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Zeolites and lntrazeolite Chemistry: 
Insights from Infrared Spectroscopy 

c. OTERO AREAN* 
Depanamcnto & Qufmica, 

Universi&d de las Islas Balcans, 
07071 Polmn & Uallorca, Spain 

(Raceived May 05,2000) 

Zeolites an widely used as adsorbents. catalysts, ion exchangers and molecular sieves. 
However, less is known about the potential use of ztolites and related m i c m ~ u s  solids 
for tailored synthesis of advanced materials. zeolite-based host-guest nanocornposites am 
a type of advanced material in which zeolites act as hosts for encapsulating and organidng 
molecules. crystalline nanwphascs and supramolecular entities inside tbe zeolite pores. 
Spacc confinement and host-guest (electrostatic) interaction results in composite materials 
possessing novel optical, electronic and magnetic properties. Potential technological 
applications can be expected in a number of fields, such as chemical and biological scos- 
ing, semimuductor devices and photonics, to name only a few examples. A related aspect 
is the fine tuning of the inuaaystalline space in zeolites for controlbug intrazeo Ute chem- 
ical processes, including the conversion of zeolite cavities into chiral chambers which act 
as very selective catalysts for the asymmetric synthesis of fine chemicals. Developments 
in all of these fields critically depend upon improved methods for zeolite c- . 'on 
and for studying inmazeolite chemisfry. For both of these purposes many instrumental 
techniques m cunently being used. Among them, IR spectroscopy deserves special atten- 
tion. Recent advances in IR spectroscopy of zeolites include the use of variable tempera- 
tm procedums, synchrotron IR radiation and ulnafast time-resolved IR spectrometry. 
Examples arc given of how JR spectroscopy is strongly contributing to an improved 
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understanding of zeolites and intrazeolite chemistry, which is needed in order to extend 
potential applications of wlitc-based materials. 

Keywords: advanced materials; infmmd spccmscopy; inrrazeolite chemistry; nanocom- 
posites; zuolitc-based materials; zeolites 

1. INTRODUCTION 

Zeolites are three-dimensional aluminosilicates (tectosilicates) formed 
by corner sharing Si04and A104 tetrahedral units. The framework thus 
formed has a negative electric charge which has to be balanced by 
extra-framework cations or protons. These charge balancing ions, which 
can easily be exchanged, are responsible for some important propemes 
of zeolites; such as Brmsted acidity, adsorption potential and htrazeo- 
lite electric fields. Other useful properties are more directly related to 
framework composition (Si:Al ratio), pore size and connectivity. 

The zeolite framework encloses open channels and cavities (up to 
50% of the total volume) which show a characteristic, and regular, spa- 
tial arrangement and dimensions for each particular structure type.' 
zeolites can thus be regarded as being the archetype of periodic micro- 
porous systems, as opposed to non-periodic porous materials such as 
active carbon, xerogels and aerogels. Regular pore size endows zeolites 
with their potential to act as molecular sieves and size-selective cata- 
lysts. Periodicity of pore layout can lead to formation of superstructures 
in zeolite based host-guest composites; a new generation of advanced 
materials which offers a range of properties and uses that are only just 
beginning to be explored, as the number and versatility of structure 
types is being increased. 

Aluminosilicate zeolites (both natural and synthetic) were the main 
class of microporous materials known in the 195Os, but many other 
open framework crystalline structures are now known, and their number 
is rapidly increasing. In the early 1980s the synthesis of non-siliceous 
periodic microporous solids (such as aluminophosphates) was achieved, 
and during the late 1980s and the 1990s the range of chemical composi- 
tion was expanded to include germanates, oxofluorides, sulfides and 
nitrides, as well as purely siliceous materials such as silicalie and the 
MCM series of periodic mesoporous s t r ~ c t u r e s . ~ ~  The rich diversity of 
chemical composition was also increased by partial isomorphous substi- 
tution of framework Si or Al atoms by other elements. Examples are B, 
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Ga, Fe or Ti, but actually more than 20 elements (both from the main 
groups and the transition series) can now be incorporated into zeotype 
frameworks; zeotypes are materials which have variable chemical com- 
position while retaining a zeolite-type structure. The range of periodic 
porous solids has also increased on the structural ground. Many of the 
new architectures involve structural units other than XO4 tetrahedra, 
such as octahedral XO6, pyramidal X04, or pentacoordinated XO, 
units. 

Versatile chemical composition and framework topology results in a 
large variety of microporous and mesopomus materials, including zeo- 
lites and zeotypes, having a wide scope of potential usage. Classical 
applications of zeolites include their use as heterogeneous catalysts 
(mainly in the petrochemical industry), as adsorbents and ion exchang- 
ers, and as detergent builders. These applications account for most of 
the current commercial production of zeolites, which is of about 1.6 mil- 
lion tonnes per year. New areas of technological development include 
the use of zeolites as ultraselective catalysts (for pollution control and 
the synthesis of fine chemicals), tailored host-guest materials for appli- 
cation in electronic, optical or magnetic devices, and also clever design 
of chemical sensors, transducers and modified  membrane^.^' A sum- 
mary of main applications of zeolites, both actual and prospective, is 
given in Table I. 

TABLE I Some main applications of zeolites and zeotypes 

Actual uses 

Adsorbents and molecular sieves: 

drying agents (water vapour removal) 

air separation (nitrogen from oxygen) 

sulphur removal (rg. from natural gas) 

separations based on sieving and selectivity 

Ion exchangas: 

water softenen and purifiers 

detergent builders 

metal separation (removal form waste water) 

radioisotope removal and storage 
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ion exchange fertilizers 

ruminant feeding (non-protein nitrogen) 

aquaculture ( removal) 

artificial lddncy dialysau regeneration 

catalysts: 

fluid cracking (gasoline pmduction) 

sbape-selective reforming 

methanol to gasoline conversion 

hydrogenation, dehydrogenation and bydrodealkylation 

xylcne isomcrisation (polyester polymers) 

phenol to hydroquinone conversion 

pollution control @eNOx reactions) 

synthesis of speciality chemicals 

Future possibilities 

Stereoselective catalytic processes 

Nanorcactors (fine control o v a  intrazmlite chemical processes by tuning physic* 

chemical properties of intrazeolite cavities and channels) 

Aflinity chromatography and immunosorption assays 

Selective mmbranes 

Selective electrodes 

Nano-composites for clcctro-optids 

Nanclcomposites having hienachid struchrrcs (supcrsmctures) 

Tailored (quantum-sized) semiconductors 

Sizeconmlled magnetic matuials 

Encapsulated conducting polymas 

Encapsulated photosensitive dyes (light-energy harvesting and non-linear optics) 

Eincapsulsrcd luminescent centrs @In2+, lanthanides) 

Chemical and b i o d d  sensors (including encapsulated sensing species) 

Contrast cnhancemcnt agents (e.g. for MRI) 
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Some potential applications of zeolite-based materials stem from the 
regular arrangement and variable connectivity of zeolite pores and 
cages, which afford a means for controlled assembly of a superlattice of 
electronic, optical or magnetic materials having one or more dimensions 
in the nanometer range. This is a range where quantum size effects give 
rise to useful macroscopic properties. However, it is also the length 
scale where our ability to synthesize materials is weakest. Intrazeolite 
synthesis provides the synthetic chemist with a means to overcome the 
thermodynamic tendency of larger particles to grow at the expense of 
smaller ones, thus furnishing a mute for the preparation of nano-struc- 
tured materials. From a different perspective, fine tuning of relevant 
physico-chemical properties of the intrazeolite space should lead to an 
extended control over a wide range of chemical processes mediated by 
zeolites, allowing these structures to be used as cleverly designed 
nano-reactors. 

2. OVERVIEW OF ZEOLITE TOPOLOGY 

In the early 1950s, when systematic research on zeolites was started,1o- 
l2 only six structure types were known. This number has now been 
raised to well over one hundred and it continues to grow at a brisk pace, 
mainly by steady incorporation of new synthetic materials. Structure 
types, which are named with a code consisting of three capital letters, do 
not depend on chemical composition, distribution of framework atoms 
(T-atoms) or crystal symmetry. They simply denote the topology of a 
zeolite-type framework, i.e., the way (connectivity) in which structural 
units (TO, tetrahedra) are arranged. This connectivity determines pore 
size, shape and dimensionality. The number of T-atoms that define the 
pore openings (ring size) is an important structural parameter. Zeolites 
containing rings consisting of 8, 10 and 12 T-atoms are denoted as 
small-, medium- and large-pore materials. The corresponding pore 
openings are about 0.4,0.55 and 0.74 nm in size, respectively. However, 
zeotypes containing larger rings have also been synthetized, and sili- 
ceous materials belonging to the MCM series possess channel diameters 
in the 2-5 nm range, or even larger. 
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The term dimensionality refers to channel intemnnection, which is 
relevant to intrazeolite diffusion processes and also to patterned features 
of zeolite-based nanocomposite materials. Zeolite structures can be 
viewed13 as systems consisting of one- two- or three-dimensional chan- 
nels (1D. 2D or 3D) depending on whether these channels are isolated 
(lD), or they are mutually intersected either in a plain (2D) or in the 
three directions of the zeolite framework (3D). Examples are given in 
Table II, and Fig. 1 depicts some common structure types. 

TABLE II Examples of leotypcs showing the three-letter code and details on the pore 
system 

Small pon  

STl 

ERI 

CHA 

LTA 

Mediwnpote 

FER 

AEL 

MIT 

MFI 

LEugepon 

MOR 

Ln. 

AFI 

FAU 

Very large pte 

VFI 

M41S' 

Stilbitc, Stcllcritc 

Eriontie, AIPO-17 

chabazitc, AIw34 

Linde A, SAPO-42 

Ferrierite, ZSM-35 

NPO-11 

ZSM-23, EU-13 

Silicalitc. ZSM-5 

Mordenite, LZ211 

perlialitc. L 

AIPO-5, SAPO-5 

Faujasitc. X. Y 

VPI-5. MCM-9' 

MW-41' 

1D 

3D 

3D 

3D 

2D 

1D 

1D 

3D 

2D 

1D 

1D 

3D 

1D 

1D 

2.7x5.6 

3.6x5.1 

3.8 

4.1 

42x54 

3.9x6.3 

4.5x5.2 

5.5 

6.5x7.0 

7.1 

7.3 

7.4 

12.1 

mto80 

a. MobilCorporationcodcs 
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3. UNDERSTANDING ZEOLITES AND INTRAZEOLITE 
CHEMISTRY: THE ROLE OF IR SPECTROSCOPY 

3.1. Background 

Complete understanding of the many (catalytic) chemical processes 
mediated by zeolites calls for detailed structural characterization at the 
local (atomic) level. Such a characterization is also much needed in 
order to extend potential applications of zeolites and zeolite-based mate- 
rials. Zeolite characterization is a complex task for which many instru- 
mental techniques, as well as computer-based methods, are currently 
being used. Experimental techniques deserving special mention are 
classical adsorption studies," X-ray and neutron difiaction,'3-'6 
high-resolution electron microscopy and electron diffract i~n, l~-~~ NMR 
S p e c ~ S ~ P Y  17*22-27 and IR spectroscopy. 

Diffraction techniques supply precise information concerning periodic 
structural features of the zeolite framework and the location of 
extra-framework cations. Neutron diffraction can also be used to probe 
details about hydrogen bonds and the ordering of tetmhedral atoms in 
the framework. However, many relevant properties of zeolites stem 
from non-periodic local arrangements and lattice defects (at the atomic 
level) which cannot be efficiently characterid by difiaction methods. 
Syncbmtron based techniques (such as EXAFS and XANES) are of 
some help in this context, but their power is limited by the heterogene- 
ous nature (both in structure and chemical composition) of many local 
structures in  zeolite^.^.^^ For instance, the geometry of a zeolite ring 
(and the resulting local properties) depends on the number of aluminium 
atoms contained in the ring, which affezts the exact extra-framework 
cation location and related properties. Since zeolites are metastable 
materials, atom ordering in the framework can be dependent on kinetic 
factors during zeolite synthesis (instead of being governed by thermody- 
namics) and this fact limits the power of instrumental techniques which 
provide averaged values over the whole sample. Similarly, local defects 
such as extra-framework material and hydroxyl nests36 (both of which 
occur very commonly in zeolites) cannot be efficiently characterized by 
diffraction techniques, X-ray absorption fine structure spectroscopy or 
even high-resolution elecmn microscopy. 

28-33 
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For a long time, IR spectroscopy has been used as a main technique to 
characterize zeolites and zeolite-adsorbate the power 
of this technique will be illustrated in the following sections. It should 
be pointed out, however, that solid-state NMR spectroscopy is an 
equally powerful method,23-24*39-40 particularly after the recent develop- 
ment of 2D multiple-quantum MAS NMR techniq~es!~,~~ In general, 
these two spectroscopic methods are more complementary than compet- 
itive. 

In principle, R spectroscopy can be directly used to study fiarnework 
lattice vibrations related to s t rucm as well as extra-framework 
cation vibrations related to cation nature and location.44 In practice, 
however, strong coupling among different vibration modes considerably 
limits the power of this analytical method!5i46 Much more information 
can be obtained by using appropriate probe molecules which interact 
weakly with the zeolite at specific sites. The method is indirect, in the 
sense that it depends on spectroscopic probes that render the zeolite sur- 
face Ereadable. However, by judicious choice of probe molecules a 
wealth of relevant information can be obtained. Briefly, the vibrational 
spectra of small molecules, which are dosed from a gas phase, become 
modified upon interaction with the adsorbing centre (or it is the vibra- 
tional pattern of this centre which becomes significantly modified) and 
the changes observed can often be easily interpreted so that very rele- 
vant information is obtained. IR spectroscopy can also be used, in a 
time-resolved mode, to follow chemical processes taking place within 
the intra-zeolite space (reaction dynamics). Illustrating examples will 
now be given. 

3.2. External versus internal surfaces; acid sites and extra-framework 
species 

The catalytically active sites of zeolites are mainly Bmnsted acid OH 
groups, Lewis-acid sites associated with lattice defects or extra-frame- 
work material and hetero-atoms (such as Fe, Ga or Ti) which substitute 
for Al in the aluminosilicate framework. These sites can be located 
either inside channels or at the external surface of the solid particles. 
Means for distinguishing internal from external acid sites are needed in 
order to understand many catalytic processes involvin zeolites. For 
instance, morphoselective (shape-selective) catalysis47*' can only be 
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FIGURE 2 Infrartd sptcea in the 0-H stretching region of H-ZSM-5. The dashed line 
shows tbe b h k  speceum of the zcolitc wafer. 'Ibe remainiag spcctra were obtained a h  
dosing with CO at 77 K and increasing equilibrium p ~ . ~ ~ r n r  (about 10% 10 Tom). For 
clarity, the specw are arbitrarily offset on the vertical scale 
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canied out within internal channels and cages while in other processes, 
such as the isomerization of substituted xylenes and styrenes, external 
acidity plays an important role. 49-52 

By choosing two appropriate probe molecules, IR spectroscopy can be 
used to discriminate between external and internal acid sites. As a case 
study, let us consider the combined use of CO and W(CO), for charac- 
terizing the protonic form of ZSM-5. This is an MFI-type zeolite (Table 
II) which has a 3D channel system with openings of about 0.55 nm in 
diameter. Carbon monoxide, which has a kinetic diameter of 0.376 nm, 
finds free access to the intracrystalline space, while W(CO), having 
molecular dimensions of about 0.75 nm53 can only probe external sur- 
faces. 

Fig. 2 shows the IR spectra in the 0 - H  stretching region of a self-sup 
porting wafer of H-ZSM-5, and the effect of increasing doses of CO at 
77 K; details about experimental procedures can be found elsewhere.54 
After outgassing at 723 K to remove adsorbed water and other possible 
contaminants, the zeolite blank spectrum shows two main IR absorption 
peaks: 3745 and 3614 cm-', and a weak band at 3669 cm-'. The peak at 
3745 cm-' corresponds to silanols while that at 3614 cm-' is the 0-H 
stretching of bridged Si(0H)Al  group^^'*^^ (Bronsted acid sites) as 
shown in Scheme I. The weak band at 3669 cm-' can be assigned to 
hydroxyl groups attached to extra-framework aluminium.31J5 These 
extra-framework species, which give rise to Lewis acidity, can be 
formed in several processes. In the first place incomplete crystallization 
of the parent gel during zeolite synthesis can leave non-negligible 
amounts of aluminium hydroxide or hydroxide oxides which after ther- 
mal dehydration give rise to coordinatively unsaturated A13+ species 
(Lewis acid sites). Template burning (zeolites are often synthesized with 
the help of an organic template agent) can also lead to formation of local 
defects exposing coordinatively unsaturated A13+ ions.%inally, ther- 
mal activation of the zeolite (high-temperature outgassing) very often 
leads to hydrolysis of Si-0-4 bonds with concomitant formation of 
extra-framework species and hydroxyl (another type of local 
defect). 

Adsorption of CO, at 77 K, results in progressive erosion of the band 
at 3614 cm-' (Fig. 2) and attendant growth of a wider and more intense 
IR absorption band with a maximum at 33 12 cm-' . This is due to forma- 
tion of the hydrogen-bonded adduct depicted in Scheme I. At the high- 
est CO doses, the band at 3669 cm-' is also eroded while that due to 
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H 
3614 cm’, I 1 3712 cm-’ 

silanols (3745 cm-’) is only slightly affected. Note, however, that dis- 
crimination between acid sites located inside channels or at external sur- 
faces is not possible at this stage, since CO has direct access to both of 
them. 

Fig. 3 shows the IR spectra, in the O-H stretching region, of H-ZSM-5 
with increasing doses of adsorbed W(C0)e Metal wbonyls are 

to interact with hydroxy groups of (hydmxylated) metal oxides 
and zeolites leading to adduct formation as shown in Scheme XI. Such a 
hydrogen-bonding interaction leads to perturbation of the comsponding 
O-H stretching modes in a similar way as already described for 
OH---CO adducts. Fig. 3 shows that ( i )  the IR absorption band at 3669 
cm-’ is not affected by adsorption of the metal carbonyl. (ii) The band 
at 3614 an-’, corresponding to Br0nsted acid sites, is only slightly (but 
significantly) eroded; see inset in Fig. 3. (i i i)  The silanol band at 3745 
crn-’ is significantly eroded, but much of it remains even after satura- 
tion with W(CO)& 

Since CO has free access to the zeolite channels while the diameter of 
the W(CO)&olecule is greater than the channel free entrance dimen- 
sion, comparison between IR spectra in Figs. 2 and 3 demonstrates the 
following points. (9 The species giving rise to the O-H stretching band 
at 3669 cm-’ arc occluded inside the zeolite channels; note that they 
were probed by CO but not so by W(CO)& (i i)  Silanols are located both 
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0.4 - 

0.3 - 
3 
a n  s 
8 
a 

0.2 - e s: s 
4 

0.1 - 

0.0 i, 

3745 

i 

3620 3610 3600 

3750 3700 3650 3600 3550 3500 

wavenumber (cm") 
FIGURE 3 E f f d  O f  dosing with W(CO)6 011 the IR of H-ZSM-5. The zeolite 
blank speceum (dashed line) is inmasingly eroded upon adsorption of tbe mtal carbo- 
nyl; but much remains ever aftcr saturation. The inset shows au expanded view of the peak 
at 3614 cm-' 
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0 
C 

c 
0 

/ 

A H  

I 
0 

Si .., 
V' 

SCHEME II 

at external surfaces (affected by adsorbed W(C0)d and inside zeolite 
channels (not accessible to the metal carbonyl). (iii) Bridging 0-H 
groups (Bmnsted-acid sites) are mainly internal, but a small fraction of 
these sites is located at the external surface of the zeolite crystals. This 
is relevant to several catalysed processes where external acid sites can 
have an important role, as already mentioned. 

The foregoing example shows how IR spectroscopy can be used to 
differentiate external from internal features of zeolites and related 
microporous materials. The selection of probe molecules for accom- 
plishing such a task is not unique. For instance, the couple formed by 
acetonitrile and adamantane-carbonitrile can equally well be used57358 
for IR spectroscopic studies and, in a similar fashion, perfluorotrib- 
utylamine (a weakly basic molecule having a diameter of 0.94 nm) was 
recently used59 for quantitative determination of external acidity by 
MAS NMR. It is relevant to add that, even for the same smcture type 
and (average) chemical composition, the percentage of acid sites 
appearing at the external surface of a zeolite can be critically dependent 
on such factors as crystallite size, synthesis conditions and post-synthe- 
sis thermal treatments; therefore, characterization is usually needed for 
every particular batch being used. 

The C-0 stretching region of the spectra shown in Fig. 2 is depicted in 
Fig. 4. Briefly, CO adsorbed (at 77 K) on H-ZSM-5 shows a main IR 
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absorption band at 2173 cm-l which corresponds to the C-0 stretching 
of hydrogen-bonded CO (Scheme I). A weaker, and complex, band 
appears in the 2210-2240 cm-' range with a maximum at 2228 cm-l 
and a shoulder at 2221 cm-'(see inset in Fig. 4). This band, which satu- 
rates at low CO doses, corresponds to the C-0 stretching of Alk-CO 
adducts formed on dehydroxylated (Al2O3) extra-framework spe- 
c i e ~ . ~ ~ . ' ~  The complex nature of the band reveals the presence of differ- 
ent types of coordinatively unsaturated A13+ ions having different 
Lewis-acid strength. Such Lewis acid cenms are also relevant to cata- 
lytic processes, and they can be further characterized by using other 
probe molecules. For instance, dinitrogen can be superior to CO for 
studying details of cation unsaturated coordination.6o Absence of a 
dipole moment in the non-polarized N2molecule avoids complications 
due to signals coming from the gas phase (which, for CO, can be seen at 
about 2138 cm-' in Fig. 4). When polarized by the electric field created 
by surface-exposed cations, N2 becomes IR-active and the intensity of 
the field-induced IR absorption is proportional to the second power of 
the electric field. This fact renders dinitrogen a very sensitive molecule 
for probing cations having different degrees of coordinative unsatura- 
tion, which leads to different values of the corresponding (net) electric 
field.60 

To conclude this section, it is worth mentioning that basic sites in zeo- 
lites (e.g. framework oxygens) can be studied by using weakly acid mol- 
ecules (such as C02, SO2 or CHC1,) as IR specwscopic 
p ~ ~ b e s . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  Other molecules, such as dihydrogen, have the poten- 
tial to interact simultaneously with both ions in a cation-anion pair63 (as 
shown by ub inifio quantum chemical calculations) and hence they can 
be used as IR spectroscopic probes for dual acid-base rather 
than only for cation or anion centres. 

3.3. In t rwl i t e  electric fields 

Molecules entering zeolite channels and cages are exposed to strong 
electric fields generated by extra-framework cations (and nearby frame- 
work anions). These electric fields can significantly alter the electron 
distribution of adsorbed molecules, and hence their reactivity patterns. 
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FIGURE 4 C-0 stretching region of the s~uly spcftra ~ b o ~ n  in Fig. 2. The zeolite blank 
spcctnrm has been subnacted. Inset shows magnification of the band at 2228 cm-' 
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Therefore, quantification of electric field strength can help to under- 
stand intrazeolite chemistry. 

wavenumber em'' 

FIGURE 5 Infrared specaa of CO adsorbed at 77 K on M+-ZSM-S (M= Na K, Rb, Cs). 
The downwards shift of the peak maximum from Na' to Cs' is clearly seen. The shoulder 
marked with an asterisk corresponds to a small fraction of Na+ still present after ion 
exchange (ref. 3 1) 

Suitable probe molecules can be used for IR monitoring of charge-bal- 
ancing cations and their associated electric fields; a good example of 
such a probe molecule is carbon monoxide. IR spectra of CO adsorbed, 
at liquid nitrogen temperature, on M+-ZSM-5 (M= Na, K, Rb, Cs) are 
depicted in Fig. 5. They all show a main LR absorption band which is 
upward shifted with respect to free C O  2143 cm-'. This cation-specific 
band corresponds to the fundamental C-0 stretching mode of carbon 
monoxide interacting through the carbon atom with the corresponding 
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metal ion. The hypsochromic frequency shift, Au, arises (mainly) from 
the vibrational Stark effect of the dipolar molecule (CO has a permanent 
dipole moment, p= 0.112 D) under the influence of the axial electric 
field, E, created by the cation in M+-CO adducts. Neglecting second 
order (quadratic) terms, the magnitude of Au is given by: Au= ksTE, 
where kST is the vibrational Stark constant for CO, which has the 
value65 k s p  4.29x10-' m cm-' V-'. To a fist approximation, the 
above expression can be used to calculate the value of the electric field 
from IR spectra of adsorbed CO; more refined quantum chemical treat- 
ments are also available.66 

2180, I 

7 8 9 10 11 

l/(R,,, + RCJ2 (~ITI-~) 

FIGURE 6 C-0 strttching fnquency, and corresponding electric field, versus 
1 / & t b ) 2  for alkali-mtal-cxchanged ZSM-5 zeolites 

Fig. 6 shows that, as expected h m  the foregoing considerations. a 
linear correlation exists between the C-0 stretching frequency and the 
corresponding value of where RM is the cation radius 
and 0.21 nm. Values of intmzeolite electric fields deduced from 
IR spectroscopy of adsorbed CO are given in Table m. Other probe 
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molecules can equally well be used for the same purpose. Thus, &hen 
de Lara et (11.:’ and Bose and F6rster6*determined the electric field in 
zeolites Na-A, NaCa-A and Ca-A from the integrated IR intensities of 
adsorbed dinitrogen; their results are consistent with those shown in 
Table III. Finally, it should be noted that, for the same cation, the magni- 
tude of the net positive electric field varies slightly for different zeolites. 
This is due to a variable framework topology which affects the geomet- 
rical arrangement and number of nearby (framework) anions, and hence 
the net field at the cation site. Detailed knowledge of intraimlite elec- 
tric fields is needed for understanding the role of differently located 
extra-framework cations and their effective charges. This applies not 
only to catalytic activity but also to other practical applications of zeo- 
lites, such as gas-separation processes and the formation (and proper- 
ties) of intrazeolite nanostructures in guest-host composite materials. 

TABLE III Intanid electric field in some selected zeolites 

Zeolite (catwnic form) Electric field (Vm-’) 

Na-ZSM-5 

K-ZSM-5 

Rb-ZSM-5 

CS-ZSM-5 

Na-MOR 

Na-Y 

Ca-Y 

Mg-ETS-10‘ 

6.3 

4.1 

3.4 

2.4 

6.1 

5.2 

10.2 

11.5 

a ETS-10 is a titanosilicate molecular sieve having a sbuctun-type analogous to that of 
zeolite p. 

3.4. Following up intrazeolite processes 

Infrared spectroscopy has proved to be a powerful method for monitor- 
ing the reaction dynamics of intrazeolite chemical processes. In 
time-resolved experiments short-lived intermediates involved in trans- 
formations of adsorbed molecules can be monitored and valuable infor- 

259 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
2
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



mation concerning reaction mechanisms can thus be gathered. Detection 
of transient reaction intermediates is often facilitated by the rather high 
energy resolution of IR spectroscopy which enables the measurement of 
small frequency shifts, and also band shape analysis, to be performed. 

There have been many studies of intrazeolite processes by means of 
IR spectroscopy. Zecchina et d9 used time-resolved (sub-second) 
FTIR specwscopy to follow the sequence of events leading to ethene 
and propene oligomerization inside the channels of H-ZSM-5. They 
showed how oligomcrization is preceeded by formation of a hydro- 
gen-bonded A-complex followed by olefin protonation, which resulted 
to be the slowest process in the reaction chain. Formation of the hydro- 
gen-bonded complex was clearly monitored by the corresponding 
downward shift of the characteristic stretching mode of both the zeolite 
Si(0H)AI B ~ n s t e d  acid group and the akene double bond, as shown 
(for ethene) in Scheme III. Similar studies were cond~cted'~ on the oli- 
gomerization of acetylene (and substituted acetylenes) on H-ZSM-5, 
which leads to formation of intrazeolite conjugated polymers; also in 
this case protonation of the hydrogen-bonded complex was found to be 
the slow process. 

Bonn et ul?l have demonstrated the use of laser assisted picosecond 
IR spectroscopy in a study of the vibrational dynamics of methanol clus- 
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ters in the zeolite Na-Y. Comparison with the behaviour of similar clus- 
ters in solution (carbon tetrachloride) showed that in both systems 
excitation with resonant infrared pulses leads to cleavage of hydrogen 
bonds and cluster fragmentation. However, both the predissociation and 
the reassociation time were found to be markedly larger for methanol 
clusters in the zeolite. Step-scan FTIR spectroscopy on the microsecond 
time scale was used7* to detect formation of a transient acetyl radical 
during photochemically induced Fries rearragement of I-naphthyl ace- 
tate encaged in Na-Y. These examples show the potential of 
time-resolved IR spectroscopy for mechanistic studies of chemical reac- 
tions within microporous solids. In particular, photochemical studies 
begin to open up many possibilities for clever design of dye-zeolite 
materials for light energy harvesting in solar and also for the 
fabrication of miniaturized dye lasers. 

3.5. Lessons from variable-temperature IR spectroscopy 

Understanding chemistry inside zeolites, and the use of these materials 
as nano-reactors, calls for a carefbl study of all the possible interactions 
of adsorbed molecules with the host material. Infiared spectra of 
adsorbed molecules often contain more details than what is possible to 
analyse in the standard use of this technique, but means can be devised 
to extract valuable information from such details. This section high- 
lights the potential of variable-temperam IR spectroscopy. 

As an example, we s h d  consider the case of CO adsorbed on zeolites 
of the MFI and FAU structural types. As already stated in section 3.3, 
the IR spectra of CO adsorbed on zeolites show a main band corre- 
sponding to the fundamental C-0 stretching mode of M+-CO adducts, 
where M is the extra-framework cation present in the zeolite (Fig. 5).  
However, this high-frequency (I-IF) band is almost invariably accompa- 
nied by a minor low-frequency (LF) band downward shifted with 
respect to free CO, as shown in Fig. 7. Quantum chemical  calculation^^^ 
proved that this LF band corresponds to the C-0 stretching of M+-OC 
adducts where carbon monoxide interacts with the metal cation through 
the oxygen atom. In principle, C-bonded and 0-bonded adducts could 
either be formed on different cation sites, or they could be the result of 
an isomerization equilibrium at the same site; a case of linkage isomer- 
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ism. Variable temperature rmR specrr~scopy has resolved this dichot- 
omy. 

1 
1.4 

1.2 

1 .o 

Q, 2 0.8 
a 
0 
2 0.6 

e 

a 

0.4 

0.2 

0.0 

2220 2200 2180 2160 2140 2120 2100 2080 

wavenumber / cm” 

FIGURE 7 Variable-tcmpcranm FlTR specea of CO (ca 0.8 Tom) adsorbed on 
Na-ZSM-5: 1.83; 2. 153; 3.203; 4,233; 5.253; 6.293 K. Note that the HF band steadily 
durrases as tempemhue is raised. w k m  tht LFband first inarascs (spcctra I t03) and 
then &creases (4 to 6) 
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Fig. 7 shows some selected variable temperature spectra76 for CO 
adsorbed on Na+-ZSM-5 (an MFI type zeolite). Correlation between the 
HF and LF bands is clearly seen. When temperature is increased from 
83 to 203 K the intensity of the HF band (Am) decreases, whereas that 
of the LF band (Aw) increases. At higher temperatures both bands 
decrease (because the net amount of adsorbed CO decreases) but the 
ratio of integrated intensities ALF/Am increases over the whole temper- 
ature range. This is precisely the behaviour to be expected for an 
isomerization equilibrium (involving the same cation site) of the type: 

-Na+ . . . CO + Z-Na+ . - . OC 
Where Z stands for the zeolite framework 
The intensity ratio ALF/AHF should be proportional to the equilibrium 

constant, k, of the above process through the corresponding ratio of 
molar absorption coefficients, That is, k= (ALF/AHF)(EHP/E~) 
The temperature dependence of k was found to conform to the van't 
Hoff relationship: In k= -A€P/RT + ASo/R This is shown in Fig. 8, 
where data from spectra taken at many different temperature values76 
are represented. The observed linear plot of ln(ALF/Am) versus 1/T 
provides clear evidence that Z-Na+-CO and Z-Na+-OC species are in 
a temperature dependent equilibrium. Note that constant values of Ai-P 
and ASo (a condition required for correct application of the van't Hoff 
relationship) imply that AC,= 0. Computational results for the above 
isomerization equilibrium between C-bonded and 0-bonded species 
have shown that the corresponding ACpvalue is, in fact, negligible.75 
When studied by means of variable temperature FI'IR spe~troscopy~~ 
CO adsorbed on Na+-Y (a zeolite of the FAU structure type) gave also a 
linear plot of In(AdAm) versus 1/T. However, corresponding value's 
of AHo (the enthalpy tern for the isoperization process described 
above) were found to be significantly different: AH"= 3.8 kJ mol" for 
the CO/Na+-ZSM-5 system, and A€?'= 2.4 kJ mol-' for CO/Na+-Y This 
difference nearly reflects the influence of the zeolite framework. 

Finally, it should be noted that other heteroatomic molecules could 
show a similar amphipathic behaviour as that shown by CO. Indeed, 
there is some evidence that nitric oxide can interact with e x a a - b e -  
work cations in zeolites forming N-bonded and 0-bonded adducts?8 
Different orientations of adsorbed molecules in the intrazeolite electric 
fields should lead to significant variations in their electron distribution 
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and Q~resumably) reactivity patterns. This is a field deserving further 
investigation; there is much to learn and much to do. 

4. RECENT DEVELOPMENTS 

Zeolite materials science is a very active research field. A comprehen- 
sive account of recent developments in this field is outside the scope of 
this article, but a few examples will suffice to illustrate promising devel- 
opments. 

Many metallic and semiconductor clusters have been synthesized 
within the cavities of zeolites: alkali metal clusters, silver, bismuth, sele- 
nium, silicon, CdS, GaAs, and many others. Procedures for preparing 
zeolite-confined nanoclusters include dosing from a gas or liquid phase, 
ion exchange, co-condensation with b e w o r k  precursors and 
solid-state reaction. As a result of quantum size effects, these nanoclus- 
ters exhibit novel (and sometimes unexpected) pr~perties.’~ For 
instance, it has been reportedm that silicon nanoclusters (about 12 atoms 
in size) in zeolite-Y show strong photoluminescence at mom tempera- 
ture and have a direct band gap, with Eg= 2.2 eV. By contrast, bulk sili- 
con is an indirect band gap semiconductor having Eg= 1.1 eV. So that, 
not only the magnitude of Eg can be engineered but also the band struc- 
ture can be efficiently modified by using zeolites as host materials for 
semiconductors. 

Polymerization of organic monomers inside zeolite channels provides 
a means to obtain single chains of conjugated polymers isolated in a die- 
lectric matrix.8*9*70 It is possible to functionalize these polymers with 
various prosthetic groups. By changing the nature of these groups, spe- 
cific interaction with external agents can be developed so as to engineer 
molecular devices such as sensors, transducers and optical memories. 
Conducting (single chain) wires and electroluminescent chromophores 
(depending on how the polymer is doped) can also be obtained. The fact 
that the polymer array is periodic, because of the inherent periodicity of 
the zeolite host material, bears hopes that individual elements could per- 
haps be addressed. While this is (admittedly) a perspective for the 
future, the possibility of gaining insights into long standing questions in 
molecular electronics, such as single chain conductivity, belongs 
already into the present. A dated field concerns encapsulation of 
organic dye molecules in molecular sieves:’ which leads to composite 
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emission rate can be conveniently modified by reduction of at least one 
lateral dimension to the order of magnitude of one wavelength. 

Concerning applications in catalytic and other chemical processes 
(such as removal of toxic metals or affinity chromatography) there have 
recently been significant advances in the preparation of functionalized 
zeolites and other molecular sieves. In general, functionalization 
involves reaction of zeolite silanols with organic molecules containing 
e.g. phenyl, amino or thiol groups. Procedures include template-directed 
co-condensation with zeolite precursors, ion exchange reactions and 
sol-gel methods involving metal &oxides. Several types of mesopo- 
rous organic-inorganic hybrid materials have thus been re ared, and 
their potential applications are currently being Zeolites 
can also be turned into consmined chiral catalysts by grafting optically 
active moieties inside their channels and For some proc- 
esses, space confinement results in amplification of the effect of the 
grafted chiral centre, which leads to unprecedented enantiomeric and 
diastereomeric excess in the reaction 

Regarding IR spectroscopic studies, recent developments include the 
use of far IR synchrotron radiation. Synchrotron sources make available 
very intense IR radiation which can be used to explore the spectral 
region where zeolite wafers are scarcely transparent. An example is a 
recent studyl’l of the metalcarbon vibration (wc) of CO adsorbed on 
zeolites. Fig. 9 shows the IR spectrum of CO adsorbed on the zcolite 
Na-Y. Besides the already discussed bands at 2171 and at 2122 
cm-’(which correspond, respectively, to the C-0 stretching of Na+--CO 
and Na+..-OC adducts) a very weak band is observed at 2310 cm-I. This 
weak band was thought to correspond to the combination mode 
UCO+-C of Na+-CO adducts, but direct observation of the UMC mode 
was not possible in the standard use of IR spectroscopy. However, the 
spectrum taken by using synchrotron radiation*’ clearly shows the 
metalcarbon vibration mode at 139 cm-’ (inset in Fig. 9)  thus confirm- 
ing assignment of the combination mode. Fig. 10 shows a plot of UMC 
versus the inverse of the cation radius (r) for alkali-metal-exchanged 
ZSM-5 zeolites; the parameter l/r is used as a measure of the Cation 
polarizing power. A linear correlation is obtained, as expected. It should 
be noted that the frequency of the cation-carbon stretching vibration is 
very sensitive to the specific cation present in the zeolite, and detection 
of this mode gives precise structural information. It also provides a very 
sensitive estimation of the strength of the cationCO interaction. 
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FIGURE 9 Infrand speceum of CO adsorbed at 77 K on the zeolite Na-Y, at an quilib- 
rium pressure of about 5 Tom. Inset shows the far IR region obtained by using synchroaon 
radiation; the dashed line is the zeolite blank spectmm, the full line is the spectrum of the 
zeolite containing adsorbed CO (ref. 87) 

SUMMARY AND OUTLOOK 

Zeolites and related periodic microporous materials have already proved 
to have outstanding properties relevant to applications in many techno- 
logical fields such as molecular sieving, ion exchange or shape-selective 
catalysis, to name only a few examples. It is becoming increasingly 
clear that many other developments are possible. Versatility in topology 
and chemical composition opens up the opportunity for engineering the 
intracrystalline space of zeolites to suit the needs of a large variety of 
technical applications. 
By choosing the right topology, framework composition and 

extra-framework cation a fine control can be achieved on the size and 
shape of the intracrystalline space, as well as on the geometry and 
strength of inmazeolite electric fields. This should lead to an attendant 
control on the way in which adsorbed molecules can be activated and 

267 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
2
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



148 - 

130 - 

120 - 
n - 
'E 

Y 
0 - 110- 

3 

100 - 

90 - 

80 - 
i . l ' l ' l . , . , .  

0.5 0.6 0.7 0.8 0.9 1.0 

l/r (A") 
1 

FIGURE 10 Plot of the wavenumber of the cation-carbon stretching vibration versus the 
inverse of the cation radius for CO adsorbed on alkali-mtal-exchauged ZSM-5 teolites 

their reactivity patterns modified. By using zeolites as nano-reactors, a 
new strategy is emerging for controlling chemical processes. The classi- 
cal way to rn- reactivity of a molecule is to put substituents in it; 
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organic chemists have been successfully exploiting this method for a 
long time. Now the molecule can be kept as it is, and the surroundings 
changed, and space controls reactivity. 

Incoporation of functional groups and chiral cenmes in zeolites, either 
by grafting or by tucking them into the zeolite framework, represents a 
further step along the same road. Chiral chambers can thus be created 
which act as very selective catalysts for the asymmetric synthesis of fine 
chemicals. 

Zeolites are also being used as crystalline host materials for encapsu- 
lating and organizing dye molecules, semiconductor clusters and 
supramolecular entities inside their pores. Space confinement and 
host-guest (electrostatic) interaction results in nanocomposite materials 
possessing novel optical, electronic and magnetic properties. Potential 
technological applications can be expected in a number of fields, such 
as chemical and biological sensing, semiconductor devices and photon- 
ics. The unique opportunity which zeolites offer for preparing 
three-dimensional arrays of mutually interacting clusters having a 
well-defined geometry can also be exploited for fundamental studies. 
For instance, the optical properties or semiconductor nanxrystals 
(quantum dots) are well understood, but little is known about nanocrys- 
talline networksshaving long range order. Zeolites allow these networks 
to be prepared and studied. 
Progress in most of the above fields depends quite critically on an 

increased ability to synthesize highquality zeolite crystals and to char- 
acterize zeolites and zeolite-based materials at the local (atomic) level. 
At present, imperfections do exist in these materials which often affect 
relevant properties in an uncontrolled manner, and this constitutes a set- 
back for further developments. It should be clear that better characteri- 
zation methods would help to design improved synthesis procedures. 

For zeolite characterization, many instrumental techniques (most of 
them spectroscopic) are currently being applied, and indeed concurrent 
use of several techniques is highly desirable. Much can also be learnt 
fiom the interplay between experimental research and computer assisted 
calculations and modelling. The use of i n W  spectroscopy for zeolite 
characterization was highlighted in this article, including modes based 
on molecular probes, variable temperature measurements and infrared 
radiation from synchrotron sources. It was also shown how time-domain 
IR spectroscopy can be used for detecting transient species and studying 
intrazeolite chemical processes. Increasing use8s-90 of ultrafast IR spec- 

269 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
2
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



troscopy facilities and variable temperature equipment should boost the 
already strong contribution of this technique to the study of zeolites and 
intnumlite chemistry. Expectations also exist on the use of very low 
temperature @quid helium) infrared spectroscopy for zeolite characteri- 
zation, which would give the opportunity to gain knowledge about some 
long standing questions, such as the fine structure of hydroxy groups in 
zeolites and related microporous materials. 

Propelled by its many foreseeable applications, the field of micropo- 
rous material science has gathered considerable momentum in recent 
years, which led to improved methods of both synthesis and characteri- 
zation of zeolites and zeolite-based materials. However, given the many 
questions that still remain open, and the vast possibilities for further 
development, this field should remain exciting for years to come. There 
seems to be ample room for imaginative thinking and for creative 
research. 
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