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Two free and one silylated (silane-substituted) photochromic spirooxazines are doped into 
organically modified ceramics (Ormocer) coatings by sol-gel processing and the thermal 
decoloration kinetics of these coatings are investigated and compared with the 
corresponding ethanol solutions and PMMA coatings. The decoloration behaviour of the 
two free dyes (SO-1 and SO-2) in the Ormocer coatings is similar to that in ethanol solutions, 
obeying a first-order mechanism and possessing almost the same decoloration rates as in 
ethanol. This suggests that the dye molecules encapsulated within the pores of the solid 
matrix are as free as those in ethanol solutions. The silylated dye (SO-3) in the Ormocer 
coatings, however, exhibits a considerably lower decoloration rate than the corresponding 
free dye (SO-1) and evident deviation from the first-order mechanism. This indicates 
apparently that the degree of freedom of the dye molecules is reduced by the silylation. 
These results are discussed on the basis of solvent polarity, porous structure of the Ormocer 
coating, and the dye-to-matrix connectivity. 

1. Introduct ion 
Substances capable of undergoing photoinduced 
reversible colour changes are referred to as photo- 
chromic materials. In addition to the well-known in- 
organic silver halides, most photochromic materials 
are organic compounds based on different photo- 
chromic transformation mechanisms. Spirooxazines 
are typical photochromic compounds in which mo- 
lecular rearrangement (ring opening-closure) occurs 
upon UV irradiation. They have been the subject of 
intensive investigation since they were first reported in 
1961 [1]. Increasing interest in this kind of photo- 
chromic material is mainly due to their inherently 
higher photofatigue resistance with respect to photo- 
excitation as compared with spiropyrans [2], even 
though they have a similar molecular structure and 
behave by the same photochromic transformation 
mechanism as shown in Fig. 1. This has made 
spirooxazines the most attractive photochromic ma- 
terials for practical applications [3-5]. 

For practical applications, a high photochromic 
response of the dye dispersed in suitable matrices is 
always advisable, and the rates of the photochromic 
transformation, especially the thermal decoloration 
rate, determine the feasibility of specific applications. 
If both the colouring and fading process are suffi- 
ciently fast, the photochromic system can be used as 
high-speed optical switches. On the other hand, if the 
coloured form is also very stable, e.g. as stable as the 
colourless form, the decoloration rate will be so 
slow that spontaneous thermal decoloration at room 

temperature is impossible, and then the photochromic 
system can be used for optical storage. Therefore, the 
decoloration kinetics of a photochromic material is of 
great importance in determining its practical applica- 
tions. 

In view of the fact that the coloured merocyanines 
have in general a very strong tendency to aggregate in 
liquid solvents because of their high polarization and 
large dipole moment, solid matrices are expected to 
restrict the aggregation by virtue of their higher rigid- 
ity and, as a result, higher concentrations of the dye 
could be achieved to benefit both the photochromic 
intensity and the photofatigue resistance. This will 
render it possible to produce thin coatings with suffi- 
ciently high photochromic intensity and satisfactory 
photofatigue resistance as well as an acceptable ther- 
mal decoloration rate, which is usually retarded by 
a solid matrix. So far the most extensively and inten- 
sively studied solid matrices for photochromic dyes 
are polymers due to their low temperature and low 
cost preparation procedures. There has already been 
a great deal of research and development activity in 
this field [6]. The heterogeneity of a polymer structure 
has been shown to greatly influence the kinetics of the 
photochromic transformation in organic dyes such as 
spiropyrans and spirooxazines, leading to a deviation 
of the decoloration reaction from first-order kinetics 
and reduction of the decoloration rate [7, 8]. 

Organically modified ceramics (Ormocer) syn- 
thesized by a sol gel process provide an attractive 
solid matrix for photochromic dyes [9]. The purpose 
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of this work is to establish the effect of the Ormocer 
matrix on the thermal decoloration behaviour of three 
spirooxazines, two free and one silylated, and to see 
whether the retardation of the decoloration process by 
the solid matrix is tolerable to certain applications. 
The experimental results show that for the two free 
spirooxazines first-order decoloration kinetics are 
demonstrated in the Ormocer coatings, with the half- 
life time and decoloration rate of the merocyanine 
being almost the same as in ethanol solutions, while in 
the case of the silylated spirooxazine deviation from 
the first-order kinetics was evident and the decolora- 
tion rate is slower than that of the same dye in ethanol. 
These results are explained in terms of the interaction 
between the dyes and the porous Ormocer matrix. 

2. Experimental details 
2.1. Preparation of photochromic coatings 
Ethyltriethoxysilane (ETES) and 3-glycidoxypropyl- 
trimethoxysilane (GPTMS) were used as starting 

materials for the sol gel preparation of photochromic 
Ormocer coatings in the 30 ETES-70 G P TMS sys- 
tem. Appropriate amounts of the two organically 
modified silanes were first mixed in a plastic container 
(30 mm dia. x 70 mm) for 10 min using a magnetic stir- 
rer and a half-stoichiometric quantity of water in the 
form of 0.1 N HNO3 solution was then added, followed 
by an additional 10 min stirring and a 20 min sonica- 
tion by 20 kHz ultrasonic radiation at the power of 
20 W and duty cycle of 70%. The ultrasonic radiation 
was generated by a SONIFIER Model 450 device 
(Branson Ultrasonic CT) and supplied to the liquid 
mixture through a standard horn tip. The plastic con- 
tainer was immersed in an ice-water bath during the 
sonication. In order to promote monomeric dispersion 
of the dyes and enhance adhesion of coatings to the 
microscope slides a non-ionic surfactant, Triton X-100, 
was introduced at 8 wt % into the sol prior to the 
addition of the dye ethanol solution. Three spirooxazine 
(SO) dyes were used in this work; their molecular struc- 
tures are shown in Fig. 2. After stirring for 1 h, the sol 
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Figure 1 Photochromic transformation of splrooxazine and spiropyran. 
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Figure 2 Spirooxazines used in this study. 
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was exposed to ambient air whilst continuing gentle 
stirring until the dye concentration in the sol reached 
10 3 moll-1. Coatings were prepared by spreading 
appropriate volumes of the viscous sols on defined 
areas of the microscope-slide glass substrates. After 
being held overnight in ambient air, the coatings were 
heated to 65~ and maintained at temperature for 
15 h, and then at l l0~ for 2 h, followed by unforced 
furnace-cooling down to room temperature. 

For the purpose of comparison, PMMA coatings 
doped with SO-1 were also prepared on microscope 
glass slides by spreading PMMA-EA (ethylacetate) 
solution containing 15 g PMMA in 100 ml EA and 
with the same concentration of SO-1 as in the sols. 
These coatings were subjected to the same drying and 
heat treatment as the Ormocer coatings. 

2.2. Kinetics measurement  
Fig. 3 shows schematically the computer-controlled 
apparatus used for the kinetics measurement. A Hg 
lamp is employed as the UV source and a UV-pass 
filter (Schott UG5) is used to reduce the influence of 
heat from the Hg lamp on the temperature-dependent 
colouring and fading process. The variation of absorb-. 
ance with time during the colouring fading process is 
probed by a He-Ne laser (633 nm) and processed by 
a personal computer. 

A typical colouring-fading process is illustrated in 
Fig. 4. The equilibrium absorbance of a sample at 
a photostationary state under UV irradiation at an 
on-surface intensity of 10 mWcm -2 for 15 s, AAo, is 
equal to Ao -- A1. Similarly, absorbance of a sample at 
a fading time t after shut-off of the UV light, AAt, 
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Figure 3 Layout of the apparatus used for kinetics measurement: (l) laser, (2) sample, (3) Hg lamp, (4) focusing system, (5) shutter, (6) UG5 
filter, (7) detector, (8) PC. 
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Figure 4 Schematic illustration of the colouring fading process. 
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equals A t -  A1. If the decoloration is a first-order 
reaction, the log AAt/AAo versus t plot will be 
a straight line. From the slope (S) of the straight line, 
the half-life time (to.s) of the coloured form, i.e. the 
fading time required to halve the photochromic ab- 
sorbance, and the decoloration rate (k) can be cal- 
culated according to the following equations: 

to.5 = - 0.3010/S (1) 

k = - 2.303 S (2) 

3 .  R e s u l t s  a n d  d i s c u s s i o n  

3.1. Free sp i rooxaz ines :  S0-1 and S0-2  
SO-1 and SO-2 are called free spirooxazines here as 
they are non-silylated. The colouring-fading curves 
for them in ethanol and the Ormocer coatings were 
measured at various temperatures and it was found 
that all the first-order plots deduced from these curves 
are straight lines. The Arrhenius plots for the de- 
coloration processes are shown in Figs 5 and 6, respec- 
tively. 

It is evident that the Arrhenius plots for either of the 
two free spirooxazines in ethanol and the Ormocer 
coatings are similar; no statistically significant differ- 
ences can be found between them. This means that the 
dyes in the Ormoeer coatings are as free as in ethanol 
solutions, implying that the environment around the 
photochromically active dye molecules in the Or- 
mocer coatings is similar to that found in ethanol 
solutions. 

This can be explained in terms of the porous struc- 
ture of sol gel derived Ormocer coatings. The pores 
created within the organic inorganic matrix during 

drying and subsequent curing (110~ provide ideal 
cages for the dye molecules provided their dimensions 
are large enough for the ring opening-closure trans- 
formation of the dye molecules to take place. In this 
case the dye molecules are photochromically active, 
and on the pore walls there are certainly some un- 
polycondensated silanol groups which contribute to- 
wards creating a similar environment to that in 
ethanol, as is schematically illustrated in Fig. 7. On the 
other hand, some dye molecules are inevitably tightly 
bound in the matrix outside the pores and thereby 
become photochromically inactive. Nevertheless, as 
long as a certain portion of the dye is located inside 
the pores with sufficient space for the photochromic 
transformation, these dye molecules must be as free as 
in ethanol. 

The decoloration behaviour of the free 
spirooxazines in PMMA coatings is greatly different 
from that in the Ormocer coatings. Fig. 8 presents 
a comparison between the first-order plots for the 
decoloration o]" SO-1 in PMMA coating, PMMA EA 
solution and ethanol. It can be clearly seen that the 
decoloration is largely retarded by the PMMA matrix 
and is by no means a first-order reaction. This is 
because the high rigidity of the polymer matrix greatly 
restricts the degrees of freedom of the dye molecules 
and the heterogeneity of the polymer structure results 
in different local environments surrounding the dye 
molecules so that the colour decay is no longer 
a monoexponential process. 

Convincing evidence supporting the dye-in-pore 
model illustrated in Fig. 7 are the different effects of 
heat treatments on the half-life time of SO-1 in 
PMMA and Ormocer coatings. Heat treatment up to 
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Figure 5 Arrhenius plots for the decoloration of SO-1 in ( i )  ethanol and (�9 Ormocer coating. 
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Figure 6 Arrhenius plots for the decoloration of SO-2 in (11) ethanol and (O) Ormocer coating. 
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photochromic intensity and a lower thermal decolora- 
tion rate. The polarity of EA is much lower than that 
of ethanol, therefore the decoloration rate of SO-1 in 
EA is higher than in ethanol. 

Figure 7 Schematic illustration of the active and inactive 
spirooxazine molecules. 

120 ~ gave rise to a gradual increase in the to.5 of the 
PMMA coatings, but caused no change in the t0.5 of 
the Ormocer coatings [10]. 

The decoloration of SO-1 in the PMMA-EA 
solution, however, is much faster than in ethanol 
and follows first-order kinetics. The reason for this 
is that the predominant factor affecting the decolora- 
tion kinetics is the polarity of the solvent (EA) but 
not the structure of the solute (PMMA) in this case. 
It is generally recognized that the higher the polarity 
of the solvent, the higher the thermal stability of 
the coloured form [11], which implies a higher 

3 . 2 .  S i l y l a t e d  s p i r o o x a z i n e :  S O - 3  
In SO-3, the spirooxazine is covalently bonded to 
trimethoxysilane through the -CH2-CH2-CH2 
spacer. Our experimental results revealed that under 
the same experimental conditions the AAo of SO-3 
reaches a similar level to that of the corresponding 
free spirooxazine, SO-l, both in ethanol and in the 
Ormocer coatings. This implies that the photochromic 
response of the dye is not degraded by the silylation. 
The decoloration rate of SO-3, however, is slower 
than that of SO-1 whether in ethanol or in the Or- 
mocer coatings, though the silylated dye in ethanol 
also exhibits first-order decoloration kinetics as 
depicted in Fig. 9. This is to say, silylation of the 
dye results in the retardation of the decoloration 
process. 

Fig. 10 shows that the decoloration of SO-3 in the 
Ormocer coating is not a first-order reaction since the 
first-order plots are not straight lines. In this case an 
approximation method was used in deducing appar- 
ent to.5 and k from the decoloration curves in Fig. 10. 
The time lengths between AAo/2 and AAo/4, AAo/8 
and AAo/16, AAo/32 and AAo/64 are taken as to.5(a), 
to.5(b) and to.s(c), respectively, and the corresponding 
k(a), k(b) and k(c) arecalculated from these t0.5 values, 
assuming that the first-order mechanism is obeyed to 
a first approximation in the relatively short time inter- 
vals. It is established that the decoloration rate of the 
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Figure 8 First-order plots for the decoloration of SO-1 in (I) PMMA EA solution (26.1 ~ (�9 ethanol (26.2 ~ and (I~) PMMA coating 
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Figure 9 First-order plots for the decoloration of SO-3 in ethanol. Key:ll. 29.7 ~ �9 25.0 ~ �9 22.8 ~ �9 19.5 ~ 

silylated spirooxazine in the Ormocer  coatings is con- 
siderably lower than in the corresponding ethanol 
solution and what is more, it undergoes a gradual 
decrease with the progress of the decolorat ion process, 
as is reflected by the decrease of k, k(c) < k(b) < k(a), 

3 4 3 2  

and decrease of the Arrhenius slope demonst ra ted  by 
Fig. 11. 

This result is strongly indicative of the different 
levels of degrees of freedom for the silylated dye mol- 
ecules in the matrix. Owing to the involvement in the 
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Figure 1l Arrhenius plots for the decoloration of SO-3 in (In) ethanol and Ormocer coating (Key: (0) a; (A) b; (~) c; see text for explanation). 

hydrolysis-condensation reaction of the trimethoxy 
silane, the spirooxazine molecules, which are covalent- 
ly bonded to the trimethoxysilane, may exist in differ- 
ent environments because the degree of hydrolysis of 
the three OCH3 groups and the degree of polycon- 
densation of the resulting silanol groups might vary 
over a wide range, leading to different dye-to-matrix 

connectivity as is schematically represented by Fig. 12. 
It is obvious that the degree of freedom of the dye 
molecules in the Ormocer coatings decreases with 
increasing connectivity to the matrix. The higher the 
connectivity, the lower the decoloration rate. Accord- 
ingly, a gradually slowing-down decoloration process 
is demonstrated. 
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The thermal decoloration of the silylated 
spirooxazine, SO-3, in the Ormocer coatings does not 
follow a first-order mechanism. The decoloration rate 
undergoes a gradual decrease during the decoloration 
process from a similar level to that of the same dye in 
ethanol to roughly half that value. This is attributed to 
the different dye-to-matrix connectivity caused by the 
different degrees of hydrolysis-condensation of the 
trimethoxysilane to which the dye is bonded via the 
-CH2 CH2-CH2 spacer. 

~ O H ~ o S i  

 -,cH2,3  -oZsi J 
- -  . . . .  o'• 

OH OH 

O,c.2,3- s, 

Figure 12 Schematic representation of the different connectivity of 
SO-3 to the matrix. �9 = spirooxazine and X = H, CH 3. 

4. Conclusions 
The thermal decoloration kinetics of free spiro- 
oxazines, SO-1 and SO-2, in the Ormocer coating are 
similar to those in ethanol solution: first-order mecha- 
nism, similar decoloration rate and Arrhenius slope. 
The encapsulation of the dye molecules within the 
pores of the Ormocer matrix is responsible for the 
similarity. In contrast, the thermal decoloration of 
SO-1 in PMMA coatings does not obey a first-order 
mechanism and exhibits a very low decoloration rate. 
In contrast, the decoloration of SO-1 in PMMA-EA 
solutions follows a first-order mechanism and the de- 
coloration rate is much higher than in ethanol. 
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