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ABSTRACT: The thioxanthone-sensitized photodegrada-
tion of poly(alkyl methacrylate) films [alkyl = methyl,
ethyl, butyl, and hexyl] was studied using near UV-vis
light. The photooxidation process continued even after the
total consumption of the sensitizer, possibly due to the ex-
citation of the ketyl groups formed during the first stages
of the process. The rate of oxidation, as well as the forma-
tion of hydroxy, peroxy, and ketyl groups was faster for
polymers with larger ester groups. The decrease of the mo-
lecular weight of the degradated polymers was also larger
for the hexyl substituted polymer. The side-chain size

effect was attributed to the larger amount of secondary
hydrogens available for abstraction by the triplet state of
thioxanthone, present in the larger ester groups. The lower
glass transition temperature of the hexyl substituted poly-
mer allows a better diffusion of oxygen to the deeper
layers of the films that also contributes to the faster photo-
degradation rate. © 2009 Wiley Periodicals, Inc. ] Appl Polym
Sci 115: 1283-1288, 2010
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INTRODUCTION

The degradation of polymers continues to be a subject
of intense interest, due mainly to the widespread use
of these compounds in many industrial areas. There-
fore, information about the stability and degradation
of polymers has to be studied not only from the over-
all global efficiency of the oxidation processes, but
also seeking mechanistic information, which might be
useful in the design of new materials.'”

Of all poly(alkyl methacrylate) polymers, poly-
(methyl methacrylate) (PMMA) is the most studied
because of its broad practical applications. Owing to its
properties (high transparency, light weight, good me-
chanical and electrical properties, good resistance to
high temperature, aging, and chemicals), poly(alkyl
methacrylate) polymers are widely used in several
fields like architecture, motorization, agriculture, medi-
cine, pharmacy and in the textile, paper, and paint
industries.>* The physical properties of these polymers
change with the size of ester group. PMMA is a hard,
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rigid material with high glass transition temperature
(T ~ 105°C).

The increase of the size of the ester side-chain pro-
motes a decrease of the T,, so that the polymers
become softer and more flexible.” Diffusion of gases
in polymers depend on the flexibility of chain, i.e.,
as flexibility increases (lower Tg), the gas diffusion
rate increases. In addition, the longer-side-chain poly-
mers present larger fractional free volumes, increas-
ing the concentration of oxygen in those sites.®

Polymers can be degradated by irradiation, either
directly or using a photosensitizer.”® Although
direct irradiation of polymers might be the simplest
method, in some cases, the use of photosensitive
structures has some advantages.” The photosensitiza-
tion method should be preferred when there is a
need of controlling the photodegradation, as well as
when the irradiation is performed at wavelengths
that are not absorbed by the polymer.'°

The excitation of the sensitizers may result in the
production of free radicals that can initiate polymer
degradation processes.'’ In general, these radicals
abstract hydrogen atoms from the macromolecule
forming polymeric alkyl radicals that react with oxy-
gen, initiating an oxidative chain reaction. Photode-
gradation processes of this type have already been
studied for polyethylene polymers sensitized by
benzophenone and anthraquinone.'*'?

Most of the studies on photooxidation of acrylate
and methacrylate polymers have been carried out
using high energy UV radiation, typically in the 254-
nm region. It has been reported that under these
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conditions the photodegradation of PMMA) pro-
ceeds via extensive random chain scissions, leading
to low molecular weight gaseous products with little
monomer production.'*'® The number of scissions is
proportional to the radiation dose and is much
higher in inert atmosphere than in air. The rate of
scissions was found to vary with the radiation wave-
length, reaching a maximum at 280 nm and falling
to zero at A > 320 nm." This finding suggests the
presence of aldehyde or ketone groups, photoactive
in the 280-nm region, and was supported by the
absorption of irradiated samples.'® Poly(alkyl meth-
acrylate) polymers with larger alkyl side chains
degradate by a mechanism similar to that observed
for PMMA, but when the alkyl side chain becomes
longer, side-group scissions start to take place.'” The
production of monomer decreases as the alkyl side
chain length increases.'®

In this work, we studied the degradation of
several poly(alkyl methacrylates) photosensitized by
thioxanthone (TX): PMMA), poly(ethyl methacrylate)
(PEMA), poly(n-butyl methacrylate) (PBMA), and
poly(n-hexyl methacrylate) (PHMA).

EXPERIMENTAL
Materials

The monomers used were methyl methacrylate
(MMA), ethyl methacrylate (EMA), butyl methacry-
late (BMA), and hexyl methacrylate (HMA), all from
Aldrich (St. Louis, MO). The thermal polymerization
was initiated using dibenzoylperoxide (DBPO). The
degradation photosensitizer was thioxanthone (TX,
Aldrich) (Scheme 1). The solvents used in the differ-
ent synthesis and analysis steps were methanol, tet-
rahydrofuran, and chloroform (HPLC grade, Tedia,
Fairfield, OH).

Polymerization

Solutions in methanol containing 20 wt % of monomer
and initiator (DBPO, 5 mM) were deareated by bub-
bling oxygen-free nitrogen for 10 min. The solutions
were heated at 70°C for 8 h, under continuous mag-
netic stirring. The formed polymers were dissolved
twice in acetone, precipitated with methanol, and
finally dried under vacuum at room temperature.
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Scheme 1 Chemicals.
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TABLE I
Physical Properties of Poly(Alkyl Methacrylates)
Molecular Density® Fractional

Sample T, (°C)  weight (M) (g em™)  free volume®
PMMA 109 300,000 1.144 0.135
PEMA 68 270,000 1.110 0.151
PBMA 35 290,000 1.056 -
PHMA -5 440,000 1.028 -

@ Data from Ref. 19.
® Data from Ref. 5.

Photodegradation

Thin polymer films (~ 0.200-mm thick) were casted
from chloroform solutions (weight concentration: ca.
5%) and dried under vacuum at 60°C for 4 h. The pho-
todegradation process took place in a thermostatized
stainless steel irradiation chamber using sixteen 6W
G5 XELUX visible light lamps placed at 20 cm from
the film. The temperature was kept at 40°C to assure a
minimum contribution of the thermal process.

Analysis

Absorption spectra of the films placed in the film
holder of the diffuse reflectance accessory were
recorded on a Shimadzu UV-2550 spectrophotometer.

Photodegradation kinetics was determined by
Fourier transform infrared (FTIR) spectroscopy. Sam-
ples were placed over a specular reflection accessory
(Spectratec) in the compartment of a FTIR spectrom-
eter (Bomem-100 MB Series spectrometer), and the
absorbance was recorded at different times.

The average molar masses were determined by
GPC on a Shimadzu LC-10 AD chromatographic
system with a Shimadzu RID-6A refractive index
detector. Twenty microliters of the sample solutions
were injected in a combination of two Styragel HR4
and two Styragel HR5 columns. Tetrahydrofuran
was used as the eluent at a flow rate of 1 mL min~".
Narrow-distribution poly-MMA standards (Ameri-
can Polymers Standards) were used for calibration.

Glass transition temperatures were determined by
differential scanning calorimetry using a TA Instru-
ments SDT-Q600 Simultaneous Thermogravimetric
Analyzer. Measurements were carried out between —30
and 130°C under nitrogen at heating and cooling rates
of 10°C min™ . Ten milligrams of samples in a covered
20 pL aluminium pan were used for the determinations.

The physical properties of the poly(alkyl metha-
crylate)s are shown in Table L.

RESULTS AND DISCUSSION

Absorption spectra in the UV-vis region

The UV-vis irradiation of poly(alkyl methacrylate)
films containing TX causes an increase of the
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Figure 1 Absorption spectra of irradiated PEMA films at
various irradiation times, up to 75 h. Inset: thioxanthone
decay kinetics during the first 6 h. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

absorbance in the 300-400 nm range, as illustrated in
Figure 1. Simultaneously, the absorption at 380 nm,
due to TX, rapidly decreases as a result of its bleach-
ing. The disappearance of the TX absorption can be
approached by first-order kinetics, at least during
the first 6 h of irradiation. The rate constant for the
bleaching of TX in PEMA films is 0.14 h™', and
similar values were found for the other polymers.
Two different stages can be observed in the 360-320
nm wavelength domain. There is a well-defined iso-
sbestic point at 351 nm that can be assigned to the
bleaching of the dye concomitant to the formation of
new carbonyl groups on the polymer chain (Scheme 2).
The growth of the absorption band around 342 nm
can be observed during the first 6 h of irradiation,
which is gradually shifted to lower wavelengths. At
longer times, this band starts decreasing, but contin-
ues shifting to the blue, as shown in Figure 1. This
behaviour suggests that the newly formed ketyl
groups do now disappear via their excitation and
eventual oxidation. The behaviour of the other poly-
mers used in this work was similar. There is a differ-
ence in the photodegradation rates of the different
polymers that can be seen from the behaviour of the
340 nm peak. Initially there is an increase in the
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absorption due the formation of ketone groups, but
at longer times, between 10 and 20 h, the absorbance
levels off, and starts to decrease due to the oxidation
of these groups (Figure 2). Two features are apparent
from the comparison of the different polymers. On
one side, the initial rate of oxidation and the deple-
tion of the TX concentration are faster for the poly-
mers with larger side chains. On the other hand,
there is a larger amount of ketyl radicals formed on
the larger side-chain polymers.

When the maxima are reached, practically no TX
remains in solution, so that the absorption at 340
nm, and lower wavelengths, must be assigned to the
formed carbonyl and vinyl groups, which are
responsible for continuing the photodegradation.
During that process, these new formed groups will
eventually be consumed as evidenced by the
decrease of the absorbance in this region.'®*

FTIR spectra analysis

Photochemical degradation of poly(alkyl methacry-
late) is easily detected by FTIR. During UV-vis irra-
diation significant changes are observed practically
over the whole ir region. The absorbance band in
3350-3500 cm ' region (with maximum at 3480
cm ') increases during UV-vis irradiation of PMMA,
PEMA, PBMA, and PHMA films. This band is typi-
cal of hydroxyl and hydroperoxide groups free (non-
associated) or hydrogen bonded.'” Kinetics curves of
the intensity of this band indicate clearly that photo-
oxidation leading to OH/OOH groups is faster for
PHMA than for PBMA, PEMA, and PMMA (Fig. 3).
The behaviour of PEMA and PBMA can be
assumed to correspond to four successive fast-slow-
fast-slow stages, i.e., rapid surface degradation, slow
degradation due to oxygen diffusion to the lower
layers, followed by the fast degradation of the newly
exposed surface, and finally an even slower degra-
dation when oxygen has to diffuse to the bulk of the
film to promote oxidation. PMMA only shows the
fast first surface oxidation stage, followed by a pla-
teau, as the oxygen diffusion to the inner layers is
much slower due to its higher density. On the other
hand, PHMA will be rapidly oxidized in all layers
as oxygen can easily diffuse to the bulk of the film.
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Scheme 2 Photoinitiation reactions.
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Figure 2 Absorption at 340 nm during UV-vis irradiation
of PMMA, PEMA, PBMA, and PHMA films. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com. ]

The spectral analysis in the carbonyl region (1600-
1800 cm ') is more complicated. Three well-distin-
guished peaks centred at 1740, 1685, and 1640 cm ™
are present in the unirradiated samples. The peaks
at 1740 and 1685 cm ! grow with irradiation, so that
they may be associated with the creation of aliphatic
ketones.?! On the other hand, the decrease of the
smaller peak at 1640 cm ™' might be due to the ester
groups that are being consumed during the photode-
gradation process.”
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Figure 3 Formation of hydroxyl/hydroperoxide groups
(absorption at 3480 cm ™Y during irradiation of PMMA,
PEMA, PBMA, and PHMA films. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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As shown in Figure 4, the ketone groups also
show a faster growth when the poly(alkyl methacry-
late) bears larger side groups on the ester. It can be
also noticed that the behavior is rather similar to
that found for the hydroxyl region.

The obvious mechanism for the TX-sensitized pho-
todegradation goes through the excitation of the dye
to its singlet state, intersystem crossing to the triplet
and abstraction of an hydrogen, leading to radicals
that will react with oxygen to initiate the oxidative
degradation chain.”® Therefore, the following reaction
steps should be taken into consideration (Scheme 3).

The macroradicals created by the abstraction of an
hydrogen by the TX triplet do react with oxygen to
form peroxide radicals, which might abstract another
hydrogen from the polymer chain to form peroxide
groups and a new polymer macroradical, thus prop-
agating the degradation chain.®* Alternatively, these
radicals can split homolytically to form macroalcoxyl
and hydroxyl radicals.”?® The former will eventu-
ally give raise to ketones and hydroxy groups on the
chain, whereas the later radicals will add new degra-
dation cycles to the mechanism."'

Two different factors might contribute to the faster
degradation of methacrylates with large ester groups.
On one side, there will be a larger number of easier
abstractable secondary hydrogen atoms in hexyl
esters than in methyl esters, so that the probability of
forming macroradicals, as well as ketone groups, will
be higher.

On the other hand, as PMMA is more rigid than
PHMA (glass transition temperature of 105 and -5°C,
respectively),” oxygen diffusion in the latter will be
easier. This permits that polymer chains of the
deeper layers of the film be also oxidized increasing

the overall oxidation rate of the softer materials.®%"*®
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Figure 4 Formation of ketone groups (absorption at 1740
cm’l) during irradiation of PMMA, PEMA, PBMA, and
PHMA films. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Scheme 3 Photooxidation reaction mechanism. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com. ]

The degradation of the polymers may become a
diffusion-limited oxidation process (DLO) when the
amount of dissolved oxygen in the polymer is used up
faster than it can be replenished by diffusion from the
oxygen-containing atmosphere surrounding the mate-
rial. As this process is faster in PHMA than in the other
polymers, a larger amount of oxidation will occur in
deeper layers of the film, leading to higher oxygen con-
centrations which result in higher oxidation levels in
the interior of the samples, which will be reduced or
non-existent for lower side-chain polymers.”

Gel permeation chromatography

Molecular weights and chain scissions of the irradi-
ated poly(alkyl methacrylate) polymers were obtained
using GPC techniques and are listed in Table II. The
molecular weights of the undegradated samples have
molecular weights ranging in the 150,00-250,000 Dal-
ton interval. The average number of chain scissions
(S) per macromolecule can be calculated using'®'®

S = (M), / (M,),~1

where (M,)o and (M,); are the number-average
molecular weights of the polymer before and after
irradiation for t hours, respectively.

It can be seen from the values in Table II that the
number of scissions per macromolecule for PHMA is
much higher than for PMMA. This trend is compati-
ble with the results found from spectroscopic analy-
ses, where the rate of photodegradation, as well the
amount of intermediaries formed during the irradia-
tion process is much higher for poly(hexyl methacry-
late) than for the other polymers.

In addition, the chromatograms shown in Figure 5
illustrate the behaviour of the different poly(alkyl
methacrylates) when submitted to photodegradation.
For the polymer with the smaller side-chain, PMMA,
there is only a slight widening of the peak observed
at ~29 min. On the other hand, for PHMA the origi-
nal peak is shifted significantly toward longer times,
indicating an important decrease of the size of the
polymer after irradiation.

TABLE II
Average Molecular Weights (M,) Before and After
Irradiation (75 h) of the Polymers, and Number
of Chain Scissions (S)

(MH)O (Mn)75 h S
PMMA/TX 180,000 160,000 0.08
PEMA/TX 150,000 118,000 0.25
PBMA /TX 145,000 115,000 0.27
PHMA/TX 250,000 110,000 1.22

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 GPC chromatograms of PMMA and PHMA
films before and after 75-h irradiation. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

CONCLUSIONS

Poly(alkylmethacrylate) films with different size of
side groups were irradiated with visible light in the
presence of TX. During their degradation all the
polymer films showed the presence of oxidized
intermediates, like hydroxy, peroxy, and ketyl con-
taining species. A decrease of the molecular weight
of the polymers was also observed.

The degradation mechanism involves the initial for-
mation of macroradicals originated by the abstraction
of hydrogen from the polymer chain by the triplet
state of TX. These macroradicals react with oxygen to
form ketyl groups that will absorb light after the com-
plete consumption of the sensitizer, continuing the
photodegradation process.

The rate of degradation, as well as the rate of forma-
tion of the intermediate groups depends on the size of
the ester side group in the polymer. Poly(hexyl meth-
acrylate) was degradated faster than the other three,
ie., PBMA, PEMA, and PMMA, in this order. The
effect is attributed to the larger proportion of abstract-
able secondary hydrogen atoms on the side chains
and/or the higher permeability of oxygen and free vol-
ume in the large size alkyl side groups, which allows
oxygen to penetrate deeper into the polymer film.
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