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S u m m a r y  

The hydrolysis and condensation of tetramethoxysilane in a DMF 
solution of polyamides containing LiC1, CaC12 or ZnC12, both in presence 
and absence of polyoxazoline, resulted in the facile formation of 
polyamide-silica gel hybrids. Films were cast from the resulting 
mixtures and  evaporation of the solvent resulted in the formation of 
clear, t ransparent  hybrids with the salts dispersed at the molecular  
level. Pyrolysis of hybrids at 600~ gave porous silica. Pore size and  
surface characteristics of these silica gel samples indicated a porous 
nature with a pore radius of 1.1 rim for silica gels obtained f rom hybrids  
HPA-6 (containing no salt) and HPA-9 (containing ZnC12) and a surface 
area of 213 m2g-1 and 310 m2g -1, respectively. Silica gel f rom hybr id  
HPA-7 (containing LiC1) had  a pore radius of 1.9 nm and a surface area 
of 15 m2g-1. The silica gel samples obtained from hybrids HPA-6, 
HPA-7 and  HPA-9 exhibited nar row slit-like pores with a pore  volume 
of 0.68 cm3g- 1. 

I n t r o d u c t i o n  

The sol-gel reaction involves the controlled hydrolysis and  
condensation of metal and non-metal  alkoxides and is an attractive 
route for the facile formation of high purity glasses at relatively low 
processing temperatures,  molecular dispersions, composites, as well as 
organic-inorganic polymer hybrids (1). The inorganic component  of the 
hybr id  is formed by the hydrolysis-condensation of metal  alkoxides 
such as TMOS. Transparent organic-inorganic glassy gels are easily 
prepared  by effecting the hydrolysis-condensation of the alkoxide in 
a solution of a prefoliiied polymer. The range and composition of the 
polymer-silica gel hybrids can be tailored by changing the ratio of the 
metal alkoxide and the polymer. Structure of organic and  inorganic 
component, phase morphology, degree of penetration and  covalent 
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bonds contribute to a wide variety of properties in the hybrids (2). The 
presence of metal salts like LiC1, CaC12 or ZnC12 might result in the for- 
marion of new types of hybrids. 

Silica gel hybrids containing poly(2-methyl-2-oxazoline) (3), 
poly(ether-ketone) (4), poly(oxyethylene) (5), poly(oxytetramethylene) 
(6), poly(dirnethylsiloxane) (7), polysiloxane elastomers (8), poly(N- 
vinylpyrrolidone) (9), polyurea (10), and polyimide (11) have been 
reported. Wang, et al. (12) have reported the preparation of polyamide- 
silica gel composites via the sol-gel reaction. 

The present paper reports the preparation of silica gel hybrids by 
the acid-catalyzed hydrolysis-condensation reaction of TMOS in a 
solution of polyamide to result in the formation of multi-dimensional 
silica gel network. By the reaction of diamines and diacid chlorides 
several polyamides were targeted. The hydrolysis-condensation of 
TMOS was carried out in a solution of dimethylformamide (DMF) 
containing 5% LiCl, CaCl2 or ZnC12 and the polyamide both in the 
presence and absence of polyoxazoline (POZO). The potential application 
of these materials may be in catalysis (13), in non-linear optics (14), in 
coatings, films and in semi-permeable membrane  applications. Porous 
silica gels were also prepared by the pyrolysis of these hybrids at 600~ 
in a furnace. 

Experimental 

M a  t e r i a l s  

Tetramethoxysilane (TMOS) was distilled prior to use under  an 
inert  atmosphere of nitrogen. Isophorone diarnine was used as such 
from fleshly opened bottle. Hexarnethylene diamine was sublimed in 
vacuum. Adipoyl chloride, isophthaloyl chloride and terephthaloyl 
chloride were distilled under  reduced pressure. Dimethylformamide 
(DMF) was distilled over calcium hydride under  reduced pressure. 

Poly(2-methyl-2-oxazoline) (DP=100) was synthesized by the ring- 
opening polymerization of 2-methyl-2-oxazoline by the procedure 
reported earlier (3). Other reagents were purified using standard 
laboratory procedures (15). 

C h a r a c t e r i z a t i o n  m e t h o d s  

Inherent  viscosities were detei-ixm-aed in a suspension type 
Ubbelohde viscometer at a concentration of 0.5g/dL in dimethyl- 
formamide or in sulfuric acid at 30.~0.01~ TherJ~iogravimetric analysis 
was carried out by heating the samples at 10~ in air. Glass 
transition temperatures (Tg) were measured at a heating rate of 
20oC/min in a draft of nitrogen. The pore size, pore volume, and surface 
area of porous silica samples were determined by nitrogen adsorption- 
desorption isotherm method (16,17) on a Belsorp 28 nitrogen adsorption 
apparatus. 
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P o l y a m i d e  P r e p a r a t i o n  (PA- 1 to PA- 6 )  

Polyamides were  prepared by reacting diamines (0.01 mol)  and 
diacid chlorides (0.01 mol) in presence o f  an equivalent a m o u n t  o f  
pyridine at ice-bath temperature in dichloromethane in a three -necked  
flask fitted with a nitrogen gas inlet, a reflux condenser  f i t ted with a 
calcium chloride guard tube and a stirring bar. The reaction mixture  was  
washed with water  to r e m o v e  the pyridinium salt. The d ichloromethane  
solution was dried over anhydrous Na2SO 4 before concentration.  
Polymer samples  were  isolated by pouring the reaction mixtures into  
excess of  methano l  or n-hexane,  filtering at pump and drying at 100~ 
in vacuum for several hours (Scheme 1 and Table 1). 

CH2Ch / 0 ~ 
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O 

~R/C'N-R' -I~H, ct  
H 

O 
W h e ~ R =  ~-CH2)T---, ~ , 

= ~ , - (CH2 )  6 -  R' 

IPDA HDA 

Scheme 1: l'reparaUon of  Polyamide~ 

Table 1 : Preparation of  Polyamide~ 

Polymer Dl~mtr~ Dlacid chloride Yield a rr inhb 

code (0 .01  m o l )  (0 .01  m o l )  (%) ( d L / g )  

PA-1 Hexa~ethylene Adipoyl 9 0  0 . 4 2  

diamtne chloride 

PA-2 Isoph~rceae Adlpoyl 9 1  0 .51  

d i m i n e  ~ k l e  

PAo3 H e x a ~ e ~ y i e n e  Terephtl~loyl 8 8  0 . 3 2  

PA-4  l s o p h m ' c ~ e  Te l~eph tha loy l  8 9  0 . 3 7  c 

dtarmtne chloride 

PA-5 Hexmnethylmae lsophthalolyl 9 1  0 . 6 6  c 
dlamlm~ daloride 

PA-6  lsophore~te lsophtha~lyl  9 0  0 . 7 0  

a =  ~ yield; b = Determ!n'~l tn DMF at a concenU'aUon 
o f  0 .5  g / d L  at 3 0 ~ 0 . 0 1  ~  = Determined in H2SO4 at a 
concentration o f  0 .5  g / d L  at 3 0 ~ . 0 1  ~ 

P o l y a m i d e - S i l i c a  Gel  H y b r i d  P r e p a r a t i o n  (I-IPA-1 to H P A - 3  2)  

To a solution o f  a polyamide in DMF, TMOS was added (weight- 
feed ratio employed  was polyamide : TMOS :: 1 : i or polyamide : TMOS :: 
1 : 5). The reaction mixture was stirred for 2 hours at ambient  
temperature. Two drops o f  0.1 N HC1 were added and stirred for 2 
additional hours.  The temperature was then raised gradually to 110oc  
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Scheme 2 : Preparation of Polymer-Silica Gel Hybrids and Porous Silica. 

Table 2: Preparation of Polyamide-Silica Gel Hybrids and Some Properties. 

Hybrid Weight Feed Ratio a Salt % Polymer Tl0 ~ Tg d 

Code Polyamide POZO b TMOS (5%) in Hybrid c (oC) (oc) 

PA-1 5 None 37 260 
5 ZnC2 36 235 
1 None 35 305 
1 LiCI 6O 235 
1 ZnCI 2 66 260 

1 None 55 271 
1 LiCI 53 225 
1 CaCI 2 60 263 
1 ZnCl 2 57 255 
5 None 35 300 
5 LiCI 35 300 
5 CaCI 2 35 295 
5 ZnCI 2 35 310 
1 None 55 260 
1 LiCI 63 265 
1 CaCI 2 60 300 
1 ZnCI 2 67 300 
1 None 35 331 
1 LiCI 67 285 
1 ZnC12 70 259 
5 None 46 300 
5 ZnCI 2 35 300 
1 None 70 291 
1 LiCI 70 283 
1 ZnCI 2 64 295 
1 None 70 275 

1 LiCI 63 300 
1 ZnC12 60 300 

5 None 41 295 
1 None 56 310 
1 LiC1 70 26O 
1 ZnCI 2 64 265 

HPA-1 
HPA-2 
HPA-3 
HPA~I. 
HPA-5 
HPA-6 
HPA-7 
HPA-8 
HPA-9 
HPA-10 
HPA-11 
HPA-12 
HPA-13 
HPA-14 
HPA-15 
HPA-16 
HPA-17 
HPA-18 
HPA-19 
HPA-20 
HPA-21 
HPA-22 
HPA-23 
HPA-24 
HPA-25 
HPA-26 

HPA-27 
HPA-28 

HPA-29 
HPA-30 
HPA-31 
HPA-32 

PA-2 

PA-3 

PA-6 

136 
167 
140 
140 
150 
158 
184 
185 
148 
174 

170 
146 
164 
166 
163 

Polyamide-silica gel hybrids were pyrolysed in a muffle furnace at 
6000(2 for 24 hours to obtain porous silica gels (Scheme 2). 

P r e p a r a t i o n  o f  Porous Si l ica Gels 

to 120oc and kept at that temperature for several days to allow the 
solvent to evaporate gradually and afford a hybrid. Silica gel hybrids 
containing polyamides and POZO were also prepared in a similar 
manner. The weight-feed ratio employed was polyamide : polyoxazoline: 
TMOS :: 1:1:1 (Scheme 2). Table 2 incorporates the combinations that 
resulted in clear, homogeneous and transparent hybrids. 

a = Combinations which gave clear and transparent hybrids; b = POZO of DP=100; 
c = As observed from the thermogravimetric analysis at a heating rate of 10~ in air, 
d = As observed in the DSC measured at a heating rate of 20~ in nitrogen. 
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R e su l t s  a n d  D i s c u s s i o n  

The sol-gel reac t ion  affords the prepara t ion  of composi tes  a n d  
hybr ids  of organic- inorganic  polymers  in which the c o m p o n e n t s  are  
in te rmingled  with  each  o the r  at a molecular  level. There  are  no  cova len t  
l inkages and  the h y b r i d  migh t  be composed of a single, t r anspa ren t  a n d  
homogeneous  phase  (18). 

On account  of thei r  super ior  thermal  stability, lower  dens i ty  a n d  
specific strength, a romat ic  polyamides,  part icular ly Kevlar  a n d  Nomex, 
f ind pervasive applicat ions in aerospace and au tomobi le  indust r ies ,  
among  others ( 12 ). 

P o l y a m i d e s  P r e p a r a t i o n  (PA-1 to PA-6 )  

Polyamides were  p r e p a r e d  by the polycondensa t ion  of equ imola r  
amounts  of d iamines  a n d  diacid chlorides in d ich lo romethane ,  in 
presence  of an  equ iva len t  a m o u n t  of pyr idine  as an  acid t rap (Scheme 
1). The polymers  were  isolated in yields in the  r ange  88-91%. The 
inhe ren t  viscosities of  the polyamides  were  in the  r ange  0.32 to 0.70 
dL/g (Table 1). These polyamides  were  insoluble in m a n y  protic  
solvents  t r ied.  PA-1, PA-2, PA-3, and  PA-6 were  soluble  in DMF, DMAc, 
and DMSO on heat ing to 100oc. However, all po lyamides  d issolved 
readi ly  in sulfuric acid. 

P o l y a m i d e - S i l i c a  Gel  H y b r i d  P r e p a r a t i o n  (HPA- 1 to H P A - 3  2) 

To a solution of po lyamide  in DMF, TMOS was added .  The 
hydrolysis  and  condensa t ion  was effected by the add i t ion  of 2 drops  of 
0.1N HC1. Silica gel hybr ids  containing polyamides a n d  POZO were  also 
p repa red  in a similar man n e r .  The solution was cast  on  Teflon m o l d  a n d  
the solvent  was r e m o v e d  gradua l ly  at 110-120oC over  several  days  to 
give a pale ye l low to amber -co lo red  films (Scheme 2). Polyamide-s i l ica  
gel hybr id  format ion  was favoured in the presence of  POZO. Table 2 
incorporates  the combinat ions  that  resul ted in clear, h o m o g e n e o u s  a n d  
t ransparen t  hybr ids .  

Polyamide fo rma t ion  was character ized b y  the  amide  b a n d s  at  
3300 cm -1 a n d  1640 c m  -1 in the inf rared  spectra  of the  po lymers .  
However,  the  1640 c m  -1 b a n d  shifted to lower w a v e n u m b e r  in  the  
polymer-si l ica gel hybr ids .  Polyamide-sil ica gel h y b r i d  fo rma t ion  m a y  
be reckoned  to be t h rough  the opera t ion of the h y d r o g e n  b o n d  be tween  
the  residual  silanol groups  (the BrCnsted acid) f o r m e d  du r ing  the  
hydrolysis  of  TMOS a n d  the carbonyl  groups of  po lyamide  and POZO 
(when present)  a n d  the  en t r ap men t  of the po lymer  chains  du r ing  the  
condensat ion  of  the  a l r eady  hydrolyzed  TMOS to fo rm the three-  
d imens ional  Si-O-Si network.  The schematic r ep re sen t a t i on  of  such a 
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Figure 1: Schematic R ~ t a t i o n  of Polyamide-$ilica Or Hybrid. 

hybrid is illustrated in Figure 1. It is expected that polymer-silica gel 
hybrids with salts dispersed at a molecular level would find usage in 
semi-conductor, semi-permeable membrane,  and NLO applications, 
among others. 

Nearly 35-70% polymers were incorporated in the organic- 
inorganic polymer hybrids as observed in the thermogravimetric 
analysis. Table 2 incorporates the temperature at 10% (T10) weight loss 
and the glass transition temperatures. 

P r e p a r a t i o n  o f  P o r o u s  S i l i c a  G e l s  

Porous silica gels were prepared by the pyrolysis of the polymer 
hybrids at 600oC for 24 hours in a furnace. Adsorption-desorption 
studies were carried out according to literature method (16,17) to 
detei-niine the pore size, pore volume and surface area of the porous 
silica thus obtained. Preliminary studies were carried out on 
representat ive silica gel samples obtained from hybrids HPA-6 
(containing no salt), HPA-7 (containing LiC1) and HPA-9 (containing 
ZnC12). Silica gel samples from hybrids HPA-6 and HPA-9 gave a Type 
IV isotherm and Type H4 hysteresis loop. Type IV isotherm is 
associated with capillary condensation taking place in the mesopores. It 
is also indicative of monolayer-multilayer adsorption. Type H4 
hysteresis loop is indicative of narrow slit-like pores, but the Type I 
isotherm character is indicative of microporosity. Silica from hybrid 
HPA-7 also exhibited a Type IV isothezm and a Type H3 hysteresis 
loop. Type H3 hysteresis loop is normally observed with aggregates of 
plate-like particles giving rise to slit-shaped pores (16,17). Silica from 



Table  3. Some Surface  Characteristics o f  Porous  Si l ica Gels  Obta ined  u p o n  t h e  Pyrolys i s  
o f  Po lyamide-St l i ca  Gel Hybrids .  

5 0 7  

H y b r i d  C o m p o s i U o n  Surface  Pore Pore Ronmrks  c 

C o d e  Area  = V o h n n e  b Radius b 

( m Z g  ' '  ) ( c m 3 g  - t )  (am) 

HPA-6 ( IPDI+C4)  :TMOS: :  1 : 5 / N o  Salt 2 1 3  0 . 6 8  

HPA-7 ( IPDI+C4):TIvI[OS:: 1 : 5 / L i C I  1 5  0 . 6 8  

HPA-9 ( I P D I + C 4 ) : T M O S : :  1 :S /ZnC1  2 3 1 0  0 . 6 8  
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F1Rure 2: Pore size distribution ploLs of porous silica obtained after the pyrolysis 
Of hybrids HPA-6 ( '"L HPA.7 (----) and HPA-9 (-.-). 

hybrids  HPA-6 and HPA-9 had a pore radius of  1.1 n m  (BJH Method) 
and a surface area of  213 m2g-1 and 310 m2g -1, respectively,  whi le  silica 
from hybrid HPA-7 (containing LiC1) had a pore radius of  1.9 n m  (BJH 
method)  and surface area of  15 m2g-1 (BET method).  The pore v o l u m e  
observed  was 0.68 cm3g-1 for the silica gels obtained from hybrids  HPA- 
6, HPA-7, and  HPA-9 (Table 3). The pore size distribution plots of  these 
porous silica gel samples are illustrated in Figure 2. 

C o n c l u s i o n s  

Polyamide-si l ica gel hybrids  were prepared by the hydrolysis  and 
condensat ion of  TMOS. FiLms could be cast in which the  meta l  salts are 
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highly dispersed from the solution of the polymer and TMOS. Porous 
silica gels could be obtained by the pyrolysis of the hybrids at 600oC. 
Adsorption-desorption studies on representative porous silica samples 
indicated a porous nature. Hybrids HPA-6 (containing no salt) and HPA- 
9 (containing ZnC12) gave silica with smaller pore sizes and larger 
surface areas, while hybrid HPA-7 (containing LiC1) gave silica with a 
larger pore size and a smaller surface area. Presence of LiCI in the 
hybrid  seems to favor the formation of larger pores and smaller surface 
areas. It appears that pore size, surface area and pore volume could be 
controlled by a judicious choice of metal salts. Controlled pyrolysis of 
hybrids may result in porous silica gels with domains of polymers still 
embedded  in the silica gel network. Such materials could have 
interesting properties for potential applications. 
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