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Photochromic organic—inorganic hybrid materials have attracted considerable attention owing to

their potential application in photoactive devices, such as optical memories, windows,

photochromic decorations, optical switches, filters or non-linear optics materials. The growing
interest in this field has largely expanded the use of photochromic materials for the purpose of

improving existing materials and exploring new photochromic hybrid systems. This tutorial review

summarizes the design and preparation of photochromic hybrid materials, and particularly those

based on the incorporation of organic molecules in organic—inorganic matrices by the sol—gel

method. This is the most commonly used method for the preparation of these materials as it
allows vitreous hybrid materials to be obtained at low temperatures, and controls the interaction
between the organic molecule and its embedding matrix, and hence allows tailoring of the

performance of the resulting devices.

1. Photochromism

Photochromism is the reversible transformation of a chemical
specie between two forms, A and B, having different
absorption spectra, induced in one or both directions by the
absorption of electromagnetic radiation (Fig. 1).'* The inter-
conversion between the states is usually accompanied by
changes in the physical properties of the chemical specie, such
as the refractive index, solubility, viscosity, surface wettability
or dielectric constants. The thermodynamically stable form A

Instituto de Ciencia de Materiales de Madrid, CSIC,

28049 Cantoblanco, Madrid, Spain. E-mail: d.levy@icmm.csic.es;
Fax: +34 913720 623

1 Part of the themed issue on hybrid materials.

is transformed by irradiation into the less stable form B,
having a different absorption spectra, which can be reverted
to form A, both thermally or photochemically® (Fig. 1).
Usually, the stable form in most photochromic compounds
is colourless or pale yellow, and acquires colouration when
irradiated (positive photochromism). Less common photo-
chromic compounds show a coloured form A and a colourless
form B (negative or inverse photochromism), or exhibit a
reversible change between different colours.

Photochromism can take place in both inorganic and
organic compounds, and is also observed in biological systems
(for example the retina in the vision process™*). Among the
inorganic or organometallic compounds showing photo-
chromism we can find some metal oxides, alkaline earth
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Fig. 1 Absorption spectra of the A (colourless) and B (coloured) forms.

sulfides, titanates, metal halides and some transition metal
compounds such as the carbonyls.! There are also certain
minerals in nature that show photochromic properties such as
hackmanite, shown in Fig. 2. This mineral is a well-known
variety of sodalite which is initially violet and fades quickly to
colourless when exposed to visible light. The original colour is
restored slowly in the dark or more quickly by exposure to
ultraviolet light (inverse photochromism).

There are many organic compounds that show photo-
chromism, such as some anilines, disulfoxides, hydrazones,
osazones, semicarbazones, stilbene derivatives, succinic anhydride,
camphor derivatives, o-nitrobenzyl derivatives and spiro
compounds.'? Some of the most common processes involved
in the photochromism of these compounds are pericyclic
reactions, cis—trans isomerizations, intramolecular hydrogen
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Fig. 2 Photochromic mineral (Hackmanite, NagAlsSicO,4Cl,) made
by nature.

transfer, intramolecular group transfers, dissociation processes
and electron transfers (oxidation—reduction). Organic photo-
chromic compounds are almost exclusively activated by
ultraviolet light in the range of 200-400 nm. For some organic
compounds this range can be extended to 430 nm, however
very few organic photochromic compounds can be activated
by visible light. On the other hand, even though most
inorganic photochromic materials can be driven by ultraviolet
light, some of these compounds can be activated by other
wavelengths from infrared to X-rays or gamma.'

Among the photochromic inorganic compounds, it is well
known that silver halide particles in borosilicate or alumino-
borosilicate glass exhibit reversible photochromism upon
exposure to sunlight.®> The silver compounds are added to
the melt of an aluminoborosilicate glass together with copper
halides, with the silver halide content between 0.5—1 wt%. The
glass is heat-treated at 500-800 °C in order to allow precipitation
and subsequent crystallization of the AgCl crystallites. Upon
irradiation, the silver ions are reduced to metallic silver
particles, which are responsible for the colouration of the
glass. Fig. 3 shows the different steps in the formation of the
metallic silver particles.

In the absence of light, the silver halide glasses may be
transparent colourless or opaque white depending on the
particles size and the concentration of the dispersed particles.
Fig. 3 shows different colours obtained in sol-gel films doped
with silver halide particles having different particle size, after
irradiation with UV light. The size of the metallic Ag
precipitates determines the colour of the resulting films,
showing a shift to the red in the absorption spectra as the size
of the Ag particles is increased from 8 nm (clear yellow) to
30 nm (purple).® Silver chloride is being used extensively for
the manufacture of photochromic lenses that are very sensitive
to sunlight; although these glasses show a fast response they
offer a limited colour range.’

Organic photochromic compounds have been studied
extensively owing to the possibility of obtaining a photochromic

AgCl— 5 Ag" +C1

Cl+Cu* ——Cl +Cu*

nAg’ —Ag,

Fig. 3 Steps of the formation of the metallic silver particles upon
irradiation and sol-gel photochromic coatings based on AgCl, after
irradiation with UV light. Particle size ranging from 8 nm (yellow) to
30 nm (purple).
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response in a wide range of wavelengths in the visible
spectrum. More than one hundred organic photochromic
molecules have been developed, the most commonly known
being diarylethenes, fulgides, azobenzenes, spiropyrans,
spirooxazines and naphthopyrans.!> The structures and
processes involved in the photochromism of these compounds
are shown in Fig. 4. Only diarylethenes and fulgide derivatives
exhibit thermally irreversible photochromism (their acquired
colouration does not fade in the dark), which make them
suitable for applications such as optical memories, optical
switching devices and displays.® In the case of the diary-
lethenes, the stability depends on the aryl group type.> When
the aryl groups are furan or thiophene rings, which have low
aromatic stabilization energies, the photogenerated closed-
ring forms are thermally stable and do not return to the
open-ring form in the dark. On the other hand, the closed-
ring forms of diarylethenes bearing phenyl or indole rings,

Photochromic dye

Diarylethene

Colourless form

Naphthopyran

Colourless form

Coloured forms

m ‘p§ Heterolytic Cleavage/Photocyclization
¢

Coloured forms

which have rather high aromatic stabilization energies, are
thermally unstable. Stilbene, for instance, is well known to
undergo a colour change by a trans—cis photoisomerization
upon irradiation with UV light and exhibits a thermally
reversible photochromism.'

The photogenerated isomers of photochromic azobenzenes,
spiropyrans, spirooxazines and naphthopyrans are thermally
unstable and return to the initial isomers, even in the dark, by
reversible photochromic reactions. Among the different
photochromic dyes, spirooxazines (SO) have been the most
extensively investigated due to their high fatigue resistance, as
reported by Kawauchi ef al.® and Chu.'® The photochromism
of these molecules involves a photoinduced heterolytic
cleavage of the C(sp*)-O bond of the oxazine ring that leads
to the formation of coloured merocyanine structures, shown in
Fig. 5. The system reverts thermally or by irradiation with
visible light to its original colourless form.'”

Photochromic process

Photocyclization

Photocyclization

Trans-cis Isomerization

Heterolytic Cleavage/Photocyclization

p Heterolytic Cleavage/Photocyclization

00000 @ ¢

Fig. 4 Structures and processes involved in the photochromism of the different photochromic dyes (diarylethenes, fulgides, azobenzenes,
spiropyrans, spirooxazines and naphthopyrans). The colours of the different states of the photochromic dyes are shown.
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Fig. 5 Colourless form (left) and coloured forms (right) of photochromic spirooxazines.
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Considerable efforts have been devoted to improving the
properties of the photochromic compounds to fulfil the
requirements of the different applications. The most remarkable
properties of these compounds are their absorption spectra,
particularly the position of the absorption maxima, the
intensity of colour obtained upon irradiation with UV light
and the kinetics of the bleaching process. Most of the scientific
research done on photochromic compounds has been devoted
to the optimization of their spectrokinetic properties by sub-
stitution of functional groups in the photochromic molecules.
More than one hundred patents have been published dealing
with the properties of the new substituted photochromic
molecules in solution or imbibed in polymer matrices.>* The
photochromic behaviour of these molecules depends strongly
on the environment properties in which they are dissolved or
allocated, such as the polarity, pH, solubility or temperature.'
Many scientists pay more attention to exploring new
photoresponsive multicomponent systems, which can be
obtained by embedding the photochromophores (molecules,
nanoparticles...) into a variety of polymeric matrices or
anchoring a photochromophore in a functional monomer/
oligomer that will be used to prepare the matrix.!!

Photochromic organic-inorganic hybrid materials are one
of the most studied systems. It has been believed that the
synergy of organic and inorganic compounds in hybrid mate-
rials can preserve or even improve the features of the compo-
nents. Nowadays it has been demonstrated that hybrid
systems can also confer new properties upon the material,
different from those of the single components.'?> Generally,
inorganic compounds have thermal stability, high strength
and diverse coordination chemistry. On the other hand, there
is a large variety of organic compounds which are easy to
modify or process. The extremely versatile physical and
chemical properties, compositions and processing techniques
of organic—inorganic hybrids offer a wide range of possibilities
to fabricate tailor-made photochromic materials.

2. Photochromic organic—inorganic
hybrid materials

The ability to combine, in a single material, organic and
inorganic components at molecular or nanometric level
represents a great step in material science with extraordinary
implications for developing novel multifunctional materials.
Organic-inorganic hybrids have the advantages of both
organic (light weight, flexibility, versatility, etc.) and inorganic
materials (high thermal and mechanical resistance), which
make them suitable for applications in many fields, such as
optics, solid electrolytes, catalysis, biomaterials and biomedical
applications.'”> Furthermore, some photoactive molecules,
either organic or inorganic, can be introduced into organic,
inorganic or hybrid matrices in order to exhibit properties
such as photochromism.'?

The uses of such a hybrid approach to obtain photochromic
materials with greatly improved properties, from the point of
view of potential applications, are now being widely studied in
many research groups.'* He er al.'® studied the photo-
chromism of composites and hybrid materials based on
transition-metal oxides and polyoxometalates, and found that

an improvement in the photochromism is obtained, due to the
charge transfer between inorganic and organic moieties. The
design of these hybrid systems (appropriate inorganic and
organic molecules) is of great importance so the charges
(electrons and/or protons) can be reversibly transferred
between the two constituents upon photoirradiation. Other
authors'® have studied different photochromic hybrid materials
based on metal halides and metal cyanides, polyoxometalates
and metal chalcogenides, and metal-organic complexes. The
mechanism of the photochromism in these materials involves
photoinduced charge transfer between the inorganic and
organic components. Among these photochromic materials,
the polyoxometalates have received considerable attention in
recent years due to their potential applications in optical
switching or optical storage media.!” Polyoxometalates are
also incorporated in organic-inorganic matrices as their
porous structure offers enough free spaces for the reversible
structural changes of the photochromic components during
photochromic transformations.'®

Photochromic molecules have been embedded into a wide
range of solid matrices' including polymers like PMMA,
inorganic materials like sol-gel derived silicates and alumino-
silicates, and also in hybrid organic-inorganic composites like
ormosils and surfactant templated mesostructured materials.
The photochromic molecules can be incorporated into a
matrix in two ways, either by covalent bonding or by doping.
Andersson and co-workers®® reported the synthesis of
photochromic pigments that can be added to various matrices
using traditional coating or paint-based technology. The
photochromic spiropyran and spirooxazine dyes were
introduced into surfactant templated mesostructured particles
using a simple one-pot spray synthesis technique and these
dye-loaded materials are referred to as photochromic organic—
inorganic hybrid pigments. This material combines the
mechanically and chemically rigid silica matrix with an
organic phase where the dyes have a high conformational degree
of freedom. The versatility of these photochromic pigments was
demonstrated by the preparation of latex-based films with good
optical quality, opening new possibilities to produce photo-
chromic objects of different shapes and materials.?’

To move towards realistic technological implementations of
photochromic devices, the materials selected should be shaped
as thin films, coatings, monoliths, or other suitable forms, as
required from engineering considerations. However, it seems
difficult to prepare photochromic hybrid materials by the
standard methods of vacuum evaporation or sputtering, as
most of the photochromic compounds have the tendency to
decompose when heated. These methods are limited to
preparation of hybrid materials with inorganic photochromic
compounds such as MoO; or WO5."°

The sol-gel process®' is the most commonly used method
for the preparation of photochromic hybrid materials. This
process, being a low temperature method, allows the preparation
of transparent, solid and porous inorganic matrices and the
incorporation of optically active organic molecules in its
porosity.>? The method involves reactions of hydrolysis and
condensation of alkoxides (Fig. 6) to produce 3D, amorphous,
porous and stable networks. The most widely used alkoxides
are those of silicon, titanium, zirconium or aluminium.??

This journal is © The Royal Society of Chemistry 2011
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Fig. 6 Sol-gel reactions to amorphous matrices.

The sol-gel method allows also the preparation of hybrid
organic-inorganic matrices, by using organically modified
alkoxide precursors [RM(OR);, where R is an organic
functional group and OR are the alkoxy groups] (Fig. 7).
The non-hydrolysable organic groups of the alkoxide remain
attached to the matrix porosity. Fig. 8 shows a scheme of the
pore structure in the hybrid silica matrix where the organic
molecules are located. The usage of these precursors allows
controlling the polarity and size of the pores according to the
nature and amount of the non-hydrolysable organic groups
used.?* Difunctional alkoxides [RR’M(OR),] have also been
used for the preparation of hybrid organic—inorganic matrices,
with methyl (-CH3) and phenyl (-CgHs) the most commonly
used functional groups (R and R’).%

Since the pioneering work of Avnir, Levy and Reisfeld in
1984,%? the sol—gel process has been a powerful method for the

v — §-\ Y
Condensation:
L,—’ LJ’
+ —_— et R$1(0), 5.5 (OH) 3
¢
Polycondensation

@reO@SiTizZrorAl

Hydrolysis

Fig. 7 Sol-gel reactions of organically modified alkoxide precursors

Fig. 8 Schematic representation of the pore structure in the hybrid
silica matrix.

preparation of porous gel-glasses doped with organic
molecules, as the relatively low temperatures (<150 °C) used
for preparation do not produce damage to the organic
molecular structures. These molecules are incorporated in
the starting solution used for the gel-glass preparation and
remain trapped in the porosity of the resulting matrix (Fig. 8).
The great versatility of the sol-gel method allows the preparation
of different glasses or ceramics in the form of particles, thin
films, fibers, monolithic bulk and extremely porous materials
such as aerogels.>! The final products exhibit good optical
quality (high transmission in the visible region) and the
mechanical strength required for most applications.”
Moreover, the porous structure of these materials offers
enough free room for the reversible structural changes of the
dye molecules during photochromic transformations. In the
early stages of the research on hybrid photochromic materials,
attention has been focused on embedding organic or organo-
metallic chromophores in transparent matrices or networks
(Si0,, Al,0O3), ormocers (organically modified ceramics) and
ormosils (organically modified silica) efc. made mainly by the
sol-gel method.

3. Sol-gel prepared photochromic hybrid materials

In order to take advantage of the photochromic effect in
different applications, the active molecules must be isolated
in a solid matrix, since the photochromic compound in its
crystalline form is totally inactive. The usage of polymer
matrices is a good choice for the entrapment of photochromic
molecules; however it is limited by the low stability of
the matrix upon UV irradiation.® On the other hand, the
traditional method for the preparation of glass does not allow
the incorporation of organic matter into the glass due to the
high temperature of the processing. The sol-gel procedure,?!
being a low temperature method, provides a versatile solution
for hosting the photochromic dyes. The first incorporation of
photochromic molecules into sol-gel glasses was reported in
the late 1980’s,%’ consisting of molecules of aberchrome 670 or
molecules of the spiropyran family embedded in organically
modified silica glasses. The intense research work done in this
field was mainly devoted to dispersions of molecules of the
spiropyran and spirooxazine families in sol-gel matrices,?®
mainly prepared as thin film coatings on glass substrates.”
Sanchez er al.*® reported on the preparation of photochromic
hybrid materials based on spirooxazine and spiropyran dyes in
different hybrid matrices, showing the very high sensitivity of
the photochromism to dye—matrix interactions. In previous
work, we have demonstrated the feasibility of introducing
photochromic naphthopyran derivatives into sol-gel hybrid
matrices and the effect of different organic functional substituents
in the matrix on the photochromic properties of the
embedded molecules.’! Naphthopyran compounds are known
to exhibit photochromism since the first report of Becker and
Michl in the early 1960’s.>> These molecules undergo a
strong change in colouration when irradiated with UV light
(360-365 nm) due to the reversible heterolytic scission of the
C(sp”)-0 bond of the pyranic ring, leading to the formation of
coloured merocyanine structures’ as shown in Fig. 9. The
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3H-naphtho[2,1-b]pyrans
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Fig. 9 Colourless (left) and coloured (right) forms of photochromic
naphthopyrans.

system reverts through a thermal pathway to its original
closed form.

The photochromic molecules of the naphthopyran family
have been studied extensively owing to the high fatigue
resistance and the possibility of obtaining a photochromic
response in a wide range of wavelengths in the visible
spectrum.* Photochromic naphthopyrans can be divided into
two sub groups: the 3H-naphtho[2,1-b]pyran (3H-NP) and the
2H-naphtho[1,2-b]pyran (2H-NP) families (Fig. 9). Many
naphthopyran derivatives were synthesized in order to obtain
photochromic molecules with modified spectral and kinetic
properties.>* In general, molecules from the 2H-NP families
have more stable coloured forms than the corresponding
3H-NP molecule, due to the strong steric interaction between
the hydrogen atoms in the open quinoidal form of the 3H-NP
(Fig. 9) affecting its stability. In general 3H-NP’s have much
faster thermal bleaching than 2H-NP’s together with a much
lower AOD (difference in absorption between dark and
bleached states, measured at A,,,x). The photochromic properties
of these molecules have been measured in different solvents or
as dispersions in polymers.®> In solid matrices, such as the
polymeric matrices, the photochromic properties of the
embedded molecules are strongly influenced by the polarity
of the environment where the molecules are located.**
Moreover, the size and shape of the pores containing the
dye molecules (Fig. 8) have also an important effect on the
spectral and kinetic properties of the photochromic system,
as it may provoke steric inhibitions during the molecule
opening—closing process.

Naphthopyrans and spirooxazines in hybrid organic—inorganic
matrices

Several hybrid matrices were prepared from mixtures of tetra-
acetoxysilane, TAS = Si(OCOCH3;)4, with silicon alkoxides
modified with organic groups, R-triethoxysilanes (RTES).
These organic groups (R = —-CH; (Me), —C,H;s (Et), —C5H>
(Pr), -C4Hy (iBu), -C¢Hs (Ph) and —C4Fs (pFPh)) incorporated
in the matrix network affect the chemical composition of the
inner pore surface (R/OH groups ratio) and are, therefore,
responsible for the properties of the pore environment where
the photochromic molecules are located. The R groups used

Fig. 10 Schematic representation of the pore structure in the phenyl
modified silica matrix (SiO—Ph).

for the preparation of the different matrices were selected from
size and polarity considerations and interaction/affinity with
the photochromic dye. Fig. 10 shows a scheme of the pore
structure in a phenyl modified silica matrix where the dye
molecules are located.

The preparation of the photochromic hybrid coatings on
glass slides is described in Fig. 11. In all preparations, water
was added to allow the hydrolysis of the alkoxide precursors;
the reaction was self-catalyzed by the slow release of acetic
acid from the TAS. The sols were allowed to hydrolyze for
24 h under stirring at 25 °C. The photochromic dye was added
as a THF solution, after the hydrolysis of the sol, to obtain the
required photochromic-dye/Si molar ratios. THF was used as
solvent due to its good miscibility with the coating sol. The
deposition of the films was carried out after the addition of
the photochromic dye using the spin-coating technique with
the sample holder spinning at 2000 rpm. Finally, the films were
further dried for 24 h at 100 °C.

Different photochromic naphthopyran derivatives have been
incorporated in sol-gel prepared hybrid matrices to characterize
their photochromic properties. Table 1 shows the chemical
structures of the different photochromic dyes. Mixtures of

— HO+ photochromic
silico i substance

alkoxides  solvent / /—-— ——

liquid film formation
by spin coating f

solvent evaporation
) ¢
() -~
2
s

glass substrate

solid thin film

Fig. 11 Scheme of the coatings preparation process.
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Table 1 Structures of the photochromic molecules incorporated in sol-gel prepared hybrid matrix

3,3-diphenyl-3H-naphtho[2,1-b]pyran

Red Blue

3-(2,4-Dimethoxyphenyl)-3-(4-
methoxyphenyl)-3H-naphtho[2,1-b]pyran

1,3,3,5,6-pentamethyl-spiro
[indoline -2-3"-[quinolino]oxazine])

photochromic dyes of different families such as naphthopyrans
and spirooxazines can be incorporated in the hybrid matrices,
expanding the colour range of the resulting films.*"

The resulting coatings are transparent, colourless and show
a rapid colouration upon exposure to UV light (365 nm),

=

At dark UV-Light 365

Fig. 12 Picture of the thin films prepared with different photochro-
mic dyes, before and after irradiation with UV light.

acquiring blue, yellow, red and green colours. The green
colour is obtained by the mixture of the yellow dye and blue
dye. The picture in Fig. 12 shows the colouration of the films
prepared with the different photochromic dyes, before and
after irradiation with UV light.

3.1 Effect of the host matrix on the photochromism of
naphthopyrans

In order to study the effect of the host matrix on the photo-
chromism of the naphthopyrans, photochromic 3,3-diphenyl-
3H-naphtho[2,1-b]pyran molecules were embedded in sol-gel
prepared organically modified thin films.*'* The chemical
structures of the colourless and coloured forms of the photo-
chromic dye are given in Fig. 13. The most remarkable
properties of these molecules, namely the absorption spectra
upon irradiation with UV light and the kinetics of the
bleaching process (recovery of original whiteness) have been
measured in different organically functionalized matrices as a
function of the composition of the hybrid matrix. These
properties of the naphthopyran molecules depend strongly
on the polarity of the pores where the molecules are located
and hence, on the functionalization of the matrix.

Cis Trans

Zwitterionic forms

Cis Trans

Quinoidal forms

Fig. 13 Chemical structure of the naphthopyran dye used for sample preparation and the possible open coloured forms.
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3.1.1 Spectral behaviour of the naphthopyran dye embedded
in hybrid coatings. The absorption spectra of the photochromic
dye in the hybrid matrices prepared with different R groups, in
their bleached or colourless state, show an absorption band in
the 350-365 nm range (Fig. 1). Upon irradiation with UV
light, the samples acquire a deep colouration showing a broad
band centred around 450 nm. The position of the absorption
band of the NP’s was found to depend on the amount and
nature of the organic groups (R) used for functionalizing
the embedding hybrid matrix. A progressive shift to the UV
is observed as the R/Si ratio in the matrix is increased
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Fig. 14 UV-Vis absorption spectra of samples prepared: (a) different
amounts of Ph groups in the matrix, (b) different modifying groups in
the matrix.

from 0 to 90%. Fig. 14a shows this effect in matrices prepared
with different relative amounts of phenyl groups (Ph).

The position of the absorption band of the NP after
irradiation was also found to depend on the nature of the
organic substituents used in the hybrid matrix. In this sense,
samples prepared with isobutyl and phenyl groups (samples
SiO-iBu and SiO-Ph) showed more important shifts to the
UV as compared with those shown in samples prepared with
methyl modified matrices (SiO-Me) with the same R/Si ratio
(Fig. 14b). Table 2 summarizes the position of the absorption
band of the NP as a function of the percentage of Si atoms
modified with R groups in the matrix.

The nature and amount of the organic groups (R) in the
hybrid matrix determine the polarity of the inner surface of the
pores, where the photochromic molecules will be located, and
therefore their spectral and kinetic properties. In samples
prepared without organic substituents (R/Si = 0), the surface
of the pores in the resulting matrix consists mainly of
uncondensed silanol groups (Si-OH), which confers a very
polar environment upon the pore (57.9 kcal mol™' in the
Reichardt Er(30) scale).?* The incorporation of R groups into
the structure results in a decrease in the polarity of the matrix,
which is a function of the R loading.?* This effect is due to the
lower polarity of the R groups that remain attached to the
pore surface and the fact that large organic groups may hinder
the influence of the OH groups of the surface, reducing further
the polarity of the environment in which the dye molecules are
embedded (Fig. 8).*' From the data given in Fig. 15, a
progressive blue shift in the absorption maxima is observed
as the polarity of the matrix is reduced (the amount of R is
increased). This effect is also observed in samples prepared
with the same amount of R (Fig. 15), due to the difference in
polarity of the different organic groups.>! An interesting
behaviour was observed regarding this shift: samples prepared
with Me groups (SiO—Me) showed a rather linear behaviour.
Samples prepared with Ph (SiO-Ph) or iBu groups (SiO—iBu)
showed two different linear behaviours for low and high
R contents in the matrix. At very low concentrations of R
(0-10%), the pore surface is mainly composed of OH groups
with a low amount of R groups, which have a strong influence
over the polarity of the pore. Increasing the amount of R
groups above 10% results in a screening of the small OH
groups at the surface of the pore. Once this screening is
effective, the changes in the R/OH ratio at the pore surface
have a much lower effect on the polarity. In samples prepared

Table 2 Spectral position of the absorption band of the irradiated naphthopyran dye in the different hybrid matrices

Sample name SiO-Me SiO-iBu SiO-Ph
R = Me, iBu or Ph R/Si molar ratio Amax (nm) Amax (nM) Amax (nmM)
SiO-Rygo, 0.90 — 439 437
SiO-R0; 0.70 449 440 442
SiO—R 500, 0.50 457 444 445
SiO-R3qs, 0.30 462 446 449
SiO—R g0, 0.20 466 446 450
SiO-R 9o, 0.10 468 459 455
SiO-Rgo, 0.08 467 463 459
SiO—Rgo,, 0.06 468 467 460
Si0O-Ryo, 0.04 470 468 462
SiO—R 50, 0.02 467 463 463
SiO-Ryo, 0 470 470 470
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Fig. 15 (a) Position of the absorption band of coloured photo-
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(b) polarity of the pore as reflected by E1(30) as a function of % of
SiO-Ph in the matrix.

with Me groups this effect is not observed due to the smaller
size of the group, which is not able to effectively screen the OH
groups.

3.1.2 Dynamic behaviour of the photochromic dye embedded
in hybrid coatings. Upon cessation of the UV irradiation, the
photochromic films undergo a thermal bleaching, recovering
their original whiteness. The bleaching kinetics were measured
by monitoring the light absorption at the peak maxima of the
coloured films of the different samples in the dark. In most
cases bi-exponential decay kinetics were observed, with kinetic
constants strongly dependent on the matrix used for the
encapsulation of the photochromic molecules. Only samples
prepared with very low functionalizations (R loadings < 4%)
showed first order exponential decays. Fig. 16a shows the
kinetics of the thermal bleaching of the photochromic dye in
phenyl modified matrices (SiO—Ph).

The nature of the organic substituents in the matrix also
plays an important role in the kinetics of the thermal
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Fig. 16 Thermal bleaching kinetics of the photochromic molecules (a) in phenyl modified matrices (SiO-Ph); (b) in samples SiO-Rqs,, where R is

iBu, Ph and Me.
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bleaching. Matrices modified with iBu groups showed faster
kinetics as compared with matrices modified with the same
amount of Me or Ph groups. The bleaching kinetics of samples
SiO-iBuyge,, SiO-Meyge, and SiO—Phyq., are given in Fig. 16b
to illustrate this observation. As mentioned before, the kinetics
of the thermal bleaching follows a bi-exponential decay. The
kinetic measurements revealed the existence of two different
decay processes in matrices with R loadings above 4%, which
can be explained by the co-existence of two different sites in the
matrix allocating photochromic molecules.>' The first site, rich
in R groups and responsible for the fast kinetic constant (k),
was found to increase with the amount of R in the matrix. The
second site, rich in uncondensed OH groups, exists in all samples
(including those with high functionalization) and gives rise to
the slower kinetic constant (k,) that remained nearly constant
and very close to the value obtained in unmodified matrices
(R/Si = 0). An exception was found in matrices modified with
isobutyl (iBu) groups: in contradiction with samples SiO—Megge,
and SiO-Phyge,, sample SiO-iBugge, shows single exponential
decay kinetics. Moreover, samples SiO-iBuyq., and SiO—iBusge,
show higher k,-values than the corresponding SiO-Me or
SiO-Ph samples. The kinetic constants k; and k, of the different
samples are represented in Fig. 17.

The shape and the larger size of the iBu groups are probably
responsible for the more effective screening of the OH groups
of the pore surface even in pores with relatively high amounts
of OH groups, resulting in a lower polarity of the pore cage.
This observation can also be explained by the formation of
micelle like structures in matrices with high iBu loadings,¢
able to accommodate the organic dye. In this case the photo-
chromic molecules will be trapped in an environment with a
much lower polarity. The increased flexibility of the iBu
groups as compared with Me and Ph groups can also facilitate
the movement of the photochromic molecules inside the pore
resulting in faster isomerization kinetics.’!

Another possible explanation for the fast and slow bleaching
kinetics found in these samples is the stronger stabilization of
the zwitterionic open coloured forms (Fig. 13) of the photo-
chromic dye as compared to the other coloured forms of the
dye in environments with higher polarity.?

3.2 Effect of the chemical environment on the degradation of
photochromic dyes in hybrid coatings

The loss of photochromic properties upon prolonged exposure
to UV light, commonly referred to as fatigue, limits the use
of photochromic molecules in outdoors applications or in
environments with strong UV radiation. The first studies on
the photodegradation of photochromic compounds with UV
light were carried out by Gautron in the 1960’s on spiropyran
derivatives.’” Salemi-Delvaux et al.*® and Balliet® investigated
the stability of photochromic naphthopyran derivatives in
solvents and polymer networks, respectively. The photo-
degradation of some photochromic molecules in the
indolinospiropyran and indolinospirooxazine series was
studied, in solvent solutions*® and in the solid state.*! In recent
work, we have studied the photostability of a photochromic
naphthopyran dye (3-(2,4-dimethoxyphenyl)-3-(4-methoxy-
phenyl)-3 H-naphtho[2,1-b]pyran) in different sol-gel prepared
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Fig. 17 Kinetic constants of the bleaching process of the photo-
chromic naphthopyran molecules in different hybrid matrices.

hybrid coatings upon prolonged exposition to UV light.*> The
photostability of these molecules embedded in hybrid matrices
was found to depend strongly on the nature of the embedding
matrix. The introduction of organic functional groups into the
inner pore surface of the matrices affects the stability of the
molecules, in terms of the effectiveness of the interaction
between the photochromic molecules and the surface of the
pores. The photostability of the photochromic molecules upon
prolonged irradiation with UV light depends also on the
temperature at which the photodegradation of the films is
carried out. Temperature favours the side-reactions between
the coloured open form of the photochromic dye and the
matrix pore surface, responsible for the degradation of the
dye.** The photodegradation or fatigue of the photochromic
dye embedded in hybrid matrices was measured as a function
of the composition of the matrix (amount of the phenyl
groups) and the dye loading. The photodegradation of the
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Fig. 18 Photodegradation of a naphthopyran molecule in THF and
benzene solutions, and embedded in pHEMA and phenyl modified
hybrid matrices (SiO—Ph).

photochromic molecules was also measured in solvents (THF
or benzene) and dispersed in a polymeric matrix (pHEMA) for
comparison with the organic-inorganic hybrid matrices. The
absorbance of the photochromic samples was monitored vs.
time, while irradiating the samples with a UV lamp, to follow
the photodegradation of the photochromic molecules.

The photodegradation, leading to the formation of benzo-
phenones, B-phenylcinnamaldehydes and other minor photo-
products,®®* is much faster in solution than in solid matrices
(Fig. 18), due to the higher mobility of the dye molecules.**
Photochromic dye in a THF solution undergoes a faster
photodegradation than in a benzene solution, due to the
higher polarity of THF,* that results in a stabilization of
the open coloured form of the dye molecules, promoting the
photodegradation of the naphthopyran dye.** No important
differences were observed in the photostability of the dye
molecules in polymeric and organic—inorganic hybrid
matrices. However, in polymeric matrices, the photostability
of the naphthopyrans is limited by the low stability of the
matrix itself upon UV irradiation.”® The usage of hybrid
matrices is, therefore, the best choice for the entrapment of
photochromic molecules due to the improved photostability of
both the photochromic molecules and the matrices.

Organic functional groups in hybrid matrices

The nature and amount of the organic functional groups in the
matrix have an important effect on the photodegradation of
the naphthopyran dye.** The introduction of organic groups
(R) into the sol-gel matrix results in a decrease in the relative
amount of the silanol groups in the inner pore surface where
the photochromic molecules are located and therefore, in a
decrease in the pore surface polarity.>' In order to correlate
the photodegradation of the dye with the composition of the
matrix, the time required to produce a photodegradation with
UV light of 20% of the molecules embedded in the film (20%
drop in the intensity of the absorbance peak) was measured as
a function of the amount of organic groups incorporated in
the silica matrix. Increasing the R/Si molar ratio in the matrix
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Il SiO-Ph70%  d SiO-Ph90%
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Fig. 19 Time of UV irradiation that causes the degradation of 20%
of the photochromic molecules embedded in phenyl modified matrices
(SiO-Ph) with different Ph/Si molar ratio.

results in a progressive increase in the time required for the
degradation, reaching a saturation value around R/Si = 0.3
(Si0-R3q,), as shown in Fig. 19 for phenyl modified hybrid
matrices. This effect is due to the fact that the zwitterionic
forms of the open coloured merocyanine molecules (Fig. 13)
are stabilized in more polar environments, favouring its inter-
action with the OH groups in the pore surface via hydrogen
bonding or ionic interactions*® that promote the degradation
of the photochromic molecules.*

The photodegradation of the dye molecules in the hybrid
matrices was reduced by a factor of 9 in phenyl modified
matrices as compared to that in an unmodified silica matrix,
with #1/5 (deg) Values (the time required for half of the molecules
to be degraded by irradiation with UV light) of 181 and 21 h,
respectively. The degradation half-times have been calculated
taking into account the intensity of the absorption band of the
samples during irradiation with UV light.

Photochromic dye loading in the matrix

The dye loading in the matrix also has an important effect on
photodegradation of the photochromic films. Fig. 20 shows
the photodegradation of the naphthopyran dye embedded in
phenyl modified matrices as a function of the dye/Si molar
ratio (from 0.005 to 0.035). An increase in the relative amount
of dye in the hybrid matrix enhances the photostability of the
photochromic molecules, as it diminishes the interaction of the
dye with the pore surface (hydrogen bonding or ionic inter-
actions). Large amounts of dye in the pores can also lead to
the screening of the UV light, responsible for its degradation,
by the dye molecules themselves.*’

The ability to obtain photochromic films with high dye
loadings is of great importance from the point of view of
possible applications, as it allows the obtainment of films that
develop a deep colouration upon irradiation with UV light,
enhancing at the same time the photostability of the dye.

4. Applications of photochromic hybrid materials

In 1956, Hirshberg*® demonstrated that photochromic dyes
can be applied to optical information storage. This initiated
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widespread research on photochromic dyes, extending their
applications from optical memory media to coatings for
windows, photochromic decorations, optical switches, filters,
etc. In this section different examples of applications of
photochromic hybrid materials will be illustrated.

The interest in photochromic materials arises from the many
potential applications a scientist can imagine for a reversible
photosensitive material. Photochromic hybrid materials can
find application as photochromic decorations,'® variable
optical transmission materials,* UV sensors, waveguide/
fibre-optics optical delay generators,® optical memory
devices,”! holographic recording media,>* non-linear optics,>>*
etc. The applications of photochromic materials extend from
simple changes in colour to more sophisticated applications
involving changes in refractive index, solubility, viscosity,
surface wettability or dielectric constants of the materials,
which occur simultaneously with the colour change.

Variable optical transmission materials such as photo-
chromic camera filters*® or photochromic lenses used in sun
protection glasses were, initially, made by impregnation of glass
with inorganic compounds, mainly silver salts. In recent years
organic photochromic lenses, being lighter and therefore, more
comfortable, were also used.”* When these lenses are exposed
to UV light, they acquire a deep colour as shown in Fig. 21.

The change in colour of the photochromic materials upon
irradiation with UV light can be used as a UV-radiation

Fig. 21 The color of the lens changes from clear, when indoors or at
night, to dark when exposed to sunlight.

sensor. This type of sensor can be incorporated in any item
e.g. watches, credit cards or sunscreen bottle caps.>> Spiropyran
and spirooxazine dyes embedded in polymer matrices have
been extensively used in the fabrication of UV sensors. Fig. 22
shows a photochromic solar card that can check the intensity
of solar UV radiation. Sol-gel derived photochromic
coatings®® are a better choice as matrices for UV sensors,
due to the higher stability of the matrix upon UV irradiation.?
Less attention has been paid to the thermochromic properties
of these hybrid materials, although they can be used as
temperature sensors.”’* Some photochromic compounds such
as naphthopyrans and spirooxazines show thermochromic
properties, with the naphthopyrans as better photochromic
but worse thermochromic compounds than spirooxazines.>’?
Inorganic thermochromic compounds such as those based on
copper and tungsten embedded in sol-gel matrices are being
widely studied as temperature sensors.>’

Photochromic hybrid materials have been applied to optical
delay generators and waveguide/fibre-optics, allowing the
control of the propagation times of the light signal. Fig. 23
shows a simple device consisting of two fibres connected by an
adapter in which the photochromic material is deposited.’® An
Ar™ laser is connected to the fibre, however, the light is not
transmitted to the second fibre until the photochromic
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Fig. 22 Sensor of solar UV radiation.
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Fig. 23 Scheme of a device of photochromic optical fibres.
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gel-glass is bleached by the laser light itself, producing a
waveguide through the photochromic material.

The use of spiropyrans, diarylethenes, fulgides and
azobenzenes has recently attracted significant attention from
both the fundamental and practical points of view due to
their potential applications as optical memory devices and
switches.”® Diarylethene derivatives are the most promising
candidates because of their notable irreversible thermal photo-
chromic behaviour, high photoisomerization quantum yields
and outstanding fatigue resistance.® For practical applications in
high density data storage systems, nondestructive readout
capability is indispensable. Recently, we have reported a novel
photochromic hybrid coating with a remarkable long-term
stability of both the coloured and colourless states in the
dark (bistability).®® The coatings consist of a dispersion of a
commercial spirooxazine in a functionalized sol-gel hybrid
matrix that acquires a deep purple colouration upon irradiation

with UV light. The reversible colouration—bleaching process
can only be achieved by irradiating the coatings with UV
and visible light, respectively. This reversibility of the
recording—erasing process of the photochromic coatings
makes possible their use as optical data recording media as
shown in Fig. 24a. In order to show the feasibility of recording
optical data in the coating, a colourless photochromic sample
was irradiated through a mask using UV light. The initials of
the Instituto de Ciencia de Materiales de Madrid (ICMM) can
be clearly seen in Fig. 24b. The recorded data can be erased by
irradiation with either UV or Vis light, obtaining a fully
coloured or fully bleached sample. The fatigue resistance of
the coatings was tested by performing recording—erasing cycles
showing no significant loss in colour for at least seven cycles
(Fig. 24c).

The hybrid silica-based organic-inorganic materials
functionalized by photochromic molecules showed encouraging
perspectives for holographic application due to the high
optical quality of the silica matrices and the photochromic
properties of the dye. Materials based on photochromic
azobenzene and spirooxazine dyes embedded in hybrids
matrices were used as reversible holographic recording media.
A diffraction grating was recorded by the light interference of
two coherent laser beams converging on the photochromic
film.>

Photochromic non-linear optical materials have been
widely used in optical limiters, which reduce the transmit-
tance at high intensities above the threshold level.*” The
non-linear zcharacteristics of these devices depend on the
composition of the photochromic materials and intensity of
irradiation.>
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Fig. 24 (a) Full recording—erasing processes in a photochromic organic-inorganic hybrid coating by alternating UV and visible light irradiation,
(b) recording—erasing processes through a mask and (c) fatigue resistance tested by performing recording—erasing cycles.
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Photochromic hybrid materials can also have applications
in the photo-modulation of properties, such as solubility,
aggregation or optoelectronic properties.'**® Among the
different dyes, the azobenzene derivatives show a particular
interest due to their ability to reversibly undergo a
trans—cis—trans isomerization, which is accompanied with
strong changes in the dielectric properties such as: molecular
dipole moment, refractive index and permittivity, all being
relevant to practical optoelectronic applications.®’ A very
interesting application is the use of these hybrid materials in
textiles. A hybrid silica sol-gel doped with a photochromic dye
can be applied to wool fabric to form a photochromic coating
showing a very quick photochromic response.®*** The hybrid
materials can be also used in cosmetics for hair colouration or
make-up products, mainly as foundation.®*

In recent years, the use of photochromic organic-inorganic
materials in both science and industry has increased, due to
their characteristic colour change and the high versatility of
their physical and chemical properties, compositions and
processing techniques, which offers a wide range of possibilities
to fabricate tailor-made photochromic materials.

5. Conclusions

The possibility to combine organic and inorganic components
in a single material represents a great advance in materials
science, as it permits the design of materials with the advantages
of both the organic and inorganic constituents and confers
new properties upon the material, different from those of the
single components. The extremely versatile properties and
processing of organic—inorganic hybrids offer a wide range
of possibilities for the design of materials with defined
properties. There is a growing interest in these materials owing
to their potential application in many areas, such as optics,
electronics or mechanics.

The sol-gel method is a very useful tool for preparing
organic—inorganic matrices at a low temperature, in which
photochromic organic molecules can be incorporated. The
properties of these photochromic molecules embedded in
the porosity of the hybrid matrices can be controlled by the
composition of the host matrix. The nature and amount of
the organic functional groups incorporated in the network of
the matrices, as well as the parameters of the sol-gel processing,
affect the size and shape of the pores and the chemical
composition of their surface, and determine the polarity of
the inner surface of the pores, where the photochromic
molecules will be located. Therefore, it provides a way of
controlling the photochromic properties of the molecules in
coatings and hence, their absorption spectra and the bleaching
kinetics, which are greatly affected by the polarity of the
environment.

The photostability of the photochromic molecules
embedded in a hybrid matrix upon prolonged exposition to
UV light depends strongly on the nature of the embedding
matrix. The introduction of organic functional groups into the
inner pore surface of the matrix affects the stability of the
molecules, in terms of the effectiveness of the interaction
between the photochromic molecules and the surface of the

pores and can be used as an important tool to increase the
photostability of the photochromic dye in a device.

The usage of hybrid host matrices represents the most
interesting alternative to prepare photochromic materials, as
it allows the control of the photochromic properties and the
photostability of the dye molecules by adjusting the chemical
composition of the embedding matrix and the sol-gel prepara-
tion and processing parameters.

Acknowledgements

This work was supported by the Ministerio de Ciencia e
Innovacion (Grant No. MAT2008-00010/NAN). The authors
are grateful to Erick Castellon for his help in the preparation
of the graphical contents.

References

1 G. H. Brown, Photochromism, techniques of chemistry, John Wiley
& Sons, New York, 1971, vol. 3.

2 J. C. Crano and R. Guglielmetti, Organic Photochromic and
Thermochromic Compounds, Plenum Press, New York, 1999,
vol. 2.

3 H. Diirr and H. Bouas-Laurent, Photochromism, molecules and
systems, rev. ed. J.-M. Lehn, Elsevier, Amsterdam, 2003;
H. Bouas-Laurent and H. Diirr, Pure Appl. Chem., 2001, 73(4),
639.

4 1. Washington, C. Brooks, N. J. Turro and K. Nakanishi, J. Am.
Chem. Soc., 2004, 126, 9892.

5 W. H. Armistead and S. D. Stookey, Science, 1964, 144, 150;

L. Ferley, T. Mattern and G. Lehmann, J. Non-Cryst. Solids, 1987,

92, 107, M. Zayat, D. Einot and R. Reisfeld, J. Sol-Gel Sci.

Technol., 1997, 10, 203.

M. Zayat, Photochromic, electrochromic and gasochromic glasses

prepared by sol-gel method, PhD Thesis, Hebrew University of

Jerusalem, 1997.

7 T. W. Kool and M. Glasbeek, J. Phys.: Condens. Matter, 1993, 5,

361; B. Paci, J. M. Nunzi, N. Sertova and I. Petkov, J. Photochem.

Photobiol., A, 2000, 137, 141; A. Kriltz, R. Fachet, M. Miiller and

H. Birger, J. Sol-Gel Sci. Technol., 1998, 11, 197; R. Fachet,

M. Miiller, H. Biirger and A. Kriltz, Glastech. Ber. Glass Sci.

Technol., 2000, 73, 239; M. A. El-Sayed, J. Phys. Chem., 1964, 68,

433.

S. Kobatake and M. Irie, Annu. Rep. Prog. Chem., Sect. C, 2003,

99, 277, V. Minkin, Chem. Rev., 2004, 104, 2751.

9 S. Kawauchi, H. Yoshida, N. Yamashina, M. Ohira, S. Saeda and
M. Irie, Bull. Chem. Soc. Jpn., 1990, 63, 267.

10 N. Y. C. Chu, Sol. Energy Mater., 1986, 14, 215.

11 L. H. Yee, T. Hanley, R. A. Evans, T. P. Davis and G. E. Ball,
J. Org. Chem., 2010, 75, 2851 and references therein;
E. J. Harbron, C. M. Davis, J. K. Campbell, R. M. Allred,
M. T. Kovary and N. J. Economou, J. Phys. Chem. C,
2009, 113, 13707; D. K. Lee, H. G. Cha, U. Pal and Y. S. Kang,
J. Phys. Chem. B, 2009, 113, 12923; A. Lafuma, S. Chodorowski-
Kimmes, F. X. Quinn and C. Sanchez, Eur. J. Inorg. Chem.,
2003, 331.

12 C. Sanchez, B. Julian, P. Belleville and M. Popall, J. Mater. Chem.,
2005, 15, 3559.

13 C. Sanchez, B. Lebeau, F. Chaput and J.-P. Boilot, Adv. Mater.,
2003, 15, 1969.

14 M. M. Alam, F. O. Lucas, D. Danieluk, A. L. Bradley,
K. V. Rajani, S. Daniels and P. J. McNally, J. Phys. D: Appl.
Phys., 2009, 42, 225307; Z. H. Chen, Y. A. Yang, J. B. Qiu and
J. N. Yao, Langmuir, 2000, 16, 722; H. H. Ke, K. Shao, T. He,
G.J. Zhang, W. S. Yang and J. N. Yao, J. Mater. Sci. Lett., 2002,
21, 1257 and references therein.

15 T. He and J. Yao, Prog. Mater. Sci., 2006, 51, 810.

16 M.-S. Wang, G. Xu, Z.-J. Zhang and G.-C. Guo, Chem. Commun.,
2010, 46, 361, and references therein; G. Xu, G.-C. Guo,

N

oo

This journal is © The Royal Society of Chemistry 2011

Chem. Soc. Rev., 2011, 40, 672-687 | 685


http://dx.doi.org/10.1039/c0cs00065e

Downloaded by CINDOC. Biblioteca de Cienciay Tecnologia on 23 May 2011

Published on 12 January 2011 on http://pubs.rsc.org | doi:10.1039/COCS00065E

20

21

22

23
24

25

26

27

28

29

30

31

32

34

35

M.-S. Wang, Z.-J. Zhang, W.-T. Chen and J.-S. Huang, Angew.
Chem., Int. Ed., 2007, 46, 3249.

A. Bousseksou, G. Milnar, P. Demont and J. Menegotto, J. Mater.
Chem., 2003, 13, 2069; P. Judeinstein, P. W. Oliveira, H. Krug and
H. Schmidt, Adv. Mater. Opt. Electron., 1997, 7, 123.

Y. Huang, Q. Y. Pan, X. W. Dong and Z. X. Cheng, Mater. Chem.
Phys., 2006, 97, 431, and references therein; T. R. Zhang, W. Feng,
R. Lu, C. Y. Bao, T. J. Li, Y. Y. Zhao and J. N. Yao, Mater.
Chem. Phys., 2002, 78, 380.

G. Bercovik, V. Krongauz and V. Weiss, Chem. Rev., 2000, 100,
1741; V. R. Kaufman, D. Levy and D. Avnir, J. Non-Cryst. Solids,
1986, 82, 103; D. Presto, J. C. Pouxviel, T. Novinson,
W. C. Kaska, B. Dunn and J. 1. Zink, J. Phys. Chem., 1990, 94,
4167; F. Ribot, A. Lafuma, C. Eychenne-Baron and C. Sanchez,
Adv. Mater., 2002, 14, 1496; G. Wirnsberger, B. J. Scott,
B. F. Chmelk and G. D. Stucky, 4dv. Mater., 2000, 12, 1450.

N. Andersson, P. Alberius, J. Ortegren, M. Lindgren and
L. Bergstrom, J. Mater. Chem., 2005, 15, 3507.

C. J. Brinker and G. W. Sherer, Sol~Gel Science: The Physics and
Chemistry of Sol-Gel Processing, Academic Press, San Diego,
1990; L. L. Hench and J. K. West, Chem. Rev., 1990, 90, 33;
J. Livage, M. Henry and C. Sanchez, Prog. Solid State Chem.,
1988, 18, 1988.

D. Avnir, D. Levy and R. Reisfeld, J. Phys. Chem., 1984, 88,
5956.

C. Sanchez and F. Ribot, New J. Chem., 1994, 18, 1007.

C. Rottman, G. Grader and D. Avnir, Chem. Mater., 2001, 13,
3631; C. Rottman, G. S. Grader, Y. De Hazan and D. Avnir,
Langmuir, 1996, 12, 5505; R. Pardo, M. Zayat and D. Levy,
J. Photochem. Photobiol., A, 2010, 210, 17.

F. Mammeri, E. Le Bourhis, L. Rozes and C. Sanchez, J. Mater.
Chem., 2005, 15, 3787.

A. Rivaton, J.-L. Gardette, B. Mailhot and S. Morlat-Therlas,
Macromol. Symp., 2005, 225, 129; S. Nespurek and J. Pospisil,
J. Optoelectron. Adv. Mater., 2005, 7, 1157.

V. R. Kaufman, D. Levy and D. Avnir, J. Non-Cryst. Solids, 1986,
82, 103; D. Levy and D. Avnir, J. Phys. Chem., 1988, 92, 4734;
D. Levy, S. Einhorn and D. Avnir, J. Non-Cryst. Solids, 1989, 113,
137.

D. Levy, Chem. Mater., 1997, 9, 2666; D. Levy and L. Esquivias,
Adv. Mater., 1995, 7, 120; C. Guermeur, C. Sanchez, B. Schaudel,
K. Nakatami, J. A. Delaire, F. de Monte and D. Levy, SPIE
Sol-Gel Optics IV, 1997, 3136, 10; C. W. Kim, S. W. Oh,
Y. H. Kim, H. G. Cha and Y. S. Kang, J. Phys. Chem. C, 2008,
112, 1140.

L. Hou, B. Hoffmann, M. Mennig and H. Schmidt, J. Sol-Gel Sci.
Technol., 1994, 2, 635; L. Hou and H. Schmidt, Mater. Lett., 1996,
27, 215; J. Biteau, G. M. Tsivgoulis, F. Chaput, J. P. Boilot,
S. Gilat, S. Kawai, J. M. Lehn, B. Darracq, F. Martin and Y. Levy,
Mol. Cryst. Lig. Cryst., 1997, 297, 65; J. Biteau, F. Chaput and
J. P. Boilot, J. Phys. Chem., 1996, 100, 9024; W. S. Kwak and
J. C. Crano, PPG Tech. J., 1996, 2, 45.

B. Schaudel, C. Guermeur, C. Sanchez,
J. A. Delaire, J. Mater. Chem., 1997, 7, 61.
(a) M. Zayat, R. Pardo and D. Levy, J. Mater. Chem., 2003, 13,
2899; (b) R. Pardo, M. Zayat and D. Levy, J. Mater. Chem., 2005,
15, 703; (¢) R. Pardo, M. Zayat and D. Levy, J. Mater. Chem.,
2006, 16, 1734; (d) M. Zayat and D. Levy, J. Mater. Chem., 2003,
13, 727; (e) R. Pardo, M. Zayat and D. Levy, C. R. Chim., 2010, 13,
212; (f) A. Alvarez-Herrero, R. Pardo, M. Zayat and D. Levy,
J. Opt. Soc. Am. B, 2007, 24, 2097.

R. S. Becker and J. Michl, J. Am. Chem. Soc., 1966, 88, 5931.

A. Kumar, Mol. Cryst. Lig. Cryst., 1997, 297, 139; B. Van Gemert,
A. Kumar and D. B. Knowles, Mol. Cryst. Lig. Cryst., 1997, 297,
131.

J. J. Luthern, Mol. Cryst. Lig. Cryst., 1997, 297, 155; M. Frigoli,
C. Moustrou, A. Samat and R. Guglielmetti, Helv. Chim. Acta, 2000,
83, 3043; C. D. Gabbutt, T. Gelbrich, J. D. Hepworth, B. M. Heron,
M. B. Hursthouse and S. M. Partington, Dyes Pigm., 2002, 54, 79;
C. I. Martins, P. J. Coelho, L. M. Carvalho and A. M. F. Oliveira-
Campos, Tetrahedron Lett., 2002, 43, 2203.

B. Luccioni-Houzé, M. Campredon, R. Guglielmetti and
G. Giusti, Mol. Cryst. Lig. Cryst., 1997, 297, 161-165;
D. B. Knowles, US Patent, 5,238,981, 1993; A. Kumar, B. Van
Gemert and D. B. Knowles, US Patent, 5,458,814, 1995;

K. Nakatini and

36

38

39
40

4

—_

42

43

44

45

47

48
49

50

51
52

54

55

56

57

58

59

C. M. Nelson, A. Chopra, D. B. Knowles, B. Van Gemert and
A. Kumar, US Patent, 6,348,604, 2002.

H. Frenkel-Mullerad and D. Avnir, Chem. Mater., 2000, 12, 3754.
R. Gautron, Bull. Soc. Chim. Fr., 1968, 8, 3200.

C. Salemi-Delvaux, C. Aubert, M. Campredom, G. Giusti and
R. Guglielmetti, Mol. Cryst. Lig. Cryst., 1997, 298, 45; C.
Salemi-Delvaux, G. Giusti and R. Guglielmetti, Mol. Cryst. Lig.
Cryst., 1997, 298, 53.

G. Balliet, Mol. Cryst. Liq. Cryst., 1997, 298, 75.

G. Baillet, G. Giusti and R. Guglielmetti, J. Photochem. Photobiol.,
A, 1993, 70, 157; G. Baillet, M. Campredom, R. Guglielmetti,
G. Giusti and C. Aubert, J. Photochem. Photobiol., A, 1994, 83,
147, V. Malatesta, M. Milosa, R. Millini, L. Manzini, L. Lanzini,
P. Bortolus and S. Monti, Mol. Cryst. Lig. Cryst., 1994, 246, 303;
C. Salemi-Delvaux, B. Luccioni-Houze, G. Balliet, G. Giusti and
R. Guglielmetti, J. Photochem. Photobiol., A, 1995, 91, 223.

T. Yoshida and A. Morinaka, J. Photochem. Photobiol., A, 1992,
63, 227.

R. Pardo, M. Zayat and D. Levy, J. Sol-Gel Sci. Technol., 2006, 40,
365.

V. Malatesta, J. Hobley and C. Salemi-Delvaux, Mol. Cryst. Liq.
Cryst., 2000, 344, 69; R. Demadrille, M. Campredom,
R. Guglielmetti and G. Giusti, Mol. Cryst. Lig. Cryst., 2000,
345, 1.

R. Pardo, M. Zayat and D. Levy, J. Photochem. Photobiol., A,
2008, 198, 232.

C. Reichardt, Chem. Rev., 1994, 94, 2319.

B. Dunn and J. 1. Zink, Chem. Mater., 1997, 9, 2280.

I. K. Konstantinou and T. A. Albanis, Appl. Catal., B, 2004,
49, 1; P. Bouras and P. Lianos, J. Appl. Electrochem., 2005, 35,
831.

Y. Hirshberg, J. Am. Chem. Soc., 1956, 68, 2304.

B. Van Germert and M. P. Bergoni, US Patent, 5,066,818, 1991;
D. B. Knowles, US Patent, 5,238,981, 1993.

D. Levy, F. de Monte, J. M. Oton, G. Fiskman, I. Matias, P. Datta
and M. Lopez-Amo, J. Sol-Gel Sci. Technol., 1997, 8,931; D. Levy,
M. Lopez-Amo, J. M. Oton, F. del Monte, P. Datta and 1. Matias,
J. Appl. Phys., 1995, 77, 2804.

D. Levy, Mol. Cryst. Liq. Cryst., 1997, 297, 31.

O. Levy, S. Shalom, I. Benjamin, G. Perepelitsa, A. J. Agranat,
R. Neumann, Y. Avny and D. Davidov, Synth. Met., 1999, 102,
1178; M. Serwadczak and S. Kucharski, J. Sol-Gel Sci. Technol.,
2006, 37, 57; S. Fu, W. Hu, M. Xie, Y. Liu and Q. Duanmu,
J. Appl. Polym. Sci., 2009, 111, 2157.

(a) X. D. Sun, X. J. Wang, W. Shan, J. J. Song, M. G. Fan and
E. T. Knobbe, J. Sol-Gel Sci. and Technol., 1997, 9, 169;
(b) P. Feneyrou, F. Soyer, P. Le Barny, E. Ishow, M. Sliwa and
J. A. Delaire, Photochem. Photobiol. Sci., 2003, 2, 195.

J. C. Crano, T. Flood, D. Knowles, A. Kumar and B. Van
Germert, Pure Appl. Chem., 1996, 68, 1395.

K. Goudjil, US Patent, 5581090, 1996; K. Goudjil and
R. Sandoval, Sens. Rev., 1998, 18, 176; K. Goudjil, US Patent,
6437346, 2002; K. Ock, N. Jo, J. Kim, S. Kim and K. Koh, Synth.
Met., 2001, 117, 131.

M. Volkan, D. L. Stokes and T. Vo-Dinh, Sens. Actuators, B, 2005,
106, 660; Y. K. Tang, J. Xu, W. L. Wang, Y. Fang and F. F. Yang,
Advanced sensor systems and applications II, Proc. Spie, 2005, 5634,
669.

(a) 1. R. Matias, M. Lopez-Amo, G. Fiksman, J. M. Oton, D. Levy
and F. del Monte, Opt. Eng., 1998, 37, 2620; () M. R. di Nunzio,
P. L. Gentili, A. Romani and G. Favaro, ChemPhysChem, 2008, 9,
768; M. R. di Nunzio, P. L. Gentili, A. Romani and G. Favaro,
J. Phys. Chem. C, 2010, 114, 6123; (¢) C. Tard, S. Perruchas,
S. Maron, X. F. Le Goff, F. Guillen, A. Garcia, J. Vigneron,
A. Etcheberry, T. Gacoin and J. P. Boilot, Chem. Mater., 2008, 20,
7010 and references therein; C. O. Avellaneda and L. O.
S. Bulhoes, Sol. Energy Mater. Sol. Cells, 2006, 90, 395.

B. L. Feringa, Molecular Switches, Wiley-VCH, 2001; M. Irie,
Chem. Rev., 2000, 100, 1685; G. Berkovic, V. Krongauz and
V. Weiss, Chem. Rev., 2000, 100, 1741; F. M. Raymo and
M. Tomasulo, Chem. Soc. Rev., 2005, 34, 327; W. Yuan, L. Sun,
H. Tang, Y. Wen, G. Jiang, W. Huang, L. Jiang, Y. Song, H. Tian
and D. Zhu, Adv. Mater., 2005, 17, 156.

S. Kawata and Y. Kawata, Chem. Rev., 2000, 100, 1777; H. Tian
and S. G. Yang, Chem. Soc. Rev., 2004, 33, 85.

686 | Chem. Soc. Rev., 2011, 40, 672-687

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c0cs00065e

Downloaded by CINDOC. Biblioteca de Cienciay Tecnologia on 23 May 2011

Published on 12 January 2011 on http://pubs.rsc.org | doi:10.1039/COCS00065E

60 R.Pardo, M. Zayat and D. Levy, J. Mater. Chem., 2009, 19, 6756.

61 O. Pieroni, A. Fissi, N. Angelini and F. Lenci, Acc. Chem. Res.,
2001, 34, 9; H. R. Hafiz and F. Nakanishi, Nanotechnology, 2003,
14, 649.

62 (a) T. Cheng, T. Lin, R. Brady and X. Wang, Fibers Polym., 2008,
9,301; (b) T. Cheng, T. Lin, R. Brady and X. Wang, Fibers Polym.,
2008, 9, 521; (¢) K. S. Chodorowski, A. Lafuma, F. X. Quinn and
C. Sanchez, FR Patent, 2838960, 2006.

This journal is © The Royal Society of Chemistry 2011

Chem. Soc. Rev., 2011, 40, 672-687 | 687


http://dx.doi.org/10.1039/c0cs00065e

