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Abstract

The photochromic spiropyran 10,30-dihydro-8-methoxy-10,30,30-trimethyl-6-nitrospiro[2H-1-benzopyran-2,20-(2H )-indole] has been dispersed
into polystyrene (PS) and polycaprolactone (PCL) matrices in the form of thin films. These photochromic films were illuminated with ultraviolet
irradiation (365 nm) at room temperature and for different time periods in the absence and in the presence of a UV absorber and an antioxidant
compound, at specific proportions. The polarity of the polymer matrix can induce the maximum absorbance of the photochromic compound. In
pure polymers the most intense peaks occur at 608 nm in PS and at 589 nm in PCL. It is shown that the decoloration rate was faster in the case of
polycaprolactone in comparison with that of polystyrene. This is due to the interactions that take place between carboxyl and hydroxyl end
groups of PCL and merocyanine, which is the open form of spiropyran produced after UV irradiation. The addition of a UV absorber and an
antioxidant has almost the same accelerating effect. Due to the presence of polar groups in both compounds coloration and decoloration rates
are faster. Furthermore, the successive increase of the UV absorber percentage in the polymeric film in both cases results in a significant decrease
in the maximum absorbance intensity.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The photochromism of spiropyrans (SP) was reported by
Fischer and Hirshberg [1] in 1952 and since then these or-
ganic compounds have been extensively studied due to their
possible application in many fields. Spiropyrans being a class
of photochromic compounds are potentially applicable as
chemical-UV-dosimeters for personal protection [2] or they
can be incorporated into the materials used for packaging
applications in the case of UV sensitive products like
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food products. Generally, there is a great interest for the
properties of photochromic compounds inserted into poly-
mer films due to their possible use in practical applications.
Spiropyrans are composed of an indoline and a chromene
moiety that are linked by a spirocarbon atom. Irradiation
of spiropyrans with UV light induces heterolytic cleavage
of the spiro carboneoxygen bond, thus, producing the
ring opened form, the intensively coloured merocyanine
(MC). Merocyanine returns to the initial spiropyran form
in the dark or by visible light irradiation [3,4]. The time
to resume the initial colour depends on temperature and
on the nature of the compound. The equilibrium between
the SP and the MC is depicted schematically below.

mailto:andreasj@chem.auth.gr
http://www.elsevier.com/locate/dyepig


387A. Samoladas et al. / Dyes and Pigments 76 (2008) 386e393
The open ring compound is represented in two resonance
forms, one merocyanine like and the other quinoidal. The pres-
ence of the eNO2 group in the spiropyran enhances its photo-
chromic activity [2,5]. The effect of the substituents on the
rate of the ring closure of the merocyanine has been reported
[6]. Also, it has been found that the kinetics and spectral prop-
erties of the merocyanine depend on the spiropyran concentra-
tion [7]. The photochromic behavior of spiropyran in polymer
matrices has been studied by several workers [8,9]. It is known
that the colour reversibility between the two forms is satisfac-
tory only for a limited number of repetitive coloring and decol-
oring changes. Furthermore, the insertion of spiropyrans into
polymer films decreases their photocoloration rate in compari-
son to that in liquid solutions [10]. As this decrease could be due
to the oxidation, in this work we have examined the presence of
an antioxidant compound [Irganox 1098: (N,N0-hexamethylene
bis(3,5-di-t-butyl-4-hydroxyhydrocinnamide)] and a UV ab-
sorber [UVASORB S5: (2-hydroxy-4-methoxy-benzophenone-
5-sulfonic acid)]. The UVASORB S5 is a water soluble pale
yellow powder with a broad absorbance spectrum, which finds
application in many fields.

The main problem of spiropyrans is their low stability and
for this reason several attempts have been performed in order
to graft them in the backbone of a macromolecular chain or to
incorporate them into a polymer matrix [9,11e14].

In the present work, two different polymers namely poly-
caprolactone and polystyrene were used in order to examine
the photochromic behavior of spiropyran. PCL is a crystalline
aliphatic polyester and has received much attention because of
its high flexibility and its possible application as both a bio-
compatible and a biodegradable material [11e15]. PCL has
a glass transition temperature at about �60 �C, a melting tem-
perature point at about 60e70 �C and presents a slower bio-
degradation rate than other biodegradable polymers (BDP)
while it is interesting due to its property to form compatible
blends with a variety of polymers [16,17]. Also, it is currently
regarded as nontoxic and is one of the most hydrophobic,
commercially available biodegradable polymers. Polystyrene
is an inexpensive vinyl polymer, which is extensively used
in many applications. It is produced by free radical vinyl
polymerization from the monomer styrene. PS is a colorless,
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 transparent thermoplastic that softens in a temperature close
to 100 �C and turns to a viscous liquid at around 185 �C. It
is resistant to acids, alkalies, oils, and alcohols and is produced
either as a solid or as a foamed plastic, marketed under the
trade name Styrofoam. Both polymers (PS and PCL) are
used for packaging applications.

The aim of the present work is to study, comparatively,
the influence of two different polymers, one polar-like, PCL,
containing besides the backbone polar groups, such as ester
groups and reactive hydroxyl and carboxyl end groups,
one nonpolar-like, PS, on the photochromic behavior of
10,30-dihydro-8-methoxy-10,30,30-trimethyl-6-nitrospiro[2H-1-
benzopyran-2,20-(2H )-indole] spiropyran. In this direction
photochromic polymeric films were prepared, and further-
more, the spectroscopic behavior of these films when a UV
absorber and an antioxidant compound were simultaneously
added has been examined. Such compounds are extensively
used as additives in many polymers, including PCL and PS,
in order to prevent their deterioration during their lifetime
usage.

2. Experimental

The 10,30-dihydro-8-methoxy-10,30,30-trimethyl-6-nitrospiro
[2H-1-benzopyran-2,20-(2H )-indole] (SigmaeAldrich) was
used as received. Polystyrene and polycaprolactone pellets
with molar mass of Mn 170 000 g/mol and 65 000 g/mol,
respectively, were purchased from Aldrich. The antioxidant
compound (Irganox 1098) was purchased from CibaeGeigy
and the UV absorber (UVASORB S5) was from Sigmae
Aldrich. Both chloroform and carbon tetrachloride used as
solvents (Fluka) were p.a. grade.

2.1. Film preparation

The thin polymeric films were fabricated according to the
following procedure: 2 g of polycaprolactone and 2 g of poly-
styrene were dissolved in chloroform and carbon tetrachlo-
ride, respectively. Into the polymer solution a 0.5 wt% of
a photochromic spiropyran was added and stirred well to
mix. Then, the solution was kept at room temperature for sev-
eral hours to remove all traces of solvent. The prepared pho-
tochromic films were heat pressed to form thinner films of
uniform thickness of approximately 40 mm. The temperature
of the heating press was maintained at 120 �C. The resulting
films were kept in the dark to prevent their degradation by di-
rect sunlight prior to the spectroscopic measurements. The
antioxidant compound was added to the polymer solution in
the beginning of the film formation in a 1 wt% of the poly-
mer weight. The UV absorber was admixed in a 0.25, 0.5 and
1 wt% of the polymer.

2.2. Thermal analysis

Thermal analysis of the samples was carried out using a Per-
kineElmer, Pyris 1 Differential Scanning Calorimeter (DSC).
The calorimeter was calibrated with Indium and Zinc
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standards. For each measurement a sample of approximately
6 mg was used, placed in aluminum seal and heated at the
rate of 20 �C/min. From recorded thermograms the tempera-
tures of glass transition (Tg) and melting point (Tm) were
determined.

2.3. Mechanical properties

Measurements of the mechanical properties, such as tensile
strength and elongation at break, were performed on an Instron
1122 dynamometer, in accordance with ASTM D638, using
a crosshead speed of 5 and 50 mm/min for PS and PCL, respec-
tively. Prior to measurements the samples were conditioned at
50� 5% relative humidity for 36 h by placing them in a closed
chamber containing a saturated Ca(NO3)2$4H2O solution
in distilled water (ASTM E-104). Five measurements were
conducted for each sample, and the results were averaged to
obtain a mean value.

2.4. Photochromic experiment

The spectroscopic measurements were performed with
a UVevis absorption spectrophotometer (PerkineElmer,
Lambda 18). The ultraviolet source of irradiation was
a 20 W Hg lamp obtained from Philips with a maximum at
365 nm. First, the polymer films were irradiated with the Hg
lamp for 2 min, the absorbance spectra were recorded until
the maximum absorbance decreased to that of the nonirradi-
ated films, and the variation of maximum absorbance was plot-
ted against time. Then the polymer films were irradiated for
subsequent times until no change in the photochromic proper-
ties of the polymer films was recorded. The ultraviolet light
excitation was performed for 2 min. Again the plots of maxi-
mum absorbance with time were reported. These two series of
experiments were performed for all the films without the UV
absorber and the antioxidant compound, and with their addi-
tion. The spectral region for all the examined photochromic
films was between 200 and 900 nm in order to follow the pho-
totransformations between spiropyran and merocyanine.

3. Results and discussion

3.1. Polymerespiropyran characterization

All prepared samples in the form of thin films were studied
with a Differential Scanning Calorimetry in order to evaluate
the spiropyran effect on polymer thermal properties. PS has
a glass transition at the temperature of 81 �C, while after SP
addition this shifts to lower temperature, 76 �C (Fig. 1a). It
seems that SP has a plasticizing effect on PS matrix. The
same behavior is also observed in PCL, which is semicrystal-
line polyester. Initially PCL presents a melting temperature at
69.5 �C, which shifts to 65 �C, after the addition of SP
(Fig. 1b). Consequently, it is found that spiropyran has a small
plasticizing effect on both polymers. For this reason, in order
to verify this finding, mechanical properties were also, studied.
Tensile strength and elongation at break of the polystyrene
and polycaprolactone films, with and without the spiropyran,
are summarized in Table 1. As it can be seen, PS is a brittle
polymer with tensile strength 21 MPa and elongation at break
only 4%. This means that it fractures immediately during ex-
tension before yielding. On the contrary, PCL is a typical ther-
moplastic polyester with satisfactory tensile strength 22.9 MPa
and very high elongation comparable to that of polyolefines.
The addition of spiropyran in both polymer matrices results
in a slight variation of mechanical properties. This is rather un-
expected since the amount of spiropyran is very small
(<1 wt%). In PS, which is very brittle polymer, this effect
has less intensity compared to that in PCL. Tensile strength
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Fig. 1. DSC thermograms of PS and PCL before and after SP addition.

Table 1

Mechanical properties of the PS and PCL films before and after the spiropyran

addition and UV irradiation

Polymer Tensile

strength (MPa)

Elongation

at brake (%)

Polystyrene 21 4

Polystyreneþ spiropyran 20 6.5

Polystyreneþ spiropyranþUV 20 6.5

Polycaprolactone 22.9 1000

Polycaprolactoneþ spiropyran 18 820

Polycaprolactoneþ spiropyranþUV 17.2 820
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was reduced only by 1 Mpa, which is in the confines of
experimental error, while elongation at break was increased
from 4 to 6.5%, which is a negligible increase. In PCL the
spiropyran addition seems to have a higher plasticizing effect,
since both tensile strength and elongation at break are reduced
in a more pronounced way. Such a plastisizing effect after the
addition of spiropyrans in polymer matrices is in agreement
with DSC measurements and has also been reported
previously [18].

It is well known that polymers are strongly affected by UV
exposure for a long time and molecular weight as well as me-
chanical properties deteriorate. In order to evaluate the effect
of UV irradiation on polymer matrices SPePCL and SPePS
films were irradiated for 40 min. As can be seen in Table 1,
mechanical properties of both polymers remain unaffected af-
ter irradiation and only spiropyran is destroyed. The above
study is an indication that the addition of spiropyran has neg-
ligible plasticizing effect on polymer matrices, while UV irra-
diation does not create any alteration on polymers. Thus, the
recorded differentiation on film absorbancies after UV irradia-
tion shall be attributed only to the spiropyran changes.

3.2. Matrix effect on spiropyran photochromism

After the insertion of 10,30-dihydro-8-methoxy-10,30,30-tri-
methyl-6-nitrospiro[2H-1-benzopyran-2,20-(2H )-indole] into
polystyrene and polycaprolactone the photochromic films
were excited by ultraviolet light (lmax 365 nm) for various
time periods in order to follow the coloration. The result of ul-
traviolet radiation is the cleavage of the spiro carboneoxygen
bond. Then, the molecule becomes a metastable amphoteric
ion, the merocyanine and the coloration of the films is due
to the formation of this metastable ion. The latter may exist
in different geometrical isomers, cis or trans, the cis isomer
being unstable and transforming into the trans isomer. The spi-
ropyranepolymer films were colorless before the ultraviolet
excitation and turned to deep blue under 365 nm irradiation
and then the film colour is changed to yellow upon fading.
In Figs. 2 and 3 the absorbance spectra of the SPePS and
SPePCL films are, respectively, depicted after the ultraviolet
irradiation for 2, 4, 6 and 8 min. Each spectrum was taken
after the decoloration of the polymer film in the dark.

The spectra of the films reveal that no absorption peak is
observed in the range of 580e610 nm before irradiation. On
the contrary, a well-formed peak is obtained under 365 nm ir-
radiation. A smooth absorption peak between 598 and 609 nm
for SPePS and between 585 and 592 nm for SPePCL films,
can be observed and the maxima occur at 608 and 589 nm, re-
spectively. The peaks between 200 and 400 nm are attributed
to the polymer and the initial spiropyran compound as these
were observed, also without the ultraviolet excitation. The po-
larity of the polymer matrix can induce the maximum absor-
bance of the photochromic compound. In the case that the
polymer is more polar, the frequency of the absorption band,
lmax, shifts to the short wavelength region due to the stabiliza-
tion of the ground state relative to that of the excited state.
Thus as shown, the more polar the polymer the more the
absorption e of the coloured species that are formed e shifts
to the shorter wavelength region. Similar behavior was also
observed in the case of poly(methyl methacrylate) (PMMA)
and styreneebutadieneestyrene copolymer (SBS) [9]. When
spiropyran was dispersed in PMMA, which is polar compared
to the nonpolar SBS, the strongest absorption peak was shifted
from 575 to 603 nm in SBS. Furthermore, for SBS a slightly
lower value in the intensity of the maximum absorbance at
595 nm was also, mentioned.

The increase in the time of ultraviolet irradiation causes the
reduction of the intensity of the initial blue colour and results
in increase in the decoloration rate. This rate for the SPePS
film is much smaller than that of the SPePCL indicating
that the latter is unstable and its absorbance maximum changes
in a shorter period of time. After 20 min of total irradiation
time the films become faintly yellow coloured and their pho-
tochromic properties are then, ceased significantly. Polycapro-
lactone is a polyester containing polar ester groups in its

Fig. 2. Changes in the absorbance spectra of spiropyranepolystyrene film after

irradiation at 365 nm for 2, 4, 6 and 8 min.

Fig. 3. Changes in the absorbance spectra of spiropyranepolycaprolactone

film after irradiation at 365 nm for 2, 4, 6 and 8 min.
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macromolecular chains, as well as carboxyl and hydroxyl end
groups, which may interact with the merocyanine after the
cleavage of the spiro carboneoxygen bond. These interactions
are depicted in Scheme 1. Similar interactions were mentioned
in the case that PMMA and SBS were used as matrix [11]. The
ester groups of PMMA can evolve dipoleedipole interactions
with merocyanine, and thus, the coloration as well as decolor-
ation rate is faster in PMMA than in SBS which does not con-
tain available polar groups to interact with merocyanine. In
our case the most possible interactions are those taking place
between carboxyl and hydroxyl end groups of PCL, rather
than the ester groups of backbone (Scheme 1).

Besides the changes caused in the absorbance spectra of
spiropyranepolymer films by UV irradiation after different
times, the decoloration rate of these films was also studied af-
ter the initial irradiation with ultraviolet light for 2 min. In or-
der to follow the decoloration rate the spectra were taken after
each 60 s from the sweep ending for the SPePS films and after
30 s for the SPePCL films (Figs. 4 and 5).

As it is indicated, the decoloration rate in the case of SPe
PS film is much slower and the total decororation time, after
2 min of initial irradiation, is almost double than that of
SPePCL film, as noticed by the maximum absorbance inten-
sity decrease. This can be clearly followed from the depen-
dence of the maximum absorbance intensity on time.
Considering the decoloration rate of the spiropyranepolymer
film as a first order reaction, then in the plot of the log of
the maximum absorbance against time a linear dependence
must be observed. Indeed, Fig. 6 shows a near linear depen-
dence between log A and time (t) for SPePS film as well as
for SPePCL film. This linearity in the dependence of the log-
arithmic of maximum absorbance intensity against time
(Fig. 6) favors the consideration of the decoloration mecha-
nism of spiropyranepolymer film as a first order reaction.

The absorbance spectra of SPePS and SPePCL films were
recorded every 2 min of UV irradiation (spectra are not shown)
in order to measure the first order rate constant k of the poly-
meric film decoloration. The whole irradiation time was close
to 30 min and the constant rate k can be determined by the fol-
lowing equation [19,20]:

k ¼ ð2:303=tÞ logðA0=AÞ
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Scheme 1. Possible interactions between PCL end groups and merocyanine,

which is the open form of spiropyran.
where A0 and A are the absorbance intensities before and dur-
ing irradiation, respectively, and t is the irradiation time. The
results are summarized in Table 2. It is clear that the rate con-
stant k decreases with increase in the irradiation time. As it is
mentioned the successive ultraviolet irradiation on the surface
of the spiropyranepolymer films results in the formation of
inactive to excitation regions. The photodegradation of the
films and the cease of their photochromic properties are ac-
celerated by increasing the time and hence, indirectly the
amount of irradiated ultraviolet light. The decay of colour, as-
sociated with the photochromic isomerism of spiropyrans in-
corporated into the polymer matrices, can be possibly
attributed to the thermally irreversible decomposition of
both the spiropyranemerocyanine forms. Despite the fact
that the decoloration constant of the SPePS film presents
significant variation for the first 4 min, the rate of decrease
is slower in comparison with that of the SPePCL film

Fig. 4. Changes in the absorbance spectra (decoloration) of spiropyranepoly-

styrene film after 2 min of irradiation at 365 nm.

Fig. 5. Changes in the absorbance spectra (decoloration) of spiropyrane
polycaprolactone film after 2 min of irradiation at 365 nm.
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(Fig. 7). This is also obvious from the slopes of the log of the
maximum absorbance against time. The slope of the SPePCL
film is slightly greater indicating the faster photodecomposi-
tion of this film. It is interesting to notice that for both poly-
mer films the relationship between the maximum absorbance
and time presents deviation from linearity at the beginning of
the decoloration process indicating a more complex behavior
than that of first order kinetics.

3.3. Addition of UV absorber and antioxidant
compounds

In order to investigate the spectroscopic changes of the spi-
ropyranepolymer films in blends with a compound that ab-
sorbs the ultraviolet radiation, we prepared polymer films
containing settled amounts of UVASORB S5. The UVASORB
S5 has the following chemical formula:
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Table 2

Photochromic behavior of spiropyranepolycaprolactone and spiropyrane

polystyrene films

SPePLC SPePS

Irradiation

time (s)

Absorbance

ratio

k� 10�3

(s�1)

Irradiation

time (s)

Absorbance

ratio

k� 10�3

(s�1)

120 0.271 10.85 60 0.259 22.4

240 0.274 5.39 240 0.260 5.60

360 0.286 3.47 480 0.281 2.64

480 0.301 2.50 720 0.332 1.52

600 0.328 1.85 960 0.390 0.98

720 0.363 1.40 1200 0.449 0.66

840 0.404 1.07 1440 0.509 0.46

960 0.435 0.86 1680 0.547 0.32

1080 0.488 0.66 2040 0.667 0.19

1200 0.555 0.49

1320 0.624 0.35

1440 0.715 0.23
The variation of maximum absorbance intensity during
time for the decoloration of the SPePS and SPePCL films
containing different amounts of UVASORB S5 is presented
in Figs. 8 and 9. Initial time of film irradiation was 2 min.

As can be followed from these figures the addition of the UV
absorber as well as the amount added has an important effect on
the spectroscopic properties of the spiropyranepolymer films.
When the UV absorber was added to the SPePCL at 1 wt%
of the polymer weight, no remarkable change in the film colour
upon UVexcitation was observed. Due to the excessive amount
of the UV absorber, the formed film under these conditions was
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strongly yellow coloured, which is an indication that spiropyran
was destroyed. Furthermore, with the addition of other concen-
tration of UV absorber, it is observed, in most of the polymeric
films, a remarkable reduction of the maximum absorbance in-
tensity depending on the absorber percentage in the film. This
decrease is especially intense in the case of SPePCL film
(from approximately 1 to 0.6 absorbance units, Table 3). Simi-
lar behavior was observed also for the SPePS films. This accel-
erating effect of UV absorber to films decoloration can be seen
more clearly in the above mentioned Figs. 8 and 9.

The initial maximum absorbance was decreased with the in-
creasing amount of the absorber from 0.5 to 1% (Fig. 8). This de-
crease in the maximum absorbance for both the photochromic
films can be attributed in principle to the absorption of the ab-
sorber in the wavelength region where the spiropyran after exci-
tation isomerized into the merocyanine and secondly to the
possible interactions between the polar groups of the ultraviolet
absorber with the photosensitive compound. The accelerating
effect of UV absorber to film decoloration could be attributed
to the existence of eSO3H and eOH polar groups in the mole-
cule of UV absorber. These groups can also cause interactions
with merocyanine similar to that mentioned before for PCL
end groups.

Besides the UV absorber, an antioxidant was also used to
study its effect on matrices photochromism. The antioxidant
compound which was used in this work was the Irganox
1098 [21,22]. From a previous study it was found that this an-
tioxidant is very effective in polyesters such as poly(ethylene
terephthalate), by using 1 wt% [23].
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anepolycaprolactone film after the addition of UVASORB S5.
The spectroscopic behavior of the SPePS and SPePCL
films with the addition (1 wt%) of Irganox 1098 in the case
of successive irradiation is presented in Fig. 10a and b. It is
also important to be mentioned that the dependence between
the log of the maximum absorbance intensity versus time of
decoloration and photodecomposition of the photochromic
films containing UV absorber and antioxidant is linear in all
the investigated films with slight variations from linearity
only in the case of SPePCL film for the experiment with suc-
cessive irradiation. However, this was observed only at the be-
ginning of excitation. As is illustrated in Fig. 10a and b the
decoloration rate of the spiropyranepolymer films is influ-
enced by the antioxidant addition. Also a remarkable decrease
in the maximum absorbance of the polymeric films was ob-
served in both polymers. For the SPePCL film the decay
was realized to be faster with a significant decrease in the ab-
sorption after the 16th minute. The effect is also, similar to
that already discussed before, due to the addition of UV ab-
sorber and the presence of polar groups. Irganox 1098 contains
secondary amine, as well as hydroxyl groups, which could
accelerate the decoloration rate of both film matrices.

4. Conclusions

The photochromic behavior of a spiropyran incorporated
into polystyrene and polycaprolactone thin films with and
without the addition of an ultraviolet absorber and an antiox-
idant compound has been investigated. Under the mentioned
experimental conditions both the decoloration and photodegra-
dation processes followed the law of first order reactions. The
same spectroscopic behavior was also observed in the cases of
the admixture into the polymer matrix 0.25, 0.5 and 1% of the
UVASORB S5 as well for 1% of the Irganox 1098.

The fast decoloration rate of the spiropyranepolycaprolac-
tone film relative to that of the polystyrene was attributed to

Table 3

Relation between the weight percentage (wt%) of the UV absorber and the

maximum absorbancies of the photochromic films

UVASORB S5 (wt%) A (au) of SPePS films A (au) of SPePCL films

0 0.926505 1.011735

0.25 0.947113 0.770685

0.5 0.824538 0.663955

1 0.591072



393A. Samoladas et al. / Dyes and Pigments 76 (2008) 386e393
the possible interactions between the polar groups of the ma-
trix with the coloured species of the spiropyran after the ultra-
violet excitation. It is also reported that no significant
resistance to photocoloration fatigue with successive ultravio-
let irradiation after the addition of the absorber and the antiox-
idant compound was observed.

The addition of a UVabsorber and an antioxidant accelerates
the decoloration rate of studied films. Both compounds include
reactive groups, which can cause interactions with merocyanine.
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