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Abstract

The unique feature of zeolite molecular sieves is the uniform size and shape of

their cavities and channels, which mostly accounts for their chemical selectivity and

reactivity. A central question one faces is the nature of interactions and chemical

activation of adsorbed species within the porous framework of zeolite materials.

Understanding the physical and chemical properties of zeolites is highly important

for further scientific and technological applications of these materials. The goal

of this work is the investigation of organization and structures of guest atoms and

molecules, and their reactions upon the internal surfaces within the pores of zeolites

and aluminophosphate molecular sieves.

27A1 and 23Na double rotation NMR (DOR) is the analytical tool used in this

study. The DOR technique removes the anisotropic broadening in NMR spectra of

quadrupolar nuclei, thus providing a significantly increased resolution, compared,

for example, with conventional methods such as magic angle spinning (MAS). The

higher spectral resolution achieved in the DO R experiments is exploited to probe

strcctural and dynamical aspects which involve 23Na and 2_A1nuclei in zeolites.



Specifically, this work concentrates on probing the environments and organi-

zation of aluminum framework atoms in aluminophosphate molecular sieves, and

sodium extraframework cations in porous aluminosilicates. In aluminophosphates,

the ordering and electronic environments of the framework 27A1nuclei are modified

upon adsorption of water molecules within the channels. A relationship is sought

between the topolgy of the sieves' channels, and the organization of adsorbed wa-

ter, as well as the interaction between the aluminum nuclei and the H20 moelcules.

Extraframework Na + cations are directly involved in adsorption processes and re-

actions in zeolite cavities. 23Na DOR experiments yield valuable information on

the distribution, structures, and dynamical aspects of guest species adsorbed in

sodalites and sodium zeolite Y. DO R experiments, carried out at more than a sin-

gle magnetic field strength, enable one to extract NMR parameters, which can be

related to the local symmetry and electronic charge distributions at the nuclear

sites.
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Chapter 1

Introduction

Zeolites are a remarkable class of materials, both from scientific and practical

technological points of view. These materials exhibit numerous structures and con-

figurations, with the unique property of organized arrays of cavities, windows, and

channels. The porous and rigid nature of the zeolite framework has sparked much

interest in these materials. The shape-, and size-selectivity of zeolite materials

enable their use in molecular sieving, catalysis, gas adsorption and separation, ion-

exchange [1], and recently as hosts for semiconductor building blocks, which might

be used in semiconductor technology [2]. Schematic drawings of several zeolite

frameworks are shown in Figure 1.1.

Diverse approaches and methodologies have been used to characterize struc-

tures and adsorption properties of zeolites. Analytical measurements, diffraction

techniques, and optical spectroscopies have all been employed in order to elucidate

various aspects in zeolite science and technology [1, 3, 4]. NMR spectroscopy has

been particularly attractive in studies of zeolites. The short range ordering which

exists in these materials makes the application of NMR very useful in probing the



(a) (b)

(c)

Figure 1.1: Schematic drawings of zeolite structures: (a) zeolite A; (b) zeolite
Y; (c) A1PO4-8
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local environments of the various atomic constituents. The versatility of NMR has

allowed its use to probe structural and dynamical properties in diverse classes of

porous materials, and to investigate chemical processes associated with these ma-

terials [5, 6]. NMR studies of zeolites, for example, have employed spin-½ nuclei

such as 29Si, _lp and 1H, and quadrupolar nuclei like _-H,23Na and 27A1.

NMR studies of quadrupolar nuclei in zeolites and other solid materials, how-

ever, have often been limited by the reduced resolution of the spectra, due. to the

interaction between the quadrupole moment of the nuclei and electric field gradients

[5]. Quadrupolar nuclei at sites of low symmetry usually give rise to broad spectral

lines, even upon application of narrowing techniques such as magic angle spinning

(MAS) [7]. The newly developed double rotation (DOR) and dynamic angle spin-

ning (DAS) techniques, however, provide significantly increased spectral resolution

for quadrupolar nuclei with spin greater than one [8]. These two techniques open

the way to a new realm of applications for high resolution solid state NMR in zeolite

characterization.

This work describes applications of DOR, combined with MAS, in the study of •

zeolites, and the related, newly synthesized, porous aluminophosphate molecular

sieves [which are also part of the "zeolite" class of materials [9]]. A survey of the

main issues and challenges in NMR studies of quadrupolar nuclei in zeolite materials

is provided in Chapter 2. Specific DOR experiments, designed to address some of

the questions raised in Chapter 2, are described in the following chapters. These

experiments include the investigation of water adsorption onto aluminum sites in

the framework of aluminophosphate molecular sives, and structural order/disorder

of the water molecules within the channels [Chapters 3 and 4].

.............................................................................................................................................. lit
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A different perspective on zeolites' inner surface is achieved through the explo-

ration of structural and dynamical aspects of extraframework, charge balancing,

Na+ cations. Chapters 5-7 contain detailed examinations of ion-exchange and ad-

sorption processes in sodalite, and NavY-zeolite, using for the first time 23Na DOR

as a structural probe. A general theoretical NMR background, which includes dis-

cussions of the relevant spin Hamiltonians, the concepts of "motional averaging"

to remove anisotropic line-broadenings, and the double rotation technique, is given

in Appendix 1. Practical aspects of DOR experiments are outlined in Appendix 2,

and detailed technical drawings of the DOR apparatus are shown in Appendix 3.



Chapter 2

NMR Studies of Spin-Half

Quadrupolar Nuclei in Porous

Molecular Sieves

2.1 Introduction

The birth of modern zeolite science has been coincidental with the discovery

of nuclear magnetic resonance. The first synthetic zeolite was prepared in 1946

[3], the year in which the first NMR phenomena was observed. In the following

decades, one witnessed a rapid progress in the synthesis, uses, and characterization

of zeolite materials. The advent of NMR has been instrumental in understanding

structures and chemical processes in zeolite molecular sieves. 1H NMR reports on

water adsorption in silica gel, for example, have appeared as early as 1956 [10].

Further developments like magic angle spinning (MAS) [11], and pulsed NMR [12],
/

J have significantly expanded the scope of NMR experiments on zeolites. Severalf

//

5
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books and articles provide thorough reviews of the applications of NMR in zeolite

science and technology [4, 5, 6].

Numerous NMR studies of zeolites have used spin-½ nuclei, such as 1H and _Si.

In general, NMR studies of spin-½ nuclei in solid materials have been particularly

attractive because of the relatively high spectral resolution, obtained using modern

techniques such as MAS. Thorough discussion of NMR studies which involve spin-

half nuclei in zeolites is beyond the scope of this work; several references, however,

provide excellent reviews on this subject [5, 6]. Zeolite structures and adsorbed

species within the zeolite channels also contain quadrupolar nuclei [spin> ½], such

as 2_A1,2aNa, and TLi, which play significant roles in determining the chemical and

physical properties of the materials. The utility of solid state NMR experiments

which involve quadrupolar nuclei has been limited, however, because of the retention

of anisotropic broadening in the spectral lines, see detailed discussion in Appendix 1.

This chapter provides a general review of NMFLstudies involving non-integer

quadrupolar nuclei in zeolites and aluminophosphate molecular sieves. Particular

contributions of solid state NMR, as related to the main issues and challenges in

zeolite science, are discussed. Specifically, I first examine the large number of NMR

experiments which have been devoted to framework nuclei, mostly 2VA1. Other

studies }lave concentrated on extraframework charge-balancing cations, such as _Li

and 2_Na. Additional experimental work was carried out on other quadrupolar nu-

clei, and the structural and dynamical information which they provide is discussed

as well.

The principle questions which have been addressed include ordering and site

occupation within the framework of the molecular sieves, distinct chemical species

.................................................................... _ ..................................................................... mm........... mi.......................................................................
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which appear upon chemical and physical processes, and structural and dynamical

aspects of adsorbed guest molecules within the porous host lattice. Certain limi-

tations of the solid state NMR techniques are discussed, in particular the reduced

spectral resolution, even with application of magic-angle spinning (MAS), due to

the quadrupolar interaction affecting the nuclei in solid materials.

2.2 Framework Nuclei

2.2.1 27AIStudies

27A1 is a favorable nucleus for NMR measurements. It is 100% abundant, and

its gyromagnetic ratio, 6.976 [13], is relatively high [130.31 MHz in an 11.7 Tesla

5 and its quadrupolax mo-magnetic field]. However, 2ZA1has a nuclear spin of

ment of 0.15 × 102s Q/m 2 [13] often gives rise to significant quadrupolar couplings

at sites of low symmetry. On the other hand, the quadrupolar interaction experi-

enced by the 27A1nuclei usually causes fast spin-lattice relaxation; thus very short

repetition delays can be utilized in the NMR experiments. Extensive reviews on

the application of 2_A1 NMR to zeolites can be found in several references [5, 6].

Most studies take advantage of the _A1 chemical shift range [_ 450 ppm [14]],

and the high shape-sensitvity of the resonance, to obtain useful information on

2TA1environments within zeolite frameworks.

Wide-line 2VA1NMR experiments on faujasite-type zeolites were reported in

the early 1970's [15]. A comprehensive review on the use of 2ZA1NMR to monitor

the synthesis and agglomeration of zeolites is given by Barrer [3]. Applications of

MAS to the study of quadrupolar nuclei in solids first appeared in the literature in

............................................................................ °.............................................................................................................. TfP...............................................................
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1981 [16, 17], and the use of high magnetic field strengths [18] has further initiated

an extensive research into the properties of 27A1in frameworks of zeolite materials.

Porous aluminophosphate materials, first synthesized in 1982 [19], have at-

tracted 27A1 NMR research from an early stage [20]. The short range ordering

in these novel materials, due to the alternation of the A104 and PO4 structural

units, offers a particular advantage for NMR studies. Aluminophosphate molecular

sieves do not contain extraframework, charge-balancing, cations; this fact makes

them particularly interesting for spectroscopic studies.

Site Identification

The observation of crystallographically inequivalent 27A1sites, and the ability to

distiguish between different chemical environments, have been among the major sci-

entific issues since the onset of 27A1NMR studies of zeolite materials. A thoroughly

studied example is the coordination number of framework aluminum. Significantly

different spectral positions were detected for four-coordinated and six-coordinated

aluminum, respectively, in hydrated aluminosilicate zeolites [18, 25, 26, 27, 28].

Aluminum atoms in zeolite frameworks are tetrahedrally coordinated to four

oxygen atoms, and give rise to resonance frequencies at between 55 ppm and 65 ppm,

depending on the magnetic field strength, and the materials investigated [5, 28].

Chemical modifications of the zeolite framework, such as dealumination [18, 26, 29],

and dehydroxylation [28, 30], cause more shielded nuclear environments, which are

associated with 6-coordinated aluminum, located on the exterior of the zeolite

framework. The observation of a distinct 27A1signal associated with 6-coordinated

extraframework aluminum provides a highly sensitive analytical tool for intimate

structural studies of the mechnisms of chemical modifications of the zeolite inner
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surface [18, 25, 29, 30, 31].

The "extraframework" aluminum is believed to exist mostly in the form of the

hydrated cation, Al(H20)_ +, and located close to the negatively-charged alumi-

nosilicate surface within the channels of zeolite Y [18], and zeolite omega [26], for

example. The formation of aluminum-hydroxides was also suggested [28]. Quantifi-

cation of the extraframework aluminum, from the relative intensities of the NMR

signals has been tried by some researchers [28, 29, 32]. Accurate intensity mea-

surements, however, were difficult to accomplish, particularly in water evacuated

samples [28, 29], because of the relatively large quadrupolar interaction at low-

symmetry sites.

Indeed, the use of higher magnetic fields, which reduces the magnitude of the
I

quadrupolar coupling [see Appendix 1], enabled the detection of highly distorted

extraframework aluminum species in hydrothermally treated faujasite and zeolite

ZSM-5 [29, 33]. Both studies have identified a distinct aluminum signal at around

30 ppm, roughly halfway between the four-coordinated aluminum signal, at around

60 ppm, and the six-coordinated 27A1resonance, at _ 0 ppm. However, Samoson

et al [29], using nutation-NMR analysis, claimed that the aluminum species in

the highly asymmetric environment is extraframework four-coordinated aluminum,

while Gilson et al [33] assigned the peak at around 30 ppm to five-coordinated

aluminum.

Five-coordinated aluminum was identified by 27A1MAS in an 11.7 Tesla mag-

netic field in the mineral andalusite [34]. The 2VA1MAS resonance featured second-

order quadrupolar broadening, because of the low symmetry at the aluminum site.

Five-coordinated aluminum, in the form of A104OH, is also found in A1PO4-21,
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AIPO4-21

'"' _"""" I'" '''""1""" '" I' '"''"' ":,,,,

50 0 -50

Frequency (ppm)

Figure 2,1:2VA1 MAS spectrum of the alulx_inophosphate molecular sieve pre-
cursor A1PO4-21, taken at 11.7 T. The spinning speed was 5 kHz. The aster-
isks indicate spinning sidebands.
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an aluminophosphate precursor [35]. This material contains two highly distorted

5--coordinated aluminum environments which exhibit relatively large quadrupolar

interactions [36]. This is shown in Figure 2.1; the tetrahedral aluminum atoms give

rise to a second-order powder pattern at around 40 ppm, while the two quadrupolar

powder patterns associated with the 5-coordinated aluminum give rise to the broad

and complicated feature at around 0 ppm.

Aluminophosphate Molecular Sieves

The appearance of intermediate aluminum coordination species in hydrated alu-

minophosphate molecular sieves was suggested in several studies [20, 37, 38]. This

is demonstrated in the 27A1MAS spectrum of hydrated A1PO4-5, Figure 2.2. Tetra-

hedral and octahedral aluminum give rise to the _rA1 peaks at around 35 ppm and

-15 ppm, respectively. The signal at around 0 ppm is probably associated with

intermediate species, although it might contain contributions from second-order

anisotropic quadrupolar broadening, not completely averaged by MAS.

Adsorption of water molecules within the channels of aluminophosphates is _

markedly different from the parallel process in aluminosilicate zeolites. Specifi-

cally, the aluminophosphate framework does not have electric charge, as opposed

to the negatively-charged framework of the silicon-containing zeolites. In the lat-

ter materials, adsorption processes critically depend on the charge balancing, ex-

traframework cations, such as 1H and _3Na [1, 3]. In aluminophosphate molecular

sieves, on the other hand, water molecules within the channels form secondary coor-

dination with the framework aluminum and phosphorous atoms. The nature of the

interaction between the aluminum and water molecules, as well as the structure and

organization of the adsorbed water, is a primary question. This issue is discussed
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Figure 2:2: 2rAl MAS spectrum of hydrated A1PO4-5, taken at 11.7 T. The
spinning speed was 5 kHz.
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in several studies [39, 40, 41, 42].

Considerable attention has been devoted to water adsorption in VPI-5, the first

aluminophosphate molecular sieve with 18-membered ring channels [43]. Several

studies have utilized 27A1NMR to investigate the structure, adsorption properties,

and phase transitions of VPI-5 [44, 45, 46, 47, 48]. Extensive spectroscopic investi-

gations have indicated the existence of a unique and reversible water arrangement

within the wide channels of VPI-5 [42, 44, 45, 49].

27A1 MAS spectra of dehydrated and hydrated VPI-5, taken at 11.7 T are

shown in Figure 2.3. Distinct 27A1resonances euc observed between 35-40 ppm,

and around -15 ppm in the hydrated material, and are associated with four-,

and six--coordinated Muminum, respectively [45]. The two crystallographic alu-

minum sites in VPI-5 [44] are not resolved in the 27A1 MAS spectra, Figure 2.3,

due to overlapping of second-order quadrupolar patterns of the two 27A1sites [50].

The second-order quadrupolar powder pattern at around -15 ppm, Figure 2.3(b),

corresponds to the octahedral 27A1in the framework of the hydrated material. This

indicates an asymmetric charge distribution around the 6-coordinated aluminum,

which produces a rather large electric field gradient at the 27A1nuclei.

A correlation between the 27A1isotropic chemical shift and the mean A1--O--P

angle has been reported for ALP04 polymorph and A1PO4-5 [51, 52]. These analy-

ses take advantage of the alternation of the A104/PO4 tetrahedra in the framework

of the aluminophosphate materials. An apparent limitation of the method is the

need for an accurate estimation of the quadrupolar coupling constant of the 27A1nu-

clei, in order to extract a reliable value of the isotropic chemical shifts. This might

be difficult in low-resolution 27A1spectra, and/or multiple aluminum sites in alu-

................................................................ _............... _ ...................... '_'_............................................................................... II........................................ nlillliNF.......... iill- ......... _mlli_ ............. ly ................................................
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4-coordinated

(a) Dehydrated

(b) Hydrated

li 6-coordinated
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50 0 -50

Frequency (ppm)

Figure 2.3" 27A1 MAS spectra of dehydrated and hydrated VPI-5, taken at

11.7 T. The spinning speed was 5 kHz. The asterisks indicate spinning side-

bands. For discussion of the spectral features see text.
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minophosphate with more complex channel systems.

Aluminum Ordering and Correlations to Structural Parameters

An attractive feature of aluminophosphate molecular sieves for NMR studies, is

the strict A104, PO4 ordering in the framework. Similar ordering is not found in.

porous aluminosilicates, in general [1]. However, a wealth of information on local

structures in zeolite frameworks can still be obtained:from 27A1NMR experiments.

Specifically, questions arise as to whether there is a correlation between spectral

parameters of 27A1, such as chemical shifts and quadrupolar coupling constants,

and structural parameters such as the distribution of the atoms in the framework,

nearest neighbor effects, and the Si--O--AI bond angles.

The correlation between 29Si chemical shifts and first tetrahedral nearest neigh-

bour has long been a unique analytical tool for determining structures and chemical

modifications of zeolites [53]. Such correlation is not available for aluminum nu-

clei because of the empirical "Loewenstein rule" [54], which rules out connectivity

between two A104 tetrahedra in aluminosilicate frameworks. Nevertheless, several

zeolite materials clearly violate Loewenstein rule [6].

The general question of distribution of silicon/aluminum nuclei in zeolite frame-

works have attracted considerable interest, because of the strong relationship be-

tween the catalytic activity of the zeolite and the location of the silicon and alu-

minum atoms in the framework [1]. Again, the usefulness of 29Si MAS spectra for

statistical and structural models of Si/A1 distribution was immediately recognized

[55]. The application of 27A1NMR to this problem, however, is limited because of

the low resolution spectra of zeolites with multiple aluminum environments.

A well known feature of 29Si MAS experiments on zeolites is the correlation
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established between the _Si chemical shifts and the mean Si--O--AI(Si) bond

angles [57]. A similar linear correlation between the isotropic chemical shifts o£

27A1and the mean bond angle Si--O--A1 in framework silicates was reported [56].

Problems with this method arise, however, in materials where the 27A1nuclei exhibit

large quadrupolar couplings [58]

SiO4/A104 ordering exists in some porous aluminosilicates, such as sodalite and

zeolite A [1, 59]. In these materials the 2VA1chemical shift is highly sensitive to

the local environments within the cavities [5, 60, 61]. This enables one to establish

correlations between the 27A1shifts in the spectrum and geometric parameters [61].

The effect of water adsorption on 27A1environments in a zeolite framework is shown

in Figure 2.4. Figure 2.4 features 27A1 MAS spectra of partially-hydrated and

hydrated Nas(OH)2-A16Si6024.xH20 (hydroxide--sodalite). The peaks observed in

the spectra are associated with different water occupancies in the sodalite cages;

the content of water molecules in each cage affects the Si--O--A1 bond angles in

the material [62], and consequently the shifts and shapes of the 27A1 resonances.

Studies of Adsorption Processes

A primary goal which underlies all NMR work in zeolite science, is to contribute

to the understanding of adsorption and other chemical processes within the zeolite

pores. A large number of 2vA1 NMR studies have investigated chemical processes

which result in modifications of the zeolite surface or composition [5, 6]. Common

catalytic treatments, such as dealumination and dehydroxylation, cause significant

changes to the aluminum environments and contents. Indeed, chemical modifica-

tions of the aluminum environments are initiated specifically because of the close

correlation between the aluminum content and positions in the zeolite lattice, and
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(b) Partially Hydrated

(b) Hydrated

Figure 2.4:27A1 MAS spectra of partially hydrated and completely hydrated

Nas(OH)2-A16Si60_4.xH20 (hydroxide-sodalite), taken at 11.7 T. The spin-
ning speed was 5 kHz, and the asterisks indicate spinning sidebands. The
27A1peaks in the spectra probably correspond to cages with different number

of water molecules [62], see text.
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the active acid sites on the zeolite surface [31, 63].

Fewer NMR studms have detected effects on _A1 spectra, caused by direct inter-

actions between adsorbed molecules within the zeolite cavities, and the framework

aluminum. The limitation of NMR as an analytical tool in this case, is due pri-

marily to the absence of aluminum ordering in zeolite frameworks, as discussed

above. In addition, it should be emphasized that adsorption processes usually in-

volve extraframework cations, such as H+ aald Na+ I1], and only indirectly affect

the framework nuclei. Thus, most NMR work on sorption processes in zeolites in-

volve spectroscopic investigations of the guest atoms themselves, such as 1H [64],

13C [65], l_Xe [66] and others.

Water incorporation in zeolites is often investigated as a model system for chem-

ical adsorption processes, similar to the aluminophosphate molecular sieves, dis-

cussed above. The effects of water molecules on the symmetry of aluminum envi-

ronments, and the spectral shifts, have been reported by several groups [67, 68].

A number of studies have examined the adsorption of molecules other than water,

such as methanol [68], and Lewis-acid adducts [69]. A common observation in these

studies is the increase of symmetry at the 27A1nuclear sites upon adsorption of the

guest molecules. This causes a reduction of the quadrupolar coupling constants ex-

perienced by the aluminum nuclei, and narrowing of the 27AI resonances, following

the adsorption process.

2.2.2 Framework Nuclei Other Than 27A1

A limited number of NMB. reports on framework quadrupolar nuclei other than

27A1have appeared in the literature. This is partly due to the fact that the frame-
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works of the vast majority of known zeolites contain only AIQ and SiO4 units. Solid

state 170 NMR was used in some studies [70, 71, 72]. However, the application of

170 NMR as a useful tool for zeolite charcterization is limited by the extremely

low natural abundance of the isotope (0.037%) - which requires expensive enriched

samples, and the large quadrupolar coupling constants experienced by ITO.

There has recently been a growing interest in trying to improve the catalytic

activity of zeolites by isomorphous substitution of the.silicon and aluminum frame-

work atoms [73, 74]. Some NMR experiments were reported on _B [75], and _gGa

and riga [76, 77], in boron, and gallium substituted zeolites, respectively. Changes

in the gallium resonances, for example, were detected upon chemical modifications

of gallium-substituted ZSM-5 zeolite [78].

The limitations of performing gallium NMR experiments are demonstrated in

Figure 2.5. Figure 2.5 features a riga MAS spectrum of as-synthesized cloverite,

a novel gallo-phosphate with 20-tetrahedral-atom channels [79]. Two peaks are

observed in the spectrum, at around 200 ppm and 0 ppm, which probably corre-

spond to 4-coordinated and 6-coordinated gallium, respectively [77]. Both signals,

however, particularly the peak at around 200 ppm, exhibit substantial broadening,

mostly due to rather large quadrupolar interaction at the gallium nuclei.

2.3 Extraframework Nuclei

Essentially all aluminosilicate zeolites contain extraframework cations which

compensate for the negative charge on the framework [1, 3]. Extraframework cations

play an important role in determining the adsorption properties and catalytic activ-

ity of zeolite sieves [1], and have consequently attracted NMR research [5, 6]. Nu-
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Figure 2.5: riGa MAS Spectrum of as-synthesized cloverite, taken at 11.7 T.
The spinning speed was 5 kHz
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merous studies have concentrated on characterization of acid sites using _H NMR

techniques [64, 80]. Other studies have utilized cation-exchanged nuclei, such as

2°5T1 [81], '33Cs [82], and _Li [83, 84, 85].

2.3.1 23Na Studies

Most aluminosilicate zeolites contain Na + cations in the as-synthesized form

[1, 3]. Na+ cations are involved in adsorption and chemical processes within the

zeolite cavities [1, 86]. Therefore, Z_Na NMR spectroscopy should provide insight

into physical and chemical processes within the zeolite pores. _Na nuclei are, in

principle, attractive to NMR experiments; the natural abundance of Z_Na is 100%,

and its high gyromagnetic ratio, 7.08 [13] (132.3 MHz in an 11.7 Tesla magnetic

field) should give rise to high sensitivity spectra. Z_Nanuclei, however, exhibit quite

large quadrupolar moment [0.1x 102SQ/m 2 [13]]. Thus, quadrupolarly broadened

23Na resonances are often observed in 23Na spectra of materials which contain low-

symmetry sodium sites [87, 88].

Multiple cation sites within the zeolite lattice, and a distribution of chemical _:

environments, further decrease the resolution of NMR spectra of extraframework

Na+ cations, and limit the usefulness of _Na NMR as a probe of structures and

chemical processes within zeolite cavities [15, 87, 88, 89]. NavY-zeolite provides

an example to the challenges of applying 23Na NMR to zeolites. A schematic

Figure of the framework of Na56Y--zeolite is shown in Figure 2.6. The locations

of the extraframework cation sites within the zeolite cavities are indicated in the

Figure. X-ray, and neutron diffraction measurements have indicated that Nas6Y-

zeolite exhibits four extraframework cation sites, however only three are populated
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in the dehydrated phase [90].

23Na MAS spectra of dehydrated Na56Y-zeolite, and Na_6Y-zeolite loaded with

Mo(CO)6 guest molecules, are shown in Figure 2.7. The MAS spectrum of the de-

hydrated material, Figure 2.7(a), features a Gaussian signal at around 0 ppm, and a

complex upfield pattern, which probably corresponds to overlapping quadrupolarly-

broadened Z_Na signals. Distribution of the Ns + environments within sites at

NavY--zeolite might additionally contribute to the unresolved spectral features

between-15 ppm and -45 ppm.

Incorporation of Mo(CO)6 guest molecules evidently modifies the environments

of the tuNa nuclei, Figure 2.7(b). Specifically, a clear change is observed in the up-

field features in the MAS spectrum. However, the quadrupolar broadening and/or

distribution of the Na + cations again significantly reduces the spectral resolution;

consequently, the information that can be obtained from the NMR experiment is

limited.

Better Z3Na MAS spectral resolution is achieved in zeolite materials which con-

tain single, or relatively few extraframework cation sites, such as sodalite or NaA

zeolite (schematic drawings of which are shown in Figure 2.8) [29, 81, 91, 92, 93].

Some studies have detected changes in the 23Na chemical shifts and quadrupolar

coupling constants upon incorporation of different anions into the cavities [92, 93].

Sensitivities of 23Na NMR spectra to the content of water molecules within sodalite

cages [29], and to cation-exchange processes [81], were also detected.

Dynamics of Extraframework Na + Cations

An important feature of most extraframework cations in zeolites is their mobil-

ity within the zeolite cavities [82, 85, 89, 95, 120]. Since the extraframework cations
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OPENINO

Figure 2.6: A schematic drawing of part of NavY-zeolite unit cell. The draw-
ing shows the 13A-wide supercage between the interconnected sodalite--cages
and hexagonal prisms. The four extraframework cation sites are indicated: I
inside the hexagonal prism, I' in the sodalite cage, and II and III within the

supercage.
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Figure 2.7: 23Na MAS spectra, taken at 11.7 T, of (a)dehydrated Na56Y-
zeolite; and (b)dehydrated Na56Y-zeolite loaded with 2 Mo(CO)_ guest
molecules in each supercage. The spinning speed was _5 kHz, the asterisks
indicate spinning sidebands.
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SODALITE ZEOLITE A

Figure 2.8: Schematic drawings of parts of the unit-cells of sodalite and zeo-
lite A

are actually not chemically-bonded to the framework, they exhibit a certain motion

within the porous framework. Dynamical aspects of Na + cations have attracted

increasing interest in recent years. Several NMR techniques have been applied

to elucidate Na+ mobility and migration within the zeolite pores, among them

resonance-shape analyses [15, 81], variable-temperature nutation NMR [89, 96],

rotary--echo nutation spectroscopy [9!, 92], and spin-lattice relaxation measure-

ments [89, 97].

A general conclusion based on the NMR work, is the dependence of the envi-

ronments and mobility of the Na + cations on the temperature and degree of hy-

dration. Specifically, one observes broadening of 23Na spectral lines and increased

quadrupolar coupling constants of the sodium nuclei, upon decreasing the tem-

perature, and/or reducing the number of water molecules within the zeolite cages

[15, 88, 89, 91, 96, 97].

Higher temperature, and adsorbed water molecules, essentially permit increased
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Figure 2.9: 23Na MAS spectra of: (a) dehydrated; and (b) hydrated Nas6Y-
zeolite, taken at 11.7 T. The spinning speed was _5 kHz, the asterisks indicate

spinning side-bands.
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mobility of the Na + cations within the zeolite cages; thus creating for the 23Na nu-

clei average, more symmetrical, environments. This is demonstrated in the case of

Na56Y-zeolite in Figure 2.9. The 23Na MAS spectrum of hydrated Na56Y-zeolite,

Figure 2.9(b), features a single narrow Gaussian signal, indicating a symmetrical

23Na environment. Indeed, the static 23Na spectrum of hydrated NavY-zeolite, is

almost identical to the _3Na MAS spectrum shown in Figure 2.9(b), which.addition-

ally points to a spatially averaged, highly symmetrical, 23Na environment within

the pores of NavY-zeolite.



Chapter 3

..

Investigation of the

Aluminophosphates A1PO4-21

and A1PO4-25 by 27A1 Double

Rotation

3.1 Abstract

Aluminum-27 double-rotation in a magnetic field of 1]..7 Tesla distinguishes the

extremely distorted five-coordinated aluminum sites in the molecular sieve precursor

ALP04-21. Upon calcination, ALP04-21 transforms to ALP04-25, which has two

tetrahedral aluminum sites with similar isotropic chemical shifts, that cannot be

resolved in an 11.7 Tesla field. The two tetrahedral environments, however, have

different qua_lrupolar coupling constants and are distinguished by 27A1 DOR at

4.2 Tesla field. The quadrupolar coupling constants obtained for these sites indicate

28
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that the tetrahedral aluminum environments are less distorted in the hydrated

material. The advantages of carrying out the DOR experiments at more than a

single magnetic field are demonstrated.

3.2 Introduction

A1PO4-21 is one of a range of novel crystalline aluminophosphates first synthe-

sized at Union Carbide Laboratories by hydrothermal treatment of gels containing

organic templates [98]. This material is particularly interesting as it contains five-

coordinate aluminum in the framework. Calcination to remove the organic template

produces molecular sieves of potential industrial importance. In the case of AlP04-

21 there is also a structural transition to ALP04-25 during the calcination process.

The structure of AlPO4-21 has been determined by single crystal X-ray diffrac-

tion and is shown in id_ form in Figure 3.1 [100, 101]. There axe three distinct

crystallographic phosphorus sites, which are all regular P(OA1)4 tetrahedra. There

are also three distinct aluminum sites: an AI(OP)4 tetrahedron, and two distorted

five-coordinate AI(OP)4(OH) environments. The asymmetric charge distributions

at the five-coordinated aluminum sites result in large quadrupolar interactions,

which cause severe line-broadening, making detection of such species particularly

difficult using conventional MAS methods. It is interesting to note that A1PO4-21

contains AI-OH-A1 groups, which are unusual for zeolite structures. As a conse-

quence, A1PO4-21 comprises 3- and 5-membered rings, as well as the even-numbered
I

rings usually observed in A1PO4 frameworks. It does not, however, violate the

"Loewenstein rule" [54] which only forbids linkages between tetrahedral aluminum

atoms.
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Figure 3.1: Idealized diagram of A1PO4-21 framework. Aluminum atoms are
marked by the solid circles, and phosphorous atoms are located at the other
vertices. U and D represent upward and downward pointing connections.

There is a bridging oxygen in the midpoint of each solid line and a bridg-

ing OH group in the middle of the dashed lines, which result in two distinct
five-coordinated aluminum sites.

............................................................... __....................... _...... _ ............ _ . __ . _
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3.3 Experimental Considerations

A1PO4-21 was synthesized according to the general procedure described by Wil-

son et al [98], from a gel containing pyrrolidine as the organic template. The powder

XRD pattern obtained for the material is shown in Figure 3.2 and verifies the high

crystallinity and purity of the A1PO4-21 product. A portion of the ALP04-21 sam-

ple was subsequently calcined in dry oxygen gas at 873 K for 24 h (2 K/min heating

rate) to form the molecular sieve AlPO4-25. For recording spectra of dehydrated

AIPO4-25, the sample was heated overnight under vacuum at 623 K and transferred

into the rotor in a dry nitrogen atmosphere.

Conventional sip and _AI MAS spectra were recorded in 4.2 and 11.7 Tesla

magnetic fields, using spinning speeds of 5.5--6.5 kHz. The 31p pulse-length was

4psec [90° pulse], while the 27A1 data were collected using 3_sec pulses [90° pulse

in solution was 12 psec], with 3 s recycle delays. DOR spectra, also recorded at

4.2 and 11.7 T, were obtained using a home-built probe [99]. The inner DOR

rotor was spun at about 5 kHz, and the outer rotor at 600-800 Hz. In the DOR

experiments, 1000--2000 acquisitions were obtained using ls delays between 3psec

pulses [solution 90° time-18psec]. All spectra were zero-filled to 4K data points,

with 100 Hz Gaussian broadening, and referenced to 85°£ aqueous HsPO4 for 31p,

and to an aqueous solution of AI(NO3)3 for 27A1.

3.4 A1PO4-21

31p and 2_A1 MAS spectra of ALP04-21 are shown in Figure 3.3. The 31p

MAS spectrum in Figure 3.3(a) shows complete resolution of the three distinct
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Figure 32: Powder X ray diffraction pattern of A1PO4-21 The sharp lines in
the pattern indicate a pure and highly crystalline material
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phosphorus sites in a population ratio of approximately 1:1:1. The narrow lines at

-13.3,-21.1, and -30.3 ppm confirm the high crystallinity of the sample and cover

a range of the frequency regime normally associated with P(OAI)4 species [20, 37].

The correlation suggested by Miiller et al. [51] between the 31p chemical shift

and the mean P-O-A1 bond angle in AIPO4 polymorphs enables these peaks to be

assigned to specific crystallographic sites.

The P-O-A1 bond angles in pyrrolidine-containing A1PO4-21 were calculated

from the data in ref. [100] and the 31p peaks were assigned as follows:

6=-13.3 ppm, P3 site (P3- 0- Al) = 137.4°

6=-21.1 ppm, P2 site (P2 - 0 - Al) = 142.0°

6=-30.3 ppm, P1 site (P1 -0- Al) = 148.8°

The 27A1 MAS spectrum shown in Figure 3.3(b) features a prominent peak

at 44 ppm with a typical second-order quadrupolar broadened lineshape, corre-

sponding to the single tetrahedral aluminum environment, and an additional broad

signal at lower frequency associated with the two five-coordinated aluminum sites

[36]. These resonance lines are broadened by anisotropic second-order quadrupolax

effects which are not removed by MAS, even at higher spinning speeds [36].

Better resolution is obtained in the 27A1spectrum of ALP04-21 using double ro-

tation NMR. Figure 3.4 shows the 27A1 DOR spectrum obtained at 11.7 T. DOR

averages the second-order quadrupolar interaction to its isotropic component, thus

substantially narrowing the peaks. The spectrum shows a single symmetric peak

at 42.2 ppm, while two resonances, at 0.4 and -5.4 ppm, due to the five-coordinate

sites can be distinguished from the spinning sidebands by varying the spinning

speed of the outer rotor. The sideband manifold remains relatively broad, however,

...... ................................................................... _ ....... _................... _ ......................... - 1_
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(a) P-31, MAS
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(b) AI-27, MAS

• a *

, • , | i i • I • • • | . • • --

50 0 -50
chemical shift (ppm)

Figure 3.3: MAS spectra of ALP04-21 acquired at 11.7 T: (a) sip, and (b)
2_A1.
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Figure 3.4: 2TAIDOR spectrum of A1PO4-21 acquired at 11.7 T. The three
distinct aluminum sites are indicated in the Figure, while the asterisks indicate

spinning sidebands of the big rotor.
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making it difficult to quantify the relative amounts of aluminum at each site. Thc

centerband peaks appear at their respective isotropic shifts, incorporating contri-

butions from both the isotropic chemical shift, _f_, and the isotropic second-order

quadmpolar shift, _q,_oo,given by:

The isotropic quadrupolax shift _iQ,_sois related to the asymmetry parameter 77,and

the quadrupolar coupling constant Cq - e-_a, by the equation:

3[I(I + 1)- _1(. r121u__6q,,_(ppm) = 4012(21 _ 1)2 ,l -t- 3 0 x 106 (3.2)

where I is the nuclear spin and v0 is the resonance frequency.

The DOR results and spectral simulatio_ of the MAS data, Figure 3.5, yield

the quadrupolar parameters for the three sites shown in Table 3.1. It should be

pointed out that the parameters obtained by Alemany et al. [36], upon fast spinning

MAS, do not produce an acceptable fit to the experimental data here, Figure 3.5(c),

although they fit rather well their experimental spectrum. In particular, the pa-

rameters obtained for the five-coordinated site Al(2) are significantly different from

those reported previously, though there is good agreement for the other sites. This

discrepancy may indicate greater sensitivity in one of the five-coordinate aluminum

sites to the method of sample preparation.

The spectral simulation of the centerbands required an intensity ratio of 1 • 0.3" 0.5

for AI(1), Al(2) and Al(3), respectively, which differs from the theoretical 1 • 1 ' 1

ratio. This difference occurs because of the relatively slow spinning speed achieved

in the MAS experiment, resulting in a sigaificant fraction of the signal from the

five-coordinate aluminum to be contained in spinning sidebands. It is also possible
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(a) _ Experimental

(b) Simulated

(c)

50 0 -50

chemical shift (ppm)

Figure 3.5:_TA1 MAS spectrum of AIPO4-21 acquired at 11.7 T and MAS

computer simulations: (a) experimental; (b) spectral simulation using the
parameters given in Table 3.1 with site intensity ratio of 1.0:0.3:0.5 [Al(1),

Al(2), and Al(3), respectively; and (c) spectral simulation using the parameters
given in ref. [36].

...................
....................................................... 1 ........................
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e_Lcq
Table 3.1" Spectral and structural parameters, 5_.,, _7, CQ-- 2h , obtained from
DOR results [using Equations 3.1 and 3.2] and simulations of 27A1MAS spectra on
A1PO4-21. Our values are compared with those of ref. [36].

5,so,_8 Our MAS simulation Simulation of ref. [36]

site (ppm) 6c_(ppm) _ CQ(MHz) 5_,(ppm) __ CQ(MHz)...........

AI(1) A104 42.2 47.3 0.15 3.7 48 0.15 3.7

Al(2) A105 0.4 14.6 0.68 5.9 14 0.4 5.1

Al(3) A105 -5.4 15.7 0.52 7.4 16 0.65 7.4
..........................

that the excitation radio frequency 3 ttsec pulse w_s not sufficiently short for quan-

titative analysis of this system, in which the aluminum sites posserz substantially

different quadrupolar parameters. Further _scussion on intensity aspects in DOR

experiments is provided in Chapter 6.

3.5 A1PO4-25

The transformation of A1PO4-21 into A1PO4-25 is achieved upon removal of the

organic template during calcination. The structure of dehydrated A1PO4-25 above

530 K has recently been solved by Rietveld refinement of neutron time-of-flight

data [102], and is shown schematically in Figure 3.6. This high-temperature form

of A1PO4-25 contains the same type of two-dimensional net as depicted in Figure 3.1

for A1PO4-21, but with an "up-down-up-down" chain of tetrahedra rather than the

"up-up-down-down" arrangement in A1PO4-21. This produces two aluminum sites

and two phosphorus positions, both of which occur in population ratios of 2:1. At

temperatures below 530 K, dehydrated A1PO4-25 appears to adopt a lower symme-
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Figure 3.6: Idealized diagram of AIPO4-25 framework, using the same con-
ventions as in Figure 3.1.

try structure [102]. The PJetveld structural refinement showed all aluminum and

phosphorus atoms to be tetrahedrally coordinated, yet was unable to distinguish

between the two.

Figure 3.7 features the 31p and 27A1MAS spectra of dehydrated A1POc25. The

31p spectrum in Figure 3.7(a), acquired at 11.7 T, contains a single broad peak at

-30.7 ppm, suggesting a range of similar P(OAI)4 environments. The 2_A1 MAS

spectra, obtained at 11.7 and 4.2 T, Figures 3.7(b) and (c), respectively, do not

resolve the two aluminum sites in the material. In particular, the 2_A1 MAS spec-

trum of dehydrated AIPO4-25 taken at 4.2 T, Figure 3.7(c), features unresolved,

quadrupolarly broadened 2TA1signals.

_AI DOR spectra of dehydrated A1PO4-25 at two magnetic field strengths are

shown in Figure 3.8. The two framework aluminum sites are not resolved in the

2VA1DOR spectrum of dehydrated A1POc25 recorded in an 11.7 Tesla field, Fig-

ure 3.8(a). They are clearly resolved, however, at 21.9 and 33.6 ppm, in the DOR
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(a) P-31
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(b) A1-27, 11.7 T
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(c) - ,4.2 T

50 0 -50

chemical shift (ppm)

Figure 3.7: MAS Spectra of dehydrated ALP04-25: (a) 31p acquired at 11.7 T,
(b) 27A1acquired at 11.7 T, and (c) 27A1acquired at 4.2 T. The spinning speed
in the experiments was 5.5 kHz, and the asterisks indicate spinning sidebands.
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• 41

(a) 11.7 T
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l, i • • | • " • | • • • f i ,, i , i

50 0 -50

chemical shift (ppm)

Figure 3.8:27A1DOR Spectra of dehydrated ALP04-25: (a) acquired at 11.7 T,
(b) acquired at 4.2 T. Outer rotor spinning speed was 750 Hz. The asterisks
indicate spinning speed of the outer rotor.



42

spectrum at 4.2 T shown in Figure 3.8(b). The two peaks correspond to the tetra-

hedral aluminum sites and have an intensity ratio of 2 : 1 as anticipated. The peaks

overlap in the higher magnetic field since they have similar isotropic chemical shifts,

and their isotropic quadrupolar shifts axe comparatively small, see Equation 3.1.

The 2_A1DOR results shown in Figure 3.8 demonstrate that the use of lower

magnetic fields might actually increase the resolution of NMR spectra of quadrupo-

lar nuclei in some solid materials. DOR resonances associated with nuclei in struc-

turally similar sites with small quadrupolar coupling constants might be distin-

guished in rather lower magnetic fields, at which greater isotropic quadrupolar

shifts result [Equation 3.2]. On the other hand, high field DOR investigations

facilitate the interpretation of spectra in cases where quadrupolar nuclei occupy

distorted sites of low symmetry, for which the quadrupolar coupling constants may

be large (>5 MHz). Indeed, the assignment of isotropic peak positions to the

five-coordinated aluminum nuclei in A1PO4-21, Figure 3.4, is possible only at field

strengths approaching 11.7 T.

3.5.1 Water Adsorption in A1PO4-25

Upon hydration, A1PO4-25 adsorbs approximately 0.145 g of water per 1 g of

dehydrated material. The sip MAS spectrum of hydrated ALP04-25 was almost

identical to that of the dehydrated material, shown in Figure 3.7(a). 2_A1 DOR

spectra of the hydrated material are shown in Figure 3.9. At 11.7 T, Figure 3.9(a),

the spectrum contains a main peak at 39.3 ppm, typical of tetrahedral Al(OP)4

species. This tetrahedral peak is broader than the corresponding resonance in

dehydrated A1PO4-25, Figure 3.8(a), due to incomplete overlapping of the two
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50 0 -50

(b) 4.2 T

50 0 -50

chemical shift (ppm)

Figure 3.9:27A1 DOR Spectra of hydrated ALP04-25: (a) acquired at 11.7 T,

(b) acquired at 4.2 T. Outer rotor spinning speed was 650 Hz. The asterisks
indicate spinning sidebands of the outer rotor.
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tetrahedral sites, as well as embedded spinning sidebands.

The broad smaller feature near -16 ppm in Figure 3.9(a) reflects the existence

of octahedrally coordinated framework aluminum bound to adsorbed water [44,

45]. Another broad signal can be observed between 0-10 ppm which indicates

the presence of distorted aluminum environments and possibly extra-framework

species. Distorted aluminum environments may arise from intermediate-hydration,

5-coordinated, aluminum nuclei which give rise to 2_A1 resonance in therange

between tetrahedral and octahedral aluminum. This assignment is supported by

the positions of the 27AI DOR peaks from distorted 5-coordinated aluminum sites

in A1PO4-21, Figure 3.4.

The 2_A1DOR spectrum at 4.2 T, Figure 3.9(b), reveals the splitting between

the two tetrahedral aluminum sites, as well as a broad signal at lower frequency.

The positions of the two tetrahedral resonances in the hydrated and dehydrated

materials, and their structural parameters, calculated using Equations 3.1 and 3.2,

are shown in Table 3.2. The "qudrupolar product", PQ - (1 -I-_)C_, is calculated

using Equation 3.2. :.

Examining Table 3.2 reveals that the quadrupolar shifts are smaller for the

hydrated sample than the dehydrated material. This observation indicates that hy-

dration confers a more symmetric environment to the tetrahedral aluminum sites.

This result reflects as well the greater strain in the aluminophosphate framework

of the dehydrated sample. It should be emphasized that the occurance of sym-

metry changes in the environments of the framework aluminum atoms is a strong

indication that framework aluminum atoms are directly involved in the adsorp-

tion process. A detailed study of the structural changes undergone by framework
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Table 3.2: Isotropic quadrupolar shifts, _Q,iso, and chemical shifts, _, calculated
for the two tetrahedral aluminum sites in dehydrated and hydrated ALP04-25. The

2
quadrupolar product, PQ = (1 + 3 )C_, is calculated using Equation 3.2.

.....

Dehydrated A1PO4-25 Hydrated A1PO4-25

Site A _ = 39.2 ppm _a = 40.8 ppm

11.7 T _Q,iso= -2.2 ppm _Q,_so= -1.5 ppm

4.2 T _Q,i_o=-17.3 ppm ._Q,_o = -11.7 ppm

PQ=6.2 MHz PQ=4.3 MHz

Site B _=37.5 ppm _c.,=39.5 ppm

11.7 T _Q,_o = --0.5 ppm _Q,_o = --0.3 ppm

4.2 T _Q,_o= -3.9 ppm _Q,_° = -2.3 ppm

PQ=I.4 MHz PQ=0.8 MHz

aluminum atoms upon water adsorption is presented in Chapter 4.

The fact that the two tetrahedral aluminum sites in A1PO4-25 experience dif-

ferent quadrupolar interactions provides further insight into the framework of the

aluminophosphate material. In Table 3.2, site A corresponds to aluminum at the

nodes sharing 6,8 and 8 rings of the framework [see Figure 3.6]. It is not possi-

ble for both the 6 rings and 8 rings to be regular in the A1PO4-25 structure, thus

the tetrahedron at site A is expected to be quite distorted, accounting for its high

quadrupolar product. Site B corresponds to aluminum sharing 4,6 and 8 rings, and

will have a more symmetric environment.

The extremely broad resonance between zero and -50 ppm, observed at 4.2 T

for the hydrated sample, Figure 3.9(b), is assigned primarily to octahedrally-

coordinated framework aluminum and a range of distorted environments. It is

mira
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difficult to determine population ratios of the various aluminum sites in hydrated

A1PO4-25 owing to the broad linewidths. It seems, however, that both tetrahedral

aluminum sites in the framework are affected by water to approximately the same

extent; the change of the isotropic quadrupolar and chemical shift contributions

upon hydration is nearly identical for both sites.

3.6 Conclusions

High resolution NMR data of aluminum nuclei in the framework of A1PO4-21

and ALP04-25 is obtained using _TA1DOR. The spectra of aluminum species display

substantially narrower peaks compared with the second-order quadrupolar broad-

ened lineshapes present under MAS conditions. For ALP04-21, isotropic shifts are

obtained for aluminum in one tetrahedral and two five-coordinated environments.

The enhanced resolution provided by DO R, combined with MAS spectral simula-

tions, yield quadrupolar parameters for the three sites.

During calcination, ALP04-21 is structurally transformed to A1PO4-25, which ....

contains two different tetrahedral aluminum sites which are resolved by DOR at

4.2 T. The tetrahedral aluminum environments conform to higher symmetry upon

hydration, reiieving the strain present in the framework of the dehydrated material.

The water molecules adsorbed in the channels produce octahedral aluminum con-

figurations and probably other distorted environments as well. The quadrupolar

parameters of the _A1 sites are obtained by carrying out the DOR experiments at

two magnetic field strengths.



Chapter 4

Adsorption Effects in

Aluminophosphate Molecular

Sieves Studied by 27A1

Double-Rotation

4.1 Abstract

2VA1DOR is employed to investigate structural changes in the framework of

several aluminophosphate molecular sieves upon adsorption of water. The shapes,

widths, and positions of the spectral lines yield information on the aluminum en-

vironments, adsorption sites, and degree of structural disorder caused by water

adsorption.

47
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4.2 Introduction

The absence of extraframework charge-balancing cations in aluminophosphate

molecular sieves means that the phosphorus and aluminum atoms in the framework

significantly determine the adsorption properties of the materials. It is important,

therefore, to accurately characterize the environments of the iramew0rk atoms in

these materials. The alternation of A104/PO4 tetrahedra in the framework provides

a particular advantage for NMR investigations. As discussed in Chapter 2, a large

number of studies have used 31p and 27A1NMR to obtain structural information

on the framework, adsorption processes, and interactions of guest molecules with

the internal surface of aluminophosphate molecular sieves.

Hydration is by far the most widely studied adsorption phenomenon in alu-

minophosphate molecular sieves [20, 37. 39.40, 41, 42, 44, 45, 46, 49, 50, 103, 104].

Characterization of the interactions between water molecules and the aluminophos-

phate framework is, in principle, a useful model system for the study of adsorption

processes. Water molecules are smailer than the pore openings of most molecular

sieves [dynamical diameter of H20 is 2.2/_ [105]], which assures their incorporation

within the channels. This property, as well as the polarity of the water molecules,

might explain the interesting characteristics of hydrated aluminophosphates; sev-

eral studies have proposed a secondary structure of adsorbed H20 upon the internal

surface of some aluminophosphates [42, 45, 49, 50, 104].

2_A1DOR spectra of several porous aluminophosphate molecular sieves are pre-

sented in this chapter, and the information they provide on the process of water

adsorption within the channels is discussed. Specifically, the increased resolution

obtained with the DOR technique facilitates reliable interpretation of spectral lea-
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tures. The NMR experiments provide insight on changes in the structures and

ordering of the framework aluminum, which occur upon the adsorption of H20

molecules.

4.3 Experimental Considerations

27A1DOR experiments were carried out in an 11.7 Tesla magnetic field, using

a home-built DOR probe whose features are described elsewhere [99]. Spinning

speeds of 5 kHz for the inner rotor and 600-700 Hz for the outer one were used.

Short, 30°, radio-frequency pulses were employed with 0.5s recycle delays. All

spectra are referenced to 0.1 M AI(NO)3, used as an external standard.

Dehydration of the materials was carried out at _10 -4 torr according to the

procedures described below: VPI-5 was evacuated at room temperature for 72 hrs;

A1PO4-5 was evacuated at room temperature for 48 hrs, followed by 5 hrs at 473 K.

The A1PO4-8 sample was initially prepared by thermal decomposition of nascent

VPI-5 at 373 K for 4 hrs [41,109], with subsequent dehydartion carried out by room

temperature evacuation for 48 hrs. The samples were packed into the DOR rotor

in a dry argon glove-box under rigorous anaerobic conditions. Water content of

partially hydrated samples was determined by comparing the weight of the partially

hydrated sample to the fully dehydrated material.

4.4 VPI-5

Figure 4.1 shows a schematic drawing of dehydrated VPI-5 structure, and the

2TA1DOR spectra of the material in several hydration stages. This molecular sieve,
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Figure 4.1: A schematic diagram of the dehydrated structure of VPI-5; and
2rA1 DOR spectra of VPI-5, taken at 11.7 T, of (a) dehydrated; (b) partially

hydrated; (c) hydrated. The asterisks indicate spinning sidebnnds of the outer
rotor.
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with 18-membered ring channels, has a large, 12 ]_, pore diameter [43], and two

aluminum and phosphorus crystallographic sites. Two tetrahedrally coordinated

framework aluminum sites are resolved at 36.2 ppm and 34.2 ppm, respectively,

in the dehydrated sample, Figure 4.1(a), while the peaks overlap completely at

41.2 ppm in the hydrated material, as shown in Figure 4.1(c). The two aluminum

sites in the hydrated sample are not resolved at 11.7 T, because they have similar

isotropic chemical shift values. The aluminum sites, however, exhibit quite different

quadrupolar parameters which enable the two 27A1DOR resonances to be resolved

in hydrated VPI-5 in a lower magnetic field strength [50, 106].

In an intermediate hydration stage, Figure 4.1(b), one observes changes in tile

spectral region associated with the tetrahedral aluminum environments, at around

35 ppm. A distinct 2rA1 environment appears at 39 ppm, as well as a small upfield

signal at around -16 ppm. Thus, the 27A1 DOR spectra indicate that water ad-

sorption clearly affects the tetrahedral aluminum sites in the framework of VPI-5,

and gives rise to different aluminum environments in the framework. The upfield

2rA1resonance, at -16 ppm, is assigned to octahedral aluminum species formed upon

sorption of two water molecules onto the framework tetrahedral _TA1. The DOR

spectra are reproduced upon successive hydration/dehydration treatments, indicat-

ing that the water adsorption process is fully reversible, and the six-coordinated

aluminum is essentially part of the framework.

The positions of the two tetrahedral 2_A1 peaks in VPI-5 shift upon water ad-

sorption, as shown in Figure 4.1. This observation indicates that both the aluminum

site located between the four-, and six-membered rings in the VPI-5 framework

[which corresponds to the signal at 36.2 ppm], as well as the aluminum site between
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the two four-membered rings [which gives rise to the 2TA1DOR signal at 34.2 ppm],

experience structural changes upon adsorption of water.

The widths of the resonance lines observed in DOR experiments can provide

additional information on the systems investigated. In principle, the DOR tech-

nique completely averages out the anisotropic components of the NMR resonances,

such as the dipole-dipole coupling, and the anisotropic quadrupolar interaction [8].

Thus, the DOK linewidths are essentially determined by the distribution of chemi-

cad environments at a given crystallographic site. In the case of VPI-5, Figure 4.1,

the widths of the signals do not change appreciably upon the addition of water,

indicating that the short-range ordering of the aluminum environments is retained

throughout the adsorption process.

Ordering is also evident in the six-coordinated aluminum environments, since

the width of the resonance at around -16 ppm, Figure 4.1(c). is comparable to

the peaks ascribed to the tetrahedral aluminum species. The sharp 2_A1resonance

at -16 ppm stands in contrast to the rather broad upfield feature associated with

octahedrad aluminum in hydrated ALP04-25, see Chapter 3, Figure 3.9. This result

provides additional support for a model of secondary structure of water molecules

in the channels of VPI-5, which wa_ proposed by previous diffraction and NMR

studies [42, 49, 104].

4.5 A1PO4-5

Different results are obtained for A1PO4-5. This aluminophosphate molecular

sieve exhibits significantly narrower channels, 7 A-diameter, which are formed by

12-membered rings [107]. Figure 4.2 shows a schematic drawing of the dehydrated
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Figure 4.2: A schematic diagram of the dehydrated structure of A1PO4-5; and
27A1 DOR spectra of (a) dehydrated A1PO4-5; (b) hydrated A1PO4-5. The
asterisks indicate spinning sidebands of the outer rotor.
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structure of A1PO4-5, and the 2_A1 DOR spectra of the dehydrated and hydrated

samples. The framework of dehydrated A1PO4-5 contains a single tetrahedral alu-

minum environment [107], which gives rise to the single sharp Gaussian peak at

36.1 ppm in Figure 4.2(a).

The spectrum of the hydrated material, shown in Figure 4.2(b), features two

prominent signals, at around 39 ppm and-14 ppm, respectively. Both are sub-

stantially broader than the resonance observed in the 2_A1 DOR spectrum of the

dehydrated material in Figure 4.2(a). The downfield peak, at around 39 ppm, is

ascribed to tetrahedrally coordinated aluminum species, while the peak at around

-15 ppm corresponds to six-coordinated environments. The small hump which is

observed in the vicinity of 0 ppm probably arises from aluminum sites with inter-

mediate coordinations, most likely (nominally) five-coordinated 27A1species, which

have been observed to produce DOR resonances in this spectral region [34, 108].

The broad spectral lines in the 27A1 DOR spectrum of hydrated A1POt-5, Fig-

ure 4.2(b), indicate diminished structural ordering, particularly compared to the

highly ordered hydrated VPI-5 framework, which yields the narrow peaks in Fig- :

ure 4.1(c). Previous studies have proposed the formation of hydroxide defect sites

within the framework of A1PO4-5 upon water adsorption [103], which might lead

to broadening of the spectral lines. In addition, adsorption of water molecules non-

selectively within the relatively narrow channels of A1PO4-5 may also contribute to

the broad, featureless signals in the hydrated material, Figure 4.2(b). Non-selective

adsorption might consequently produce a large distribution of 2_A1 environments

which would spread the NMR frequencies over a comparatively large spectral range.
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4.6 A1PO4-8

As discussed above, the channel sizes of aluminophosphate molecular sieves

might influence their adsorption properties. In order to check this possibility, wa-

ter adsorption in A1PO4-8 was examined. The framework of this aluminophos-

phate, which is produced upon structural transformation of VPI-5 under thermal• ..
_.

treatment [109], contains 14-membered ring channels with 8.7/_ diameters [110].

A1PO4-8 exhibits five distinct aluminum crystallographic sites in its dehydrated

framework [109, 110], and has been a challenging material for solid state 2_A1NMR

studies [41, 111].

The 2_Al DOR spectra of A1PO4-8 containing different amounts of adsorbed

water are shown in Figure 4.3. The DOR s'pectmm of dehydrated A1PO4-8, Fig-

ure 4.3(a), is not resolved into specific 27A1sites, probably because of overlapping

signals from the five distinct aluminum sites in the dehydrated material. In ad-

dition, a relatively high degree of aluminum disorder most likely accounts for the

unresolved 27A1signals, though X-ray diffraction experiments show the material to

be highly crystalline [110].

Figure 4.3(b)-(e) features 2_A1 DOR spectra of partially hydrated A1PO4-8.

The weight percentage of the adsorbed water was determined after exposing the

dehydrated material in the DOR rotor to atmospheric conditions for short time

periods. From Figure 4.3, it is apparent that structural changes occur both in

the tetrahedral aluminum sites, detected in the NMR spectra at around 40 ppm,

as well as in the six-coordinated environments, which appear further upfield at

around -15 ppm. Specifically, one can detect narrowing of the two downfield peaks,

at 40 ppm and 43.5 ppm, as greater amount of water is adsorbed onto ALP04-8
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Figure 4.:_" & schematic diagram of the dehydrated structure of AIPO4-8; and
27A1DOR spectra for various water loa_iings: (a) dehydrated A1PO4-8; (b) 1.2
wt% water; (c) 5.6 wt% water; (d) 9.6 wt% water; (e) fully hydrated A1PO4-8.
The asterisks indicate spinning sidebands of the outer rotor.
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framework. Similarly, the octahedral aluminum environments exhibit significant

sensitvity to water adsorption; one detects at least two sites at around -15 ppm,

with the positions shifting somewhat as the water content is increased.

The 27A1 DOR results obtained for A1PO4-8 indicate that distinct hydration

sites most likely exist within the framework. These adsorption sites give rise to

the sharp tetrahedral and octahedral 27A1peaks that emerge in the spectra upon

incorporation of water. _A1 quadrupolar nutation :analysis, combined with 1H-

27A1cross-polarization (CP) experiments [111], have also detected the appearance

of specific hydration sites within A1PO4-8 framerwork. Similar interpretation is

apparent in recent CP-DOR results [112].

The broad 27A1signal observed between the regions of the two prominent reso-

nances in the spectra of the partially-, and 5lily-hydrated materials, Figure 4.3(b)-

(e), indicates a continuous distribution of _TAlenvironments, between the relatively

ordered four- and six-coordinated species. This result stands in contrast to the

2TAI DOR spectra of VPI-5, Figure 4.1, which indicate that hydration does not

conform intermediate aluminum coordination in the latter material. The distinct:
-,,

and sharp 27A1resonances observed in the 27A1DOR spectra of VPI-5, Figure 4.1,

compared with both A1PO4-5, and ALP04-8, might again point to a relationship

between the channel size and ordering in the aluminophosphate framework upon

adsorption of water.

High resolution transmission electron microscopy (HRTEM) experiments were

conducted to determine the extent of structural ordering of A1PO4-8 [113]. The

TEM image of A1PO4-8, shown in Figure 4.4, indicates an abundance of stacking

faults perpendicular to the long axis of the crystalline A1PO4-8. This observation is
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consistent with the local aluminum disorder in dehydrated A1PO4-8, manifested by

the broad lines in the 27A1DOR spectrum shown in Figure 4.3(a). The appearance

of stacking disorder throughout the aluminophosohate material could produce a
!

large distribution of aluminum environments, that would broaden the 2_A1spectral

lines observed for dehydrated A1PO4-8, as well as for A1PO4-8 in a state of incipient

hydration, Figure 4.3(b). These stacking disorders may additionally contribute to

the broad distribution of the ahuninum environments between 0 ppm and 20 ppm,

Figure 4.3(c)-(e).

4.7 Conclusions

27AI DO R provides useful information on water adsorption processes in alu-

minophosphate molecular sieves. The sensitivity of different sites to the addition

of water molecules is examined through the positions of the 2VA1resonances, with

the shapes and widths of the peaks providing additional insight on local ordering

of framework aluminum sites. Different adsorption properties are detected at a :.

molecular level for VPI-5, A1PO4-5, and A1PO4-8, reflecting a probable connec-

tion between sieve channel dimensions and both local and macroscopic adsorption

characteristics.



Chapter 5

Multinuclear NMR Study of the

Synthesis and Assembly of a

Sodalite Semiconductor

Superlattice

5.1 Abstract

23Na and 2_A1DOR and MAS, combined with _Si and 81Br MAS experiments, X

ray diffraction and infra-red measurements, provide structural and electronic details

for the newly developed sodalite semiconductor superlattices. The evolution of the

nucleation and crystallization processes of sodium-halide sodalites is monitored,

and the appearance of anion-empty sodalite cages is detected. Subtle changes in

the electronic and quadrupolar interactions of sodium and aluminum nuclei occur

upon loading chloride, bromide and iodide into the sodalite cages. The NMR results

6O
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indicate a significantly different electronic charge distribution within the sodalite

cavities in chemically-synthesized mixed chloride-iodide sodalite.

A preference for silver exchange of sodium cations in halide-containing cages,

over hydroxide-containing and anion-empty sodalite cavities, is detected. Extrac-

tion of the isotropic chemical shift and quadrupolar contributions to the sodium

resonances is achieved by performing the DOR experiments at two magnetic field

strengths. The parameters obtained indicate a change in the charge distribution

around the sodium nuclei upon exchanging approximately one-quarter of the exo

traframework Na + cations with Ag +. SlBr MAS data provide adchtional evidence

for a significant change of the charge distribution within the sodalite cavities, which

occur upon Ag+ cation-exchange of sodium,bromo-sodalites.

5.2 Introduction

The Federovian cuboctahedral structure of sodalites [1] enables them to host

insulator, semiconductor or metal cluster guests of uniform size and shape [114].
:\

This unique quality confers upon this class of microporous solids potential uses as

advanced materials, which may include semiconductor quantum "dots" [115], ex-

panded metal or superconducting arrays [116], or optically active zeolite electrodes

and thin films [117]. Figure 5.1 features a schematic picture of sodalite structure,

and the sodium-halide cluster inside the cavity.

Single crystal and Rietveld powder X-ray diffraction methods have been pivotal

in providing precise structural details of zeolite--type materials, which exhibit long-

range ordering [4, 6]. Solid-state NMR., on the other hand, can address structural

questions of a more proximate nature, yielding invaluable information on the en-
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Figure 5.1: (A) A schematic picture of Na4X (X=Cl-, Br-, I-) arrangement
within a sodalite cage; (B) Sodalite framework, emphasizing the close packing

of cages.
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vironments of atomic species in powder materials, having short-range order. The

use of high magnetic fields, combined with spatial-averaging sample reorientation

NMR techniques like magic-angle spinning (MAS), enables one to obtain struc-

tural information on open-framework materials. As discussed and demonstrated

in previous chapters, the double rotation (DOR) technique further increases the

spectral resolution of quadrupolar nuclei, and yields valuable insight into Structural

arrangements and chemical processes within zeolite materials.

This work concentrates on the application of 2_A1and tuNa MAS and DOR, com-

plemented by mSi and sl Br NMR, X-ray diffraction and mid- and far-infrared (IR)

measurements, in probing intimate structural details of the sodium-halosodalite

system [unit cell composition NasX2(Al_Si6O12), where X=C1,Br,I]. Additional ex-

periments are carried out on the silver--exchanged samples Nas_pAgpX2(A16Si6012),

sodalite-encapsulated semiconductor superlattices [118, 119]. Optical spectroscopic

studies of the materials have detected size-effects in the energy band--structure of

the encapsulated silver-bromide clusters, which might be associated with "quan-

tum confinement" of the semiconductor components [117, 118, 119]. Previous works :

have also investigated the structural and electronic properties of sodium,silver,halo-

sodalites, anion and cation distributions in the materials, and motion inside the

cages, using X-ray diffraction and optical spectroscopy [119]. Far-IR studies on

sodalite structures were conducted as well [120].

Issues addressed in this study include the process of nucleation and crystal-

lization of the parent sodium-sodalite materials, cation and anion arrangements

throughout the framework, and the transformation of the sodium parent materials

into a semiconductor-component superlattice upon silver ion-exchange. Quantita-
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tive results are obtained for the cation and anion occupation of the sodalite cavities.

In addition, the experimental results might indicate an electronic coupling between

the contents of adjacent sodalite cages. This is a highly important concept when

considering further technological and scientific applications of these materials, such

as in electronic devices and non-linear optics.

5.3 Experimental Considerations

The sodium-halosodalite precursors were prepared by a low-temperature hy-

drothermal synthesis, similar to the method described by Barrer [3], from aqueous

mixtures of AI(OH)_, SiO2 gels, and NaX salts IX=C1, Br, I in chloro-, bromo--,

and iodo-sodalites, respectively]. Silver-containing sodalites were prepared by a

melt ion--exchange of a mixture containing the quantitative amounts of the parent

sodium sodalite and AgNO3 crystals. The powders were grained thoroughly in a

porcelain mortar, and heated to 230°C in the dark for 24 hours. The products were

filtered in the dark by de-ionized water, and dried in air. Because of their light
i

sensitivity, the white--to-yellow dry powders were stored in dark sample vials. A

detailed description of the synthetic procedures is provided elsewhere [118, 122].

Room temperature, high resolution powder X-ray data were collected on a

Philips PW 1051 diffremtometer using Ni-filtered CuKa radiation (A = 1.54178/_,

Ka2 stripped, 40 mA, 45 kV) with a liquid nitrogen cooled solid state Ge detector.

Infrared measurements were carried out on a Nicolet 5DX or a Nicolet 20SXB FT-

IR spectrometer with far-IR capability (650-30 cm-1). All spectra were obtained

with 4 cm -1 resolution by coadding 250-500 interferograms (far-IR range) or 100

interferograms (mid-IR range). The spectra were baseline corrected by subtracting
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Table 5.1: Experimental parameters used in the NMR measurements. For 27AI and
23Na, DOR pulse widths are indicated•

Nucleus Resonance Frequency Reference Material 90° Pulse Length

Si-29 99.35 TMS 1lp_sec

A1-27 130.31 Dilute aqueous AI(NO)3 15/_sec

Na-23 132.28 0.1M NaC1 11/_sec

Br-81 135.05 0.1M NaBr 10psec

a linear ramp from the observed results.

NMR measurements were carried out at 11.7 Tesla magnetic field, using a Che-

magnetics CMX-500 spectrometer and MAS probehead. Additional experiments

were carried out in a 9.4 Tesla field using a Bruker AM-400 spectrometer. DOR

spectra in both fields were obtained using a home-built probe [99]; the spinning

speed was 5 kHz for the inner rotor and 500-700 Hz for the outer one. In the MAS

measurements the samples were spun at 5--6 kHz. Experimental parameters used
.,

in the NMR measurements are given in Table 5.1. The accuracy of peak positions

relative to the external reference was -4-0.3 ppm. 500-1000 acquisitions were aver-

aged at room temperature, in the 27A1and Z3Na MAS and DOR experiments, using

0.5 sec delays between short, _30 °, pulses. For quantitative NMR measurements,

identical sample-quantities were used, and the same number of transients acquired.

All spectra were zero-filled to 2K data points, with 50 Hz Lorentzian broadening.
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5.4 Crystallization of Sodium,bromo-Sodalite

The crystallization process of sodalite involves the intermediate formation of

a NaA zeolite phase [3]. Several studies, however, conclude that zeolite A is not

formed in the presence of chloride salts [1]. We investigated the evolution of the

NasBr2-sodalite crystallization [sodalite-(Al_Si60_2)], and the possible appearance

of different species during the synthesis. The bromo-sodalite synthesis was inter-

rupted at different times and the structural details of the materials synthesized were

examined.

Selected powder XRD patterns are shown in Figure 5.2, for reaction products

recovered after 0.5 to 153 hours. Within 0.5 hour, Figure 5.2(a), all sodalite reflec-

tions are already observed, but they are still very weak and broad. The 0.5 hour

XRD pattern also featu _ _ad background attributed to an amorphous phase,

as well as additional re, _ due to zeolite A as the major crystalline phase.

The NaA zeolite reflections decrease with time, Figure 5.2(b-_), and disappear

completely within four hours; the amorphous background is also no longer appar-

ent by this time. The sodalite pattern continues to sharpen with further reaction

time and, as shown in Figure 5.2(d-g), reaches its final form within 4-8 hours.

The NMR data support a nucleation mechanism involving NaA zeolite as a

chemical intermediate and provide further structural and quantitative information.

The _Si MAS spectrum of the material extracted after 1/2 hour synthesis time,

Figure 5.3, displays two partially resolved resonances. The lowest intensity peak, at

-86.1 ppm, corresponds to the NasBr2-sodalite structure [123], while the resonance

at -89.2 ppm is assigned to the Si(OA1)4 tetrahedra in NaA zeolite [6].

More information is provided by 2VA1MAS experiments shown in Figure 5.4.
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Figure 5.2: Powder X ray diffraction patterns of products from NasBr2-
sodalite synthesis, sampled after: (a)0.5 hr, (b)1 hr, (c)2 hr, (d)4 hr, (e)7.8 hr,

(013h_,(g)_53hr.
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Figure 5.3: _Si MAS spectrum of NasBr2-sodalite sampled after 0.5 h. 200
transients were accumulated in the experiment, with 20 sec recycle delays.
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Figure 5.4:2_A1 MAS spectra of (a)NaA-zeolite, and products from NasBr2-
sodalite synthesis sampled after:(b)0.5 hr, (c)2 hr, (d)8 hr, (e)153 hr.
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Upon comparison with the fully crystalline material, the prominent down-field peak

at 62.2 ppm in Figure 5.4(b--e) is assigned to AI(OSi)4 species in the NasBr2-

sodalite framework. This shift is close to the reported value of 61.0 ppm for 2_A1

in sodalite-hydrate and 65.0 ppm for NasC12-sodalite [18]; the difference can be

traced to structural and electronic sensitivity of the framework towards the encap-

sulated anion [see discussion in the following section]. The upfield peak at 58.7 ppm

coincides with the known position for four-coordinated aluminum in NaA zeolite

[18], whose 2_A1MAS spectrum is shown in Figure 5.4(a). The quantitative trans-

formation of the NaA phase into sodalite is followed as a function of the synthesis
• .

time: after two hours, the downfield powder pattern predominates, Figure 5.4(c),

as NasBr2--sodalite becomes the major component. A weak NaA-zeolite remnant

is still observed in the 27A1spectrum at this time, but disappears completely there-

after.

The _Na results, shown in Figure 5.5, feature a noticeable difference from the

27A1MAS data. The intensity of an upfield resonance around-2.5 ppm decreases

with time in the early stages of the reaction, Figure 5.5(b-c), but in contrast to :::

the 27A1 MAS data, this peak does not disappear later. DOR experiments con-

ducted on the series confirmed that the signal at around -2.5 ppm is not a residual
'

quadrupolar-broadened MAS peak, but rather a resonance from a distinct 23Na

site. As shown in Figure 5.5(e), the upfield peak is still present even after more

than 100 hours, at which time both the XRD and 27A1measurements indicate a final

NasBr2--sodalite product. The 23Na resonance which is detected at -1.8 ppm in pure

NaA zeolite, shown in Figure 5.5(a), is clearly further downfield from the-2.5 ppm

resonance observed throughout the synthesis series. This appears to reflect that
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Figure 5.5: _aNa MAS spectra of (a)NaA-zeolite, and products from NasBr_-
sodalite synthesis sampled after:(b)0.5 hr, (c)2 hr, (d)8 hr, (e)153 hr.
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the peak at around -2.5 ppm in Figure 5.5 corresponds to a sodium environment

in sodalite, which is different than that in NaA--zeolite.

The peak at -2.5 ppm disappears upon vacuum dehydration [4 hours at ll0°C],

as shown in Figure 5.6. A similar result is observed for Na6.nH20-sodalite, Fig-

ure 5.7, where the 23Na MAS signal associated with Na3.nH20 cavities almost dis-

appears completely upon dehydration of the sample. The sodium signal from the

anion-free cages in dehydrated Na_.nH20-sodalite, Figure 5.7(b), is spread over a

large frequency range, thus is not observed in the spectral window used. This effect

is probably due to an increase in the electric field gradients around the Z3Nanuclei

[16] in the absence of anions or water molecules in the cavity. In addition, dehydra-

tion might cause a large distribution of the Na + environments at available locations

within the anion-empty sodalite cage. In the presence of water molecules, however,

the sodium ions exhibit fast motion, so that the ZZNaNMR signal is motionally

narrowed and appears as a rather sharp Gaussian peak, Figure 5.7(a).

The upfield _Na peak at around -2.5 ppm, in the synthesis products series,

Figure 5.5(a), is therefore assigned to Na + cations in Na3.nH_O cages, while the:-.

peak at around 7 ppm is associated with Na + cations in Na4Br cavities. Thus, the

_Na MAS results leads to the conclusions that a certain number of "defect"-cages,

which do not contain anions, are produced during the synthetic procedure. These

cages give rise to the 23Na resonance at -2.5 ppm. Based on this assignment, the

23Na MAS signal from the a_on--containing cages in NasBr2-sodalite seems to be

unaffected by dehydration, Figure 5.6(b). This observation indicates a more sym-

metrical environment of the Na+ cation in the cavities which contain Br- anion

at their center. In addition, the Na + cations are probably confined to distinct
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Figure 5.6: 23N& MAS spectra of (a)hydrated NasBr2-sodalite; (b)dehydrated
NasBr2--sodalite.
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Fi_tre 5.7: 231_aMAS spectra of (a)hydrated; (b)dehydrated Na6.nH20-
s,_dalite.
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extraframework sites within the Br--containing cavities in NasBr_-sodalite. The

observation of two separate sodium resonances in hydrated NasBr2-sodalite indi-

cates the absence of fast Na+ exchange between sodalite cages at room temperature.

Integration of the peak intensities in the 23Na MAS spectrum of the synthe-

sized material in Figure 5.5(e) indicates that _10% anion-free cages are produced.

This side--product in hydrothermally prepared sodalites is not detected by XRD

and may have been overlooked in previous studies. Smeulders et al [124] have hy-

pothesized that halide anions diffuse out of the sodalite cages leaving behind Na_+

clusters, whereas this study suggests that the cages containing Na3.nH_O are ap-

parently already present after the initial synthetic route. A later report conducted

by nutation analysis found evidence for water molecules inside the sodalite cages

[92]. Water molecules, however, do not fit into cages occupied by halide ions due to

spatial restrictions [3], but are rather present in the halide-free cavities. This find-

ing further supports the production of sodalite cages which do not contain halide

anions throughout the synthesis of halo--sodalites. Incidentally, it has recently been

reported that anion-free cages in sodium--sodalites are formed upon extraction of

NaOH following washing of the crude product with water, from defect hydroxide

anion-containing cages produced in the as-synthesized materials [62].

5.5 Halo-Sodalites

Inspection of the schematic drawing of halo-sodalites, Figure 5.1, reveals that

the monovalent sodium cations are tetrahedrally arranged around the anion, which

is located at the center of the cavity. The halogen ions encapsulated within the so-

dalite framework in this study, namely I-, Br-, and Cl'-, have different radii [2.06/_,
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1.8/_, 1.67_, respectively [125]], and Pauling electronegativity values. These prop-

erties can be invoked to explain perturbations in the structure of the aluminosilicate

framework and the electronic properties of the charge balancing Na + cations. Previ-

ous 2gsi MAS studies, for example, have correlated 29Si chemical shifts with Si-.O-A1

angles in sodalites [_5, 123, 126], reflecting structural and electronic differences due

to the presence of the various anions.

_TA1DOR spectra of the anion-loaded samples are shown in Figure 5.8. The

DOR technique averages out the anisotropic contributions to the 27A1 resonances

and makes it possible to obtain the exact isotropic shifts of the peaks. The positions

of the 2VA1DOR resonances clearly exhibit sensitivity to structural features of the

sodalite framework upon loading various anions. As expected, one observes further

shielding of the fremaework aluminum atoms as the Pauling electronegativity [i.e.

the capacity for electronic "charge-pulling"] of the anions, decreases, and the size of

the anion increases. NaI--sodalite, for example, gives rise to an aluminum resonance

at 61.2 ppm, Figure 5.8(c), while NasC12-sodalite, which contains the smallest and

"most electronegative anion among the three anions examined, produces a peak at

64.5 ppm, Figure 5.8(a). The trend toward a more shielded _TA1environment also

reflects the widening of the Si-O-A1 bond angle [5], which may be attributed to

the larger size of the I- ion compared to C1-.

The Na + cations exhibit high sensitivity towards the anionic species, as shown

in Figure 5.9. C1- and Br---containing samples feature single Gaussian-shaped

23Na MAS peal_s, Figure 5.9(a,b), while the MAS spectrum of NasI2-sodalite shows

a substantially broader pattern, Figure 5.9(c). Application of DOR averages out

the anisotropic quadrupolar broadening and yields the isotropic 23Na shifts for



61.2 NaI-sod

(c)

63.2
I NaBr-sod

Co)

_ _jj _ -- -- m

64.5 NaCl-sod

(a)

i i| =,

70 60 50 40 30

Chemical Shift (ppm)

Figure 5.8:2_A1 DOR spectra of (a)NasC12-sodalite; (b)NasBr2-sodalite;
(c)NasI2--sodalite. The asterisks indicate spinning sidebands.
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Figure 5.9: 2SNa NMR spectr_ of sodium,halo-sodalites: (a)Na_Cl2-sodalite,
MAS; (b)NasBr2-sodalite, MAS; (c)NasI2-sodalite, MAS; (d)NasBr2-sodalite,
DOR; (e)NasI2-sodalite, DOR. The asterisks indicate spinning sidebands.
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NasBr2-sodalite and NasI2-sodalite, as shown in Figure 5.9(d) and (e), respectively.

No apparent difference in the linewidths and positions was observed between the

23Na MAS and DOR spectra of NasC12-sodalite, Figure 5.9(a).

The Na + cations are four-fold coordinated, and positioned within bonding dis-

tance from the halide ion and three framework oxygens, Figure 5.1. Thus, the

electronegativity difference between the framework oxygens and the anion proba-

bly has a significant effect in determining the charg e distribution surroundi'ng the

encapsulated sodium. The calculated values are A(X[oxygen]-xX ) = 0.28, 0.48,

0.78 for X=C1, Br, I, respectively, where X is the Pauling electronegativity. Under

these circumstances, an asymmetric distribution of charge is expected in the iodide

cavities, consistent with the quadrupolar broadening in Figure 5.9(c), as more neg-

ative charge is drawn towards the framework oxygens. On the other hand, a more

symmetric sodium environment is expected in the C1- cages, as electron density

would be located most likely on the highly electronegative chloride atom, and less

on the aluminosilicate framework.

Further experiments in a lower, 9.4 T, magnetic field, enable one to extract the

isotropic chemical shifts and quadrupolar products using Equations 3.1 and 3.2. The

calculated parameters are presented in Table 5.2. Recen:Jy published quadrupolar

coupling constants [93], obtained through analysis of 23Na MAS spectra of satellite

transitions, are in close proximity to the values reported here.

The isotropic shifts and quadrupolar products in Table 5.2 indeed indicate more

shielding, and less distortion, of the sodium electronic environment, as the elec-

tronegativity of the anion increases. The size of the halide may additionally have

an effect on the sodium cations. A smaller halide, for example, might produce a de-
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Table 5.2: 23Na DOR resonance positions at 11.7 T and 9.4 T, aad calculated
NMR parameters for different halo-sodalites. The isotropic chemical shift, 6_,i8o,

and quadrupolar product, PQ = (1 + _)C_, were calculated using Equations 3.1
and 3.2.

........

(11.7T) (9.4T) PQ

NaCl-sod 6.2ppm 6.1ppm 6.3ppm _0 MHz

NaBr-sod 6.9ppm 6.0ppm 8.5ppm I.IMHz

Nal-sod 3.4ppm 0.1ppm 9.3ppm 3.7MHz

crease in the A1-O-Si angle. Consistent witl_ the above arguments, the deshielding

observed for the aluminum nuclei in this study appears related to higher electron

densities around the framework atoms, and consequently to more shielded Na +

cations.

5.6 Mixed-Halide Sodalites

An inter.esting and closely related class of materials are the mixed-halide so-

dalites, NasC12_pIp-sodalite. It is important to assess the organization of the an-

ions within the sodalite lattice, since this affects the electronic band structure of

the material. Models of mixed anion distribution include: (1) an ordered array, in

which a higher-order unit cell would be created (manifested by extra diffraction

lines in the powder XRD pattern); (2) a solid solution of anions within the lattice;

(3) a segregated physical mixture of chloro- and iodo-sodalite microcrystallites (de-
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tected as a superposition of pure NasCl2-sodalite and NasI2--sodalite spectra using

the spectroscopic methods in this study); and (4) a mixture of chloride and iodide

domains smaller than _50/_, which is below the detection limit of X ray diffraction.

Figures 5.10 and 5.11 show powder XRD patterns, mid-IR and far-IR spectra of

pure chloro and iodo-sodalites, chemically prepared NaICl-sodalites, and physical

mixtures of the pure materials. The PXRD pattern of the chemically s_rnthesized

material in Figure 5.10(b) shows no extra diffraction lines corresponding to inte-

ger multiples of the ur,it cell edge, thus eliminating the ordered-array model from

consideration. This observation differs from electron microscopy results obtained

for the mineral nosean [127], a sodalite in which Na4.H20 and Na4.SO4 units form

an incommensurate superlattice structure. The PXRD pattern of the physical mix-

ture, Figure 5.10(a), stands in contrast to the single phase, narrow peak, pattern

of the chemically prepared sample, Figure 5.10(b). The pattern of the physically

mixed sample features broad peaks composed of the corresponding separate chloro-

and iodo-sodalite signals.

A similar interpretation is apparent from the mid-IR spectra in Figure 5.10(c), ::

where the results seem to exclude the formation of separate NasC12-sodalite and

NasI2--sodalite microcrystallites. :Three distinct framework, vs(T-O), vibrational

modes are observed for pure NasCl_-sodalite and NasI2-sodalite shown in Fig-

ure 5.10(c), i and ii, respectively, us(T--O) modes of the chemically prepared sam-

ple, Figure 5.10(c) iv, give rise to three sharp bands in the 65(_-740 cm -1 region,

while a clear superposition of NasC12-sodalite and NasI2--sodalite bands is observed

in the spectrum of the physical mixture, Figure 5.10(c) iii.

Intriguingly, the far-IR spectra of a series of chemically synthesized NaIC1-
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Figure 5.10: Powder X-ray diffraction patterns of: (a)l:4 physical mix-
ture of Na8C12-sodalite, and Na812-sodalite, respectively; (b) NasCll.lIo.9-
sodalite, chemically synthesized, and (c) Mid-IR spectra of: (i) NasC12-

sodalite; (ii) NasI2--sodalite; (iii)l:l physical mixture of NasC12-sodalite and
NasI2-sodalite; (iv) chemically synthesized NasCll.s6Io.14--sodalite.
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Figure 5.11: (A) Series of far-IR spectra of physical mixtures of NasC12-
sodalite:NasI2-sodalite in the following ratios: (a)l:0; (b)10:l; (c)l:l; (d)3:7;

(e)0:l. (B) Series of far-IR spectra of the chemically synthesized materials:
(a)NasC12-sodalite; (b)NasCll.9610.o4-sodalite;(c)NasCll.eIo.l-sodalite;
(d)NasCll.lIo.9-sodalite; (e)NasI2-sodalite
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sodalites shown in Figure 5.11(B), feature new cation/anion--coupled translational

modes [200-50 cm-i] which are different from the cation and anion modes detected

in the physically prepared samples, shown in Figure 5.11(A). This observation is

explained in terms of coupling between the Na4I and NatC1 clusters formed in the

chemically synthesized materials [119, 120].

_TAIand _Na DOR spectra of mixed-halide sodalites are shown in Figure 5.12.

Physically mixed samples of NaCl-sodalite and Nal-sodalite, shown in Figure 5.12(a),

feature two distinct resonances, at 6.3 and 3.2 ppm, respectively, for 23Na, and at

64.2 and 61.2 ppm, respectively, for 27A1, in the anticipated positions for separate

Na4I and Na_C1 cages. Chemically prepared mixed-halide samples, on the other

hand, exhibit peaks at different positions from the physical mixture. When small

amounts of chloride are displaced by iodide in the NasCl2-sodalite lattice, yielding

NasCll.910.1-sodalite, Figure 5.12(b), both aluminum and sodium resonances are

shifted in the direction of the Z_Na position in NasL-sodalite. The same effect is

observed for the _ZNa and _TA1resonances of NasI2-sodalite upon chemical incor-

poration of C1- into the cavities, as shown for NasClo.sI1.5--sodalite, Figure 5.12(c). _

Overall, the 27A1and 23Na resonance positions in the chemically--synthesized sam-

ples can be considered as a weighted-average of the anion content in the sodalite.

Indeed, extended Hiickel molecular orbital [EHMO] calculations on two adjacent

sodalite cages containing Na4X clusters IX=C1 and I] indicate that the charge on

Na+ increases as iodide replaces chloride in neighboring cavities [122]. As men-

tioned previously, an additional contribution to the shielding of the sodium nuclei

upon incorporation of I- anions may arise from an increase in the size of the unit

cell.
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Figure 5.12: 23Na and 2TA1DOR spectra of mixed halide sodalites: (a) 5:4
physical mixture of NasC12-sodalite and NasI2-sodalite, respectively;
(b)NasCli.gIo.l-sodalite; (c)NasClo.511.5-sodalite; (d)NasCll.lIo.9--sodalite. The
asterisks indicate spinning sidebands.
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Significantly different results are obtained for NasCll.lI0.9-sodalite, chemically

synthesized. The 27A1 DOR resonance at 61.5 ppm, Figure 5.12(d), indicates a

shielded aluminum environment, farther upfield than what would be expected from

a sample with roughly equivalent chloride and iodide compositions. The corre-

sponding Z_Na spectrum features a peak at around 3 ppm and a distinguishable

shoulder at around 0 ppm. The two signals can be assigned to Z_Na in chloride

and iodide cages, respectively, though both resonances are shifted noticeably up-

field. This shielding effect cannot be entirely traced to a change in the framework

dimensions to accomodate chloride and iodide, since this fails to explain the upfield

shift of the _3Na resonances from sodium cations in both cavities. This result might

indicate electronic coupling between clusters throughout the aluminosilicate frame-

work. Intrar_vity coupling may alter the electron density within the cages, placing

higher average charge around the sodium nuclei.

5.7 Ag + Exchange of Sodium,bromo-Sodalites

5.7.1 Cation Distribution

Ag+ Ion-e.xchanging sodium,bromo-sodalite produces semiconductor-component

superlattice structures [118]. For the present study, progressive silver-exchange

with sodium,bromo-sodalites was carried out, yielding Nas_pAgpBr2-sodalite. The

sodium environments, as well as framework structural properties, are examined at

various stages of the cation exchange.

First, the exchange process is examined in sodalite materials which contain

known amounts of "defects", specifically OH- or anion-empty cages. The Ag +-
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Figure 5.13: 23N& DOR spectra of sodium,bromo-hydroxy-sodalite before and
after silver exchange: (a)NasBrl.2(OH)o.s-sodalite; (b)Na_Ag2Brl.2(OH)o.s-
sodalite. The asterisks indicate spinning sidebands of the outer rotor.
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Figure 5.14: 23Na DOR spectra of sodium,bromo-sodalites, which con-
tain halide-free cages, before and after silver exchange ([ ]=empty cage):

(a)Na_.2sSrl.2s[ ]o.vs--sodalite; (b)Nas.2sAglBrl.2s[ ]o.Ts-sodalite;

(c)NalAgs.25Brl.2s[ ]0.Ts-sodalite. (d)Nas.2Sro.2[ ]l.s-sodalite;
(e)Na4.2Ag2Bro.2[ ]l.s-sodalite. The asterisks indicate spinning sidebands of
the outer rotor.
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exchange reaction yields Nas_pAgp(OH),Br2_,-sodalite for the OH---containing

material, and Na.s_p_,Agp[ ]nBr2_n-sodalite (where [ ] denotes anion-empty cages),

respectively. In these two classes of compounds one detects a clear preference for sil-

ver exchange into halide-containing cages, and into neither hydroxide-containing,

nor halide-free cavities, Figures 5.13 and 5.14, respectively. As shown in Fig-

ure 5.13, the Z_Na resonance associated with the sodium,bromide cavities dimin-

ishes upon Ag + exchange, while the intensity of the sodium resonance in hydroxide-

containing cages essentially remains constant.

Similarly, this observation holds true for amon-empty sodalite cavities. Fig-

ure 5.14(a-c) clearly shows significantly fewer sodium cations in halide-containing

cages, relative to those in anion-free environments, for higher silver loadings. Such

preferential Ag+ exchange into cavities with halide anions, and not into cages con-

taining Na3.H20, persists even when there is a low concentration of Br---containing

cages, Figure 5.14(d,e).

Preferred s.ilver exchange into halide-containing cavities is manifested even at

samples with already high silver loading, Figure 5.14. This observation is important

because powder XRD measurements [119] have indicated that the Ag.-.Br internu-

clear distance in the Na__pAgpBr clusters lengthens when the number of Ag + cations

increase. The lengthening of the Ag...Br distance is associated with a decremse in

the covalency of the Ag_Br bond. Thus, the silver preference cannot be assigned

solely to a stronger covalent bond which forms between the silver and halides; a

bond which in principle is stronger than the respective silver-hydroxide bond [105].

A possible explanation to account for the low affinity of Ag + cation for exchang-

ing Na+ at the anion-empty and hydroxide-containing cages, is the higher hydration

.... _ ................ ............................................................................ ................... :.................. :....... ....... _ ., _ _......................................... _._ ......................................
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energy of Na + compared to Ag+ [-406 kJ/mol [105] and-339 kJ/mol [1281, respec-

tively], which induces more effective complexation between Na+, rather than Ag +,

and hydroxide or water. Thus, Na+ cations may experience more favorable "solva-

tion" in the halide-free and OH--containing cages than Ag + cations, as the two

types of cavities host imbibed water molecules.

5.7.2 Structural and Electronic Effects of Ag + Cation-

Exchange

Previous studies of Nas_pAgpBr:-sodalite indicate a statistical distribution of

silver atoms within the sodalite lattice, rather than creation of aggregates dis-

tributed inhomogenously throughout the material [118, 119]. The 2aNn resonances

associated with the bromide cages are affected by silver loading in a manner which

is consistent with the above description, Figure 5.15. One observes, for example,

symmetrical peaks in the DOR spectra, whose centers-of-mass move upfield with

silver loading. This indicates a different average chemical environment rather than

a superposition of mixed phases. Further information can be extracted from the

peak positions: Whereas the halide-cage sodium peak is shifted slightly downfield

as the silver content is increased from 0 to 2.7 atoms per unit cell, Figure 5.15(a-d),

a somewhat abrupt jump, from _7 ppm to 5.7 ppm, is observed when four and more

Ag+ cations are loaded per unit cell, Figure 5.15(e,f). In addition, broadening of

the peaks is observed.

Application of DOR at 11.7 T enables one, using Equations 3.1 and 3.2, to

estimate the isotropic chemical shift and quadrupolar contributions to the observed

23Na resonance position, and the results are shown in Table 5.3 and Figure 5.16.

............................................................. ........... ' _,:_, ...................................... _-_..... _._ .... _,,_ .............. _._m...........
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Figure 5.15: 23Na DOR spectra of sodium,bromo--sodalite at different stages

of Ag+ cetion-exchange: (a)NasBr_-sodalite; (b)Na_aAgo.sBr2-sodalite;
(c)Nae.lAgl.9Br2-sodalite; (d)Nas.3Agz_Br2-sodalite; (e)Na4Ag4Br2-sodalite;
(f)Na2.sAgsaBr2-sodalite. The halide-free defect cages present in the sodalite
framework, see text, are not accounted for in the notation. The asterisks

indicate spinning sidebands of the outer rotor.
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Table 5.3: 23Na resonance positions at 11.7 T and 9.4 T, and calculated NMR
• parameters for various silver-exchanged NasBr2-sodalites. The isotropic chemical

shifts, 5_,i8o, and quadrupolar products, Pq, were calculated using Equations 3.1
and 3.2•

,,,

Ag+ per u,,c. 5obs(11.7 T) _ob, (9.4 T) 5_,i8o Pq

0 6.9 ppm 6.0 ppm 8.5 ppm 1.1 MHZ

0.8 7.2 ppm 6.0 ppm 9.3 ppm 1.5 MHz

1.9 7.0 ppm 6.1 ppm 8.6 ppm 1.1 MHz

2.7 7.6 ppm 6.2 ppm 10.1 ppm 1.7 MHz

4 5.7 ppm 3.6 ppm 9.5 ppm 2.6 MHz

5.2 5.7 ppm 3.6 ppm 9.5 ppm 2.6 MHz
.......

While the isotropic chemical shifts of the 23Na nuclei hardly change, Figure 5.16(b),

the qua_lrupolar interaction seems to increase when the silver loading is raised to

beyond two atoms per unit cell, Figure 5.16(c). :.

In this context, a more asymmetric distribution of charge around the Na + nuclei

is consistent with greater electron density on the framework oxygens upon silver

loading. This effect most likely originates from the localization of electron den-

sity in covalent Ag--Br bonds of Na4_,Ag, Br clusters, which is known to diminish

with Ag + loading [118, 119]. Consequently, the "effective" electronegativity of the

Br- decreases with Ag+ loading, causing a more asymmetric electronic environ-

ment around the remaining Na + cations. It seems, however, that the change in

the quadrupolar interaction experienced by the Na+ is not gradual, but rather

abrupt beyond the one-silver-per-cavity loading threshold, Figure 5.16(c). This
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Figure 5.16: (a) Observed 23Na DOR resonance positions in 11.7 T, (b)
isotropic chemical shifts, and (c) qua_lrupolar products as a function of the
amount of silver exchanged in a unit cell of NasBr2-sodalite. The isotropic
chemical shifts were calculated from Equation 3.1 using results from DO R
experiments at two magnetic field strengths; the qua_lrupolar products were

calculated using Equation 3.2.
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"step" might signal the development of intercavity electronic coupling between

Ag +-exchanged sodium,bromide clusters.

Indeed, previous optical reflectance, X-ray diffraction and infrared results have

indicated the possible formation of an expanded AgBr supralattice throughout the

sodalite structure when silver and bromide loadings are sufficiently high [118, 119,
. .

122]. Moreover, it should be noted that no change in the 23Na DOR resonance

positions is observed in the Nas_xAgxBr2_y[ ]u-sodMite series, Figure 5.14(a-c).

These are materials for which electronic coupling between the halide cages might not

occur, since they contain high abundance of anion-empty cavities. The positions

of the 23Na resonances for sodium in halide cages in those samples remain identical

even upon high degree of Ag+ cation-exchange.

81Br MAS results, [129], shown in Figures 5.17 and 5.18, yield further evidence of

a change in the charge distribution in Ag+--exchanged sodium,bromo-sodalite. Fig-

ure 5.17 features SlBr MAS spectra of a series of Ag+-exchanged NasBr2--sodalite.

The SlBr MAS results demonstrate a profound upfield shift of the SlBr signal, at

around -550 ppm, which is associated with encpsulated Ag4Br clusters in AgsBr2- _

sodalite [129]. The upfield shift is quite unexpected, since one anticipates a rather

deshielded SlBr environment in the more covalent-bonded Ag4Br clusters, compared

with the encpsulated Na4Br tetrahedra [which give rise to the SlBr peak at around

-220 ppm, Figure 5.17 [129]]. Moreover, no upfield SlBr signal is observed in

Ag+-exchanged sodium,bromo-sodalite sample which contains a high abundance

of anion-empty cavities, Figure 5.18. The high concentration of bromide-free cavi-

ties essentially prevents any electronic "communication", or coupling, between the

encapsulated Ag4Br clusters in this material.
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Figure 5.17: SlBr MAS spectra of (a)bulk NaBr and AgBr; and Ag + ex-
change products of NasBr2-sodalite: (b)NasBr2-sodalite (c)Na_.2Ago.sBr2-
sodalite; (d)Na6Ag2Br2-sodalite; (e)Na4Ag4Br2-sodalite; (f)Na2.sAgs.2Br2-
sodalite; (g)AgsBr2--sodalite. The asterisks indicate spinning sidebands.
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Figure 5.18: A schematic representation of the sodalite framework showing
bromide-containing and bromide-free cavities in approximately 1:9 ratio, the
black circle represents a Br- anion inside a cavity; 81Br MAS spectra of the cor-

responding materials: (a) Na6.2Bro.2[]l.s-sodalite; and (b) fully Ag + exchanged

product, Ag6.2Br0.2[]l.8-sodalite. The asterisks indicate spinning sidebands.
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29Si and 27A1 NMR experiments did not detect any structural differences in

the framework of the sodalites as a function of silver loading. This result stands

in contrast to the sensitivity of 27A1 NMR to the different anions inside the so-

dalite cavities, Figure 5.8. Stronger space-fiUing effects axe probably present for

the different anions, as compared to the Na+ and Ag+ cations which possess almost

identical ionic radii, 1.13/_ and 1.14/_, respectively [125]. The lack of apparent

change in the NMR spectra of the framework nuclei.also suggests that a relatively

weak interaction exists between the silver and the framework atoms, consistent

with the notion of a stronger interaction between the Ag + cations and the anions

encapsulated within the cavities.

5.8 Conclusions

This study demonstrates the useflxlness of double rotation NMR, complemented

by MAS studies, in addressing structural and electronic questions concerning the

preparation and assembly of sodalite supralattices. Information about cation-anion =.
:'x

distributions, effects of defect cavities, and intercavity electronic coupling is ob-

tained by performing MAS and DOR experiments on the _Si and 2TA1framework

atoms, extraframework _3Na cations, and SlBr anions in the sodalite cages. The

additional use of two magnetic fields provides accurate estimations of the isotropic

chemical shifts and quadrupolar contributions to the DOR resonances.

Following insertion of various halide anions into the sodalite cages, 27A1 and,

particularly, 23Na NMR experiments yield subtle information on the distribution of

electronic charge inside the cavities. The quadrupolar interactions and electronic

shielding of the 23Na nuclei increase as the charge polarity between the halide and
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framework oxygen increases, and the framework Si-O-A1 bond angle increases. Ex-

amination of mixed-anion sodalites indicates that structural and electronic mod-

ifications occur within the framework. A unique shielding effect is observed for

sodium nuclei in a sodalite lattice which hosts almost equal amounts of chloride

and iodide, indicating a different electronic charge distribution within the cavities

of the material.

Useful chemical information is also provided concerning the process of Ag +

cation-exchange into the sodalite cavities. A preference is detected for silver ex-

change of sodium cations in halide-containing cages, compared to OH- -containing

or halide-free cavities. Changes in the electronic environment of the 23Na nuclei

are observed throughout the silver-exchange process. An increase in the quadrupo-

lar interaction of the 23Na nuclei is detected upon loading about two Ag + cations

per unit cell. This result, combined with an. extraordinary upfield shift of the 81Br

MAS resonance in AgsBr2--sodalite, corroborates other data pointing to the onset

of a semiconductor superlattice within the sodalite matrix. These are fundamental

issues in understanding the compositional dependence of the band structures in this
:\

interesting class of advanced materials.



Chapter 6

°

23Na DOR Studies of Cation

Exchange and Molecular

Adsorption in Na56Y-zeolite

6.1 Abstract

23Na double rotation NMR for the first time distinguishes the three extraframe-

work Na+ cation sites in NavY-zeolite. A combination of site-specific Mo(CO)6 ad-

sorption, and T1+ and Ca2+ cation exchange, enables the assignment of the DOR

resonances to the specific extraframework sites within the zeolite pores. Cation-

exchange pathways of monovalent and divalent cations are investigated, and the

progressive depletion of Na + cations from distinct sites is observed. 23Na DOR

experiments provide information on the adsorption of Mo(CO)6, H20 and P(CH3)3

guest-molecules in Na56Y-zeolite.

99
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6.2 Introduction

The most common extraframework charge-balancing cation found in as - syn-

thesized zeolites is sodium [1]. Na+ cations, located at specific sites within the

zeolite lattice, play an important role in determining adsorption, chemical and

catalytic properties of the materials. Consequently, it is of great iiiterest to un-

derstand the interactions of the Na+ cations with the zeolite framework and the

guest species, their coordination and chemical characteristics. Direct methods for

elucidating details concerning structural and chemical aspects of the extraframe-

work sodium cations, however, are usually v either straightforward nor unequivocal.

In particular, as descibed in detail in Chapter 2, conventional solid state NMR '

studies of Z3Na nuclei in zeolites have hadlimited applicability due to the large

quadrupolar broadening present in the NMR spectra. The DOR technique, how-

ever, dramatically alters the situation for quadrupolar nuclei like _Na (I---_). By

removing anisotropic line broadening contributions, DOR becomes a high resolu-

tion spectral probe of structures, bonding, and dynamical aspects of quadrupolar

nuclei in zeolites.

In this chapter, 23Na DOR is employed to study cation-exchange and adsorption

processes in NassY-zeolite. Specifically, progressive adsorptions of Mo(CO)s, H20,

and trimethylphosphine [P(CHz)z, denoted PMe3], within the porous framework of

NassY-zeolite is examined. In addition, 23Na DOR results enable one to investigate

cation exchange processes in NassY-zeolite by replacing the Na + cations with T1+

and Ca2+. The results indicate that the Na + cations are exchanged at distinct sites

within the unit cell of NassY-zeolite.
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6.3 Experimental Considerations

High purity, crystalline zeolite Y, with Na56(A102)_(SiO2)la6.xH:O unit cell

composition, was obtained from UOP Corporation. In order to remove cation defect

sites, thermally dehydrated/calcined Na56Y was slurried with 0.01 M NaC1, 0.01 M

NaOH solution and washed until free of C1-. All zeolite samples were stored over

saturated NH4C1 solution to ensure constant humidity until use. The thermal dehy-

dration of NavY was carried out under dynamic vacuum [approximately 10-5 Torr],

using an Omega Series model no. CN-2010 programmable temperature controller.

The dehydration followed a preset temperature schedule: 25C-100C over 1 hr, 1 hr

at 100C, 100C-450C over 3 hrs, and 5 hr at 450C. Calcination of the materials for

hr in a static 02 atmosphere of 300 Tort at'450C, followed by vacuum pumping at

this temperature, ensured homogeneity of the samples. The degree of dehydration

was judged by the flatness of the baseline in the mid-IR v-OH and _-OH defor-

mation regions, 3400-3700 cm -1 and 1600-1650 cm -1, respectively. Quantitative

adsorption of H20 and PMe3 was achieved by exposing NavY to the gaseous mate-
x

rials, respectively. The n(Mo(CO)6}-Na_Y samples were prepared using quantita-

tive vapor adsorption of the organometallic compound into the dehydrated zeolite.

The preparation methods are described in detail elsewhere [130, 131].

23Na DOR experiments were carried out at 11.7 Tesla on a Chemagnetics CMX-

500 spectrometer using a home-built D0R probe whose features are described in

Appendix 1 [99]. The spinning speed was 5 kHz for the inner rotor and 600-800 Hz

for the outer one. All samples were loaded into the air-tight sample spinners in a

dry argon glove box. 1000-3000 acquisitions were accumulated in each experiment

using pulse length of 4 #sec (25°). For quantitative NMR measurements, identical
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sample-quantities were used, and the same number of transients acquired. The

spectra were zero-filled to 2K data points, with application of 200 Hz Lorentzian

broadening. The external reference was 0.1 M NaC1 solution.

6.4 Adsorption of Mo(CO)6 in Na56Y-zeolite

A portion of Na_6Y-zeolite framework is shown in Figure 6.1. The framework

of NavY consists of A104 and SiO4 tetrahedra which form a face-centered cubic

array of sodalite cavities (6.6A internal diameter [1]). This arrangement creates

a diamond network of larger 13A diameter supercages, of which there axe eight

in the cubic unit cell. Four distinct extraframework sites axe located within "the

zeolite framework as indicated in the figure [1]: site I inside the hexagonal prism

(located between two six-membered rings), site I' within the sodalite cage (located

above one six-ring), and two sites, II and III, inside the supercage (above six-, and

four-rings, respectively).

2aNa NMR spectra of dehydrated NavY--zeolite axe shown in Figure 6.2. The
:.

MAS spectrum, Figure 6.2(a), displays a peak around -4 ppm, while features up-

field are composed of quadrupolax broadened signals, and overlapping spinning

sidebands. The 2aNa DOR spectrum, Figure 6.2(b), yields higher resolution. The

anisotropic quadrupolar broadening is averaged out in the DOR experiment and

three distinct peaks appear in the spectrum: a prominent Gaussian around -4 ppm,

and two weaker peaks, on top of a broad background signal and a sideband manifold,

at-29 ppm and -40 ppm, respectively.

In order to assign the 23Na DOR signals to specific Na + cation sites, Na56Y-

zeolite samples containing adsorbed Mo(CO)6 guest molecules were examined.
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Figure 6.1" An illustration of part of the unit cell of Na56Y-zeolite. F,x-
traframework cation sites I, I', II, Ill are indicated.



104

(a) MAS 1

(b)DOR l [

50 0 -50

ppm

Figure 6.2" 23Na NMR spectra of dehydrated NassY-zeolite: (a) MAS; (b)
DOR. The isotropic peak positions in the DOR experiment are indicated, and
the asterisks indicate spinning sidebands of the outer rotor.
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This adsorption process has been thoroughly investigated using several analytical

and spectroscopic techniques [132, 133, 134]. Previous studies have determined

that the Mo(CO)6 guest molecules are encapsulated only within the supercages of

Nas6Y-zeolite, and strongly interact with the extraframework Na+ cations at site II

within the supercage (see Figure 6.1) [130, 131, 135].

23Na DOR spectra of dehydrated NamY-zeolite loaded with various quanti-.

ties of Mo(CO)6 guest molecules are shown in Fibre 6.3. The effect of.higher

Mo(CO)_ loading on the NMR spectra is essentially a substantial enhancement of

the intensity of the 2ZNa resonance at around -25 ppm. This peak is therefore as-

cribed to the anchoring Na+ cations at site II, within the supercages. The intensity

of the _ZNa signals at -5 ppm and -41 ppm seems to be unaffected by the Mo(CO)6

adsorption. From examining Figure 6.3, one essentially "discovers" the 23Na DOR

signal from site II through the selective anchoring of the Na + cations to Mo(CO)6

moieties.

X ray diffraction [136] and neutron diffraction measurements [137] have estab-

fished that approximately 55% of the extraframework Na + cations in dehydrated

Navy are located inside the supercage at site II, around 30% in the sodalite-cage

at site I_, 7--8% at side I, with the remainder at site III or unlocated. The 23Na

DOR spectrum of the bare Nas6Y, Figure 6.3(a), features a different intensity ratio

between the Na + sit_s, in particular the relatively low intensity of the 23Na peak

around -?9 ppm, which is ascribed to Na+ cations at ,,3iteII. The rather small DOR

signal from the Na+ cations at site II, Figure 6.3(a), might originate from a large

distribution of chemical environments of the sodium ions at this site. This hypoth-

esis might also explain the broad background signal around-30 ppm. In addition,
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Figure 6.3: 23Na DOR spectra of (a) dehydrated NassY-zeolite, and

NassY-zeolite loaded with: (b) 4Mo(CO)s guest molecules per unit cell; (c)
8Mo(CO)s guest molecules per unit cell; (d) 16Mo(CO)s guest molecules per
unit cell. The asterisks indicate spinning sidebands of the outer rotor.
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broadening of the 23Na DOR signal might be brought about through motion, on

the time scale of the NMR experiment, of the Na+ cations inside the supercage

between accessible sites in the spacious cavity.

A further contribution to the broadening of the 23Na signal from site II might

be a relatively large charge asymmetry at this sodium site. Overall, very broad

spectral features, which in this case axe probably associated with _Na nuclei at

site II within the supercages, might be lost in the baseline fluctuations, as weU as

in the spectrometer "deadtime", prior to data acquisition. A similar effect has been

discussed in the previous chapter for sodalite containing Na_+ cluster guests in the

cages. In this material, a distinct _Na resonance from Na_+ clusters is observed

in the hydrated sample but is broadened considerably, essentially "disappearing",

upon removal of the water molecules, see Figure 5.7.

In this sense, the transformation of "half-naked" ZO-Na + in the dehydrated

material [where Z indicates silicon or aluminum framework atoms] into coordinated

ZONa+.--OC in n{Mo(CO)6}-Nas6Y, increases the symmetry around the _3Na nu-

clei at site II, and/or reduces the Na + motion within the supercage to the extent

that the "missing" Z_Na signal is recovered. Thus, the intensity of the signal as-

cribed to the Na+ cations at site II progressively increases as more Mo(CO)8 guest

molecules axe adsorbed within the supercages, as shown in Figure 6.3(b-d).

Other factors might also determine the relative intensities in DOR experiments,
i

and account for the populatioI_, ratio observed in the NMR spectra. It should be em-

phasized that in the NMR experiments carried out in this study, as well as in other

systems which involve quadrupolar nuclei in non_pherically symmetric environ-

ments, what is observed, and mostly excited, is the "central transition" [½_ -½].

.......................... .................................................. :,_, ..................... _,..__ ............................ _-_ ....... _ ........
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However, a certain amount of the excitation and resonance energies might account

1 3 and 3 1 forfor "satellite transitions" of the quadrupolar nuclei [-3 _ -_ _ _

23Na nuclei], a situation which is denoted a "non--selective" excitation [138, 139].

In multi-site materials, where some environments experience small quadrupolar

interactions [such as the Na+ cation at site I, in the hexagonal prisms of Na58Y-

zeolite], while others exhibit greater quadrupolar effects [Na + cations at site II in

the supercages, for example], the radio-frequency [rf] pulses might act differently

on the nuclei. Specifically, nuclei that experience smaller quadrupolar interaction

would exhibit greater spectral intensities than sites with high quadrupolar interac-

tion, due to the effects of non--selective excitation of the nuclei [139]. This would

produce spectra where the relative intensities would not correspond to an accurate

population ratio of the sites. This is demonstrated, for example, in the 27A1 NMR

experiments on A1PO4-21, Chapter 3.

Another important issue to be considered in this context is the distribution

of the NMI:t Signal between the observed centerband and the spinning sidebands.

The intensity incorporated in spinning sidebands in motional averaging experiments :::

like MAS and DOR, is determined by the spinning speed, and also substantially

by the anisotropic interactions present at the nuclei, such as the quadrupolar and

anisotropic chemical shift [140]. In general, more signal will appear in spinning

sidebands, rather than the centerband, for nuclei which exhibit greater quadrupo-

lar interactions [140]. These effects might account for the spectral features of de-

hydrated Na56Y-zeolite, Figure 6.3(a). The peak ascribed to Na + cations at site

II, around-30 ppm, is located within a broad sideband manifold. This stands in

contrast to the 23Na nuclei at site I, which give rise to the sharp peak at around
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-4 ppm [see below]. The Na + cations at site I are positioned in a rather symmetrical

environment between two six-membered rings in the hexagonal prisms. Indeed, the

23Na DOR signal at around -4 ppm has almost no associated spinning sidebands.

In conclusion, the effects described above contribute to the broad background signal

and sideband manifold around -30 ppm in the _Na DOR spectrum of dehydrated

NavY, Figure 6.3(a), and limit the available information on population ratios which

can be extracted from the signal intensities.

6.5 T1 + and Ca 2+ Cation Exchange

6.5.1 TI + Ion Exchange

2ZNa DOR spectra of T1+-exchanged Navy samples are shown in Figure 6.4.

The Tl+ ion is quite large compared to the Na+ cation (ionic radii 1.47 A and

0.97/_, respectively [105]). With reference to Cs + cation locations in Cs_Y [141] one

expects more than 90% of the T1+ cations in TlssY to reside inside the supercage.

Far-IR spectroscopic studies of Na+ and T1+ translatory modes in Tl_Na__nY also _

favor preferential depletion of the Na + cations from the supercages. Slight depletion

of Na+ at site I' in the sodalite cages, and site I in the hexagonal prisms, occurs

during the initial exchange process as well.

The quantitative 23Na DOR data shown in Figure 6.4 provide additional insight

into the cation exchange process. The intensity of the 23Na peak at -30 ppm

decreases after around 15% of the Na+ cations are exchanged, Figure 6.4(b). The

total background signal in the 23Na DOR spectrum, Figure 6.4(b), seems to diminish

as well. When approximately 30% of the sodium cations are exchanged, the peak
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Figure 6.4: 23Na-DOR spectra of dehydrated Na56Y at various stages of
T1+ ion exchange: (a)Na_Y; (b)TlsNa4sY; (c)Tlx6Na40Y; (d)ThoNa16Y;

(e)T14sNasY. The asterisks indicate spinning sidebands of the outer rotor.
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observed at around -30 ppm, which is ascribed to the Na + cations at site II, is

greatly diminished, as shown in Figure 6.4(c). In addition, the furthermost up--

field peak seems to shift to a higher frequency, Figure 6.4(c), and its intensity

decreases somewhat upon progressively loading more Tl+ cations, Figure 6.4(b-d).

The 23Na DOR spectrum of Na_T148Y, shown in Figure 6.4(e), displays a very

small remnant of the signal at around --40 ppm, while the prominent clown-field

resonance is split into two signals at -2 ppm and -6 ppm, respectively. Thedimin -

ishing signal intensity of the peak at --40 ppm implies that this peak is probably

associated with Na + cations at site I', because in the final stages of the cation

exchange process the T1+ cations may displace Na + in the sodalite-cages.

The Gaussian peak at around-5 ppm; Figure 6.4, is therefore assigned to

Na+ cations at site I within the hexagonal prisms of Na_Y-zeolite. The intense

and narrow DOR resonance associated with the Na+ cations at site I, observed

throughout the entire exchange series, is probably due to the highly symmetrical

octahedral environment of the Na+ cations inside the hexagonal prism, Fig. 6.1.

In addition, one anticipates a more restricted motion of the Na+ ions at this site, :_

compared with the more spacious sodalite cavities and supercages of Na_6Y-zeolite.

Thus, although the populatioa of site I Na+ cations is quite low compared to sites

II and I' [90, 136, 137], the small electric field gradient at the site, as well as the

"pinning down" of the Na+ cations in the hexagonal prism, lead to the relatively

higher intensity and narrow appearance of the DOR resonance associated with the

23Na cations at site I. The observation of a well resolved splitting of the 23Na sig-

nal in the spectrum of T14sNasY, Figure 6.4(e), indicates the existence of at least

two distinct local symmetries of the Na + cations at site I. Since at this stage of

................................................. ,_ _,_o_ ............... _ .........
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the cation-exchange process T1+ ions start replacing Na + in the sodalite-cages,

this splitting might be related to a nearest-neighbor effect of the T1+ present in

sodalite-cavities adjacent to the hexagonal prisms.

6.5.2 Ca 2+ Ion Exchange

Figure 6.5 shows 2SNa synchronized DOR spectra of Ca 2+ cation--exchanged

NavY--zeolite. In synchronized DOR experiments, transients are acquired at the

0° and 180° positions of the inner rotor [relative to the magnetic field], thus achiev-

ing an effective spinning of tw/ce the outer rotor speed. This provides better spectral

resolution than ordinary DOR experiments. The results shown in Figure 6.5 provide

additional support for the assignment of the. sharp downfield 2SNa DOR Gaussian

peak to the Na+ cations at site I inside the hexagonal prisms. Ca2+ cations in dehy-

drated Ca2+--exchanged NavY-zeolite are preferably located within the hexagonal

prisms, rather than the supercages [1]. This is indeed demonstrated in Figure 6.5.

The intensity of the 2SNa DOR peak at around-4 ppm, which is ascribed to the

Na + cations at site I in the hexagonal prisms, substantially decreases upon replac- _,

ing Na+ cations with Ca2+ ions. This result stands in contrast to the essentially

unperturbed 2SNa DOR resonance at around --4 ppm in the Tl+ exchange series,

Figure 6.4. The intensity of the upfield feature, ascribed to the Na + cations at

site I', changes only a little by the Ca2+ cation-exchange process, Figure 6.5. A

very interesting result is the appearance of a distinct 2SNasignal at around -95 ppm,

Figure 6.5(b-c). This peak might be attributed to a sodium environmet in the su-

percages, affected by the exchanged Ca2+ cations.

........................................................................................... 4,- _'__ " .... ,* ............. _ _."_'_'--_............. _--"
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Figure 6.5: 23Na Synchronized DOR spectra of dehydrated Nas6Y at various
stages of Ca 2+ exchange: (a)Nas6Y; (b)Ca14Na28Y; (c)Ca20Na16Y. The aster-
isks indicate spinning sidebands of the outer rotor (twice the actual speed, see

text).
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6.6 Molecular Adsorption in Na56Y-zeolite

As demonstrated above, adsorption of Mo(CO)6, and cation-exchange exper-

iments enable one to identify specific _Na DOR resonances associated with the

Na+ cation sites in NavY-zeolite. Thus, 2aNn DOR experiments could in principle

provide information on adsorption processes, interactions, and environments of the

extraframework Na+ cations. 2aNn DOR experiments which involve two adsorption

processes in Nas6Y-zeolite are described below: They include H20 adsorption, and

the incorporation of PMe3 within the porous framework of the zeolite.

6.6.1 H20 Adsorption

2aNn DOR spectra of dehydrated, and partially hydrated NavY are shown in

Figure 6.6. As water molecules progressively adsorb onto NavY-zeolite, a clear

effect is detected on Na + cations at sites II and I'. The signals at -30 ppm and

-42 ppm, ascribed to Na+ cations at sites II and I', respectively, shift downfield, as

more H20 molecules are loaded, while the position of the peak at around -4 ppm,

which is ascribed to Na+ cations at site I, does not change upon water adsorption.

Sites I' and II are located in the sodalite-v_ges and supercages, respectively (Fig-

ure 6.1), which are more spacious than the hexagonal prisms and accessible to the

water molecules. Thus, adsorbed H20 guest molecules might penetrate the larger

cages within the zeolite framework, causing the observed shifts in the resonance

positions of the Na+ cations at sites I' and II, Figure 6.6(b)-(e).

Previous studies have indicated that extraframework cations exhibit increased

mobility in fully hydrated zeolite systems [96, 143]. The NMR results shown in

Figure 6.6 are consistent with, and expand upon, this description. The quantitative
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Figure 6.6: 23Na DOR spectra of (a)dehydrated NavY, and Na56Y progres-

sively loaded with H20 guest molecules: (b)SH20 per unit cell; (c)16H20 per

unit cell; (d)32H20 per unit cell; (e)64H20 per unit cell; (f)96H20 per unit

cell. The asterisks indicate spinning sidebands of the outer rotor.
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adsorption of H20 molecules in dehydrated Na56Y causes a progressive deshielding

of the 23Na nuclei at sites II and I', Figure 6.6, which most likely arises from the

combined effects of diminishing interactions with the framework oxygens, and faster

motion of the Na + cations. An interesting result is obtained for Navy zeolite which

contains 32H20 molecules in the unit cell, Figure 6.6(d). The profound downfield

shift of the 23Na peak ascribed to site I', from -42 ppm to approximately -23 ppm,

probably indicates a change of the interaction of site I' Na + cations with the zeolite

framework. Migration of Na+ cations from the sodalite cages to adjacent supercage

sites might also contribute to this resonance shift; exchange of sodium cations

between a sodalite-cavity and the supercage is possible because the ionic diameter

of Na + [2.3/_ [125]] is smaller than the six-ring opening between the two types of

cavities [2.7 ]_ [1]].

The sample containing 96H20 molecules per unit cell features a narrower Gaus-

sian signal at around -8 ppm, Figure 6.6(f). This spectrum is essentially identical

to a 23Na DOR spectrum of the fully hydrated material {240H20}-Nas6Y, and

indicates a single average environment for the Na+ cations within the zeolite Y

framework. The Na+ cations are probably "solvated" by the water molecules at

this stage, and exhibit a very fast motion within the zeolite pores, on the time

scale of the NMR experiments. Indeed, several studies have determined that hy-

drated zeolites incorporate highly mobile species within the cavities [96, 97, 143].

The position of the 23Na signal at around -8 ppm, Figure 6.6(f), is close to the

resonance ascribed to Na + cations at site I inside the hexagonal prism at -4 ppm,

Figure 6.6(a), which further indicates a highly symmetrical electronic environment

for the hydrated Na+ cations.
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6.6.2 P(CH3)3 Adsorption

The observed mobilization of the extraframework Na + cations with progressive

additions of H20 molecules to NavY-zeolite, most likely originates from Lewis

base {H20}...Na+OZ interactions. To test this proposal, the adsorption effects of

trimethylphosphine (PMe3) in NavY--zeolite were examined. PMe3 is a sterically

large, soft (class B) Lewis base, compared to H20, a small, hard (class A) Lewis base

molecule [128]. Binding of PMe3 to Brcnsted and Lewis acid sites in zeolite Y has

been probed in several studies using 31P MAS [69, 144, 145, 146]. Figure 6.7 features

the 23Na DOR spectra of Na56Y zeolite, loaded with quantitative amounts of PMea

guest molecules. The adsorbed PMe3 molecules clearly affect the environments of

the sodium nuclei, causing profound changesin the positions and shapes of the _3Na

signals, as shown in Figure 6.7.

Previous 31p results indicate the occurrence of electronic interaction between

the phosphorus atom of PMe3, and Na + cations in the supercages of Navy [145].

Indeed, the 23Na DOR signal ascribed to Na+ cations at site II is shifted down-

field, from -30 ppm in dehydrated NavY, Figure 6.7(a), to around -24 ppm and

-15 ppm, upon loading 8PMe3 and 16PMea guest molecules, respectively, Fig-

ure 6.7(b) and (c). A relevant observation is the apparent effect of adsorbed PMe3

molecules on Na + cations at site I', located inside the smaller sodalite cage, Fig-

ure 6.1; the 23Na DOR peak at -42 ppm, Figure 6.7(a), ascribed to Na+ cations at

site I', shifts downfield to around-30 ppm upon PMe3 loading. The kinetic diame-

ter of PMe3 is 5.5/_ [146], significantly larger than the 2.7/_-wide six-ring window

between the sodalite cage and the supercage [1]. This does not permit incorporation

of PMe3 within the sodalite cavities of Na56Y-zeolite, at room temperature. This

............................................... .............................................. _ ........ ...... _ ........... ,_......... if ...........
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Figure 6.7: 23Na DOR spectra of (a)dehydrated NavY, and NavY progres-
sively loaded with PMe3 guest molecules: (b)8PMe3 per unit cell; (c)16PMe3

per unit cell; (d)24PMe3 per unit cell; (e)32PMes per unit cell. The asterisks
indicate spinning sidebands of the outer rotor.

.................................................. _..................................._,_._,_ _,._ ...... =. ......................................... T,,_ ...... _........................................_.... _._ _ -- ._



119

situation is significantly different from that encountered in hydrated Na56Y-zeolite,

where the H20 guest molecules can move between the sodalite and supercages, as

discussed above.

The NMR results, shown in Figure 6.7(b)-(e), show clearly that PMe3 molecules,

encapsulated only within the supercages, do exhibit an indirect electronic (coopera-

tive) effect on the smaller adjacent sodalite cavities. The downfield shift, as well as

the broadening of the 23Na signal from site F, indicates a significant change in the

environments of the Na + cations inside the sodalite cavities. This might arise from

an increased mobility of the Na + cations, as discussed above in the H20-loaded

samples.

The highest PMe3-1oaded NavY sample contains 4PMe3 guest molecules in

each supercage within the zeolite framework. The 23Na DOR spectrum of this

material, Figure 6.7(e), features a pronounced Gaussian peak at around -3 ppm,

which again indicates an average 2_Na environment. This observation favors a

model of Na+ cations coordinated by the mobile PMe3 molecules, similar to the one

proposed above for Nas6Y containing adsorbed H20. The position of the 2_Na peak i(

in the highest-loaded PMe3 sample, at -3 ppm [Figure 6.7(e)], is further downfield

from the analogous resonance, at -8 ppm, ascribed to the Na+ cations in the high

H20-loaded material [Figure 6.6(f)]. This shift probably reflects differences in the

nature of the interactions of the PMe3 and H_O guests, respectively, with the zeolite

framework and the Na+ cations.

Note the broad background signal observed at around -25 ppm for {32PMe3}-

NavY, Figure 6.7(e). This feature is not detected in the 23Na DOR spectrum of

{96H20}-Na56Y, Figure 6.6(f). This observation is consistent with the expectation
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of different interactions between the Na + cations, and the H20 and PMe3 guest

molecules, and probably indicates a more restricted motion of the Na + cations in

the PMe3-containing material. Steric limitations might exist within the "crowded"

supercages in (32PMe3)-Na_Y, and would cause broadening of the 23Na signal.

............................... .......



Chapter 7

Intrazeolitic Reactions in

Na56Y-Zeolite Studied by

23Na DOR

7.1 Abstract

:\

2aNa D0R provides site-specific structural and dynamical information on the

substitution of CO ligands by P(CH_)3 in {Mo(CO)6}-Na_Y, and photooxidation

of Mo(CO)6 and W(CO)6, carried out inside the pores of Na56Y-zeolite. The posi-

tions, shapes, and intensities of the 2aNa DOR resonances depend on the anchoring

interactions and the environments of the extraframework cations, as well as on the

molecular guests which are involved in the intrazeolitic reactions. Additional dy-

namical information on the extraframework cations and guest species is obtained

by estimation of the spin-lattice relaxation of the 23Na nuclei.

121
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7.2 Introduction

Traditional uses of zeolite materials have included catalytic and electrochemical

transformations based on atomic and molecular adsorption processes [1]. There

is a growing interest in recent years in using zeolites as templates for metal [147]

and semiconductor nanoclusters [2]. The unique properties of zeolites,:such as the

uniform, molecular-dimension pores, the size and shape selectivity of the channels,

and the chemical reactivity of the zeolite lattice, offer distinct advantages" in us-

ing chemical routes for fabrication of semiconductor nanoparticle assemblies. For

example, encapsulation of CdS and PbS clusters in zeolite Y has been shown to

affect the optical properties of the semiconductor clusters [148]. Ordered intraze-

olitic guest assemblies were synthesized and characterized [149, 150, 151]. Other

studies have demonstrated practical technological applications of guest/host zeolite

materials [117, 121, 152].

The successful synthesis Of organized, well defined, zeolite inclusion systems re-

quires a thorough understanding of the effects of topology sad reactivity of the
;4

zeolite' internal surface. These factors are pivotal in determining the location, '

population and distribution of the guest species inside the zeolite host lattice. Ex-

traframework cations, located at specific sites within the zeolite lattice, play an

important role in determining the reactivity of the zeolite, as well as structural and

dynamical properties of the guest species. In this chapter, 23Na DOR experiments

are utilized to characterize the environments and distribution of extraframework

Na + cations, and the changes which occur throughout various intrazeolite reactions

are discussed. Specifically, the intrazeolitic reactions investigated in this chap-

ter include the substitution of the CO ligands of Mo(CO)s by P(CH3)3, yielding
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zeolite-encpsulated Mo(CO)4(PMe3)_, and the photooxidation, followed by thermal

reduction, of intrazeolite Mo(CO)_ and W(CO)_, yielding {MoO=}-Na56Y (x=2,3)

and {WO=}-Na_Y (x=2,2.5,3), respectively. Details regarding the arrangements

and motion of the guest molecules are also provided by carrying out the DOR exper-

iments at two magnetic field strengths, and estimating the spin-lattice relaxation

rates of the 2aNa nuclei.

7.3 Experimental Considerations

The quantitative adsorption of Mo(CO)6 and W(CO)6 was achieved using vapor

deposition of the organometaUic compounds into dehydrated NavY-zeolite, see

previous chapter. Ligand substitution of the encapsulated Mo(CO)6 with PMe3 was

performed by heating the co-adsorbed guests to 70° [130, 131], according to the

following reaction stoichiometry:

8{M(CO)6}-Na_Y + 16PMe3 _ 8{M(CO)6},16{PMe3}-Na_Y
(7.1)

---,7°"8{Mo(CO)4(PMea)2}-Na_Y + 16C0 :,

Photooxidation of the encapsulated M(CO)6 (M=Mo, W) moieties, yielding

intrazeolite MO3 clusters, was achieved by irradiating the dehydrated samples in

the presence of 02 gas using A >240 nm light [115, 153, 154]:

m{M(CO)6}-Na_Y + -_nO2 h--z*m{MO3}-Na_Y + 6nCO2 (7.2)

where 0 < m < 16.

Further reduction of the molybdenum and tungsten trioxides was achieved through

vacuum, thermal reductive-elimination of 02 [154, 155, 156], described by the fol-
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lowing reaction stoichiometries:

n{WOs}-Na_Y 3°°°c---*n{WO2.s}-Na_Y 4°°°c_n{WO2}-Na_Y (7.3) I

and

n{MoO3}-Na_Y 4°°°c_ n{MoO_}-Na56Y (7.4)

These processes can be quantitatively reversed by exposing the reduced samples to

02 gas at 400°C and 300°C, respectively. Detailed descriptions of the preparation

procedures are provided in the literature [115, 153, 154, 155, 156].

Z_Na DOR experiments were carried out at 9.6 T and 11.7 T. The spinning

speed was 5 kHz for the inner rotor and 600-800 for the outer one. All samples

were loaded into the air-tight sample spinners in a dry argon glove box. 1000-3000

acquisitions were accumulated in each experiment. 4/zsec (25°) pulses were used

in the 1-pulse NMR experiments, while the inversion-recovery pulse sequence [157]

was used for measuring spin-lattice relaxation times, using soft pulses [90°=19#sec

in solution]. For quantitative NMR measurements, identical sample-<luantities were

used, and the same number of transients acquired. All spectra were zero-filled to
:'x

2K data points, with application of 200 Hz Lorentzian broadening. The external

reference was 0.1 M NaC1 solution.

7.4 Ligand Substitution of CO by P(CH3)3 in
I

8{Mo(CO)6}-Na56Y

Recently, the first quantitative kinetic study of an archetypical substitution

reaction of CO by PMe3 in the well defined system n{Mo(CO)6}-Na56Y has been

reported [131]. The results indicated a transition state which consists of an activated
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{Mo(CO)6-Na56Y}, with PMe3 anchored to Na+ cations in the supercages of the

Na56Y host lattice. Generally, an increase in PMe3 loading produces a decrease in

the activating ability of the host lattice and was attributed to deanchoring of the

encapsulated complex, caused by Me3P...Na+OZ (Z-Si, Al), Me3P...OZ, and/or

Me3P.- .Me3P interactions.

23Na DOR was used to examine the kinetics and mechanism of this intrazeolitic

ligand substitution reaction. The technique was employed to investigate the re-

actant 8{Mo(CO)6}-Na_6Y, the reactant-pair produced upon adsorption of PMe3,

8{Mo(CO)6},16{PMe3}-Na_Y, and the kinetic product, 8{cis-Mo(CO)4 (PMe3)2}-

NavY, all of which play key roles in the CO substitution of Na66Y-encapsulated

Mo(CO)6 by PMe3 [131].

The 23Na DOR results, shown in Figure 7.1, provide insight into the loading

dependent anchoring interactions between the extraframework Na+ cations and the

adsorbed guest molecules. Introducing Mo(CO)6 guests into the pores of NavY

causes a downfie]d shift of the 23Na signal ascribed to the site II Na + cations, from

-30 ppm in dehydrated NavY, Figure 7.1(a), to around-24 ppm for 8{Mo(CO)6}- _.

Na56Y, Figure 7.1(b). In addition, a significant increase of the intensity of the

signal from the Na + cations at Site II is detected. These observations indicate

a strong anchoring interaction between the Mo(CO)6 guests and the Na + cations
!

at site II in the supercages, through the oxygen-end of the carbonyl ligands. A

detailed discussion concerning intensity aspects in the 23Na DOR spectra of M(CO)6

adsorbed within Na56Y is provided in the previous chapter.

A further change in the environments of the Na + cations is detected in the 23Na

DOR spectrum of the intrazeolite reactant-pair, S{Mo(CO)6},16{PMe3}-Na56Y,
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Figure 7.1' 23Na DOR spectra at 11.7 Tesla of (a)dehydrated NavY,
and materials produced in the intrazeolite PMez reactions of 8{Mo(CO)6}-

Na56Y: (b) reactant material, 8{Mo(CO)6}-Na56Y; (c) reactant-pair,

8{Mo(CO)6},16{PMez}-Na_Y; (d)kinetic product, 8{Mo(CO)4(PMez)2}-
NavY. The asterisks denote spinning sidebands of the outer rotor.
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Figure 7.1(c). Here, the addition of two PMe3 guest molecules into a supercage

containing one Mo(CO)6 reactant molecule, causes a downfield shift of the 23Na

signals associated with both the Na + cations at site II in the supercage and site I',

located in the adjacent sodalite cavities. The positions of the two resonances in the

spectrum of 8{Mo(CO)6},16{PMe3}-Na_Y are shifted to -20 ppm and -27 ppm,

respectively, which is further downfield from both the dehydrated Navy sample,

Figure 7.1(a), as well as the reactant 8{Mo(CO)8}-_Na_Y, Figure 7.1(b). These

results might provide evidence for a direct electronic effect of the PMe3 guests on

the Na+ cations at site II, anchored to the adsorbed Mo(CO)6 molecules. The 23Na

DOR spectrum shown in Figure 7.1(c) also indicates an indirect negative coopera-

tive effect exerted by the PMe3 guests on the Na + cations inside the sodalite cages.

The smaller sodalite cavity is inaccessible to the PMe3 molecules. Nevertheless, a

downfield shift is observed for the 23Na DOR resonance associated with site I' Na+

cations, inside the sodalite cage, from around -36 ppm for 8{Mo(CO)8}-Na_Y,

Figure 7.1(b), to-27 ppm for 8{Mo(CO)6},16{PMe3}-Na_Y, Figure 7.1(c).

The 23Na DOR spectrum of the kinetic product, S{Mo(CO)4(PMe3)2}-Na_Y,

Figure 7.1(d), features a noticeable difference from both the reactant, Figure 7.1(b),

and the reactant-pair, Figure 7.1(c). The peak at-14 ppm in Figure 4(d) most

likely corresponds to Na+ cations at site II inside the supercages. The 23Na DOR

signal from site II shifts significantly downfield, reflecting a different interaction be-

tween the encapsulated kinetic product cis-Mo(CO)4(PMe3)2, and the extraframe-

work Na + cations in the supercage, compared with the analogous interaction of

the reactant Mo(CO)6 molecules and the sodium cations. This is consistent with

the expectation that the oxygen-end of the anchoring trans_arbonyl ligands in

, ..... _ .......................................... _.... ...................... _ ............................. : ...... _1,1,.-_
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8{cis-Mo(CO)4(PMes)2}-Na56Y should exhibit a higher Lewis basicity than in the

reactant 8{Mo(CO)6}-Na_Y, due to the substitution of two CO ligands by PMe3.

The broad feature at around -35 ppm, Figure 7.1(d), may arise from other 23Na

environments in zeolite Y, probably Na + cations within the sodalite cavities.

Itshouldbe notedthatthe2SNa DOR resonanceataround-4 ppm, ascribed

toNa+ cationsatsiteIinsidethehexagonalprism[seepreviouschapter],isnotaf-

fectedby the reactant, reactant-pair or kinetic product contained in the supercages

of NavY, Figure 7.1(a)-(d). Na + cations at site I are spatially constrained between

the two six-rings comprising the hexagonal prism [see Figure 6.1]; therefore, their

interactions with the guest species inside the supercages are limited. Clearly, co-

operative effects involving Na+ cations at site I are negligible in these samples, as

shown in Figure 7.1.

Further insight into the environments and interactions involving Na + cations

in the supercages of NaseY is provided by determining the chemical shift and

quadrupolar contributions to the DOR lines. As described in Chapter 3, the center-

band resonances that appear in DOR experiments, 6obs, incorporate contributions

from both the isotropic chemical shift, 6=, related to the charge density around

the nuclei, and the isotropic second-order quadrupolar shift, 6Q,_,o,which depends

on the magnetic field and the quadrupolar parameters, see Equations 3.1 and 3.2.

Thus, as demonstrated in Chapters 3 and 5, application of the DOR experiments at

two magnetic field strengths enables one to independently determine the isotropic

quadrupolar and chemical shift components of the resonances.

Table 7.1 shows the positions of the 2ZNa DOR resonance ascribed to Na + cations

at site II, at 11.7 T and 9.6 T, and the calculated values of the isotropic chemical
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Table 7.1: Observed positions of the 23Na DOR peak ascribed to Na + cations at
site II in the supercage of Nas6Y, 6oh,, at 11.7 Tesla and 9.6 Tesla, and calculated
values for the isotropic chemical shift, _c,, and the quadrupolar product, PQ =

2
(1 + 3 }C_, determined by using Equations 3.1 and 3.2, see text. The uncertainty
in the peak positions was 4-0.3 ppm.

8(Mo(CO)e }-Navy 8{Mo(CO)6},I6{PMo3 }-NavY 8{Mo{CO)4(PM_)2 }-Na6eY
, , ,, , ,, ,,, ,,, .... , ,,, ,,, , ,,, ,, .

6_j,1i.7 T -24 ppm -20 ppm -14 ppm
,,,, , , ,...... ,,, ...... ,...... , .... -

606,,9.6 T -28 ppm -24 ppm -20 ppm
...... , ,,, , ..... , , ,..... ,,,, ......... -- _

6eJ -16.9 ppm -12.9 ppm -3.3 ppm
................................. -

PQ 2.2 MHz 2.2 MHz 2.7 MHz i
.... ,I , " " " ' ....... ............ " ' ........... :_

shift, _=, and the quadrupolar product PQ = (1 + _)_, using Equations 3.1

and 3.2, respectively. These results reveal that on passing from the reactant

8{Mo(CO)6}-Nas6Y, to the reactant-pair 8{Mo(CO)6},16{PMe3}-Nas6Y, to the

kinetic product, 8{cis-Mo(CO)4(PMe3)_}-Na_Y, the primary effect is deshieldin9

of the anchoring Na + cations at site II. This is entirely consistent with the notions

of negative cooperative effects exerted by the PMe3 guests in the reactant-pair,

8{Mo(CO)6},16{PMe3}-Na_6Y, as well as the higher Lewis basicity of the oxygen-

end of the carbonyl ligands in the kinetic product, 8{cis-Mo(CO)4(PMe3)2}-Nas6Y,

both effects modifying the interaction and/or positioning of the Na+ cations at their

respective framework-oxygen six-ring sites.

The calculations presented in Table 7.1 show that the quadrupolar product re-

mains virtually unchanged at 2.2 MHz upon addition of PMe3 to the reactant,

8{Mo(CO)6}-Nas6Y. This indicates a very small change in the electric field gra-

dient around the =3Na nuclei for the reactant pair. The quadrupolar product of

the =3Na nuclei at site II increases to 2.7 MHz on formation of the kinetic product



130

in the intrazeolitic reaction, 8{cis-Mo(CO)4(PMe3)2}-Nas6Y, although this change

might be experimentally insignificant. This result, combined with the substantial

deshielding of the Z_Na nuclei in the kinetic product, Table 7.1, probably reflects

stronger anchoring of the cis-Mo(CO)4(PMez)2 molecules with the Na+ cation in-

side the supercages of Nae_Y.

7.4.1 Spin-Lattice Relaxation Measurements

Valuable information on dynamical aspects concerning the motion of extraframe-

work Na + cations, as well as on the encapsulated guest species within the cavity

spaces of sodium zeolite Y, can be obtained by estimating the spin-lattice relaxation

of the _Na nuclei. The determination of sit.e-specific spin-lattice relaxation rates

in these materials is made possible by the increased spectral resolution obtained in

the _Na DOR experiments.

Relaxation of quadrupolar nuclei, such as 2SNa (I=_), is dominated in diamag-

netic systems by the interaction of the quadrupole moments with fluctuating electric

field gradients [97, 158, 159, 160]. In principle, the longitudinal relaxation of I=-_

nuclei, due to the quadrupolar interactions, exhibits a nonexponential decay, due

to a superposition of two exponentially decaying components [159]. Thus, as op-

posed to the common situation encountered in NMR experiments of I-_ nuclei, one

cannot actually refer to a single relaxation rate in quadrupolar systems [159, 161].

However, in the "extreme narrowing" case, which is the situation attained upon

fast fluctuations of the electric field gradient, the quadrupolar spin-lattice relax-

ation rate, (T1,Q)-1, is given by [15S]:

(TI,0.)_ 1 3zr2, 2I + 3 .e2qQ_2 _72
= T0-[I2(2I_ 1)]t---_] (1 -b-_-)Tc (7.5)
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where % is the correlation time characterizing the time dependence of tile electric

field gradient.

The following discussion assumes that the approximation of extreme narrowing,

or fast motion within the zeolite pores in the Na56Y-zeolite system, is valid. This

hypothesis is supported by the observation in this study of similar spin-lattice

relaxation rates at different magnetic field strengths [13, 158]. In addition, previous

studies have related the time dependent fluctuations of the electric field gradient

around quadrupolar nuclei in fully hydrated zeolites, to motion of the highly mobile

water guest molecules and extraframework cations [97, 160]. These studies have

shown that the high mobility of the adsorbed species within the zeolite pores at room

temperature renders accurate the approximation that the spin-lattice relaxation of

2aNa nuclei in zeolite Y is in the fast motion regime.

Figure 7.2 shows room temperature _Na DOR results of 8{Mo(CO)6}-Na56Y,

for various values of delay time, r, used in the inversion-recovery experiments

[_r- _"- _- detection]. Additional spin-lattice relaxation experiments at variable

temperatures are not yet feasible with the DOR apparatus used in this work. In-

spection of the spectra in Figure 7.2 reveals that the Z_Na nuclei located at site I

inside the hexagonal prism, which are associated with the peak at around -3 ppm,

exhibit longer spin-lattice relaxation than the Na+ cations at site II in the su-

percages, which give rise to the upfield signal at around -24 ppm. The apparent

slower spin-lattice relaxation of the Z3Na nuclei at site I might reflect the substan-

tially smaller quadrupolar interaction experienced by the sodium nuclei between

the two six-rings inside the hexagonal prisms [see Figure 6.1]. Indeed, DOR ex-

periments that were carried out at two magnetic field strengths yield a value of

...................................... ................. *,=it............................ _ ........................... ........ "i ............
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Figure 7.2: 23Na DOR spectra of 8{Mo(CO)6}-Na_Y acquired at 11.7 Tesla,
_-detection. The delayusing the inversion-recovery pulse sequence, _r - r-

time T is indicated.
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approximately PQ-0.4 MHz for the quadrupolar product of 23Na at site I, as com-

pared to Pq'-2.2 MHz for the 23Na nuclei at site II, Table 7.1.

Plots featuring the magnetization decays of the 23Na nuclei at site II, in the reac-

tant sample, 8{Mo(CO)6}-Na56Y, and the reactant-pair, 8{Mo(CO)6},16{PMea}-

NavY, axe shown in Figure 7.3. The results indicate a significant increase in the lon-

gitudinal relaxation of the anchoring Na + cations at site II, upon addition of PMe3.

The T1 of the Na + cations at site II increases fromaround 15 msec, in the reac-

tant 8{Mo(CO)6}-Na_Y, to 80 msec in the reactant-pair, 8{Mo(CO)6},16{eMes}-

NavY, Figure 7.3. Slight deviations from exponential relaxation of the _SNa nuclei

axe observed in Figure 7.3. The nonexponential behaviour probably arises from

non-selective excitation [139, 162], as well as from transitions within energy levels

in the quadrupolax manifold. Although the reported T1 values in Figure 7.3 axe es-

sentially average values, they reflect a significant difference between the spin-lattice

relaxation rates of the 2aNa nuclei in the two samples.

The quadr_polar products PQ of the 2SNa nuclei at site II, in the reactant and

reactant-pair materials, axe equal, Table 7.1; therefore, the increase of T1 in the :.

reactant-pair is most likely related to a decreaze in the quadrupolax correlation time,

To, Equation 7.5. This result is again consistent with the description of increased

motion of the anchoring Na + cations, and/or the Mo(CO)6 guest species, brought

about by Me3e.- .Na+OZ (Z-Si, hl), Me3e...OZ and/or Me3P-..Mo(CO)6 inter-

actions in the supecages of Na56Y. The increased mobility might produce faster

fluctuations of the electric field gradients at the 23Na nuclei, which will bring

about the slower spin-lattice relaxation observed after adsorption of the PMea guest

molecules.
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Figure 7.3: A semilogarithmic plot of the magnetization decays of the 23Na

nuclei at site II in the reactant material, 8{Mo(CO)6}-Na_Y (open circles),

and the reactant-pair, 8{Mo(CO)6},16{PMea}-Na56Y (shaded squares). M0

is the peak intensity measured after more than 5T1 delay time, M(0 is the

intensity measured in the inversion-recovery experiments at a particular delay

time, t. The lines are the polynomial fittings of the experimental results, and

the T1 values are the inverse of the respective slopes.
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7.5 Photooxidation of Mo(CO) and W(CO)6 En-

capsulated in Na56Y

Photooxidation of hexacarbonylmetal(0) complexes with dioxygen, Reaction 7.2,

is a prototypical "topotactic" intrazeolitic reaction, which results in a production

of semiconductor nanoclusters within the zeolite pores. A particularly noteworthy

feature of the synthesized intrazeolite metal oxides, :is the ability to control their

oxygen stoichiometries through vacuum, thermal reductive-elimination process, re-

actions 7.3 and 7.4. The reduction process is somewhat analogous to a "doping"

process of semiconductor materials, as the energy band-gaps of the metal-oxides

are modified by the reduction process [153, :155]. A multiprong approach, includ:

ing diffraction, spectroscopy, microscopy, thermal and chemical analyses, has been

applied to the intrazeolite metal(0)heaxcarbonyl precursors, n{M(CO)6}-Na_Y,

and oxidation products, n{MO3_._}-Na_Y, in order to probe their structures and

properties [153, 154, 155, 156, 163, 164].

The proposed organizations of the guests for the special case of half-loading _

(n=16) samples in Navy are iUastrated schematically in Figure 7.4 [molybdenum-

oxides] and Figure 7.5 [tungsten-oxides]. In all cases, bond lengths and coordina-

tion numbers were estimated from Mo K-edge and W LIII--edge EXAFS structure

analyses [130, 154, 155, 156, 163]. As shown in Figures 7.4 and 7.5, a ubiquitous

feature for all intrazeolite M(CO)_ precursors and MO3-x products, is the proposed

existence of anchoring interactions between the oxygen-end of the carbonyl ligands

[of the carbonyl precursors], or the oxometal bonds [of the metal oxides], and the

extraframework charge balancing Na+ cations located within the supercages. The
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majority Na+ cations in the supercages under these circumstances are arranged in a

tetrahedral array of four Na+ cations at site II, with each sodium ion being located

above the center of an oxygen six-ring [137].

The existence of such ZONa+...O interactions (Z=-Si, Al) has been deduced

in earlier studies from a combination of site-specific frequency shifts in the Na+

cation far-IR translatory modes, as well as line shifts and intensity alterations in

the 23Na MAS-NMR spectra, induced by the introduction of M(CO)6 and MO3-x

into the supercages of bare NavY [165, 166]. In addition, Rb K-edge EXAFS

structure analysis has been employed to evaluate ZORb+.--O anchoring interactions

in some of these systems [130]. Taken together, the results of the above studies

provide compelling evidence for the existence of anchoring interactions of the type

illustrated in Figures 7.4 and 7.5. However, each method has particular interpretive

difficulties that might not produce unequivocal results. Specifically, the far-IR

adsorption induced frequency shifts are usually only of the order of 2-5 cm -1,

and might be blue, or red-shifted depending on the alterations in bonding and

geometry around the Na+ cation anchoring site [165, 166]. The Z3Na MAS spectra

of Na_6Y and its guest-loaded derivatives are essentially convolutions of poorly

resolved quadrupolar-broadened resonances from the various Na+ sites, and the

EXAFS derived adsorption induced changes in the Rb-O coordination numbers

are the same order of magnitude as the experimental precision (20%). The 23Na

DOR results, however, provide a sensitive and direct probe of ZONa+.--O anchoring

interactions in the supercages, which more completely define the structures and

properties of M(CO)6 and MO3-x guests in zeolite Y.
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7.5.1 Intrazeolite Oxidation of Mo(CO)6

23Na DOR spectra of oxidized 16{Mo(CO)6}-Na56Y species, Reactions 7.2 and

7.4, are shown in Figure 7.6. The NMR results of both the photooxidized product,

16{MoO_}-Na56Y, Figure 7.6(c), and the further thermally reduced 16{MoO2)-

Nas6Y, Figure 7.6(d), feature significant changes in the intensity of the signal as-

cribed to Na + cations at site If. MoO3 is a monomer, considered to exhibit a trigonal

pyramidal structure, and anchored to three framework oxygens through the metal

vertice [154], as illustrated in Figure 7.4. The disposition of the oxometal bonds

in the trigonal pyramid is such that only a single oxygen-end can interact with

an adjacent Na + cation at site If. Therefore, whereas two Mo(CO)6 molecules are

anchored to four Na + cations at site II in the supercage, as shown in Figure 7.4,

only two site II Na + cations will interact with the two 2MOO3 photooxidation prod-

ucts. Indeed, the _3Na DOR spectrum of 16{MoOs)-Na56Y, Figure 7.6(c), shows

a substantially reduced intensity of the peak associated with site If, as essentially

only halt" of the anchored Na + cations in the precursor sample, Figure 7.6(b), are

still bound in the photooxidized sample. As discussed in the previous chapter, the

NMR signal from unanchored Na + cations is extremely broad, and is mostly buried

in the fluctuations of the baseline and the experimental "deadtime".

Following the thermal reductive-elimination of 02, reaction 7.4, encapsulated

MoO_ molecular guests are produced inside the supercages, as illustrated in Fig-

ure 7.4. The MoO2 molecule, similar to the Mo(CO)6 complex, exhibits a geometry

that facilitates anchoring interactions to two Na + cations. Accordingly, the in-

tensity of the signal at -19 ppm, associated with Na + cations at site II in the

supercages of 16{MoO2)-Na56Y, Figure 7.6(d), increases significantly, compared to
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Figure 7.6: i3Na DOR spectra of (a) dehydrated Na56Y; (b) 16{Mo(CO)6}-

NavY; and oxidation products: (c)16{MoO3}-Na_Y; (d)16{MoOi}-Na_Y.
The asterisks indicate spinning sidebands of the outer rotor. Schematic illus-
trations of the strucrural arrangement of the guest molecules in the supercage
are shown on the left of each spectrum.
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the respective _3Na signal at around -18 ppm in 16{MoO3}-Na56Y, Figure 7.6(c).

Incidentally, one observes a shift in the 2_Na resonance ascribed to site II, from

-25 ppm in 16{Mo(CO)6}-Nas6Y, Figure 7.6(b), to around-18 ppm in the MoO3

and MoO2-1oaded samples, Figure 7.6(c) and (d), respectively. This shift might

indicate a different interaction between the extraframework Na + cations and the

oxygen-ends of the carbonyl and oxo--molybdenum bonds, respectively.

7.5.2 Intrazeolite Oxidation of W(CO)6

Figure 7.7 features the 23Na DOR spectra of the intrazeolite tungsten hexacar- I

bonyl and oxide series, Reactions 7.2 and 7.3. The proposed structural arrange-

ments axe shown schematically in Figure 7.5.-The DOR spectrum of 16{W(CO)6}-

NavY, Figure 7.7(b), is almost identical to the respective molybdenum precursor,

16{Mo(CO)6}-Na56Y, shown in Figure 7.6(b). The similarity between the NMR

spectra indicates that the anchoring interactions and guest arrangements in both

tungsten and molybdenum precursor carbonyl materials are probably identical.

Photooxidation of the pareat material 16{W(CO)6}-Na_Y produces 16{WO3}-

NavY, Reaction 7.2, which is viewed c_na supralattice of W206 dimers (W6+/W 6+)

within the zeolite framework [155, 163]. As shown in Figure 7.5, this configu-

ration produces anchoring interactions of each W206 dimer with only two Na+

cations at site II, through the oxygen-end of the terminal oxo-tungsten bonds of

the molecule. Accordingly, one observes a significant decrease in the intensity of the

23Na resonance ascribed to site II, in the spectrum of the photooxidation product,

Figure 7.7(c), since twice as many Na+ cations were anchored in the parent precur-

sor material, 16{W(CO)6}-Nas_Y, see Figure 7.5. The signal associated with site II
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Figure 7.7: 2_Na DOR spectra of (a) dehydrated NavY; (b)16{W(CO)6}-
Nas6Y; and oxidation products: (c)16{WO3}-Na_Y; (d)16{WO2.s}-Na_Y;

(e)16{WO2}-Na_Y. The asterisks indicate spinning sidebands of the outer
rotor. Schematic illustrations of the strucrural arrangement of the guest

molecules in the supercage are shown on the left of each spectrum.
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Na + cations in 16{WOa}-Nas_Y, Figure 7.7(c), appears as a shoulder, at around

-17 ppm, of the prominent downfield resonance. This pronounced downfield shift

from the original 23Na position at around -23 ppm, in the precursor material, Fig-

ure 7.7(b), probably corresponds to the structural transformation undergone by the

W(CO)8 complexes inside the supercage. The formation of the W206 dimer might

significantly alter the environment of the anchoring Na+ cations at site II.

The first-stage thermal reduction product 16{WO_.5}-Na_Y, Reaction 7,3, con-

sists of a supralattice of superexcbange coupled (WS+/W s+) W205 dimers, whereas

the final product, 16{WO2}-Nas_Y, exists as separate WO2 monomers [155, 163],

see in Figure 7.5. The DOR spectra in Figure 7.7 support this structural picture.

Hardly any difference is observed between the 2aNa DOR spectra of the W206-, and

W2Os-loaded samples, Figure 7.7(c) and (d), respectively. This, in fact, is antici-

pated, since the basic dimer structure is retained in both materials. On the other

hand, the thermally reduced sample, 16(WO2}-Na_Y, contains WO_ monomers,

each of which interacts with two Na + anchoring cations, tvdce as many as the tung-

sten oxide dimers. Indeed, the 2aNa DOR spectrum of the final product, shown in _

Figure 7.7(e), features a prominent peak. at around -17 ppm which is ascribed to

the anchoring Na + cations at sit iI.

The 2aNa resonance associat_ with the Na+ cations at site II, Figure 7.7(e),

is relatively broad, however, particularly in comparison to the respective site II

23Na peak at around-23 ppm in the parent material 16{W(CO)_}-Na56Y, Fig-

ure 7.7(b). This broadening might be brought about because of a relatively weak

anchoring interaction between the oxygens of the oxo--tungsten bonds of W02 and

the Na+ cations, compared to the carbonyl group in the W(CO)6 guest molecules.
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Figure 7.8: 2SNa-DOR spectra of Nas6Y loaded with: (a) 8{WO2}-Nas6Y
guest molecules per unit cell; (b) 16{WO2}-Na56Y guest molecules per unit
cell; (c) 24{WO2}-Na56Y guest molecules per unit cell; (d) 28{WO2}-Nas6Y

guest molecules per unit cell. Schematic illustrations of the strucrural arrange-
ment of the guest species in two adcjacent supercages are shown on the left of

each spectrum.
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This might allow a greater distribution of Na+ environments, and broadening of the

spectral lines [see discussion concerning broad 23Na signals in dehydrated Na56Y,

Chapter 6].

Further evidence of the proposed structural arrangement of the intrazeolite WO2

monomers is shown in Figure 7.8. Figure 7.8 features NamY--zeolite samples loaded

with various amounts of WO2 guest molecules. Since each WO2 guest molecule is

anchored to two Na+ cations at sii,e II, all the four available Na+ cations inside the

supercages will already be ancho:ed by the guest clusters in 16{WO2}-Na_Y [the

sample which contains 2WO2 guest molecules per supercage, see Figure 7.5]. Indeed,

inspection of Figure 7.8(b)-(d) reveals that there is essentially no difference between

the 2SNa DOB. spectra of the samples loaded, with 16 or more WO2 monomers per

unit cell. The intensity, as well _ the shape, of the resonances ascribed to Na +

cations at site II at around -18 ppm hardly change, since the arrangements of the

anchored Na + cations at the highest-loading samples, n{WO2}-Na_Y [n=16, 24,

28] are similar.



Chapter 8
i

Conclusions

The main objective of this work is to obtain a comprehensive and detailed in-

formation on chemical processes and atomic environments within crystalline porous

aluminosilicates and aluminphosphates. The use of NMR has a distinct advantage

in the study of zeolites and aluminophosphate molecular sieves, since these mate-

rials usually exhibit only short range ordering. Abundant quadrupolar nuclei, such

as 2SNa and _TA1, play a significant role in determining the chemical properties

of zeolites. However, reduced spectral resolution in solid state NMR experiments _"

of quadrupolar nuclei have limited their usefulness in zeolite research. The newly

developed double rotation (DOR) technique removes the anisotropic broadening in

NMR spectra of quadrupolar nuclei, thus providing an excellent, direct analytical

tool for the investigation of zeolites' internal surfaces and cavities.

The experiments described in this work can be divided into two groups: studies

which concentrate on characterizing framework aluminum sites, using 27A1 DOR,

and the application of 23Na DOR to detect changes in the environments of ex-

traframework sodium cations, throughout intrazeolite processes. Some chemical

146
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and physical similarities as well as differences exist between framework aluminum,

on one hand, and extraframework sodium cations, on the other, although both
..

atoms are directly involved in processes within zeolite pores. Parameters such as

the distribution of atomic constituents, site occupancies, and sensitivity to ad-

sorbed species, become apparent in the DOR spectra and affect the sYmmetry and

electronic charge distributions around the nuclear sites, as well as the shapes and

positions of the 23Na and 27A1resonances.

Aluminum environments in porous aluminophosphate molecular sieves are sig-

nificantly affected by adsorption of water. The appearance of distinct five-, and

six--coordinated framework aluminum sites in hydrated aluminophosphates is de-

tected by 2_Al DOR. The NMK experiments additionally verify the reversibility

of the adsorption process. The ordering and symmetries of the 27A1 nuclear sites

also seem to be related to the topologies and sizes of the channels. VPI-5, for

example, which has the widest channel openings among the aluminophosphates ex-

amined here, features highly ordered aluminum environments upon adsorption of

H20, while the 2vAl sites in hydrated ALP04-5, which has much narrower channels, •

give rise to broad and featureless spectral lines.

The organization and ordering of extrafrar_ework Na + cations is also a promi-

nent issue in sodalites and zeolite Y, and has been studied here using 23Na DOR.

23Na and 2ZA1DOR, complemented by _Si and SlBr MAS, X ray diffraction,

and infra red measurements, provide insight into the synthesis, assembly, and

cation/anion distributions in sodium,halo-sodalites. 23Na DOR experiments en-

able the close examination of Ag + cation exchange of sodium,bromo-sodalite, which

produces sodalite-encapsulated semiconductor component superlattice_. Two-field
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DOR experiments indicate an abrupt change in the charge distribution around the

Na + cations inside the sodalite cages, beyond substitution of 25% of the cations.

This interesting result is corroborated by other spectroscopic measurements.

Extraframework Na + cations axe directly involved in the adsorption and in-

trazeolitic reactions within the cavities of sodium zeolite Y. 23Na DOR experiments

reveal the existence of anchoring interactions between extraframework Na + cations

and the guest molecules in the supercages of zeolite y. The capability of the DOR

technique to distinguish, for the first time, the three distinct Na + cation sites in

NavY--zeolite, facilitates the investigation of site specific effects within the pores

of the zeolite. Among the chemical processes examined axe the cation-exchange

of Na+ with TI + and Ca 2+, and the ligand substitution and photooxidation of

transition-metal caxbonyls, encapsulated within the porous framework of Nas6Y-

zeolite. Dynamical information is additionally provided by estimating the spin-

lattice relaxation rates of the _Na nuclei in NaaY-zeolite.

In conclusion, this work demonstrates the power of 27A1and _Na DOR experi-

ments, and the DOR technique in general, to give a direct and detailed insight into :_

atomic arrangements in zeolites. Future application of DOR experiments involving

27A1and _ZNa nuclei, as well as other quadrupolax nuclei, would undoubtedly in-

crease our understanding of zeolite properties, and contribute to the scientific and

technological uses of this unique class of materials.



Appendix A

Spin Interactions and Motional

Averaging

A.1 Introduction

The wealth of structural and dynamical information in NMR experiments of

solid materials arises from the contributions of various nuclear spin interactions,
:\

which affect the energy levels (_fthe systems investigated, and the observed spectra.

Several books give a general discussion concerning the principles of nuclear magnetic

resonm:ce [13, 167, 158, 168], on specific issues in NMR of solid materials [7, 169],

and the study of quadrupolar nuclei [171]. A general expansion upon the discussion

presented here can be found in ref. [172].

Specifically, the spin Hamiltonians, and their effects in NMR experiments of

half-integer quadrupolax nuclei in solid materials axe discussed in this chapter.

The chemical shift and quadrupolar Hamiltonians are explicitly written and ana-

lyzed. The anisotropic spectral broadening which occurs in static powder samples

149
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is explained, and the method of averaging the anisotropic line-broadening using

fast sample rotation is presented and discussed. Finally, it is demonstrated that for

quadrupolar nuclei, fast spinning around a single axis fails to completely average

out the anisotropic broadening, and the double rotation method is introduced.

A.2 Spin Hamiltonians

The total nuclear spin Hamiltonian can be divided into two parts:

7/= 7-/e._+ 7"/int (A. 1)

7_=t = 7-/z + 7_f, (A.2)

The external part, H=t, is controlled by the'experimenter, and e_sentially consists

of the Zeeman Hamiltonian, 7/z, and the Halniltonian associated with the radio-

frequancy (rf) pulse, 7-/rl:

7-tz = -'y_hI_ Bo
" (A.3)

7_! = 7Bl[Ixcos (w_"+ ¢) + I_sin (WT + ¢)].

The internal part of the Hamiltoniaal, Hint, contains all the relevant magnetic and

electronic interactions of the nucleus, such as the electron-nucleus couplings, the

dipolar and quadrupolar interactions, and others:

7-lint = 7"lc.,+ 7-lD+ TIQ + ... (A.4)

All internal Hamiltonians can be expressed in a general form [170]:

~)_
7"_x,i -- C IiR i Ai, (A.5)

where the indite i refers to the particular spin under consideration, and ,_ stands for
.

the different spin interactions. I and A are row and column vectors, respectively,
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one of which is always the nuclear spin vector, whereas the other one can be either

the same nuclear spin vector (quadrupolar coupling), another nuclear spin vector

(dipolar coupling), or the external magnetic field (chemical shift). R are second

rank tensors that depend parametrically on geometric configurations, and/or the

electronic, vibrational and rotational levels of the atom.

The C x in Equation A.5 depend only on the fundamental constants h and e,

and properties of the nuclei relevant to the specific interaction:

_/1h chemical shift

C x = _ quadrupolar (A.6)21(21--1)

2_ 2- 4_ 7xTsh dipolar

An equivalent way of writing Equation A.5" is as a product of two cartesian ten-

sors [170]:
3

7"lx - C x _ T_R_. (A.7)
a,_=l

All averaging techniques in NMR, whether in spin or real space, as will be

shown below, rely on performing rotations on the internal Hamiltonians. Thus, it
:._

is geometrically clearer, and easier to manipulate mathematically, to express the

various internal Hamiltonians in an irreducible spherical tensors representation:

2 1

7-/x= C x E E (-1)mTl_R_-m" (A.8)
1--'0 m=--I

The transformation from cartesian to spherical tensors is provided in standard

text books [170]. The irreducible spherical tensors form a complete basis set for

rotation. This means that the spherical tensors transform like the 2nd rank spherical

harmonics, into a linear combination of themselves upon any rotation of their axis

system [173].
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Figure A.I: The Euler angles _,/_, 7 which describe the transformation b_
tween two axis systems.

Specifically, rotations of the spherical tensors between two reference frames are

performed with the Wigner rotation matrices [173]:

Dt_,m(a, _, 7) = e-'e_d(_),,,(_)e-mT; (A.9)

where a,/_, 7 are the Euler angles which define the rotations between the two axis

systems, see Figure A.1. d_),m(/_) are the reduced matrix elements, and are explicitly

written in Table A.1.

RlX_min Equation A.8 contain the spatial parts of the interactions. These are
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Table A.I: Reduced Wigner rotation matrix elements d_,rn(fl)

m
,,,

m' 2 1 0 -1 -2
,,,, .......... ,_,

2 (,,-_12 - I+_ sin/_2 _-s8sin_/_ -'I-_°'_sin_2 (_12

1 zq.cos_,2 slnB cos2 __ 1-_2 -_sin2/_ ,1+_2 - c°s2 B_ 1-_o2 sin_

0 _s sin'/_ y/_ssin 2/_ -_ - _ sin 2fl V:_sin'/3

-1 1-_p2 sin B l+_p2 - cos/_ V/_sin 2_ cosB - :-co_2_.1+_p2sinB

-2 (l-_os_)2 1-v.._psinfl sin2/_ :+¢°sesin/_ (2 2 2 /
....

Table A.2: Spherical tensor representation of the spin operators (Ie = I=::t::I_)

Too Tlo TI±I T_o T2±1 T2+2

, o -½1,Bo v: 1,Bo  ½ ,Bo o........

Dil_.lar 0 0 0 _(3I=S, - I.S) =F½(I,.S± + I±S=),,, ½I±S+

=- z(x+:)) +½(z,I.,-+z.,-1,) ½z.,-I+Quadrupolar 0 0 0 _ (3I z
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symmetrical 2nd rank tensors; thus only R__r_ with l = 0, 2 are non-zero. In ad-

dition, the R_'_m are initially expressed in the principle axis system (PAS) of the

interaction considered. Consequently, only the components with m-0, 4-2 sur-

vive. Specifically, one defines the following parameters in the PAS of the individual

spins [170]:

a = ½Tr(R} isotropic component

= Rzz - _ anisotropy (A. 10)

_-_ asyemmtry parameterr]-- 6

where P_x, P_, Rzz are the diagonal elements in the PAS, and the convention used

is:

IP_x - al_<lR_ - _l_<lR_z - al (A.11)

The TI_ are the spherical tensor representation of the spin operators, written ex-

plicitly for the chemical shift, dipolar, and quadrupolar Hamiltonians, in Table A.2.

It should be emphasized that up to this point, the effect of a high magnetic field

has not been considered in the discussion. The dipolar and quadrupolar Hamiltoni-

ans, for example, can obviously be manifested even without any external magnetic :

field present, in nuclear quadrupolar resonance (NQR) [158], and zero field NMR

experiments [174]. The use of a high external magnetic field, however, offers several

significant advantages, as shown below. In the following sections, the modifications

of the chemical shift and quadrupolar Hamiltonians which occur upon placing nu-

clei in a high magnetic field, are explicitly outlined. The dipole-dipole coupling

is not adressed in this discussion. This is a homogeneous, multibody interaction,

and is analyzed in great detail in other textbooks [158, 168]. In the experiments

which are described in this work, the effect of the dipolar Hamiltonian is essentially

a Gaussian broadening of the NMR signal.



155

A.3 Internal Hamiltonians in a High External

Field .

The effect of placing the sample in an external high magnetic field is essentially

to establish an arbitrary quaatization axis. The internal Hamiltonians are then

said to be "truncated" by the external high field along that axis. Fundamental

approaches to the problem include the average Hamiltonian theory (AHT) [170,

175], and static perturbation theory (SPT) [168]. General results using the latter

method are discussed here. For a more detailed treatment the aforementioned

references, as well as other, more recent.analyses [172, 176, 177] are recommended.

We begin by considering the internal Hamiltonian as a small perturbation to

the external, Zeeman Hamiltonian:

7"/- 7_z + 7_m (A.12)

where the standard expressions for the energy and the eigenstates are given by the

perturbation theory expansion: [178]: :

• Tlzlj) = -hw0[j); (A.13)

= + + )+...

The first and second energy corrections axe given by:

E__)= (jlT-l,,_,lj)
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However, one usually uses the diagonal, or "effective" Hamiltonian:

_'_eff "-- _'lZ Jr- ,i.ef f Jv ,i.ef f Jr" ...

TI_})I= ]F-OIJ)E_') (Jl, (A.15)

-t(2). = Ej13)E )01,

and the general expression for the observed resonance frequency:

wm+l._m = -_[(m + llT"_efflm -I-1) - .(mlT'_eff[m)]. (A.16)

The perturbation treatment results for the chemical shift interaction axe now ex-

amined, and the magic angle spinning (MAS) technique, which averages out its

contribution to the anisotropic broadening of the spectral lines, is introduced.

A.3.1 Chemical Shift

The chemical shift Hamiltonian is written in the irreducible spherical tensor

representation as:

7"/_= V_h _ _ (--l)'7_l_R_l_,,. (A.17)
/=0,2 m=-l

The/_t-,. are expressed in the principle axis system (PAS) of the interaction as:

Po0= era,

=
(A.18)

p2±: = 0

P2±2 "-- 3

where a= is defined as the isotropic chemical shift, _ is the chemical shift anisotropy,

and r]= is the asymmetry parameter of the chemical shift tensor.
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In the first order approximation for the energy correction, Equations A.14, only

the diagonal terms in the Zeeman eigenbasis are retained. Accordingly, the first-

order effective Hamiltonian is [Equation A.15]:

neff _" "_i h Te-_ R_o + "yl h T_2o_o (A.19)
/g -,,,.2

The first part of the effective Hamiltonian, Equation A.19, is isotropic, i.e., invariant

to any orientation of the spins with respect to theexternal magnetic field. The

second term, which contains the/_, however, depends on the relation between

the PAS in each crystaUite, and the direction of the external magnetic field, or the

laboratory reference frame (LAB).

Specifically, the transformation between 1;he PAS and LAB axis systems is con-

ducted with the Wigner rotation matrices [Equation A.9]"

2

= Z
m=-2 (A.20)

-- _6 _cs [(3 COS2 _ -- 1) + Wc_Sin2 _ COS 2C_I;

where a, _, _ are the Euler angles, Figure A._,_. The resonance frequency [Equa- _.

tion A.16] is thus:

wC_ w°6cs [(3 cos2 Z - 1) + _?c_sin 2_ cos 2c_] (A.21)= w0(1- +

Upon examining Equation A.21, one notices that the resonance frequency con-

tains an anisotropic term, which depends on the relative orientation of the chemical

shift tensor in the PAS and the direction of the external magnetic field. It may be

recalled that in a powder sample, which is the situation one encounters with the

materials investigated in this study, all possible orientations of the crystallites,

are possible, and randomly distributed. This essentially gives rise to a "powder
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I I ' I ' I I' ' I" 'I I 'I I .... i

10 6 2 .-2. -6 -10
kHz

Figure A.2: Numerical simulation of chemical shift powder pattern. The
parameters used in the simulation were: wo - 99.5 MHz, _ = 6.9 kHz

(_70 ppm), and r/_ = 0.3.

pattern", since each crystallite would contribute a slightly different value to the

resonance frequency. Figure A.2 shows a chemical shift powder pattern, simulated

using parameters commonly found for 29Si nuclei in aluminosilicate materials. In

the simulation one accounts for the random distribution of crystallite orientations

by performing a weighted sum of all solid angles over a sphere.

Motional Averaging-Magic Angle Spinning

As was demonstrated in the last section, the relevant chemical shift parame-

ters can be extracted from experimental powder patterns by spectral simulations.

Problems do arise, however, when there are more than a single site in the material

........... ...... _............ •
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investigated, or when other interactions, such as dipolar and quadrupolar couplings,

affect the spectrum. In such cases, overlapping intensities of resonances from differ-

ent sites, combined with additlonal fine-broadening, severely limit the potential of

NMR experiments. Nevertheless, one method to overcome the anisotropic broad-

ening is to perform a spinning experiment, first demonstrated by Andrew et al

[11].

The principle of the technique is shown schematically in Figure A.3. The powder

sample is contained in a "rotor" which is rapidly spinning around an axis, tilted by

an angle 8 from the direction of the external magnetic field. The tl_-ee axis systems

in this case are shown in Figure A.3: the PAS of the relevant interaction, in the

reference frame of the crystallite; the rotor frame, aligned from the PAS by the Euter

angles; and the laboratory reference frame. Again, the transformation between the

different axis systems makes use of the Wigner rotation matrices, Equation A.9.

Specifically in this case, the truncated spatial part of the chemical shift Hamiltonian

becomes:
2 2

R_ = _ _ (_t,e,0) _ _c_,_t-_/Ttt17 t

m=--2 ml=-2

(A.22)

=_-_(3co__0- 1)[(3_o__- 1)+ __ _co_2_]+ A(o_t);
where A(wrt) contains sine and cosine terms of wrt, which give rise to spinning

sidebands in the spectrum. The time independent anisotropic part of the chemical

shift frequency, upon spinning at an angle 8, becomes:

wa,iso w06_, 1 (3cos_ _ _ 1)[(3cos 2/3 - 1) + r/_ sin 2/_cos 2a]. (A.23)_'m+'-m= 3 "2

The appearance here of the second rank Legendre polynomial is noteworthy:

1

P_(cos0) = _(3cos20- 1). (A.24)
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Z

a

PAS (a,_,y) ROTOR (c°r_'O'0) LAB
(X.Y.Z) (x'y'z') (x,y,z)

Figure A.3: The angular transformation between the PAS, the rotor flame, and
the laboratory frame in a spinning experiment, a,/_, _ are the Euler angles,
0 is the angle between the spinning axis and the magnetic field direction, B0,

and wr is the spinning speed
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It is clear nob that by choosing the angle

9 = cos-1 1
54.7v, (A.25)

which is the root of P2(cos8) = 0, one can average the chemical shift anisotropy to

zero. The angle 9 = 54.74° is commonly denoted as the "magic angle". The "magic

angle spinning" (MAS) technique has been used to remove anisotropic broadening

in spin-half nuclei, such as laC and 29Si, in solid materials, and contributes to the

widespread use of NMR in studies of proteins, polymers, silicate glasses, mlherals,

and other materials.

Most of the nuclei in the periodic table, however, have spin greater than 1, and

possess quadnlpolar moment. In the following section the anisotropic properties of

the quadrupolax Hamiltonian, and the effectof MAS on the spectra of half-integer

quadrupolar nuclei, are discussed.

A.3.2 Quadrupolar Im  ction

First Order Correction

The first order correction in _he perturbation expanmon requires the retention

of only diagonal terms of the quadrupolar Hamiltonian, Equation A.14. The trun-

cated, effective Hamiltonian is thus, Equation A.15:

H(1Q) _ eQ q_(Q)p(Q)

elf - 2I(2_-1)_ 20 ,_0 (A.26)
1 eQ 12 /2)P_0Q)-- _[2I(2I-1)]( 3 Z-

The R_0Q) is tranformed from the PAS to the laboratory frame using the Euler angles

and the Wigner rotation matrices, Figure A.1 and Equation A.9:

2

P_Qo) = E D_)o(a, 13,'Dp2m"(Q) (A.27)
m=-2



162

The quadrupolar pRmin the PAS are defined:

P20 - V/'_2eq

P2+1 = 0 (A.28)
1

P2±2-'- -_eqviQ

where eq is the electric field gradient at the nucleus, and _Q is the asymmetry pa-

rameter. The resulting equation for the effective first order quadruplar Hamiltonian

is:

7._(1Q) e2qQ
d! - SI(2I - 1)[(3 c°s2 f_ - 1) + 7}Qsin_f_cos 2a](3I_ - i2) (A.29)

The frequency correction caused by the effective first order quadrupolar Hamil.

tonian is given by:

(1Q) 1/ • ,_,0Q)
w('q),,,+1.-.,_= _[(m+ llTlel! [m+ - (mlrtel!Ira)] (A.30)

3e2qQ
--- (2m + 1) 8i(21_i)a[(3 cos2 f_ - 1) + TIQsin 2f_cos 2c_].

Examining Equations A.29 and A.30 reveals that the resonance energy of the central

1
transition, or .1,., _ _,/s not perturbed to first order. Single quantum transitions

3 1 spin-_ system], denoted \other than the ½_-½ [for example the i+-_ transition in a

as the "satellite transitions", are nevertheless anisotropicafly shifted to first order,

see Figure A.4. The spread of resonance frequencies of the satellite transitions, duc

to first order effects, is usually substantial in powder materials, causing broadening

of the signal beyond detection in standard solid state NMR experiments [171].

Second Order Correction

In many solid materials, the magnitude of the quadrupolar interaction gives rise

to second order effects in the perturbation analysis. The second order energy term
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BO> 0 BO> 0 BO> 0

HQ = 0 HQ > 0 HQ > 0

zero order first order second order

m

312 ,-""""

in t
centraltransition ..................v

I '_o. 11_ 1,o _a .j "_ _-1/2
i i i _ _ _ _ _ _ _ _ _

-312 " "

3
Figure A.4: Shifts of the energy levels of a I = _ spin system, for a given
crystallite, in a high magnetic field. The first- and second--order shifts are
demonstrated. The size of the level shifts may be exaggerated for the sake of
clarity.
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in the perturbation expression, Equation A.14, is"

El2) = 1__ _ (j[7-lQ]k)(kl_elj)
wz j#k k - j

( eQ )' l __,(_l),n+,,,R2_,,R2,_"_(J]T, mlk}(klT',,'lJ)= 2I(2-I -- 1) w"_ k - jm,m' j#k

(A.31)

Making use of the relation [176]

(jlT:_lk)- _k,j+_(J+ mlT2:mlk) (A.32)

one obtains:

k=j+m'; k=j-m; andre+re'=0 (A.33)

which leads to:

E_2) ( eQ ) 21__ ]{2-,_R2,_ (j,T2,_T2_mlj) (A.34)=- 2I(i/- 1) "_z_o ._

and the effective second order Hamiltonian:

7_l(2Q) eQ )2. 1 __, R2,_R2-,_[T2-m, T2m] (A.35)_s_"= (2I(2I- 1) _z _>0 m

Computation of the commutation relations of the spin tensor operators [173], and ="

.w(2Q) for m = 1 1 Equation A.16, yield the second orderthe matrix elements of, %II - 2' 2'

correction for the central transition, [177]:

w_2Q)_--½= ( 2/Q41( 1)h) 2[4I(I+l)-3][2P_Q)_'(Q)coo,_2-1 + P_)R_ Q)]-. (A.36)

The products of the second rank spatial tensors in the frequency term should be

noted. Their transformation between the PAS and the LAB frames, using the Euler

angles and the Wigner rotation matrices, gives rise to the following expression:

(e2qQ )214I(1+1) -3]__)-_ : 4r(2I- _)h s_0 A(VQ, (_,_). (A,37)
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Numerical simulation of Equation A.37 yields the central transition powder pattern

shown in Figure A.5(a). The powder pattern was calculated for 27A1[spin--_], with

typical quadrupolar parameters encountered in highly distorted sites within a zeolite

framework.

The second order quadrupolar frequency contains an isotropic term, given by:

14.., 1 ---

-3 4I(2-I -- 1)hi w0

The appearance of an isotropic term in the second order quadrupolar frequency

correction arises from the products of the second rank spatial tensors in the effective

quadrupolar Hamiltonian, Equation A.35. According to tensor multiplication rules

[173], the product of two second rank tensors yields tensors between ranks zero

[isotropic term], and four. The second order shift of the quadrupolar energy levels

for a single crystallite is demonstrated in Figure A.4.

Single Axis Spinning

The effect of spinning around an axis, tilted from the direction of the external

field by an angle 0, on the second order quadrupolar frequency of the central tran-

sition, is now examined. The second rank spherical tensors are first transformed

from the PAS to the rotor frame, and then to the LAB frame, in a similar way

described above for the chemical shift interaction, Figure A.3.

Explicitly, each tensor in the frequency expression, Equation A.36, is indepen-

dently transformed, yielding the overall product expression:

2 2

m,=-2 n,=-2 (A.39)2 2

× _ D_! m(w_t,O, 0) _ n(2) (a, fl, 7)p_),,
m" ---- 2 n" -" --2
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(a) static

(b) MAS

- i
30 20 10 0 -I0 -20 -30

kHz

Figure A.5: Numerical simulation of a (a)static and (b)MAS powder pattern
of a quadrupolar central transition. The parameters used in the simulation

were: Wo = 130.3 MHz [2ZA1in an 11.7 Tesla magnetic field], _ = 5 MHz,

and r/Q= 0.3.
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After calculation of the matrix elements and applying the selection rules for the

various indices [172], the central transition resonance is finally given by:

°"__)--½--(4I(21-1)he2qQ ) _ [4I(I + l)- 3]'[A°+A2P2(c°so)+A4P4(c°so)] (A'40)8wo

where A2 and A4 contain terms which depend on the Euler angles a,/_, and the

asymmetry parameter _Q. A0 is independent of the Euler and spinning angles,

respectively, and contains the isotropic part of the quadrupolar frequency. P2(cos O)

is the second rank Legendre polynomial, Equation A.24, while

P4(cos 8) = _(35 cos4 8 - 30cos _/?+ 3) (A.41)

is the fourth rank Legendre polynomial.

The appearance of the fourth rank Legendre polynomial is again due to the

product of two second rank spherical tensors in the frequency expression, Equa-

tion A.36. The product would generate spherical tensors between the ranks zero

and four, as indeed is demonstrated in Equation A.40.

Examining Equation A.40 reveals the fundamental problem of the second order
:.

quadrupolar frequency: There exists no single angle 8, which is simultaneously

the root of both the second rank Legendre polynomial, P2(cos8), and the fourth

rank Legendre polynomial, P4(cose). This is shown in Figure A.6: The root of

P2(cosO) = 0 is the angle O = 54.74°, while the solution to P4(cos8) = 0 is O =

30.56 ° or 70.12°. Thus, even spinning at the "magic angle" 54.74° [or similarly

the angles 30.56° or 70.12°], cannot remove competely the anisotropic broadening

of quadrupolar central transitions. This is numerically simulated in Figure A.5;

narrowing of the resonance is achieved by MAS, but the line in still anisotropically

broadened.
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0.6

o.o 30.56/

-0.4 _

30 60 90

0 (degrees)

Figure A.6: A graph describing the angular dependence of the second and
fourth Legendre polynomials

The second order anisotropic broadening of the central transition has limited

the usefulness of NMR experiments on qu_lrupolax nuclei, for the same reasons

discussed above regarding the chemical shift maisotropy. Some half-integer, I > ½,

nuclei exhibit quadrupolar couplings in the order of several MHz, which might give

rise to second order patterns that are up to tens of kHz wide, even with the ap-=
:N

plication of MAS. This significantly decreases the resolution of the NMR spectra,

particularly in materials where the quadrupolar nuclei occupy several crystallo-

graphically distinct sites.

The quadrupolar broadening can be reduced upon caxrying out the NMR exper-

iment in a higher magnetic field strength, see Equation A.40. However, for several

qu_lrupolar nuclei, such as 27A1,23Na, 71Ga and others in zeolite materials, the

second order anisotropic broadening is apparent even at the highest instrumentally

available magnetic field strengths.
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A.3.3 Double Rotation

An ingenious technique where the sample is spun simultaneously around two

axes, enables the elimination of even the second order anisotropic broadening of

the central transition [8, 179]. The method was denoted "double rotation" (DOR)

and a schematic diagram of which is shown in Figure A.7.

Transformation of the spatial tensors, Equation A.36, is performed now between

the following reference flames, after sufficient number of transients have been ac-

quired to ensure complete averaging of the phase between the two rotors [180]:

7) o) 0,,o)

PAS __ Small Rotor : Big Rotor _ Lab Frame

where a, f_, 7 are the Euler angles, and Wrl, Wr2 are the spinning speeds of the

big and small rotors, respectively. Using the appropriate Wigner rotation matrices

for the above transformation one obtains the expression for the time independent

terms of the central transition frequency [8, 172]" :_

,(2Q) ( e2qQ _2 [4I(I + 1)- 31= x _ AtPl(cosOl)Pz(cos82), (A.42)
_'½"_-½ \aI(_ - 1)hi 8w0 ,=o,_,4

where the coefficients At are identical to those which appeared in Equation A.40,

and contain terms which depend on the Euler angles a,f_, and the asymmetry

parameter r/Q.

The terms containing P2(cos _), and P4(cosO) appeared also in the second order

quadrupolar correction for a single axis spinning, Equation A.40. Equation A.42

reveals that double rotation essentially gives rise to products of the second and

....................... ..... .............. _............,...................... _.-.*-__,,_,._,_ ............ _-_._ _,.............................................. :................... ¢_ i,_
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Figure A.7: A schematic drawing of the double rotation (DOR) technique. The

angle between the spinning axis of the big rotor and the external magnetic field
is 0z = 54.74 °, while the angle between the spinning axes of the small and big
rotors, respectively, is 02 -- 30.56 °

............. _ ,_...................... ,,. .................... _.............. _,_._ ............___._._,_.....r_.__ •
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fourth rank Legendre polynomials of the two angles, respectively. The isotropic

part of the second order correction is given by the l = 0 term:

½"-½ = -1"0 4I(_-- 1)hi w0 .......

It is obvious now, that L, setting the angles 61 and 82, Figure A.7,.as the roots

of P2(cosOl) - 0, and P4(cos02) = 0, respectively, [or equivalently P2icos02) =

0, and P4(cosOl) -- 0], one completely averages outthe second order anisotropic

broadening of the central transition.

The most favorable angle combination from an experimental point of view is the

set

(_,, 82) = (54.74?, 30.56°). (A.44)

These angles cause less torque to be exerted on the small rotor [99] than any of

the other four angle-combinations, thus providing the fastest simultaneous spinning

rates for the small and the big rotor, respectively. Some aspects of DOR experi-

ments, and technical drawings of the DOR rotor parts, axe provided in Appendix 2

and 3, respectively. _,,



Appendix B
..

Practical Aspects of DOR

Experiments

Double rotation experiments are "inherently" more mechanically difficult than

other spinning experiments, such as MAS and DAS, because of the simultaneous ro-

tation around _wo spinning axes. Thus, factors which one must consider to achieve

successful single-axis experiments, such as balancing the rotor, and friction be-
:'x

tween the spinning body and its surroundings, have consequently more significant,

intertwined effects in DOR.

Spinning in DOR experiments is achieved by blowing high pressure air through-

out the bearing and drive openings within the "stator" (for spinning of the big outer

rotor), and the big rotor (providing the air-pressure for spinning of the small inner

rotor), see drawings in Appendix 3. Successful double-rotation can be achieved

by carefully balancing the bearing and drive air pressures on the small, inner ro-

tor. The upper limit for double rotation of the two rotors has usually been the

"crashing" of the inner rotor, beyond certain speeds of the outer rotor. In this con-

172
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text, imbalances of the spinning small rotor, due to either inhomogeneous packing

of the sample, dust within the spinning sleeve, and/or unequal bearing/drive air

pressures, might significantly reduce the DOR spinning speeds. An additional pa-

rameter which should be adjusted is the balance of the big rotor upon fast spinning.

A "wobbly" big rotor might again cause crashing of the small spinner at relatively

low spinning speeds.

The rotor design used in this study utilizes Macor pins positioned at the center

of the caps of the small rotor sleeve, above the center of the flat edges of the small

spinnor, see drawings in Appendix 3. Macor, a hard ceramic material, is chosen

to minimize the friction between the two spinning rotors. Softer materials, such as

Kel-F and Vespel were found to wear out much faster, thus increasing the friction

and reducing the double rotation speeds. Indeed, it is highly important that the

contact between the spinning small rotor, and the Macor pins on the caps, be kept

minimal; the pins should be replaced once every 25-50 hours of spinning.

Overall, the limiting factor in most DOR experiments presented in this work,

was generally the crashing of the small rotor due to the extensive torques exerted ::

upon it. Trial and error adjustments were usually performed until optimal double

rotation speeds were obtained. Standard spinning speeds were usually 600-700 Hz

for the outer rotor, and 4-5 kHz for the inner rotor. In a few cases the spinning of

the big rotor exceeded 800 Hz, without crashing of the small rotor.



Appendix C

Technical Drawings of the Double

Rotation Apparatus

This appendix contains a complete set of technical drawings used in the ma-

chine shop of the Department of Chemistry, University of California at Berkeley,

to construct the DOR apparatus. A detailed discussion of the performance of the

DOR probe is given in ref. [99].
-\
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Figure C.I: (A) A schematic drawing of the stator and double rotor apparatus;
and (B) details of the big outer-rotor. The numbers in the drawings refer to:

(1) the small inner-rotor; (2) the big outer-rotor; (3) and (4) air channels for
bearing and drive system of the inner-rotor; (5) axis-pins of the inner-rotor:

(6) and (7) air channels for bearing and drive system of t,he outer-rotor; (8)
air exhaust holes for the outer-rotor; (9) axis-pins of the outer-rotor; (10) air

passage for the inner-rotor; (11) space for rf coil; (12) caps of _he inner-rotor
sleeve. The drawings are adapted from ref. [99].
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Figure C.2' Technical drawing of the stator body, all dimensions are in inches.
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Figure C.3: Technical drawing of the stator caps, all dimensions axe in inches.
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Figure C.4: Technical drawings of the stator supports and air railings, all
dimensions are in inches.
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Figure C.5: Technical drawings of the air bushings, and bearing screws in the

stator caps, all dimensions are in inches.
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Figure C.6: Technical drawing of the outer rotor body, all dimensions are in
inches.
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Big Rotor End Pieces (2')
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Figure C.7: Technical drawing of the end pieces of the outer rotor, all dimen-

sions are in inches.
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Caps for small rotor sleeve (15)
Material: Vespei
Scale 6:1
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Figure C.9: Technical drawing of the inner rotor' sleeve caps, all dimensions
are in inches.
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SmallRotor(I)
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Figure C.10: Technical drawing of the inner rotor, all dimensions are in inches.
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Hose Connector to Stator Caps (6 & 7)
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MagicAngleAdjuster
Material: aluminum
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