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N~lR STUDIES OF POROUS SILICATE GELS AND RELATED MATERIALS: 

ABSTRACT 

BOTH IN THE SOLID AND SOLUTION-STATE 

BY 

TIMOTHY NEIL PRITCHARD 

v 

The purpose of this thesis is to describe research, using both 

solid and solution-state NMR techniques, to investigate the properties 

of a wide variety of silicon-containing materials. 

One solid-state 29Si NMR technique (29Si- 1H cross-polarisation), 

and the experimental aspects important when using it, has been 

discussed in detail, and later used together ~~ith single pulse 29Si 

NMR techniques, to obtain information concerning geometry and local 

site symmetry of silicon sites in organosilicon compounds and silicate 

minerals. These techniques, together with a range of 1H CRAMPS 

experiments have also proved to be p01~erful tools for investigating 

the structure and properties of porous silicate gels (i.e. xerogels). 
29Si and 23Na NMR measurements have been used to acquire evidence 

for the relaxation mechanisms of silicate species present in aqueous 

alkaline silicate solutions, and a technique for investigating the 

properties of sodium ions in colloidal silica solutions is tentatively 

proposed. 

Conclusions are dra1m from the results obtained, demonstrating 

that where structural information can be obtained from these systems 

using other techniques (e.g. X-ray diffraction) miR proves to be a 

valuable adjunct. However, in situations where this information 1s 

unk01m or difficult to obtain using other techniques, NMR may yield 

new insights into the structural properties of the materials. 
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The following abbreviations and symbols have been used: 

AQ = Acquisition time 

Bo = Static magnetic field 

Bl = Applied magnetic field 

CP = Cross-polarisation 

CRAMPS = Combined Rotation And Multiple Pulse Sequences 

EFG = Electric Field Gradient 

FID = Free Induction Decay 

FT = Fourier Transform 

h = Plancks constant/27r 

ci6' = Hamiltonian operator 

MAS = Magic Angle Spinning 

NS = Number of transients 

Na,N,B = Spin populations in a and (3 spin states 

NMR = Nuclear Magnetic Resonance 

RD = Recycle Delay 

0 = Anisotropy 

ofppm = Isotropic Chemical Shifts (in parts per million) 

Slv = ~(..Tf!.AL. lYidth 

RF = Radio Frequency 

w r = Rotation rate 

wo = Resonance f~ij,ver"j { l'u(),o.ns sec- 1} 
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1 . 0 CHAPTER. ONE 

INTRODUCTION 

1 

There are many spectroscopic techniques 1-1hich may be employed to 

investigate the nature of solution and solid-state chemical systems. 

In particular, NMR has proved useful in gaining information concerning 

the structure of crystalline and amorphous solid silicon-containing 

materials, and the structure, distribution and exchange dynamics of 

species present in aqueous alkaline silicate solutions. In some cases 

this information is difficult or impossible to obtain using other 

techniques. 

The purpose of this thesis is to describe research 1-1here nuclear 

magnetic resonance techniques have been employed to gain information 

concerning the s\:rocl-ute. and NMR properties of a variety of silicon 

containing systems. 

In order to gain an understanding of the nature of NMR experiments 

and the various interactions that determine the nature of the N~ffi 

spectrum, a brief over-view of N~ffi theory is given in Chapter Two. It 

is seen that while solution-state NMR spectra are generally 

characterised by narrow peaks, in the solid-state, there are a number 

of anisotropic interactions 1-1hich nuclei experience, causing 

solid-state NMR spectra to be generally broad and featureless. 

HoHever, with the aid of various experimental techniques it 1s 

possible to take advantage of these interactions to improve the 

sensitivity of the NMR experiment and/or eliminate these interactions, 

so that "solution-like" NMR spectra of solid-samples can be obtained. 

These techniques are also discussed m Chapter Two. 

Chapter Three gives details of the equipment, hardware and 

soft1-1are employed for the investigations performed during the course 

of this research. This chapter also includes a list of the chemical 

systems studied, and physical/chemical techniques employed to 
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characterise silica xerogels and aqueous alkaline silicate solutions. 

Chapters Four, Five and Six are concerned with the application of 

solid-state NMR techniques to study silicate minerals, organosilicon 

compounds and porous silica gels. One solid-state NMR technique which 

takes advantage of certain interactions to improve the sensitivity of 

the NMR experiment is discussed in Chapter Four. Details concerning 

the choice of standard chemical systems and experimental conditions 

required to set up this experiment for 29si solid-state NMR 

investigations are given. Chapter Five, deals with the use of 

experimental techniques to take advantage of certain interactions to 

obtain information about the geometry and bonding of silicon sites in 

a variety of silicate minerals and organosilicon compounds. Chapter 

Six is concerned with the application of various solid-state N~IR 

techniques (including 1H CRA~WS) to study silica xerogels, and 

structural changes that occur as xerogels are prepared or treated m 

different ways. 

In Chapter Seven 29Si and 23Na ~fR techniques are employed to 

investigate the relaxation properties of species present in aqueous 

alkaline silicate solutions and colloidal silicas. 

Finally, general conclusions are drawn from the results described 

1n this thesis, and in the light of data published here, suggestions 

for future investigations are made. 



2.0 CHAPTER TWO 

THEORY 

2.1 INTRODUCTION 

3 

In this chapter the basic theory of nuclear magnetic resonance, 

which is applicable to solution and solid-state NMR, will be briefly 

discussed. The aim is to provide a basic knowledge of the physical 

effects that determine the form of the NMR spectrum. The main 

differences between the two forms of NMR are discussed. In 

particular, attention will be paid to the broadening mechanisms 1n 

solid-state NMR, and various techniques which may be employed to 

selectively average these interactions. 

2. 2 GENERAL THEORY 

All nuclei with odd atomic mass or odd atomic numbers have spin 

angular momentum and (as a consequence of the motion of the charged 

particle,) a nuclear magnetic moment co-linear with the axis of 

spin. (1) The nuclear magnetic moment (~) is usually expressed in 

terms of the magnetogyric ratio(!)· (2) 
1 

(2.1) ~ = ili[I(I+1)]2 

where I 1s the nuclear spin quantum number. For most of this chapter 

we will restrict ourselves to the discussion of nuclei where I = ~· 

Quadrupolar nuclei (i.e. nuclei where I > ~) will be discussed 1n 

section 2.7. 

2.3 THE CLASSICAL PICTURE( 2,3) 
1 

In the classical picture, when a nucleus of spin I = 2 is placed 

in a static magnetic field 8
0

, the magnetic field exerts a torque upon 

the magnetic moment causing it to precess about 8
0

. This motion is 

described by equation 2.2. 

(2. 2) 
~ 
dt = +i·~· 8o 



4 

Considering the static magnetic field to be directed along the Z CL'Cis 

in the laboratory frame of reference, the magnetic moment f.t can be 

resolved into three components as shown in Figure 2.1. 

FIGURE 2.1 

X 

At equilibrium in the absence of any exciting radio frequency (RF) 

field the Z 

(2. 3) 

component of f.t 1vill remain constant. 

dt-tz = 0 
at 

The magn~tudes of ~x and f.ty will vary as f.t precesses about B
0

. It may 

be seen that these components are 90° out of phase with each other. 

This situation 

(2.4) 

(2.5) 

is represented by equations 2.4 and 2.5 respectively. 

~X = +1f-t B 
dt y 0 

dt-ty = -!f.t B 
at xo 

Equation 2.3 indicates that 1-tz is not coupled to the other components 

and has the integral result 

(2.6) f.t (o)=f.t (t) z z 

The f.t and f.t components, however, are coupled . Using the 
X y 

definitions 



(2. 7) 

(2.8) 

This yields 

(2.9a) ttx(t) 

(2.9b) tty(t) 

5 

= tt (o)cos1B
0
t-tt (o)sin1B

0
t 

X y 

= tt (o)sin1B
0
t+tt (o)cos1B0 t X y 

In a constant field, therefore, the component of the magnetic moment 

along the field is time independent. However, those components 

perpendicular to the field oscillate in such a way, that the magnitude 

of the transverse component remains constant. 
2 2 2 2.. 

(2.9c) ttx(t) +tty(t) = ttx(o) +tty(oJ 

These equations suggest a picture in 1.,rhich the magnetic moment tt is 

precessing about B
0 

with a rotation frequency w
0

. This angular 

frequency is known as the Larmor frequency. 

(2.10) w
0 

= -1B
0 

The discussion so far has been restricted to considering the 

motions of one magnetic moment. In most experimental situations, 

however, there is an ensemble of magnetic moments, and hence an 

equation of motion that describes the motions of roughly 1023 spins, 

1-1ith a net magnetic moment M. is required. 

(2.11) M = 2~i 
<-

Considering the fields produced by the individual magnetic 

moments upon each other are negligible compared to B
0

, and the moments 

are identical, the equation of motion for the net magnetic moment in 

the field is 

(2 .12) dM = \~ . = \+! !' B = +1~ffi0 at L.dt <- L.. <- 0 

<- <-

Equation 2.12 is entirely analogous to that for a single moment 

(equation 2.2), provided all the moments start out at time zero with 

exactly the same orientation. In reality, hm.,rever, for an unperturbed 

system there is a random distribution of initial orientations. Under 
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these conditions (i.e. a random orientation of the x-y components of 

the magnetic moments), the only observable net moment is directed 

along the field. The other components are. zero. 

2.3.1 THE ROTATING FRAME OF REFERENCE AND RELAXATION 

In the classical picture, the absorption of energy by a nucleus 

may be visualised by a resonance phenomenon. The nuclei precessing 

about 8
0 

at the Larmor frequency are perturbed from equilibrium 1vhen a 

small magnetic field 81 rotating perpendicular to 8
0 

is applied, this 

B1 field rotating at the Larmor frequency and in the same sense as the 

nuclear magnetic moments. Resonance will then occur, and energy is 

absorbed from the exciting field. 

In the discussion so far, the description of the NMR experiment 

has been outlined in terms of a cartesian coordinate system fixed with 

respect to the laboratory. It is often convenient, however, to 

consider the complex behaviour of nuclear spins in terms of a 

coordinate systems where the z axis is still aligned along the field, 

but the x,y ~xes rotate about the z axis at the Larmor frequency. 

This is called the rotating frame of reference. (4) 

In the rotating frame of reference nuclei precess about the 

effective field 8eff' just as they precess about 8
0 

in the laboratory 

frame where 
1 

(2.13) 8eff = [[Bo-~] 2+B1T 
When (J) = wo then [80-~l ~ 0, 8eff = 81 

and the nuclear spins precess about the 81 field, the effect of an RF 

pulse applied at a frequency w
0 

along the x axis of the rotating 

frame, results in the rotation of the net magnetic moment from the z 

axis, through an angle B in the y-z plane (Figure 2.2) 

(2.14) e = 1n1t 
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FIGURE 2.2 
z 

M 

y 

where t is the length of time the B1 field is applied for. When B = 2 
a so called 90° pulse results, l>'hich flips the magnetisations into the 

x,y plane. It is this rotation property of RF pulses that is utilised 

in NllR experiments. 

Follmving perturbation of the spin systems by (for example) a 

90° pulse two types of relaxation processes occur in order to return 

the spin systems to equilibrium. These must be contended with if 

meaningful data are to be acquired. 

The first type of relaxation, spin-lattice (or longitudinal 

relaxation), is characterised by the time constant T1. This governs 

the rate at which the spins repolarize in the external magnetic field 

(equation 2.15). 

The second type of relaxation, spin-spin (or transverse 

relaxation) is characterised by the time constant T2. This governs 

the rate at \vhich the individual spin isochromats dephase in the 

rotating frame of reference, as a consequence of interactions between 

the spins and other magnetic fields, (equations 2.16 and 2.17 
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respectively). The linewidths observed in any NMR experiment are of 

the order of (nT2)- 1. 

(2.15) dM = -~1I -M z z e m 
(ft 1 

(2.16) dM = -M 
X X 

at 12 
(2.17) dM = -M 

crtrr;-
2.4 THE QUANTUM MECHANICAL PICTURE(3,S) 

In the previous discussion, it has been stated that in any NMR 

experiment the resolution observed is determined by T2, which in turn 

is dependent upon the extent to which the individual spins interact 

lvith magnetic fields other than B
0

. The rate at 1vhich experiments may 

be repeated is governed by T1, which is also dependent upon these 

interactions. In order to more fully understand the nature of these 

interactions, which influence T1 and T2 values it is necessary to turn 

to quantum mechanics. 

In quantum mechanics, the various physically different 

interactions that determine the state of the system are expressed 1n 

terms of the nuclear spin Hamil toni an c!{. This Hamil toni an, in 
T 

diamagnetic non-conducting substances for spin I = ~ nuclei is 

expressed in equation 2.18 (in terms of energy units). 

(2.18) c!{ = c!{ + c!{ 

T int ext 
where 

(2 .18a) c!{ = c!{+c!{ 
ext Z RF 

and 

(2.18b) c!{ = c!{ + c!{ + c!{ + c!{+ c!{ 

int DII n18 cs J SR 

The term c!{ is referred to as the external Hamiltonian, since the 
ext 

terms that form this Hamiltonian depend (apart from specific nuclear 
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properties i.e. 1) on external parameters which may be experimentally 

controlled. The term eN is referred to as the internal Hamil ton ian, 
int 

since the terms that form it supply information of chemical interest. 

Each of the terms that make up the nuclear spin Hamiltonians will be 

discussed in turn. 

2.4.1 THE EXTERNAL HAMILTONIAM JW 
ext 

The external Hami 1 toni an (eN ) is the sum of the Zeeman and 
ext 

radio frequency terms (equation 2.18a). 

The Zeeman Hamiltonian (~ describes the interaction of the 
z 

nuclear spins with the external static magnetic field B
0

, it may be 

1•ritten as 

(2.19) eN= hB \'1 1. 
z 0~ z. J 

J J 
where Iz. is the spin operator for the jth nucleus with a magnetogyric 

J 
ratio 1 .. 

J 
Quantum mechanics requires that the orientation of a magnetic moment 

1•ith respect to B
0 

is quantised. 2I+1 different orientations are 

possible, each of 1vhich is described by the quantum number m and 

corresponds to a different energy Em 

(2.20) E = -1hmB m o 

where m = I,I-1, ..... -I 

For a spin I=~ nuclei with a positive {, two possible 

orientations of the nuclear spin define a high (P) and a low (a) 

energy state. The energy level diagram is shown in Figure 2.3 
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At thermal equilibrium with the lattice, the population distribution 

between the two states can be described by a Boltzmann distribution. 

(2.21)" Nf] = exp[-!1180]~1-!1180 
Na --pr- Kr 

Since 1»(!118
0
/KT). N()I/Nfo, so net absorption can occur at the 

resonance condition producing the NMR signal. The net magnetisation 
1 of a sample containing N nuclei of spin 1=2 1s given by the Curie Law. 

2 2 (2. 22a) M
0 

= N1 ll 8
0 

= CBofJ1 
4kT 

The energy of the spin system is given as 

(2.22b) E = N1
2
ll
2
B; = CB;f]L 

4kT 
N 2112 

where C = ~ and p1 = 1/kT1, where T1 is the temperature of the 

lattice. 

The radio frequencv Hamiltonian (~ l 
RF 

The Hamiltonian describing the interaction of nuclei with the 
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perturbing radio frequency field, which is usually assumed to be 

alligned parallel .. to the x axis, may be written as 

(2.23) J6' ~ h7I B1(wt+¢) 
RF X 

where wt and ¢ are the frequency and phase of the perturbing field. 

2 .4. 2 TilE INTERNAL HAIVliLTONIAJ\J ( J6' l 
int 

The internal Hamiltonian ( J6' ) , is the sum of the dipolar ( clif) 
int D 

chemical shielding ( J6' ) J -coupling ( clif) and spin -rotation ( J6' ) 
CS J SR 

Hamiltonian terms (equation 2.18b). 

Each of these Hamiltonians describesan anisotropic interaction 

and has. a common structure (equation 2.24). This may be represented 

by a cartesian tensor linking two vectors, 

(2. 24) 1' = k,\I,\R,\Y,\ 

where k,\ is a scalar constant, I,\ and yA are rm-1 and column mctlr,c•e.S 

respectively, representing vectors, and R,\ is a second rank cartesian 

tensor containing nine components. 

(2.25) r"R"v" = (Ixryrz) Rxx Rxy Rxz Yx 
Ryx Ryy Ryz Yy 

Rzx Rzy Rzz Yz 

All these tensors are molecular properties, and therefore, are best 

described in a molecule fixed axis system. This coordinate system is 

called the principal axis system (PAS). In this, the tensors are 

diagonalised. 

(2.26) 
R,\ = 

Rxx Rxy Rxz "DIAGONALISATION" Rxx 0 0 
Ryx Ryy Ryz ______ ___, 0 Ryy 0 

Rzx Rzy Rzz o o Rzz 

LAB FRAME PAS 
RXX' Ryy and Rzz are the diagonal elements of the tensor in the PAS, 

these are referred to as the principal components. The following 

convention is used to label the components 
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1•here 

(2.28) Riso = 1T~'"'R(PAS) = 1:[Rxx+Ryy+Rzz] 
3 3 

In addition, two other parameters may be defined to describe the 

tensor. The anisotropy (o) and the asymmetry (TJ). 

(2.29) 

(2.30) 

7i = Rzz-R· ISO 

TJ = (Ryy-Rxx) 

(Rzz-Riso) 

Using these parameters the tensor in the PAS may be re-expressed as 
1 

(2.31) = .R(PAS) = [Rxx O O j = R. +7i[-2(
1

+TJ) O OJ 
0 Ryy 0 ISO 0 -t(1-TJ) 0 
0 o· Rzz o o 1 

The asymmetry ( TJ) has a value bet1~een 0 and 1. If TJ = 0, the tensor R 

is axially symmetric, where R =R =R.1 and R =R . 
XX yy ZZ 1 1 

The values of kA, RA, and yA for each interaction which 

determines the internal Hamiltonian for spin I = ~ nuclei are listed 

in table 2 .1. 

TABLE 2.1 

HAMILTONIAN TERM (J;) KA RA yA UNITS OF RA 

[~] 
,.,.h 

Ik ~ I .J D NONE 
0 3 r .. 

IJ 
~ 'Y (J Bo NONE 
cs 
~ 2r J Ik Hz 
J 
~ 1 c Jm NONE 
SR 

(A) THE SPIN ROTATION HAMILTONIAN (~) 
SR 

The spin rotation Hamiltonian (~)' describes the coupling of 
SR 

nuclear spins (I) with magnetic moments associated with the molecular 



angular momentum (Jm) of a molecule M, it may be written as 

(2.32) 

(B) THE DIPOLAR HAMILTONIAN ( d6) 
D 

The dipolar interaction between two nuclear spins may be 

described by the classical expression for the energy of the 

interaction bet"'een magnets separared by a distance riS. 

(2 · 33) U = [/io] r~s;r ~3 r~sriS] rlr IS]] 
4~ riS riS 

13 

The classical expression can be converted into its quantum mechanical 

counterpart by using the operators /ir and /is, where 
~ 

(2.34) 111 = 1Ihii 

Equation 2.33 then becomes 

(2.35) 

This equation may be rewritten in matrix form by expanding the various 
~ 

products of II.IS,IIriS and IsriS' 

(2.36) 

t[~~J 7r7shC 1rx 1rv 1rz] 
2 2 5 (r -3x )/r 

-3yxjr5 

5 -3zx/r 

-3xyjr5 -3xzjr5 
2 2 5 5 (r -3y )/r -3yz/r 

3 I 5 ( 2 3'2)/ 5 - zy r r - z r 

Isx 
I sy 
I sz 

If the orientation of r (the internuclear vector) is given relative 

to the x,y,z axes of the Laboratory frame of reference then the tensor 

is not diagonalised. If, however, one chooses a coordinate system, 

the principal axis system, where r is parallel to the Z axis, then 

equation 2.36 becomes 

(2.37) 
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i.e. A "t = k IrQis 

where D is the dipolar tensor 
N 

The dipolar interaction may then be described in terms of polar 

coordinates, which define the orientation of the principal axis system 

to the laboratory frame of reference, 1vhere the Euler angles a and (3 

describe the position of the internuclear vector rrs in the laboratory 

frame of reference. 'ihen this is done, the dipolar Hamil toni an is 

g1ven as 

where 

(2. 38) cJt = K0 [A+B+C+D+E+F] (6) 
D 

..... ..... ..... ..... 

(2.38d) c = -~[r 12 .r 8 _+I 1+.r 82]sin(Jcos(Jexp(-ia) 2 

(2.38e) 

(2.38f) 

(2.38~) 

These terms A to F describe all possible links between the Zeeman 

energy levels for a spin pair as shown in Figure 2.4. 
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Figure 2.4 

E 

The terms C,D,E and F in reality make a negligible contribution to the 

observed NMR signal, since these terms link spin states differing 1n 

energy and are, therefore, disregarded. The Hamiltonian for the 

dipolar interaction is, therefore, truncated. For homonuclear spins 

the Hamil toni an ( Cl{ ) m·ay be written as 
Dn . 

(2.39) Cl{ = [~" J --?1h· (1-3cos3,B)(3I. I. -I.I .) D _Q - lZ JZ 1 J 

II 411' 2r~. 
lJ 

For heteronuclear spins, however, since the a,B and ,Ba states differ 

in energy, the B term may be disregarded and the Hamiltonian (Cl{ ) 

Drs 

becomes 
2 

(2.40) 1 = [~"o]rr'rsh(1-3cos ,B)Irz·Isz· 
IS 411' 2 3 

rrs 

(C) TilE SHIELDING HAMILTONIAN (OW) 
cs 

The Hamiltonian describing the shielding of an individual spin 

may be written as 

(2.41) 
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Hhere tJ is the shielding tensor in the principal axis system 
N 

(2.42) tJ(PAS) = [OIJxx O O 
N IJYY 0 

0 0 IJ zz 

Using the definitions given by equations 2.27 to 2.31, equation 2.41 

may be \vritten as 

(2 .42) 
1 

~ = 1 I z 1J is 0 + o [- 2 ( 1 + 77) 0 01 B 0 
cs. -. 0 -~ ( 1-7]) 0 

0 0 1 
Again, it is convenient to consider the form of this Hamil toni an \vhen 

polar coordinates are employed to define the orientation of the PAS 1n 

the laboratory frame of reference, When this is done the 

Hamiltonian takes on the form given in equation 2.43 

[ 
2 2 2 l (2.43) c1{ = !Iz tJ. +Q.[(3cos §-1)+7]Sin §cos a] cs lSO 2 2 
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(D) THE INDIRECT SPIN-SPIN COUPLING TERM (~ 

The indirect spin-spin coupling term (~ describes the coupling 
J 

of nuclear spins i and k via electron spins, this may be written as 
i k ( 2 .44) 0¥ = 2 711 . J . I 

J rv 

The significance of this interaction 1s discussed elsewhere m this 

thesis. 

2.5 RELAXATION 

The general requirement for relaxation is that local fields 

should be present which fluctuate with time,and at an appropriate 

frequency so as to induce transitions between different energy levels. 

These local fields arise as a consequence of the interactions 

described in Section 2.4 and molecular motion(4). 

In this work we will be considering three types of relaxation, 

spin-lattice relaxation, spin-spin relaxation and spin-lattice 

relaxation in the rotating frame of reference. The first two types of 

relaxation have already been described briefly in Section 2.3.1. 

2.5.1 RELAXATION IN THE ROTATING FRAME OF REFERENCE 

As discussed in Section 2.3.1, a 90° +x pulse of RF, on 

resonance, is followed by spin-spin rel~xation, If the RF field 

following the pulse is not switched off, however, but is 

phase-adjusted by 90° a different situation occurs (see Figure 2.5). 

In this situation, the magnetisation becomes aligned with the RF 

field, which is the only effective field in the rotating frame of 

reference. The magnetisation undergoes no precession and is said to 

be spin-locked. The energy difference between the two energy levels 

becomes equal to 1nB1. The magnitude of the magnetisation is, 

however, far larger than can be maintained by B1, as it was developed 

in B
0

. As a result the M magnetisation I{ ill decay to its equilibrium 
y 

value at a rate governed by the exponential time constant T1p. 
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The difference between these three relaxation parameters occurs as a 

consequence of the frequency of the local field fluctuations required 

to cause transitions between energy levels. This is governed by the 

rate of molecular reorientation, which may be described by the 

correlation time rc. This corresponds to the average time taken for a 

molecule to progress through one radian. 

It is of interest to consider how these relaxation times change 

as Tc changes, This is illustrated in Figure 2.6. 



FIGURE 2.6 
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In situations where Tc is very short, rapid isotropic molecular motion 

causes averaging of the anisotropic interactions described in Section 

2.4, to such a degree that T1;:T1p=T2 (the extreme narrowing limit). 

As a consequence of this motion, only the isotropic chemical shifts 

(and sometimes the isotropic value of the Hamiltonian .dt) is observed 
J 

in the NMR spectrum. As Tc decreases, these interactions are further 

averaged, resulting in an increase in T1 (region A, Figure 2.6). 

As T c increases, hm;ever, the extent to which these anisotropic 

interactions are averaged decreases. As a result the amplitudes of 

the local fields produced by these interactions increase , however, 

the rate at which these fields fluctuate also decreases. As a result 

there are fewer local fields that fluctuate at a frequency sufficient 

to induce transitions between the P and a energy states in the 
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laboratory or rotating frame of reference. As a result T1 increases 

with increasing Tc. This situation corresponds to region B. 

Since T2 is governed by spin-spin flip-flop transitions which are 

energy conserving, T2 decreases as rc increases. 

The NMR spectra of solids are, therefore, dominated by short 
I 

T2 s, as a result of these anisotropic interactions, giving very broad 

NMR signals \vhich obscure valuable chemical information. 

2.5.2 RELAXATION MECHANISMS 

For 29Si the commonest mechanisms for relaxation occur as a 

result of 

(i) DIPOLAR INTERACTIONS 

(II) SHIELDING ANISOTROPY 

(III) SPIN ROTATION 

and (IV) SCALAR COUPLING, where the fluctuating local field is 

produced from modulation of the I-S scalar coupling as a 

result of fast relaxation or rapid exchange. 

2.5.3 THE NUCLEAR OVERllAUSER EFFECT 

The Nuclear Overhauser Effect (NOE) describes the effect upon the 

intensity of S spins (e.g. 29Si, 13c etc.) wh~n the r:esonances of 

other spins (e.g. 1H) which interact with the S spins through 

relaxation, are saturated by means of a decoupling field, as a result 

of the redistribution of spin populations. 

The NOE may be measured from the ratio of the intensity of the 

decoupled resonance (Id) to the coupled resonance (Ic), and is defined 

by the parameter ~oe· 

(2.45) Id = l+~oe 
~ 

The observed NOE effect (~~~s) is proportional to the percentage of 

dipolar relaxation 



(2.46) T _ ~obs 9 ~ = 
lobs- ''oe ~,s 

r;:m) 

obs 
'floe 

max 
'floe 
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I . . f max t 1s Important to note that or silicon, since 'floe = -2.52, the 

value of ~eis negative, as a result of the negative magnetogyric ratio 

for silicon. In solution-state spectroscopy, in conditions 1-1here the 

(29Si- 1H) dipolar relaxation mechanism dominates, negative or null 

signals may result. 

2.6 SELECTIVE AVERAGING TECHNIQUES 

In summary, so far it has been stated that in solution-state Ni\IR 

high resolution NMR spectra are generally observed. Rapid random 

molecular motion ensures that the anisotropic spin interactions 

described in Section 2.4 are effectively averaged out. In the solid 

state, however, these interactions result in broad lines which obscure 

valuable chemical information. The lineshapes observed in the solid-

state are of t1-10 types. 

(A) HOMOGENEOUS 

These types of lineshapes result from the dipolar interactions 

between abundant spins, where each spin is effectively coupled to 

every other spin. 

(B) INHOMOGENEOUS 

These types of lineshapes result ff'Qm the dipolar interactions 

bet1-1een abundant and rare spins and shielding anisotropy. The 

resonance frequency for a.particular spin is dependent upon the 

orientation of the PAS with respect to B
0

. Thus in powdered 

systems, where all orientations are possible, the lineshape 

results from the superposition of many narrow lines. 

Several techniques have been developed, however, which allow the 

interactions described in Section 2.4 to be selectively averaged, so 

that the "solution-state" type of spectra may be obtained for solids. 
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2.6.1 MAGIC ANGLE SPINNING 

The effects of the direct dipolar interactions and shielding 

anisotropy in solids can be dramatically reduced using a technique 

known as magic angle spinning (MAS), in which the sample is rotated at 

an angle 0 with respect to 8
0 

(Figure 2.7) at a rate wr. 

FIGURE 2.7 

z 
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0 

Inspection of the equations for the Hamiltonians J{ and J{ (equations 
-D CS 

2.39 , 2.40 and 2.43 respectively) reveals they contain a common term 

(1-3cos2p). The angle P descri~es the orientations of the PAS of 

these interactions with respect to 8
0

. For these orientation­

dependent interactions~8 ) rotation of the sample at an angle e which 

is fixed relative to 8
0 

imposes a time dependence. Provided that the 

rate of sample rotation is greater than the width of the static 

interaction, then the average angle of P is such that 

(2.47) <1-3cos2P> = ~(1-3cos 2 &)(1-3cos 2 ¢) 
The povder spectrum is scaled by a factor ~(1-3cos 2 &) since all values 

2 of ¢ are possible. lvhen e = 54.7° is chosen then <1-3cos P> = o and 
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averaging of these interactions is accomplished. In situations, 

hm,rever, when the rate of rot at ion is less than the static 1 ine1•idth 

of the particular interaction to be averaged, the static lineshape 

breaks up to form a series of spinning sidebands located at integral 

multiples of the spinning frequency either side of the isotropic 

chemical shift. Analysis of the intensity distribution of these 

spinning sidebands can then provide information about this partially 

averaged interaction. This sort of experiment will be discussed 

further in Chapter 5. 

2.6.2 HIGH-POWER PROTON DECOUPLING 

This technique is employed when observing the ~IR signal from 
spins 

isotopically or spatially dilute (S), in the presence of strong 

heteronuclear dipolar interactions with the abundant spins (I). These 

interactions may be so large that they cannot be removed completely by 

MAS. 

The abundant (I) spins are effectively decoupled from the rare 

spins by the application of a strong continuous radio-frequency field 

on resonance. This technique 1s exactly analogous to that of 

heteronucleardeeoupling use_d m solution-state NMR to remove 

J-coupling. However, since IJr I is very much greater in the solid 
Drs 

state than in solution, much larger power levels are required. 

2.6.3 HOMONUCLEAR SPIN DECOUPLING 

A number of multiple pulse techniques have been developed(lO-l 2) 

which are designed to remove homonuclear dipolar interactions between 

the abundant spins, via manipulation of the spin systems using a 

sequence of RF pulses. The simplest of these is the lvAHUHA 

sequence(lO) seen in Figure 2.8. 
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The effect of this pulse sequence is to cause the magnetisation to 

spend equal amounts of time directed along the three axes of the 

rotating frame of reference. Thus, under conditions where the cycle 

time for the pulse sequence (tc) is such that tc-l»lhJi'G' I, the 
Drr 

magnetisation may be considered to be orientated along~ the -~(111) 

direction, (at the magic angle with respect to B
0
). This situation 

implies that the effective precession of the magnetisation is about a 

field B111 directed along this axis, resulting in the supression of 

homonuclear dipolar interactions. The chemical shift observed under 

the WAHlTIA sequence will be scaled by a factor (3)-t, when the 90° 

pulse lengths are infinitely small (P = 0). w 

In this thesis, multiple pulse work has been performed using an 

eight- pulse sequence known as M-REV8. (11) This is designed to 

suppress errors in the adjustment of pulse phases and lengths. The 

principle upon which this pulse sequence works is the same as that of 
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the WAHUHA pulse sequence. However, chemical shifts are scaled by a 

different factor S, where 

(2 .48) 

This equation takes into account the effects of finite pulse lengths. 

For a more detailed description of multiple-pulse sequences the reader 

is referred to References 3 and 5. lVhen MAS is combined ~•ith these 

multiple pulse techniques further narrowing is produced, this results 

from the averaging of interactions such as shielding anisotropy 

(scalar coupling is retained). This method is known as Combined 

Rotation and Multiple-Pulse Spectroscopy or CRAMPS. 

2.6.4 CARR-PURCELL-MERIBOOM-@iLL T2 MEASUREMENTS(B, 6a) 

The objective of this experiment is to measure the natural 

linewidth of a resonance in the absence of any B
0 

field inhomogeneity 

effects. For solid-state experiments, the pulse sequence employed is 

shown in Figure 2.9. 

FIGURE 2.9 
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In this experiment, the initial n/2 pulse rotates the silicon 
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magnetisation into the x,y plane (or 29si magnetisation is derived by 

cross-polarisation). The 29Si spin isochromats then dephase during 

the time interval T. Fol101,ring the application of a 7r pulse, they 

refocus after a time period of 2T to produce an echo. The intensity 

of the echo peak is then sampled, the delay incremented and the 

process repeated. The decay of the intensity of the echo peaks with T 

is exponential and characterised by the natural T2, in the absence of 

inhomogenous interactions and B
0 

field inhomogeneity effects. In 

order to perform this experiment in the solid state, it is important 

that the refocusing pulses are rotation synchronised, that is the 

delay periods T should be equal to integral multiples of the rotation 

periods (T = njw). The phase of the refocusing pulse is alternated so 

as to avoid accumulative errors in the 7r or 180° pulses. 

2.6.5 CROSS-POLARISATION 

One of the most important factors of any N~ffi experiment is the 

sensitivity of the nucleus under observation. This is dependent upon 

the natural abundance of the particular isotope, and the population 

distribution between the various energy levels, resulting from the 

interaction of its nuclear m(:l,gnetic moment with a stati~ ~magnetic 

field B
0

. For isotopically rare spins (e.g. 29Si) or spatially dilute 

spins (S), there is an intrinsically weak NMR signal compared to that 

observed for abundant spins (I). In addition, the spin-lattice 

relaxation times of the rare spins (S) can be very long in comparison 

with those of the abundant spins (e.g. protons). This factor can 

severely limit the rate at which experiments may be repeated, and 

makes it sensible to generate the rare S spin magnetisation from the 

abundant I spins. This can be achieved using a technique known as 

cross-polarisation. A simplified pulse sequence to carry out this 

process is shown in Figure 2.10. 
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From equation 2.22, the equilibrium magnetisation for the abundant I 

spins in the B
0 

field is given as 

(2.49) MI(o) = CIB0P1 

At the start of the experiment the abundant spin (I) magnetisation is 

rotated to lie along the y axis in the rotating frame of reference by 

a 90° +x pulse. The magnetisation is then_ spin-locked. _In this 

situation, the abundant spin magnetisation is no longer at thermal 

equilibrium, since there is more spin order than can be justified for 

the strength of the spin-locking field B1I. This situation may be 

described by saying that the spins have effectively been cooled. 

where 

(2.51) 1 = PI = B0 p1 KTI rr:-:; 1I 
At this point the RF in the S spin channel is switched on, and 

the amplitude of the magnetic field B11 is adjusted to establish the 

Hartmann-Hahn matching condition. (15) 
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(2·52 ) 1I81I = is81s 
This condition ensures that 1n their respective rotating frames of 

reference, the I and S spins precess at the same rate and with equal 

energies (Figure 2.11). 

FIGURE 2.11 
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This condition then allows the transfer of energy between the two sp1n 

systems as a result of energy-conserving flip-flop transitions, 

induced by the heteronuclear dipolar interaction. 

At this point the magnetisation of the S spins 1n the xy plane of 

the rotating frame is considered to be zero, and this situation may be 

described in terms of the S spins, effectively, having an infinite 

spin temperature (i.e. Ps~o). When the Hartmann-Hahn matching 

condition is established spin temperature averaging (or 

cross-relaxation) will occur as spin energy is redistributed between 

the two spin systems to give a common spin temperature (Pf). 

Assuming energy conservation in the rotating frame, one may write 
2 2 2 2 

(2·53) PICIB 1I+PsCs81s = Pf[ci81I+Cs81sJ 

Hith Ps=O equation 2.53 may be written as 



29 

(2.54) 

t = N8 and a = ,8s18 

NI 'r3n 
The S spin magnetisation following cross-polarisation is 

(2.55) Ms = M8(o).,BfB18 = lr a M8(o) 

pL.Bo Is 1+ta2 

The intensity of the S 'spin magnetisation has been enhanced provided 

('r;,8)>1. M8(o) corresponds to the intensity of the S spin 

magnetisation observed in a normal single-pulse experiment. 

CROSS-POLARISATION DYNAMICS 

In this discussion so far we have neglected to discuss the 

various types of relaxation which influence the observed S spin signal 

intensity at a particular contact time. 

For the abundant I spins, three types of relaxation may occur 

during the course of the cross-polarisation experiment. (16) 

(1) (17)The cross-p:olarisation experiment begins with a 90° +x 

preparation pulse which transfers the I spin magnetisation 

to the y axis, in the rotating frame. In situations where 

* T2 for the I spins is comparable to the 90° pulse duration 

(pw) significant spin-spin relaxation can occur during 

this time period, leading to a reduction in the amount of 

I spin magnetisation transfered. 

(2) Following spin-locking of the I spin magnetisation, the 

magnetisation decays at a rate governed by the exponential 

time constant T1PI 

(3) Loss of I spin magnetisation occurs as a consequence of 

cross-relaxation with the S spins. The rate q,t wh1ch 

cross-relaxation occurs is governed by the exponential 
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time constant TIS' 

For the rare S spins, two types of relaxation occur during the 

course of the cross-polarisation experiment 

(1) Loss of S spin magnetisation occurs as a result of 

relaxation in the rotating frame of reference 0 The rate 

of decay is governed by the exponential time constant 

T1 . Ps 
(2) Grmo~th of the S spin magnetisation occurs as a consequence 

of cross-relaxation with the I spins. The rate at which 

this process occurs is governed by the e'JiF'nen~1a.l hme. 

constant Tis· 

* In the follmving discussion, it is assumed that T2«pw and that 

T1-1 ~ 0. Invoking energy conservation in the rotating frame one may 
Ps 

write 

(2.56) 2 
dfir + ca dfis = o 
~ at 

The variation of the inverse spin temperature with contact time for 

the S spins is given as 

(2.57) dfis = (P1-p8) 

at TIS 

The variation of the inverse spin temperature with contact time for 

the I spins is given as 

(2.58) dfir = -ca2(P1-P8) - fir 

crt Trs TiPs 
These coupled differential equations have been solved, under the 

initial condition fis(o)=O. The solution for fis(t) is given as 

(2.59a) fis(t) = p1(o) [ !++a_]{EXP(-a_t/Trs)-EXP(-a+t/Trs)} 

where 
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T1p=T1pi 

The variation in the S spin magnetisation with contact time may then 

be calculated 

(2.59b) Ms(t) = Ps(t)7I.a 
MSroJ (JI(ohs 

Following the development of the S spin magnetisation, spin-locking of 

the I spins is continued, in order to provide heteronuclear decoupling 

\vhilst the S spins are observed during the acquisition time (AQ). 

This technique offers the added advantage that because the S spin 

magnetisation is derived from the I spins, the recycle delay time (RD) 

between experiments is governed by the T1 of the I spins, and not the 

S spins, which often have considerably longer T1 values. Combining 

this technique with MAS allows the observation of isotropic chemical 

shifts. However, MAS will also influence cross-polarisation 

dynamics.(18) This subject will be discussed in more detail 1n 

Chapter 4. 

The previous discussion has be~m co;nc~rned with the theoretical 

aspects of a so-called "single-contact" cross-polarisation experiment. 

This pulse sequence has been used in this thesis. Hm.,rever two 

modifications have been incorporated into this pulse sequence, known 

as spin-temperature inversion( 19) and flip-back. (20) 

(1) The first type of modification (spin-temperature 

inversion) is required since cross-polarisation 

experiments are susceptible to two different artifacts. 

These arise as a result of the long RF-pulse on the S 

spins. The first of these arises from phase 

irregularities (glitches), which results in some of the S 
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spin magnetisation present at the start of the experiment, 

being rotated by the glitch so that it becomes spin-locked 

along the RF field. It cannot be distinguished from the S 

spin magnetisation derived by cross-polarisation. The 

second type of artifact arises from transients generated 

by eddy currents in the aluminium probe housing. Both 

these types of artifacts are determined solely by the 

characteristics of that pulse, and may be effectively 

removed by this technique. 

(2) The second type of modification is designed to improve the 

efficiency with which spectra are acquired using this 

cross-polarisation technique. In a normal single-contact 

experiment, the signal to noise ratio (S/N) observed in 

the spectrum is dependent upon the length of time between 

experiments (RD) during which time repolarisation of the I 

spins occurs. 

(2.60) [~J~n1 1 2 (1-B) 

where n = the number of transients acquired and 

B = exp [-~ ] 

1] 

When T
11

>T1P/AQ repolarisation of the I spins may be induced by 

rotating the I spin magnetisation back to be aligned along the field 

direction B
0 

following acquisition, thereby improving the efficiency 

of the experiment. Under these conditions 
1 

[
S]o(n /

2 
(1-B) 

N (1-AB) 
(2.61) 

where A= EXP [T¥L] 
1pr 
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2.7 QUADRUPOLAR NUCLEI 

In the preceeding discussion we have been concerned with nuclei 

with a spin quantum number I = ~· However, for nuclei where I > ~' 
the nuclei not only posses a spin angular momentum but also an 

electric quadrupole moment. The direction of quantisation, therefore, 

depends upon the magnetude of B
0 

and the quadrupolar interaction. The 

Hamiltonian describing this quadrupolar interaction may be written in 

the PAS as 

(2.62) i' = 4Ini-i) [ [3I~- I(I+1)) +~~ [I~+ I~]] 
where x is the quadrupolar coupling constant, given in frequency 

units. 

((\ 6')\ 
\.. L.. u) X = e

2
Qqzz 
h 

eQ is the electric quadrupole of the nucleus, and eqzz is the electric 

field gradient (e.f.g) experienced by the nucleus. If the nucleus is 

in an environment which has perfect spherical, octahedral or 

tetrahedral symmetry then qZZ = 0, otherwise qZZ > 0, ~ is the 

asymmetry parameter. 

When a nucleus with I = 3;2 (e.g. 23Na) IS placed in a magnetic 

field there are four possible orientations (or energy levels) possible 

(Figure 2.12)(it is assumed 1~1>>1~1). 
z Q 
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From Figure 2.12 it may be seen that in the absence of any efg the 

energy levels are all degenerate 1 and transitions between the energy 

levels occur at the same frequency. However, in the presence of an 

efg, while the (+~ ~ -§) transition remains unaffected by first order 
3 1 3 1 quadrupolar interactions, the energy of the (+2 ~ +2) and (-2 ~ -2) 

transitions are changed. 

Jn the so] ut.i on st.ate, the ] ongi tudj na.l and transverse sp:i n re] axab on 
produced by t.he quadrupo] ar j nteractj on wi 11 on] y be s:i mp] e exponent:i a] 

decays for spin J=3/2 nuc]e:i :if the efg's fluctuate more rapidly t.han 

the Jarmor frequency. Jf this condition :is not satisfied, however, 
]ong:itudina] and transverse relaxations are the sum of two decaying 

exponenb a] s. Jn these ci roumst_.ances :it is sometj mes poss:i b] e t.o obtain 

i nformaU on conoern:i ng the magni b1de of the quadrupoJ ar coupl :i ng constant 
( see Chapter 7 ) . 
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2.8 NOMENCLATURE 

In this thesis, for the presentation of the structure of building 

units in silicate minerals or silicate anions in solution, the 

commonly used Q~ notation is adopted. In this notation, Q represents 

a silicon atom bonded to four oxygen atoms forming a tetrahedron. The 

superscript n denotes the connectivity (i.e. the number of other Q 

units attached to the Si04 tetrlli1edron under study(see Figure 5.1). 

The subscript y denotes the number of those units of a given type in 

silicate anions. 

The "M" notationrefers to -0Si(CH3)3groups. Thus Q~M8 has the 

structure shown in Figure 2.13. 

FIGURE 2.13 
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3.0 CHAPTER THREE 

EXPERIMENTAL 

3.1 THE BRUKER CXP200 NMR SPECTROMETER 
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Solid-state NMR spectra shown in this thesis were all acquired 

using the Bruker CXP200 NMR spectrometer. This instrument is equipped 

with an Oxford Instruments superconducting solenoid magnet, with an 

operating field of 4.7 Tesla, producing a resonance frequency of 

200.13 MHz and 39.758 ~mz for 1H and 29Si respectively. 

The CXP is a dual-channel spectrometer, capable of simultaneous 

irradiation of low frequency nuclei (e.g. 29Si) and high frequency 

nuclei (e.g. 1H). The radio frequency (RF) pulses are controlled by a 

16-step pulse programmer that produces ±x,±y pulses for the low 

frequency channel, and ±v,±w pulse commands for the high-frequency 

channel. The pulses for the two channels are controlled by separate 

frequency synthesizers. The flexible pulse programmer enables a wide 

variety of experiments to be undertaken. In addition a microprogram 

facility allows fully automated experiments to be performed. Data and 

experimental conditions (with the exception of the spectrometer 

reference frequency SR) can be stored on hard or floppy discs. 

Chemical shifts are calculated by the instrument following 

calibration. /For further details of the CXP200, the reader is 

directed to Reference 1. 

3.1.1 PROBES USED FOR SOLID-STATE NMR STUDIES 

Three types of probes were routinely used during the course of 

this work. 

(A) Two wide-bore (84.5 mm) broad-band, dual-channel, 

high-resolution commer~ial double-bearing probes covering a 

frequency range of 20-90 ~rnz. The double-bearing system 

with "bullet" shaped rotors allows samples to be rotated at 

the magic angle, at rates between 100 Hz - 5 kHz. 
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(B) One high-power, high-frequency solids probe. This probe is 

designed for static T1(1H) and T1p( 1H) measurements. 

(C) One home-built probe for proton CRAMPS experiments. The 

construction of this probe is described in detail 

elsewhere(2,3). 

3.1.2 SHIMMING AND 1n PULSE CALIBRATION 

The homogeneqty of the magnetic field was maximised by the 

correct adjustment of the shim gradients, in order to minimise the 

linewidth of the proton signal observed from a sample of silicone gum. 

Spectra \vere acquired using a recycle time of 2 seconds. The 

linewidth at half height of the resonance observed was typically 6-10 

Hz, and the signal occurs at 0.2 ppm with respect to tetramethylsilane 

(TMS). The proton FID was then set on resonance and the 90° pulse 

length calibrated by observing the appropriate 180° "null" signal. 

For the double-bearing probe 4~s 90° pulse lengths were used 

(corresponding to a proton decoupling frequency of 62.5 KHz)~ For the 

high-power solids probe 2 ~s 90° pulse lengths \vere emptoyed. 

3.1.3 SETTING THE ANGLE 

The angle at which the rotor spms, relative to the ext.ernal 

magnetic field, was adjusted to the magic angle (54.7°) by maximising 

the number of rotational echoes observed in the 127r spectra of KI. 

The sidebands observed result from the spinning modulation of the 

first-order quadrupolar interaction arising from imperfections in the 

crystal lattice. This technique has been shown to be accurate to 

within± 0.1° of the magic angle. The nucleus 127r has a spin I = ~' 
and a resonance frequency on the CXP200 of 40. 04 7 ~mz ( 4) . 

3.1.4 29Si REFERENCING AND PULSE CALIBRATION 

The 29Si chemical shifts were routinely obtained using the sodium 

salt of trimethylsilyl-1-propanesulphonic acid as a reference. This 

compound exhibits a single isotropic chemical shift of +1.18 ppm with 
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respect to TMS. The 29Si 90° pulse length was established by careful 

adjustment of the gain setting on the l01v frequency amplifier until 

the Hartmann-Hahn matching condition was established, and cross 

polarisation observed (see Chapter 4). 

3.2 1n CRAMPS 

The rotors used in the1H CRAMPS experiments outlined in this 

thesis were of the "broom stick" design( 2,3). These rotors are made 

from Kel-F-128( 2) in order to avoid a 1H background signal. The 

rotors contain a 3 mm spherical sample chamber, so as to improve the 

homogeneity of the RF pulses across the sample volume. The mass of 

the sample relative to that of the rotor is small, thereby allowing 

stable spinning at high rates (ca. 3-5.5 KHz). 

In setting up any 1H CRAMPS experiments, a number of factors need 

to be contended with in order to obtain the best resolution. These 

are magnetic field inhomogeneity, pulse-amplitude errors, phase 

glitches, pulse phase errors, de offset, pulse breakthrough and other 

spectral artifacts. The magnetic field inhomogeneity is minimised by 

using flat wire coils, spherical sample chamber rotors, and by careful 

shimming using either water or silicone gum. 

The calibration of pulse amplitudes and phases, and the 

minimisation of phase glitches is achieved using a number of specially 

designed pulse sequences. For further details the reader'is directed 

to References 2 and 4. The 1H CRAMPS work obtained in this thesis was 

performed using the M-REV 8 pulse sequence, employing spin-temperature 

inversion to minimise the effects of pulse breakthrough(4)(Figure 

3.1). The M-REV 8 pulse sequence was employed rather than other 

mulitple pulse sequences (e.g. WAHUHA, Br-24), since this sequence is 

known to yield the best results at 200 MHz.C5) 
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The magic angle was adjusted by maximising the length of the FID 

observed for adamantane under 1H CRA]~S conditions, (S) or 

alternatively, by observing the 1H CRA~~S spectrum of potassium 

hydrogen sulphate. This compound exhibits two resonances, and the 

lineshapes observed are very sensitive to the setting of the magic 

angle. (3) 

Chemical shifts for 1H CRAMPS spectra shown in this thesis are 

reported relative to TMS. In practice, a few crystals of adamantane 

were added to each sample, as an internal chemical shift standard. 

The 1H CRAMPS spectrum of adamantane exhibits a single resonance at 

1. 74 ppm with respect to TMS, with a linewidth at half height of 0. 2 

ppm (i.e. 40Hz at 200 MHz). Scaling factors for the chemical shift 

scale were determined experimentally by co-adding the FID 1 s of 

adamantane, acquired at different offset frequencies. Fourier 

transformation then yielded a spectrum characterised by a series of 

peaks separated by the difference in the offset frequency. Hm,ever, 
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because 1H CRAMPS scales the chemical shifts, these peaks appear 

closer together. The scaling factor was then determined by measuring 

the ratio of the real and observed frequency separation between the 

peaks. 

3.3 RELAXATION TIME MEASUREMENTS 

3.3.1 SOLID-STATE WORK 

In this thesis, direct measurements of the 1H longitudinal 

relaxation times of solid samples were performed using the saturation 

recovery technique. (11 ) Direct measurments of T1p(1H) values were 

made using the variable spin-locking time technique. (1) These are 

standard techniques, and for further information the reader is 

directed to References 11 and 1 respectively. 

The data obtained from these experiments was then transfened from 

the CXP200 to a BBC computer, where it could be analysed in terms of 

theoretical equations and fitted using the Simplex method. (12) The 

program then displayed the rela.,'<ation times and percentage composition 

of each phase in the system. This program was written by B.J. Say. 

The variation of the signal intensity observed for the S spins 

with contact time in CP experiments was fitted to equation 3.1 (see 

Chapter Four), using a BBC computer program. 

(3.1) Ms(t) = Ms(o)'l1exp(-t/T1P)-Ms(o)'l1.exp(-t/T18) 

's(1-A) 's(1-)) 

where A = Trs/T1P 

The intensity of the peak of interest, at each given contact time 

(t) is entered into the program, and a least squares fit of the 

experimental data to equation 3.1 is performed, from which values of 

T1P and T18 may be determined and the optimum contact time (i.e. the 

contact time at which maximum signal intensity is observed, topt). 

The least squares fit was performed firstly by fitting the 
Ctu 

experimental data obtained under conditions where t<<topt to~plot of 
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lru~s(t) against t, in order to determine T1s, and then by fitting data 

obtained under conditions where t»topt, to a plot of lnMs(t) against 

t, in order to determine T1p. The full theoretical curve was then 

displayed with all the data points, and the "goodness 11 of the fit 

determined by the sum of the squares of the error. 

3.3.2 SOLUTION-STATE WORK 

Measurements of 29Si and 23Na longitudinal relaxation times I{ ere 

performed using the inversion recovery technique. (11) The data 

obtained from experiments was then analysied in terms of theoretical 

equations by the Aspect 3000 computer on th-e AC250, (6) via the Simplex 

method. (1 2) 

3.4 MATERIALS STUDIED 

The chemicals that have been studied in this _thesis are listed 

here, roughly grouped according to the chapters they are discussed in. 

The author is indebted to Unilever Research, Professor L.S. 

Dent-Glasser and Dr. A.R. Grimmer, from whom some samples were 

obtained. 

3. 4 .1 CHAPTER FOUR 

SAMPLE SOURCE 

Na2Si03.5H20 BDH CHEMICALS 

1,1,1-TRIMETHYL TRIPHENYLDISILANE LANCASTER SYNTHESIS 

TRIMETHYLSILYL-1-PROPANE SULPHONIC ACID LANCASTER SYNTHESIS 

Q~Mg A.R. GRIMMER 

3. 4. 2 CHAPTER FIVE 

SAMPLE 

Na2Si03.9H20 

DATOLITE 

THORTVIETITE 

TILLEYLIIE 

SOURCE 

LINTON PRODUCTS 

NATURAL (NEW YORK) 

NATURAL (A.R. GRIMMER) 

NATURAL (A.R. GRIMMER) 



XONOTLITE 

APOPHYLLITE 

[N(Me4)] 8Si8020 .69H20 

KANEMITE 

OCTOSILICATE 

HEXAPHENYLDISILANE 

HEXAPHENYLDISILOXANE 

TRIPHENYLSILANE 

OCTAPHENYLCYCLOTETRASILANE 

TRIBENZYLSILANE 

3.4.3 CHAPTER SIX 
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NATURAL (A.R. GRIMMER) 

NATURAL (ARIZONA) 

SYNTHETIC (UNILEVER 

RESEARCH) 

SYNTHETIC 

(L.S. DENT-GLASSER) 

SYNTHETIC 

(L.S. DENT-GLASSER) 

LANCASTER SYNTHESIS 

LANCASTER SYNTHESIS 

PIERCE CHEMICAL COMPANY 

LANCASTEI\. SYNTHESIS 

PIERCE CHEMICAL COMPANY 

Silica xerogels studied for this chapter were all obtained or 

prepared at the Unile~~ Research laboratories in Port Sunlight, 

Wirral. Further details are given in Chapter Six. 

3. 4. 4 CHAPTER SEVEN 
--- -

Details concerning the nature of silicate solutions and the 

colloidal silica studied are given in Chapter Seven. 

3.5 THE BRUKER AC 250 NMR SPECTROMETER 

All solution-state ~ffi spectra obtained during the period of this 

research work were acquired using the Bruker AC 250 N~ffi spectrometer. 

This instrument is equipped with an Oxford Instruments 

super-conducting solenoid magnet with an operating field of 7.05 

Tesla, producing a resonance frequency of 250.16 MHz, 66.18 MHz and 

49.7 MHz for 1H, 23Na and 29Si nuclei respectively. 

The AC 250 is a dual-channel spectrometer capable of the 

simultaneous irradiation of both low frequency nuclei (e.g. 23Na and 
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29Si) and the high frequency proton spins. The flexible pulse 

programmer and microprogram facility allow a range of fully automated 

experiments to be performed. Data and experimental conditions can be 

stored on hard or floppy discs. Chemical shifts are calculated by the 

instrument after calibration. For further details of the AC250, the 

reader is directed to Reference 6. 

3.6 CHARACTERISATION OF SAMPLES STUDIED 

During the study of silica xerogels and aqueous alkaline silicate 

solutions, a number of techniques were employed in order to 

characaterise the physical properties and chemical composition of 

these materials. These techniques will be briefly summarised here. 

3.6.1 SURFACE AREA MEASUREMENTS 

Measurements of the specific surface area of samples of silica 

xerogels \vere made using Sorpty 1750 which works on the static 

volum~ic principle. Prior to surface area measurments all samples 

were heated in a fan oven at 140° C for 6 hours, to remove physisorbed 

water. The samples were then heated under vacuum (10- 3 Torr) at 150°C 

for one hour to out gas the sample. The sample was then sealed under 

vacuum 1n a vessel of known volume, which was then cooled in liquid 

nitrogen. 

In order to determine the specific surface area of a xerogel, via 

nitrogen adsorption, one needs to calculate the number of.gas 

molecules required to form a monolayer of adsorbed nitrogen upon the 

surface. However, a complete monolayer of molecules may also adsorb 

other molecules, as a consequence of Van der lfaals forces, and/or 

molecules may condense in pores. It is, therefore, often difficult to 

decide with precision when adsorption of the first monolayer is 

complete. 

In order to overcome this problem, specific surface area 

measurements were carried out using a technique based upon the theory 
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(13) 
of multilayer adsorption developed by Brumauer, Emmet and Teller. In 

this theory, it is considered that the surface of a silica holds fixed 

adsorption sites for nitrogen molecules, lvhich may be adsorbed in 

layers. At any given temperature and pressure, the adsorbed molecules 

are in a state of dynamic equilibrium with molecules in the gaseous 

phase. It is assumed that at the boiling point of the gas (-196°C for 

N2) the heat of adsorption for all layers beyond the first is equal to 

the latent heat of condensation (L), and nitrogen molecules condense 

upon the surface as a liquid, such that, when the vapour pressure (P) 

reaches the saturated vapour pressure (P
0

) the number of adsorbed 

layers is infinite. On the basis of these assumptions the BET 

equation is given as 

where 

(3.2} 

P = The adsorption equilibrium pressure 

P
0 

=The saturation pressure 

Vm = The volume of adsorbed gas forming the mono-molecular 

layer 
--

L = The latent heat of condensation 

E1 = The adsorption energy for the first layer 

C = EXP[(E1-L)/RT] 

For a given silica sample Vm and C are constant, so that the BET 

equation may be expressed as 

(3.3) p 

where M and b are constants 

(3.4) M = if-bl 
m -

Plotting P/Va(P
0
-P) 

b = 1 ~ 0 
v;;c 

against P/P should yield a straight line 
0 

graph in the pressure range 0. 05 to 0. 35 P /P 
0

, from 1,rhich V m and C may 
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be calculated from the slope and intercept. However, the Sorpty 1750 

1vorks on a single point measurement and assumes the intercept to be 

zero (i.e. b = 0). It is considered that this assumption gives rise 

to no more than a 7% error in the surface area· measurement. (8) The 

value of Vm is calculated from a single measurement of Va at 

0.30. The specific area (Ajm2 g- 1) is then given by 

(3.5) A = 6.023x1o23vma 
22414xm 

P/P = 
0 

where m is the mass of the degassed s·ilica sample, and a is the area 

of the adsorbed olh'o~en molecule (a = 0 .162nm2). (8) 

It is important to note that since the Sorpty 1750 calculates 

surface areas from the measurement of a single data point, rather than 

analysis of the full adsorption isotherm, and also assumes that E1 is 

constant between all samples and uniform across the sample surface, 

additional errors are introduced. The actual error in the surface 

areas measured is considered to be not more than 10%. (10) 

At the time this work was undertaken, facilities for the more 

accurate measurement of surface areas were not available to the 

author. 

3.6.2 PORECHARXCTERISATIDN 

Pore characterisation of silica samples was performed using the 

Micrometries 9220 mercury porosimeter.(9) 

The pressure (P) required to force mercury into a pore of a given 

diameter is inversely related to the diameter, and volume of mercury m ~ 
pores. This pressure is a measure of the number and length of the 

pores. Hence by measuring the volume of mercury that intrudes into 

the sample as a function of pressure, information can be gained 

concerning the pore size distribution and surface area. 

The pores are characterised by determining: 

(i) The specific pore area 
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(ii) The specific pore volume 

(iii) The average pore diameter (or most abundant pore 

diameter) 

(iv) The pore size distribution. This is determined 

by measur\n~ the incremental intrusion volume as a 

function of pressure or pore diameter. 

3.6.3 CHEMICAL ANALYSIS OF SILICA XEROGELS 

In order to determine the sodium ion concentration within xerogel 

samples, 0.5 g of the oven-dried sample was weighed into a PTFE bottle 

and digested in 20 ml of 40% (w/w) HF. The sodium ion concentration 

present in the solution was then determined via flame photometery and 

the sodium ion concentration of the gel determined.(lO) Measurements 

were made using a Gallenkamp Flame Analyser. 

3.6.4 CHEMICAL ANALYSIS OF AQUEOUS ALKALINE SILICATE SOLUTIONS 

In order to determine the basic metal oxide (M20) content of a 

given silicate solution, a,known mass of the solution was taken (m1~2 
g) and diluted with 100 cm3 of deionized water. After addition of 

methyl red indicator, the M20 content was determined via-direct 

titration with 1 M solution of HCL The volume of HCl required to 

neutralise the solution (V~ was then used to calculate the molality of 

M20 in solution. 

(3. 6) [M20] /MOLALITY = MV 1 
2m1 

In order to determine the silica concentration of the solution, 

5 g of sodium fluoride was then added to the neutralised silicate 

solution. The sodium fluoride then reacts with silica in solution 

It is assumed that complete depolymerisation of the silicate species 

in solution occurs. The amount of sodium hydroxide produced by this 

reactionUJa.s then determined by titration with a solution of 1 M HCl. 



47 

The volume of acid required to neutralise the solution we..<:. recorded 

(V2). However, since sodium fluoride may also react with water via 

the reaction 

NaF + H20 ~ HF +NaOH 

a "blank" titration of a solution of 5 g of NaF 1n 100 cm3 of 

deionized water WtO also measured (VB). The molality of Si02 1n 

solution ~sthen calculated by equation 3.7. 

(3.7) [Si02]jMOLALITY = M(V2-V8) 

4ill1 



4.0 CHAPTER FOUR 
29si CROSS-POLARISATION (CP) AND REFERENCE STANDARDS 

4.1 INTRODUCTION 
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Over the last few decades 29Si NftiR techniques have been employed 

in the investigation of a wide variety of silicon-containing systems, 

both in solution and in the solid-state. In the early years of these 

investigations using solution-state NMR, a number of reference 

compounds were suggested, including polydimethylsiloxane(l), 

tetramethoxysilane( 2), tetrafluorosilane(3) and 

octamethylcyclotetrasiloxane. (2) In spite of these suggestions, 

however, tetramethylsilane (TMS) has become the most widely accepted 

internal and external reference standard. 

In the solid-state, 29Si NMR chemical shifts have been reported 

relative to TMS, the spectrometers being calibrated using either 

liquid nrs' a replacement liquid organosilicon compound, or a solid 

silicon-containing compound which exhibits chemical shifts that are 

known relative to TMS. The choice of a liquid replacement reference 

compound for 29Si solid-state NftiR work, however, has the disadvantage 

that it is not possible to carry out cross-polarisation from the 

proton spins to silicon nuclei, as a consequence of molecular motion 

averaging dipolar interactions. Therefore it is impossible to 

establish the Hartmann-Hahn matching condition, and to take advantage 

of the useful experiments that can be performed using 29si -1H 

cross-polarisation techniques. 

In order to establish the conditions necessary for 29Si -1H CP 

and to reference the spectrometer, three silicon-containing compounds 

were examined for use as secondary replacement standards. These 

compounds were Q~fil8 , (4) the sodium salt of trimethylsilyl-

1-propane sulphonic acid (TMS salt)(S), and disodium orthosilicate 

pentahydrate (Na2Si03.5H20). The TMS salt and Q~M8 have both been use! 
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by other workers as secondary replacement standards, however very 

little information (if any) exists in the literature concerning either 

the proton relaxation behaviour and 29Si- 1H CP characteristics of 

these systems or of the best resolution that can be achieved (i.e. 

the natural linewidths) and the sensitivity of each compound to the 

Hartmann-Hahn matching condition. All these measurements must be 

performed before one can evaluate the suitability of each compound, as 

a secondary replacement standard and for setting the matching 

condition. 

4.2 EXPERIMENTAL 

Measurements of the proton relaxation times T1 and T1p were made 

via the saturation recovery and variable spin-locking time 

experiments. 

elsewhere. (6) 

These are standard techniques, and are described 

The natural linewidths of the 29Si resonance signals 

were measured using the rotation synchronised 

Carr-Purcell -Meriboom-Gill pulse sequence discussed in Chapter Two. 

In order to measure the sensitivity of each of these compounds to 

the Hartmann-Hahn matching condition, it is necessary to consider CP 

dynamics (see Section 2.6.5). The sig~al intensi~y ob:::>~rved at a 

specific contact time t is given by equation 2.59 in Chapter Two. 

Under conditions where a= 1.0 (Hartmann-Hahn match), T1P>>TIS and 

NI>>N8, equation 2.59 may be simplified to 

(4.1a) Ms(t) = 7I {1-EXP(-(1-A)t/Tis)}EXP(-t/Tlp) 

Mg(O) 7g(1-l) 

where A = Tis/T1P 

Using equation 4.1a(7) it is possible to estimate the CP dynamics of 

each of the compounds by means of a variable contact-time experiment. 

In this experiment, the intensity of the signal observed is 

measured as a function of the contact time and the experimental data 

are fitted to the equation 4.1, in order to calculate values for TIS' 
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T1p and the% CP efficiency (equation 4.1b), and the contact time at 

which the maximum signal intensity is observed (topt). 

(4.lb) %CP = 78M8(topt) x 100 

7IM8(o) 

The sensitivity of each of the compounds to the Hartmann-Hahn 

matching condition, was examined by means of variable B18 field 

experiments. In these experiments, the proton spin-locking field was 

set at 62.5 kHz. Then the magnitude of the B18 field for the silicon 

nuclei was adjusted by means of the pulse attenuator helipot on the 

CXP200. This changes the power output from the transmitter to the 

probe. A calibration plot was then constructed of the voltage output 

from the transmitter as a function of the reading on the helipo~ 

adjustment (Figure 4.1). 

The strength of the silicon B18 field may be calculated via 

equation 4.2(8) 

( 4. 2) 

y2 
,.,here P = 

I 
V, is the voltage output from the transmitter in volts, I is the 

impedence of the probe circuit (50 .n), Q is the quality factor of the 

coil, f
0 

the frequency in MHz (39.758 MHz) and V
0 

is the volume of the 

coil. Defining the Hartmann-Hahn mismatch parameter as a by equation 

4.3, 

(4.3) a = 
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Hhere C 1s a constant 

measurement of v8i and v8, lvhen a is known to be unity, allows the 

calculation of the constant C, and then values of a may be calculated 

for different readings of the pulse attenuator helipot adjustment. 

The effects of changing the Hartmann-Hahn mismatch parameter (a) 

upon the signal intensity of the resonances, observed at constant 

contact time, directly reflects the changing rate of CP. Measurements 

were made at a number of different spinning speeds. 

4.3 RESULTS AND DISCUSSION 

The directly measured proton relaxation characteristics of the 

compounds studied are summq_rised in Table 4.1, together with 

measurements of the natural linewidths of the silicon resonances 

observed, as measured using the rotation synchronised CPMG pulse 

sequence 

TABLE 4.1 

T1(1H)/s 
CPMG 

flvl/Hobserved COMPOUND T1pjms llvt/Hz 2 z 

3 + >loot * QsMs 4.06 >=:i 5.0 

TMS SALT 5.70 25 3.5 12.0 

Na2Si03.5H20 69.60(54%) 24 5.8 11.0 
12.40 ( 46%) 

t In view of the large T1p value it was not possible to follow the 
decay curve to gain an accurate value 

* This compound exhibits a number of resonances over a wide chemical 
shift rangeof\S a consequence of limitations imposed by the rotation 
synchronised CPMG experiment, it was not possible to perform the 
experiment on this sample 

+Data obtained for the resonance at +11.9 ppm 

From 29si -1H variable contact time CP experiments, performed 
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under conditions where a= 1.0, values of TIS' T1p the percentage CP 

efficiency and the optimum contact time were calculated. These data 

are summarised in Table 4.2. The experimental variation of the signal 

intensity as a function of the contact time is shown in Figures 4.2, 

4.3 and 4.4, where the experimental data has been fitted to equation 

4.1. 

TABLE 4.2 

COMPOUND Trs/ms T1pjms % CP ropt/ms 

EFFICIENCY 
3 + 

Q8M8 3.7 108.0 88.7 12.9 

TMS SALT 0.7 36.0 92.5 2.8 

Na2Si03.sH20 0.6 20.7 89.6 1.9 

+ Data obtained for the resonance at + 11.9 ppm 

The 29si CP MAS NMR spectrum of Q~M8 is shown in Figure 4.5. 
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This solid-state spectrum exhibits good resolution, and is similar to 

the solution-state spectrum, except that the peaks at around +11 ppm 

and -110 ppm are split, owing to a slight asymmetric deformation of 

the Q8
3 cube in the crystal lattice and the asymmetrical fixed 

orientations of the M groups(9). The results are consistent with the 

X-ray structure of the solid Q~M8 (lO). The results outlined here also 

indicate very good CP characteristics, the theoretical CP efficiency 

being greater than 88% for the peak at +11.9 ppm. The use of this 

compound also has the advantage that the observation of the splittings 

in the 29Si CP MAS NMR spectrum o.re very sensitive to the setting of 

the magic angle. The principal disadvantage with the use of this 

compound, however, is that it is both expensive and difficult to 

obtain. 

In view of the fact that it is possible to quickly and accurately 

set the magic angle, by maximising the number of rotational echoes in 

the 79Br and 127I MAS NMR spectra of KBr and KI respectively, (ll) it 

is convenient to consider the use of other silicon-containing 

compounds such as the sodium salt of trimethylsilyl-1-propanesulphonic 

acid (TMS ~9-H) or N_~2S_i03 ._5H20 as __ potential replacements-for- Q~M8 . 

The 29Si CP MAS NMR spectra of the TMS salt and Na2Si03.sH20 

both exhibit a single isotropic chemical shift at +1.18 ppm and 

-68.60 ppm respectively with respect to TMS. The spectra· obtained 

exhibit good resolution and like Q~M8 , also exhibit very good CP 

efficiencies (i.e. >88%) at substantially shorter optimum contact 

times. 

The sensiuvity of each of these compoun~to the Hartmann-Hahn 

matching condition may be examined by considering Figures 4.6, 4.7, 

4.8, 4.9 and 4.10, which show how the rate of CP (T1s-1) changes with 

a at different spinning speeds. 

In the CP experiment, the transfer of magnetisation from the 
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abundant.(I) spins to the rare (S) spins is mediated by dipolar 

interactions. The rate of CP (T18-1) effectively depends upon the 

magnitude of the heteronuclear dipolar int_eraction between the rare 

and abundant spins (IJW I)· The Hamiltonians for the relevant dipolar 
IS 

interactions for these experiments are given by the following 
. (12) equations. 

( 4.4) 

( 4. 5) 

where 

( 4. 7) 

( 4. 8) 2 b-.=r·r·(3cos 8 .. -1) 
lJ 1 J lJ 

3 r .. 
lJ 

The coordinate system for equations 4.4 to 4. 8 is the doubly 

rotating frame of reference, in which the Z axes for both. I and S 

spins are parallel to their respective rotating fields. 

Considering the situation where there is an S spin with a single 

I spin neighbour, equation 4.5 indicates an oscillating behaviour of 
when /J.-lr:-0" 

IJW I with contact timet,~ The observation of these transient dipolar 
IS 

oscillations can provide important information about the structure and 

geometry of the S-spin environment (for example the length of Si-H 

bonds). However, in the situation \{here each rare spin is coupled to 
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many I spin neighbours, dipolar oscillations are produced at many 

different frequencies, and the rate at which cross relaxation occurs, 

takes on an exponential form, as shown by equation 4.1. Hartmann and 

Hahn have shown that the rate of cross relaxation governing the rate 

of CP (Tis- 1) may be given by equation 4.9. 

where 

(4.10) 
+ -

Tr viS.viS 

(4.11) VIS ( t) =exp ( ~·Jf t) . VIS. exp (- ~·Jf t) 
II II 

<~2Wis> is the second moment of the S spins caused by dipolar 

interactions with the I spins. 

In the absence of MAS, if one considers a situation in which 

there are no homonuclear dipolar interactions (i.e. ldf 1=0), then CP 
II 

would only occur when ~=0 (i.e. a=1.0). The effect of the presence of 

homonuclear dipolar interactions is to cause mutual spin flips with 

neighbouring spins, and because of the Hartmann-Hahn matching 

condition, these mutual spin flips also affect the heteronuclear 

dipolar interaction (Jf ). These mutual spin flips that occur between 
IS 

the I and S spins or dipolar fluctuations have the characteristic 

frequencies abkl. The a factor arises because not all the 

proton-proton mutual spin flips that take place will affect the 

heteronuclear dipolar interactions. Cross-polarisation in this 



64 

situation will only take place provided the condition ~±abkl=O is 

satisfied. In the case of a rare spin interacting with many abundant 

spins, the result is, that if one plots a-graph of the rate of 

cross-relaxation (Tis- 1) as a function of the Hartmann-Hahn mismatch 

parameter a, a broad peak centred at a=1.0 and having a characteristic 
occvfS 

Hidth abkl~ as illustrated by Figures 4.6, 4. 7 and 4.8. 

In the presence of MAS, an additional oscillating time dependence 

to d! and d! is introduced via the b. J. term, which for spinning at 
IS II · 1 

the magic angle takes on the form given by equation 4.12 

(4.12) 

b .. (t)=.f2/·l·hsin¢ .. cos¢ . . cos(w t- 6 . . )+1·/·h sin¢ .. cos(2w t-26 .. ) 
1J 1 .1 1J 1J r 1J ~ 1J r 1J 

3 3 r.. 2r .. 
1J 1J 

where ¢ij is the angle between the spinning axis and the vector rij' 

and oij is the initial azimuth of rij about that axis. The effect of 

MAS upon d! is to cause modulation of this interact ion, so that the 
IS 

static interaction is broken up, and the magnitude of the interaction 

in the region a=l.O approaches zero, while it has its maximun 

magnitude in the regions ~=±wr,±2wr. ~Iagic angle spin!ling_ also causes 

modulation of the homonuclear· dipolar interactions ( d! ) and hence 
II 

modulation of the characteristic frequencies (abkl) with which dipolar 

fluctuations occur as a consequence of interactions between the I and 

S spins. This results in each of the peaks at ±wr and 2wr, caused by 

modulation of the dW interaction, being split into frequency 
IS 

modulated sidebands, separated by multiple values of the rotor 

frequency. The consequence of this process is to restore the 

possibility of cross-polarisation occurring when ~=0 (i.e. a=l.O), 

provided that the rate of rotation is insufficient to average out the 

homonuclear dipolar interactions. ~A ~ic 
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angle spinning experimentsthe magnitude of the homonuclear dipolar 

interaction between the abundant spins has a profound effect upon the 

cross polarisation characteristics of the sample. 

In systems where there are strong homonuclear dipolar 

interactions, where w <<lhJW I and w <<abkl' modulation of the JW 
r II r IS 

interaction produces sidebands which are located entirely within abkl' 

since the homonuclear dipolar interactions are so large, no sidebands 

of significant intensity are produced outside the width of the peak. 

These systems reveal cross-polarisation characteristics which are 

quite insensitive to the Hartmann-Hahn matching condition, since the 

condition l1±abkl=O may be satisfied for quite large variations of 11 

(or a). 

In systems where there are relatively weak homonuclear dipolar 

interactions, as a consequence of spin dilution or motional averaging 

where w > lhJW I however, modulation of the rate of cross-relaxation 
r II 

(TI8-1) with the Hartmann-Hahn mismatch parameter (a) is observed, as 

MAS causes modulation of the characteristic frequencies abkl which JW 
II 

imposes on JW . 
IS 

The result is that cross-polarisation will only take 
-- - -- -·· 

place when the conditions I1±0,wr,2wr~ 0 are satisfied. Examination of 

the change in the rate of cross-polarisation (Tis- 1) with a reveals 

modulation of the rate of cross-polarisation, a sideband pattern is 

observed where the peaks are separated by the spinning frequency when 

the sample is rotated at the magic angle, and separated by twice the 

spinning frequency if the sample is rotated 90° with respect to B~~~ 
These systems, therefore, reveal characteristics which are much more 

sensitive to the Hartmann-Hahn matching condition. 

It may be seen from the above discussion, therefore, that the 

sensitivity of each of the compounds to the Hartmann-Hahn matching 

condition may be determined by measuring the width of the peaks 
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-1 observed in the plots of TIS against a in the absence of MAS. In 

reality, measurements of the widths of the peaks observed in plots of 

TI8-1 against a for the samples of Q~M8 , the TMS salt and Na2Si03.sH20 

(Figures 4.6,4.7 and 4.8 respectively) were made while rotating the 

samples at the magic angle, at speeds just above those required to 

average out shielding anisotropy. The calculated widths are 3.1 kHz, 

.4.4 kHz and 11.8 kHz respectively. The results clearly reveal that 

while Na2Si03.sH20 exhibits CP characteristics that are relatively 
to 

insensitive.Athe Hartmann-Hahn match, Q~M8 and the TMS salt exhibit a 

comparable sensitivity , although Q~M8 is slightly more 

sensitive. 

An alternative method whereby one might assess the sensitivity of 

a particular compound to the matching condition, might be found from 

measurements of 1H longitudinal relaxation rates. For example, 1n 

this study it is seen that the ratio T1 ( 1H)jT1 ( 1H)Q~Ms for the 

different compounds, is very similar to the ratio of the band widths 

observed in Figures 4.6, 4.7 and 4.8 (Table 4.3). 

TABLE 4.3 

COMPOUND 

3 
Qgillg 

TMS SALT 

Na2Si o3.sH20 

1.0 

1.40 

3.05 

1.0 

1.42 

3.65 

The compound Na2Si03.sH20 exhibits a two component T1(1H). In 

Table 4.3 the T1(1H) of the protons that undergo CP to siYcon nuclei 

is taken as 12.4 s. This is confirmed via a CP experiment illustrated 
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FIGURE 4.11 A PULSE SEQUENCE DESIGNED TO MEASURE Ti( 1H) VALUES OF 

PROTONS THAT CROSS-POLARISE.TO SILICON SITES 
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1n Figure 4.11. The proton magnetisation is initially saturated by 

means of 32,90°+x pulses separated by a delay of 2 ms. The proton 

magnetisation is then allowed to recover towards its equilibrium value 

for a time r, following which, the silicon signal is acquired via the 

usual 29Si CP technique. Since the silicon magnetisation is derived 

from the proton spin reservoir, the observed increase in the intensity 

of the silicon signal magnetisation with r, is governed via equation 

4.13. 

( 4 .13) 

The value of T1(1H) was calculated as 14.2±2.3 s via this technique. 

The experimental plot of the data is shown in Figure 4.12. Using this 

T1(1H) value the ratio (T1 ( 1H)/T1 ( 1H)Q~M8 ) becomes 3.50. The origin 

of the two component T1(1H) value observed for this compound is 

unknown. 

This technique for assessing the sensitivity of silicon 

containing compounds to the Hartmann-Hahn matching condition, however, 

should be used with caution,.since measurements of the proton T1s 

would only be of use provided that the rate of relaxation is 

determined by homonuclear dipolar interactions, and the correlation 

time for the molecular motion of the protons is such that· 

2 2>>1 (13) w Ire . 

Considering the differing rates of cross-relaxation (T1s1) for 

the three silicon compounds (Table 4.3), it may be seen that T18 -
1 

decreases 1n the sequence Na2Si03.sH20>TMS SALT>Q~M8 . This order 

fl h · · · b 29s· d 1H · re ects t e 1ncreas1ng separation etween 1 an sp1ns. 

Measurements of the proton T1ps from variable contact time experiments 

are subject to a number of experimental problems, since long contact 

times can cause heating of the probe circuit elements, thereby 
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resulting in the loss of the Hartmann-Hahn match1ng condition as the 

quality factor of the probe circuit changes. Further errors in the 

measurement may also occur as a consequence of phase instability of 

the proton spin-locking field. (14) However, examination of the 

results outlined in Tables 4.1 and 4.2 reveal that while the values 

calculated from variable contact time experiments are not the same as 

those measured directly, the trend 1n the T1p values as one goes from 

Q~M8 to Na2Si03.sH20 is the same. 

In the preceding discussion, we have seen that Q~M8 and the 

TMS salt exhibit very similar proton relaxation characteristics and 

sensitivity to the Hartmann-Hahn matching condition. Figures 4.9 and 
-1 4.10 suggest that in order to avoid modulation of T18 when setting 

the match, the spinning frequencies in both cases should not exceed 

1.5 kHz. It should be noted that in Figures 4.9 and 4.10 the peaks 

observed are separaf:cec.l by twice the rotor frequency, although samples 

were rotated at the magic angle. This observation is a consequence of 

the poor resolution in the 11 Hartmann-Hahn spectrum 11 at the particular 

contact times employed. 

4.4 DETERMINING S SPIN T1 VALUES VIA CP 

One of the many useful experiments which may be performed 

employing the CP technique is the determination of the S spin (29Si) 

T1 values via CP from the abundant spins. The pulse sequence written 

for this purpose is illustrated in Figure 4.13. This so-called T1CP 

experiment, originally devised by Torcha et al, (15) consists of two 

similar but not identical pulse sequences. The first sequence starts 

with the application of a resonant B1H field to the proton spins, 
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FIGURE 4.13 
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rotating the proton magnetisation until it is directed along the +Y 

direction in the rotating frame of reference, where it is spin-locked. 

The 29si magnetisation is. then derived by the application of a B18 
field such that a=1.0. After the 29Si magnetisation is established 

along B18 (assumed to be along the X a.-xis), the proton spin-locking 

field is switched off, and the silicon magnetisation is rotated by the 

B1Si field (which has been phase shifted to lie along the -Y 

direction) from the X axis to the Z a.-xis. In the absence of the B1 
field, the proton enhanced silicon magnetisation decays exponentially 

from its initial value Mcp(o), to the equilibrium value M(o) with time 

T. Following this delay time r, the remaining silicon magnetisation 

may be measured from the signal intensity observed in the resultant 

FID acquired. The second part of this pulse sequence is identical to 

that of the first, except that the initial B1H field is phase shifted 

by 180°, this causes spin temperature inversion, so the sign of the 

proton-enhanced silicon signal is opposite to that obtained in the 

first pulse sequence. The silicon magnetisation is then rotated along 

the -Z direction and recovers from the value -Mcp(o) to the 

equilibrium value M(o) with time T. If one FID is then subtraGted 

from the other the change in the silicon signal intensity with delay 

time T may be described by equation 4.14. 

This technique offers a number of advantages over other methods 

of determining 29Si T1 values. (15) 

(i) The 29Si signal is enhanced by CP 

(ii) Spectral artifacts are suppressed 

(iii) It is no longer necessary to wait 5 x T1(29Si) between 

experiments, but only 5 x T1(1H). 
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The application of this experiment is illustrated using the 

compound 1,1,1-triphenyltrimethyldisilane ((C6H5)3SiSi(CH3)3). This 

compound exhibits two resonances in the 29Si CP MAS NMR spectrum, at 

-18.4 and -21.0 ppm respectivley. The spectra obtained at different 

delay times (r), are shown in Figure 4.15. The experimental plot used 

to determine the silicon Tt values of these peaks is illustrated by 

Figure 4.14. The peaks at -18.4 ppm and -21.0 ppm have been assigned 

to silicon atoms present in the Si(CH3)3 and Si(C6H5)3 moieties 

respectively. The 29si T1 values are determined as 13.8 and 63.7 

seconds respectively. 

This experiment has also been used to measure the 29Si T~ values 

for the silicon-containing compounds Q~M8 , Ti\IS salt and Na2Si. o3"5H20. 

These data are summarised in Table 4.4. 

TABLE 4.4 

COMPOUND T1(29Si )/s 

3 Q8M8 27.8 T 

TMS SALT 63.1 

Na2Si03.5H20 566.0 

T T1(29Si) value for the peak at 11.9 ppm 

4.5 CONCLUSIONS 

The studies outlined in this chapter indicate that of the three 

potential CP standards studied Q~M8 is the best, since it exhibits the 

best sensitivity to the Hartmann-Hahn matching condition. However, 

since the CP characteristics of the two compounds Q~M8 and the TMS 

salt are very similar, it 1wuld appear that the sodium salt of 
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trimethylsilyl-1-propanesulphonic acid may be. employed as a secondary 

replacement standard, as an alternative to Q~M8 . The use of this 

compound offers the advantage that it is considerably cheaper and more 

readily available. 

The optimum conditions for acquiring 29Si CP MAS NMR spectra of 

these compounds and for setting the Hartmann-Hahn matching condition 

are summarised in Table 4.5. 

The technique whereby 29Si T~ values may be determined by a time 

saving technique 1-lhich relies upon the CP process, has been 

demonstrated. This technique has been used in the study of silica 

xerogels in Chapter Six. 



TABLE 4.5 

w0 Pyldlz CTopt/ms 
min 

AQ+RD/st COMPOUND ~v1 /Hz AQ+RD/s+ RELATIVE r 2 

(without (with SENSITIVITY 
flip back) flipback) 

3 
Q8M8 0.4-0. 7 12.9 ~ 5.0 5.12 0.48 1.00 

TMS SALT 0.4-0.7 2.8 3.5 7.18 0.45 0.70 

Na2Si03.5H20 2.0-2.5 1.9 5.8 15.62 1.30 0.27 

t+ These values represent the values of AQ + RD which yield the best conditions for 
obtaining spectra with the highest (s/n) ratio per unit time 

* The relative sensit.ivity is defined by the ratio (abklQ8
3
M8/abkl) 

'-.1 
V1 



5.0 CHAPTER FIVE 
29si NMR STUDIES OF CRYSTALLINE INORGANIC AND ORGANIC 

SILICON-CONTAINING MATERIALS 

5.1 INTRODUCTION 

76 

In recent years, the literature has furnished a wealth of 

information concerning chemical structures from 29Si solid-state MAS 

Ni\lR studies of crystalline (1-4) and non-crystalline silicates, (S- 7) 

aluminosilicates, (4) zeolites, (4) polysiloxanes, (S) polysilanes(9) and 

other organosiloxane compounds. (10). ~Iuch of the work on inorganic 

silicates, has been concerned with the measurements of the isotropic 

chemical shifts and the correlation of these with various structural 

parameters. (11 ) 

The first major 29Si mrR study of inorganic materials was by 

Lippmaa et al. (1) It \.ras reported that solid-state 29Si isotropic 

chemical shifts of silicates are determined primarily by the degree of 

condensation of the silicon-oxygen tetrahedra. Increasing the degree 

of condensation from Q0 to Q4 causes increased shielding of the 29Si 

nucleus, as a result, isotropic chemical shifts become more negative 

with respect to nrs. More extensive studies of a large number of 

silicates, (2) revealed that other structural factors, such as bond 

angles, inter-atomic distances, electrostatic bond strengths of the 

cations and (in the case of aluminosilicates and zeolites), the 

distribution and content of aluminium also cause significant changes 

in these shifts, resulting in the overlapping of the chemical shift 

ranges caused by different Qn units (Figure 5.1)(4) 
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In order to aid the interpretation of observed isotropic chemical 

shifts in these materials various correlations have been proposed. In 

inorganic silicates empirical correlations between 29Si isotropic 
0 

chemical shifts and Si-0 bond lengths, bond energies(12) Si/ 'Si bond 

angles, (13) mean T-0-T distances (where T = Si orAl), (14) ff orbital 

hybridisation, (15) electrostatic: bond strengths of the cationsf12) and 

ligand electronegativi~rJ 11 ) have been proposed for tetrahedrally 

coordinated silicon, and with mean Si-0 bond lengths for minerals 1n 

which the silicon atom is octahedrally coordinated. (lfi) · 

One of the first publications to discuss 29Si shifts was 

published by Lauterbur. (20) It was demonstrated that in. comparing 13c 
and 29Si chemical shifts for a series of compounds (CII3)nM(OR) 4_n, 

'~here n is varied from 0-4 (M::Si or C), significant differences in 

substituent effects were observed for the two nuclei. A sagging 

pattern is exhibited in the case of the 29Si chemical shifts. This 

phenomenon was attributed to (p-d)~ bonding effects. From more 
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extensive studies of silicon containing materials, (11 ,21 ) it was 

observed that a "U" shaped relationship exists between 29Si isotropic 

chemical shifts and the sum of the electronegativities of ligands 

bonded to the silicon (Figure 5.2). 

FIGURE 5. 2 (1l) 

~~========================~ 

5.2 THEORETICAL INTERPRETATION OF 29Si ISOTROPIC CllEMICAL SITIFTS 

In spite of the fact that.the theory of nuclear shielding is well 

established, the relationship between 29Si isotropic chemical shifts 

and theoretical concepts is not straightforward. 

According to Pople(17) the shielding constant ff of a nucleus A, 

which determines its chemical shift may be expressed as the sum of 

three terms 

(5.1) ffA = ffdA. + ffA +E ffAB 
1a para Bl=A 

where udia is the diamagnetic term which depends upon the electron 

density at the nucleus given by Lambs formula:C 18) 

(5. 2) 2~ -1 ud.a = p e ~<r . > 1 0 . ~ - ~ 

12m7r 



79 

lvhere ~0 is the permeability constant, e is the electronic charge, m 

is the electronic mass, and r . is the distance of the ~th electron 
~ 

from the nucleus. From Gutowsky et al, the paramagnetic term ffpara is 
. (19) g1ven as 

(5.3) ffpara = -(~0e2h2/8~m2dE) [<r-3>pPu+<r- 3>dDu] 

where dE is the mean excitation energy, <r- 3>p and <r- 3>d are the mean 

inverse cubes of the distances of the valence p and d electron from 

the nucleus, and P and D represent the knbalance of the p and d u u . 

populations. } ffAB is the contribution from other atoms. It is 
B¥'A 

generally accepted that change in the ffpara term is the most, dominant 

factor determining isotropic chemical shifts in silicon-containing 

compounds(4 ) . 

Problems in theoretical calculations of 29Si isotropic chemical 

shifts arise because of uncertainties in the magnitude of substituent 

effects on the values of the dE, <R- 3>, Pu and Du terms in equation 

5.3. There is also uncertainty as to whether (p-d)~ bonding occurs. 

One semi-empirical theory put forward to explain the nature of Figure 

5.2 was proposed by Engelhardt et al. (4 ) In this theory, the 

tetrahedrally coordinated sil-icon atom is considered to form - by sp3 

hybrid orbitals - localised ff-bonds to the four ligands. The average 

excitation energy dE is taken as constant, any contribution of the 

silicon d-orbitals is excluded, and the paramagnetic shielding 

* constant (ffpara) is calculated relative to ff~ara' which reflects the 

shielding of the hypothetical non-polar "SiSi4" molecule. Following 

these assumptions the final expression of the relative screening 

* constant ff 

(5.4) 

was given as equation 5.4 

ff* =ffpara=[(1+0.35f)(4-Lh·)]
3

[!Lh.-!E Lh.h.l 
0 -z--- i 1 2i 1 6i>j 1 J 

ffpara 0 

where Z
0 

is the effective nuclear charge of silicon, f is an empirical 
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factor and values of hi may be calculated from equation 5.5 from a 

knowledge of the electronegativites of the four ligands (cNi) and 

silicon (cNsi). 

(5.5) h. = 
1 

The net charge of the central silicon atom (qsi) is given by equation 

5.6 

(5.6) 
4 

q8 . = 4-2: h. 
1 . 1 1 1= 

This approach achieved qualitative success m accounting for the 

u-shaped relationship between silicon shieldings and ligand 

electronegativities. Interesting information concerning the 

* relationship between (J and qSi was also obtained. These two 

parameters are related by a parabola-like curve (Figures 5.3 and 5.4), 

* (J reaching a maximum when qSi = 0.4. When qsi<0.4, an Increase 1n 

qSi results in high frequency shifts, however, when qsi>0.4, low 

frequency shifts occur as qSi increases. The net charge of the 

silicon atom is determined by the electronegativity of the ligands 

(!-bonded to the tetrahedrally coordinated silicon atom (or the 

fractional s-character of the silicon-ligand hybrid orbitals). When 

* qsi>0-.6, the- expei'imental shifts may be linearly correlated with (J , 

and also when qsi<0.2. This fact, is reflected in the empirical 

correlations between 29si isotropic chemical shifts and the sum of the 

group electronegativities of the four ligands bonded to the central 

silicon atom, proposed by Janes and Oldfield. (11 ) In the case of 

inorganic silicates (where qsi>0.6) the correlation between qSi and 

chemical shifts, can also provide a direct explanation of the low 

frequency shifts observed as the degree of condensation of Si04 
tetrahedra increases, since the effective electronegativity of 

bridging oxygens is greater than non-bridging oxygens. Englehardt et 

al(40) were able to rationalise correlations between 29Si isotropic 



FIGURE 5.3 

120. 

s;j\ 
"i/1\JM,. I 

100 
I I '-\. .:>ll..lt I 

8 80~ i" \ll'' ·si·ChF
2 

' 

n' 
- -----·-

'D 
- 60 

~0 

20~----~----~----~----~~ 
0.2 0.4 

qSi 

0.6 0.8 

Calculated paramagnetil· screening l'llnstants oq ploued 
agamst the net awmicchargeofthecentralsilicon atomq5,. 

0 

~0 

-
~ 80 -0.0 

-120 

-160 

o Si!SiMe3l4 

I 
0.2 

FIGURE 5.4 

SiMe4 

0.4 
qSi 

0 SiCl4 
o\SiiNMe1)4 

0 
SiC13F 

Si(OMel4 

Si,CIF3 

0.6 0.6 

experimental 1 ~Si chemical shifts ,5 of SiX~ compounds ploued 
agnmsllhe net ZJIOmiccharge oft he central silicon a tom q 51 • 

The relevant rangeofSi04 sites in silicates/aluminosilicates is marked by dashed lin~s 
00 ,_. 



82 

chemical shifts and Si-0-T bond angles, Si-0 bond lengths and 

cation-oxygen bond strengths in terms of changes in the s-character 

of the oxygen hybrid orbitals 

5.3 29Si SHIELDING TENSORS 

In the study of silicate minerals where the structure is unknown, 

and 29Si isotropic chemical shifts are measured, it is not possible to 

employ the above correlations to obtain definitive information 

concerning the structural (Qn) units present. In rapid magic-angle 

spinning experiments only the isotropic part of the second rank 

chemical shielding tensor (ff) is obtained. Information concerning 

the principal components is lost. The determination of the principal 

components of the tensor ff is important for several reasons. Firstly, 

it may help to provide a better explanation for, and physical 

descriptions of, the trends observed in 29si chemical shifts, and in 

the case of silicate minerals, it may provide conformation as to the 

suggested nature of the silicon-oxygen tetrahedra present in minerals 

of unknown structure. Secondly, the tensor components provide data 

\.rhich may be used to test theoretical equations. Finally, shielding 

tensor information may yield evidence of molecular motion. 

The importance of such measurements have, thus, prompted several 

workers to examine the principal components of the shielding tensor 

for silicon atoms in a variety of silicate minerals and organosilicon 

compounds. 

The first 29Si NMR study of solid-state silicon compounds was 

published in 1972. (10) The principal components of the 29Si shielding 

tensor in a variety of organosilicon compounds were reported (Table 

5.1). In general the 29Si shielding anisotropies were observed to be 

relatively small. In certain cases, it also appears that distortion 

of the molecular structure upon crystal formation was responsible for 

deviations of the shielding tensor from axial symmetry. Follm.ring 
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this publication, however, only three other reports have been 

published that give values for the principal components observed for 

organosilicon compounds( 22 ,23 ,24) (Table 5.1). Interest has been 

predominantly directed towards the determination of these parameters 

in silicate minerals. 

TABLE 5.1 

COMPOUND ITiso IT XX IT IT fliT '!} REFERENCE yy zz 
/ppm /ppm /ppm /ppm /PPM 

(CH3)4Si 0 0 0 0 0 1.00 10 

(CH3)3SiOCH3 -18.7 -33 -31 8 40 0.08 10 

(CH3)2Si(OCH3)2 3.7 -12 -12 35 47 0.00 10 

CH3Si(OCH3)3 42.0 23 35 68 39 0.46 10 

Si(OCH3)4 80.0 80 80 80 0 1.00 10 

[ (CH3) 3Si hCH 4.7 -8 4 18 20 0.90 10 

(CH3)3SiC6H5 10.3 -2 4 29 17 0.32 10 

[(CH3)3Si] 20 -3.3 -16 -8 14 26 0.46 10 

[(CH3)2Si0] 3 18.0 -8 0 62 66 0.18 10 

[(CH3)2Si0] 4 20.0 4 4 53 49 0.00 10 

R2Si=SiR2t 64.0 -15 27 180 174 0.36 23 

R2Si-SiHR2t -55.0 -72 -56 -37 27 0.89 23 

me. 

t R = o~~ 
me. 

In 1981 Grimmer et al( 25 ) published the 29Si NMR spectra of 

polycrystalline tricalcium silicate hydrate (Ca6[Si207(0H) 6]) and 
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tetra-methylammonium silicate hydrate ([N(CH3)4]8Si8020 .69H20). 

Values for the principal components of the shielding tensors for the 

silicon nuclei in each compound, (which are located in Q1 and Q3 

environments respectively), are reported. The results were 

interpreted on the basis of the known structures of these two 
31 compounds, using arguments analogous to those used to explain P 

shielding anisotropies observed in phosphates and phosophonyl 

compounds. (26) Such arguments were used to gain a qualitative 

understru1ding of the relationship between bonding geometry and 

chemical shielding anisotropy. Each silicate Qn unit was considered 

to form via the perturbation of the structure of the idealised 

(Si04)4- anion. The idealised (Si04)4- tetrahedron has four equal 

Si-0 bonds (where the oxygens are terminal in the case of Q0 units and 

bridging in the case of Q4 units) hence ~~ = 0. End silicate 

tetr~1edra (i.e. Q1 units) were considered to form when ~-bond 

character is transfered from the Si-Ob bridging bond to the three 

equal Si-Ot terminal bonds. For these units the Si-Ob bond lies along 

a local axis of c3v symmetry. Conversely, branching silicate 

tetrahedra were considered to form when ~-bond character is transfered 

from the three equal Si-Ob bridging bonds to the Si-Ot bond. In this 

case the Si-Ot bond lies along a local axis of c3v symmetry. In 

situations where a silicon nucleus lies upon an axis of c3v symmetry, 

one of the three principal components is directed along the axis of 

symmetry and is designated ~ The other two principal components 
II 

are equal and lie i,n a plane perpendicular to the this axis and are 

designated as ~~· The shielding tensors exhibit axial symmetry. 

Grimmer et al, stated that the most (least) shielded principal 

component of the tensor, corresponds to the direction of the Si-0 bond 

containg the highest (lowest) mulliple bond character. (25 ) Thus for 

Q1 units, the transfer of ?r- bond character from the symmetry a...'Cis to 
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the other bonds causes deshielding parallel to the axis and increased 

shielding perpendicular to the axis, (i.e. ~ >~ ) and a negative 
J... II 

shielding anisotropy is observed. Conversely, for Q3 units the 

transfer of ~-bond character results in increased shielding parallel 

to the symmetry axis and decreased shielding perpendicular to it, 

(i.e. ~ >~) and a positive shielding anisotropy is observed. In the 
II J... 

case of Q2 silicate units the interpretation is more difficult, there 

is no axial symmetry (~ # 0.0). However, provided local c2v symmetry 

prevails, the most shielded principal component lies in the TO-Si-OT 

plane bisecting the angle. Measurements of the principal components 

may be used to investigate minerals of unknown structure(27) and to 

confirm assignments made on the basis of isotropic chemical shift 

measurements. Grimmer has also shown that in order to explain 

shielding aniso-tropies 1n silicate minerals it is not necessary to 

invoke (p-d) ~-bonding. The results may also be explained in terms of 

the fractional s-character of the silicon and oxygen hybrid orbitals 

involved in the Si-0 bond. (28) In a study of the axially symmetric 

shielding tensors observed for silicon nuclei in six silicate 
-

minerals of known struct~e, Grimmer observed a linear relationship 

between the shielding tensor component ~ /ppm and the length of the 
II 

Si-0 bond it is directed along, (d (Si-0)/nm), Grimmer( 2~) derived 
II 

equation 5.7a 

(5.7a) ~ (Si-0) = 2070-1.222 x 10-4d (Si-0) 
II II 

A similar correlation was also observed for the shielding tensor ~ 
J... 

and the Si-0 bond lengths dJ...(Si-0)/nm (see Figure 5.4a and Table 5.2). 

This is given by equation 5.7b 

(5.7b) ~ (Si-0) = 2.250-1.334 X 104dJ...(Si-O) 
j_ 

Si 
Changes in the 0,..... '0 bond angles (B), change the fractional 



86 

s-character of the silicon orbital in the Si-0 bond (pSi) and cause 

the changes in the Si-0 bond lengths. (29) Grimmer, (28) also reported 

Si 
a linear correlation between Si-0 bond lengths and 0....- '0 bond angles 

(B) 

(5.8) d(Si-0) = 0.25589-8.6x10-4B 

The fractional s-character of the silicon orbital in the Si-0 bond 1s 

given by equation 5.9 

(5. 9) pSi = [cosO J 
"i~CDS 8 

TABLE 5.2 

Si BOND LENGTHS AND ?,gSi CHEMICAL SHIFT TENSOR DATA OF' SILICATES 

SAMPLE Qn d I I(Si -0) fJ I I dj_;si-0) fJl_ 

/nm /ppm nm /ppm 

Ca3Si05 
Qo 0.1635 73.0 0.1635 73.0 

CaJSi207 
Q1 0.1667 30.3 0.1605 97.8 

BaSi205 
Q3 0.1561 158.9 0.1631 63.6 

[N(Me) 4]8Si8020 
Q3 0.1569 152.0 0.1608 73.0 

.69H20 

((CH3 ~Si) 8Si8o20 Q3 0.1588 131.3 0.1600 98.5 

Si02 (1-quartz) Q4 0.1609 107.4 0.1609 107.4 

From these equations it may be seen a short Si-0 bonds results 

from the silicon orbital possesing a high degree of s-character and 

the shorter the bond, the greater the shielding along that bond axis. 
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FIGURE 5.5 

A PICTORIAL REPRESENTATION OF THE ORIENTATION OF THE 29Si SHIELDING 

TENSOR IN IDEALISED 01 AND 03 UNITS 

8 

In a similar way, shielding along a given Si-0 bond may also be 

correlated with the fractional s-character for .the ·bridging oxygen 

hybrid orbitals (P0
). In a study of the structural data for more than 

32 Q4 units in 11 tectosilicates Gibbs et al, (29) have established a 

correlation between Si-0 bond lengths (d(Si-0)) and P0
, given in 

equation 5.10 

(5.10) d(Si-0) = 0.169-0.16P0 

where P0 is given by equation 5.11 

(5.11) ~o =-i~~~sPQ. 

0 
where ~ is the Si/ 'Si bond angle. 

In summary, it may be seen that the shielding along a given Si-0 

bond is dependent upon the bond length, which in turn is determined by 

the fractional s-character of the silicon and oxygen orbitals 

involved. Linear correlations between Si-0 bond lengths and bond 

direction related shielding tensor components have been proposed. (28) 

In using these correlations to obtain structural information, however, 

caution is required. Firstly, the very good correlations reported by 

Grimmer( 2S) (equations 5.7a and 5.7b) are perhaps suprising, since it 
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is known that in polyatomic molecules, the paramagnetic term of the 

tensor component along a given bond is dependent upon all the other 

ligands attached to the nucleus. One possible explanation for 

Grimmers observation is that the electronic distribution resulting 

from the effect of the other three ligands determines both the Si-0 

bond length and the paramagnetic term for the shielding component 

along Si-0. (30) Secondly, a study made by Smith et al( 12) reported 

that in the case of certain minerals containing Q1 units, axial 

symmetry was not observed (Table 5.3). 

TABLE 5.3 

NMR PARAMETERS OF SOME SILICATE MINERALS CONTAINING 01 STRUCTURAL 

UNITS 

MINERAL 
IT ISO IT ~ IT i:J.IT 

XX zz -ppm ppm ppm ppm ppm 

Aker-manite 73 134 84 1 -108 0.69 

Lawsonite 81 123 92 28 -80 0.58 

Tricalcium 
Silicate 84 109 109 35 -64 0.00 
Hydrate 
Gehlenite 72 122 74 20 -78 0.92 

In this chapter, the 29Si isotropic chemical shifts, and the 

principal components of the shielding tensors are reported for a 

number of inorganic silicates, and organosilicon compounds. 

The purpose of this work was to demonstrate the advantages and 

limitations of measuring 29Si shielding tensors when investigating the 

structure of these materials, and to examine factors which may 

determine shielding anisotropies in these systems. 
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THE DETERMINATION OF TllE PRINCIPAL COMPONENTS OF 29Si SHIELDING 

TENSORS 

89 

In principle, there are a number of methods which may be employed 

to determine the principal components of the 29Si shielding tensor. 

One method is ta use a least-squares fit of the general expression 

for the powder pattern, to that observed for the sample. This method 

is subject to a number of errors since 

(1) Difficulties will be introduced if the sample under 

investigation contains multiple silicon sites 

(2) Errors may also occur in the calculation of the isotropic 

shift, since it is calculated from the average of the 

principo.l components. 

An alternative method exists. Upon magic-angle- spinning 

(provided w <lhJW 1), the chemical shift powder pattern is decomposed 
r CSA 

into a collection of sharp peaks separated by integral multiples of 

the spinning frequency. Analysis of the distribution of the spinning 

sideband intensities then permits the calculation of the principal 

components. (31 ' 32,33) This-method offers the -advantages that the 

isotropic chemical shifts are measured directly, the presence of 

multiple silicon species may be detected, and because the static 

powder pattern is broken up into a series of sharp lines, the number 

of transients required to obtain spectra with a signal to noise ratio, 

adequate for analysis is less than those required for the static 

spectra. 

There exist a number of techniques whereby the principal 

components of the shielding tensor can be calculated from the 

intensity distribution of the spinning sidebands, the moments analysis 

method proposed by Maricq and 'vaugh, (31 ) the graphical method proposed 
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by Herzfeld and Berger, (32) and computer simulation of the 

spectra. (33) In this thesis, only the moments analysis and computer 

simulation methods will be considered. 

5.4.1 THE M~MENTS ANALYSIS METHOD 

This was the first method for the determination of the principal 

components of shielding tensors. It is based on the fact that once 

the isotropic chemical shift has been determined, the only information 

required is the values for the shielding anisotropy and asymmetry 

parameter. These may be obtained by the calculation of the moments of 

the spectrum. 

The ith moment of a spectrum is defined by equation 5.13 
. . N=+N . 

(5 .13) ~£1 = w1 .E N1AN/.EAN 
r N=-N 

where AN is the intensity of the Nth sideband, wr is the rotor 

spinning frequency and N is the number of sidebands. Sidebands are 

numbered outwards from the centreband, which is numbered zero, 

positive towards lower frequency, and negative towards higher 

frequency (e.g. -3, -2, -1, 0, +1, +2, +3, +4,). The lower order 

moments are given below 

(5-.14)- -M
0 

= 1 

(5.15) M1 = 0 

(5.16) M2 = [~:] (3+~2) 

(5.17) M3 = 2.\3] (H2) 
35 

(5.18) M4 = ~5]M2+2w;M2 

In these equations the symbol 8 is used to denote shielding 

anisotropy, to distinguish it from the symbol 8 which is usually used 

for isotropic chemical shifts, however, in this chapter the reported 

anisotropies are defined differently, and are given the symbol~~, in 
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order to avoid any confusion. The relationship between ~~ and 8 is 

given by equations 5.19 and 5.20 

(5.19) 

(5.20) ~~ = 38 
2 

The intensities of the sp1nn1ng sidebands are measured experimentally 

and the second and third moments are calculated. Given equations 5.16 

and 5.17 a cubic solution for 8 may be found. The value of the 

asymmetry parameter ~ (defined by equation 5.21) is determined by 

inserting the values of 8 back into one of the two moments equations. 

(5.21) ~ = (~y'f-~'>0<), 
( ~z.z-~rso) 

The values of the three principal components may then be calculated 

given equations 5.22a, 5.22b and 5.22c. 

(5. 22a) ~ = ~rso-~( 1 +~) XX 2 

(5.22b) ~yy = ~rso-~( 1 -~) 
2 

(5.22c) ~ = zz ~ISO +O where ~rso = -0 

The use of this method does, however, have a number of disadvantages. 

Firstly, the calculation of the moments critically depends upon the 

intensity of the outer spinning sidebands (see equation 5:13). The 

intensity of these peaks are very difficult to measure accurately 

because of their weakness, in order to measure them accurately 

excellent signal to noise is required. In the case of insensitive 

nuclei, such as silicon-29 this is uneconomical in terms of 

spectrometer time. Secondly, work by Clayden et al(34) has shown that 

this method yields inconsistent results for nearly axially symmetric 

shielding tensors. (This disadvantage also occurs for the graphical 

method proposed by Hertzfeld et al).(32 ,34) 
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5.5 COMPUTER '3ii~l L\LAI"ION OF THE SPECTRA 

In order to simulate and fit a spinning-sideband spectrum to the 

experimental spectrum, a mathematical description of the spectrum is 

required. The complete derivation of the expressions describing these 

spectra has been published by several workers(31 ,32) and will not be 

repeated here. A computer program has been ~~ritten by L.H. Merwin at 

Durham University to perform the necessary calculations. (33) It was 

employed in these studies. Hence, the following discussion will be 

restricted to acquiring a physical picture of the processes giving 

rise to the spinning sidebands, and the principles upon which these 

calculations were carried out. The reader is refered to the above 

reference for further details of the computer program used. (33) 

Consider, initially, a single type of chemically distinct nucleus 

1n a molecule which is rotating at the magic angle. In order to 

explain the nature of the shielding interactions observed it is first 

necessary to translate these interactions from the laboratory frame, 

to a rotor fixed axis system, and then to the principal axis system 

(PAS). Maricq and Waugh(3l) have shown that when this is done, the 

Hamiltonian describing the sl0elding interacti_Qll is of the form--

(5.23) ~ = 7B0Iz[ff.+b~(t)] cs 1 

ff. is the isotropic trace of the shielding tensor, b is the shielding 
1 

anisotropy, 7,B
0 

and Iz have their usual meanings. The term ~(t) 

contains all the time dependent terms induced by sample spinning, ~(t) 

has the form 

where 

(5. 24a) 

(5.24b) 

C1 = lsin 20sinP[cosP(~cos27-3)cos a-~sin27sina] 
2 

S1 = ~sin 20sinp[cosP(3-~cos27)sina-~sin27COsaJ 
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(5.24c) C2 = !sin2B{[9 sin2fi+(~)cos27(1+cos 2fi)Jcos2a 
2 2 2 
-~cosfisin2,sin2a 

(5.24d) s2 = !sin2 B{-[~ sin2fi+(~)cos27(1+cos 2fi)]sin2a 
2 2 2 
-~cosfisin2{sin2a 

l-Jhere ~ is the asymmetry parameter. 

The three angles a,fi,/ are the three Euler angles which define 

the orientation of the rotor fixed axis system relative to the 

principal axis system. The orientation of the rotor with respect to 

B
0 

is described by the two angles, B which is the angle between B
0 

and the rotor axis, and wrt (see Figure 5.4b). In these experiments B 

is the magic angle and wr is the angular spinning speed. 

In a static powder, the resonance frequency of a nucleus in a 

molecule is dependent upon the orientation of the PAS with respect to 

B
0

, as a consequence of the anisotropic nature of the shielding 

interaction. The static powder spectrum results from the 

superposition of contributions from all the randomly orientated 

molecules in the powder. When the sample is rotated at the magic 

angle, the instantaneous resonance frequency of the nuclei in question 

changes as the molecule changes its orientation with respect to 8
0

, 

during- the course of one-rotation--:.- The angdar frequenc-y of the j th 

nucleus, as a function of time is given as 

(5.25) w.(t) = W ~ISQ+W b~.(t) J 0 0 J 
w

0 
is the Larmor precession frequency. In a specific time period, the 

principal shielding axis in the molecule changes orientation and 

develops a phase angle ~ 

(5.26) t 
~.(t) = J w.(t)dt 
J 0 J 

Given that the free induction decay is represented by equation 5.27, 

(5.27) g(t) = exp[i~j(t)] 
Summation for all orientations(i.e. over all possible values of a, fi 

and 7) produces an equation describing the spinning-sideband spectrum 
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(5.28) g(t) = exp(iw0~180t).EEEexp[iw0 8J~((t)dt] afh 
The summation for all nuclei is required because if one considers 

equation 5. 25, each nucleus lvill have its mm spinning-sideband 

pattern, centred about the isotropic chemical shift. The orientation 

of the principal axis sytem in the rotor is defined by the angles a 

and /3. The angle /3 is the angle between the rotor axis (Zr) and the 

unique tensor ~~is Rzz. The angle a is the projection of Rzz on the 

rotor x,y plane. The sum (a+wrt) thus indicates the position of R
22 

with respect to B
0 

as a function of time (see Figure 5.4b) 

FIGURE 5.4b 
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At the start of the experiment xy magnetisation is derived either by 

cross-polarisation or by a 90° pulse. As the sample rotates, the 

magnetisation will dephase, as all the different nuclei experience 

different resonance frequencies as the phase angle (the orientation of 

the PAS with respect to B
0

) continuously changes. At the end of the 

rotor period however, all the nuclei are back in their original 
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orientations 1~ith respect to B
0 

the total phase angle developed by any 

nucleus zero, and the magnetisation is restored. The complete FID is 

thus characterised by a series of rotational echoes. The intensity of 

sucessive echoes is also governed by the usual T1 and T2 processes, so 

the FID will normally decay exponentially. 

Consider a single nucleus. As the sample is rotated, the PAS 

will pass through angles from (B-jJ) to (B+P) with respect to B
0

, and 

the nucleus will develop instantaneous resonance frequencies which 

contribute to only a portion of the full static linewidth. Thus it 1s 

possible that a given nucleus may not contribute to all the 

intensities of the spinning sidebands. In addition, for a nucleus 

with a specific angle p, the phase of the sidebands produced will 

depend upon the angle a, and both adsorptive and dispersive components 

are produced, depending upon the initial orientation of a. Thus in 

order to reproduce the spinning sideband spectrum, summation over all 

possible orientations is required, and since all the tensor 

information is contained within one rotational echo, in order to model 

the intensity of the spinning sideband, the limits for the time 

integral in equation 5.28 need only be 0 to 2n/wr. The calculation of 

the rotational echoes may be achieved by evaluating the integral of 

equation 5.28 in N2n/wr steps. The time integral of equation 5.28 has 

the following form. 

(5.29) f~~(a,p,,,t)dt = l_[S1+!S2+C1sin(wrt)-S1cos(wrt) 
wr 2 

+ l(C2sin(2w t)-S2cos(2w t))] 
2 r r 

This integral must then be determined for all possible values of a, P 
and 1 over a time period of 0 to (2n/wr). Thus the FID is given by 

equation 

_t=2n/wr 
(5.30) g(t) = ~exp{exp[i(w 6~~(a,P,1)]} 

aP! o t=O 
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Note that the term exp(iw0~Isot) is dropped in equation 5.30, since 

this term serves only to give an overall offset to each spinning 

sideband. This is equivalent to placing the centreband at the 

isotropic chemical shift frequency. Fourier transform then yields the 

frequency domain spectrum. In an effort to keep the time required for 

computation to a minimum Hhile still retaining accuracy of the final 

computed spectrum, i\IerHin (33) suggests that, in order to sum the time 

integral of equation 5.28 through all orientations, each of the angles 

a, /3 and 1 are stepped in 9° increments. In MerHin 1s program, the 

intensity of the experimental spinning sidebands are compared Hith 

those calculated, and values for the anisotropy (b) and asymmetry (r;) 

parameters are changed by means of a S.implex routine until the sum of 

the squares of the difference betHeen the intensities of the 

corresponding sidebands is a minimum. In order to run this program, 

input parameters of the Larmor frequency, rotor speed, numbers of the 

spinning sidebands and their intensities, the isotropic chemical 

shift, and estimated anisotropy and asymmetry parameters are required. 

The anisotropy and asymmetry parameters are estimated by moments 

analysis. 

5.6 RESULTS AND DISCUSSION 

5.6.1 THE DIITYDROGEN SILICATE HYDRATES 

The ability of slm.r-spinning 29Si CP MAS NMR experiments, and 

subsequent computation of the tensor properties, to yield information 

that is not available from rapid MAS experiments is illustrated by the 

study of the tHo sodium dihydrogensilicate hydrates Na2H2Si04(H20) 4 
and Na2H2Si04(H20) 8. 

The 29Si CP MAS NUR spectra of both these compounds have the same 

isotropic chemical shift at -68.6 ppm (Figures 5.7 and 5.10). This 

was confirmed by obtaining the 29Si CP MAS NMR spectrum of a physical 
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mixture of the tlvo compounds. It is impossible to distinguish between 

these two compounds by rapid 29Si MAS NMR experiments. Slow-spinning 
29Si CP MAS NMR experiments, however, reveal subtle differences in 

the environment of the silicon nuclei in each compound (Figures 

5.5,5 6 and 5.8,5.9). These differences are reflected in the 

anisotropy calculated from computer fitting of the spinning sidebands. 

The results are summarised in Table 5.4. 

TABLE 5.4 

COMPOUND 

Na2H2Si04(H20) 4 

Na2H2Si04(H20) 8 

0.51 

0.64 

!J.I.T 

/ppm 

74.0 

89.3 

I.Tiso 
/ppm 

68.6 

68.6 

t errors in I.Tii are typically ca ±2 

I.T X,'( 

/ppm 

31.4 

19.8 

I.Tyy 
/ppm 

56.5 

57.9 

I.Tzz 
/ppm 

117.9 

128.1 

The crystal structures of both Na2H2Si04(H20) 4 and 

Na2H2Si04(H20) 8 have been published (space groups P1 and Ibca 

respectively), in each case the compounds are known to contain one 

isolate_d H2Si0~- anion in the ~sym~_etric unit and exhibit a high 

-degree of ionic character. (35 ,36). The X-ray diffraction results 
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clearly reveal differences in the geometry of the silicon-oxygen 

tetrahedra in the tHo compounds. In the case of the compound 

Na2H2Si04(H20) 4 there are two hydroxyl groups associated with each 

silicon atom, (35) but these are distributed randomly over the four 

possible sites. For the compound Na2H2Si04(H20) 8, (36) however, the 

exact position of these hydroxyl groups in relation to the geometry of 

the silicon-oxygen tetrahedron may be determined.(Figures 5.11 and 

5.12). 

In the compound Na2H2Si04(H20) 8, the high degree of ionic 

character of the H2Si0~- anion suggests that in the shielding of the 

silicon nucleus, electric field gradients may be important (the 

effects of paramagnetic impurities were considered negligible). In 

order to test this hypothesis it was suggested(37) that by the use of 

electric field gradient calculations (as usually applied to 

quadrupolar nuclei), it may be possible to calculate the asymmetry 

parameter. These calculations Here performed in the following way. 

has 

The electric field gradient tensor in the principal axis system 

three components V , V and V 
XX yy ZZ 

(5,_3la) vxx_= a2y (b)_Yyy ~ a2y 
ax 2 av2 

where 

and V zz 

where Y is the electric potential. 

Tl f h . (V) d h EFG 1e trace o t IS tensorA1s zero an t e asymmetry p~rameter ~ 

is a measure of the electrical asymmetry about the silicon atom. 

(5.32) ~EFG = (Yxx-Yyy)/Vzz 

The EFG is assumed to be set up by po1nt charges of Z, and the 

contribution of one point charge to each component of the EFG tensor 

is given by the expression in Table 5.5. 
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TABLE 5.5 

CO~lPONENTS OF THE ELECTRIC FIELD GRADIENT TENSOR FOR A CHARGE OF Ze 

ELECTRONIC UNITS 

Yxx = Zer-3(3sin28cos2¢-1) 

Vyy = Zer-3(3sin28sin2¢-1) 

Yzz = Zer-3(3cos28-1) 

Yxy = V~X = Zer-3(3sin2¢sin¢cos¢) 

Yxz. = Yzx = Zer -3 (3sin8cos8cos¢) 

Yyz =Yzy = Zer-3(3sin8cos8sin¢) 

The angles 8 and ¢ define the position of point chM'ges (Ze) relative 

to the principal axis system (Figure 5.14) 

Figure 5.14 

z 

Ze 

y 

X 

The resultant tensor becomes diagonalised when the coordinate axes are 

correctly chosen. 
2-For the geometry of the H2Si04 anion in the compound 

Na2H2Si04(H20) 8 (Figure 5.11), the coordinate axes are chosen as 

illustrated in Figure 5.15, since X-ray diffraction studies of this 

compound indicate there is almost local C2y symmetry about the 

silicon. 
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FIGURE 5.15 z 

X 

The corresponding angles of 0 and¢ for the point charges e1, e2, e3 
and e4 are given in Table 5.6. 

TABLE 5.6 

en e ? 

el 31.55 0 
-

e2 121.55 0 

e3 90.00 232.95 

e4 90.00 127.05 

This choice of the coordinate axes appear to be close to the correct 

one since Yxy ~ VYX ~ Yzx ~ Yxz ~ Yyz ~ Yzy ~ o. On the assumption 

that these point charges are absent on the oxygen atoms of the Si-OH 

groups, the asymmetry parameter is ~EFG = 0.70. This value is 1n 

reasonable agreement with that observed from slow-spinning 29Si CP MAS 

NMR experiments. 
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5.6.2 DATIJLITE 

The mineral Datolite has the formula CaBSi04-(0H) and like 

Na2H2Si04(H20) 4 and Na2H2Si04(H20) 8, also contains isolated Q0 units. 

The 29si CP MAS NMR spectrum of this compound exhibits a single 

isotropic chemical shift at -82.8 ppm (Figure 5.18). This value is 1n 

close agreement with that observed by Smith et al(-83 ppm). (12) The 

magnitude of the asymmetry (~) parameter, however, differs 

significantly from those reported in the literature, (12) but is in 

close agreement with that observed by Grimmer(39) (Table 5.7)(see also 

Figures 5.16 and 5.17). No explanation for these differences can be 

offered. 

TABLE 5.7 

NMR PARAMETERSFOR THE MINERAL DATOLITE CaBSi04..(Jlli). 

REFERENCE 6~ 
/ppm 

THIS WORK 97.1 

SMITH et al( 12) 96 

~zz 
/ppm 

0.66 29.1 

0.25 43 

5.6.3 TILLEYITE AND THORTVEITITE 

~yy 

/ppm 
71.8 

59 

~zz 
jppm 

147.5 

147 

~ISO 
/ppm 
82.8 

83 

The 29Si MAS NMR spectra of the minerals tilleyite and 

thortveitite have been obtained (Figures 5.19, 5,20 and 5.21, 5.22 

respectively). The 29Si MAS mtR spectrum of thortveitite exhibits a 

single isotropic chemical shift at -95.2 ppm. The crystal structure 

of this mineral has been published(40) and reveals~~ Si20~- anionsin 

each unit cell (space group C2/m). The Si-0-Si bond angle is 180° and 

the asymmetric unit consists of the o 112siO~- moiety. Thus the 29Si 

NMR results confirm the X-ray diffraction studies. Slow-spinning 29Si 

MAS NMR experiments have been performed upon this mineral, the results 
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29si MAS NMR SPECTRA OF TILLEYITE 
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are summarised in Table 5.8. 

The results of these slow-spinning experiments are unexpected, 

since from Grimmer's 1vork (25 ) one would expect an axially symmetric 

shielding tensor to be observed for silicon nuclei in the mineral 

thortveitite. In reality however, significant deviation of the 

shielding tensor from ~~ial symmetry is observed (~~1.0). This could 

be the result of the presence of paramagnetic impurities, however, 

analysis of this sample using Inductive Plasma Spectrophotometry 

failed to yield consistent results owing to difficulties in sample 

preparation, and electron spin resonance (e.s.r.) proved unable to 

detect the presence of any unpaired electrons in this sample. 

The 29si ~IAS NMR spectrum of Tilleyite or pentacalcium disilicate 

biscarbonate (Ca5Si207(C03)2) exhibits two isotropic chemical shifts 

at -79.6 ppm and -81.1 ppm, with an intensity ratio of 1:1 (Figure 

5.20). This result suggests the presence of two silicon sites in the 

asymmetric unit. The crystal structure of this mineral has been 

published(41 )(space group P21/a). The asymmetric unit consists of t1v0 
0 

silicon atoms in the disilicate anion Si2 0~-. The bond angle Si/ 'Si 

is 165°. The t1vo silicon atoms are crystallographically- ineqiii valent. 

Slow-spinning 29Si MAS NMR experiments reveal that, as with 

thortveitite, significant deviation of the shielding tensor from axial 

symmetry is observed (Figure 5.19 and Table 5.8). Esr studies of this 

mineral failed to detect the presence of unpaired electrons. 



TABLE .5.8 

MINERAL 

Thortveitite 

Tilleyite 

(]"ISO 
ppm 

95.2 

79.6} 
81.1 

O"XX 

ppm 
r:.n_ 
ppm 

62.7 94.9 

115.0 81.8 

128.0 

43.3 

!10" 

ppm 

49.2 

-55.6 

108 

0.98 

0.92 

Closer inspection of the crystal structures of these minerals 

reveals that for tilleyite all the terminal Si-0 bonds are not the 

same length, hence one would not expect any local axis of c3y symmetry 

at either silicon site (Figure 5.24). In this case the lack of axial 

symmetry for the 29Si shielding tensor is not suprising. However, for 

· tho~eitite all the terminal Si-0 bonds are very similar in length 

(Figure 5.23), given the experimental errors of the original 

measurements, and although the silicon atoms do not appear to lie upon 

an axis of c3y symmetry, one might expect near axial symmetry to be 

observed. For tho&eitite, the magn-l tude of the asymmetry parameter 

is suprising. These results are consistant with those of Smith et 

al, (12) that the observation of axial symmetry for Q1 units is not a 

general rule, and at least part of the reason why axial symmetry is 

not observed for all Q1 units arises from distortion of the Si-0 

terminal bond lengths, such that they are unequal (as in tilleyite), 

however, it would appear that for thorlYeitite additional unidentified 

factors must be operating, to cause such large values of 'fl· 
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In this section, five minerals known to contain Q3 units have 

been studied using slm~-spinning 29Si CP MAS NMR techniques. The 
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crystal structures of four of these minerals are known (xonotlite, 

apophyllite, and [N(Me) 3]8Si8o20 .69H20), but the structures of the 

other two minerals (octasilicate and kanemite) are not. Each of these 

minerals will be discussed in turn. 

5.6.4.1 XONOTLITE.(Ca6Si6fi17Lrrffl2l 
The 29si CP MAS NMR spectrum of the mineral xonotlite 

(hexacalcium dihydrogenhexasilicate), exhibits three isotropic 

chemical shifts at -86.6, -87.2 and -97.8 ppm (Figure 5.26). These 

. d .1. 1 . . n2 n2 d n3 . are ass1gne to s1 1con nuc e1 1n ~ , ~ an ~ environments 

respectively. This spectrum, however, differs from that published 

previously, in which only two isotropic chemical shifts at -86.8 and 

-97.8 ppm are observed. (l) The crystal structure of this mineral has 

been published(42) (space group P12/a1) the results show there are 

three silicon atoms in the asymmetric unit. In contrast to previous 

reports, this result indicates that in this double chain 

silicate(Figure 5.26a), the Q2 units, a and bare not equivalent. 

This result is consistent with the published crystal structure. 

FIGURE 5.26a(l) 

XONOTLITE 

Slow-spinning 29Si CP MAS NMR experiments reveal that the 

shielding tensor for silicon atoms in Q2 environments exhibit~ 

significant deviations from axial symmetry. The silicon atoms 1n Q3 

enviroments exhibit an axially symmetric shielding tensor. The 

results obtained from analysis of the intensity distribution of the 

spinning-sidebands (Figure 5.25) are summarised in Table 5.9. 
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TABLE 5.9 

MINERAL Qn ~Isofppm ~~xfppm ~yyfppm ~zzfppm 6.~/ppm '1/ 

XONOTLITE Q2 86.6 
Q2 87.2} 52.4 81.8 126.5 59.4 0.7 

Q3 97.8 79.6 79.6 134.2 54.6 0.00 

APOPYLLITE Q3 93.2 70.5 70.5 138.6 68.0 0.00 

[N (Me4) J 8 
Q3 99.4 

si8o20 .69H2o 3 99.9} 77.4 77.4 144.2 66.8 0.00 Q 

KANEMITE q3 95.7 79.8 79.8 127.5 47.7 0.00 
q3 97.3 82.2 82.2 127.6 45.5 0.00 

OCTOSILICATE Q3 100.2 76.3 76.3 148.0 71.7 0.00 
Q3 111.4 104.6 111.4 118.2 10.2 1.00 

t errors in ~ .. values are typically ca ± 2 pmm 
~~ 

5. 6. 4. 2 APOPHYLLITE ((N~·Ib ko-%~ Cct4 (SigO:w) F ~ ~zO )D 
The 29Si CP MAS NMR spectrum of apophyllite (sodium potassium 

~calcium fluorsilfcate hydrafe), exhioits a single isotropic chemical 

shift at -93.2 ppm (Figure 5.28). The value is in good agreement with 

that observed by Nesbitt. (43 ) The crystal structure of this compound 

has been published.(space group P4/mnc)(44) Apophyllite is a sheet 

silicate containing one silicon atom in the asymmetric unit, in a Q3 

environment. Slm"-spinning 29Si CP MAS NMR experiments (see Figure 

5.27 and Table 5.9) show the silicon nuclei exhibit an axially 

symmetric shielding tensor. 

5.6.4.3 [N(Me) 418Si8n20 .69H2n 
The 29Si CP MAS NMR spectrum of this compound exhibits two 

isotropic chemical shifts at -99.4 and -99.9 ppm (Figure 5. 30). This 
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compound has been studied by a number of workers, who have reported 

only a single isotropic chemical shift, variously as -99.3,(1) 

-97.7, (22 ) -95(45) and -99±2(25 ) ppm. These resonances are assigned 

to Q3 units present in the cubic anion (Figure 5.31). 

FIGURE 5.31 

The reason why two resonances were observed in this study is unknown, 

since it is reported that the published crystal structure(46) 

indicates that in the cube- shaped anion, all eight silicon atoms are 

iaentical. Nevertheless, axial symmetry is observed for the shielding 

tensor, confirming the silicon nuclei to be in Q3 units.(Figure 5.29) 

The measured principal components and anisotropy are in r~asonable 

agreement with published values (see Tables 5.9 and 5.10) 

TABLE 5.10 

ITrso/PPm 

99±2 

97.7 

95.0 

IT /ppm 
II 

152±2 

142.4 

148.0 

73±2 

75.4 

68.0 

78.5±1 

65.0 

80.0 

REFERENCE 

25 

22 

45 
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5.6.4.4 OCTOSILICATE AND KANEMITE 

The 29Si CP MAS NiiiR spectrum of kanem-ite exhibits t1m isotropic 

chemical shifts at -95.7 ppm and -97.3 ppm (Figure 5.33). These peaks 

are both assigned to silicon atoms present in q3 environments and the 

observed shifts are in good agreement with those published (-95.9 ppm 

and -97.8 ppm respectively). (43 ) 

The silicon atoms in both environments exhibit axially symmetric 

shielding tensors (Figure 5.32 and Table 5.9). Examination of the 

principal components for the shielding tensors would appear to 

indicate that the observation of two isotropic chemical shifts, arises 

as a consequence of di.fferences in bridging Si-0 bond lengths, since 

values of~ 1 for the two peaks are very similar (Table 5.9). 

In a previous 29Si MAS NMR study of this mineral, (43) the 

structure of the mineral has been proposed as a sheet silicate. The 

results obtained in this work suggest that two q3 environments exist, 

as a result of puckering of the silicate chain. 

The 29Si CP MAS NMR spectrum of octosilicate exhibits two 

isotropjc chemical shifts at -JOQ.2 __ ppm_and -111.4 ppm, assigned to 

silicon atoms in Q3 and Q4 enviroments respectively (Figure 5.35). 

The shifts observed in this work are in good agreement with those 

published, (43) and assignments are supported by 29si slow~spinning CP 

MAS NMR experiments (Figure 5.34 and Table 5.9). 

The crystal structure of this mineral is unknown, However, from 

fast-spinning 29si MAS NMR experiments, Nesbitt(43 ) has proposed that 

the structure of this mineral is that of two silicate sheets linked by 

four-membered rings (Figure 5.36). The results outlined here are 

consistant with this hypothesis. 
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29si CP MAS NMR SPECTRA OF OCTOSILICATE 
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These results suggest that silicon nuclei in Q3 environments generally 

exhibit axial symmetry. 

5.6.5 ORGANOSILICON COMPOUNDS 

THE 29si CP MAS N~ffi spectra of a number of organosilicon 

compounds have been acquired, and slow-spinning 29Si CP MAS NMR 

experiments have allowed the calculation of the principal components 

of the shielding tensors. The results from these calculations are 

summarised in Table 5.11. In order to facilitate the acquisition of 

these spectra the proton longitudinal relaxation times of some of 

these compounds have been measured. Typical values of T1(1H) range 

between 6 and 40 seconds. Measurements are summarised in Table 5.12. 

TABLE 5.12 

PROTON T1_(1H) VALUES FOR SELECTED ORGANOSILICON COMPOUNDS 

COMPOUND T1(1H)/s 

(C6H5)3SiSi(CH3)3 8.74±0.06 

(C6H5)3Si0Si(C6H5)3 14.22±0.31 

(C6H5)8Si4 38.14±0.58 

TMS SALT 5.70 

The results outlined in Table 5.11 indicate that the isotropic 

chemical shifts of the molecules do not change appreciably from the 

solution to the solid-state. Therefore, effects caused by 

intermolecular 



120 

interactions may be considered as negligible, there are no major 

structural changes with phase. 

5.6.5.1 1,1,1-TRIMETHYTJTRIPllENYLDISILANE ((C6~5}3SiSi(CH3}3l 
The first high-resolution 29si CP MAS NMR spectrum of the 

compound 1,1,1-trimethyltriphenyldisilane was published by Gerstein 1n 

1983. (24) Two resonances 1.;ere observed at -18.4 ppm and -20.5 ppm, 

these were assigned to silicon atoms present within the Si(CH3)3 and 

Si(C6H5) 3 moieties respectively. From the non-spinning powder 

pattern, the shielding anisotropies of the two silicon atoms were 

determined to be 18 ppm and -31 ppm respectively. Both shielding 

tensors were observed to be axially symmetric. 

The 29si CP MAS NMR spectrum of the c.ompvvnd obtained in this 

work (Figure 5.38) exhibits two resonances at -18.9 ppm and -21.0 ppm, 

in close agreement with those published. (24) The crystal structure of 

this compound has been published, (52)(space group P3) the asymmetric 

unit has been shown to consist of one third of the molecule. Each of 

the silicon atoms lie on an axis of C3y symmetry. Thus one would 

expect slm.;-spinning 29Si CP ~lAS NMR experiments to reveal axially 

symmetric shielding tensors-,-and th-is is indeed the case -(Figure- 5. 37) 

The results obtained (Table 5.11) are consistant with those 

published, (24) a positive anisotropy being observed for the Si(CH3)3 
group while a negative anisotropy is seen for the silicon atom of the 
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29si CP MAS NMR SPECTRA OF 1,1,1-TRIMETHYL TRIPHENYLSIDILANE 

FIGURE 5.37 

FIGURE 5.38 
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TABLE 5.11 

NMR PARAMETERS OF A NrniDER OF ORGANOSILICON COMPOUNDS 

COMPOUND 8s/PPm flu (J xx: -ppm ppm 
SOLUTION SOLID 

* 
(C6H5)3Siai(CH3)3 -18.4 ( 47) -18.9 21.9 11.6 

* 
(C6H5)3aiSi(CH3)3 -20.4 ( 47) -21.0 -33.6 32.2 

(C6H5)3SiSi(C6H5)3 -26.6 (48) -25.4 -25.4 37.2 

(C6H5)3Si0Si(C6H5)3 -28.5 b -17.0 27.9 1.5 

(C6H5)3SiH -21.1 (49) -21.4 45.0 -0.4 

(C6H5)8Si4 -20.9 (50) -24.2c -44.8 51.7 

(C6H5C H2)3SiHd -3.8 (51) -4.5 11.6 -2.8 

TMS SALT +1.18 8.7 -6.0 

a, The errors in u .. values are typically ca ± 2 ppm 
~~ 

bo CH2Cl? solution 
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5a (J zz -ppm ppm 

11.6 33.5 0.00 

32.2 -1.4 0.00 

37.2 1.8 0.00 

13.9 35.6 0.67 

13.2 51.4 0.45 

26.6 -5.7 0.84 

4.1 12.2 0.90 

-2.1 4.5 0.69 

~ chclill'tctl shifb. 
c~ The average isotropic~d.A typical error in~ is± 0.1, but the error 
range of (C6H5CH2)3SiH is such that 0.62<~<1.0. Exact ~iallity ~s 

-difficult to establish by sp~inning sideband analysis for this compound 

In the case of both isotropic and axially symmetric tensors, the 

local symmetry at silicon can be used to assign a definite shielding 

value to a particular silicon-ligand bond. For example, in the case 

of an axially symmetric tensor, the observed shielding value uzz 
corresponds to the unique silicon-ligand bond. If one considers that 

such a tensor component depends upon the fractional s-character of the 

hybrid orbitals involved, relative to those of the remaining bonds, 

then using arguments analogous to those used by Grimmer( 28)(for 

silicates), it follows that, in the case of the silicon atom present 
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1n the Si(C6H5)3 moiety, the observation of a negative shielding 

anisotropy suggests that the Si-C bond posesses a greater degree of 

s-character than the Si-Si bond. On the other hand, for the silicon 

atom present in Si(CH3)3 , the observation of a positive anisotropy 

suggests that the Si-Si bond has more s-character than the Si-C bond. 

Thus, there is a greater degree of s-character in Si-C bonds in the 

moiety Si(C6H5)3 than in the Si(CH3)3 group. This conclusion appears 

to be supported from measurements of silicon-carbon coupling constants 

for the compound C6H5Si(CH3)3 . Summerhays and Deprez(53) have derived 

a linear correlation between the Si-C coupling constants (1J(Si-C)) 

and the s-character of the Si-C bond (P ) 
SSi-C 

(5.33) 1J(Si-C) = -1055.4 P +15.9 Hz 
. ' I ss i-C 

and analysis of the values of 1J(Si-C) for the methyl and aromatic 

carbon atoms (-52.2 Hz(~) and -66.5 Hz(5S) respectively) indicates 

the s-character for these bonds are 25.4% and 27.9% respectively. 

It was not possible to measure the 1J(Si-C) and 1J(Si-Si) 

coupling constants in (C6H5)3Si-Si(CH3)3, m.;ing to the complexity of 

the solution state spectra. 

5.6.5.2-. HEXAPHENYLDISILANE· ((C6H5l 3SiSi(C6ll5)3(HPDS) 

The 29Si CP MAS NMR spectrum of HPDS exhibits a single isotropic 
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29si CP MAS NMR SPECTRA OF HEXAPHENYLDISILANE 

FIGURE 5.39 
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chemical shift at -25.4 ppm (Figure 5 .40). This value is in agreement 

with the solid-state result reported in the literature.(9) The 

asymmetric unit would appear to consist of the (C6H5)3Si moiety, 

although the crystal structure of the pure compound has not yet been 

published. 

Slav-spinning 29si CP MAS NiliR experiments (Figure 5.39 and Table 

5.11) reveal an axially symmetric shielding tensor and a negative 

anisotropy, once again indicating a greater degree of s-character for 

the Si-C bonds than for the Si-Si bonds, as expected from the results 

for (C6H5)3SiSi(CH3)3. 

5.6.5.3 OCTAPHENYLCYCLOTETRASILANE ((C6H5l 8Si4l 
The 29si CP MAS NMR spectrum of octaphenylcyclotetrasilane (OPCT) 

exhibits two partly-resolved resonances at -23.84 ppm and -24.36 ppm. 

This level of resolution was not achieved in an earlier study of this 

compound. (9) The crystal structure of this compound has been 

published, (5b) the space group is C2/c and there are four molecules 

per unit cell. However, the asymmetric unit consists of half a 

molecule, and there is no local symmetry at the silicon site. The 

spectrum (Figure 5.42) indicates that 29Si NMR can resolve the 

differences betveen the two silicon atoms in the asymmetric unit. 

Slow spinning 29Si CP MAS NMR experiments (Figure 5.41 and Table 5.11) 

reveal significant deviations of the shi~lding tensor from axial 

symmetry, as might be expected given the cyclic structure of this 

compound. 

5.6.5.4 HEXAPHENYLDISILOXANE ((C6H5l 3Si0Si(C6H5l 3l 
The solid-state 29Si CP ~lAS NMR spectrum of hexaphenyldisiloxane 

exhibits a single isotropic chemical shift at -17.0 ppm (Figure 5.44), 

indicating the asymmetric unit consists of half the molecule. The 

crystal structure of this compound has been published, (S1) (space 

group is Pi) and there is one molecule per unit cell. The molecules 
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are centrosymmetric, so that the Si-0-Si fragment is linear and the 

asymmetric unit consists of the (C6H5)3Si-o112 fragment, as shown by 

the NMR work. The molecular formula of this compound suggests there 

might be an axially symmetric shielding tensor. Slow-spinning 

experiments, however, reveal significant deviations from axial 

symmetry (Figure 5.43 and Table 5.11). Examination of the crystal 

structure(51) shmvs that two of the Si-C bond lengths differ 

significantly from the third, and there is no local symmetry at 

silicon. Distrortions of the molecular structure upon crystal 

packing result in deviations from axial symmetry. 

5.6.5.5 TRIPHENYLSILANE (C6H5l 3SiH) AND TRIBENZ¥LSILANE 

@ 6!!5CH2l 3SiH) 

The 29si CP MAS NMR spectra of triphenylsilane and 

tribenzylsilane exhibit single isotropic chemical shifts at -21.4 ppm 

and -4.5 ppm respectively (see Figures 5.46 and 5.48 respectively), 

thereby suggesting one molecule in the asymmetric unit in each case. 

The crystal structure of triphenylsilane has been published(S'3) (space 

group P21/c) and confirms this result. Once again, slow-spinning 29Si 

CP ~fAS NMR sp~ctra exhibit sig11ifj_~~t ~viations from axial symmetry 

for both compounds (Figures 5.45 and 5. 4 7 and Table 5 .11.) . The 

crystal structure of triphenylsilane shows that all three Si-C bond 

lengths are different (i.e. there is no three-fold symmetry axis). 

The deviation from axial symmetry is, of course, caused by distortions 

of the molecular structure upon crystal packing. Tribenzylsilane has 

a markedly lower anisotropy than the other compounds studied here, 

indicating a more even distribution of electron density at silicon 

arising from the similar effects of hydrogen and SP3-carbon 

substituents. The accuracy of measurements of llrJ and 71 ~lower in 

consequence. 

The shielding anisotropy of hexaphenyldisiloxane, triphenylsilane 
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29si CP MAS NMR SPECTRA OF OCTAPHENYLCYCLOTETRASILOXANE 

FIGURE 5.41 

FIGURE 5.42 
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29si CP MAS NMR SPECTRA OF HEXAPHENYLDISILOXANE 

FIGURE 5.43 

FIGURE 5.44 
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29si CP MAS NMR SPECTRA OF TRIPEHENYLSILANE 

FIGURE 5.45 

FIGURE 5.46 
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and tribenzylsilane will presumably be influenced by the fact that 

there is a greater degree of s-character in the Si-0 and two Si-R 

bonds respectively, than in the Si-C bonds. For example, for 

triphenylsilane the Si-R and Si-C coupling constru1ts have been 

measured (1J(Si-H) = 205.10 Hz(sq) and 1J(Si-C) = -70.0 Hz(bo)). 

Rastelli and Pazzoli(,i) have proposed a simple relationship between 

1J(Si-H) and the s-character of the silicon orbital directed towards 

hydrogen (aH). 

(5.34) 1J(Si-H) = 810a~ 
The percentage s-character of the Si-H and Si-C bonds for 

triphenylsilane may be calculated as 50.3% and 28.5% respectively. 

However, the lack of symmetry at the silicon in the solid-state, 

implies that the relationship between s-character and shielding 

anisotropies are difficult to evaluate. In particular, for these 

three compounds, values of ~are substantial and relatively small 

changes in ~yy would result in ~~ changning sign. The directions of 

the principal axes are, of course, not fully defined. 

5.6.5.6 TRilliETHYLSILYL-1-PKoPANESULPHONIC ~CID_ (i_.e: __ TMS SALT) 

The 29si-cP -MAS NMR spectrum of the sodium salt of 
trimethylsilyl-1-propanesulphonic acid (TMS Salt), exhibits a single 

isotropic chemical shift at +1.18 ppm (Figure 5.51), suggesting the 

presence of one molecule in the asymmetric unit. Slow spinning 29Si 

CP MAS NMR experiments (Figure 5.50 and Table 5.11) reveal a much 

smaller shielding anisotropy for the silicon in this compound compared 

with the other compounds studied in this work (with the exception of 

tribenzylsilane). This is expected given that the silicon atom is 

bonded to four aliphatic carbon atoms, and the fractional s-character 

of the Si-C hybrid orbitals are probably very similar. The results 

also reveal significant deviations from axial symmetry, suggesting 
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29si CP MAS NMR SPECTRA OF TRIBENZYLSILANE. 

FIGURE 5.47 

FIGURE 5.48 
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29si CP MAS NMR SPECTRA OF THE SODIUM SALT OF TRIMETHYLSILYL-1-PROPANE 

SULPHONIC ACID, 
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that the three Si-CH3 bond lengths are not all the same. Once again, 

relatively small changes in ~yy would result in ~~ changing sign, and 

given the experimental errors, it is not possible to be certain about 

the sign of ~~. The crystal structure of this compound has not been 

published. 

5.7 CONCLUSIONS 

In this chapter, it has been argued that 29Si isotropic chemical 

shifts, for a variety of crystalline silicon-containing compounds, may 

be rationalised in terms of the fractional s-character of the 

silicon-ligand hybrid orbitals. The existance of (d-p)~ bonding 

interactions have not been invoked. Moreover, experiments on a number 

of organosilicon compounds suggest that, as with silicate minerals, 

the shielding along a given silicon-ligand bond is determined by the 

fractional s-character of the hybrid orbital. In these arguments, it 

is assumed that increasing the ligand electronegativity results in 

increased shielding along the bond axis. Englehardt et al, suggests 

this argument would only be true if the net charge on the silicon atom 

qsi>0.4. 

More specifically, the isotropic chemical shifts and principal 

components of the 29s~i ;hiel-d-i;g t;~s;r, for a~ariety of 

silicon-containing.compounds have been determined. In cases where the 

crystal structures of the compounds are known, (with the possible 

exception of tho~eitite) NMR yields consistant results. In 

situations where the crystal structures are unknown, these techniques 

outlined in this chapter enable the investigation of local Si site 

symmetry in these compounds, however, it may be seen that caution is 

required when using these techniques to investigate the structures of 

silicate minerals, for while it appears to be a general rule that 

silicon nuclei in Q3 environments exhibit axial symmetry, this is not 

necessarily the case for silicon nuclei in Q1 environments. 
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SOLID-STATE NMR STUDIES OF SILICA XEROGELS 

6.1 INTRODUCTION 

134 

Porous silicate gels are of immense and growing industrial importance. 

The long established uses may be grouped according to the following 

functions( 1,2) 

(1) Reinforcing, stiffening and hardening of organic solids 

(2) Reducing adhesion between solid surfaces 

(3) Increasing the viscosity of liquids 

(4) Increasing adhesion of adhesives 

(5) Creating various optical effects 

(6) Surfactant effects 

(8) Adsorbants 

(9) Catalyst supports 

(10) Sources of reactive silica 

(11) Cloud seeding 

(12) Chromatographic column packing 

No attempt is made here to review the literature, or patents 

concerned with the industrial applications for silica. For further 

information the reader is referred to two articles published by Vail 

and Iler. (1,3) There are many different types of silicas of 

industrial interest. (1) 

In this work, however, attention is focused upon one type, silica 

xerogels. Xerogels are silicas formed in a liquid medium (usually 

water), from which the liquid has been subsequently removed. This 

causes the structure of the resultant xerogel to become compressed, 

and the porosity reduced to some degree by surface tension forces. (1) 

Early workers believed the structure of silica xerogels to be "a 

solid silica punctuated by a multitude of different size capillary 

pores", or "a mat or felt of filaments, needles etc. forming a three 
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dimensional network". (4) Plank(S) proposed, however, that silica 

xerogels are composed of discrete particles, having a diameter which 

may be estimated from surface area measurements, as of the order of 5 

nm. Elkin et al(6) estimated the average size of the silica particles 

(assumed to be spherical), in a freshly prepared silica xerogel, to be 

around 3-6 nm in diameter, by small angle x-ray scattering 

measurements. Electron-microscope studies of silica xerogels also 

suggest the existence of particles of this size, which make up the 

silica xerogel. (7) Thus a corpuscular model for the structure of 

silica xerogels has been developed, and employed to explain many of 

the properties of silica xerogels. 

6.2 THE FORMATION OF SILICA XEROGELS 

The silica xerogels studied in this work have been prepared via 

the rapid addition of an aqueous alkaline sodium silicate solution to 

sulphuric acid. Species present within the silicate solution (under 

conditions of low pH) rapidly polymerise via condensation reactions to 

form large macromolecular species, or what have become known as 

primary silica particles, around 1-2 nm in diameter. (7) A silica 

hydrosol is thus formed, which rapidly forms a clear glassy material, 

known as a silica hydrogel, as the primary particles become linked 

together to form chain-like structures. The hydrogel is a mixture of 

porous silica, water and sodium sulphate. 

For industrial applications, typically, highly concentrated 

reagents are employed, so the reagents must be mixed thoroughly, in a 

time period which is short in comparison with the time taken for the 

hydrosol to form the hydrogel (the gel time). 

The hydrogel, once it is formed, then contracts as water is lost 

from the hydrogel (at room temperature) and surface tension forces 

cause the primary particles~become more closely packed together. This 

process, kn01m as syneresis, is accompanied by an increase in the 
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mechanical strength of the xerogel and fracturing. Once the hydrogel 

has reached an appropriate mechanical strength, it is milled and 

washed free of electrolyte. Following adjustment of the pH of the 

hydrogel, it may be treated in one of two ways. (2) 

(1) The hydrogel may be milled and dried to form a xerogel. Xerogels 

produced in this 'my, typically exhibit large surface areas(800 

m2 g- 1), and low pore volumes (N 0.4 cm3 g- 1). These xerogels 

are typically employed as desiccants since they have a capacity 

for water adsorption of up to 28% (w/w). (2) 

Alternatively 

(2) The hydrogel may be steeped in boiling water for a specified 

period of time. This process is known as hydrothermal aging. 

- Upon drying, a xerogel of reduced surface area and modified pore 

structure is produced. By careful control of these processes, 

the structure of the resultant xerogel may be tailored to suit a 

variety of industrial applications. (2) 

Since 1970, there has been much research activity stimulated by 

the growing need for specially structured wide pore silicas, 

prepared in this way. 

6.3 THE SURFACE STRUCTURE OF SILICA XEROGELS 

The surface of a silica xerogel is usually understood to mean the 

boundary that is impervious to nitrogen, since surface areas are most 

often determineaby nitrogen adsorption. 

Xerogels prepared via the acidification of sodium silicate 

solutions are amorphous and heterogeneous, due to the irregular 

packing of the primary silica particles and incompleteness of the 

condensation reactions between species present in the silicate 

solutions. (8) As a consequence, silanol groups may be located in a 

number of possible environments. (1) 

(1) Surface silanol groups 
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(2) Silanol groups buried beneath the surface of the siloxane 

network 

(3) Silanol groups located in crevices at the point of contact 

between particles 

(4) Silanol groups located in pores so small that nitrogen 

molecules cannot penetrate them, but water molecules can 

(i.e. micropores) 

Silanol groups located on the surface of the silica govern molecular 

adsorption, (S) however, the availability of these silanol groups to 

adsorbing molecules depends upon the structure of the xerogel surface. 

The nature of xerogel surfaces have been investigated over many years 

using a suite of techniques. 

The properties of the silanol groups upon the surface of silicas 

have been studied using infra red (IR) spectroscopy. (9,10) The 

observed adsorption bands can be used to distinguish between different 

types of silanol groups, and adsorbed water molecules. There have 

also been many studies undertaken concerned with the 

dehydration/rehydration of silicas, and the determination of the 

surface concentration of silanol groups. Such determinations have 

involved the reaction of silanol groups with various reagents (e.g 

D 0(11) SOCl (12) BCl (12) AlCl (13) CH 1·(14) B H (15) Ca2+(16) 
2 ' 2 ' 3 ' 3 ' 3 1 

' 2 6 ' 
and LiAlH4(16)), however, certa!n difficulties make the accuracy of 

the results open to question about the accessibility of the 

silanol groups, and the stability of the reaction products. In order 

to overcome these problems, various techniques involving IR, (17) 29si 

CP/NMR, (18) and 1H relaxation time measurements( 19) have been proposed 

to measure the surface concentration of silanol groups. 

As a general rule, starting with a fully hydroxylated silica 

xerogel, the surface concentration of silanol groups is about 5.0 OR 

nm- 2.(1) Infra red and 29Si NMR techniques reveal the existence of a 
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number of different types of silanol groups upon the surface of a 

xerogel, isolated (i.e. single), gerninal, vicinal (i.e. adjacent pairs 

of Si©H groups weakly hydrogen bonded) and more strongly hydrogen 

bonded vicinal pairs (Figure 6.1). 

FIGURE 6.1 
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When a silica is heated, the silanol groups most readily lost are 

those vicinal groups which are undergoing "Weak" hydrogen bonding. 

They are lost via condensation reactions, forming strained siloxane 

bridges.(Figure 6.2). 
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The majority of the silanol groups upon the surface of a xerogel 

are thought to exist in pairs, (9) most of which are lost upon heating 

to 800°C. (19) Heating xerogel to 400°C removes ca. half of the 

silanol groups, however, many of the remaining silanol groups are 

still paired (i.e. vicinal), and the siloxane bridging bonds are 

strained. Hence rehydration can occur readily, and the reaction shown 

in Figure 6.2 may be reversible. However, above 400°C, more vicinal 



139 

silanol groups are lost via condensation reactions, and rearrangement 

of the surface structure of the silica may occur, causing the siloxane 

bonds to become less strained. Complete removal of the silanol 

groups, however, may only be achieved by heating to temperatures In 

excess of 1000°C. The removal of the silanol groups becomes more 

difficult as the temperature is increased.(See Table 6.1) 

TABLE 6.1( 20) 

TEMPERATURE° C NoH/nm 
2 

700 1.20 

800 0.90 

900 0.65 

1000 0.40 

6.3.1 SURFACE MODELS 

Studies of silicas using x-ray diffraction, have suggested that 

the surface structure of silica surfaces resembles that of 

P-cristobalite or other crystalline phases. Many 

dehydration/rehydration studies of silicas have invoked these models 

In order to interpret the results. 

-De Boer et ~1(23) sugge~t that a silica surface resembles that of 

the (111) face of P-cristobalite (Figure 6.3). The silanol groups on 

this surface are arranged in a hexagonal array, separated'by 5 ~. The 

theoretical surface concentration of silanol groups is 4.55 OH nm- 2. 

This value IS In close agreement to that observed for silicas that 

have been repeatedly dehydrated and rehydrated. (1) For silicas where 

the surface concentration of silanol groups exceed 4.55 OH nm- 2, the 

presence of lattice defects, giving rise to geminal and buried 

uncondensed silanol groups is invoked (Figure 6.4). These are lost as 

the xerogel is heated (Figure 6.5). This model, however, cannot 

account for hydrogen bonding bet1~een silanol groups or silica 
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surfaces, where the surface concentration of silanol groups is less 

than 4.55 OH nm- 2. Peri and Hensley, (13) proposed that the surface of 

silica resembles that of the (100) face of P-cristobalite (Figure 

6.6). In this model each surface silicon site is a geminal silanol 

site, the silanol groups are undergoing mutual hydrogen bonding. The 

surface concentration of silanol groups is 7.90 OH nm- 2. Upon 

dehydration, random condensation of the silanol groups (Figure 6.7) 

ultimately results in the formation of a silica surface that resembles 

the (111) face of P-cristobalite (Figure 6.3). 

In these models, however, only isolated silanol groups would 

exist upon the surface of the xerogel following dehydration, however, 
29si CP MAS NMR( 21 ) has shown that there 1s still a substantial 

proportion of geminal silanol groups upon silica surfaces heated to 

800° C. In order to account for this result, it was proposed that the 

silica surface contained segments resembling both the (100), and (111) 

faces of P-cristobalite (Figure 6.8). The surface concentration of 

silanol groups per nm2 
I$ NoH/nm2 = 7.90 + 4.55(1-fg), where fg is 

the fraction of geminal silanol groups. 

6.3.2 THE ADSORPTION OF VATER 

If one considers a silica surface with a very low concentration 

of surface silanol groups, although it is possible that water 

molecules can be bonded to siloxane areas (:::Si-O-Si:::)(22) 'it is 

considered unlikely that this interaction will be strong enough to 

break hydrogen bonds between water molecules. Hence siloxane areas of 

the surface remain essentially hydrophobic. The silanol groups are 

the preferred sites for water adsorption. The adsorbed water 

molecules are orientated "oxygen down" on the silanol groups. (1) 

Hydrogen bonded clusters of water molecules then form, even before all 

the silanol groups have adsorbed water to form :::SiOH:OH2 species. The 

reason for this, is that water molecules are more strongly adsorbed 
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upon other water molecules, than upon isolated silanol groups. (23) 

6H/KJ mol-l 
-25 :::SiOH + H20 -------~ :::SiOH:OH2 

:::SiOH:OH2 + nH20 ____ ___, :::SiOH:OH2(H20)n -44 

On silica surfaces with a much higher surface concentration of 

silanol groups (e.g. xerogels), the enthalpy of adsorption may be as 
-1 (22) high as -52 KJ mol . In order to account for this result, it is 

suggested that two hydrogen bonds are formed from the water molecules 

adsorbed to the surface. Infra-red studies indicate that isolated, or 

geminal silanol groups hardly participate in water adsorption. (lO) 

During the process of rehydration more vicinal silanol groups may be 

regenerated by the reaction of water molecules with strained siloxane 

bridges(Figure 6.2), more water molecules are then adsorbed at these 

sites, and clusters of water molecules form. 

It is considered, that upon the surface of a hydrated silica 

xerogel there are two types of adsorbed water molecule. (24) One type 

(physically adsorbed water) is removed by heating at 25-105° C, the 

second type, considered to be water molecules directly bonded to 

silanol groups (hydrogen bonded water) is removed by heating 

atl05-180°C. The aGtivation energy required for the remova-l these two 

types of water i~ ca. 30 K.J mol-l and 42 KJ mol- 1respecti'(ely. It 

is important to note that water molecules present within micropores, 

are only removed upon heating at temperatures around 400°C, as 

micropores are closed by the formation of siloxane bonds. They are 

not reopened by subsequent rehydration. (l) 

6.4 HYDROTHERMAL AGING 

In a series of studies published by Russian worker, (25 -32) the 

effect of the hydrothermal aging process upon the structure of silica 

xerogels aged at temperatures between 90°C and 250°C was reported. 

Upon hydrothermal aging, there occurs a simultaneous loss of 
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surface area and increase in pore diameter. The extent to which these 

changes occur increases with temperature, and duration of treatment. 

These observations have been interpreted in terms of the corpuscular 

model for silica xerogels. 

In the theory of the corpuscular structure of xerogels, the 

silica is presented as an assembly of spherical particles packed 

together. The diameter of these particles (d/nm) may be estimated 

from surface area measurements using equation 6.1. (27) 

(6.1) d= 6 
PA 

Where p =the density of silica (2.2 g cm- 3) and A is the surface area 

d . . d . ( 2 -1) as measure via nitrogen a sorption m g . The reduction of 

surface area and increase in pore diameter, is associated with the 

formation of secondary particles around 10-20 nm in diameter and 

tertiary structures around 100-200 nm in diameter. There are a number 

of mechanisms that govern how these form. 

(1) The aggregation mechanism 

In the first stage of this process the primary particles become 

more closely packed together to form secondary particles, but 

they retain !~eir }ndi viduali ty. _ This is later folloh'ed by_ 

condensation reactions bet\veen the silanol groups upon the 

surface of the primary particles. This process predominates at 

low temperature (i.e. 25°C)(25 ,26)(Figure 6.9) 

(2) The growth mechanism 

During the process of hydrothermal aging dissolution of silica 

takes place from the surfaces of small particles. Silica is then 

deposited from solution upon larger particles, such that 

larger particles grow in size at the expense of smaller 

particles, via a growth mechanism (Ostwald ripening). Or silica 

may become deposited at the points of contact between particles. 



FIGURE 6.9 

HYDROTHERMALLY 
AGED 
(TEMP 25°C) 

AGGREGATION 

• 
. . . . 

~ . 

l 

UNAGED HYDROGEL 

PROLONGED 

HYDROTHERMALLY AGED 

(TEMP> 300°C) 

145 



146 

This results 1n the intergrowth of the particles to form veriform 

or worm-like structures (Figure 6.9). 

The mechanism that predominates is determined by the conditions 

of hydrothermal aging. Electron-microscopy has shown that at 

temperatures in excess of 300°C, the reduction of surface area with 

hydrothermal aging is caused predominantly by the intergrowth of 

particles to form veriform structures, ultimately transforming the 

xerogel structure from a globular to a more "sponge" like form (Figure 

6.9). When hydrothermal aging is performed at temperatures below 

300°C the loss of surface area is caused predominantly by the growth 

mechanism. The silica particles grow, become more uniform in size and 

spherical in shape. As a consequence particle packing becomes more 

uniform. This process is also accompanied by a decrease in the 

particle packing density. Following more prolonged treatment at low 

temperature (i.e. < 300°C) intergrowth of the particles occurs. 

All these changes are reflected in the structural properties of 

the resultant xerogels. Upon aging at temperatures below 300°C, there 

is a decrease in the surface area, an increase in the pore volume and 

diameter, and_t!~ porosity bec~~~s more uniform. Thermogravimetric 

work has shown that the aging process also causes an apparent increase 

in the degree of hydration per unit area. (26 ,28) There are two 

explanations that have been put forward in order to account for this 

observation. 

(1) There may occur ~ increase in the surface concentration of 

silanol groups, as a consequence of splitting of siloxane bonds 

(Figure 6.10a) or by dissolved hydrated silica being deposited 

upon the surface of silica particles (Figure 6.10b) 
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As a result each of the surface silicon atoms would be attached 

not to one, but two or three hydroxyls. In this way the degree 

of hydration per unit surface area could be increased, during the 

course of hydrothermal aging. 

Alternatively 

(2) The observed increase in the degree of hydration per unit area 

may be attributed to an increase in microporosity with aging. 

Water molecules, and uncondensed silanol groups can thenbe 

trapped within the micropores. These may only be removed by 

heating the xerogels to temperatures much higher than those 

usually required to remove adso~bed water. 

The process of hydrothermal aging is known to cause an increase in 

microporosity. (8,30 ,31 ) As silica is deposited from solution at the 

point of contact between particles, the orifices of the pores become 

greatly narrowed forming eventually, micropores. With aging, the 

ability of larger-sized molecules to enter these pores diminishes. 

This process gives rise to a molecular-sieve effect. Under prolonged 

or very intense treatment these pores become completely sealed and 

microporosity decreases. 

At low temperatures (i.e. <300°C), the rate of hydrothermal ag1ng 

is independent of the amount of silica in the water. The rate of 
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aging is determined by the rate of cleavage of the siloxane linkages. 

The cleavage is thought to occur as a consequence of a nucleophilic 

bimolecular substitution reaction. Hence, the presence of salt anions 

should have the principal influence upon the kinetics of hydrothermal 

aging. Studies concerned with hydrothermal, aging kinetics, (29) 

indicate that of the anions studied, the following order of their 

catalytic activity exists F->80~->Cl- The rate of hydrothermal aging 

also increases as the pH of the hydrogel is increased. 

6.5 NMR STUDIES OF SILICA XEROGELS 

The first 1H NMR studies of silica xerogels were concerned with 

relaxation measurements on protons, in water molecules adsorbed upon 

f (33) f the sur_ace. Measurement o the T1 and T2 relaxation times 

indicated a two phase system. This two phase behaviour was then 

explained in terms of a stochastic theory of exchange. (34) This 

technique enabled measurements of the average lifetimes of protons 1n 

adsorbed phases and the surface concentration of silanol groups to be 

made. (19) More recently, however, 1H CRAMPS has been shown to be an 

extremely useful tool for the investigation of proton environments 

. within xerogels_._(_35 ' 36) The _u~e of thi§ technique will be discussed 

later. 

In addition 29Si MAS NMR and 29si CP MAS NMR techniques have been 

employed to study the surface and bulk structures of silica xerogels. 

The first 29Si CP ~lAS miR spectrum of a silica xerogel was published 

by Maciel et al in 1981. (37) Using this technique it was shown that 

quantitatively reliable data concerning the fraction of isolated and 

geminal silanol groups can be obtained. This technique has been used 

extensively in studying the process of dehydration and rehydration of 

silicas, (18 ,38) the reactions of various molecules upon the surfaces 

of silicas, (38 ,39 ,40 , 41 ,42) the reactivities of surface silanol 

groups,(43) and the surface concentration of' silanol groups.(43) 
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This technique, has the advantage that because the 29Si ~ffi method is 

based upon the properties of the silicon, rather than the hydroxyl 

environment, calculations of the surface concentration of silanol 

groups are much less sensitive to potential sources of error than 

other techniques. Single pulse 29Si MAS NnfR techniques have been 

shown to yield quantitative information concerning the bulk structure 

of silica xerogels. (44 ,45) 

In this chapter a variety of 1H and 29Si N}IR techniques have been 

employed to the study of silica xerogels, in order to gain a better 

understanding of their structural properties and the nature of the 

changes that take place when silica xerogels are prepared or treated 

in different ways. 

6.6. EXPERIMENTAL 

This section contains a brief description of how some of the 

silica xerogels studied in this chapter were prepared. Other samples 

of silica xerogels studied, whose preparation is not described, were 

obtained courtesy of Unilever Research. For reasons of industrial 

confidentiality no description of their preparation is given. Each 

xerogel is identified by a serial number given in this section. 

~Iethods whereby these xerogels were characterised are discussed in 

Chapter Three. 

6.6.1 SILICA XEROGEL PREPARATION 

6.6.1a SILICA XEROGELS A1. A2, A3. AND A4 

These silica xerogels were prepared by the rapid addition of an 

aqueous alkaline sodium silicate solution of composition 22.787. Si02 
(wjw) and 6.907. Na20 (w/w) (density p = 1.29 g cm- 3) to a 40.007. (wjw) 

solution of sulphuric acid (density, p = 1.30 g cm- 3)· The weight 

ratio of silicate to acid is 2.36:1. The resultant 167. Si02 (w/\v) 

hydrosol contained l.O±O.lN excess acid (as determined by titration 

with an 1M NaOH solution). A rigid clear hydrogel formed in around 
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15 minutes. In the case of xerogel A4, the sodium silicate and acid 

were mixed together rapidly in a small sample chamber 8 mm in 

diameter, using the "Jet mixer" located at the Unilever Research 

Laboratories in Portsunlight. The xerogel samples A2, and A3 were 

prepared by pumping both solutions simultaneously into the mixing head 

of a "high sheer" "Silver Stone" mixer. 

The hydrogel once formed, was then left for an hour, before it 

was broken up into fragments around 5-10 mm in diameter, before 

washing it between 5 and 8 times with deionized water at room 

temperature, to remove sodium sulphate. Xerogel A4 was washed 5 

times. Xerogels A2 and A3 were obtained from the same hydrogel batch, 

and washed 8 times. 

A 12% (w/w) slurry of each of the xerogels in deionized water was 

then prepared. For xerogels A3 and A4, the pH of the solution was 

adjusted to pH7 by the addition of sodium hydroxide solution. For 

xerogel A2, the pH of the xerogel was adjusted to pH7 by the addition 

of ammonium hydroxide solution. A sample of each of the unaged silica 

hydrogels was then obtained, then freeze dried (using liquid nitrogen) 

for several days. These samples are given the serial numbers A2.0.0, 

A3.0.0 and A4.0.0. 

The remaining samples of each hydrogel were heated in a 12%(w/w) 

slurry in deionized water at 100°C under reflux conditions, in order 

to hydrothermally age the gels. Samples of each of the hydrogels were 

removed after various times (up to a total of 22 hours), and freeze 

dried using liquid nitrogen, as before. 

Silica xerogel A1 was prepared via the same method by C. Black at 

Unilever Research. The pH of the hydrogel was adjusted to pH7 using 

ammonium hydroxide solution, then hydrothermally aged for differing 

periods of time and dried as above. 
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6.6.1b SILICA XEROGEL_ S3 

This silica xerogel was prepared via the rapid addition of a 

sodium silicate solution of composition 25% Si02 (w/w) and 7.7% Na2o 
(w/w) to a 35% (w/w) solution of sulphuric acid. The volume ratio 

of silicate to acid being 2.516:1. The heat of neutralisation caused 

the resultant hydrosol to have a temperature of 42°C. A rigid clear 

hydrogel formed in 8 minutes. 

6.6.1c SILICA XEROGEL G1 

This silica xerogel was prepared by the rapid addition of a 

sodium silicate solution of composition 25% Si02 (w/w) and 7.7% Na20 

(w/w) to a 40% (w/w) solution of sulphuric acid. The volume ratio of 

silicate to acid being 2.56:1. The heat of neutralisation causes the 

resultant hydrosol to have a temperature of 48°C. A clear rigid 

hydrogel formed in 3 to 4 minutes. 

Samples of the silica hydrogels S3 and G1 were washed with 

deionized water to pH3 or pH7, then dried either in a fan oven at 

110°C for at least 12 hours, or freeze dried using liquid nitrogen for 

several days. Both hydrogels were prepared in 500 ml beakers, using a 

specially adapted "Silver Stone" mixer and mixing head. 

6.7 RESULTS AND DISCUSSION 

A typical static 29si single pulse N~ffi spectrum of a silica 

xerogel (Figure 6.11) exhibits a broad signal, with a linewidth in 
29 1 excess of 950 Hz, caused as a consequence of heteronuclear ( Si- H) 

dipolar interactions, shielding anisotropy and the dispersion of 

chemical shifts. Considering the distance between the silicon and 

proton spins to be similar to that observed for the sodium silicate 

hydrates (ca 2.8~)(46), the linewidth one would expect for Si-OH 

groups as a consequence of heteronuclear dipolar interactions may be 

estimated using equation 6.2(47) as~ 3.8 KHz (i.e. 96 ppm). 

Furthermore, for silicon nuclei in these systems, shielding anisotropy 
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is unlikely to exceed 60 ppm. These interactions may be removed from 

the spectrum by spinning at rates around wr~4 KHz, or by spinning at 

wr~3 KHz and employing high-power proton decoupling. 

(6.2) 8vi = [#o] 'H'Sih (1-3cos
2

8) where 8 = 90° 
41r 4 2 3 . 

1r rSi-H 

The 29Si single-pulse Mft1·S N11IR spectrum of a typical xerogel 

(Figure 6.12) exhibits three broad resonances at ca -92 ppm, -100 ppm 

and -110 ppm. These resonances are assigned to silicon nuclei in Q2,Q3 

d n4 . . 1 (37) N .1. 1 . . n1 an ~ environments respective y. o SI Icon nuc ei In ~ 

environments are observed. The static CPMG spectrum of this xerogel 

(obtained in the presence of high-power proton decoupling), exhibits 

a linewidth of only 10Hz (Figure 6.13). Inspection of Figure 6.11. 

reveals that the linewidth of the resonances observed increases from 

Q2 to Q4. Since the linewidths are inhomogeneous (ie the linewidths 

result from the superposition of many resonances of differing chemical 

shift), this increasing linewidth upon going form Q2 ta Q4 reflects 

the increasing number of possible silicon environments within these 

structural units. 

{n order to make quantitative~measurements of-the fraction of 

silicon atoms in each of the Qn environments, it is important that one 

should be certain that all the silicon signal is observed in the 29Si 

single-pulse MAS NMR spectra. In order to determine the best 

conditions required to obtain quantitative data, two experiments were 

performed upon xerogel S-Type(1). 

6.7.1.1 T1(29Si) MEASUREMENTS 

The 29Si longitudinal relaxation times (T1(29Si)) of silicon 

nuclei in the xerogel were determined using the progressive saturation 

method. (48) Calculations indicate the T1(29Si) values for silicon 

atoms in Q3 and Q4 environments to be around 41±5 s and 51±6 s 

respectively (Figures 6.14 and 6.15). Unfortunately mving to the poor 
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signal to noise of the spectra obtained, and the small intensity of 

the Q2resonance, it was not possible to calculate the T1 (
29Si) value 

for silicon nuclei in Q2 environments. The results obtained are 

consistent with those published by Fyfe et al, (44) and suggest that 

quantitatively reliable data may be obtained from 29Si single-pulse 

MAS NMR spectra, provided recycle times of the order of 5 minutes are 

employed. 

6.7.1.2 INTENSITY MEASUREMENTS 

A known mass of the sodium salt of 3-(trimethylsilyl)- 1- propane 

sulphonic acid (TMS salt) (0.1239 g) was weighed into a rotor 

containing 0.1845 g of the xerogel. Correcting for the amount of 

"water" present within the xerogel, (10.5%(w/w) as determined by 

heating the sample in a stream of nitrogen to 1000°C) the ratio of the 

number of silicon atoms present within the xerogel to the number 

within the HIS salt may be calculated as 4.84:1. The 29Si 

single-pulse MAS NMR spectrum of this physical mixture was then 

acquired (Figure 6.17). The resonance at 1.18 ppm is assigned to 

silicon atoms -"'-~~-~in the HIS salt, kn_9~_n to have a T1 (
29Si) vaJue of 

63.1 s. The ratio of intensities was then measured by direct 

integration. The results indicate that provided recycle times of the 

order of 280-320 s are employed, > 98% of the silicon signal may be 

observed. Integration of spectra acquired under these conditions, 

therefore, allows the fraction of silicon atoms in each of the Qn 

environments (P(Qn)) to be determined. 

In order to simplify the proceeding discussion, data obtained 

from the 29si single-pulse MAS NMR spectra of silica xerogels obtained 

under conditions where w = 3.3 KHz, recycle times of typically 300 s 
r 

and a proton decoupling field of 62.5 KHz are summarised in Table 6.2. 

Selected spectra of some of these xerogels are sh01m later in this 
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chapter. Errors in measurements of the fraction of silicon atoms in 

each of the Qn environments are estimated to be ca ± 10%. 

6.7.2 STRUCTURAL MODELS OF SILICA XEROGLES 

The data obtained from the single-pulse 29Si MAS NMR spectra of 

silica xerogels provides information concerning the bulk structure. 

Given that the average molecular formula of a pure silica may be 

expressed by 

(6.3) H(4-Q) Sino(4-Q) 
n n 

2 
where Q is the average degree of connectivity, defined by equation 6.4 

4 
(6.4) Q = ~ nP(Qn) 

n=2 

the average molecular weight and the bulk density of silanol groups 

may then be calculated using equations 6.5 and 6.6 respectively 

(6.5) Mw = 96.114-9.0075Q 

(6.6) Noa/g = (~) 
w 

In an effort to glean some information concerning the environment 

of the silanol groups within silica xerogles, the data obtained from 

the 29Si MAS NMR single-pulse spectra of a number of silica xerogels, 

concerning the fraction of silicon atoms in each of the Qn 

environments, was analysed in terms of a number of structural models. 
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TABLE 6.2 

XEROGEL Aov p (Q2) + P(Q3)-+ P(Q4)+ COMMENTS 
2 -1 m IT 

b 

S-TYPE (1) 800 0.040 0.340 0.620 FROM CROSFIELD 
CHEi\1ICALS 

S-TYPE (2) 381 0.000 0.240 0.760 II 

MICROSIL GP 210 0.000 0.110 O.<i$90 II 

SP 51 0.000 0.200 0.800 II 

FISHER S-157 750 0.065 0.370 0.565 LITERATURE VALUE 
(ref 44) 

Al.O 806.7 0.068 0.362 0.570 HYDROTHERMALLY AGED 
SAMPLE 

Al. 2 598.8 0.054 0.224 0. 72.2. II 

Al.3 557.2 0.043 0.224 0.73'3 II 

A1.4 528.0 0.034 0.238 0.728 II 

Al.5 511.1 0.022 0.184 0.794 II 

A2.0 682.3 0.057 0.398 0.545 II 

. A2 ._0.3 .. 719.9 0.040 0.330 0.630 II 

A2.0.7 582.2 0.030 0.312 0.658 II 

A2.6.8 395.8 0.025 0.176 0.799 II 

A3.0 655.3 0.057 0.381 . 0.562 II 

A3.0.3 688.0 0.042 0.333 0.625 II 

A3 .1. 2 489.3 0.030 0.270 0.700 II 

A3.4.5 372.5 0.019 0.206 0.775 II 

A4.0 803 0.050 0.350 0.600 II 

A4.2 397 0.020 0.210 0.770 II 

+ errors in intensity measurements are assumed to be ca 10% 
a errors in surface area measurements are ±10% from the absolute 
surface area 

as determined from the complete BET adsorption isotherm 
Chapter 2) 

(see 
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TABLE 6.2 cont'd 

Aov -t 
P(Q3t P(Q4t XEROGEL P(Q2) COMMENTS 2 -1 m g 

A4.3 367 0.000 0.230 . 0. 770 HYDROTHERMALLY AGED 
SAMPLE 

A4.6 313 0.000 0.210 0.790 II 

S3.1 0.070 0.387 0.543 SEE SECTION 6.7.5.1 

S3.2 0.050 0.370 0.580 II 

S3.3 0.040 0.380 0.580 II 

S3.4 0.030 0.320 0.650 II 

G1.1 0.060 0.440 0.500 II 

Gl. 2 0.040 0.420 0.540 II 

G1.3 0.070 0.280 0.650 II 

G1.4 0.050 0.270 0.680 II 

PORASIL A BEADS 0.065 0.370 0.565 LITERATURE VALUE 
(ref 44) 

+ errors in intensity measurements are assumed to be ca 10% 
a errors in surface area measurements are ±10% from the absolute 

surface area as determined from the complete BET adsorption 
isotherm (see Chapter 2) 
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6.7.2.1 THE RANDOM DISTRIBUTION MODEL 

In this model, the silanol groups are assumed to be randomly 

distributed throughout the xerogel. The distribution of the silicon 

atoms in different qn environments is then determined by a binomial 

distribution 

(6.7) P(Q2) = (1-x) 2 

(6.8) P(Q3) = 2x(1-x) 

(6.9) P(Q4) = x2 

where xis defined as Vp(q4). 

If this model correctly describes the structure of the silica 

2 3 ~ 4 ~ xerogels, then a plot of P(Q )/P(Q ) against (1- P(Q )/2 P(Q )) should 

produce a straight lined graph, which passes through the origin, 

having a slope equal to unity, This plot is shown in figure 6.18. 

6.7.2.2 THE SINGLE DISCRETE PARTICLE THEORY 

In this model, the silica xerogel is assumed to be composed of 

discrete spherical particles of fully condensed silica (density, p = 
2.2 g cm- 3), the diameter of these particles is estimated from surface 

area measurements using equation 6.2. Given that the average 

separation between silicon atoms of adjacent silicon-oxygen tetrahedra 

is the distance Cjnm, then the average number of silicon atoms across 

the diameter of the particle (nd), the total number of silicon atoms 

1n each particle (nt) and the number of surface silicon sites (ns) may 

be calculated using equations 6.10, 6.11 and 6.12 respectively 

(6.10) nd = (d/c) 

(6.11) nt 
3 = ~d 

6 
(6.12) 3 3 

ns = ~[nd -(nd-2) J 
6 

The ratio (nsfnt) may then be expressed in terms of the surface area 
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(Ajm2 g- 1) by equation 6.13a 

(6.13a) [ns] = (pAC)-Le!Ql
2 

+ (pAC)
3 

nt calc 3 ~ 
This ratio (nsfnt) may also be calculated from data obtained from 29Si 

single-pulse MAS NMR spectra via equation 6.13b 

(6 .13b) [:s] = P(Q
2
) + P(Q3) 

t nmr 
The average separation between silicon atoms of adjacent 

silicon-oxygen tetrahedra has been estimated from small angle x-ray 

diffraction experiments as C = 0.31 nm. (44) If this model correctly 

describes the structure of silica xerogels, then a plot of (nsfnt)nmr 

against (n
8
/nt) should produce a straight lined graph, which passes 

~ 'calc 

through the origin, having a slope equal to unity. This plot is shown 

in Figure 6.19. 

Considering Figure 6.18 and 6.19, it may be seen that there 1s a 

slightly better correlation of the data obtained in the 29Si 

single-pulse MAS N~ffi experiments with the single-discrete particle 

model rather than the random-distribution model,although given the 

quality of the data, it is difficult to draw any firm conclusions from 

-this. However-, a plot of (nsfnt)nmr values -against surface area 

(Ajm2 g- 1 ) does suggest that the average separation between silicon 

atoms of adjacent silicon-oxygen tetrahedra is around 0.3nm (Figure 

6.20). 

These results suggest that the 29Si NMR data is not inconsistent 

with a corpuscular model for the xerogels, in which all the silanol 

groups are located at the surface of the silica particles. The 

surface concentration of silanol groups (NoH/nm2), and the fraction of 

those silanol groups that are isolated (fi) or geminal (fg) can be 

calculated using equations 6.14, 6.15a and 6.16a respectively. The 

fraction of surface silicon Q3 (F(Q3)) and Q2 sites (F(Q2)) may be 



calculated by equations 6.15b and 6.16b respectively 

(6.14) NoH/nm2 = (4-Q)x6.023x1o23 

Mw.A 

( 6 . 15 a) f i = _____ P ('---"-Q 
3__,_)..,.---

2P(Q2)+P(Q3) 
(6.15b) 

(6.16b) F(Q2) = P(Q2) 
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(6.16a) fg = 2P(Q2) 
2P(Q2)+P(Q3) P(Q2)+P(Q3) 

The single discrete particle model, however, may not correctly 

represent the true structural characteristics of the silica xerogels, 

since silica particles in xerogels may not be exactly spherical, and 

the model does not take into account any coordination between silica 

particles. However, given the errors in the experimental measurements 

more sophisticated structural models have not been used in this work. 

In calculating the fraction of isolated or geminal silanol groups, or 

Q2 and g3 surface silicon sites, from single-pulse29si MAS NMR 

spectra, difficulties are encountered owing to the small intensity of 

the Q2 resonances, and the length of time required to obtain good 

spectra. These difficulties can be circumvented using 29si CP MAS NMR 

techniques. (37 , 38) 

6.-7. 3 29si cP Mis mm.- TEciiNroUEs 

In the 29Si CP MAS NMR experiment, since the silicon 

magnetisation is derived from the proton-spin reservoir, this 

technique discriminates in favour of those silicon nuclei near to 

protons (i.e. at the surface)(42 ) thereby giving enhancement of the g2 

and Q3 resonances predominantly. The technique also offers the 

advantage that owing to the short proton longitudinal relaxation times 

(T1(1H)<1 s), spectra with good signal to noise can be acquired in 

only a few hours. 

The method initially proposed by Maciel and Sindor£(37 , 38) for 

determining the fraction of isolated (f.) and geminal (f ) sila.nol 
1 g 
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THE RANDOM DISTRIBUTION MODEL 
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groups, relies upon the t'w types of surface silicon site exhibiting 

specific cross-polarisation dynamics. In order to see if this 

technique could be used for the xerogels studied in this work, it was 

necessary to examine the 29si CP MAS NMR dynamics of a number of 

xerogels via variable contact-time experiments. The experimental 

variation of the signal intensity of the Q2, Q3 and Q4 peaks with 

contact time was measured. Using equation 4.1 , values for the rate 

of cross-relaxation (Trs- 1) (when a= 1.0 and wr = 3.3 KHz), and 

proton relaxation in the rotating frame of reference,( in a spin 

locking field of 62.5 KHz)(T1p- 1) were determined. Proton 

longitudinal relaxation times (measured directly) for these systems 

never exceeded 0.4 s, therefore recycle times of 2 s were used for 

these experiments. Figure 6.21 shows a typical series of spectra for 

xerogel A4.0.0, obtained in a 29si CP MAS NMR variable contact-time 

experiment. Figures 6.22, 6.23 and 6.24 show plots of the natural log 

of the signal intensity for each of the Qn peaks, as a function of 

contact time, for a number of xerogels. The solid lines are the 

theoretical curves generated by equation 4.1, from which values of TIS 

and T1p w~re ?btained._ The results of these experiments are 

summarised in Table 6.3. 

TABLE 6.3 

XEROGEL %H20 Q2 Q3 q4 

(wjw) 
Trs/ms Trpfms Trsfms Trpfms Trs/ms T1pims 

A4.0.0 8.3 1.5 13.9 2.5 15.6 8.0 29.0 

S-TYPE(1) 
UNWASHED 28.0 2.9 >100 3.2 >100 10.5 >100 

S-TYPE(1) 
DRIED 10.8 1.0 76.0 1.4 76.0 6.0 80.0 
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For all the xerogels studied, it was observed that Q2 units 

undergo cross-polarisation more readily than Q3 units, and Q3 units 

more readily than Q4 units. The results obtained are consistent with 

those published. (39) This trend reflects the proximity of the silicon 

atoms in the different Qn environments to the proton spins. The 

results (summarized in Table 6.3) indicate that the values of T1p for 

those protons that cross-polarize to the Q2 and Q3 units in a given 
erro(l 

xerogel, are the same within experimenta~, and that T18>>T1p. 

Therefore, provided 29Si CP ~~S Nlffi spectra are acquired under 

conditions where the contact time>> T18 (~ 10 ms), quantitative 

information concerning the fraction of isolated or geminal silanol 

groups, or surface silicon Q2 sites, can be obtained from direct 

intensity measurements of the Q2 and Q3 resonances. The values of fg 

and fi calculated, from 29si CP MAS NMR spectra acquired under these 

conditions, are in good agreement with those measured from 

single-pulse 29si MAS NMR spectra, in favourable cases. In 

unfavourable cases (i.e. where the intensity of the Q2 resonance 1n 

single-pulse spectra was difficult to measure), this technique was 

employed, in order t_o improv~_ the acc_u_raCJ' of these measurements. 

In considering Figures 6.21 and 6.22, it is seen for xerogel 

A4.0.0 that measurements of the proton T1p values appear to suggest 

two proton environments, since the T1p values measured fo'r those 

proton that undergo cross-polarization to Q4 and, Q2 and Q3 

environments are significantly different. However, by performing a 

delayed contact-time experiment as shown in Figure 6.25, the proton 

T1p values for each of the Qn environments may be calculated by 

measuring how the signal intensity of a given Qn peak in the 29Si CP 

MAS N~ffi spectrum decays as the delay period (r) is increased. The 

results indicate that the T1p of the protons that undergo 

cross-polarization to the Q2, Q3 and Q4 environments are the same 
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l¥ithin experimental error (Figure 6.26). Therefore, it seems likely 

that the longer value of T1p observed for the Q4 resonance in Figure 

6.22 reflects a distribution of Q4 environments that undergo 

cross-polarization at slightly different rates. 

It should be noted that while 29Si CP MAS NMR techniques may be 

employed to obtain quantitative information concerning the fraction of 

isolated and geminal silanol groups, quantitative information 

concerning the fraction of silicon atoms in Q4 environments cannot be 

obtained. The intensity of the Q4 resonance is very sensitive to the 

Hartmann-Hahn matching condition, and there is the possibility of the 

existence of Q4 sites lvhich do not readily undergo 

cross-polarization. Examination of the data summarized in Table 6.3 

suggests that the cross-polarization characteristics of a given 

xerogel are sensitive to the degree of hydration. This result is 

reasonable in view of the nature of the samples, hmvever any 

comparison between TIS values observed for a given peak for different 

xerogels is not really valid, since in these systems, the rate of 

cross-relaxation (TIS -1) is extremely sensitive to the Hartmann-Hahn 

matching condition (see Chapter Four) and probe tuning 

characteristics, lvhich will change for different samples. 

In addition to 29Si CP MAS NMR spectra producing information 

concerning the surface structure of silica xeroge.ls, 29Si CP MAS NMR 

measurements using the T1CP experiment (see Chapter Four) can also 

provide information concerning the 29Si longitudinal relaxation times 

of those silicon nuclei that undergo cross-polarization. This 

experiment offers the advantage that because the intensity of the Q2 

and Q3 resonances are enhanced by CP, more accurate measurements of 

T1(29Si) values for these resonances may be made, than in the more 

conventional progressive-saturation experiments. Figure 6.27 sho1vs a 

typical series of spectra obtained for a xerogel using the TlCP 
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experiment. Figure 6.28 shows the experimental plot of the data 

obtained from this experiment from which T1(29Si) values may be 

determined. The T1CP experiment has been performed upon a number of 

silica gels, together with direct measurements of the proton 

longitudinal relaxation times. The data obtained from these 

experiments are summarized in Table 6.4. 

TABLE 6.4 
XEROGEL 

UN AGED 
AL 0. 0 

AL 0. 0 

AGED 2hrs 
Al. 2. 0 

AGED 5hrs 
AL 5. 0 

Al. 5. 0 

UN AGED 
A3.0.0 

AGED 0 :-3hrs 
A3.0.3 

AGED 2hrs 

[Na +] 
ppm 

50 

50 

50 

50 

50 

1560 

1560 

A3.2.0 1560 
+ Estimated error = 5% 

CONTACT 
TB1E/ms 

3.0 

20.0 

3.0 

3.0 

20.0 

8.0 

3.0 

3.0 

26.3±3.0 27.5±2.2 44.7±3.0 

29.4±6.0 46.7±3.0 

6.2±1.2 14.2±2.0 24.5±1.7 

6.0±1.1 10.7±1.7 9.8±1.4 

9.8±2.0 6.9±2.5 

17.3±2.7 27.5±2.7 59.2±4.0 

11.5±1.3 15.3±1.5 26.9±3.2 

11.5±2.5 14.2±1.5 25.2±3:0 

76.2 

76.2 

39.0 

36.6 

36.6 

61.8 

53.1 

43.3 

In silica, it is known that (T1(29Si)) values are very sensitive to 

the lvater content or silanol group concentration. (44 ,50) It is 

interesting to note that there is a roughly linear correlation between 

T1(29Si)- 1 values and T1(1H)- 1 values for the xerog~ls studied (Figure 

6.29). The rate of longitudinal relaxation for silicon sites that 

undergo cross-polarization is very sensitive to changes in the rate of 
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FIGURE 6.29 
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proton longitudinal relaxation. However, the sensitivity of the 

T1 (
29Si) values to changes in T1 (

1H), decreases upon going from Q2 to 

Q4. These results indicate that the principal mechanism of 29Si 

longitudinal relaxation in silica xerogels is the 29Si- 1H dipolar 

interaction. The decreasing sensitivity on going from q2 to Q4 

reflects the proximity of the silicon nuclei in these environments to 

protons. There is no significant change in the rate of 29Si 

longitudinal relaxation, for a given xerogel, as the contact time is 

increased. This observation suggests that the 29Si nuclei detected at 

different contact times experience the same heteronuclear (29Si- 1H) 

dipolar interaction. This observation is surprising in view of Figure 

6,22, However, given the errors in measuring T1(29Si) values, the 

variable contact time/delayed contact time experiments are probably 

more sensitive tests as to whether there are silicon environments, 

assigned to a given Q4 unit, that undergo CP at different rates. 

6.7.4 1H CRAMPS STUDIES OF SILICA XEROGELS 

In addition to using 29Si N~ffi techniques and proton relaxation 

measurements, in order to obtain information concerning the structure 

oi silica surfaces, 1H CRAMPS has heen shown to yield information_ 

concerning these systems. During the course of the authors own 

experiments on silica xerogels using this technique, two publications 

by Maciel et al have appeared in the literature. (35 ,36) . The results 

outlined in this section are generally consistent with those 

published. However, there are subtle differences. This is not 

entirely unexpected, given that the exact form of any 1H CRA~~S 

spectrum of a xerogel is very sensitive to the degree of hydration and 

sample history. 

6.7.4.1 1H CRAMPS STUDIES OF SILICA XEROGEL S-TYPE(l) 

Silica xerogel S-TYPE(1) is a commercial silica, produced by 

Crosfield Chemicals, with a surface area of 800 m2 g- 1. It is 
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typically used as a desiccant. 

The static 1H single-pulse NMR spectrum of a hydrated sample of 

the xerogel (10.8% H20(w/w) exhibits a single resonance with a 

linewidth of only 500Hz (Figure 6.30). The observation of such a 

narrow line,.ridth indicates that within the sample, there is already 

substantial averaging of the 1H- 1H homonuclear dipolar interaction as 

a consequence of molecular motion. The residual dipolar interaction 

is, however, still sufficiently large as to obscure valuable chemical 

information concerning the environments of the protons within the 

xerogel. Magic angle spinning (MAS) may be observed to yield spectra 

of improved resolution (Figure 6.31). The resolution, however, is 

still relatively poor, even when spinning at a rate of 4.2 KHz. 

Random molecular motion causes the dipolar interaction between proton 

spins to change independently of the time dependence imposed by MAS, 

thereby leading to broadening. The best resolution appears to be 

achieved using 1H CRAMPS (Figure 6.32). The improved resolution, is 

thought to arise as a consequence of the fact that, the time 

dependence imposed upon the homonuclear dipolar interaction by the 

multiple pulse sequence is more rapid than that imposed by MAS. As a 

result, the extent to lvhich the dipolar interactions between spins may 

change independently of the imposed time dependence is less than 1n 

the case of MAS. For these systems, therefore, multiple pulse 

techniques are more efficient than MAS in averaging these 

interactions, provided tc<<wr- 1 (tc =the cycle time= 24 #S). 

The 1H CRA~~S spectrum of the xerogel sample after it has been 

heated in a fan oven at 220°C for several weeks (Figure 6.33), 

exhibits two resonances at 1.8 ppm and 2.2-2.6 ppm. The narrow peak 

at 1.8 ppm is assigned to non-acidic isolated surface groups. (35) The 

broader resonance at 2.2-2.6 ppm may arise from those silanol groups 

that undergo mutual hydrogen bonding, located either upon the surface, 
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within micropores, or trapped beneath the surface of the siloxane 

network. However, given the fact that this xerogel is pretreated 1n 

the manufacturing operation by heating to 500°C, (7) it seems unlikely 

that this sample will exhibit any marked degree of microporosity. (1) 

The origin of this broad signal was investigated by performing three 

experiments. 

(1) DIPOLAR DEPHASING EXPERIAffiNTS 

In the dipolar dephasing experiment (used by Maciel et al(36)), 

shown in Figure 6.34, the proton magnetisation is initially rotated by 

a 90° pulse into the x,y plane, following which the spin isochromats 

dephase under the influence of the homonuclear dipolar and chemical 

shift interactions for a time period r. After this delay a 180° pulse 

causes the chemical shifts to be refocused after another r period. 

However, the dipolar interactions are not refocused. The proton 

signal is then detected using the CRAl~S technique. The intensity of 

any peak, detected in the resultant spectrum, will depend upon the 

extent to which those protons interact with other proton spins, 

causing dipolar dephasing during the time period 2r. 

FIGURE 6.34 

r - = 

9~+X 180°+Y/-Y 
~ ==- r=- r=- ~ -=c= r= ~ 

ACQUISITION USING MREV 8 

'( '( 

.oil! ...... """ , ,.,. ... 

b. = 

The 1H CRAMPS spectra of the dehydrated xerogel using this pulse 

sequence, obtained at different values of r, are shown in Figure 6.35. 
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When r = 100 ;.ts. the broad signal at 2.2-2.6 ppm was removed from the 

spectrum. This observation is consistent with that made by 

Maciel, (36) and suggests that the protons that give rise to this 

resonance experience strong homonuclear dipolar interactions, such as 

one might expect for silanol groups that undergo mutual hydrogen 

bonding. 

(2) DEUTERIUM EXCHANGE EXPERIMENTS 

The 1H CRAMPS spectrum of the dehydrated silica xerogel after it 

was exposed to D20 vapour for a week in a clos~vessel, is shown in 

Figure 6.36. The spectrum exhibits a single weak signal at 4.6 ppm 

caused by HOD, formed as a consequence of chemical exchange. This 

spectrum indicates that all silanol groups are located in positions 

where exchange may occur. Therefore, there are no silanol groups 

trapped beneath the surface of the siloxane network in this sample. 

(3) DEHYDRATION STUDIES 

The 1H CRAMPS spectra of the original sample of silica xerogel 

after it has been dehydrated under vacuum (10- 3 Torr) at a number of 

different temperatures for 12 hours, are shown in Figure 6.37. It may 

be seen that as the temperature of dehydration is increased, so the 

intensity and width of the broad resonance at 2.2-3.0 ppm decreases 

relative to that caused by the isolated silanol groups. This 

observation is consistent with the broad resonance at 2.2~3.0 ppm 

being caused by those hydrogen bonded vicinal silanol groups, which 

are preferentially removed from the silica surface upon dehydration. 

Clearly, it is difficult to distinguish between the removal of 

hydrogen bonded water molecules and dehydroxylation of the silica 

surface. However, the 1H CRAMPS spectra do indicate that, dehydration 

at 400°C under vacuum is sufficient to remove both hydrogen bonded 

water and vicinal silanol groups, since no broad peak, at 2.2-3.0 ppm, 

can be detected at in the 1H CRAAWS spectrum of the sample treated in 
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The experimental results (see Figures 6.39 and 6.40) indicate 

that, for this xerogel, the T1(1H) values observed for the isolated 

and mutually hydrogen bonded silanol groups are different, being 

0.31±0.04s and 0.13±0.04s respectively. This result indicates that 

any exchange between protons of these two environments is slow on the 

timescale of the measured T1 (
1H) \f~lues. 

This observation is not consistent with those of Maciel(36), who 

·observed that for Fisher S-679 silica, the peaks at 1.8 ppm and 2.2 

ppm for a dehydrated sample exhibited the same T1(1H) value. 

Therefore, caution is required when using direct measurements of 

T1(1H) to determine the surface concentration of silanol groups, as 

with the technique initially proposed by Bermudez, (l9) since this 

method relies upon all the silanol groups exhibiting common proton 

relaxation characteristics. 

REHYDRATION STUDIES 

The process of rehydration of a sample of silica xerogel 

S-Type(l), after is had been dehydrated in a fan oven at 22.0°C for 
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several weeks, was monitored, by obtaining 1H C~fPS spectra of the 

xerogel, as it ~exposed to water vapour in a closed vessel at room 

temperature, for various periods of time. 

Starting with the dehydrated xerogel, (Figure 6.33), as water 

molecules become adsorbed upon the surface of the silica, a new peak 

at 2.8-3.1 ppm emerges (Figure 6.41). With further exposure to water 

vapour, it increases in intensity relative to the resonance at 1.8ppm, 

and appears to move to higher frequency until it approaches the 

resonance frequency of protons in molecular water (Figures 6.42 and 

6.43). In addition, there appears to be an increase in intensity and 

width of the broad underlying resonance(Figure 6.42). 

Measurements of the proton longitudinal relaxation times of the 

xerogel during the initial stages of hydration (Figure 6.44, 6.45, 

6.46, 6.47 and 6.48) indicate that, for the xerogel exposed to water 

vapour for less than 1 hour, the T1(1H) value for the peak at 2.8-3.1 

ppm is different from that of the isolated silanol group. The T1(1H) 

values for the isolated silanol groups in these samples reiiia-in the 

same, within experimental error, to that observed in the original 

dehydrated sample. ~n Fig~e 6.~~' as the del~y time_ in the T1_( 1H_) 

experiment is increased, and the intensity of the resonances at 1.8 

ppm and 3.1 ppm diminish, a third resonance emerges at 3.9 ppm (Figure 

6.47a, 6.47b and 6.47c). These spectra suggest the exist'ence of a 

second environment for adsorbed water molecules. Unfortunately, 1n 

spite of extensive efforts, it was not possible to reproduce this 

particular spectrum (Figure 6.47c) in subsequent experiments. The 

fact that this peak at 3.9 ppm emerges as r is increased, suggests 

that the protons in this environment have a T1(1H) greater than that 

of the protons that give rise to the peak at 3.1 ppm, and that the 

rate of exchange between these proton environments is slow on the time 

scale of the 1H CRAMPS experiment. 



FIGURE 6.44 

FIGURE 6.45 

183 

T1, MEASUREMENT 

SAMPLE WAS EXPOSED TO WATER VAPOUR FOR ca 15 minutes 

-r./ms 

1 

140 __ _ 

400 
1000 

2000 

5 

= 0.27+0.05 ppm 

= 0.18+0.07 ppm 

-1 

DIPOLAR DEPHASING EXPERIMENT 

SAMPLE EXPOSED TO WATER VAPOUR FOR 

ca 15 MINUTES 

v===, IF ii 

5 3 1 -1 



184 

Dipolar dephasing experiments performed upon the xerogel, after 

it has been exposed to water vapour for around 11/2 hours (Figure 

6.49), confirm that the protons that give rise to the broad resonance, 

underlying the narrow peak at 3.1 ppm, experience strong dipolar 

interact ions while the protons that give rise to the peaks at 1. 8 ppm 

and 3.2 ppm undergo relatively weak dipolar interactions. 

In the publication by Maciel et al(36), a third type of 1H CRAMPS 

relaxation experiment is suggested. This experiment is designed to 

show spin exchange directly. The pulse sequence is shown in Figure 

6.50 . 
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In this experiment, the proton magnetisation is rotated into the x,y 

plane by an initial 90° pulse. The spin isochromats then dephase 

under the influence of the dipolar interaction for a time period 2r, 

in order to create differences between the intensity of those peaks 

caused by protons that experience different (1H- 1H) dipolar 

interactions. The proton magnetisation is then 11flipped back 11 

parallel to B
0

, where spin exchange occurs between the different 

proton environments during the mixing period (rm) prior to detection 

of the signal using 1H CRAMPS. 

In the experiment shown in Figure 6.51, a dipolar dephasing delay 

of r = 2 ms is employed in order to attenuate the intensities of the 

peak at 3.2 ppm and the underlying broader resonance. 1H CRAMPS 
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spectra were then acquired at a number of different rm times. 

Qualitatively, it may be seen from Figure 6.51, that there occurs 

little change in the relative intensity of the resonances at 1.8 ppm 

and 3.2 ppm, or growth in the intensity of the underlying broader 

resonance as the mixing time is increased to 10 ms, confirming that 

for this xerogel, at relatively low levels of hydration, the rate of 

spin exchange between the different proton environments is slm.J. 

The peak at 2.8-3.1 ppm is assigned to physically adsorbed water 

molecules. During the initial stages of rehydration, T1(1H) 

measurements (Figures 6.39,6.40, 6.44, 6.46, and 6.47) indicate that 

T1(1H) values for the isolated silanol groups (1.8 ppm) remain 

relatively constant. The apparent T1(1H) va.lue for physically 

adsorbed water (2.8-3.1 ppm) is very close to that observed for the 

broad peak assigned to mutually hydrogen bonded silanol groups or 

hydrogen bonded water (Figures 6.46, 6.47, 6.40 and 6.44). 

These observations are not inconsistent with conclusions 

published by IR workers. (10) Water molecules are adsorbed 

preferentially at vicinal silanol sites, and form two hydrogen bonds 

h f (22) : . . b f . bl f to t e _ s_ur ace, g1 v1ng ns~ to a num ~r 9_. poss1 e sur ac~ 

structures (Figure 6.52). Further adsorption of water occurs at these 

sites, even before a complete monolayer forms. This process, 

therefore, leads to the formation of clusters of physically adsorbed 

water molecules. In the initial stages of rehydration the isolated or 

gemioa-l silanol groups hardly participate in water adsorbtion. This 

may explain why T1(1H) for the isolated groups, remains relatively 

constant during the initial stages of rehydration. 
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As the degree of hydration increases, however, it seems likely that 

water molecules will also become adsorbed upon isolated silanol groups 

to form the species shown in Figure 6.53. The peak at 3.9 ppm in 

Figure 6.47c is tentatively assigned to water molecules in this type 

of environment. 

FIGURE 6.53 

v 
Clearl-y, one -wou-ld expect the ·mobility of th-e- protons in species like 

I to IV,to be significantly less than those in species like V, or 

isolated silanol groups. Therefore, water molecules of surface 

species like I to IV have protons that exhibit much shorter T1(1H) 

values than protons in surface species like V or isolated silanol 

groups. If this assignment of the origin of the peak at 3.9 ppm is 

correct, then the observation of this type of water is going to be 

very sensitive to the degree of hydration, the surface concentration 

of silanol groups and sample history. This might explain the 

difficulties experienced in trying to reproduce Figure 6.47c. 



187 

The increase in intensity and liidth of the broad peak underlying 

the resonance at 3.2 ppm (Figures 6.41 and 6.42) with hydration is 

thought to be caused by the reaction of water molecules with strained 

siloxane bonds to regenerate vicinal silanol groups, and the formation 

of more hydrogen bonded water molecules. 

As the level of hydration is increased further, the peak at 3.2 

ppm, corresponding to physically adsorbed water, increases in 

intensity as more water molecules are adsorbed onto the surface, and 

moves to higher frequency (Figure 6.48). As it does so, so the 

mobility of the adsorbed water molecules increases and the T1(1H) 

increases (Figure 6.54, 6.57 and 6.58). 

Considering the 1H CRA~WS spectrum of the xerogel which has been 

exposed to water vapour for ca 2 hours, the spectrum is essentially 

dominated by the intense resonance at ca 3.1 ppm and the broad 

underlying peak (Figure 6.42). Once again, dipolar dephasing 

experiments (Figure 6.55), indicate that the protons that give rise 

to the broad underlying peak undergo mutual hydrogen bonding. It is 

also observed that at higher levels of hydration spin exchange occurs 

more readily. The spectra shown in Figure 6.56, obtained using the 
- --

pulse-sequence snown in Figure 6.50 employing a dipolar dephasing 

period of rm = 5 ms, reveal changes in the relative intensities of the 

resonances at 1.8 and 3.0 ppm. These interactions are caused by spin 

diffusion, rather than chemical exchange, since if chemical exchange 

caused this effect over a 5 ms time period one would not expect to 

resolve the two peaks in the 1H CRAMPS spectrum. However, it is 

surprising that in this experiment no grOiith in intensity of the broad 

underlying resonance can be detected (Figure 6.56). One explanation 

for this may be that water molecules are adsorbed preferentially upon 

other adsorbed water molecules, therefore, water clusters will form 
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(and increase in size with hydration) at certain regions on the silica 

surface, while at other regions vicinal silanol groups and hydrogen 

bonded lvater molecules may occur, but no clusters of lvater molecules. 

SUMMARY 
1H CRAMPS may be employed to distinguish between various types of 

proton environments upon the surface of silica xerogels, and to 

investigate their relaxation characteristics. Measurements of the 

proton longitudinal relaxation characteristics of these systems are 

not inconsistent with the observations of other workers, (19 ,33 ,36) 

that in any non 1H CRA~WS T1(1H) measurements, the T1(1H) obtained 

will be determined by the population of each of the protons in those 

environments (Ti), such that the value of T1(1H) observed will be 

determined by an equation of the form 

(1 -1 -1 (6.17) T1 H) = LPiT1i 

As the level of hydration increases~ and the proportion of adsorbed 

water increases relative to the silanol groups, the observed T1(1H) 

valu·e will decrease and there is an increase in the magnitude of the 
29Si- 1H heteronuclear dipolar interaction. This causes an increase in 

the rate of 29Si longitudinal relaxation (Figure 6.29). 

6.7.5 TREATMENT OF SILICA XEROGtlS 

6.7.5.1 WASHING AND DRYING 
' 

The effects of washing and drying silica xerogels, in different 

ways, upon the structure of the resultant xerogel has been 

investigated using 29Si MAS NMR techniques. In this study two types 

of silica xerogels were prepared as outlined in sections 6.61b and 

6.61c. Samples of the xerogels were then washed with deionized water 

to pH3 or pH6, and dried, either oven dried at 110°C for at least 12 

hours, or freeze dried using liquid nitrogen. The 29Si single pulse 

MAS NMR spectra of each sample was then obtained, under conditions 

such that the quantitative information concerning the fraction of 
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silicon atoms in each of the Qn environments could be obtained. These 

data are summarised in Table 6.5 (also see Table 6.2). 

TABLE 6.5 

XEROGEL P(Q2) P(Q3) P(Q4) Q~lEAN 

S3.1 pH3 FREEZE DRIED 0.07 0.39 0.54 3.47 

S3.2 pH3 OVEN DRIED 0.05 0.37 0.58 3.53 

S3.3 pH6 FREEZE DRIED 0.04 0.38 0.58 3.54 

83.4 pH6 OVEN DRIED 0.03 0.32 0.65 3.62 

G1.1 pH3 FREEZE DRIED 0.06 0.44 0.50 3.44 

G1.2 pH3 OVEN DRIED 0.04 0.42 0.54 3.50 

G1.3 pH6 FREEZE DRIED 0.07 0.28 0.65 3.53 

G1.4 pH6 OVEN DRIED 0.05 0.27 0.68 3.63 

+ errors in intensity measurements ca ±10% 

The 29Si single pulse MAS NMR spectra are shown in Figure 6.59 and 

6.60. 

Both the S and G type silica xerogels are formed at low pH via 

the rapid addition of sodium silicate to sulphuric acid, and are 

composed of primary silica particles. As the hydrogels are washed 

with deionized Hater, in order to remove sodium sulphate -and increase 

the pH of the hydrogel, the gel ages and the primary particles 

aggregate to form secondary and tertiary structures. The rate at 

which particles aggregate and siloxane bonds form (as a result of 

condensation reactions between the surface silanol groups,) increases 

as the pH of the hydrogel increases. (1) Therefore, the observation of 

a higher degree of connectivity for those xerogels Hashed to pH6 

before drying than for xerogels washed to pH3 before drying is 

expected. The 29Si single pulse MAS NMR spectra of the various S-Type 
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and G-Type silica xerogels (Figure 6.59 and 6.60) confirm these 

expectations. Furthermore, one would expect the average connectivity 
oJ thll. 

of the xerogel structure to increase with the severityAdrying process. 

Hence, one would expect a lower degree of connectivity for freeze 

dried xerogels rather than oven dried samples. This is in fact the 

case. There is no significant differences between the average degree 

of connectivity between S-Type and G-Type xerogels that have been 

treated in the same way. 

6.7.6 HYDROTHERMAL AGING 

In the process of hydrothermal aging structural changes occur 

within the silica xerogel which give rise to modified surface and pore 

properties. These structural changes may be monitored using 

solid-state NMR techniques and characterisation of the physical 

properties of the xerogel (i.e. surface areas etc.). 

In the literature, the influence of various anions upon the rate 

of hydrothermal aging has been described (29) However, the role of 

the sodium ion in this process is at present ill defined. (29 ) 

In this study, four silica xerogels of differing sodium content 

have b~en prepared,__ ~I_ld hydrotherm~JJl _aged a~_ pH7 an_~ _100°C in 

deionized water. Samples obtained after different stages of aging 

were analysed. 

During the course of hydrothermal aging there occurs a 

simultaneous loss of surface area and increase in pore diameter. The 

rate at which surface area is lost with aging may be described by 

equation 6.18. (1,52) 

(6.18) -dA =kAn 
(It 

The surface areas (measured by nitrogen adsorption) for each of the 

xerogels at different times of hydrothermal aging are shown in Figure 

6.61, and from these date the relative rate constants for the 
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hydrothermal aging process, and the "order" of the reaction(s) with 

respect to surface area were determined for each of the xerogels. The 

results are summarised in Table 6.6 

TABLE 6.6 

XEROGEL [Na +]/ppm krel n 

A1 50 1.0 8.0 

A2 290 1.7 8.2 

A3 1560 5.1 7.6 

A4 5325 18.2 7.9 

These results indicate that the rate of hydrothermal aging increases 

with sodium ion concentration. However, the order of the reaction(s) 

with respect to the surface area, remains relatively constant at 

7.9±0.3. This suggests that there is no distinguishable change in the 

mechanism of the reaction(s) with increasing sodium ion concentration. 

The "order" of the reaction(s) with respect to sodium ion 

concentration may be estimated as 0.8±0.l. It may be argued that 

because of the way these--xerogels were prepared-,- -changes -in- the rate­

of surface area loss for xerogels A1 Me! A4 are only influenced by the 

presence of residual sodium sulphate in the gels. This argument, 

however, is not valid for xerogels A2 and A3, since the hydrogel batch 

prepared was split into two, to form hydrogels A2 and A3. These 

hydrogels will therefore contain the same amount of residual Na2so4. 

Changes in the rate of hydrothermal aging may only be attributed to 

the presence of sodium ions. 

Measurements of the average pore diameter (via mercury intrusion) 

indicate that, as the surface areas decreases there is an increase in 

the average pore diameter. A linear relationship exists between the 
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average pore diameter (dp/nm) and the average particle size, as 

calculated from surface area measurements using equation 6.1 (Figure 

6.62). The anomalous point observed for xerogel A4 in Figure 6.62, 

corresponds to a measurement on the unaged xerogel A4, in which pore 

diameters are li~ely to be much smaller than the diameter of the 

mercury atoms. Figure 6.62 suggests that during the course of 

hydrothermal aging, the coordination number of the silica particles, 

forming the xerogel, remains essentially constant. Porosity 

measurements (via mercury intrusion) also support this conclusion. In 

the literature, (1) calculations have been made relating the 

coordination numbers of rigid spheres to porosity. Using the results 

of these calculations, it is possible to estimate the coordination 

numbers (n) of the silica particles in xerogels, from the porosity 

measurements. This information is summarised in Table 6.7. 

TABLE 6.7 

TIME/HRS POROSITY POROSITY 
(cm3 poresfcm3 solid) (cm3 poresjcm3 solid) 

XEROGEL A4 XEROGEL A1 

[Nat] = 5620 PPM -n-- [Na -+1 = 50 PPM n 

0.0 0.66 4.0 

1.0 2.18 3.8 

2.0 1. 98 3.8 3.45 3.6 

3.0 2.09 3.8 3.61 3.6 

4.0 2.05 3.8 3.85 3.6 

5.0 2.20 3.8 4.09 3.6 

The porosity data suggests, that for the unaged sample of xerogel A4 

the silica particles forming the xerogel exhibit an average 

coordination number of 4, and that with hydrothermal aging there is 
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only a slight decrease in coordination number, and that the 

coordination number of silica particles in xerogel A1 is slightly less 

than for xerogel A4 after the same aging time. In interpreting these 

results, however, considerable caution is required. It is possible 

that in the course of the measurement some damage of the original 

xerogel structure may occur, (1) owing to the high pressure required to 

force mercury atoms into the pores. 

The apparent degree of hydration per unit- area was determined 

from weight loss measurements, observed when samples of silica were 

heated to 1000°C. The samples were heated in a fan oven at 110°C 

overnight, prior to analysis. It is assumed in the calculations that 

the weight loss observed is caused by the condensation reactions of 

surface silanol groups. These measurements indicate that for xerogel 

A3 samples aged over 0.3 hours there is an increase in the apparent 

degree of hydration per unit area (Figure 6.63). Changes in the 

apparent degree of hydration with aging are much less defined, 

however, for xerogel A2. The reason why this should be the case is 

uncertain. However, what is clear from these results is that, 

firstly, after around 5 hours aging the apparent degree of hydration 

per nm2 for xerogei -A3 exceeds 7~ 0-0H nm2 s·eco-ndfy, the- degree of 

hydration per unit area is greatest for the xerogel with the highest 

sodium concentration. 

In Figures 6.61 and 6.63 the observed increase in surface area 

and decrease in the apparent degree of hydration per unit area, for 

xerogels A2 and A3 upon aging from 0 to 0.3 hours, is not inconsistent 

with the hypothesis that upon hydrothermal aging particle growth 

occurs. This is because, if the silica particles that compose the 

xerogel are sufficiently small (i.e. N 1 nm in diameter), the observed 

surface area (A) is a fraction of the surface area of the spheres 

before they come together (A
0
). (

1) 
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(6.19) A= A0 [1-an~i0+a)j 

Where d
0 

is the diameter of the spheres, n is the coordination number 

and a is the diameter of the nitrogen molecule (a= 0.177 nm). (1) 

This situation occurs because surface area is lost to the nitrogen 

molecules at the point of contact between particles. Calculations 

using equation 6.19 suggest, provided the coordination number of 

particles in the unaged xerogel is greater than 3, particle growth 

causes an initial increase in th-e observed surface area, up to a 

maximum surface area after which further particle growth causes the 

observed surface area to fall. 

In summary, measurements of the physical properties of the silica 

xerogels, obtained at different stages of hydrothermal aging, are 

consistent with the results published in the literature. In addition, 

the presence of sodium ions in the xerogel appears to influence the 

process of hydrothermal aging. 

6.7.6.1 SOLID-SATE NMR MEASUREMENTS 

The loss of surface area with hydrothermal aging (Figure 6.61) is 

accompanied by an increase in the average degree of ~9E-!l~ctivi~y (Q) 
- - --

MAS NMR measurements. 

and a decrease in the ratio [::] as determined by 29Single-pulse 

In a plot of [ns] against 
n~: nmr· 

time .(Figure 

6.64), no significant differences between xerogels, in the rate at 

which this ratio decreases with time is observed. However, there 

appear to be significant differences in how the surface structure of 

the different xerogels change with aging (Figure 6.65). From Figure 

6.65, it would appear that, the fraction of surface silicon Q2 sites 

(F(Q2)) is greatest for the xerogel with the lowest sodium ion 

concentration ([Na+J =50 ppm) after ca. 1 hours aging. F(Q2) then 
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appears to decrease to ca. 0.1 after 5 hours aging. For xerogels A2 

and A3 ([Na+] = 290 ppm and 1560 ppm respectively) there appears to be 

no significant change in F(Q2) with aging up to 5 hours. However, for 

xerogel A4, which has the highest sodium ion content ([Na+] = 5325 

ppm), the fraction of surface silicon Q2 sites decreases rapidly. 

Indeed, after only 3 hours aging, it was no longer possible to detect 

any Q2 sites Hithin samples of xerogel A4 while the existence of Q2 

sites within xerogels A1, A2 and A3 Has still clearly detectable, even 

after aging for 5 hours. Unfortunately the curves draHn in Figure 

6.65 are not Hell defined owing to experimental error and a lack of 

data points. Given the way in which the xerogels are prepared, it is 

clear the 29Si NMR evidence does not conclusively prove that sodium 

ions influence the rate of hydrothermal aging. However, surface area 

measurements do indicate that the sodium ion concentration does 

influence the rate of hydrothermal aging. This fact has been 

confirmed by more accurate surface area measurements, on full BET 

adsorption isotherms, for selected samples of xerogels A2 and A3. (7) 

During the process of hydrothermal aging at 100°C and pH7, the 

loss of surface _area is _thought to occur_ as a consegueng_~ of P~!'ticle 

growth, as smaller silica particles dissolve producing silicic acid 

which is then deposited upon the surface of larger silica particles. 

The kinetics of the reactions between silicic acid and colloidal 

silica have been investigated by Fle~ng. (53 ) It seems reasonable to 

assume that, the same factors which govern the rate of growth of 

colloidal silica particles will also influence the rate at which 

hydrothermal aging occurs. At high silicic acid concentration the 

rate of particle growth Hill be governed by the rate at which silicic 

acid molecules become chemisorbed onto the surface of silica 

particles, via the proposed reaction. 
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At lower silicic acid concentrations, surface rearrangement reactions 

govern the rate of particle growth, these reactionsincorporate the 

chemisorbed silicic molecules into the surface of the silica 

particles. 

[2] -0Si(OH) 3 ----+ ::SiOH 

The exact nature of the species that form when silicic acid is 

chemisorbed onto silica surfaces is unknown. In any case one would 

expect such species to readily undergo condensation reactions upon 

drying the hydrogels to produce xerogels, 29si NMR techniques failed 

to detect any Q1 species in hydrothermally aged xerogels. If one 

assumes that upon drying a hydrothermally aged hydrogel any Q1 species 

present on the surface of the silica condense to form Q2 units, then 

it is possible to rationalise the data given in Figure 6.65 in terms 

of the relative rates at which these two reactions occur. 

The rate at which silicic acid becomes chemisorbed to the surface 

of silica is proportional to the concentration of silica in solution, 

and the concentration of ionized surface silanol groups ([SiO-]). At 

constant pH, the concentration of salt in solution will affect the 

concentration of ionized surface silanol groups. Therefore, 

increasing the sodium ion concentration will increase the rate of this 

reaction. The dissolution of silica in solution (and hence the 

concentration of silicic acid in solution) is also promoted by the 

presence of sodium ions in solution. Therefore, increasing the sodium 

ion concentration will also increase the size of the silica particles 

that can be grown. 

For xerogel A4, which has the highest sodium ion content ([Na+] = 
5325 ppm), the rate at which the silicic acid concentration decreases 

with aging will be more rapid than for the other xerogels, such that 

after only a fe\v hours aging, the rate at which particle grmvth occurs 
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will be determined by the rate at which surface rearrangement 

reactions occur. As a consequence F(Q2) decreases rapidly with ag1ng 

to F(Q 2 )~ 0. For xerogels A2 and A3, the rate at which the silicic 

acid concentration decreases with aging is slower than for xerogel A4, 

hence the rate of particle growth will be determined more by the rate 

of reaction 1 than reaction 2. Under these conditions, it appears a 

"steady state" value of F(Q2) is observed. For xerogel A1, which has 

the lowest sodium ion content ([Na+] =50 ppm), the rate at which 

silicic acid concentration decreases with aging is the slowest for all 

the xerogels. As a consequence, the rate of particle growth will be 

governed primarily by reaction 1, producing a high value for F(Q2). 

However, as the silicic acid concentration falls, reaction 2 will 

become more dominant, so a slight decrease in F(Q2) is observed with 

aging (Figure 6.65). 

It is interesting to note, however, that while there is a 

variation in the fraction of surface silicon Q2 sites, the surface 

concentration of silanol groups, for all four xerogels, generally 

remains constant at NOH= 6.0±0.6 nm2 (Figure 6.66), suggesting there 

is no clear linear relationship bet~~en t~e_fr~c!i~n of geminal 
2 2 29 silanol groups and NoH/nm . The values of NoH/nm as measured by Si 

NMR are likely to be over-estimates of the actual surface 

concentration of silanol groups, since 29Si mfR cannot distinguish 

between SiOH and SiONa groups. This result does indicate, however, 

that any increase in the apparent degree of hydration per unit area, 

as measured by weight loss measurements, similar to that observed for 

xerogel A3 (Figure 6.63), cannot be caused by an increase in the 

surface concentration of silanol groups. This effect must be caused 

by an increase in the amount of water trapped within micropores in the 

xerogel structure. This conclusion is also supported by measurements 

of the proton longitudinal relaxation characteristics of these 
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xerogels (Figure 6.67). It is observed that l..'ith hydrothermal apng, 

there is an increase in the rate of proton longitudinal relaxation for 

samples of xerogels A2 and A3. This suggest that with aging, an 

increase in the proportion of water protons that are present within 

the xerogel samples occurs. It may be noted that for a given time of 
1 -:i 

aging, the T1( H) value for xerogel A2 is greater than for xerogel A3 

(Figure 6.67). However, calculations of the degree of hydration per 

unit area by weight loss measurements, and measurements using 29Si NMR 

suggest that T1(1H) values for xerogel A3 should be greater than those 

of xerogel A2. The reason for this observation is unknown, however, 

it is suggested that the presence of sodium ions upon the surface of 

the xerogel may influence T1(1H) values. 
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6.8 CONCLUSIONS 

In this chapter, it has been shown that solid- state single pulse 

and 29Si CP MAS NMR techniques may be employed to obtain quantitative 

information concerning bulk and surface structural properties of 

silica xerogels. 1H CRAMPS techniques and direct T1(1H) measurements 

may be used to investigate the environments of protons within silica 

xerogels, and a roughly linear relationship between T1(1H)-l and 

T1(29Si)-l values for a given Qn environments, reveals that the 

principal mechanism for silicon longitudinal relaxation in these 

systems is the dipolar interaction between the 29Si- 1H spins. Both 

relaxation parameters are, therefore, very sensitive to the degree of 

hydration. 

The experimental 29Si NMR data obtained in this study may be 

accounted for in terms of a corpuscular model for the xerogel 

structure, however, the surface structure of xerogels cannot be 

accurately described in terms of surface structure models based on 

crystalline silica phases or mixed phase surfaces, since there is no 

linear correlation between the fraction of gemi~~l silanol groups (or 

the fraction of surface silicon Q2 sites) and the surface 

concentration of silanol groups. 

These techniques have been demonstrated to yield information 

concerning the structural changes that take place as xerogels are 

produced in different ways. 
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7.0 CHAPTER SEVEN 

NMR STUDIES OF AQUEOUS ALKALINE SILICATE SOLUTIONS AND COLLOIDAL 

SILICATE SOLUTIONS 

7.1 INTRODUCTION 

The nature of aqueous alkaline silicate solutions and the species 

present have been investigated over many years with a variety of 

techniques(!) (for example paper chromatography, (2) 

trimethylsilylation, (3) reactions with molybdic acid(l) and Raman 

spectroscopy(4)). These solutions are known to contain a variety of 

anionic species in dynamic equilibrium which cannot be chemically 

separated owing to the rapid exchange rates. The nature and 

distribution of these species, at a given temperature depend upon the 

concentration of silica in solution, the pH of the solution, the 

nature of the counter ion M+ and the M+/Si ratio. (l) It is important 

to note, therefore, that while methods involving chemical treatment of 

these solutions have provided useful information concerning the nature 

of silicate solutions, caution is required in using these techniques 

because of chemical modifications that may occur in the solutions 

prior to analysis. However 29Si NMR spectroscopy can be used to study 

these solutions without any pretreatment, and has proved to be a 

powerful tool for investigating the nature of species present within 

silicate solutions, since, following the pioneering work of 

Marsmann, (S-6) Engelhardt, (7) Gould(S) and Harris(9) it was observed 

that characteristic signals for Si04 groups in different structural 

surroundings were observed, as a consequence of exchange rates being 

slow on the Nllffi timescale, and that from the signal intensities the 

concentration of the various species in solution could be estimated in 

favorable cases. (9) There are, however, a number of factors \vhich 

limit the applicability of this technique. 

Since 29Si is a relatively insensitive nucleus, it is not 
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possible to examine solutions with a silica concentration much below 

0.5 M on spectrometers which operate below 2.4 T, while working at 

higher concentrations spectral overlap is a considerable problem. 

Often linewidths observed are in excess of the available resolution, 

and a number of factors have been identified which give rise to this 

effect. 

[1] 

[2] 

[3] 

[4] 

[5] 

Linewidths increase as the number of possible environments 
for qn units increases with n 

Broadening as a consequence of chemical exchange mediated by 
the H3Si04 anion( 10) 

Broadening caused by the presence of paramagnetic impurities 

Broadening may also occur as higher molecular weight species 
form in solution, resulting in an increase in viscosity 

and varying degrees of protonation of the silicate species 
present in solution 

In addition, since 29Si is a dilute spin (4.7% natural abundance) each 

chemically distinguishable silicon site gives rise to a single 

(29s. 29s.) . 1. . b d r resonance, as no 1- 1 sp1n coup 1ng 1s o serve . roton 

exchange is rapid on the NMR timescale, no (2~Si- 1 H) multiplet 

structure is observed. The situation is further confused because the 

chemical shifts observed are dependent upon the solution 
. . ( 11) compos1t1on. Hence, there is no obvious way or ass.igning 

individual resonances to definite chemical sites. However, over a 

period of time various techniques have been developed which have 

alleviated some of these difficulties. For early workers, however, 

the assignment of resonances to specific silicon sites involved some 

degree of speculation. (9,12) Techniques that have been employed 1n 

the assignment of the resonances observed in 29Si NMR spectra of 

silicate solutions have included 
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(1) observation of the changes in the spectra obtained from 

(2) 

(3) 

(4) 

silicate solutions as the composition of the solution is 

changed and correlation with observations made using other 

techniques, of the changing silicate anion distribution 

(e.g. reference 9) 

29si, 13c, 1H miR, gas chromatographic and mass spectrometric 
studies of trimethylsilylated silicates(13 ,14) 

comparison of 29si chemical shifts observed in the 

solution-state and solid-state for silicates of known 

structure (lS) 

29s · 1\Tl,IR d · f ?Qs · · h d · 1· 1 · 1 nt1 stu 1es o -~ 1 ennc e s1 1cate so ut10ns 
. 1 . h 1 d bl . (11 16 17) 1nvo vmg omonuc ear ou e resonance expenments ' ' 
and 2D-J-resolved spectroscopic techniques(lS) 

Using these techniques the structur~of nineteen different silicate 

anions in solution have been identified. (l9) 

A typical 29si NMR spectrum of an aqueous alkaline silicate 

solution (Figure 7.1), may be very complex and the full assignment of 

all the resonances to specific silicate species difficult. However, 

··it· is possible to more generally identify chemical shift regions, in 

which resonances from silicon atoms in given structural (Qn) 

environments are observed. At the highest frequency, in the shift 

range ca -66 to -73 ppm the resonance of the monomeric silicate anion 

(Q 0
) is observed. In the shift range ca -76 ppm to -83 ppm two 

groups of signals may be observed. The first group occurs at ca -79 

ppm, and includes the peak of Q1 units in dimeric silicate anions, and 

(to higher frequency) Q1 units connected to Q2, Q3 or Q4 units. The 

second groups of signals occurs at ca -81 ppm, and is assigned to Q2 

units in mono or disubstituted trimeric species (e.g. Q~Q3 Q 1 ). Q2 
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units in four or higher membered rings or In short linear species (the 

occurance of Q2 units In long chains is considered unlikely) give rise 

to a group of signals in the range ca -86 ppm to -91 ppm. However, 

signals observed at the low frequency end of this chemical shift range 

may have peaks originating from Q3 units of substituted trimeric 

species (e.g. Q~Q3 Q 1 ) or other Q3 units located in substituted 

trimeric rings (e.g. Q~). Signals arising from silicon atoms in other 

Q3 branching sites occur in the shift range ca -95 ppm to -101 ppm. 

Cross-linking Q4 silicon sites give rise to a broad signal at low 

frequency in the chemical shift ranges ca -103 ppm to -120 ppm. In 

Figure 7.1 this broad peak is caused by the quartz glass former in the 

probe. 

In addition to these investigations, a large body of data 

concerned with the effects of solution composition upon the silicate 

anion distribution has been acquired using 29Si NMR 

techniques, (5, 11 ,19 ,20 ) and by combining potentiometric and 29Si NMR 

techniques the qualitative and quantitative distribution, stabilities 

and states of protonation of silicate species in dilute sodium 

silicate solutions have been investigated. (21) The dynamic exchange 

between silicate species in solution has also been 

. . d (22-25) d h d . . Investigate , an t e con ensation reactions 

as the pH of the silicate solutions are reduced( 26) 

organosilicon compounds are hydrolysed. (26-28) 

of these species 

or as various 

In order to obtain quantitative information concerning the 

distribution of silicate species in an alkaline silicate solution, it 

is essential to understand the dependence of the longitudinal 

relaxation times on sample composition. In these systems the 

relaxation times are often unusually short, and there have been a 

number of suggestions as to why this is the case. 

Initially, it was suggested that such efficient 29Si longitudinal 
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relaxation arises from the rapid exchange of protons forming 

protonated and deprotonated silanol groups, which because this causes 

the 29Si nucleus to have different chemical shifts, fluctuating 

magnetic fields are generated which induce rel~xation. (29) However, 

this idea was later rejected by Harris and Newman. (9) Instead it was 

concluded from their observations of ag1ng effects in silicate 

solutions contained in unlined glass mrR tubes, that unidentified 

paramagnetic contaminants, introduced during sample preparation and/or 

by leaching of the mm tubes, were probably the dominant factors in 

inducing 29Si longitudinal relaxation. 

and Swaddle(30) have suggested that the 

More recently however, Kinrade 

major mechanism of 29si 

longitudinal relaxation is a dipole-dipole interaction involving the 

counter ion M+, through an intramolecular process owing to the 

formation of a silicate anion -M+ ion pair which is long lived on the 

NMR timescale. 

In this chapter, the 29si longitudinal relaxation times of 

certain silicon atoms in structural units in a number of silicate 

solutions with different M+/Si ratios and different alkali metal 

cations have been measured, in order to furth_e~ investigate _the_ 

effects of sample composition upon longitudinal relaxation times. In 

view of the large body of data already available concerning the effect 

of sample composition upon the distribution of species present in 

solution, no discussion is given on this topic. However, arguments 

will be put forward to demonstrate how 23Na NMR techniques could 

provide information concerning the nature of colloidal silica systems. 

This information could not be obtained using conventional 29Si NMR 

spectroscopic techniques. 

7.2 EXPERIMENTAL 

All aqueous alkaline silicate solutions were prepared and stored 

In polythene containers, using BDH precipitated silica, deionized 
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water and alkali metal hydroxides. The different sources of the 

alkali metal hydroxides are given in Table 7.1. 

TABLE 7.1 

MOH FORM SOURCE 

LiOH.H20 PO\YDER ALDRICH CHEMICAL COMPANY INC. 

NaOH PELLETS BDH ARISTAR GRADE 

KOH PELLETS BDH ARISTAR GRADE 

RbOH 48%(w/w) SOLUTION ALDRICH CHEMICAL COMPANY INC. 

CsOH SOLID ALDRICH CHEMICAL COMPANY INC. 

With the exception of the lithium silicate solution, all the other 

solutions were heated in a water bath in order to increase the rate at 

which the silica dissolved. The solutions were then purged with 

nitrogen prior to running the experiments in this chapter. 

Measurements of the rate of 29Si and 23Na longitudinal relaxation 

were measured using the inversion recovery pulse sequence. For 

T1(29Si) measurements, 90° and 180° pulse lengths were determined to 

be 16.1 ~sand 33.0 ~s respectively. 
23 The Na NMR spectrum of a sample of monodispersed colloidal 

silica Ludox HS-30 was also obtained. The physical and chemical 

properties of this colloidal silica are given in Table 7.2. (1) 



TABLE 7.2 
a 

%Si02 %Na2o Rm 
(w/w) (w/w) 

30.0 0.32 96.71 

a Rm = [Si02]/[Na20] 
b specific surface area 
c particle diameter 
d density of solution 
e viscosity 

b 
A/m2 g-1 

230 

7.3 RESULTS AND DISCUSSION 

c 298K d
3 d/nm pfg em-

12.0 1. 21 

7.3.1 29LONGI11IDINAL RELAXATION TIME MEASUREMENTS 

pH 

9.8 

The effect of the Na+/Si ratio upon the rate of longitudinal 
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298K e 
rJ/cer;ti-

pOlSe 

5.0 

1 . . ~ h . . . 1 . . nO Q1 d n2 . t re axat1on t1mes ot t e Slllcon nuc e1 1n ~ , 2 an ~3 envnonmen s 

has been investigated for a number of sodium silicate solutions of 

constant silica concentration ([Si02] = 2.00 moles Kg- 1) but differing 

Na+/Si ratios. These measurements are summarised in Figure 7.2. The 

results clearly indicate that as the Na+/Si ratio increases, there 1s 

an increase in the rate of 29si longitudinal relaxation. It is 

interesting to note that as the Na+/Si ratio is increased up to 2:1, 

the rate of longitudinal relaxation for 29si nuclei in Q0 and-Q~ 

species is very similar. However, above a ratio Na+:Si =3:1 

differences between the relaxation rates increase. This observation 

may reflect the decreasing rate of chemical exchange which causes an 

apparent averaging of T1(29Si)- 1 values: exchange being mediated by 

the H3Si04 anion, and not the H2Si0~- anion, which becomes more 

predominant in solution as the pH (or Na+:Si ratio) is increased. (10) 

The 23Na NMR spectra of these sodium silicate solutions exhibit a 

single resonance. Measurements of the 23Na longitudinal relaxation 

rates indicated that as the Na+/Si ratio increases above 2:1 a 

significant increase 1n the rate of longitudinal relaxation is 



217 

FIGURE 7.2 
29 . -1 0 1 2 A GRAPH SHOWING CHANGES IN [T,( Sl)/s] VALUES FOR Q , Q2 and Q3 SPECIES 

PRESENT IN A SODIUM SILICATE SOLUITION ([Si02] = 2.0 moles kg- 1) AS THE 

Na+:Si RATIO IS INCREASED 

0 1:1 2:1 3:1 4:1 
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observed (Figure 7.3). At infinite dilution, sodium hydroxide exists 

as hydrated ions [Na(H20) 4]+ and [OH(H20) 6]-. (31 ) As the Na+/Si ratio 

(or sodium hydroxide concentration) increases, the rate of 23Na 

longitudinal relaxation remains relatively constant, [H20]/[NaOH] ~ 

10. This point corresponds to a Na+:Si ratio of 2:1. Above this 

point, there are insufficient water molecules to fully hydrate the 

ions. Hence as the sodium ion concentration is increased, there is an 

increasing asymmetry in the electric field gradient surrounding the 

sodium nucleus, and an increase in the number of ion pairs formed 

between sodium ions and silicate anions in solution. This results 1n 

the sodium silicate solution studied here with a Na+:Si ratio of 4:1 

being unstable, since after only a few days standing at room 

temperature 83.4% (w/w) of the silica in solution was precipitated as 

fine crystals of hydrated sodium silicate. Chemical analysis 

indicated the average molecular formula of these crystals to be 

Na2Si03.nH20 where n ~ 7±2. 

The 29Si longitudinal relaxation times of '1' 1 . . nO q1 Sl 1con nuc e1 1n ~ , 2 
and Q~ environments have also been measured for a number of silicate 

f ([ ] Kg-1) solutions o constant silica concentration_ Si02 _ :._ 1. 0 moles 

but prepared with various counter ions, though the M+:Si ratio was 

kept constant at 2:1. The results of these measurements are summarised 

in Table 7.3. The results indicate that upon going from lithium, 

sodium to potassium silicate solutions, there is a steady decrease 1n 

the rate of longitudinal relaxation for silicon nuclei in Q0
, Q~ and 

Q~ species, there is an increase in the rate of longitudinal 

relaxation upon going from potassium to rubidium and caesium silicate 

solutions. 

In silicate solutions there are a number of mechanisms that 

influence 29Si longitudinal relaxation times. In addition, chemical 

exchange can result in an apparent averaging of T1 values. H01,rever, 
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one may account for the observed T1 values in terms of the 

contributions Tl~e from the presence of unpaired electrons, T1§c from 

scalar coupling, T16SAfrom shielding anisotropy, Tl~R from spin 

rotation mechanisms and T16n from dipole-dipole interactions, (either 
29s · 1H 29s · M+ d · 1 · · ) 1- or 1- 1po ar 1nteract1ons . 

-1 -1 -1 -1 -1 -1 -1 
(7·1) T1 = T1ue + T1SC + T1CSA + T1SR + T1DDH + T1DDM 

It has been noted(9,30) that dissolved oxygen makes a trivial 

contribution to Tl~e· In any case, these particular silicate 

solutions were purged with nitrogen, and since samples were prepared 

and stored in polythene containers, and only transferred to a quartz 

NMR tube in order to run the experiment, contamination by leaching of 

paramagnetic impurities fn:Jm the NMR tube is considered negligible. 

TABLE 7.3 

T1 (2981)/s 

M+ Qo Q§ Q~ 
Li 0.23±0.01 0.28±0.01 0.25±0.01 

Na 0.60±0.06 0.35±0.01 1.12±0. 02 

K 1.05±0.01 3.48±0.07 1.41±0.01 

Rb 0.57±0.01 0.43±0.03 1. 08±0. 03 

Cs 0.54±0.02 0.29±0.05 1.08±0. 01 

TABLE 7.4 

-1 I 1 T1DDH s-
M+ Qo Q§ Q~ 
Li 1.6±0. 2 0.89±0.09 0.32±0.04 

Na 0.32±0.06 0.34±0.04 0.18±0.02 

K 0.06±0.01 0.02±0.01 0.01±0.01 

Rb 0.53±0.05 0.55±0.07 0.26±0.03 

Cs 0 .43±0. 04 0.5±0.1 0.20±0.02 



220 

TABLE 7.5 

T-1 I -1. 
1other s 

M + qO Q~ Q~ 
Li 2. 8±0.4 2.7±0.2 3.7±0.2 

Na 1. 3±0. 2 2.5±0.1 0. 71±0. 03 

K 0.89±0.01 0.27±0.02 0.7±0.1 

Rb 1. 22±0 .8 1.8±0. 2 0.66±0.05 

Cs 1.4±0.1 2.9±0.9 0.72±0.03 

Scalar coupling (T1§c) can be disregarded as a source of longitudinal 

relaxation, since there are no nuclei present which have a resonance 

frequency similar to that of 29Si. Newman suggested that in view of 

f -1 the small shielding anisotropy or silicon compounds, T1CSA is 

unlikely to make a significant contribution to the rate of 29Si 

longitudinal relaxation, (32) and this has been confirmed by variable 

B
0 

field experiments, (30) and while there is evidence to suggest that 

spin rotation (T1§a) does make some contribution to the longitudinal 

relaxation times of small molecules, the dipole-dipole mechanisms 

( -1 -1 ) 29 T1DDH a~d T1DDM app~~r to be the dominant causes of Si 

longitudinal relaxation. 

Measurements of the ~oe (see Section 2.5.3) enables the 

calculation of the contribution to 29Si longitudinal relaxation from 

the dipolar interaction between 1H and 29Si spins (T1tnH) via 

equations 2.45 and 2.46. The results of these calculations (Table 

7.4), indicate that at room temperature, the 29Si- 1H dipolar 

relaxation mechanism is significant. These results are consistent 

with the observations of Newman(32) and Kinrade and Swaddle(30) who 

noted that the contribution of this mechanism to the rate of 29si 

longitudinal relaxation is significant at low temperatures. (30) In 

general T16nH values decrease in the series Q 0~Q 1 >Q~, reflecting the 
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number of protons which may be associated with the silicon nuclei 1n 
-1 these environments. T1DDH values also decrease upon going from 

lithium sodium to potassium silicate solutions. This effect may arise 

from structural changes in the water as a result of the influence of 

the counter ions, which are fully hydrated in these solutions, and/or 

changes in the viscosity or pH of these solutions. The lithium, 

sodium and potassium ions are surrounded tetrahedrally by four water 

molecules in the first co-ordination sphere. However, for rubidium 

and caesium ions, the coordination may well be octahedral. (33) It is 

thought that the change in coordination upon going from potassium to 

caesium may lead to changes in the wa.y water molecules are structured 

around these ions, leading to changes in the Tl~DH values. 

f -1 Measurements o the T1DDH values also enable the calculation of 

the contribution to the rate of 29si longitudinal relaxation resulting 

from the dipolar interaction between the counter ions M+ and 29Si 

( -1 ) -1 T1DDM and spin rotation (T18R), 

( ) -1 -1 -1 -1 -1 -1 7·2 T1 ~ T1DDH + T1DDM + T1SR = T1DDH + T1other 

If it is assumed that T1§R ~ 0 and therefore that values of 

Tl~tlier are-determined-principally-by an intramolecular dipola_;r 

interaction between 29Si and the counter ion, one might expect Tl~ther 
values to be roughly proportional to R,(34) where 

(7.3) R = ~[n7~S(S+1)] 
In this equation n is the fractional abundance of an isotope of 

spinS for a given M+ counter ion. Values of Rx10-15 for Li+, Na+, K+, 

Rb+ and Cs+ are 37.5, 18.8, 0.6, 12.0 and 19.6 respectively. Since 

there is some evidence to suggest that the equilibrium constant for 

the process 

SiOM ;:::= SiO- +M+ 

changes very little for Na+, K+ and Rb+ silicate ion pairs. (30 ,35) one 

might expect r1 ;~her values to increase as R increases. Plots of 
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T -l values against R (Figure 7.4) appear to indicate that as R lather 
increases, there is an increase in rate of 29Si longitudinal 

relaxation. 

7.3.2 23Na NMR STUDIES OF A COLLOIDAL SILICA 

Efforts to investigate the nature of colloidal silicas 

stabilised by the addition of sodium hydroxide using 29si NUR 

solution-state techniques have proved unsuccessful, owing to the low 

mobility of the colloidal particles. However, the nature of the 

interaction between the sodium ions and the silica surface may be 

examined using 23Na NMR spectroscopy. 

One may assume that in colloidal silicas, the sodium ions are 

either in the bulk aqueous phase (state A) or bound to the surface of 

the colloidal particles by Si-0-Na bonds (state B). 

For an integral half spin quadrupolar nucl~ it has been shown 

that the time dependence of the magnetisation cannot generally be 

described by a single exponential time constant for the longitudinal 

or transverse magnetisation if relaxation is dominated by quadrupolar 

interactions. For rapid two site exchange, the time behaviour of the 

transverse magnetisat-ion in- a coordinate system rotating __ at the 

resonance frequency is given as (36) 

where 

(7.4) M(t) = M(o) [0.6 exp(-b1t) + 0.4 exp(-b2t)] 

(7.5) b1 = PARA+PB 

12,fast 

(7.6) b2 = PARA+PB 

12,slow 
In these equations PA and P8 are the probabilities of finding the 

nucleus in the free or bound states respectively. RA is the 

relaxation time of the sodium nucleus in the bulk aqueous phase. The 
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two relaxation times T2,fast and T2,slow arise from the interaction of 

the sodium nucleus with the surface of the silica. The distortion of 

the electron distribution round the sodium nucleus causes quadrupolar 

interactions 1 a.o(:-\ the e\eclr lC ~~l.c:l Jrct.d~en\:s c\o no l JlvGtucJe_ 
more r"'p'diJ ~ho.l"\ (:~ LN'mor fre1uef\C ~.-\ -D As a consequence a 

0 f -1 -1 two component T2 is observed, where the values o T2fast and T2slow 

are given as follows, 
-1 2 2 - 2 2 

(7.7) T2fast = Rfast = ! X rc[l+l/(l+w rc)] 
5 -

-1 2 2 2 2 2 2 
T2slow = Rslow = ! X rc[1/(1+4w rc) + 1/(l+w rc)] 

5 
(7.7) 

where x is the quadrupolar coupling constant and rc is the correlation 

time for. the bound sodium ion, w is the resonance frequency (w = 
415.75 x 106 rads- 1). From these equations it may be seen that if 

wrc<<l (the extreme narrowing condition), then Rfast = Rslow' and the 

time dependence of the transverse magnetisation may be described in 

terms of a single exponential time constant. However, if wrc is not 

too small, then the time dependence of the transverse magnetisation 

is described in terms of two time constants. Under these conditions, 

the high-resol_u_t_ion 23Na. NMR spectrum _is the __ superposition oftwo 

Lorentzian signals, each with the same resonance frequency, but with 

linewidths corresponding to the two relaxation rates b1and b2. 

Provided PARA is known, then 

( 2 2)-1 (7.9) Rfast = b1-PARA = 1+ l+w rc 
--~~~~--~~~~ 

Rslow b2-PARA (1+w2r~)-1+(1+4w2r~)-1 

Since the ratio RfastiRslow is a function of wrc, from equation 7.9, 

the correlation time for the bound sodium ion (rc) can be determined. 

Once this has been done, equations 7.5, 7.6, 7.7 and 7.8 may be used 

to calculate the quadrupolar coupling constant. 

The 23Na solution-state NMR spectrum of Ludox HS-30 
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monodisperse colloidal silica (30%(~) = Si02, 0. 58%(W/w)Na20) is shovn 

in Figure 7.5a. The signal observed is the superposition of two 

Lorent-zian line shapes, that appear to have the same resonance 

frequency. From fitting the observed spectrum to two Lorentzians 

lineshapes, using the fitting routine LINESIM, (38) values of b1 and 

b2 may be calculated as 5884 s- 1 and 650 s- 1 respectively (see Figure 

7.5b). There are no small oligomers present which can be detected 

using NMR. Values of wrc may be determined from the following 

quadratic equation 

(7.10) 4x2 
+ (9-58)x + 2(1-8) = 0 

2 2 where x =w rc and 8 = b1-PARA 

b2-PARA 

The rate of relaxation for the free sodium ion in the bulk 

aqueous phase was determined by measuring the 23Na longitudinal 

relaxation time for a solution of sodium hydroxide of the same 

concentration as Ludox HS-30. Therefore, RA = 17.06 s- 1 

Unfortunately, however, the fraction of the sodium ions that are bound 

to the surface of the colloidal particles (P8) is unknown. However, 

values of PA and P8 may be estimated by the following arguments. 

Yates(l) d-edvea)form-ula wh:lc:h relates th-e fraction of -ionized 

silanol groups (a), the sodium ion concentration and the pH of a 

colloidal silica via equation 7.11 

(7.11) pH= pK-nlog10 (1-a)-0.74log10 (2C/Rm) 
a 

where pK = 12.08, n = 3.47, Rm = [Si02]/[Na20] and C is the 

concentration of silica in solution. The fraction of surface ionized 

silanol groups is given as(1) 

(7.12) a= 2430 
~ 

. 2 -1 where A is the specific surface area 1n m g From equations 7.11 
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FIGURE 7.5a 

23Na SINGLE PULSE PROTON DECOUPLED SPECTRUM OF LUDOX HS-30 COLLOIDAL 
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FIGURE 7.5b 
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and 7.12, the pH of the colloidal silica may be calculated as 9.8, 

this value is in agreement with that quoted by the manufacturers 

(Table 7.2). This result, therefore, suggests that the fraction of 

ionized silanol groups a = 0.207. 

Given that the average formula of a silica particle may be 

expressed in terms of its average degree of connectivity (Q) as 

(7.13) H(4-Q)nSin0(4-Q)n 
2 

Then, assuming all particles to be spherical, composed of fully 
-3 surfa-ce 

condensed silica (density = 2.2 g em ) and that all the~silicon sites 

are Q3 units, then the total number of silanol groups in 1 kg of 

solution may be estimated via equatioJ~!s 0.725 moles SiOH kg- 1(37) 

(7.14) moles SiOII kg- 1 
= %Si02("J/w) x 10 x (ns/!!r) 

96.114-9.0075 [4-:~] 

where n8 = (pAC)-(pAC)+i£AQ13 

nT 3 27 

C = 0. 313 nm, (37) is the average separation bet,.;een silicon atoms of 

adjacent silicon-oxygen tetrahedra. Similarly, the number of moles 

Na+ kg- 1 of the colloidal silica may be calculated as 0.187 moles 
- - -- - - ------ ---

kg-1. However, there are only 0.150 moles of ionized silanol groups 

kg- 1. Assuming that for each ionized silanol group there is a SiO-Na+ 

bond, then values of PA and PB may be estimated as 0.2 an-d 0.8 

respectively. On the basis of these arguments the correlation time 

for the bound sodium ion is calculated as ca rc = 30 ns, and the 

quadrupolar coupling constant x as ca 340 KHz. 

7.4 CONCLUSIONS 

The results outlined in this chapter are consistent with the 

hypothesis that the principal mechanism of 29Si longitudinal 

relaxation in aqueous alkaline silicate solutions is the dipole-dipole 

interaction involving the counter ion M+ through an intramolecular 
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process owing to the formation of a silicate anion-M+ ion pair which 

is long-lived on the NMR timescale. Furthermore, although 29Si NMR 

techniques provide little information about the nature of colloidal 

silica solutions, the arguments suggest that information concerning 

the interaction between sodium ions and silica surfaces may be 

obtained using 23Na NMR techniques. 
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8.0 CHAPTER EIGHT 

8.1 CONCLUSIONS AND SUGGESTIONS FOR FUTURE INVESTIGATIONS 

In this thesis a number of 29Si solid-state NMR techniques have 

been demonstrated to yield information concerning the structure, and 

properties of a number of crystalline and amorphous silicon-containing 

materials. Many of the experiments reported in Chapters Five and Six 

have relied upon the 29Si- 1H cross-polarisation technique. In 

Chapters Two and Four the theoretical and experimental aspects of the 

cross-polarisation experiment have been discussed. Two compounds have 

been investigated as potential replacements for Q~M8 for setting the 

Hartmann-Hahn matching condition. The results of these investigations 

reveal that the sodium salt of trimethylsilyl-1- propanesulphonic acid 

exhibits a similar sensitivity as Q~M8 to the matching condition and 

cross-polarisation efficiency. The use of this compound for setting 

np the cross-polarisation experiment also offers the advantage that it 

is cheaper and more readily obtained than Q~M8 . 

In Chapter Five, attention has been focused upon the use of 

slow-spinning 29Si NMR techniques to measure the principal components 

of the 29Si shielding tensors, for a variety of silicate minerals and 

organosilicon compounds. The theoretical aspects of the calculation 

of these parameters are discussed, together with the advantages to be 

gained by performing these measurements. Measurements of. 29si 

shielding tensors are demonstrated to be a valuable tool for 

investigating the structure of crystalline silicon-containing 

materials. The results reported are generally consistent with the 

published crystal structures, where these are known. In situations 

where the crystal structures are unknown, the results yield valuable 

information concerning the local symmetry at silicon sites within the 

compound. Following work of Grimmer, measurements of the principal 

components of 29Si shielding tensors, and Si-C and Si-H scalar 
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coupling constants, provide further evidence that the sh6e.lding along 

a given silicon-ligand bond axis depends upon the fractional 

s-character of the hybrid orbitals involved, relative to those of the 

remaining bonds in some o_r the organosilicon compounds studied here. 

It would be interesting to extend these studies to other organosilicon 

compounds of the type R3SiX, in order to examine the relationship 

between the sign and magnetude of the anisotropy of the shielding 

tensor, ligand electronegativities and the net charge on the silicon 

atom, in order to gain a greater understanding of the factors which 

. fl 21s. . . h . 1 h. f In uence I Isotropic c emica s I ts. 

In Chapter Six, 29si ~ut techniques have been shown to yield 

information concerning the bu]k and surface structural properties of 

silica xerogels. The results obtained from these studies are 

consistent with a corpuscular model for the xerogel structure. 

However, the surface structure of xerogels cannot be accounted for In 

terms of structural models analogous to crystalline silica phases. 

The quality of the data reported did not warrant the development of 

more sophisticated structural models. However, with more accurate 

surface area and porosity measurements, it may be possible to 

construct-sophistTC.ited models that take into acco~nt coordination 

numbers, and the distribution of particle sizes. Unfor~tunately, it 

was not possible to gain reliable quantitative information concerning 

the structure of silica hydrogels, since during the course of 29si 

MAS NMR experiments water was "spun out", and changes in the hydrogel 

structure occurred. 

The principal mechanism for 29Si longitudinal relaxation in these 

systems is shown to be the 29Si- 1H dipolar interaction, and T1(29Si) 

and T1(1H) values are very sensitive to the degree of hydration. The 

hydration and dehydration of silica xerogels has also been 

investigated using a suite of 1H CRAMPS techniques, to provide 
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information concerning the existence of various proton environments 

upon the silica xerogel surfaces, and spin exchange dynamics. 

Unfortunately, 01.ring to limitations of the pulse programmer, it was 

not possible to perform any 2D- 1H CRAMPS experiments, which would have 

provided further information concerning spin exchange. In addition, 

it would be very interesting to perform a number of 2D heteronuclear 

(29Si- 1H) chemical shift correlation experiments upon samples of a 

silica xerogel with differing degrees of hydration, in order to 

investigate the process of rehydration or dehydration more fully. 

Chapter Six ends by demo~trating how 29Si single-pulse and CP ~lAS NMR 

techniqes may be employed to investigate the structural changes that 

occur when silica xerogels are prepared, or treated in different ways. 

Finally, in Chapter Seven, measurements of 29Si longitudinal 

relaxation times for a variety of anionic species present in aqueous 

alkaline silicate solutions provide evidence consistent with the 

hypothesis that, in these systemms, the principal mechanism for 

longitudinal relaxation is a dipole-dipole interaction. This involves 

the counter ion M+, through an intra-molecular process resulting from 

the formation of a silicate-anion-M+ ion pair which is long-lived on 
- - -------.- - - - - . - --- -

the NMR. timescale. Furthermore, although29Si NMR techniques provided 

little information concerning the nature of colloidal silicas, it is 

suggested that, 23Na NMR techniques may give data concern'ing the 

interaction of sodium ions with the silica surface. 

In summary, in this thesis various NMR techniques have been 

demonstrated which yield structrual information complementary to that 

obtained using other physical and chemical techniques. In certain 

silicon-containing systems where structural information is difficult 

or impossible to obtain using other techniques NMR is a powerful tool 

which may be used to gain a new insight into the structural properties 

of these materials. 
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Dr. J.H. Clark fUniversity of York) 
Novel Fluoride on Reagents 

Dr. S.G. Davies, (University of Oxford) 
Chirality Control and Molecular Recognition 

24.11.85* Dr. J. Dewing (U.M.I.S.T.) 

7.11.85 

13.2.86 

27.2.86* 

5.3.86 

6.3.86 

21.11.85 

14.5.86 

23 .1.86* 

17.10.85 

20 .11. 85 

5 .11. 85 

Zeolites - Small Holes, Big Opportunities 

Prof. G. Ertl (University of Munich 
Hetergeneous Catalysis 

Prof. R. Grigg (Queens University, Belfast) 
Thermal Generation of 1,3-Dipoles 

Prof. R.K. Harris (University of Durham) 
The Magic of Solid State NMR 

Dr. D. -Hathaway (University of Durham) 
Herbicide Selectivity 

Dr. B. Iddon (University of Salford) 
The Magic of Chemistry 

Prof. K.H. Jack (University of Newcastle) 
Chemistry of Si-Al-0-N Engineering Ceramics 

Dr. P.P.R. Langridge-Smith (University of Edinburgh) 
Naked Metal Clusters - Synthesis, Characterisation and 
Chemistry 

Prof. Sir J. Lewis (University of Cambridge) 
Some more Recent Aspects in the Cluster Chemistry of 
Ruthenium and Osmium Carbonyls 

Dr. C.J. Ludman (University of Durham) 
Some Thermochemical Aspects of Explosions 

Dr. J.A.H. McBride (Sunderland Polytechnic) 
A Heterocyclic Tour on a Distorted Tricycle - Biphenylene 

Prof. M.J. ODonnell (Indiana-Purdue University) 



13.9.85 

30.1.86 

19.2.86 

9.6.86 

5.3.86 

15 .1.86* 

12.2.86 

26.2.86* 

Dr. V.S. Parmar (University of Delhi) 
Enzyme Assisted ERC Synthesis 
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Dr. N.J. Phil~s (UniversDty fo Technology, Loughborough) 
Laser Holography 

Prof. G. Procter (University of Salford) 
Approaches to the Synthesis of some Natural Products 

Prof. R. Schmutzler (University of Braunschweig) 
Mixed Valence Diphosphorous Compounds 

Dr. M. Schroeder (University of Edinburgh) 
Studies on Macrocycle Complexes 

Prof. N. Sheppard (University of East Anglia) 
Vibrational and Spectroscopic Determinations of the 
Structures of Molecules Chemisorbed on Metal Surfaces 

Prof. O.S. Tee (Concordia University, Montreal) 
Bromination of Phenols 

Miss C. Till (University of Durham) 
ESCA and Optical Emission Studies of the Plasma 
Polymerisation of Perfluoroaromatics 

31.10.85* Dr. P. Timms (University of Bristol) 
Some Chemistry of Fireworks 

28.11.85 Prof. D.J.Wandington (University of York) 
Resources for the Chemistry Teacher 

30.10.85* Dr. S.N. Whittleton (University of Durham) 
An investigation of a Reaction Window 

23.6.86 

12.2.86 

Prof. R.E. Wilde (Texas Technical University) 
Molecular_ Dynamic Processe~ _from Vibrational Ban<;l.shapes 

Dr. J. Yarwood (~iversity of Durham) 
The Structvr~ ot Water in Liquid Crystals 
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(B) 

UNIVERSITY OF DURHAM 

Board of Studies in Chemistry 

COLLOQUIA, LECTURES AND SEMINARS GIVEN BY INVITED SPEAKERS 
1st AUGUST 1986 TO 31st JULY 1987 

13.11.86* Prof. Sir G. Allen (Unilever Research) 
Biothechnology and the Future of the Chemical Industry 

6.5.87 

27.5.87 

9.5.87 

Dr. R. Bartsch (University of Sussex) 
Low Co-ordinated Phosphorus Compounds 

Dr. M. Blackburn (University of Sheffield) 
Phosphonates as Analogues of Biological Phosphate 

Prof. F.G. B~dwell (NortheasternUniversity, U.S.A.) 
Carbon Anions, Radicals, Radical Anions and Radical Cations 

26.11.86* Dr. N.D.S. Canning (University of Durham) 
Surface Adsorption Studies of Relevance to Heterogeneous 
Ammonia Synthesis 

11.5. 87 

28.1.87 

5 .11. 86 

8.12.86 

12.5.87 

Dr. R.D. Cannon (University of East Anglia) 
Electron Transfer in Polynuclear Complexes 

Dr. W. Clegg (University of Newcastle-upon-Tyne) 
Carboxylate Complexes of Zinc; Charting a Structural Jungle 

II 

Prof. D. Dopp (University of Duisberg) 
Cyclo-additions and Cyclo-reversions Involving Captodative 
Alkenes 

Prof. T. Dorfmuller (University of Bielefeld) 
Rotational Dynamics in Liquids and Polymers 

Dr. E.M.Goodger (Cranfield Institute of Technology) 
Alternative Fuels for Transport 

16.10.86* Prof. N.N. Greenwood (University of Leeds) 
Glorous Gaffes in Chemistry 

7.5.87 

5.2.87 

17.3.87 

15.3.87 

19.2.87 

Dr. M. Harmer (I.C.I. Chemicals and Polymer Group) 
The Role of Organometallics in Advanced Materials 

Dr. P. Hubbersley (University of Nottingham) 
Demonstration Lecture on Various Aspects of Alkali Metal 
Chemistry 

Prof. R.F. Hudson (University of Kent) 
Aspects of Organophosphorus Chemistry 

Prof. R.F. Hudson (University of Kent) 
Homolytic Rearrangements of Free Radical Stability 

Dr. M. Jarman (Institute of Cancer Research) 
The Design of Anti Cancer Drugs 



26.5.87 Dr. C. Krespan (E.I. Dupont de Nemours) 
Nickel(O) and Iron(O) as Ragents in Organofluorine 
Chemistry 
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23.11.86* Prof. H.W. Kroto (University of Sussex) 
Chemistry in Stars, Between Stars and in the Laboratory 

5.3.87* 

3.12.86 

20.11.86 

4.3.87* 

22 .1. 87 

11.5.87 

24.5.87 

12.2.87* 

6.11.86 

11.2.87 

2.2.87 

Prof. S.V. Ley (Imperial College) 
Fact and Fantasy in Organic Synthesis 

Dr. J. Miller (Dupont Central Research, U.S.A.) 
Molecular Ferromagnets; Chemistry and Physical Properties 

Dr. A. Milne and Mr. S. Christie (International Paints) 
Chemical Serendipity - A Real Life Case Study 

Dr. R. Newman (University of Oxford) 
Change and Decay: A Carbon-13 CP/MAS Study of Humification 
and Coalification Processes 

Prof. R.H. Ottewill (University of Bristol) 
Colloid Science a Challenging Subject 

Prof. S. Pasynkiewicz (Technical University, Warsaw) 
Thermal Decomposition of Methyl Copper and its Reactions 
with Trialkkylaluminium 

Prof. S.M. Roberts (University of Exeter) 
Synthesis of Novel Antiviral Agents 

Dr. P. J. Rodgers (I.C.l. Billingham) 
Industrial Polymers from Bacteria 

Dr. RJI. Scrowston (University of Hull) 
From Myth and Magic to Modern Medicine 

Dr. T_. Shepherd (University of Durham) 
Pteridine Natural Products; Synthesis and Use in 
Chemotherapy 

Prof. A. Thompson (University of East Anglia) 
Metalloproteins and Magnetooptics 

27.11.86* Prof. R.L. Williams (Metropolitan Police Forensic Science) 
Science and Crime 

29.10.86 Prof. E.H. Wong (University Of New Hampshire, U.S.A.) 
Coordination Chemistry of P-0-P Ligands 

17.2.87* Prof. E.H. Wong (University Of New Hampshire, U.S.A.) 
Symmetrical Shapes from Molecules to Art and Nature 



(C) 

UNIVERSITY OF DURHAM 

Board of Studies in Chemistry 

COLLO~UIA, LECTURES AND SEMINARS GIVEN BY INVITED SPEAKERS 
1st AUGUST 1987 TO 31st JULY 1988 

25.4. 88 Prof. D. Birchall (I. C. I. Advanced Materials) 
Environmental Chemistry of Aluminium 
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18.2.88 Dr. K. Borer (University of Durham Industrial Research 
Labs.) 
The Brighton Bomb - A Forensic Science View 

16.3.88 L. Bossons (Durham Chemistry Teacher's Centre) 
GCSE Practical Assesment 

5.11.87 Dr. A.R. Butler (University of St. Andrews) 
Chinese Alchemy 

28.1.88* Dr. A. Cairns-Smith (Glasgm~ University) 
Clay Minerals and the Origin of Life 

11.87 Dr. J. Davidson (Herriot-Watt University) 
Metal Promoted Oligomerisation Reactions of Alkynes 

19.4.88* Graduate Chemists (Northeast Polytechnics and Universities) 
R.S.C. Graduate Symposium 

3.3.88 Prof. W.A.G. Graham (University of Alberta, Canada) 
Rhodium and Iridium Complexes in the Activa.l:r:on ·of 
Carbon-Hydrogen Bonds 

22.10.87 Prof. G.W. Gray (University of Belfast) 
Liquid Crystals and their Applications 

7.4.88 Prof. M.P. Hartshorn (University of Canterbury, New 
Zealand) . 
Aspects of Ipso-Nitration 

3.11.87 Dr. J. Howard (I.C.I. Wilton) 
Chemistry of Non-Equilibrium Processes 

29.7.88 Dr. M.E. Jones (Durham Chemistry Teacher's Centre) 
GCSE Chemistry Post-mortem 

6.7.88 Prof. H.F. Koch (Ithaca College, U.S.A.) 
Does the E2 Mechanism Occur in Solution? 

7.3.88 Mr. Lacey (Durham Chemistry Teacher's Centre) 
Double Award Science 

10.12.87 Dr. C.J. Ludman (University of Durham) 
Explosives 

11.5.88 Dr. W.A. McDonald (I.C.I. Wilton) 



8.6.88 

4.11.97 

18.5.88 

29.6.88* 

21.1. 88* 

28.4.88* 

27.4.88 

13.4.88 

27.4.88 

29.11.87 

19.11.87 

11.5 .88* 

16.12.87 

11.2.88 

25.2.88 

26.11.87 

15.10.87 
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Liquid Crystal Polymers 

Prof. J.-P. Majoral (Universite Paul Sabatier) 
Stabilisation by Complexation of Short-lived Phosphorus 
Species 

Mrs. Mapletoft ((Durham Chemistry Teacher's Centre) 
Salter's Chemistry 

Prof. C.A. Nieto de Castro (University of Lisbon and 
Imperial College) 
Transport Problems of Non-Polar Fluids 

Prof. G.A. Olah (University of Southern California) 
New Aspects of Hydrocarbon Chemistry 

Dr. F. Palmer (University of Nottin~ham) 
Luminescence (Demonstration Lecture) 

Prof. A. Pines (University of California, Berkley, U.S.A) 
Some Magnetic Moments 

Dr. R. Richadson (University of Bristol) 
X-Ray Diffraction from Spread Monolayers 

Mrs. E. Roberts (SASTRO Officer for Sunderland) 
Talk- Durham Chemistry Teacher's Centre - "Links Between 
Industry and Schools 

Dr. J.A. Robinson (University of Southampton) 
Aspects of Antibiotic Biosynthesis 

Mrs. van Rose (Geological Museaum) 
Chemistry of Volcanoes 

Prof. P.G. Seebach (E.T.H. Zurich) 
From Synthetic Methods to Mechanistic Insight 

Dr.- J. Sodeau (University oJ East -Anglia) 
Durham Chemistry Teacher's Centre Lecture: "Spray Cans, 
Smog and Society" 

Mr. R.M. Swart (I.C.I.) . 
The Interaction of Chemicals with Lipid Bilayers 

Prof. J.J. Turner (University of Nottingham) 
Catching Organometallic Intermediates 

Prof. A. Underhill (University of Bangor) 
Molecular Electronics 

Dr. D.H. Williams (University of Cambridge) 
Molecular Recognition 

Dr. M.J. Winter (University of Sheffield) 
Pyrotechnics (Demonstration Lecture) 



(D) 

RESEARCH CONFERENCES ATTENDED 

(* INDICATES POSTER PRESENTATION + INDICATES LECTURE) 

1. NMR Discussion Group 
Royal Society of Chemistry 
London 1985 

2. British Radiofrequency Society General Meeting 
Oxford 1986 

3. * "NMR Studies of Silica Gels" R.K. Harris, T. N. Pritchard 
NMR Conference. Royal Society of Chemistry 
London 1987 

4. "Borates, Phosphates and Silicates", The Cinderella Anions 
Royal Society of Chemistry 
London 1988 
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5.+ "29si and 1H NMR Studies of Silica Xerogels", T.N. Pritchard 
NMR Discussion Group 
Manchester 1988 

6.+ 1129si and 1H NMR Studies of Silica Xerogels", T.N. Pritchard 
Graduate Symposium 
Durham 1988 

(E) FIRST YEAR INDUCTION COURSE OCOTOBfR 1985 

The course consists of a series of one hour lectures on the 
services available in the Department. 

(1) Departmental Organisation 

(2) Safety Matters 

(3) Electrical appliances and infra red spectroscopy 

(4) Chromatography and microanalysis 

(5) Atomic adsorptiometry and inorganic analysis 

(6) Library Facilities 

(7) Mass Spectroscopy 

(8) Nuclear Magnetic Resonance Spectroscopy 

(9) Glass blowing techniques 




