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ABHITRAQT

The sol-gel process opens the posslibility of combining in-
organlic and organle units to naw hybrid polymers. Organic units
can ba uged for structural modification of the inorganic back~
bone, ror creating new functions within an inorganic network
and for bullding up organic polymerlc chalns. The materials show
interesting perspectivas with respect to structural (surface
hardness, strength) and functilional properties (e. ¢g. diffuslon,
photocuring, ilncorporation of dyes, optical properties). A re-
view over atructural and functional propertlies of sol-gel de~
rived inorganic-organic polymers (ORMOCERs = organically nodi-
fled ceramics) is glven.

INTRODUCTION

The sol-geol process ls a synthesis route to inorganlce non-
matalllic materials. Reactive monomers, ollgomers or colloids
wan bhe used as starting materials. They have to be “activated"
in order to undergo a polycondensation atep and to form poly-
meric networka. This can be achleved hy various weans but, in
genaral, by creating reactive amMeOH groups, which are able to
form sMe-O-Mas bonds during the condensation step. A convenlent
route ias the use of alkoxides as precursors which react with
witer to hydroxides, condensing spontaneously to polymeric spe-
cles (1). 8imllar reactions are well~known from inorganle salts,
forming hydroxides and preclpltates (2) by pH change.

HaO

wMeOR - #MaOH (lrreveraible step)
#Matd + ROMe=: - aMeOMaesm -+ HOR (1)
+  HOME= < sMaOMaw -+ Hs0
R = alkyl
HyO
aMeX «~~«s  aMeQll (reaversiblae step, pH!)
sMeQH -+ XMew - =MeOMem <+ HX (2)

+ HOMem - wMaOMem -+ H,0 - -
X = anion (Cl7, NO5 ,..)

Another route is the destabilization of colloidal sols hy
pH change either in organic solvents or in water. All these
reactions lead to gels, containing solvent or air after drying.
Due to the (in general) high specific surface areas of these
gele, they contain adsorbed molecules from the processing steps
(water or organics) or, in the case of the alkoxide route, un-
hydrolysed alkoxy groups. Organics are oxidized oxr pyrolyzed
during heat treatments of gels, converting them into glasses or
ceramics. Heat treatments are necessary to enhance diffusion
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tion) or to decrease viacoaity (for

The viscosity of inorganic gels is

Rsional crosslinking of the inorganic
=~ tatrahedron) leading to the typloal

processes (for crystalliza
glass formation) in gels.
high due to the three dime
building units (e. g. Si04
brittleness of ceramics.

Decreasing network connectivity by introducing organic
groupings can cause a remarkable decrease of viscosity of sy-
stems with pure inorganic backbones and leads to dense matarials
at temperatures between 50 and 150 "C, as shown in [1=2]. An
analogue effect can be ocbserved in inorganic glasses where the
introduction of inorganic network modifiers leads to lower vig=-
cosities compared to fused silica. The combination of organic
groupings with ceramice can take place via various routes, a. .
mechanical mixing, infiltration and chemical synthesis as indi-
cated in figure 1. Mechanical processes are the most common and
most economical processes, but the chemical routes offer naw and
interesting perspectives. Linking organic unite to inorganic
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Figure 1. Routes to inorganic organic composites,

ones provides the possibility of controlling the siz :
inorganic and organic domaines in the finalgproduct Suzczigcoia
keep them on the liguid-liquid mixing level (molecular or oli-
gomer). Therefore, crosslinking and phase separation mechanisms
have to be controlled. The simplest way to prevent separation of
;norgan;c from organic units is to have them attached together
a{kc emical bonds, for example in precursors like substituted

Lkoxy silanes, with appropriate functional groupings, alkoxides
with complex formers or salts of organic acids (figuré 2).
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Figure 2. Chemical links between
organic and Lnorganic unita.

Then, the inorganic crosslinking reaction can take place by
hydrolysis and condensation of the alkoxy group via a typilcal
sol-gel reaction (equation 23). The properties of the reaction

oot
RMO(OR) 3 + RMa(OH)y » ~Me~O-Ma~0-Ma~0- (3)

product depend strongly on the type and the number of R per in-
organle unit. In sillcones, RSi= and Ry Hlea units are used [2].

The #5i~Ce bond can be used as a general link betwaen the
inorganic and the organic slde. For R corrasponding to a non-
ranctive organie group, a pure organic network modificatilon
rasults. This prineiple is used for spln-on glasses (4] which
can bhe denglfled at temperatures as Low as 200 -~ 300 ', com=-
parad to H00 -~ 900 "¢ of sol-gael sillca and applled in thick~
nespes of more than 20 pm, This type of material represents the
group of organically network nodlflied glasses and ceramics,

For R correasponding to a functional organic group, chemical
functions can be introduced into thesme networks, leading to spe-
elal properties like adsorptive properties [8], reactive sur-
faces to speclial molecules [6] or sensors (7). This group repre-
genty the type of organofunctlional meodlfied glasses or ceramics,
Functional groups which are able to be polymerized lead to the
additional organie chains within the inorganic network and to
hybrid polymers (inorganle~organle polymers), eguation (4). This
principle can ba varied by incorporation of organic monomers as
indicated in eguation (5).

The construction principles shown above are all character-
ized by a chemical bond between the inorganic network and the
organic group. A lack of this bond leads to two j _
interpenetrating networks. In opposition to the "chemically
linked! case, the possibility of separation of the "organic"
from the "inorganic" phase exists, leading to a composit type
of material, as indicated in figure 1. Examples, therefore, are
given by Mark and Wilkes [8~9] and [10]. These inorganic-organic
phase separated materials show a drastic change in mechanical
properties compared to the original organic polymer (e. g. in=-
crease of tensile strength and modulus of elasticity).
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ASPECTS OF PROPERTIES
General as t

As indicated above, the introduction of organic groupings
into an inorganic network leads to structural variations. On the
average a decrease of the network connectivity number decraanas
Tg and increases the thermal expansion coefficlent (TCE) «. Fli=
gure 3 shows Tg and a as a function of different "“organio-inor-
ganic" bonds =Me-R (x) per total number of inorganic grouplnom,
There is a clear tendency showing that for these properties x
-is the dominating parameter.
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"Yhe influence of the type of the eorganic group does not saen
to play the most important role, but a tﬂndancy to a steeper
slopa of the g function with increasing concentration of cgross-
Hinking opganic units (figure 3) la observed; for x = < 0.7 no
Tg values could he measured bhalow decomposition, probably due to
tha inoreasing immobilization of the organic group within the
inorganie network,

The denslties (vompared to the pure inorganic materials)
decraage drastically as a result of the organic modification.
Al pwiqtaﬂ outt in [11], the computed densitles (between 2 and
3 g/em”) differ from the measured ones remarkably which are be-
twean 1,3% and 1.64 g/mmd. This indicates the existence of a
frae volume simllar to organic polymers [12]. In [13] neutron
paattering axperiments show that the glase transition can be
corraelated with the chain movement, supporting the hypothesis of
a trea volume based low densilty. The investigations were carried
out: with amino modified 8i0, condensates.

Homogenalty ls an important property if optical applications
are of ilnterest., In a single component system without intergra~
nular interfaces optical transparengy should be obtalned easily,
Ovganle polymers, however, tend to form corystalline phases thus
dlsturbling optical transparency. This can also be induced by
ageing, thermal or nechanical stresses and leads to the ques-
tion of structural satability. Baslcally, a threae~dimensional
inorganic network should be sptable and no structural rearrange-—
ment should be poseible after sufficlent curing. For the pre-
paration of solw-gel derived multicomponent systems one has to
take into consideration phase separation effects based on dif-~
fereant rates of reactions of the precursors, e. g. Ti and 8i
alkoxides. Adaptlion of rates is limited and cannot successfully
ha used to anable a simple addition of water to a mixture of
TI(OBE), and (CH40),81-CH ~¢H3~@~CH-w§ﬁfﬂH-wo (8i-apoxy): If
water lsa added, %10. pr&afnitatmﬁﬁ 8ﬂntrol ad reloase systems
for water in order éo avold high concentration, accompanied by
heavy stirring leads to a partial hydrolysis of the fast react-
ing components and to a condensation via the alkoxide substi-
tution (6).

®'e Hz@
PTL(OEE) g  wmmmmmm v TI(OH), = Tioz-ﬂzo
glow raleasa
PL(OBL)y w=mm=mmm——m— (RO} 4 TLOH
of water (6)

#M@OR + HOTL(OR)y = =@MaOTi(OR)4

This is in accordance with Livage’s electronegativity driven
reaction scheme [14]. In a composition (molar ratio) of about
30 TL(QEt),, 65 Si-epoxy and 5 Si(OEt),, the addition of only
1/16 of the total amount of water ls necessary to be added by a
controlled release process (CCC according to {15] or H,0 doped
silica) to prevent precipitation after addition of the full
amount. The reaction schemeé is shown in figure 4. The hydrolysis
rates increase in the order Si(OEt), < Si-epoxy < Ti(OEt),. The
proparation leads to a homogeneous iiquid with a general struc-
ture proposed in figure 4 which can be used for coatings [16].



The material does not show any phase geparation down to 1 1im

(resolution of the TEM).

si(aR), (Eilminul |) or  oR oR !
Ti/2r/A (OR), omrnld d$h0“&_0“?
(RO} SH(CHaJ30CHRGH-CHy |+ [ + Aoltv A 0T o O palyman ohain
l...__—-V«O — Silicagel 0
R Pellots avres
/ londed wilh " RO -5||~~0R
. 1ty0 + 0.1 N ! on
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: R
+
-OHR _,
R SICR)g + TIOR),+ K20 "0 R'SHOR)g + HO TI(OR)3 |
RSi(oR)3 + HO TioR)3 “OHR  R'5i(0R), Figure 4. Reaction scheme for
0-Ti(0R)y the preparation of Ti contain-
kinallcs (R): Ky TI(ORY, > KR’ SI(OR)y > Ky SHOR), ing hard coatings.

similar technigues can be used for combinationa_with Othar
alkoxides like AL(OR),;, Zr(OR), or Sn(OR),. This demonstrates
that homogeneous multicomponent naterials can be preparaed by an

appropriate chemical processing.

One of the most interesting properties of these groups of
compositions ils the abrasion reslstance if used as coatlings
[16]. Haze measurements after taber abrader tests show values
close to those of float glass surfaces. The modull of elastiolty
are between 1 and 7 GPa, that means remarkably lower than those
of glass and ceramics. However, the low modull are an important
prerequirement for coating organic polymer surfaces. First, the
lower modulus can help to overcome strasses rasulting from TOF
differences between substrate and coating (high CTE of the coat-
ing materials according to figure 3 is helpful, too). Second,
for practical use, coating thicknesses for abrasion reslstance
have to be in the range of 2 5 pm, a thicknese which can be
achieved for densified inorganic sol-gel coatings only by a
multiple coating process and which leads to cracks caused by
stresses due to the CTE mismatch dependent on the preparation
technique. As a consequence, there are ho pure inorganic thick
protective coatings on soft plastics available. The comparison
of the behavior of ORMOCER coatings on ceramic coatings is
schematically illustrated in figure 5.

The modulus is very sensitive to the concentration of in-
organic units and to the type of inorganiec network formers and
inereases in the order Zr < Ti < Al. The abrasion resistance
corresponds to this order. Based on these findings, various
scratch resistant systems have been developed, as described in
[16-17], for example for CR 39, polycarbonates, PC, PMMA&, but
also for metals, like brass.
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Other machanical propertles
dopend, ag expescted, very much on the
erogalinking. In table I, the resulta
axperiments are given.

like bending strength
dagree of organic
of 3~point bending

Table L. J~point bending experiments

on varlous polymarsa.,

= b GPa

Bm

&ypa Curing op(MPA)
8104/84~apoxy/ thermal 3
Ti0, (130 "C)

B 8i0,/8i~apoxy thermal (130 "C) 4 - 5
81 methacryl/Ti0y% + photo

¢ 810,/81l~apoxy/81~ thermal (130 °C) g - 9
mat%amryl/Tioz + photo
MMA*

D 8L0,/(CeHg) o810/ thermal (200 °C)
CHB%Cﬂzgcﬁ)éio** + photo + thermal 30

(130 "C)

E Zr0, (methacrylic photo + thermal 80 - 90
acid (Ma) (100 - 150 "C)
Si-mathacryl***

4 according to [18) *% actording to (2]
k4 complexation of Zx[o-prop]
hydrolysis and condensation by ;h

(19]

vith methacxylic acld (1:1) and subsequent
otocuring vith Yrgacure 184 (Ciba Geigy)
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In composition A the epoxy is reacted to a glycol group that
means no organic crosslinking takes place. The matmriﬂ!ﬁ.ﬂrg
prittle, they are cured in polypropylang moulds, the surtace
quality of which is defining the number and size of surtace
flaws (influence of flawe on strength has not hean 1nvawthatw
ed). The number of organic crosslinking units increages from A
to E, but all materials are brittle with negligible plastic
deformation. According to this data, a clear connection betwoeen

strength and organic crosslinking exists. The first results
obtained from methacrylic acid condensates show bending strength
values, already suitable for structural appllcations, even LIt

the systems are not optimized so0 far.

Another example for property changes is the building up ol
inorganic networks within already formed organic polymers, for
example ethylvinyl acetate copolymer (EVA) according to [10)
where the extremely low EVA modulus increases to about % GPa by
addition of 50 wt.% Ti{(OEt), to the polymer solution in toluana,
Depending on the route of aédition of water, phase saeparated
(figure 6éa; H,0 is added rapidly via atmosphere) or non-phase
separated polymers (figure 6b, H,0 is added via a controlled
chemical condensation process [1%]; phase separation not visible
within the resolution of the instrument = 2 nm}.

Figure 6a and 6b. TEM of a Ti0,/EVA copolymer.
6a: pha§e separation about 100 nm; 6b: no phase
separation or separation ¥ 2 nm; bar: 100 nm.

Deépite the fact that the investi i
_ gation of structural propert
gﬁ ORMOCERs (except abrasion resistance) is at its bag?nn?ng tes
prgpgggizéonD25éies whﬁtheg they can be combined with funotiénal
. opments of special functional properti
already been published els B vey ooue
Various developnenee: ewhere., Table II gives a survey over
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Asoone can see Lrom these examples, the introduction of func-
tlonn Into ORMOCERs can lead to intoresting proporties and
potantiala for appl leations,

Wil e

Lr.

Developmant of functional ORMOCERs

and corresponding organofunctional groups.
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bon dliffuaslon

micro pate
tarns by pho-
tolilthography

Fluoraescant
coatings

tharmo-
plasticity

refractive
index

S—

Chemical Punction

coatings

Application Reference

contact lensies apoxy to glycol 18]

carrier for enzymes WWNH,, /COCH {20]

radlolmmunoassaay

haat pump ~CHy, ~WNH, [5]

Oy gas aensor AANR [7, 21]

acne ointmant (CHq) p810/8104, [23]

protactive coat- (c.nﬁ)zsicgﬁ [24~25)

ings on medleval msgoﬁ

glassesn! seallng

agant

solar protection vt [26]

polid state AANH, MY [27-28]

alactrolytes

dielectric 810,, hydro- [29]

materials carbons

gas tanks BSL-Qm [29]
=M1

SMT technologles, m51~methacryl [30]

lager writing, mSi-vinyl

repsints wGl~apoxy

golar collsactors fluorescent organic {31]
dyes

hot melts (CgHg) 810 [32)

optical Ti, Zr, aryl [33]




CONCLUSIONS

onal with structural propertias in most
e fgngﬁé functions can be transferred to heyd
s the question, how faxr these
mportant role for kay taachnolo-
tterned is important for miero-

The combinat :
cases can be achleve
coatings. Of special interest i

materials are able to play an i

ies. Their ability of being pa
gi:ctronics or microsystems, especially in combination with

ar properties like sensor properties, low or high dielectric
gggstagts? low H,O diffusion or temperature stabillty. There- |
fore, the knowleége of structure to property relations hﬁﬂ‘tﬁ hea
improved. The high homogeneity shows an interesting potential
for optical appiications, especially in combination with other
functions like dye incorporation. The proparties of nanocompo=-
sites based on ORMOCERs are hardly investigated up to now dey-
pite the possibility to tailer such composites by controlled

phase separation.
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