mtrinsic activities
for the acid-catalyzed cracking of n-hexane previously published for the same zeolite samples. Catalytic and
spectroscopic characterization of the acidity 1s consistent only within the same class of zeolites, e g. companson
of differently pretreated famjasites. Spectroscopic and catalytic observations for different types of zeolites do
not match perfectly, because additional effects, such as interactions of larger molecules with pore walls and
the stabilization of transition states and intermediates. can influence the course of an acid-catalyzed reaction.

27



Metal Organic Frameworks (MOFs)

porous hybrid organic/inorganic solids

some organic ligands. ..

inorganic SBU's linked by organic bridges

@aghi, 6. Férey (~ 2000)

X

1,4-benzenedicarboxylate
(BDC)

1,3,5-benzenetricarboxylate

(BTC)

28




An example




_ Crystal «sponges» - MOF-5

organic links

d~20 A
S ~ 3000 m2.g-! (?)
cell > 700.000 A3

inorganic vertices (Zn,)

30



Storage of CH,, CO,, H,

MOF-177
~
MOF-177

other applications. ..

O drug delivery

O magnetic properties

Q rare earths and luminescence... 31






Hierarchical porosity

porous materials

hanoporous
g < 2 nm

U

Ay

g

h

L [

4

|

zeolites

l

mesoporous
2 < @ < 50 nm

l

macroporous
50 nm < @

33



1992: «the» breakthrough!

7 '----------------------------------.

o E Kl ] A New Family uf Mesoporous Mulecular__ Sieves Prepared with
ol ] Liquid Crystal Templates
Zomion *1 ] 3. S. Beck,*! J. C. Vartuli,** W. J. Roth,*! M. E. Leonowicz,** C. T. Kresge,**
unie” | = K. D. Schmitt,’ C. T-W. Chu,! D. H. Olson,’ E. W. Sheppard,’ S. B. McCullen,'
I. B, ﬂ'ﬁﬂ?ﬂ*.‘.ﬁ.l.!e..ﬁ?!‘.'ﬁ“k“*

e Comrrburian Jfrom the Mobil Research amf Development Corporation, Central Research
" Taboratery,.Princeton, New.Jersey-08543, and Paulsboro Research Laboratory, Paulshoro,

New Jersey 08066, Received June 30, 1992

P -
" ) ) 4 L
Pors Diameter, A gmmEEEEEE EEEEE g, ,
Abstract: The synthesn,chsmctenzatmq:lhﬂ propowd mechanism of fdrmgtion of a new family of silicate/aluminosilicate
mesoporous molecular sieves designatedas M415 1s described. MCM-41, qhie member of this family, exhibits a hexagonal
arrangement of uniform mesopores whose dfinensios ma g;c' > engipggredsin’ “the range of ~15 A to greater than 100 A. Other
members of this family, including a material exhibiting cul i symmetry, have been synthesized. The larger pore M415S materials
typically have surface areas above 700 m?/g and hydrocarbon sorption capacities of 0.7 ec/g and greater. A templating mechaniem
(liquid crystal templating—LCT) in which surfactant liquid crystal structures serve as organic templates is proposed for the
formation of these materials. In support of this templating mechanism, it was demonstrated that the structure and pore dimensions
of MCM-41 materials are intimately linked 10 the properties of the surfactant, including surfactant chain length and solution
chemistry. The presence of variable pore size MCM-41, cubic material, and oﬂrer phases indicates that M41S is an extensive
family of materials.

Huxngonal
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Figure 14. Possible mechanistic pathways for the formation of MOM-41: (1) bguid cryatal phise initiated and (1) silicaie anson imitiated.

citations: 5367!

34

Figure :. Transmission zlesiron ||||..-r||gr|.|:hs uf several MOK-41 mazerials baving Ar pure sizes of (2 20, (b} 40, (e) 83, amd (d) 100 A,



The chemical nature of surfactant

LiLbbib e

™

monomer

C < CMC micelle
C > CMC

) denotes hydrophilic portion

~~~~ denotes hydrophobic portion

i
WH‘H-GHEHEH-.DE -
o
0
‘*MWHE—EHS
i EI!'EI
CTAB CH;
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Block copolymers

Pluronic® P123 BASF

Towerliké SBA-15: ﬁase and (10)-Specific Coalescence of a
Silicatc’s.'-Epc&_lseﬂ Hexagonal Mesophase Tailored by

B I OC k C 0 p 0 I yme r Nonionic Triblock Copolymers

Yauh-Yarng Fahn
S u rfa Cta n t Department of Chemical Engineering, Tung-Fang Institute of Technology, Hu-Nei,
Kaohsiung 829, Taiwan

An-Chung Su and Pouyan Shen*

. ) o u Institute of Materials Science and Engineering, National Sun Yat-sen University,
Pluron'cs s HO‘E'\/ o | Kaohsiung 804, Taiwan
I CHg o " Received November 24, 2003. In Final Form: August 8, 2004
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£
Toweritke SBA-15
Al , {209
[ || [lm

Vigd
o1 Eqi a s

Figure 1. Small-angle X-ray scottenng trace of the SBA-15
zample red by reacting EDPOk B0, and TEOS under
ann:\pﬁ.l::\rf;eﬁaﬂﬂﬂ -i:-nu%ei]:H—D,E-]atEE * for 24 b followred

by o-ﬂ'nﬁ t agng at B0 *C and then tamplats removal nsang
athanal (100, (110, amd (200 p-aah-:\fﬂ-]:'ieugm:.ulmm
i = 1173 nm, with corresponding & spacing values of 10,15,

588, and 5.08 chvely) ndered acecrding to
E-Dplmegm;m Th‘fnﬁ: = Emﬂafuinmg.

! Li"'tg'_"r noanometers.

Figure 8. maode] forthe hydrothermal mming of EChe ] i irmet electron diffraction
POmEQ) and TEOS nnder optimised HCl dosage: (A) originel e 2t plateTe SEAN: Tl fﬁﬁ o
hexagonal column particulateswith silicatropieradlikes micelles ﬁe;mﬁu_-._- i demain with o well-dersloped {10} =
of B POmECh, ineet: (B) [10]-specific pet mmperfect impings- mares or leas steps and o curved micells wall (arrew), ot
merit of the column to form adge dialaeations ot the interface: the hexagon hos o rother flat base for uniform diffracticn
(C) imperfect bose sttachment to form faultmg with tubules aontTast.

offs et and dislocations de=corated at the sutures zone



Mesoporous materials

j; ‘*a.-.
“ .:{:
N . E Voo

S

N
= Silico suce
J.«"E-fa:’ﬂlt

Solf aggambly of surfactart

Condangation
of silica sourcs

Removal of surfactant

-

Surfactant

Catalyst | Temperature

Precursor Template removal

Ageing conditions
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Mesoporous silica and other oxides

™ 30 min 30 min

TO0°C 9()eC

Al,O,

Boissiere, Chem. Mater., 2006

§ 8§53 8

AlO,

hydrolysis of TEOS

ordered network of pores

pores from 2 to 50 nm




Applications

towards a new chemistry...

pre-functionalisation template (surfactant)
" .
i on=—3 B ” mesophase formation
oA —bi—on an ’l‘:;-h__x
#  functional alkoxide - template removal

- -
e gméj
post-functionalisation by hﬁs
=
™" '_,r"" . rafting grou
PER—— —: 9 99 P
[al -}

(F

mesophase formation ~ functional group
template removal

L. Nicole, J. Mater. Chem., 2005

H.

i Optical
| . —_—
Q O Transduction
Y
Si

Complexation

M=U022+ 200 300 4&»0 00

sensors with optical detection

Absorbance (a.u.)

QO organic functionalized silica:
¢ thin films

¢ surface grafting
¢ polymer hybrids
QO nanocasting

O bioencapsulation

¢ adsorption applications

O sensors, photoresponse

O ...
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Drug delivery

..........
_____________
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Solid-State NMR Study: uf Ibupl ut‘en (Luufined in MCM-41 Material

Thierry Azais, 7 Corine Tourné- Peteﬂh Fabven Aussenac.’ Niki Baccile.T Cristina Coelho |
Jean-Marie Devoisselle *1 and Florence Babonneau!

Unmiversité Pierre et Marie Curie—Pariz 6, UMR 7574, Laboratoire Chimie de la Matiére Condensée de
Paris, Paris F-75005, France, Laborataire de Matériaux Catalytiques et Catalyse en Chimie Organigue,
UMR 5618/ENSCM/Universite Montpellier 1, 8 rue de I'"Ecole Normale, 34296 Montpellier Cedex 5,
France, and Bruker Biospin, 34 rue de l'industrie, 67166 Wissembourg, France

Received July 5, 2006. Revised Manuscript Received October 20, 2006

Ibuprofen (an anti-inflammmatory drug that 1s a crystalline solid at ambient temperature) has been
encapsulated in MCM-41 silica matrices with different pore diameters (35 and 116 A). Its behavior has
been investigated by magic angle spinning (MAS) 'H, *C. and **S1 solid-state NMR. spectroscopy at
ambient and low temperature. This study reveals an original physical state of the drug 1n such matenals.
At ambient temperature, ibuprofen 1s not 1 a solid state (crystalline or amorphous) and 15 extremely
mobile inside the pores. with higher mobility in the largest pores (116 A). The interaction between
ibuprofen and the silica surface 1s weak, which favors fast drug release from this material m a simulated
mntestinal or gastric fluid. The quasi-liquid behavior of 1buprofen allows the use of NMR pulse sequences
issued from solution-state NME. such as the INEPT sequence, to characterize these solid-state samples.
The solid-state MAS NME. study shows that the proton of the carboxvlic acid group of ibuprofen 1s in
a chemical exchange at ambient temperature. Furthermore, at low temperature (down to 223 K). NME
spectroscopy results show that tbuprofen 1s able to crystallize mside the largest pores (116 A). whereas
a glassy state 1s obtained for the smallest ones (33 A). a
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