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A MAGIC ANGLE SPINNING NMR STUDY OF THE EFFECT OF MODIFIER 

AND INTERMEDIATE OXIDES ON THE LOCAL STRUCTURE I N  VITREOUS 
SILICATE NETWORKS 

R .  Dupree, D.  Holland and D.S. Williams 

Department o f  Physics, University of Marnick, Coventry CV4 7AL, U.K. 

Resume: La s e n s i b i l i t e  de l a  RMN (MAS) 2 l a  s t r u c t u r e  loca le  des materiaux 
amorphes a e t 6  mise p r o f i t  pour mettre en evidence l a  formation d'une 
d i s t r i b u t i o n  b i n a i r e  pn/pn-1 d1oxyg6nes non-pontants quand des oxydes 
modifieurs sont  a jou tes  a l a  s i l i c e .  La pos i t ion  des r a i e s  de resonance 
de siZ9 e t  ~a~~ v a r i e  avec l a  nature des au t res  modifieurs presents  e t  
e s t  a u s s i  sens ib le  2 l a  s u b s t i t u t i o n  par des ox des intermediaires  responsa- 
b l e s  de l ' e x i s t e n c e  d*assoc ia t ions  de ~ a +  avec ?A1 04]-.  

ABSTRACT: The s e n s i t i v i t y  of MAS-NMRto l o c a l  s t r u c t u r e  within amorphous mat- 
e r i a l s  i s  used t o  show t h e  formation of a binary Qn/~n- l  d i s t r i b u t i o n  of  non- 
br idging oxygens when modifier oxides a re  added t o  s i l i c a .  The resonance pos- 
i t i o n s  of 2 9 ~ i  and 2 3 ~ a  a r e  dependent upon t h e  nature of o ther  modifiers pres-  
e n t a n d a l s o  on s u b s t i t u t i o n  byintermediateoxides,whereevidence i s p r e s e n t e d  
f o r  t h e  assoc ia t ion  of Na+ and C~lo,, I-. 

1. INTRODUCTION 

Zachariasen / l /p roposeda  s e t  of c r i t e r i a w h i c h  might beused t o  describe a potent- 
i a l  glass-formingsystem. These have been adapted over severa l  years  t o  become the,now 
widely accepted, randomnetwork model of g lasses  of  the s i l i c a  type. In  t h i s  mode1,met- 
a1 oxides a r e  designated h o d i f i e r ' o r  'intermediate' on t h e  b a s i s  of t h e i r  e f f e c t o n  the 
g l a s s  network asevidencedby changes i n  physical  p roper t i es  such a s  v i scos i ty .  These 
changes r e s u l t  from breakaye of  br idging oxygen [ b o l l i n k s  between s i l i c o n  atoms i n  
the  network Si-0-Si t o  form non-bridging oxygen ions  [nbol Si-0-. 1-lodifier oxides cre-  
ateCnbo1 andintermediate  oxideseliminatethemonthebasisofone b o l  per  u n i t  valence. 

S t r u c t u r a l  evidence f o r  this can beobtainedfrom vibrat ionalspectroscopy /2/ and 
fromtechniqueswhich probe the  e lec t ron  s t r u c t u r e o f  t h e  oxygenatoms such a s  0 1 s  XPS 
/3/. We have employed the  technique o f  magic-angle-spinning NMR (MAS) t o  examine t h e  
e f f e c t  of d i f f e r e n t o x i d e  addi t ions on t h e  environment of 2 9 ~ i  and 2 3 ~ a  a s  ind ica ted  
by t h e i r  chemical s h i f t s .  

2 .  EXPERIMENTAL PROCEDURE 

Samples were prepared by s tandardoxide g lassmel t ing  techniquesas repor ted  e a r l i e r  
/4,5/.  A l l  g lasses  were rap id ly  cooled and not  annealed. 

TheNMRspectra weremainlyrecordedon aBriikerWH400spectrometerwith t h e  samples 
b e i n g r o t a t e d a t t h e  'magic-angle' a t a r a t e  of 3 - 3.5kHz. De ta i l so faccumula t ionproced-  
ute  and dataanalysishavebeendiscussedelsewhere f o r t h e  two nuc le i  /4,5/. 

3 .  RESULTS 

3.1 Addition of modifier oxides 

3.1.1. S i l i con  resonance 

The [nbolintroduced by the  mcdifier oxides could be d i s t r i b u t e d  i n  the  networkin 
severa l  ways which w i l l  give d i f f e r e n t  concentrat ions of Q" type s i l i c o n s  (0" r e p r e -  
s e n t s  s i l i c o n  with n [nbol, n = 4 t o  0 :- 
(a )  a binary Qn/en-l d i s t r i b u t i o n ,  where [nbol a r e  d i s t r i b u t e d  evenly amongst 

s i l i c o n s  such t h a t  no more than two Q types e x i s t  i n  any composition; 
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(b) a random d i s t r i b u t i o n  where t h e  [nbol a r e  d i s t r i b u t e d  s t a t i s t i c a l l y  among t h e  
s i l i c o n s  and more than two Q types can co-exist;  

(c) c l u s t e r i n g  of [nbo] on ind iv idua l  s i l i c o n s  t o  give pre fe r red  @ spec ies  a t  
given compositions. 

MAS-NMR can be used t o  i d e n t i f y  p, since t h e  chemical s h i f t  of 2 9 ~ i  i s  d i f f e r e n t  
f o r  each value of n and can give q u a n t i t a t i v e  information about Qncompositions s ince 
the number o f s i l i c o n s o f  any Q type i s  givenby t h e  magnitude of t h e  resonance. Second 
neares t  neighbour e f f e c t s  can a l s o  be resolved. 

Information f o r  a lkal i -metal  s i l i c a t e  g l a s s e s h a s  beenpresentedby severa l  authors. 
For Li20-Si02,Schramm e t a l / 6 /  p resen t  evidence f o r a  random [rho] d i s t r ibu t ionwhereas  
G r i m m e r e t a l / 7 / i n t e r p r e t  t h e i r  d a t a  a s  support inga b i n a r y d i s t r i b u t i o n  . I t  should be 
noted, however, t h a t  we regard t h e  chemical s h i f t  da ta  presented b y b o t h s e t s  ofworkers  
a s  i n d i c a t i n g  t h a t  c l u s t e r i n g  and phase separat ionoccur .  

For NapO-SiOp, both D u p r e e e t a l / 4 / a n d  Gr immere ta l /7 /ob ta in  d a t a  c lose ly  cons i s t -  
e n t  with the  binary d i s t r i b u t i o n  and a comparison between observed and simulated 
spec t ra  f o r  one sample is  shown i n  Fig.1. A t  lowconcentration Rbp0-SiOp and CspO- 
SiOp a l s o  e x h i b i t  a b i n a r y d i s t r i b u t i o n  /5 /bu t  a t  higher concentrat ions 5 45 mole %, 

Q2 s i l i c o n s  become d e s t a b i l i s e d  w. r. t. Q3 and Q1 and t h r e e  peaks contr ibute  t o  t h e  t o t a l  
spectrum. 

The chemical s h i f t s  o f  t h e  individual  Qn spec ies  depend on t h e  modifier oxide type. 
For t h e  a l k a l i  metaloxides,  t h e  s h i f t  i s  found t o  be a function of thee lec t ronega t iv -  
i t y  of  t h e  metal /5/ .  In  Fig.2 t h e  changes i n  s h i f t  of Q4 and n3 s i l i c o n  resonances 
a r e  p l o t t e d  for20mole % NapO-SiOp g lasses  a s  p a r t  of t h e  NapO content  i s  replaced by 
CaO and s imi la r ly ,  f o r  t h e  s h i f t  of e3 i n  whichCaOis added t o a g l a s s  i n  which t h e  
Na20/SiOp r a t i o  i s  kept  constant  a t  1:3. The abrupt d i scont inu i ty  of  t h e  l a t t e r  p l o t  
a r i s e s  a t  t h e  p o i n t  where the  Q composition changes from a Q4/Q3 t o  a Q3/e2 binary 
d i s t r i b u t i o n .  

A s  wel l  a s  a f f e c t i n g  the  chemical s h i f t  of s i l i c o n  it i s  poss ib le  t h a t  changing 
t h e  modifier ca t ion  might a l t e r  t h e  d i s t r i b u t i o n  of  [nbol and hence t h e  r e l a t i v e  

q u a n t i t i e s  of t h e  various Q species. A t  

20mole % t o t a l  modifier concentration, 
t h e  Q ~ / Q ~  r a t i o  i n  Nap0-Csp0-SiOp 
g l a s s e s  i s  unchanged by s u b s t i t u t i o n  of 
CspO f o r  NapO. Veal e t  a 1  /3/ ,  using XPS 
measurements of  rnbol concentration, 
concluded t h a t  replacing Nap0 by CaO 
reduces t h e  t o t a l  [nbol contentand t h a t  
only 80% o f  added CaO behavesas a t y p G  
c a l  modifier and t h e  r e s t  provide -Si-O 
-Ca-0-Si c ross  l i n k s ,  i e.  intermediate  
behaviour. We have examined g lasses  of 
nominally t h e  samecomposition a s  i n  t h e  
XPS study and analysed t h e  ~ / ~ n - l  r a t i o s  
which a r e  s e n s i t i v e  i n d i c a t o r s  of [nbol 
content.  Best f i t s  of t h e  data  were ob- * t a ined  f o r  t h e  two poss ib le  modifier 
con ten ts  and the  closeragreement with 
ca lcu la ted  r a t i o s  was obtained f o r  t h e  
c a s e w h e r e a l l  themodi f ie r  addi t ion pro- 
duced Cnbol which werethen d i s t r i b u t e d  
on a binary bas i s .  However,it  shouldbe 

I 4 noted t h a t  PbOinPbO-SiOglasses does 
-30 -50 -70 -90 -110 -130 show a t r a n s i t i o n  from modifier t o  

PPM intermediatebehaviour, c rea t ing  both 
[rho] and -0-Pb-0-Si l i n k s  ( t o  be 
submitted). 

FIG. 1. Observed 2 9 ~ i  spec t ra  from 20Na@.80Si02 
g l a s s  and (displaced below) t h e  gaussian 
cont r ibu t ions  from Q4 and Q' s i l i c o n s .  Peaks 
marked * a r e  spinning sidebands from e3 
resonance. 



Mole *I* NazO in modifier 

FIG.2 Ef fec t  o s  s u b s t i t u t i o n  of CaO f o r  Nap0 on Q~ and Q3 pos i t ions  i n  
NapO-SiOp of various compositions. 

3.1.2. Sodium resonance 

The chemical s h i f t  of  t h e  2 3 ~ a  nucleus i s  complicated by the  quadrupolar con t r i -  
but ion,  bu t  changes i n  peak pos i t ion  can be observed when g l a s s  composition is a l t e r e d  
Fig.3 i l l u s t r a t e s  the  change i n  2 3 ~ a  peak pos i t ion  i n  NapO-SiOp g lasses  with increas-  
i n g  NapO content  and a l s o  on replacing NapO by CspO o r  CaO. 

I n  t h e  binary g l a s s  there  i s  a d i scont inu i ty  i n  peak pos i t ion  a t  %33 mole % NapO 
i . e .  a t  t h e  po in t  where t h e  s i l i c o n  d i s t r i b u t i o n  changes from Q4/a3 t o  Q3/Q2, Fig.3a. 

0 20 40 60 0 20 40 60 80 100 
mole 'I*modif ier mole '1. No,O in modifier 

FIG.3. E f f e c t  of s u b s t i t u t i o n o f  o thermodi f ie rox ides  forNapOon sodium resonance 
i n  Na20-Si02 g lasses  of var ious compositions. 
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Fig.4 Ef fec t  of subs t i tu t ion  of intermediate  oxide A1203 f o r  modifier oxide Na2O - 
on ( a )  s i l i c o n  and (b) sodium resonances. 

Replacing h a l f  the  Na20 by CaO almost e l imina tes  t h i s  d i scont inu i ty  and a l s o  changes 
t h e  d i r e c t i o n  of slope below 30 mole % modifier.  In Fig.3b, t h e  e f f e c t  of  subs t i tu t ion  
of Cs20 f o r  Na20 i n  20 mole % modifier g lasses  is  shown. The changes i n  peak pos i t ion  
a r e  near ly  l i n e a r  b u t  i n  the  opposi te  sense f o r  the  two ca t ions ,  probably r e f l e c t i n g  
t h e  d i f f e r e n t  e l e c t r o n e g a t i v i t i e s  (Na l S O 1 , C s  0.86,Ca 1-04)  o r  possibly d i f f e r e n t  co- 
ordinat ion preferences.  Note, however, i f  t h e  Na20/Si0 r a t i o  i s  kept  constant  a t  1:3 
there  i s  neg l ig ib le  e f f e c t  of CaO s u b s t i t u t i o n  on t h e  53Na resonance. 

3.2 Addition of intermediate  oxides 

'3.2.1. S i l i con  resonance 

A1203 i s  the  b e s t  known example of  an intermediate  oxide and t h i s  i s  assumed t o  
e n t e r  the  network and el iminate  [nbol by t h e  formation C A ~ O I , ]  i n  which a l l  the  oxy- 
gens a r e  bridging t o  o ther  s i l i c o n s  o r  aluminium and t h e  negat ive charge is  delocal- 
i sed .  The second coordination sphere of s i l i c a  may now contain e i t h e r  S i  o r  A1,e.g. 
Q3, [S i  (OSi) 30 1 i s  replaced by a modified Q~ [ S i  (OSi) 3 (0A1) G-l. The chemical s h i f t  
of this modified spec ies  l i e s  between those observed f o r  normal e3 and Q4 a s  i l l u s t r -  
a ted  i n  Fig.4a where the  e f f e c t  of replacing Nap0 by Alp03 i n  33.3 mole % NapO-SiOp 
( i . e .  a l l  Q 3 )  i s  t o  move t h e  resonance t o  more negat ive s h i f t s .  A t  50% subs t i tu t ion ,  
i . e .  16.7 NapO, 16-7 AlpO3,66.6 SiOp t h e  s i l i c o n  environments should a l l  be of t h e  
modified e3 type. The observed change i n  t h e  chemical s h i f t  of s i l i c o n  of  *4 ppm i s  
comparable t o  t h a t  observed i n  z e o l i t e s  when one s i l i c o n  i n  t h e  second coordination 
sphere i s  replaced by aluminium /8/, providing confirmation o f  this p a r t i c u l a r  A 1  
d i s t r i b u t i o n  i n  t h e  g lass .  

3.2.2 Sodium resonance 

Replacement of Cnbol by [ A ~ o I + ] -  i n  t h e  g l a s s  network means t h a t  sodium ions  which 
would p r e f e r e n t i a l l y  res ide  near  the  charged [nbol now a r e  associated with t h e  deloc- 
a l i s e d  charge i n  t h e  aluminate group. Fig.4b shows the considerable e f f e c t  t h a t  this 



change of environment has on the pos i t ion  of t h e  sodium resonance -- lending support 
t o  the  widely held view t h a t  ~~101,]-/Na+ assoc ia t ion  occurs i n  these glasses .  

4. CONCLUSION 

MAS-NMR has  shown t h a t  i n  binary a l k a l i  s i l i c a t e  and soda-lime-silica g lasses  a 
binary r a t h e r  than a random d i s t r i b u t i o n  of Q type s i l i c o n s  i s  usual .  Subs t i tu t ion  
of o ther  modifier oxides f o r  Na20 changes the  l o c a l  environment of 2 9 ~ i  and 2 3 ~ a  i n  
these glasses .  This e f f e c t  i s  not only determined by t h e  amount of modifier added 
bu t  a l s o  by the  nature of the ca t ion .  When an intermediate  oxide such a s  A1203 is  
added t o  t h e  network, t h e  2 3 ~ a  resonance gives s t rong evidence f o r  assoc ia t ion  of 
~ a +  with t h e  C A ~ O ~ I -  group i n  the g lass .  
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