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Abstract

An extensive investigation of the photodegradation of the photochromic molecule 1’,3’-dihydro-1’,3’,3’-trimethyl-6-nitrospiro[2H- 1-benzopyran-
2,2'-(2H)-indole] in a polymer matrix is studied under irradiation with ultraviolet (UV) laser pulses of 248 and 308 nm wavelength. Apart from the
effect of the wavelength, the effect of the pulse duration is also presented using pulses of 30 ns and 500 fs for the 248 nm wavelength. To tackle the
problem of oxidative degradation upon irradiation of the photochromic molecules which is known to play a principal role in the photodegradation
process, we incorporate Iron(II) phthalocyanine molecules in the examined matrices. These molecules upon UV irradiation are dissociated into
photoproducts that can interact efficiently with electron acceptor groups in the polymer, partly responsible for the photochromic degradation. The
phthalocyanine molecules seem to protect efficiently the photochromic molecules only at low laser fluences. Moreover, in the case of ultrashort
pulses the degradation of the photochromic molecules is found to be more intense that in the case of ns pulses, indicating multiphoton absorption

mechanisms, unless low laser fluences are used.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Absorption of UV light by the photochromic spiropyran (SP)
molecules leads to a ring-opening of the molecules, involving
cleavage of the C—O bond that connects their chromene and indo-
line parts, and results in the formation of merocyanine (MC)
species, which have a strong absorption band in the visible
region, due to a larger conjugated r-electron system (Fig. 1).
The formed MC isomers can be transformed back to the SP
form either thermally or photochemically [1-4]. These unique
properties of the SP photochromic molecules have been widely
exploited in a range of applications such as reversible holo-
graphic recording [5-7], light-induced waveguides [8], three-
dimensional optical data storage [9], microfluidics [10], and
fast responsive systems, such as microswitches, operating in a
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fully controllable manner under laser irradiation [11,12]. The
major restriction factor regarding the above applications of the
SP molecules is the photodegradation, which occurs upon irra-
diation, together with the photochromic processes.

It is widely accepted in the literature that the degradation
process in solutions or in solid-state matrices is led mainly by
photo-oxidation. In particular, the investigation of the process,
in terms of the mechanism responsible, in solution [13-16] and
in polymeric matrices [17,18], lead to a number of mechanisms
proposed for the oxidative degradation processes, which occur
through free radical or singlet oxygen formation [16-18]. In
some cases, it was shown that the coexistence of a singlet oxy-
gen quencher, 1,4-diazabicyclo-[2,2,2]-octane (DABCO) [19],
or the mixture with an antioxidant [20] exhibits an increase of the
fatigue resistance of the photochromic compounds. Moreover,
the use of oxygen barrier layer (carboxymethylcellulose) above
a naphthopyran or naphthoxazine doped polymer was shown to
increase the photofatigue resistance time by a factor of ~1.5-2.0
[17]. Photodegradation studies also exist that do not connect the
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Fig. 1. Chemical structures and isomerisation reaction between the photochromic SP molecule and its stable isomeric forms of MC.

photodegradation with the presence of oxygen, when the irra-
diation of the samples occurs at long UV wavelengths close to
the visible. For example experiments performed on spirooxa-
nine in toluene with continuous monochromatic irradiation at
365 nm, showed that the degradation occurs possibly from the
thermal decomposition of the open merocyanine form, whereas
when the same experiments carried out at 313 nm, oxygen was
accelerating the photodegradation [21]. Matsushima et al. [22]
proved that spin coated PMMA-spiropyran films irradiated with
UV at 365 nm and visible at 436545 nm exhibit degradation via
aggregation reactions of the coloured forms and not via oxida-
tion reactions.

In this work are examined the possible photodegradation pro-
cesses using laser pulses of short UV wavelengths (248 and
308 nm) on samples consisting of SP molecules in polymer
matrices. Since the SP molecules exhibit a wide UV absorption
band (Fig. 2(a)), irradiation of the samples at these wavelengths
induce the photocoloration process SP — MC, together with,
or prior to, the photodegradation processes. Moreover, a com-
parison on the degradation of the photochromic molecules is
presented using different laser pulse duration (30 ns and 500 fs).
The fatigue of the samples is demonstrated to be much more
affected by the change in the pulse duration than from the wave-
length change. The stability of the samples is improved when
pulses of longer durations are used, since possible multipho-

ton excitation processes, that can be responsible for new paths
leading to photodissociation, are reduced.

In our experiments, the role of the oxidative degradation
is studied by examining the efficiency of Iron(II) phthalocya-
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Fig. 2. Absorption spectrum of a film consisting of 5% SP and 95% P(EMA)-
co-P(MA). (a) Before any irradiation; (b) after irradiation with 10 UV pulses of
40mJ cm~2 at 308 nm with 30 ns pulse duration.
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nine molecules to maintain the photochromism phenomenon.
The idea is that these added molecules can react, instead of the
photochromic molecules, with electron acceptor groups in the
polymer matrix. Such electron acceptor groups can be found
as impurities or radicals in the polymer matrices especially
after UV irradiation [23], and can be the cause of the oxida-
tion and degradation of the doped MC molecules. In general,
metal ions embodied in protein matrices, such as the Iron(Il)
ion in haemoglobin, serve numerous important functions in the
body related to the metabolism and transport of oxygen. Iron
in this process can exist in two oxidation states: ferrous (Fe>*)
or ferric (Fe**), and exhibits a strong affinity for electroneg-
ative atoms as oxygen, nitrogen, and sulfur, which are found
at the heart of the iron-binding centres of the macromolecules
[24,25]. Iron is associated with proteins either by incorpora-
tion into protoporphyrin IX or by binding to other ligands. The
phthalocyanine molecule, which is used in this work, plays a rel-
evant role in material sciences among tetrapyrrolic macrocycles
as synthetic analogue of the porphyrin family [26]. In this work,
apart from taking advantage of the strong affinity of the iron
binding centre of the phthalocyanine molecule for electronega-
tive groups, we use the Fe(Il) phthalocyanine molecules for an
additional reason. These molecules are unstable under UV irra-
diation, and their photochemical decay can include reaction with
oxygen molecules or with other groups which lead to the oxi-
dation of the phthalocyanine photoproducts [27]. Therefore, in
a indirect way the decay products of the phthalocyanine macro-
cycle are expected to inhibit the oxidative degradation of the
photochromic molecules, since they can react with the deleteri-
ous polymeric radicals, instead of the MC molecules.

2. Experimental description

The sample under investigation were polymer films doped
with photochromic SP molecules with or without the addition
of Fe(Il) phthalocyanine molecules. In particular the films used
were: (1) 5% by wt. of the SP molecules in 95% by wt. of
the polymer poly(ethyl methacrylate)-co-poly(methyl acrylate)
P(EMA)-co-P(MA), and (2) 5% by wt. of the SP molecules in
95% by wt. of a mixture of Fe(Il) phthalocyanine molecules
with P(EMA)-co-P(MA). The mixture of the polymer with the
phthalocyanine molecules was prepared as follows: few mil-
ligrams of phthalocyanine molecules were dissolved during
heating and then filtered into the polymer. For the preparation
of the films, the above-described solutions of the polymer and
of the molecules were prepared in toluene. Certain volume of
this solution was spin-coated on quartz substrates, to produce
homogeneous films. The achieved thicknesses of the films were
in the range of 1.0-3.5 pm.

The degradation studies were performed by absorption mea-
surements on the prepared films. Initially the absorption spec-
trum of each film was recorded in a UV-visible scanning spec-
trophotometer. Next, the film was irradiated with UV laser pulses
and after 5-10 successive pulses the absorption spectrum was
recorded again. After each absorption measurement, the film
was carefully replaced, for the subsequent irradiation, at the
previous position, to ensure that the same point on the sample

is always irradiated. The overall number of UV pulses used on
each sample was 200. The irradiated area was 0.07 cm?. For the
irradiation of the samples three different UV lasers were used.
The first was a XeCl laser operating at 308 nm with 30 ns pulse
duration (Lambda Physik, EMG 201 MSC), the second was a
KrFlaser operating at 248 nm with 30 ns pulse duration (Lambda
Physik, EMG150), and the third was a distributed feedback dye
laser system operating at the KrF excimer wavelength of 248 nm
with 500 fs pulse duration. Three different energy densities were
used for the irradiation of the samples with each laser. For the
two lasers emitting at 248 nm the fluences used were 25, 15,
and 9 mJ cm~2, whereas for the laser emitting at 308 nm the
fluences used were 40, 25, and 15 mJ cm—2. The repetition rate
of the lasers was 1 Hz in all cases. The absorption changes to
the examined samples upon addition of the Fe(Il) phthalocya-
nine molecules are considered negligible (see Figure A in the
supporting material), and therefore we assume no interference
of the Fe(II) phthalocyanine molecules in the interconversion
processes of the photochromic molecules.

3. Results

The photodegradation of the photochromic molecules used
in this study is examined exclusively upon UV irradiation. Even
after the very first UV laser pulse the studied photochromic films
exhibit new absorption peaks which are attributed to the forma-
tion of MC stereoisomers. In Fig. 2 is shown the absorption
spectrum of a 5% SP-95% P(EMA)-co-P(MA) film before and
after UV irradiation. The most pronounced absorption peak of
the MC molecules is formed in the visible with a maximum
around 573 nm. The maximum intensity of the MC absorbance
is achieved after a certain number of UV pulses. This is due
to the fact that the quantum yield of the SP — MC conversion,
or photocoloration, is less than 1. Indeed, the photocoloration
quantum yield in solvents of low polarity is quite high e.g. 0.6
in toluene and 0.8 in cyclohexane [28,29], and therefore we
expect a similar, possibly decreased, quantum yield in our sys-
tem where the SP molecules are hosted in a non-polar but highly
viscous medium. In the range of the energy densities used in the
presented experiments the maximum absorbance intensity of the
peaks attributed to the MC molecules was obtained within 10-20
UV pulses, indicating that the SP to MC coloration process is
completed. Graph 1(b) in Fig. 2 illustrates the absorption spec-
trum when the principal absorption peak of the MC molecules
(573 nm) has reached its maximum intensity.

The formed MC molecules also exhibit absorption in the
UV region as demonstrated in graph 1(b). Therefore, after the
achievement of the maximum MC absorbance, subsequent UV
laser pulses are absorbed by the formed MC molecules. Upon
UV absorption these molecules can either undergo isomerisa-
tion to other MC stereoisomers, since they can exist in four
different stable stereoisomers, which exhibit trans configura-
tion at the bridge segment [1] (see Fig. 1), or they can return
to the initial SP isomer. The MC molecules that return to the
SP form, upon subsequent UV irradiation will undergo again
the coloration transformation to the MC forms. The different
trans MC stereoisomers that can co-exist during this procedure



A. Athanassiou et al. / Journal of Photochemistry and Photobiology A: Chemistry 183 (2006) 182—189

High Fluences

Intermediate Fluences

185

Low Fluences

X
[ =
» g WAEEEL ,
g 1.0 .:‘::: . ,z\‘A ... .5, A,
Q094 ] W 1 “‘ 1 N A A,
° A o4 '\.\ A

n®A gt 1 14 - A
u= 0.8 4 e EL N ~e 4
o ) [ “ | F) .= o S
207 "o ] nfa ] S
7] W e a | n s A A L4
{= \ | [ ] . i .«
@ 0.6+ N Na g 41 " f
= u ° LN * A . d
— 0.5 N il u - A i
g 7 | .\ e . A i L2 n 4
= 0.4+ . . A E - ] b
E‘ | ."",_7 ° > 4 - hd L |
g 0.3+ L N . ] T 1
ﬁ 024 5 = ~a_ "4 ® =308 nm, fl =25 mJ cm”, duration=30 1 e =308 nm, fi =15 mJ cm”, duration=30
g ® =308 nm, fluence=40 mJ cm';‘ duration=30nse— 4 { N :»:248 nm, ﬂuence:15 m‘J cm_z, dura !on:su ns . ;: nm, uence: cr_r; § ur@f IOT- ns
2 014 4 =248 nm, fluence=25 mJ cm”, duration=30 ns x4 .': nm, uence: m cmrz. uralfun: ns 4 {-248 nm, fluence=9 mJ cm_g, durat!cn-SO ns
U 0.0 = 3=248 nm, fluence=25 mJ cm 2 duration=500 fs = 3=248 nm, fluence=15 mJ cm", duration=500 fs 4=248 nm, fluence=9 mJ cm”, duration=500 fs
@ U —T T tt T T T T T T T T T T T T T T T T T T T T T T T T
o 0 20 40 60 80 100 120 140 160 180 2000 20 40 60 80 100 120 140 160 180 2000 20 40 60 80 100 120 140 160 180 200

Number of UV pulses

Number of UV pulses

Number of UV pulses

Fig. 3. Relative absorbance of the MC peak at ~573 nm vs. number of UV pulses for a 5% by wt. SP in P(EMA)-co-P(MA) film. (a) Comparison between the
effect of laser pulses at (@) A =308 nm, fluence ~40 mJ cm~2 and duration 30 ns; (A) A =248 nm, fluence ~25mJ cm™2 and duration 30 ns; (M) A =248 nm, fluence
~25mJ cm~2 and duration 500 fs. (b) Comparison between the effect of laser pulses at (@) A =308 nm, fluence ~25 mJ cm~2 and duration 30 ns; (A) A =248 nm,
fluence ~15mJcm~2 and duration 30 ns; (M) A =248 nm, fluence ~15mJcm~2 and duration 500fs. (c) Comparison between the effect of laser pulses at (@)
=308 nm, fluence ~15 mJ cm~2 and duration 30 ns; (A) A =248 nm, fluence ~9 mJ cm~2 and duration 30 ns; (M) A =248 nm with fluence ~9 mJ cm~2 and duration

500fs.

exhibit similar spectroscopic behaviour, and thus, they cannot be
distinguished by their absorption spectra. Therefore, in an ideal
system, after the initial number of pulses needed for the comple-
tion of the coloration process, the following UV pulses should
keep the SP-MC population in equilibrium, and so, the inten-
sity of the MC absorption peak should remain unaltered. Instead,
the intensity of this peak decreases upon continuous irradiation
with UV pulses, and this decrease is due to the photodegrada-
tion of the MC molecules (Fig. 3). The thermal reversion of the
MC forms to the SP under the experiment conditions happens
in few days, significantly longer time than this of the measure-
ments, and therefore any decrease of the MC absorption peak is
attributed exclusively to photodegradation phenomena.

For the study of the photodegradation resistance of the sam-
ples, two UV wavelengths (248, 308 nm) were used. In these
wavelengths the samples exhibit different absorbance values,
as clearly shown in Fig. 2. The absorbed light intensity in the
samples is given by Beer’s law:

I — 23034 Li— 1 — e 23034y p o (] — em23034)
I Ii
(D

where [ is the incident light intensity, /; the transmitted light
intensity, I, the absorbed light intensity in the sample, and A is
the absorbance of the sample which depends on the wavelength.
For comparison reasons of the degradation of the pho-
tochromic molecules at the two different wavelengths, the inci-
dent light intensity in the two examined cases is calculated in
such a way that the absorbed light intensity in the samples is
equal:
Ta248 nm) = 12308 nm) 2
Therefore, the relation between the incident light intensities
at the two examined wavelengths is calculated by the Eq. (3)

extracted by Egs. (1) and (2)
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T 1 — 23034308 nm
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There is a dynamic change in the absorbance (A) of the
samples upon UV irradiation since the newly formed MC
molecules after each pulse absorb differently than the initial SP
molecules. Therefore, we calculated the intensity ratios from
Eq. (3), throughout the irradiation process (with laser pulses of
40mJ cm~2 at 308 nm), starting from the initial sample and fin-
ishing with the sample after the completion of the SP to MC
coloration process. Finally, the intensities used in the experi-
ments were determined by the average value of the calculated
ratios, which is: fi308 nm) ~ 1.66 X 248 nm). It can be considered
as arough calculation for equally absorbed light intensities in the
samples using either 248 or 308 nm laser pulses. The compar-
ison of the degradation of the photochromic molecules caused
by laser pulses of either 248 or 308 nm at fluences determined
by the afore-calculated relationship is demonstrated in Fig. 3.
The photodegradation resistance of the SP doped polymer
films is described by the changes in the relative absorption inten-
sity A,/Amax upon irradiation with UV pulses (Fig. 3), where, A,
represents the absorbance value of the MC forms in the photo-
stationary state obtained after the nth UV laser pulse, and Apax
represents the maximum MC absorbance value (usually obtained
after the 10th—20th pulse for the used fluences). A comparison,
between the different fluence ranges used, clearly indicates that
decrease of the laser fluence results into enhanced resistance
of the photochromic molecules to the photodegradation. Fur-
thermore, the degradation effect appears quite enhanced in the
case of the 308 nm pulses compared to the 248 nm especially
at low laser fluences, after the normalization of the incident
laser intensities for equally absorbing samples at the two wave-
lengths. Finally, Fig. 3 demonstrates that the fs pulses induce a
higher degree of fatigue in the samples, which is even more
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evident at high laser fluences. In particular, comparing laser
pulses of 248 nm wavelength and different pulse durations, it
is obvious that the ultrashort pulses are always responsible for
enhanced degradation compared to the pulses of longer pulse
duration.

The above-presented samples with added phthalocyanine
molecules in the matrix were also examined under irradiation
with different laser conditions. The phthalocyanine molecules
and especially their UV photolysis products can react, instead
of the MC molecules, with electron acceptor groups in the poly-
mer, preventing the oxidative degradation of the photochromic
molecules. It was found that the addition of the phthalocyanine
molecules improves the degradation resistance of the system
only under specific irradiation conditions, as shown in Fig. 4.
The photodegradation is again described by the changes in the
relative absorption intensity A,/Amax upon irradiation with UV
pulses, and for comparison reasons in the figure are presented
the results for samples with and without Fe(II) phthalocyanine
molecules. In particular in Fig. 4(a) is demonstrated that the
added molecules are unable to prevent the degradation of the
photochromic molecules, at high fluences. On the contrary in
Fig. 4(b) and (c) it is demonstrated that the resistance of the
system is improved going towards lower fluences for the laser
pulses of 30 ns duration. In the case of irradiation with 248 nm
pulses of 500 fs duration, the system is only improved using the
Fe(Il) phthalocyanine molecules at very low fluences.

4. Discussion

For thorough discussion and comparison of the results, they
are summarized in Fig. 5. In this figure is plotted the pho-
todegradation of the samples with (full symbols) and with-
out Fe(Il) phthalocyanine molecules (empty symbols) for the
different ranges of laser fluences used. The photodegradation
is represented in percentage reduction of the maximum MC
absorbance. The values are calculated using the following for-

mula (%) x 100 %, where as n we always use 160 pulses.

There is clear evidence that the photodegradation depends on the
different irradiation wavelengths and the different pulse dura-
tions.

At the two different wavelengths used (248 and 308 nm),
the degradation effect appears quite enhanced in the case of
the 308 nm pulses compared to the 248 nm especially at low
fluences. In this fluence regime, the MC absorbance after irra-
diation with 160 UV pulses of 248 nm (30 ns pulse duration) is
~16% reduced compared to the maximum absorbance, whereas
in the case of 308 nm pulses the reduction is much higher, ~35%
(Figs. 3 and 5).

For the two wavelengths the incident intensities were nor-
malized, as described above, for equally absorbing samples. It
should be commented here that the polymer used is a stronger
absorber at 248 nm than at 308 nm. The difference in the absorp-
tion at the two wavelengths is profoundly enhanced in the case of
the pure polymer (Fig. 6) compared to the polymer doped with
photochromic molecules (Fig. 2). For the doped polymer, the
difference is continuously decreasing as the MC molecules are

formed. Therefore, although the samples absorb equal number
of photons at the two wavelengths, the polymer absorbs more
photons at 248 nm, and eventually the photochromic molecules
absorb more photons at 308 nm. The increased absorption at
308 nm of the photochromic molecules leads in the faster forma-
tion of the different photostationary states of the MC molecules,
and consecutively in their faster degradation rate, since it is well
acknowledged in the literature that the degradation of the pho-
tochromic system occurs through the open MC form via different
possible mechanisms (oxidation, thermal decomposition, aggre-
gation [17,18,21,22]).

A further plausible reason for the different degradation rate of
the photochromic molecules upon irradiation with laser pulses at
248 and 308 nm might be connected to non-linear mechanisms.
Multiphoton processes are highly possible, even in the case of
ns pulse durations, since triplet excited states are involved in
the photochromic transformation of the examined molecule. In
particular, the excited states were found to last up to few tens
of ns in the case of the first triplet states [28,29,30], and 57 ps
in the case of the MC S; state [31]. Furthermore, it is reported
time up to 0.2 ps for the absorption from the first excited sin-
glet state to higher excited singlet states (S; — S,) of the SP
molecules [31]. Multiphoton absorption can lead to degradation
photoproducts directly formed in the high-energy states of the
photochromic molecules, either by photodissociation or making
the oxidation pathways more efficient. In our system is expected
that more photochromic molecules undergo the non-linear exci-
tation upon irradiation with 308 nm than with 248 nm pulses,
since more photons are absorbed by the molecules at 308 nm.
Thus more molecules undergo degradation due to non-linear
excitation after 308 nm irradiation, because part of the incident
photons at 248 nm are absorbed by the polymer, which does not
undergo any multiphoton absorption at this pulse duration at
least in the range of the fluences used [32]. It is expected that
reducing the fluence, the protective role of the polymer upon
248 nm irradiation becomes even more evident since the remain-
ing number of photons absorbed by the photochromic molecules
becomes insufficient to induce excitation to higher excited
sates.

A final argument that can support higher degradation rates in
the case of irradiation with 308 nm can be found in the work by
Torikai et al. [33]. They use different UV wavelengths for the
irradiation of an acrylate polymer, the PMMA, and they found
that for irradiation at 300 nm the quantum yield for chain scis-
sion and radical formation was doubled compared to irradiation
at 260 nm. Therefore, it is plausible an enhanced radical forma-
tion in the case of 308 nm irradiation which lead to oxidative
degradation of the MC molecules, since the polymeric radicals
can be strong electron acceptor groups which oxidize the MC
molecules.

Following the above discussed argument of multiple-step
absorption of photons during the laser pulses which leads to
enhanced photodegradation of the system, these processes are
more efficient in the case of 500fs pulse duration and this
explains the enhanced degradation of the system upon irradi-
ation with fs pulses. The protective role of the polymer, which
decreases abruptly the degradation of the system at low fluences
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upon 248 nm compared to 308 nm irradiation, is valid even for
the short pulse durations of 500 fs.

Some additional information elucidating the degradation pro-
cesses upon UV laser irradiation can be obtained by the pho-
todegradation rates of the photochromic molecules after the
addition of the Fe(II) phthalocyanine to the systems, which are
also summarized in Fig. 5. It is plausible that the Fe(II) phthalo-
cyanine molecules coordinate oxygen in correspondence of the
iron centre when exposed on oxygen-containing atmosphere,
and therefore possibly in some degree they contain oxygen
before being embedded in the polymeric film [34]. According
to Slota and Dydra [27] the oxygen-containing or oxygen-free
phthalocyanine molecules remain stable unless exposed to UV
light. Due to absorption of UV radiation the presumable Fe(II)
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Fig. 6. Absorption spectrum of the polymer P(EMA)-co-P(MA). It exhibits an
enhanced absorption at 248 nm compared to 308 nm.
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phthalocyanine—O, bond is supposed to give off the oxygen
molecule and the phthalocyanine molecule to photodissociate.
The decay photoproducts of the phthalocyanine are possible
to react either with the oxygen molecules, released or already
present in the polymer matrix, or with electron acceptor groups
present in the matrix by interactions of the phthalocyanine
macrocycle bridging nitrogen atoms [27]. These reactions of
the phthalocyanine molecules are expected to protect indirectly
the photochromic molecules from the oxidative degradation.

As demonstrated in Figs. 4 and 5, for high fluences it is clear
that the degradation resistance does not change after the addition
of the Fe(II) phthalocyanine, indicating that the oxidative degra-
dation of the system is not prevented due to enhanced number
of electron acceptor groups formed in the polymer at these flu-
ences, or due to direct molecules dissociation from the highly
excited states reached after non-linear absorption. At intermedi-
ate laser fluences it seems that the oxidative photodegradation,
after linear excitation of the molecules, plays an important role
for irradiation with laser pulses of 30 ns duration, since the Fe(II)
phthalocyanine photoproducts start to become effective in the
protection of the system. At this range of fluences the multipho-
ton excitations, and thus the alternative pathways of dissociation
of the photochromic molecules, are still very efficient for the
pulses of 500fs duration and therefore, the Fe(II) phthalocya-
nine photoproducts are not capable to protect the system from
degradation. Finally, at low fluences, the Fe(Il) phthalocyanine
molecules improve the degradation resistance of the samples
even in the case of the fs laser pulses indicating limitation of the
multiphoton processes and simultaneous occurrence of oxida-
tive photodegradation. In the case of ns laser pulses of 248 nm,
the MC absorbance after irradiation with 160 UV pulses is less
that 10% reduced compared to the maximum absorbance, indi-
cating an important enhancement in the degradation resistance
of the system.

5. Conclusions

Photodegradation studies were performed by means of
absorption measurements on polymer films doped with pho-
tochromic 6-nitrospiropyran molecules under irradiation with
ultraviolet (UV) laser pulses of wavelength 248 and 308 nm, and
pulse duration 30 ns and 500 fs in the first case, and 30 ns in the
second case. Incorporation of Iron(II) phthalocyanine molecules
in the examined matrices was used to tackle the problem of
oxidative photodegradation. Irradiation at 308 nm leads to faster
degradation rate of the photochromic molecules compared to
248 nm irradiation, mainly due to the increased absorption of
the molecules at 308 nm resulting in the faster formation of the
different photostationary states of the MC molecules which are
susceptible to degradation. The photodegradation seems to be
also connected with excitation of the photochromic molecules
to high excited states when high laser fluences are used and
especially in the case of the short pulse durations. The oxida-
tive degradation process, after linear excitation of the molecules,
seems to be dominant at low fluences, where the indirect pro-
tection of the system through the phthalocyanine photoproducts
becomes efficient.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.jphotochem.2006.03.016.
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