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Powders and thin films of photochromic glasses containing AgBr or AgCl microcrystals were synthesized via sol-gel process. Up to 
10 wt%, of Ag^, bonded with suitable complexing agents, were introduced into the matrix system consisting of x S i 0 2 - ( l - x)Al203 
(x = 0.7... 1). After drying and heat treatment the AgX microcrystals (X = Cl, Br) were characterized by X-ray diffraction and 
high-resolution TEM. The photochromic properties were measured using a diode array UV-VIS spectrometer. 

Fotochrome Materialien über den Sol-Gel-Prozeß 

Mit Hilfe der Sol-Gel-Technik gelang es, glasige fotochrome Pulver und Schichten mit AgBr- bzw. AgCl-Mikrokristallen herzu­
stellen. Dem Matrixsystem, bestehend aus xSi02- ( l - χ)Αΐ2θ3 (χ = 0,7... 1), wurden bis zu 10 Masseprozent komplexchemisch 
gebundenes Ag+ zugesetzt. Die nach Trocknung und Temperung erhaltenen AgX-Mikrokristalle (X = Cl, Br) wurden mittels Rönt-
genbeugungsanalyse und elektronenmikroskopischen Untersuchungen charakterisiert. Die Messung der fotochromen Eigenschaften 
erfolgte mit einem Diodenarray UV-VIS-Spektrometer. 

1. Introduction 
Sol-gel derived materials like powders, bulk glasses or 
thin coadngs offer a larger number of new appl icadons 
[1]. A n impor tan t field is the surface refinement of 
glasses, metals or organic materials with thin layers 
[2 to 4]. Compared with mol ten photochromic glasses 
the specific advantages of the sol-gel process, low 
p repa radon temperature and more Variation possibilities 
of the matrix system, allows the p roducdon of materials 
with higher concentrat ions of photoact ive components . 

But the basic disadvantage of the process is the 
spontaneous precipitat ion of the insoluble noble metal 
hahdes. Therefore, it is necessary to stabilize the light­
sensitive components in the sols by complexadon with 
suitable chelating agents. Such Compounds have to fulfil 
special demands like high solubility and stability in the 
System and no self-coloration. The complexes have to 
bind to the gel network and should be decomposed in 
the temperature ränge of final heat t reatment . 

Another precondi t ion is an inert matr ix a round the 
photochromic microcrystals (without double bonds, 
solvent residues or reactive groups) to prevent the irre­
versible bond of Irradiation products. The crystals 
should have an opt imal size of 10 to 50 n m in diameter. 
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F u r t h e r m o r e , they should be chemically d i sordered , e.g. 
t h r o u g h the i n t r o d u c ü o n of ions like Cu^^ , S^~ o r Cd^"^ 
or the f o r m a d o n of mixed crystals. 

2. Experimental 
Α mixture of water a n d ni tr ic acid a n d in some cases 
a lumin ium Compounds (a luminiumtr i -sec-butyla te o r 
a luminium-n-buty la te ) was added to a base sys tem con ­
sisting of te t raethoxysi lane (TEOS) a n d e thano l . T h e 
m o l a r rat ios of water a n d alcoxide, solvent a n d a lcoxide 
a n d the p H values were varied in wide ranges. 

U p to 1 0 w t % Ag"^ were in t roduced as act i -
va tor c o m p o n e n t in to this mat r ix sys tem of 
x S i 0 2 - ( l - J c ) A l 2 0 3 (x = 0 .7. . . 1). T h e complexa t ion of 
Ag"^ was carr ied ou t wi th a m i n o - s u b s ü t u t e d Silicon al-
coxides (3-aminopropyl t r ie thoxysi lane, n - (2-aminoethyl -
3-aminopropyl)- t r imethoxysi lane, t r imethoxysi ly lpropyl-
diethylenetr iamine) . T h e hal ide ions were i n t roduced 
using ch loro- or b r o m o a r y l subs t i tu ted Silicon alcoxides 
like chlorophenyl t r ie thoxysi lane, b r o m o p h e n y l t r i m e t h -
oxysilane or (4-bromophenoxy)- t r imethyls i lane . C o p p e r 
ions (as copper( I I ) acetate monohydra t e ) were used as 
coact ivat ing agent. T h e m o l a r rat ios were as follows: 
Ag"": χ - = 1:3; Ag+ : Cu^^ = 10:1 a n d chelat ing agent : 
Ag+ = 3 : 1 . 

Powders which show p h o t o c h r o m i c proper t ies were 
ob ta ined after gelation, d ry ing a n d heat t r ea tmen t of the 
sols. By addi t ion of d ry ing cont ro l chemical addi t ives 
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Figure 1. Content of free water versus reaction time of a sol 
with = 0.95. 
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Figure 2. Diameter of precipitated AgBr crystals as funcdon of 
heat treatment. 

bu lk glasses were made . Moreover , single- a n d multilayer 
coat ings on var ious Substrates were p repa red by dip 
coat ing of the men t ioned sols at wi thdrawal speeds of 
5 to 30 c m / m i n . In order to increase the fdm thickness, 
in some cases the te t raethoxysi lane was par t ly or com­
pletely replaced by 3-glycidoxypropyltrimethoxysilane. 
After d ipp ing the coaüngs were dr ied at 100°C and then 
heat - t rea ted at 250 °C and 350 °C for each one hour. The 
layers densified in this way were analyzed by X-ray 
diffraction and high-resolut ion electron microscopy to 
de te rmine the size a n d dis t r ibut ion of the precipitated 
crystals. 

In o rder to investigate their p h o t o c h r o m i c properdes 
the c o a ü n g s were i r radia ted with a 150 W X B O - l a m p for 
several t imes a n d s imultaneously the darken ing behav­
iour a n d opt ical b leaching were measured wi th a p h o t o -
d iode ar ray UV-VIS spectrometer . T h e fading at higher 
t empera tu res was analyzed using a microscope headng 
stage. 

3. Results and discussion 
The au thors have shown in a previous work [5] that only 
by complexat ion of b o t h photoact ive components a 
spontaneous precipi tadon of large silver hahde crystals 
can be prevented. Since silver a toms act as a soft Lewis 
acid, Compounds with soft l igands (e.g, nitrogen- or 
sulphur-coupling atoms) are best suited for their com­
plexation. D u e to the SN2 mechanism of the X ~ against 
O H ~ Substitution, aromat ic Compounds are more stable 
against at tacks of water or solvents than aliphatic mole­
cules. Therefore, the best hahde supplier are chloro- or 
b romoary l substi tuted sihcon alcoxides. 

Using bromophenyltr imethoxysi lane, chlorophenyl­
triethoxysilane or (4-bromophenoxy)trimethylsi lane as 
hahde suppher and 3-aminopropyltriethoxysilane or 
n-(2-aminoethyl-3-aminopropyl)-trimethoxysilane as com­
plexing agent, any crystal formation at room tempera­
ture was avoided. D u e to the new preparat ion techniques 
and the m e n ü o n e d sol compos idons no prehydrolysate 
consisting of T E O S , water, nitric acid and solvent is 
necessary. The halide carrier is now homogeneously dis­
tr ibuted in the matr ix network and smaller crystals are 
generated. In the case of progressed condensat ion 
processes of network th rough the pre-hydrolysis, the 
binding of bulky photoact ive components takes place at 
the surfaces of formed Clusters. 

To control the content of free water in the final sols, 
the water determinat ion with the Kar l Fischer technique 
[6] was carried out . Figure 1 shows the relation between 
water content and reaction time of a sample with 

= 0.95 (r^ = mola r r ado of water to alcoxide). The 
water content decreases with increasing reaction t ime 
and reaches a stable value after about 5 h. At this d m e 
the hydrolysis process is a lmost fmished and coatings of 
uniform quality can be drawn. 

Dur ing the heat t reatment the release of bonded sil­
ver and hahde takes place and leads at Τ > 150°C to 
A g X crystals of average diameters of 20 to 50 n m de­
pending on the sample thickness. Figure 2 demonstrates 
the influence of anneal ing temperature on the particle 
size for a pho tochromic powder containing b romo­
phenyltr imethoxysilane and n-(2-aminoethyl-3-amino-
propyl)-trimethoxysilane. The particle size was calcu­
lated from X-ray patterns. D u e to the effective binding 
of photoact ive componen t s at room temperature, n o 
AgBr crystals are detectable. U p to about 400 °C the 
average crystal d iameter increases with increasing tem­
perature, above 400 °C evaporat ion of AgBr becomes 
more and more impor t an t and the crystal size decreases 
again. D u e to the rather low sample thickness, the crys­
tals of the coadngs are smaher and therefore surface 
evaporat ion of photoact ive components plays a more 
impor tan t role. 

Figure 3 shows the Scanning electron micrograph of 
a heat-treated pho tochromic layer prepared by use of 
bromophenyl t r imethoxysi lane and n-(2-aminoethyl-3-
aminopropyl)- tr imethoxysilane. The silver content was 
1 0 w t % and the coadng thickness about 800 nm. The 
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Figure 5. Darkening behaviour of an 800 nm thick coating. 

Figure 3. Scanning electron micrograph of a heat-treated 
photochromic layer containing AgBr crystals 
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Figure 4. Electron micrograph of a heat-treated photochromic 
layer containing AgBr crystals 

sample surface is completely covered with AgBr micro­
crystals, the average crystal size is in the ränge of 40 to 
50 nm. Atomic force microscopy measurements showed 
that these crystals stick out of the coating surface to 
1/5 to 1/10 of their size. High-resolut ion electron micro­
scopy indicated that besides them a fracdon of smaller 
crystals (5 to 10 n m in diameter) exists inside the layers 
(figure 4). Intermediate crystal sizes beyond these popu­
lations were not found. The two average crystal sizes are 
probably caused by different nucleation places of dif­
ferent growing times of AgBr dur ing the heat t reatment . 
Preparat ion effects can be excluded, because different 
techniques (dimpling and ion etching, e lutr iadon) gave 
the same results. Α more exact investigation of these 
effects will be the subject of future works. 
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Figure 6. Darkening as function of Irradiation time of an 
800 nm thick coating. 

T h e p h o t o c h r o m i c behaviour of the coat ings was 
examined by Ir radiat ion wi th an X B O l a m p a n d sub ­
sequent opt ical bleaching. F igure 5 presents the ab -
sorbance spectra of an Ir radiat ion process of an 800 n m 
thick coaüng . T h e lowest curve shows the State before 
I r radia t ion; the t ime interval between the following 
spectra was one minu te respectively. I t can be seen tha t 
the layers reach a 50 % darken ing in the first 15 m i n wi th 
a half da rken ing t ime of 2 min . This corresponds t o an 
absorp t ion coefficient of ab o u t 5500 cm~^ at a wave 
n u m b e r of 21 3 0 0 c m ~ ^ F igure 6 presents the ab-
sorbance values as function of the I r radia t ion t ime for 
the three curve m a x i m a (at 17 5 0 0 c m ~ ^ 2 1 3 0 0 c m ~ ^ 
a n d 25 000 cm~^ of the non i r rad ia ted sample) . I t shows 
tha t du r ing the first 15 min of I r radiat ion process n o 
s a t u r a d o n level is reached. T h e da rken ing p roceeds 
ra ther slowly. 

After i r radia t ion is fmished the coat ings show a 
not iceable fading even at r o o m tempera ture , a b o u t 1 0 % 
dur ing the first 5 min . Total fading can be achieved by 
t h e r m a l bleaching at 200 °C for 5 min (figure 7). T h e 
coat ings show good long- te rm stability du r ing the 
i r r a d i a ü o n process. Α tenfold i r r ad i adon a n d t h e r m a l 
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Figure 7. Fading behaviour of an 800 nm thick coating. 

bleaching caused n o considerable changes but only 
stadst ical f luctuat ions of absorbance spectra of dark-
ened a n d faded State. 

4. Summary 
With the descr ibed m e t h o d it is possible to produce pho ­
tochromic materials , especially coat ings, in good quality. 
D u r i n g the hea t t rea tment , silver hal ide crystals with op­
t imal d iameters of 40 to 50 m m are generated. The coat­
ings show a da rken ing of 5 0 % within the first 15 min of 

U V i r radiadon, the half darkening time amoun t s to 
2 min. After i r radiat ion is fmished, the coatings exhibit 
even at r oom tempera ture a fading of 1 0 % within the 
first 5 min. Α complete fading of the samples is reached 
through thermal t rea tment at 200 °C. 

We wish to thank the Deutsche Forschungsgemeinschaft, Bonn-
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