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Composite materials incorporate two or more different types of components that are 
normally immiscible. For example, fiberglass contains an organic polymer matrix that is 
reinforced by inorganic glass fibers. Such a composite takes advantage of both the strength 
of the glass and the ductility of the polymer, and thus incorporates the best of both materials. 
The properties of a composite are determined by the properties of the matrix, the filler, and 
the phase interface [1]. Optimizing the degree of mixing between the two phases on the 
molecular level can greatly improve the properties of the composite. 

The fundamental obstacle to making organic-inorganic composites lies in the very 
different processing conditions required for each component: organic compounds decompose 
under the high temperatures common to inorganic solid state syntheses. Sol-gel processing 
(the hydrolysis and condensation of metal alkoxides to form a three-dimensional network), 
however, proceeds readily at room temperature and provides a feasible path to inorganic­
organic composites. The growth of these gels is random and statistical, but the structure and 
morphology of the resulting solid can be controlled using pH and other experimental 
variables [2-6]. 

The simplest inorganic-organic composites are those that contain no covalent bonds be­
tween the phases. These can be synthesized by precipitating an inorganic phase into an pre­
formed organic polymer or by polymerizing the polymer within the preformed inorganic matrix 
[7-12]. Mechanical properties such as the elastic modulus and abrasion resistance are 
improved relative to the pure organic component and vary with the volume fraction of each 
component. There is little direct evidence of molecular level mixing in these materials, though 
Scherer reported that no second phase was observable in a TEOS poly(ethyloxazoline)-silica 
composite even at 3 nanometer resolution [9]. 

The properties of composites are greatly enhanced by the incorporation of covalent 
bonding between the phases [11]. For example, poly(methylmethacrylate) was covalently 
linked to a preformed silica gel [ 12]. The modulus of rupture of the covalently linked com­
posite increased forty percent relative to the unlinked composite. 

Wilkes has conducted detailed studies to determine the effect of covalent bonding and 
nanoscale mixing of the organic and inorganic phases in several systems [ 13-18]. Silica was 
precipitated into oligomers possessing functionalities that enabled them to bond with the in­
organic phase. The length of the oligomer and the number and type of potential bonds to the 
inorganic system proved critical to the properties of the composites. For example, dynamic 
mechanical measurements showed that triethoxysilyl endcapped oligomers exhibited less 
phase separation from the silicate than did silanol endcapped oligomers. Small angle X-ray 
scattering showed that the triethoxysilyl endcapped oligomers exhibited a periodicity in 
structure while the silanol endcapped oligomers did not. The domain spacing increased with 
the spacing between triethoxysilyl groups. All data indicate nanoscale mixing of phases. A 
model was proposed for these composites in which there are regions rich in silica, regions 
rich in oligomer, and regions in which the two components are evenly dispersed [18]. 
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Figure 1. The Wilkes model 

Composites made from metal alkoxides other than TEOS have also been studied [19]. 
Alumina and titania composites were synthesized by employing ~-dicarbonyls to mediate the 
reactivity of these alkoxides [20, 21]. The alumina gel contained extractable side products of 
the hydrolysis and condensation that adversely affected its mechanical properties. An alter­
native route to this composite using dilute HCl has been presented (22]. 

Simultaneous Interpenetrating Networks (SIPN) have been synthesized by means of 
sol-gel methods [23]. This entails the simultaneous formation of the silica and polymer net­
work such that no phase separation can occur. The use of separate catalysts for the inorganic 
(F-, H+) and organic phases (free radical, ROMP) facilitates phase mixing [24]. Shrinking 
can be avoided by choosing a metal alkoxide whose corresponding alcohol is itself polymer­
izable and using this alcohol as the cosolvent [25]. All components are polymerizable, thus 
neither evaporation nor the attendant shrinkage and fracture occurs. 

Practical applications of these materials have been limited. Shea has synthesized 
aryl-bridged polysilsequioxanes in an attempt to "engineer" regular porosity into the gel [26]. 
His results have been inconclusive. Packing of the particles seems to be the prime factor that 
determines porosity. Related studies of alkylene-bridged silsesquioxanes show that greater 
degrees of condensation lead to greater micro- and mesoporosity. Rigid spacers also seem to 
be a requirement for microporosity [27]. 

These polysilsesquioxane gels have been used as confinement matrices for the forma­
tion of nanophase materials [28). The gels were also etched in an oxygen plasma to remove 
the organic component. A greater percentage of pores in the mesoporous region resulted 
[29]. 

In another practical application, Schmidt has used sol-gel processing to fabricate con­
tact lens material [30]. Si(OR)3R' was treated with Ti(OR)4 and methylmethacrylate to 
enhance network formation and provide flexibility, respectively. The phases were succes­
fully crosslinked. The resulting material satisfied all the requirements of contact lenses in­
cluding wettability, scratch resistance, and flexibility. 

References 

1. Lubin, G., Ed.; Handbook of Composites; Van Norstrand Reinhold Co.: New York, 
1982. 

2. K.lemperer, W. G.; Ramamurthi, S. D., "A Flory-Stockmayer Analysis of Silica-Gel 
Polymerization," J. Non-Cryst. Solids 1990, 121 , 16-20. 

43 



3. Brinker, C. J.; Keefer, K. D.; Scheafer, D. W.; Ashley, C. S., "Sol-Gel Transition in 
Simple Silicates," J. Non-Cryst. Solids 1982, 48, 47-64. 

4. Brinker, C. C.; Scherer, G. W., "Sol-+ Gel-+ Glass 1. Gelation and Gel Structure," 
J. Non-Cryst. Solids 1985, 70, 301-332. 

5. Johnson, G. W.; Laudise, R. A., "Supercritical Drying of Gels," J. Non-Cryst. Solids 
1986, 79, 155-164. 

6. Sakk:a, S.; Adach, T., "The Role of DMF, a Drying Chemical Control Agent, in 
Formation of Silica Gel Monoliths by Sol-Gel Methods," J. Non-Cryst. Solids 1988, 
99, 118-128. 

7. Schmidt, H., "Organic Modification of Glass Structure," J. Non-Cryst. Solids 1989, 
112, 419-423. 

8. Mark, J.E.; Ning, Y.; Jiang, C.; Tang, M; Roth, W. C., "Electron Microscopy of 
Elastomers Containing in-situ Precipitated Silica," Polymer 1985, 26, 2069-2073. 

9. David, J. A.; Scherer, G. W., "A Molecular Organic/Inorganic Semi-Interpenetrating 
Network," Poly. Prepr.1991, 32, 530-531. 

10. Landry, C. J. T.; Coltrain, B. K., "Organic-Inorganic Composites Prepared via the 
Sol-Gel Method: Some Insights into Morphology Control and Physical Properties," 
Poly. Prepr. 1991, 32(3), 514-515. 

11. Mackenzie, J. D.;Asami, M.; Popo, E. J. A.; "Transparent Silica Gel-PMMA 
Composites," J. Mat.Res.1984,4, 1018-1026. 

12. Abramoff, B.; Klein, L. C., "PMMA Impregnated Silica-Gel," In 4th Intl. 
Ultrastructure Conf.; Uhlmann, D, A.; Ulrich, D.R., Eds.; Wiley, New York 1991; 
58-61. 

13. Wilkes, G. L.; Huang, H.; Oder, B., "Ceramers: Hybrid Materials Incorporating 
Polymeric/Oligomeric Species into Inorganic Glasses Utilizing the Sol-Gel Ap­
proach," Poly. Prep. 1985, 26, 525-528. 

14. Wilkes, G. L.; Huang, H.; Glaser, R.H., "Structure-Property Behavior of New 
Hybrid Materials Incorporating Oligomeric Species into Sol-Gel Glasses. IV. 
Characterization of Structure and Extent of Reaction," Poly. Prepr. 1981, 28, 434-
435. 

15. Wilkes, G. L.; Huang, H.; Orler, B., "Structure-Property Behavior. 3. Effect of Acid 
Content, TEOS Content, and Molecular Weight of Poly( dimethylsiloxane ), " 
Macromolecules 1987, 20, 1322-1330. 

16. Wilkes, G. L.; Huang, H., Carlson, J. G., "Structure-Property Behavior of Hybrid 
Materials Incorporating TEOS with Multifunctional PTMO," Polymer 1989, 2001-
2009. 

17. Wilkes, G. L.; Wang, B.; Betrabet, C.; Rodrigues, D. E., "Structural Features of Sol­
Gel Derived Hybrid Ceramer Materials by Small Angle X-Ray Scattering," Poly. 
Prepr. 1991, 32, 525-527. 

44 



18. Rodrigues, D. E., Brennan, A. B.; Betrabet, C.; Wang, B.; Wilkes, G. L., "Structural 
Features of Sol-GelDerived Hybrid Inorganic/Organic Network Ceramer Materials by 
Small Angle X-Ray Scattering," Chem. Mater. 1992, 4, 1437-1443. 

19. Wilkes, G. L.; Huang, H.; Wang, B., "Synthesis and Characterization of New 
Alumina and Titania Containing Hybrid Network Ceramer Materials from Sol-Gel 
Processing," J. Macromo/. Sci., Chem. 1990, 27, 1447-1468. 

20. Livage, J.; Doeuff, S.; Henry, M; Sanchez, C., "Hydrolysis of Titanium Alkoxides: 
Modification of the Molecular Precursor by Acetic Acid," J. Non-Cryst. Solids 1987, 
89, 206-211. 

21. Schmidt, H., "Chemically Controlled Condensation in Hybrid Materials," J. Non­
Cryst. Solids 1988, JOO, 51-60. 

22. Wilkes, G. L.; Wang, B., "New Ti-PTMO and Zr-PTMO Ceramer Hybrid Materials 
Prepared by the Sol-Gel Method: Synthesis and Characterization," J. Poly. Sci .: A 
1991, 29, 905-909. 

23. Novak, B. M.; Ellsworth, M. Davies, C., "Simultaneous Interpenetrating Networks of 
Inorganic Glasses and Organic Polymers," Poly. Prepr. 1990, 31, 698-699. 

24. Novak, B.; Ellsworth, M.; "Inverse Organic-Inorganic Composite Materials. 2. Free 
Radical Routes to Non-Shrinking Sol-Gel Composites," Macromolecules, 1991, 24, 
5481-5483. 

25. Novak, B. M.; Ellsworth, M., "Mutually Interpenetrating Inorganic-Organic Net­
works. New Routes into Non-Shrinking Sol-Gel Materials," J. Am. Chem. Soc. 
1991, 113, 2756-2758. 

26. Shea, K. J.; Loy, D. A.; Webster, 0., "Arylsilsesquioxane Gels and Related Materials. 
New Hybrids of Organic and Inorganic Networks," J. Am. Chem. Soc. 1992, 114, 
6700-6710. 

27. Shea, K. J.; Small, J. H.; Oviatt, H. W., "Alkylene Bridged Silsesquioxane Sol-Gel 
Synthesis and Xerogel Characterization. Molecular Requirements for Porosity," 
Chem. Mater. 1993, 5, 943-950. 

28. Shea, K. J.; Choi, K. M., "New Materials for Synthesis of Quantum Sized Semi­
conductors and Transition Metal Particles. Microporous Polysilsesquioxanes as a 
Confinement Matrix for Particle Growth," Chem. Mater. 1993, 5, 1067-1069. 

29. Shea, K. J.; Oviatt, H.; Loy, D. A.; Buss, R. J.; Assink, R. A., "Porous Materials by 
Design," Poly. Prepr. 1993, 34, 244-245. 

30. Schmidt, H.; Philipp, G.; "New Materials for Contact Lenses Prepared From Si- and 
Ti-Alkoxides by the Sol-Gel Process," J. Non-Cryst. Solids 1984, 63, 283-292. 

45 


	1993-1994 fixed 45
	1993-1994 fixed 46
	1993-1994 fixed 47
	1993-1994 fixed 48

