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ABSTRACT 

S i l i c a  gel s may be produced by 

s i l i c a t e s  such as t e t r a e t h y l  or tho 

the h y d r o l y t i c  polyconclerisation o f  organic 

s i l i c a t e  (TEOS) under appropr ia te 

condi t ions.  

h igh  p u r i t y  s i l i c a t e  glasses a t  low temperatures. 

a p p l i c a t i o n  as drug d e l i v e r y  systems. 

These systems a re  o f  i n t e r e s t  t o  the  ceramic i n d u s t r y  f o r  making 

These s i l i c a  ge ls  may have 
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2314 SHAH AND GROVES 

The gelation ra tes  due t o  the hydrolytic polycondensation process depend 

on the concentration of TEOS and water, the temperature, and the presence of 

acid or  base ca ta lys t s .  

d i f fe ren t  polymeric matrices and pore sizes a re  possible. 

glycols screened for  s i l i c a  gel formulation, ethanol and glycerol appear t o  

have a unique role i n  the gelation process although they do not appear to 

contribute d i rec t ly  t o  the hydrolytic polycondensation process. 

A wide variety of polymeric s i l i c a  gels having 

Of the alcohols and 

IKTRODUCTIOE 

S i l i ca  gels may be produced by hydrolytic polycondensation of organic 

These systems are  of s ign i f icant  s i l i c a t e s  under appropriate conditions. 

i n t e re s t  t o  the ceramic industry since h i g h  purity s i l i c a t e  glasses may be 

made a t  low temperatures by a sol-gel processlS2. 

Drugs may be incorporated i n  these s i l i c a  gels and other investigators 

have demonstrated the potential application of desiccated s i l i c a  gels as drug 

delivery systems’. Several drugs have been shown t o  ac t  as a ca ta lys t  i n  

the s i l i c a  gel formation from an organic s i l i c a t e ,  tetraethyl ortho s i l i c a t e  

(TE0Sl3. 

We are  currently investigating the preparation of s i l i c a  gels from TEOS as 

inexpensive transdermal vehicles or a s  oral drug  delivery systems. TEOS 

undergoes hydrolytic polycondensation i n  the presence of water and ethanol as 

a mutual solvent under acidic or  basic conditions. The sol-gel process can be 

sumnarized i n  three stages a s  follows: 

(1) 

( 2 )  

(3 )  

hydrolysis of alkoxide t o  form silanols 

condensation of the s i lanols  t o  form siloxane bonds 

linking of the polymers t o  form r i g i d  s i l i c a  gels. 

The r e l a t ive  rates of above stages a re  very much dependent on whether acid 

or base ca ta lys t s  are used, the concentration of water and TEOS, and the 
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NOVEL S E R I E S  OF S I L I C A  GELS 2315 

temperature. Althousih a l l  the  s i l i c a  g e l s  formed from TEOlj undergo the  above 

three  s t a g e s ,  the r e l a t i v e  react ion r a t e s  and react ion mechainism f o r  acid o r  

base catalyzed g e l s  appear t o  be e n t i r e l y  d i f f e r e n t .  

condensation of  TEOS i n  general may be summarized a s  follows: 

Hydrolysis and 

A separate  react ion mechanism was proposed f o r  incid and base catalyzed 

reac t ions  by Keefer4 and by Klein and Garvey . 
were a l s o  supported by t h e  H '  NFlR study o f  these systems b.y Assink and Kay 

5 Their proposed mechanisms 
6 

EX P E R I MEN T AL SECT I ON - 

PATERIALS 

Tetraethyl  o r t h o s i l i c a t e  (TEOS), gold label  ,, Aldrich Chemical Company, 

Milwaukee, Wisconsin, U.S.A. TEOS i s  a c o l o r l e s s  hycjroscopi8c l i q u i d  w i t h  a 

mild e s t e r  l i k e  odor, boi l ing point  of 168-C, f reezing p o i n t  of - 7 7 - C  and 

f l a s h  point  o f  125-F. 

under ni t rogen.  

Pr ior  t o  use, TEOS was d i s t i l l e d  a t  1160-C and s tored 

Glycerol, gold l a b e l ,  Aldrich Chemical Co 

Hydrochloric acicl and ammonium hydroxide, Fisher S c i e n t i f i c  C o .  Ethyl 

alcohol ( 9 5 % )  and a l l  o ther  chemicals were obtained e i t h e r  from Aldrich o r  

from Fisher .  
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2316 

METHODS 

SHAH AND GROVES 

Three types o f  phase diagrams were prepared. 

( A 1  With water, TEOS and ethanol (S5%) 

( B )  With g l y c e r o l  rep lac ing  p o r t i o n s  o f  water, TEOS and ethanol (95%) 

and 

(C) Using o t h e r  a l coho ls  such as methyl and i scp ropy l  ( i n  place o f  

e t h y l ) ,  water and TEOS. 

Sample P repara t i on  

Sample p repara t i on  i nvo l ved  a s i n g l e  step process i n  c o n t r a s t  t o  two s tep 

process used by o t h e r   investigator^^'^'^. 
(F igu re  1 )  on t h e  m i s c i b l e  reg ion  o f  t he  phase diagram a f t e r  i n i t i a l  screening 

o f  gel format ion i n  bo th  t h e  m i s c i b l e  and immisc ib le  regions. 

were made by weight i n  a screw capped g lass v i a l s .  

concentrat ions o f  10- F1 t o  10- M were added a t  t h e  end. 

i n  a F i s h e r  Versa ba th  a t  45-C o r  70-C and observed f o r  ge la t i on .  

Twenty p o i n t s  were se lected 

Compositions 

Acid o r  base c a t a l y s t  i n  

2 4 V i a l s  were placed 

RESULTS AND DISCUSSION 

TEOS and water a re  almost c m p l e t e l y  immisc ib le  w i t h  each other .  Ar; 

alcohol  as a mutual so l ven t  i s  requi red.  Phase boundaries us ing water, TEOS 

and e i t h e r  methyl,  e t h y l  o r  i sop ropy l  a lcohol  were b a s i c a l l y  very s i m i l a r  and 

were no t  changed s i g n i f i c a n t l y  by t h e  a d d i t i o n  o f  g l yce ro l  o r  o the r  po lyhydr ic  

g l y c o l s  (F igure 1 ) .  

I n  the  i n i t i a l  s tud ies,  t h e  gel fonnat ion was observed i n  t h e  e n t i r e  

reg ion  o f  phase diagram us ing  both ac id  and base c a t a l y s t s .  

i m m i s c i b l e  r e g i o n  o f  t h e  phase diagram, e i t h e r  t h e  ge ls  d i d  n o t  form f o r  a 

l ong  pe r iod  o f  t i m e  (2CO hours), or ,  if they d id ,  t h e  r e s u l t i n g  ge ls  were n o t  

I n  t h e  
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NOVEL S E R I E S  OF S I L I C A  GELS 

EtOH 

2317 

Immiscible Phase 

Water TEOS 

FIGURE 1 

Phase diagram for TEOS, water and ethanol system. 

uniform. 

excess o f  200 hours h'as encountered and was nct  evaluated. 

A t  lower ccncentrat ions of e i t h e r  TEOS or  water, ge la t iun  time i n  

Even though both ac id  and base c a t a l y s i s  involve hydrolyt ic  

polyccndensation i n  general ,  the  resu l t ing  c e l s  were qui te  di is t inct  i n  

appearance. Base catalyzed ge ls  y i e l d  branched c l u s t e r s  and general ly  t h e  

polymer does not gel a s  a u n i t ,  l a rge  p a r t i c l e s  seditventiny l'ron sc lu t ion .  

Base catalyzed g e l s  a r e  a l s o  opaque i n  nature and a r e  more b r i t t l e  compared t o  

acid catalyzed ge ls .  Acid catalyzed react ions produce l i n e a r  polymers and the 

polymers gel a s  a complete e n t i t y .  

compared t o  base cata'iyzed ge ls ,  t ransparent  and eleaant  ir: appearance. 

d i f fe rences  can be a t t r i b u t e d  t o  the  react ion mechanisms proposed by 

The r e s u l t i n g  ge ls  were liess b r i t t l e  

These 
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EtOH 100 

SHAH AND GROVES 

TEOS: Ethanol: Water system A 0-5 hours 
Temp. 7OoC B 5-10 hours 
Catalyst N/10 HCI, 1 0 u f / l g  sample C 10-25 hours 

D 25-50 hours 

E 50-200 hours 

Immiscible Phase 

Water 100 TEOS 100 

FIGURE 2a. 
Gelation time pattern for TEOS, ethanol and water systems in presence 

of acid catalyst (HCJ?). 

Keefer4, and by K l e i n  e t  a15 f o r  a c i d  and base c a t a l y s i s .  

Keefer , a l k a l i n e  h y d r o l y s i s  i nvo l ves  n u c l e o p h i l i c  a t tack  o f  t h e  hydroxide 

i o n  on s i l i c o n  whereas a c i d  hyd ro l ys i s  i nvo l ves  an e l e c t r o p h i l i c  r e a c t i o n  

mec hani sin. 

According t o  
4 

For a l l  of t he  above reasons, we r e s t r i c t e d  our i n v e s t i g a t i o n s  t o  a c i d  

cata lyzed systems i n  t h e  m i s c i b l e  reg ion o f  t h e  phase diagram, F igu re  1. 

Visual  g e l a t i o n  t imes f o r  systems i n  the  m i s c i b l e  reg ion were observed a t  45-C 

and 70-C. 

were se lected f o r  water, ethanol and TEOS systems together  w i t h  s i m i l a r  

Three d i f f e r e n t  concentrat ions o f  hyd roch lo r i c  a c i d  as c a t a l y s t  

systems con ta in ing  g l yce ro l .  
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NOVEL S E R I E S  OF S I L I C A  GELS 2319 

TEOS: Ethanol: 50% Glycerol in water system A 0-5 hours 
Temp. 7 0 ° C  
Catalyst N/10 HCI,  lOpP/ lg  sample 

B 5-10 hours 

C 10-25 hours 

D 25-50 hours 

Water TEOS 

FIGURE 2b. 
Gelation time pattern for TEOS, ethanol and water sys t ems  containing 

glycerol in presence of acid catalyst (HIC!?). 

D i f f e r e n t  g e l a t i o n  t i m e s  and p a t t e r n s  were no ted  f o r  !jystems w i t h  and 

w i t h o u t  g l y c e r o l ,  F i g u r e s  2a and 2b. The bounalaries shown f o r  d i f f e r e n t  

reg ions  A, B, C ,  D alnd E on phase diagram ( F i g u r e s  2a and 2lb) a r e  s e l e c t e d  on 

approximate ge l  a t i o n  times. 

The presence o f  g l y c e r o l  has a s i g n i f i c a n t  e f f e c t  on t h e  g e l a t i o n  t ime,  

Tab le  1. Ge ls  were observed t o  fo rm f a s t e r  a t  low water/TEOS mo la r  r a t i o s  i n  

presence o f  g l y c e r o l .  I n  absence o f  g l y c e r o l ,  g e l s  formed f a s t e r  a t  h i g h e r  

water/TEOS mo la r  r a t i o s  (Tab le  1, F i g u r e s  2a anld 2 b ) .  

G e l a t i o n  t i m e s  f o r  seve ra l  p o l y e t h y l e n e  and po lyp ropy lene  g l y c o l s  were 

a l s o  observed, Tab le  2. G e l a t i o n  t imes  w i t h  g l y c e r o l  were less t h a n  those due 
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2320 

TABLE 1 
Gela t i on  Times I n  Presence And Absence o f  Glycero l  

SHAH AND GROVES 

SYSTEM A SYSltlr! B SYSTEM C 

WATER/TEOS GT WATER/TE 0s GT WATER/TEOS GT 
MOLAR RATIO KOLAR RATIO MOLAR RATIO * 

1 34.72 5:OO 26.04 5:30 17.36 24 : 00 

2 18.52 3:OO 13.88 6:30 10.45 11:30 

3 8.96 3:15 6.72 4:30 4.48 4:45 

4 4.51 4: 15 3.43 3:45 2.26 l:oo 

5 2.67 22:30 2.00 3:30 1.34 1:15 

m 

6 1.54 NG 1.15 45:OO 0.11 NG 

7 1.14 NG 0.65 NG 0.43 #G 

*Location on phase diagram i n  F igu re  1 

SYSTEN A - TEOS, ETOH and Water Systerr.. 

SYSTEM E - TEOS, ETOH and (25% Glyce ro l  i n  water)  system. 

SYSTEM C - TEOS, ETOH and (50% Glyce ro l  i n  water) system. 

GT - Ge la t i on  t ime  i n  hours and minutes. 

NG - No gel  formed observed up to  200 hours 

CONDITIONS: Temperature 70°C. 

C a t a l y s t  0.1N HC1, 10~1/1.0 g sample. 

t o  po lyethy lene and polypropylene g l y c o l s .  

g l y c o l s  were a l s o  opague. 

s t reng th  associated w i t h  the  g l yce ro l  gels. 

Some o f  the  ge ls  formed w i t h  these 

Some ge ls  cracked and d i d  n o t  have the  mechanical 

Ge la t i on  t imes were l e s s  a t  t he  h ighe r  temperature as might  be 

an t i c ipa ted ,  Table 3.  

O f  t h e  th ree  a c i d  c a t a l y s t  fHCl) concentrat ions studied, ge l s  formed 

f a s t e r  a t  lower  concentrat ions,  Table 4. 
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NOVEL S E R I E S  OF S I L I C A  GELS 2321 

TABLE 2 
Effect of Gther Polyhydric Glycols In IPlace O f  Glycerol 

E OF ----€mmIUF;---- 
POLYHYCRIC GLYCOL TIME 

H0URS:MIN. 
- 

Glycerol 1 : 010 

E - 200 45 :or-- 
E - 400 40:OO 

- 

- 
600 31:06-- 

--- 
E - 1000 27:OO 

E - 4500 22:OF 

P - 1200 19:oo 

- 0 uG------ - 

- 
P - 4000 

SbiMPLE: TEOS 43%, ETOH 40%, Water 8.5%, Glycol 8.5% 

E : Polyethylene glycol 

P : Polypropylene glycol 

NC;: No gel formed observed iipto 200 hours. 

CONDITICNS: Temperature 70-1:. 

Catalyst  0.1N H C 1 ,  lOp1/1.0 g sample. 

TABLE 3 
Effect of Temperature On Gelation Time. 

-- - 
GELATIOK TfE 

HOURS: M I N S  

f 9  1 2 3 4 5 

T 45 C 3 l : O O  6:30 11:zo 2 0 : : @ - 5 0 : 0 0 ~  

M 70 5:OO 3:30 3: 15 4:13 22:30 
E 

I:. 
D 

* Location on phase dlagram i n  Figure 1. 

Conditions: Catalyst 0.1N H C 1 ,  lOpl/l.O g sample. 
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2 3 2 2  SHAH AND GROVES 

TABLE 4 
Gel Formation A t  D i f f e r e n t  A c i d  C a t a l y s t  (HC1) Concentrat ions 

GELATION TIME 
HOURS: MINS 

*+ 1 2 3 4 5 

C 1 5:OO 3:30 3: 15 4:15 22:30 
A 
T 
A I1 28:OO 21:30 10:30 18:OO 44:OO 
L 
Y 
s 1 1 1  53:OO 36:OO 21:30 20:30 29:OO 
T 

* Loca t ion  o f  sample on phase diagram i n  F i g u r e  1. 

I con ta ins  0 . 1 N  HCI, 10p1/1.0 g sample. 

11 con ta ins  0.1N HC1, 25p1/1.0 g sample. 

111 con ta ins  0.1N HC1, 50p/1.0 g sample. 

CONDITION: Temperature 7OUC. 

TABLE 5 
E f f e c t  o f  Other A l coho ls  On Ge la t i on  Process 

G t L A m  TIML 
ALCOHOL HOURS: H I N S  

Ethyl 1 :oo 
BUtYl 25:OO 

Penty l  22:oo 

Hew1 20 : 00 

Hepty l  21:oo 

Octy l  2o:oo 

SAMPLE: TEOS 43%, Alcohol 40%, Water 8.5%. 

CONDITIONS: Temperature 70-C. 

Glyce ro l  8.5% 

C a t a l y s t  O.1N HC1, lOp1/1.0 g sample. 
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NOVEL S E R I E S  OF S I L I C A  GELS 2 3 2 3  

Replac ing  ethy'l a l c o h o l  w i t h  o t h e r  a l c o h o l s  had a s i g n i f i c a n t  e f f e c t  on 

g e l a t i o n  process, Tab le  5 .  The g e l a t i o n  time!; were l o n g e r  w i t h  o t h e r  a l c o h o l s  

and a lmos t  a l l  t h e  g e l s  formed were opaque and d i d  n o t  plossess t h e  

t ransparency  observed i n  g e l s  made w i t h  e t h y l  a l c c h o l .  

I t  i s  e v i d e n t  t h a t  g e l a t i o n  t imes have an impac t  on the  n a t u r e  and 

p r o p e r t i e s  o f  t h e  r e s u l t i n g  ge ls .  

arid TEOS a f f e c t  the  g e l a t i o n  process  b u t  so a l s o  do t h e  c a t a l y s t  and 

tempera ture  c o n d i t i o n s .  

g e l a t i o n  and t h e  c h a r a c t e r i s t i c s  o f  r e s u l t i n g  g e l s .  

and g l y c e r o l  appear t o  p l a y  un ique r o l e s  i n  t t le  g e l a t i o n  process compared t o  

o t h e r  a l c o h o l s  and p o l y h y d r i c  g l y c o l s .  O v e r a l l ,  these s i l i c a  g e l s  f rom 

o rgan ic  s i l i c a t e s  appear t o  be v e r s a t i l e  systems w i t h  pc ' t en t i a l  a p p l i c a t i o n  t o  

t h e  pharmaceut ica l  i n d u s t r y .  These systems have t h e  c a p d b i l i t y  t o  be m o d i f i e d  

and molded t o  t h e  s p e c i f i c  needs o f  a d e s i r e d  d r u g  d e l i v e r y  system. 

N o t  o n l y  does t h e  c o n c e n t r a t i o n  of water  

Other  a d d i t i v e s  such as g l y c e r o l  a f f e c t  t h e  r a t e  o f  

I n  these systems, e thano l  
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