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PROCESSING AND OPTICAL
PROPERTIES OF
INORGANIC-ORGANIC
COMPOSITES

HELMUT SCHMIDT

INTRODUCTION

Use of tailored materials in integrated optics, laser materials, data storage, or
communication technologies is increasing. There is a need for active and passive
materials to meet a desired function, and the tendency is to integrate several
specific functions into the same type of material. These may be either opera-
tional functions or combinations of processing and operational functions (e.g.,
coatings with nonlinear properties and functions allowing patterning by
photolithographic techniques). In general, composites are required for these
types of multifunctional materials. For optical applications, the dimensions of
the composite components have to be either on a molecular level or in the
nanometer range. Dimension control is easily solved in systems where the
function is attributed to molecules dissolved in a matrix (e.g., lanthanide ions in
glasses or dyes in polymers), but use of a polymer as matrix produces problems
of diffusion stability. This can Tead to aggregation of dyes and loss of desired
optical properties due to a change of optical properties of dye molecules from
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lack of stability of the system. In other systems like ceramic—ceramic, ceramic—
glass, or ceramic—polymer systems, the control of dimension is essential for
optical applications. Within ceramics, this can be obtained by nucleation or
crystallization control. If ceramics are prepared by sol—gel techniques (e.g.,
coatings), a variety of nucleation control mechanisms exists to control phase
size. [1]. For ceramic—polymer composites, nanosized ceramic powders have to
be used, which leads to processing difficulties if the conventional route of mixing
polymers with fillers is followed. Moreover, availability of agglomerate-free
nanosized powders is poor, and smaller dimensions down to the molecular level
cannot be obtained this way. For these cases, the synthesis of polymers in the
polymerization or polycondensation step with organics and inorganic compo-
nents both present have the potential of appropriate size control, as already
shown [2-5].

In this chapter, the sol—gel route of synthesizing organically modified
ceramics (ORMOCERs) as described elsewhere [6,7] and its potential for
optical application are reviewed; general possibilities of size control are shown
and some examples using these approaches are given.

METHODS FOR HOMOGENEITY CONTROL
IN ORMOCER SYSTEMS

General sol—gel methods for synthesizing ORMOCER materials are described
elsewhere [5-10]. The basic principles for these multicomponent systems
include a chemical reaction control to keep phase separation on a level as low as
possible. Therefore, it is worthwhile to think about linking the inorganic and
organic components chemically in the molecular or oligomeric state where the
precursors are not yet hydrolyzed or condensed. Figure 64.1 shows some
chemical principles for linking inorganic to organic components. Therefore,
covalent, ionic, and coordinative bonds can be used.

The organics act as a network former if nonreactive groups (e.g., —CHs,
—C,H,, and —C¢H;) or nonpolymerizable functional groupings (like
—(CH,),—NR,,—COOH, or others) are used. Polymeric chains can be formed
by use of double-bond-containing groups (vinyl, methacryl, or other olefine
groups), for example, or epoxides. The copolymerization of organic monomers
leads to an extension of organic chains [8]. The cocondensation of additional
inorganic network-forming components (“pure” inorganic or organically modi-
fied) requires adequate means to suppress reactivity-based phase separation,
which was demonstrated with the synthesis of scratch-resistant coatings from
(RO);S8i(CH,); OCH,—CH—CH,—O0/8i0,/TiO(Et), or Al(iprop); [10-11].
In these cases, the successful route was to create reactive OH groups (=TiOH,
=AIOH) that then react more or less randomly with =Me—OR groups, thus
forming mixed-bond polymers without detectable phase separation down to the
level of nanometers, as shown elsewhere [12] (Fig. 64.2a). These intermediate
species are aggressive and very rapidly consume =Me—OR groups. Another
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General principles for "links”
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Figure 64.1. Examples for chemical bonds between inorganic sol-gel-derived backbones and

organic groups.

route is the immobilization of inorganic precursors [e.g., Zr(iprop),, which
forms colloids very easily after water addition). The aggregation process can be
successfully suppressed by catching these species with “clastic” bonds, as
indicated in Fig. 64.2b. This immobilization step into an organic network to be
formed can be carried out, for example, by methacrylic acid, (MMA) as shown in

Fig. 64.2b [13], and finally, chemical traps, where an inorganic component is
inside a complex structure (Fig. 64.2c) [14].

TYPES OF ORMOCERS FOR OPTICAL APPLICATIONS

Thermoplastic Materials

|
As shown in the literature [15, 16] use of the CgHs— ?i———CGH s unit keeps the

chain length of cocondensates with alkoxides small (3—5000 D) and results in
soluble and thermoplastic materials. Due to their excellent adhesion to glass
surfaces, they can be used as seals, e.g, fiber-to-chip coupling, for architectural
glazing [15] or even for the protection of medieval stained glass windows, a very
special “optical” application [17].
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Figure 64.2. Various routes to overcome homogeneily limiting rate differences of precursors in
multicomponent systems: (a) Formation of highly reactive species; (b) immobilization of alkoxides
within 2 polymeric system from methylmethacrylic acid and methylmethacrylate; (c) formation of
coordinatively ordered structures.

Photocurable ORMOCERs

A survey of curing mechanisms is given in Table 64.1 [18]. The ORMOCER
systems allow the photoinitiated condensation of the sol--gel reaction as well as
organic polymerization. As shown elsewhere [8], Ti(OR), catalyzes the forma-
tion of polyethylene oxide chains for epoxides in the presence of light. In
[TiO,]*~ group-containing transparent ORMOCERs (e.g., contact lens
materials [197] and hard coatings [10]), an electronic conductivity of ¢ &~ 1073
was observed [20], which is substantially larger than in other ORMOCERs
(¢ ~ 107'?)[16]. A structural model of these materials was developed elsewhere
[21] by LAXS indicating a structure with oxygen-coordinated Ti (Fig. 64.3.).
The electronic conductivity can be explained by a Ti defect structure with a
defect being “handled” by chain movement (Fig. 64.4). This type of charge
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TABLE 64.1. Photocuring Mechanisms of ORMOCERs:
Polymerizing Ligands®

CH,
|

=Si—CH,---CH=CH, R-R {thermal, UV)
=Si—CH, - CH—CH, R*R™ (UVY

NS

O

=Si—CH=CH, + H,;C—Si= R--R, thermal
=Si—...CH=CH, + MMA R-:R

=Si—...CH—CH, + ~_ + NH;R... R*R”
N/ 0 :

Ti, Zr, Al + MMA
\// R--R

“Polymerization, mechanism polycondensation, polyaddition.
bf R*+*==H", photo activated condensation becomes possible; R = radical,

ion.

transport mechanism has been indicated in so-called ORMOLYTes by neutron-
scattering and cyclovoltametric measurements [22].

The system can be prepared as highly transparent coatings and can be used as
transparent electrodes despite their low conductivity since they can be applied in
thicknesses up to 50 um.

The photocuring ability can be used in various ways for optical purposes,
such as patterning (e.g., photolithography or laser writing) [23-25]. Another use
is embossing of prepolymerized ORMOCERs during photocuring, which leads
to sharply edged patterns due to the low shrinkage of the ORMOCER system
[26].

Schematics of embossing and laser writing of ORMOCERs are shown in

System: Ti0p / =Si=-= /Si0;

|
""" H> C\ /CHZMMSIi—

Figure 64.3. Structural model of Ti-containing ORMOCERs [19].
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"flexible suspending”

Figure 64.4. Model for electronic conductivity in Ti-containing ORMOCERs,

Figs. 64.5a, b. The scanning electron microscopy (SEM) micrograph of an
embossed film is shown in Fig. 64.6.

Doped ORMOCERs

If prepolymers (liquids or soluble materials) are prepared [8, 10, 15, 16],
dopants can be added very easily. In the case of inorganic ions, complex
formation is an adequate means to dissolve metal salts {e.g., Pt) very homog-
eneously. Copper and Ni can be incorporated into ammiue structures with
NH,—CH,—CH,—CH,Si(OR); () or NH,—CH,—CH,—NH—CH,
—CH,—Si(OR); (II) as ligands. Structures shown in Fig. 64.2 can be obtained.
In the case of Cu, an intensive blue color is obtained showing the typical
spectrum of the Cu tetrammine complex. Nickel, Fe, and Ag can be in-
corporated by similar reactions. In methyl methacrylate modified ORMOCER:s,
dyes have been incorporated into prepolymers serving as a high-molecular-
weight solvent (51000 D). Table 64.2 summarizes some dyes incorporated into
ORMOCERs. The optical spectra indicate no aggregation and are similar to
those of the dissolved dyes. Photochromism can be obtained, too. These
experiments indicate the enormous variability of the ORMOCER system.

development

6%"—‘ post bake
b}

Figure 64.5. Schematics of ORMOCER patterning: (a) embossing; (b) laser writing,
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Figure 64.6. The SEM micrograph of an embossed ORMOCER.

CONCLUSIONS

The ORMOCER system shows properties of interest for optical applications.
These are mechanical properties, processing properties (densifying temperatures
between 50 and 150°C), photocuring properties enabling pattern formation by
photolithography, laser writing and embossing, and the possibility of doping
with inorganic ions as well as with organic dyes. However, questions concerning
structures, structure formation mechanisms, and relations of structure to
properties still need to be answered. The enormous stabilization of lasing dyes in

ORMOCER systems [27] leads to the question about the basis (matrix effect)

TABLE 64.2. Organic Dyes Incorporated into Si(OR), Si
Methacrylate Matrices

Dye wt %P
Fluorosceine 0.029
Eosine 0.068
523 Photo* 0.017
Disperse red 0.030
Acridine orange 0.028

“From ref. 26.
bApproximate values.
‘Phototropic dye.
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and how this can be optimized. ORMOCER systems are at its infancy with

re

spect to optical application, but the potential is promising.

ACKNOWLEDGMENT

The author thanks the State Government of the State of Saarland and the
Federal Government of FRG and various industrial companies for their
financial support.

10.

11.

12,

[3.

14.
15,

REFERENCES

. D. R, Uhlmann, M. C. Weinberg, and G. Teowee, Crystallization of Gel-derived glasses, J. Non-
Cryst. Solids, 100, 154 (1988).

. G. L. Wilkes, A. B. Brennan, H.-H. Huang, D. Rodriggues, and B. Wang, The Synthesis,
Structure and Property Behavior of Inorganic—Organic Hybrid Network Materials Prepared
by the Sol-Gel Process, Mater. Res. Soc. Symp. Proc., 171, 15 (1990).

. P. N. Prasad, Nonlinear Optical Processes in Polymers and Sol-Gel Composites, in:
D. R. Uhlmann and D. R. Ulrich, Eds., Ultrastructure Processing of Advanced Materials, J. Wiley
& Sons, Chapter 42, (1992).

. 1. D. Mackenzie, Ultrastructure Processing of Thin Crystalline Films, in: L.L.Hench and
D. R. Ulrich, Eds., Chemical Processing of Advanced Materials, J. Wiley & Sons, 365-377(1992),

. H. Schmidt, Organically Modified Ceramics, Materials with “History” or “Future”? in:
D. R. Uhlmann and D. R, Ulrich, Eds., Ultrastructure Processing of Advanced Materials, ]. Wiley
& Sons, Chapter 38, (1992).

. H. Schmidt and B. Seiferling, Chemistry and Applications of Inorganic—Organic Polymers
(Organically Modified Silicates), Mater. Res. Soc. Symp. Proc., 73, 739 (1986).

. H. Schmidt, Aspects of Chemistry and Chemical Processing of Organically Modified Ceramics,
Mater. Res. Soc. Symp. Proc., 180, 961 (1990).

. G. Philipp, and H. Schmidt, The Reactivity of TiO, and ZrQ, in Organically Modified Silicates,
J. Non-Cryst. Solids, 82, 31 (1986).

. H. Schmidt, G. Philipp, H. Patzelt, and H. Scholze, Glass Sealings by Sol-Gel Derived

Organically Modified Silicates, Collected papers, XIV. Intl. Congress on Glass, Vol. I1, p. 429

(1986).

H. Schmidi, B. Seiferling, G. Philipp, and K. Deichmann, Development of Organic—Inorganic

Hard Coatings by the Sol-Gel Process, in: J. D. Mackenzie and D. R. Ulrich, Eds,

Ultrastructure Processing of Advanced Ceramics, p. 651, Wiley, New York (1988).

G. Philipp, B. Seiferling, H. Schmidt, A. Kaiser, and K. Holmann, Verfahren und Zusammenset-

zung zur Herstellung von kraftzfesten Materialien, German Offen 38 28 098 A1, August 18, 1988.

H. Schmidt, Organic Modification of Glass Structure—New Glasses or New Polymers? J, Non-

Cryst. Selids, 112, 419 (1989).

H. Schiidt, Inorganic—Organic Composites by Sol-Gel Techniques, Mater. Res. Soc. Symp.
Proc., 171, 3 (1990). '

H. Schmidl, unpublished results.

H. Schmidt, H. Scholze, and G, Tiinker, Hot Melt Adhesives for Glass Containers by the Sok—
Gel Process, J. Non-Cryst. Solids, 80, 557 (1986).



16.

17.

18.

19.

20.
21

22.
23,

24.

25.

26,
27.

REFERENCES 735

H. Schmidt and H. Wolter, Organically Modified Ceramics and Their Applications, J. Non-
Cryst. Solids, 121, 428 (1990).

H. Schmidt and D. Fuchs, Protective Coatings for Medieval Stained Glasses, Maier. Res. Soc.
Symp. Proc., 185 (1990).

M. Popall, J. Schulz, and H. Schmidt, Verfahren zur photoinitiierten Steuerung der anorganis-
chen Netzwerkbildung beim Sol-Gel-ProzeB, German Patent P 3925462.3, August 1, 1989,

G. Philipp and H. Schmidt, New Materials for Contact Lenses Prepared from Si- and Ti-
alkoxides by the Sol-Gel Process. J. Non-Cryst. Solids, 63, 283 (1984).

M. Duclot, private communication, 16950.

L. Gauthier-Luneau, Ph.D. Dissertation, L'Université Paul Sabatier de Toulouse (Sciences)
(March 1988).

Y. Charbouillot, Ph.D. Dissertation, Institut National Polytechnique, Grenoble (1987).

M. Popall, H. Meyer, H. Schmidt, and J. Schulz, Inorganic—Organic Composites .
(ORMOCERSs) as Structured Layers for Microelectronics, Mater. Res. Soc. Symp. Proc., 180,995
(1990).

H. Schmidt and M. Popall, Inorganic—organic composites (ORMOCERs) for Optical Applica-
tion, in: J. D. Mackenzie and D. R. Ulrich, Eds., SPIE Vol. 1328, Sol-Gel-Optics, p. 249, SPIE
Bellingham, Washington (1990).

M. Popall and J. Schulz, Inorganic—Organic Copolymers (ORMOCERs)—New Materials for
Microelectronic Applications, in: H. Hieber, Eds., Proc. ELMAT 91, Materials in Microelec-
tronics, vde-Verlag-GmbH, Berlin/Offenbach (1991).

H. Krug, R. Kasemann, R. Wilhelm, and H. Schmidt, private commuunication.

B. Dunn, Dye-doped Sol-Gel Tunable Lasers, in: L. L. Hench and D. R. Ulrich, Eds., Chemical
Processing of Advanced Materials, I. Wiley & Sons, 941-951 (1992},



