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bstract

ew sol–gel based sensitive materials able to detect moderate doses of UV, Vis and near IR radiations have been designed, prepared and characterised.
hese glasslike detectors are respectively composed by four different sols of inorganic and hybrid organic–inorganic silica matrixes. The sols were
repared from alkoxide (TEOS) and alkylalkoxide (GLYMO) precursors with molar ratios 1:0, 1:1, 1:4 and 0:1, respectively. All the sols were
oped with an organic photochromic dye (spiropyran). The detectors characterisation was carried out by means of exposures to natural light under
ifferent light intensities (100–3000 lx). The highest sensitivity against the light radiation was found for sols with molar ratio TEOS:GLYMO of
:1. The time response of detectors is found at about 10 min and their life time is roughly 4 months at least. Moreover, the detectors show good

ptical reversibility. These sensitive glasslike materials have been designed to be applied for preservation of historical goods. They can detect and
valuate dangerous light doses for the proper conservation conditions of historical materials, which are sensitive or moderately sensitive against
ight radiation (<600 lx).

2007 Elsevier Ltd. All rights reserved.
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. Introduction

During the last decade sensitive materials based on sol–gel
echnology have demonstrated to be suitable for production of
ransductors, dosimeters, detectors and sensors.1–4 Such sol–gel

aterials can be obtained as small monoliths, thin coatings,
bres, soft gels and even liquid sols. Chemical response, and
specially optical response, seems to be the most common way of
peration of sensitive sol–gel materials,5,6 which is attained by
oping polysiloxane networks with organic dyes, coordination
omplexes, lanthanide ions, luminescent species, etc.

The conservation of historical and cultural goods needs the
mplementation of innocuous protection systems, which are
echnologically useful during long time for the preservation of

he materials that compose such objects. One general protection
rocedure widely applied to evaluate and control the environ-
ent (both indoor and outdoor) is the use of sensors. The sensors

∗ Corresponding author. Tel.: +34 915538900; fax: +34 915347425.
E-mail address: mavillegas@cenim.csic.es (M.A. Villegas).
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how two important advantages: (i) they do not interact directly
ith the object to be protected and (ii) they give an anticipated

esponse related to the possible damage to be submitted by the
bject. Over the last decade several studies on the monitoring of
ndoor environments were carried out. In these cases the concen-
ration of atmospheric pollutants is lower than those of outdoor
nvironments (CO, NOx, SO2, O3, HCHO, etc.).7,8 The presence
n museums and galleries of other environmental parameters,
s the light radiation, is an important factor to be taken into
ccount, due to the sensitivity of some of the historical materials
xhibited.

A lot of photodegradable objects from the historical and
ultural heritage, such as textiles, graphic documents, image sup-
orts, statues, stained glass windows, archaeological remains,
tc. are exposed in museum halls to natural and/or artificial light.
he long exposure to natural light or to high doses of artificial
V, Vis and/or near IR is an environmental parameter that affects

egatively the proper conservation of the materials which con-
titute such objects and art works. The exact limits of lighting,
o which these valuable pieces and objects are exposed, must be
onsidered in order to avoid their deterioration.

mailto:mavillegas@cenim.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.213
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sured by using a luxometer Promax model IL-185. Optical regain
(reversibility) of sensors after the exposures was reached sub-
mitting the sensors to the darkness. The optical reversibility was
studied by recording the corresponding spectra before and after

Table 1
Experimental parameters used for the sensors preparation

Sensor name GLYMO/TEOS ratio Molar ratio

Alcoxides Ethanol Water
Fig. 1. Chemical structures of the 6-nitro-1′,3′,3′-trim

Lighting criteria and its maximum recommended values vary
epending on the kind of material to be preserved and on the
xposure or conservation conditions outdoor or indoor, respec-
ively. For instance, although for museums a lighting standard
s lacking, some determined lighting thresholds are suggested,
epending on the sensitivity or photostability of the materials
xposed or stored. The materials are usually classified according
o their response against lighting: sensitive (lighting resistance
hreshold up to 50 lx), moderately sensitive (up to 200 ± 50 lx)
nd moderately resistant (up to 600 lx).9,10 The object’s deterio-
ation due to lighting is estimated by means of the lighting level
ultiplied by the exposure time. Actually, accumulated lighting

oses are the most important cause for photodegradation of the
ajority of sensitive materials.
The development of chemical sensors for conservation of

istorical materials, based on optical response against critical
ighting levels, is the most adequate strategy to perform a fast,
ccurate and comfortable evaluation of environmental lighting
onditions. This kind of sensors informs not only the light-
ng for a given moment, but also detects more or less intense
ighting changes. Another added value of these sensors is the
eversibility, which ensures their reusing.

During the last 20 years, sol–gel procedure has been devel-
ped as a synthetic route to obtain glassy and glasslike
atrixes at low temperature, making possible the incorpo-

ation of different kind of dopants.11 Among them organic
yes12–14 and photochromic substances15,16 should be men-
ioned, since light sensitive materials with interesting properties
an be prepared. Probably, spiropyranes are the most known
rganic photochromic compounds, which produce merocya-
ines when irradiated by UV light (Fig. 1).17,18 The use of
rganic photochromic compounds as light sensitive dopants in
he corresponding sensors or detectors is possible by means of
he sol–gel procedure.19–22 The spiropyranes encapsulation into
glassy sol–gel matrix is an interesting starting point to prepare

pecific light sensors.23–25

The main purposes of the present work are: the design,
reparation and characterisation of sol–gel glasslike materials
ensitive against light radiation in the visible range and, as far
s possible, the production of a reversible and reusable device.
uch a sensitive material should modulate its optical response

nside the light intensity range allowed for the correct conser-
ation of historical objects exposed or stored in museums. In
ther words, the goal is the preparation of a detector or sen-

or to notice quickly and efficiently the environmental lighting
ith a reasonable response time, in such a way that the infor-
ation about the risk to which the cultural goods materials are

ubmitted is given as soon as possible, i.e. before the damage

G
G
G
G

piro[2H-1-benzopyrane-2,2′-indoline] (SP) molecule.

s caused. This is a noticeable innovation in comparison with
osimeters (they are not reversible sensors) nowadays used for
ndoor lighting control. The most known light dosimeters are the
lue Wool Standard26 and those developed by Roemich et al.27

hese dosimeters evaluate the lighting effect due to the expo-
ure of a coloured material to the radiation source and then the
ecolouring process is studied. In this case exposure times must
e as long as those to which the historical objects are submitted
nd when the detector degradation occurs, the damage of the his-
orical object would be already produced. Finally, in the present
esearch the effect of inorganic and hybrid organic–inorganic
ol–gel glasslike matrixes on the sensors properties have been
tudied (response time, sensitivity, optimal radiation range to
bserve the sensor change of colour, etc.).

. Experimental

Four different sols were prepared starting from tetraethoxysi-
ane (Si(OC2H5)4, TEOS) and 3-glycidoxypropyl-trimethoxysi-
ane (Si(OCH3)(C5H11O2), GLYMO) as precursors for a
olysiloxane glasslike matrix. Such sols were doped with
.6 wt.% 6-nitro-1′,3′,3′-trimethylspiro[2H-1-benzopyrane-
,2′-indoline] (SP), as a photochromic substance. Molar ratios
LYMO:TEOS:EtOH are shown in Table 1. The precursor’s
ydrolysis was carried out under acid (HCl) hydro-alcoholic
edium. The light sensitive sols (sensors) obtained were

omogeneous, transparent and showed pale yellow colour.
hey were stirred for 30 min to accomplish hydrolysis and

avour partial polycondensation reaction. As a reference, a
ydro-alcoholic solution containing 0.5% SP was prepared.

Optical response of the sensors prepared and the hydro-
lcoholic solution (all of them containing SP) against different
atural light doses under room temperature was recorded with a
himadzu 3100 spectrophotometer. Light intensities were mea-
T 1:4 1:4 1 16 4
T 1:1 1:1 1 16 4
T 1:0 1:0 1 16 3
T 0:1 0:1 1 3 4



ean C

s
d

3

(
i
2
c
r
a
m
r
a
l
h
a
S
h
c
p
i
w
r
p
i
i
a

S
O
a
i
t
p
a
p
i
1
c
c
i
h
r
t
r
(
2
(
t
o
1
a

F
(

F
f

E. Herrero et al. / Journal of the Europ

uccessive cycles of exposures to 3000 lx for 5 and 15 min under
arkness.

. Results and discussion

Fig. 2 shows the visible absorption spectra of sol GT 1:1
Fig. 2a) and of the reference hydro-alcoholic solution contain-
ng SP (Fig. 2b). The spectra were recorded after exposures to
50 lx for different periods of time (from 0 to 60 min). In both
ases the absorption maximum is located in the 535–522 nm
ange, which corresponds to an intense pink colouring. Such
n absorption band is exclusively attributed to the SP dopant
olecule, since under its absence no absorption band was

ecorded throughout the visible range. The optical sensitisation
bility of SP when incorporated into the sol as a function of
ighting time (Fig. 2a) is higher than when incorporated into the
ydro-alcoholic solution (Fig. 2b). This fact can be exclusively
ttributed to an interaction as a function of exposure time of
P molecules with the polysiloxane network formed after the
ydrolysis of the silica matrix precursors and its further poly-
ondensation. However, under the hydro-alcoholic medium, SP
hotosensitivity is drastically reduced. This may be due to an
nteraction between water and/or ethanol with SP molecules,
hich is practically independent of the lighting time. These

esults confirm the glasslike silica matrix ability as a host for

hotoactive SP molecules. Such glasslike matrix is not only
nnocuous for the SP photochromism, but also increases and
mproves its optical response respect to those from the hydro-
lcoholic solution doped with SP.

G
t
(
O

ig. 2. Optical absorption spectra recorded after different exposure time (0, 1, 3, 5, 1
b) reference hydro-alcoholic solution containing SP.

ig. 3. Apparent optical sensitivity (OSa) measured at the intensity maximum (λ = 5
unction of exposure time, for different lighting intensity: (�) 100 lx, (+) 250 lx, (�) 3
eramic Society 27 (2007) 4589–4594 4591

The lighting intensity influence on the optical response of
P-doped sols as a function of exposure time is shown in Fig. 3.
n the ordinate axis the corresponding reduction percentage of

bsorbance (apparent optical sensitivity, OSa), referred to the
ntensity of the main absorption maximum (λ = 535 nm), is plot-
ed. Initially, sols GT 1:4, GT 1:1 and GT 1:0 show an intense
ink colouring, while sol GT 0:1 shows an orange hue under
bsence of light. When these sols are irradiated, they become
ale pink, salmon and finally clear yellow, depending on the
ntensity and time of lighting. As can be observed in Fig. 3 (from
00 up to 3000 lx), the higher is the lighting, the higher the opti-
al response of sensors. This means that the sensor changes its
olour from intense pink to yellow the more quickly, the higher
s the lighting intensity. Furthermore, under such conditions of
igher light intensity, the optical response occurs faster (shorter
esponse time). For low intensity lighting (for instance, 100 lx)
he sensor colour changes from intense pink to pink (small
eduction of absorbance), during a relatively long exposure time
∼45 min). However, for high intensity lighting (for instance,
000 lx) the sensor colour changes from intense pink to yellow
high absorbance reduction or bleaching), with a short response
ime (∼5 min). Related to the sensors with different molar ratio
f inorganic and hybrid organic–inorganic precursors (sols GT
:4, GT 1:1, GT 1:0 and GT 0:1), their optical response is faster
nd stronger change of colour occurs when the sol contains

LYMO. In Fig. 3a the optical response of GT 0:1 indicates

hat exposure times longer than 40 min and intense lightings
3000 lx) are needed to reach a colour reduction at about 80%.
n the other hand, in Fig. 3b the corresponding response of

0, 15, 20, 30, 45 and 60 min) to a light source of 250 lx. (a) Sensor GT 1:1 and

35 nm) of the corresponding spectra of sensors: (a) GT 0:1, (b) GT 1:1, as a
50 lx, (♦) 500 lx, (�) 1000 lx, (�) 2000 lx and (×) 3000 lx.
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in museums for preventive conservation of historical objects).
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T 1:1 shows the same colour reduction when the sensor is
xposed for 10 min (or even shorter time) to lighting in the
000–3000 lx range. Therefore, sensors containing GLYMO are
ore sensitive against the light radiation (sols GT 1:4, GT

:1 and GT 1:0), in comparison with sensors containing only
EOS as silica precursor (sol GT 0:1). This phenomenon can
e explained bearing in mind the three-dimensional polymeric
tructure of sol–gel glassy matrixes where SP molecules remain
ncapsulated. Hybrid matrixes TEOS:GLYMO have higher
ore radius due to the organic group of GLYMO molecules,
hich cannot be hydrolysed nor polycondensed. In this case SP
olecules encapsulated into the sol–gel hybrid network would

ave higher functionality. In the TEOS containing glassy matrix
s a unique silica precursor, the pores are smaller and the three-
imensional network formed after hydrolysis/polycondensation
s more rigid, hindering partially the quick sensitisation of SP

olecules to yield merocyanine under light radiation. These
esults indicate that glasslike materials containing GLYMO
oped with SP (sols GT 1:4, GT 1:1 and GT 1:0) can be used as
ight sensors with response times shorter than 20 min and light
oses between 350 and 3000 lx, approximately. Such a lighting
ange corresponds to that recommended for moderate sensitive
istorical objects exhibition in museums and other indoors.9,10

The optical behaviour of the sol–gel system doped with
P would not be completely suitable if the sensor were not
eversible. Optimisation of materials for sensors technology
ssumes reusable and time durable transductors. Reversible pho-
osensitivity (photochromism) of the SP-doped sol–gel materials
as analysed by means of the following experiment: the sensors

initial colour was intense pink) were exposed to 3000 lx light-
ng for 5 min (the colour became yellowish) and the absorption
pectra were immediately recorded. The corresponding absorp-
ion spectra of the same sensors under absence of light were
uccessively recorded for different times, after the previous
ighting exposure. Fig. 4 shows the intensity average measured
n the spectral maximum at λ = 535 nm for sol GT 1:1. It can
e observed that a spontaneous regain of the optical absorption

rom yellow to intense pink during a maximum time of∼100 min
akes place. This means that the SP-doped material behaves as
reversible and reusable sensor against light.

ig. 4. Spontaneous optical absorption regain of sensor GT 1:1 after expo-
ure to 3000 lx for 5 min and further darkness period. Each experimental point
orresponds to the intensity measured at the spectral maximum (λ = 535 nm).

F
t
i

F
o
f
0

ig. 5. Variation of the intensity at the optical absorption maximum for sen-
or GT 1:1 (λ = 535 nm) as a function of cycles of lighting (3000 lx for
min)/darkness (15 min).

With the aim to know better the photochromic properties of
he sensors designed, a study about their possible optical fatigue
as carried out. Several lighting/darkness cycles were tested as

he experimental section indicates. Fig. 5 is a scheme of the GT
:1 sensor response for successive cycles. It shows the inten-
ity average measured in the spectral maximum at λ = 535 nm.
otted horizontal lines were plotted as a guide for the eyes and
emonstrate that the sensor optical response is constant, at least
uring 10 complete cycles, showing fatigue absence. Probably
he sensor life time is longer than the tested cycles, which assume
continuous total time service of 180 min.

Finally, calibration curves to co-relate the sensors optical
esponse (in terms of the absorption reduction measured at
= 535 nm, sensor bleaching from pink to yellow), with the

ighting intensity in the 100–3000 lx range were built. In Fig. 6
he results obtained for constant lighting times (10 min) are
hown. Such lighting time was selected according to the needs
nd preferences connected with the particular use to which the
ensor will be applied (e.g. environmental lighting evaluation
ig. 6 indicates that the four sensors prepared are sensitive
hroughout the lighting range studied, unless for very high light
ntensities (between 2000 and 3000 lx), due to a saturation of the

ig. 6. Calibration curves of the sensors for 10 min exposure time. Evolution
f the absorption reduction percentage at λ = 535 nm (spectral maxima), as a
unction of lighting intensity: (♦) GT 1:4, (�) GT 1:1, (�) GT 1:0 and (×) GT
:1.
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ptical response. In other words, for lighting above 2000 lx the
ensor takes the corresponding yellow colour and the increas-
ng of light intensity does not bleach such yellow colour. On
he contrary, for low and moderate intensity lighting (between
00 and 1000 lx) the sensor GT 0:1 is the less sensitive, in com-
arison with the others containing GLYMO. For sensors GT
:4, GT 1:1 and GT 1:0 the absorbance reduction is higher than
or GT 0:1. Molar ratio TEOS:GLYMO seems to be an inde-
endent parameter concerning the optical response of the SP
olecules encapsulated. Thus, the optical response of the three

lasslike materials containing GLYMO (bleaching from pink
o yellow) is very similar in the 0–500 lx range. Even though
ll three doped sols behave as useful light sensors, sol GT 1:1
as chosen to accomplish the present optical study, since it

learly shows higher sensitivity, compared with GT 1:0 and
T 1:4.
Optical reversibility (photochromic ability) of the sensor

T 1:1, doped with SP under the conditions expressed above,
ndicates its special suitability for the application intended. Envi-
onmental light monitoring using this sensor can be carried
ut by two methods: (i) recording the initial visible absorp-
ion spectrum of the sensor, sensor exposure, recording the
ensor spectrum after exposure and quantitative evaluation of
esults using the calibration curve; (ii) elaboration of a qualita-
ive colour scale where the relationship colour/light intensity is
ncluded and comparison of the sensor colour before and after the
xposure.

. Conclusions

Four sol–gel systems doped with a photochromic spiropyrane
SP) have been designed and prepared. The glasslike materials
re sensitive against lighting in the 100–2000 lx range, show-
ng response times between 5 and 30 min. Calibration curves
f the bleaching percentage of sensors as a function of the
ighting intensity have been elaborated. The SP-doped sol–gel
ystems have demonstrated to be optically reversible without
atigue after several cycles. The sensors optical sensitivity vary
epending on the sol–gel matrix developed, which encapsulate
he SP molecules. Sensor GT 0:1 (obtained from TEOS) has
n inorganic silica matrix and shows lower sensitivity than sen-
ors GT 1:4, GT 1:1 and GT 1:0 (obtained from TEOS and
LYMO) containing a hybrid organic–inorganic silica matrix.
or the formulations tested, molar ratio TEOS:GLYMO does
ot affect in a great extent the sensors sensitivity (especially
hen TEOS content is not much higher than GLYMO content).
ptical response of the three sensors obtained with a hybrid
lasslike silica matrix is quite suitable for evaluation of envi-
onmental lighting in museums, for preventive conservation of
he historical objects exhibited.
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