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SYNTHEBIS OF ORGANICALLY MODIFIED CLASBES DY 80L-GEL TECHNIQUEB

H. BCHMIDT
Institut fiir Neue Materialen, faarbriicken, Germany

ABSTRACT

Sol-gel derived inorganic-organic composites can be prepared
in homogeneities sufficient for optical applicatiens. Therefore,
it is necessary to contrel structure formation, especially with
respect to the distribution or aggregation of inorganic network
forming units and organics. Inorganic components can be kept on a
nane level by growth control using stabilazors interacting with
the surface of collodial particles formed by sol-gel or pre-
cipitation reactions. Thus, colloidal particles < 10 nm can be
prepared and incorporated into inorganic-organic matrices to form
transparent films on glass surfaces and having interesting optical
properties. Semiconductor gquantum dets as cds, ¢€dsS/PbS or metals
have been used. Zr0; was used for refractive index adaption and
organic ligands to photopolymerize the films. Photopolymerization
was also used for patterning by laser writing, maskaligner tech-
niques or embossing. Other organics like fluorine containing
groupings have been used to create low surface free energy layers
to reduce dust adsorption on the surface. ¥ values have been
determined to be in the range of 1072 esu and optical lesses in
planar waveguides are less than 1 an/fcm.

INTRODUCTION

ORMOCERs (organically modified ceramics) are composite
materials based on sol-gel derived inorganic units and organic
groupings or organic polymeric chains. Due to the large pumher‘of
parameters it is possible to synthesize numerous variations of
different materials. The inorganiz units of ORMOCERs can be
synthesized by conventional sol-gel techniques. Startinq’“@fth
alkoxides undergoing a hydrolysis and condensation reaction,
inorganic particulate polymeric sols can be obtained in the case
of §i0g (1). In the case of TiOy, 2Zr0y, Alp05 and numerous other
oxides, however, as a rule, particulate sols are obtained. For
optical applications light scatterning has to be kept as low as
possible. Therefore, the particle size should not exceed the lower
nano range and the particle growth has to be controlled very

throughly.
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Organics can be introduced by various means, as described in
detail elsewhere (2,3). The use of organosilanes of the type
R' \Si(OR)4., with n = 1,2 allows to build in organic groups
through a stable Si-C bond. For direct connection of organics to
oxides of other elements as Ti,Zr, Al, Cu or Ag other links have
to be provided, e.g. B-diketonates, carboxylates or ammine
complexes (4). As organic ligands, a variety of groupings can be
used, 1like aliphatic groupings, aromatic groupings, functional
groupings or polymerizable groupings. Thus, a large variety of
possibilities exists to synthesize materials. TIn this paper
various examples are given which demonstrate the exploitation of
these possibilities to develop materials useful for applications

in ceonnection with glass or optics.

CONTROL OF HOMOGENEITY

Glasses synthesized by sol-gel techniques do not necessarily
have to be of high transparency in the gel state. During a
temperatpre step at T 2> Tg, lacking homogeneity can be reestab-
lished by diffusion or viscous flow processes in cases where the
sol-gel synthesis has led to phase separation (e.g. pore
formation). If organics are included, the temperature level of an
after gelation treatment has to be below the decomposition

temperature of the organic components and varies between 120 °C

for very temperature sensitive materials like amines and 500 °C
for high temperature resistant polymers or some aromatic group=-
ings. This means, that homogeneity, in general, cannot be re-
established by temperature treatments, but has to be produced by
synthesis control, and the final structure of the composite is
already designed by the synstesis step, as schematically shown in

Figure 1.

As a consequence of different reaction rates between the
different units during the sol-gel synthesis step (hydrolysis and
condensation of alkoxides), it is necessary to develop methods to
avoid phase seperation or to keep it at least on a nano range.
Methods therefore, have been described by Yoldas (5) and Schmidt
(6) . Both authors suggest to create active species to react with
counterparts either with high or low reactivities to form links on

a molecular level and avoid phase separation (e.g. (1)).
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Figure 1. Schematics of structure formation of inorganic-organic

composites: IU = inorganic unit e.qg. alkoxide; OU = or-

ganic polymerizable unit; R = organofunctional unit.

mix with
=5i0R > =5i0H > =8i-0-Ti= (5)
Ti(OR)4
(1)
add OR

> =8i-0-Ti(OR)3; (&)
R-5i(OR)3 R

7i(OR)4 + H,0 —> (RO)3TiOH

In both cases, homogeneous products are obtained. In the case
of (5) the proposed mechanism is doubtful, since no Ti-0-5i bond
could be found. In (6}, no precipitation of TiO; is observed after
the reaction, indicating the incorporation of Ti into the network
to be formed by chemical bonds.

Another means of controlling particle size is the control of
the particle to environment interface by use of surface acg}ye
ligands. In (7) it was shown, that only by variation of a
complexing ligand the Zro0, particle size could be changed from 10Q
nm to 3 pm. Similar results could be obtained by Sanchez (4). In
(8) it was shown, that complexing of Zr alkoxides with methacrylic
acids (MAS) can be used to keep particle sizes of the hydolyzed
product below 5 nm which is sufficient for optical applicaticns.
In this case, the 2Zr0, content can be used for adapting the
refractive index of a system consisting of Zr0, linked to MAS and
y-methacryloxypropyl triethoxysilane (MPTS) as a system to bhe
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polymerized with MAS. It could be shown, that below a ratio of MAS
to Zr(OR)4 < 0.8 the particle size increases rapidly and below
0.75 precipitation takes place. But, independent on H;0 addition,
the 2Zr to MAS bend remains unaffected.

In similar ways, particle size tailoring can be carried out
with other systems like semiconducting quantum dots, based on
semiconducting oxides or sulfides (Zn0o, C€dS, PbS) or metals,
becoming semiconducting, too, 1if particle sizes become small
enough (9,10). It could be shown, that by proper choice of ligands
CdS can be stabilized in form of 2 nm sized colloids and
subsequently incorporated into polymeric matrices (Figure 2.).

In a similar way cds

sols can be stabil-

Cd?s S —> CdSt + HS(CHy);Si(OR); ~12°4 ~ with  amino
group containing si-

‘ lanes. It was inter-

L4 esting to ohserve
»@‘-’ S Si(OR); ~~SH HS ~~Si{OR); that under identical
Y ‘:Q\. 5,
s ' < Cds reaction conditions
o PN i
L 8 1S ~~Si(OR), by variation of the

ligand type linked
to the silane the op-

Figure 2. Scheme of the formation of a cds tical spectra defin-

guantum det composite ed by the band gap
energy can be varied
As  ligands  NH;CH3CHaNH(CHy)351i(OR) 3, NH5 (CH5)38i(OR)3  and

HS(CH5)3S1(OR) 3 were used. The results are shown in Figure 3.

x3 effects have been measured on PbS coated CdS quantum dots.
These materiais show x3 effects of about 1077 esu. Due to the small
particle the materials are highly transparent. Quantum dot
formation can be obtained by use of amino grouping containing
ligands from Ag or Au salts, too. In this case the formation of

ammine complexes can be postulated according to eqg. (2).

AqN03 + 2H2N(CH2)3Si(OR)3 - (R0)3Si(CH2)3NH2
1
Ag* NO3” (2
1

HzN(CHz}aSi{OR)3
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H,N- As shown in (10), it

HS- H,N(CH,),NH- . i
— 7 is possible to form
3 Lﬁg ) Ag colloids in the
5 ? 5 nano range by photo-
% E ; initiated nuclea-
¥ ; E tion. The optical
g f 5 spectra of these
i | ; i colloids indicate a
i 1 ! relatively narrow
300 350 400

particle size di-

Adsorption maxima [nm] stribution as collo-

Figure 3. Absorption maxima of CdS guantum idal solutions. The

dot systems depending on ligand system can be used to

type; particle size around 2 nm be incorporated into

(after 10) into sol-gel mater-

ials and transformed

into nano scaled Ag halides, showing a reversible photochromic
behavior.

- Another type of problem for homogeneity or phase separation
contol arises when the different components strongly differ in
their polarity, so that phase separation occurs thermodynamically
driven by surface free energy. An example is the synthesis of
glass coatings with fluorinated groups showing a low surface free
energy, generating the effect of a dust repelling surface be-
havior. In order to avoid phase separation during the synthesis
reactions, the precursors must not be mixed in the initial step
but have to be added in an optimized sequence, as shown in (11,
12). The system is synthesized from MTPS, Zr propoxide, MAS and a
fluorine containing alkylalkoxysilane (1H,1H, 2H, 2H-perfluoroctyl
triethoxy silane = FT5). Mixing of the precursors and addi—tfgﬁ of
water leads to a cloudy system, separated inteo a fluorine rich and
a fluorine-free phase. In Figure 4, the "homogeneous" and tﬁe
"heterogeneous" route are compared in a flow diagramme.

The interpretation of the differences probably may be very
complex. 29si NMR investigations, however, show that Zr/FMaS acts
as a condensation catalyst on MTPS #5 well as on FTS. But a
homogeneous incorporation of FTS into MTPS/Zr/MAS only takes place
if sufficient monomeric (T;) silanols »+e present after hydrolysis

period of sufficient length. The evo~vimental proof for this
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hypothesis is given in (8) by determination of hydrolysis and
condensation kinetics.

. - . - -
[MAS/z:(ORY]] [MTPS ore !
[ 0/50° Comparison of
—H ;
HY —ale— H,0 e g* two synthesis
<— photoinitiator liquid routes for
o fluorine mo=
cloud ipitate o I‘A -10°C
IE“’E st]m.nﬁH_ 0,0 dified ORMO-
12 hes CERs; a: onhe
a - ; b H :
;hmi). step (hete—
- — rogeneous); b:
viscous liquid ——_— _
)':_ photoinitiator {homogeneous)
clear coating
liquid

The methacryloxy group can be polymerized together with the
MAS to build up additional polymeric chains (13). The poly-
merization yield is surprisingly high despite the rigidity of the
system (2 80 % estimated by IR analysis). This curing step can be
used for large area film coatings by continous methods, but also
for micropattering techniques as described later. During the
photocuring process, the "synthesized" homogeneity, as a rule,
does not change due to the rigid inorganic network.

The described methods show that even in complex systems the
chemistry provides means for synthesizing inorganic-organic
composites with sufficient homogeneity to be used for optical

applications.

MATERIAL DEVELOPMENTS

The described chemical principles can be used for the
synthesis of materials. Two main groups of materials have been
developed: passive and active optical materials. Passive materials
can be used as coatings on glass surfaces with special properties
or passive wave guides. Active materials comprise materials with
nonlinear optical properties.

The synthesis principle described in the previeus chapter
for transparent fluorine containing coating systems has led to
several systems to be used as glass coatings with low surface
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energy (11). The surface free energy has been determined to be in
the range of polytetrafluocroethylene, but the scratch resistance
of the system is in the range of well-known ORMOCER scratch
protecting systems for eye glass coatings (6). A very interesting
property of the system is the fact, that a selfalignment during
the coating and curing step takes place leading to a good adhesion
to the glass surface and an enrichment of the energy lowering
fluorine component in the surface. A medel, therefore is shown in

Figure 5.
The fluorine en-

oo e BLONETE FHED, ba
; é' proved by ESCA, the

\3.,0 \i( si lcondensation of the

i
’ -jj ‘b d . fluorine group car-

. [ coating layer . , .
—Zr—O—Zr A8 — rying silane into
]

d /; o\ , the network by 2954
:Z&f\f\§b\0,fSK NMR. This alignment

is the prere-

///;/0///0//// glass substrate quirement for the

perfect adhesion to

Figure 5. Model for the alignment of a glass surfaces and
fluorine containing highly for the possibility
transparent ORMOCER coating; to reduce the fluor-

: organic chains; F: ine compound to
fluoroethyl grouping about 1.7 mole-%.

The Zro, nanopar-
ticles formed by hydrolysis and condensation of the Zr/MAS complex
and detected by photon correlation spectroscopy (particlé size of
about 3 - 8 nm) are considered to be responsible for the hardness
of the coating. = ¢

The 2r0, content also influences the refractive index of
such systems. This can be used if waveguide applications are
envisaged. As shown in (13, 14) the optical loss of planar films
is less than 1 dB/cm. The variation of n can ke used to choocse the
proper range compared to a substrate or a cladding. Figure 6 shows
the change of n depending on the 2r content in a system
Zr /MAS/MTPS. n was measured for bulk materials only. But it can be
seen from remarkable density differences between films and bulk,
that the n of the films should be lower, too. As already
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mentioned, the polymerizable methacryloxy groups can be used for

micropattering.
densit em? refractive index
I pipea ) 1,55
1,44 n—= 1,54
1,34 balk g0 / 1,53 Xy X
1,24 1,524
. bulk
114 figh ==t 1,51 j—"
1 T T T T T T 1.5 T T T T T T
0 5 10 15 20 25 30 35 1] 5 10 15 20 25 30 as
mole % Zs male % Zr

Figure 6. Refractive index n and densities of ORMOCER film and
bulk materials (15)

In Figure 7, the methods used for ORMOCER micropattering are
summarized. All three methods, direct laser writing, photocuring
assisted embossing as well as the maskaligner technique are based
on the photocuring reaction of polymerizable groups.

Patterns pro-

ORMOCER FILMS ) duced by the
(precotnd) three methods
EMBOSSING LASER WRITING MASKALIGNER E_“-’e . compared
in Figure 8.

TR e FHAITE  unekaiigher
glass substrate \F;fh-v vYvy technique and

laser writing

v
L = : reguire a de-
A e Y
S S SS
ANA 7 velopment step
T el Hot irradiated

v areas can be
_ﬁé%%;&%;%i// dissolved by a
short treat-

ment with ace-

Figure 7. Scheme of three ORMOCER micropattern- tone.
ing techniques
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Another technique recently developed is holeography (16). In
Figure 9, the holographic patterns generated by wavemixing on an

ORMOCER surface are shown.

Figure 8. Patterns produced by embossing (a; bar = 1 pm);
maskaligner technigue (b; bar = 10 pum); direct laser

writing (c; bar = 10 pum).

© Figure 9.

QS% Holoegraphic
pattern pro-
duced by
two wave
mixing in-
terferences
as . light
source for
polymer&ga;
tion

The aspect ratio is surprisingly high and the diffraction
effectiveness of fabricated grids are three orders of magnitude
higher compared to conventional grids.

The materials described so far can be considered as passive
materials. The incorporation of active components can be carried
out in various ways. Push pull molecules (dyer) already have heen
incorporated and films have been cured during poling (17). First
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results show a significant x2 effect. x3 effects have been measured
through incorporation of ¢€dS quantum dots synthesized by the
methods described in chapter 2 and in detail in (2, 10). In Figure
10, the spectra of CdS colloids are shown and it can be seen,

that the type of ligand stongly influences the absorption
spectrum of the

. quantum dots.

gt e s o

optical density [1mm] III diamine stabilized, ORMOCER film; shows, by com-
2+ : I\éat(;clsﬂ,f;b[si%%MOCER film; paring curve II
and III, +that

CdS coated the incorpora-

tion of the

1- ligand stabiliz-
ed quantum dots
into ORMOCER
films by sol-gel
reactions and by
} + t } subsequent photo

250 350 450 550 [nm] polymerization

of added MTPS

does not chaﬁge

Figure 10. Adsorption spectra of quantum AOt the spectrum sig-
containing colloidal solutions nificancy. This

and quantum dot containing ORMO- can be interpret-

CER films ed by the effect

of the ligand,
which shields the influence of the changing matrix on the hand gap
energy. In a similar way; metal colloids can be generated from
proper pecursors. In (18) it is shown, that transparent gold
colloid containing ORMOCER films can be prepared from gold ammine
complexes by photoinitiated nucleation during the photecuring of
the film. Metal gquantum dots are interesting candidates for x3

effects, too.

OUTLOOK

Nanocomposite systems of the ORMOCER type prepared by the
sol-gel process can provide an interesting base for passive and
active optical materials. This is based on some important
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properties of the system. First, they can be fabricated in a
variety of compositions and the heterogeneity can be kept on a
nano level. Second, due toc the incorporation of polymerizable
groupings and viscosity control, patterning technigues can be
applied similar to polymers which opens the possibility of 1low
cost processing. Third, a wide variety of active components can be
integrated, creating special properties 1like low surface free
energies or nonlinear optical effects. In order to exploit the
described potential, it 1is necessary to put emphasis on the
relation between synthesis, structures and physical properties.
This is especially true for the guantum dot composites, which seem
to be a hopeful new material for a variety of optical application.
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