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I.  Inlroducllon 
This review is divided into three major areas in the 

field of zeolitic and layered materials, including syn- 
thesis, characterization, and applications. The fwua 
of the synthetic section concerns new procedures and 
resultant microporous materials that have three-di- 
mensional and two-dimensional structures. The char- 
acterization section is subdivided into magnetic, optical, 
structural, micrcacopic, and thermal methods of anal- 
ysis. The final section concerns three different appli- 
cations including catalysis, photochemical, and elec- 
trochemical applications. While these applications are 
not all inclusive with regard to recent developments in 
the area of zeolitic and layered materials, they are of 
considerable interest primarily on the basis of the 
numbers of publications in these areas. This review 
covers the period primarily from about 1989 through 
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1991. The conclusion section will focus on nome of the 
most recent results in the above-mentioned areas with 
the thought that these are indicators of future research 
efforts. Table 1 includes references to books and review 
articles that can be consulted for background material 
regarding zeolitic and layered materials. 

I I .  synthes/s 
This section is divided into two separate discussions 

of zeolites and layered materials. 

A. Thr-DhncMdonal Materlek 

7. New Materlak 

One of the longterm goals of research in zeolites has 
been preparation of large single crystals. Klemperer 
andoo-workers’J haverecentlyreported the preparation 
of large 3-mm size crystals of the ZSM-39 structure 
type or dodecasil-3C. Thermal, structural, and mor- 
phologid properties were the primary focus of this 
work although weak second harmonic generation was 
also observed. This research represents an important 
breakthrough in the pursuit of large zeolite crystals. 

Since the reports of aluminophospbates,3 silicoalu- 
minophoephates,” and metall~aluminophosphate~ mo- 
lecular sieves and the report of the large-pore lgring 
channel WI-56 material, considerable activity is ap- 
parent in the preparation of new zeolitic materials. 
Many of these newly reported materials are phosphorus 
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Table 1. Background Material on Zeolitic and Layered 
Materials 

Sulb 

topic reference 
general Rabo, J. A., Ed. Zeolite Chemistry and 

Catalysis;  ACS Monograph Series 176; 
American Chemical Society: 
Washington, DC, 1976. 

Barrer, R. M., Hydrothermal Chemistry 
of Zeolites; Academic Press: New York, 
1982. 

Barrer, R. M. Zeolites and Clay Minerals 
as Sorbents and Molecular Sieves; 
Academic Press: London, 1978. 

Occelli, M. L., Robson, H. E., Eds. 
, Zeolite Synthesis,  ACS Symposium 

Series 398; American Chemical Society, 
Washington, DC, 1989. 

Expanded Clays and Other Micro- 
porous Solids; Van Nostrand Reinhold 
New York, 1992. 

zeolite synthesis 

zeolites, clays, 
adsorption 

zeolite synthesis 

clays Occelli, M. L., Robson, H. E., Eds. 

clays and layered 

molecular sieves 

Clearfield, A. Chem. Rev. 1988,88, 

Occelli, M. L., Robson, H., Eds. 
Molecular Sieves; Van Nostrand 
Reinhold: New York, 1992. 

Smith, J. V. Chem. Rev. 1988,88, 

materials 125-148. 

structures of 
molecular sieves 149-182. 

Figure 1 .  Framework structure of cloverite. Each of the 
tetrahedral intersections represent either a Ga or P atom 
bridged by 0 atoms. The solid circles in this represent some 
of the terminal hydroxyl groups. Reprinted from ref 7. 
Copyright 1991 Nature. 

based. For example, a 20 tetrahedral atom gallophos- 
phate material having a four-leaf-clover-shaped pore 
opening nicknamed cloverite has recently been report- 
ed.7 The structure of cloverite is shown in Figure 1. 
The large interior supercage has a body diagonal 
dimension of up to 30 A and is believed to contain 
hydroxyl groups in the framework. A single crystal 
refinement of the structure of cloverite has led to the 
space group Fm% while the organic template was not 
yet located. Cloverite has been reported' to be stable 
to temperatures of a t  least 700 OC where a phase change 
occurs and has been used for sorption of hydrocarbons. 

A new series of zinco(beryll0)phosphate and -arsenate 
molecular sieves isostructural to zeolites RHO, X, and 
LiA has been prepared at  temperatures as low as 70 "C 
by Stucky and co-workers.all These materials appear 
to be more stable than related aluminophosphates and 
large crystals can be obtained.12 The structure of a 
zinc phosphate molecular sieve containing one-dimen- 

Figure 2. Zinc phosphate 8-ring channels along the a 
crystallographic direction. Linkages of altematingtetrahedra 
of Zn- and P-linked via edge sharing 0 atoms. Reprinted 
from ref 12. Copyright 1991 American Chemical Society. 

Figure 3. Naz(H20)d cubane cluster in ZnAsO sodalite 
structure. Na ions are shaded, framework 0 atoms are small 
spheres, 0 of H20 are large spheres. The encompassing cage 
structure shows alternating Zn and As atoms. (Bridging 0 
atoms are omitted.) Reprinted from ref 11. Copyright 1991, 
ACS. 

sional8-ring channels along the a axis is shown in Figure 
2. Organic templates have been used to prepare such 
materials with resultant channels having dimensions 
3.5 X 5.0 A. A tendency to force tetrahedral coordi- 
nation in these systems is in contrast to related materials 
having octahedral geometries. 

The structures of new zincophosphate and beryllo- 
phosphate systems with the zeolite X structure have 
been characterized by both X-ray and neutron dif- 
fraction methods and are the first examples of zeolite 
materials consisting of only group IIb atoms.1° Similar 
materials having the sodalite structure of open frame- 
works consisting of either zinc phosphate or zinc 
arsenate compositions have been prepared at  room 
temperature and yield highly crystalline materials. 
Rietveld refinement of the zinc arsenate system'l leads 
to a cubane geometry of NadH20)d clusters centered 
in the sodalite cage as shown in Figure 3. These 
structures are unique and suggest that such novel non- 
aluminosilicate systems may lead to several other new 
molecular sieve systems with interesting structures. 

Cationic diazabicyclo[2.2.2loctane (DABCO) can be 
used as a template for novel anionic zinc phosphate 
8-ring framework structures.12 Both zinc and phos- 
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Figure 4. Structure of zinc phosphate including DAJ3CO 
[ (H2N2Cd312)2+] template (small interlocked 6-member rings). 
View down the a direction indicating the corrugated 8-ring 
channels. Reprinted from ref 12. Copyright. 
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Figure 5. Framework topologies of VPI-7 (zincosilicate) and 
lovdarite (beryllosilicate). Reprinted from ref 13. Copyright 
1991 Royal Society of Chemistry. 
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Figure 6. Basic building blocks for ZSM-18. Reprinted from 
ref 14. Copyright 1990 American Association for the Ad- 
vancement of Science. 
phorus are tetrahedral in such structures which also 
contain HzO and OH groups. The channels in such 

/I 1 

Figure 7. Experimental and theoretical X-ray powder 
diffraction patterns. Models A-C are theoretical, and H-ZSM- 
18 is experimental. Reprinted from ref 14. Copyright 1990 
American Association for the Advancement of Science. 

materials are one-dimensional in nature with thermal 
stabilities up to 350 O C  depending on structure and 
composition. A complete view down the a direction of 
the crystal structure of the most thermally stable 
derivative, ZnPO/Dab-A, with DABCO molecules (small 
ring structures) present in channels that have a 
corrugated structure, is shown in Figure 4. The 
tendency to form this tetrahedrral structure is directly 
related to the specific choice of template (DABCO). 

There has clearly been a move in this field to non- 
aluminosilicate molecular sieves, such as the phosphate 
systems described above, which has led to several novel 
structure types and compositions. Another example 
includes the novel zincosilicate molecular sieve with 
three member rings, VPI-7.13 VPI-7 is related to the 
mineral lovdarite (beryllosilicate) and can be envisioned 
as a lovdarite structure with translations along the 
mirror planes that bisect alternating 4- and 6-member 
rings of both the 010 and 100 faces as depicted in Figure 
5. A novel 3-ring aluminosilicate structure ZSM-18 
having the primary building units shown in Figure 6 
has also been reported by Lawton and R0hrba~gh. l~ 
Theoretical X-ray powder diffraction patterns have 
been calculated for this system as shown in Figure 7 
that help confirm the overall structure of H-ZSM-18. 
Refinement was done with crystallographic parameters 
on the basis of model B, due to the closeness of 
theoretical data to experimental data of H-ZSM-18, as 
shown in Figure 7. Such crystallographic modeling 
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Figure 8. Primary building blocks for reduced molybdenum phosphates: (a) [M~~O~~(HPO~)(HZPO~)~~”, (b) Mo8012- 
(P04)4(HP04)~.H~0, (c )  OsMoOMs, (d) MOZO~(HPO~)(PO~).~HZ~, (e) M04, (0 Mo408, (g) MOO(P04), (h) [Mo40~(P04)+12-. 
Reprinted from ref 15. Copyright 1991 American Chemical Society. 

experiments have been used in several of the above 
mentioned These procedures are essential 
for confirming the presence of new phases. 

A new family of microporous molecular sieves con- 
sisting of reduced molybdenum phosphates has been 
reported by Haushalter and co-~orkers.’~ These ma- 
terials usually have Mo-Mo bonds, are based on both 
tetrahedral and octahedral geometries for molybdenum, 
and have close to 40% accessible void volume. Several 
structural types have been reported with primary 
building blocks as depicted in Figure 8. An example 
of a reduced cesium molybdenum phosphate having a 
super cube structure is given in Figure 9. This structure 
is fascinating because it is an example of an octahedral/ 
tetrahedral (Mo/P) interlinked structure which has a 
void in the center of the cube. This is unique for a 
material produced at  high temperature (950 “C). 
Several other novel porous structures have been re- 
ported by this group15 consisting of three-dimensional, 
layered, and polymeric materials. One area of interest 
that affects possible future research directions concerns 
the pore windows that are open to the external surfaces 

of such materials. They are relatively small and thus 
limit applications for sorption and catalysis. 

There may be several phases that are accessible with 
phosphate molecular sieves. Considerable debate has 
recently ensued concerning 18 ring aluminophosphate 
systems such as VPI-5, H1, and related materials. The 
synthesis of H1 via amine templates has recently been 
reported,16 and its structure has been determined from 
synchrotron X-ray powder diffraction data. The pres- 
ence of amine template and the observation of 6 
coordinate aluminum has been suggested by Clearfield 
and co-workers16 for H1. Tributylamine templates are 
observed in the pores of H1 as is shown in Figure 10, 
and 6 coordinate aluminum species are believed to be 
part of the double 4 member rings. On the other hand, 
synthesis of H1 without organic templates has also been 
reported.17 

Octahedral molecular sieves have also recently been 
reported. Tunnel structures of titanium, in particular 
those such as Na2Ti6013, have been shown to be useful 
photocatalysts for decomposition of water.18 Related 
manganese oxide tunnel structure materials similar to 
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3 x 3  MnOg Octahedra 

Figure 11. Structure of octahedral molecular sieve 1, OMS- 
1. MnOs octahedral units are linked via edges and vertices. 
Pore diameter is 6.9 A. Reprinted from ref 19. Copyright 
1992 Royal Society of Chemistry. 

1) having a 3 X 3 MnOs framework giving rise to 1 
dimensional tunnels having a pore dimension of 6.9 A 
is shown in Figure 11. It is not clear why manganese 
systems allow this particular structure, which is believed 
to exist in manganese nodules; however, it may be 
related to the ability of manganese to exist in octahedral 
coordination for a multitude of oxidation states (2+ - 
4+). 

Other procedures for preparation of microporous 
three-dimensional materials include pillaring of layered 
systems such as clays.2o A recent development in this 
area involves the pillaring of a natural clay rectorite 
with polyoxo cations of aluminum and zirconium/ 
aluminum by Guan and co-workers.21 Similar materials 

Figure 9. Mo404 cubes of Cs3M04P3016. Cs ions are 
represented by striped spheres; P atoms are small open 
spheres; Mo are dotted spheres; Cs ions are located in the 
face centers of the cube, P at the edges. Reprinted from ref 
15. Copyright 1991 American Chemical Society. 

the mineral todorokite have been reportedIg by our 
group in collaboration with researchers at Texaco, Inc. 
The structure of an octahedral molecular sieve (OMS- 

Figure 10. Structure of H1 showing 6-coordinate Al in the double 4-member rings and tributylamine template centered in 
the lsmembered rings. Reprinted from ref 116. Copyright 1991 Baltzer. 
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Figure 12. Comparative structures of montmorillonite, 
rectorite,andillitehavingtwo,three,andonemol&water 
layers, respectively. Trapezoids represent tetrahedral coor- 
dinated layers; striped rectangles represent octahedral layers; 
spheres represent interlayer watermoledes. Reprintedfrom 
ref 22. Copyright 1991 Elsevier. 

have been prepared by Occelliz2 who has compared the 
basic repeat unita for a clay that has more often been 
pillared, montmorillonite, and a natural clay (illite) to 
that of rectorite as shown in Figure 12. The difference 
between these three materials is the degree of interlayer 
water which controls the d spacing as summarized in 
Figure 12. Some of the interlayer cations of rectorite 
are not exchangeable. An interesting observation of 
these materials is that they are stable after calcination 
to 800 O C  and after steam aging at  760 O C .  This has 
not been generally found to be the case for other pillared 
clay systems. 

Other layered systems that recently have been shown 
to be able to be pillared include vanadium oxidez3 (by 
M a  and Nba halohydroxy cations) and buseriteZ4 a 
layered magnesium octahedral manganese oxide. The 
buserite system was pillared by first propping open the 
layers with an organic moiety (n-hexyl ammonium 
cations) and then using polyoxocations of aluminum to 
pillar the buserite. This basic two-step procedure for 
pillaring was first introduced by D r e ~ d o n . ~ ~  Another 
relatively recent approach has been the substitution of 
trivalent ions for A13+ ions in the polyoxoaluminum 
cations, such as work of Sterte where La3+ ions were 
incorporated into aluminum oligomers." 

2. I- substnunon 

Another major emphasis in synthesis of zeolitea has 
been isomorphous substitution of trivalent ions into 
zeolitic frameworks usually to replace A13+ ions. The 
systems that have been studied the most include Fe3+, 
B3+, and Ga3+. Reviews of research from particular 
groups are available;2730 however, most studies have 
concerned substitution of one of the above-mentioned 
trivalent ions. The focus of most of these studies has 
been either use of such systems in catalytic reactions 
or characterization of the isomorphously substituted 
ion, and therefore will be discussed in other sections of 
this review. 

Gallium-substituted zeolites have been the focus of 
several researchers in recent years. The amount of Ga- 
(111) incorporated into various zeolite frameworks 

Sulb 

0 (AI)- * (C.1- (A1.G.)- 
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Fmre 13. Frequency of T-O Stretching vibration versw 
Sanderson electronegativity for LTL (Linde type L) zeolites: 
(0) AI LTL; (0) Ga LTL, (B) AI,Ga LTL. Reprinted from 
ref 31. Copyright 1991 Academic. 

appears to be correlated to a shift in the asymmetric 
stretching vibration of intemal tetrahedra of gallosil- 
icatea having the faujasite, L, fl and ZSM-5 structure. 
Framework Ga LTL zeolites have been studied with 
infrared spectroscopy recently,3l and correlations have 
been found between framework vibrations and the 
electronegativity of Ga in the framework. Figure 13 
shows a plot of frequency of the symmetric stretching 
vibration for external linkages of Al, Ga and Al,Ga LTL 
zeolites as a function of Sanderson electronegativity. 
Excellent correlations with Sanderson electronegativity 
for other bands such as asymmetric stretching vibra- 
tions of internal tetrahedra were also observed. This 
correlation is important from a synthetic standpoint 
since i t  may be possible to predict the extent and 
possibility of Ga(II1) substitution in molecular sieves 
on the basis of electronegativity principles. 

A variety of materials having boron substitution in 
the ZSM-5 structure have been reported by Cichocki 
et al.32 The major emphasis of this research was to 
determine synthetic conditions that might control the 
extent of isomorphous substitution. These authors32 
suggest that the most important parameter is the ratio 
of SiOdB203 in the synthesis mixture; however, im- 
purities of A13+, Ti4+, and Fe3+ were important for low 
levels of B3+ substitution. 

A final example of novel approaches to prepare 
molecular sieves includes synthesis of zeolite A where 
the reactant species were enclosed in reverse micelles 
by Dutta and Robins." It is not apparent bow 
nucleation and crystallization phenomena are influ- 
enced by this type of procedure although gravitational 
forces were not avoided by use of the micelles. 

B. Layered Materials 

Inorganic ion-exchange materials have been the focus 
of a recent review;" however, several recent develop- 
menta in the area of synthesis are apparent since this 
time. Porphyrins and metalloporphyrins have recently 
been used during hydrothermal Crystallization of lay- 
ered silicate smectite clays hy Carrado and co-work- 
e r ~ . ~ ~ , ~  Structures of the porphyrin molecules used in 
these gel syntheses are shown in Figure 14. Such 
materials can be prepared in a relatively short period 
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H 

TMPyP TAP 
Figure 14. Porphyrin intercalates for hectorite: TMPyP, 
tetrakis(N-methyl-4-pyridiniumy1)porphyrin; TAP, tetrakis- 
(N,ZV,N-trimethyl-4-aniliniumyl)porphyrin. Reprinted from 
ref 35. Copyright 1991 American Chemical Society. 

Figure 15. Plot of log intensity versus log q of small angle 
neutron scattering (SANS) for TMPyP (see caption for figure 
14) hectorite clay system: (0) hectorite, (A) unheated 
TMPyP-Hectorite Gel, (+) TMPyP-hectorite gel refluxed. 
Reprinted from ref 35. Copyright 1991 American Chemical 
Society. 

of 2 days during which small angle neutron scattering 
(SANS) experiments were done to follow the nucleation 
process.35 

SANS data for hectorite, the unheated porphyrin 
hectorite gel, and the heated (refluxed) porphyrin 
hectorite gel show that the intensities for scattering 
versus the inverse of the wave vector of Figure 15 are 
markedly different.35 The shapes of these curves 
suggest a lamellar structure for the hectorite control 
sample, aggregation for the unheated porphyrin hec- 
torite gel and finally a decrease in the middle q region 
for the heated porphyrin gel system. These data 
indicate that aggregates present in the unheated gel 
are dispersed on thermal treatment and give rise to 
interdispersed porphyrin/hectorite layers. These and 
otherB studies suggest that SANS methods are useful 
for more readily understanding processes that occur in 
gels during nucleation and crystallization. Future 
studies with SANS may allow in situ characterization 
of aggregation processes for molecular interactions in 
gels and related media. 

Fluorohectorite has recently been intercalated with 
aniline to produce polyaniline by Mehrotra and Gi- 
anneli~.~'  On exposure of this material to HC1 vapor, 
conductivities of 0.05 s cm-' were realized. A plot of 
log in-plane conductivity versus F/2 is given in Figure 
16 for the polyaniline intercalated fluorohectorite 
sample. These studies suggest that the conductivity is 

Temperature (K) 
300 250 200 150 

I I I i 

= I  -6 

I I I I 
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( 1 /T)' 9208 
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Figure 16. log in-plane conductivity versus TI12 for poly- 
aniline silicate multilayer5 for aniline polymerized in fluo- 
rohectorite clay. Reprinted from ref 37. Copyright 1991 
Pergamon. 

n 

W 

Figure 17. Structure of PbI2 aniline intercalate. Interactions 
between different ions and A-D between different unit cells 
is necessary to explain conductivity. Intercalated aniline is 
shown inside the unit cell of PbI2. Reprinted from ref 39. 
Copyright 1991 American Institute of Physics. 

structure dependent; the transverse conductivity was 
5 orders of magnitude lower than the in-plane con- 
ductivity. Such data imply that conductivity of similar 
systems may be fine tuned by engineering the molecular 
structure of intercalated materials. 

Giannelis et al.39 have also reported that aniline can 
be intercalated into the layered PbI2 structure as is 
shown in Figure 17. The band gap of the intercalated 
PbIz system was changed by about 0.5 eV as shown in 
the optical data for the unintercalated and intercalated 
systems as shown in Figure 18. These systems are 
excellent examples of how optical and electrical prop- 
erties can be controlled in intercalated layered materials 
by wise choices of types and concentrations of inter- 
calate. 
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Figure 18. Optical spectra for PbIz and aniline intercalated 
PbI2. Reproduced from ref 39 with permission. 

SILICATE LAYER 

18.9 A 

NH3 
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Figure 19. Structure of ethylenediamine-functionalized (260 
in fluorohectorite. Reprinted from ref 40. Copyright 1992 
American Chemical Society. 

A final example of intercalated micas involves in- 
sertion of ethylenediamine-functionalized buckmin- 
sterfullerene (CW-EDA) into fluorohectoritea Thermal 
studies show that the resulting materials are stable up 
to a t  least 800 OC, depending on the atmosphere used 
during heat treatment. A model of the structure of 
this intercalated system is shown in Figure 19 which is 
consistent with X-ray diffraction data reported for this 
system. This is one of the first examples of incorpo- 
ration of buckeyball materials into zeolitic and layered 
materials. It is likely that other oxide materials based 
on these new carbon cluster systems will be forthcoming. 

Layered phosphonate systems are also flexible mi- 
croporous solids that have been the subject of great 
interest in recent years. A major advantage of these 
systems over several zeolitic and layered materials is 
that single crystals can be prepared and studied by 
single-crystal X-ray diffraction methods. A packing 
diagram for Ca(03PCH+H20 depicting the represen- 
tative layered structure of such materials and a unit 
cell are shown in Figure 20 for one such system studied 
by Mallouk and co-worker~.~~ A comparison of idealized 
structures of Ca, the more commonly studied Zr and 
lanthanum phosphonate systems was recently proposed 
and depicted in Figure 21. 

Similar phosphonate systems can be dehydrated to 
yield anhydrous salts that can adsorb various amines. 
These produce different types of structures that have 
been referred to as shape-selective  intercalate^^^ as 
depicted in Figure 22. The exact reasoning as to why 
some systems prefer single layers and others double 

Figure 20. Structure of Ca(H03PCsH13)~ showing the layered 
nature and A unit cell. Ca ions are large hatched spheres; P 
atoms are small striped spheres; open spheres with dot in 
middle are 0 ions. Reprinted from ref 41. Copyright 1990 
American Chemical Society. 

c . 0 2  

Figure 21. Ideal structures for Ca(HOSPR)z, Zr(OSPR), and 
LaH(OaPCH3)z. Reprinted from ref 41. Copyright 1990 
American Chemical Society. 
layers may involve steric factors. If a particular 
structure type could be controlled or predicted, several 
applications of resultant materials would likely be 
found. A comparison of layered phosphonates to other 
two- and three-dimensional systems has been made with 
the suggestion that the layered phosphonates are good 
models for surfaces.43 

In fact, the tethering of phosphonates to solid surfaces 
such as silica has been the most recent focus of much 
research concerning phosphonates by Mallouk and co- 
w o r k e r ~ . ~ ~  A general scheme for the anchoring of 
phosphonates to a cab-o-sil surface is depicted in Figure 
23. Mixed phosphonate and phosphate materials were 
also prepared with similar methods. Anchoring of 
phosphonates and similar moieties to surfaces can lead 
to stable robust surfaces for catalytic, electrochemical 
and photochemical studies. It is also often relatively 
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Interdigitated Monolayer 

Double Layer 
Figure22. Interdigitatedmonoand doublelayeralkylchains 
of amine intercalated M(03PCHd. Amines like NH3, me- 
thylamine, n-heptylamine, and others can be intercalated. 
Reprinted from ref 42. Copyright 1991 American Chemical 
Society. 

Figure 23. Scheme for growth of zirconium bisphosphonate 
films on Cab-0-Sil. Reprinted from ref 44. Copyright 1991 
American Chemical Society. 
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Figure 24. Structure of bithiophene intercalated vanadia. 
Reprinted from ref 47. Copyright 1990 American Chemical 
Society. 

easy to characterize such systems as compared to other 
surface deposition methods because certain configu- 
rations appear to be favorableand location atthesurface 
is almost always guaranteed. 

Layered vanadium oxide, VZO~, has also been used 
for several intercalation studies lately by Kanatzidis 
and co-workers. Intercalates of polyaniliie,4s pyrrole,' 
and 2,2'-dithio~hene~~ in VZOS xerogels have led to a 

Precursor Gel Particle ZSM - 5 Caystal 

Figure 25. Mechanism for nucleation of ZSM-5 Gels. 
Reprinted from ref 50. Copyright 1991 Baltzer. 

series of conductive polymeric materials. One such 
intercalate (2,2'-dithiophene) is depicted in Figure 24. 
Related research on intercalation of poly(ethy1ene 
oxide) results in insulating polymersa that can be ion- 
exchanged with lithium and on irradiation with ultra- 
violet light give rise to materials with conductivities on 
the order of 1W2 s/cm. These are believed to be n-type 
semiconducting materials. 

I I I .  Characterizatlon 

This section will focus on unique methods of char- 
acterization of zeolitic and layered materials. Various 
sections concerning magnetic, optical, structural, mi- 
croscopic, and thermal methods will be discussed. 

A. Magnetic Methods 

1. Nuclear Magnetic Resonance 

Reviews of solid-state magic-angle nuclear magnetic 
resonance studies of zeolites and molecular sieves@nw 
have very recently been reported; therefore, only the 
most recent applications for these three-dimensional 
materials will be given. Data from Si NMR on gels of 
ZSM-5 by Chang and Bellm suggest that channel 
intersections are formed first in the gel. These channels 
are randomly connected at first and then rearrange to 
form the ZSM-5 framework structure in a process 
governed by hydroxyl groups. The general mechanism 
is shown in Figure 25 and summarized in Scheme 1. It 
is not clear whether such precursor species are present 
in other zeolite systems. 

Studies of VPI-5 and H1 with NMR methods have 
been reported by Perez et  al.51 which suggest that the 
hydration level in these materials can control the 
interconversion to ALPOd-8. Evidence for 6-coordinate 
aluminum was also presented. 

NMR methods have been used to study Lewis acid 
phosphine base adducts in zeolite Y by Lunsford and 
coworkemS2 TheresultingAlCkP(CH&adducta have 
different stoichiometries and structures. Two struc- 
tures of the Al-P coordination complexes are given in 
Figure 26; bond distances determined from NMR are 
in good agreement with data from X-ray diffraction 
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Scheme 1 
~ + + n H ~ 0 +  ... +cch+H+ 
ch + n(Na,H,-,SiO,)- + (n - 1)H+ @ . . . * cs + [ n ( 2  - x )  - 1]H,O + nxNa+ + (nx  + 1)OH- 
cs 3 (zSiOH - O S t  
ch = clathrate-like hydrate 
cs = clathrate-like silicate 
O ( x < 3  

&iOSi= + OH - ] -+ nuclei 

/ a ma \ 
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a a  
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0 

Figure 26. Two A1-P coordination complexes: C13AlP(CH& 
(I) and (CH&PAlC13P(CH& (11). Reprinted from ref 52. 
Copyright 1991 American Chemical Society. 

studies. An equilibrium between the two structures of 
Figure 26 is believed to exist. 

Various cation-exchanged layered clay vermiculite 
samples have been investigated by Fripiat and co- 
w o r k e r ~ , ~ ~ * ~ ~  and NMR results suggest that chemical 
shifts are directly related to the degree of hydration. 
Specific factors that control the chemical shifts are 
lattice interactions, water and oxygen ligands, and the 
degree of back-donation from ligands to cations. The 
degree of hydration also strongly influences the quad- 
rupole coupling constant for the case of Cs+ cations. An 
excellent correlation between observed chemical shift 
and the number of oxygen ligands (M) and number of 
sites available to the cation (N) was found as shown in 
Figure 27. 

Dealumination of vermiculite with (NH4)zSiFs so- 
lutions and intercalation of aluminum hydroxy poly- 
mers (Ah3) was also followed by the NMR methods of 
Fripiat and co-worker~ .~~ This system is interesting 
since no high d spacing was observed on incorporation 
of the AlI3 moiety; however, a significant increase in 
surface area was measured. 

Layered silicates that are puckered have also been 
studied by Si and A1 NMR methods by Fripiat and 
c o - ~ o r k e r s ~ ~  before and after pillaring with aluminum 
polyhydroxy polymers. Evidence for octahedral, tet- 
rahedral, and pentacoordinate A13+ species having 
chemical shifts of 0.4,56.8, and 33.4 ppm, respectively, 
was found after calcination at 300 "C as shown in the 
NMR spectra of Figure 28. 

Recent NMR studies of borosilicate gels have been 
reported from our laboratory in collaboration with 
researchers at Texaco, Inc.= The environment of B3+ 
during nucleation and crystallization of the gel was 
monitored with B NMR methods. The degree of 
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Figure 27. Observed chemical shift versus I In M / ( N  - M), 
where M stands for M ligands and N is the number of sites. 
Reprinted from ref 53. Copyright 1990 American Chemical 
Society. 

roo 50 o -50 ppm 

Figure 28. 27Al MASNMR spectrum of pillared puckered 
silicate sample: (a) direct exchange, (b) sample a calcined 
300 "C, 2 h; (c) indirect exchange of ethyl ammonium chloride 
intercalate; (d) sample of c calcined at 300 OC, 2 h. Reprinted 
from ref 55. Copyright 1989 American Chemical Society. 

hydration controlled by the geometry of the B3+ species 
which was determined to be tetrahedral a t  high levels 
of hydration and trigonal after extensive dehydration. 
These NMR results are shown in Figure 29 and will be 
correlated to optical data presented later in this review. 
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Figure 29. llB magic angle spinning NMR of (a) B-ZSM-11 
sol, (b) B-ZSM-11 gel after 2 days drying, (c) rehydrated 
crystals of B-ZSM-11, (d) crystallized B-ZSM-11, (e) H3B03, 
(f) Bz03. Reprinted from ref 56. Copyright 1992 American 
Chemical Society. 
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Figure 30. 13C MASNMR spectra of isobutylene-3-13C and 
i~obutylene-l-~~C in HY zeolite. Reprinted from ref 57. 
Copyright 1991 American Chemical Society. 

Haw and c o - ~ o r k e r s ~ ~  have promoted the use of NMR 
methods to study acidity in zeolite systems such as HY 
and HZSM-5. C13 CP MAS NMR spectra for the 
reaction of isobutylene in HY and HZSM-5 are shown 
in Figure 30. These data suggest that isobutylene 
dimerizes in both zeolites. However, more dimerization 
occurs with HY since it has more sites and a downfield 
shift for the HZSM-5 system suggesb that it is more 
acidic than the HY system. Such in situ measurements 
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Figure 31. 31P NMR spectra and pulse sequences (I), pulse 
sequence A and B (111, A and C (III), A and D, having spin 
echo delay time T. Reprinted from ref 59. Copyright 1990 
Elsevier. 

provide information on acid sites that is difficult to 
obtain by other methods. 

Further studies by NMR of acid sites have been done 
by Hunger, Freude, and Pfeifer58 on weakly rehydrated 
dealuminated zeolites. An NMR resonance at  6.5 ppm 
was assigned to adsorption of water on Lewis acid sites. 
Evidence for exchange among water molecules, bridging 
hydroxyl groups, and hydronium ions in zeolites was 
also postulated on the basis of shifb in the 'H NMR 
resonances. 

Spin echo NMR data for ALP04-5 and the different 
pulse sequences are shown in Figure 31 for experiments 
done by van Eck and co -w~rke r s .~~  Sequences AB, AC, 
and AD were done with corresponding NMR spectra 
showing that the 31P and 27Al species are coupled in 
these materials. Similar experiments were done for 
NaY zeolite by trying to observe coupling of 29Si and 
27Al, but the coupling appears to be miniscule. 

2. Electron Paramagnetic Resonance 

Electron paramagnetic resonance (EPR) methods are 
typically used to characterize the environment of 
paramagnetic ions substituted into either the frame- 
work or cation exchange sites of zeolites and clays. A 
specific example is the EPR investigation of Fe3+ 
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Figure 32. EPR of iron-substituted ALPO4-5: (a) calcined, 
(b) Hz treatment at 770 K, 2 d, (c) sample a exposed to H20, 
24 h; (d) exposed to NH3 (300 Torr), 30 min. Reprinted from 
ref 60. Copyright 1992 Academic. 

environments in ALP04-5 materials by Park and Chonw 
as shown in Figure 32. These data suggest that at least 
two types of Fe3+ species are present in these materials, 
tetrahedral species havingg = 4.3 and octahedral species 
withg = 2.0. 

Schoonheydt and co-workers have pioneered the use 
of EPR methods to study clays and zeolites and in 
particular have advocated the combination of diffuse 
reflectance and EPR methods.61 Specific examples of 
such characterization to Cu2+, Ni+, and Ag cluster 
systems also including simulated EPR data have 
recently been given.61762 Examples of experimental and 

I 

Suib 

simulated spectra for Cu2+ A, Y, and X zeolites is given 
in Figure 33, and the excellent agreement is apparent. 
Similar studies of the formation of Ni clusters in stages 
from Ni2+ ions to Ni+ ions to cationic clusters to 
zerovalent clusters have been reported.63 Elucidation 
of several different Cu2+ environments in ZSM-5 and 
mordenite with EPR methods have also been report- 
ed.61165 

Kevan and co-workerss5 have promoted the use of 
EPR and electron spin echo methods to study para- 
magnetic species in zeolites and clays. The rate of 
growth of the seven-line EPR signal for Agd clusters in 
A zeolite and that of a five-line EPR signal for Ag, in 
zeolite p as a function of reduction time were compared. 
These datas5 have been used to track the stability of 
such clusters as a function of time of reduction at  room 
temperature as shown in Figure 34. 

By using a combination of EPR and electron spin 
echo methods, Chen and KevanM have recently deter- 
mined the structure of Cu2+ ions in CuSAPO-5 in water 
and in methanol as shown in Figures 35 and 36, 
respectively. Such specific cation-sorbate interactions 
are generally difficult to pinpoint spectroscopically. 

Electron spin echo modulation analyses have also 
been used to study the incorporation of Mn2+ into 
A l P 0 4 - l l , B 7  the interactions of CO, NO, 0 2  and HzO 
with Ru(1I) and Ru(II1) in HX zeolite,@ and the 
environment of silver atoms in sodium montmorillonite 
before and after pillaring with polymeric hyroxyalu- 
minum species.ss EPR methods have also been used 
recently by the same group to characterize the oxidation 

c b 

Figure 33. EPR experimental (9 and simulated (9 spectra of Cu2+ dehydrated (a) NaA, (b) KY, and (c) NaX zeolites. 
Reprinted from ref 61. Copyright 1989 Pergamon. 
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Figure 34. Growth rate of Ag4A (7 lines) and &Rho (5 
lines) clusters as a function of reduction time in Hz at room 
temperature. Reprinted from ref 65. Copyright 1991 Amer- 
ican Chemical Society. 
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Figure 35. Environment of Cu2+ in CuSAPO-5. Reprinted 
from ref 66. Copyright 1991 American Chemical Society. 
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(b) 
Figure 36. Environment of Cu2+ in CuSAPO-5 exposed to 
CH30H: (a) view down 12-ring channel, (b) details of 
coordination. Reprinted from ref 66. Copyright 1991 Amer- 
ican Chemical Society. 

state and location of palladium species in pillared 
montm~ri l loni te~~ and the Cu2+ environment of Zr4 
pillared montmorilloniteJl 

A final example of the use of EPR to distinguish 
different cation sites is the research of Ulla et al.72 in 
studies of EuY and EuFeY zeolities. Reduction of Eu- 

l! NU-10 

W- 

"1 
Figure 37. Raman spectra of 5-membered ring zeolite 
frameworkstructurea. Reprinted from ref 73. Copyright 1991 
American Chemical Society. 

(111) to Eu(I1) by either CO or Hz was monitored by 
EPR and Mossbauer methods. 

B. Optical Methods 

1. Raman 

Raman methods have been used to study the basic 
framework structure of a variety of zeolites having 
similar structures, such as those shown in Figure 37 
which all have 5-ring framework  structure^.^^ Raman 
methods offer the advantage that in situ studies can be 
done. The onset of crystallization and tracking of 
nucleation in mordenite gels74 as shown in Figure 38 
has been correlated to X-ray powder diffraction data 
for mordenite materials prepared in the presence and 
absence of organic templates. Nucleation is apparent 
after 40 h of heat treatment a t  190 "C. Similar 
experiments74 to those of Figure 38 have suggested that 
the organic template stabilizes zeolitic precursors during 
formation of the framework structure. 

Raman methods have also been used to probe acidic 
sites in zeolites by studying dye molecules interacting 
with Bronsted and Lewis sites in HY materials.75 The 
identification of specific oxovanadate ions in layered 
lithium  aluminate^^^ and vanadates in layered double 
hydroxide materials have also recently been probed via 
Raman  technique^.^^ 

Raman methods have also been used to probe the 
formation of dioxygen complexes of transition metal 
complexes in zeolites,78 much the same as in the earlier 
mentioned EPR and ESEM experiments. Evidence 
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Figure 38. X-ray diffraction patterns of mordenite gels after 
heating at 190 O C  for (a) 4 h, (b) 20 h, and (c) 40 h. Reprinted 
from ref 74. Copyright 1991 American Chemical Society. 
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Figure 39. Raman spectra of Co(tetren)-OZ complex in 
zeolites (A) Y and (B) A. Reprinted from ref 78. Copyright 
1991 American Chemical Society. 

for p-hydroxo complexes of Co(tetren) in Y zeolite by 
the Raman bands near 498,643, and 808 cm-l as shown 
in Figure 39, as well as bands at 580, 1034, and 1138 
cm-' for superoxo complexes in zeolite A have been 
obtained. 

In certain cases, various Raman modes such as bond 
bending and asymmetric and symmetric stretches have 
been ~alculated'~ and compared to experimental data. 
For example, Li, Na, and K sodalite samples were 
compared by using a nearest-neighbor force model. 
Agreement between calculated (squares) and experi- 
mental (circles) data for such systems is outstanding 
especially for the bond bending mode as shown in Figure 
40. It may be necessary to use more detailed models 
that incorporate longer range interactions to more 
accurately predict high-frequency stretching modes. 

2. Luminescence 

Luminescence methods as applied to zeolites and 
layered materials have recently been reviewed.80 Like 
Raman methods, in situ treatments of gelss1 can be 
used to study synthesis of zeolitic and layered materials. 

2 4 6 8 10 12 
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Figure 40. Cosine of inter-tetrahedral angle versus square 
of mode frequency for Li, Na, and K chloride sodalite. Circles 
are experimental data; filled squares are results of a nearest- 
neighbor model calculation. Reprinted from ref 79. Copy- 
right 1988 Materials Research Society. 

I I 
fir6 . 

I & * 6 -  

1 % + 6 .  

. 2s+6 

Wavelength (nm) 

Figure 41. Luminescence excitation (300-500 nm) and 
emission (500-750 nm) spectra of crystallied B-ZSM-5. 
Reprinted from ref 56. Copyright 1992 American Chemical 
Society. 

For example, an in situ studyS6Ps1 of the nucleation of 
B-ZSM-5 crystals via luminescence has shown that 
tetrahedral B3+ can be directly observed with lumi- 
nescence methods as shown in Figure 41. Absorption 
occurs a t  lower wavelengths between 300 and 500 nm 
whereas emission occurs between 450 and 750 nm. These 
data have been directly correlated to B NMR data that 
are given in Figure 29. Emission from Fe3+ ions in 
tetrahedral sites is also well known.801a1 

Luminescence methods have also been used recently 
to distinguish Lewis and Briinsted sites in zeolites and 
alumina.82 Both phosphorescent and fluorescence 
transitions were observed in these systems, and emission 
of pyridine complexes intercalating with Lewis and 
Briinsted sites exhibited different emission maxima. 

Luminescence emission of lanthanide ions in model 
fluid cracking zeolite catalystss3 have shown that 
vanadium poisons interact with lanthanide ions to form 
lanthanide vanadate species as well as vanadium oxide, 
VZO~. The use of luminescence methods for low-level 
(parts per million) species is a major advantage of this 
technique. 

Another example is the study of energy transfer in 
aluminophosphate molecular sieves by Ozin et al.& 
Energy transfer between two nonequivalent Mn(I1) 
centers was proposed for a Forster-Dexter mechanism. 
The ability to transfer energy in this wa is significant, 

may occur. 
In montmorillonite and hectorite aqueous suspen- 

sions, the fluorescence of methylviologen cations in- 
tercalated into the clayss5 was quenched by self- 

suggesting that long-range (up to 100 1 interactions 
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Figure 42. Fluorescence intensity of methylviologen cation 
in montmorillonite versus cation exchange capacity (CEC) of 
incorporated methylviologen. Reprinted from ref 85. Copy- 
right 1991 American Chemical Society. 

absorption. A decrease in fluorescence intensity of 
methylviologen as a function of increasing methylvi- 
ologen exchanged into montmorillonite [greater % CEC 
(cation exchange capacity)] is shown in Figure 42. These 
data suggest that only one site is present, and this was 
further supported by excitation data. Luminescence 
lifetime data suggest that a t  least two microenviron- 
ments are present for the hectorite system, whereas at 
least three are found for the montmorillonite methyl- 
viologen materials. 

3. Infrared Spectroscopy 

Ozin and co-workers have compared the use of far- 
infrared spectroscopy to X-ray diffraction methods and 
have proposed that a primary use of far-IR is in the 
determination of various types of cations and their local 
environments.w Amine, phosphine, transition metal, 
alkali and alkaline earth ions, as well as H+ can be 
studied with far-IR. 

In situ infrared transmission experiments on ZSM-5 
zeolite crystals have recently been used by Nowotny, 
Lercher, and K e s ~ l e r ~ ~  to study the rate-determining 
step for decomposition of organic amine templates. The 
aluminum concentration in the zeolite crystals controls 
the dominant type of mechanism for decomposition of 
template. One mechanism initially involves a Hoff- 
mann elimination followed by a series of @-elimination 
reactions which proceeds via several steps to form 
neutral species either in or out of the zeolite. A second 
mechanism involves initial formation of a cationic 
tripropylammonium species followed by successive 
@-eliminations. 

Ghosh and Kydd recently reportedM that FTIR 
studies of ZSM-5 treated with HF show that dealu- 
mination occurs. The severity of HF treatment can 
yield materials ranging from those with some Lewis 
acidity to those with no Lewis acidity upon harshest 
treatments. 

4. Diffuse Reflectance Spectroscopy 

DRS methods in the ultraviolet-visible (UV-VIS) 
region of the spectrum have been used by Schoonheydt 
et al.@to study cobalt ions in CoAPO-5 molecular sieves. 
Figure 43 shows DRS data for CoAPO-5 after treatment 
in 0 2  a t  773 K, after treatment with H2 at  673 K, and 
after treatment with Hz at  773 K. These data suggest 
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Figure 43. Diffuse reflectance spectra of co-&Po-5 after 
(1) heated in 02 at 773 K, (2) then reduced in Hz at 673 K 
and (3) then reduced at 773 K. Reprinted from ref 89. 
Copyright 1989 Elsevier. 

that tetrahedral Co2+ can be reversibly interconverted 
to Co3+ upon oxidation while in the framework of the 
molecular sieve. This redox behavior may be important 
in applications of redox catalysis using such materials. 

Other examples of the use of DRS to study cations 
in molecular sieves include Ni2+ ions in X and Y 
zeolites.g0 Ligand field parameters can be obtained from 
the DRS data and used to distinguish the different 
environments for nickel before and after thermal 
treatments in various atmospheres. Schoonheydt and 
co-workers have demonstrated that the combination 
of DRS and EPR methods allows for excellent oppor- 
tunities to study the optical and magnetic environments 
of ions in molecular sieves, and that these comple- 
mentary methods provide a good check on each other. 

C. Structural 
1. X-ray Methuds 

The structural properties of zeolites, aluminophos- 
phates, and silica clathrates have recently been reviewed 
by Smith.g1 Structures have been classified by com- 
paring various topologies and geometries into categories 
such as rings and windows, polyhedral packing, chains, 
sheets, and nets. 

Recent X-ray studies have focused on structural 
determinations of various zeolites such as the case of 
zeolite @ by With a combination of X-ray 
diffraction, powder neutron diffraction, modeling, and 
synchrotron neutron diffraction experiments, repre- 
sentations of the two framework structures depicted in 
Figure 44 were obtained. Zeolite @ is believed to be a 
disordered intergrowth of these two structures. 

The importance of modeling for structure determi- 
nations has been stressed by the research of Sauerg3 
and others. Deem and Newsam% have recently derived 
atomic scale models and T-atom configurations using 
Monte Carlo calculations. Such methods were used to 
determine the structure of lithium gallosilicate. An 
excellent comparison of the [OOlI projection of calcined 
lithium gallosilicate to that determined by Monte Carlo 
methods is shown in Figure 45. 

Synchrotron X-ray diffraction methods were recently 
reviewed by Newsam and The four major types 
of powder diffraction configurations as shown in Figure 
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Figure 44. Two framework structures of which zeolite j3 is 
a disordered intergrowth. Reprinted from ref 92. Copyright 
1990 Kodansha Ltd. 

a b 
Figure 45. The [Ool] projections of gallosilicate: (a) 
compared to distance least-squares (DLS) optimized structure 
and (b) solved by simulated annealing. Reprinted from ref 
94. Copyright 1989 Nature. 

46 were discussed. A comparison of synchrotron data 
to in-house data for a 7 - ~ m  zeolite crystal shown in 
Figure 47 clearly expresses the power of synchrotron 
experiments. 

2. Neutron Methods 

Jorgensen et al.96 have recently reviewed the use of 
neutron powder diffraction techniques for studies of 
inorganic materials including light atom systems, 
magnetic materials, phase transitions, and in situ 
studies. An example of use of powder neutron dif- 
fraction experiments for the determination of binding 
sites of adsorbates like benzene in dehydrated potas- 

monochromatic 

Figure 48. Cross-stereoview of benzene in zeolite KL at 78 
K. Reprinted from ref 97. Copyright 1989 American Chem- 
ical Society. 

sium L zeolite is given in Figure 48 from research of 
N e w ~ a m . ~ ~ ~ ~ ~  Neutron diffraction studies of zeolite p 
is flexible, yielding a change in lattice parameter from 
15.1 to about 14 A depending on the type of ion present 
in the zeolite and specific calcination procedures. 
Tetrahedrally coordinated Ca2+ was observed in this 
system which may be responsible for this extreme 
variability. Such variability which may be useful in 
shape-selective catalysis. 

Inelastic and quasinelastic neutron scattering ex- 
periments of templates in zeolites and molecular sieves 
have recently been used by Newsam et al.lol to study 
water and hydroxyl groups, hydrocarbon sorbate vi- 
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Figure 46. Representations of four sample and detector configurations for synchrotron experiments. Reprinted from ref 96. 
Copyright 1989 Taylor and Francis. 
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Figure 49. Quasielastic neutron scattering of tetramethyl- 
ammonium (TMA+) cations in sodalite (0) compared to a 
silicoaluminophosphate molecular sieve, SAPO-20, (A). Re- 
printed from ref 101. Copyright 1990 American Chemical 
Society. 

brations, torsional vibrations of cations, and diffusional 
motion for hydrocarbons in zeolites. A comparison of 
inelastic neutron scattering (INS) spectra for tetra- 
methylammonium (TMA+) cations in sodalite and in 
a silicoaluminophosphate molecular sieve, SAPO-20, 
shown in Figure 49 suggest that torsional frequencies 
for TMA+ are similar in these systems (between 150- 
550 cm-l). While it appears that INS experiments can 
be used to obtain information about torsional modes, 
there seems to be little sensitivity to bending modes. 

Small-angle neutron scattering (SANS) experiments 
of White et al.lm have been done to probe the mechanism 
of crystallization of ZSM-5 zeolites. These experiments 
suggest that templates are incorporated into amorphous 
embryonic structures which then crystallize via a solid 
hydrogel transformation. SANS appears to be one of 
the more useful in situ methods for studying crystal- 
lization events in gels. 

D. Microscopic Experiments 

1. TEM 

Transmission electron microscopy (TEM) studies are 
used to determine morphologies, defect structures, and 
crystallographic information. Dominguez et al.lo3 have 
recently used TEM methods to investigate pillaring of 
rectorite with alumina clusters. Electron diffraction 
methods showed the presence of stacking faults, edges 
of layers terminating the lattice, and bent stacks. 
Deformation of alumina pillars and nonuniform dis- 
tributions of pillars were also apparent from the TEM 
data. 

2. STM, AFM 

Scanning tunneling microscopy (STM) experiments 
have been used to study monolayer assemblies of 
zirconium phosphonates on mica surfaces by Poireir 
and co-workers.lM At a0.3 monolayer coverage, islands 
greater than 340 A were observed that were intercon- 
nected. 

Atomic force microscopy studies of the surfaces of 
zeolites have also been investigated by Wiesenhorn et 
al.lo5 and MacDougall and co-workers.lM Real-time 
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Figure 50. Temperature-programmed desorption (TPD) and 
thermogravimetric (TGA) data for SAPO-5 and ALPO4-5 after 
n-propylamine sorption; dashed line is for sample calcined 
with dry 02. Reprinted from ref 108. Copyright 1991 
Academic. 

adsorption of tertiary butanol showed production of 
ordered arrays, whereas adsorption of tert-butylam- 
monium cations led to cluster formation.los Applica- 
tions of lithography with such systems were demon- 
strated. Resolution of different planes of natural 
zeoliteslM by AFM methods has led to the possibility 
of monitoring surface reconstruction and ion-exchange 
events a t  surfaces of molecular sieves. Since such 
microscopic methods are relatively new, it would appear 
that more studies of zeolitic and layered materials will 
be forthcoming as problems concerning sample treat- 
ment, sample handling, and instrumental problems are 
overcome. 

E. Thermal Studies 

1. TPD Methods 

Temperature-programmed desorption (TPD) meth- 
ods have primarily been used to study acidity of zeolitic 
and layered materials. Gorte et al.lo7 have proposed 
the use of isopropylamine as a probe of framework 
composition and acidity of ALP04-5 materials. Various 
metal aluminophosphate materials were also studied. 
An extension of this research to SAPO-5 done by 
Biaglow et allo8 suggested that one Brgnsted acid site 
is generated for every Si substituted into the alumi- 
nophosphate material. Mass spectrometry was used 
to monitor desorption products after n-propylamine 
sorption as shown in Figure 50. It was not possible to 
tell whether defect sites, aluminophosphate sites, or 
silicon sites were responsible for enhanced acidity of 
the SAPO-5 material. 

Recent TPD studies of ammonia and pyridine on 
dealuminated Y zeolites have been carried out by Karge 
et al." Experiments with ammonia suggested there 
were at  least four types of acid sites, whereas pyridine 
as an adsorbate yielded only two different acid sites in 
similar materials. TPD data for ammonia and pyridine 
are shown in Figures 51 and 52, respectively. Fractional 
coverages of different sites, activation energies for 
desorption, and probability functions of activation 
energies were also determined. Similar studies showing 
discrepancies between different bases used to titrate 
acid sites were reported by Karge et al."O for dealu- 
minated mordenite zeolites. 

Dima and Rees'l' have recently shown that either 
single or variable heating rates could be used to 
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Figure 51. TPD of NH3 desorbed from dehydroxylated 
NH4Y: experimental (-) and theoretical (- - -). Reprinted 
from ref 109. Copyright 1991 American Chemical Society. 
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Figure 52. TPD of pyridine desorbed from dehydroxylated 
NHdY: experimental (-) and theoretical (- - -). Reprinted 
from ref 109. Copyright 1991 American Chemical Society. 

determine accurate and reliable activation energies for 
desorption of ammonia in NaY and HY zeolites during 
TPD measurements. Assumptions were that first-order 
kinetics, linear heating rates, and the Arrhenius equa- 
tion were appropriate. 

A combination of TPD and NMR methods was used 
to study desorption of ammonia from HZSM-5 zeolites 
by Hunger et al.I12 Activation energy data were 
comparable to microcalorimetry data, and TPD data 
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Figure 53. Uptake of Hz detected by mass spectrometry for 
various cation-exchanged X zeolites. Reprinted from ref 114. 
Copyright 1990 Academic. 
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Figure 64. Temperature-programmed desorption (TPD) of 
Hz encapsulated in NaA. Temperature for encapsulation of 
Hz: A = 100 "C; B = 150 OC; C = 200 O C .  Reprinted from 
ref 115. Copyright 1991 Academic. 

were simulated using Monte Carlo methods. At  least 
two different Brdnsted acid sites were implicated in 
these studies. 

Heats of sorption for aromatics in ZSM-5 zeolites 
were found to increase with increasing numbers of 
attached CH3 groups by Choudhary and co-workers.l13 
Correlations of TPD data with Si/Al ratios, dehydration 
processes, and poisoning studies suggest that Bronsted 
acid sites are responsible for sorption of aromatics. 

2. Transient Kinetics 

Transient kinetic studies of gaseous species in zeolites 
detected by mass spectrometry methods by Efstathiou 
et al.I14 suggest that molecular hydrogen can be en- 
capsulated in the sodalite cages of NaX zeolite for H2 
pressures of 1 atm. A comparison of encapsulation in 
various transition metal-exchanged X zeolites is shown 
in Figure 53. These data imply that sodalite cages are 
responsible for H2 encapsulation since in EuNaX, where 
no encapsulation occurs, the sodalite cages are filled 
with E ~ 4 0 ~ ~ +  clusters. 

Similar results were found by Efstathiou and co- 
w o r k e r ~ ~ ~ ~  for NaA zeolites and transition metal ion- 
exchanged A zeolites. However, two major desorptions 
were observed for NaA (Figure 541, CsA, and NiA, with 
only one observed for EuA. Encapsulation of H2 in 
sodalite cages and supercages of these A zeolites (only 
supercages of EuA) is the major conclusion of these 
studies. The amounts of H2 are small but may be 
important for reactions of zeolites that contain H2 in 
any reactant feed. Diffusivities for the different ion- 
exchanged forms varied due to the accessibility of H2 
into sodalite cages through 6-member windows blocked 
by certain cations. 
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Figure 55. Uptake of c-C3H6 by NaX versus temperature. 
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Figure 56. Temperature-programmed desorption (TPD) of 
c-CQH~ in EuNaX: (A) H2, (B) He, and (C) Ar. Low- 
temperature peak (87 "C) is c-C&; high-temperature peak 
is C&, as determined by gas chromatography. Reprinted 
from ref 118. Copyright 1992 Academic. 

Transient kinetic studies of cyclopropane in NaX 
zeolite by Efstathiou et al.,l16 on the other hand, show 
that cyclopropane is sorbed in the zeolite with activation 
energies on the order of 11 kcalfmol. A plot of 
equilibrium uptake of cyclopropane versus temperature 
is shown in Figure 55 that suggests the gas-phase 
composition of the pores of the zeolite changes con- 
siderably at  different reaction temperatures. This 
result was used to help explain differences in selectivity 
for hydrogenation, hydrogenolysis, and ring opening 
reactions over NaX. 

Transient sorption of cyclopropane in CsX and NIX 
zeolites were also reported by Efstathiou and co- 
w o r k e r ~ ~ ~ '  as well as enthalpies and entropies of sorption 
for cyclopropane. Enthalpies of sorption are indepen- 
dent of the cation, although entropies of sorption seem 
to be related to cation content. 

Efstathiou et al.l18 also studied sorption of cyclo- 
propane in EuX zeolite. Isomerization to propylene 
was observed at  temperatures as low as 80 "C, and an 
activation energy of 11 kcal/mol was measured for EuX. 
Two peaks were observed in the TPD of sorbed 
cyclopropane as shown in Figure 56. The first peak is 
due to desorbing cyclopropane, and the second is due 
to propylene produced during reaction. 

The advantages of using transient kinetic methods 
as outlined above include the detection of surface 
intermediates, determination of thermodynamic pa- 
rameters, mechanisms of catalyst deactivation, and the 
ability to monitor species a t  low concentrations with 

Chemical Reviews, 1993, Vol. 93, No. 2 821 

Table 2. Catalytic Activity of Borosilicate and Gallate 
Zeolites 

catalyst reactant reaction ref 
BZSM-5 toluene disproportionation 121 
BZSM-5 1-hexene isomerization 122 
BZSM-5 n-heptane; cracking; 123 

GaZSM-5 ethane aromatization 124 
GaZSM-5 n-butane aromatization 125 
BZSM-5 1-pentene skeletal isomerization 126 

n-pentane hydroisomerization 

mass spectrometry methods at  early stages of reaction 
and sorption. 

I V. Appiicatims 

A. Catalysis 
Zeolitic and layered materials are most notably used 

in catalysis for shape-selective reactions as discussed 
by Khouw et al.'19 These reactions are primarly acid- 
catalyzed; however, biocatalytic, electrocatalytic, pho- 
tocatalytic, and oxidation reactions have also been 
studied. [See references in Table 1.1 

Isomorphously substituted zeolites such as those 
discussed in the synthesis section have been of intense 
interest lately due to their potential catalytic activity. 
Lin et al.120 have reviewed the use of Fe-ZSM-5 zeolites 
in methanol conversion and in toluene alkylation. 
Moderately strong acidity was associated with these 
Fe-ZSM-5 materials. Isomorphous substitution of 
boron and gallium in zeolites can lead to a variety of 
catalytic reactivities as summarized in Table 2. 

As observed in Table 2, primarily group IIIA elements 
have been used for substitutions in ZSM-5, and certain 
elements appear to enhance catalytic activity of specific 
reactions. However, Chu et al.lZ7 have suggested early 
on that, a t  least for the BZSM-5 systems, residual A13+ 
ions are responsible for acid catalysis. Shihabi et al.128 
have shown that incorporation of A13+ from alumina 
binders leads to incorporation of A13+ in ZSM-5 and 
production of concomitant acid sites that may be active 
in catalytic reactions. 

At this time, it appears that Ga3+ ions are important 
in aromatization reactions as suggested in the studies 
of Table 2. Transition metal incorporation via ion- 
exchange has long been known to influence acidity, and 
several recent articles have explored the use of specific 
ions to catalyze certain reactions. For example, Co and 
Ni zeolites are active for n-butene isomerization, 
oligomerization of olefins occurs via Cd, Zn, Co, and Ni 
zeolites, and acetylene hydration is activated by late 
transition metal ~ a t i 0 n s . l ~ ~  Further examples include 
isomerization of olefins with lanthanide ions in zeo- 
lites130 and n-hexane cracking and methanol conversion 

Similar kinds of studies with clays and other layered 
materials have also been carried out. Aunique example 
is the expansion of clays to produce pillared clays by 
use of supercritical fluids (Cod by Occelli et al.132 Such 
pillared clays show higher catalytic cracking activity 
and selectivity than typical smectite pillared clays. 
These materials are relatively stable toward steam 
regeneration treatments and are not severely coked, 
which are long standing concerns for applications of 
these materials in cracking catalysis. 

by SAPO-11.131 
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Oxidation reactions catalyzed by zeolites have been 
the recent focus of Jacobs and co-~orkers.'~"'~~ Ph- 
thalocyanines and porphyrins have been incorporated 
into large pore zeolites and have been used in catalytic 
oxidations of olefins and for hydroxylation of aromat- 
i c ~ . ' ~ ~  Ti(IV) substituted in pentasil zeolites has led to 
interesting oxidations of a variety of substrates such as 
phenols in the formation of hydroquinone, catechol, 
and other products as depicted in Figure 57. Restricted 
transition-state-shape selectivity has been invoked to 
explain conversions of oxygen-containing substrates like 
phenol.'" The concept of zeolite-based enzyme mimics 
or so-called Zeozymes has also been prop~sed.'~~J" 
Oxidation of alkanes by phthalocyanines encaged in 
zeolites are believed to occur in a regioselective manner 
on the outermost carbon atoms.'37 Two different types 
of reaction mechanisms were proposed free radical 
reactions over phthalocyanine catalysts and consecutive 
homolytic reactions over titanium silicate catalysts. 
Molecular modeling methods13* have been used to 
explain the greater shape selectivity of regioselective 
oxidation of n-octane in zeolite Y with respect to other 
molecular sieves such as VPI-5. 

Olefin oxidation over transition metal and encap- 
sulated transition metal complexes has also been of 
recent interest. Yu and Kevan have studied partial 
oxidation of propylene to acrolein over Cu2+ exchanged 
X and Y zeolites'39 and mixed Cuz+/alkali-alkaline earth 
exchanged zeolites.'" Cuprous ions are believed to be 
the active sites in both systems. The degree of 
reoxidation and rehydration is important in regener- 
ating active sites. Manganese salen complexes encap- 
sulated in zeolite Y are active for oxidation of cyclo- 
hexene, styrene, stilbene, and 0~tene.l~'  Diffusivity is 
lowered due to encapsulation in the pores of the zeolite 
leading to lower turnover numbers. 

B. Photochemistry 
Recent reviews of photochemical studies of zeolitic 

and layered materials have been published,""'" al- 
though several new developments are now available. 
Dyeslikemethylene blueonhedoriteclayswfaces have 

I 

I 
I -am ~ ~ ~ . n v ~ l - - r  

Figure 58. Reaction scheme for light-induced electron- 
transfer mechanism in zeolites L and Y. Donor at the zeolite 
solution interface is irradiated and energy is transferred to 
acceptor molecules (primary or secondary) in the channels of 
thezeolites. Reprintedfromref 147. Copyright 1990Plenum. 

several forms including monomers, protonated mono- 
mers, dimers, and trimers as evidenced by visible 
spectroscopy.'" Similar systems have been used to 
photooxidize tryptophan.'@ Several factors are im- 
portant in such oxidations, including the degree of Fe3+ 
in the clay which quenches the excited state of the 
photosensitizer methylene blue, the location of meth- 
ylene blue, and aggregation of the dye. Clays with a 
large surface area, especially large extemal surface areas 
have been found to be the most active. 

The use of zeolites in light-induced electron-transfer 
mechanisms tomimicartificial photosynthesishas been 
studied by Krueger e t  al.'47 A general reaction scheme 
for the light-induced electron-transfer reactions is 
shown in Figure 58. Careful design of such a system 
involves anchoring a donor to the external surface of 
the zeolite and incorporating acceptor molecules in the 
channels of the zeolite. Research from Mallouk et 
al.'MJ47 has shown that electron-transfer relays in 
zeolites can be designed to drive redox reactions. 
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Figure 59. Variation of porosity of hectorite with tetra- 
methyl-, tetraethyl-, and tetra-n-butylammonium pillaring 
agents. Reprinted from ref 151. Copyright 1991 American 
Chemical Society. 

Water-soluble porphyrin complexes have been used 
to probe the face-to-face aggregation of hectorite 
particles by Kuykendall and Thomas.148 Protonation 
of the porphyrin upon reaction with the clay leads to 
large shifts in Soret transitions which have also been 
observed by others.36 In addition, two major types of 
interactions of ruthenium bipyridyl complexes on 
hectorite have been 0b~erved . l~~  One interaction in- 
volves linkage to water molecules a t  the surface while 
the other involves direct interaction with the clay 
surface. 

A review of photochemical and photophysical studies 
of clays has focused on surface configurations as 
discussed above, organoclay derivatives such as with 
micelles and surfactants, the production of semicon- 
ductors in clays, and  photooxidation^.^^^ It is pointed 
out that conversions for reactions like water splitting 
in such systems are small and that further efforts in 
this area might be warranted. 

Pillared clays have also been investigated with 
photochemical methods151 and as shown in Figure 59, 
the orientation of n-alkylammonium cation pillaring 
agents is important for reactivity due to the generation 
of different microenvironments. The porosity of such 
systems may be influenced by the nature of the 
hydrophobicity and chain length of the intercalating 
amine pillaring agents. Formation of CdS clusters in 
zeolites and their characterization by photochemical 
methods have also been r e ~ 0 r t e d . l ~ ~  

The influence of cation size in rearrangements and 
disproportionation of alkyl dibenzyl ketones has been 
studied for different cations in ze01ites.l~~ Selectivities 
of products are markedly influenced by both the 
presence of the zeolite structure and the nature of 
cations. Heavy atom-induced phosphorescence of 
naphthalene and polyenes has been investigated in 
various zeolites,'" and novel triplet phosphorescen~e~~~ 
has been observed for the first time for certain polyene 
configurations. 

Norrish type I and I1 reactions of benzoin156 and 
dibenzyl ketones157 examined by Corbin and co-workers 
and Ramamurthy et al., respectively, have shown that 
differences in selectivity are observed for zeolite solvent 
slurry and dry solid photolyses. Slurry systems are 
found to be more selective than the dry solid systems. 

-0 
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Figure 60. Plot of log conductivity versus c lattice parameter 
for cation exchanged vermiculites. Reproduced from ref 160 
with permission. 

C. Electrochemistry 
Ionic conductivity of vermiculite has been measured 

by W h i t t i ~ ~ g h a m l ~ ~  at temperatures ranging from 5 to 
90 OC. A hopping mechanism in the interlayer has been 
proposed for the conductivity which was observed 
between 5 and 90 "C. The conductivity was enhanced 
by disassociation (during thermal treatment) of three 
water molecules from the clay. The major current 
carriers appear to be cations, not protons.159 The 
relationship between conductivity and cation content 
is manifested in the size of hydrated cationslm as studied 
by X-ray methods. A plot of log conductivity versus 
c lattice spacing of ion-exchanged vermiculite samples 
is shown in Figure 60. Further data on single crystals 
of vermiculite in the H+ form suggest that H+ ions are 
not the charge carriers,161 but rather Ca2+ cations. 

Conductive polymers prepared by intercalation meth- 
ods have been the focus of several solid-state research 
groups. Electrochromics, batteries, and other devices 
are final objectives of much of this research.lB2 Con- 
ductive polymeric systems designed around porous 
systems that can be intercalated such as FeOCl are the 
focus of research by Kanatzidis et al.163 New materials, 
phase changes, and mechanisms of conduction are areas 
of interest. 

Self-assembling redox chains of various donors and 
acceptors bound to zeolite, layered, and pillared clay 
materials have been studied by Mallouk and co-work- 

How such species interact a t  electrode 
surfaces is depicted in Figure 61 for a zeolite system. 
The ability to bind specific electron-transfer reagents 
to external or internal sites is critical in development 
of such systems. 

V. Concluslons 
Several areas of current research with zeolitic and 

layered materials have been discussed above including 
synthesis, new methods of characterization, and various 
recent applications. Some of the areas of current 
interest not touched on in this review include the use 
of zeolitic and layered materials as nonlinear o p t i ~ ~ , l ~ - ~ ~ O  
intrazeolite quantum dots and s ~ p r a l a t t i c e s , l ~ ~ J ~ ~  in- 
trazeolite c o m ~ l e x e s , ~ ~ ~ J ~ ~  advanced materials,176 and 
as semiconducting materials.176182 Materials like lay- 
ered double hydroxides have also recently been re- 
viewed.183 

Continuing interest in catalysis includes polymeri- 
zation of olefins with zeolites and molecular sieves,'U 
as well as studies of basic zeolitic materials generated 
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Figure 61. Scheme for self-assembling redox chains at zeolite 
Y electrodes; Fc+ = ferrocenyl cation. Reprinted from ref 
164. Copyright 1989 American Chemical Society. 

by incorporation of alkali ions.185 Use of organoclay 
complexes for triphase catalysis is another recent 
example of new applications of zeolitic and layererd 
materials.lM The combination of spectroscopic meth- 
ods for characterizing materials will continue to be 
important. Even the more unlikely combinations such 
as NMR with EPR, such as in the recent study of 
binding of triethyl phosphate to montmor i l l~ni te ,~~~ 
have been initiated. Conductivity studies of new porous 
materials such as germanatesl@ and s i l ic~germanates~~~ 
may prove useful for the generation of new conducting 
materials. Derivatization of phosphonates, for example 
the preparation of amine and ester functional groups 
on zirconium phosphonateslW appears to be an area 
that will afford several new materials. Sol-gel methods 
will continue to be important for the preparation of 
clay and zeolitic materials such as fluorophl~gopite,'~~ 
typically prepared by solid-state methods. Specific 
examples of the use of organoclay materials in molecular 
recognition includes the work of Lao and co-workerslg2 
concerning shape-specific separations of COZ mixtures. 
Applications of novel layered materials such as layered 
niobates intercalated with methylviologen have shown 
to be useful in light-induced electron-transfer reac- 
tions.lg3 Undoubtedly there will continue to be a major 
effort to produce new zeolitic materials in a systematic 
fashion. The design of intergrowths of cubic and 
hexagonal phases of faujasiteslg4 is a specific example. 
In addition, spectroscopic studies such as MASNMRlg5 
will continue to be developed for ex and in situ research. 
Another area that is receiving more and more concern 
is theoretical modeling such as the material reviewed 
by Sauer93 and studies of Newsam et al.94-98 In addition 
to such studies, it is now possible to simulate NMR, 
X-ray diffraction, and electron diffraction data by either 
using crystallographic parameters for known structures 
or for hypothetical structures. Applications range from 
use for synthesis of new materials to predicting spec- 
troscopic data to energy minimization and dynamics 
studies. It is clear that research in zeolitic and layered 
materials is healthy and growing and may produce new 
practical devices for energy-, materials-, and health- 
related applications. 
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