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APPLICATIONS OF HIGH RESOLUTION NMR TO GEOCHEMISTRY:

CRYSTALLINE, GLASS, AND MOLTEN SILICATES
ERIKA SCHNEIDER

ABSTRACT

In the last fifteen years, Nuclear Magnetic Resonance (NMR)
techniques have been developed which allow investigation of the
properties of polycrystalline solids, amorphous materials, and sen-
sitive biological samples in addition to expanding the capabilities
of tiquid state spectroscopy. This thesis describes some recent
applications of solid state and high temperature NMR spectroscopy
to the investigation of molecular structure and dynamics of molten,
glass, and crystalline aluminosilicates.

The nuclear spin interactions and the associated quantum mech-
anical dynamics which are present in solid state NMR are introduced.
A brief overview of aluminosilicate structure is presented and crys-
talline structure is then reviewed, with emphasis on the contributions
made by 29Si NMR spectroscopy. The local structure of glass alumino-
silicates as observed by NMR, is presented with analysis of the infor-
mation content of 29S| spectra.

A high temperature (to 1300°C) NMR spectroscopic investigation
of the local environment and dynamics of molecular motion in molten
aluminosilicates is described. A comparison is made of silicate
liquid, glass, and crystalline locat structure. The atomic and

molecular motions present in a melt are investigated through relax-
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ation time (Ty and Ty) measurements as a function of composition
and temperature for 23Na and 29Si,

in Appendix A, magic angle spinning is reviewed, with emphasis
on the interpretation of spinning sidebands. Appendix B contains
computer simulations which are capable of predicting the effects
of multiple pulse sequences in solid systems. The effect of several
composite pulse sequences which compensate for magnetic dipole-dipole
and electric quadrupole couplings in solids are shown by comparison
of theoretical predictions and experimental results. The novel high

temperature, high resolution NMR apparatus is described in Appendix C.
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In the past fifteen years Nuclear Magnetic Resonance (NMR)
spectroscopy has evolved into a powerful technique capable of probing
the magnetic and electronic interactions present in a wide variety of
materials. In this thesis, the capabilities of NMR have been utilized
to explore the high temperature properties of molten aluminosilicates
and the local structure in glass and crystalline minerals,

The chemical and physical interactions of aluminosilicates are
of interest in many industries, as well as in the geochemistry commun-
ity. Ceramics, glass products, insulation, and catalysts are a few
products encountered in daily life which are composed of silicate
materials, For the geologist, however, silicates are the building
materials of the earth., The interactions and physical properties of
aluminosiiicate minerals are Iinvestigated to better understand the
formation, weathering and subsequent decomposition of the planetary
crust. Furthermore, because mineral structure is strongly dependent
upon the therma! history of the material as well as minor variations
in the chemical composition, detailed studies of these minerals can
be used to understand magmatic processes.

NMR is one of the most powerful techniques available for the
investigation of materials which lack long range order. Polymers,
glasses, resins, surface immobilized species, and liquid crystals are
some of the materials which do not have crystalline order and cannot
be investigated using diffraction techniques. Crystalliine alumino-
silicates can undergo high temperature and/or high pressure phase
transitions which cause the reorientation of a material which has

fong range order to become a highly twinned crystal with multiple
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defect sites. These phase transitions can cause some crystalline
materials fo have regularly spaced regions of short range order,
and from an x-ray pattern, the material! will appear to be disordered.
NMR, however, can identify the different regions with local ordering
and can provide quantitative information about defect sites.

295§ MAS NMR spectroscopy has proven invaluable in the determin-
ation of silicon-aluminum local ordering. X-ray diffraction techni-
ques have difficulty, even in single crystals, distinguishing alum-
inum atoms from silicon atoms because their atomic radii are almost
identical and they can occupy the same structural positions. The
only differentiating feature is that trivalent aluminum atoms have
slightly shorter Al-0O bond lengths than tetravalent silicon-oxygen
bond lengths. The difference in Al-0 distance is not possible to
distinguish in many important geologic crystal structures because
complex rotations, displacements, and +twinnings occur relatively
easily at the high temperature formation conditions. The sensitivity
of 29Si NMR to irregularities in crystalline silicate structure is
presented in Chapter |V,

Properties of aluminosilicate glasses have been investigated by
geochemists in an attempt to understand more about these materials
in the high temperature molten states (in magmas, for example)., A
glass is presumed to be the quenched equivalent of a melt. That is,
the structure of the melts at the glass transition temperature is
retained in the glass state, except that the molecular motions are no
longer present. However, the validity of this presumption has never

been directly tested. Thermodynamically, a melt is substantially



different from the glass because of the dynamics present in the
molten state. No technique, other than NMR, is capable of probing
the electronic structure of all three phases: crystalline, glass,
and molten state. In Chapter V, the local ordering and the effect
of the network modifying cations on glass structure is presented. In
Chapter VI, results from a high temperature (to 1300°C), high reso-
lution NMR experiment on several aluminosilicate composition melts
are compared to the structure found in the glass and crystalline
states.

The dynamics present in molten aluminosilicates may also be
Investigated by NMR, Two types of techniques are available to detect
and characterize molecular motions. One class of techniques, in-
cluding NMR as well as neutron scattering and dielectric measurements
(of molecules with a permanent dipole moment), is able to directly
detect motions of molecules. Other techniques, such as x-ray dif-
fraction and heat capacity measurements, are not sensitive to the
motion, but instead measure the disorder introduced by molecular
motions.4 Thus, static and dynamic disorders cannot be distinguished
using the second type of technique. The two types of experiments
are complementary, together they are capable of characterizing the
molecular motions present in most materials. Chapter VI compares
the meit dynamics as investigated by NMR, to the macroscopic proper-

ties of the molten state.
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CHAPTER (1

SPIN INTERACTIONS



I1.1. Nuclear Spin Interaction Hamiltonians

Nuclear Magnetic Resonance (NMR) spectroscopy investigates the
electronic and magnetic interactions of nuclear spin systems, Th;
underlying power of NMR spectroscopy stems from the fact that over
= 90% of the known nuclei possess nonzero nuclear magnetic moments
which allow for interaction with magnetic fields. The magnetic moment

n is proportional to the nuclear spin angular momentum vector |
p=y K1 1

where y is the gyromagnetic ratio. The value of y is characteristic

for each nucleus.

1l.1.i. Zeeman Interaction

Application of a magnetic field H, produces an interaction energy
for nuclei with nonzero spin angular momentum. The laboratory ref-

erence frame Hamiltonian which governs this situation is

Hlap =~ n" Koo | (2)

In the presence of a magnetic field, the spins precess about the
direéfion of Hye In a large static magnetic field, the spin inter-
actions (the wavefunctions) are time dependent. However, the Hamil-
tonian remains time independent in the Schroedinger representation.

In addition to interactions with the static external magnetic
field, interactions of the spin with other spins may also be present
within the system. Examples of these infe?nal spin interactions,

Hint, include coupling of the spin magnetic moment to the electrons



orbiting the nucleus (chemical shielding), coupling of one magnetic
moment to another (magnetic dipole-dipole and scalar coupling), and
interaction of the nuclear quadrupole moment with the electric field
gradient present at the nuclear site. All the ¥ ;,4+ interactions
contribute to the appearance of the NMR spectrum., The relative
strengths of the internal interactions are located in Table 1 and
compared to the Zeeman interaction strength.

In a solid sample, some of the internal spin interactions are
anisotropic functions of orientation in the external magnetic field.
For liquid or solution samples, the anisotropies of ¥j,+ are averaged
by random molecular tumbling which occurs on a much faster timescale
(< 10 nsec) than observable by NMR, In solid or oriented systems,
Isotropic motion usually does not occur, hence the spin interactions
cause The spectral features to be dependent upon orientation of the
external magnetic field with respect to molecular or crystal axes.

If |Ho| >> |¥ jn+]| (the high field approximation), then the
Zeeman Hamiltonian dominates the spectral appearance and in angular

frequency terms, is given by1'2'6

Hy= =y Hol==yH l,==u |, (3)

We is the precession (or Larmour) frequency and is approximately
180 MHz and 362 MHz for protons (l1H) in the 42 kG and 85 kG, respec-
tively, superconducting magnets which presently inhabit the Pines
laboratory,

The eigenvalues for the Zeeman Hamiltonian are the eigenvalues

of |,, hence the (21 + 1) allowed Zeeman energy levels are



Table 1:

Relative Strengths of X

Interaction

Zeeman

Chemical Shift Anisotropy

Dipolar Coupling

Scalar Coupling

Quadrupolar Coupling

Strength (Hz)

106 - 10°
0 - 10°
0 - 10°
0 - 104

0 - 107
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E:—Y”Hom (4)

where m = 1, I-1, ..., -l. The Zeeman elgenstates are equally spaced

In energy, differing by
AE= vy hHy=NHaw, . (5

w, Is the nuclear Larmour frequency. The magnetic spin energy level
splitting by a large external magnetic field Is the strongest Inter-

action which will be encountered in this theslis,

11.1.11., Radlofrequency Pulse Interactions

To observe the transitions between energy elgenstates, Fourler
transform (FT) NMR technlques requlire appllication of an osclllating
radiofrequency (rf) fleld orthogonal to the static flield Hy. The
time dependent rf field H (1) Is applied In square pulses of amplitude
(Rabl frequency) wy and phase ¢. Setting W = 1, and allowing the rf
pulses to be given along the x axls, the representation of the labor-

atory frame Zeeman, rf and Internal Interaction Hamiitonlian ¥ ; Is
JCLab=-mo|z+2w<|IXCOS(mT+¢)+JC]n1-. (6)

The Hy,+ term contains all of the other Interactions which are

present In the nuclear splin system,

Il.1.111. Rotatlng Reference Frame Transformation

In general, the Interactions of Interest In NMR spectroscopy are
those which perturb the well characterized Zeeman energy leveis. To

emphasize Hj,+, @ transformation Is made to a reference frame which
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rotates at the Larmour frequency about the direction of the appilied
field Hye The transformation to the rotating reference frame par-
tially removes the interaction with the static external field as
well as causes the oscillatory time dependence of the applied rf
tield to vanish.2 The transformation to the rotating reference frame

(interaction representation) is given by

- _ -1
HRF = XRotating Frame = U(1) |4 UCH) 7

where the transformation U(t) = exp (=i gy I, t).

Hrp = exp(=i w 1z 1) [=w, Iz = wy Ixcostuw t + ¢)

+3Hjnt!l exp(+i o 1, 1) (8)

HrF = (0 = wy) by + 2 wi(1) [y cos @t + 'Y sin t)

. "1
cos(w T+ ¢) + UH) ;4 U (9)

where ¢ - Wy = Aw is the resonance frequency offset term. In the
rotating frame, both the rf interaction and U(t) ¥; 4 u(H)~! consist
of a sum of terms, some of which are constant and others oscillate
at muitiples of y. Since y is much larger than wq and |¥Hintl|, it is
a good approximation to retain only the nonoscillatory terms of ¥Hgf.
This truncation is known as the 'high field approximation' because
the time dependent, nonsecular terms of the Hamiltonian will not per-

turb the energy levels to first order and can be ignored. Then,"z’6
Hoe = Aw |, + {1 _cos + | _sin ] + % (0) (10)
RF w Tz 7wy Hix ¢ y ¢ int

- (0) (n
where Hint =Hint * Hint ’



"

int » 121 =0,

(1)
and 'M}nf , Izl # 0.

In NMR, spectrometers are configured such that measurements are
made in the rotating frame. For this reason, Hzp will henceforth be
refered to as ¥ and the nuclear spin interactions present in ¥int+

will be introduced in this interaction representation.

11.1.ive Chemical Shielding Hamiltonian

Electrons in a molecule partially shield a nucleus from the
effect of an applied external magnetic field. Local magnetic fields
Hiocal are induced by the electron orbital currents and reflect the
local electronic environment of the nucleus. Thus, the magnetic

field at the nucleus is the sum of two terms

Hhuctleus = Ho + Hiocal (11)

The variations in local magnetic field cause chemically or crystal-
lographically inequivalent nuclei to have different frequencies which
satisfy the resonance condition.

|f the nucleus is part of a molecule, the electrons are not
able to freely precess about H,, and Hjocal s not necessarily
parallel to Hy. The chemical shielding in nonmetallic solids is

represented by the anisotropic tensor §"6

g =-vYH, *S 1. (12)

{f the molecular motion present in liquids -ls isotropic and

¥ l'\

i
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occurs on a timescale much faster than NMR is able to detect (< 10
nsec), the screening tensor § is averaged to an isotropic, dimension-
less constant value S;,. With H, large (high field approximation)
and in the z direction, then the liquid state chemical shielding

Hamiltonian simplifies to

Hos = =Y Ho Szz 1z=-0zz 12 - a3
Incorporating the Zeeman interaction in the rotating frame

Ho = Hzecs = 1 1 = az7) 17, (14)

as fllustrated in Figure (1). Hence for positive values of
ozz,» the resonance is shifted to lower fields (lower frequencies).
A low field shift implies that the nucleus is effectively screened
from the constant applied magnetic field H, by the surrounding
electrons, If Iisotropic rearrangement in a sample is fast enough
to average the anisotropic part of ¢ tfo zero, then the isotropic
chemical shift g5, is equal to gjgo. In practice, measurements are
made relative to ggo for some standard compound rather than a bare
nucleus,

An NMR experiment measures the differences in chemical shielding
between nuclear electronic environments., |f the nucleus contains
several chemically or crystallographically different sites, j, the

liquid Hamittonian becomes,

In a sample containing two chemically distinct types of nuclei and in
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m, = -1/2 -

+1/2 ~<

XBL 857-10630

Figure 1: Energy level diagram for a spin 1/2 nucleus in a strong
static magnetic field. (A) The nuclear Zeeman energy
levels. (B) Perturbation of the Zeeman levels by the

chemical shielding term represented by Ag.

TS
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the absence of any interactions between them, two resonance |ines
will be observed. The relative peak areas are indicative of the
relative populations of the two sites, and the relative chemical

shift, in frequency wunits, between nuclei 1 and 2 fs given by

wy = w2 = 2n v Hypyclear = H2nuclear!

(oisol = giso02) 2n vy Ho

(oisol = giso2) wy » (16)

Hinuclear 8Nd Hopnucilear are the magnetic fields influencing nuclei 1
and 2, respectively. The resonance frequency values are proportional
to the strength of the constant magnetic field. Thus, all chemical
shift differences (if measured in Hertz) increase if Hy Is increased.
It is therefore usual (and useful) to report a field independent
chemical shift difference measurement in parts per miitlion (ppm).
Relative to a standard reference the chemical shift of nucleus 1 is

given by (the § notation)
§(PPM) = _wy = w g x 108, (17)

wref

In a solid, molecular motion is sliow and the magnetic shielding
Interaction is describable by a second rank tensor. The chemical
shift anisotropy (CSA) tensor is dependent upon the molecular orien-
tation with respect to the external magnetic fieid. From the CSA
tensor, the three dimensional shieldiﬁg of the nucleus by the sur-
rounding electrons can be determined. The eigenvalues of the aniso-

tropic chemical shift tensor ¢ (g1, 022, 033), define several

AFT



15

experimental ly measurable quantities. The isotropic chemical shift

Oijso» Shielding anisotropy Ag, and shielding asymmetry factor n are

defined
Oiso = 1/3 (o171 + 022 + 033) , | (18)
Ao = 633 - 1/2 (017 + 022) , and (19)
n = (022 = 011)/(033 = Gjg0) - (20)

In a powdered sample, all possible orientations of crystallites
are present and a resonance will be observed for each orientation of
a particular nucleus in the external field, resuiting in a broad peak.
The spectral appearance of a powdered sample depends upon the

shielding tensor principal axis elements, as illustrated in Figure 2,

fl.1.v. Magnetic Dipole-Dipole Hamiltonian

The truncated magnetic dipotar interaction Hamiltonian in the
rotating frame for homonuclear (I-1) nuclear spin pairs i and j in a

solid is given by!+2+6

= 2 -3 2
Jfl' —‘%25<J 'Yi l"i- (1 - 3cos

J 0i;)

1] (21)

T B'Zi|ZJ -1 Jd

where Fij is the infternuclear distance, and 8i] is the angle between
Lij and H, the static magnetic field. Equation (21) is not the full
dipolar Hamititonian, terms which contribute to absorption frequen-
cies near zero and 2y, have been omitted because they correspond to

second order perturbations of the Zeeman energy levels,

frF
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011=022=0;

Oiso
033

Figure 2:

XBL 857-2987

Orientation dependent interactions, such as the CSA tensor,
perturb the nuclear Zeeman energy levels and result in a
characteristic pattern of |ine broadening. The chemical
shift anisotropy patterns are affected by molecular

motions. A nonaxially symmetric (n > 0) CSA tensor (A)
can be averaged by pure rotations to give an axially

symmetric (n = 0) pattern (B).

R CERE

A
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Dipole-dipole interactions are strongly dependent upon inter-
nuclear distance, Fijo and are more important for nuclei in close
proximity to each other. The average distance between isotopically
dilute nuclei (e.g. natura! abundance 29Si and 13C) is large enough
such that the homonuclear dipolar coupling is unimportant. For het-
eronuclear dipolar interactions (between spins with different gyro-
magnetic ratios: Yi,7j), the coupling is often strong but can be
removed by multipulse 'decoupling! techniques. The truncated hetero-

nuclear (1-S) magnetic dipole-dipole interaction Hamiltonian is given

by1,2’6
Hyo = Sici Yy Yy P> (1= 3c0s2 9, ) 1. S . (22)
IS i<j Yi Yy Uij ij' 'zt %zj °

(Szj Is the projection of the j nuclear spin angular momentum vector
along the z axis.)

When molecular motions are present, the angle between the inter-
nucliear vector and the external field is averaged. If the motions
are rapid and isotropic, as in a liquid sample, both of the dipolar
interactions will be averaged to zero because tThe lIsotropic value

of the term containing the angular dependence is <cos
A scalar coupling, ¥, often arises from the indirect coupling

of a pair of nuclear spins i and j through the surrounding electrons.

Homo- and heteronuc!ear spins may be coupled in this manner. ¥ is

field independent and usually much smaller than the other interactions

present in Hj,+.

1P
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flelovi, Electric Quadrupole Coupling Hamiltonian

In a molecule, the charges of surrounding valence electrons and
other nuclei produce a large electric field gradient at each nucleus.
A nucleus with spin greater than 1/2 has a nonspherical nuclear
charge distribution, and as a consequence interacts with electric
field gradients, even in the absence of an external magnetic field.
In solids, the NMR spectra of quadrupolar nuclel are usually domin-
ated by the nuclear quadrupole interactions.

The interaction energy between the nuclear quadrupole moment of
spin | and the local electric field gradient can be described by the

quadrupole Hamil?onian]

H =1 e L. (23)

Q(t) is a tensor with elements proportional to the nuclear quadrupole

moment Q and the electric field gradients (§2V/§x2, 8§2V/8x8y, etc.)

e

(t) = eQ l(f) . (24)
21021 - 1)
The components of !(T), the electric field gradient (EFG) tensor,
describe completely the orientation and magnitude of the EFG. In
the principal axis coordinate system, V(1) is a diagonal matrix with
elements Vy, (1), Vyy (1), Vz;(1) which uniquely describes the EFG in
terms of the asymmetry parameter n and quadrupole coupling constant
eZqQ. If a nucleus is at a site of cubic symmetry, vxx=vyy=vzz,
the quadrupole coupling vanishes because the EFG's are all equal.

Molecular rotations and diffusion cause changes In !(T), and for
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nuclei with spin greater than 1/2 (quadrupolar nuclei) this is often
the dominant cause of relaxation. By convention, In the principal

axis coordinate system of the EFG several definitions have been made?
lezl > ‘Vyy| > |Vxx| and
V,2 = eq , hence (25)
n = (Vux = Vyy)/Vzz » where 0 < n¢ 1. (26)

In the principal axis system of the EFG tensor,

%y = _ %0 1312 -1+ + 1 q (1,2 412 (27
41(21-1) 2 '
14 and I_ are the quantum mechanical raising and lowering operators
defined by
-1/2 .
ly =2 [ 2 ly 1 . (28)

I, connect the spin transitions (wavefunctions) of 'magnetic quantum
number am = & 1,

Quadrupolar nuclei with noninteger spins (e.g. 1=3/2: 118
23Na; and 1=5/2: 170, 27Al) are effected by quadrupole interactions
differently than nuclei with integer spins. Because the investiga-
tion of aluminosilicate properties utilizes the properties of non-
integer spin quadrupolar nuclei, <their Iimportant properties are

illustrated in Figures 3 through 5,

14

il
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-1/2
+1/2

+3/2

XBL 857-10629

The energy level diagram for a spin 3/2 nuclear magnetic
dipole moment is shown interacting with a magnetic field.
(A) In the absence of quadrupolar effects, four equally
spaced energy levels ‘wifh transition frequency v, exist.
(B) If a small electric quadrupole interaction ( 0 < z)
Is present, the energy jevels are shifted and three tran-

sitions are possible (va, vp = vg, and ve).
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A typical NMR spectrum of a polycrystalline or powdered
1=3/2 sample is shown. For most samples, only the central
(m= +1/2 to m = =1/2) transition is observed. For all
quadrupolar nuclei with nonintegral spins, the central
transition is not affected by first order quadrupolar
effects, but only by the much smaller second order effects.
The transition frequency is unaffected to first order
because the m = +1/2 to m = -1/2 levels are shifted by
the same amount.

Due to the randomly oriented crystallites, the inten-
sity of the 3/2 to 1/2 and the -1/2 to -3/2 transitions
are spread out over the entire range of possible frequen-
cies. The resonances of such transitions are normally too
broad to be observed in solid state NMR spectra unless the
quadrupolar interaction is very small, The solid state
spectrum depends on the value of the quadrupole coupling
constant and asymmetry parameter, and must be averaged
over the random nuclear orientations present in a polycry-
stalline sample, The change in transition frequency is

given by4 Ay = (4 equ/h)'l.

1
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~1/2 = -3/2

v, +A v, + 2A,
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Figure 5:

XBL 857-10628

An exampie of the second order nuclear quadrupole inter-
action is shown where the first order broadening (Ay) has
been removed by magic angle spinning (see Appendix A.3).
The central transition lineshape for spin 3/2 and n = 0
(Vxx = Vyy, an axially symmetric EFG) is shown., If n # O,
a more complicated (though still calculable) |ineshape
will result. Ay Is the second order quadrupole broadening

and is defined by4 Az = 3 ezgg « The width of the second
64 Vo

order quadrupolar interaction is Iinversely proportional
to the magnetic field strength, hence the spectra of

quadrupolar nuclei will be much narrower at higher fields,
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11.2., Density Matrix

The density matrix p and superoperator notation in Liouville
space must be introduced before the coherent manipulations of spin

space in Appendix B can be described.

llo2.is Applicability of the Density Matrix

The basic tool of dynamic spin system quantum mechanics is the
density matrix (density operator). This operator provides the con-
nection between ensemble averaged statistical mechanics and finite
spin system quantum mechanics., The statistica! mixture of states
present in a multispin system lends itself to this descripﬂon.5

Initially the spin system is assumed to be in therma! equilib-

rium, and is described by +the Boltzmann spin density opera‘for6

pB = __exp(~ g¥ ) ’ (30)
Triexp(~- ¥ )]

where g = 1/kT.
The initial state is offten series expanded and truncated for
T> 1K, that is ¥ << 1/g. Accordingly, this truncation is called

the high temperature approximation
og = { Triexp(- g1 } "1 - %1, (31)

In this 1limit, the partition function Trlexp(- g¥ )] can undergo
another series expansion and truncation to yield the number of states
in the system. In a system which contains N spins of the same type

I
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Tr lexp(- g30)] = (21 + NN, (32)

In the laboratory frame, the Zeeman Hamiltonian (- w, ;) is usually

the dominant term. Thus,
pg = (21 + DTN 4y 1, /(kD) 1 (33)

Under a unitary transformation the unit matrix 1 does not evolve,
and only contributes a constant factor to the NMR spectrum, hence it

can be removed without affecting the spectral resuits., The labora-

tory reference frame reduced equilibrium density operator is written

(34)

Po = Wy Iz .
° T ONKT

The form of p  is unchanged by rotation about the z axis (fransfor-
mation to the rotating frame), hence the reduced equilibrium density

operator in +the rotating frame is also given by equation (34).

11.2.il. Time Evolution and Pulsed NMR

Fourier transform NMR requires application of rt pulses as
described in section ll.1.ii. In equation (6), t+ is the pulse dur-
ation, hence ywt is the angle subtended by the magnetization due to
arf pulse along the x axis. In a shorthand notation, when @t =
n/2, the pulse is known as a 90°x (or n/zx), where x is the axis in
the rotating frame about which the pulse is given, If ¢4t = g, then
the pulse is an 180° .

After application of a n/2 pulse in the y direction of the rot-

ating frame

|

e
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p(t=0) = Ix o (35)

We
(21 + NV KT

This state now evolves via the spin interactions present '"JCinf(T)

according to the Liouville-von Neumann equation

d p(t) = =i [H int(1), p(1) ] (36)
dt

'which has the solution

p(1) = U(t) p(0) UH(H) (38)

where

UH) = Toexp [ =i [oTac, 4011 at . (39)

T is the Dyson time ordering opera'ror7 and UY(+) is the adjoint of

U(+) with Ut(t) = u'(+), because I

vn*(f) is a Hermitian operator.

Hence, evolution under ¥;,4+(f) is a unitary transformation of the
density operator.

Experimental observation of the magnetization evolution and
decay is made in the rotating frame along the x and y axis. The
NMR observables are the amplitude and phase of the magnetization as
a function of time, The magnetization at time t is proportional to

<y (1)> or <|y(f)>, given by

and similarly for <|y(*)>. The free induction decay (FiD, or the
observed macroscopic magnetization decay) may be decomposed into

two terms. Neglecting relaxation, the form of the FID is purely

il

e
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sinusoidal, oscillating at the resonance offset frequency; in the
presence of relaxation, the FID can be decomposed intfo a sinusoid
term multiplied by an exponential decay term.

This technique of manipulating the spin system via the density
matrix allows realistic numerical simulations of NMR experiments to

be performed via matrix or irreducible tensor calculations.
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11,1, Crystalline Silicates

Pure Si0Op occurs in many forms, quartz, tridymite and crystoba-
lite are three examples. In silica, the silicon atom is always
tetrahedrally bound to four oxygen atoms, and the Si-O bonds have a
considerable amount of ionic character.® Alkali metal carbonates
may be fused with silica to drive off COp and produce a range of
alkali silicate compositions, Silicates which have a high alkali
metal content (also known as alkali rich) are water soluble. With
low alkali content, silicates can become very water insoluble, Most
silicates are composed of silicon atoms tetrahedrally coordinated to
four oxygen atoms, although a tew 5- or 6-coordinated compounds are
known to exist. The investigations presented in this thesis involve

species which have tetrahedral silicon coordination.

1ll,1.i. Silicate Structure

The basic silicate structural unit is the Si044' tetrahedron,
All units are known as Q-type (quaternary units), because each silicon
atom is bound to four oxygen atoms. |In crystalline silicate com-
pounds the Si044' tetrahedra occur as individual structural units
(orthosilicates, or nesosilicates), or bound via oxygen atoms shared
with other tetrahedra., Condensation of silicate anions occurs through
combining two or more teftrahedra by sharing oxygen atoms (or forming
oxygen atom 'bridges') in pairs (sorosilicates), in small cyclic
groups (cyclosilicates; Figure 6), in infinite chains (metasilicates,
or ionosilicates; Figure 7), in infinite sheets (phyllosilicates;

Figure 8), or in three dimensional structures (tectosilicates).
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XBL 857-10631

Examples of crystallline cyclosllicate units, a six mem-
bered ring and a three membered ring. Oxygen atoms (sym-
bollzed by a large, open clircle) form "bridges" between
the siilcon atoms (designated by a dot enclosed by a
circle). The Si-0-SI bond angle and SI-0 bond length can

differ for various slilicate materlals,
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XBL 857-10626

Fi . .
rigure 7: A crystalliine chain (meta- or iono-) silicate.
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Figure 8: A crystalline sheet silicate (phyllosilicate) composed of

interconnected six membered rings.
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Polymerization of silicate anions can produce a range of Si-0-Si
bond angles and S1-0 bond lengths., For example, In a sorosllicate,
the S1-0-S1 bond angle may range from 133° to 180°,29,74

All silicate anlons can be described in combinations of Q" units,
where the superscript n refers to the number of second coordination
sphere silicon atoms (or other tetrahedral units) Iinked through
oxygen brldges to the central sllicon atom. Silicon In Isolated
sllicate (51044') tetrahedra are known as QO groups, pairs are Q‘,
rings and chaln end groups (02), chalin branching sites and sheet
silicates (03), and fully crosslinked three dimensional framework
sites are Q4 polymerization species.96

To balance the framework charge, catlions, M"*, are present and
occupy Intersitial S]Tes. If all oxygen atoms are assumed to be
coordinated wlth only one or two catlons, then the degree of polymer-
jzation can, In general, be calculated from the composition of the
silicate alone. Many sheet silicates (phylliosilicates) are bound
together by the cations which lie between the layers. The catlonic
bonds between tetrahedrally coordinated silicate sheets afe fairly
weak, Examples of phyllosillicate structure are found Iin micas;
these minerals are easily cleaved Into thin sheets. |In three dimen-
sional sitlca polymorphs, every oxygen atom bridges between two

sllicon tetrahedra, and no cations are required for electroneutrallity.
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If1.1,ii. Aluminosilicate Structure

Silicon tetrahedra may be replaced with aluminum tetrahedra

(Al045-). The negative charge of the framework (equal to the number
of constituent aluminum atoms) is balanced by cations M, Typi;ally
sodium, potassium, or calcium. In many aluminosilicates, tetrahedral
coordination of aluminum atoms by four oxygen atoms will occur,
although aluminum can also occupy a change a charge balancing or net-
work modifying site. In a tectosilicate, each silicate or aluminate
tetrahedron is linked, through oxygen bridges, to four other tetra-
hedra. However, Al-0-Al linkages are known to be thermodynamical ly
less favorable than Al-0-Si or Si-0-Si bonds (Loewenstein's aluminum
avoidance principle).'32 Other elements such as Ga, Ge, and B may
substitute for Si and Al in the silicate framework if charge balan-
cing cations are also included, Aluminosilicates are structur-
ally diverse and are very valuable commercially as zeol ites and
ceramics.

A common property of zeolites is the presence of microscopic
pores in a three dimensional framework (Figure 9). The wide variety
of long range order possible in aluminosilicate structure makes the
dimensions, configurations and properties of these pores vary consid-
erably for different types of zeolites. Most pores, channels, or
cavities are of molecular size and allow diffusion of various smail
molecules and water to occur. The diversity of pore configurations,

combined with the selectivity and ease of synthesis oOr modification

: i cata-
make zeolites useful as ion exchangers, molecular sléeves, and

fysts.

s AR
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FAUJASITE

X8L 8511-4713

The structure of Na-Y, a faujasite zeolite. The vertices
of the three dimensional polyhedron are silicon atoms.
The lines connecting the vertices are composed of Si-0-Si
bonds. In most zeolites, large pores and cavities are

present,
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I11.2. Glass Silicate Structure

Siticate glasses are interesting not only due to their commer-
cial importance, but also because they provide a snapshot view of
the molten state. (n a melt, the molecular and atomic motions that
are most obvious in diffusion and viscous flow also contribute to
the bulk properties such as entropy, heat capacity and densi‘ry.64'66
As a melt is quenched, the local liquid structure at the glass tran-
sition temperature (Tg) is preserved. The quenched in liquid struc-
ture has been observed in glasses by infrared and Raman spectro-
scopy,5‘"'57’60’68'70'101 x-ray and neutron scaffering,52'53'71 X=-ray
photoelectron specfroscopy75’88 and 29Si magic angle spinning (MAS)

NMR specfr‘oscopy.17'35'62'63'85'89

11t.2.1« Glass Formation

The slow cooling of molten silica (Si0Op) will yield a glassy
material, Different silicate compositions may or may not form a
glass structure, dependent upon the rate of cooling from a molten
state. Rapid cooling or quenching at the rate of thousands of deg-

rees centigrade per second is often required to produce a homogeneous

glass.

111.2.ii. Silicate Speciation

The dynamics and disorder present in a molten silicate cause
the corresponding glass to have much less long range order, and much
greater variations in Si-0-Si bond angles and Si-O bond lengths than

are present in crystals. From Raman spectroscopic evidence, a range
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of silicate species have been hypothesized to exist in a glass.56'60'

101

For a disilicate (QB) glass such as Na25i205, +he nature ,of

silicate polymerization can be described by76
R in 2= .
Si,0g = S|O3 + Si0, (41)

where Si2052', Si032', and SIOZ refer to structural units with sheet-
like, chain-like, and three dimensional framework environments, res-
pectively., For any 03 glass, Equation (41) can be rewritten in more

general terms:
2Q° =%+ 0%, (42)

where only the relative number of bridging and nonbridging oxygen

atoms are specified. For metasilicate glasses, equilibria such as
2 o2 =,01 + Q3 and (43)
292 =Q0 + ot (44)

have been proposed as mechanisms to describe changes in polymeri-
zation state. |In most silicate compositions, it is assumed that some
of'each species is present In glasses and melts. General polymeri-
zation state changes can be described using Q" notation in the fol-

lowing equilibrium
2Q" = Q" 4M! (45)

The type of equiiibrium which can be affected by the identity

of an alkali or alkaline earth cation now involves Si-Al distri-
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butions instead of variations in Q" populations. |If Q4[k All symbol-
izes a three dimensional framework silicate tetrahedra linked via
oxygen atom bridges to k aluminate tetrahedra (0 < k ¢ 4), then the
proposed equilibrium expression describing the distribution of alum-

inum in a glass is87

204 (kAL = 0% [(kt1) AIl + Q% [(k=1) AI} . (46)

Different network modifying cations are expected to shift these
glass equilibria to the left or to the right. To the left implies
the same type of silicate polymerization as found in the corresponding
crystal, with an approximately even distribution of network modifying
cations. An equilibrium shifted to the right implies a bunching of
cations near those silicate units with extra nonbridging oxygens and
a depletion of cations near silicate units with fewer nonbridging
oxygen atoms., An inhomogeneous cation or atuminum atom distribution
in the glass state implies that domains with different compositions,

structures and electronic characteristics have formed.
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The information obtalnable using NMR spectroscopic techniques is
complementary to data derived from other types of measurements. NMR
Is a sensitive probe of the local environment of nonzero spin nuclel,
whereas x=-ray diffraction, and neutron scattering examine the long
range order of the entire sample, and Raman and IR spectroscopies
are sensitive only to specific bonds.

2951 NMR has proven to be a powerful technique for Investigating
the local structures of amorphous phases, glasses and varlious poly-
crystallilne materlals such as clays and zeolltes. These materlals
have local ordering which can not be readily determined by single
crystal diffraction technlques. Quantitative Information on +the
types of sites present and the extent of order or disorder present
at a glven site Is easlily (and qulckly) obtained without loss or
destruction of the sample. The acquired data (chemical shlifts,
chemical shlielding anisotropy tensors, or electric field gradient
tensors) can be Iinterpreted In terms of types of chemlcal bonding
(e.g. electron distribution, bond angles, and bond tengths). In
addition, NMR may be used to determine the rates of motion, reorien-

tation and chemical reactlion of the various species present.

iVet. 29S1 Chemical Shift

Silicon Is second only to oxygen In welght percent of the
earth's crust (= 21%),30'121 and Is found In an enormous dlversity
of minerals. The local electronic énvlronmenf surrounding sllicon
Is conduclve to Investigation by NMR because 29Si, the only naturally

occuring NMR-active Isotope of silicon, possesses a splin angular
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momentum of 1/2. An.isotopic abundance of 4.7% classifles 29S| as
a rare spin nucleus, hence most of the NMR technlques developed for
use on natural abundance 13C samples are directly applicable for

Investigation of silicon containing compounds.

IVol.l. 29S] Chemical Shifts In Aqueous Silicate Solutions

The full range of 29SI chemical shifts Is over 500 ppm,* but
most compounds are found In a range of ~ 120 ppm. Tetramethylsilane
(TMS) Is the accepted reference compound. The range of 29S] chemlcal
shlft anlsotropy is smal18 (< 200 ppm) and shows contributions from
the bonding electrons 1Iin d orbitals and the fourth coordination
sphere. 17 High resolution 29Si NMR has been used to determine the
structure of varlious sllicate anlons present In solutions. in sili-
cate solutions the typical range of isotropic 295i chemical shifts
Is =60 to -120 ppm from TMS, this distribution Is divided Into ranges
for sillcon In varlous different polymerization states and aluminum
coordination sites. 16,17

The spectrum of an aqueous sillcate solution changes drama-
tically as a functlon of pH and the sodlum to silicon ratio. When
this ratio 1s smatl, more polymeric sllicate anions are present, As
sodium or water (fo change the pH) Is added, the higher polymer]zed
structures decrease In concentration until only the monosi!licate

anions remain.47 R.

Harrls and coworkers have used Isotoplically
labeled silicon and high field (99 MHz for 29Si) two-dimensional
NMR techniques to unequlvocally assign Individual resonance lines

to specific sillcate species based on the 2951-295j scalar
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couplings.125'127

IVo1.ii. 29Si Chemical Shifts in Crystalline Silicates

In 29Si NMR spectroscopy, isotropic chemical shifts vary system-
atically as a function of silicate structure. Lippmaa et al, 3! first
observed the existence of distinct 29Si chemical shift ranges for
di fferent types of silicate structural units in crystalline materials.
The 29Si nucleus becomes deshielded (§, relative to a TMS standard,
becomes less negative) as the number of Si-0-Si bridging oxygens

decreases.31

Also, silicon=29 chemical shifts are affected by the
number of adjacent aluminate tetrahedra. In all aluminosilicates,
silicon nuclei become deshielded (§ less negative) as the number of
neighboring aluminate tetrahedra increases from zero to four. The
reasonably good separation in these shift ranges has greatly facili-
tated the study of Si-Al ordering in zeolites.?232:67 |n Table 2,
the published isotropic 29Si chemical shifts of crystalline silicates
and aluminosilicates (non-zeolites) are presented.

295§ NMR has proven to be particulariy useful in mineralogy for
structure determination, since data on the local silicon environments
is very difficult (or impossible) to determine using other techniques.
However, rigorous calculation of the NMR spectra of solids of known
structure and composition is not yet possible. Due to the complexity
of the effects of chemical bonding and electronic configuration on
nuclear spins, spectral interpretation is limited to empirical 29Si
chemical shift correlations. Progress is being made, however, in the

theoretical prediction of NMR chemical shifts, 128-130



Table 2: |Isotropic 2951 chemical shifts of crystalline silicates.

Composition Spectral Peak Positiont
(Mineral Name) Assignment (ppm from TMS) Reference
NaH=S10 © -66.4 9
3510, ‘ .
. 0
(CaOH)CaHs 10, ° -72.5 9
CaNaHS 10, ¢° -73.5 9
L1,4510, Q0 -65% 1
L1,510, ¢° -64.9 89, 118
Mg,S10, o0 -62 28
(forsterite)
Mg,S10, @ -61.9 118
(forsterite)
Mg, Fe,S10, Q© -62 118
(o?lv ne)
0
CaMgS10, ° -66 28
(monticellite)
a-Ca,S10, o° -70.3 89, 118
B-Ca,S10, Q0 -71.4 18
y-Ca,S10, Q0 -73.5 18
A1,S10 (0 -82.9 18
(kyani?e)
Al,S10g o° -83 28
(kyanite)
1 efFe 0 - h
Mg, S1.,0g" F*H,0 Q 60 118

(czongrgdlfe)

CazS10g o° -69 to -75¥F 118
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Table 2, continued

Composition Spectral Peak Position’
(Mineral Name) Assignment (ppm from TMS) Reference
BeSiO, o° ~74.2 18
(phenacite) N
Zrsio, Q° -81.6 118
(zirkon)
A1,Si0g o° -79.8 118
(andalusite)
A1,S10g ° -80 28
(andalusite)
\ 0
Aly1F5/5i0,4] Q -85.6 118
(topaz)
A1,Si0g Q0 -87.1 18
(sillimanite)
. 1
Na,SiO Q -68.9 89
4
4 QO -65
CasSi,0, Q' -74.5, -76.0 89, 118
(rankinite)
Ca,Al,Si0; 0! =72 28
(gehlenite)
. 1
Ca,MgSi,0, Q =73 28

(akermanite)

CaAl.Si,0,(0H)*H,0 O -81 28
251704 2
(lawsonite)

CagSiy05(OH)¢ o! -84 122
(tricalcium silicate .
hydrate, TCSH)

Zn, (Si507) (OH)*H0 Q! -80 28 )
(hemimorphite)

Zn, (OH) - Q! S =77.9 9

Si.0,°H50

(hemimorphite)

. 1 -
Cag (OH)S1,04 Q 82.6 9



Table 2, continued

Composition Spectral
(Mineral Name) Assignment

(thortveitite)
B-Y,S1,0; 0!
1
In,Si,0, 0
a=L8,S1,0; o'
1
1
LigS1,0; 0
1
Li6Si207 Q1
Q0 1
Q0”70
: 1
NagSi,0, 0
NagSi 05 of
Q
Al,<(OH, F) o'
’ 16~
F2§?5020/C|
(zunyite)
Li,5i0; o2
Li,Si0g Q?
Li,Si0; o2
Na,Si0; Q?
BaTiSi;0 Q?
(benitoite)
BaTiSi50g 02
(benitoite)
KqHaS14045 Q?
(pogassium cyclo~
tetrasilicate, KCTS)
*%
02

(Me,N)oSig0
(*eiragef y?gmmonlum
silicate hydrate, TMAS)

Peak Position®

(ppm from TMS) Reference
-95.3 74, 118
-92.9 74, 118
-87.7 74, 118
-83.2 74, 118
-74.5 74
-72.4 74
-74.6 89
-72.4
-65.5
~-68.4 74
-77.0 89, 118
-68 04
-96.7 74
-80* 91
=75 90
-74.5 89, 118
-76.8 89, 118
-94.,2 118
-93 90
-88 31
-99 122
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Table 221confinued

Composition Spectral Peak Positiont

(Mineral Name) Assignment {ppm from TMS) Reference
MgS103 0? -81, -83 28
(enstatite)
MgS 105 0? -81, -83.5 17
(clinoenstatite) _
Mg,S1,0g Q% -82 118
(orthoenstatite)
Mg, 510, & -62 13
CaMg$1,0g Q? -84 28
(dlops%de)
CaMgS1,0¢ 02 -82 63
(diopside)
CaMgS 1,0, Q2 -84 118
(diops?de)
CaSio Q? -89 28
(wol lastonite)
CaSio 2 -88.5 17
(wollastonlite)
CaS10g 02 -88.0 9
{(wol lastonite)
a-CazSi50 0? -83.5 18
(psuedowo?lasfon)#e)
B-CasS130g 0? -89.0 18
(p-wollastonite)
CaMgS105 Q? -84 17
Sr$10, Q2 -85 28
BaS10; Q2 -80 28

Q2 -86.3 89, 118

Ca,Si10,° (OH)
(h?llegrandi e)

Ca,S$10<° (OH) 0% -86.3 9
(h%lle randite)



Table 2, continued
Composition Spectral
(Mineral Name) Assignment

Ca,NaHS i 20 02
2 379
(pectolite)
Ca,yNaHSi QZ
(pecfoli%e)
Cay (OH) ,Si 0%
(foshaglfe?
CaySi50g(OH) , Q%
(foshagtte)
CagSig0;7 (OH), Q?
(xono l!f 03
Cag (OH), Si? . Q2
(xonofll?e 03
21t
Ca,Mg: (Si,0,,) Q
219521411727
(of) et

(fibrous fremolite)

CaMgsSighyy (OH), Q7
(Tremoli?e%
LiAISi 0] ¢?
(spodumene)
LIAILSI,0 2
(spodueme?
(jadeite)
2

Al,BezSi 0 Q

2 6-18
(bery?
Al,Si0g 0?
(sillimanite)
KqH; 514042 o?
(L1,00, 4(510,), ¢ o§

Peak Position®

47

(ppm from TMS) Reference
-86.3 118
-86.3 9
-8408, -86o4 9
-84.8, -86.4 118
-86.8 118
-97.6, -98.1

-86.8 9
-9708

-87.8 118
-92.2

-91, -88 28
-91.6 118
-92 28
-91.8 118
~102.6 118
-87 28
-87.5 9
-75: 91
-90*

-110



Table 2, continued

Composition Spectral
(Mineral Name) Assignment
%K

[Si504¢I1CI
(zunyite)

84**

; 3
(Liz0)g,33(S5102)0,67 @

LiySiy0q
Li,Siy0q
Na,S51,05
Na,Si,0g
a=NaySiy0q

K,Si,05

KCa, [Si,0,,/F]
4’74710

‘8 HZO

(apophyllite)

KCa, (Si,09n)0=
4'°°4Y1072

.F.BH O 0

(apopgyllife)

MgsSi40q0 (OH)
(tale) 02

Mg= (OH) ,Si,0
(tate) 2 410

MgSi,0q(OH)
(Tglc) 10 2

MgsS 4010 (OH)
(talcy 0 2

saponite

lectorite

03

{ lano vermiculite 03

Peak Positiont

(ppm from TMS) Reference
-91.3, -96.7 29
-128.2
*
-85 91
-92.5 17
-93 28
-9405 17
=95 28
-94.4 89
-91.,5, =93, 17
-94.5 '

-9305 17
~92 89
-92.0 118
-98 28
-98.1 9
-97 122
-98.1 31, 118
-95 31
-95 31
-92 31
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Table 2, continued

Composition Spectral Peak Positiont
(Mineral Name) Assignment (ppm from TMS) Reference
Al15Si4040(0H), Q10 Al ~95 28
(pyrophyllite)
215140101 (0H), Q3l0 All -95.0 118
(pyrophy]?ufe)
A1,Si,40,0(0R) Q10 All -94 122
(pyrophy lite
MggS1 1,030 o -92, -95, 143
(0H2)4(OH) *8H,0 -98.5
(seplollfe)
Maph! Sig0 Q10 All -92, -98 143
)z(oﬁ)294n 0 ’

(pa%ygorskufe)

(Al, Mg) - o -93 28
(Si4040 (OH) *12H,0
(monTmor IIonc e)

CaBS10, (OH) g -83 28

(datalite)

CaAl,[Al,Si,0nl= QI3 All -75.5 18
2[A135150¢

(OH) 5

(margarite)

CaAl,[Al,Si001- QI3 Al -73 122

(OH)2

(margarite)

LIAIS1,0,4] Qo -87 118

(petalite)

KMgA! [Si-0 0210 All -91 122

(phuogop?fe P8) QU1 Al -86

KMgA!{Si0, 1 QL1 Al -84 118

(F; OH),

(phlogopite)

KAl[AISi=O0ynl- o1 ant -86 18

3010

(OH 2
(muscovite)



Table 2, continued

Cdmposifion Spectral
(Mineral Name) Assignment

KA1,1AISi5001- Q310 Al
(OH), Qo1 Al
(muscovite) Q3l2 All
KLIoALIAISIg001- @1 AllT
(F; OH)5

(lepidolite)

*
(Me4N)Sig0n0 o>
(Teframe*hy% ammon i um
silicate hydrate, TMAS)

(EtaN)gSig01s5 0
Al41S1,0,51(OH)g @
(kaolinite)

AL, 1Si 0, 1(OH) ,~ @
4 4

af0 410

(endellite)

MggSi4010(O0H) g g

{serpentine)

vermiculite Q10 Al
0311 All
Q312 All

510, ¢!

(quartz)

510, o*

(low quartz)

$i0, o*

(a-quartz)

510, o4

(quartz)

Si0, o

(coesite)

: 4
Si0, Q

(coesite)

Peak Position®
(ppm from TMS) Reference

-89
-85
-81

-89

-99.3

"90.4

-9105

=-93.1

-94 .0

"9404

-92

-88

-8305

-107.4

"107.4

-107.4

-108

-143.4,

—10801 »

122

118

118

118

118

118

122

31

89

28

-152.8 13

-113.9 144

50



Table 2, continued

Composition Spectral
(Minera! Name) Ass[gnmen+
Si0, o?
(low cristobalite)
Sio o?
(cristobalite)
Si0 ot
(fr?dymife)
Sio ot
(tridymite)
Si0, o*
microcline Q4[1 All
perthite 04[2 Al
o%14 All
cryptoperthite Q? 11 Al
0%12 All
?
oligociase Q4[1 All
0412 All
0%14 Al
labradorite o411 Al
0412 Al
Q%13 A1l
0414 Al
bytownite 04[1 All
0412 Al
Q%14 Al
NaA!Si0g %1 Al
(low a?bcfe) 04[2 All
NaAISi 50q i1 Al
(low aTbite) 0412 A1l
. 4
NaA[Si30q Q12 Al
(albite) Q¥ [1 Al
(K,Na)AISi 50g o1 Al
(microcline) 04(2 All

Peak Position®

(ppm from TMS) Reference
-109.9 9
~109.9 3
-109.3 13
=111 98
-1 63
-106.0, 101.8 93

-98.6
-96.0
-103.5, -98.0 93
_96.0
“92.3
-105.3, =-97.2 93
-9302
-87
-107, =101 93
-94
-88
-83
=101 93
-95
-89, -84
-105, =97 28
-93
-96.3, ~-104.,4 93
-92,2
-93.0 17
"97.0, -10500
-100, -97 28
-95
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Table 2, continued

Composition
{(Mineral Name)

Spectral
Assignment

CaAIZSiZOB
(anorthite)

KA1Siz0g
(K-feldspar)

NaAlSi0,

Sio
(stishovite)

Sio
(stishovite)

Sio
(stishovite)

CaB Si O
(danburlge)

sandine

holdstite

64.2CaMgSi04:35.8Si07

PbSiO
(alamosite)

ot

Q
ot
Q (4
0[3
Q412

o*ia

1t
o
Tt

ant

2 At}
All

All
All
All

All

Peak Position®

(ppm from TMS) Reference
-83, -85, -90 28
-95.0 17
-98,.0, -101.0
-85.0 17
"'88.5
-92.5
-82.5, -8405, 17

-8905
-191.3 119
-191.1 13
-191 .1
-89 28
-101, =97 93
-108.9, -115.0' 17
-I ‘9.4
=71 63
-84.1 62
-86.5
~94.3

Interpolated from the spectrum,

The chemical shifts are reported

individual authors.

Not specified.

to the precision given by the

52
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TJable 2, conTInued

tt

4

%%

2:1 ratlo of |lne Intensitles,

Occaslionally, spectral assignments were not classifled by the
Individua!l authors,

1:1 ratio of llne Intensities.

7 lines: =69.3 ppm (twice the intensity), ~73.7 ppm (also twice
the Intenslity), =-72.0 ppm, =73.0 ppm, =73.9 ppm, -74.2 ppm and
~-74.8 ppm.

Different spectral asslignments by different authors:

03 versus 02 for (Me4N)8518020, and 02 versus Q1 for zunyite.

1
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IV.2. Crystalline Silicate Structure

The primary impact of 29S5i NMR in solids has been in the deter-
mination of aluminosilicate structures (specifically, the silicon-
aluminum ordering in zeolites). Lippmaa and coworkers>1+32,116,118
have shown that isotropic 29Si chemical shifts in solid silicates
and in solutions are generally the same. The main influence on
chemical shift is clearly the degree of condensation of the silicate
tetrahedra. |f all other variables are held constant, and the sili-
cate polymerization state Is changed, §(29Si) will shift 10 to 15 ppm
lower in frequency for the formation of each additional oxygen atom
bridge as shown In Figure 10.'"® In solids the influence of the
cation type and degree of ionization can also been seen, 29Si
chemical shifts are also capable of distinguishing crysfallographic-

ally as well as chemically distinct silicate groups in polycrystal-

line and noncrystalline materials.

IV,2.i. Correlation of §(29Si) with Si-0 Bonding

Isotropic 29Si chemical shifts have been correlated with several
general crystalline structural parameters; §(29Si) becomes more neg-
ative when the Si-O bondlength decreases,09:100,124 the total cation
oxygen bond strengths for all the oxygen atoms in the Si0O; tetrahe-
dra increases,28 and for an increase In the average Si-0-Si bond
angle.13'18'72'73’98 In a series of sorosilicates with distinct
Si2076' anions, It was found that §(29Si) can change by as much as

25 ppm depending upon the Si-0-Si bond angle.74

Smith and Blackwell!3 have found strong correlations between
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cj)
- Q' Q'(Si-O-Si = 180°)
| I | L i |
C= 02 J
Q3
| I—— ]
04
Cc————3

) i ] ;] 1 1 ] 1 1 |

60

Figure 10:

]
-70 -80 -90 -100 -110 -120
5(°Si) ppm from TMS

XBL 857-10633

The isotropic 29Si chemical shift ranges for (isolated
silicate (Si044—) tetrahedra (Qo), pairs and chain end
groups (Q’), rings and chains (02), chain branching sites
and sheet (03), and three dimensional framework (04)
silicates. If all other variables are held constant and
the silicate polymerization state is allowed to change,
then §(23Si) will shift = 10 to 15 ppm to lower frequen-

cies for each additional oxygen atom bridge formed.
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chémical shift and average Si-0-Si bond length, and the secant of the
mean Si-0-Si bond angle, as well as a weak correlation with mean
Si-0 bond distance. Ramdas and Thomas'!8 have confirmed that a quan-
titative correlation exists between 29Si chemical shifts and Si-0-Si
(or Si-0-Al) bond angles in zeolite frameworks. Engelhardt and
Radeglia98 found that different formulations could give slightly
different correlations between §(29Si) and <¢>, the average Si-0-Si
(or Si-0-Al) bond angle. Thomas and coworkers found in general,

140° < o < 160°. Smith and Blackwe!!'3 found

secant <q> = -3.1571 - 0.017847 §(29Si) (47)
with residuals y2 = 0.9811, and ¢ = 0.0038. Rearranged,

§(295i)13 = -48.61 sec <q> - 168.04 . (48)
Another investigation found

§(2951)72 = -0.6192 <a> - 18.68 (49)

with y2 = 0.974. Engelhardt and Radeglia?8 found the best fit to

their data was

§(2951)98 = -247.05 <p> + 2.19 (50)
with y2 = 0.987 and

<p> = cos <a> / (cos <gq> - 1) . (51)

A correlation between §(292Si) (in ppm) and the mean value of the

Si~-0 bondlength, <d(Si-0)> (in nm), valid for all types of silicates
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(Q" units with 0 < n < 4), has been found by Grimmer and Radeglia'00
6¢ 2951)100 = _2014 + 1,187 x 104 <d(Si-0)> . (51)

For Q% units only, Higgens and Woessner 124 derived the empirical

relation
§(2951)124 = _2312 + 1.37 x 10% <d(5i-0)> . (52)

Here, a decreasing mean Si-0 bond length corresponds to more negative
values of the isotropic silicon-29 chemical shift. In general, Si-0
bondlengths influence §(29Si) much less than do Si-0-Si bond angles.

Five and six coordinated silicon compounds are rather uncommon,
Octahedrally coordinated silicon occurs in a few minerals, stishovite
(a high pressure phase of S§i0p) and thaumasite are two examples.
The observed 29Si chemical shifts for stishovite and thuamasite are
-191.3 2 0.2 ppm?* 122119 and -179.5 ppm'3 (relative to TMS). As
observed, octahedrally coordinated silicon, Si(0Si)g, produces a
substantially different chemical shift (~ 80 ppm more negative) than

tetrahedrally coordinated silicon.

IV,2.ii. Correlation of §(295i) with Cation-Oxygen Bonding

295j chemical shifts are also dependent upon the cation-oxygen
interaction strength.28 Hence, interpretation of 29S5i MAS NMR spec-
tra solely on the basis of chemical shift can lead to erroneous
conclusions. An example is found in J.V. Smith et al.,49 where,
without prior knowledge of the continuity of §(295i) across the

albite-microcline series, incorrect spectral assignments would result,
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Magi et at, 118 investigated the influence of cations and lattice
geometry on the 29Si chemical shifts in silicates. Both natural and
synthetic mineral samples were compared, whenever possible, and dif=
ferences in chemical shift were found not to exceed 1 ppm. In gen-
eral, linewidths could differ by more than an order of magnitude
because of homogeneous l|inebroadening in natural samples by paramag-
netic impurities. Cation effects on §(29Si) were found to parallel
the electrostatic bond strengths and electronegativities, and have
been interpreted in terms of the covalency of the cation-oxygen

(M-0) bonds.'17,118

IV.2.iii. Chemical Shielding Anisotropy in Crystalline Silicates

One of the most thorough 29Si MAS NMR investigations of natural
and synthetic crystalline silicates is presented in article by K.A.
Smith et al.28 Not only were 29Si chemical shifts collected, but
chemical shift tensor elements (g11, 622, 633), chemical shift aniso-
tropies (Ag), and asymmetry parameters (n) were also examined to gain
further insight into the local structure of silicates. The framework
(04) silicates, hydrous sheet (03) silicates, and hemimorphite all
were found to have small CSA's and asymmetry parameters too small to
measure, This result implies a relatively symmetric electron distri-
bution around the silicon atoms. The anhydrous sheet (03) silicates
(Figure 11) cyclosilicates (Qz), and a few other minerals have moder-
ate to large CSA's and small n's, this indicates the electron distri-
bution about the silicon atom has essentially axial! symmetry. The

remaining polymeric structures (most nesosilicates (QO), sorosili-
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rfTUl]j—l‘T‘l'l L lll'i‘l*]

0 -50 -100 -150 -200

SSB| CB
SSB

l_lllj]lerIIIjll'1lll

0 -50 -100 -150 =200
8(%°Si) ppm from TMS

Na,Si,Og (crystaliine)

295§ chemical shielding anisotropy |ineshape of sodium
disilicate. (Top) The pattern of a nonaxially symmetric
CSA tensor in polycrystalline NaySioO5 measured directly
using standard static NMR techniques (gyy1 = -52 ppm,
o,y = =89 ppm, and g3z = =162 ppm). 28 (Bottom) The CsA
tensor can also be determined from the spinning sidebands
generated by magic angle spinning (see Appendix A). This

figure was taken from reference 121.
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cates (Q'), and chain silicates (Q2)) have large CSA's and large n's,

which indicate a nonsymmetric electron distribution. Grimmer et
21;122 hypothesized that sorosilicates (Q' species) have axial sym-
metry, although Smith et al.28 have subsequentiy shown that this is
not the general case.

Large concentrations of paramagnetic impurities were found to
cause serious difficulties In obtaining NMR specfra.28 Not only do
samples with large amounts of paramagnetism spin slowly and with dif-
ficulty, but smaller amounts of impurities cause extensive |inebroad-

ening and no signal is observed,

Vo3, Crystalline Aluminosilicate Structure

tn the study of Si-Al structure in zeolites and silicate min-
erals, 295i MAS NMR gives distinct chemical shifts for $i0,% tetra-
hedra depending upon how many AI045" tetrahedra they are linked to
via oxygen bridges.'o Aluminum in framework (04) silicates, such as
feldspar minerals and synthetic zeolites, cause a systematic de-
shielding at the 295 nucleus (a low field, high frequency, or para-
magnetic shift) as shown in Figure 12. I+ was found that isotropic
chemical shifts of 23Si and 27Al depend upon the nature of second
neighbor cations (third and fourth nearest neighbors). A = 5 to 6
ppm high frequency shift will occur with each additional aluminate
neighbor tetrahedra. Using 23Si MAS NMR it is possible to quantify
the relative amount of the various Q" [k Al] species (Figure 13),

27A) MAS NMR spectra can also yield quantitative information

about the coordination of aluminum in zeolites, since the 27Al chem-

T
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Si(4Al)
——
Si(3Al)
—
Si(2Al)
—
Si(1Al)
Si(0Al)

L 1 1 1 1 1 | [ J
-80 -90 -100 -110 =120
(%°Si) ppm from TMS

XBL 857-10634

Figure 12: The isotropic 29Si chemical shift ranges for the five
possible 04 silicate species with next nearest neighbor _
AIO45' units, An = 5 to 6 ppm shift to higher resonance
frequency will occur with each additional aluminate tetra-

hedra neighbor.,



62

29g; NMR in Na-Y Zeolite
Magic Angle Spinning 3.2 kHz

Si(2)
i

Si(1)

Si(3)

Si(0)

-829 -87.7 -93.2 -99.0 -1034
1 | | 1 1

. Figure 13:

Chemical shift (ppm)

X8L 8312-2501

An example of 29Si MAS NMR spectrum of zeolite Na-Y wi;rh
all five possible aluminum-silicon coordination species
present. A systematic §(29Si) shift of ~ 5-6 ppm occurs
for each additional second coordination sphere aluminum
present. The notation Si(0), Si(1), Si(2), Si(3), and
Si(4) correspond to Q410 All, Q411 A1, o%12 All,

0413 All, and Q%14 All, respectively.

HUIER
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ical shifts corresponding to 4 and 6 coordination are widely separ-
ated from one another. However, acquiring 27Al data is not only tech-
nically more difficult (because it is a quadrupolar nucleus), but
analysis of the data is more laborious. Magic angle spinning of a
quadrupotar nucleus will only remove the first order inferécfions,
and the isotropic chemical shift may be determined via spectral
simulations of the second order pattern (Figure 5). Recently, a
quadrupolar echo technique has been combined with spectral "de-Paking"
to allow quantitative species distributions to be obtained using non-

integral spin (e.g. 1=5/2, 27AI) MAS NMR in amorphous materials, 20

IVe3.is Local Silicon=Aluminum Ordering

Analysis of the relative integrated 29Si peak intensities for
partially aluminated zeolites yield tetrahedral Si-Al distributions
(determined from the framework Si/Al ratio)--this quantity is not
measureable by any other means. Wet chemical analysis does not
discriminate between framework A] and occluded, aluminous (nonframe-
work) cations present (as network modifying or charge balancing
cations) or residual aluminum impurities (from zeolite dealumination
procedures). Also, neither x-ray fluorescence or neutron activation
analysis can discriminate between framework and other possible chem-
ically occuring aluminum. The ability of 29Si NMR to differentiate
between the various degrees of aluminum substitution for silicon in
aluminosilicates has enabled the detailed distribution in.fhe lattice
to be determined. Using this technique, the validity of Loewenstein's

aluminum avoidance pr‘inc:iple”’2 has been questioned on several occa-

(ETE
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sions in zeolites,>2,140-142

Structural information other than the number of neighboring Al
atoms may be inferred from the chemical shifts. |t has been deter-
mined that bond angles and bond lengThs“"3, cation composition and
location!7+28 al| contribute to the 29Si chemical shift. These influ-
ences cause the chemical shift ranges of silicate units to broaden
significantly and to usually overlap with the shift range for dif-

ferent aluminosilicate units.

IV.3.ii. Crystallographically Inequivalent Sites

Any phase in which all silicon sites are crystallographically
equivalent should exhibit a single 29Si MAS NMR peak. Phases having
nonequivalent silicon sites should exhibit as many peaks as there are
sites, provided each site is caused by slightly different electronic
environments around each type of site. K.A. Smith EI.EL;?B observed
enstatite (02, two sites at =81 and -83 ppm), tremolite (02, also
two sites at ~-88 and -91 ppm), and low albite (Q4, three sites at
-93, =97, and -105 ppm) to exhibit multiple peaks for crystallograph-
ically inequivalent sites (as determined by x-ray diffraction). How-
ever, kyanite and wollastonite, also show inequivalent x-ray sites
but do not show multiple peaks in the corresponding 29Si MAS NMR

specfrum.28

295{ NMR measures structural information directly, independent
of the averaging effects of disorder and psuedosymmetry. The loca!
order observed by NMR techniques may be quite different from the

long range, average structures observed by x-ray diffraction.
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Stebbins et at. 3! have used this property of 29Si NMR spectroscopy
to provide new data on several aspects of the overall crystal struc-
ture of common minerals of geologic importance. |In particular,
crystal structures have been observed by 29Si MAS NMR which are
composed of small domains, each of which has a high degree of short
range order. |f these domains are randomly arranged in the crystal,
the materials may exhibit little or no long range order. Stebbins
et al.!3! note that "Short range order can have major effects on
thermodynamic properties: McConnel 1130 has pointed out that entropy
changes of many order-disorder phase transitions are often only half
the value expected from complete disorder, because of short range
effects. For example, in a tectosilicate with Si/Al = 1: a crystal

with a truly random arrangement of silicon and aluminum atoms will

contain a large number of high energy Al-0-Al bonds, and will behave -

thermodynamically quite differently from a phase with ordered
domains., The energetic differences between the latter phase and a
crystal with both tong and short range order are due solely to the
effects of the domain boundaries."

in the structurally simple minerals of the nepheline group,
Stebbins et al.'3! used 235§ NMR spectroscopy to provide new infor-
mation, which complements x-ray diffraction data, on details of local
Si-Al distribution, ordering, and on domain structure. In this min-
eral family, the Si/Al ratio is close to one, although some solid
solution away from ideal stoichiometry occurs. Most compositions have
multiple polymorphs, related by two types of phase transitions. A

first order transition, involving Si-0-Si or Si-0-Al bond breaking
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and reformation, is slow and the high temperature or high pressure
phases can be quenched (the structure is preserved). Higher order
transitions, involving bond bending and minor displacive structural
shifts which lead to lower symmetry forms, are rapid and the high
temperature phases are generally unquenchable. Many nepheline family
minerals also undergo displacive transitions which produce low sym-
metry structures while cooling.

The spectra observed by éfebbins et al 131 of +the nepheline
family minerals--natural nepheline from a plutonic environment, syn-
thetic kalsilite (the low temperature form of KAISiO4), pure NaAlSiO4
(nepheline), carnegieite (the high temperature-high pressure phase
of nepheline), and orthorhombic (0q) KAISiO4--were observed to show
little or no evidence of short range aluminum-silicon disorder
(Figures 14 and 15). The l|ast three compounds are members of the
highest temperature end of the NaAlSiO4-KAISiQ, system, and might
be expected to show such disorder if it could occur. Single cryg*a|
x-ray diffraction data has indicated a substantial degree of Al=-Si
disorder, of uncertain scale, in higher temperature, volcanic nephe-
Iines.138 Based on the relative Q"lk Al] populations, Stebbins et
_1.131 characterized and quantitated the disorder present in nephe-
line minerals. These conclusions are verified by the 29Si NMR
spectrum of crystalline voicanic nepheline from Mount Vesubius
(Monte Somma Crater), Italy (Figure 16) indicates that some type of
disorder is present because Q4 fo All (or 04 [t Al] species) occur,
and the resonance |lines are broader than in the lower tfemperature

materials (corresponding to a greater distribution in some structural
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(upper) 29S| MAS NMR spectrum of a natural, plutonic
crystalline nepheline (16.6% Nay0, 6.0% KO, 0.1% CaO,
33.8% Alp03, 43.3% S10p). Four resonance |lnes were
observed, -85.0, -88.4, -91.4, and -101.9 ppm, with rela-
tive peak areas of 60%, 21%, 16% and 3%, respectlvely.
The spectral assignments are 04[4 All surrounded by two
sodlum atoms and one potassium atom, 04[4 Al}l surrounded
by three sodium atoms and 04[3 All, for the three dis-
crete peaks. The 04[3 At] and the broad resonance are
attributed to silticon present In quantities above the
stolchlometric amount. (middle) 29S] MAS NMR spectrum
of synthetlc crystalline nepheline. (NaAiSi04). Three
peaks were observed, -82.3, =-86.,0, and =-91.0 ppm, with
relative peak areas of 24%, 72%, and 4%, respectively.
These peaks have the same assignments as In the upper
figure, 04[4 All with 2 Na atoms and 1 K atom In the unit
cell, Q414 All with 3 Na atoms In the unlt cell, and a Q%
site associated wlith the presence of excess sllicon.
(lower) The 2951 MAS NMR spectrum of crystalline carneg-
jeite (stolichlometric compositlon) consists of one line
located at =-82.2 ppm (04[4 All) relative to TMS. These

spectra are from reference 131,

\‘Hv
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(A) 2951 MAS NMR spectrum of crystalllne kalsite

(0.6% Nap0, 28.5% K0, 30.8% Aly0z, 40.9% Si0Op) formed
by potasslum Jlon exchange from the synthetic nepheline
sample used In Figure 14. Two resonance |lnes were
observed at -88.8 and =-94.2 ppm (relatlve peak areas
of 81% and 19%), and assigned to Q%4 All and Q%13 Al}
sites, respectively. Thls kalslte sample contalns silicon
present In greater than stolchiometric quantities, forming
a solld solution. The 04[3 All resonance s attrlibuted
to this excess amount of sllicon. (B) The 295] MAS NMR
spectrum of synthetic, crystalllne 01-KAIS104 consists of
three peaks, -84.8, -88.5, and =-93.9 ppm, of relative
area 33%, 60%, and 7%, respectively. (C) 2951 MAS NMR
spectrum of crystalline 01-KAIS104, derived from the
natural nepheline sample by K fon exchange. The spectrum
conslists of four resonance lines located at -85.4, -88.7,
-92,2, and -97.3 ppm with relative peak areas of 49%,

34%, 15%, and 2%. These spectra are from reference 131,
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2951 MAS NMR spectrum of crystallline volcanic nepheline
from the Monte Somma crater on Mount Vesublus, Italy
(Smithsonian sample # 47068). This spectrum was taken
with 4.2 kHz MAS, a recycle delay of 15 seconds and 3400

averages,
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parameter). Hence, 29Si NMR results on the high temperature members
of the nepheline family of minerals suggests that the disorder
observed by x-ray diffraction is long range only, and results from
the mixing of small, but ordered, domains.

Domain models have often been proposed to account for Al-Si and
other types of structural disorder in tectosilicates, but character-
ization of the size of domains and the structure of their boundaries
has been difficult, Much Information may be obtained about domain
boundary orientation and density from those phases which are stable
in the beam of a fransmissfon electron microscope,139 but the details
of changes in Al-Si distribution and bond angles at boundaries can
not generally be determined by this technique. Using 29Si NMR,
several conclusions about such details have been made by Stebbins et

al 13! n crystals with nonstoichiometric amounts of silicon (excess

silicon), few or no silicon sites with O or 1 aluminum neighbors have
been observed. This result indicates that the excess siticon Iis
present primarily along domain boundaries between hexagonal ring
layers (stacking faults perpendicular to the c-axis). The density
of such boundaries can therefore be estimated, and can be very large,
with as many as one boundary per 10 ring Iayers.lB]

Domain boundaries across which only bond angles change should be
detectable by NMR if these sites are abundant enough and the distor-
tions are large enough. No direct evidencé of these types of boun-
daries were observed. Hence, Stebbins et al.131 concluded this type

of domain boundary is less abundant, by at least a factor of 5 to 10,

than those which are related to the presence of excess silicon, If



13

the distorted silicon sites are presumed to have a chemical shift
greater than 1-2 ppm from the main NMR peak, then the abundances of
such sites can be estimated to be much less than about 1-2% in most

samples.

iV.3.iii. Cation Influences

Sanz and Serratosa'?2 examined polycrystalline phylloaluminosil-
icates with 29Si and 27A1 MAS NMR., The influence of second neighbor
cations located in the three different structural sites (tetrahedral,
ocatahedral, and interlayer) were invesffgafed. From 29S| spectra
it was observed that Loewenstein's rule is obeyed in these naturally
occuring minerals. 27A1 spectra, however, gave poor quantitative
agreement with mineralogical formulas when experimentally determined
Al (tetrahedral) /Al (octahedral) ratios were compared. The observed
differences were presumed to be a consequence of second order quadru-

pole effects.

W
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CHAPTER V:

NMR CONTRIBUTIONS TO THE DETERMINATION OF GLASS SILICATE STRUCTURE
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NMR spectroscopy has proven to be extremely sensitive to the
local electronic environment of silicon-29 nuclei. |In a glass, the
same trends are followed!7,35,62,63,89-93 o5 ij aqueous solu'l'ions,g6
and in crystalline silicates.>! Isotropic 295i chemical shifts sys-
tematically move fto higher frequencies (less negative values; less
shielding of the nucleus by surrounding electrons) with decreasing
silica content. Because both silicate speciation and geometric fac-
tors (such as Si-0-Si bond ar\gle73"74'97’99 and Si-0 bond lengfhs‘oo)
influence 29Si chemical shifts, NMR is potentially useful for charac-
terizing the local structure of silicate glasses. NMR techniques are
capable of answering several important issues in glass chemistry.
Questions of silicate speciation distribution, the effect of differ-
ent network modifying cations on the equilibrium expressions pre-
sented in Section 1l11.2,ii., and aluminum ordering in glasses can
be determined by 29Si solid state NMR methods. Despite the sensi-
tivity of this technique, relatively few NMR experiments have been

performed on silicate glasses. 17,35,62,63,85,89-9,115

In a glass, a much broader range of local silicate environments
exists than in the corresponding crystalline material., This range is
demonstrated by comparison of crystalline MgSiOz (enstatite, composed
of single chain 02 tetrahedra) and enstatite glass (Figure 17).
Results from techniques other than NMR have allowed spectroscopists
to hypothesize that the difference in peak widths may arise from a
range of silicate polymerization species as well as variations in
Si-0-Si bond angles and Si-O bond lengths, which are related to the

lack of long range order found in glasses.55’56'60'68’89'91'10‘
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Figure 17: 29Si MAS NMR spectrum of glass (top spectra) and crystal-
line (bottom spectrum) MgSiOsz (enstatite). The full
width at half maximum (FWHM) for the upper and lower
spectra are 22.7 and 0.8 ppm, respectively. fhe two
resonance lines in the lower spectrum correspond to two
cr*sfallographically inequivalent silicon sites. 113 The
two broad peaks on either side of the main peak (upper
spectrum) are spinning sidebands, These spectra are

from reference 17.
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However, what the ranges of structural parameters (e.g. bond angle,
bond length) are and whether or not the distribution is continuous
have not been determined. The published 29Si isotropic chemical
shifts and linewidths of various glass silicates are summarized in

Table 3.

V.l. Vitreous Silica

On the basis of radial distribution function analysis51 and
Raman specfroscopy,81 sitica glass is believed to consist primarily
of interconnected six-membered rings of Si044' tetrahedra, Additional
Raman evidence for four-membered rings exists,82 although every
silicon is expected to be in a Q4 tetrahedron with a distribution
of Si-0-Si bond angles. As described in the previous Chapter,
295j7 MAS NMR can determine the range and distribution of Si-0-Si
bond angles present on the basis of the 29Si isotropic chemical
shift,

Murdoch gI_gLL‘7 examined the distribution of Si-0-Si bond
angles in Si0Op glass. The 295j spectrum consists of a single, broad
(13.2 ppm full width at half maximum or FWHM), symmetric peak with
maximum at -110.9 ppm (Figure 18). The 29Si resonance covers the
chemical! shift range from -103.8 to -117.0 ppm, which can be con-
verted to a range of Si-0-Si bond angles using the empirical formulas
in Section IV.2.i.B. The corresponding range of bond angles = 135°
to 160° is in qualitative agreement with the molecular dynamics
calculations of Mitra®3 and of Gaskell and Tarrant.8% The angle

corresponding to the NMR peak maximum is 148°, which compares well
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Table 3: Isotropic peak positions and linewidths of the 295§ MAS

NMR spectra of silicate glasses.

Compositional Peak Position Linewidth
Composition <Speciation> (ppm from TMS) FWHM (H2) Reference
CaSi0s 0! -81.5 1100t 17
CaMgSi,0g 0! -82.0 1300 17
MgSi0s o' -81.5 1600" 17
, t
K,Si,05 0? -90.5 950 17
. 2 _ t
Na,Si,05 Q 88.5 940 17
e 2 _ t
Li,Si,0; Q 90.5 1350 17
BaSi, 0 Q? -92.5 1270" 17
Srsi,05 Q2 -92.5 15307 17
, 2
2
(Nay0) g 4(5105)4e Qo -87 380 89
2900, 2706 2 oa 380
- 2
(Na,0)p ,(Si0,) Q -76.3 547 15
2 0.4 2 0.6 03 —86.5 705
. 3
. 3
- 4
(N2,0) e (ST05) e Q -106 400 89
270253127075 1 195 400
. 4
(Na,0) e qe(Si05) . Q -108 500 89
2700157152085 5 oa =00
(Li50)nes(Si0,)ne Q> -88 500 89
2920°4319%704¢ 2 o4 200

- 1
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Table 3, continued

Compositional Peak Position Linewidth
Composition <Speciation> (ppm from TMS) FWHM (Hz) Reference
(Liy0)g.35(5i0)) g5 =11 -96" asymmetric't 91
(Li,0)g.33(510))0 67 @ -91#¥ 520 89
*
(Li,0) (510,) Q> -96 ---Tt 91
290.26%1%%0.74 ¥ _Too* e
(L1500 »5(S10,)0 75 O -107# 500 89
Q> -91 500
*
(L1,0) (510,) oy -92 =Tt 91
290,17 2),
5 825 Q4 _107* ___1-1-
4
(Lir0)n 15(S10,)qe 0 -108 500 89
29%0.1
0.15%1%%085 5 ke 200
Na,S1,0g o -92.0 856 115
ot -104.9 820
. 3
K,S1,40g 0 -94.,2 849 115
Q -105.5 690
Si0 o? -110.9 15301 17
(cristobalite)
50, o? -109" 1500" 85
KAIS150g o? -99 12507 17
(K-fe?dspar)
NaAl1Si50g o* -97.8 1300" 17
(albite)
NaA1Si0q o* -98 ---Tt 93
(albite)
. 4 t
NaAlSi,0f 0 -92.8 1320 17
NaAlSio, otia ANl -86.0 960" 17
. 4 _ +
CaAl,Si;,008 Q 107.1 1390 17
CaAl,Sig0, o? -101.0 16007 17

(anorthite



Table

80

3, continued
Compositional Peak Position Linewidth
Composition <Speciation> (ppm from TMS) FWHM (Hz) Reference
CaAl,Sic06 ¢ -870 1t 93
(anorfh?fe?
CaAl,Si,0 ¢t -95.6 1530 17
2°'4712 *
. 4 _ +
CaAl28|208 Q714 Al) 86.5 1230 17
CaAl,Si0g ¢t -82.3 1000t 17
PbSi05 -1 -85.2 720 62
. _tt - -1t
Pb23104 80 62
_Ht - S
Pb4SiO6 76 62
-r

t

4

Integrated linewidths (calculated as the area under a center

peak divided by its height),

variations in peak shape than the full

particularly with the occurence of small shoulders,

Not specified.

Interpolated from the spectrum.

This peak is actually a shoulder.

A small 04 shoulder was also observed.

are a more sensitive measure of

width at half maximum,
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295i MAS NMR spectrum of silica glass, obtained by
averaging 433 free induction decays. The signal to noise
ratio is relatively poor because a long silicon spin
lattice relaxation time (Ty) limited the rate at which
successive free induction decays could be collected.
Radiofrequency pulses with a flip angle of = 15° degrees

were spaced at 6 minute intervals,
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with the mean Si-0-Si bond angle derived from radial distribution
functions (150°)31 as well as the molecular dynamics value (153°),83

Dupree and Pettifer8> have presented a detailed analysis of
the Si-0-Si bond angle distribution associated with the 29Si MAS
spectrum of vitreous silica. The 29Si NMR peak maximum at -109 ppm,
corresponds to an average angle of 145,5°, One asymmetric |ine
was observed, the steeper slope being on the more negative chemical
shift side. The lineshape is presumed to arise from a distribution
of inter-tetrahedral angles. The best fit range of bond angles is

140° to 1559, with roughly equa! probability,

V.2. Silicate Glasses

Isotropic silicon chemical shifts have been used to investigate
the range of silicon environments in glasses, The effects of alkali
and alkaline earth cations on the network polymerization structure

of binary glasses!?#62,63,89,91,92,115

is reviewed in this Chapter.
Also, a critical overview is given of the interpretation limits for
the 29Si MAS NMR on glass structure,!!?

Schramm et al.?! have observed asymmetric and two peaked 29Si
NMR spectra of several lithium silicate glasses with nonintegral
mean Q" number. Interpretation of the spectra was based on modelling
the equilibrium in Equation (45). Each of the observed glass 29Si
MAS spectra was deconvoluted into Gaussian lineshapes corresponding
to the five possible local silicate polymerization states (QO, 01,

QZ, Q3, and 04) with peak positions chosen by comparison with crystal-

line spectra. From the deconvoluted spectra, distributions of the
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polymerization states of lithium silicate glasses were derived and a
linear relationship which describes the dependence of Q" composition
on mole percent Li,0 was obtained. Unfortunately, not only are the
results of the deconvolutions model dependent, but the analysis has
included spectra of glasses which are not optically clear. The
presence of optical sized particles, which scatter light, indicate
that some of the glasses investigated are not homogeneous and single
phased.

in a 29Si MAS NMR investigation of Naj0-Siz0 and Lip0-Sis0
binary glasses, Grimmer et al1.89 concluded that a statistical distri-
bution of Q" units does not exist., That is, in glasses of compo-
sition Q" where n is an integer, only one 29S| peak was observed,
hence only one type of species exists---the one found in the crystal-
line form. In glasses of composition where n is a noninteger, two
peaks were observed and it was concluded that only two types of
silicate units are present---the neighboring integer composition Q"
units. The authors8® maintain that the breadth of the glass peak
~arises from distorted SiO4 units (of nontetrahedral symmetry) which
are statistically distributed around a well defined average geometry,
Because crystalline silicates and their corresponding glasses are
observed to have very similar isotropic 295§ chemical shifts, the
authors assumed that the average 51044' geometry present in glasses
is very similar or identical to the known geometry of the silicate
units in the corresponding crystalline alkali silicates.B9 However,

in this investigation glass preparation techniques were such that

two glass phases from metastable liquid-liquid immiscibility possibly



84

resulted in the high silica content glasses.

Kirkpatrick et al.63:92 ysed 2951 and 170 MAS NMR to examine
low silica composition glasses in the ternary system Ca0-Mg0-SioO.
Only abstracts in conference proceedings have been published to date
by the Oldfield-Kirkpatrick group, although it is known that a sub-
stantial amount of NMR work on silicate glasses has been accomplished
in the past three years. Broad, single peak 295i spectra were ob-
tained, and the linewidth was attributed to a range of silicate struc-
tural sites in the glasses. 170 MAS NMR glass spectra were similar to
those of the corresponding crystalline material, with a small amount
of broadening.

Lippmaa et a1,%2 observed the 29Si MAS NMR spectra of three
different composition lead silicate glasses. Each spectrum consisted
of one fairly broad peak. As the lead content of the glass is in-
creased, the Isotfropic chemical shift moves to higher frequency (the
nucleus is less shielded)., The influence of therma! treatment was
also investigated. It was found that PbSiO3 glass crysfallizes-fo
yield a structure identical to that of the mineral alamosite. The
295j NMR spectrum of alamosite consists of three lines, in agreement

with the x-ray diffraéfion results,

V.3. Speciation in Binary Alkali Silicate Glasses

One motivation for additional study of silicate glasses of
simple composition is to carefully define the amount of information
available In 29Si spectra. This cautious approach is necessary to

evaluate whether the various structural models can be distinguished,
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The second motivation is more practical: because glass structure
Is very often the only basis for hypotheses about liquid silicate
structure, it is essential that glasses chosen for analysis be as
representative of the liquid state as possible. In particular, it
is desirable to study glasses which are physically single phases, as
is a homogeneous liquid. In several of the studies mentioned in sec-
tion V.2., some of the glasses investigated showed signs of not being
single phased.

Opalescence is an indication of the presence of two glass phases
which resulted from metastable |iquid=-liquid immiscibility, Phase
separation is promoted by annealing of Nay0:Si0, and Lip0:Si0, glasses
which have high silica contents, All of the glasses described in
depth in this thesis were quenched rapidly, and are optically clear.
The absence of optical scattering implies that any separated phase
has few domains larger than several hundred nm, Although in general,
a good correlation has been observed’?+9% between the lack of
observed optical scattering and fthe absence of smaller domains
(detectable only by small angle x-ray scattering), this relationship
may not be true in every case. In the potassium system (Kp0:5i05),
abundant evidence exists that phase separation does not occur In

glasses, even with annealing.95

In glasses of low silica content, the nucleation and growth of
crystals of submicroscopic dimensions may also be a problem. Powder
x-ray diffraction measurements ensured that the glasses used in the
present investigation were free of crystals down to the sensitivity

limit of this technique, or 1-2 nm (in silicates, this is usually one
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to *ive unit cell lengths),

Binary alkali silicate single phase glasses of integral and non-
integral mean Q" number were synthesized in approximately one gram
batches from reagent grade oxides and carbonates, '3 A 95% isotop-
ically enriched 295i sample of glass Naj29Si,09 (average speciation
Q3°5) was prepared to obtain high signal-to-noise spectra. The
oxide~-carbonate mixtures were heated in a sealed platinum tube in
a Deltech furnace to about 100°C above their liquidus temperatures.
Sample tubes were water quenched to retain single phase glasses., To
create more homogeneous samples, the glasses were subsequently ground,

remelted, and requenched.

V.3.1. Glasses of Integral Mean Q" Composition

Murdoch‘gi_gli17 specified the degree of polymerization in di-
silicate and metasilicate glasses using 29Si MAS NMR, For the stoi-
chiometric glasses (Q", with n an integer) observed, the 29Si MAS
NMR spectrum yielded only one peak, with no distinctive separation
for each Q" species. Metasilicate glasses CaSiO5, CaMgSi,Og, MgSiOs
(Figure 19), and disilicate glasses K,Sio0s5, NapSigOs, LisSin0g (Fig-
ure 20), BaSizOg, SrSip 05 (Figure 21) were observed. Only LiSiy0s
and NapSigo0s5 have noticeable shoulders, The position of the peak
maximum indicates that the primary silicate species present in the
glass is the same one found in the corresponding crystalline material
---Q3 in disilicates and 02 in metasilicates. This finding is con-
sistent with previous 29Si MAS NMR results,53 with Raman spectroscopy

work,54'55'57 with a radial distribution function measurement on
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Figure 19:
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295i MAS NMR spectra of alkaline earth metasilicate

(CaSiOz, CaMgSiz0g, and MgSiOz) glasses., Peak heights

are normalized in this and subsequent figures. These

spectra are from reference 17,
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295§ MAS NMR spectra of atkali metal disilicate (KSio0s,

NaySin0g, and LipSig0s) glasses. The dip in the left

spinning sideband of potassium disilicate is an artifact.

These spectra are from reference 17,
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Figure 21: 295§ MAS NMR spectra of alkaline earth disilicate
(BaSiz05 and SrSiz0g5) glasses. These spectra are from

reference 17.
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77 50

Na,Si,0g glass’’ and with the results of Si K-g x-ray spectroscopy.

The chemical shift range encompassed by the glass silicon res-
onance increases as the size of the cation decreases and as charge
increases.!’ This trend suggests that the larger the ionic potential
(charge/radius) of a network modifying cation is, the more the cation
will disrupt a silicate structure, The equilibrium in Equation (45)
is shifted to the right, localizing the negative charge associated
with nonbridging oxygen atoms and creating a broader range of sili-
cate species. This result again agrees with Raman spectroscopic
conciusions,54‘57 and the interpretation of silicate liquid speci-
ation is consistent with work on the effect of cation substitution
on chemical activity of Si0, in binary mel‘rs.78 A complementary
description, in accord with CNDO/2 molecular orbital calculations?®
is that smaller cations prefer to cluster together. An example is
that the creation of silicate units with multiple M-O Iinkages tends
to be energetically favorable for M = Li*, but not so for M = k%,

For both disilicates and metasilicates, a trend toward a wider
Q" distribution is observed in glasses with smaller, more highly
charged cations.!” This trend is apparent from a graph of integrated
linewidth (area under peak divided by peak height) as a function of
ionic potential (or polarizing power, i.e. ionic charge divided by the
jonic radius in nm) of the network modifying cation (Figure 22).
Several other cation properties such as ionization potential, field
strength, and molecular orbital mixing coefficient could have been
used to obtain the same qualitative result. !’ -

A difference in linewidth exists between CaSiO3 (much narrower)
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Figure 22: Integrated linewidths (peak area/height) of disilicate

and metasilicate glasses as a function of the ionic pot-

ential (charge/ radius) of the network modifying cation.

lonic radii are those of Shannon and Prewitt.!!'4 For
CaMgSi0g, the cationic potential was assumed to be the

average of the values for Ca and Mg. This figure is from

reference 17,
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and SrSio05 (broader) glass. This difference arises from the separ-
ation in 29Si chemical shift befwéen 0% and Q3 species, this separ-
ation is larger than between 03 and Qz, 02 and Q‘, or Q‘ and QO. Due
to the higher overall level of polymerization in the disilicate,
there are generally more 04 tetrahedra in disilicate glasses than in
metasilicate glasses, The higher concentration of Q4 silicons gives
rise to extra broadening of the disilicate MAS resonances., The dif-
ferences in disilicate and metasilicate glass linewidths may addi-
tionally reflect a larger equilibrium constant for Equation (42) than
for Equations (43) or (44).

The pronounced shoulders in LipSipo0s glass imply the existence
of more clearly defined Q" units than in other glass samples. A
deconvolution of the lineshape into three Gaussians !ineshapes yield
peaks at -78.5, =-90.5 and =105 ppm with relative intensities of
8:81:11, for silicate units 02, 03, and 04 respectively. These three
peaks could also come from regions of higher and lower lithium con-
tent.”?

The glass NaySio05 spectrum was also deconvoluted into 3 gaus-
sian peaks at -77, =-88.5, and =-99.5 ppm (QZ, 03, and 04 units) with
relative intensities of 8:84:8. A small bump at -62.5 ppm is pos-
sibly a real feature and could be ascribed to isolated Si044' tetra-
hedra (00 units). Its Intensity is 0.4% of the main peak and may be
present in the Li,Sip05 glass spectrum as well.

In most of the spectra observed by Murdoch et al.,17 the glass
peak maximum is within a few ppm of the corresponding crystalline

peak(s). One exception is CaSiOz, for which the glass maximum appears
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at -81,5 ppm, whereas the spectrum of crystalline CaSiOz features one
fairly broad peak at -88.5 ppm. In comparison, peak maxima for crys-
talline and glassy samples of both CaMgSi,Of and MgSiOs; lie between
-81 and -84 ppm. This difference suggests that crystalline CaSiOy
with its peculiar silicate chain repeat length of three tetrahedral
uni'rs,80 relaxes in a glass to chain structure more like that of the

pyroxenes CaMgSiO3 and MgSiOS.‘7

V.3.ii. Glasses of Non-Integral Mean Q" Composition

In 958 enriched NaySiyOg glass, two broad, overlapping 293
lines are observed (Figure 23). These peaks are ascribed to a 03
and a Q% silicate species on the basis of 29Si isotropic chemical
shifts similar to those of crystalline sodium silicates NajSijOs
(=95 ppm) and SiOp (-108 ppm), respectively. Many sidebands (2-5)
are observed for the 03 silicate species even at moderate spinning
speeds (1.1-2.,4 kHz), hence it can be concluded that this silicon
site Is asymmetric (as in crystalline Na25I205). However, the 04
silicon site is fairly symmetric, as indicated by the lack of obser-
vable spinning sidebands.”'zz"24 Highly symmetric 04 sites are gen-
erally observed in crystalline silicates.?® The room temperature
295i MAS NMR spectrum of the isotopically enriched NajSisO9 glass
(-92.0, -104.5 ppm for 03 and Q4 sites, respectively) lIs identical
to that obfafned with the unenriched sample, and is similar to the
melt spectrum. (Static 29Si NMR spectra of molten sodium tetrasili-
106-109,

cate at temperatures near Tg contain two resonance l|ines.

To ascertain whether the two resonance |ines observed in sodium



Figure 23:

94

295§ NMR spectra of 95% isotopically enriched NaySisOqg
glass. (Top) A nonspinning (static) spectrum obtained
using the sequences 90, - Ty = sample and 90_, - ¢ -
sample, with alternating addition and subtraction of the
subsequent FIDs. The optimum value for the spin locking
time, Ty, Was found to be 20 pyseconds. 600 averages and
a recycle delay time of 60 seconds were used to obtain
this spectrum. (Middlie) MAS spectrum at a moderate (2.42
kHz) spinning speed. Superposed on the spectrum (solid
line) is the fit spectrum (dashed lines). The individual
peak deconvolutions are shown immediately beneath the or-
iginal and fit spectrum. The estimated error of decon-
volution is a maximum of 5% for peak location and height,
and 20% for FWHM intensity and hence also 20% for peak
area. Central peak widths agree with spinning sideband
values, A "rolling baseline" could not be removed with
various spectral manipulations, therefore the outer spin-
ning sidebands have inaccurate deconvolutions. (Bottom)
MAS spectrum obtained at a slower spinning speed (1.41
kHz). The spectral deconvolution is as previously des-
cribed. The spectra were averaged 20 times, using a 90°
pulse length of 9.0 pysec, and a repeat time of 60 sec.

The Argonne National Laboratory spectral deconvo-
lution subroutine va02a was used to fit the spectra.
Gaussian |ineshapes were chosen on the assumption that

in these samples, the broad spectral lines are due to a
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Figure 23, continued

statlistical distribution of some structural parameter.
The number of peaks for a glven fit was chosen as the
number of obvlious spectral features (such as clearly
resolved peaks and shoulders). To determine the mathe-
matical stability of a fit, several deconvolutions were
obtalned using different Initial conditlions (peak loca-

tion, width, and relative Intensity).
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tetrasilicate glass are caused by two species in a homogeneous,
single phase glass and not to suboptical scale phase separation,
exper iments must be performed which are able to differentiate between
randomly mixed and clustered Q3 and 04 silicate species (although
clustering does not necessarily imply the existance of a thermody-
namic phase boundary). 1In the binary Nas0:5i0, system, the shape and
position of the metastable solvus are such that if phase separation
did occur, only a small portion of the 04 rich phase could be present
in the compositions studied. However, the deconvoluted areas éf the
two resonances are approximately the same, indicating that equal
quantities of 03-fype and 04-fype silicate polymerization species
are present,

Utilizing FID sampling synchronized with the rotor period,”0
two dimensional COSY and NOESY 'I'ype107"09 NMR experiments did not
yield cross peaks (indicating no coherence fransfer). This result
is inconclusive because Si-Si connectivity is very wéak in silicates
‘due to large 295i-29Si internuclear distances (even in a 95% iso-
topically enriched sample) and the tow gyromagnetic moment possessed
by 29Si. More success in studying coherence transfer from one site
to another could possibly be had by utilizing an approach such as
magic angle hopping (which allows evolution of the spin system under
the high field dipolar Hamil‘roniar\),”1 or multiple pulse excitation
of dipolar coherence during the evolution period while under magic
angle spinning conditions, 112

A relaxation time approach has also been taken. In amorphous

samples where distinct speciation domains may exist, spin coherence
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between the domalins may not be exchanged efficiently, and the spec-
tral lines would exhibit different reiaxation times. If the lines
have the same relaxation times, then spln diffusion occurs and the
two species may be mixed on a molecular level, On the basis of
varying the pulse recycle delay, both peaks In the 2957 MAS NMR
spectrum of Nay29Si409 were found to have approximately the same spin
lattice relaxation time (T¢) of = 25 * 1 seconds. However, the relax-
ation time data are better fit using two exponential functlions of
temperature. A short Tq component, with an estimated 30% population
of the spins, is present In the enriched glass. The short and long
components of relaxatlon are very similar for both the 03 and 04
specles, 1 and 4 seconds respectlvely (these are not statistically
different) for the short Ty and » 25 seconds for the long Ty. Both
peaks In the 29S] MAS NMR spectrum of the unenriched NaSi,Og9 also
have statistically the same value of Ty (27 £+ 7 sec and 35 + 10, res-

pectlively), In accord with the Isotoplically enriched material. The

“static (nonspinning) value of Ty was also measured for the enriched

sodium tetrasilicate glass: the 04 species has a Ty of ~ 26 sec and
the 03 specles ylelded T1 » 14 sec. Unfortunately, thls data does
not reveal the relative separation of the two sillicate species. Fur-
ther Investigation Is necessary In thls single phase NajySis09 glass.

A further check on the role of phase separation Is the spectrum
of KpSi409 glass (Figure 24). Phase separation of glasses In the
binary system K;0:5i0, Is not known to occur and crystalllization Is
very slow. The 2957 MAS NMR spectrum again consists of two broad

peaks which can be assligned to 03 and Q4 species based on the Isotrop-
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Figure 24: 295§ MAS NMR spectra of KpSig0g glass. A spinning speed

of 3.58 kHz, a repeat time of 60 seconds and 1200 averages
were used to acquire this spectrum. The deconvoluted

spectrum is shown as previously described.
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lc chemical shifts, Within the uncertainitles of the deconvolution
procedure, the l|Inewldth of the 03 specles Is « 2,5 ppm broader In the
potasslum compared to the sodium glasses. However, the linewidth of
the Q4 specles decreases by 2.5 ppm In potassium tetrasilicate glass.

To examine the effects of large differences In catlonic fleld
strength, the 2951 MAS NMR spectrum of a sodium and calcium glass
were compared. The high liquidus temperatures and stable |jquid
Immiscibility In the Ca0:Si0, blnary system necessitated that lower
sillca content glasses be prepared. This also permitted the effect
of different average Q number to be examined.

For (NaZO)O.4(SiOZ)0.6 (with average Q2'67 speclatlion), two
295} resonance peaks are observed and assigned to Q2 and Q° slii-
cate species (Figure 25). The Isotropic 295} chemical shift of
crystalline Na25103 (02) s =-76.8 ppm.89 The chemical shifts of the
02 and 03 sillcate specles are In agreement (Table 4) with those
previously observed by Grimmer EI.EL;BQ (-77.7 and =-87.3 ppm, respec-
tively). The linewldth of the Q3 specles In the 40% Na,0 composition
glass Is within experimental error of the 2951 linewldth observed In
the 20% glass (Na,Si,04). The Q2 iinewldth is narrower (s 7.6 ppm)
than the 03 site., |f other silicate specles are present, their abun-
dance Is low. The quantity of additlonal sillcate polymerization
specles cannot be estimated unless restrictive assumptions about
peak shape, position, and wldth are made. The maximum amount Is

estimated to be < 5%.

2.67

(Ca0)0.4(5102)o.6 {mean Q composition) was also studled.

The 2951 MAS NMR spectrum of this single phase glass Is composed of
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Filgure 25:

2351 MAS NMR spectra of (Nap0)(,4(S102)g.6 glass. A
spinning speed of 2.58 kHz, a repeat time of 30 seconds,
and 1200 averages were used to obtaln thls spectrum. The
signal-to-noise was not sufficlent to deconvolute the
spectrum directly, hence a smoothing functlon was app!led
20 times. The deconvolution of the averaged spectrum is
shown, and was not substantlally dlfferent before and

after application of the smoothing function,
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Flgure 26: 2951 MAS NMR spectra of (Ca0)p,4(S102)0.,6 glass. A
spinning speed of = 2 kHz, a repeat time of 30 seconds,
and 1400 averages were used to acquire this spectrum,
No spinning slidebands were observed for the one broad,
asymmetric peak. In the bottom spectrum, a smoothing
function has been applied 20 times to reveal the possl-
billty of a shoulder which might be the cause of the
observed peak asymme+ry. This smoothed spectrum 1lus-
trates that cautlon must be used when spectral manipu-

tatlons are performed, especlally on glass spectra.
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only one very broad, asymmetric line, possibly with a minor shoulder
at = =97 ppm (Figure 26)., No unique deconvolution of this spectrum
was possible wlthout fixing peak positions or widths., If thlis 40%
Ca0 glass spectrum Is In fact composed of two overlapping peaks,
with no specles between the Q2 and Q3 sites, then the overall
Ilnewidth of the Indlvidual resonances must be much broader than for
the 40% Nay0 analog.

A summary of Isotroplc §(29S1) and llnewldths for the MAS NMR

spectra of nonlinteger composition glasses Is presented In Table 4.

V.3.111., Chemical Shielding Anlsotropy Analysls

The areas of central lines and spinning sidebands derived from
deconvolution of the 29S] spectra have been used to quantify some
aspects of glass structure. |In particular, the chemical shielding
anisotropy (CSA) can be studied, perhaps more easily than by exam-
inlng the static spectra wlth overlapping resonances. Other tech-
hiques, such as two-dimensional multiple pulse experiments exist for
the separation of the CSA pattern as a function of Isotropic 29Si]
chemical shift, 111,112

Glass spectra were obtalned at several maglc angle splinning
speeds In an attempt to quantify the CSA. Using the method of Herz-
feld and Berger,22 described In Appendix A.4., the CSA tensor may be
derlved from the relative Intensities of just a few spinning side-
bands. Uncertalnities arise because the sidebands overlap with the
broad central peaks at some rotor speeds, Large errors can also

result from the Insensitivity of this technique to varlations Iin
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certain ranges of input data (especially for these glass spectra),
The most precise quantity is the relative value, y = g33-g11 (Figure
47)., However, the uncertainity in the p dimension (a measure of axial
symmetry) is too large for small values of y, to allow computation of
the CSA tensor eigenvalues by this technique. In Table.4, 033-011
values are presented for the noninteger composition silicate glass
spectra, Errors were estimated based on the comparison of date
from several spectra for‘each glass. Within these errors, g33-011
for both 02 and 03 sites in the sodium glasses are approximately
equal, and for the 04 species, the values are = 0. Both of the
o33~ gy values are similar to the results reported for crystalline
Na28i205 (03: 033=011 = -107 ppm and n = 0.24) and crystalline Si02
(quartz, 04: 033=0yy Was estimated to be 0-20 ppm and n was not
measurable) .28 No CSA analysis has been reported for potassium 03
or sodium 02 containing crystalline silicates,

A static 295i NMR spectrum of the 95% 29Sj isofobically enriched
NapSis09 glass was also obtained (Figure 23). As anticipated, the
03 and Q4 resonances overlap, but it is still possible Tq distinguish
individual CSA tensor patterns. The 03 site has approximately axial
symmetry with Ac ~ 98 ppm (approximately 11.5 ppm of broadening was
observed on the CSA pattern)., The 04 site is observed to have very
little or no asymmetry observable in the static 29Si NMR spectrum, as
anticipated. Because an isotopically enriched 29Si sample was used,

295i-295} dipole-dipole couplings broaden the lines by » 130 Hz,
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FWHM, uncertainity ¢ 1,5 ppm

symmetry of 295! site |s very high, hence no spinning sldebands were observed.
K.A. Smith et al.26 gstimate g » 0-20 ppm for O‘lo Al) In crystalline minerais.

uncertalnlty of deconvoluted peak position &t 0.2 ppm;

nonunique deconvolution

anticipated relative peak area based on atkall compositiona! enalysis of sample,
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K251409 Is 27.80 wt§ K20.
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V.3.lve Population Distribution

The area under an NMR absorbance line Is directly proportional
to the number of nuclel resonating at that frequency, and In principle,
accurate spectral deconvolution should glve a precise distribution of
specles as well as detalls of structure., For crystalline materlals
much Information has been obtalned, but problems may arise for the
broad, overlapping peaks In glass spectra. In particular, certaln
| ineshape assumptlions may not be reasonable because of the number of
structural features whlch effect the chemical shlft. Nonetheless,
relatlve areas of the two resonances observed for the enrliched sodium
contalining glass Is within error of what would be expected simply
from the mean composlition (Table 4)., Thls Informatlon can not be
taken as evidence that species other than the two major ones are
absent, only that they are In low abundance (estimated to be less
than 5%). These results are consistent with Raman spectroscopy
on similar materlals which suggest the presence of a statistical
distribution of at least three species In most compositlions.

In the KpSigO0g9 glass and to a lesser degree, In the natural
abundance Na251409 glass, the Q4 peak area s much smallier than Iis
expected from the chemical compositlon, The discrepancy In relative
peak area and the difference In 03 and 04 spin-lattice relaxation
times Indicates that the Q4 species might not have completely relaxed
during the time between rf pulses. |t Is also possible that the Q4
peak In potassium tetrasillcate glass Is skewed towards less negative
chemical shifts (lower Q" specles), Instead of having a Gaussian form.,

An asymmetric 04 | Ineshape has also been observed by by Dupree and
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Petiter®? In §10, glass.

V.3.ve Conclusions

Murdoch et al.‘7 were the flirst to make a careful, quantitative
comparison of alkall versus alkalline earth silicate glass structure
using 29S] MAS NMR. This work has been extended In this report to
Include glasses of nonintegral mean QM composl‘l'lon.”5 For homo-
geneous, single phase glasses of integral mean Q" polymerization
state, only one broad resonance s observed. However, two discrete
resonances are observed In the 2951 MAS NMR spectra of alkall si|l-
cate glasses of nonlntegral mean Q" composition.

As assumed In several previous reporTs,l7’89 two partlally
resolved peaks are Interpreted as corresponding to two structural
sltes and the slingle broad resonance ls presumed to be caused by the
presence of one sillcate specles. However, similar broad, single
peaks are also observed for alkallne earth glasses (or at least
those contalning Mg and Ca) with nonintegral mean Q" composition,
The single broad peaks could be partially due to a continuum In the
Q" speclation sites: 1f the distinctlon between "bridging" and "non-
bridging" oxygen atoms begins to blur as the fleld strength of the
"network modlfying" cation Increases, then this could be the case.
However, Raman spectroscoplc data on sllicate glasses56'68 show par-
tially resolved peaks which have been attributed to Si-0O stretching
motlions of distinct Q" sites with Integral values of n. Hence, the
presence of a range of noninteger composition Q" species In glasses

with higher fleld strength catlons can not be used to explalin trends
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in glass 29Si NMR linewidths,

When comparisons can be made, the isotropic 29Si chemical shift
is comparable in glasses and the corresponding crystalline compounds.
From the location of the isotropic chemical shifts, it is known that
the same bonding coordination of the oxygen atoms around the silicon
atoms occurs in the glass as well as in the crystalline material,

Data on 29Si chemical shielding anisotropy will yield important
information on site local electronic symmetry, although the best ap-
proach to obtaining this type of data on glasses is to use both sta-
tic and magic angle spinning NMR techniques. As in crystalline
framework silicates, the chemical shielding anisotropy is small or
unmeasurable for 04 species in glasses regardless of composi'l'ion.”5
The small pAg value Implies that a highly symmetric electron distri-
bution exists in glasses as well as crystalline solids. This is
possible only if fefrahedral.Si-O bonding occurs, hence the 04 tetra-
hedra are not found to be distorted in glasses (in accord with
McMi llan's interpretation of Raman da‘ra).56'68 In the alkali silicate
glasses examined,”5 the 03 species is present in an axially symmetric
environment--that is with three equivalent Si-0 bonds occuring. The
02 site in (Na20)0.4(8302)0.6 also appears to have axial symmetry.
Additionally, all the QZ and 03 sites investigated appear to have
apprbximafely the same chemical shielding anisotropy (Ag).

295j NMR spectra indicate that the four Si-0 bonds as well as
the average number (and most probable number) of Si-0-Si bonds remain
intact in the glass phase. NMR spectroscopy also shows that the

local environment for 03 silicate species is less symmetric in the

7
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crystalline form than iIn The.glass state. In most of the crystalline
silicate compounds investigated by K.,A. Smith et al.,28 silicate
polymerization species (other than 04) have asymmetric CSA tensors.
This result implies that the 51044' tetrahedra are composed of inequi-
valent Si-0 bonds which cause a nonuniform electronic énvironmen? to
be observed due to the long range order imposed by the crystal struc-
ture., These distorted Si044' units are in higher energy bonding
configurations than a tetrahedrally symmetric species would be. The
lower bonding energy, more symmetric local environments observed in
glass silicate species must be caused by relaxation of the strained
silicate units in the molten phase. Removal of the bonding strain
in the glass state is possible due to the lack of long range order
constraints,

As observed by 29Si NMR, symmetric Si-0-Si bonding configurations
egisf in a homogeneous, single phase silicate glasé. Because the
295i-295i coherence transfer experiments were unsuccessful, the prox-
imity of the two sites found in NapSisO9 glass remains unknown.
it is known from the optical clari#y of the glass that structural
domains are suboptical in size, Using powder x-ray diffraction,
the maximum crystallite size is known to be =~ 20 A (or 5 to 10 unit
cells) because no sharp lines appear in the broad powder pattern.,
Hence mixing of the two species may occur on a molecular level.
Unfortunately, the data obtained does not allow further restraints
to be placed on the relative proximity of the silicate species.

Based on the relative peak areas of the Q3 and Q4 species in

K25i409 and NaZSi4O9 (and assuming symmetric |ineshapes), +the 04
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species In K;Si409 appears to have a much longer Ty than does the
03 specles. A possible explanation for the differences In relax-
ation times could be that the predominant source of relaxation in
natural abundance silicate glasses Is vla the CSA Interaction and by
dipole-dipole coupiing to the quadrupolar charge balaﬁclng catlon,
This mechanism Is possible because the potassium glass Is relaxing
more slowly than the sodium glass. Potassium has a much smal ler gyro-
magnetic ratlo than sodlum (yNa/yk ~ 1/6), hence the coupling would
be one sixth as strong. Since the 03 specles appears to relax more
slowly than the 04 speclies In K281409 glass and dipole-dipole coupling
to potassium Is assumed to be part of the retaxation mechanlsm, It can
be concluded that the Q3 silicon specles are closer to k¥ than the 04
silicon atoms. An additional fact which supports this premise: in
S§10, glass, the spin-lattice relaxtion time Is very long (on the
order of 10 minutes). The only mechanism for relaxation In vitreous
S109 are 2951-295] dipole-dipole coupling (very weak),'and the CSA of
a-Q4 slllcon species (very small), and whatever paramagnetic Impur-
ities may be present. Few relaxation time measurements have been
made for crystallline slllcafes,‘so"é‘ and none have been previously
published on glasses.”5 However, In general, 29S] spin-lattice
relaxation times are known to be very long (4 to 5000 seconds) In
sil|icate minerals,

fhe predominant silicate species found In glasses Is the same
Q" polymerization state, If the glass Is of Integral mean Q" compos-
ition. Or, 1f the glass Is of noninteger composition, then the adja-

cent Integral Q" polymerization species are the primary sltes present
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In the glass state---in the same quantity as predicted by the glass
composition. The 29S] NMR spectra do not eliminate the possiblility
of other Integer composition species beling present In the glass
phase; however, the spectra do limit the quantity of these specles
to an estimated maximum of 5%.

The glass 2951 NMR spectral analysls, however, does not explaln
the breadth of the glass MAS spectral lines. The large llinewlidth of
glass 2951 spectra must be due to finlte ranges of several Interre-
lated structural parameters, such as bond angle and bond length.
Examination of the 29S] spectrum of vitreous S10; lends credence to
this concluslon--S10, glass contains no network modifying catlons
to change the distribution of Q" specles and yet has a ilnewidth
of 13.2 ppm (contrasted to the 0.4 ppm |lnewidth observed for the
crystalline material), The MAS linewidth reflects a range of Si-0-SI
bond angles from = 135° to ~ 160°, a result which Is in good agree-
ment with radlal distribution function and molecular dynamics cal=-
culaﬂons.5]’83'84 Most structural parameters are assumed to take
on a larger range of values as the Interaction of cations with both
bridging and nonbridging oxygen atoms Increases. Thls result Is
veriflied by the Increase of the 2951 MAS NMR linewidth of alkall and
alkallne earth slllcate glasses as a function of the Incease In polar-
Izing power of the network modifyling catlion. !’

Because of the many Influences on 2951 chemlcal shifts, It Is
difflcult to unlquely constraln any one structural varlable from the
spectra of glasses. However, the sensitlvity to geometrical changes

and the one-to-one correspondance between signal Intensity and number
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of resonating nuclei will allow 29Si glass NMR spectra. to be very
valuable for verifying specific, detailed, structural models. For
quantitative work, all nuclei must relax completely or at least
equally, and spinning sidebands must be included if present. Accurate
empirical or theoretical relationships between structural parameters

and chemical shifts are of course needed.

V.4. Aluminosilicate Glass Structure

Tectosilicate glasses have been examined by several investiga-

17,90,92,131

tors in which aluminum is believed to act as a network

forming cation, substituting for 04 silicon atoms in tetrahedral
units rather than changing the degree of polymerization in the role

of an octahedrally coordinated network modi fier,22+86

V.4.i. Aluminosilicate Speciation

De Jong et al.?0 have used 29Si MAS NMR to compare nucleation
properties of two glasses prepared from naturally occuring minerals,
albite (NaAISizO5, Q%11 All) and anorthite (CaAl,Si,0q, otia A,
One broad peak was observed for both glasses. Each spectrum was
deconvoluted by a technique similar to that used by Schramm EI_El;v91
however the equilibrium expression in Equation (46) was used as a
model. The authors?® conclude that all five possible silicate
species are present in these two aluminosilicate glasses.

Kirkpatrick et al,92 also examined albite and anorthite glass

using MAS NMR, The 29Si, 27A1, and 23Na NMR spectra of these glasses

consist of broad peaks, much wider than the corresponding spectra of
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crystalline albite and anorthite (except the 27A| spectrum of anor-
thite glass). The broad Al and Na glass linewidths are attributed to
silicon atoms occupying a distribution of sites, each with a differ-
ent quadrupole coupling constant, asyﬁmefry parameter and/or chemical
shift. The 29Si linewidth has been in'ferpre'red,92 in a manner similiar
to de Jong et al.,90 to be caused by chemical shifts from the five
possible Q4lk All species, all of which are presumed to be present in
the glass state. In anorthite glass, the 29Si resonance is asymmetric
and the authorsd2 attribute this to a nonuniform distribution of
silicon polymerization species (more 04[4 All are present +than
Q%10 All). 29Si chemical shifts for the peak maximum of albite glass
(-98 ppm) and anorthite glass (-87 ppm) agree with the results of
de Jong et al1.90 De Jong et al.'10 also used 27A1 MAS NMR to inves-
tigate aluminum coordination in crystalline and amorphous aluminosil-
icates. In all the glasses observed (albite, potassium feldspar,
anorthite, lithium feldspar, jadeite, spodumene, nepheline, cordier-
ite, and calcium aluminate), the aluminum was 4-coordinate (even Iin
Jjadeite glass, in which Al was found fo be 6~coordinate in the crys-

talline phase).

Vid.ii. Effect of Cations on Aluminosilicate Speciation

In analogy to the results obtained for metasilicate and disili-
cate glasses, Murdoch et at.!’ found . strongly polarizing cations
shift the equilibrium in Equation (46) to the right. This shift
causes cations tTo cluster near the aluminate tetrahedra linked to

Q4l(k+l) Al) siticate species and gives rise to a larger distribution

T



113

of the number of aluminate nelghbors around different sillicon atoms.
Raman spectra reported by McMillan gi;gl;§7 support thls mechanlism.

The trend for smaller, more highly charged catlions to cause a
broader distribution of sites Is apparent in the 2951 MAS NMR spectra
of aluminosilicate glasses with a SI/Al ratlo of 3:1.17 The 295i
spectra of potassium feldspar (KAISI30g), alblte (NaAlSIz0g), and
Cag,5A!S130g are shown In Figure 27. The glass peaks grow broader as
the catlon polarizing power Increases from K' to Na* to Ca?", reflec-
ting a larger dlstribution of Q4lk Al]l specles and probably a wider
range of SI-0-T bond angles (where T = S| or Al).

Radial distribution function measurements of NaAlSizOg and
KA1S120g Qlasses suggest the presence of six membered rings con-
taining alkall catlons In the center (a "stuffed trydimite" type of
sfrucfure).52 But the Raman spectrum of CaO.SAISiSOB has been inter-
preted in terms of both six membered Si0, rings and four membered

81 The exlstence of two dlfferent

Al,S1,0g (feldspar-like) rings.
slzed rings for the calclum glass would be expected to result In a
wider range of tetrahedral angles, and hence a broader 29S| Iine
would be observed.

Figure 28 compares the 29Si spectra of two tectoaluminosilicate
glasses with a SI/Al ratlo of one: NaAlSI0; (nepheline) and
CaAIZSIzog (anorthite), Integrated |inewidths for both sets of
glasses are plotted as a function of cation polarizing power Iin
Figure 29. Inspection of Figure 28 or 29 reveals that the wlidth of

the anorthlte glass peak exceeds that of nephelline glass. One cause

for this difference might again be a greater range of bond angles in
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2951 MAS NMR spectrum of tectosilicate glasses with a

Si/Al ratio of 3 (KA1Siz0g, K-feldspar; NaAlSiz0g,

albite; and Cap,5A1Siz0g). The dip to the

left of the

albite peak is a spectral artifact. These spectra are

from reference 17.
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Figure 28: 29Sj MAS NMR spectrum of tectosilicate glasses with a

Si/Al ratio of 1 (CaAl,Sipy0g, anorthite;

nepheline).

and NaAlSiQ,,

These spectra are from reference 17.
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Figure 29: Integrated linewidths of tectosilicate glasses as a func-
tion of cationic potential for different Si/Al ratios.
The 29Si linewidth is observed to increase with increasing

cation polarizing power.

17.

This figure

is from reference
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the anorthlite glass. Radlal distribution function measurements>Zs23
Indicate that the two glasses have markedly dlfferent structures:
sIx membered, "stuffed tridymite" rings in nephellne glass, and four
membered feldspar-like rings In anorthite glass. The smaller rings
may well entall more variety In bond angles., Additionally, on the
baslé of Raman data, Selfert et al 81 postulated the existence of a
small quantity of six membered rings In addition to the four membered
rings In CaAl,Sio0g glass. This varlation In structure would be»ex-

pected to create a wider range of bond angles.

Ved.iile Sillicon-Aluminum Ordering

In crystalline nepheline and anorthlite, slllicon and aluminum
catlions aiternate In the tetrahedral framework---each silicon atom is
surrounded by four aluminum atoms and vice versa. The alternating
arrangement of Al and SI is a manifestation of Loewenstein's aluminum
avoldance ru|e,132 which states that Al-0-Al linkages between alum-
Inate tetrahedra are energetically unfavorable., If this principle
holds In glasses as well, then equliibria such as Equation (46) are
not Important In SI/Al = 1 compositlions since every slilicate tetra-
hedron must be a 0414 All unit,

Sharma et al.8® have seen evidence In thelr Raman spectra of
Si-Al disorder In anorthite glass. So, another possible Interpre-
tation of the Increased 29S! linewidth in anorthite Is the greater
polarizing power of calclium Induces a breakdown in aluminum avol-
dance. However, when examlined as a functlon of Si/Al ratio (Figure

30), the linewidths of Figure 27 and 28 are conslistent with substan-
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tial adherence to Loewenstein's rule, Specifically, the width of
the albite glass peak is 4.9 ppm greater than that of nepheline
glass, and the width of the Cap sAlSizOg glass peak is 5.2 ppm
greater than that of anorthite glass. In short, glasses for which
substantial rearrangement of Si and Al cations is possible without
creating Al-0-Al linkages have broader |inewidths than those for
which compliance with the aluminum avoidance principle Imposes a
rigid ordering scheme,

Murdoch et al.!” considered a statistical model for silicon
aluminum ordering, with and without the aluminum avoidance constraint,
Without the restrictions of aluminum avoidance, the relative occur-
rence of a Q4lk Al]l silicate tetrahedron is given by the probability
of choosing k aluminum neighbors and (4-k) silicon neighbors., The
average number of aluminum neighbors (which governs the location of

the 295§ peak maximum) is given by !’

<k> = 4 ’ (53)

(R+ 1)
where R is the Si/Al ratio in a three dimensional framework glass.
(The peak maximum corresponds to the average value of k only for a
symmetric lineshape, but the difference between <k> and its most
probable value is not important here.) The variance in the number

of aluminum neighbors (which confribute to the NMR linewidth) s

given by‘7

62 = <k?> - <k>Z = _4 R . (54)
(R + 12
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The variance is a maximum (g2 = 1) when R = 1 (i.e., for a composition
like that of anorthite or nepheline)., For R =3 (as in albite glass),
g2 = 0.75.

In contrast, the imposition of aluminum avoidance requires four
Si-0-Al linkages for each aluminum atom present. The réla*ive occur-
rence of each Q4lk All silicate tetrahedron has been determined by

K1inowski et al.b7 Using this distribution, <k> = 4/R and
02 = <k2> - <k>2 =4 (R-1) / RZ, (55)

In this case, the variance is zero (no disorder) for R = 1, and
achieves its maximum value of 1,00 for R = 2, and falls to 0.89 for
R =3,

As noted above, the variance of k contributes at teast in part
to the NMR linewidth of aluminosilicate glasses. To explore this
effect, 29Si spectra were acquired for jadeite (NaAlSio0g) glass and
a series of glasses of the formula CaAI204‘n SIOZ (n =.1, 2, 4, 6 and
12), Results are included in Figure 30, and are clearily more consis-
tent with an aluminum avoidance effect than with its absence. How-
ever, linewidth maxima for both Na and Ca glasses occur near R = 3,
not R = 2, This result, perhaps indicates that Si-0-T bond éngles
also increase with the Si/Al ratio. Such a conclusion is supported
by the molecular orbital calculations of Geisinger EI_El:v133 which
suggest that as the Si-0-T (where T = Si or Al) angle varies from
its most stable value, energies increase more rapidly for Si-0-Al

than for Si=-0-Si.
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Vedoive Natural Composition Glasses

To investigate the usefulness of 29Si MAS NMR in the analysis of
magmas, Murdoch et al.!7 observed three glasses made experimentally
from iron-poor silicic lavas collected at Mono Craters (A), Mount
Lassen (B), and Mount Shasta (C), California., All three were remelted
under reducing conditions in graphite crucibles; calculations!34
indicate that > 99% of the iron present is Fe2*, Rhyolitic glass
A can be represented by an approximately one third silica glass, one
third albite glass, and one third potassium feldspar glass. In
going to glasses B and C, the K-feldspar component is partially
replaced by anorfhifé, and the number of nonbridging oxygen atoms
increases. The decrease in the number of Si-0-Si bonds causes a de-
crease In the average degree of polymerization., Nevertheless, all
three glasses are expected to have predominantly three dimensional
framework structures (i.e., mostly 04 tetrahedra are present).

The 29S5i NMR spectra of the natural composition glasses are
displayed in Figure 31. The most obvious trend is the increase in
spinning sideband intensity between glass A and B and C. This change
is not related to a massive increase in chemical shielding anisotropy
but rather to an lincrease Iin concentration of paramagnetic Fe2*
ions, Magnetic dipole-dfpole ccoupling between the rapidly relaxing
unpaired electrons on the iron and nearby silicon-29 nuclei induces
a paramagnetic shift In the NMR spectra of these nuclei. The form
of this largely inhomogenéous_shlff is similar to that of a chemical

136

shift, but the magnitude can be much greater. As the concen-

tration of iron increases, the number of silicon nuclei affected by
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29S5i MAS NMR spectrum of glasses made from lava collected

at (A) Mono Crater, (B) Mount Lassen, and (C) Mount

Shasta, California. All three central peaks are normal-
ized to the same height, but the weight percent of silicon
and, hence the measured signal intensity decrease going
from glass A to B to C. The spectra are from reference

17.
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paramagnetic shifts rises; as a result, spinning sidebands cover a
wider range of frequencies and become more intense. Oldfield et
21;135 reported a similar effect in minerals caused by ferromagnetic
inclusions, but such inclusions were not observed microscopically in
these glasses.

The overall spectral intensity (including sidebands) also drops
from glass A to B to C; the relative values are 1,00:0.70:0,37.
This drop also is a function of Iincreasing paramagnetic content.
Those silicon nuclei that are located very near unpaired electrons
not only experience a large shift but also relax rapidly.6 Both
effects can cause such severe broadening that these perturbed silicon
atoms are not seen at all in the spectrum.

The tinewidths and chemical shifts of the three center peaks are
tabulated in Table 5. An unambiguous analysis is difficult because
in going from glass A to B to C, two factors---the decrease in the
Si/Al ratio, and the increase in the number of nonbridging oxygen
atoms would be expected to broaden the peak and shift its maximum to
less negative values of the chemical shift., Moreover, additional
broadening is caused by the paramagnetic ions present, as found by
Grimmer et al.!37 in a study of Fe, Mg substitution in synthetic
olivines,

The location of the peak maximum, however, is largely dependent
on the Si/Al ratio. Consulting Table 3, the average chemical shift
for alkali feldspar glasses is found fo be approximately -98.5 ppm and
the aQerage number of aluminum neighbors per silicate tetrahedron is

4/3 = 1,33, 1In comparison, the silica glass NMR peak lies at -111 ppm
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Table 5: Isotropic 29Si chemical shifts, linewidths, and Si/Al ratio .

of the natural composition glasses investigated by 29Si MAS

NMR, 17
Glass Location Si/Al ratio §(29Si) (ppm) FWHM (ppm)
A Mono Crater 5.17 -103.5 19.0
B Mount Lassen 3.96 -101.8 21.7

c Mount Shasta 3.13 -99.8 24.8
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and <k> = 0. From these two data palrs, the following linear rela-

tlionship Is obtalned

§ (ppm) -111 + 9,4 <k>

-111 +37.5/R . (56)

Using values for R (Si/Al ratio) calculated from electron microprobe
analysis of the glass composition In Table 5, the peak maxima can be
predicted to lle at -103.5, -101.5, and -99,0 ppm for samples A, B,
and C respectively. These numbers are close to the experimental

measurements,

V.4.v. Conclusions

In analogy to the results obtalned for metasi!icate and disiti-
cate glasses, 2951 MAS NMR spectra Indicate that smaller, more highly
charged network modifying cations shift the equi!lbrium In Equation
(46) to the right. This shlift causes catlons to cluster near the
aluminate tetrahedra !inked to Q%I (k+1) Al] slilicate species and
glves rise to a larger distribution of the number of aluminate nelgh-
bors around different sllilcon atoms. Raman spectra reported by
McMillan 21;5ﬂ;§7 support thls mechanism.

Murdoch EQLJELL17 observed that glasses In which substantial
rearrangement of SI and Al catlons Is possible (wlthout creating
Al-0-Al {inkages) have broader linewidths than those glasses where
compliance with the aluminum avoidance principle Imposes a rigld
ordering scheme. This result Indicates that any type of long range

order restricts the distribution of structural varlables (e.g. S1-0



126

and Al-0 bond lengths, or Si-0-Si and Si-0O-Al bond angles). The
dependence of linewidth on the Si/Al ratio indicates, however, that
the aluminum avoidance principle is obeyed.

Because the isotropic chemical shift is sensitive to a variety
of structural features affecting a silicon=-29 nucleus (+he number of
nonbridging oxygen atoms, the identity of neighboring tetrahedral
cations, bond angle values, and the presence of nearby paramagnetic
ions), the spectra of multicomponent glasses cannot be readily inter-
preted. Nonetheless, the location of peak maxima for the three
natural composition glasses examined!’ have been correlated with a

Si/Al ratio.
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CHAPTER VI:

MOLTEN ALUMINOSILICATES
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High temperature, high resolution 23Na, 27Al, and 29S1 NMR spec-
tra were obtained in sodium aluminosilicate melts. The compositions
fnvesfigafed are: NaZSiO3; Na,Si05 and KNaSio0s5; N8253409;
Jadeite (NaAlSioOg); and Rf15 (an aluminosiliéafe with composition:
50 mole$ Si0,, 35 molef Naj0, and 15 mole$ Al,0z).

Isotropic 29Si and 23Na chemical shifts can be obtained in a
melt, due to the presence of motion, allowing for comparison of the
focal structure of crystalline, glass, and molten silicate chPOU"dS-
At lower temperatures, the loss of motion causes line broadening.
Relaxation times are measured to characterize the motions undergone
by sodium and silicon atoms in liquid silicates, The high tempera-

ture, high resolution NMR apparatus required for this investigation

is described in Appendix C.

V.1, 295 Measurements

All high temperature 29Si measurements required the use of iso-
topically enriched samples. The 23Si NMR spectra of molten sili-
cates usually consist of one narrow (60 - 200 Hz, or 1.5 - 6 ppm)
symmetric, Lorentzian-shaped line (Figure 32) as observed in solution
state NMR spectra. The lineshape indicates that rapid mo lecular
motion and/or chemical exchange is present in silicate liquids, aver-
aging the effects of internuclear dipole-dipole coupling (= 130 Hz)
and chemical shielding anisotropy (for Hy = 42 kG, Ac = 3.5 kHz). As
temperatures decrease, the melt viscosi*y increases, motions slow
and line broadening occurs, as shown in Figure 33 for sodium tetra-

siticate., The dynamics in silicate liquids may be composed of poly-

H“?H'\’Tmrr‘*m'p Pm‘ e
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295) NMR spectra of sodium disilicate. (lower) The 29Si
MAS NMR spectrum of glass NaySip0g. The breadth of the
line is due to a range of isotropic chemical shifts
caused by a distribution in Si-0O-Si bond angles and Si-0
bond lengths in the glass state. (upper) 29Si NMR
spectrum of molten Na,Si,0Og (825°C). Motional averaging
allows only a time avefage (of the range of bond angles
and bond lengths present in the glass) to be observed in

the liquid state.
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Figure 33: 29Si linewidth of liquid sodium tetrasilicate as a
function of temperature. As temperature is decreased,
the melt viscosity increases, motions slow and line-
broadening occurs., The glass transition ftemperature is
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meric flow of the structural units, forsional rotatlion and vibration,
or bond breaking and reformation motions (e.g. ring opening and
closing, or reactions between siilicate unlts),

The viscoslty of the silicate melts varies In a non=Arrhenian
manner with temperature and composition over six orders of magnitude.
In general, alumlinosiiicates have a larger coefficlent of viscoslity
than do binary alkall sillicate liqulds. The order of viscosity also
depends on the polymerlization state (Q") of the melt. The compo-
sitions Investigated by high temperature NMR, In order of Increasing
Ilquld viscosity, are: Na,Si0z, NapSi,0s, NaKSijOs, NapSis0g, R-15,
and NaAlSlo0g. The less viscous melts are observed to have narrower
IInewidths, Indlcating the presence of faster molecular motions, than

more polymerlized sillcate liquids at the same temperature.

Vi.1.,1. 2951 Chemlical Shift

In crystaliine alumlnos!licates, §(29S1) primarily depends on
the silicate polymerlzation state (Chapter V). The same trend has
been observed In aluminoslillcate glasses (Chapter V), In a melt,
motlons occur which may change the sllicate speclation, as described
by Equation (45) In Chapter 1ll and evidenced In sillicate glass spec-
tra (Chapter V).

In 1iquid silicates, §(2951) changes |inearly with Q" speciation,
as expected from data on the corresponding crystalline and glass sili-
cates (Figure 34). Liqulds which are more polymerized (higher aver-
age Q" number) have lower resonance frequenclies (more negative §

values and are more chemically shlelded). Substitution of aluminum
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Figure 34: Isotropic 29Si chemical shifts for molten, glass, and
crystalline silicates as a function of average Q" compo-
sition. Silicate liquids which are more polymerized have
lower resonance frequencies (more negative §(29%Si)) as
expected from data on crystalline materials. [1, crystal-
line and glass MgSiOz; 2, molten NapSiO3z; 3, crystalline,
glass, and liquid NaSip0s5; 4, molten Na;Sig0g (high tem-
perature); 5, liquid and glass jadeite. (O, crystal-

line; [, glass; &, liquid.)]
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atoms for silicon atoms reduce§ the chemical shielding, as shown for
NaAlSio0f and R-15. Silicon chemical shifts in the liquids are sys-
tematically less negative (less shielded) than in the corresponding
glass and crystalline state (Figure 34). The offset is ~ 5 ppm.
This difference in chemical shift could result from se;eral sources:
a bonefide difference in electronic environments between a glass and
the corresponding melt; a 29Si chemical shift calibration inaccur-
acy; or a small dependence of the magnetic susceptibility on temper-

ature for 29Si,

Vi.l.ii. Chemical Exchange

In NMR spectroscopy, chemical exchange consists of spins chan-
ging from one environment to another at an exchange frequency, Q
« 10'1. The form of the lineshape resulting from the motion of the
spins is determined by two parameters, Q and A (the frequency sep-
aration between the different sites). Figure 35 contains an example
‘of one spin undergoing two site exchange. Significantly different
spectral features are obtained as the ratio of @ to A is changed.
In the region of slow exchange, @ << A, the two sites are fully
resolved (two narrow lines, separated by frequency A, are observed).
The lines are broadened by the average time the spin spends in each
site (lifetime broadening, = Q). As the rate of exchange increases
(e.g. the temperature is Iincreased), the lines broaden and move
toward each other, and eventually coalesce into one broad line (Q

= A As the exchange frequency continues to Iincrease, the line

narrows. In the limit of fast exchange (the jumping frequency, @,



134

Q=127
02> > A? 7, < 1077 sec
fast
Q2 = A2 108 sec < 7, < 107° sec

® < < A A 105 sec S 7, < 1070 sec
c-A slow

ﬂa?L 10° sec < 7, < 100 sec
2 ultrasiow

-
-
-

XBL 857-10832

Figure 35: Two site chemical exchange. (lower) When the exchange
frequency, Q « Tc-" Is much slower than the frequency
separation between the two sites, A, two narrow lines are
observed., As the exchange rate increases, the two lines
broaden and begin to move toward each other. For Q = 4,
one broad line Iis observed. (upper) As the exchange
rate is further increased, one narrow line appears at the

average frequency of the sites,
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Is much greater than the separation between the two resonance lines,
A) a time averaged spectrum is observed. One line, of exchange nar-

rowed wid+h,26
sww M2/q , (57)

Is located at an average frequency determlned by the relative |]fe-
t+Ime and populations of the two sites.

In the most viscous melt examined by high temperature 29Si NMR
(NapSis0g9), the narrow Lorenztlan resonance line s observed to
broaden and separate Into two peaks as temperature s decreased
(Figure 36). The presence of two resonance |lnes was observed at

temperatures as low as 606°C, which Is very near T_ for Na251409

9
(= 580°C). At 606°C the separation between the two peaks s about
20 ppm. Several possible explanations for thls phenomena have been
proposed. A phase separatlion of the melt Into two Immiscible 1lqulids
or mixtures of Ilquids and small crystallites is one possibility,
The coupling of chemical shielding anisotropy to chemical exchange
Is another probable cause. Phase separation of the l|lquid NaySis09
sample has been ellminated because thermodynamically, only ‘a very
small amount of Q° specles would form and the 29S] MAS NMR spectrum
of the single phase glass Indlicates that two chemically lnequivalent
sites exlst (Chapter V) in almost equal proportions. (§(29S1 of the
two sites are separated by 14 ppm In the glass; the 03 slte 1s axi-
ally symmetric with Ag ~ 100 ppm and the Q4 site has ag estimated
to be 0;20 ppm.)

The proposed explanation of the tlquid NaySi 09 spectral changes
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Static 2951 NMR spectra of Isotoplcally enriched I|iquld
NapSis0g as a functlion of temperature. (bottom) At high
temperatures (828°C), molecular motions are rapld and one
narrow, symmetric 29S1 resonance line Is observed.

(middle) As the temperature Is decreased (695°C), the
!ine broadens and becomes asymmetrlic. (top) At temper-
atures slightly above the glass transitlion (606°C,

Tg = 580°C), two sllicon sites are apparent. The specles
at the lower frequency (§ ~ -107.7 ppm) Is attrlbuted to
a Q4 species, as observed In the glass. The slilicon site
with peak maximum at § = -86.5 ppm Is the 9 correspon-

ding to the CSA tensor of a 03 specles.
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as a functlon of temperature, Is that molecular motion has slowed suf-
ficlentiy such that the CSA tensor Is no longer completely averaged
at temperatures between 700 and 800°C, and that below 700°C chemical
exchange (bond breaking and reformation rotations) slows to yleld

two chemlcally Inequivalent Q" species.

Vi.2. 23Na Measurements

For all sodium aluminoslillicates observed, the moiten 23Na spec-
frum Is composed of one narrow, symmetric Lorentzian line. The single
resonance |lIne broadens as temperature Is decreased and the vlscosity
of the melt Increases (Figure 37). The one, fairly narrow |ine obser-
ved for This quadrupole nucleus allows an accurate lsotroplic chemical
shift to be assigned. Measurements on solld and molten NaCl Indicate
that no temperature dependence Is found for the 23Na chemical shift.

Sodium, a spin 3/2 nucleus, presumably diffuses through the melt
as an lon. Thls motion must occur rapidly, such that the effects of
+he quadrupole coupling 1s averaged away (equ/h » 300 kHz for
NaNOS).‘62'163 Relaxation times (a method of determining the rate of
motion), have been measured as a functlion of temperature, and are
dlscussed In deTall')n Chapter Vi1,

in the molten sodium (and mixed alkall) sillcates examlned,

5§ (23Na) was observed to be Independent of chemical composition. How-
ever, In the aluminosiiicates examined, molten R-15 and NaAlSi,0g,
and crystalline albite (NaAlSisOg), a |inear dependence of chemical
shift on the ratio of O/Na has been found (Figure 38), The differ-
ence in the compositlonal dependence Implles that the electronic

environments for the charge balancing sodium catlions In aluminosiii-
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23Na Iinewldth as a functlon of temperature. As the tem-
perature Is decreased, the melt viscosity Increases,
motions slow, and the i{Inewldth Increases. The less vis-
cous melts are observed to have narrower |lInewldths,
Indicating the presence of faster molecular motlons, than
more polymerized silicate 1iqulids at the same temperature.
(== NapS103; O NapSisOs; @ KNaSio0s; O NapSisOg;

and [J NaAISI50¢).
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Figure 38: Isotropic 23Na chemical shifts, relative to 3M aqueous

NaCl, as a function of composition for alkall slilicates
(A) and sodium aluminosilicates (i) The lines shown
are not error bars, Instead they Indlicate the range of
5§(23Na) as a function of temperature. The error In
chemical shift determination Is within the size of the
symbol. [1, molten Na,S105 (1070°C); 2, molten Na,Si,05
(803°C); 3, molten NaKSI,Og (803°C); 4, molten NaKSi,05
(803°C); 5, molten R-15 (892°C); 6, moliten Na251409
(803°C); 7, molten NaAISXZO6 (981°C); 8, crystalline

alblte (NaAISi303).l
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cates differ from the sites in the sodium silicate melts observed.
The compositional dependence of 23Na chemical shifts in aluminositi-
cate melts is impossible to infer from the two data points collected,
but some imaginable contributors are the ratio of number of oxygen
atoms to the number of sodium atoms, the Si/Al ratio, or the silicate
polymerization state. The last possiblity is rather unlikely, as
the sodium silicates observed also should be influenced by the mel+t

polymerization state,

Vi.3. 27Al Measurements

In a meit, the role of aluminum atoms is unknown. In crystal-
line jadeite, aluminum occupies a network forming site as does sili-
con, At high temperatures or in a glass, it is unknéwn if atuminum
atoms which were tetrahedrally coordinated in the crystalline form
remain 4-coordinate, or whether they become 6-coordinate. 27A1 NMR
should easily distinguish, on the basis of isotropic chemical shifft,
the type and quantity of occupied aluminum sites in molten alumino-
silicates,

27A1 spectra of molten samples of NaAlSipOg and R-15 contain
only a single, very broad featureless resonance absorption (about 20
kHz wide), centered at about 29 % 20 ppm. If aluminum atoms occupy
sites similar to those occupied by sodium atoms, then A3t diffuses
rapidly thoughout the melt hence 27Al relaxation times (and spectral
appearance) should be similar to those of 23Na. However, if aluminum
atoms occupy sites similar to those of silicon atoms, then broad 27Al

lines could be caused by two sources: very'rapid spin lattice relax-
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relaxation (lifetime broadening); or, the aluminate tetrahedra

undergo motions much slower than the electric quadrupole coupling
(the size of which reflects the symmetry of the site). However, the
role of aluminum atoms in silicate liquids can not be determined
because 6§(27Al) cannot be accurately determined due to the breadth

of t+he resonance,

Vi,4, Relaxation Times

Nuclear spin relaxation meaurements are capable of determining
the rate of molecular motion as well differentiating relaxation
mechanisms which characterize the motion. When a spin system is
‘subjected fo rf radiation at the resonance frequency, é population
distribution between the spin states is established such that the
spin system and the lattice (everything except the nuclel under inves-
tigation) are no longer in thermal equilibrium. When the radiation
is turned off, the condition of thermal equilibrium can then be
restored., The rate at which the nuclear magnetization approaches
its thermal equifibrium value is characterized by the spin-lattice
relaxation time, Ty. The rate at which internal equilibrium between
the spin system is established is controlled by the spin-spin relax-
ation time, Tp, via modulation of the nuclear spin energy levels.
Both types of relaxation are caused by time dependent fluctuations
of magnetic or electric fields at the nucleus and, these fluctuating
fields arise from molecular motions.

Typically, only motions which occur on the relatively slow time-

scale of magnetic resonance can be investigated. .n liquids, rota-

\“H\

npe
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tional and diffusional motions are important sources of relaxation.
Spin relaxation measurements are also useful for investigating lat-
tice vibrations in_solids, collisions in gases, certain slow rota-
tional or torsional motions within molecules, and some chemical
exchange processes. Interactions which occur at a rate much faster
than the nuclear resonance frequency (wo = 108 Hz) have little
effect., Thus electronic motions and molecular vibrations are rel-
atively unimportant sources of relaxation., On the other hand,
any interaction which causes tfransitions between spin states and
fluctuates near the resonance frequency strongly effects spin Iaffice

relaxation and can contribute to broadening of the NMR line,

Vi.4.i. Tq Measurement

Pulse methods provide the simplest method for measuring Ty's
over a wide range of values. The most commonly used technique is
the 'inversion-recovery' 180° - 1 -90°, pulse sequence as Illus-
trated in Figure 39, The inverted magnetization decays by pure spin-
lattice relaxation, and the rate can be measured by plotting the
magnetization as a function of delay time t. To minimize pulse
phase adjustment errors and improve the signal-to-noise ratio, phase
cycling of the 90° detection pulse has been used along with the subse-
quent addition or subtraction of each FiID to the accumulated signal,
To optimize the excitation bandwidth, inversion pulse sequences which
compensate for frequency offset (and if possible also for rf inhomo~
geneity) should be used in place of the 180° pulse for liquid samples.

In solids, inversion sequences (such as 450180909018018090450,181
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Figure 39:

‘ FID/FFT

-
”
-
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”
”
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XBL 857-10635

Inversion recovery pulse sequence for Ty determination.
First a 180° pulse inverts the total magnetization along
the -z axis. During the delay time, ¢, spin=-lattice
relaxation mechanisms allow some of the magnetization to
return to its equilibrium state. The 90°x pulse Then
al lows detection of the magnetization remaining aligned
along the -z axis. After recording the FID, the spin
system is allowed to return completely to equilibrium
by waiting a delay period of at least 5 times Ty. The

sequence may then be repeated for different value of 1.
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described in Appendix B) which compensate for quadrupolar or dipole=-

dipole interactions can be used.
Quantitatively, the rate of return to equilibrium of the M, com-
ponent of magnetization by spin lattice relaxation is given by the

classical Bloch equa1‘ion52'6

d M(t) = = 1 [M(T) = My) . (58)
dt Ty

For the inversion recovery technique, this first order differential

equation has the solution
Mz(t) = Mg [1 = 2 exp (=1/Ty) 1, (59)

where My = M(t=e) is the equilibrium magnetization, and M(1) is the
residual magnetization remaining aligned along the z axis after a
time t. (It is assumed that all of the magnetization is inverted
~upon application of the 180° pulse.) In practice, it is easier to

extract the value of T if Equation (59) is rewritten in logarithmic

form
In ([MO - M(r)l/(ZMo)) = - 1/Ty (60)

and plotted. Ty can be determined from the slope of the line or,

less accurately by finding the t value which causes M(¢) = 0 and

Tt =Ty In 2,
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Vi.4,il. T, Measurement

The spin-spin relaxation time, T,, can be measured most accur-
ately by use of the Hahn spin echo‘9 (90°x -1 - 180°y - 1). The
spin echo was first introduced to overcome the problem of broadening
liquid resonance lines due to H, inhomogenieties. For T, determin-
ation, phase cycling of the initial 90°x pulse and subsequent FID
addition or subtraction are utilized to improve the signal-to-noise
ratio as in the Ty experiments. The spin echo method for determining
T2 is limited by the rate of molecular diffusion which causes the
nuclei to move from one part of the sample to another over the time
of the experiment,

The spin echo consists of establishing a spin coherence via
the 90° pulse, allowing the spin coherence (or spin isochromats)
to dephase in the x-y plane via T, processes for a time r. The
180° pulse refocuses the spin isochromats to give a 'Hahn echo' at
a time ¢ after the 180° pulse. The echo amplitude depends on T2,
and the spin-spin relaxation time may be determined from a plot of
echo amplitude as a function of 27.

The composite pulses used in a T, measurement sequence must be
selected carefully, and phase coherence in the x-y plane is mandatory.
Other pulse sequences such as the Carr-Purcel|-Meiboom-Gill experi-
ment 148,149 4etarmine T in a more time efficient manner than the con-
ventional Hahn echo sequence, and jn many Instances, these sequences
are the appropriate choice for measuring Tp.

Quantitatively, the loss of coherence by the spin isochromats

2

due to T, processes are described by the Bloch equations. Integra-
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ting the appropriate equation gives
M(21) = M, exp (-2¢/Tp) . (61)

Mo Is the equilibrium magnetization, and M(2t) is the magnetization
remaining in the x-y plane (along the y axis) at a time 21 after the
initial 90° pulse. By plotting the logarithm of M versus delay time,
2t, Tp can be defgrmined from the slope of the line. If the natural
linewidth of the sample is much larger than the broadening introduced
by inhomogeneities in the static external magnetic field, then T, can

be determined merely by measuring the !inewidth

To = 1/AwFWHM » (62)

where Awpyym Is the linewidth at half intensity in units of angular

frequency.

Vi.d.iii. Temperature Dependence of Relaxation Times

If relaxation times are assumed to obey an Arrhenius-type tem-
perature response (li.e. thermaliy activated processes), then the
temperature dependence of T1 and T2 can be described as follows.4’26
For most liquids at high temperatures, motions are fast and the spin-
tattice relaxation time is fong and equal to the spin-spin relaxation
time. As the temperature decreases, the liquid becomes more viscous
and the relaxation times decrease {inearly with inverse temperature.
The graph of Ty as a function of inverse temperature (or correlation

time, as in Figure 40) has a minimum located at wytec = 1. 1¢, the

correlation time of the motion, is the mean residence time or +the
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average time between Interstitial jumps and Is Inversely p;oporflonal
to temperature. The minimum value of T Indicates that the energy
exchange process wlth the lattice Is most efflclent when motions
occur on a tlimescale the order of w, (the Larmour frequency). The
position of the Ty minimum Is dependent upon the static external
field strength, with weaker flelds (smaller Larmour frequencies)
shifting the minimum to lower temperatures (longer correlation times).

As the temperature continues to decrease, the component of local
fleld fluctuations at the resonance frequency decreases. If motions
are less than wy, as In a solid, then the value of Ty Increases due
to a decrease In energy exchange with the lattice. T, however,
contlinues to Illinearly decrease until molecular motions freeze (the
rigld lattice |imit)., At thls stage, the materlal Is a randomly
orliented solid, and T, Is temperature Iindependent and dominated by
the dipole-dipole relaxation process. |In a solid T < Ty, whereas In
a llquld the two relaxation times are equal, Top = Ty.

The minimum value of Ty depends not oniy on the magnitude of the
magnetic field, but also on the molecular radius. (The molecular size
determines the reorientation rate.) For mobile I]quidé where molecu=~
lar reorientation Is rapld and w,te << 1 (fhe extreme narrowing or

fast motion limit), T, becomes equal to Ty. |If the relaxation mech-

anisms are plagued by anisotroplc motion and are no longer describable

by a single 1., the relaxatlon rate equations become very compllcated.
And, coupled correlatlion times can cause the Ty to Increase drama-
tically (e.g. the 13¢ Tyona spinning methyl group Is approximately

nine times longer than the T, for a 13¢ attached to the framework).

I ‘\H

N
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Figure 40: Temperature dependence of Ty and T, relaxation times, Tc.
is the correlation time, or the average time between
Jumps, and 1is inversely proportional to temperature,
The higher the temperature, the faster the motion, the
shorter the correlation time, and the slower the spin
relaxation. For a liquid, t¢ is short wyre << 1 and Ty =
T2. As the liquid becomes more viscous, the correlation
time increases. The result is that T, (inversely propor-
tional to linewidth) decreases, although it is still pro-
portional to 1/(2ts). But Ty now becomes very long, pro-

portional to 2¢. /(1 + “ozT 2y, T, goes through a minimum

c
at the point WoTe = 1. The minimum value of Tq indicates
that energy exchange with the lattice is the most effi-
cient when motion occurs at frequencies near the Larmour
frequency, w,. As the temperature continues to decrease,
the component of the local field fluctuations at the
resonance frequency, w,, decreases, tending to zero when
weTe >> 1. This decrease in energy exchange causes the
value of Ty to increase, 1f motional frequencies are less
than w,, as in a solide. The full linewidth at half-inten-
sity (in angular frequency units) is (g X T2)'1, and con-
tinues to increase linearly with <. until the molecular
motion becomes cbmple*ely frozen. At this. stage, the

sample is a randomly oriented solid, and {ine broadening

is caused by dipole-dipole interactions,
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It 1o follows an Arrhenius-type rate law, then an activation energy,
Ey» can be extracted from the slope of both the high and low temper-

ature regions of the relaxation time versus correlation time plot.

Vi.5. Relaxation Mechanisms

important relaxation mechanisms include magnetic dipole-dipole
interactions between nuclei, fluctuating local fields caused by the
anisotropic chemical shift tensor in a tumbling molecule, coup!ing of
nuclear spins (dipole-dipole) to magnetic fields caused by molecular
rotations, interactions between nuclear quadrupole moments and elec-
tric field gradients which may change during molecular motion, and
sTréng magnetic fields due to unpaired electrons present as para-
hagnefic impurities. Only the mechanisms which possibly apply to
silicate melts will be examined. For additional information and
references, R.K. Harris?’ {Chapter 3), D. Shaw?0 (Chapter 9), are
good starting points as are review articles by J.R. Lyerla and
G.C. Levy]59 and J.M, Chezeau and J.H. S‘t’r‘ange.‘64 A thorough treat-
ment of most relaxation mechanisms can be found in A. Abragam.6

The observed relaxation time is the sum of all the relaxation
times from the various mechanisms., Each relaxation mechanism can
give different chemical information, consequently, the contribution
of each mechanism must be resolved. Using relaxation rates (R1=T]-1)
it is frequently possible to differentiate between contributions
from different relaxation mechanisms, by varying w, or temperature.
Several contributions can be simply distinguished only in the fast

exchange limit (T1 « To).
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Vi.5.,]. Correlation Times

A useful way of describing molecular motlon Is In terms of a
correlation time. 1. Is deflned as the average time between molecular
colllsions for translational motlion, or the average time for a mole-
cule to rotate by one radian for reorlentational motion.40  The cor-
relation time of a molecule In a liquld will depend on many factors,
such as molecular slze, symmetry, and ljqulid viscosity. Molecular
size and symmetry effect t. by causing disordering of the solvent
upon rotation or transiation. Smaller or more symmetric molecules
will move faster than larger or more asymmetric molecules. Viscosity
describes the ease with which reordering of the solution can be achi-
eved. 1. can be related to viscosity (n) for a hard sphere of radius,

a, by the Debye theory of Ilquids®,40,156

1= 1232 (63)

where k Is the Boltzmann constant and T Is the absolute temperature.

Vi.5.11. 295} Relaxation Mechanisms

Natural abundance 29S] Interactlons are intramolecular In origin
and shoul!d be uncomplicated by homonuclear spin couplings. |sotopic-
ally enriched 2351 (95%), however, has been used to enhance sensi-
tivity of the melt experiments. Because homonuclear dipole-dipole
Interactions are inversely proportional to the cube of the distance
between spin palirs, this relaxation mechanism, In the fast motion

limit, Is proportional to r-6, However, 29S] pairs separated by an
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oxygen atom have an average Si-S] bond distance of 3 A, and a maxImum
2957-295] dipole-dipole coupling 1D(29S1-295])] of » 250 Hz. This
small coupling Is easlly averaged away, hence analysis of 95% en-
riched 295} relaxation time data should parallel that of natural
abundance 13C data (In the absence of proton couplings).

The motlions silicate units are assumed to undergo In a melt are
those of viscous flow and molecular rotation, both of which require
breakage and reformation of S1-0-S] or SI-0-Al bonds. Relaxation
mechanisms of Importance to 295! in molten aluminosi!icates are nuc-
lear dipole~-dipole (very small contributions) and chemical shlelding

anlsotropy (which may be large, Ag » 3.5 kHz).

Vi.5.11.a. Nuclear Dipole-Dipole Relaxation Mechanlsm

Dipote-dipole interactions In liquids and solids may be modu-
lated by molecular tumbling or tfranslational diffuslon, thus causing
relaxation. Assuming a dipolar mechanism for relaxation in the high
fleld Iimit, and a single molecular reorientation characterized by
one temperature dependent correlation time t., the Intramolecular
homonuclear dipole relaxation (in the extreme narrowing |Imlt) for

a palr of spin 1/2 nuclel separated by a distance r 1527

- 42 -
O AVZ IR L. V- IR S (64)
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VI.5.11.c. Chemical Shift Anisotropy

The shielding at the nucleus, and hence the magnetic fleld seen
by the nucleus varies with molecular orlentation In the statlc ex-
ternal magnetic fleld Hy. As the molecule tumbles or diffuses, the
anlsotroplic term, g', Is equivalent to a fluctuating local fleld at
the nucleus and can cause relaxation. In the fast motion regime
(when 1o Is short), the spin lattice relaxatlon rate of a spin 1/2

nucleus Is gliven by

-1 _ 2 2 2
Tl = [0’11' + 622' + 033' ] 2 ‘l.'c . (67)

i

15

The chemjcal shift anlisotropy relaxation mechanlism Is unusual, fn
the fast motion regime the two relaxation times are not equal (T/T,
= 7/6). Another characteristic feature of thls mode of relaxation
Is that 1/T, Is proportional to Hoz. Thls fleld dependence of the
relaxation rate unfortunately has not been taken advantage of for

characterizing the relaxation mechanisms In molten slliicates.

Vi.5.111. 23Na Relaxatlon Mechanlisms

in the sodium slilicate melts observed, sodium Is presumed to
rapidly diffuse through the me!t as an ion (Na*). The local magnetic
flelds modulated by thlis diffusion probably are nuclear dlpole-

nuclear dipole coupling, transiational diffusion, and the electric

quadrupole gradient,
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Vi.5.ili.a. Nuclear Quadrupole Interaction

Quadrupole broadening is troubliesome when attempting to analyze
high resolution spectra. Not only is the quadrupole resonance broad-
ened, but so are the lines from other nuclei which have spin-spin
coupling to a quadrupole nucleus (e.g. 23Na coupled to 295i),

tn solutions or melts, rapid molecutar tumbling and diffusion
will reduce the quadrupolar interaction strength. I|f the motion is
isotropic, only a single NMR absorption will be seen, However in
most cases, the averaging is not sufficient to reduce the linewidth
to that of a spin 1/2 nuclel undergoing rapid, isotropic motion.
These broader lines found in solutions or melts for quadrupolar
nuclei are caused by rapid modulation of spin energy levels, an
additional mode of relaxation allowed for quadrupole nuclei. For
isotropic motion (such as in a liquid), Ty and T, are equal, and

it has been shown2/

-1 _ -1 _ -2 -1
TZQ = TIQ = 3/40 (21 + 3) | 21 - 1)

“(e2q0/m2 1o 11 + 173 421 . (68)

n is the asymmetry parameter and equ/h is the quadrupole coupling
constant. |f motion is not fast enough (woztcz > 1), 1, must be
replaced by 1. /(1 + “oztcz)' The correlation time 7  is that for
molecular motion and is the same as used for dipolar relaxation.
1¢ Increases as viscosity increases and therefore as temperature
decreases. The slower the molecular motion, the faster the spin
relaxation,

Generally, quadrupolar relaxation is the dominant relaxation
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mechanism for nuclei with spin greater than 1/2, and leads to line-
widths substantially larger than those caused by other mechanisms,
Spin 1/2 nuclei which have heteronuclear magnetic dipole-dipole
couplings with quadrupole nuclei will also manifest linebroadening,
decreased relaxation times, and possibly the appearance of spin mul-

tiplets which can be compufed.27

Vi,5,iil.b, Transiational Diffusion

in the fast motion limit, the transiational diffusion relaxation
mechanism is independent of the strength of the magnetic field.
Translational diffusion, however, is dependent upon both temperature
and composition (viscosity), and the size of the diffusing parﬂcle.6
For a spin 3/2 nucleus in the fast motion regime, the transiational

diffusion mechanism yields relaxation times®

T, =1, 9202y 2Ny a7t (69)

N is the density of spins and k is the Boltzmann constant. Equation
(69) depends upon the Stokes-Einstein correlation of solution viscos-
ity with diffusion rate., The behavior of silicate melts is very
difficult to characterize, however, sodium diffusion is known to be

non-Arrhenian and cannot be accurately described by this equation,

Vi.6. High Temperature Relaxation Time Measurements

Experimental 29Si and 23Na relaxation times, Ty and T,, have
been measured for several sodium aluminosilicate compositions over a

temperature range above their respective glass transition tempera-
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tures, Tg. Two different serles of experiments were performed, one
In July 1984, the other In December 1984, The sample temperature Is
known less precisely for the July set of experiments, and the H,

homogenelty Is Inferior to the serles of experiments performed in

December.

VI.6.1, 295}

As previously stated, 95% Isotoplcally enriched 29S| samples
were used to obtaln high temperature spectra and relaxation times.
In July 1984, 29S] relaxation data consisted primarily of T2* measure-
ments as a function of temperature. The majorlty of the Tz* values
occured below the Instrumental |imit of H, Inhomogeneity (< 200 Hz)
and are of IIttle analytical value.193 |n December 1984, the |ine-
width Imposed by H, Inhomogenelties was reduced to 45 Hz.

During the second perlod of experlimental actlivity, 29S] Ty and
T, measurements were collected only for molten NayS1409 over a very
limited temperature range (Figure 41, T, values calculated from the
ITnewidth have also been included). The 29S| T, appears to be larger
than Tq. Physically, thls cannot occur, however It can be used to
estimate the experimental error In 29S] relaxation time determlination
(+ 5 msec). This wuncertalnity Is rather large, possibly due to
changes In experimental condltions durling the long averaging cycles
necessary to acqulire the data., Because the motlons undergone by the
293j nucle! are expected to be slower than the Larmour frequency
(for Hy » 42 kG, we = 35.5 MHz), the fast motion limit Is not valid.

The two observed 29S] Ty values can be used to calculated an
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Figure 41: 29Si relaxation in molten Naz295i409. A , & correspond

to Ty and T, measurements using the inversion recovery
and Hahn spin echo techniques, respectively. @ repre-

sent T, measurements calculated from the linewidth,
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activation energy of 205.2 kJ/mole (the slope of In T,'1 plotted
versus inverse temperature) for relaxation (or some type of viscous
flow process). From 29Si MAS NMR spectra of NaySisO9 glass, it is
known that two chemically different silicate species exist (Q3 and
04, Chapter V.3.ii). The difference in isotropic 29S| éhemical shift
between the two species is = 14 ppm, the chemical shielding anisotropy
is = 3.5 kHz for the 03 site and is estimated to be = 0-0,7 kHz for
the Q4 site. At high temperatures, one narrow (1-3 ppm) 29Si line
with a symmetric Lorentzian lineshape is observed for sodium tetra-
silicate. The narrow high temperature linewidth indicates that
motion of the silicate units is fast enough to average the effects
of the Q3 chemical shift anisotropy (Ag = 3.5 kHz). However, the pre-
sence of only one 295i resonance absorption at high temperatures is
also indicative of chemical exchange occuring on a timescale faster

than the chemical shift separation of the two sites (= 500 Hz).

V1.6.ii. 23Na

23Na relaxation times have been measured for several compo-
sitions over much larger temperature ranges than for 29si, The
graphs of In T"' and In Tz"1 versus inverse temperature usually have
the same qualitative appearance (linear dependence on temperature)
for all compositions investigated. Activation energies for relaxation
have been calculated from the high temperature portion of the relax-
ation time versus temperature plots (Table 6). In general, the 23Na
Ty~ T2 in molten silicates, hence the high temperature approximation

is valid. In NaKSi»O5, the data suggests that a Ty minimum is located



161

near 630°C. (NapSiy05 and jadelte also exhibit possible Ty minima
near 700°C and 850°C, respectively). For these compositions, the
fast motlon |imit Is probably valid for the relaxatlon measurements
taken at temperatures above the minimum, #Igures 42 through 45 con-
contaln measured Ty and Ty relaxatlon times, T, from IInewldth
measurements, and the calculated Ty component of transiational dif-
fusion plotted as a functlon of Inverse temperature.

In a melt, sodium (the network modifylng cation) Is presumed to
undergo rapld translational diffuslon as an lon. Na* diffusion Is
expected to be responsible for electrical conductivity In molten
slllicate materlals. However, the calculation of Ty due to transla-
tlonal diffusion Is not stralght forward as no model exists for this
process.

The NazSi03 (sodium metasilicate) sample (Figure 42) crystal-
Iized sometime during the experiment., Because the sample s poly-
crystalline, the Nat lons are no longer free to dlffuse throughout
the melt, In a solld, the Na* lons are presumed to be trapped In
cages composed of silicate tetrahedra, although some type of dilf-
fusion could still be possible. At elevated temperatures, the Na*
jons must be moving very rapldly throughout the |imited space of
their cages. The motlon serves to average ¥, resulting In the
narrow, melt-1lke spectra observed for NaSiOsz. |f the predominant
relaxation mechanism Is modulation of the quadrupolar interactlion,
then Equation (68) Is applicable (Tq »~ To, hence the fast motion
limit Is valld). The slope of '!'1-1 versus Inverse temperature Is

directly related to the correlation time. Assume the .quadrupole
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Table 6: Actlvatlon energles for relaxatlon in aluminosiiicate

melts,

Composition Nucleus Type of Relaxatlon E, (ki/mole)
Na,S$1,0g 295 T 205.2*
Na,S1,0g 25 T, 125.8*
Na,S$1,0g 29 T, 115.1
Na,S1,0g 2Na T, 65.7
Na,$1,0g 23Na T, | 60.7
Na,$105" 23Na T, 15.6
Na,$105" 23Na T, 8.1
Na,$1,05 23Na T, 109.5%
KNa$1,05 23Na T, 90.5
KNaS 1,05 23Na T, 64.9
NaAIS1,0g 2Na T, 75.0
NaAIS 1,0, 23Na T, 103.0

“Activation energy Is calculated from only two data polnts.
1 Na25i03 was probably crystallline,
¥ Activation energy for 23Na spin lattice relaxatlon was calculated

from the three highest temperature data polints.
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Figure 42: 23Na relaxatlon In polycrystalline NapSiOs. ® and O

.correspond to T{ and T, measurements using the Inversion

recovery and Hahn spin echo techniques, respectively.
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Figure 43: 23Na relaxation in molten NapSizO5 (top) and NaKSizOs
(bottom). @ and Q correspond to Ty and T, measurements

using the inversion recovery and Hahn spin echo techni-




In (1/time, sec)

In (1/time, sec)

U

9.10

8.10

1.60

7.10

6.60

6.10

llllllll'lllII?IlII!lIITI1l|I—lj11Ill'llllllYTlll]TlllllllT

® ZNa T ——
O ZNa, Ty==-

0.123

RANRRKAARARARRR

time (msec)

Na,Si;0g

'ob]ll‘l‘l|UllV'l"l'll'll"T'Y"l"'l'lll"lI

-
A ANARNANARNARRRRAANRNRR)

86

9.1

86

81

76

71

[ RLAGMAMA MM AAAM MM AR M MMM AR A RAGE M MM DAL A B A RS M

66

1.36
EEESR SR ENEEN NN RENE RTINS SRENINNENI AR RSRRRNNE RURTRURT!
70 80 9.0 10.0 10 0
LLARARERN N R R AR AR R RN R R R RN AR AR RN R AR RRRR RN R
) 23Na.T1—-—
O BNa, T, ===
0.123

time (msec)

N AR AR EAARRAAA RN NANNANA RN N

6.0

F sl araaa bbb gl s 3 1%
70 8.0 9.0 100 1.0 120
1 e ature, K
| 0*/(Temper ) ,
1000°C 600°C

Temperature (°C)

XBL 857-10638

165

Tom



in (1/time, sec)

166

1111llllT]Tlll]llll]l]1liﬁlT]llll]llll|l1ll]1ll1lllTIllIll

1.

9.10 BNg T, o
¢ Ty 0.123

o
4
7
I
!
b

6.60

8.10
Na28i409
7.60

time (msec)

AAME DA NSNS M R R AR A8 R DA ALARES i M AN RAMLAL BE M MRS MAALAS M M M
ARARARARRARARARA AR AN NARRANANNN

7.10
/4
(o]
6.60 1.36
LA ENTRRTETI SU RN NS N I AR SNSRI IR YRS EN RRRENENSNERNNETES
6.0 70 80 8.0 10.0 10 120
l 10%/(Temperature, K) I
1000°C : 600°C
Temperature (°C)
XBL 857-10642

Figure 44: 23Na relaxation in molten NazSig0g. @ and O corres-

pond to Ty and T, measurements using the inversion

recovery and Hahn spin echo techniques, respectively.



167 .

[y
i

.l1ll'l‘1l‘l]llﬂjlllT]]llT‘l"llllll1llﬁTlT11lT"lll1llll'lll]llll

i 0.123
O Zng 1, / NaAISi,Og

8.60

8.10

time (msec)

7.60

in (1/time, sec)

7.10

6.60 1.36

NN ANARARRA RN NN AR AW AN

MLAS A A AR MRS AS LA MS M) v"v—'—vl"""v'v"'rrv'v"‘v'v""""'v'-"'

A TR R IR SN NN INN TS AT ERN TN IR N SN UNETR NN SUNRETET
6.0 70 80 9.0 10.0 1.0 120
i 10%/(Temperature, K) ¥

1000°C Temperature (°C)

XBL 857-10640

Figure 45: 23Na relaxation in molten NaAlSizOq. @ and O corres-

pond to Ty and T, measurements using the Inversion

recovery and Hahn spin echo techniques, respectively.
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asymmetry parameter to be zero (because it Is unknown and wlll not
effect this order of magnitude calculation by more than 30%), and
estimate the quadrupole couplling constant, equ/h, to be the same
as In NaNOz (0.3 MHz),'62’163 then the correlation time of Na+ dif-

fuslon can be calculated as a functlion of temperature from

1

= 10 stope T(K) ™! (eZqo/m) =2 . (72)

Te

The 23Na T and T, relaxation rates have a slope of 3.15 x 10° K/sec
and 1.71 x 10° K/sec, respectively. For the temperature range 1234 K
< T(K) < 1368 K, the correlation times are (T,) 3.2 x 1078 sec » 1, »
2.8 x 1078 sec and (T,) 1.5 x 1077 sec » 7. » 1.4 x 1077 sec. The
calculated correlation times are reasonable estimates for the time-
scale of sodlum motion at high temperature since the high temperature

limit Is valid (mo 1 > 1), hence 1, < 2 x 1078 seéonds.

Vi.7. Conclusions

At temperatures several hundred degrees above the glass tran-
sition temperature (Tg), one narrow, Lorentzlan |ine was observed In
the 23Na and 2951 NMR spectra of sllicate Ilqulds. The 27A1 NMR
spectra, however, were very broad and featureless. The observed
|inewidths (full wldth at half maximum, or FWHM) at the highest
temperatures, for both 23Na and 29Si, are quite narrow (60-350 Hz or
1-10 ppm). The narrow, symmetrical Lorentzian |lneshapes are indic-
ative of molecular motions occuring at or above the kHz frequency
range In sllicate melts at high temperatures.

in a mett, the average sillicon environment s approximately the
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same as In the corresponding glass or crystalline materlial. However,
the dynamic motions present are raplid enough to average out the
detalls of sllicate speciation In liquld aluminosi!|icates. Chemical
exchange has been found to occur In the 29S5] NMR spectra of molten
NapSis09 at temperatures near the glass translition. This Is indica-
tive of some type of equlilbrium such as the one in Equation (45)
exlsting In a melt. Information about sililicate specliatlon In the
molten state Is more easlly, and accurately, determined from the
solid state 29S] NMR spectra of glasses. The dynamics, however,
are sultable to Investigation by this novel high temperature NMR
technique.

Narrow high temperature 29Si |ines indlcate that silicate
speclies move raplidly enough to average out the effects of the chem-
fcal shfeldlng anisotropy (at least 3.5 kHz) In ail but the most
viscous melts near Tg. Narrow |inewlidths for 23Na, however, indicate
that the motion In melts Is probably at least as fast as the quadru-
pole coupling constant (s« 0.3 MHz), For both nuclel, the |lnewidth
Increases dramatlically as temperature decreases (as the motion whlch
averages ¥jn+ Is 'frozen out'). In NapSiO3z, this broadening Is
probably the result of crystalilzatlon. The other samples, however,
were recovered as homogeneous glasses, Indicating that the samples
were probably stiil In the |lquid state durlng the experiments,

It structural rearrangements Involving bond breaking and refor-
mation occur in the melt (a change In the distribution of Q" specles),
then the silicate specles present In a melt undergo chemical exchange

rapidly with respect to the typlcal separation In 295} Larmour fre-



170

quency between Q" species (approximately 10-15 ppm or 350-500 Hz).
At high temperatures, only a time averaged spectrum Is observed In
silicate liqulids, As the temperature Is |owered, the molecular
motion and chemical exchange rate In molten NaySisOg9 siow, two
resonance |ines emerge. The development of shoulders on the 295}
NMR melt spectra of several other sllicate compositions suggest a
similar slowing of reaction rates.

The dynamics of aluminos!licate melts have been probed by 29S]
and 23Na relaxation time measurements. Sodlum, presumed to diffuse
through the melt as an Jon, has activation energles for relaxation
which are of the same order of magnitude as those of electic conduc-
tivity In simllar composition melts, Sillcon, Involved with bond
breaking and reformation motlions, has relaxation time activation
energles very close to the corresponding activation energles for
viscous flow. Unfortunately, further analysls of the 23Na relaxation
data will be difficult since experimental viscosity data Is sparse
and the non-Arrhenius temperature dependence does not allow extrapo-
lation of existing values. Also, few rellable measurements have been

made on alkall diffusivity In melts at elevated temperatures.
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CHAPTER VI1:

SUMMARY



172

As demonstrated in this thesis, NMR spectroscopy has proven to
be an invaluable technique for investigating the local structure of
aluminosilicates. In addition to probing the dynamics present in
silicate melts, NMR is a sensitive means of characterizing materials
which lack long range order. Glasses and many crysfafline minerals
are observed by x-ray diffraction techniques to be disordered.
However, 29Si MAS NMR has been used to separate and quantify the
different types of disorder possible in (crystalliine) members of the
nephel ine mineral family.‘31

As observed by 29Si NMR, silicate glasses are composed of well
defined, symmetric local structures without long range order‘ing.r”115
For homogeneous, single phase glasses of integral mean Q" polymeri-
zation state, only one broad resonance is observed. The resonance
corresponds to one average polymerization state (the Q" compositional
state). For the nonintegral mean Q" composition glasses investigated,
two discrete 29Si NMR resonances corresponding to The.fwo adjacent Q"
'composifional species are present. However, a distribution of Q"

polymerization species are probably present with populations less
than ~ 5%, In the noninteger mean Q" composition glasses, the local
environment of the 03 site Is observed to have axial symmetry (three
equivalent Si-0-Si bonds), Within experimental uncertainties, the
glass 04 species is observed to have tetrahedrally symmetric Si-Q-Si
bonds.

In the liquid state, the silicate tetrahedra retain four Si-0

bonds as well as the average (and most probable) number of Si=-0-Si

bonds found in the corresponding glass or crystalline form. The
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isotropic 29Si chemical shifts are the same, when comparison is pos-
sible, for a melt and the corresponding glass and/or crystalline
material. This result indicates that the same silicate species are
present in the liquid as well as in the glass state. Additionally,
the predominant species in a melt is the one found Iﬁ the corres-
ponding glass and/or crystal. The dynamics of silicate liquids,
thever, are rapid enough at high temperatures to average the effects
of speciation and local structure. As temperatures decrease to the
glass transition, the motions slow and NMR becomes a more sensitive
probe of the 295i and 23Na electronic environments, separation of dif-
ferent silicate species is possible. The dynamics of aluminosilicate
melts have been probed by 29Si and 23Na relaxation time measurements,
Sodium, presumed to diffuse through the melt as an lon, has acti-
vation energies for relaxation which are of the same order of mag-
nitude as those of electrical conductivity in melts of similar compo-
sition. Silicon, involved with bond breaking and refofma*ion motions,
has relaxation time activation energies very close to the corres-

ponding activation energies for viscous flow.
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The most common means of deriving lisotropic chemical shift
values in solid samples utilizes magic angle spinning (MAS) techni-
ques., The ability to oﬁfaln isotropic chemical shifts from spectra
of polycrystalline and noncrystalline samples allows identification
and characterization of chemically and crystallographically distinct
environments, as well as obtaining similar types of structural infor-
mation which Is routinely inferred from solution NMR measurements,

|f the sample is rapidly spun at an angle g with respect to the
static external magnetic field H,, the time averaged value of the
angle between all internuclear vectors and the magnetic field Is
<eij> = g. When g = 549441, +the 'magic' angle, then <cos2 eij> =
1/3, hence <cos2 elj' 1> = 0. This factor is important for the
Hami Itonians which describe the magnetic dipole-dipole, chemical
shielding, and nuclear quadrupole interactions present in solids.
The mechanically induced time dependence of the anisotropic nuclear

interactions of interest 1in solid state NMR will be examined.

A.1. MAS Averaged Homo- and Heteronuclear Dipolar Interactions -

The time dependence Imposed on the dipolar broadening Hamil-

tonian by rapid specimen rotation at an angle g to the static magnetic

field Hy (conventionally choosen to be along the z axis) 1521
= 2 2. =3
< ¥, > = 1/2 (3<cos” g> - 1) 2i<j 1/2 v, YJ” Fij
* * 2
(1 iJ - 3|zi|zj] (3cos Bij ~ 1) . (73)

Equation (73) is equivalent to ¥, equation (21), multiplied by a

scaling factor, l/2(3cos2 g - 1), dependent upon the angle of rota-
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tion. For a polycrystalline or amorphous material, the spectrum

retains an identical shape, but is reduced by the scaling factor.

The spectrum of a dipolar broadened solid will narrow very sharply
to a central line if the rotor frequency is much faster than the
coupling.z"23

A.?. MAS Averaged Chemical Sheilding Anisotropy

Chemical shift anisotropy displays, under MAS conditions, the

following proper1‘y21

<0,2> T %-Ulso<5i"2 g >+ 1 (<3cos? g>=1)

. 3 2 ‘

where 8 is the angle between the spinning axis and each of the
three principal axes., Spinning at the magic angle causes <cos? g >
= 1/3 and <sin2 g > = 2/3, thus the time averaged value of 0,7 is
reduced to the isotropic value gjgo, and the CSA is removed.

For dipolar broadened spectra, the MAS rotation rate must be
comparable to the linewidth in order for substantial line narrowing
to be achieved. However, the central line Is narrow for CSA, but its
Iintensity is reduced by the presence of satellite peaks (spinning
sidebands). The CSA Iinteractions differ from dipolar broadening
because under J(g the spectrum Is inhomogeneousl!y broadened;21 that
is, each element of the static spectrum arises from crystallites in
a particular orientation relative to the static external magnetic
field., Hence, more information can be obtained from spinning at

rates slower than the CSA because the principal axls components of
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the anlsotropies may be computed from the spinning sldeband Inten-
sitles.21,22 Also, removal of the anlisotropic broadening Inter-
actions by magic angle spinning can reveal magnetic fine structure

(e.g. Isotropic scalar coupling which glve rise to spin multiplets).

A.3. MAS Averaged Nuclear Quadrupole lInteraction

Fast MAS should also average the quadrupolar Hamiitonian to a
small value, Because quadrupole Interactlions In noncubic environ-
ments are very large and second order broadening often occurs (Sec-
tion Il.1.vie), 1t s difficulit to spin rapidly enough to average

0 completely away. However, by sampling the free Induction decay
synchronousity timed with the rotor perlod of the sample, It Is pos-
sible to use magic angle specimen rotation at a few kHz to narrow a

2y spectrum by three orders of magnH‘ude.z4

Using this technlque,
the flirst order quadrupole broadening Is removed, allowing the small
Isotropic 24 chemical shifts and second order quadrupolar Inter-

actions to be resolved.

A.4., MAS Spinning Sideband Analysis

For lsotopically dilute spin 1/2 nuclel, the |ineshapes of het-
eronuclear decoupled spectra are generally dominated by the chemical
shift anisotropy. The specimen rotation rate must exceed the breadth
of the shlft anisotropy, otherwise partlal averaging wlll occur and
result In satellite peaks (spinning sldebands or SSB) appear at
multiples of the rotor 1‘requency.2"23'25 Often, high resolution

spectra are obtalned at the expense of losing the Information con-
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tained in the CSA., By reducing the spinning speed, the isotropic
chemical shift and the spinning sideband intensities can together
provide enough information to calculate the chemical shielding para-
meters.

Maricq and Waugh25 devéloped a method based upon analysis of the
second and third moments to compute the CSA tensor from MAS spectra.
However, this technique requires accurate measﬁremen? of all the
spinning sideband intensities, which is usually not possible. The
intensities of Individual sidebands are complicated functions of
the chemical shift parameters, and are not readily manipulated to
give analytic expressions for them. However, Herzfeld and Berger22
evaluated the intensity functions numerically and constructed a
graphical technique for extracting the chemical shielding parameters

and esffmafing experimental error based on the Intensities of just a

few sidebands.

A.4.i. Chemical Shielding Anisotropy Tensor Determination

Using the conventional assignment of the principal values of the
chemical shift tensor ¢yy > o022 > 033, @ new set of variables are

def ined??
u = (YHS) (o33 = 011) / wr (75)

which is always positive, wr is the specimen rotation frequency, yH,

is the Larmour frequency at the isotropic chemlcal'shiff, Oisoe And

p = (11 * 033 = 022) / (033 = 011) (76)
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has a value between -1 and +1, The extreme values of p correspond to
axially symmetric tensors.,

Contour plots of p versus y for relative sideband Intensities
(up to £ 5 w.) were generated and published22 using fhe central iso-
tropic shift peak intensity as the reference, These plots are used
to graphically obtain y and p from an NMR spectrum. If the contours
which correspond to the experimentally measured intensity ratio are
drawn from the appropriate diagrams, then they will intersect at the
corresponding values of y and p. In general, due to experimental
errors and difficulty interpolating befweeq contour lines, the lines
will not intersect at one point and the amount of dispersion is a
measure of the uncertainity in y and p. Note that contours for
negative sidebands are as they appear for the contour maps while

positive sidebands have contours which are flipped over.

A.4.1i. Alkali Sillcate Glass CSA Computation

The 29Si chemical shielding anisotropy tensor has been evaluated
for several binary silicate glasses [natural abundance and 95% iso-
topically enriched NajSigOg, KySigOg, and (Naz0)g,4(Si02)g.6! using
the technique presented earlier [in +this Appendix. The spectra
(Figures 23, 24, and 25) are first deconvoluted to separate the two
central resonance lines and to obtaln relative peak intensities for
the spinning sidebands. The ratio of each sideband to the central 03
(or 02) peak are calculated and graphically analyzed by use of the
contour maps. A sample contour plot of natural abundance NaySis09

glass is shown in Figure 47.

[l
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Contour plot for determination of the 29S5i chemical

shielding anisotropy tensor for the 03 silicate species
of glass NaySiy09 (natural abundance) using the tech-
nique presented by Herzfeid and Berger.22 When p is £ 1,
as in this diagram, then the CSA tensor is axially symmet-
ric. Three spinning sidebands were analyzed (+1, -1,
and -2), The +1 and -2 sidebands had very little error
associated with the deconvoluted fit, however the range
of possible values the -1 sideband can take on is outlined

with the double dashed |ine.
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APPENDIX B:

COMPOSITE PULSES: SIMULATIONS AND EXPERIMENTS
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A universal problem In pulsed NMR Is that of exclting a nuclear
spln system containing a broad spectrum of resonant frequencles using
only a single frequency of rf radiation. Two types of excltation are
of particular Iimportance, namely the creatlon of coherence between
spin states and the creatlon of a poputation inversion. Both of fhesé
can be accomplished with single rf pulses, the famlliar 90° and 180°
pulses, respectively. |f the pulse power Is such that the resulting
Rabl frequency Is wy, uniform excitation can only be achleved wlth
single pulses over a spectral width Ap satisfylng the condition Aw
<< wye The precise limits on the 1neduall+y depend on the specific
application, but the problem Is severe enough that much effort has
been devoted to Improvements of the basic 90° and 180° pulses.

The square rf pulse required for pulse NMR technlques Is gener-
ated by raplidly switching a rf oscililator. [If the osclilator were
allowed to run continuously, only the monchromatic frequency w,
would reach the sample. However, the finlte pulse width generates a
Fourler spectrum centered at the frequency w,, with a Lorentzian band
of frequencles, Aw = w, 2n/fp, where Tp Is the length of the pulse,

reaching the sample.

B.1. Composite Pulses

The ldea of replacing single rf pulses with sequences of pulses
with phase shifts between them and with a constant amplitude for
broadband excitation was flrst proposed by Levitt and Freeman.
Such sequences were called "composite pulses.," The development of

these sequences has subsequentiy been an area of actlve research In
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and coherent optics. In the case of NMR, sequences of
phase shifted rf pulses have been designed which excite nuclear spins
over a larger range of some experimental parameter than the single

90° or 180° pulses that they replace.

B.2. Pulse Sequence Construction

The majority of composite pulses which have been derived empha-
size the uniform excitation of spins over a range of chemical shifts
In liquid samples.‘sf""68 In addition, composite pulses have been
constructed for uniform excitation in the presence of Inhomogeneity
In the rf field sfreng+h165"67’178 and spin coupling consfanfs.175'
176 A common feature of the chemical shift and the rf inhomogeneity
problems is that they are both single spin problems. Single spins
are easily described by the classical Bloch vector mode!.2:6  This
model allows geometric arguments and Intuition to supplement exact
numerical simulations of pulse sequences. Most of the progress in
composite pulse sequence development for liquid state NMR has de-
pended on this combination of geometric pictures and computer simu-
lations.

Recently, new routes to the design of composite pulses have
been explored. One of these is the generation of pulse sequences
as approximations to continuously phase modulated pulses with broad-

1,179 1his approach is well suited to

band exclitation properties.
constructing long sequences which excite spins over a very large
spectral width. A second (relatively) new approach is the use of

Iterative schemes to produce successlive Improvements on a basic pulse
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sequence unit, 172-174 Again, this approach generates long sequences
with very large excitation bandwidths,

The third approach to constructing composite pulses,’75 Is the
use of the Magnus expansion”e"l77 in a manner similar to the coher-
ent averaging theory that Is central to maﬁy techniques in the NMR
of solids, liquid crystals, and liquids."7"80 The Magnus expansion
approach is, in principle, the most general method used. |t can be
applied to both composite 180° and composite 90° pulses In a system
of an arblitrary number of spins In which the spectral width results
from any type of interaction. Use of the Magnus expansion reduces
the problem of finding a composite pulse to that of analytically or
ndmerically solving a specific set of equations. The generality
obtained using the Magnus expansion is achieved at the expense of the
physical, intuitive geometric pictures which characterized earlier ap-
proaches, However, In a general, coupled many spin ;ysfem, such as
occurs in the NMR of anisotropi¢c materials, the Bloch vector model
does not apply (the system is not describable by only three coordin-
ates).

The theory underlying average Hamiltonian approach to pulse
sequence derivation may be found in detall In references 1, 7, 174,
175, 180, and 221, Using the Magnus expansion, composite pulses are
often most easily found by numerically solving the desired system of
nonl inear equations, Criteria are established for the precision to
which the equations are to be solved, and a search for solutions is
then conducted over a set of possible pulse length (*p) and pulse

phase (¢) combinations. (A pulse, e¢, Is described by the flip angle
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Q= Q1‘Tp‘360° and ¢ the pulse phase In the rotating frame; unless
obvious, both are given in degrees.) Typically, more Thén one solu-
tion Is found. In such cases, simulations of the performance of the
composite pulses on model spin systems are used to se}ecf the best
compostite pulse, Differences in the performance of composite

pulses of the same calculated efficiency may be attributed to proper-
ties of higher terms in the Magnus expansion that are not set to zero.
A composite n pulse derived in reference 190 (4531809090180 1809045¢,

inverts a spectral width resulting from quadrupolar or dipole-dipole

coupled spin systems) is used for demonstration In the next sections.

B.3. Simulations and Experiments

The composite pulses derived from the Magnus expansion approach
often Involve unusual rf phase shifts; that is, phase shifts other
than the common multiples of 90°. For the experiments described in
this appendix, the phase shifts were usually accomplished with a
dlgifally controlled phase shifter based on a commercial Daico unit,
capable of 360°/256 (1.4°) phase increments., Alternatively, the rf
phases can be set by inserting delay tines of the appropriate length
into the quadrature generation circuit. Simulations Indicate that
the composite pulses can typically tolerate 5° to 10° deviations from
the quoted phase shifts without a serious degradation of perfor-
mance, 181 Thus, a phase shifter which produces rf phases in 15° in-
crements would be sufficient, Similar phase shifting capabilities
are necessary for other NMR techniques, notably multiple quantum

spectroscopy.
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B.3.1. Two Spin Systems

To make é compar ison of the characteristics of several composite
n pulses and a normal ¢ pulse, computer simulations are shown (in
Figure 47) of the inverslion performance as a function of dipole-dipole
coupling strength in a system composed of a pair of equivalent spin
1/2 nuclei. Inversion Is defined as the final projection of spin
angular momentum onto the -z axlis.

From Figure 47, it 1Is apparent that both of the sequences,
45318090901801809045¢0 and 1800180120180, provide substantial improve-
ments In inversion performance over a single ¢ pulsé in a two spin
dipole-dipole coupled system, Good inversion is accomplished using
the composite pulses for couplings that are as large as 2yuj. (Init-
lally, the spin angular momentum is aligned with the z axis and has
unit length.) These results apply identically to the Inversion of a
quadrupole spin 1 nucleus, substituting ZmQ/m1 for d/w) on the abs-
cissa of Figure 47,

A pulse sequence used to experimentally contrast the inversion
per formance of composite g pulses against that of a single « pulse
Is illustrated in Figure 48. Spins Initially at equilibrium are in-
verted by a n (Figure 48a) or composite ¢ (FIQure 48b) pulse. During
a delay t, coherences other than zero quantum dephase, leaving the
spin system in a state describable by a density operator which com-
mutes with |,. The free induction decay is then collected following
a n/2 pulse and Fourijer transformed to glive the spectrum. Spectral
disforffons at low rf power reflect imperfect inversion. The sequence

of Figure 48a is commonly used to study spin lattice relaxation.



187

For number sequence only,
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XBL 841-301

Simulation of Inverslon for a system of two dipole coupled
spin 1/2 nuclel as a function of the ratio of the coupling
constant d to the applied rf amplitude wi. Results are
shown for a single ¢ pulse (dotted line), a
4501809090180 1809p45g composite n pulse (solid line),

and a 1803180120180p composite ¢ pulse (dashed line).
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Figure 48: Schematic representation of the pulse sequences used in

the simulations of Figure 47 and 49 and the experiments
of Figures 50, 51 and 52. a) Spins are inverted by a =
pulse. Single quantum and higher coherences, which are
created at low rf amplitudes, dephase during a delay of
length t. The FID signal after the /2 pulse is digi-
+ized and Fourier transformed to give a spectrum that
reflects the inversion efficliency of the initial x pulse.
b) Same as a), but with a 450180909018018090450
composite ¢ pulse In place of the single ¢ pulse. A

180(180120180g composite n pulse may be used as well,
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Figure 48b represents the analogous experiment employing a composite
n pulse. The fact that the two spin result apply lidenticalily to
quadrupolar spin 1 nuclei makes the composite y pulses of obvious

utitity in deuterium and '4N NMR,

B.3.1.A. Simulations of Powder Spectra

In Figure 49, simulations are shown of powder paTTern"6 spectra
resulting from the sequence of Figure 48a applled to an Isotropic
orientational distribution of spin 1/2 nuclei. The usual pattern

29 - 1 dependence of the dipole-dipole coupling

results from the 3cos
constant on the angle between the applied magnetic field and the
internuclear displacement vector. Here, the maximum coupling Iis
taken to be d/2x = 80 kHz. Clearly, the characteristic spectral
features are lost as the rf amplitude Is reduced.

Atso in Figure 49, simulated spectra are shown which result from
the sequence of Flgure 48b. The composite yn pulse has been substitu-
ted for the normal g pulse., The spectral distortion is dramatically
reduced at low rf amplitudes. Using the other composite ¢ pulse,
1807 180120180g, gives essentially the same results.

The slight asymmetry in the spectrum of Figure 49f resulting from
the composite ¢ pulse is unusual, because 1t Is generally assumed
that the spectrum of a quadrupolar or dipole-dipole coupted spin

183

system must be symmetric. If a sequence of weak pulses (g <

wcoupling) is applied to a spin system described by an inijtial
density operator |,, then the presence of the couplings interferes

with the applied rf pulse iIn such a way that the magnitude of the
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Simulated NMR spectra of an lsotropic orlentational dis- -
tribution of pairs of dipole coupled, spin 1/2 nuclel.

The maximum coupling Is dmax/2n = 80 kHz. 1 kHz line-

broadening is added, a) Spectrum after a single /2

pulse, with w1/2n = vy = 10 kHz. Since 1 >> dpax, the

spectrum is undistorted. b) Spectrum after a single %/2

pulse, with vy = 32 kHz, Illustrating the distortion

resulting from a ¢/2 pulse alone at low rf amplitudes,

c) Spectrum resulting from sequence a of Figure 49 with

vy = 32 kHz. d) Spectrum resulting from sequence b of -
Figure 49 with vy = 32 kHz. e) Spectrum from sequence -
b with vi = 20 kHz. The characteristic features of the

spectrum, which are lost by a single ¢ pulse at low rf

ampl itudes, are preserved by a composite g pulse.
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expectation valué ot the spin angluar momentum actually changes. In
other words, the magnetization shrinks, The density operator has
evolved info not only linear combinations of I, Iy, and |,, but
also into multiple quantum coherence, zero quantum coherence, and
nonobservable single quantum coherence, Therefore, the density

operator for the spin system Immediately before the final weak 90°
pulse contalns a component of dipolar order.184 |t s this dipolar
order which produces the asymmetry in the spectrum in Figure 49f,
The spectral asymmetry is absent In the spectra resulting from a
single ¢ pulse. This occurs because no dipolar order is created by

a 180° pulse, regardless of rf amplitude.

B.3.1.B. Experimental Comparison

In Figure 50, the proton NMR spectra of Ba(CI03)2'H20 powder is
obtained with the squences of Figure 48 applied at two different rf
ampl itudes. The delay t in Figure 48 |s taken to be 5 ms, As pre-
dicted by the simulations, the spectral distortion with weak rf Iis
quite obviously reduced by the use of a composite n pulse.

The spectrum of barium chlorate monohydrate reflects the fact
that individual water molecules are essentially lsolated from one
another, giving a paTTerﬁ characteristic of palrs of pro‘fons."6
The experimental pattern is somewhat distorted from the ideal pattern
assumed In the simulations by two factors. The first Is the presence
of couplings between water molecules. Such intermolecular couplings
have the effect of broadening each indlvidual transition, as reviewed

In reference 146, The second factor Is the presence of chemical
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Experimental proton NMR spectra of Ba(CIOS)z'HZO powder,

All spectra are the average of 60 scans; with a recycle

delay of 30 seconds. a) Spectrum after a single 5/2

pulse with v,

pulse with v, 33 kHz. c¢) Spectrum from sequence a of
Figure 48 with vy = 33 kHz., d) Spectrum from sequence
b of Figure 48 with yy = 33 kHz. e) Spectrum from
sequence a with vy = 20 kHz. f) Spectrum from sequence

b with vy = 20 kHz. The principal features of the

simulations of Figure 49 are reproduced.

63 kHz. b) Spectrum after a single 5/2
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shitt anisotropy. The proton chemical shift anisotropy for Hp0 In
ice has been measured to be about 34 ppm.185 The sharp peak In the
center of the barium chlorate monohydrate spectra Is attributed to
residual protons and to wav'rer molecules that are free to reorient
rapidly and lIsotropically. Similar experimental results to those In

Figure 50 were obtained for the 180180450180, sequence.

B.2.1i. Coupled, Multispin Systems

Coupled spins occur In configurations other than isolated pairs.
For composite y pulses to be of general use in solld state NMR, they
should provide an advantage over a single gy pulse In an arbitfrary

system, Therefore, the Inversion performance of composite x pulses

Is Investigated in systems of more than two coupled spin 1/2 nuclel,

B.2.11.A. Simulations

In Figure 51, the results of computer simulations are presented
of the Iinversion performance of the 453180990180 1809045¢0 and
180180120180 composite n pulse sequences, as well as that of a
single n pulse in three different spin systems. The spin system of
Figure 5la consists of three spin 1/2 nuclel arranged in an equilater-
al triangle perpendicular to the applied constant magnetic fleld, so
that all dipole coupling constants are equal. Figure 51b represents
a system of four spin 1/2 nuclei in a square, agalin perpendicular to
the applied field. The coupling constants are taken to be propor-

tional to r. '3, where r.. Is the distance between nucleus | and

N 1J
nucleus j. The spin system of Figure 5lc is a row of six, equally

ra-



Figure 51:
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Simulations of lInversion as a function of the ratio of
the nearest neighbor dipole coupling constant d to the
rf amplitude wy for three possible systems of coupled
spin 1/2 nuclel. Results are shown for a single n pulse
(dotted lines), a 4531809()901g0180gp45n composite ¢ pulse
(solid lines), and a 1801801291809 composite g pulse
(dashed lines)., a) Three spins In an equllateral tri-
angle. b) Four spins in a square, c¢) Six spins In a
row., Coupling constants are taken to be proportional to

r '3, where r,J Is the distance between nuclel 1 and j.

J
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spaced spin 1/2 nuclel. Again, the coupling constants are propor-
tional to rIJ-S.

In all cases considered, both composite pulses gave better inver-
slon than a single n pulse over some range of couplings. Generally,
the 4501809390180 18090450 sequence Is the more effective of the two.
The range of nearest nelghbor couplings over whiéh good inversion Is

achleved is substantialiy smaller than in the two spin case, for the

single ¢ as well as the composlite n pulses.

B.2,11.B., Experimental Comparison

Experimental spectra resulting from fhé sequences of Figure 48
appllied to a single crystal squaric acid (C404H2) sample are shown In
Figure 52, In the crystal, squaric acid molecules are arranged in
planes In such a way that the hydrogen nuclel, or protons, form chains
perpendicular to the molecular planes. The spacing between adjacent
protons In a chaln is known to be 2.635 A 187 Squaric acid has been
the subject of NMR 189,190 angd other sfudles,186'188 in particular due
to the observation of a structural phase transition at 370 K which
exhibits critical behavior suggestive of a two dimensional system.
Squarlic acid was choosen for demonstration purposes because It Is a
true many spin solid, yet there is resolved structure In Its proton
NMR spectrum,

The spectra In Figure 52 are from a single crystal, although they
superficially resemble a powder pattern. In a powder pattern, as In
Figure 50, the features of the spectrum furthest from the center

result from spins with the largest couplings. Therefore, those



Figure 52:
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Experimental proton NMR spectra of a squaric acid crystal.,

All spectra are the averages of 20 scans, wlth a recycle

‘delay of 30 seconds. The narrow peak to the right of

center of each spectrum results from residual protons.
Its displacement from the center Is due to the large
chemical shift of sqﬁaric acld, approximately 20 ppm
with respect to TMS at this orijentation. a) Spectrum
after a single n/2 pulse with vy = 63 kHz., b) Spectrum
after a single n/2 pulse with y; = 20 kHz. Low rf ampli-
tude results in a loss of intensity from the center of
the spectrum., <¢) Spectrum from sequence a of Figure 48
with vy = 20 kHz. d) Spectrum from sequence a with vy =
15 kHz. e) Spectrum from sequence b with vy = 15 kHz.
Use of the composite g pulse results in greater overall

intensity, reflecting a more complete Inversion.
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fea*ures are lost first due to poor inversion at tow rf amplitudes.
The squaric acld spectrum, on the other hand, Is the product of an
essentially Infinite network of coupled spins, with the strongest
couplings occurring along chains. Each of the individual, unresolved
transitions that make up the spectrum Is a transition of the spin
system as a whole, Because of this, It should not be expected that
the outer spectral features would be attenuated at low rf ampllitudes,

For the squaric acid experiments, the ¢ used was 5 ms, The
crystal was doped with chromium to reduce the proton Ty to approxi-

186,188 paral-

mately 10 s. The crystal was oriented with the b axis
lel to the static magnetic fleld. In this orientation, the proton
chalins are parallel to the fleld, glving the strongest possible

couplings.

B.4. Computational Approach

The computational approach used for simulations appearing In
this appendix originated with a previous Plinenut, Jim Murdoch, 143
Initially, the Hamlitonian which governs the Iinteractions of
Interest is expressed as a second rank tensor (matrix) in a conven-
ient basis set (usually the set of spin-product states). Direct
calculation of the propagator U(t) Iis possible only under special

clrcumstances. In general, first diagonalize the Hamlltonian
Xty = ut) E(H e, (77)

where E(t) 1is a diagonal matrix of eigenvalues, and U(t) Is the

unitary transformation matrix of column eigenvectors. The diagon-
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alization of a Hermitian matrix can be performed numerically using
standard algori'rhms.145
Having computed U(t) and E(t), the propagator may then be

calculated by
exp [ =1 30(t) + 1 =U(t) exp [ =1 ECH) + 1 UH(t) (78)
Now, p(t) Is given by the expression
p(1) = U(H) expl-1 E(t) +1 UH(H) p(+=0) U(t)
expl+1 E(t) 11 Ut (1) ., (79)

Mathematically, this expression is a series of matrix multiplications;
physically, It describes the transformation of p(+=0) to the basis set
of ¥(t), the evolution of p(+) In that basis, and then the transfor-
mation back to the original elgenbaslis.,

Use of the fully time dependent Hamiltonian allows rigorous
spectral simulation as well as computation of pulse sequence effects
on varlous specffal artlfacts caused by spectrometer Imperfections
(e.g. finlite pulse width, phase errors, flip angle errors, and phase

distortions),
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Homonuclear Spin 1/2 System

aAanNNANNAN

AN NNNAN

non

20

25

Main Program:

program dinkpulse

sinulates a generic weak pulse sequence on a é or less
spin system previously described in MOLEC.FOR.

Variable pulse intensity is availabdle.

The final density matrix and & fid is computed.
FFT2FLOT.FOR is able to perform a fourier transform on the
Sdata’, and plot the spectrum.

dimension h(210),8(400),x (2080)

dimension numb(2,64),d(28),cj(28),ist(20),isp(B8),1st(2,64),
ce(B),iflip(2),@(64),xi(b4,64),2i(64,64)

dimension $8(922),istart(7),nbc(®)

dimension flip(30),phase(30),ntype(30),tau(30)

dimension u(4096),hh(2080),ham(2080),ee(64),vv(1001)

complex yi(é4,64),2v(256),vho(b4,64),phi(64,64) ,pham(64,64),phh (64,64)

complex yyy,zzz,uu(é4,464)

common/datl/n,nop,voff,d,cj,cs,nfid,dt

common/dat2/nv,v0,vinc, npul,ntype, flip,phase, tau

cCOnMmMON/s8/8%, 8, Nbc

date hh/20680%0.0/

nat(i,jo=g ® €§=1) 7/ 2 & i
indx(i, d)= (j-1) ® nst + i

call info

nmi=n-1

nplun+l

nEt=2%%n

nnst=net & nst
nstnisnst-1
twopi=B8.0 X atan(1.0)
cst=1,0e-6 X twopi

first, set up the dipolar hamiltonian (block diagonal when in
Iz basis set). Rlock according to m value, then diagonalize .....
Hd = gum over i, sum over Jj, D(i,J) [I(z,i)%1(z,3J)
- 0.5 % CI(x,i)%I(xyd) + Ily,i)%I(y,3)) I

nbec(1)=1
nbcinpl)=1

first look at the extreme cases, all spins up or all down

2cs=0.0

do 20 i=i,n

acs=acs ¢ cs(i)

ecp=0.0

do 25 i=i,nop

ecp=ecp + d(i) + cJj(i)
e(l)m-nkvoff + ecp ~ acs
e(nst)=nkvoff + ecp ¢+ acs
hh(1l)=e(1)
lp=mat(nst,nst)
hh(lp)=e(nst)

nstO=1

nngtO=0

call numsort(numb,n,nst)
1st(l,1)=numb (1, nst)
1st(2,1)=numb (2, nst)
1st(l,nst)=numb(1,1)
1st(2,nst)=numb (2,1)

1pa

g
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now examine individual blocks (greater than 1xl matrices)
only the upper triangular matrix elements need be computed

do 110 js=1,nml
istart(ijs)=mmst0
is=n - Jjs

itsp=2Xis - n

kk=0

do 40 j=1,nst
if(numb(2,3) .ne. is) go to 40
kk=kkel

kkk=kkk+1

ist (kk)=numb (1, J)
lst(l,kkk)=numb (1, j)
1st (2, kkk)=is
continue

mst=kk

nbc(Jjs+l1)=kk

1n=0

do 80 m=1,mst

do 80 1=1,m

In=1lmn+l
ij=mat(mstO+l,mstO+m)

fill in the diagonal elements

if(l .ne. m) go to 60
msk=1

do 50 k=1,n

isp(k)=-1

if((ist(l) .and. msk) .ne. 0) isp(k)=}

msk=msk + msk
continue

h(lm)= -voffXitsp
kk=0

do 55 i=1,nml
ipl=i+]

do 55 j=ipl,n
kk=kk+l

h(lm)=h(lm) <+ (d(kk) + cj(kk)) % isp(Jj) % isp(i)

continue

do A5 i=1,n

h(lm)=h(lm) - cs(i)Xisp (i)
go to 8%

and now, the off-diagonal elements

Ju=1

jsp=0

h{lm)=0,0

msk=1

do 75 k=1l,n

if(Cist(l) .and. msk) - (ist(m)
jsp=jsp+l

iflip (jw)=k

Jw=e2

msk=msk X 2

if(jsp .ne. 2) go to 80

kS= (2%n - iflip(1))X(iflip(1)
hi(lm)= =-d(k5) + 2.0%cJ(kd)
hh(ij)=sh(lm)

.and. msk)) 70,75,70

- 1)/2

iflip (1)

*

iflip(2)

1T
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risap

continue

diagonalize the individual blocks of the internal hamiltonian

call reigenth,s,mst)

piece together the complete transformation matrix for Hint -

do 90 i=i,mst
e(mstO+i)=h (i)

do 100 m=1i,mst

do 100 1=i,mst
Im=] + (m-1)xmst
ss (mmstO+1im)=s(1lm)
continue _
nstO=mst0 + mst

rmstO=mmst0 + mstimst

continue

open(unit=01 name=*fid.dat’,type=?neu’ ,err=800)
loop over pulse strength values ......

write(1,600) nfid

ndtl = dt/1

write(1,600) ndtl

write(1,600) nv

format(ild)

do 400 iv=l,nv

vwiiv) = d(1)/(v0 + (iv-1) X vinc)

vv2==yy(iv) / 2.0

csr = d(1)/vv(iv)

write(1,610) iv,vwiiv),csr

format (//,4x,°vw(*,i4," ) = ' e12,.6,/,10x,
* coupling strength =°,f12.6)

generation of the full hamiltonian: H(internal) + H{(rf) .....
(upper triangle of matrix only)

do 230 j=1,nst

do 230 i=1,j -
ij=mat(i, J)

ham(ij)=hh(ij)

x(ij)=0.0

if 1 spin is flipped an I(x) element is present

if(iabs(lst(2,i) - 1lst(2,j)) .ne. 1) go to 230

ksp=0

msk=1

do 220 k=i,n

if((lst(1,i) .and. msk) .eq. (lst(l,J? .and. msk)) go to 220

ksp=ksp + 1

nsk=msk + msk o

if I(x) is present, the matrix element is the pulse strength
if(ksp.ne.1) go to 230

ham(ij)=vv2

x(ij>)=0.5

continue :

diagonalize the full hamiltonian and get eigenvectors and energies
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call reigencham,u,nst)

n

fill in complete transformation matrix UU(nstynst)

do 210 i=i,nst

da 210 j=1l,nst

iJ = indx (i, J)

uu(iy, j) = cmplx(u¢ij),0.0)
210 continue

do 235 i=1,nst
235 ee (i) =ham(i)
c
[ set up Iz in the spin-product basis .ecc.
c (off-diagonal elements are 0.0)
c

do 240 i=1l,nst

do 240 j=1,nst

rho(i, j)=cmplx(0.0,0.0)

zi(i, J)=0.0

if(i .ne. Jj) go to 240

Ziti, J)=1st(2,i) - n/2.0
240 rho(i,j) = cmplx(zi(i,J),0.0)

c calculate I(x) and I(y) in the spin product basis set

do 170 j=1,nst

do 170 i=1,

iJ = mat(i, J)

xi(iy,J) = x(iJj)

xi(jesi) = x(iJ)

yidi,J) = xi(i, j)*cmplx(0.0, -1.0)
yifJj,i) = xi(Jj,i)%cmplx(0.0, 1.0)

170 continue

c calculate the evolution matrix for each step

do 120 ipul=i,npul
if (ntypelipul).eq.0) go to 130
tau(ipul)=(flip (ipul)*%x1000000)/ (vv(iv)%360.0)

examine the pulses first

NOTE: pulses may be represented by

exp -iX(vkI(phi) + Hint)¥tau = exp ~-iXI(2)%phi
exp -iXx(vkI(x) + Hint)¥tau exp iXI(z)Xphi

s0, the propagator is
exp —~iXH(phi)Xt = exp -ixphixI(z) exp ~iXH(x)%Xt exp iXphixI(z)
= @xp ~ixphi%l(z) U exp -iXH(x)%t Uadj exp i¥phikI(z)

first the set-up the x-pulse matrix

nnnAnnNnnAnfhtnAanNnnAnnNNn

do 140 i=i,nst
do 140 j=1,nst
pham(i, j)=cmpl1x(0.0,0.0)
phi(i, j)=cmplx(0.0,0.0)
if (i.ne.j) go to 140
pham(i, j) = cexp (cmplx (0.0, ee(i)Xtaulipul)xkcst))
rot = zi(i, j)Xphase(ipul)Xxtwopi/360.0
phi(i, j) = cexp (cmplx (0.0, rot))
140 continue

1w
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find the x-pulse propagator
call umua (uu,pham,nst,zv)
then rotate about the z-axis

call uamu (phi,pham,nst,zv)
90 to 160

now examine the delays

do 150 i=1i,nst

do 150 j=1,nst

pham(i, j) = cmplx(0.0,0.0)

if (i.ne.j) go to 150

pham(i, J) = cexp (cmplx (0.0, e(i)Xtau(ipul)*cst))
continue

the propagator for the internal hamiltonian is
exp -i¥Hkt = S8 exp -ikExt SSadj

multiply, blockwise, S5 %X PHAM X SSad)

call blkmua (phamynst,zv,n)
call blkmau (pham,nst,2vyn)

eveolve the density matrix

call uamu (phamyrho,nst,zv)
continue

calculate the internal hamiltonian's propagator for an
evolution time of dt

do 200 i=1l,nst

do 200 j=1,nst

phh(i,J) = cmplx(0.0,0.0)

if (i.ne.j) go to 200

phh(i,j) = cexp (cmplx (0.0, e(i)Xdtxcst))
continue

multiply, blockwise, SS % PHH % SSadj

call blkmua (phhynst,zv,n)
call blkmau (phhynst,zv,n)

calculate normalization factors

xx = 0.0

yy = 0.0

zz = 0.0

do 260 i=1,nst

do 260 j=1i,nst

xx = xx + xi€i,J)&xi(J,i)

yy = yy + yi€i, j)eyi(j,1)

2z = zz + Zzi(i,j)xzi(j,1i)

continue

write(1,270) 22

format(/, 2x,'normalization constant = (I(z2)x%xx2)°",
2x,18.4)

generate an FID by computing observables as a function of

time

208
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do 180 k=1,nfid

c
c to calculate (XO, <Y), and (Z)
c (A = Tr (AXrho) = sum over i (AfXrhol(ii)
c = gum over i [ sum over j (A(ij)Xrho(jid) J
c

avex = 0,0

avey = 0,0

avez = 0.0

do 190 i = 1 ,nst

do 190 § = 1,nst

avex = avex + xi(i,Jj)%rho(j,1i)
avey = avey + yi(i,J)¥rho(j,i)
avez = avez + zi(i,jd¥rho(j,i)
190 continue
avez = avez/zz
zzz = cmplx(avex/zz, avey/zz)
write(1,640) k,zzz,avez
640 format(ix,i4,3716.8)
if (k.eq.nfid) go to 180

c
c allow the density matrix to evolve under Hint
c
call uamu (phhyrhoynst,zv)
180 continue
c
400 continue
c
close(unit=01,err=900)
go to 950
800 type 810
810 format(/,' open errvror!i®,/)
go to 950
900 type 910
910 format(/," close ervror!!t,/)
950 continue
end
c
c
c
c
subroutine info
c
c reads and print molecular information and pulse sequence
c in molec.da
c
dimension d(28),¢j(28),cs(8)
dimension flip(30),phase(30),tau(30),ntype (30)
common/dati/n,nop,voff,d,cj,cs,nfid,dt
common/dat2/nv,vO0,vinc,npul,ntype, flip,phase, tau
c

open(unit=0i,name=*molec.dat’,type='o0ld’,err=800)
read(1,600) n
read(1,400) nop
600 format(ila)
read(1,610) voff
do 405 i=1,nop
read(1,610) d(i)
read(1,610) cJj(i)
605 continue
do 615 i=i,n
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615
610

500

505

20
510

n

read(1,610)
continue

format(el2.
read (1,600)
read(1,610)
read(1,610)
read(1,610)
read(1,600)

210

cs (i)

é)

nv
vO
vf
vinc
npul

do 625 i=1,npul

read(1,4600)
read(1,4610)
read(1,610)
read(1,610)
continue

read(1,600)
read(1,610)

ntype (i)

flip(i)

phase(i) -
tau(i)

nfid
dt

close(unit=01,err=900)

nnl=n-}

npl=n+l

print S00,voff

format(éx,'offset freq. = '.f?.l,' HZ,/7/)

voff=yvoff/2.0

print 505

format (éx,%dipolar and J couplings (in H2)",/,6x,31(1h=),/)

k=0

do 10 i=l,nml

ipi=i+}

do 10 j=ipl,n

k=k+l

if (v0.gt.0.0) go to 20

d(k) = -d (k)

cJ(k) = —=cj(k)

print 510,i,J,d(k)4i,Jd,ci(k)

format(éx,’D(",i1,%,%,i1,") =',19.2,5x,°J(",i1,%,%,1i1,%) =7,
16.2)

to enable comparison with Rob’s couplings

d{k)=d (k) /4.0

cj(k)=cj(k) /4.0

continue

print 515

format(//,6x,*chemical shifts in H2',/,6x,21(1h~),/)
print 520,(cs(i), i=1,n)

format(6x,8110.2)

do 15 i=1,n

cs(i)=cs(i) /2.0

print 525, nv

format(//,1x,16,' values of coupling constant considered?’,/)
print 530, vO

format(Bx,'initial value = *,710.3)

print 560, vf

format(8x,*final value = %,710.3) N
print 335, vinc

format (Bx,*increment = %, f10.3)

print 540,npul 2
format (Sx, 'number of steps in the pulse sequence =',i4)

print 545

format(//,2x, step’,2x, ' type’,2x,* flip angle (deg)’,
2x,'pulse phase (deg)’,2x,'delay (usec)®,//)

[



S50

900
910

nnnNnnn

nnn

10
20

30
40

100

nnnNnnNnn

NN

211

do 30 i=1 npul

print 550,i,ntype(i), flip(i),phase(i),tau(i)
format(2(3x,1i4),3(3x, 8.2))

continue

type 555,nfid,dt
format(/,® number of points in the fid =',i4,
*, Sampling rate is',f10.4,%usec.’,/)

go to 950

type 810

format(/," open error!!?,/)
go to 950

type 910

format(/,"' close error!t?,/)
continue

return

end

subroutine blkmua (aynst,r,n)
blockwise multiplication of A = X x A

complex a(é4,64),r(256),z2
dimension ss(922),x(20,20),nbc (7),5(400)

common/ss/ss, S, nbc

npl = n+}
kk = 0
ns = 0

do 100 ib=1,npl

nb=nbc (ib)

if (nb.eq.1) x(1,1)=1.0

if (nb.gt.1) call stuff (nb,kk,ss,x)

do 40 j=1l,nst

do 20 i=1,nb

z2z=0.0

do 10 k=1,nb .

2z = zz + x(i, k)Ra(ns+k, J)
r{(i) = zz

do 30 i=l,nb

al(ns+i,j) = r(i)

continue

ns = ns + nb
continue

return
end

subroutine blkmau (a,nstyryn)

another blockwise matrix multiplier A = A ¥ XadJ

R

e
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complex a(é64,64),r(256),22z
dimension ss(922),x(20,20),nbc(?7),s(400)
comMmMON/ss/85,85,nbc

npl = n+}
kk = 0
ns = 0

do 100 ib=i,npl

nb=nbc (ib)

if (nb.eq.1) x(1,1)=1.0

if (nb.gt.1) call stuff (nb,kk,ss,x)

do 40 i=1l,nst

do 20 j=1l,nb

zz=0.0

do 10 k=i,nb

zz = 22 + ali,ns+k)Xx(j, k)
r(j) = zz

do 30 J=l,nb

aliyns+j) = r(J)

continue

ns = ng + nb
continue
return

end

~subroutine stuff (nb,kk,uu,u)

dimension uu(922), u(20,20)

do 20 j=i,nb
do 10 i=1i,nb
kk=kk+1

ufiyj) = uudkk)
continue
return

end

212
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Initial, supplementary program:

nn

500

510

530

$70

S0

650

660

670

40

program molec
asks questions about the system to be studied

dimension d(40),cJ(40),cs(8)

dimension flip(30),phase(30) ,ntype(30),taul(30)
type 500

format(/,' enter the number of spins: *,$)

“accept ¥,n

nmi=n-1

ncp=ninml1/2

type 510

format¢«/,' enter the offset freg. in Hz (not kHz) 3 *,8%)
accept X ,voff

type 520

format(/," enter dipole and j couplings in Hz....%,/)
k=1 -

do 10 i=1,nml .

ipi=i+l

do 10 j=ipi,n

type 5304,i,dy14J

format(® d(%,i1,%,%,i1,%) and Jj(',i1,%,%,i1,%) &t %)
accept X,d(k),cJ(k)

k=k+1

continue

type 540

format(/,' enter chemical shifts in HZ..c.",/)

do 20 i=i,n

type 550,i

format(Sx,%'cs(*,il,") 2 ", %)

accept %,cs (i)

continue

type 570

format(/,* initial and final values of coupling ratio’,
' to be considered???, )

accept %, vO, vf

if (v0.eq.vf) go to 50

type 580 .

format(/,' increment °,$)

acceptX, vinc

nv = (vf - v0)/vinc + 1

go to 60

nv = 1

vinc = 0.0

type 650

format(/,® how many steps in pulse sequence?',$)
acceptx,npul

do 30 i=1,npul

flip(i)=0.0

phase(i)=0,0

tau(i)=0,0

type 660,i

format(/,? is step’,i3,’ a pulse (=1) or a delay (=0)7',%)
acceptXk,ntype(i)

if (ntype(i).eq.1) go to 40

type 670

format(/,? enter delay time in usec',$)

scceptx, tau(i)

go to 30

type 680

[
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680 format(/,' enter pulse flip angle and phase (in deg)’,$)
acceptx, flip(i),phase(i)

30 continue

c
type 690

690 format(/,' how many points in the fid?’,$)
acceptx,nfid ’
type 700

700 format(/," how often should sampling occur (usec)?%,$)
acceptx,dt

c

open{unit=01i,name=*molec.dat’,type=tnew’,err=800)
write(1,600) n
write(l1,600) ncp
600 format(ile)
write(1,4610) voff
do 605 i = 1, ncp
write(1,610) d(i)
write(1,410) cj(i)
605 continue
do 615 i=i.,n
write(1,610) cs(¢i)
615 continue
410 format(el2.6)
write(1,600) nv
write(1,610) vO
write(1,610) vf
write(1,610) vinc
write(1,600) npul
do 625 i=1,npul
write(1,600) ntype(i)
write(1,610) flip(i)
write(1,610) phase(i)
write(1,610) tau(i)
625 continue
write(1,600) nfid
write(1,610) dt
close(unit=01,err=900)

stop
800 type 590
. 5%90 format(/,* open error!!®,/)
stop
900 type 595
595 format(/,' close error!!?,/)
stop

end

o
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B.4.11. Heteronuclear Multispin System (I=1/2, S=1/2)

as

fanAanNnNnANNANNANDND

nAanNANN

nnn

20

Maln program (requires the same Initial, suppliementary program

in section A.4.1.):

program hetdp

a variation of DINKPULSE which simulates & heteronuclear
system with one S-spin and n-protons (I, § = 1/2),

initial density matrix = S(x) + I(2)
only I spins are manipulated.

sinulates & generic weak pulse sequence on & é or less
spin system previously described in HETDPQUE.FOK.

Variable pulse intensity is availasble.

The final density matrix and a fid is computed.
FFT2PLOT.FOR is able to perform a fourier trensform on the
‘data®, and plot the spectrum,

dimension h(210),8(400),xd (64, 64),2d (64,64)

dimension numb(2,64),d(50),c§(50),ist(20),isp(B)

dimension 18t(2,64),cs(B8)iflip(2),@(64),xx(64,64),2Z(64,64)
dimension ss(922),istart(?),nbc(9)

dimension flip (50),phase(50),ntype(S50), tau(S0)

dimension u(4096),hh (2080) ,ham(2080) ,ee (64),vv(1001)

complex zv(256) ,rho(b4,64),phi(64,64),pham(64,64) ,phh(64,64)
complex 2zz,uu(b4,64),yy (b4,64),yd (64,64)
common/datl/n,nop,voffyd,ciscs,nfid,grat,ncy,ncsteps
common/dat2/nv,v0,vinc,npul,ntype, flip,phase, tau

COMMON/S$S /86,8, NbC

data hh/2080%0.0/

mat(i,j)=sj % (5-1) 7 2 + i
indx(i,j)= (j-1) X nst + i

call info

nrisn-31

nplanel

nst=2%%kn

nnst=nst X nst
nstri=nst-1
twopi=B8.0 X aten(1.0)
cst=1.0e-4 X twopi

set up the dipolar hamiltoniasn (block diagonsl when in
Iz basis set). Block according to m value, then diagonalize .....
Hd = gum over i, sum over J, D(i,J) L[I(z,i)%1<(z,
- 0.5 ¥ (I(x,8)8I(x,4) + ICy,i)8I(y, 372 1

nbc(1)=1
nbc(npl)=]

first look at the extreme cases, all spins up or all down

ace=0.0

do 20 i=i.n

acssacs ¢+ cs(i)

ecp=0,0

do 25 i=i,nop

ecpsecp + d(i) + c3(i)
e(l)m-nmnixvoff + ecp ~ acs
e(nst)enmigvoff + ecp + acs
hh(1) = @(1)

1ln = matinst,nst)

hh(lm) = @(nst)



nnnin

40

n

nn

55

45

AstO=1

nnst0=0

call numsort(numb,n,nst)
1st(1,1)=numb (i, nst)
1st(2,1)=numb (2, nst)
1st(il,nst)=numb(1,1)

lst (2, nst)=numb (2,1)
kkk=1

now examine individual blocks (greater than 1x} matrices)
only the upper triangular matrix elements need be computed

do 110 js=1,nml
istart(js)=mmst0

is=n - Js

itsp=2%is - n

kk=0

do 40 j=i,nst
if(numb(2,3) .ne. is) go to 40
kk=kk+1

kikk=kkk+l
ist(kk)=numb (1, J)
1st(1,kkk)=numb (1, J)
1st (2, kkk)=ig

continue

mst=kk

nbc(Jjs+1)=kk

1m=0

do 80 m=1,mst

do 80 1=1.,m

In=1lm+1

ijJ = mat(mstO+l,mstO+m)

fill in the diagonal elements

if(l .ne. m) go to &0

msk=1

do S0 k=1,n

isp(k)=-1

if((ist(l) .and. msk) .ne. 0) isp(k)=]
nsk=msk + msk

continue

count total proton spin

ips = is

if (isp(1).eq.1) ips = is - 1
itsp = 2%ips - nmi

h(lm)= =~voffXitsp

kk=0

do S5 i=l,nml

ipl=ji+l

do 55 Jj=ipl,n

kk=kk+1

hi(lm)=h(lm) + (d(kk) + cj(kk)) % isp(j) % isp(i)
continue

h(lm) = h(lm) - cs(l)Xgrat¥kisp (1)
do 45 i=2,n

h(lm)=h(lm) -~ cs(i)Xkisp (i)

hh(ij) = h(lm)

go to 80

and now, the off-diagonal elements

216

T



60

70

75

nhNno nn

NN

?0

93
100

-
o

AN ANANNNANND .

217

Ju=1

Jsp=0

h(lm)=0.0

msk=1

do 75 k=1l,n

if((ist(l) .and. msk) - (ist(m) .and. msk)) 70,75,70
Jsp=jsp+l

iflip (jw)=k

Jw=2

mnsk=msk X 2

if(isp .ne. 2) go to 80

kS= (2%n ~ iflip(1))x(iflip(1) ~ 1)/2 - iflip(1) + iflip()

eliminate heteronuclear flip-flop terms

if (kS.gt.nml) h(lm) = =d(kS) + 2.0%cj (kD)
hh(ij) = h(lm)
continue

diagonalize the individual blocks of the internal hamiltonian
call reigench,s,nst)
piece together the complete transformation matrix for Hint

do 90 i=}] mst
e(mstO+i)=h (i)
continue

do 100 m=i ,mst

bigs = 0.0

do 95 l=1,mst

In=]l + (m~1)%mst

sS (mmstO+1m) =g (1m)

if (abs(s(lm)) .le. bigs) go to 95
bigs = abs(s(lm))

11 = 1

continue

continue

nstO=ngt0 + mst
mmstO=mmst0 + mstxmst
continue

generate Ix(xx),Iz(zz),Sx(xd),Sy(yd),and Sz(zd)
in the spin-product basis set.

the initial density matrix is also computed
rho(0) = Sx + Iz

Iz in the spin-product basis has
off-diagonal elements equal to 0.0

do 170 i=i,nst
do 170 j=1,nst
xx(i, j) = 0.0

z2(i, §j) = 0.0

xd(i,j) = 0.0

yd(i, j) = 0.0

2d(i, §) = 0.0

rho(i,j) = cmplx(0.0, 0.0)
kk = 0

diagonal elements (Iz, Sz, rho)

[T
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mod(a,b) = int(a/b)

if (i.ne,Jj) go to 250

izax = mod(lst(l,i), 2)

Jzax = lst(2,1i) -~ izax

20(i,J) = O.5xgratx(2.0%xizax - 1.0)
zz(i,J) = Jjzax - (n-1)/2.0

rho(i,J) = cmplx(z2(i,j), 0.0)

go to 170

off-diagonal elements (Ix, Sx, Sy, rho)
if 1 spin is flipped an element is present

if (iabs(lst(2,i) - 1lst(2,3)) .ne. 1) go to 170

ksp=0

msk=1

do 220 k=1,n

if((lst(1,i) .ond. msk) .eq. (lst(l,j) .and. msk)) go to 220
kk = k

ksp=ksp + 1

nsk=msk + msk

1 spins

if (ksp.ne.1) go to 170

if (kk.eqg.1) go to 240

xx(i,J) = 0.5

if (J.gt.i) yy(i,j) = emplx(0.0, =0.9%)
if (i.gt.J) yy(i,J) = cmplx(0.0, 0.5
go to 170

S spins

xd(i, j) = grat/2.0

if (j.gt.i) yd(i,j) = cmplx(0.0, -grat/2.0)
if (i.gt.J) yd(i,J) cmplx (0.0, grat/2.0)
rho(i,J) = rho(i,Jj) + cmplx(xd{i,Jj), 0.0
continue

open(unit=01,name=?fid.dat’,type="new',err=800)
loop over pulse strength values c.....

write(1,600) nfid

format(ila)

do 400 iv=l,nv

vwiiv) = d(1)/¢(v0 + (iv-1) X vinc)

calculate cycle time in usec (sampling rate),
assuming that all cycles are of the same duration.

ndt = 0

ni = npul + 1

nf = npul + ncsteps

do 410 ipul = ni,nf

ndt = ndt + tau(ipul)

ndt = ndt + (flip(ipul)®%1000000)/(vv(iv)%360.0)
continue

write(1,600) ndt
write(1,600) nv

csr = d(1)/vv(iv)
write(1,610) iv,vv(iv),csr
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610 format (//,4x,°vw(',i4," ) = * _p12,.6,/,10x,
1 ' coupling strength =',f12.6)

c
c generation of the full hamiltonian: H(intermnal) + H(rf) .....
c (upper triangle of matrix only)
c

do 230 j=i,nst

do 230 i=1,j

ij=mati, J)

ham(ij) = hh(ij) - vwlivikxx (i, J)
230 continue
c
c diagonalize the full hamiltonian and get eigenvectors and energies ...
c

call reigenthamnsu,nst)
c
c fill in complete transformation matrix UU(nst,nst)
c

do 210 i=i,nst
ee(i) = ham(i)
print 6, i, ee(i)
é format (2x, ia, 2x, 716.8)
do 210 j=1l,nst
iJ = indx (i, J)
uu(i, j) = cmplx(u(ij),0.0)

210 continue
c
c calculate the evolution matrix for each step
c
k =0
kncy = 0
nnfid = 1
ni = |
nf = npul
if (npul.eq.0) go to 290
go to 300
320 kncy = 0
k= k + 1
310 kncy = kncy + 1

ni = npul + 1 + (kncy~-1)Xncsteps
nf = npul + kncy¥ncsteps
300 do 120 ipul=ni,nf
if (ntypetipul).eq.0) go to 130
tautipul)=(flip (ipul)%1000000)/(vv(iv)%360.0)

examine the pulses first

NOTE: pulses may be represented by

exp -ik(vRI(phi) + Hint)%tau = exp -iXI(2)%¥phi
exp -i¥(vXkI(x) + Hint)Xtau exp ikI(z2)%phi

so, the propagator is
exp ~ikH(phi)xt = exp ~-i¥phiXI(z) exp -iXH(x)Xt exp iXphixI(z)
= @xp -iXphi%I(z) U exp -ixH(x)%xt Uadj exp iXkphixI(z)

first the set-up the x-pulse matrix

ntnhPnntnAannnn

do 140 i=l,nst

do 140 j=1,nst

pham(i, j)=cmplx (0.0,0.0)

phi¢i, )=cmplx(0.0,0.0)

if (i.ne.j) go to 140

pham(i, j) = cexp (cmplx (0.0, ee(i)ktaulipul)kcst))
rot = z22(i, j)¥phase(ipul)xtwopi/340.0

[
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phi(i,j) = cexp (cmplx (0.0, rot))
continue

find the x-pulse propagator
call umua (uu,pham,nst,zv)
then rotate about the z-axis

call uamu (phi,phamynst,zv)
go to 160

now examine the delays

do 150 i=1l,nst

do 150 j=1,nst

pham(i, j) = cmplx(0.0,0.0)

if (i.ne.j) go to 150

pham(i, j) = cexp (cmplx (0.0, e(i)Xtaulipul)xcst))
continue

the propagator for the internal hamiltonian is
exp -ixHxt = 8§ exp -ikExt SSadj

multiply, blockwise, SS ¥ PHAM % SSadj

call blkmua (pham,nstyzvyn)
call blkmau (phamynst,zven)

evolve the density matrix

call uamu (pham,rho,nst,zv)
continue

calculate normalization factors

y = 0.0

z = 0.0

do 2460 i=i,nst

do 260 J=1i,nst

y =y + xd(i,j)%kxd(j,i)

z =2 + zz(i,Jj)%zz(j,1i)

continue

if (nnfid.eqg.1) write(1,270) y, 2

format(/, 2x,'normalization constant = (I(2)%%2)°,
2(2x,18.4))

generate an FID by computing observables as a function of time
to calculate (X)), <Y), and (Z) for the S-spin

<AY = Tr (A%rho) = sum over i (Axrhol(ii)
= sum over i [ sum over j (A(ij)xrho(ji)) J

avex = 0.0
avey = 0.0
avez = 0,0
do 190 i = 1,nst
do 190 j = 1,nst

avex = avex + xd(i,Jj)¥rho(j,1i)
avey = avey + yd(i,j)®rho(j,1)
avez = avez + zd(i, J)¥rho(j,1i)
continue
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i i

avez = avez/y

zzz = cmplx(avex/y, avey/y) £
write(1,640) nnfid,zzz,avez :
format(1x,i4,3116.8)

if (nnfid.eq.nfid) go to 400

nnfid = nnfid + 1 -
if (npul.eq.0.and.k.eq.0) go to 320

if (kncy.lt.ncy) go to 310 -
go to 320 ;

continue

close(unit=01,err=900)

go to 950

type 610

format(/,' open error!!',/)
go to 950

type 910

format(/,® close errort!i®,/)
continue

end

subroutine info

reads and print moleculsr information and pulse sequence stored
in hetdpque.dat

dimension d(50),cj(50),cs(8)

dimension flip(50),phase(50),tau(S0),ntype(50)
common/dati/ny,nop,voff,d,ci,csynfid,grat,ncy,ncsteps
common/dat2/nv,v0,vinc,npul,ntype, flip,phase, tau

open(unit=01,name='hetdpque.dat’,type=*old’,err=800) -
read(1,600) n
read(1,600) nop
format(ils)
read(1,610) voff
do 405 i=1,nop
read(1,610) d(i)
read(1,610) cJj(i)
continue

do 615 i=1,n
read(1,610) cs(i)
continue
format(el2.6)

read(1,610)
read(1,4600)
read(1,610)
read(1,610)
read(1,610)
read(1,4600)
read(1,600)
read(1,400)
read(1,600)
nn = npul +

grat

nv

vO

vf

vinc

npul

ncy

ncsteps
nfid
ncstepsincy

do 625 i=1,nn

read(1,600) ntype(i)
read(1,610) flip(i)
read(1,610) phase(i)
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595

565

500

S05

S$70
575

20
S10

n

10
580
. 915
S20
15

525
530
560
S35

sS85

540

545
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read(1,610) tau(i)
continue
close(unit=01,err=900)

nmi=n-1
npl=n+l
type 595,nmi1
format(/,* the system being studied has 1°',
* carbon and',13,' protons.?,/)
type S565,grat
format (" gamma(S)/gamma(l) = ",f12.6)
print 500,voff
format (6x,'proton offset freq. = Y,f7.1,% Hz',//)
voff=voff/2.0
print 505
format (éx,'dipolar and J couplings (in H2)',/,6x,31(1h=),/)
k=0
do 10 i=1l,nml
ipl=i+}
if (i.eqg.1) print 570
format (' carbon-proton heteronuclear couplings')
if (i.eq.2) print 575
format (* proton-proton homonuclear couplings?)
do 10 j=ipl,n
k=k+1
if (v0.gt.0.0) go to 20
d(k) = =d (k)
cjek) = ~cj(k)
print S510,i,3,d(k),i, Jycj (k)
format (6x,"D(T,i1,7%,%,i1,%) =%, F9.2,5x, " J(?,i1,%,%,i1,%) =,
f6.2)

to enable comparison with Réb's couplings

d(k)=d (k)/4.0

cjlk)=cj(k)/4.0

continue

print 580, cs(1)

format (/,' carbon chemical shift (in H2) =',f10.3
print 515

format (/,' proton chemical shifts (in H2)',/)
print 520, (cs(i), i=2,n)

format (é6x,8110.2)

do 15 i=1,n

cs(i)=cs(i)/2.0

print 525, nv

format(//,1x,i6,' values of coupling constant considered’,/)
print 530, vO

format(Bx,'initial value = ',e12.6)

print 540, vf

format(B8x,*"final value = ' 012.6)

print 535, vinc

format(Bx,*increment = ' . 212.6)

print 585
format (* NOTE: no carbon pulses may be given.?)
if (npul.eq.0) go to S0
print S40,npul
format (Sx,"number of steps in the proton’,
' preparation pulse sequence =',i4)
print 545
format(//,2x, "step’,2x, " type' ,2x,*flip angle (deg)',
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2x,'pulse phase (deg)',2x,%delay (usec)',//)
do 30 i=1,npul
print 5S50,i,ntype(i),flip(i),phase(i),tau(i)
format(2(3x,i4),3(3Ix,fB.2))
continue

type S555,nfid
format(/,' number of points in the fid =%,i4,
Y. Y./,
' Sampling occurs at the beginning of each cycle.?)
print 590,ncy,ncsteps
format (/,' there are’,id,’ different cycles consisting’,
* of',id,’ steps each.’,/)
print 545
ni = ppul + 1
nf = npul + ncyincsteps
do 40 i=ni,nf
in= i - npul
print 550, in,ntype(i),flip(i),phase(i),taud(i)
continue

go to 950

type 810

format(/,' open error!!®,/)
go to 950

type 910

format(/,* close error!!?,/)
continue

return

end

.

subroutine blkmua (a,nst,ryn)
blockwise multiplication of A = X X A

complex a(é4,64),r(256),zz
dimension $s(922),x(20,20),nbc (7),%(400)
COMMON/$S/58, 8, Nbe

npl = n+}
kk = O
ns = 0

do 100 ib=i,npl

nb=nbc (ib)

if (nb.eq.1) x(1,1)=1.0

if (nb.gt.1) call stuff (nb,kk,ss,x)

do 40 j=1l,nst

do 20 i=1,nb

22«0.0

do 10 k=1,nb

zz = 2z + xCi k) Ra(ns+k, J)
r(i) = zz

do 30 i=1,nb

alns+i, j) = r(i)

continue

ns = ns + nbd
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100 continue =
return :
end H
c I
c
c £ 2
c n
c
subroutine blkmau (aynst,ryn)
c -
c another blockwise matrix multiplier A = A X XadJj
c
complex a(é4,64),r(256),z=2
dimension ss(922),x(20,20),nbc(7),s(400)
common/ss/ss, synbc
c
npl = n+l
kk = 0
ns = 0
c
do 100 ib=1,npl
nb=nbc (ib)
if (nb.eq.1) x(1,1)=1,0
if (nb.gt.1) call stuff (nb,kk,ss%,x)
c
do 40 isl, nst
do 20 j=1l,nb
2z=0.0
do 10 k=1,nb
10 zz = 2z + a(i ns+k)Xx(J, k)
20 r(j) = 22
do 30 j=1,nb
30 aliyns+j) = r(Jj)
40 continue
c
ns = ns + nbd
100 continue
return -
end
c
c
c
c
c
subroutine stuff (nb,kk,uu,u)
c
dimension uu(922), u(20,20)
c
do 20 j=i,nb
do 10 i=1i,nb
kk=kk+1
10 uliyJ) = uulkk)
20 continue “ -
return

end
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Most crystalline silicates melt at temperatures above 800°C, and
many melt at much higher temperatures. In some systems however, true
liquids may persist metastably down to glass transition temperatures
as low as about 450°C. These high +emperafures create experimental
difficulties that are more severe for magnetic resonance than for
other techniques. In Fourier transform NMR spectroscopy, the nuclear
magnetization is excited by application of an intense radiofrequency
pulse, As the magnetization returns to equilibrium, a weak current
is induced in a rf coil which surrounds the sample. This coil must
be close enough to the sample to detect the very small signal (0.01-
10 mV) generated by the relaxation of nuclear magnetization and yet
be far enough away to avoid becoming heated. High resolution NMR
requires the rf electronics to be as cool as possible to reduce
instrumental spectral broadening due to poor RLC circuit tuning and
matching over a wide temperature range. Cool rf electronics will
reduce the thermal noise generated at elevated temperatures, and
hence improve the signal-to-noise. Because of restrictions on the
bore diameter of high field superconducting magnets and the necessary
proximity of sensitive electronic components to the sample, compro-
mises of resolution and/or sensitivity must be made in the design
of high temperature NMR probes,

Nonetheless, NMR spectroscopy has been performed at temperatures
as high as 1700°C.36  Two general approaches have been taken in the
past: the rf coll needed to excite the magnetization and receive the
signal has been placed either outside or inside the furnace. The

effect of the design on the signal-to-noise ratio y of an NMR exper-

v
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iment Is compared using the following simplified e><pression6'44

p=Cv T V2 Ay e (80)

C is a constant, Vg is the sample volume, T. is the coll temperature,
Ve is the coil volume, p is the resistivity of the coil material (pos-
sibly a refractory metal much less conductive than copper) which may
increase rapidly with temperature, and g has been estimated as -1/3
or -1/2.

In the first approach, the rf coil is kept at low temperature,
surrounding the furnace, its thermal Insulation, and the sample
container.27=39 The cool rf coil ensures the electronic stability
(circult tuning and matching over a wide temperature range) and the
low noise operation of the detection system, but severely reduces
the ratio of coil volume to sample volume |[the "filling factor",
Vg/(2V.)1, and thus lowers the overall sensitivity. The space
available for Insulation Iis also generally very |imited, reducing
the maximum temperature obtainable. In the second appt‘oach,:"6’40"43
the rf coil is placed close to the sample, inside the furnace, While
this design Increases the filling factor and maximum temperature, it
also necessitates the use of exotic coil materials, and results in

low signal-to-nolse ratios and relatively poor resolution because of

Instrumental broadening.

C.1. Technigue

To overcome the seemingly divergent requirements of maintaining

cool rf electronics (for maximum resolution and sensitivity) and to
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simultaneously optimize the filling factor, an alternative approach
has been developed.102 The sample is pneumatically shuttied between
a furnace and a room temperature rf coil. Both the high temperature
furnace and NMR probe (which contains all the rf electronics) are
enclosed in a double walied stainless steel water jacket which is
mounted in the 8.9 cm bore of a vertical 42 kG superconducting magnet
as shown in Figure 53,

The sample in the lower position is located at the point of
max imum magnetic field Ho in the solenoid; in the upper position, the
field is somewhat lower, Each shuttie cycle is synchronized with the
rf pulse generation and data collection by the spectrometer computer.
An acquisition cycle consists of shuttling the sample down 15 cm

from the center of the furnace to the rf coil center (» 0.2 seconds),

a high resolution NMR measurement is taken (0.1-0.5 seconds), then

the sample is returned to the center of the furnace (-_0.2 seconds)
where It remains for 10 seconds (for temperature equilibration and
also, 10 seconds > 5 Ty). One or more rf pulses are given during
each cycle, and a single free induction decay is recorded. The 90°
pulse times were about 20 ysec, and a 200 Watt broadband transmitter
was generally used. The results of 2 to 400 such cycles are averaged

together for every high resolution spectrum obtained.

C.2. Furnace

The non-inductively wound furnace consists of 0.020" 30% Rh-70%
Pt thermocouple wire threaded through 20 two hole, 8 mm diameter

alumina tubes., A Pt(6%Rh)-Pt(30%Rh) thermocouple also contained in

[
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Cross section of high temperature NMR apparatus. Horizon-
tal dimensions are somewhat exaggerated for clarity, and
the drawing is simplified. The bore of the magnet is
8.9 cm, the overall length of the apparatus is about 170
cm. (1) Water Jjacket plenum, (2) Water jacket (double
walled type 316 stainless steel)., (3) Alumina sample
support rod. (4) Alumina *ube; (5) Connection to sample
drive cylinder (not shown). (6) Thermal insulation.
(7) Furnace control thermocouple. (8) Furnace (vertical
windings). (9) Boron nitride sample container. (10) Rf
coil on air cooled, teflon support. (11) Water cooled
brass plate. (12) Superconducting solenoid (cryogen

dewar, superinsulation, and shim coils not shown). (13)
Sample container in position for rf pulse. (14) Tuning
electronics on support plates (schematic). (15) Probe

support and air supply tubes. (16) Blanket gas Iinlet.
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