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Abstract

The sol—gel process allows the fabrication of ceramic colloidal particles in the presence of organo alkoxy silanes
carrying various functions and the synthesis of multi-functional transparent inorganic—organic composites if the
particle size can be kept in the lower nano range. In addition to this, these composites can be used as controlled
release systems or designed as gradient systems. Using this approach, a coating with a very low surface free energy
(antisoiling properties) and temperature stability up to 350°C, a controlled release system for permanent wettability
(anti-fogging) and systems containing metal colloids for optical effects have been developed.

1. Introduction

Glass is a material which plays an important
role in architecture and in the automotive and
display industries. The unique basic property for
this application is its transparency combined with
its complete impermeability to gases or liquids. In
addition to this, a high stiffness is required for a
variety of applications. However, for an increas-
ing number of applications, additional properties
are required which, for example, are focussed on
the control of light transmission in a passive or
even active way or to control surface chemistry in
connection with impacts from environment (mois-
ture, dust). For these reasons, coatings have to be
developed to adapt or to vary glass properties for
the desired purposes. For architectural glazing,
reflective coatings reducing the transmission of
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sunlight have been developed by sputter tech-
niques (magnetron sputtering) or sol-gel tech-
niques [1]. Antireflective coatings have also been
developed by sol-gel techniques (Amiran®,
Schott Company, Germany).

In the scientific literature sol-gel dip coating
techniques on glass have been investigated the
most. Dip coating techniques can be carried out
by relatively simple technical means. A survey of
these investigations can be obtained in a series of
conference proceedings [2—6]. Passive coatings
(reflective coatings, colored coatings, antireflec-
tive coatings) and, more recently, active coatings,
also especially for non-linear optics, have become
the center of interest. The majority of these coat-
ings are based on pure inorganic systems. In a
few cases, inorganic systems modified by organic
groupings [7,8], micels or organic molecules [9]
play a role. Inorganic—organic composite coatings
on substrates like glasses have been mainly inves-
tigated for development of active optical systems
[10-14). In this connection, it could be shown
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that, by use of inorganic—organic composite sys-
tems, thick layers up to several wm can be ob-
tained without any problems, whereas pure inor-
ganic layers are restricted in most cases to thick-
nesses up to around 1 wm [15]. Higher thick-
nesses are of special interest for planar wave-
guides, especially if multimode light transmission
is desired. It is possible to obtain thicker layers
with inorganic—organic systems owing to their
high relaxation ability compared with pure inor-
ganic structures. Sol—gel processing allows a vari-
ety of organic functions to be incorporated. The
question arises how far it is possible to produce
specific functions, especially multifunctional be-
haviour on glass surfaces, for example, to control
the surface free energy or to obtain photochromic
or electrochromic effects. Another interesting
part is how far small inorganic particles below
their Rayleigh scattering regime can be intro-
duced and lead to specific optical or mechanical
surface functions. In this paper, a brief review
about the possibilities of synthesis and applica-
tion of inorganic—organic composite or nanocom-
posite systems on glass surfaces is given.

2. General considerations

Inorganic—organic composite systems prepared
by the sol-gel process have been investigated for
several years [16-18]. The sol-gel process is a
suitable means to synthesize this type of material
since the inorganic backbone can be built up by a
low-temperature process, and organics can sur-
vive processing. In order to avoid phase separa-
tion which is important for transparency and ho-
mogeneity, ‘links’ for attaching the inorganic to
organic units are necessary. The basic principles,
therefore, have been described elsewhere [19].
The use of organosilanes is one interesting means
to combine inorganic with organic structures as
well as the formation of chelates, e.g., B-dike-
tones for alumina, zirconia or titania. For the
formation of metal complexes, chemicals such as
amines, diamines, sulfides and others provide a
variety of ligand systems [20-23]. These ‘links’
can be used to produce relatively homogeneous
distributions between inorganics and organics on

an almost molecular range. However, in ‘molecu-
lar’ composites, the inorganic part in most cases
loses its identity because, in general, this is re-
lated to a crystalline or amorphous solid phase in
the range of nm and larger. If this phase size
remains in the lower nano range, light scattering
can be neglected in most cases and nanocompos-
ites of high transparency can be obtained [24,25].
Nanocomposites with metals, semiconductors or
ceramics are of interest since special properties
related to solid states of materials (e.g., refractive
index of ceramics, quantum confinement of metal
and semiconductor colloids) can be used for opti-
cal purposes.

Nanoscaled particles can be obtained by sol-
gel processing during a growth reaction. In order
to stabilize them, the growth reaction has to be
stopped at the appropriate size. This can be done
by various additives which adsorb to the particle
surface and prevent further growth [20,24,26].

3. Passive materials on glass surfaces
3.1. Antifogging systems

Fogging is common on glass surfaces. This is a
very undesirable property and is the result of a
droplet type of condensation when the tempera-
ture goes below the dew point. After intensive
cleaning, the glass surface is hydrophilic due to
the SiOH groups and an adsorbed water layer
[27]. On exposure to the atmosphere, the glass
surface changes its behaviour by adsorption of
bipolar organic molecules which can be strongly
bonded to the surface by the ionic character of
the SiOH groups. The contact angle to water,
which is below 10° on pristine surfaces, can in-
crease by almost two orders of magnitude to
around 75° and a more or less hydrophobic be-
haviour is established. In practice, the condensa-
tion of moisture leads to the formation of small
droplets with a high light scattering effect. This
undesired fogging behaviour represents the ‘nor-
mal state’ of a practical glass surface.

For this reason, a permanent wettability is
desired for a variety of applications. Many at-
tempts have been made to establish permanent
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Fig. 1. Schematics of the synthesis of an inorganic~organic
matrix system containing a ~COH group (after Refs. [30,31]).

wettability, mainly by application of coatings with
hydrophilic matrices. This type of ‘static’ modifi-
cation, in general, shows a strong decay of wetta-
bility due to continuous contamination from the
environment. The basic concept is the develop-
ment of composite systems with a tailored intrin-
sic hydrophilicity and the incorporation of ten-
sides (e.g., polyoxyethylenoleylcethylether, poly-
oxyethylen-(20)-sorbitanmonooleat) in a way to
obtain a controlled release behaviour for long-
term wettability. The released tensides can de-
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crease the interfacial tension of condensing water
droplets to provide further condensation. For in-
side automotive glazing, an antifogging system
has been developed by Vegla company (Securi-
flex) which is based on polyurethane with incor-
porated tensides, These tensides slowly diffuse to
the surface and lead to a reduction of the interfa-
cial tension against water [28]. These polyurethane
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surfaces are soft but show a self-healing be-
haviour if they are not destroyed by indentation
impacts or cuts. For heavy duty applications where
high scratch resistance is required, however, these
coatings cannot be applied (automotive glazing at
the outside surface, mirrors, architectural glazing
and others).

For this reason, inorganic—-organic nanocom-
posite coating systems to be prepared by sol-gel
techniques seem to be an interesting alternative,
since high scratch resistance is achievable.

In order to be able to achieve several require-
ments in one system (hardness and wetting behay-
ior), a sol-gel system has been developed with
abrasive resistant properties as described else-
where [29].

As shown clsewhere [30,31], inorganic-organic
composite types of materials have been devel-
oped with incorporated tensides which lead to a
wettable surface. In Fig. 1, the schematics of the
synthesis matrix material are shown, and in Fig.
2, the wetting behaviour of the tenside-free sys-
tem is shown as a function of COH group con-
centration.

coated gide

1

305

In this case, the SiOH groups have been re-
placed by COH groups which do not show the
ionic behaviour of silanols. The adsorption of
particles or bipolar molecules should be reduced.
If tensides are added, the contact angle drops
towards zero. In Fig. 3, "*C nuclear magnetic
resonance (NMR) spectra are shown, demonstrat-
ing the glycol formation within the composite
material by acid-catalyzed hydrolytic attack.

The system has been used for coating glass
surfaces (e.g., mirrors). The mirrors have been
tested for about 1 year with only a very slight
decay of the contact angle. Condensation of wa-
ter takes place in the form of a film condensation
and not as droplets. Since these films are not
visible, the condensation effect does not lead to
fogging. In Fig. 4, the effect of film versus droplet
condensation is shown.

In order to improve the scratch resistance,
suspensions of boehmite (< 50 nm) can be incor-
porated in such systems by dispersing boehmite
powder during synthesis. This leads to a very high
scratch resistance compared with conventional
hard coatings such as Ormocer coatings [32]. The

f T
f

Fig. 4. Fogging experiment of a coated mirror; the right-hand side has been fogged by the water vapour, whereas the left-hand
(coated) side remainys completely transparent,
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scratch resistance, especially if a scratch test is
simulating scratching of hard particles under load,
is used. In this test, a Vickers diamond is
scratched over the surface, and the load causing
the first visible scratch is registered. The ‘load
number’ in grams is dependent on the coating
thickness. Fig. 5 shows the dependence of the
load on thickness for the Ormocer coating ac-
cording to Ref. [32] and the nanocomposite.
Whereas conventional hard coatings (systems
based on polysiloxanes or Ormocers) show scratch
resistance in the range of 5-20 g, this type of
coating shows a scratch resistance up to 120 g.
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Fig. 6. Model of an inorganic-organic nanocomposite,

In Fig. 6, the synthesis and a structural model
of this type of coating are shown. The model
represents a ‘flexible suspension’ of small parti-
cles (e.g. v-Al,04, ‘Degussa Aluminiumoxid C,
average diameter < 20 nm) with a tailored inter-
face. The composites are highly transparent with
no light scattering to be detected in films. The

PFCA**
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Lﬁ—j aci | |
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Fig. 7. Schematic diagram of the synthesis of fluorinated Ormocers.
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mechanical behaviour is attributed to a structure
comprising hard particles flexibly suspended in an
elastic network (Fig. 6).

This type of coating can be applied at low
temperatures but cured either by photo-polymeri-
zation or thermal curing. In the case of pho-
topolymerization, methacryloxy-containing groups
can be incorporated.

It is assumed that a surface bond between
silanols and surface OH groups of the y-alumina
will be formed. Agglomeration of nanoparticles
of alumina is avoided by reacting the silanes to
produce an optimum amount of silanols as char-
acterized by *Si-NMR. As shown elsewhere [33],
SiOH groups under slightly acid conditions are
formed which then slowly react with SiOR groups
to form siloxane bonds. Depending on the reac-
tion conditions (concentration, pH and tempera-
ture), the optimum content of OH groups can be
determined by Karl-Fischer titration combined
with ¥Si-NMR spectroscopy. Using this concept,
nano-scale particles can be incorporated into Or-
mocer systems, and agglomeration can be avoided
during further processing leading to highly trans-
parent nanocomposites.

3.2. Dust-repellent coatings

Whereas permanent wettability reduces the
adsorption between all types of contaminate on
the glass surface, another concept to avoid soiling
is to prepare surfaces with low surface free ener-

b)
Fig. 8. (a) Model of nanocomposite structure with perfluoro alkyl groups covalently bond to the inorganic structure (I). (b) Mode! of
a nanocomposite with perfluoro alkyl groups coordinatively bonded to ZrO, clusters (I1).

gies. The basic concept and the experimental
procedures for this type of coating have been
shown elsewhere [30,34]. As sources for the fluo-
rinated compounds, side chain fluorinated silanes
[35] and perfluorinated organic acids [36] have
been used. A schematic diagram of the prepara-
tion process is shown in Fig, 7.

Both systems contain nanoparticles of ZrO, of
about 2-4 nm in diameter. In both cases, com-
plexes are formed with the acids according to

Zr(OR), +

HO

Zr(OR);+ __C—CH,—CF,—CF,
0

RO
RO._ | O\
_zr ) C—CH,—CF,—CF,.
RO™ NG
0
H™ R
(1)
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Fig. 9. Coated (right) and uncoated (left) glass surface after the soiling test (suspension of fumed silica doped with 2% motor oil).

The formation of the complexes has been
proven by infrared and *C NMR spectroscopy.

An enrichment of the perfluorinated groups
takes place in the surface exposed to the air. On
the other hand, if polar substrate surfaces are
used like activated polymers or glasses, a good
adhesion of the coating systems on surfaces can
be obtained leading to the assumption that the
polar groups (silanols) of the systems turn to the
substrate / coating interface. The ‘formation’ of
these interfaces can be explained by thermody-
namics which tend to decrease the interfacial
energies by specific interactions. If these systems
incorporate nano-scale particles, as it is shown in
Ref. [30], where zirconia nanoparticles have been

(a)

used, these systems obtain a high scratch resis-
tance. After hydrolysis, in the particulate system
the IR spectrum does not show any vibrations
attributable to the free acids indicating the cleay-
age of the Zr/carboxy bond. Fabrication of
methacryloxy by methyl and subsequent firing up
to 350°C leads to hard, glassy surfaces without
destroying the perfluorated surface. It is of inter-
est that only very low concentrations of perfluori-
nated silanes have to be used to show surface
free energies the polar and dispersive parts of
which are close to polytetrafluoroethylene. Due
to the CF,CF; groupings, the dispersive part of
the surface free energy [17-19 J/m?] is even
lower than that of polytetrafluoroethylene. In Fig.

(b)

3
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Fig. 10. Surface EDX from a carboxylic acid modified coating: (a) before and (b) after weathering.
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8, schematics of the preparation and the structure
of this type of coating are shown.

Applied on glass surfaces, this coating pro-
duces an antisoiling glass surface, and in Fig. 9,

the difference of the transparency is shown after

soiling with a mixture of fumed silica and motor
oil.

After weathering, the two types of system show
different behaviour: system (I) (Fig. 8(a)) does
not show a decay of the wetting angle to H,0
(> 100°); system (II) (Fig. 8(b)) shows a decay to
about 70°. Whereas in system (I) a decrease of
~ the surface content of F is observed system (II)
shows a strong decrease under weathering condi-
tions (see Fig. 10). This shows that the fluorosi-
lanes are bonded more strongly to the network
than the carboxylic acids. However, the latter
system is suitable for applications under dry con-
ditions. All coatings are transparent, scratch-re-
sistant (20 g according to Fig. 5) and show a very
good adhesion to glass, ceramic and polymer sur-
faces (as proven in tape and cross cut tests, DIN
53151/ASTM 03359).

3.3. Coloured coating systems

As shown above, surface chemical and physical
functions can be introduced into the nanocom-

posite systems. Another type of function, the
incorporation of organic dyes into inorganic—
organic sol-gel systems, basically has been
demonstrated in a variety of examples [37-39]. If
pure inorganic systems are used, full density can-
not be achieved since the temperature stability of
organic dyes, in general, is too low for the densifi-
cation temperature necessary for full densifica-
tion (> 500°C). On the other hand, if inorganic—
organic matrix systems are used, the surface
properties and thermostability is in the range of
about 150°C. The high content of organics in
some cases may be a problem if heavy mechanical
impact takes place.

Investigations have been carried out [40] in
order to develop systems as a compromise be-
tween the pure inorganic and the inorganic—
organic Ormocer system. For this reason, compo-
sitions based on tetraethylorthosilicate and gly-
cidyloxypropyltriethoxy silanes and /or methyltri-
ethoxy silane have been synthesized in various
ratios. These systems show a continuous transi-
tion between the inorganic-organic and the pure
inorganic system by heating without the forma-
tion of cracks and without losing adhesion in the
temperature range between room temperature
and 500°C. In Fig. 11, a schematic diagram of the
preparation of these systems is shown.

[CH3SI(OR);| jor [GPTS*| [Si(OR)] [ethanol] EI_%_OJ
l [ [ l

* glycidyloxy propyl gt
triethoxy silane

high temperature |

organic dyes

stabilized Ag or Au complexes

| viscous liquid (coloured)]

Y

g
Y
| curing (£350°)

| viscous liquid (clear)|

v

IUV treatmentl
v

formation of colloids
Au->red .... blue

A§ -> %ellow ... brown
Pd >

rown .... black

\

firing 500° ,

Fig. 11. Synthesis principles for dye coloured (left-hand side) and metal colloid coloured composite systems.
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High-temperature-stability organic dyes such
as triphenylmethane dyes, phthalocyanines or
perylenes can be incorporated into these systems
and fired up to 350°C. By doing this, very hard
surfaces similar to those of glass and very inten-
sive dye colours can be obtained. Since the basic
system is extremely UV stable, this coating sys-
tem can be used for glass coating even under
outdoor conditions if the dye by itself is stable to
UV [40].

Another type of colouring can be obtained by
incorporation of metal colloids. Metal colloids
show, due to the plasmon vibrations, extremely
intensive colouration with coefficients of extinc-
tion up to 10°. As shown elsewhere [22,41], using
the method of linking metal colloids via complex
formation to the backbone, colloids can be incor-
porated into a variety of sol-gel systems. In Eq.
(2), a schematic of this type of process is given:
AgNO,  NH, AWV Si(OR);

HAuCl, +
PdCl,  NH,-CH,-CH,-NH-CH,~CH,-CH,-Si(OR);
—— =N-MeNH, W Si(OR),
H,N
\
M

}QH AV Si(OR);

OH
— %N Si<-—0—-S,i sol-gel (2)

| backbone.
0 —

| BtOH | [ GPTS | [Si(OR)4]|
|

After hydrolysis and condensation, colloid growth
can be initiated by UV and thermal treatment.

These systems can be densified now at temper-
atures up to 500°C which leads to an almost
complete transformation of the matrix into Si0,,.
Similar systems can be obtained using methyl
group modified SiO, sols. In this case, thick Sio,
layers can be fabncated [42] up to 10 pm, pre-
pared at 500°C in a one-step coating. The methyl
group reduces the particle-to-particle interaction
in the sols (5-7 nm particle diameter) leading to
an improved relaxation behaviour for the forma-
tion of thick films.

Using the described approach of short-chain
organically modified nanoparticles (ZrO »/Si0,)
sols, a variety of composite type systems can be
obtained which can be used on glass surfaces.

3.4. Photochromic glass surfaces

In Ref. [41] it has been shown that silver
colloids can be formed within inorganic-organic
coating systems. These silver colloids can be
transformed into silver halides by a variety of
means (HCI, vapour treatment or thermal decom-
position of chlorosilanes). From the point of view
of the coating, it is very simple to coat glass
surfaces by an Ormocer system in a dip coating
process. Dip coating has been extensively de-
scribed by Brinker and Scherer [43], but the ap-

H*/H;0 [CICH,CH,CH,Si(OR);] [AgNO,| [ EtOH |
I ]

<

(200 °C)

> AgCl

H;NCH,CH,NH
(RO)3SiCH, CH,CH,

Fig. 12, Schematic diagram of the synthesis of photochromic Ormocers.
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proaches there cannot be completely transformed
onto Ormocer systems, because these systems
more or less show polymerized structures close to
polymers and the interaction between the poly-
meric chains and particles is different. However,
as shown in Ref. [44], Levich’s equation can be
used for estimating coating thickness as well.

The question has been discussed whether it is
possible to obtain photochromic glasses based on
Ag halides using the sol-gel route. As shown in
Ref. [42], this can be achieved by transforming Ag
colloids into Ag halides by treatment of Ag con-
taining porous sol-gel glasses (powders or coat-
ings). As shown above, the stabilization of Ag*
ions through complex formation with alkoxy
silanes can be used for homogeneous distribution
of the Ag* within sol-gel networks. Another
approach is to incorporate Ag halides into Ormo-
cer coatings, which would allow low-temperature
processing. In order to avoid the halogen treat-
ment, an intrinsic source of Cl~ has been incor-
porated. Fig. 12 shows a schematic diagram of the
synthesis of AgCl-containing Ormocer films [45].

In Fig. 13, the bleaching / colouring behaviour
is shown.

Within the tested cycles, no decay can be ob-
served. For bleaching, 200°C has to be applied at
present. So far, no sensitizers or Cl~/Br~ mix-
tures have been used. After coating, the system is
insensitive to UV if no temperature treatment is
used to form AgCl, as shown in Fig. 12. This

transmission (545 nm)

N N [ T | I} ] | 1 I....1 | 1 ! ol | Lol 1 | L

1 2 ] 4 8 6 7 8 9 10 11
colouring / decolouring cycles
Fig. 13. Colouring /decolouring cycles of an AgCl composite
coating,

IR activation uov

—_—>

Fig. 14. Generation of photochromic patterns by IR activa-
tion.

allows the generation of dark, light-absorbing
patterns by UV irradiation (Fig. 14) after heat
treatment.

The particle size of the Ag colloids can be
established by the amino ligand concentration, as
shown elsewhere [26], leading to the model of a
surface interaction controlled particle size tailor-
ing.

4. Conclusion

It is possible to tailor surface chemistry as well
as optical functions of Ormocer coatings for glass
surface application. Using the concept of inor-
ganic~organic nanocomposites, surface functional
properties in combination with special mechani-
cal properties can be obtained for a variety of
applications of glass for automotive as well as for
architectural glazing. The incorporation of
nanocomposites can lead not only to interesting
mechanical properties, but also to functional
properties, if the nanoparticles are stabilized in
the nano range (e.g., metal colloids). The stabiliz-
ing function of ligands can be used to obtain
suitable processing properties to incorporate the
colloids into transparent films. The inorganic—
organic coating system, moreover, opens the pos-
sibility of obtaining thick layers which are very
important for a variety of applications, especially
if long-term mechanical stability or long-term ef-
fects, e.g., controlled released behaviour, are de-
sired. The latter is based on the incorporation of
releasable components such as tensides, creating
a long-term wettability which cannot be obtained
by surface modification with appropriate func-
tional groupings only.
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