The Structure of Glass - Lecture 13:
Nuclear Magnetic Resonance Spectroscopy
ot Glass Structure:

Practice and Application of Dipolar Nuclet

Be able to predict alkali silicate glass structures from 2°Si MASS-
NMR spectra

Be able to predict alkali phosphate glass structure from 1P
MASS NMR Spectra

Be able to use Si MASS NMR spectra to examine the glass
structure of mixed glass former M,O + B,0,+810,

Be able to use 'P MASS NMR spectra to examine the glass
structure of mixed glass former M,O +810,+ P,O.

Be able to use Si MASS NMR spectra to examine the glass
structure of M,O + AlL,O;+S810,



TEMPERATURE (*C)

Application to Alkali Silicate Minerals - 2981 MASS NMR

29Si MASS NMR, spin %2, 4.5 % atomic abundance,
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Quiz...

For the different Q groups in M,O + SIO,
o Write out the Chemical formula

o Draw out the chemical structure

n Calculate the mole fraction of M,0O

o Calculate the fraction of bridging and non-bridging
oxygens
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Alkali Silicate Phase Diagram

Compounds are formed at o]
. . . . 17007 Liq0 +S:0, -
stoichiometric ratios of M, O \ o |
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Alkali Silicate Glasses Reflect Local SRS Units

Pure SiO, is made of SiO,, units

o Q, units with all “bridging” oxygens

Na,O + 2SiO, is made of NaOSIiO,,, units

o Q3 units with one “non-bridging” and three bridging oxygens
Na,O + SiO, is made of (NaO),SiO,,,

o Q, units with two non-bridging and two bridging oxygens
3Na,O +2Si0, is made of (NaO);SiO,,, units

o Q; units with three non-bridging oxygens and one bridging
oxygens

2Na,0 + SiO, is made of (NaO),Si units
o Qg units with four non-bridging and no bridging oxygens
Alkaline earth silicates (MO + SiO,) behave similarly
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‘ “Q.”” Units in Alkali Silicate Glasses
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Calculating the Fraction of Non-Bridging Oxygens

= Modifier M,O or MO creates two NBOs per M, O or
MO added

= XNa,O + (1-x)SIO, creates 2x NBOs
n fyso = NBOs/(NBOs + BOs)
= 2X/(X + 2(1-X)) = 2X/(2-X)

= fgo = 1-fygo
» Calculate knob & fg for all the alkali silicate phases
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Q. Unit Structures in Alkali Silicate Glasses

Mixture of Q, and Q,
sites

Q
Can you determine the S
fraction of Q, and Q, ) -
units in this structure? < ©

Can you determine the ) R Ijree

fraction of NBOs and
BOs in this structure?

Can you determine the g0
alkall modifier oxide
concentration?
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‘ Q. sites and NBO/BO ratios are related

= Q,unit, all O are 10

BO
= Q,unit, all O are

NBO Q,
= 20,+M,0>>2Q, <
= 2Q;,+M,0>>20Q, -
I
= 20, +M,0>>20Q, | )

0 025 050 075 1.0

XM, 0
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2981 MASS N of Simple Alkali Silicates
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Amorphous versus Crystalline Silicates

23
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“Simple” silicate crystals

Synthetic Ca;Si,0,

O- *Ca* -O )
/ \
-0O-Si-O- *Cat -0-Si-0O-
Q? \ /
O- *Ca* -O

% Ca,Mg,[51,0,,],(0H),

H Can you sketch this
F
M \ \m structure?
"80 -120 ppm HOW many predicted Si
Sites?

-60 -80 ppm
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281 MASS of 3CaO + SiO,, Ca,SiOx

Can you predict this
structure?

Crystalline compound
possess multiple chemical

sites, each with their unique
chemical shift |

Chemical shift difference is f | P
greater than dipolar
broadening, “spun down”

So that individual sites can W

be observed W MW

A MAAN

1 |

L | 1 |
Note long relaxation time of 66 -70  -72 -74 =76 ppm
29Si required 12 hour

accumulation!
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29 S MASS NMR of Crystalline Silicates

TABLE 111:  **Si Isotropic Chemical Shifts of Inosilicates

and Cyclosilicates (Q7)

g ITom
silicate mineral origin Me,Si
Inosilicates
Li,Si0, synth -74.5
Na.Si0, synth - 76.8
Me.Si,0, orthoenstatite Bamle --g2e
(Norway)
CaMgSi, 0, diopside Zillertal -- 849
) (Austria)
Ca,|Si0, J(OH), hillecbrandite  synth - 86.3
Ca,NaH|S8i,0,] pectolite synth —-86.3
Ca,[S1,0, J{OH}, foshagite synth -84 .8;
~86.4°
Ca, [Si, O, ](OH), zonotlite synth —86.8°¢
B-Ca,[51,04] g-wollastonite synth -89.0
Ca,Mg.[8i,0,,],(OH), fibrous St. Gothard -87.8;
: tremolite - : -92.24
LiAl[Si,0,] spodumene Branchville -91.6
(USA)
NaAl|S5i,0, ] jadeite Burma -91.8
Cyclosilicates
o-Ca,|Si,0,] pseudowol-  synth —-83.5
lastonite
K,H,[Si,0,.] synth -87.5
BaTi|Si,0,] benitoite California -94.2
Al,Be,[5i,0,;] beryl Urals -102.6
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2981 MASS N Chemical Shifts for Silicates
Si(MO),

o
1 |
a Qe si0si=180%
1 1 L ]
Q2
|
o’ SiO
= 4/2
o
| |
60 <70 <80 _ -90 500 0 =120
ppmiTMS)

Figure 3. *Si chemical shift ranges of silicateg with a different degree
of condensation of SiO, tetrahedra (Q°, nesosilicdtes; Q' sorosilicates;
Q?, inosilicates; Q*, phyllosilicates; Q* SiQ, polymorphs). Silicates
containing four-coordinated Al and Be are excluded (see text).
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2981 MASS N of Aluminosilicate Zeolites
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Affect of Si/ Al ratio

NaX NaY Na A
[Si/Al=118) (Sifal =25} (Si/al=10)

Few Si Sites Multiple Si Sites Few Si Sites

|

|

|||||||||

60 -80 -100 -120 <80 -100 -120 B0 -100 ppmi{TMS)
Figure 2. #*Si NMR spectra of NaX, NaY, and NaA zeolites.
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Typical Aluminosilicate Zeolite Structure

Lippmaa et gl

e Si

oAl

Figure 4. Si/Al distribution in the proposed mode] structure of the NaA
zeolite consisting of Si(3Al) units. Only the central atoms of the tet
rahedra in two interconnected cubooctahedra of the three-dimensionzl
framework are shown.
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Affect of Al coordination upon ’Si MASS shift
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2S1 MASS NMR of Glasses — Amorphous Materials
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29 §i MASS NMR of Silicate Glasses
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Fig. 1. Si MAS-NMR spectra of sodium silicate glasses.
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Speciation of Silicate Groups 1n Silicate Glasses

100
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Qn /%
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3P MASS NMR Na,O + P,O.

XM,O + (1-x)P,O¢
x=0,P 05 (Na20)x(P20s)1-x (batched)
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SIP MASS NMR

15Li,0 + 85P,0:

35Li,0 + 65P,0;

55Li,0 + 45P,0,

* Spinning side bands w0 s 0 -0

3 (ppm)
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Site specific °'P MASS 2D NMR

15Li,0 + 85P,0,

c)

a)
Q')
h Y

100 =20 30 40 -50 60 10 20 30 40 -50 -60 -T70
3 (ppm) & (ppm)

b)

10 20 -30 -40 -50 -60  -10 20 -30 -40 -50 -60 -70
3 (ppm) 3 (ppm)

35Li,0 + 65P,0,

-0 -20 -30 -40 -50 -60 -10 -20 -30 -40 -50 -60

5 (ppm)

b)

)

-10 20 -30 -40 -50 -60 -10 20 -30 40 -50 -60

8 (ppm) 8 (ppm)

SWMartin ISU

Lecture 13 NMR Spectroscopy of Glass Structure: Dipolar Nuclei

[\



Site specific 1P MASS 2D NMR

= 55Li,0 + 45P,0x 7

A\
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Composition dependence of Phosphate groups
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29S1 MASS NMR of Potassium borosilicate glasses
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2951 MASS N of Potassium borosilicates
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Chemical Shift for different B/Si ratios
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Chemical Shift versus added O/Si ratio
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|

Normalized Chemical Shift
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Chemical Shift versus calculated chemical shift

ALL added K,O is equally shared between B,O; and SiO, from 0K,O

40 -
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20 |
10—
g

Normalized Chemical Shift

-10

0 10 20 30 40
Calculated Shift for Ro = 0

ZN:_O_5E]N=1 m N=2 DN:4_-”

SWMartin ISU Lecture 13 NMR Spectroscopy of Glass Structure: Dipolar Nuclei



Na,O + P,O. + Si0O, Glasses

Two NMR active 29Sj
nuclel add to the

level of

structural /g
analysis
Site specific

Information l L«.. 8.1 mol
around Sitand P

nuclel \
Combine this } 110 mon

Information to

48.8 mol%

determine wrinnd ,.H.,.Liff:
Complete -;.q, . -1“ I -5“
structure of the i
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2MASS NMR of Na,O + Al,O; + SiO, Glasses
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Ternary Na,O + Al, O, + S10, System

Si0,

Figure 1. Five serics of the glasses shown in the composition diagram
for Na,0-Al04-5i0, system.
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Composition dependence of Chemical Shift
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=100
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Composition dependence of QQ fractions

100

60}

Qp /%

aof

20¢

Figure 8. Q, distribution as a function of contents of Na,0: (0) for
binary sodium silicate glass;*' (#) present work at N, = 0.5.
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