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INTRODUCTION 

The me l t i ng  o f  g lass  i n  a  t e r r e s t r i a l  environment invo lves  an 

obs tac le  t o  ma in ta in ing  h igh  p u r i t y  l e v e l s  due t o  contaminat ion by con- 

t a i n e r  wa l l s ,  a  problem which can be a l l e v i a t e d  by con ta iner less  me l t i ng  

i n  t h e  space environment. The u l t i m a t e  o b j e c t i v e  of t he  present  research 

program i s  t o  take advantage of the  con ta iner less  m e l t i n g  o f  glasses i n  

space f u r  t he  p repara t ion  of u l t r a p u r e  homogeneous g lass f o r  o p t i c a l  

waveguides. However, t he  homogenization of t h e  glass us ing  conveqt ional  

raw ma te r i a l s  i s  normal ly  achieved on ea r t h  e i t h e r  by t h e  g r a v i t y  induced 

convect ion cu r ren ts  o r  by the  mechanical s t i r r i n g  of t he  mel t .  Because 

o f  t h e  absence o f  g r a v i t y  induced convect ion cur rents ,  the  homogenization 

of g lass us ing convent ional  raw ma te r i a l s  w i l l  be d i f f i c u l t  i n  t he  space 

env i  ronment . 
Mu1 t icomponent, homogeneous, noncrys ta l  1  i ne ox ide ge ls  can be 

prepared by t he  so l -ge l  process and these ge ls  a re  promising s t a r t i n g  

ma te r i a l s  f o r  me1 t i n g  glasses i n  t he  space e n v i r o n ~ e n t .  The so l - ge l  pro- 

cess r e f e r r e d  t o  here i s  based on t he  po lymer iza t ion  r e a c t i o n  o f  a1 koxy- 

s i l a n e  w i t h  o ther  metal a1 koxy compounds o r  s u i t a b l e  metal s a l t s .  Many 

o f  the  a1 koxysi lanes o r  o ther  metal a lkox ides a re  1  i qu i ds  and thus can be 



p u r i f i e d  by d i s t i l  l a t i o n .  The use o f  ge ls  o f fe rs  severa l  advantages such 

as h i gh  p u r i t y  and lower me1 t i n g  t imes and temperatures. Hence, t he  pre- 

sent  research program aims a t  t h e  u t i l i z a t i o n  o f  t h e  so l -ge l  process f o r  

t he  p repara t ion  o f  mu1 ticomponent, u l t r a p u r e  g lass batches f o r  subsequent 

con ta iner less  me l t i ng  o f  t h e  batches i n  space t o  prepare g lass blanks f o r  

o p t i c a l  waveguides. 

P r i o r  t o  "space readiness" , however, severa l  c r i  t i c a l  c o n t r o l  

po i n t s  must be c a r e f u l l y  eva luated on earth.  Hence t he  present  ground 

based program comprises two major phases; Phase 1 and Phase 2. 

Phase 1 invo lves  t h e  f o l l o w i n g  a c t i v i t i e s :  

Se lec t ion  o f  t h e  bes t  multicomponent g lass system 

s u i t a b l e  f o r  o p t i c a l  waveguides. 

0 Choice of composi t ion i n  a  p a r t i c u l a r  system. 

Preparat ion o f  ge ls  i n  t h e  chosen mu1 ticomponent 

system ( w i t h  reagent grade chemicals) by d i f f e r e n t  

procedures. 

0 Thermal t reatment  o f  ge ls  f o r  removal o f  v o l a t i l e s  

and water. 

0 Charac te r i za t ion  o f  ge ls .  

0 Me l t i ng  o f  ge ls  prepared by d i f f e r e n t  procedures. 

0 Charac te r i za t ion  o f  t h e  r e s u l t i n g  glasses i n  terms 

o f  p rope r t i es  r e l evan t  t o  o p t i c a l  waveguide appl i- 

cat ions.  

Phase 2, t o  be i n i t i a t e d  i n  a  fo l low-on e f f o r t ,  plans t o  concen- 

t r a t e  on t h e  f o l l o w i n g  a c t i v i t i e s :  

0 Preparat ion o f  u l t r a p u r e  ge ls  by us ing  u1t;rapure 

chemicals and a Class 100 clean room. 

0 Me l t i ng  o f  u l t r a p u r e  ge l  pe l  l e t s  us ing  both a  

con ta iner  and con ta iner less  me1 t i n g .  

0 Charac te r i za t ion  of glasses i n  terms o f  t r a c e  

l e v e l  t r a n s i t i o n  metal i m p u r i t i e s  and absorp t i ve  

losses. 

Some o f  the  a c t i v i t i e s  o f  Phase 1 were performed dur ing  

1979 (JPL Contract  955361) and have been repor ted  i n  t h e  F i na l  Report 

B A T T E L L E  - C O L U M B U S  



t o  J e t  Propuls ion Laboratory, dated February 22, 1980. Fur ther  Phase 1 

a c t i v i t i e s  were performed i n  1980 and a re  sumnarized i n  an I n t e r i m  Report dated 

January 15, 1981. The l a t t e r  work cons is ted o f  t he  f o l l o w i n g  a c t i v i t i e s :  

(a)  Preparat ion o f  ge ls  i n  t he  a1 k a l  i boros i  1 i c a t e  

system by d i  f f e r e n t  procedures developed du r i ng  

the  i n i t i a l  per iod  o f  t h e  program. 

( b )  Eva1 u a t i  on o f  t he  physi  co-chemi ca l  nature o f  

ge l  s prepared by d i  f f e r e n t  procedures. 

( c )  I nves t i ga t i ons  o f  t he  s t r u c t u r e  of glasses obtained 

by the  me l t i ng  o f  ge ls  prepared by d i f f e r e n t  

procedures. 

( d )  E f f ec t s  o f  t h e  me l t i ng  h i s t o r y  (e.g., t ime and 

temperature) on t he  s t r u c t u r e  o f  glasses 

obtained from gels.  

(e )  Thermal t reatment f o r  t he  removal o f  hydroxyl  

groups from gels.  

I n  t h i s  F ina l  Report, Phase 1 has been completed and represents 

work c a r r i e d  ou t  through J u l y  31, 1981. I n  t h i s  period, emphasis was 

placed on gel  preparat ion procedures and compositions t o  show t h a t  

t he  physico-chemical nature of t he  ge ls  a r e  s t r ong l y  in f luenced  by t he  process 

parameters. 

Our pr imary ob jec t i ve  i s  t he  u t i l i z a t i o n  o f  the  so l -ge l  process 

f o r  the  preparat ion of mu1 ticomponent, u l t r a p u r e  g lass batches f o r  subse- 

quent conta iner less me l t i ng  t o  prepare glass blanks f o r  o p t i c a l  waveguides. 

The ob jec t i ves  o f  t he  completed f i r s t  phase o f  t he  work were as fo l lows :  

@ Se lec t ion  o f  a mu1 ticomponent glass system f o r  

o p t i c a l  waveguide appl i c a t i o n s  . 
e Development o f  ge l  preparat ion procedures f o r  

t he  chosen mu1 t i component system ( w i t h  reagent 

grade chemicals) . 



0 Thermal t reatment of ge ls  f o r  removal o f  v o l a t i l e s  

and water. 

Charac te r i za t ion  of ge ls .  

0 Me l t i ng  o f  ge ls  prepared by d i f f e r e n t  procedures. 

a Determinat ion o f  water  content  o f  t h e  r e s u l t i n g  

glasses. 

Rayleigh s c a t t e r i n g  s tud ies  of t h e  glasses pre-  

pared by t he  me l t i ng  o f  d i f f e r e n t  ge ls .  

Comparison o f  t h e  m ic ros t ruc tu res  of t h e  phase 

separated glasses obta ined f rom t h e  ge ls  prepared 

by two d i f f e r e n t  procedures. 

The g lass system  chose.^ i n  t he  f i r s t  task o f  t he  program was t h e  NapO- 

BZ03-Si02 system. The i n t r i n s i c  a t t enua t i on  o f  t h e  g lass was o r i g i n a l l y  

o f  i n t e r e s t  i n  t he  v i s i b l e  and near i n f r a r e d  reg ion  (0.80 t o  0.9 pm) of 

wavelength. The a1 ka l  i boros i  1  i c a t e  system was acceptable i n  t h i s  f i r s t  

o ~ e r a t i n a  wavelenqth reqion. This glass system was i nves t i ga ted  

f o r  o p t i c a l  waveguide app l i ca t ions .  ('I Consequently, some 
p rope r t i es  o f  t h i s  system re l evan t  t o  t h e  o p t i c a l  waveguide app l i c a t l o n  

were ava i l ab l e .  So, t he  soda b o r o s i l  i c a t e  system i s  an i d e a l  system f o r  

t he  development and understanding o f  the  ge l  p repara t ion  procedures and 

a l so  f o r  t he  cha rac te r i za t i on  o f  t h e  ge l -der i ved  glasses because t h e  

physi co-chemical p rope r t i es  and s t r uc tu res  o f  t he  glasses i n  t h i s  s:i;tem 

are  a v a i l a b l e  i n  the  l i t e r a t u r e .  

The r e s u l t s  o f  t h i s  research p r o j e c t  completed i n  Ju ly ,  1981, 

can be summarized as f o l l ows :  

Gels o f  d i f f e r e n t  composit ions i n  t h e  sodium b o r o s i l i c a t e  system 

were urepared by th ree  d i f f e r e n t  procedures us ing t h ree  d i f f e r e n t  sources 

o f  Na20. The i n f l uence  o f  var ious process parameters (such as chemical 

nature o f  t he  r e a ~ t a n t s ,  the  pH o f  t he  medium, t he  concen t ra t ion  o f  water 

and t he  reac tan ts )  on t he  g e l l i n g  process were inves t iga ted .  The r e s u l t s  

show t h a t  the  physico-chemical na tu re  o f  ge ls  and gel-monol i ths a re  s t r o n g i y  

i n f  1  uenced by the  process parameters. 

The removal of organics f o r  t h e  ge l  powders were r e l a t e d  t o  the  

ge l  p repara t ion  procedures and the  rnmposi t ions o f  the  ge ls .  The d i f f e ren t  



t ime  and temperature requ i red  f o r  t h e  removal o f  organics f rom t h e  d i f f e r e n t  

ge ls  might  be explained i n  terms o f  ent rapping o f  t he  r es i dua l  organics 

i n  t he  pores which would depend on t h e  na tu re  o f  t h e  p o r o s i t y  and t he  r a t e  

o f  c l o s i n g  o f  t h e  pore dur ing  t he  thermal t reatment c y c l e  T h  d i f ference 

i n  t h e  physico-chemical na tu re  o f  t he  ge ls  cou ld  be exp la ined i n  terms of 

t he  a n t i c i p a t e d  mechanics and k i n e t i c s  o f  t h e  g e l l i n g  processes t h a t  take  

p lace under t he  experimental cond i t i ons  i n  each procedure used. I n f r a r e d  

absorpt ion spect ra  o f  t h e  ge ls  prepared by t h e  d i f f e r e n t  procedures i n d i c a t e  

some f i n i t e  d i f fe rences  i n  t h e  molecular s t r u c t u r e  o f  t h e  ge ls .  However, 

t he  me l t i ng  o f  gels a t  h igher  temperatures (> I200 C )  r e s u l t s  i n  near equi-  

l i b r i u m  i n  t h e  mel ts  f o r  each o f  t he  gels.  The mic ros t ruc tu res  of t h e  

phase separated glasses obtained from the  ge ls  prepared by t h e  d i f f e r e n t  

procedures were found t o  be d i f f e r e n t .  Most 1 i k e l y ,  t he  d i f f e r e n c e  i s  

due t o  t h e  presence o f  d i f f e r e n t  concent ra t ion o f  hydroxy l  groups which 

in f luence t h e  phase separat ion,  The hydroxyl  groups from t h e  porous ge l  

powders were reduced t o  a great  ex ten t  by pass i r~g  dry  oxygen o r  r e a c t i v e  

gases through t h e  porolis ge ls  a t  temperatures below t he  c l i 3  i n g  o f  t he  

pores. The hydroxyl  content  o f  glasses obtained by t he  me l t i ng  o f  ge ls  

prepared by t he  d i f f e r e n t  procedures were a l so  found t o  be d i f f e r e n t .  

Furthe9- removal o f  hydroxyl  groups was achieved by bubb l ing  dry  N2 through 

t h e  g lass dur ing  me l t ing .  The hydroxy l  content  of t h e  glasses a f t e r  

bubbl ing w i t h  d ry  N2 was i n  t he  range o f  10 t o  20 ppm. No f u r t h e r  sys- 

temat ic  i n v e s t i g a t i o n  was c a r r i e d  ou t  t o  ge t  a minimum value. I t  may be 

noted t h a t  t he  proper choice o f  temperature, t ime, and r e a c t i v e  gas 

dur ing  t h e  chemical t reatment  o f  t he  gel  powders would f u r t h e r  reduce 

t he  hydroxyl  content  o f  t h e  glass.  The glass composi t ion we used con- 

t a i ned  a h igh  concent ra t ion o f  B203, and consequently, i t  requ i r ed  h i g h l y  

c o n t r o l l e d  experimental cond i t i ons  f o r  t h e  f u r t h e r  r educ t i on  o f  hydroxyl  

groups from these glasses. Rayleigh s c a t t e r i ~ g  s tud ies  o f  t he  glasses 

obta ined from the  ge ls  prepared by d i f f e ren t  procedures were made. The 

r e s u l t s  of these Rayleigh s c a t t e r i n g  measurements i n d i c a t e  t h a t  t he  homogeneity 

o f  ge l -der ived glasses i s  much h igher  than t h a t  of t he  g lass prepared by t h e  

convent ional  technique. The r e s u l t s  a l s o  i n d i c a t e  t h a t  t he re  i s  a d i f ference i n  

homogeneity o f  t he  glasses prepared by d i f f e r e n t  ge l  p repara t ion  procedures. 



PART IA. GENERAL EXPERIMENTAL PROCEDURES FOR GEL-DERIVED GLASSES 

The experimental procedures o f  t he  present work have been d i v i ded  

i n t o  t h e  f o l l o w i n g  a c t i v i t i e s :  

a Choice o f  composit ion. 

0 Preparat ion o f  ge ls .  

a Thermal t reatment o f  ge l s .  

0 Charac te r i za t ion  o f  ge ls .  

a Conversion o f  ge ls  t o  glasses by me l t i ng .  

a Charac te r i za t ion  o f  glasses. 

Choice o f  Composi t i o n  

The o b j e c t i v e  o f  t he  i n i t i a l  work was t o  e s t a b l i s h  t he  procedures 

requ i red  t o  prepare multicomponent glasses v i a  t he  ge l  r o u t e  and eva luate 

phenomena 1 i ke l y  t o  be impor tant  i n  me1 t i n g  and cha rac te r i za t i on  o f  glasses. 

Three d i f f e ren t  compositions were chosen t o  study the  var ious aspects o f  

t he  present i nves t i ga t i on .  The compusit ions a re  g iven i n  Table 1. 

Composition 1 l i e s  ou ts ide  t he  metastable l i q u i d - l i q u i d  immis- 

c i b i l y  zone o f  t he  t e rna ry  Na20-B203-Si02 sys tern. I t  was se lected t o  

es tab l  i sh t he  oe l  p repara t ion  prccedures and t o  i n v e s t i g a t e  t h e  removal 

of hydroxyl  groups frcrn the  ge ls  be fo re  me1 t i n y ,  and subsequently from 

the  g lass dur ing  me l t ing .  Moreover, i t  was presumed t h a t  t he  p repara t ion  

of ge ls  w i t h  such h igh  a1 k a l i  content  would encounter more d i f f i c u l t i e s  

a s s ~ c i a t e d  w i t h  non-uniform d i s t r i b u t i o n  of ~ a +  ions.  
Composition 2 was chosen f o r  prepar ing glasses f o r  t he  Rayleigh 

Sca t t e r i ng  s tud ies.  Th is  composi t ion was chosen because some previous 

work(*)  on Rayleigh Sca t t e r i ng  has been done w i t h  t h i s  ccmposi t l o n  prepared 

by convent ional  methods and, as such, i t  would be poss ib le  ' 9  compare 

the  r e s u l t s  o f  t h e  ge l -der ived glasses w i t h  those of t h e  convent ional  

glasses. 



TABLE 1 .  COMPOSITION OF GLASSES 

Cornpos i t i  o n  ( W e i q h t  P e r c e n t )  
No.  S i O Z  N a 2 0  

-- B2°3 



Composition 3 which f a l l s  w i t h i n  the  l i q u i d - l i q u i d  i m n i s c i b i l i t y  
zone i n  the Na20-B203-Si02 system was chosen t o  study the  phase separation 

behavior of gel -der i  ved glasses 

The locat ions of the above compositions i n  the Na20-B203-Si02 

ternary diagram i s  shown i n  Figure 1. 

Preparation of Gels 

The development o f  the gel preparat ion procedures has been 

considered i n  t e r m  o f  several factors which are important f o r  f u l f i l l i n g  

the object ives o f  the present research program. The fo l low ing fac tors  

have been considered. 

Chemical nature of the s;arti..g compounds and 

the p u r i t y  a t ta inab le  w i t h  the s t a r t i n g  compounds. 

e Homogeneity of the mu1 ti component so lu t ion  and 

the gel 1 i ng process. 

e Removal of v o l a t i l e  organic o r  inorganic com- 

pounds by thermal treatment. 

e C r y s t a l l i n i t y  o f  gels.  

S ta r t i ng  Compounds 

The fo l low ing s t a r t i n g  compounds have been used as sources of 

d i f f e ren t  oxides i n  the d i f f e r e n t  procedures. 

Oxide Scurce 

S i  O2 Tetraethyl  Orthosi 1 i c a t e  

B2°3 Bor ic  Acid 

Trimethyl Borate 

Na20 Sodi urn Methyl a te  

Sodium N i t r a t e  

Sodi um Acetate 
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Note tha t  the compounds t h a t  are comnercial ly ava i l ab le  

i n  u l t rapure  condit ions are: 

Tetraethyl  S i  1 i c a t e  

Bor ic  Acid 

Sodium N i t r a t e  

Though t r imethy l  borate i s  not  ava i lab le  on the market i t  can be, 

i n  p r i nc ip le ,  p u r i f i e d  t o  u l t rapure  cond i t ion  by d i s t i l l a t i o n .  

Homogeneity o f  the Solut ion and the Ge l l ing  Process 

Since the homogeneity of gels i n  terms o f  ca t i on  d i s t r i b u t i o n  

i s  an important ob jec t ive  o f  the  present work, the  preparat ion procedures 

have been c r i t i c a l l y  judged i n  terms o f  homogeneity. Thus, the s t a b i l i t y  

o f  the so lu t ion  on add i t ion  o f  d i f f e ren t  const i tuents 3nd the homogeneity 

t ha t  could be achieved were considered. 

The homogeneity and the s t a b i l i t y  o f  the so lu t i on  are  inf luenced 

by various process parameters such as the nature e f  the reactants, the  pH 

o f  the medium, the concentrat ion o f  the reactants, and the presence of 

minor addi t ives.  A qua1 i t a t i v e  assessment o f  the above fac tors  have 

been made. 

Removal o f  Organic Group? 

The removal of res idual  organic groups from the gel by the low 

temperature (~500 C )  thermal treatments i s  a complex process and appears 

t o  be a lso re la ted  t o  the gel preparat ion procedures. The primary concerns 

were t o  prevent carbonizat ion dur ing the thermal treatments, and t o  have 

an understanding o f  the r e l a t i o n  between the gel preparat ion process and 

the removal processing o f  the organic groups. 



C z s  - ~ l l i n i t y  of Gels 

The primary concern was t o  prepare gels wi thout  any c rys ta l  1 i n i  t y  

and t o  examine the  c rys ta l  1 i n i  ty,  i f  any, developed a f t e r  thermal treatments. 

Gel Preparation Procedures --- 

Gel preparat ion procedures based on two d i  f f e r e n t  approaches 

haw: been developed. The f i r s t  approach consists o f  the react ions o f  

a l l  o r  most o f  t he  reactants i n  nonaqueous solvents. I n i t i a l l y ,  a l l  o r  

most o f  the reactants were a1 lowed t o  mix and reac t  w i t h  each other  i n  

the presence of a ca ta lys t .  Subsequently, the  ge la t i on  was i n i t i a t e d  

b.y one o f  the fol lowing ways: (a )  adding a l i m i t e d  amount o f  water, 

~ n d  (b )  by exposing the f i n a l  so lu t i on  t o  atmospheric moisture. 

The second approach i s  based on the  i n i t i a l  p a r t i a l  +ydro lys is  

f te t rae thy l  o r t h o s i l i c a t e  by the add i t ion  o f  a l 'mi ted amount of water 

ilnd an ac id  ca ta l ys t  before the add i t ion  of other  const i tuents. Subsequently, 

aqucous soluti-"::j o f  the other  const i tuents were added f o r  the reac t ion  

and gel a t i  on. 

The gel preparat ion procedures developed f o r  the  compositions 

se lec ted  f o r  the present inves t iga t ions  are described separately f o r  

each composition i n  a l a t e r  sect ion o f  t h i s  repor t .  

Thermal Treatment o f  Gel; - 

The main ob jec t ive  o f  the thermal creatment i s  t o  remove the 

vola. l e  organic o r  inorganic compounds o r  groups (such as alcohols, 

n i r r a t  eb, hydroxyl groups and a1 koxy groups) by v o l a t i  1 i z a t i o n  and de- 

composition, and ?.l~us t o  transform the gel t o  homogeneous non-crys ta l l ine  

oxides. After the preparation, the gel may be v isua l ized as a system 

o f  so l  i d  character i n  which the macromolecules are dispersed i n  a solvent 

and ~urnehow cons t i t u te  a coherent s t ruc ture .  Thus, i t  contains the 

~ o l  vent, the alcohols produced by the react ion, chemically bonded unreacted 

res idudl  a1 koxy groups, and res idual  unreacted water. Hence, the f o l  lowing 

phenomen.3 might occur during the thermal treatment. 



r Removal o f  solvents and the release o f  f r e e  alcohols 

a t  a lower temperature. 

Hydrolysis o f  the chemically bonded a1 koxy groups 

w i t h  the atmospheric moisture o r  w i t h  the excess 

water incorporated dur ing the  preparat ion o f  gel .  

a Oxidation and removal of organic molecules as C02 

and H20 a t  a l a t e r  stage of thermal treatment. The 

presence o f  oxygen i s  benef ic ia l  a t  t h i s  stage. 

a Formation o f  nicropores w i t h  h igh l y  reac t i ve  surfaces 

a f t e r  the r m d v a l  o f  solvents and res idual  organic 

groups. 

a Collapsing the pores t o  form a dense s t ruc tu re  o r  

t o  form closed pores. 

The main concern f o r  the thermal treatment i n  the present work 

i s  t o  develop a procedure which would secure the  maintenance o f  gel p u r i t y .  

Hence, a time-consuming thermal treatment procedure i s  no t  desirable. 

To r e a l i z e  t h i s  ob jec t ive  va,rious combinations o f  steps i nvo l v ing  humidity 

treatment, heat ing i n  steps and d i f f e ren t  rates o f  heat ing were used. 

The thermal treatment procedures f o l  lowed f o r  removal o f  organics from 

the aels o f  the compositions selected fo r  the present i nves t i ga t i on  are 

described separately f o r  each composition. 

Character izat ion o f  Gels 

The physico-chemical nature o f  gels i s  con t ro l l ed  by the method 

of preparation. Hence, attempts were made t o  character ize gels prepared 

by d i f f e r e n t  procedures t o  know the physi co-chemi ca l  proper t ies o f  the 

gels a f te r  ther,iial treatments. The fo l lowing aspects were examined. 

m Color. 

m Carbon content. 

@ C r y s t a l l i n i t y .  

a Speci f ic  surface areas. 
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Conversion o f  Gels t o  Glasses by Me1 t i n y  

The me l t i ng  o f  ge ls  were done t o  achieve t he  fo l lowing:  

Time and temperature requ i red  t o  o b t a i n  glasses 

f r e e  from me l t i ng  defects. 

0 Reduction o f  hydroxyl  content  o f  t h e  glass. 

Gels of one composit ion b u t  prepared by d i f f e r e n t  

procedures were melted i n  order  t o  determine t he  

Rayleigh Sca t t e r i ng  l o s s  i n  r e l a t i o n  t o  t h e  method 

o f  preparat ion and t h e  heat t reatment of the  

glasses. Also, one glass sample was prepared by 

convent ional  techniques us ing t he  same corrposi ti on 

f o r  comparison. 

Gels o f  one composit ion b u t  prepared by d i f f e r e n t  

procedures were melted t o  i nves t i ga te  tne  phase 

separat ian behavior of gel  - de r i  ved glasses. 

Charac te r i za t ion  o f  Glasses 

The glasses obtained from gels  prepared by d i f f e r e n t  

procedures were character ized w i t h  respect t o  t he  f o l  lowing aspects : 

0 Me l t ing  defects  ( i .e. ,  bubbles and p a r t i c l e s )  

m Microst ructures evaluated by E lec t ron  Microscopy and 

Small Angle X-ray Sca t t e r i ng  

Homogeneity eval  uated by L i g h t  Sca t te r ing  

(Raleigh Sca t te r ing)  

Molecular St ructures evaluated by 

a. I n f r a r e d  Spectroscopy 

b. Raman Spectroscopy. 

The Raman spectroscopic measurements were performed a t  t he  

Mater ia ls  Research Laboratory of the  Pennsylvania S ta te  Un i ve rs i t y .  

Small angle x-ray s c a t t e r i n g  was c a r r i e d  ou t  a t  the  J e t  Propuls ion 

Laboratory, Pasadena, Ca l i fo rn ia .  Rayleigh Sca t te r ing  s tud ies  were 

performed a t  the  Vi treous S ta te  Laboratory o f  Ca tho l i c  Un i ve rs i t y  of 

America, Washington, D.C. 



PART 10. EXPERIMENTAL WORK ON AND RESULTS OF COMPOSITION 1 

The experimental r e s u l t s  of t h e  present work have been d i v i ded  

i n t o  t h e  f o l l o w i n g  a c t i v i t i e s :  

a Choice o f  composi t ion.  

m Gel prepara t i on procedures . 
a Thermal t reatment o f  ge ls .  

a Charac te r i za t ion  o f  ge ls .  

a Conversion of ge ls  t o  glasses by me l t i ng .  

a Character i  za t i on  o f  glasses. 

Choi ce o f  Compos i t i  on 

The o b j e c t i v e  of t he  i n i t i a l  work was t o  develop t h e  ge l  prep- 
a r a t i o n  procedures and t o  charac te r i ze  glasses obta ined from those gels.  

A composi t ien con ta in ing  a h igh  p ropo r t i on  o f  a1 k a l i  ox ide  and be ing  ou ts ide  

t he  metastable 1 i q u i d - l i q u i d  i m n i s c i b i l  i t y  zone was se lec ted  f o r  t he  present  

study. The composit ion was as fo l lows ( i n  weight percent )  

Si02:60; B203: 15; Na20:25. 

Gel P r e ~ a r a t i o n  Procedures 

Several p repara t ion  procedures were d e v e l o ~ e d  du r i ng  t h e  i n i t i a l  

pe r i od  ( F i n a l  Progress Report, JPL Contract  955361 )'3' o f  t h i s  program. 

Three p repara t ion  procedures us ing t h ree  d i f f e r e n t  sources o f  NapO were 

se lected from the  procedures developed e a r l  i e r .  However, some modi f i c a -  

t i o n s  of t he  procedures were made dur ing  t he  present  work. The prepara- 

t i o n  procedures a re  descr ibed below. 

Procedure 1-1. S t a r t i n g  Compounds: Te t rae thy l  Or thos i  1 i cate  

Bo r i c  Ac id  

Sodium Methy la te  



Tet rae thy l  o r t hos i  1  i c a t e  was mixed w i t h  about 112 i t s  volume of 

anhydrous ethanol .  The s o l u t i o n  was heated t o  40 C, and a f t e r  10 minutes 

t e t r a e t h y l  o r t h o s i  1  i c a t e  was p a r t i a l l y  hydro1 i s e d  w i t h  a  smal l  p ropo r t i on  

o f  a c i d i f i e d  water [2 mol H20/mol o f  ~i ( O C ~ H ~ ) ~ ] .  The pH o f  t h e  s o l u t i o n  

was f i v e  a f t e r  t h e  a d d i t i o n  o f  a c i d i f i e d  water. A smal l  volume of 

acety lacetone ( 3  m1/100 m1 o f  S i  (OC2H5)4) was added a f t e r  t h e  a d d i t i o n  of 

a c i d i f i e d  water. A f t e r  s t i r r i n g  t h e  s o l u t i o n  f o r  112 hour, b o r i c  ac i d  

d isso lved  i n  b o i l i n g  methanol (30 g/100 m l )  was added t o  t h e  so lu t i on .  

The pH of t he  s o l u t i o n  was about s i x .  A f t e r  1  hour, sodium methy la te  

d isso lved  i n  methanol was added t o  t he  mix ture.  The pH increased t o  

about 10. The s o l u t i o n  was s t i r r e d  f o r  45 minutes. A f t e r  45 minutes, 

a  m i x tu re  o f  water and ethanol  ( 1  :4 r a t i o )  was added t o  t he  s o l u t i o n  t o  

in t roduce  more water f o r  f u r t h e r  hydrc?!ycis and ge la t i on .  The amount of 

water added was 5.8 mols per mol o f  Si(3C2H5)4. The s o l u t i o n  g e l l e d  

w i t h i n  5  minutes on a d d i t i o n  o f  t h e  a lcohol  water mix tures.  
Procedure 1-1 1. S t a r t i n g  Compounds : Tet rae thy l  Or thos i  1  i c a t e  

B o r i c  Ac id  

Sodium N i t r a t e  

Te t rae thy l  o r t h o s i l i c a t e  was mixed w i t h  about 1/2 i t s  volume of 

anhydrous ethanol .  The s o l u t i o n  was heated t o  approximately 40 C. A f te r  

5  minutes, a  r e q u i s i t e  amount o f  water a c i d i f i e d  w i t h  d i l u t e  HC1 was added 

f o r  t he  p a r t i a l  hyd ro l ys i s  o f  t e t r a e t h y l  o r t h o s i l i c a t e .  A f t e r  s t i r r i n g  

f o r  112 hour, b o r i c  a c i d  d isso lved  i n  methanol (30 g/100 m1) \.!as added 

t o  t he  so lu t i on .  The s o l u t i o n  was s t i r r e d  f o r  about 1  hour. F i n a l l y ,  a  

d i l u t e  aqueous s o l u t i o n  o f  sodium n i t r a t e  was added t o  t he  mix ture.  The 

t o t a l  amount o f  water added w i t h  t h e  sodium n i t r a t e  was several  times t he  

amount o f  water requ i red  f o r  t h e  complete hydro lys is  o f  t e t r a e t h y l  or tho-  

s i l i c a t e .  The p ropo r t i on  o f  water was 20 mols per mol o f  S i  (OC2H5)q 

Procedure 1-1 11. S t a r t i n g  Compounds: Te t rae thy l  Or thos i  1  i c a t e  

Tr imethy l  Borate 

Sodium Acetate 

Ta t rae thy l  o r t hos i  l i c a t e  was mixed w i t h  1 /2  i t s  volume o f  

anhydrous ethanol .  The m ix tu re  was heated t o  40 C, and was hyd ro l i sed  

i n  excess water i n  t he  presence of an a c i d  c a t a l y s t  w i t h  a  ptl of approximately 
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2 .  The amount o f  water added was about 11 mols per  mol o f  S i  (OC2H5)4.  

Af te r  s t i r r i n g  f o r  112 hour, t r i m e t h y l  bo ra te  was added and t h e  m ix tu re  

was s t i r r e d  f o r  45 minutes. F i n a l l y ,  a  sodium ace ta te  s o l u t i o n  was 

added r a p i d l y  t o  t he  s o l u t i o n  w i t h  cont inuous s t i r r i n g .  The g e l a t i o n  

took p lace a f t e r  112 hour. 

Thermal Treatment -- o f  Gels 

The thermal t reatment o f  ge ls  was c a r r i e d  ou t  t o  achieve t he  

f o l l o w i n g  two ob jec t i ves :  

m The removal o f  organics.  

m The removal o f  hydroxyl  groups. 

Treatment f o r  t he  Removal o f  Organics From Gels 

The thermal t reatment procedure used f o r  t h e  removal o f  organics 

cons is ted of heat ing i n  steps and a slow r a t e  o f  heat inp.  

The thermal t reatment procedure cons is ted of t h e  f o l l o w i n g  

steps: 

( 1 )  Drying i n  a i r  under an i n f r a r e d  lamp (1.60 - C )  f o r  

2 t o  3 days. 

( 2 )  Drying i n  an a i r  oven a t  approximately 150 C f o r  

48 t o  60 hours. 

( 3 )  Heating from 150 C t o  600 C a t  t h e  r a t e  of 10 Clhour. 

( 4 )  Holding a t  600 C f o r  about 20 hours. 

I t  was observed t h a t  t h e  spraying o f  water du r i ng  t he  i n i t i a l  

thermal t reatment under t h e  i n f r a r e d  lamp was b e n e f i c i a l  f o r  the  removal 

o f  organic groups dur ing  t he  f i r i n g  cyc le .  I n i t i a l  thermal t reatments of 

"as prepared" ge ls  i n  a humid i ty  chamber were a l s o  b e n e f i c i a l  f o r  t he  

re~iioval o f  organic groups. 



Treatment f o r  t he  Removal o f  Hydroxyl 
Grouos From t h e  Gels 

The f o l l o w i n g  steps were taken fo r  t h e  removal of hydrovyl  

groups : 

( 1 )  Baking i n  an oven. 

( 2 )  Passing d ry  O2 through t he  porous ge ls  a t  

e levated temperatures. 

( 3 )  Passing t h i o n y l  c h l o r i d e  (SOClp) vapor c a r r i e d  

by d r y  oxygen through t h e  porous ge ls  a t  

e levated temperatures. 

( 4 )  Passing carbon t e t r a c h l o r i d e  (CC14) vapors 

c a r r i e d  by d ry  oxygen through porous ge ls  a t  

e levated temperatures. 

( 5 )  Subsequent me l t i ng  o f  the  t h i o n y l  c h l o r i d e  

t r ea ted  ge ls .  

( 6 )  Me l t i ng  o f  dehydrated ge ls  i n  a n i t r ogen  atmosphere. 

Exper imentat ion i n v o l v i n g  dehydrat ion procedures were designed 

t o  remove as much water (hydroxy l  groups) as poss ib le  a t  low temperatures 

before me l t ing .  I n i t i a l  exper imentat ion i n v o l v i n g  Composition 1 ge l  

powders u t i l i z e d  a ho r i zon ta l  tube furnace w h i l e  passing e i t h e r  d r y  

oxygen on ly  (dewpoint: -60 C ) ,  o r  dry  oxygen bubbled through l i q u i d  

t h i o n y l  c h l o r i d e  vapors, f o r  va ry ing  t ime per iods.  These procedures 

reduced the  OH- content  i n  t he  subsequently melted glasses, bu t  t h i o n y l  

c h l o r i d e  t reatment caused an extens ive l i q u i d - l i q u i d  i m m i s c i b i l i t y  i n  

the  mel ts .  

Subsequently, t he  procedures were mod i f ied  and a c losed v e r t i c a l  

f l ow  apparatus was used f o r  dehydrat ion.  A diagram of t h i s  

system i s  shown iii F igure 2. The v e r t i c a l  f l ow column was packed w i t h  

gel  powder wh i l e  d ry  oxygen o r  d r y  oxygen-carry ing t h i o n y l  c h l o r i d e  O r  

carbon t e t r a c h l o r i d e  vapors was fo rced  upward through t h e  packed column. 

This a1 lowed f o r  a more i n t i m a t e  con tac t  between the  ge l  powder and t he  

d r y  gases. The temperature w i t h i n  t he  furnace was ra i sed  a t  a r a t e  o f  

50 Clhour t o  opt imal dehydrat ion temperatures (300 C f o r  Procedure I 1 1  
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powders, 200 C f o r  Procedure I and I 1 1  powders). Powders t h a t  were kept 

a t  these temperatures, w i t h  t h e  longest  per iod  o f  d r y  oxygen flow, pro-  

duced glasses o f  t h e  lowest  OH content.  As i n  the  e a r l i e r  exper lmeotat ion,  

ge l  powders t r ea ted  w i t h  t h i o n y l  c h l o r i d e  vapor showed a d e f i n i c e  l i q u i d -  

1  i q u i d  i m m i s c i b i l i t y  i n  t he  mel ts .  The t h i o n y l  c h l o r i d e  t reatment  was 

there fo re  discont inued. The ge l  powders t r ea ted  w i t h  o n l y  d r y  oxygeri c;r 

dry  oxygen c a r r y i n g  carbon t e t r a c h l o r i d e  vapors produced c l e a r  mel ts  of 

reduced OH content.  Resul ts o f  dehydrat ion exper imentat ion and hy t  , . ' 

de terminat ion a re  recorded i n  Table 11 appearing i a t e r  i n  t h e  repor t  

Charac te r i za t ion  o f  Gels 

Color of Gels 

The r e s u l t s  of thermal t reatments a t  var ious temperatures and 

t imes and t h e i r  ef fect  on c o l o r  a re  summarized i n  Table 2. It i s  ev iden t  

from the r e s u l t s  t h a t  the  removal of organics from ge ls  i s  r e l a t e d  

t o  t he  ge l  p repara t ion  procedure as w e l l  as t o  t he  thermal t reatment pro- 

cedures. 

Carbon Content 

The t o t a l  carbon content  of ge ls  prepared by d i f f e r e n t  pro- 

cedures and heat t reatment a t  600 C f o r  40 hours was snalyzed. The 

r e s u l t s  a re  g iven below: 

Gel Preparat ion Tota l  Carbon 
Procedure Content (w t  % )  



TABLE 2. COLOR OF GELS AFTER HEAT TREATNENT 

- -  

Ge 1 
Preparat ion 

Procedure Heat Treatment Appearance 

1- I 150 C f o r  48 hours Tan 

1- I 150 C f o r  48 hours and Grey 
600 C f o r  5 hours 

1- I 150 C f o r  48 hours Grey 
600 C f o r  40 hours 

1- !I 150 C f o r  48 hours White 

150 C f o r  48 hours and White 
600 C f o r  5 hours 

150 C f o r  48 hours White 
600 C f o r  40 hours 

150 C f o r  48 hours Black 
600 C f o r  40 hours 

150 C f o r  48 hours Black w i t h  grey 
600 C f o r  5 hours p a r t i c l e s  

150 C f o r  48 hours 11 

600 C f o r  40 hocrs 
-- ----- 



Crys ta l  1 i n i  ty 

Gel samples a f t e r  thermal t reatments d t  600 C f o r  d i f f e r e n t  

t ime per iods were examined by x-ray powder pa t t e rn  techniques. The r e s u l t s  
are g iven i n  Table 3. 

Surface Areas 

The surface areas of qe ls  DreDared bv d i f f e r e n t  ~ r o c e d u r e s  

were measured on a micrometr ic instrument over  a range o f  temperatures 

t o  get  an idea about the  chan5e of surface area rvi t h  temperature. 

Two sets  o f  experiments were performed t o  study t he  change o f  

surface area as a funct ion of temperature. I n  t he  f i r s t  se r i es  o f  ex- 

periments, the  surface areds were measured on a micrometr ic  i n s t r ~ m e n t  

over a range o f  temperatures i n  s i t u .  The ge ls  were he ld  a t  each 

r i s i r , g  temperature f o r  1 /2  hour be fo re  the measurement o f  surface area. 

The heat ing was done wh l e  the  samples were under t h e  micrometr ic  i n -  

stru~rler . I n  t h i s  se r ies  of experiments, t ne  f resh gel  sample was heat 

t rea ted  i n s i d e  the ~ ~ i i c r o m e t r i c  instrument and was evacuated a f t e r  t he  

heat treatment, and, subsequently, the  sur face area was measured. Con- 

seqben~ l y ,  the  surface was no t  exposed t o  t he  atmosphere a f t e r  t he  heat 

treatment agd surface pores were cleaned under vacuum a f t e r  t he  vola- 

t i  1 i z a t i o n  of the  solver l ts.  Moreover, the t ime was shor t ,  so the  t ime 

niay no t  have been long enough f o r  reaching t he  equ i l i b r i u t n  su r face  area 

a t  t h a t  temperature, because a t  h igher  temperatures t he  format i on  o f  

pores as we1 1 as the  c l os i ng  of pores might  occur s imultaneously.  

Results o f  the  f i r s t  se t  of experiments a re  shown i n  Table 4. 

I n  the second ser ies  of experiments, the  ge ls  were heat t r ea ted  

a t  d i f f e ren t  teniperatures f o r  d i f f e r e n t  t ime per iods i n  a furnace under 

a i r  atmosphere. The samples were then taken out,  and s to red  i n  atmospheric 

cond i t i ons .  Subsequently, the  surface -ea of t he  heat t r ea ted  ge ls  were 

rrledusred. Moreover, t he  per iod  of heat t reatment was longer  than t h a t  o f  

the f i r s t  set  of experiments. Consequently, the  heat t reatment a t  h igher  

terriperacures f o r  longer t ime per iods might have caused opening as w e l l  as 

c l os i ng  of the  pores. Results of these experiments a re  shown i n  Table 5. 
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TABLE 3. CRYSTALLINITY OF GELS AFTER VARIOUS THERMAL TREATMENTS 

-- - - - -  - -  

Ge 1 
Preparat ion The rma 1 

Procedure Trea trnen t Crysta l  1 i n i  ty 

1 -I 13 Ho?lrs Noncrys ta l l  i n e  
a t  500 C 

1 -I 24 Hours Noncrys t a l l  i ne 
a t  500 C 

1 -I 2 Hours Noncrystal 1 i n e  
a t  600 C 

1 -I 40 Hours Noncrysta l l  i n e  
a t  600 C 

1-11 A f t e r  A i r  C r y s t a l l  ine, 
Dryup (Due t o  NaN03) 

1 -I I 2 Hours Crysta l  1 i ne 
a t  500 C 

i -I I 2 Hours Crysta l  1 i n e  
a t  600 C 

1-11 40 Hours Crysta l  1 i n e  
a t  600 C 

1 -I I I 13 Hours Noncrystal 1 i n e  
a t  500 C 

1 -I I I 24 Hours Noncrysta l l  i n e  
a t  500 C 

1-111 2 Hours Noncrys t a l l  i ne 
a t  600 C 

1-111 40 Hours Noncrystal 1 i n e  
a t  600 C 



TABLE 4. SURFACE AREAS OF GELS PREPARED BY DIFFERENT PROCEDURES 
AFTER ONE-HALF HOUR HEAT TREATMENT AT DIFFERENT TEMPERATURES 

Gel Temperature Surface 
Preparation o f A p a  

Procedure Treatment m / g  



TABLE 5. SURFACE AREAS OF GEL SAMPLES AFTER 
D I  FFERCYT THERMAL TREATMENTS 

-L- 

Heat Period o f  
Gel Treatment Heat Surf  ace 

Preparat ion Temperature Treatment Area 
Procedure (c )  (Hours) (m2/9 



Conversion ----- o f  Gels t o  Glasses by M e l t i n q  

Gel powders were melted t o  address the  f o l l o w i n g  ob jec t i ves .  

a To study t he  nlolecular s t r u c t u r e  o f  ge l -der i ved  

glasses. 

a To ~ ~ u d y  t he  ef fec t  of process paraneters o f  

s i c l t i ng  on the  removal o f  hydroxyl  groups. 

He1 t i  np nC Gel Powders fo r  St td~ i -n j - the Molecular -- - --- - - .-.--- - -- - ---- *-- 

S t ruc tu t  le o f  Gel -Deri ved Glasses 

The ge ls  prepared by d i f f e r e n t  procedures were heat t r ea ted  up 

t o  500 C t o  relllove organic  mat ters  and were subsequently me1 t ed  a t  1000 C 

t o  ob ta i n  cleat- g lass by e l i m i n a t i n g  resi 'dual carbons. The r e s u l t s  a r e  

sunnidt.ized i n  Tables 6. 7. and 8. 

Me l t inq  L.- - o f  - - ---- Gel - Powders - - - - -.-- - f o r  - - -- S tudy ing  --- -.- - t he  - - 
&nova1 u f  Hydr-oxyi Grouys ----  . - .  - - - - - -  - - -  . - - - - -  . 

I n i t i a l l y ,  Conlposition 1 ge l  powders having no dehydrat ion 

t t*edt~nents were 111el ted. These rile1 t s  were used f o r  comparison 

ciftet- detet'niination o f  OH content  i n  the  dehydrated mel ts .  For t h i s ,  

ge l  powdel'r were placed i n  a platinu111 c r u c i b l e  and l e f t  for. approxiniately 

16 hours a t  500 C.  The temperature was then ra i sed  q u i c k l y  t o  1200 C 

arid he ld  f u r  5 hours. A f t e r  me1 t i n g ,  c l e a r  g lass p a t t i e s  were made by 

pour ing the  r ~ i e l t  onto a hot s t a i n l e s s  s t ee l  p l a t e  and anneal ing f o r  1 

bout. c ~ t  580 C. 

Dehydrated ge l  powders were t r ed ted  a t  optir l ial dehydrat ion 

te~!!per'ntu,*es, then the temperature wds ra i sed  t o  500 C w i t h  cont inued 

dt-y oxyqen f low. These powders were kept a t  500 C f o r  appl-oximate1.v 16 

hout*s, theri r a i sed  t o  rliel t i n g  teniperatur-cs q u i c k l y  (w4 t h  no dry oxygen 

f l o w ) .  Pourinq nnd anneal i n g  procedures o f  these niel t s  were t he  same as fo r  

the  o thers .  Gel powders having t h i o n y l  c h l o r i d e  t reatnient showed a 

l i q u i d - l i q u i d  i r ~ r ~ ~ i s c i b i l i t y  i n  the  me l ts .  Gel powders having on ly  d ry  

B A T  T m L L I t  - C O L U M B U S  
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TABLE 6. EFFECT OF T IME  ANC TEMPERATURE ON THE REMOVAL OF RESIDUAL 
CARBON DURING THE MELTING OF GELS PREPARED BY PROCEDURE 1-1 

Thermal 
Treatment 

Experiment Pr io r  t o  
No. Me1 t i n g  

(1 ) After 
In f rared 
Drying 

(2) A f te r  
In f rared 
Drying 

(3) After 
In f rared 
Drying 

( 4 )  Af te r  
In f rared 
Drying 

(5)  A f te r  
In f rared 
Drying 

( 6 )  kf  t e r  
In f rared 
Drying 

( 7 )  Af te r  
In f rared 
Drying 

(8) Af te r  
In f rared 
Drying 

(9) A f te r  Thermal 
Treatment 

up t o  500 C 

(10) A f te r  Thermal 
Treatment 

up t o  500 C 

(11 A f te r  Thermal 
Treatment 

UD t o  500 C 

Mel t ing Mel t ing 
Temperature Time 

(c )  (Hours I Appearance 

Grey Colors , 
Transparent 
Nunerous 
Bubbles 

Colorless and 
Transparent. 
Less Number 

Bubbles 

Colorless and 
Transparent, much 

Less Bubbles 

Highly 
Transparent, Bubble 

Undetected 

Qu i te  Transparent 
and Colorless, no 

Detectable Bubbles 

HI ghl y Transparent 
Cclorless , no 

Bubbles 

Transparent 
Colorless. no 

Bubbles 

Transparent 
Colorless, no 

Bubbles 

Transparent Glass 
a f t e r  5 Hours 

Transparent Glass 

Transparent Glass 
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TABLE 7. EFFECT OF TIME AND TEMPERATURES ON THE REMOVAL OF RESIDUAL 
CARBON DURING THE MELTING OF GELS PREPARED BY PROCEDURE 1-11 

Thermal 
Treatment Me1 t i n g  Me1 ti ng 

Experiment P r i o r  t o  Temperature T i  me 
No. Me1 ti ng (c) (Hours) Appearance 

(1 ) Thermal 1000 1 Transparent 
Treatment 

up t o  500 C 

( 2  Thermal 1000 2  Transparent 
Treatment 

up t o  500 C 

(3) Thermal 1000 4 Transparent 
Treatment 



TABLE 8. EFFECT OF TIME AND TEMPERATURE ON THE REMOVAL OF RESIDUAL 
CARBON DURING THE MELTING OF GELS PREPARED BY PROCEDURE 1-11] 

Thermal 
Trea tmen t Me1 t i n g  Me1 t i n g  

Experiment P r i o r  t o  Temperature Time 
No. Me1 ti ng ( c  1 (Hours ) Appearance 

(1 Thermal 1050 
Treatment 

up t o  500 C 

( 2  Thermal 1000 
Treatment 

up t o  500 C 

(3 )  Thermal 1000 
Treatment 

up t o  500 C 

(4) Thermal 1200 
Treatment 

up t o  500 C 

( 5  1 Thermal 1200 
Treatment 

up t o  500 C 

(6) Thermal 1203 
Treatment 

up t o  500 C 

1 Transparent 
w i t h  some 

Black Residue 

2 Transpareot 
w i t h  some 

Black Residue 

4 Transparent 

1 Transparent 
w i t h  some 

Residue 

2 More 
Transparent 

4 Transparent 



oxygen o r  d ry  oxygen-carry ing carbon t e t r a c h l o r i d e  vapor dur ing  dehydrat ion 

produced c l e a r  me1 t s  w i t h  reduced OH content.  

Fur ther  at tempts a t  t h e  removal o f  hydroxy l  groups o f  Composition 

1 ge l  g lasses were made du r i ng  t h e  me l t i ng  process. Dur ing t he  me l t i ng  

process, a p la t inum c r u c i b l e  con ta i n i ng  g lass made from dehydrated ge l  

powders was placed i n  a furnace. The p la t inum c r u c i b l e  was covered w i t h  

an i n v e r t e d  h i gh  p u r i t y  alumina c r u c i b l e  t o  i s o l a t e  t he  ge l  g lass from 

atmospheric water and oxygen. Two tubes extended through t h e  t o p  of  t h e  

furnace, through t h e  "bottom" o f  t h e  i nve r t ed  alumina c r u c i b l e  i n t o  t h e  

i s o l a t e d  area. These tubes cons is ted  o f :  

( 1 )  A p la t inum tube reaching i n t o  t he  content; o f  

t he  p la t inum c ruc i b l e ,  f o r  bubbl ing d ry  

n i t r ogen  (dewpoint ~ 1 5 9  C )  through t he  g lass  

dur ing  me l t ing .  

( 2 )  An alumina tube reaching on l y  i n s i d e  t he  

i s o l a t e d  area f o r  t h e  passage o f  d r y  n i t r ogen  

t o  produce a d ry  n i t r ogen  atmosphere over t h e  

me1 t. 

I n  add i t i on ,  a thermocouple was placed i n  t h i s  i s o l a t e d  area t o  moni tor  

t he  temperature near t he  me1 t. Before these me1 t i n g  procedures t r ~ k  

place, t he  e n t i r e  furnace set-up was heated t o  approximately 5Cd C t o  

remove sur face absorbed water from t h e  ma te r i a l s  o f  t h e  se t -up  

j u s t  described. The me l t i ng  procedure was as fo l lows:  t h o  furnace 

was a t  roow temperature dur ing  load ing,  f o r  s a f e t y  p u r p s e s .  The tem- 

pera tu re  o f  t h e  furnace was ra i sed  t o  500 C i n  1 hour. A t  t h i s  t ime, 

both f lows o f  d ry  n i t r ogen  were s ta r t ed :  i .e., f low through t h e  contents  

o f  the  p la t inum c ruc i b l e ,  and d r y  n i t r ogen  f l ow  above t h e  mel t .  The 

temperature was ra i sed  t o  1300 C i n  approximately 3 hours. The d ry  

n i t r ogen  f lows cont inued a t  1300 C f o r  4 hours. F i n a l l y ,  the  tubes 

were removed and glass p a t t i e s  were poured and annealed f o r  1 hour a t  

580 C. Transparent bubble-free glasses were obta ined by t h i s  procedure. 

The hydroxyl  content  o f  these glasses were f a r  supe r i o r  t o  t he  OH content  

o f  t h e  e a r l i e r  ge l  glasses. 

E A T T E L L h  - C O L U M B U S  



Charac te r i za t ion  o f  Glasses 

The molecu lar  s t r u c t u r e  o f  g lasses obta ined f rom ge ls  

prepared by d i f f e r e n t  methods were i nves t i ga ted  by I n f r a r e d  Spectroscopy 

and Haman Spectroscopy. 

I n f r a red  Spectroscopic Studies 

The i n f r a r e d  spect ra  of the  glasses were taken by t he  KBr 

pe l  l e t  technique; t he  r e s u l t s  showing t he  change i n  t he  p o s i t i o n  o f  

t h e  absorpt ion band due t o  S i -0-Si  s t r e t c h i n g  ( V  cm") a re  g iven i n  

Table 9. 

Raman Spectroscopic Studies 

The Raman spect ra  of q lass samples i n  t h e  f i b e r  form were mea- 
sured i n  t he  200-to-1300 C m - l  reg ion.  Th is  reg ion  conta ins t he  charac- 

t e r i s t i c  v i b r a t i o n s  of t h e  g lass s t r uc tu re .  The Raman spectroscopic 

measurement was done a t  t he  Mater i  a1 s  Research Laboratory o f  t he  Pennsylvania 

S ta te  Un i ve r s i t y .  The work was done by T. Furukawa under t he  superv is ion  

o f  Professor W. B. White. The m e l t i n g  h i s t o r y  o f  glasses sent  f o r  t he  

Rarnan spectroscopy a re  g iven i n  Table 10. 

The instrument used f o r  t h e  Raman spectroscopic s tud ies  was 

an Spex Rode1 1401. The e x c i t a t i o n  source was a 514.5 nrn green 1 ine ,  

400-700 MW. 

The r e s u l t s  of t he  Raman spectroscopic s tud ies  can be summarized 

as f c l l ows :  

( 1 )  A l l  t h t  glasses produce s i m i l a r  Raman spec t ra .  

a A weak band a t  1475 cm-l; B-0 s t r e t c h i n g .  

a A s t rong  band a t  1090 cm-l; S i - 0  (nonbr idg ing)  

s t r e t c h i n g .  

A f a i r l y  sharp peak a t  630 cm-l; may be due 

t o  some boroxy group o r  b o r o s i l i c a t e  group. 

( 2 )  Samples 4  and 6 seem t o  have a s l i g h t l y  s t ronger  

1090 crn-' band compared t o  t h e  others,  which i n -  

d i ca tes  more S i -0  nonbr idg ing bonds. 

E A T T E L L E  - C O L U M B U S  



'I- TABLE 9 .  CHARACTERISTICS OF THE I R  ABSORPTION BANDS DUE 
TO S i  -0-Si STRETCHING OF DIFFERENT GLASSES 

- - 

Ge 1 Me1 t i n g  Me1 ti ng Posi t i o n  o f  Absorption 
Preparat ion Temperature Time Band due t o  Si-O-Si 

Procedure ( 0  (Hours) Stretching (v cm-1) 



TABLE 10. MELTING HISTORIES OF THE SAMPLES FOR 
THE RAMAN SPECTROSCOPIC STUDIES 

Ge 1 Me1 t i n g  Me1 t i n g  
Sampl e Preparat ion Temperature T i  me 

No. Procedures ( c )  (Hours ) 

7 Conventional 1000 2 
Glass Batch 

8 Conventi m a 1  1200 6 
Glass Batch 

-.--- 



( 3 )  No bands due t o  H20 o r  OH were detected. 

( 4 )  A l l  t he  mix tures luminesce i n  t he  r ed  reg ion.  

Determi na t i on  o f  Hydroxyl Content 

Composition 1  g lass c m p l e s  were used f o r  determin ing t h e  hydroxy l  

content .  The g lass samples were ground and po l ished t o  a  th ickness of 

2  t o  4  mm f o r  t ak i ng  i n f r a r e d  spectra.  ihe i n f l uence  o f  water as a  

p o l i s h i n g  f l u i d  was compared t o  t he  g lass samples po l i shed  w i t h  kerosene. 

I n f r a r e d  spect ra  was taken a t  room temperature and a t  200 C t o  determine 

the e f f e c t  o f  heat ing t h e  sample. I t  was observed t h a t  hea t ing  t h e  

sample t o  20G C showed no d i f f e rence  i n  t he  i n t e n s i t y  o f  t he  spect! 3 .  

The Lambert-Beer Equation was used t o  c a l c u l a t e  t he  hydroxyl  

content  o f  the  glasses. Absorbance values were determined from t h e  

i n f r a r e d  spect ra  using the  base l ine  method. The e x t i n c t i o n  c o e f f i c i e n t  

was taken from the  work of Pearson e t  s l  ' 4 )  , who deterrnined t h e  e x t i n c t i o n  

c o e f f i c i e n t  due t o  hydroxyl  groups a t  2.73 urn i n  t h e  a l k a l i - b o r 3 s i : i c a t e  

g lass of t h e  composi t i o n :  Si02:45; B2O3: 35; Na20:20 (mole percen t ) .  

This e x t i n c t i o n  c o e f f i c i e n t  i s  t he  on l y  one a v a i l a b l e  f o r  our  use i n  

hydroxyl  determinat ion.  Taking i n t o  account t he  decsi  t y  of Composi t i o n  1  
3 g lass (2.27 g/cm ),  the  hydroxyl  contents i n  ppm were ca lcu la ted .  These 

r e s u l t s  a re  repor ted  i n  Table 11. 

Phase Separat ion W'th Th iony l  Ch lo r ide  Treatment 

The me1 t i n g  of t h i o n y l  c h l o r i d e  vapor t r e a t e d  ge ls  r e s u l t e d  

i n  the  separat ion i n t o  two l i q u i d s  - a  h i g h l y  f l u i d  t op  l a y e r  and a 

h i g h l y  viscous bottom l aye r .  The t op  l a y e r  became completely wh i t e  and 

opaque upon cool  ~ n g ,  t he  bo t t oa  l a y e r  remained t ransparent .  The d i s t r i -  

bu t i on  of s i l i c o n ,  sodium, su l fu r ,  and c h l o r i n e  i n  t he  two l aye rs  were 

determined by t he  EDAX technique. The r e s u l t s  showed t h a t  t l i e  top  l a y e r  

had a  h i gh  p ropor t ion  of sodium and s u l f u r  and t races of ch l o r i ne .  The 

bottom l aye r  had most ly  s i l i c o n  and a  small amount o f  ch l o r i ne .  It i s  

ev iden t  t h a t  sodium ions and su l fu r ,  present as s u l f a t e  ions,  p a r t i t i o n e d  

i n t o  t he  top  l a y e r  which was p r a c t i c a l l y  devoid o f  s i l i c a .  Whereas, t he  
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botto111 l aye r  was devoid o f  sodiuni ions and had s i l  i c a  as i t s  major con- 

s t i t u e n t .  The determinat ion o f  the  d i s t r i b u t i o n  o f  boron was no t  poss ib le  

w i t h  t h i s  technique because o f  i t s  low atonric wei h t .  

A l a r g e  1 lqu id -1  l q u i d  i m i s c i b i l  l t y  gaJ5) e x i s t s  i n  the  s.vr?.eni 

SiO2-Na20-Na2S04 a t  1200 C. Presuniably. t h i o n y l  c h l o r i d e  dur ing  the  

dehydration treatment reacts w i t h  the  sodiuni ions and res idua l  water t o  

form sodiu~rl s u l f a t e  which causes the  l i q u i d - l i q u i d  separat ion dur inq  

me1 t i n g .  The presence o f  a  l a rge  p ropor t ion  o f  s u l f u r  and sodium i n  

the  top f l u i d  l aye r  subs tan t ia te  t he  explanat ion suggested. 



PART I I. GEL-DERIVED GLASSES FOR RAYLEIGH SCATTERING 
STUDIES (EXPERIMENTAL RESULTS) 

The experimental r e s u l t s  o f  t he  present  work on Rayleiqh 

Sca t t e r i ng  s tud ies  have been d i v i ded  i n t o  t h e  f o l l o w i n g  a c t i v i t i e s .  

a Choice of composit ion. 

a Choice o f  s t a r t i n g  compounds. 

a Preparat ion o f  ge ls .  

a Thermal t reatment o f  ge ls .  

8 Charac te r i za t ion  o f  ge ls .  

a Me l t i ng  o f  ge ls  and conversion t o  glasses. 

a Preparat ion o f  g lass by convent ional  method 

( f o r  comparison). 

a Preparat ion of g lass samples f o r  Rayleigh Sca t te r ing .  

a Rayleigh Sca t t e r i ng  s tud ies .  

Cnoice o f  Composition 

The f o l l o w i n g  composi t ion was se lec ted  f o r  t h e  Rayleigh 

Scatterin: s tud ies:  Si02:55; B203:25; Na20:20 (weight  percent ) .  Th is  

composit ion, designated as Composition 2, was se lected because some 

previous work(2' on Rayleigh Sca t t e r i ng  had been done w i t h  t h i s  compo- 

s i t i o n  prepared by t he  convent ional  technique. Thus, we were i n  a 

p o s i t i o n  t o  compare t he  r e s u l t s  of t h e  ge l -der i ved  glasses w i t h  those o f  

convent ional  glasses. 

S t a r t i n q  Compounds 

The f o l l o w i n g  s t a r t i n g  compounds were used as sources o f  

J i f f e r e n t  oxides i n  the  d i f f e r e n t  procedures. Reagent grade chemicals 

were used f o r  the  present i nves t i ga t i on .  



Oxide Source 

Te t rae thy l  O r t h o s i l  i c a t e  

Bor ic  Ac id  

Tr imethy l  Borate 

Sodium Methylate 

Sodi um N i t r a t e  

Sodi urn Acetate 

Gel Preparat ion Procedures 

Gel preparat ions by t h ree  procedures us ing  t h ree  

d i f f e r e n t  sources o f  Na20 were based on t he  procedures developed e a r l i e r .  

However, some modifications o f  the  procedures were made t o  achieve more 

homogeneity i n  t he  ge ls  and a l so  t o  remove a maximum amount o f  organics 

dur ing i n i t i a l  heat t reatment (5500 C) . The preparat ion procedures a re  

descr ibed below. 

Procedure 2-1. S t a r t i n g  Compounds: Te t rae thy l  Orthosi  1 i c a t e  

B o r i c  Ac id  

Sodium Methylate 
r 

Tetraethy l  o r t hos i  1 i c a t e  was mixed w i t h  t h ree  times i t s  vo l  ume 

o f  anhydrous ethanol. The s o l u t i o n  was s t i r r e d  f o r  approximately 5 

minutes and then a small amount o f  I N .  HCL [0.0002 mole HClImol 

Si(OC2H5)4] was added fol lowed by the  a d d i t i o n  o f  ace t y l  acetone 

[5 m1/100 m l  S i (OC2~5)4] .  The s o l u t i o n  was p a r t i a l l y  

hydrolyzed f o r  a per iod  o f  about 1 hour by s t i r r i n g  t he  s o l u t i o n  con- 

t inuous ly .  The pH o f  the  s o l u t i o n  was 3.6. The s o l u t i o n  was cooled t o  

room temperature, b o r i c  a c i d  d isso lved i n  b o i l i n g  methanol (30 9IlOO m l  ) 

was added, and s t i r r i n g  was cont inued f o r  about 2 hours. The pH o f  t h e  

s o l u t i o n  was 3.6. To t h i s  m ix tu re  sodium methylate andlas anhydrous methanol 

( 1  : 1 by volume) was added. The pH increased t o  about 10. The s o l u t i o n  was 

s t i r r e d  f o r  about 45 minutes and then a r e q u i s i t e  amount o f  anhydrous 

ethanol was added t o  ob ta i n  a concentrat ion o f  approximately 40 grams s i l i c a  

per l i t e r  o f  the so lu t i on .  A f t e r  the a d d i t i o n  o f  anhydrous 

ethanol t he  s o l u t i o n  was s t i r r e d  f o r  a f u r t h e r  pe r i od  o f  about 112 hour. 

The s o l u t i o n  g e l l e d  i n  3 hours. 

B A T T E L L E  - C O L U M B U S  



Procedure 2-11. S t a r t i n g  Compounds: Te t rae thy l  Orthosi  1 i c a t e  - 
Bor ic  Ac id  

Sodium N i t r a t e  

Te t rae thy l  o r t h o s i  1 i c a t e  was mixed w i t h  t h ree  t imes i t s  volume 

o f  anhydrous ethanol.  The s o l u t i o n  was s t i r r e d  f o r  approximately 5 

minutes and then approximately 0.5 mol water [per mol S i  (OC2H5)4] 

a c i d i f i e d  w i t h  H C I  [0.0004 mole HClImol Si(OC2H5)4] was added f o r  

p a r t i a l  hydro lys is  o f  t e t r a e t h y l  o r t hos i  1 i ca te .  The s o l u t i o n  was heated 

t o  approximately 40 C and s t i r r i n g  was cont inued f o r  about 1 hour. The pH 

o f  t he  s o l u t i o n  was 2.8. B o r i c  a c i d  d isso lved i n  anhydrous methanol 

(approximately 30 g/100 ml)  was added t o  the p a r t i a l l y  hydrolyzed 

t e t r a e t h y l  o r t h o s i l i c a t e ,  and s t i r r i n g  was cont inued f o r  1 hour. The pH 

o f  the  s o l u t i o n  was 2.4. F i n a l l y ,  a d i l u t e  aqueous s o l u t i o n  o f  sodium 

n i t r a t e  (approximately 17 g/lOO ml )  was added t o  the  mix tu re  and s t i r r i n g  was 

cont inued f o r  3 hours. The concentrat ion o f  t he  s o l u t i o n  was approximately 

70 grams s i l i c a  per  l i t e r .  The pH was 3.2. The s o l u t i o n  was s low ly  

evaporated a t  approximately 40 C t o  ge l  i n  3 days. 

Procedure 2-11 I. S t a r t i n g  Compounds: Te t rae thy l  Or thos i  1 i c a t e  

Tr imethy l  Borate 

Sodi um Acetate 

Te t rae thy l  o r t h o s i l  i c a t e  was mixed w i t h  th ree  times i t s  volume 

o f  anhydrous ethanol. The s o l u t i o n  was s t i r r e d  f o r  about 5 minutes and 

then one molar r a t i c  o f  water a c i d i f i e d  w i t h  concentrated HC1 [0.02 mol 

HClImole S i  (OC2H5)4] was added f o r  p a r t i a l  hyd ro l ys i s  of t e t r a e t h y l  

o r t h o s i l i c a t e .  The s o l u t i o n  was heated t o  approximately 40 C and s t i r r e d  

f o r  about 1 hour. The pH was 0.2. The s o l u t i o n  was cooled t o  room temperature 

and a r e a u i s i t e  amount o f  t r ime thv l  borate was added and the  mix tu re  was s t i r r e d  

f o r  another 3 hours. The pH was 0.4. F i n a l l y ,  a b u f f e r  s o l u t i o n  of 

0.5M sodium acetate (prepared by d i sso l v i ng  c r y s t a l l i n e  sodium acetate 

i n  water t o  which a c e t i c  anhydride had been added) was added and the s o l b t i o n  

was s t i r r e d  f o r  2 t o  3 minutes. The concentrat ion o f  t he  s o l u t i o n  was 

approximately 45 grams s i l i c a  per  l i t e r  and t he  pH was 5.5. The s o l u t i o n  
ge l  l e d  i n  about 1 hour. 



Thermal Treatment o f  Gels 

The behavior of Composition 1 ge ls  towards thermal t reatment 

i n d i c a t e  t h a t  the re. -1 o f  organics from the  ge ls  i s  r e l a t e d  t o  t he  

ge l  preparat ion procedure as we1 1 as t o  the  thermal t reatment procedures. 

Because t he  g lass composit ion chosen f o r  Rayleigh Sca t te r ing  s tud ies  was 

d i f f e r e n t  and some mod i f i ca t i ons  were made i n  t he  ge l  preparat ion pro- 

cedures, i t  was considered necessary t o  examine t he  behavior of ge ls  so 

produced towards thermal t reatment.  Besides, some mod i f i ca t ions  were 

made i n  thermal t reatment procedures t o  achieve t he  maximum removal o f  

organics. The thermal t reatment procedures used f o r  t h e  removal o f  

organics cons is ted o f  humid i ty  treatment, heat ing i n  steps and a slow 

r a t e  o f  heat ing. The thermal t reatment procedures cons is ted o f  d i f f e r e n t  

combinations o f  the  f o l l o w i n g  steps: 

( 1 )  Humidity t reatment a t  70 C and RH 95 percent 

f o r  12 hours and 24 hours. 

( 2 )  Drying i n  a i r  under i n f r a r e d  lamp (approx i -  

mately 60 C) f o r  2 t o  3 days. 

( 3 )  Drying i n  a microwave oven. 

( 4 )  Heating up t o  500 C a t  t he  r a t e  o f  100 C/hour 

and ho ld ing  a t  500 C f o r  12 hours; making a 

t o t a l  heat t reatment o f  17 hours. 

(5) Heating up t o  500 C i n  steps and ho ld ing  a t  

500 C f o r  4 hours, making a t o t a l  heat t r e a t -  

ment o f  48 hours. 

(6) Heating up t o  500 C i n  steps and ho ld ing  a t  

500 C f o r  8 hours (making a t o t a l  hsat t r e a t -  

ment o f  96 hours) i n  the  presence o f  02. 

(7) Heating up t o  500 C i n  steps w i t h  occasional  

moistening o f  t he  samples w i t h  water from 

t ime t o  t ime. This heat ing schedule covered 

a t o t a l  per iod  of  approximately 200 hours. 



The resu l t s  o f  thermal treatment are summarized i n  Tables 12, 

13, and 14. It was observed tha t :  

(a)  The us? o f  microwave oven dry ing  as a step 

i n  the heat treatment procedure was no t  

he lp fu l  f o r  the  removal o f  organics. 

(b )  Humidity treatment was bene f i c i a l  f o r  removing 
organics from the gel prepared by Vrocedure 2-1. 

However, the same e f f e c t  was not  apparently 

evident i n  Gels prepared by Procedure 

2-111. 

( c )  Heat treatment f o r  longer periods i n  the  

presence o f  oxygen was benef ic ia l ,  bu t  no t  

very e f f e c t i v e  f o r  complete removal o f  organics. 

(d)  Occasional spraying o f  the  samples w i t h  water 

was found t o  he mere bene f i c i a l  f o r  removing 

organics from the qel . However, complete removal 

o f  organics was not  achieved w i t h  t h i s  procedure. 

Character izat icn of Gels 

Gel powders were character ized a f t e r  the 

thermal treatments. The fo l low ing aspects o f  the physico-chemical 

nature of the gels were examined. 

Color of Gels - 

The resu l t s  o f  thermal treatments a t  various temperatures and 

times are summarized i n  Tables 12, 13, and 14. I t i s  evident from the 

r e s u l t s  t ha t  the removal o f  organics from the gels i s  re la ted  t o  the gel 

preparat ion procedure as we l l  as the thetmal treatment. procedures. 



TABLE 12. RESULTS OF THERMAI irlEATMENT OF GELS FOR 
REMOVAL OF ORGF,i*: I C S  

Gel Preparation 
Procedure Heat Treatment Appearance 

2- I Humidity treatment112 hours, 
I R  dry12 days, 
Heated t o  500 C148 hours 

heat ing schedule 

2- I Humidity treatment/24 hours, 
I R  dry12 days, 
Heated t o  500 C148 hours 

heat ing schedule 

2- I I R  dry12 days, 
Heated t o  500 C/48 hours 

heat ing schedule 

2-111 I R  dry/2 days, 
Humidity treatment/ l2 hours, 
Microwave oven drying, 
Heated t o  500 Cl17 hours 

heat ing schedule 

I R  dry/2 days, 
Humidity treatment/ l2 hours, 
Microwave oven drying, 
Heated t o  500 C/48 hours 

heat ing schedule 

Humidity treatment/ lZ hours, 
Microwave oven dry ing , 
Heated t o  500 C/17 hours 

heat ing schedule 

Whit ish grey, some 
black p a r t i c l e s  

Mixture o f  white, 
wh i t i sh  grey and 
greyish black 
p a r t i c l e s  

Mixture o f  grey and 
black p a r t i c l e s  

Black 

Black 

Black 



TABLE 13. INITIAL HEAT TREATMENT OF COMPOSITION 2 
GELS I N  PRUENCE OF OXYGEN 

Gc 1 
Preparat ion Heat Treatment 
Procedure Schedule Appearance 

2- I Humidi ty treatments112 h rs  
I R  dry12 days. 
Heated t o  500 Cl96 h rs  
hea t ing  schedule. 

2- I Humidity treatment124 h rs  
I R  dry12 days. 
Heated t o  500 C/96 h rs  
hea t ing  schedule. 

2- I Humidi ty treatment124 h rs  
Heated t o  500 C196 hrs  
hea t ing  schedule. 

2-111 Humidity treatment112 h rs  
I R  dry /2  days. 
Heated t o  500 Cl96 hrs  
heat ing schedule. 

2- I I I I R  dry12 days. 
Heated t o  500 Cl96 h rs  
hea t ing  schedule. 

M ix tu re  o f  white, 
w h i t i s h  grey and 
b lack  p a r t i c l e s .  

M i x tu re  of white,  
g rey ish  w h i t e  
and some b lack 
p a r t i c l e s .  

M ix tu re  of white,  
w h i t i s h  grey 
and some b lack 
p a r t i c l e s .  

M ix tu re  o f  grey and 
b lack  p a r t i c l e s .  

M ix tu re  o f  grey and 
b lack  p a r t i c l e s .  

PRECEDING PAGE BLANK Nm. Fim 



TABLE 14. INITIAL HEAT TREATMENT OF COMPOSITION 2 GELS 
WITH OCCASIONAL MOISTENING WITH WATER 

Gel 
Preparat ion 
P r x e d u r e  Heat ing Schedule Appearance 

Humidity treatment124 h rs  
I R  day12 days. 
Heat ing upto 500 C I  
s200 hrs  heat ing schedule. 

Humidity treatment112 hrs  
I R  dry12 days. 
Heating upto 500 C /  
%ZOO hrs  hea t ing  schedule. 

I R  dry12 days. 
Heat ing upto 500 C I  
%ZOO hrs hea t ing  schedule. 

Humidity treatment11 2 hrs  
I R  dry12 days. 
Heating upto 500 C I  
%200 hrs  hea t ing  schedule. 

D i r t y  wh i t e  
p a r t i c l e s .  

D i r t y  wh i t e  
p a r t i c l e s .  

M ix tu re  of d i r t y  
white,  grey, and 
a few black 
p a r t i c l e s .  

A m i x tu re  o f  d i r t y  
white,  grey, and 
a few b lack  
p a r t i c l e s .  



Thermogravimetri c Analys is  - 

Thermogravimetric analyses were done on I R  d r i e d  samples pre- 

pared by Procedures 2-1, 2-11. and 2-111 under a1 r atmosphere l ~ p  t o  500 C.  
The r a t e  o f  heat ing was maintained a t  10 C/hour. The sample prepared 

by Procedure I showed a t o t a l  l o ss  o f  about 14 percent,  The l oss  was 

complete a t  about 350 C. The sample prepared by Procedure I 1  showed 

a t o t a l  l oss  of about 18 percent  and t h e  l oss  was complete a t  about 400 C. 

The sample prepared by Procedure 111, however, showed a continuous loss  

i n  weight up t o  t he  hea t ing  maximum ( i  .e., 500 C) and t h e  t o t a l  l o ss  up 

t o  500 C was found t o  be 22 percent.  

Me1 t i n g  o f  Gels and Conversion t o  Glasses 

The ge l  powders obtained 3 f t e r  i n i t i a l  heat t reatment ,p t o  

500 C were melted i n  a v e r t i c a l - t y p e  furnace a t  d i f f e r e n t  temperatures 

and times. The r e s u l t s  o f  these me l t i ng  experiments w i t h  ge ls  obtained 

a f t e r  t "o d i f f e r e n t  heat t reatment schedules have been summarized i n  

Tables 15 and 16. Based on t he  r e s u l t s  o f  m e l t i n g  experiments, e f f o r t s  

were d i r ec ted  towards t he  p repara t ion  o f  g lass samples i n v o l v i n g  t h e  

l e a s t  amount of hca t  treatment, and t h e  lowest m e l t i n g  temperatures 

and t imes. One batch was melted i n  a fused s i l i c a  c r u c i b l e  i n  order  

t o  avo id  contaminat ion due t~ the  d i s s o l u t i o n  of p lat inum. Resul ts o f  

t h i s  wcrk a re  shown i n  Table 17.  

Preparat ion o f  Glass Samples 

Glass samples melted i n  c ruc i b l es  were c o r e - d r i l l e d  us ing  a 

314 inch  d r i l l  and annealed f o r  an a d d i t i o n a l  2 hours a t  580 C. A l l  

samples used f o r  Rayleigh Sca t t e r i ng  s tud ies  were po l i shed  i n  kerosene 

t o  a path l eng th  of 1 cm. 

B A T T E L L E  - C O L U M B U S  

rn - 



TABLE 15. MELTING OF GELS DRIED BY 48 HOURS HEATING SCHEDULE 
(HEAT TREATMENTS WERE DONE UNDER AMBIENT ATMOSPHERE) 

Gel Soaking 
P r e ~ a r a  t i on Temperature Time 
Procedure ( C )  (Hours) Appearance 

800 4 Shows s i g n  o f  mel t ing,  b lack  
1000 4 Black me1 t 
1 OOC 8 Black p a r t i c l e s  i n  t h e  me l t  
1000 24 Some ?rey p a r t i c l e s  i n  t h e  m e l t  
i 200 2 Some grey t i n g e  i n  t he  o ther-  

w ise c l e a r  me l t  
1200 4 Clear me1 t 

800 4 Shows s i g n  o f  me l t ing ,  b l ack  
1000 4 Black m e l t  
1000 8 Black p a r t i c l e s  i n  t h e  me l t  
1000 2 4 Black p a r t i c l e s  i n  t h e  me l t  
1200 2 Some grey p a r t i c l e s  i n  t h e  

mel t ,  o therwise c l e a r  me l t  
1200 4 Clear me1 t 



TABLE 16. MELTING OF GELS DRIED BY 200 HOURS HEATING SCHEDULE 
(HEAT TREATMENTS WERE DONE UNDER Am1 ENT ATMOSPHERE) 

Gel Soaking 
Preparat ion Temperature Time 

Procedure ( c )  (Hours) Appearance 

Black p a r t i c l e s  i n  t h e  m e l t  
B lack p a r t i c l e s  i n  t h e  m e l t  
B lack p a r t i c l e s  i n  t h e  m e l t  
Some grey p a r t i c l e s  
C1f r m e l t  

B lack  p a r t i c l e s  i n  t h e  m e l t  
B lack p a r t i c l e s  i n  the  m e l t  
B lack p a r t i c l e s  i n  t he  me l t  
Some grey partic!e!, 
Clear me1 t 



TABLE 17. MELTING DATA OF COMPOSITION 2 GEL GLASSES TO 
BE USED FOR RAYLEIGH SCATTERING STUDIES 

- 

Ge 1 Gel Powder 
Preparation Therma 1 Me1 ti ng Appearance 

Procedure Treatments Procedures o f  Melt  

I I R  dry, 48 hrs 1200 C-5 hrs Grayish-black, no 
150 C-48 hrs uncovered bubbles 

I 70 C, RH 95%-24 hrs 1200 C-4 hrs Black, no bubbles 
I R  dry, 48 hrs covered 
heat ing schedule 1 

I 70 C, RH 95%-24 hrs 1300 C-4 hrs . Clear, s l i g h t  b l u i s h  
I R  dry, 48 hrs uncovered t i n t ,  no bubbles 
heat ing schedule 1 

I I I R  dry, 48 hrs 1000 C-2 hrs Clear, many small 
uncovered bubbles 

I I I R  dry, 48 hrs 1100 C-2 hrs* Clear, no bubbles 
uncovered 

I I I R  dry, 48 hrs 1000 C-2 hrs Clear, few small 
1100 C-2 hrs bubbles 
uncovered 

I I I R  dry, 48 hrs 1000 C-2 hrs* Clear, no bubbles 
150 C-48 hrs uncovered 

I I I R  drv. 48 hrs 1200 C-4 hrs Clear, few bubbles 
heat ing schedule 1 covered 

I I I R  drv. 48 hrs 1000 C-1 hr* C1 ear, bubbles 
150 C-48 hrs 

Conventional I R  dry, 49 hrs 1200 C-4 hrs Clear, no bubbles 
batch heating schedule 1 covered 

__1___11- 
- 

*Melted i n  a fused s i l i c a  c ruc ib le .  

I R  = In f ra red .  



Raleigh Sca t t e r i ng  Experiments ,- 

Glass samples t o  be used i n  Rayleigh Sca t t e r i ng  s tud ies  were 

sent  t o  the  Vi treous Sate Laboratory of t he  Catho l i c  Un i ve rs i t y  of 

America i n  Washington, D.C. f o r  i n v e s t i g a t l o n -  The thermal h i s t o r y  of 

the  samples sent f o r  Rayleigh Sca t t e r i ng  s tud ies a re  shown i n  Table 18. 

Three of the glasses were made by the  so l -ge l  technique and t he  four th  

was made by the  convent ional  technique descr ibed p rev ious ly .  

The purpose o f  the  examination was t o  determine t h e  r e l a t i v e  

l e v e l s  o f  Rayleigh Sca t te r ing  i n  these glasses and t o  c o r r e l a t e  these 

r e s u l t s  w i t h  the  method of preparat ion of each sample. An approximate 

Rayleigh Sca t te r ing  a t tenua t ion  c c e f f i c i e n t  was a l so  determined f o r  t he  

glasses by making a comparison o f  the  absolute s c a t t e r i n g  i n t e n s i t y  found 

i n  these glasses w i t h  a standardized fused s i l i c a  reference. 

The method o f  making the  sca t t e r i ng  measurements was t h a t  

c r i g i n a l l y  suggested f o r  glasses by Rich and  inno ow(^) and used by 

Schroeder, e t  a1 (7) t o  examine a number o f  o p t i c a l  glasses. I n  b r i e f ,  

t h a t  method i s  t o  measure t he  Landau-Placzek r a t i o ,  RLp, f o r  the  samples. 

RLp i s  defined as IR/21B where I R  and IB are t he  Rayleigh and 

B r i l  l o u i n  i n t e n s i t i e s  respec t i ve ly .  I n  making the  measurement the  

sample i s  i l l um ina ted  by a focused l a s e r  beam and the  l i g h t  sca t te red  

a t  90' i s  c o l l e c t e d  by a c o l l i m a t i n g  lens.  The l i g h t  i s  spectrum 

analyzed by a Fabry Perot. 



TABLE 18. THERHAL HISTORY OF THE SAMPLES SENT TO NAVAL RESEARCH 
LABORATORY FOR RAYLEIGH SCATTERING STUDIES 

Gel 
Sample Preparation T h e m  1 Treatment Me1 t l n g  

Number Procedure o f  Gels Procedures 

1 2- I Humidity treatment a t  70 C 
aad RH-95%/24 hrs 

I R  dry/48 hrs, 
Heated t o  500 C/48 hiqs 

heat ing schedule 

2 2-11 12 dry148 hrs 
150 C/48 hrs 

3 2-11 tlumidi t y  treatment a t  70 C 
and RH-95%/12 hrs 

I R  dry/48 hrs 
Heated t o  500 C148 hrs 

heat ing schedule 

4 Convelt i  onal I R  dry/48 hrs 
Batch Heated t o  500 C/48 hrs 

heating schedule 

1300 C/4 hrs 
(uncovered) 

Annealed a t  
580 C/2 hrs 

1000 C/2 hrs* 
(uncovered) 

Annealed a t  
580 C12 hrs 

1200 C/4 hrs 
(covered) 

Annealed a t  
580 C/2 hrs 

1200 C/4 hrs 
(covered) 

hnea led  a t  
580 C/2 hrs 

* Melted i n  a fused s i l i c a  c ruc ib le .  



PART I I I. GEL-DERIVED GLASSES FOR STUDYING PHASE SEPARATIO!i 
BEHAVIOR (EXPERIMENTAL RESULTS) 

Composition 3: Si02:60; B2O3: 30; NapO: 10 (weight  percent )  

was chosen because the  l i q u i d - l i q u i d  i m m i s c i b i l i t y  temperature had been 

determined by H a l l e r  e t  a ~ ( ~ ) ,  and t h e  composi t ion i s  w e l l  w i t h i n  t h e  

l i q u i d - l i q u i d  i m m i s c i b i l i t y  zone. Gel p repara t ion  was based on 

Procedures 3- I and 3-1 1. The ge l  p repara t ion  procedures a re  b r i e f l y  descr ibed 

be1 ow. 

Gel Preparat ion Procedures 

Procedure 3- I - 

S t a r t i n g  Chemicals: Te t rae thy l  O r t h o s i l i c a t e  

Bo r i c  Ac id  

Sodium Hethy la te  

The sequence of t he  steps used f o r  the  p repara t ion  c f  t he  ge l  was as 

fo l lows :  

( 1 )  Mix ing o f  Si (OC2H5)4 w i t h  C2H50H. 

( 2 )  P a r t i a l  hyd ro l ys i s  w i t h  a c i d i f i e d  water a t  

40 C. Tne molar r a t i o  o f  water t o  

Si(OC2H5)4 was 0.2. 

( 3 )  Add i t ion  of b o r i c  a c i d  d isso lved  i n  methanol. 

( 4 )  Add i t i on  of sodium methylate d i l u t e d  w i t h  

methanol. 

( 5 )  Add i t i on  o f  water-ethanol  m i x tu re  t o  i n i t i a t e  

ge la t i on .  The molar r a t i o  o f  water t o  

Si(OC2H5)4 a t  the  end was 3.5. The g e l a t i o n  

occurred r a p i d l y .  

Procedure 3- I I 

S t a r t i n g  Chemicals: Te t rae thy l  O r t h o s i l  i c a t e  

Bor i c  Ac id  

Sodi urn N i t r a t e  

The sequence o f  the  steps used f o r  t he  p repara t ion  o f  ge ls  was as f o l l ows .  



(1) Mixing o f  Si(OC2H5)g w i t h  C2H50H. 

( 2 )  P a r t i a l  hydro lys is  w i t h  a c i d i f i e d  H20 a t  40 C. 
The molar r a t i o  o f  water t o  Si(OC2H5)4 was 3.4. 

(3 )  Addi t ion o f  bo r i c  ac id  dissolved i n  methanol. 

(4 )  Addi t ion o f  sodium n i t r a t e  dissolved i n  excess 

water. The molar r a t i o  o f  water t o  Si(OC2H5)2 

was 5.2. 

(5) Gelat ion achieved overniqht. 

Drying and Me1 t i n g  

The gels were d r i ed  under an in f ra red  lamp fo r  48 hours, and 

were placed i n  an oven a t  approximately 150 C f o r  several days. The gel  

powders prepared by Procedure 3-1 were heated s lowly t o  350 C and held 

thei-e f o r  5 hours. The temperature was then ra ised t o  500 C and he ld  

there f o r  approximately 16 hours. The gel powders were then heated 

qu ick ly  t o  1200 C and he ld  a t  t h a t  temperature f o r  6 hours. A bubble- 

f ree  glass pa t ty  was poured and annealed a t  580 C f o r  1 hour. The gel 

powders prepared by Procedure 3-11 were d r i ed  f o r  4g hours under an in f ra red  

lamp and placed i n  an oven a t  approximately 150 C f o r  several days. A 

c lear  bubble-free glass pa t ty  was poured and annealed a t  580 C f o r  1 hour. 

Microstructura l  Studies 

The glass samples obtained by the mel t ing  of Composition 3 gel 

powders and conventional glass batches were sent t o  the Je t  Propulsion 

aboratory f o r  small angle x-ray sca t te r ing  studies o f  phase s2parat ion 

behavior. 

The microstructures o f  the glasses were a lso observed by SEM. 

The micrographs of the various samples a f t e r  d i f f e r e n t  heat treatments 

are shown i n  Figures 3 through 8. 



FIGURE 3. SCANNlNG ELECTRON MICROGRAPH OF THE GLASS 
OBTAINED FROH THE GEL PREPARED BY 
PROCEDURE 3-1 WITHOUT ANY HEAT TREATMENT 

ORIGINAL Pdee -. 
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FIGURE 4.  SCANNING ELECTRON MICROGRAPH OF TPr GLASS 
OBTAINED FROM ME G E L  PREPARED BY 
PROCEDURE 3-1 AFTER V,EAT TREkTMERT AT 
600 C FOR 5 HOURS 
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F l  GURE 5 .  SCANNING ELECTROK Y! CROGFAPH OF THE GLASS 
OGTAINED FRO? THE GEL PREPARED BY 
PROCEDURE 3- 1 1 W ITH3UT ANY HEAT TREATMENT 



FIGURE 6. SCANKING ELECTRON KTCROGRAPH OF THE GLASS 
OBTkINED FRO! THE GEL PREPARED B Y  
PROCEDURE 3- 1 I AFTEF! HEAT TREhTMENT AT 
600 2 FOR 4 HOURS 
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FIGURE 7 .  SC&NN:NG ELEC;EOF; PICROGRAPH OF THE GLASS 
PREPARED SR3P. TEE CON YEN^^ O%AL GLASS 
~A;c\, W]TH3:'3 ANY HEAT TREATMET7 
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FIGU2E 8.  SCANNING ELECTRON ?!ICROGQAPFl OF THE GLASS 
PREPARED FROY T E E  CONVENTIONAL BATCH 
AFTER HEAT TREATKEliT AT 600 C FOR 4 HOURS 



DISCUSSION OF TOTAL PROGRAM 

Preparat ion o f  Gels 

I h e  format ion of t h e  condensed p o l y s i  1 i c a t e s  and subsequent 

g e l a t i o n  i s  the  r e s u l t  of a complex sequence o f  hyd ro l ys i s  and con- 

densat ion react ions.  The complexi ty increases i n  a system w i t h  com- 

ponents havi,?g d i f f e r e n t  r e a c t i v i t y  and so lub i  1 i t y .  Gel1 i n g  i s  ccn- 

t r o l l e d  by process parameters such as chemical na tu re  of a l kox ides  

and o the r  rea'ztants, molecular r a t i o  o f  water t o  alkoxides, t h e  presence 

of c a t a l y s t s  and pH of t h e  medium, temperature, concent ra t ion of 

reactants ,  and t he  nature o f  so lven t< .  

I n  t h i s  multicomponent system having reac tan ts  o f  markedly 

d i f f e r e n t  chemical nature, i t  i s  extremely d i f f i c u l t  t o  change t h e  process 

parameters independently o f  each o ther@ ) . Moreover, t he  a d d i t i o n  o f  

aqueous s o l u t i o n  such as sodium n i t r a t e  and sodium acetate  which a re  

i n s o l u b l e  i n  a lcohol  should be considered i n  the  con tex t  o f  t h e  l i q u i d -  

l i q u i d  i m n i i s c i b i l i t y  e x i s t i n g  i n  t he  Si(OC2H5)4, C2H50H, and H20 system. 

The possi  b i  1 i t y  of segregat ing water -so lub le  phases under c e r t a i n  exper i  - 
mental cond i t i ons  should be inves t iga ted .  To homogeneously incorpora te  

a h igh  p ropo r t i on  o f  ~ a '  ions (which i s  no t  a network former) i n t o  a 

ge l  s t r u c t u r e  i s  con~plex and d i f f i c u l t .  

I n  Procedure I, a l l  reactants  a re  so l ub le  i n  a lcohols  and i t  

i s  presumed t h a t  a hcmogeneous s o l u t i o n  of t he  molecular species was 

obtained a t  the  f i n a l  stage. However, t h e  sequence o f  reac t ions  may be 

pos tu la ted  as fo l l ows :  i n  a c i d  medium, t he  hydronium i o n  a t tacks  t he  

po la r  z Si-OC H bond and forms E Si-OH groups. However, i n  t h i s  type 2 5 
o f  nucl  eophi 1 i c displacement reac t ions  t h e  r e a c t i v i t y  decreases as more 

groups on the  s i l i c o n  atom a re  d isp laced.  The p o l y s i l i c a t e  i s  formed 

through condensation of s i l a n o l  groups; SiOH; o r  s i l a n o l  and a1 koxy 

groups ( r  Si-0C2H5). The f u r t h e r  a t t a c k  o f  E Si-0C2H5 bond i n  t h e  po ly -  

s i l oxane  by H20 might  a l sa  be hindered by t h e  s t e r i c  e f f e c t  o f  ethoxy 

groups. The hyd ro l ys i s  of e t h y l s i l i c a t e  i s  thus c o n t r o l l e d  by t h e  

B A T T l g L L E  - C O L U M B U S  
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e l e c t r o n i c  and s t e r i c  e f f e c t s  developed du r i ng  hydro lys is .  Hence t h e  

format ion of low-molecul ar-weight molecules takes p lace under mi 1 d con- 

d i t i o n s  of hyd ro l ys i s  a t  room temperatures and w i t h  a small p ropo r t i on  

of H 2 0  Recent work o f  Peace, e t  a1 ( l o )  on t h e  hyd ro l ys i s  a lkouys i lanes  

suggests t h a t  t h e  polymers a t  t h e  i n i t i a l  s tage o f  hyd ro l ys i s  might  have 

r i n g  structure--perhaps a dimer w i t h  two connected r i n g s  each con ta in ing  

f o u r  s i l i c o n  atoms. B o r i c  a c i d  i t s e l f  o r  methyl bo ra te  B ( O C H ~ ) ~  which 

cou ld  form by t he  reac t i on  o f  methanol w i t h  b o r i c  a c i d  can r e a c t  w i t h  

s i l a n o l  o r  a1 koxy groups and form Si-0-B = bonds i n  t h e  f o l l o w i n g  way: 

: S i - O R  + HO-B = - : Si-0-B = + ROH ( 2  

An advantage o f  t he  a d d i t i o n  o f  b o r i c  ac i d  i s  t h a t  a c e r t a i n  

amount o f  water i s  l i b e r a t e d  dur ing  t he  reac t i on  o f  HjBOg e i t h e r  w i t h  

s i l a n o l  groups o r  w i t h  alcohols,and t h i s  water produced i n  s i t u  cou ld  

e f f e c t i v e l y  induce f u r t h e r  hyd ro l ys i s  w i t hou t  a d d i t i o : ~  o f  f r e e  H20. 

A f t e r  subsequent add i t i on  of s ~ d i u m  methoxide so lu t i on ,  t he  pH of t h e  

s o l u t i o n  increases above 9, and consequently t he  mechanism and k i n e t i c s  

o f  hyd ro l ys i s  and polycondensation changes. Moreover, sod i  um methoxide 

be ing h i g h l y  suscep t ib le  t o  hyd ro l ys i s  (e.g., NaOCH3 + H20 - NaOH + 
CH30H) produces OH groups which enhance the  polycondensation and growth 

o f  t he  polymeric p a r t i c l e s .  Subsequently, t he  s o l u t i o n  absorbs s u f f i -  

c i e n t  water from the  atmosphere o r  when f r e e  water i s  added, t h e  g e l a t i o n  

occurs r a p i d l y .  The observed increased g e l l i n g  r a t e  w i t h  increased 

p ropo r t i on  o f  water a t  the  i n i t i a l  stage o f  hyd ro l ys i s  suggest t h a t  any 

f r e e  water remaining be fo re  adding sodi  um methoxi de causes t h e  gecerat  i o n  

of hydroxy l  groups which enhance t h e  ge la t ion .  The decreased g e l l i n g  

t ime w i t h  increased NaOCH3 and w i t h  increased humid i t y  a l s o  i nd i ca tes  

t he  h y d r o l y t i c  r eac t i on  o f  the  NaOCH3 and t he  c a t a l y t i c  a c t i v i t y  o f  OH 

groups. The i nco rpo ra t i on  of ~ a +  ions i n t o  t he  ge l  s t r uc tu res  might  



take p lace as fo l lows(8) :  NaOH generated by t he  hyd ro l ys i s  o f  NaOCH3 might  

r e a c t  w i t h  Si-0CZH5 group t o  produce SiCNa. Sodium methoxlde having 

s t r ong  i o n i c  character  might  undergo i o n  exchange w l  t h  H* l o n  o f  s i  l a n o l  

groups a t  h i gh  pH and may produce SiONa. A secondary r e a c t i o n  forming 

te t ra -coord ina ted  boron of t he  type Na[B(OCH3)4] might  take  p lace  when 

f r e e  o r  p a r t i a l l y  hydrolyzed B(OCH3)3 reac ts  w i t h  NaOCH3. 

I n  Procedure 11, t h e  i n i t i a l  reac t ions  of t e t r ae thoxys i l ane  

w i t h  b o r i c  a c i d  a re  a n t i c i p a t e d  t o  bs  s i m i l a r  t o  those descr ibed f o r  

Procedure I. However, t he  a d d i t i o n  o f  h igher  p ropo r t i on  o f  water and 

o f  ac ids would lLdd  t o  more complete hyd ro l ys i s  o f  e thoxys i  lane. The 

polymer molecules con ta in  l ess  unreacted ethoxy groups, and t h e  s o l u t i o n  

shows 1  i t t l e  tendency t o  ge la t ion .  Sodium n i t r a t e  add i t i ons ,  u n l i k e  

NaOCH3 o r  sodium acetate,  do no t  increase t h e  pH. Consequently, the  

g e l l i n g  t ime i s  long. Sodium n i t r a t e ,  no t  being r e a c t i v e  t o  o the r  

reactants  and being i nsol  ub l  e  i n  a l  coho1 s, segregates i n  t h e  aqueous 

phase and prec ipates as NaN03 as t h e  ge ls  dry, as evidenced by t he  x-ray 

d i f f r a c t i o n  r e s u l t s .  The heat t reatment a t  500 C o r  above decomposes 

the  n i t r a t e  and r e a c t i v e  Na20 forms;thus, t he  c r y s t a l l i n i t y  decreases 

w i t h  the  heat treat.ment. However, excess water and the  low g e l a t i o n  

r a t e  a re  benef i c i  a1 f o r  hydro lyz ing  a1 koxy groups and subsequent removal 

o f  organics.  

In Procedure 111, t h e  i n i t i a l  stage of t he  h y d r o l y t i c  reac t ions  

i n  the  presence of a  h i gh  p ropo r t i on  o f  water and a c i d  i s  s i m i l a r  t o  t h a t  of 
Procedure 11. Consequently, the  hyd ro l ys i s  i s  more complete and t he  

s o l u t i o n  being a t  low pH ( ~ 2 )  - shows less  tendency t o  ge l .  

sodium acetate  s o l u t i o n  i s  added, t he  g e l a t i o n  occurs due t o  t he  

h igh  concent ra t ion o f  OH ions present i n  sodium ace ta te  so l u t i on ;  t h e  pH 

o f  the  s o l u t i o n  increases t o  h igher  g e l l i n g  r a t e  r eg ion  and g e l a t i o n  

occurs r a p i d l y .  

The sur face areas of ge ls  produced from the  low pH s o l u t i o n  i s  

l a rge  because, i n  s t r ong l y  a c i d  medium, t he  polymeric p a r t i c l e s  cannot 

grow; co~sequen t l y ,  ge ls  produced from submi cron p a r t i c l e s  have h igher  

surface areas. The s i g n i f i c a n t  d i f ference i n  t h e  su r face  areas of t h e  

02 I s  prepared by the  d i f f e r e n t  procedures can be i n t e r p r e t e d  i n  terms 



of t h e  e f f e c t  o f  pH on t h e  s i z e  o f  t he  p a r t i c l e s .  When t h e  ge la+:qn i s  

done w i t h  s o l u t i o n  o f  low pH (52) t h e  p a r t i c l e  s izes a re  smal ler ,  and, con- 
t 

sequent ly,  t he  pore s i zes  a re  f i n e r .  The i nco rpo ra t i on  o f  Na ions  

i n t o  t he  ge l  s t r u c t u r e  might  occur e i t h e r  by t he  r e a c t i o n  of NaOH pro- 

duced by t he  hyd ro l ys i s  o f  sodium ace ta te  w i t h  Si-0C2H5 group o r  by t h e  

exchange of H' i ons  of t h e  s i l a n o l  groups w i t h  ~ a +  ions o f  ace ta te  

so l u t i on .  But a  p o r t i o n  of Nat ions might  remain i n  t h e  water phase and 

cou ld  produce a  nonuniform d i s t r i b u t i o n  o f  Nat ions i n  t h e  ge ls .  

The r e s u l t s  of t h e  i n f r a r e d  and Raman spectroscopic s tud ies  o f  

q lasses made from the  d i f f e r e n t  ge! s  and havlng d i f f e r e n t  me1 t i n 9  

h i s t o r i e s  (e.g., t ime and temperature of me l t i ng )  i n d i c a t e  t h a t  t h e  

molecular s t ruc tu res  o f  t he  glasses made from the  ge ls  prepared by 

d i f f e ren t  procedures and mel ted a t  lower temperatures ( ~ 1 0 0 0  C) a re  

n o t  i d e n t i c a l .  However, t he  me1 t i n g  a t  h igher  temperatures ( 1  100-1200 C) 

appears t o  be s u f f i c i e n t  t o  g i ve  an e q u i l i b r i u m  m e l t  f o r  each ge l .  

Studies on glasses melted a t  lower temperatures (e.g., 70C-1000) may 

throw some 1  i g h t  on the  process o f  approaching an equ i l i b r i u , n  mel t .  

Removal o f  Orqanics From Gels 

The "as prepared" ge ls  may be considered as a  s o l i d  character  

i n  which macromolecules a re  dispersed i n  a  so l ven t  and somehow c o n s t i t u t e  

a  coherent s t r uc tu re .  Thus, i t  conta ins t he  s t r u c t u r a l  ske le ton  o f  t he  

s i  1  i c a t e  network; unreacted a1 koxy groups chemica l ly  bonded t o  t he  s i  1  i- 

cate  network; f r e e  so lvents ,  l i k e  a lcohols  and water; and a lcohols  and 

water absorbed t o  t he  s i l i c a t e  s t r uc tu re .  Hence, t h e  removal o f  these 

organic  compounds and a l s o  ino rgan ic  r a d i c a l s  ,, such 3s n i t r a t e s ,  i s  a  

complex phenomenon and i s  r e l a t e d  t o  the  s t r u c t u r e  and morphology o f  

t he  ge ls  which i n  t u r n  i s  r e l a t e d  t o  t he  chemical na tu re  o f  t he  ge l  pre- 

cursors  used i n  t he  ge l  p repara t ion  procedures as we1 1  as t h e  thermo- 

chemical nature o f  t h e  gel  precursors.  

The thermal t reatment of ge ls  con ta in ing  a lcohols /e thers /water  

would normal ly  i n v o l v e  v o l a t i l i z a t i o n  of these cons t i t uen t s  ~t a l l  

temperatures w i t h  t he  maximum r a t e  of vapor i za t ion  near t h e i r  b o i l i n g  

po in t s ,  This phenomenon i s ,  however, r e l a t e d  t o  t h e  balance between 



t he  r a t e  o f  d i f f u s i o n  o f  t h e  so lvents /water  from i n s i d e  t h e  ge l  s t r u c t u r e  

t o  t he  sul-face o f  t h e  ge l  and t h e  r a t e  o f  evaporat ion o f  so lbents lwater  

from the   el sur face  t o  t h e  surrounding atmosphere a t  t he  e q u i l i b r i u m  

temperature. The dynamic na tu re  o f  t h e  heat  t reatment  procedure es tab l  ishes 

an imbalance between t he  above two ra tes  and, as a r e s u l t ,  evaporat ion 

o f  solvents/water may cont inue t o  take p lace  a t  temperatures beyond t h e i r  

bo i  1 i n g  ranges. Besides, if t h e  so lvents /water  a re  chemica l ly  bound o r  

chemisorbed t o  t h e  ge l  s tru~,itt-e, evaporat ion temperatures would be h igher .  

Moreover, d u r i n ~  t h e  thermal t reatment t he  i n i t i a l  d e n s i f i c a t i o n  o f  t h e  

ge l  s t r u c t u r e  takes p lace  res i l l  t i n g  i n  t h e  fo rmat ion  o f  i nc reas ing  number 
o f  c losed pores. The presence o f  so lvents  (e.g., a lcohols ,  ethers,  e tc .  ) 

i n  t he  c losed pores make them inaccess ib le  t o  t h e  surreunding atmosphere 

even a t  cons iderab ly  h igher  temperatures. Therefore, da: somewhat h igher  

temperatures thermochemical reac t ions  o f  t he  organic  so l  vents present i n  

the c losed pores and organic  r a d i c a l s  (connected t o  t h e  ge l  s t r u c t u r e )  

may take p lace r e s u l t i n g  i n  t he  format ion o f  carbon. Also, t h e  thermo- 

chemical na tu re  o f  t he  ge l  precursors e i t h e r  a lone o r  i n  combination may 

r e s u l t  i n  t ne  depos i t i on  o f  carbon due t o  incomplete hyd ro l ys i s  and po ly -  

mer iza t ion  ( h y d r o l y t i c  polycondensat ion) . I t  i s  t o  be noted t h a t  pyro lyses 

of a lcohols ,  a l i p h a t i c  ethers,  a c e t i c  a c i d  and e s t e r  g i v e  gaseous mix tures 

of approximately t he  same c ~ m p o s i t i o n  (methane, ethane, ethylene, acety lene 

carbon monoxide, e tc .  ) . During p y r o l y s i s  of e thy lene and acety lene t h e  

res idue  [CH2 1 ,  [hC r ]  are  considered t o  be formed by  d i r e c t  r up tu re  o f  

the  carbon-to-carbon bonds. These residues may become dehydrogenated 

f u r t he r  i n t o  carbon. The problems associated w i t h  t h e  depos i t i on  o f  carbon 

dur ing  i n i t i a l  thermal t reatment  o f  ge ls  are:  

The complete removzl o f  carbon needs h igher  

me l t j ng  temperature and l ~ n g e r  soaking t ime. 

Complete removal o f  bubbles (from ge l -der i ved  

g lass )  needs longer  soaking time. 

I t  would t he re fo re  appear t h a t  t h e  convers ion o f  ge l  i n t o  g lass 

a t  1 ower temperature essen t i a l  l y  depends upon t h e  successful removal of 

organics du r i ng  p re l im ina ry  heat  t reatment o r  d r y i n g  o f  gels.  Proper 

s e l e c t i o n  of hea t ing  r a t e  and t h e  furnace atmosphere a re  t o  be considered 



f o r  the thermal treatment o f  gels. I n  the present i nves t i ga t i on  the 

behavior o f  the gels towards thermal treatments were studied w i t h  gels 

prepared by two d i f f e r e n t  procedures, Procedure I and 111. The thermal 

treatment consisted o f  humidity treatments, heat ing i n  steps, slow r a t e  

o f  heating and moistening the gel during heat ing under d i f f e ren t  furnace 

atmospheres. The resu l t s  o f  the present work i nd i ca te  t h a t  the  thermal 

treatment o f  gels i n  a humidity chamber j u s t  a f t e r  preparat ion has 

benef ic ia l  e f f ec t  on the removal o f  organics. This suggests t h a t  the  

hydro lys is  and increased polymerization can take place i n  the s o l i d  

phase. The water vapors reac t  w i t h  the unreacted ethoxj  groups dur ing 

the humidity treatment and causes po lycondensat ion. I n  general, humidity 

treatment was more bene f i c i a l  f o r  removing organics i n  the gels prepared 

by Procedure I than those prepared by Pi-ocedure 11 1. This ma" be 
due t o  the f a c t  t h a t  the gel prepared by Procedure I 1 1  has smaller pore 

sizes and/or la rc~er  number o f  closed pores. 

It i s  t o  be noted t h a t  i t  was possible t o  achieve complete 

removal o f  organics i n  the gels prepared by Procedure I 1  during 

prel iminary heat tr ltment up t o  500 C even wi thout  humidity treatment. 

This may be due t o  one o r  a l l  of the fo l l ow ing  factors: 

a Less number of closed pores. 

a Comparatively la rge  pore sizes. 

a The dtcomposi t i o n  o f  sodium n i t r a t e  creates/ 

develops an ox id iz ing  environment i ns ide  the  

gel s t ruc tu re  and, as a resu l t ,  dehydrogenation 

o r  thermal cracking o f  organic molecules o r  

rad ica ls  are prevented. 

I t  i s  t o  be mentioned t h a t  although prolonged humid i f i ca t ion  

o f  f resh ly  prepared gel fol lowed by soaking the gel w i t h  water a t  

elevated temperatures was found t o  bb :he most e f f e c t i v e  ~,,.lthod o f  

removing the orgavics, i t  w3s not fu ,  ..  e f fec t ive  i n  removing the 

organics completely. Therefore, the presence 01% formation o f  closed 

pores appears t o  be the s ing le  most important fac tor  which makes the  

complete removal o f  organics from gels a d i f f i c u l t  task. 



val of tiydroxvl Grouos From Gels 

The hydroxyl concentrat ion i n  a glass i s  determined by: 

0 The water content of the raw mater ia l .  

The s i n t e r i n g  proper t ies of the s t a r t i n g  mater ia ls .  

The $0 p a r t i a l  pressure of the surrounding gas 

dur ing me1 t i ng .  

The H2 p a r t i a l  pressure of the surrounding gas 

during melt ing. 

The thermal h i s t o r y  of the glass. 

Hence, the hydroxyl content i n  the s t a r t i n g  mater ia l  needs t o  be reduced 

by thermal treatment. The fo l lowing steps were taken f o r  the removal 

of hydroxyl groups from gel powders o f  Composition 1. 

Baking i n  an oven. 

Passing dry O2 through the porous gels a t  elevated 

temperature. 

0 Passing th iony l  ch lo r i de  (SOC12) vapor ca r r i ed  by 

dry oxygen through the  porous gels a t  elevated 

temperatures. 

Passing carbon te t rach lo r i de  (CClq) vapors ca r r i ed  

by dry oxygen through the porous gels a t  elevated 

temperatures. 

Subsequent mel t ing o f  the th iony l  ch lo r i de  t r e a t e d i  

carbon te t rach lo r i de  t rea ted  gels i n  a i r  atmosphere. 

0 Mel t ing of dehydrated gels i n  n i t rogen atmosphere. 

The resu l t s  of the present i nves t i ga t i on  i nd i ca te  tha t :  

0 The water content o f  the glasses obtained from 

two d i f f e r e n t  gels d ~ f f e r  : i g n i f i c a n t l y .  

The hydroxy, content could be reduced a t  lower 

deb dra t ion  temperature by passing dry oxygen 

through a v e r t i c a l  column packed w i t h  gel powders. 

0 Us2 of t h iony l  ch lo r i de  for  reducing hydroxyl 

groups a t  lower temperatures resu l t s  i n  1 iqu id-1 i q u i  d 

pha,e separation. A large l i q u i d - l i q u i d  i m m i s c i b i l i t y  (5) 

zone ex i s t s  i n  the system Si02-Na202-Na2SOq a t  1200 C. 

B A T T L L L I  - C O L U M B U S  



Presumably, dur ing the dehydration treatment t h iony l  

ch lo r ide  reacts w i t h  sodium i o n  and res idual  water 

t o  form sodium su l fa te  which causes l i q u i d - l i q u i d  

separation dur ing melt ing. 

e The presence of a la rge  propor t ion of s d l f u r  and 

sodium i n  the top f l u i d  l aye r  substant la te the ex- 

p lanat ion suggested. The use o f  t h iony l  ch lo r i de  

may not, therefore, be advisable i n  t h i s  system. 

The use o f  carbon- tet rachlor ide dur ing dehydration 

treatment d i d  not  cause 1 iquid-1 i q u i d  separat ion 

dur ing mel t ing  and was, a t  the same time, e f fec t i ve  

i n  reducing the hydroxyl groups i n  the glass. 

Me1 t i n g  of dehydrated gels i n  dry n i t rogen atmosphere was found t o  

be very e f fec t i ve  i n  reducing the hydroxyl groups. 

CONCLUS IONS ..---- --- 

The fo l low ing conclusions can be drawn from the r e s u l t s  of the 

present work : 

A l l  three compositions i n  the soda-borosi l icate system 

can be prepared by three d i f f e r e n t  

procedures using three d i f f e r e n t  sogrces 
o f  Na20. 

Gels produced by Procedure I and Procedure 11 I 

are noncrysta l l ine.  and remain so a f t e r  thermal 

treatment a t  603 C f o r  40 hours, whereas qels 

prepared by Procedure 11 using NaN03 are c r y s t a l l i n e  

due t o  the presence of res idual  sodiunl n i t r a t e .  

The rerltoval of organic groups during the thermal 

treatment below 500 C i s  re la ted  t o  gel preparat ion 

procedures. ambient atmosphere such as humidity and 

oxygen potent ia l ,  and the r a t e  o f  heating. The carbon 

content o f  the f i r e d  gel can vary from 0.1 percent 

t o  0.6 percent by weight depending on the preparat ion 

procedure. 

B A T T 8 L L S  - C O L U M I U m  



The r a t e  o f  removal o f  carbon from the  glass dur ing 

the me1 t i n g  depends on the  gel preparat ion pro- 

cedures dnd thermal treatment before me1 t ing .  The 

removal o f  carbon from the gel prepared by Procedure 

I 1  i s  most rapid, whereas the  removal i s  most s luggish 

w i t h  the  gel prepared by Procedure 111. 

The ra tes  o f  removal of carbon and the bubbles were 

a lso a funct ion of temperature and t ime o f  me l t ing  

i n  an a i r  atmosphere. 

Molecular s t ructures of the  glasses melted a t  lower 

temperatures (21000 C)  are not i d e l l t i  ca l  ; however, 

the mel t ing a t  higher temperatures 1100-1200 C 

appears t o  g i ve  an equ i l ib r ium mel t  from the d i f f e r e n t  

gels. 

Gel preparat ion procedures can be improved t o  get 

higher homogeneity . 
Microstructures o f  glasses obtained from 

gel s  reo oared bv d i  f f e r e n t  procedures are 
d i f f e r e n t .  

The water content o f  glasses obtained from the 

two d i f f e r e n t  gels d i f f e rs  s i g n i f i c a n t l y .  

The dehydration treatment reduces the hydroxyl 

content o f  the  glass. 

The removal of hydroxyl groups from gel powders by 

the treatment w i t h  th iony l  ch lo r ide  vapor causes 

phase separation i n  the  glass during me1 t i ng .  The 

reason f o r  t h i s  phase separation i s  most l i k e l y  due 

t o  the  formation o f  sodium s u l f a t e  during the th iony l  

ch lo r ide  treatment. Hence, the th iony l  ch lo r ide  

treatment procedure should be c r i t i c a l  l y  analyzed 

before f u r t h e r  cont inuat ion. 

The v e r t i c a l  column for  dehydration i s  more e f f e c t i v e  

than the hor izonta l  set-up usec previously f o r  the 

dehydration treatment . 

B A T T C L L E  - C O L U M I U .  



r Bubbling dry n i t rogen (dewpoint approximately -59 C) 

through the mel t  g rea t l y  reduces the  hydroxyl content 

o f  the glass. 

r Procedure I1 gel  powders can be used t o  produce 

glass samples fo r  Raylei gh sca t te r i ng  by employing 

less thermal treatments and lower mel t ing  tempera- 

tures and times. 

r Glass samples f o r  Rayleigh Scat ter ing can be prepared 

by mel t ing i n  a fused s i l i c a  c ruc ib le  a t  1000 C f o r  

1 hour if appropriate procedures are followed. 

e Results o f  Rayleigh Scat ter ing studies i nd i ca te  t h a t  

the homogeneity o f  glasses prepared by the  gel technique 

IS much be t te r  than t h a t  o f  glasses made by the con- 

ventional technique. 

e A T T E L L E  - C O L U M O U S  
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APPEND1 X 

Experimental Deta i  1 s of Gel Preparat ion Procedures 





3. Bor ic  ac id  dissolved i n  b o i l i n g  anhydrous methanol (30 g/100 ml) was 

added t o  the so lu t i on  a t  40 C and s t i r r e d  f o r  about 1 hour. The pH o f  the 

so lu t ion  was about 5. 

4. F ina l l y ,  an aqueous so lu t ion  o f  sodium n i t r a t e  (2 18 g/100 ml)  was 

added t o  tht! mixture. The propor t ion o f  water was 20 mols per mol 

Si(OC2Hg)q. The so lu t i on  was then evaporated t i l l  ge la t i on  took place. 

Gel Preparation Procedure 1 - I  I I 

The sequence o f  steps used f o r  the gel preparat ion was as fol lows: 

1. Tetraethyl  o r t h o s i l i c a t e  was mixed w i t h  h a l f  i t s  volume o f  anhydrous 

ethanol and s t i r r e d  f o r  about f i v e  minutes. 

2. The so lu t i on  was heated t o  40 C and hydrolyzed w i t h  11 (eleven) mols 

of water per mol Si(OCzH5)4 i n  the presence o f  d i e  ~ i t r i c  acid. The pH 

o f  the so lu t i on  was about 2 during hydro lys is .  The so lu t i on  was s t i r r e d  

f o r  h a l f  hour a t  40 C a f t e r  the add i t ion  o f  water. 

3. Trimethyl corate was added t o  the mixture a t  40 C and s t i r r e d  f o r  

45 minutes. 

4. F ina l l y ,  one molar aqueous so lu t ion  o f  sodium acetate was added t o  

the above so lu t i on  and s t i r r e d  f o r  45 minutes. The pH o f  the so lu t i on  

was 6. Gelat ion took place a f t e r  30 minutes. 

Gel Preparation Procedures f o r  Composition 2; 

Si02:55, 8203:25, Na20:20 (weight percent) 

Gel Preparation Procedure 2- I 

The sequence o f  steps used f o r  the preparat ion o f  the gel was as fol lows: 

1. Tetraethyl  o r t h o s i l i c a i e  was mixed w i t h  three times i t s  volume of 

anhydrous ethanol and s t i r r e d  f o r  about f i v e  minutes. 

2. The so lu t i on  was heated t o  40 C. A small amount o f  HC1 [0.0002 mol/ 

mol S i  (OC2Hg)4] was added; f o l  1 owed by the add1 ti on acety l  acetone 

[5 m1/100 m l  Si(OC2H5)4]. The so lu t i on  was s t i r r e d  f o r  about 1 hour a t  



40" C f o r  p a r t i a l  hydro lys is  o f  Si(OC2H5)4. The pH o f  the so lu t i on  was 

3.6. The so lu t ion  was cooled t o  ambient temperature. 

3. Boric ac id  dissolved i n  b o i l i n g  anhydrous methanol (30 g/100 m l  ) was 

added and s t i r r i n g  was continued f o r  about 2 hours. The pH o f  the 

so lu t i on  was 3.6. 

4. A so lu t i on  o f  sodium m t h y l a t e  (prepared by mixing commercially 

ava i lab le  30 percent NaOCH3 i n  methanol w i t h  an equal volume o f  

anhydrous methanol) was added and s t i r r e d  f o r  45 minutes. The pH o f  the 

so lu t i on  was about 10. 

5. F ina l l y ,  a  requ is i t e  amount o f  anhydrous ethanol was added t o  ob ta in  

a  concentrataion of approximately 40 g  s i  1  i c a  per 1  i t e r  of .  the so lu t ion .  

A f t e r  add i t ion  o f  anhydrous ethanol the so lu t i on  was s t i r r e d  fo r  a  

f u r t h e r  per iod o f  30 minutes. The so lu t ion  ge l led  i n  3 hours. 

Gel Preparation Procedure 2- I I 

The sequence of steps used f o r  the preparat ion o f  the gel was as fo l lows:  

1. Tetraethyl  o r t h o s i l i c a t e  was mixed w i t h  three times i t s  volume o f  

anhydrous ethanol and s t i r r e d  f o r  about 5  minutes. 

2. The so lu t ion  was heated t o  40 C. Approximately 0.5 mol water per 

mol S i  (OC2H5)4 a c i d i f i e d  w i th  0.0004 mol HC1 per mol S i  (OC2H5)4 was added. 

The so lu t ion  was s t i r r e d  fo r  about one hour a t  40 C f o r  p a r t i a l  hydro lys is  

o f  S i  (OC2H5)4. The pH o f  the so lu t i on  was 2.8. 

3. Boric ac id dissolved i n  boi  1  i n g  anhydrous methanol (approximately 

30 g/100 ml)  was added t o  the p a r t i a l l y  hydrolyzed te t rae thy l  o r t h o s i l i -  

cate and s t i r r i n g  continued f o r  1  hour a t  40 C. The pH o f  the so lu t i on  

was 2.4. 

4. F ina l l y ,  a  d i  1  ute aqueous so lu t i on  o f  sodium n i t r a t e  (approximately 

17 g/100 m l  ) was added t o  the mixture and s t i r r i n g  was continued f o r  

3 hours. The pH was 3.2. The so lu t ion  was l e f t  a t  s 40 C f o r  about 

3 days t o  form the ge l .  



Gel Preparat ion Procedure 2- I I I 

The sequence o f  steps used f o r  the  preparat ion o f  the  ge l  was as fo l lows :  

1. Te t rae thy l  o r t h o s i l  i c a t e  was mixed w i t h  th ree  t imes i t s  volume o f  

anhydrous ethanol and was s t i r r e d  f o r  about 5  minutes. The s o l u t i o n  was 

heated t o  40 C and p a r t i a l l y  hydrolyzed w i t h  one mol o f  water per  mol 

S i  (OC2H5)4 a c i d i f i e d  w i t h  0.02 mol HCI per  mol Si(OC2H5)4. The s o l u t i o n  

was s t i r r e d  f o r  1  hour a t  40 C. The pH o f  the s o l u t i o n  was 0.2. 

2. The s o l u t i o n  was cooled t o  room temperature and the r e q u i s i t e  amount 

o f  t r ime thy l  borate was added. The mix tu re  was s t i r r e d  f o r  3  hours a t  

room temperature. The pH o f  the s o l u t i o n  was 0.4. 

3. F i n a l l y ,  a  bu f fe r  s o l u t i o n  o f  0.5M Sodium Acetate (prepared by 

d i s s o l v i n g  Crys ta l  1  i n e  Sodium Acetate i n  water t o  which a c e t i c  an lyd ide 

was added) was added and the s o l u t i o n  s t i r r e d  f o r  2  t o  3 minutes. The 

pH was 5.5. The so lu t i on  ge l l ed  i n  about 1  hour. 

Gel preparat ion Procedures f o r  Composition 3  

Si32:55, 8203:25, Na20:20 (weight percent )  

Gel Preparat ion Procedure 3-1 

The sequence of steps used f o r  the  preparat ion ~f the ge l  was as f o l l ows :  

1 .  Tet rae thy l  O r t h o s i l i c a t e  Si(OC2H5)4 was mixed w i t h  h a l f  i t s  volume o f  

anhydrous ethanol and s t i r r e d  f o r  about 5  minutes. 

2. The s o l u t i o n  was heated t o  40 C and hydrolyzed w i t h  0.2 mol o f  water 

per  mol S i  (OC2H5)4 a c i d i f i e d  w i t h  0.0004 mol HC1 per  mol S i  (OC2H5)4. The 

s o l u t i o n  was s t i r r e d  a t  40 C f o r  a  per iod  of 45 minutes. A small volume 

o f  acetylacetone [2 m1/100 m l  S i  ( O C ~ H I ~ ) ~ ]  was added a f t e r  the a d d i t i o n  o f  

a c i d i f i e d  water. 

3. Bor ic  ac i d  d isso lved i n  b o i l i n g  anhydrous methanol (30 g  H3B03/100 ml 

Melhavol) was added t o  the p a r t i a l l y  hydrolyzed Si(OC2H5)4 s o l u t i o n  a t  

40 C and s t i r r e d  f o r  20 minutes. The pH o f  the s o l u t i o n  was 4.5. The 

s o l u t i o n  was cooled t o  ambient temperature. 
~ A T T ~ L L E  - c o ~ u m m u m  



3. A s o l u t i o n  o f  sodium methylate (prepared by mix ing  commercial ly 

ava i l ab le  30 percent sodium methy la te  i n  methanol w i t h  an equal volume 

o f  anhydrous methanol) was added t o  the  above s o l u t i o n  and s t i r r e d .  The 

pH o f  the s o l u t i o n  was 6. 

4. F i n a l l y ,  3.3 mols H20/mol S i  (OC2H5)4 was added i n  the  form o f  

alcohol  i c  so lu t i on .  The s o l u t i o n  was prepared by mix ing  water and 

a lsohol  i n  equal volumes. The molar r a t i o  o f  water t o  Si(OC2Hg)q a t  

the  end was 3.5. The g e l a t i o n  occurred r a p i d l y .  

Gel Preparat ion Procedure 3- I I 

The sequence o f  steps used f o r  t he  preparat ion o f  the  ge l  was as fo l lows:  

1. Tet raethy l  O r thos i l  i ca te ,  S i  (OC2H5)4 was mixed w i t h  h a l f  i t s  volume 

o f  an;.ydrous ethanol and s t i r r e d  f o r  about 5 minutes. 

2. The s o l u t i o n  was heated t o  40 C and hydrolyzed w i t h  0.4 mol water 

per  mol Si(OC2H5)4 a c i d i f i e d  w i t h  0.0002 mol HC1 per  mol Si(OC2H!j4. 

The so lu t i on  was s t i r r e d  a t  40 C f o r  h a l f  hour. The pH o f  the  s o l u t i o n  

was about 4. 

3. Ror ic ac i d  d isso lved i n  b o i l i n g  anhydrous methanol (22 g H3B03/100 ml 

methanol) was added t o  the  p a r t i a l l y  hydrolyzed Si(OCzH5)4 s o l u t i o n  a t  

40 C and s t i r r e d  f o r  a h a l f  hour. The pH o f  the s o l u t i o n  was 4. 

4. 13.5 percent aqueous s o l u t i o n  o f  NaN03 was added t o  the  above 

s o l u t i o n  and s t i r r e d .  The molar r a t i o  o f  water t o  S i  (OC2H5)4 was 5.2 

a t  t h i s  stage. The s o l u t i o n  was heated t o  75 C w i t h  continuous s t i r r i n g .  

Gelat ion took p lace i n  2-1/2 hours. 
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Tk. rc i rn t i f i c  and trchaolo#ical rQmir.rnce a d  imporuscr 
oL tho -1-go1 procorror are  w a W t d .  Two wtbdr for 
preparing ~ r l o  in tho r i l l u t e  a y r t r r  ore d r r r i b d .  Ihr 
firs: method La b a r d  on g o l l l q  colloidal r i l i c a  rol ;  tho 
ucond w:hod. on th p01prLIat ion of a l k o s y r i l a ~  with 
w e a l  rlkoxider or u r r l  r l t a  t o  produco u l t i c a p o n e a t  
nmcryrtal?inr inorganic g r l r  with artwork rrrueturar. Tho 
phyriccchmi:.al princlplor of g e l l i q  pr&orwr aro dircurred 
In c e r u  -' , sriocrr procorr parmeterr. The conversion of gel 
to  g l u r  '.r de rc r lbd .  Tho r t tut turor ,  mlcroatruetures, p b s e  
reparrticr. and cryrcalliratioa bohvior of gola and gel-drriv& 
glrrsor a r r  dircurrod i n  rekc ion  to tho r t b o d r  of gel pee- 
paration. Tho advantages u roc ia ted  with tho yrocorror a r r  
rxuinod r3d evrluacd. Varioua appl iu t ionr  in  glarr  trchnololy 
are ruggr~:ed. 

In recent -aarr. so:-#a1 ?rc,crsrer for glars rsrking b v r  grinrd rc i rn t i f i c  mC 
tochno~ogicsl :=por:~zce. There are  two n t h o d ~  for proparing e ? ~  in ri;icace 
g b r r  ryrte=r. Ou :a basrd n tha golation of s i l i c a  h d r o ~ o l f ~ - ~ ) .  the other 
i s  bared or. tka $o?::~rirarion roaction of a l ~ ~ i ~ n ~ ( ~ ~ 3 ~ ~ - ~ 0 ) .  

Earlier rerear:? i-';;;vrC sols as r t r r t ing  maceriala for the r i l icace pharr 
rqui:ibt t ,  uc . f j ~ e i o r  --) a d  the doposition of thin noncrystal .in0 oxide 
corrinjr - * - 6  . In rt:mt ?.oarre cvo arpectr of tho ad-gol procorr havr rcbu-  
laced rarearch an cfr  prr?aracion of glrrror  via tho go1 ruutr. T i r r t  i r  the 
formation of noncr~r:allinr t rmrparmt "glum-like" u t e r l r l r  in the multi- 
coaponont ryster?r be:* tho glorr cransicion tqracure(s- : ' ) ; .  Socond 11 h 
praparocioz of 316::: h-goneaur g l o r u r  usinl *la u #caning u t e : l . l r ( ~ ~ ~ ~ ) .  
.%rrovrr, rho Share rrparation. nucluclon .ad cry6callirat?w characterirt:r. 
of tho g l r r r r r  mde !roo l r l markedly d i f formt  ftoo chore of g l r r r  -40 
from a mixture of o x : d o o ~ ~ J * l ~ f .  

Thou arpectr nave r:imcific and c r h n o l o ~ i c a l  r ~ i f i c . a c o  .ad iaportanc. 
Tho fumatiun c t  trr:.r2arant noncryrtrlllnr m t o r i r l r  by c t m i e r l  po1ymori:e: : ,n 
r t  comporature belau :he glarr tranrition tapera turo  n i ru  rbr q ~ r c i t ~  ~tWt.sr 
there r ~ c r r i a l r  shc-:? br : r m d  "glarr" or not, b e r u n  tho All?( dof&n?.!h: .: 
glarr ..r or. "izorgar.:: prdlrct of fusionU rrelvdrr rhore typor of :loncryrrr;: ::,: 
u c e r f . 1 ~ .  Ilcuover, .:ha maldtulrr rtruetura and tho micrortructure of there 
"glarr-like" mrteria:s propard bv t h l r  route i n  u l t i c o q o  t r y s t r u  appear 
to be dilfore:t frc: :he (lass propard from tho oxide ,la. Docburr the 
rcructuror af the ($1-drrivod nrtor ialr  d r p . d  on the t h e m o d p u l e r  a d  kinecicr 
of the po::..ze-:rat::- rractlunr t.bt rake placo i n  the a01 and )sl r t a t r  r t  lw 



t ape racu re r .  whereas t he  s:r;::,rec :f t h e  g lass  prepared from the  ul: cepe-d 
on the  t h m c d ~ ~ m i c r  azd 2:tir:rr c i  the react ions  of oxide mixtures i n  =o::rn 
and supercoold  s tarc .  

The prime t t :haciqfia? ir;:r:a::t c:' :he sol-gti  process is that  i t  q r t s  E; a 
poss ib i l i ty  cf pr tp&ri t& h:::jrri:us, 3igk t c p i r a t u r t  "$:asses" an6 "&;ass- 
CI~.PICS'' a t  1- tepera:urs,::.t: ?:: a r t  :@ prepare b: meltin8 of oxic t  =::'- 
cures. These &irs scs  a r c  :-..ire :: ;:-art 5:: w l t i n s  oxides because of ( a ~  th 
h u h  melting t&=-,erst lr ts .  i-.; : n irrorE :et:encr :c i r ~ s t a ? l i t c  v*:. :;;:;'; 
through the tezperaturr  iiar:?., -ixfrc,z. cr~r:al?ira:ion raze. Tin scl-gel pr::esr 
i s  parcicularlp suiraaLi ftr r . i : i?& i t?csir?r:  i n l  f i be r  i&5r ica t ioa .  E t x t .  
the deposition of kign-:er.;~:a:-ze c:::ct ..-.,..,s - - - - > - -  or. subs:ra:es a: 10-i : . Z J ~ T Z -  

tu-rs.  a d  rht fa3rica::sr. : f  .-..St:.----- .=-+era:zre ~ : r r s  ant  g i s s s - c e r e i c  i::tr. a re  
of potential  t t chnc l s&i t a l  :r::r-.tz:t. 

I t  chi  $ . :  . :he fc:lsviz; rsrc:ts  r f  the sol-pel processes r r e  crit icrl l : :  
r rv iwr:  ,.. d:scusstd: Prt;ariz:o:. :r' i t f r .  icaversinn of Gc: Glass. 
Kicrnsrructure and Srructxr i  ei :els a d  Gel-Derived Classes. h r a n t a g e s ,  ar.: 
Applications. 

PREPAIUTIOX OF GELS 

Celation of S i l i c a  R ~ d r e s o l  

k t h o d  I is b u e d  on the  ;::tci;:es :f col lo id  science. TIM e s s e r : . i t  r e r tu re  
i s  t o  disperse the metal ce-?oct.is ::to t he i r  elementary un i t s  i n  an aqueous 
solvent. This dispersed ptcse. :&lie: "sc?". is then converted i n t o  a r i a i d  
"gel" by des tabi l iza t ion  pr::esr. C.;riv ~ e l a c i o n ,  the  overall  medium becoocs 
viscous and is then sol id i f fed  5: .  a ccherent network of par t ic les( l4) .  This i s  
d i s t i n c t l y  d i f f e r en t  from ;rtci;i:aticn. Figure 1 indica tes  the process fo r  
preparing g lass  i n  the si1i:ate s r s r c ,  by chis  method. 

FIGURE 1. SOL-GEL ZRCIESS TOR CUSS ?:rJ(INC--FIRST METHOD 

thr gel l ing  procesr of si:::a, :.r.:c: is the  mi:: consti tuent of s i l i c a t e  peI 
systems can be represe::feC as f:lio'*s: 



?ine gel l ing  process Ccr?Si?IS :f i ? . i+ i  S t i j i S :  ?::?=f::tatir:. cf =:l?c-ir (Si::~i: 
acid) t o  form pa r r i c l t s .  GZJSZ:. of ;ir::tl+s a n i  lir.::iq cf ;ar:::ics :2&t::.ir 
i a t b  branched chains, :her. ntr..>rirs i i ru : :~  e'z:enc:zi threu&r.ou: :hi lf;u:C 
mediun. thickening i: t c  jil. Xxs-:er, :5t conciti:r.s lci9:r.p :: :he f;rra:irn 
and g r w t h  of the par:ic:es a r t  difftrer.: f r a  rhasr ieading t n  rggreg&=iaz or 
gelation.  The f ac to r s  ini:uer.::ng r l e  & t l l i n &  p ro r i r s  are :  pE cf the =e:.;z arid 
the presence of a catrlvs:, elc::rcl::res and corguiar.:~. particle s i ze  ant  ton- 
centratior.. temperature~i-:  . 
T n e  ro l e  of pH is exrrcael:: i=:rrt&tz ir. :he r a t e  c t  ge l l ing  of r i l i c i  so l .  fr: 
cer ta in  pH regions, the s c l  i s  fair::: s ta5le .  The &tliirq r a t e  cf pur t  s i l i c a  
wl  is wxi.um 8 r o m t  pH 5. kwever,  t he  addi t ioo  of r t a l  salts, vhich 
reiuces the overa l l  net  re?ulcl?n e f f ec t .  e n i ~ n c c s  :kt ge l l i ng  ark coa~.ifa=fon. 
Th. metal ions i n  the  +3 and -- oxicatior. s t a t e r  anl  cf nuclear me r a r e  ecrrh 
ccmpouods may behave C i f f r t en t ly  as :her rend t c  for ,  a condznsci fo rc  cf call 
polvmeric ca t ions  i n  a q u e ~ " s  s : 1 ~ t i c t s ( ~ ~ ) .  For u.r;2e, a c ~ c l i c  t e t r ane r  of 
tir;onirrm ( z r 4 ( a ) g ( l  0jg)E+ (:a) t.-?ich forms i n i t i a i l ~  i n  l ~ 0 3 c m t r a : d  8-i 
condmaer fur ther  t o  fore  la rger  ('i00h) pc~?wuclear ions(15). Zhest types of 
polynuclear species might ruc- . .  u d t r  proper expe rken ta l  conditions,  c i t h  the 
co l lo ida l  s i l i c a  t o  form cozplt:; w t a l  s i l i c a t e  species. Hence. the  c r i t i c & ?  
s t ep  i n  Nethod I: is t o  pre?are a s t ab l e ,  :homogeneous. 6ulticoapor.ent s c i ,  w:-.:cn 
could des t ab i l i ze  t o  a hoPo8mrous r ig iC gel. Koaijaeadijk. e t  ~ 1 ,  b v e  
reported(2) the preparatio:: of haao~eneouf  lasses ir, a l b l i - b o  i l i c a t e  s ~ s t c m  fS? prepared v i a  t h i s  8.1 route.  F~khe r j ee .  Zarzycki, and Traverse prepared homo- 
gen.0~8 a s s  in an ea r th  r i l iute system v i a  t h i s  gel route. Also 
S h o ~ p ( ~ ~ ~ h . s  :oported the  faL11catlcn 0: monolithic porous s i l i c a  8.1 a r t l r i n ,  
urd h u  submoqumtly consolidated them t o  transparent s i l i c 8  bodies a t  1400 t o  
1720 C. 

P o l p r i z a t i o n  of Alkoxysilaner and ?ietal Alkides 

Mthod 11 is b u e d  on the p o l p r i r a t i o n  (hydrolytic polycoadeasatioo) of 
alkoxysilane wirh o ther  -:a? &litoxides or with su i t ab l e  metal s a i r s  t e  proCuce 
wl t i coaponmt  noncrysta1l:ne transparent "glass-l ikt" ~ e l r  with r network Like 
Si-0-H-O-Si- where M i s  A net.: a t= ,  such a s  A t .  Ti ,  o r  B. A pa r t i a l  hydrolysis 
of alkoxvsilane introduces the &:tire functional eroups vhich react  with ot%er 
reactants  t o  form a polymeric r l u t i c s  which fur ther  p o l ~ r i r e s  v f th  tiw m d  
iacre@sed temperature t o  form a r i ~ i d  881. 

In  the p o l p c r i r a t i o n  process c: orgrc ic  capounds("), when the pe~yfuzc t i cza1  
ullolliers undereo nonlinear conc'rnsac:sn anC fora a ge:. the ge l  pcinc :s defined 
a s  the s c u r  in the course cf ;:lyse=?za::on when the concentrate t ransforrs  
suddenly from a viscsus l i ~ u i d  r c  at. e1as:ic gel .  A: the 8 e l  poit.:, t h t  Ieoera- 
t i o r  of the i n f i n i t e  ne:vcii cc2en:ts abr ip t iy  m d  gel p o l > % t t i t a t i ~ t .  :ncrr&ses 
rapidly with fur ther  condezsat::s. As the degree of pclyrcrization incrrares  



beyoa' th. 8.1 p c i t t ,  thr  r.:rz:-e ;rsportionr cf "zcl" and ")eln have varieC 
concin~ourly.  thc  large: x : i . L r s  f:. CM s o l  being j~rogremriv~:y incorpora:& 
in to  the  gel. 

N u h r ~ h e r ~ w ' ~ ~ )  masurec! :'. .-a:.,. :2 :-iscority v::t : f a  of a ao:u::sn r-eprrw! 
by r e a c t i ~  a x ix tu r t  cf S: .I;:-:: .,. . i?(X,Kp), L i@t i :g \ j .  Br(iK..K5r- aac :;JCG.~. 
A sharp r i s e  cf v!s;Fs::- ; . r ~  ::s~r-:rI a t  the 5.1 p ; i ~ . t  and an &rust  ga:a:ic~. 
indicating the fenerat:~:. .f :k.( :::::it* ae:uz:.. o~:urr*d. Prtcuzably. the 
pc?pl~ . r iza t ior .  r t a i t i c r . ~  :f *:;:':'si:int n c !  - t : r !  i:koxidea u d a r  cer ta in  
conditions mght  bc bast: :- : ' i  . = : i z i ~ r .  ;rocerr ne3:icaed a b w r .  

FIGL'RE 2. SOL-GEL tSCITC6 70R C U S S  LI1;ISG--SECOSD XETH03 

An c\.*rrll reaction cf :he i::crricr c.f )el it s mult icompo~nt  system u p  be 
represented a s  fallows (R i s  rhc a1ky1 group): 

The ge l l i ng  procmrr i s  ;cr.:r.-:LC: 5:: :he f c l l o ~ i r . (  fair .  f ac t e r r :  chemisrl nature 
of alkoxid*r and other rcr.:r::s, r r : lc  of vr t r r  K C  aIkoxidea, pH of tha ncdiur. 
and the preaenre cf r .atr:s:, re - t r ra ture .  ca:ientration of the rcactan:s. 4:; 

nature 01 ro lvent r ,  the t:::n.::y:: *pore diacar:er and pore volume! a s  wcl: a s  
the r t ruc tu re r  of scl  pcW..c'.r* r r :  &e: acncl i thr  a r t  s t r ~ n g l v  influenced by the 



C.?. R2khrJ.e / Sol-6.; ?rc=rr#. 

gel  prepsration procadure. 

The r o l e  of pil and tho  rat:^ t f  water t o  alkoxides a r e  u t r a e l y  l ~ ~ p o r t a n t  i n  
ccot ro l l ieg  the hydro1f:rs ac t  polpcmdenut ion ra tes .  The physicoch.ricr1 
nature of the gel  Is cwtro':ied b r  t ha t  of t he  i a t t - -d i a t e s  which font  d u r i q  
the  hydrolytir  '+olpcoodensari,rr reac t ions  of alkcxys:lanes and metal alkoxides. 
Roreover. b w l a d g e  of t he  :atalytic or inhibi t ive  ac t ions  of acid or bases 
and o t b r  campounds is requ:rrC f o r  be t t e r  control  :f the  process. The 
pit and t he  r a t i o  of water t o  i lkexides  hare been it:-estigated by Toldas 
T-ne(10). and Sakl. and ~ - : : . - a ( ~ ~ j  p r i u r i l p  ir. r:zgle c m p o n n t  sys:cras, such 
a s  a l u i n u a  81kcxides. Si(OC:X3)A, and Si(0CH j;. The r e s u l t s  r h w  that  the  
norpholo&y, t he  composition ci the gel .  and t i c  der.rif ication r a t e  a r e  strongly 
i n f l w t c e d  by the pH and the :c:ic cf water t c  aIl:x:de. 

Di*:erences i n  properties of pels prepared by d i f f e r en t  procedures may be a t t r i -  
buted t o  t he  k inet ics  of the  ;olystrixation reacri:ts tha t  take place under 
d i f ferent  experimental cond1::ons. For the aliioxysilanes. the  mechanism and the 
n t e s  of hvdrolysir  a d  polyccndmsatioa a r e  d i f f e r en t  i n  d i f ferent  pH relions.  
I n  acid w lu t ioa r .  the  r a t e  cZ hydrclysis is proporrional t o  t he  concentration of 
acid,  ethoxysilane. and water. I n  basic solutions.  the r a t e  is proportional t o  
t he  coacentretion of base anc ethoxysilane. In s t rcaglp  ac id  ~ o l u t i o ~ i .  the 
hydralysis reac t ion  is rapiC. tne  ee la t ion  tendency is 1-; whereas i n  a lkal ine  
medim. the cwdensatlon of S?W groups take p:ace =:re rapidl r .  The nydrcl.;qis 
r a t e  decreases sharply v i t h  ::creasing molecular s i ze  of the a lkyl  groups(lL;-1). 

It u y  be anticipated tha t  fcr  preparing gel  ncnolirbr.  a rapid hydrolysis and 
pol~coodmsat ion  is underirabie because they w i l l  h a d  t o  rapid grovth of polymer. 
and v i l l  t r a p  S1-OH o r  Si-OR sroups within the i n t e r io r  of large. three-dinen- 
s ional  w l e c u l e s  vhere they would not fur ther  condtase because of s ce r i c  
hindrance. 

The p ic ture  b e c a r  w r e  c m ? e x  i n  a lultlcorponer.: s y n t s  because the hydrolysis 
r a t e  of r t a l  alkoxides n(OR),. where ?I is A l .  Ti. Zr, e tc . .  is u c h  higher than 
that fo r  alkoxysilaaes. I n  a oulticac~ponent s y s t a .  the water addit ion sequence 
should a l so  be considered in  terms of the s ens i t i v i t y  of the d i f ferent  a lkor ides  
t o  hylrolysir .  

S w  preparation p rocdures  involving large excers cf water should be considered 
i n  t e r n  of a two-solvent colloid system wf~are almcst cocpletely hydrolyzed 
polymeric species h a v i q  reduced chemical rear t iv i t :  a r e  produced. I k r e w e r ,  i n  
the presence of excess uater.  sow "-0 bonds and M-CLSi-bonds tha t  a r e  hlghly 
~ S C e p t i b l e  t o  hydrolysis and ionic reactions may undergo hpdrolysis and reaction.  
and lnhomog.neltp might develop due t o  the segregaticn ~f p b s e r  i n  cuo.rolvents. 

C ~ S I O N  GF cn TO cuss 

G.1 can be converted t o  g lass  i n  reverai  ways: (a) conversion of gel  pa r t i cu l a t e  
o r  c r s t  aonol i ths  t o  "glass" a t  temperatures belo*. Tg, (b) conversion of gel  
pa r t i cu l a t e r  t o  g lass  or glass-cerasicr by r i n t e r i q  ((vith or without prensure) . 
a t  temperatures above Tg, but well  belo*. melting tezperatures. (c) conversion of 
ge l  pa r t i cu l a t e s  to  g lass  bp fusion. 

The f i r r t  conversion route  i s  based on the  chmica l  po lp . r i za t ion  procers a t  lov 
t a p e r a t u r e s .  An i n i t i a l  ru jor  shrinkage of the  car: s o l l m l u t i o n  occurs a t  
t a p c r a t u r t s  b r l w  100 C due t o  pol~condensation mi nubsequent contract!on of 
the  ae t l~f twork.  Two pieces cf glass-l ike eel-xoncliths prepared by the  present 
author , i n  alluliborosi1:cate syst.o, a r e  rho17 in  Figure 3. Tha d i f  2:ence 
i n  trmrparency 18 Cue t a  the difference in  the ge: preparation procei r . '~ .  



The conr@tmion r! @el mcncliths It s l l l r a  @ l a s s  h l ~ .  TI ha$ $ten f-wrrti~arrd br 
mrverrl ucrkcts. Sakkr and k ~ . . a t : ~ '  rceprr-d tkmt rhc pel to g las s  :ranriricz 
&tarts  above 600 C and thw i ~ p l r r t  d*naiiic~ttfl: cakrs :lac* at *:DOC C ,  
I'nmnt. et .~t~~'rtudict rhr dtnsifirati~n oi r L l ~ r a  p e l #  pttparrd b?. tuc pro- 
cdurrn. Iht d*nuifirrtion sntt and the  ersanicr r m o v a l  w?* not t h e  m e  in 
both tam.0. 'Ikr f i n a l  denkl!lcatian took p larr  r t  1070 C.  Reerntl~. br lnktr  
and hkherjem':j'  produced 3.16 i n  a rulticompamnt nyrrcm ISiF?. Irbj. A1203 .  
1a:j, BOO) b? two differrn~ ;rroodurrs and lnvcrri&brrd the I*:-to-glarr cnnuer- 
mion. Thr d m m i i i c a r t o c  rare. and the rracv.1 o l  o r ~ a n i c  Froup8 wrr drpmdent 
on r k  1.1 prepration procedurrs. 

Hmcc, rb dmr i l i c re ian  rat.. and thr finrl d m m i f i r a t i o n  traprratura 4rr 
si~nificrnrl?. in1 lurncrt by the  atrrphclop! . compcrit ion, mnd chaafcr l  rmcr  iot ty  
of Eke g h .  nest prap.rtle# arr contt~llrd be rhr prrpararirn p t c c r d u t ~ m  . 
The nlmrhe of @lmlmr8 and ~lam8-ewrmtc* by hot pTe#linl 0-11 has b m n  reportd 
by Dimllrhft'. McCarthy. *I ill:", find by L b c O t l i ~ l n .  .t nlt)).lb! a1.0 
reportad that  the sintwin6 procmmr duricg her srtsklnc f a l l m a  Lhr d . n # l f i e a t i m  
&ll bamrd on vtmcou9 ilnv. mr ItTUttura b i  thm sll ~ V O I V ~ I  pro~r081:~alv 
rmard  rhmt 01 ~ l a m r  vith ken* ci water mnd plrtantty. 

Gal pmrttrularrs. after  rhr rmmo\.a1 of organ ics  mnd u m t w t ,  ear; be iumtC to ~ h a c  " 
a i t h r  by convmrimal m l r i a ~  or by usin# conc~ntr&r*d hear. Conc*ntrat.d hmar 
is d r t r l w n t . 1  r e  -kin# hotcsmn.ruc &lams fro6 ~ c n v m t f o r u l  filar6 bat;: breaur* 
of rhr d l f l t r u l t r  o f  a t ~ a l o i n g  h;-ogenrlty, whtrt l r  4 h-tene@ur ~:41s can bt 
abtainrcl br  u Z 1 1 1 q  mu{~ft~::~ne~t leis by ronr*ntrmtrd hart, Nu)tL. t t jr t .  
Z m r t y r t i ,  m d  Trarerme C*a~nmtr*t@d t h i s  sont.Ft by ..Itin& Ir:. In r sc!ar 
lurnar.. 
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RAhmrJrr. t r x y c k i .  and ~ r a w r n e ' ~ '  reported tha t  th microstrueturt of phase 
mmparated #lams praplrtl f rc= oxidc mixturrs d i f fer6  from that of 1.1-derirrd 
#lass i n  term of unifore.ity and 2is t r ibut ion  of  parrlcle s izes .  They o b s e ~ d  
rhrt tfic r a t t r  of nuc?catim and c v s t r l l i r n t $ o n  of g l r s s t s  u d t  froa: rh* 
were auch highmr than thcrc  a d *  from the mixturm of oxidern mad concluded tha t  
rbr  mifarm cation d l s t t f b u t i ~ n .  a t1  mtructur*, md rhr rss idrul  hjarom.1 Rroups 
contribute to t h c s ~  ~tope~ties. 

U.imb.r& m d  ~ l l s r n ' l ~ '  PbStnnd  that thr 1Pirntlbllity t q e r m t u r r  of a 114~s 

cmpor i t i oa  i n  chr s02iut s i l i c a r e  sysrem im elev&red uhtn she plmrs irn prepared 
v i a  the :el route. They attr ibuted th or ig in  of t h i r  rffccr to rhm enhanced 
w t r t  conrant fa tk gal-drriwC gln&t.  work of  hkharjee and t . rzytk i (8)  indi-  
caren t ha t  the Pi:rostruc:urt r s  well r t  the  t h t m h  hintor?. of the @ti alnc 
contribute t o  the s t r u c t u ~ e  md micrartructurr of the plasmcs. They obst rv td  
cbrt  t h e  gel psapatcd f ro= the #elation of tilit. sa l  (Mthod I) crysral lkt*d 
f a s t e r  than t h a t  prtpmred by t h t  p o l m r i r r t i m  o f  a l k e r y ~ i l m e  (!kchod 1 1 ) .  The 
6 1  u d t  by the  p. 1.Fwrizrtion of alkoxysilane is r &1asu-likm noncryrra l l in t  
s o l i d  v i th  4 much ..ipher r*r i r tanct  t o  e r ? . ~ r a l l i t r t i a n .  Uhm thrraully rprd 
k500 C). a aoncqsrallinta* suh icmn s i z t  b k r i c h  phate (20 A sir: disptraed i n  
the a 1 1 1 0  network is d*wlnptd .  Phallppou. 2 . r i . c i i  and lale~~.(~ '1 deremln*d 
mppnrtnt nctivmtlon mt rgy  of c w s r r l l i z r c l c n  o f  pure r i l l rm gtl prap-rrd by tw 
wthod t .  The app8rrnt merp o f  act iva t ion  for cryntallirmeian of gel prepared 
by Mehod II is  ouch higher thmn t h t  of g t i  prepared by Hethod I. 

Wc.ntly. t h ~  authcr128) bmr mtudicd thr Pr rwra t ion  of gels in alk. l ihro#il ieacc 
w s r m  by diffrrrnt ~ r o c ~ d u r w s  b a l d  on the polperiution of ~Ikoxpmilem 
(Pethod 11) .  fhe infrared Ip*cera of tkr  g r l r ,  prrparmd by tw d i f f e rva t  p r p  
crdurln are ahom i n  'sure L .  The f i r s t  pracrdure coarimcr of the f o l l w f n &  
mtapm: ( i )  d x l n t  tltraethpl o r t h o s i l i c a t c  v i t h  anhydrour ethmol, l i i )  mddins 
boric acid d i a r o l ~ d  in  wth.nul, (iii) addinp d i m  u r b p l r t e .  ( iv) h i t i e t i n s  
gclarioa by adding 1.18 than thr  t h o r m t i c a l  water required for the  conplate 
hydrol?mir. Tht occond procrduw eonaistrn of the  f o l l w i n g  *reps: (I)  mixin6 
trtrarrhy2 o t t h o r i l i c r r 8  with anhydrourn *ch.nol, (ti) del ibera te  iuit lal  partial 
hydrolyrim of ethyl milfear* in th* pramrace of m acid c m t r l p r ,  l i i i )  .&ding 
t r i m t h y l  borate. I lv)  fur ther  pmrti.1 hy d ro ly r i l  of rlkoxid*r . IvS addin& an 
mqucoua ~ o l u t i o r  of modim memeam. 

I t  tm e d d w t  from thm fipure that r h  psitiem m d  the fmrrurrm of rha mbwrptiun 
b a d  tnrulrin# Itom 51-0 bond rtrmtchian) are not the am- i n  bmth rhr Eel&. 
Thm peak pomitlw of thc me1 prrparrd by t h  f i r a t  proctdure i a  rt 1000 CE-1 
wh*raa* t h r  p u k  por i t icn  obtained with ge l  pr.par.4 bp the mrcwd proeadure is 
at LWO wl. R t m  p4.k p o r i t l m  did nor r h i f t  bp rap  t h e m 1  crrmtplnt rntaps (q 
to 5 0 0  C) .  T)H h r ~ l d l t p  t r t a c w n t  which had m e f f r c t  on both t h e  hydmlyria 
m d  th. r m m v ~ l  of ch~mica11: bondmd rlkmvy aroups d i d  not c h i i t  the pewk 
Fl i t ion .  

I n  vitraow milie., the  absorption band rerultiat fro. Si-0 bond 8trmrehinl i m  a t  
llOe em-1. mr Si-0 ~rrmtching vibration of  p o ~ y r i l o x m e r  containlug Si-0 
1Lobml l l ~ t r  rim* to th* mbrorprim band in  t h t  r e n i m  of 1010 cm'l to 1030 cm-1. 
f;la position of the p u k  deptndm on the  nmture of thr  p o l ~ r r .  There rr. n m  
dLifertncar brtwrn cyclic and opm-chrh cmoundu.  For the  cycl lc  eoapomd~. 
the  poai t ioa  of abmarptirn peak #hi ts*  with inerrms*d r l n l  ~ i t m .  In t r i w r  
c o q a u n d ~ ,  tb band apptmes a t  

1,s: ."' rhllr i n  ~ h c  h i ~ h t r  rims, i t  f a l l s  i n  
the  rannr of 1076 t o  1056 e d  hmt l i k r l p ,  the diiferencen in the  pwak 
pomttionm a n  due to the  structure^ diffarmcrr in thm p o l ~ r ,  thr nr t r~ r*  of 
vhieh i a  cmtroll*d by thr me1 preparation proemdurm. 





TIGLRE 4. ELECTROS HICROCW=XZ i T  
GELS IS THE TiOz-SiOy SYSTE:: 
(a) PROCCDLq'Rf 1, Ti ' l2 ,  10: 
(b) PROCEDCRI 2 ,  T102, 10: 



llmca, it  ta  widmnt thrt :%a #::-#a: w * m t  l a d #  co t)n prprration c i  @:&rsr# 
which a r a  hard to prc3.r. Iecac#r i: ?I rxtteml:: d i f  l i r u l t  t o  Intrdut* crtrm::: 
cmtlom in to  th. s i l i c r t r  r*tutr:. mr @:am. f o t t s  br e h  -:=be ;rrcctm8. 

m r a f ,  rdrrntagem art ars::ictti u::t the propmratiw d t l a m r  r i m  thr 1.1 
tmta. Thrr mar h sm::r td a I fc::~vn: !a) ~ a r e i c u l a t *  am ww?? ra 'mc:?t)l:: 
&lnrr-Sikr :rantpdront ~ t t r i a l r  3.7 1. <@rim& without nel::ng: (51 d!r:ribu:ic 
of crtienm a r r  in a t ~ : * c ~ l i r  s.a:r. .;nlqur and c : i l~ r t  e lcres t tucwras  csc be 
obtmfnd i n  the lipif-li;.:? :sim::?iiit:: rcar; ' r )  i5;er::rat:;r e i  :artair. 
rmrionm In c parriculat cc::!iz~:!e, #star# can bt rehiecd;  f d )  mc:tath fc r  
u k I q  ultrapure ~lass .1  tt:ru#t =z: alkoxidar atr l i q u i d s  viticlr emn 5, pur i f l* t  
by dirtillaticrt: (f) kith::. flr : : l>lt  iw 6rpo~ i t i . q  "&Jass" t ~ t i z p r  rr 1- 
c..pcrmrurt#; ( f )  both t b t  ucr:r:r;:: haaolt?riry and rubaicrtncc;.Ec S r ~ o # a a i : r  
mi &lam. prrnartd br xh* m::-#e: ?rc:arr a r r  tanmld#rably b.:r*r; aad cp) hmr- 
ammms #lor* can be aCraitd n: !mrr u l r i n #  \r,pmrstur.r m a d  i n  slwr:er 
wltiq ti#.(3). 

h ~ m t  ecurcicl rpp1ier:tonr cf 8 1  mol-8.1 proemsm. acmpt th rassin#r em 
g11ma, are tar*. S w w . ~ ,  ParJWI  appl?eaticnr tha t  mra cf potenciml 
iuporrmcr #rm mr loll-: ( r i  ~~nr::thit t l m n ~  b l w h  w i f h ~ t  wltir@, (b) 
cmtiqm: o p t i c a l ,  pr~t*cti"a. Cia;a::ric. antirofEeftiva.  a t  Lw.tapttaturen, 
lc) h f ~ b t . r p l r r t u i t  and high-serq:h ~ l u c  and 1lam$-c4rraie ftbcrs. Fd) 
n t r r c i m  r r r r i a l c  for mkiag  hi#%?: hpsD~mrous ul t rapure  &hm#*m 1a.1.. op:lca: 
~ 1 4 s ~ .  1u.r &!4asr alms fcr o;:icr: c-nicari~nm). ( m )  h i & b r ~ . r a r u t e  
&l&lrwm cmtalni!q capom=cr t?at r ~ i a t i t ?  4 c  h u h  t-rmturma, (f) h . 0  
r w t a t u r a  8larm fricm me la. r-ratur.~. (m) h w m h a u n ,  u l t r m p u t ~ ,  mlri- 
cmpanmt brrch for #lama yrocernlw i n  apaea. (h) hollow #hHm for It-  
fumim t4r#mtm, 1i3 inmularing g1.t~ -r ~ l r r s - c r r m i e r  f m l l i b a r m ,  (j) bondi- 
48ancm for r a f r a t t q  u t r r i a l r .  and (k3 Iw mpanrlon alarm. 

rn -k('') m ,I t.1 ptaprrmriaa in a ~ ~ . l i  bmrtnnilieata * W r r  wmn p w i o t w r  
far th. Jot h o p l a i o n  p b c r a c a r r ,  C~lffomia Institute of T?rhaolo~*, rpoarormd 
by th kt i -1  A l r O n t U t i e l  4 d  Space ~ i n ~ c t r m r i c n .  ma rork(18) en t~ p r r  
porr t ioa  of #*I i n  t h t  mysta  5102, 5?03. A l p j .  h20. 110 urn* pe r fo tnd  for 
k d l a  bboratorlms, sponr r rd  b:: th t . S .  hparamt of Emre. 
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(4) 1. Sehrordar, Opt. At:., 5 (19L:l 249. 
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Ih. ~ i m r h m m  r::lnq of LilhcpPtity . J t i a m ~ t  
m * q  - lo find ~:-=w#l;thm 9fi.r. a abqw rppr#en 
to u k i n p  dtrmpwm mult;:mpeam-. a p i c a l  q14arrm Ln rM 
rmduemd gravity .mrlrolw?.t e? #pet*. mondwmm for p r r  
p u i n q  and Ehuaetmrirlap rat pl-llmriwmd qlhmrrr in 
thr wl wr O - l i o  r y t e  ua 4am:rfb.d. h + ~ . r a t i o n  AM 
k r d  d db3~ l&l l rz :on  raaerleaa of '1-klanm dth 
trA6othyl bormto or b w i e  r e l i  and 4 n d U b l a  Wlu ~ o l l  
p u n d .  m c h r l m w y  of ~ 3 .  5.19:x3 prmm i n  Clw=m8~*d 
in t*m of g r o n m ~  pu-r#rc an4 tkt t.r -miUonr. 

phyric#h.rCcmL nat r r4  a. -11 prapuad by thrw d i f -  
2ar-t p ~ o h r m m  -re f o p d  %I k aiqnifirultLy blifmrmt. 
Xnfruwd .b.orptLoa m p ~ - z m  SabLemu i l n i t a  d i i f a r ~ l  i a  
tha ml.euLu ruuctwoc  of t?H dlitar*at -10. ult- 
i r q  oi tk. -1 w r m  ra?, th. t r rnr iorrr t ion .d pm- 
t.l-roaollthl t o  trmn+zrnt ' q ~ u r '  without rh-1 u r  
b-m. 

rm p U u r 1 i t y  05 -.tLwl wI* of jl.# Ln tb. r e m d  p..LtY 
~ A r o a r a t  of B- vlZl 4 m w  v e h  rn ~ p r r 4  o L U r p o  v lum 
or wLu im frm -tl- ita muisrrr. C b a m t l y r  th. opU-1 
W el.etrital -1a ~f tb. r l t  vhich m m t m q l y  L a C l m # d  by urn 
-itlam em k of -lor w l i + y .  -atr bKanw of tb. rbnnn of  
p a ~ i c y - i d &  conmtim nurmw, w l 8 i n q  q1a.a Wiry wlt lr  mi 
oolmn-l raw utmrlria r l l L  C. Iftfleult An t h  rplm m i - p t .  - 
v, qhmo- l ib ,  -11 m d  wllpnolith. wmwd by tb* pllruiutba 
rmrctlm d a1Loyoil .m dth e a r  -1 al*orLln and/or dth rELublo -1 
mltall'll urn k w d  18 tk* h t e k  utarialm for tho emulmrLamm r l r h ~  
of glr*wm in +h. r.4ut.C qrw:ty wvi ronwnt  l a  rpm. T h i ~  4-elc -14 
A m M  ro -ma :or tm p a w r t l e n  of ulumm eptle.1 qlmr-m. 

In th. promant w r l ,  % t Y u  pr#.61Yu fo r  +h 3 ~ m p 3 4 t l e n  of 1.11 1% tk. 
s~ltieapsnmt Y ~ ~ ~ O J - I : ~ ~  a y n r  u a  ~nvmmtiyt.a. N mymice  
rhrieal u t w e  ef qalm u d  t . 1 - d u r v d  qluwa h a  k.a alurmrLorl .  
ht t rpr r  u o  ubr to d . - r u a a  th. w y r i m a a l  ~ w k ~  oC tha &n 
sqlatLoa w th. ebrfmtm of -,ha qdPLna p m m n .  fh. trmmfnrutlon mi 
Llfiermt .rim .ad t.1-litam ro qlfimro by wltlnq by L a r a C y U q  
mnsllthle t.1~ u? immt.lqr-ad. 

m a -  
Rw b t e h  emp~m~tlOt. of tA. q l a ~ . o  Smmtirte u o  rl-. in 

hblm 1. tbr llrmr u&m:*Aaz t.lyrnturn of +)I. - ~ m l t l o t r  p-m 
*r rhm r l u n q  oowmtroot:, batehr u a  520 C m4 600 C for Eqo.rslon 9 . ad  
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-1 m w w a i i m  m - m m  
m e  fo l lw iap  IUrtiaq ebrfalm wre  H u .w#r of #if- almr 

tmt..rtbo*pllhme ( I l p . 4 )  I.th.noUr wlaian af L ~ L F  wi4, tttmtItyl 
bra t .  I liquid1 , matholit mlution of md!o wrharlk, 4- trl-m of 
dr aitrato, .n4 qu6us mlrfiom mf m e m t m t * ,  ihrn p#.lm 
wly tbrn m e m a  OI ) Y z O  wrq bvmlopd u d  S m m . t l ~ t . d *  Wlm of  
n i t l a  1 Ln putitpku to- -n p r m p u d  by r l l  thrw m u r e . .  -La d 
nmmation f u a  pa.pumd by me* s ma rzr in r u t i c a ~ m t r  urd i n  
-Ll+bie t o m .  

? ~ d r r u  I. Rw m* au?rm-ilme, btir #MI 
rw I-. 0118 wm rpthl.Ja In m.lrou ml..atm. 

#ruled af tb follavimq r u p t  

t i )  IIuiy t.t?rnhaymll.n* v l t h  tht.. t-1 St. .alw ot r a b m  
-L a t  JQ C 

t i i l  ?& hydroltria ad --Urn 1.1 CI rp.w *Iw wlrrir 
.el4 -+?!ye  (-1 to th. a m *  .-a &d r*irrtmq .t I0 C 

Lor .borr 1 hovr or (b: by rn- 8 u l l  p p r t i m  of r c . r  wJUijd with 
K Z  rsd AH, for 10 to 1 E rLtnrUrr m t  1 0  t. m* popmion of rUz  tbnt 
lporiJ k .1L.d *.I in LD r a w  0.1 to 50.3 -1 p r  -1 of ~ i ( O e & ) ~ .  

~ u 4 t i o m  of IF1 -m In U* r .ny  .10a to .PPOI .ol por mi  sf 
aieaep~,,. 

(LLi1 iw l l q  Iimlnl in tw lawrow w-1 (SO VtOG J1 
U m i r r i y  m t  1 0  C for  2 borrr mdtM in 8 ml*Um fl I to I .  

( i v )  h d U q  wrhnalrt rolptlon r I  Mlr mtkorlda. a w-8-t map 
tL.n Lo m m l  if tk. psmrtim ai uldi?id wtat .M bruinp C.rtilul 
m l m i r  r m  mdtici . l lc ly I#. 'Ike fS-1 #Lutim rl in thl @ rmw l @d 
to. % -leiam r m  #irr.d for 2 to l h r r u m  a t  toa C-mtur.. 

tr) Th8 I-1 rolmtlon urn I l l o t d  d r h  m n h l ( d ~  m+lunol b -F 
+Lor rbar 40 1 wtrl maid. prr l i u r  ud wr lmft m w  ta t h  r b i a r  
-rm for ~ ~ a t i o n .  

' ~ w  wllrg t ~ w  m i  th. #iat&m I#nrlrl (11 w i t h  mwl w10 
-.tion. tbj uith i n u r m m ~  w-1 ear& e-trauoa, (el 
IwrraHa ~ t t & e n  m? mtmr m d  uL4 addad 4r:lnq zh. . iitiU h J d . n l ~ l n ,  
(4)  4 t h  i l r r m a r d  W l l e y  ot Lh* d i m n u  rntrolwn I r r h g  tm C-1 -1- 
m w -  

'Ibr WlAry tlw m f  rh. wirelm 410 Hliur) mt -Umn 1 v l m  ill Lh. 
nw 1 u S h#r, Ilb#.mr t h  -11- L h r  ei tk -1- of m crolmvm- 
Yon d O q b H t i a n  2 ma .krt I l  burn. 
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Yhemml treatwnt  anC cf.aracteriution of -1s 
n e n u l  t r e a e e a t  ;racei.;tes for the r-a1 cf crqwrcr 4r.e rclatzles 

consisted of heat=-g r: ste?r a t  a lor rate ( It C/hour: up t o  5 C t  C. 2.e 
f i r e  soaking tu.-yrar-• af te r  i n i t i a l  drying a t  60 C for .bcuz 2 days car 
150 C t o  remove aOso:bti water and solvents. 'Ihe seco-d s0akl-1~ fez-ra=-~-e 
u s  350 C *ere c c ~ ~ r - . ~ o r  of the orgmic groups occurs. An enL,othtncrc peak 
a t  4rour.d 150 C and a:. exoz:h8rnic peak a t  around 35C C obtained with the 2Zb 
c3ins ~ndicate  :test ;-.ezc-.cna. l?~e orqani-s rawo-.-I? rate car? 1% i-.creasea 
by taking Parr-rher ste;? 3.;::: as the therael treament of gels i a  a !'~zlC::y 
ch.rkr a t  around 70 C ,  or an cxygen a-sphere k i n g  the them41 tzaaan. l - . .  

m e  racva? raze :s relaze5 t o  :he jel prep l ra t l~n  procedure as  b-1: as 
the gel cmposltlo-. :ze :esclts msgest that  different orq&tlc rmorai  rates  
f r a  -1s prepare:! tr3: :\e srqe c o n ~ s i t i n r !  Bct 5y differen: ?recob-es c o ~ l r !  
be related t o  (0  Z h  -?cl~:al nature of tne reslG.~al crqanlcs ( 2 )  the nature 
and size of pores ir. t?.e ootls, end 0 )  the rate of pore closuze a: terrpcra- 
tures btiw 500 C. 

The surface areas :f the gel particles and gel-nomllths were n a s r r e $  by 
arpon adrorpzion usl2; a l k c r a e t r i c s  instrument (Mode1 2205). ??m s2rfa-• 
a r u s  of Caposztzon 1 pc? p r t x c l e s  were D84mx8d throupfr a range of t ezpra-  
tures holding in the r z s t r w n t  a t  each for 1/2 hour before the ~ a s c z - t .  
m e  surface areas of oel-mxoliths of Conpositior. 2 were measured a f te r  
t h e w 1  treatment a t  k f f e r e n t  t.rp.ratures in  a furnace ir. a i r .  ?he results 
a re  show in ?able 11. It is  8wiCw.t from thC resul ts  that  th surface areas 
u e  strongly influence'- by the preparation procedures and by the t h e m 1  
t r e a t u n t .  

TABU I1 
Surface u u s  of pels .ad pel-mnoliths 

X-ray diffraction H e r  patterns of pels of emposition 1 -re taken 
a f te r  them41 treauwns a t  different tmperatures up t o  600 C. The resul ts  



Conversion =i 9.18 to 9:ass 
!M:=i?o ct -3. h a  ?el% :? ;ollpp.it;or. : biter the ti.%-1 uuae:.: r= 

SO0 C mre wit& a: urpeateres  a t  end k - e  l@Ot C tt &-ah tier: elus 
a t t u  elh%:rng raaidul t u b e s .  arbor. re:.r.tioa in ;he -1s &.1.rbd 0:. 

the @ prqmrbt~oo prondote utd  thema1 t r ~ t u a t .  B w t  elbinatiw. 
of euba! i r e  the g3ass w s  4 fw.::ion uf th, :rp.ratcre, and &%.at 
ammmpbore If... . or?rgm go'a5.i; of mltiag. T h e  c?C tazyratpre re@=eC 
f a  o h i n i a q  rLmbl ly  cc:orieoo ud tr.rupr.ar -sea 3: C?rpwitioa 1 &re 
pi- in  :able If:. X t  is ovi0ent t h e  resi&a: car& w s  elirZnau3 lor: 
rmpidly f r o  k o c d w e  I1 -1s .ad slopgishly fraa Roe~Jure 111 -1s. 

T- 1 x 1  
U f m  of tin and t.3p.1ature oa c u b w  rm.1 Owing tho r l t imq of *la of 
Copoclitioa 1 

h-puat. w 
color8 

h.luyrcnrt, color 
1us 

h.a.pu.nt, color- 
1- 

kutapu.at, color- 
less . 

hmspmtcnt, color- 
less 

h.ns$arear, qrey to 
b:ack 

wre  transparat, 
Q n Y i *  

Rr.mpsreat, neuly . 
cclor1ess 

h n . p u m t ,  color- 
less 

Derutftuticm of m?-nonolitha. krour  9.1-monoliths of Corpoaition i 
prepared by ?roc.Cur. : vue %at -aeatul rt different t r p r a t u r e r  after the 
r r a r a l  of or9anrcs a t  SO0 C. The wnplea wrr rxamirud .nC x-ray diifractior. 
p r t r e r r  r u e  trten to h t e e  the crysta1:mity oert.1op.d. The results oZ the 
e x p r i r n t r  u e  shown i n  t e b h  ZV. ?he physic.' rwaru.ee of a glass-like 
~l - .onol i=) :  obtained after dmsiIlcbtion a t  700 C For 1/2 hour is shom i n  
r i p r e  1 (p.9. 10). 



ruIl xv 
%rul treatma~ts for =:% porous gel acnoliths of -sic-~on 2 

Gel . 3 C-ul m a t  
preprration his'.ory r r o a w n t  Physical 
procedure ample 'C )  (krl (C) (hr) appearance 2rys'~llxaity 

1 ( 2 )  1 5  72 600 1 huaspuent ,  RDnerysU111ne 
1st 1-1 '4 open porosity 
SO( 4 .xist. 

I 3 1st 72 600 1/2 h u r s p u m ~ t ,  Ibxrystal:ine 
35C 1-1/4 open p r o s i t y  
sot 4 ex i s t s  

1 (101 150 72 850 1 4  C m ~ h t e l y  ~ - c r y 8 M i m  
35C 1-1/4 a+. and 
500 4 OPW 

I11 ( 1 0  Slovly 9 0  C 4 hanspuent ,  bncrystal l iru 
bared  to porous 
500 C 

111 (12)  Siwly 700 1/2 Transparent Qystal l ini ty  
b a t e d  to  w i t h  Sliqht d.t.ctd, 
sco c o p c i t y  ~ - w r + .  



ORGINAL PAC# IS 
OF POOR QUALlTt 

The f o x u t r o n  o f  t n e  c a m l e n d  p o l y s i l i c a t e s  ant! t'abaequent g e l a t i e n  tf 
t e t r a r t h o x y a i l m t  is t?.e r e s u l t  of a c r y l e x  aequence of kydro lys i s  ax& 
caodenaation reaczions.  3 e  e l a p l u i t y  increases  i n  a s y a t c r  witr. ccnponents 
I u v ~ n g  e f f e r e n t  r e a c t i v i t y  and z c l u b i l i t y .  Gell ing is contro:led by t h r  
px#.ss p u . r a t t r s  sce:e:5 as c h a u u l  nature of a i k o r i d e s  ant! o t h e r  rebe tan ts ,  
rolecdu r a t i o  of r tr :  to a:kox~Aes, t h r  presence of  cata:ysts m d  pR of t h e  
m u ,  t a p e r a t e e ,  c m t r a : i o n  of  r u c u n t s ,  u rd  na ture  o: s o l v e n u .  

In this rulticage~mt systr h a v i r g  reac tan ts  o f  r u k d l y  d i f f e r e n t  
cbrrical nature. it is e r u a o l y  d i f f r c u l t  t o  c h n g e  t h e  pracess p u u t e r a  
i&p.ndently of each  other. lbreover,  t h e  addi t ion  of  quaow . s l u t i o n  suck 
as .obi- n i t r a c e  and d r u  a c e t a t e  r h i c h  a r e  in.s:uble i n  alcohol should be 
c c n s i d e r d  i n  t h e  coatut of t h e  lig\riQ-li-d i a i . c i 3 i l i t y 1 * !  e r i s t i n q  xn 
the Si!OC2w~!,. C2H50E, and R 2 0  systm. ¶he p o s s i b i l i t y  of  se9re- 
w t i n q  wter-soluble +us mQer c e r t a i n  experimental condi t ions  should be 
i m e s t i q a t e d .  ¶c ~ n e o u s l y  :ncorporatt A b g b  proport ion of II.* i o s  
(which is not  a n e t u o r k  former) i n t o  a qe: s u u c t u r e  is caplu anQ difficu:t. 

I n  ?roceQure I, 81: reac tan t .  u r  w l u b l e  i n  a lcohols  and it is pu- 
tht a haropaeoua .o lo t ion  of  the  molecular s p r c i e s  r r  Win& a t  t h e  f u r a l  
stage. b w a ,  the nquenee of r u c t i o n s  MY k postulated a s  f o l l o r n :  Ln 
a c i d  medium. t h e  h y d r o r r ~ u  ion  a t u e k s  t h e  p o l u  ZSi-OC2H5 bond anQ f o m  
ESi-011 qroppsi lo]. I l a m e r ,  i n  +his type  of nuc leophi l ic  displ-t 
r e a c t i a n s  the n @ c t i v i t y  b c r e a n a  a s  more group on t h e  s i l i c o n  a t o  u e  
d i o p 1 r . d .  RH p o l y s i l a c a t e  is fo& throuqh c m d m u t i o n  of  sil.ao1 groups: 
WOE; or #il.a?l and rlm groupo (ZIi-QC*)(. n w  f u r t h e r  a t W k  of 
I S A - O C ~ R ~  bond in tha p o l y s i 1 o . a e  by 1120 a g h t  alw k Un4er.d by tb. 
mteric e f f e c t  o f  e t h a y  qmups. hu, hydro lys i s  o f  e t h y l s i l i c a t e  is con- 
t r o l l r d  by t h e  e l c u o a i c  and sterie e f f e c t s  dwdop.d Qwmq hydmlys is .  
..IK. under mild coadtions of  hyb+olysis a t  roo t o p e r a t m a  md n t h  a -11 
Oroport ion of 1120. tbe f o r u t i o n  o f  l a r r o l r m l u - u o i q h t  m l o c u l ~  takes 
place. %t r o r k  of k-, .t alI7l) on t h e  h-lysis of  a l k o x y s i l u u a  
mgp..ta tht tha p o l y m r s  a t  +ha initial stage of hydro lys i s  r i g h t  h v e  r i n g  
8truetr~cpmrhpa a d i n r  w i t h  t w  e o n n u t d  r i n g s  u c h  conta in ing  tour  rili- 
con atOU. b r i c  r i d  i t s e l f  or n t h y l  bora te  B(OCR3)3 which could form 
by th. n a c t i o n  of r L h u r o l  wi th  b o r i c  a ~ i d i ~ ~ ] ,  can react with silmnol or 
alkoxy groupa end f o a  S 03-O-B - bard. in the t o l l w i n g  n y :  191 

an advantage o f  t h e  a d d i t i o n  of b o r i c  a c i d  is t h a t  c e r t a i n  m o u n t  of  r u r  
is 1Lkrat.d during th r e a c t i o n  of ll3DO3 e i t h e r  r i t h  ailan01 groups o r  
r i t h  a lcohols  and t h i s  r t e r  p r o d u e d  i n  a i t u  could e f f e c t i v e l y  indue* f u r t h e r  
hydro lys i s  without ad&-Aon of f r r  120. U t e r  subsequent a d d i t i o n  of 
d o  r t h o r i 4 e  s o l u t i o n ,  t h e  pll of  t h e  m l u t i o n  increases  above 9, and 
c o n n q u e n t l  t h e  nechu.am and k i n e t i c s  of  hydro lys i s  m d  polycondenaation 
ch.nes. 1 IIDreover, methoxi& k i n 9  h iphly  S u m p t a b l e  to h w *  
l y s i s  (e.9., IYOCI13 + E20 -MM + CHjOlll produces Oll'groupa which 
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e a h s e  t h e  polyconder.ut:on and growth of t h e  polyneric particles. ! lo: 
Subnpu*nt:y, t h e  so?~-.:or. absozbs s u f f i c i e n t  water f r o  t h e  a m s & e r e  o r  

f r e e  ua te r  IS aCde1, z l n  g e l a t r o n  ocnr-s rapidly.  Zhe observed ar.creared 
m l l i n g  r a t e  wzth increaseC proport-or. of u t e r  a t  t h e  i n i t i a l  =a- c.5 
hydroLysis SZJ-S: tna= a%). f r e e  uater r m r i n i n a  b t fcze  adCiny e c t - ; ~  
r * t o x r d e  cause t ? e  qanerc:iorr ci Lydroxy: ic9c v h l e t  cnhancc t h e  .).lr;%o-. 
'Ihe decreased g e l l i n g  z i n c  rrt!! zncreasee :a333 and wit5 zncreasrd hm:$;'.p 
a l m  i n e i c a r e s  =he .-.:-+rt?>-t-c rerc::cr. ;f :?A rnOc?i3 arrC t z c  cataly=;c 
a c t i v i t y  of m'qr3ups. Tne ir.co*po~st:o~: o f  Xaf ions  ir.to Lk 9.1 
s t r u c t u r e s  might t ake  ?lace a s  fo l lous :  %OH m e r a t e d  by :he hyCrolysis  of 
N.0Cii3 u g h t  r e a c t  u i t t  1 51-0f255 qzouf t o  produce T S-ON.~~~. 
Sodim w t h o x l d e  ha-zinc s t r o n g  ion:c charac te r  might under- aon erchanqe u:=h 
@ ion of  Silr-01 qrou?s a: t i g h  pH a x ?  s a y  produce f t i C t U .  li seco?'rry 
react ior .  f o r a i s g  t e u a - c m r d a n r t e d  boron of t h e  typc N.;1(OCLi3l4: n q z t  
%re plat? v?rm f r e e  o r  partial?!, h$ralyred B(OC%)j  r e a c t s  w-*a 
w.ocn3~'3.. 

In  Rocedure  I f ,  =he :r.itial rearr:cna of ta t rae thoxys i lane  with k o r i c  
a c i d  a r e  a n t i c i p a t d  t o  be smlu t= rhore  &scribed f o r  PraceOure :. 
Ilouwer. t h e  addi t ion  of r.iqher propOr=:a: 0: water and of a c i d s  vould 19.5 t o  
o r e  c a p l e t e  hydzolyris  of e:hoxys:lane. ?!18 polyacr mlec3J1ec c o a t a i n  :err 
unrercted ethaxy qroups, and t h e  s? lu t ion  s h w s  l i t t i e  tendency t o  q e i a t i o s .  
W m  n i t r a t e  addi t icns ,  unlike NaOtli? or s o d l u  a c e t a t e ,  do n o t  Lncrease 
t h e  pH. Consequently, t h e  g e l l i n g  t ime  is ;o:q. SDdiu  n x t r a t e ,  bei?a nc t  
r e a c t i v e  t o  o ther  reac-ts aad beinp m r o l u b l e  ir. a lcohols.  seqrega tes  i n  t h e  
aqueous phase and ptu:p..res a s  -NO3 a s  t h e  g e l s  dry,  a s  evrdesced by t h e  
r r a y  diffractio:: r e s u l t s .  The hea t  t reatment a t  500 C o r  above d u a p o u s  
t h e  n i t r a t :  and r e a c t i v e  - 2 0  forms thus ,  t h e  c r y s t a l l i n i t y  decreases with 
t h e  h e a t  t reatment.  Bouever, excess water and t h e  lw qela t ron  r a t e  u e  
b e n e f i c i a l  f o r  hydrolyt ing alkoxy qroups and rabsequent rm.1 of organics.  

I n  Procedure 111. t h e  i n i t i a l  s t a q e  of t he  hydro ly t ic  reac t ions  i n  
presence of  hie .  p r o p r t i o n  of  w t e r  and a c i d  is  surlc- t o  that of Proemdure 
XI. cDnseqwntly,  the hydro lys i s  r s  o r e  c o r p l e t e  and t h e  so lu t ion  k i n 9  a t  
la, pir ( 5 2 )  shows l e e s  tendency t o  form gels. When s o d x u  a c e u t e  s c i u t i o n  is 
d d e d ,  t h e  q e l a t i o n  occurs  due to i n t r o d u c ~ n g  high concentrat ion of on i a n s  
p r e m t  i n  r o d i u  a c e U t e  so lu t ion :  t h e  pli of t h e  so lu t ron  i n c r u r s  t o  h i b a r  
g e l l i n g  r a t e  and q e l a t i o n  occurs rap id ly .  s u r f a m  u e a s  of 
gels produere f r m  the low pH t o l u t i a n  r s  l a r g e  because, i n  s t r o n p l y  acad 
r.dlu. t h e  yplymeric p a r t i c l e s  ccnnot grow!14!. consmquent:y pe ls  produced 
from s u b i c r o n  p l r t i c l e s  have higher 8urface ~ e a e .  

The s i g n i f i c a n t  daf te renee  i n  t h e  sur face  a r a a s  of t h e  qels prepared by 
t h e  d i f f e r e n t  procedures (Table IV:  can be i n t e r p r e t e d  i n  t e r n s  of t h e  e f f e c t  
of pE on t h e  s i z e  of t h e  p a r t r c l e r .  m e c  t h e  qe la t ion  A S  done with s o l u t i a n  
of 1- pti (52) t h e  p . r t i c i e  s i z e s  a r t  mailer, conse-e~t ly .  t h e  pore s:zes 
u e  f i n e r .  The incorporstron of Na* ions  r n t o  t h e  -1 s t r u c t u r e  might occur 
e r t h e r  by t h e  saaccian of SaOX produced by t h e  hydrs lys i r  of s o d i m  a c e u t e  - 
r n t h  3 Si-OC2Hi qroup o r  by t h e  exchange of n* rons of t h e  s i l a n o l  
group. wlth Na aocs of a c e t a t e  ~ o l u t i o n ! ~ ~ ~ .  Ikrt, a portron of I&* 
ions  m i # t  r a m i n  i n  water phase and CouLd produce a nonunifom. d i s t r z b u t l o n  
o f  Ma* i o n s  i n  t h e  gels .  

Thm i n f r a r e d  abwrpt ro t .  s p e c t r a  of Conposrtron 1 g e l s  prepared by 
d i f f e r e n t  procedures and a f t e r  'herma: t rea tments  a t  d i f f e r e n t  t m p r a t u r e s  
*.re t a r e n  by t h e  M r  pe::e: t e c h ? ~ i q u t .  using Digila? =SIC spctropP.otaneter  
an4 ar. .nom i n  Paqcre 2. I t  is  e v ~ d e n t  from t h e  f i g u r e  t h a t  the  pos i t ion  
a n t  t h e  :eat;lreS of t t e  absorp t ion  bands r e s u l t i n g  from Si-0 bond s t r e = c h ~ z a  
a r e  n o t  the  urne rn a:1 t h e  ge ls .  The p a k  p o s r t i o r . ~  were not  sh;f te* by 
theraa;  c r e a - m n t  steps up t o  500 C o r  by t h e  humidity t r e a t n n n t  t h a t  had 
a f f e c t r d  bo:?. h $ r ~ l ; ~ S i s  an4 r m o v a l  of c h e r i c a l l y  bonded aIkoxy qrou?s. 
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The d i f f e r e n c e  :r. t h e  n a t u r e  of t h e  n o l e r s 1 ~ -  s t r u c t u r e  of th g e l s  a s  
depicted in t h c  i n f r a r e d  ~ ~ x t t r a ,  ai9t.t have been or ig ina ted  due t o  ( a i  =?re 
drffarenc* i n  t h e  s:ruc=ua: rncorpora t io i~  of ?i.' ions wltn t h e  p L y u e r i c  
species of t h e  g e l s ,  o r  'f) =r.e C i f f e r e c ~ e  i n  tk.e m > l e = u l u  s t r u c t u r e s  of t h e  
netuorkf p-adueed 3r;rmq :he i.yCro:yti= po:yc=..ruenution 
process: ''1 . Tze effe:=s cf  d i f  £exen= t h e m 1  =eatmeats above SOC' 
C 03 t h e  =f,anje :n no1er;l~: z:ructures of  t h e  g e l s  hare  nos tee?. s t u 2 r t J .  
iiovever, t h e  i n f t a r r S  ar.4 RL-.A: spec t ra  =I  p:arse= pal3 f r c a  :he 5iffe:et.: 
ac:s of C o a p a s i t ~ u n  1 ~r.C.s&tc t h a t  the  n t l t : ~ ?  e t  h:gher t c n m r a z a r r s  ''100 
t o  l i O O  C; r p p a r s  t c  be r ~ f f ; c i t r . t  t o  qxve ar. e q u r l ~ b r i u m  z e l t  fa: rack g r l .  

me pre:imlaary res;lzs 0: :be der.sifr=at;cn StuCLes of the  qel-ncrro:~ths 
of Ccc.positlon 2 ( . re  Task 1':: s h o d  :hat t h e  -porous 0.:-anoliths car! be 
d m s i f i e d  t o  t ransparen t  'glass' by % a t  t r e e t a e - ~ t  a t  teape:at~-es a h v a  r n e  
g l a s s - t r m s i t r o n  t c l p r a t s - e s .  m e  :csu:ts sLov t h a t  t h e  3.1s have a s t r s a j  
tendency t o  c r y s t a l l i z e  a t  h ~ g h e r  :eaperatures. However, t n e  g e l s  c f  
CorpDsition 1 prepared 5:: Procedure I ane Procedure I1 d c  not  c r y t t a l l ~ t e  on 
h e a t  t reatment a t  t e a p z r t u r e s  a w r e  T f o r  a prolonse3 period ( f a r  e x r z ? l t ,  
40 hours a t  COO C). The Lasrc reason ?or t h e  c r y s t a l l i z a t i o n  of g e l s  of 
Coeposition 2 i s  n o t  u n 0 c s t o o d  yet. The h e a t  t rea tmeat  of e l r  An t s e  
I120j-SiO2 system shows r s:E.A:.: c r y s t a l l i z i n g  tcnoency. It 1s 
repor ted  by s e v e r a l  wrkers! '9.  20] t h a t  t h e  s i l i c a  gels an& amr~rphous 
s i l i c a  pouders and s i l i c a  g l ~ s s  c r y s t a l l z t e  i n  presence of sodiue o r  p o t a s s i m  
salts An t h e  800 tc 85C : ranqe. I t  is  s u g q e ~ ~ e d ~ ~ ~ ~  201 tht adsorbed 
c a t i o n s  en te red  t h e  l a t t i c e  a t  e leva ted  t a p e r a t u r e s  causing t h e  SI-O-SL 
br idges  t o  rup ture ,  thereby c a l l a p s i n g  t h e  s t r u c t u r e  and louering t h e  
d e n s i f i c e t i o n  temperatures. Tne c r y s t a l l i z a t i o n  of  gels of C a p o s i t i o n  2 is 
p r e s \ u b l y  Sue to t h e  high r e a c t r v i t y  of  t h e  mobile lh* ions  on t h e  less 
t i g h t  gel s t r u c t u r e  and s u b s q u e n t  r u p t u r e  of  t h e  Si-0-Si bonds. The kiqh 
hydroxyl contan ts  might a l w  enhance c r y s t a l l ~ u t i o n .  12'1 The absence of  
c r y s t b l l i u t i o n  teadency i n  C a p o s i t i o n  1 gels u y  be a c a p o s i t i o n a l  e f f w t .  
A v i e w  lor melt ing a l k a l i  b o r o s i l i c a t e  g lassy  phase mxqht form a t  lower 
tuperatures. Na* i o n s  k i n q  s t r u c t u r a l l y  incorporated i n t o  t h i s  g lassy  
p h a r  becomes less r e a c t r r e  m d  mobile, consequently, t h e  s t a b i l i t y  of t h e  
g e l s  toward c r y s t a l l i m t i o n  above Tg is prolonged. 

Ocls  and g e l - m n o l i t h s  of d i f f e r e n t  crmposit ions i n  th Na 0-B2O3-Si0 
2 s y r t r  can be prepared by t h r e e  d i f f e r e n t  procedures. The physicochemicat 

na ture  of the 981% p r a p u e d  by t h e  d i f f e r e n t  procedure e r e  significantly 
d i f f e r m t .  'Ihe chm. is t ry  of t h e  g e l l i n g  process i s  cont ro l led  by t h e  various 
process parameters and by :he c m p o s i t i o n  of  t h e  g e l s  i n  a p a r : ~ c u l u  8yst.n. 
U o l e c u l u  s t r u c t u r e s  of  *el8 having Coapositio? 1 (vt 8 )  SiO2 60. 020) 
15, M20 25 p r e p r e d  by C i f f e r e n t  processes a r e  not  i d e n t i c a l .  Hovwer, t h e  
r l t i n g  of t h e  p e l s  a t  7100 t o  1200 C i s  s u l f ~ ; r m t  t o  give e q u r l i b r i u n  i n  t h e  . 
wlts f r a  t h e  d i f f e r e n t  p.1~. G.1-monoliths having a c a p o s i t i o n  (I#% 8 )  
SiO2 81, B203 12. N.20 4 san he t ranr forned  i n t o  t r a n s p a r e n t  .glass' 
by h a t  t reatment a t  t m p r a t u r a s  above Tg. But t h e  g e l  her  a s t r o n g  
tendency t o  c r y s t a l l i u  eur ing  gel-to-"glass' u m s f o n u t i o n .  h e  rup ture  of 
91-0-Si bonds by h iqhly  mobile Ma+ ions  i n  t h e  l e s s  dense g e l  s t r u c t u r e  
miqht bm t h e  reason f o r  t h e  c r y s t 4 l l i u t i o n  of s i l i c a  phase. 
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Abstract. - G I s  and gelmonoliths in the sodium borosilicate system were papored - 
by the hydrolytic polycandenrotion of okoxysilom with trimethyl borate or boric acid 
and a suitable d i u m  compound. Three different procedures using three different 
murca of No20 were developed. Crystallinity of different geI+ewders ad gel- 
monoliths of two compositions were exomind after thermal trcotment at different 
tempcrotures oboe the glass transit ion ,:tmpc~ ature(f 1. Results indicate that thc 
stability of the p i s  toword crystollitotion dv r i q  gel-t%-"glcu" transformation 
or& 1 depends on the composition, previwt thermal history, and time ond 
tempcrd?re of heat treatment. Tht results art expioined in terms of gel structures 
and the nature ond role of d im iw in pel structures. 

I. Introduction. - In rctent years, the preporotion of noncrystollim silicate gcls and gcl- 
monoliths ond their rubsequent conversion to glarses and glass-ceromics by sintering or by 
melting have k e n  reported by sever01 researchers [I, 2, 3, 4, 5) RC~orch  activities ond 
their scientific and technolopica1 importance h ken eritieally reviewed by Mukherjee [6] 
and by Sokka and Komiyo [I.  
The stability of the gels or gelderived glosses toword crystallization (ia., thc kinetics of the 
ordering process during gel-to-gloss troruormc8t;on), .depe& on the nature of the mfmystoll- 
inity of the gel structure. The formation of o norrrystollim p h a ~  by rapidly qwnching 
molten or e m o t e d  solids is not unusual k o r r  the kinatic forces (e.~., lhe rote of 
quenching of melt or wpor ond high viscosity of m l t s )  play a mojor role in preventing the 
crystal litation. 

The key element in developing nancrystollinity ma). result from chemicol polymrization 
conditions which can produn certain stable disordered polymeric molecular configurations. 
Kinetic foctors ruch o, the cooling rate or viscosity do not mpor to k thc mojor force in , 

the formation of inorgmie gels from rolutionr. Wnce, the kinetics of the ordering process 
for the p l s  and gelkr ived glasses wpors  to be different from thow of the vitreous solids 
produced from the m l t s  [3, 8, 9, 10, 11, 12) fhc effrets of minor m t s  ond impurities 
on *It kinatier of crystallization of PIS are olw, found to k different from thow o b r d  
with the g la rw obtoind by the fusion of molten oxides [9, 13, 14, IS, 16) 

fhc objectives of thc p r m n t  work were to (a) prpare gels ond g e l m l i t h r  in thc N020- 
8203-Si02 system by different gcl ~eporot ion procedures; (b) imestigate the stability of the 
gels toword aystallizotion dur iq  gcl-t-lm conversion ut temperatures oromd T and (c) 
investigate the effects of chemical kaehing ~f d i u m  ions from the porous p c l ~  on3he 
erystollizution rate during gel-toglam comerrim. 



2. Experimental Work and Results. - The botcb co~x is i t ions  of the gels investigoted ore 
given in Toble I. The T of the glossts of the same compositioru prepared by melting con- 
ventional batches are S?O C for Composition I and 600 C for Composition 2. 

Toble I: Compositio? of Gels. - 

3. Gel Pre ration Procedures. Three procedures using three sources of No20  were 
developed E d  invest~gated. 6 1 s  of Composition I were prepored in particulate forms. G I s  
of Co-nposition 2 wtre prep~red in particulote onc! i -  monolithic forms. Starting chernicols 
for eoch procedure ore given in fable 2. Each ~rocedure followed o five step routine: mix 
sillcon campwnd with ethonol, partial hydrolysis wi:h ocidifled H20, odd boron compound, 
adjust pH, and gellotion. see Reference 16 for procedural detotls. 

Toble 2: Starting Chemiccls for Gel Preparation. 

- -- 
h w d u n  1 W u n  II M n  Ill 

S I ( O R I ~  Il~au~d) whrt R - c2n5. CHj  SilOc2H5t4 Il~au~dl s110 t lH~)~  (IIQUI~ I 
HjBOj ~n mmthrnol H3B% tn mrrnrnol B(OCH3I (I~qullI 
NaOCH3 ~n mrthmol NrNOj ~n r x u n  m t e r  Sod~um mnt ~n mrer 
Sotwtnr Emrnol blnn:. Wmtv and r m m l  Wnnt. Wnrr and ndnhrnol 

Thermal history ond heat treatment for Composition I gels ond Composition 2 gel-monoliths 
are indicated in Toble 3. Crystallization wos monitored by the differential thermal onolysis 
!DTA) and X-roy powder diffrocton technqiues. Experiment01 results ore thorn in Toble 3. 
Al l  gels prepared by Procedures I and I II were noocrystol line; Procedure 11 gels were 
crystalline. No exothermic peak indicating crystallization was o ~ K ~ v C ~  in the DTA curves 
for Composition I gels. DTA curves for Composition 2 gel samples shown in Figure I display 
exothermic peaks a r d  800 C due to cristobolite. 

The physical rippcoruncc of heat treated monoliths ot different stages of transformation is 
shown in Figure 2. 

To determine the i n f l v a m  of koehlng on cr).stollizotion behavior, thc gel-monoliths were 
lcochcd with 5N HCI for different periods Qd rub~quent ly  heat trcoted at 700 C. 
Crystollinity md physical appearonce were m t d  with thow obtained with the uhlcathcd 
sampler. The results, given in Table 4, show that chemical kochiq reduced the 
crystollizotim rote significantly. bmples ayrtallizing on hmt  trcotmcnt at 700 C, when 
leochd, showed no crystallization, e m  ot 7% C. 

Discussion. - The chemistry of the gelli process ond its relation to procru parameters and 
compositions are discussed elsewhere [$ Gels prepared by Rocedwres 1 and 111 were m- 
crystalline and remained noncrystalline on thcrmol treatment up to 500 C. The gels prepared 
by Procedure II wtre crystalline after drying at room temperature. In Procedure 11, mdium 
nitrate inot as reoclive as sodium mtthoxide or sodium ocetate and insolubk in alcohol) 
segregates and remains in oqumus *- of wet gels M precipates as bN0) or t h e r l s  *. 
The heat treatment at 500 C or abwe decomposes thc nitrate, f o rm iq  reactive Na2 which 
reacts with the polysilicic ocid species to form o vitrcous pholc. Thus, crystallinity 
decreases with heat treatment. 
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L 1 i i ~ l  ' I  
I .-- F i  . 2: Cel-monoliths: Composition 2, a ,- I- YD ..o m nc ..c ac m s a c  - *m t n  

1- c k t d u r e  I of,?r thermal treatments 
above 500 C. ( i )  t rmporen t  no~:rystol- 
Ilne, deruified glasslike gel-monolith, 

Fiq.: DTA curves of pels after drying in (2) troisluent weakly crystallized monolith, 
01: at 60 C ( k o t i n g  rote 10 C/min). ( 3 )  opoque glass, ceramic-like monolith. 

i 

The re:ults of the crystollizotion studies of the gels c: te-perotures h~gher than T con be 
summarized os follows: (0) Composit~on I gels hove >rocticolly no tendency towor! crystoll i- 
zotion on heot treatment above 500 C; the gcl-!o-glcu conversion can be ochieved easily 
w i t h w t  crystollizotion, (b) Cornpos~tion 2 gelmonol:ths hove o strong crystollizo'~ion 
tendency during gel-to.glass conversion. C l o u  is f o r w d  on oppropriore thermal treatment 
obore 600 C, (c) crystollizotion rote of Composition 2 gels is controlled by the time and 
temperature both of heot treatment above Tg and of oging treatment at lower temperatures 
(e.g., 150 C), ond (d) the concentrotim of Ieocha5le &;urn ions has o strong influence on +*le 
crystollizotion rote. 

- 
- U l  U U J C C I ~ I V C  -03 &U Y 'bPY - entory of the vegetation if 

< 9, r m a t  k . "  McFaden says. "But 
9= - 

Note that the g l a u  of Composition 2 prepared by cooling molten oxide is much more stobie 
toward crystolliza:ion than the porws PI-monoliths of the some composition. k v e r o l  
roeorchers [13, 14, 15, 171 reporl tho* relo~ivelv smcll q w n t i l ~ e s  of odsorbed olkoli ions on 
silico gel, amorphous silica powder, and s~ l i co  g lcsr~owders can cause crystollizotion ot 
lower temperotures. It i s  suggested [9, 13, 171 that o b r k d  cations enter the lattice and 
covse the Si-0-Si br:lges to  rupture, thereby co~lapslng the texture and lowering the 
crystall:zation ternpcrotures. The c r y s t o l l i ~ ~ ~ i o n  of gels of Composition 2 is presumably due 
to the high reoctivity o f  the mobile No' ions on the less compoct gel structure ond, 
subsequent, rupturt  of the Si-0-Si bonds. Hcnce, the mobility, (ir., the structural r to te or 
environment) of NO* ioru in  the qcl struc4ure rnoy be an important porameter cantrolling the 
crystollizotion rate. The reason for the improved s tm i l i t y  toward crystollizotion after 
prolonged low-temperature oging might be t lr formation of more Si-0-Si bridges and 

Table 4: I n f l ~ n c e  of Lmching on the Crystoll izot;m of - 
Composition 2 Procedure I Porws  Gels. 
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cornpoction of gel structure 01 lower tempe.otupes. The work of Brinker and Mukherjee [l8] 
on the densificotion of gel-monoliths prepored 5~ s.rnilar procedures shows the evidence of 
dens; f icot ion at lower temperatures. 

The greot reduction in the cr~stallizotion tende~cy of the m r w s  gels on chemicol leoching 
con be explained or follows. Presumably, there cre two kinds of No* ions in the gel structure. 
The leochiq treatment removes one kind o! Nc' Ions that ore h~ghly mobile like adsorbed 
ions ond con enhance the crystollizotion rotes. The residual No* tons after leoching might k 
less mobile ond less effective in induc~ng the crvstollizotion. fhe absence of crystollizotion 
tendency in Composition I *Is may k a compositio~ol effect; in this system o viscous, low- 
melting sodo borosilicote glassy phase mig?t form ot lower temperatures. No* ions k ~ n g  
structurally incorporated into this glossy phov kcomc  l e u  reoctive ond mobile, 
consequently, the stability of the pels toward crystolizotian above Tg is prolonged. 

4. Conclusions. The crystol~izotion kinetics of me gels ond gel rr ioliths during the ge:-to- 
gloss conversion ore controlled bv the co~positioc., the Inw-tem~r:oture aging, and heot- 
t reorr  - +  conditions above Tg. Porous gel-monolithes can k tronsformed into trwsslc:cni 
nonc:?stolline "glass" withwt melting by wpro2-iote hcot treatment above Tg. The removal 
of No- ions by chemicol leochlng reduces the crvstollizotion rote. The rupture of Si-0-Si 
bonds by highly mobile No* ions In the l e u  d e w  gel structure might be the reason for rhe 
crystolllzotion of silico phase. 
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