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ABSTRACT 

The hydrated layered alkali metal silicates exhibit interesting properties and can 

be pillared to form porous materials which have potential applications as catalysts or 

molecular sieves. The structure of these silicates has been of interest for the past decades 

because the physicai and chernical properties of these materials are largely dependent on 

their structure. 

In îhis thesis, the ER and Raman spectra of several layered silicates, including 

silinaite, makatite, kanemite, magadiite, kenyaite and ilerite, have been systematicalIy 

investigated. For silinaite and makatite, whose structures have been determined by 

single-crystal X-ray diffraction, the factor group analysis has been performed. The 

predicted vibrational modes have been compared with those experimentally observed. 

The vibrational spectra were assigned based on previous studies of various silicates. The 

correlation between some of the vibrational modes and the structural properties of 

silicates under investigation has been attempted. For those silicates with unknown 

structures, such as kanemite, magadiite, kenyaite and ilerite, their IR and Raman spectra 

have been interpreted by using the vibrational results derived from silinaite, makatite and 

other related silicates with known structures. Some important conclusions regarding the 

structures of these materials have been reached. The proposed models for the structures 

of magadiite, kenyaite and ilerite in the literature have been evaluated using our 

vibrational data. 



The thermal behavior of these layered silicates has dso  been examined by R 

spectroscopy. Structural changes and phase transformations occumng upon thermal 

treatment were studied. The prelirninary results are discussed with the aid of powder X- 

ray diffraction data. 
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CHAPTER ONE 

GENERAL INTRODUCTION 

1.1 SILICATES 

The silicates constitute a large group of crystalline compounds with very complex 

but interesting structures. A great part of the earth's crust and mantle is formed from 

these complex oxides of silicon. 

The silicate structures are most conveniently discussed by using a basic unit, the 

[ S ~ O ~ ] ~  unit, in which silicon is tetrahedraily coordinated by oxygen. The [si0414- unit 

is represented in silicate structures by a srnall tetrahedron as shown in Figure 1. la. There 

are several classifications for the variety of silicates. The most meaningful structural 

distinctions depend upon how the [si04]' tetrahedra are linked together. The common 

classification is [ I l :  

( 1 ) Silicates with discrete anions: 

Some silicates, like olivines, (Mg,Fe)2Si04, contain discrete [ s~o~J"  tetrahedra in 

which no oxygen atoms are shared by other tetrahedra (Figure 1-la). They are often 

described as orthosilicates. Some silicates contain [sizO#- ions, consisting of two 

tetrahedra linked together by a shared oxygen atom situated at the corner of the 

tetrahedron (Figure i . 1 b). One example is thortveitite SczSizO7. They are often called 

disilicates or pyrosilicates. 



Figure 1 . 1  A structural classification of minerai silicares [ 2 ]  



(2) Silicates with infinite chain structures: 

The two main types of infinite chain anions are the pyroxenes, which contain 

single chains of composition [(s~o~)"], (Figure 1. lc) and the amphiboles, which contain 

double chains of composition [(Si401 $1 ,, (Figure 1. ld). 

(3) Silicates with cyclic [(s~o&'- ions: 

Three or more tetrahedra can share two corners with other tetrahedra resulting in 

rings (Figure H f ,  1.lg). The most comrnon silicates with cyclic anions are the beryl 

minerais, Be3A12Si60 8. 

(4) Silicates with layered structures: 

Figure 1. le shows part of an infinite single layer in which the tetrahedra al1 share 

three oxygen atoms. A wide variety of silicate minerals with layered structures are 

known and these usualIy contain hydroxyl groups, such as talc (Mg3(0H)2Si40io) which 

has a sandwich of two layers with octahedrally coordinated M~'' between the layers 

[Figure 1.21. Tt is also common to find that some of the silicon atoms in the sheets have 

been replaced by aluminum ions which are of very simila. size. This happens, for 

example, in the micas such as phlogopiote, KMg3(0H)zSi3A1010. In addition to micas, 

the main minerals in the group of sheet structures are the clay minerals such as kaolin 

(&(OH)4Si205) [w. 
(5) Silicates with three-dimensionai polyanions: 

If [si0414- tetrahedra share al1 four oxygens, the three dimensional framework 

structures of silica (Si02) polymorphs, such as quartz and cnstobalite. are produced. 

Figure 1.3 shows the structure of a-cristobalite. It is possible to replace some of the 



Figure 1 -2  Structure of talc Mg3(OH)ZSL0 [4]. 
1 .oxygen: 2. hydroxyl; 3 .  silicon: 4. rnagnesium 

Figure 1.3 Structure of a-cristobalite [j]. 



silicon atoms by alurninum atoms. Then cations must be present to balance the charges in 

the alurninosilicate frarneworks. These minerals inciude the feldspars (general formula. 

M(iU,Si)408) which are the most abundant of ail the rock-forming minerals and the 

naturdsynthetic zeolites which have open frarnework structures with well defined 

channels and cavities. 

The focus of this thesis is on the hydrated layered aikaii metal silicates, such as 

magadiite, ilerite, kanemite, kenyaite, makatite and silinaite. They are stmcturally related 

materials. With the exception ilerite, al1 of the above mentioned silicates are naturally 

occurring minerais, but they can be readily prepared in the laboratory by hydrothermal 

synthesis [6].  To date, no corresponding minerai form of ilerite has been reported. 

It is generally believed that al1 of these materiais have layered structures Figure 

1.41. However. single crystai X-ray diffraction data are only available for makatite and 

silinaite [7,8]. The exact structures of magadiite, ilerite. kanemite and kenyaite are 

unknown. This is because these materiais are microcrystalline. Crystals of these silicates 

are much too small for single crystal X-ray diffraction study. Consequently. structurai 

information has been obtained frorn other techniques such as powder X-ray diffraction, 

solid-state NMR, and IR spectroscopy. 

The hydrated layered alkali meial silicates exhibit some interesting properties such 

as interlamellar sorption of water and organic molecules and the ion exchange of the 

surface cations. These properties suggest potential applications as cation exchangers, 



Figure 1.4 A schematic diagrarn of a layered silicate [ 1 O] 

unpillared silicate pillared silicate 

Figure 1 .5  A schernatic representation of unpillared and pillared silicates. 



adsorbents, catalysts, catalyst supports, and molecular sieves for pharmaceutics, chemical 

fermenters, enzymes and other agents [9]. 

Recenùy, these layered silicates have received much more attention due to their 

ability to transform to layered silicic acids by proton exchange. Layered silicic acids are 

very useful hosts in the formation of pillared rnaterials because of the presence of reactive 

silanol groups in their interlayer surface. Pillaring means the insertion of robust organic 

or inorganic species as pillars between layen as  illustrated in Figure 1.5. In this way, a 

porous network is obtained. 

Pillared silicates have potentiai applications as catalysts, molecular sieves, etc. 

Zeolites are dso microporous materials and are currently used as molecular sieves and 

catalysts in industry. Cornpared to zeolites, pillared silicates may have two distinct 

advantages. Fintly, pillared silicates have a larger range of pore sizes, varying from 10 to 

70 AT while the largest pore in zeolites is about 10 A. The second advantage of pillared 

silicates is that the pore size can be controlled by the height of the pillars between layers 

[ i l ] .  

1.2 CHARACTERIZATION OF SILICATE STRUCTURES 

Many techniques can be used to characterize the structure of silicates. The rnost 

cornrnonly used methods are the following. 

X-ray diffraction 

In pnnciple, it should be possible to solve al1 the layered silicate structures by the 

use of single-crystal X-ray diffraction, and indeed the structures of makatite and silinaite 



have been solved by this method [6,7]. However, as mentioned earlier, for most silicates 

studied in this thesis, suitable single crystals are not dways available. Therefore, powder 

X-ray diffraction has been frequently used for structural determinations. But this method 

provides only limited information. 

High-resolution solid-state NMR spectroscopy 

Recently, high-resolution solid-state NMR spectroscopy has emerged as an 

important complementary technique to X-ray diffraction measurements. This technique 

probes short range ordering and local structures. 

The high-resolution solid-state ' 9 ~ i - ~ ~ ~  technique is particularly useful for 

structural investigations of silicates, aluminosilicates and Si02 polyrnorphs. "si 

chernical shifts of silicates rnainly depend on the degree of condensation of silicon- 

oxygen tetrahedra. It is possible to distinguish an individual [ s~o~]"  tetrahedron by the 

number of silicon atoms in the second coordination sphere [12]. Figure 1.6 shows the 

"si chernical shift range of Qn units in solid silicates. 

1 H NMR and ' 3 ~ a  NMR cm also provide important information on the surface 

properties of silicates. 

EIectron microscopy 

Scanning Electron Microscopy (SEM) is aiso widely used in the characterization 

of the crystal morphologies of layered silicates. It c m  yield structural information in 

"real space" at the subnanometer level. 



Figure 1 6 Ranges of '"si chernical shifis of Q" unirs in solid silicates [17]. 

Figure 1.7 Qualitative description of Rayleigh and Raman scartenng 



Vibrational spectroscopy 

IR and Raman spectroscopy is a very useful tool for the investigation of molecular 

structures in the gas phase, solution and the solid state. In this thesis, both techniques 

were extensively used to snidy the structures of layered silicates. They are bnefly 

described in the next section. 

1.3 IR AND IRAMAN SPECTROSCOPY 

The vibrational spectra of molecules are determined by the nature of the atoms 

present, their relative arrangement and the forces between them. Therefore, vibrational 

spectroscopy is an important technique for structural characterization. 

The frequency and energy of molecular vibrations can be obtained experirnentally 

from the IR and Raman spectra of molecules. Although both spectroscopic methods 

provide similar and complementary information on rnolecular vibrations, there is a 

fundamental difference between the two techniques with respect to the mechanism of 

interaction of radiation with the molecular species. IR spectra are the result of absorption 

of IR radiation by vibrating molecules while Raman spectra result from the inelastic 

scattering of electromagnetic radiation [ 133. 

IR spectroscopy involves absorption of electrornagnetic radiation in the IR region 

of the spectmm (4000-30 cm") by a molecule when the incident IR energy matches that 

of the vibrational transitions of the molecule. The selection rule for IR activity is that a 

rnolecule will absorb IR radiation if the change in vibrational States is associated with a 

change in the dipole moment of the molecule. 



Unlike IR spectroscopy, the origin of Raman spectroscopy is an inelastic 

scattering effect, rather than an absorption process. In a Raman experiment, a beam of 

monochromatic light (usually from a laser) is directed into the sample. Most of the light 

passes straight through, but some of the incident beam is scattered in ail directions. There 

are two types of scattering effects, narnely Rayleigh scattering and Raman scattering. In 

Rayleigh scattering, the scattered light has the sarne frequency as the incident beam. On 

the other hand, in Raman scattering the frequency of the incident beam has changed. 

Figure 1.7 shows the origin of Rayleigh and Raman scattering for the vibration of a 

simple molecule. The selection rule for Raman activity is that there is a change in 

polarizability dunng the vibration [13]. 

The vibrational spectra of a solid compound in an ordered lattice are quite 

different from those of the sarne compound in the gas or liquid state. In the gas or liquid 

state the molecules are randomly oriented and relatively free from intermolecular 

interactions. However, in the solid state, ihere is a strong possibility of intermo1ecula.r 

interactions occumng and a different symmeuy environment within the crystal. The 

fundamentals in the original gas phase spectra rnay be split into many additional bands in 

the solid due to "site group splitting" and "factor group splitting". The fotmer splitting is 

due to a molecule located at a crystallographic site with a lower symmetry than that of 

molecule itself. In this case, the site syrnmetry govems the vibrationai spectmm. Two 

changes c m  occur: the degeneracy of the intemal vibrations for a free molecule may be 

partially or completely lifted, leading to an increase in the number of observed bands; IR 

or Raman inactive bands for the free molecule may become observable. "Factor group 



splittingv is duc to the interaction of the interna1 vibrations of one molecule with 0 t h  

molecules in the sarne unit cell. This interaction can further complicate the solid phase 

spectra by causing non-degeneracy in the vibrational modes [ 14,151. Therefore, the point 

group theory used to predict the vibrational spectra of 'Yree" molecules in the gas or 

liquid phase can no longer be applied to solids. Instead, factor group analysis should be 

used to account for the unique features of the solid state spectra [Ml. 

Sometimes, the crystal structure of the matenal of interest has been determined 

previously from X-ray diffraction studies. According to the structural information such 

as the space group of the crystal, the site symmetries of the individual atoms, and the 

number of atoms in the Bravais unit cell, factor group analysis cm be perfomed to 

predict the vibrational spectra in order to compare with experimental observations. On 

the other hand, if the X-ray data present some ambiguities, the observed vibrational 

specua may help to decide the space group of a particular crystal. 

1.4 OBJECTIVE OF THE THESIS 

As discussed in the previous sections, the hydrated layered alkali metal silicates 

studied in this thesis exhibit some interesting properties and can be pillared io form 

porous materials which have potential applications as catalysts or molecular sieves. The 

structures of these silicates have been of interest for the past decades because the physicai 

and chernical propenies of these materials are largely dependent on their structures. 

However, only the structures of rnakatite and silinaite have been determined by single- 

crystal X-ray diffraction studies. The structural information for other layered silicates has 



been mainly obtained from other techniques such as powder X-ray diffraction, solid-state 

NMR ~d IR spectroscopy. Several hypothetical mode1 structures were proposed [17- 

221, however, none of these has k e n  widely accepted. Although IR spectra have been 

used ta study the interlayer surface and the structure, the data in the literature are 

incornplete and sometimes controversial. To date, the Raman spectra of these silicates 

have net k e n  reported. 

The objective of this work was to systematically investigate the IR and Raman 

spectra of these layered silicates. For the materials, such as silinaite and makatite with 

known structures, factor group analysis was perfomed using the single-crystal X-ray 

data. The predicted vibrational modes were compared with those observed 

experimentally. The vibrational spectra were assigned based on previous studies on 

various silicates. An atternpt was made to correlate some of the observed bands with 

their çtnictural features. For those silicates such as  magadiite, ilerite, kenyaite and 

kanemite with unknown stnictures. the interpretation of their IR and Raman spectra was 

assisted by using the vibrational results of silinaite, rnakatite and other related silicates 

with bows structures since similar structural units and relationships between vibrational 

spectra and these units may exist. Some important conclusions with regards to the 

structures of these materials have been reached. The proposed models in the literature 

were vetified by cornparison with the vibrational data. 

Ihe second part of the thesis involved a study of the thermal behavior of these 

layered silicates by IR spectroscopy. Structural changes and phase transformations 

occurring upon themal ueatment were studied. The preliminary results were discussed 



by comparing with powder X-ray diffraction data. The reason for conducting such a 

study was that the thermal stability of these materials has been important for their 

potential applications as rnolecular sieves and catalysts. 
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PART 1: INVESTIGATION OF THE STRUCTURES OF LAYERED 

SILICATES USING IR AND RAMAN SPECTROSCOPY 

CHAPTlER TWO 

EXPERIMENTAL 

The samples used in this thesis were kindiy provided by Dr. W. Schwieger of the 

Martin-Luther-University, Germany. 

The IR spectra were obtained on a Perkin-Elmer Paragon-1000 FT-IR 

spectrometer equipped with a DTGS detector. Samples were prepared using the standard 

KBr method. Typically, 0.5 mg samples were mixed with 200 mg of dry KBr (IR grade). 

The mixture was finely ground. poured into a pellet die, and the die assembly was 

evacuated with the aid of a vacuum pump for a period of 5 minutes. Then. the sarnples 

were pressed into a pellet using a hydraulic press to apply a pressure of 10 psi under 

vacuum for about 5 minutes. Spectra with resolution of both 2 and 4 cm-' were recorded. 

Since the spectra with 4 cm-' resolution were identical to those with 2 cm-' resolution, 

only the spectra with 4 cm-' resolution are presented in this thesis. A total of 36 scans, 

for each sarnple, was accumulated. 

The Raman spectra were obtained on a Bruker WS-100 FT-Raman spectrometer 

equipped with a ~ d ' + :  YAG laser (1064.1 nm). The spectral resolution was 2 cm-'. 



Typically, 2000 scans were accumulated for each spoctrum. The samples were packed in 

either a metal die or a g l a s  capillary. The laser power at sample was about 200 mW. 

Powder X-ray diffraction (XRD) patterns were obtained on a Philips PW 1830 

diffractometer using a Co-K, radiation source (h = 0.17902 nm). The step scan rate was 

0.0 15 degree per second. 

The IR spectra, Raman spectra and X-ray diffraction pattems were recorded at 

room temperature. 



C H A F ï E R m E  

SILINAITE 

3.1 INTRODUCTION 

Silinaite is a new mineral species which was found at Mont Saint-Hilaire, Quebec, 

Canada. Its narne is derived from its composition, Si-Li-Na-ite. Its ideai formula can be 

expressed as NaLiSir05*2H20. Its structure was solved using the single-crystal X-ray 

diffraction technique. The stmctural analysis shows that silinaite is monoclinic with 

space group M/n (c&. There are 4 molecules per unit celi, 254 [1,2]. The silicate 

layer is a single layer consisting of unbranched chains where one chah has apices up and 

the adjoining chain has apices down (Figure 3.1). This type of single-layer silicate is very 

rare and not illustrated in Liebau's classification of silicates [3]. Another important 

feature of silinaite is that the silicate layer contains Si-O-Si linkages with a bond angle of 

180'. According to the silinaite structure, al1 Si sites are crystallographicaily equivalent 

and there are three different oxygen sites in the silicate layer. Each silicon atom foms 

three Si-O-Si bonds and only one Si-O--M+ (M= Li or Na) bond, known as a Q~ site. The 

solid state "si NMR spectrum of silinaite shows only one peak centered at -92.4 pprn, 

which also confirms that only Q~ sites exist in silinaite (41. 

The silicate layers in silinaite are held together by [Li04] tetrahedra in which the 

four terminal oxygen ions belong to four different [SiOa] tetrahedra. The sodium ions 

between layers are octahedrally coordinated by interacting with four water molecules and 



Figure 3.1 The silicate Inyer of silinaite. showing unoranched chains parallel to the x-axis. 
Na (large open circles) and Li tsmall open circles 1 atoms are also shown [2]. 

Figure 3.2 An X-axis projection of the silinaite structure, showing the stightly undulated 
siiicate layer pulled together by [Li041 teuahedra. Na ( s m d  circles) are octahedrally 
coordinated with four water molecules (large circles with two small circles for H) and 
h v ~  oxygen atoms shared with the [Li041 tetrahedra (2). 



two terminai oxygen ions which cross-link the Li04] tetrahedra Each water molecule is 

also bonded to the silicate layer through hydrogen bonding [2]. The [Li04] tetrahedra 

pull the silicate layers together while the bulkier ma(H20)402] octahedra tend to keep 

them apart so that the layers are slightiy undulated [Figure 3.21. 

Silinaite bears sorne resemblance, both chemically and stmcturally, to some 

layered silicates, such as Nafii105, Li2Si205, NaBSi205(0H) and makatite 

(NatSi409m5HzO) [2]. Al1 of these materials have single silicate layers with silicon- 

oxygen tetrahedra. However, the relative orientation of silicon-oxygen tetrahedra and the 

degrees of wrinkling of the silicate layer are different. 

Silinaite can be easily synthesized in the lab by heating dispersions of silica in 

aqueous solutions of LiOH and NaOH at temperatures between 70 and 125 '~  for several 

days [4]. As mentioned in Chapter Two, the sarnple used in this thesis was provided by 

Dr. W. Schwieger. The X-ray powder diffraction pattern (Figure 3.3) shows that the 

synthesized material has high crystallinity. The d-values of this sample are in good 

agreement with those obtained from a natural minerai sample reported in reference 1. 

3.2 INTERPRETATION OF VIBRATIONAL SPECTRA 

The vibrational spectra of silinaite are shown in Figure 3.4 and the corresponding 

IR and Raman frequencies are given in Table 3.1. The vibrationai spectra can be divided 

into two regions. The first region covers the frequency range 4000-1600 cm*' where 

stretching and bending vibrations of water molecules appear. The second region (below 

1300 cm-') includes the vibrations due to the silicate layer and charge-balancing cations. 
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Figure 3 . 3  Powder X-ray diffraction pattern of silinaite 





Table 3.1 Vibrational data ( cm-') for silinaite and their assignrnents*. 

IR Raman Assignment 

vOH 

6HOH 

v,, SiOSi 
and 
vSiOP 

v, SiOSi 

Si0 
and 
vM-O 

* Abbreviations: v. very; s, strong; m. medium; W. weak: sh. shoulder; v, and v,. 
asymmetric and symmetric streching: 6. bending mode. 



Since the vibrations in these two regions are not normally coupled to each other, we shall 

discuss them separately. 

Vibrations of silicate laver and associated cations As mentioned earlier, 

the crystal structure of silinaite at arnbient temperature is monoclinic with space group 

AUn ( c ? ~ ~ ) .  One Bravias unit ce11 contains two formula units (NaLiSizOs.2H20). 

Within each Bravias unit cell, four Si, 0, and O? atoms occupy three different CI sites, 

while two Os atoms occupy Ci sites. Two Na and two Li ions lie on the positions with Cz 

symrnetry. Based on the above information, the vibrations due to the silicate layer and 

associated cations can be predicted by performing a factor group analysis (Appendix Ia) 

[5-71. Fifty one vibrational bands are expected in the IR and Raman spectra. Among 

them, 27 bands should be IR active while the Raman spectra should exhibit 24 bands: 

T V i b  = I IAg(R) + 13Bp(R) + 13Au(IR) + 14Bu(IR) 

where R and IR in the parentheses denote Raman and IR activity, respectively. 

Experimentally, 13 IR and 24 Raman bands were observed in the regions of 1300- 

300 cm-' and I3W- 100 cm-'. respectively (Figure 3.4 and Table 3.1). In the Raman 

spectrum, the number of observed bands is the sarne as predicted. In the IR spectrum, 

however, the number of observed bands is only about half of the number predicted by 

factor group analysis. This is due to severai reasons: Firstly, we were unable to obtain IR 

spectra below 300 cm-'. In the far-IR range some silicon-oxygen bending and metal- 

oxygen stretching vibrations may occur. Secondly, accidental degeneracy and very weak 

intensities of certain modes may also be responsible for the observation of fewer bands. 



Furthemore, since IR bands are generdly broader than Raman bands, it is likely that 

some bands are superimposed to give a broad spectral profile. 

According to the X-ray structure, the unit ce11 of silinaite is centrosymmetric. 

Therefore, the mutual exclusion rule applies. This nile states that for a centrosymmetric 

molecu1e or unit ce11 in the solid, IR-active vibrationd modes are Raman-inactive and 

vice versa. From Table 3.1. it is evident that ail the observed IR bands indeed appear at 

different frequencies from those in the Raman spectrum. Therefore, the vibrational data 

confirm the X-ray result, and the unit ce11 of silinaite is indeed centrosymmetric. 

The tentative assignments of vibrationai bands in the spectra of silinaite are given 

in Table 3.1. As mentioned earlier, in silinaite each Si atom forms three Si-O-Si bridge 

bonds and one terminal Si-O' bond. These two types of bonds usually have different 

stretching force constants, thus, different frequencies. Compared to silicon-oxygen 

stretching modes, the Si-O bending modes of the silicate layer have much smaller force 

constants and exist in the lower frequency region where the M-O stretching vibrations 

may also occur. According to previous studies [8], the various vibrations due to the 

silicate layer and associated cations follow the frequency order: 

v,SiOSi > vSiO-> vsSiOSi > 6Si0 and vMO 

where v,SiOSi and vSSiOSi refer to the asyrnmetric and symmetnc stretching modes of 

Si-O-Si bridges; vSiO- represents the stretching modes of terminai Si-0- bonds; 6SiO 

refers to the Si-O-Si and O-Si-O bending modes; and vMO represents the M-O stretching 

modes. 



There has been extensive discussion in the literature regarding the assignment of 

the bands of the IR and Raman spectra of various silicates [8- 173. The early work has 

been cornprehensively reviewed by Lazarev [8]. As discussed earlier, silinaite bears 

some structurai resemblance to sodium disilicate NazSi205. Based on previous empirical 

assignments of the vibrational bands of a-Na2Si205 and other silicates, the IR and 

Raman bands of silinaite cm be tentatively assigned: the bands between 1300 and 950 

cm" are assigned to the asyrnmetric stretching vibrations of Si-O-Si (v,SiOSi) and 

stretching vibrations of Si-O- (vSiO); the bands between 780 and 600 cm-' are associated 

with the symmetric stretching vibrations of Si-O-Si (v,SiOSi); the bands below 550 cm-' 

are due to silicon-oxygen bending vibrations and the stretching vibrations arising from 

M-O ( M= Li or Na) bonds. 

By studying the IR spectrum of pyrosilicates containing the Si207 group where 

LSiOSi = 180°, Lazarev has concluded that the appearance of IR bands in the frequency 

range between 1150 and 1200 cm-' is associated with the existence of Si-O-Si bridges 

with an angle of 180' (or neariy so). This assumption has been extended to include other 

silicates with more complicated structures than pyrosilicates and confirmed by X-ray 

diffraction [8]. Figure 3.4 shows that silinaite does exhibit two narrow intense IR bands 

centered at 1189 and 1159 cm-', respectively. The observation of these two bands is 

indicative of the existence of Si-O-Si bonds with an angle near 180~. This vibrational 

result is in good agreement with that obtained from the singlesrystal X-ray study, which 



shows that the bond angle for the Si-03-Si linkage is indeed 180'. Thus, silinaite appears 

to be another exarnple which confirms Lazarev's assumption. 

According to previous studies [8], the bands in the mid-frequency region are 

assigned to the symmetric stretching vibrations, vsSiOSi. They are associated with the 

presence of bridging oxygens (Si-O-Si linkages) in the structure. For silinaite, we 

tentatively assign the bands between 780 and 600 cm" to v,SiOSi. A number of studies 

have shown that the band frequencies in this region are sensitive to the Si-O-Si bond 

angles [8,13,14]. Lazarev [8] has pointed out that the v,SiOSi and vsSiOS i frequencies 

depend on the Si-O-Si bond angle and suggested an empirical relationship between the 

Si-O-Si angle and a quantity A, where A=(v~-v~) / (v~+v~) .  A large Si-O-Si angle 

corresponds to a large value of A. This means that an increase in the Si-O-Si angle will 

result in an increase in the v,SiOSi frequency and a decrease in the v,SiOSi frequency. It 

is reasonable to assume that for the linear Si-O-Si linkages, the vSSiOSi should have a 

lower frequency than those of Si-O-Si units with angles less than 180'. Based upon this 

assumption, we assign the Raman band of silinaite at 609 cm-', which has the lowest 

frequency in the symmetric stretching region, to the vSSiOSi of linear Si-Os-Si bonds. 

Silinaite also contains two other nonlinear Si-O-Si linkages (Si-01-Si and Si-02- 

Si). Their asymmetnc vibrations (v,SiOSi) are assigned to the bands in the region 1 100- 

950 cm-', where the Si-0- stretching vibrations (vSi0') also appear. The IR spectrum of 

silinaite in the vsSiOSi frequency range has a strong band at 757 cm'' and two weaker 



bands at lower frequency (676 and 630 cm"). They rnay be assigned to the symmetric 

stretching vibrations (v,SiOSi) arising from nonlinear Si-O-Si bridges. 

In the Raman spectnim of silinaite, there is a very strong band located at 1068 

cm-'. We tentatively assign this band to the Si-0- stretching vibration. This assignment 

is based on previous studies of crystalline silicates and silicate glasses containing Si04 

tetrahedra with one, two, three and four non-bridging oxygens, respectively [IO-141. 

These studies have shown that the dominant Raman bands at 110-1050 cm*', 1000-950 

cm-', near 900 cm'', and near 850 cm-' are associated with the stretching vibrations 

(vSiO-), due to Q ~ ,  Q?, QI and Q* species, respectively. In the Raman spectrurn of 

silinaite, only one strong band was observed at 1068 cm-' indicating that silinaite contains 

only Q' species, which is consistent with the result from single-crystal X-ray diffraction 

[2] and NMR studies [4] as discussed earlier. 

It is difficult to make a detailed assignment of the bands below 550 cm-'. These 

are due to the bending vibrations of Si-O and stretching vibrations of O-Na and O-Li. 

There is considerable overlap of these vibrational modes in this region [8]. 

Vibrations of water molecules Based on the silinaite structure, the number 

of vibrations arising from the water molecules located between layers can also be 

predicted by factor group analysis (Appendix Ib). 

In addition to the molecular symmetry, the number of bands due to water 

molecules in silinaite is aiso determined by the site symmetry and intermolecular 

interactions. For a free water molecule under CZv symmetry, group theory predicts that 

there are three vibrational bands (2AI+B1). The site symmetry and factor group 



symmetry of water molecules in silinaite are Ci and Cm, respectively. The scheme of 

correlation between the representations of the molecuIar, site and factor group symmetries 

can be expressed as folIows: 

molecular symmetry site syrnmetry factor group symmetry 

Since there are four H20 molecules per Bravais unit ce11 of silinaite, twelve [4(3n- 

6)=12] vibrational species are expected under the factor group symmetry, where n refers 

to the number of atoms in a molecule (n=3 for a water molecule). The intramolecular 

vibrational modes can be obtained from the correlation diagrarn shown in Appendix Ib. 

They are sumrnarized as follows: 

r 1.m n b  = 3Ag(R) + 3Bg(X) + 3Au(IR) + 3Bu(IR) 

where 6 of them are IR active and 6 of them are Raman active. 

The assignment of the fundamental vibrations of the free water molecule in the 

gas phase is well established. The band at 3651 cm" has been assigned to the symmetric 

stretching vl (A*), 1595 cm-' to the bending vz (Al) and 3756 cm" to the asymmetric 

stretching v3 (B 1 )  [I 81. Al1 three fundamentals are both Raman and IR active. 

From the above correlation diagrarn, we can see that each vibrational mode of free 

water is split into four modes because its site and factor group symmetries are different 

from its molecular syrnmetry in silinaite. Arnong the four modes, two (Ag and B3 are 



Raman active and the other two (Au and Bu) are IR active. This splitting cm be clearly 

seen from the IR and Raman spectra of silinaite (Figure 3.1). In the region of OH 

stretching vibrations (vOH), the IR spectrum shows four bands at 3558, 3490, 3396 and 

3264 cm", respectively. Because the frequencies of asyrnmetric stretching are normally 

higher than those of syrnmetric stretching, the above four bands may be assigned as 

followings: The bands at 3558 and 3490 cm-' are due to the splitting of vs (BI related 

species) and the bands at 3396 and 3264 cm" to the splitting of vl  (Al related species). In 

the Raman spectrum, three of four predicted peaks were observed at 3472,3389 and 3259 

cm-'. These peaks are also related to the vl and vs modes of free water molecules. The 

two bending bands, 6HOH. in the IR spectrum at 1667 and 1639 cm-' are correlated with 

the splitting of the vz fundamentai mode in free water. 

It is worth noting that the vibrational frequencies of IR and Raman bands of water 

molecules in silinaite are not coincident. This is again consistent with the fact that the 

unit ceIl of silinaite has a center of syrnmetry. The observed stretching frequencies in the 

IR and Raman spectra are Iower than both VI and vs in free water molecules. due to the 

effect of hydrogen bonding between water and the silicate layer. 

These well developed stretching and bending bands are sharp and intense, 

indicating that these vibrations are due to the water molecules between layers which are 

part of the crystal, and not due to physically absorbed water. 



33 SUMMARY 

The IR and Raman spectra of silinaite are consistent with the known structure 

obtained from the singlesrystal X-ray study. 

1. IR and Raman frequencies of both silicate layer and water molecules in silinaite are not 

coincident suggesting that the unit ceIl is centrosymmetnc. 

2. Observation of IR bands at 1 150 and 1200 cm-' indicates the existence of linear Si-O- 

Si linkages in silinaite. 

3. The suong band positioned at 1068 cm-' in the Raman spectnim implies that silinaite 

contains Q~ species. 

4. The stretching and bending bands due to water molecules in silinaite are sharp and 

narrow, suggesting that the water molecules are part of the crystai radier than physically 

absorbed. They are bonded to the silicate layer through hydrogen bonding. 

Since al1 the above results are in good agreement with those obtained from single- 

crystal X-ray diffraction, we feel that the vibrationai approach cm now be used to probe 

the silicates with unknown or poorly defined structures. 
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MAKATITE 

4.1 INTRODUCTION 

Makatite is the third new hydrous sodium silicate mineral found in the deposits of 

Lake Magadi, Kenya [ I l .  Its composition is reported as NazSi4Og*5Hz0 [ I l  and 

Na2Si408(OH)2.4Hz0 [2] .  The other two silicates, magadiite and kenyaite, were found 

and described earlier by Eugster [3]. Compared with magadiite and kenyaite, makatite 

contains a higher sodium content but Iess silicon. For this reason, makatite got the name 

from a Masai word, emakat, which rneans soda. 

Makatite naturally exists as a powder; however, large crystals can be synthesized 

by using the complexing agent, triethanolamine. The crystai structure of synthetic 

rnakatite was solved by Annehed et al. using the single-crystal X-ray diffraction 

technique [2 ] .  A monoclinic structure with space group P2,/c (clh5) was proposed. 

There are four formula units per unit cell (2=4). The silicate Iayer structure after 

refinement is presented in Figure 4. la. In this figure, the silicate layer is a single layer, 

containing unbranched vierer single chains (S4012)m However, from the diagrarn, it is 

evident that there is no center of symmetry. This is inconsistent with the proposed space 

group P2& (c2h5). TO explain this disagreement, Annehed et al. [2] suggested a pseudo 

orthorhombic syrnmetry. Earlier, S heppard et al. [ 1 ] proposed an orthorhombic 

symrnetry for minera1 makatite based on its powder X-ray diffraction data. However, 



Figure 4.1 b Projection of the rnakatite structure showing the interlayer space. 

: water oxygen atom O: sodium ion 



they pointed out that the symmetry was diffkult to detemine due to the differences 

between observed and cdculated values for some reflections. 

Obviously, there is an ambiguity existing in the structure of makatite. Therefore, 

an IR and Raman spectroscopie snidy is particularly informative since vibrational data 

cm be used to verify the proposed structure. 

The interlayer space of makatite contains two different types of sodium ions with 

coordination nurnbers of five and six. respectively (Figure 4. lb). One type of sodium ion 

is coordinated to six oxygens in water molecules which are probably connected to the 

silicate layers by hydrogen bonds. The other type of sodium ion is coordinated to two 

oxygens in water molecules and three oxygens in the silicate layers and in this way, the 

silicate layers are held together [2]. Since makatite contains relative1 y large [Na(H$&] 

polyhedra in the interlayer space, the silicate layer is more convoluted than that of 

siIinaite. 

The makatite sarnple for this thesis was synthesized by Dr. Schwieger. Its X-ray 

powder diffraction pattern is shown in Figure 4.2. The X-ray data are in good agreement 

with those obtained from natural minerai sarnple [ I l .  

4.2 SPACE GROUP ANALYSIS 

According to the space group of makatite, P2& (c~:), proposed by Annehed et 

al. [3], the unit ce11 has a symmetry of Ca. Since the unit ce11 is centrosyrnmetric, the 

mutual exclusion rule should apply, i.e. IR active vibrational modes are Raman inactive 

and vice versa The crystallographic data have been used to perform a factor group 
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Figure 4.2 Powder X-ray diffraction pattern of makatite. 





Table 4.1 Vibrationai data ( cm-') for makatite and their assignments. 

IR Raman Assignment 

3563 vs 
3424 vs. br* 3368 vw (sh). 

3122 W. br 

v,SiOSi 
and 
vSi0- 

6SiO 
and 

vMO 



analysis of the silicate layer according to the methods described in references 4 to 6. The 

active vibrational modes are summarized as  follows (Appendix II): 

r v i b  = 42Ag(R) + 42Bg(R) + 4 1 A.(R) + 4oBB.(m) 

where the A, and B, modes are only Raman active while the A. and Bu modes are only IR 

active. In other words, based on the space group of P&/c (cas), the IR bands of makatite 

should appear at different frequencies from those in the Raman spectmm. 

The vibrational spectra of makatite are shown in Figure 4.3 and the corresponding 

IR and Raman frequencies are given in Table 4.1. The experimental regions for IR and 

Raman spectra are 4000-300 cm-' and 3600-100 cm". respectively. In their common 

region, 3600-300 cm", 26 IR and 17 Raman bands were observed. Among them, ten 

bands appear in both the IR and the Raman spectra. This means that about 40% of the IR 

and 60% of the Raman bands observed in region 3600-300 cm-' are coincident. 

It seems that our vibrational data do not agree with the space group proposed by 

Annehed et al. [3]. The fact that many peaks have the sarne frequencies in both the IR 

and Raman spectra indicates that the unit ce11 of makatite may be noncentrosymmetnc. 

This suggests that the published space group P2,/c (CL) which is centrosymmetnc may 

be incorrect. 

Another possible symmetry for the unit ce11 of makatite is orthorhombic as 

proposed by S heppard et al. [ 1 1. Assuming that makatite is noncentros ymmetric. based 

on our vibrational data, the mmm crystal class can be excluded immediately since the 

space groups contain a center of symmetry. The space groups belonging to 222 and mm2 

classes have symmetries of Dz and Cz,, respectively. The unit cells of these groups are 



noncentrosymmetric. Whether or not they are possible groups for makatite can be further 

discussed by comparing the IR and Raman spectra based on the selection rules for the 

appropriate point groups [7,8]. According to the irreducible representations in the 

character tables, al1 modes under Dz and Czv symmetry are Raman active while some of 

the modes are IR active. This indicates that al1 of IR peaks shouid have the same 

frequencies as those of corresponding Raman peaks and not vice versa. Our results show 

that only 40% of the IR bands are coincident with the bands in Raman spectrum. It seems 

that the vibrational data do not support D2 and Cz, symmetry. However, if we consider 

the fact that some Raman modes may have very weak intensities and that some bands 

may be superimposed ont0 other bands, it is not impossible that the space groups of 222 

and mm2 classes in the orthorhombic crystai system may be the possible groups for 

makati te. 

4.3 SPECTRAL ASSIGNMENTS 

The tentative assignments for the spectra of makatite are given in Table 4.1. As 

discussed in Chapter Three, the vibrationai spectra can be divided into two parts. The 

stretching and bending modes of OH groups appear at higher frequency while those of the 

silicate layer and associated cations are found at lower frequency [ 1 11. Since the 

frequencies of O-H vibrations differ largely from other fundamental vibrations of the 

crystal and are mainly localized in the OH bond, OH groups cm be considered separately 

and will be discussed Iater. 



Vibrations of silicate laver and associated cations Due to different force 

constants, the vibrations arising from the silicate layer and associated cations have the 

following frequency order: vSiOSi> vSiO' > v,SiOSi > B i 0  and vMO [ 121. Based on 

previous empincal assignments for various silicates [12], the IR and Raman bands of 

makatite cm be tentatively assigned as follows. The bands between 1300 cm" and 900 

cm-' are assigned to the asymmetric stretching vibrations of Si-O-Si linkages (v,SiOSi) 

and the stretching vibrations of the terminal Si-O' bonds (vSiO'). The bands between 840 

cm-' and 560 cm-' are associated with the syrnmetric stretching vibrations of Si-O-Si 

bridges (v,SiOSi). The bands below 550 cm-' are due to Si-O bending vibrations (6Si0) 

and the stretching vibrations arising from Na-O bonds (vMO). 

Unlike silinaite, makatite does not have IR bands around 1150 to 1200 cm'! 

According to Lazarev's study [12], the existence of Si-O-Si bridges with angles close to 

180' is indicated by observing v,SiOSi bands at high frequency, ranging between 1 150 

and 1200 cm-' in the IR spectrum. The absence of IR bands in this region suggests that 

maicatite does not have Si-O-Si bonds with angles close to 180~. This result is consistent 

with the structure described by Annehed et al. [3]. 

In the Raman spectrum of makatite, two strong bands at 567 and 1025 cm" are 

worthy of mention, which can be assigned by cornparison with some crystalline silicates 

and silicate glasses. 

The strongest band in the Raman spectmm is located at 567 cm-'. Generaily. it is 

believed that strong Raman bands in the 700400 cm" region are associated with the 



presence of bridging oxygens in the structure [13]. They are assigned to symrnetnc 

stretching vibrations of Si-O-Si linkages (v,SiOSi). McMillan [13,14] has suggested that 

the bands in the range 520-600 cm-' are related to vSiOSi due to Q~ species. Makatite 

exhibits one strong Raman band at 567 cm", indicating that Q~ species exist in the 

structure. 

Numerous studies [ 13- 171 have indicated that strong Raman bands at 1 100- 1050 

cm-', 1000-950 cm", near 900 cm-', and near 850 cm" are associated with the stretching 

vibrations of Si-O-groups with nonbridging oxygens (vSi0') arising from Q', Q', Q I  and 

Q0 species, respectively. Although the strong Raman band of makatite ai 1025 cm-' is not 

exactly located in the region 1 100-1050 cm-', we can still reasonably assign it as vSiO* of 

Q3 species since makatite has a single-layer structure. 

The bands beiow 550 cm-' in the IR and Raman spectra of makatite are related to 

the bending vibrations of the silicon-oxygen and stretching vibrations of sodium-oxygen. 

It is not easy to make a detailed assignrnent in this region since those motions are likely 

mixed . 

Vibrations of OHmoups Generally, the bands in the 3700-3000 cm-' region 

represent stretching vibrations of OH groups (vOH), while the bands at about 1670 and 

1630 cm-' are due to bending vibrations (6HOH) of water molecules [ 1 1. 18-2 11. 

The IR spectrum of makatite shows two OH stretching bands: a narrow band at 

higher frequency (3563 cm-') and a broad one with a maximum at lower frequency (3424 

cm-'). These two bands c m  be assigned to the isolated surface OH groups associated 



with Q-' sites and the OH groups in water molecules, respectively. The above assignment 

is based upon Nakamoto's description of LiOHaH20. He pointed out that the stretching 

vibration of the hydroxyl ion is charactenzed by a sharp band in the region 3700-3500 

cm-', and that the frequency is usually higher than that of the OH stretching modes of 

water [21]. IR spectra c m  provide information on hydrogen bonding. When hydrogen 

bonds form, the OH stretching band shifts to lower frequency and becomes broader [22]. 

In the IR spectnim of makatite, the band characteristic of the OH stretching vibrations in 

water is broader and appears at lower frequency (3424 cm") than isolated OH groups, 

indicating that the OH groups in water are involved in strong hydrogen bonds to surface 

oxygens and to other water molecules, as proposed by Annehed et al. [2] .  

The bending modes of water molecules in makatite are characterized by a band at 

1639 cm" and a shoulder at 1679 cm-' in the IR spectrum and a weak band at 168 1 cm-' 

in the Raman spectrum. 

The Raman bands related to the stretching and bending vibrations of OH groups 

in makatite are much weaker than those in the IR spectrum. This is due to the fact that 

OH groups are not good Raman scatteren. However, from Figure 4.3, we can still see 

that some bands in the Raman spectmm are coincident with some of the IR bands. 

By comparing the IR spectra of makatite and silinaite, we can see that the OH 

stretching band in makatite is broader than silinaite, indicating that the hydrogen bonding 

may be more intense in malcatite. 



4.4 SZTMiMARY 

Unlike sihaite, the observed vibrational data of makatite are not completely 

consistent with those predicted. In panicular, rnany peaks have the same frequencies in 

both the IR and Raman spectra, indicating that the unit ce11 of makatite may be 

noncentrosymrnetric. This result is in contrast to the space group P2& (cm5) proposed 

by Annehed et al. [2], which has a center of syrnmetry and implies complete non- 

coincidence between the IR and Raman band frequencies. This suggests that the space 

group P2 l/c (cas) may be incorrect. 

Analysis of the vibrationai data suggests that the possible space groups of 

makatite may be those of the 222 and mm2 classes in the orthorhombic crystd system. 

Unlike silinaite, makatite does not have strong IR bands at very high frequency 

(around 1150 to 1200 cm-') indicating that there are no Si-O-Si bonds with angles near 

180' existing in makatite. The strong bands positioned at 567 and 1025 cm-' in the 

Raman spectrum imply that makatite contains Q-' species. The above results are 

consistent with the structure of makatite described by Annehed et al. (Figure 4.1 a) [3]. 

By inspecting the breadth of the OH stretching bands in makatite and silinaite, we 

found that the hydrogen bonding effect is more intense in makatite. 

Based upon Our vibrationai data, we conclude that makatite has a different crystal 

structure from that of silinaite and the exact structure of makatite should be further 

studied in combination with other techniques. 
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5.1 INTRODUCTION 

Kanemite, a naturally occumng mineral, was first found at Kanem, Lake Chad 

and described by Johan and Maglione in 1972 [ 11. Its ideal formula was reported as 

NaHSi2O5.3H20 or NaH[Si204(OH)2]m2Ht0 [1,2]. From the powder X-ray diffraction 

data, Johan and Maglione proposed that kanernite belongs to the orthorhombic crystal 

system with a space group of Pnmb ( D ~ ' )  [l]. Single-crystal X-ray data have not been 

reported because it is difficult to grow a single crystal large enough for structural analysis. 

Recently, the structure of kanemite has received much attention. This is due to 

the fact that kanemite can be used to synthesize highly ordered porous materials which 

have potential applications as catalysts and molecular sieves [3]. Unlike the pillaring 

method which involves the insertion of robust inorganic or organic species as pillars 

between layers (see Chapter One), the use of the kanemite involves the ion exchange of 

sodium cations with organic cations (typically alkyltrimethylammonium ions). During 

the ion exchange, the silicate layers of kanemite are condensed to form three-dimensional 

silicate networks. By calcination, the silicate-organic complexes are converted to porous 

materials with uniform pore-size distributions. The pore size can be controlled by the 

variation of the alkyl chain length of the alkyltrimethylammonium ions used. A 

schematic mode1 for the formation of the mesoporous materiais from kanemite is shown 



in Figure 5.1. During the process, the silicate layers of kanemite can wind around the 

exchanged aikykrimethy~amrno~um ions. This is because kanernite may have a single- 

layer structure and thus has flexibility. The single-layer structure of kanernite was 

confirmed by the solid-state Igsi MAS NMR spectrum [3] in which only one peak 

centered at -97.3 ppm was observed, indicating that the structure contains Q~ sites only. 

Kanemite can be synthesized by alterating several silicates such as HzSi20s, 

magadiite and makatite, etc., as shown in Figure 5.2. Therefore, it was suggested that 

structurai relations may exist between kanemite and some of these silicates f2]. 

Compared with other related silicates (Figure 5.2), H2SizOs (obtained from 

KHSi20s) can be most easily transformed to kanemite by reaction with NaOH. By acid 

treatment, both kanemite and KHSi2Os can also be easily transformed to H2Si205. It 

seems that the structure of kanemite may be similar to that of H&05 and KHSi205 

which was determined by single-crystal X-ray diffraction. Accordingly, the structure 

proposed for kanemiie is based on the structure of H2Si20S, as illustrated in Figure 5.3 

[4]. The structure contains single layer silicate sheets composed of six-rnembered rings 

(six [Si04] tetrahedra linked together). In the silicate layer, each silicon atom foms three 

Si-O-Si bridges and only one terminal Si-O' bond, indicating that kanemite contains only 

QJ sites. This has been confirmed by an NMR study [3] as mentioned earlier. In this 

work, the structure of kanernite will be discussed based on the vibrational data. 

According to a survey of the methods used to synthesize kanemite studied by 

Beneke et al. [2], the structures of makatite, magadiite and ilerite may also be related to 

that of kanemite, as shown in Figure 5.2. Magadiite reacts with sodium silicate solutions 



Figure 5.1 Schematic mode1 for the formation of porous material fiom kanemite [3]. 

Figure 5.2 Methods of kanemite synthesis [2]. 



Figure 5 3 A mode1 amcture showing the single silicate layer of kanemite [4] 

28 

Figure 5.4 Powder X-ray diffraction pattern of kanemite. 



at 90'~ to produce kanemite. Makatite can also quickiy transfomi to kanemite when the 

sarnple is heated at 700'~ and subsequently rehydrated. nerite, aiso cdled octosilicate, is 

obtained from a mixture of NaOH, SiOz and HzO rnaintained at IW'C for 13 days. If the 

heating time is extended to 23 days, the final product is kanemite [2]. Comparing the 

above synthetic routes, it can be seen that magadiite is more easily converted to kanemite 

than makatite or ilerite, suggesting that the structure of magadiite is closely related to that 

of kanernite. 

Similar to other layered silicates, the interlayer space of kanemite contains water 

molecules which cm be partly removed by drying over &O5 or by treatment with 

ethylene glycol. Partial removal of water molecules between layers results in the 

reduction of the basal spacing. Basal spacing refers to the sum of the thickness of a 

silicate sheet and the interlayer space. The remaining water molecules are trapped in the 

holes of the foided rings of the silicate layen and cannot be removed easily [2]. Since 

kanemite contains only Q) sites, the terminal oxygen ions in Q~ tetrahedra are neutralized 

by N a  or H+ to form either Si-O' Na' or Si-OH. The hydroxyl groups are involved in 

strong interlayer hydrogen bonding, which is suggested by a large 'H chernical shift (1 5 

P P ~ )  P l  - 

The X-ray powder diffraction pattern of kanernite used for this thesis is shown in 

Figure 5.4. The X-ray data are in good agreement with those obtained from a naturai 

mineral sarnple [ 11. 



5.2 SPACE GROUP ANALYSE 

According to the space group Pnmb ( D ~ ~ ' )  proposed by Johan and Maglione 111, 

the unit ce11 of kanemite has a symmetry of Dm, indicating that the unit ce11 of kanemite 

is centrosymmetric. Therefore, the mutual exclusion rule should apply. 

The vibrational spectra of kanemite are shown in Figure 5.5 and the corresponding 

IR and Raman frequencies are given in Table 5.1. It is evident that al1 the observed IR 

bands appear at different frequencies from those in the Raman spectmm. Therefore, the 

vibrationai data are consistent with the unit ce11 of kanemite being centrosymmetric. 

5.3 SPECTRAL ASSIGNMENTS 

The tentative assignments for the spectra of kanemite are given in Table 5.1. As 

discussed in previous chapters, the vibrations associated with the silicate layer and 

charge-balancing cations and those with OH groups can be considered separately. 

Vibrations of the silicate laver and associated cations As mentioned above, 

the vibrations due to the silicate layer and associated cations follow the frequency order 

[6J: v,SiOSi> vSiO- > v,SiOSi > 6Si0 and vMO. The IR and Raman bands of kanemite 

can be tentatively assigned on the ba is  of the previous empirical assignments for various 

silicates [6]. More specifically, the bands between 1300 and 950 cm" are assigned to the 

asymmetric stretching vibrations of Si-O-Si linkages (v,SiOSi) and the stretching 

vibrations of terminai Si-O' bonds (vSi0). The bands between 900 and 460 cm-' are 

associated with the symmetnc stretching vibrations of Si-O-Si bridges (v,SiOSi). The 





IR Raman Assignment 

3150 vw, br 

1692 m (sh) 

1167s 
1087 s (sh) 

619 vw 
571 m 
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bands below 460 cm-' are due to the silicon-oxygen bending vibrations (&O) and the 

stretching vibrations arising from Na-O (vMO). 

Figure 5.5 clearly shows that kanemite exhibits a strong IR band centered at 1167 

cm'! Based on Lazarev's argument (61, the appearance of IR bands in the frequency 

range 1150-1200 cm-' is associated with the existence of Si-O-Si bridges with an angle 

(LSiOSi) of approximately 180'. Thus, we suggest that kanemite contains certain Si-O- 

Si bonds with very large angles, probably close to 180'. 

Kanemite shows a strong Raman band at 1060 cm-'. According to previous 

studies [7-Il], this band may be related to the stretching vibrations of terminal Si-O' 

bonds with one nonbridging oxygen (vSiO-) and is characteristic of Q~ species. A broad 

Raman band centered at 1015 cm-' aiso appears in the high frequency region. Probably it 

is associated with the Q) species in which the terminal oxygen is bonded to the proton, 

Le., Si-OH, involved in strong hydrogen bonding. 

A strong band at 465 cm-' is observed in the Raman spectrum of kanemite. A 

strong Raman band in the range 380-480 cm-' aiso appears in some other silicates with 

three dimensionai frarneworks, such as quartz. Extensive studies on frarnework silicates 

[12- 151 have shown that distinct Raman bands in the low frequency region are related to 

the symmetnc stretching vibrationai modes of Si-O-Si linkages (v,SiOSi). It was found 

that the frequency of the v,SiOSi mode is sensitive to the Si-O-Si bond angle, the Si-O 

bond length, the network connectivity and thus the size of the ring systems formed by 

[Si041 tetrahedra present in the structure. For framework silicates, the bands in range of 



380-480 cm-' have been empincally assigned to the six-membered rings of silicon- 

oxygen tetrahedra [ 12- 151. Since the proposed structure of kanernite contains exclusively 

six-membered rings as shown in Figure 5.3, we tentatively assign the Raman band at 465 

cm-' in the kanemite specû-um to the vibrational mode of six-membered rings. 

We did not find any obvious spectral sirnilarity in a cornparison of the vibrational 

spectra of kanernite with those of makatite. It would seem that kanemite bears no 

structura1 relation to makatite, at least from the viewpoint of vibrational spectra. 

Vibrations of OH moups As discussed in previous chapters, the bands in the 

3700-3000 cm-' region represent the stretching vibrations of OH groups (vOH), while the 

bands at about 1670 and 1630 cm-' are due to the bending vibrations (6HOH) of water 

molecutes [ 1 6-20]. 

The IR spectnim of kanemite shows two OH stretching bands: a sharp. strong 

band at higher frequency (3582 cm") and a broad one centered at lower frequency (3463 

cm-'). These two bands can be assigned by analogy with makatite. The narrow band 

corresponds to the isolated surface OH groups whereas the broad one is related to the OH 

groups involved in strong interlayer hydrogen bonding. 

The Raman band, related to the stretching vibrations of OH groups in kanemite, 

appears as a broad envelope positioned at 3150 cm". It is much weaker than the 

corresponding IR bands due to the Iow polarizability of OH groups. 

The bending modes of water molecules in kanemite are characterized by a band at 

1642 cm-' with a shoulder at 1692 cm-' in the IR spectrum. 



5.4 SUMMARY 

The fact that IR and Raman spectral bands are not coincident indicates that 

kanernite likely belongs to a space group with a center of symmetry. Based on the mutuai 

exclusion mle, we can see that Our vibrational results are consistent with the space group, 

Pnmb (D& proposed by Johan and Maglione. 

Observation of an IR band at 1 167 cm" in kanemite indicates the existence of Si- 

O-Si linkages with a bond angle near 180'. 

The strong Raman band at 465 cm-' in the kanemite spectrum is associated with 

the six-membered rings of [SiQI tetrahedra based on the empirical study on framework 

silicates. The strong Raman band at 1060 cm-' is consistent with the stretching vibrations 

of Q) species (vSiO-). The broad band centered at 1015 cm*' is assigned to the Q~ units 

involved in strong hydrogen bonding. 

Hydrogen bonding is thought to occur in kanemite because a broad OH stretching 

band with a frequency of 3463 cm-' was observed in the IR spectrum of kanemite. 

The results of the present vibrationai study do not support any possible structural 

relation between kanemite and makatite. 
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CHAPTER SIX 

MAGADIITE, KENYAITE AND ILERITE 

Magadiite, kenyaite and iIerite are layered silicates with unknown structure. In 

this chapter they are discussed together since it was proposed that these silicates may 

have a similar structure. 

6.1 INTRODUCTION 

The minerals magadiite and kenyaite were first found in the deposits of Lake 

Magadi. Kenya and descnbed by Eugster in 1967 [ 11. The chernical compositions of the 

natural samples were reported as NarSi 1402sa9H20 (magadiite) and Na2Silo04p 1 0H20 

(kenyaite). Powder X-ray diffraction studies suggest that magadiite and kenyaite belong 

to the monoclinic and tetragonal crystal systems, respectively [ I 1. 

These two silicates cm also be conveniently prepared in the laboratory by 

hydrothemd synthesis. The synthesis of magadiite was reported by Lagaly et al. [2]. It 

was prepared by heating mixtures of 9 moles of SiO2, 2 moles of NaOH, and 75 moles of 

HzO at 100'~ for 4 weeks. The reaction product was carefully washed with water to 

avoid the pH dropping below 9. and then dned at room temperature. Kenyaite was also 

synthesized following a similar procedure but with a longer crystallization time, 

supporting Eugs ter's suggestion that kenyaite is an alteration produc t of magadiite [3]. 



nerite, cornrnonly known as octosilicate, does not have a corresponding rnineral 

form in nature. The term "ilerite" was named after R. K. Iler who first synthesized and 

studied this silicate in 1964 [4]. The name "octosilicate" was obtained based on its 

chernical composition (NazSisOi7m9Hz0) in which the Si021Na20 ratio is equal to 8 [SI. 

ilente is synthesized by crystallization at 1 0 5 ' ~  over 9 days from a suspension of silica 

gel and NaOH solution using a molar ratio of SiO2: NaOH: H20= 1 :O57 [6] .  

As discussed in Chapter One. magadiite, kenyaite and ilerite are microcrystalline 

materials. No single-crystal X-ray diffraction study has been performed on any of these 

silicates. To date, structurai information has been obtained from other techniques such as 

powder X-ray diffraction, solid-state NMR, and IR spectroscopy. Powder X-ray 

diffraction studies [1,7] suggested that al1 three species have layered structures with very 

large basal spacings (15.4, 19.7 and 1 1 .O A for magadiite, kenyaite and ilente, 

respectively). As mentioned in Chapter Five, basal spacing refers to the sum of the 

thickness of a silicate sheet and the interlayer space. The interlayer space contains 

sodium andor protons to neutraiize the terminal oxygen ions in the silicate layers. Water 

molecules are also located between layers. Two well separated NMR signals have been 

observed in high resolution solid-state ' g ~ i - ~ ~ ~  spectra. They are assigned to Q-' (-10 1 

ppm) and Q~ (-1 12 ppm) sites in the silicate layers [7]. Observation of a "si signal 

characteristic of Q~ sites suggests that the structures of magadiite, kenyaite and ilerite 

contain silicate sheets with multilayer structures. 

Several models have been proposed for the structures of the three materials. Of 

these materiais, magadiite has been the most extensively investigated. Most of the 



models are based on the results of a quantitative "si NMR study. They are summarized 

as follows. 

Model I [7] This model was developed based on the makatite structure Fgure  

4.11. Schwieger et al. [7] found the peak intensity ratios of Q3/Q4 are 0.89, 2.07 and 4.07 

for ilerite, magadiite and kenyaite, respectively. Accordingly, they proposed that sheets 

of these silicates are composed of connected multiple makatite layen, in particular, two 

layers for ilente, three for magadiite and five for kenyaite [7] Figure 6.11. Although this 

model correctly predicts the chemical compositions and the observed Q-'/Q~ ratios, a large 

discrepancy is found between the calculated and observed values of basal spacings for the 

respective layered silicates. 

Model II [8,9] This model was proposed only for magadiite. From the "si NMR 

study of synthetic magadiite, Pinnavaia et al. [8] found that the Q ~ / Q ~  ratio of silicon- 

3 4 oxygen tetrahedra was approximately 1:3. Pinnavaia et al. used the Q IQ ratio to 

propose one possible arrangement of the Q-' and Q' tetrahedra in the vertical dirzction of 

silicate sheets (Figure 6.2a). In this model. the silicate sheets of magadiite contain two 

monolayers of silicon-oxygen tetrahedra connected together and thus five planes of 

atomic oxygen. This mode1 is in good agreement with the observed basai spacing for 

magadiite (1 1.5 A) in the absence of interlayer water. However, no detailed information 

on the arrangement of silicon-oxygen tetrahedra parallel to the silicate sheet was 

mentioned. Alrnost at the same time, Rojo et al. [9] also put forward a model (Figure 

6.2b) based on their "si NMR study of natural magadiite. It was basically 



Figure 6.1 Schematic representation of Mode1 I based on makatite structure [7]. 

a. proposed by Pinnavaia et al. [8]. b. proposed by Rojo et al. [9]. 

Figure 6.2 Schematic representation of Model II on magadiite. 



the same as that proposed by Pinnavaia et al. [8] except for the Q ~ / Q ~  ratio which equals 

1 :S. 

Model III [ 10,111 This model was proposed by Brandt et al. [ 1 O, 1 1 1. As Model 1, 

this model also suggested that the silicate sheets of magadiite, kenyaite and ilerite were 

made up of varying numbers of tetrahedra monolayers. However, in order to match the 

observed basal spacings with the theoretical calculations for magadiite, kenyaite and 

iletite, the monolayer in this model was no longer related to the makatite structure. 

Model III suggests that the silicate sheets of ilerite, magadiite and kenyaite consist of two, 

three and four tetrahedra monolayers, respectively, with alternating vertex positions 

(Figure 6.3a). For magadiite, the mode1 was represented three dimensionally based on the 

unit ce11 parameters given by Brindley [12]. Four- and eight-membered rings were built 

up in the a, b plane (Figure 6.3b). 

Model IV [13] The models for the structures of magadiite and ilente were 

proposed by Garces et al. [ 131 based on the structure of the dachiardite zeolite [ 141. The 

stmctural similarities between the two layered silicates and dachiardite zeolite were 

mainly observed in IR and NMR spectra. For magadiite, the proposed model structure 

consists of layers with six-membered rings, as in dachiardite, and blocks containing five- 

membered rings attached to both sides of the layers (Figure 6.4a). The theoreticai 

calculation of the Q)/Q~ ratio, the chernical formula and the basal spacing for magadiite is 

in agreement with the expenmental data. In the meantirne, Garces et al. 1131 also 

proposed a model structure for ilerite. By adding an SirOs unit on the block shown in 

Figure 64a, a block with a four-membered ring at the top is fonned (Figure 6.4b). The 



Figure 6.3a Schematic representation of Model IiI dong the c axis [ I I ] .  

Figure 6.3b Schematic representation of magadiite projection on the a. b plane [Il]. 

a. magadiite block b. ilerite block 

Figure 6.4 Schematic representation of the blocks in Model N [13]. 



SiO2/Na20 ratio resulting from this mode1 structure is equal to 8, identical to the ratio 

required by the formula unit of ilerite (8SiO2 - Na20 - 9H20). According to this mode1 

structure, ilerite sheets may consist of layen with six-mernbered rings, as in dachiardite, 

and blocks with four-, five- and six-membered rings (Figure 6.4b). 

In surnmary, from the "si NMR study, it is clear that magadiite, kenyaite and 

ilerite contain silicate sheets with multilayer structures, different from silinaite, makatite 

and kanernite with single layer structures as discussed previously. Although several 

structural models have been proposed, none of them is widely accepted. Since these 

models have not yet been confirmed by single-crystal X-ray diffraction, further studies are 

necessary. 

The X-ray powder diffraction patterns of magadiite, kenyaite and ilerite used for 

this thesis are shown in Figure 6.5, 6.6 and 6.7, respectively. The X-ray data of magadiite 

and kenyaite are in agreement with those obtained from a natural mineral sample [ 12,1]. 

The X-ray pattern of ilerite is in agreement with that previously published in the literature 

[ 131- 

6.2 SPACE GROUP ANALYSE 

The vibrational spectra of magadiite, kenyaite and ilerite are shown in Figures 6.8, 

6.9 and 6.10 and their corresponding IR and Raman frequencies are given in Tables 6.1, 

6.2 and 6.3, respectively. It is evident that for al1 three silicates ail of the observed IR 

bands appear at different frequencies than those in the Raman spectra, with the exception 

of the band at 620 cm-' in the magadiite spectra, which is probably due to accidental 
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Fipre 6.5 Powder X-ray diffraction pattern of magadiitc. 

28 
Fipre 6.6 Powder X-ray diffraction pattern of kenyaite. 

28 
Figure 6.7 Powder X-ray diffraction pattern of ilente. 





Table 6.1 Vibrational data ( cm") for magadiite and their assipments. 

IR Raman Assipment 
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vSi0' 

6membered rings 





Table 6.2 Vibrational data ( cm") for kenyaite and their assignmenü. 

IR Raman Assignment 

1672 m 

1629 m 

1242 s 
1204 (sh) 

1169 s 
1091 vs 

IO57 s 

799 s 
782 s 

696 vw 
661 w 

619 m 
574 w 
545 m 

488 (sh) 

346 (sh) 

1179 w 

1061 w 

1049w 
819 w 
801 vw 

780 vw 

622 w 

493 (sh) . - 

465 vs 6-membered rings 

43 1 (sh) 

vOH 

6HOH 

v,SiOSi 
and 
vSi0' 

v,SiOSi 

Si0 
and 
vM0 





Table 6.3 Vibrational data ( cm-') for ilerite and their assignments. 

IR Raman Assignment 

1663 rn (sh) 

1630 s 

1231 s 5-rnembered rings 

6-membered rings 

v,SiOSi 
and 
vSi0' 

6SiO 
and 
vMO 



degeneracy. These results suggest that the structures of al1 three silicates belong to 

centrosymmetnc space groups. As mentioned earlier, previous powder X-ray diffraction 

studies [ I l  suggested that magadiite and kenyaite belonged to the monoclinic and 

tetragonal crystal systems, respectively. Since the space groups for magadiite and 

kenyaite must have a center of symrnetry, the possible space groups for magadiite and 

kenyaite can now be limited to those in the 2/m class of the monociinic system and 4/m or 

4mmm of the tetragonal system, respectively. 

6.3 SPECTRAL AND STRUCTURAL ANALYSE 

In the OH vibrational frequency region, magadiite, kenyaite and ilerite exhibit 

bands similar to those desctibed for makatite and kanemite (discussed in Chapter Four 

and Five). The bands in the 3700-3000 cm-' region result from the stretching vibrations 

of the OH groups (vOH), while the bands at about 1670 and 1630 cm'' are due to the 

bending vibrations (6HOH) of water molecules [15- 181. In the OH stretching vibrational 

region of the IR spectra of magadiite, kenyaite and ilente, the narrow, high frequency 

bands at 3560-3660 cm-' are thought to correspond to the isolated surface OH groups, 

whereas the broad band centered at 3450-3460 cm" may be related to the OH groups 

involved in strong interlayer hydrogen bonding. 

In the region arising from the vibrations of the silicate layer and associated 

cations, magadiite, kenyaite and ilerite exhibit IR bands, at 1235, 1242 and 1231 cm'', 

respectively (Table 6.1-6.3). Based on previous studies described by Lazarev [19], these 

high frequency bands cm be assigned to the asymmetnc stretching of Si-O-Si bridges 



(v,SiOSi). In mordenite and zeolites containing pentasil groups, Jansen et al. [20] 

suggested that the IR bands at about 1225 cm" are characteristic of the five-membered 

rings found in the zeolites. By analogy, the presence of the high frequency bands in the 

respective IR spectra of magadiite, kenyaite and ilerite c m  be assigned to v,SiOSi 

characteristic of five-membered rings in their structures. However, it should be noted that 

these frequencies are slightly higher than those reported for the v,SiOSi of pentasil 

containing zeolites (ç1. 1235, 1242 and 123 1 cm-' versus 1225 cm-'). This may indicate 

that a unique type of five-membered ring exists in the magadiite, kenyaite and ilerite. 

Magadiite exhibits another high frequency IR band at 1 174 cm-' with a shoulder at 

1200 cm". A similar band at 1 169 cm-' with a shoulder at 1204 cm-' is found in the IR 

spectrum of kenyaite. These bands can be assigned to the asymmetric stretching 

vibrations of Si-O-Si bt-idges (v,SiOSi) with an angle close to 180' based on the IR 

anaiysis proposed for silinaite and kanemite. Ilerite, on the other hand, does not seem to 

have this kind of Si-O-Si bridge since no high frequency band was observed in this region 

of the IR spectrum. 

In contrat to the layered silicates with single layer structures discussed in the 

previous chapters, magadiite, kenyaite and ilerite do not have strong Raman bands in the 

range 1 100-1050 cm-'. The bands (1064, 106 1, and 107 1 cm-' for magadiite, kenyaite 

and ilerite, respectively) observed in this region only have medium or weak intensities. 

Weak bands also appear in the higher frequency region, above 1100 cm". Based on 

previous studies [2 1 1, these observations indicate that the structures of magadii te, 



kenyaite and ilerite contain not only Q~ but also Q~ species. This result suggests that 

these materials do have multilayer structures, which is consistent with a previous high- 

resolution solid-state ' g ~ i - ~ ~ ~  study [7]. We are unable to assign a very strong band at 

992 cm-' in the Raman spectrum of magadiite. According to previous studies [2 11, the 

strong Raman bands in 1000-950 cm" region are associated with the stretching vibrations 

of Si-O' groups arising from Q' species. The presence of Q' species is inconsistent with 

the results of the "S~-NMR study 171. 

Strong bands are observed at 464 and 465 cm*' in the Raman spectra of magadiite 

and kenyaite, respectively. As discussed in Chapter Five, similar bands in the range 380- 

480 cm-' are observed in some silicates with three dimensional frameworks, such as 

quartz. Ernpincally, for framework silicates, these bands are assigned to the syrnmetric 

siretching vibrational modes of the Si-O-Si linkage (v,SiOSi) and are characteristic of 

six-membered rings of silicon-oxygen tetrahedra [22-241. Therefore, by analogy with the 

framework silicates, the Raman bands at 464 and 465 cm-' observed for magadiite and 

kenyaite, respectively. are assigned to the v,SiOSi of the six-membered rings of silicon- 

oxygen tetrahedra. 

Two strong bands at 449 and 483 cm-' appear in the Raman spectmm of ilerite. 

These bands also have been assigned to the symmetric stretching vibrationai modes of Si- 

O-Si linkages (vsSiOSi) characteristic of six-membered rings of silicon-oxygen tetrahedra 

based on a cornparison of the Raman spectral data of framework silicates. The frequency 

of the v,SiOSi mode is sensitive to the Si-O-Si bond angle, the Si-O bond length and the 



network connectivity in the structure [22]. Thus, two well-separated bands observed in 

the Raman spectmm of ilerite may be due to the existence of two types of six-membered 

rings with different silicon-oxygen tetrahedral arrangements in the structure. 

From the above analysis, we propose that magadiite, kenyaite and ilerite have 

multilayer structures with five- and six-membered rings. Except for the strong Raman 

peak at 992 cm-' for magadiite, the spectral resemblance between magadiite and kenyaite 

indicates that these two silicates are structurally similar. However, the structure of ilerite 

seems to be different from that of magadiite and kenyaite because distinct differences 

between the spectra of ilente and those of magadiite and kenyaite were observed. 

Based on the previous empirical assignrnents proposed for various silicates [19] 

and the above discussions, the bands in the spectra of magadiite, kenyaite and ilerite cm 

be tentatively assigned and the assignments are given in Table 6.1, 6.2 and 6.3, 

respectively. 

6.4 PROPOSED MODEL ANALYSIS 

Based on the above structural information obtained from the vibrational studies, 

the proposed models can be analyzed. 

Mode1 1 proposed that sheets of these silicates were composed of multiple 

makatite layers connected together, two layers for ilerite, three for magadiite and five for 

kenyaite (Figure 6.1). According to Our vibrational data, ilerite appears to have a distinct 

structure from those of magadiite and kenyaite. It, therefore, does not seem logical that 

ilerite would only differ from the other two silicates by the number of identical 



monolayers which make up the silicate sheet. Furthemore, corn the vibrational spectra, 

there is no obvious spectral and thus structural sirnilarity existing between rnakatite and 

any of the three silicates. Therefore, our vibrational data do not seem to favor this 

modei. 

Model III did not correlate the structures of magadiite, kenyaite and ilerite to that 

of rnakatite, however, it also suggested that the multilayers in magadiite, kenyaite and 

ilente were built up from a varying number of identicai single tetrahedra layers Figure 

6.3aI. In the model structure for rnagadiite Figure 6.3a,b], there are no six- and five- 

membered rings, which is inconsistent with the IR and Raman spectra of magadiite. 

Based on Our vibrational data, this structural mode1 also seems to be incorrect. 

Model II only gave the vertical projection of magadiite Figure 6.21. In this model 

six-rnembered rings do exist. However, since no detailed information on the parallel 

direction of the silicate sheets was given, hrther cornparison cannot be made. 

In Model IV, the proposed structure for magadiite consists of layers with six- 

membered rings and blocks containing five-membered rings attached to both sides of the 

layers (Figure 6.4a). From the IR and Raman spectra of magadiite, both six- and five- 

membered rings are indeed observed. It seems that our vibrational data are consistent 

with the ring structures proposed by Garces et al. [ 131. 

Six- and five-membered rings are also observed in the IR and Raman spectra of 

kenyaite. The structure of kenyaite appean to be similar to that of magadiite due to the 

sirnilarity of their IR and Raman spectra with the exception of the strong Raman band at 

992 cm" observed for magadiite. Therefore, if we also consider the fact that magadiite 



and kenyaite have different basal spacings, we conclude that the sheet of kenyaite and 

magadiite is built up from different numbers of identical monolayers. 

n i e  spectra of kanemite also bear some resemblance to those of magadiite and 

kenyaite. For example, a high frequency band at about 1 170 cm-' assigned to the 

asymmetric stretching vibrations of Si-O-Si bridges with angles close to 180' (v,SiOSi) 

is observed in the kanemite IR spectrum. In its Raman spectrum, a strong band at 465 

cm" is observed, which is assigned to the symmetric vibrations of Si-O-Si Iinkages 

characteristic of six-rnembered rings in the structure. These cornmon features found for 

kanemite, magadiite as well as kenyaite indicate that a structural relationship may exist 

between these silicates. Probably, the multilayers in magadiite and kenyaite are built up 

from a varying number of single layers sirnilar to that of kanernite. This proposal is 

consistent with the fact that magadiite cm be easily converted to kanernite, suggesting 

that it may be structurally related to kanemite, as discussed in Chapter Five. 

For iiente, the structure in Model TV was proposed to consist of layers with six- 

membered rings and blocks with four-, five- and six-membered rings (Figure 6.4b). The 

five-membered rings and two types of six-membered rings are indeed observed in the IR 

and Raman spectra of ilerite. According to Matson et al. [24], silicates containing four- 

membered rings have a strong Raman band around 500 cm*! We were unable to detect 

such a band in Our Raman spectrum of ilerite. However, it is possible that the band 

related to the four-membered rings is supenmposed ont0 the band associated with the six- 

membered rings. Should this be the case Our vibrationai data would support the ring 

structures proposed in Model N. 



6.5 SUMMARY 

Magadiite, kenyaite and ilerite are layered silicates with unknown structures. The 

spectral analysis indicates that these three silicates have multilayer structures with five- 

and six-rnembered rings. The spectral resemblance between magadiite and kenyaite 

suggests that these two silicates are stnicturally related. The structure of ilerite, on the 

other hand, is thought to be unique because of the spectral differences which exist 

between ilerite and the other two silicates (magadiite and kenyaite). 

The proposed structural models have been analyzed. Our vibrational data do not 

seem to favor Model 1 since there is no spectral and thus structural similarity existing 

between makatite and the three silicates. Our results do not support Modei IIi since this 

mode1 suggests that structural simiiarity should exist between ilente and the other two 

silicates, which is inconsistent with our vibrational data. Model II is incomplete, thus no 

cornparison can be made. Based on our vibrationai data, the ring structures of magadiite 

and ilente seem to be similar to those descnbed in Model IV. 

Based on the fact that kanemite also bears some spectral resemblance to magadiite 

and kenyaite, we propose that the multilayers in magadiite and kenyaite may be built up 

from a number of single layers which are closely related to that of kanemite. 
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PART II: INVESTIGATION OF THERMAL PROPERTIES OF 

LAYEIRED SILICATES 

CHAPTER SEVEN 

THERMAL STUDIES OF LAYERED SILICATES 

7.1 INTRODUCTION 

A study of the thermal properties of magadiite, kenyaite, ilerite, kanemite, and 

silinaite is very important for their potential applications as molecular sieves and 

catalysts. However, the thermal behavior of these layered silicates has not been studied 

extensively. To date, there are only a few reports dealing with the thermal stability of 

these materials [ 1 -31. 

An investigation of the thermal properties of magadiite was performed by Lagaly 

et al. [ I l .  They reported that magadiite dehydrates when heated over a temperature range 

of 100-500'~ and can be subsequently rehydrated. Within the range of 500-70O0c, 

magadiite becomes amorphous and then recrystallizes as quartz. 

Brindley et al. [2] reported that magadiite shows a structural change when 

dehydrated under vacuum at room temperature. The unit ce11 parameters under arnbient 

conditions are different from that in high vacuum. 

The study on silinaite has been reported by Beneke et al. [3]. It was found that the 

X-ray powder pattern of the silinaite sarnples heated at 120-400'~ is different from that 



of silinaite under arnbient conditions, indicating a possible structural change. At 470°c, 

the X-ray powder diagram, which is significantly different from that of a sarnple treated at 

temperatures between 120-400~~. indicates that there is a second phase transition. 

In this thesis, the thermal properties of magadiite, kenyaite, ilerite, kanemite and 

silinaite were exarnined by both IR spectroscopy and powder X-ray diffraction. The 

preliminary results are presented in this chapter. 

7.2 EXPERIMENTAL 

The sarnples for the thermal studies are the sarne as those described in the 

previous chapters. 

For each silicate, the samples were heated successively at the following 

temperatures: 100, 200, 300, 400, 500 and 600 '~  in a muffle fumace for periods of 24 

hours. After treatment at each temperature, the sarnples were cooled to room temperature 

in a desiccator. The IR spectra were obtained by using the standard KBr pellet method, as 

described in Chapter Two. The spectral resolution was 4 cm-'. A total of 16 scans for 

each sample were accumulated. After treatment at 200,400 and 600°c, the sarnples were 

also examined by powder X-ray diffraction. The instrumental parameters for IR and X- 

ray diffraction measurements are descnbed in Chapter Two. AI1 measurements were 

made at room temperature. 

The structural changes of sarnples which occur when the sarnples are dehydrated 

upon evacuation were also examined by using the diffuse reflectance technique. This 

technique is commonly known as D R F ï  when used in conjunction with FT-IR 



instruments. In this experiment, a small amount of the sarnple was ground and diluted to 

0.5% by weight in a dry KBr matrix. The mixture was then poured into the sampling cup 

in a reaction charnber, leveled off with a spatula, and placed in a Difise Reflectance 

Attachment (Hanick Scientific Corporation). A stainless steel dome with three windows 

(two KBr windows and one glass observation window) was installed in the reaction 

charnber for vacuum operation. The chamber was evacuated for one hour at which point 

the IR spectrum of the sarnple was recorded. For cornparison, the spectrum of the sarnple 

before evacuation of the chamber was also recorded. The spectral resolution was 4 cm-'. 

A total of 128 scans for each sarnple was accumulated. The DRlFï spectra displayed 

have been presented in transmission mode. Ail measurements were made at room 

temperature. 

7.3 THERMAL PROPERTES 

Magadiite The powder X-ray diffraction patterns of magadiite sarnples 

treated at different temperatures are shown in Figure 7.1. After being heated at 2 0 0 ~ ~ .  

the X-ray diffraction lines become broader compared to those in the spectrum taken under 

arnbient conditions. Changes in the intensity of the lines also occur. The line width 

increases significantly when the temperature is increased to 400°c, indicating that the 

structure becomes partially arnorphous. After being heated at 600'~ for 24 hours, a well- 

crystallized phase is formed. which is recognized as quartz. As mentioned earlier, this 

phase transformation was also observed by Lagaiy et al. [ I l ,  who reported that when 

magadiite is heated above 500°c, it decomposes and transforms to quartz. 





The IR spectra of the therxnally treated magadiite samples at different 

temperatures are shown in Figure 7.2. The matenal remains unchanged at 100'~ as the 

IR spectmm does not show any significant changes. However, with increasing 

temperature, al1 of the bands become broader, indicating that the material starts to become 

arnorphous. The intensity of the band at about 1235 cm-', corresponding to the 

deformation of the five-membered rings in the magadiite structure, also decreases with 
a 

increasing temperature. It completely disappears at 5 0 0 ~ ~ .  This means that the five- 

membered rings in the magadiite sample are reorganized to form a new ring system. For 

the sample heated to 60O0c, the observed spectrum is identical to that of quartz [4], 

indicating the completeness of the phase transformation. The IR results are in good 

agreement with the XRD data. 

Kenvaite The X-ray diffraction patterns and the IR spectra of kenyaite 

sarnples treated at different temperatures are shown in Figure 7.3 and 7.4, respectively. 

Similar spectral changes to those of magadiite were observed for kenyaite. The structural 

changes occumng at temperatures above 2 0 0 ' ~  are observed in both the powder X-ray 

diffraction patterns and the IR spectra. After being heated at 600°c, quartz is formed. 

The fact that magadiite and kenyaite have similar thermal properties and can both 

be transformed to quartz at 6& may again indicate that a structural sirnilarity exists 

between these two layered silicates, as described in Chapter Six. 

IIerite Rente exhibits a different thermal behavior from those of magadiite and 

kenyaite. As shown in the powder X-ray diffraction patterns [Figure 7.51, after being 

heated at 200'~ the ilerite stnicture collapses and becomes arnorphous. The broad feature 



Wavenumber (cm-') 

Figure 7.2 IR spectra of magadiite samples treated at different temperatures. 
a. room temperature, b. 100'~. c. ~OOOC,  d. 300'~. e. 400'~. f. 50O0c, g. 60O0c. 





Figure 7.4 IR spectra of kenyaite sarnples treated a< different tempcratures. 
a. room temperature, b. IOO'C, c. ZOOOC, d. 300'~. e. 4 0 0 ' ~ ~  f. 5 0 0 ~ ~ .  g. 600'~. 





in the XRD pattern is maintained up to 400°c, indicating that the amorphous phase 

rernains. After being heated at 600°c, a sharp line in the XRD pattern begins to appear. 

This probably indicates that recrystailization at high temperature has just occurred. 

The IR spectra of ilerite samples treated at different temperatures Figure 7-61 

provide us with similar information to that provided by the X-ray diffraction pattems. At 

IOO'C, al1 of the bands become broad, indicating that the materiai starts to transform into 

an amorphous phase. In the meantirne, the high frequency band at 1231 cm-', which is 

associated with the five-membered rings in the ilente structure, disappears and instead, a 

broad shoulder at about 1210 cm-' emerges, implying that structural reorganization 

occurs. The frequency of IR bands shifts slightly as the temperature is increased from 

~OO'C to 2 0 0 ~ ~ .  The spectrum remains unchanged from 2 0 0 ' ~  to 500'~.  After heating 

at 6 0 0 ' ~ ~  there is a significant shift of the strong band from 1079 cm-' (corresponding to 

the spectrum recorded at 500'~)  to 1091 cm". A new band at 619 cm'' emerges. The 

observations of spectral changes indicate that there is a phase change at 6U0°c. The 

bands become relatively sharper. probably indicating that a crystalline phase starts to 

form. The IR results are consistent with those obtained from the XRD data. 

After cornparison with magadiite and kenyaite, it is apparent that ilerite exhibits 

different thermal behavior. This again suggests that no structurai relationship exists 

between ilerite and the other two multilayer silicates (magadiite and kenyaite). 

Kanemite The powder X-ray diffraction pattems and the IR spectra of 

kanernite samples thermaily treated at different temperatures are shown in Figure 7.7 and 

7.8, respectively. As indicated by the powder X-ray diffraction pattems. the samples lose 



Figure 7.6 IR specua of ilerite samples txated at different temperatures. 
a room temperature, b. 1 0 0 ~ ~ .  c. 200°c, d. 300 '~ .  e. 400O~. f. ~ 0 0 ~ ~ .  g. 60'~. 
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Figure 7.7 Powder X-ray diffraction patterns of kanemite samples treated ai different 
temperatures. a. room temperature, b. 20&, c. 4 0 0 ~ ~ .  d. 600'~. 



Wavenumber (cm*') 

Figure 7.8 IR spectra of kanemite sarnples treated at different tem eratures. ! a. room temperature. b. 10O0c, c. 20O0c, d. 300'~.  e. 40O0c. f. 500 C, g. 6 0 0 0 ~ .  



the majority of their crystalline features when treated at 200'~  for 24 hours. Calcination 

at 600'~ results in a dense crystailine phase whose structure cannot be identified. 

More detailed information on structural changes can be obtained from the IR 

spectra Fgure  7.81. After being heated at ~OO'C, the spectrum starts to change. The 

very strong band at 1049 cm-' shifts to 10 15 cm". The band with medium intensity at 

899 cm-' disappears, which is accompanied by the appearance of a new band at 939 cm-'. 

The band at 687 cm'' shifts to give a more intense band at 697 cm-'. Al1 of these 

observations indicate that the structure of the sarnple changes upon heating at 100'~. The 

structural changes probably continue to occur as the temperature is increased to 2 0 0 ~ ~  

since significant spectral differences are clearly observed. The peaks are broader 

compared with those in the spectrum of the sarnple heated at 1 0 0 ~ ~ .  indicating a decrease 

in crystallinity. There are no remarkable spectral changes found on heating from 200'~ 

to 5 0 0 ~ ~ .  However, from 500'~ to 6 0 ° c ,  a different spectnirn with sharper peaks is 

observed, indicating the formation of a product with high crystailinity. Al1 of the changes 

in the IR spectra of kanemite sarnples at different temperatures are consistent with the 

studies based on X-ray diffraction patterns. 

Silinaite It cm be seen by comparing Figures 7.9 a and b that the powder X- 

ray diffraction pattern of the sarnple heated at 200'~ is different frorn that of silinaite. 

This crystallized phase is stable up to 4 0 0 ' ~  Figure 7.9 cl. When heated at 600°c, a 

third well-crystallized product is formed Figure 7.9 dl. The nature of the two high- 

temperature phases are unknown. 





The structural changes can also be clearly seen From the IR spectra of silinaite 

sarnples thermally treated at different temperatures Figure 7. IO]. There are remarkable 

spectral changes once the sarnple is heated to 200'~. The bands which were previously 

assigned to the asymmetric stretching vibration of linear Si-Os-Si bonds disappear. As 

the temperature increases to 400°c, the spectrum only shows slight changes in the 

intensities of some bands. At ~OO'C, a completely different spectrum is observed, which 

corresponds to a third phase. 

Our studies on the thermal properties of silinaite sarnples are consistent with the 

observations reported previously [3]. 

7.4 DEHYDRATION IN VACUUM 

The DEUT spectra of magadiite, kenyaite, ilerite, and silinaite samples before and 

upon evacuation at room temperature are shown in Figures 7.1 1, 7.12, 7.13 and 7.14. 

respectively . 

From Figure 7.1 1, some spectral changes in the magadiite sample c m  be 

observed. Upon evacuation for one hour, the intensities of the bands at 709 and 577 cm-' 

increase, while the band at 416 cm-' disappears. The high frequency band at 1238 cm-'. 

which is assigned to the five-membered rings in the structure of magadiite, shifts to 1224 

cm" and the intensity is much lower. Al1 of these spectral differences before and upon 

evacuation indicate that structural changes occur upon the dehydration of the magadiite 

sarnple in vacuum. 



Wavenumber (cm-') 

Figure 7.10 IR spectra of silinaite samples ueated at different ternperatures. 
a room temperature. b. 20O0c, c. 40O0c. d. 6 0 0 ' ~ .  
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Figure 7.1 1 DRIFT specua of magadiite sarnples at room temperature. 
a before evacuation. b. upon evacuation. 
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Figure 7.12 D R F ï  specua of kenyaite samples at room temperature. 
a. before evacuation. b. upon evacuation. 
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Figure 7.13 DRIFT spectra of ilerite samples at room temperature. 
a before evacuation, b. upon evacuation. 



Wavenumber (cm") 

Figure 7.14 D m  spectra of silinaite sarnples at room temperature. 
a before evacuation. b. upon evacuation. 



The structurai changes due to the dehydration of the kenyaite sample in vacuum 

cm also be obtained by observing the differences in the IR spectra [Figure 7-12]. It is 

found that, upon evacuation, a band at 967 cm-' appears and the intensities of the bands ai 

696 and 574 cm-' increase. Meanwhile, the band at 1242 cm" associated with the five- 

rnernbered rings in the structure of kenyaite shifts to 1238 cm" accompanied by a 

decrease in intensity. 

From Figure 7.13, more obvious spectral changes in the ilerite sample are 

observed than in the spectra of the magadiite and the kenyaite samples. Upon 

evacuation, the strong bands at 1232, 1055 and 442 cm'' get broader while the medium 

bands in the range 900-650 cm-' become sharper. Al1 of these spectral changes indicate 

that greater structurai changes of the ilerite sample occur upon dehydration in vacuum. 

Significant spectral changes are observed in the silinaite sample [Figure 7.141. 

Except for the bands at 1189, 1159 and 958 cm-'. al1 of the bands change position 

following dehydration. Moreover, the intensities of the bands at 1 189 and 1 159 cm" 

become much lower, indicating that fewer Si-O-Si bonds with LSiOSi =180° exist in this 

new structure. 

From the above discussion, we conclude that there are structural changes in 

magadiite, kenyaite, ilerite, and silinaite samples upon dehydration in vacuum. Magadiite 

and kenyaite show slight spectral changes, while the spectral changes in ilerite and 

silinaite are more evident. This indicates that the corresponding structural changes in 

ilerite and silinaite upon evacuation are much larger. 



7.5 SUMMARY 

The preliminary study on those layered silicates treated at different temperatures 

provide us with some information on structural changes with increasing temperatures. 

Magadiite and kenyaite are stable up to IOO'C, and are subsequently transformed to 

quartz upon heating at 600'~. The ilerite sample becomes amorphous at 1 0 0 ' ~  and there 

is no crystalline phase formed up to 600'~. The structure of kanemite begins to change 

after being heated at 10oOc, and loses the majority of its crystalline features at 200'~.  

Treatment at 600'~ results in an unknown phase which has high crystallinity. Two 

different crystallized phases have been formed upon treatment of silinaite at 2 0 0 ' ~  and 

600°c, respectively. The nature of the two new phases is not known. 

The sirnilar thermal behaviors between magadiite and kenyaite provide the 

additional evidence that a structural similarity exists between these two Iayered silicates. 

ilente, on the other hand, exhibits different thermal properties, and thus has a different 

structure. The above results are consistent with those discussed in Chapter Six. 

By performing the DRIFT experiments, we conclude that structural changes in 

magadiite, kenyaite , ilerite, and silinaite samples occur upon dehydration in vacuum. 
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APPENDIX 1 FACTOR GROUP ANALYSE OF SILINAITE 

Silinaite, NaLiSizOp2Ht0, A 2/n (c~J)~), 2=4, number of molecules per Bravais unit 
ce11 =2 

a. Vibrations of Silicate Layer and Cations 

4 Si atoms at Cl sites: 

C site symmetry Ca factor 
species containing correlation group 

f tr translation species Cc a~ 

Similady, for 401 and 402 atoms at 2 different Ci sites: 

ro i=  3Ag + 3B, + 3Au + 3B, 

Tor = 3Ag + 3Bg + 3Au + 3Bu 

2 o3 atoms at Ci sites: 

Ci site symmetry Ca factor 
speciescontaining correlatiop group 

f tr translation species cc a, 



Surnrnary: ro3 = 3A, + 3Bu 

2 Li atoms at C2 sites: 

CZ site symmetry Ca factor 
species containing correlatiop group 

f t ' translation species Cc a, 

Similarly, for 2 Na atoms at Cz sites: 

rNa= Ag + 2Bg + Au + 2Bu 

Thus, the total irreducible representation of silicate layer and cations in silinaite can be 

constmcted as foIlows: 

~ i o i î i = ~ s i + ~ o i + ~ 0 2 + ~ 0 3 + r N a + ~ L =  IIAgf  13Bg+ 14A.+ 16Bu 

rtOd contains the acoustical vibrations: 

~acoustic = Au + 2BU 

The vibration modes can be obtained by subtracting Tacoustic from rtOd. 

rvib = rrowl - racouroc = 1 lAg(R) + 13B,(R) + 13A,(IR) + 14Bu(IR) 

where R and IR in the parentheses denote Raman and IR activity, respectively. 





Makatite, Na&Os(OH)za4Hz0, P21/c (ca5), M. nurnber of molecules per Bravais 
unit ce11 = 4. 

4 Sil atoms at Cl sites: 

C i  site symmetry Ca factor 
species containing 

f tr translation species Cc 

Similarly, for al1 other Si and O atoms at 13 different Ci sites: 

rolhcr= 39Ag + 39Bg + 39Au + 39Bu 

Thus, the total irreducible representation of silicate layer in makatite cm be constructed as 

follows: 

Tiowi = Tsi + ro = 42Ag + 42Bg + 42Au + 42Bu 

Tt,d contains the acoustical vibrations: 

r'acoustic = Au + 2Bu 

The vibration modes can be obtained by subtracting from rtod: 

r v i b  = riowl - racaeoustie = 42Ag(R) + 42Bg(R) + 4 1 %(IR) + 40Bu(IR) 

where R and IR in the parentheses denote Raman and IR activity, respectively. 
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