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Abstract

Losses of the stabilizer due to extractability or volatility immediately affect ultimate performance of
polymer product. A new approach to increase the persistence of the stabilizer in the final product is to
chemically bind it to the polymer backbone. Radiation grafting or crosslinking could be an efficient method
for this, when the stabilizer is polymerizable. By a mutual gamma irradiation method, photoprotector 2-
hydroxy-4-(3-methacryloxy-2-hydroxy-propoxy) benzophenone (HMB) has been readily grafted to low
density polyethylene (LDPE) in benzene, tetrahydrofuran and methanol solution, respectively. Surface
grafting occurs in a methanol solution of stabilizer, while in benzene and tetrahydrofuran solutions of
stabilizer, grafting proceeds more or less in the inner parts of the polymeric film as well. The grafted LDPE
film in methanol and tetrahydrofuran (containing 1 w/w % of grafted HMB), 1 w/w % blended HMB with
LDPE and nongrafted LDPE film, were all exposed to accelerated aging and natural weathering and their
spectral changes, expressed by the carbonyl index, were then compared. The change of elongation at break
and tensile strength were measured in the course of aging. UV stability tests on aged films and change in
mechanical properties indicate a pronounced protective effect achieved by grafted stabilizer. Grafting in
methanol solution appears to be an efficient photostabilization treatment and the most economical with
respect to the consumption of monomer, the grafting yield being less than 0.5%. Surface grafting is an
efficient photostabilization method since grafted stabilizer is chemically bound to a polymeric surface and in
this way the problem of evaporation of blended stabilizers during the prolonged use of polymeric materials
is eliminated.

1. INTRODUCTION

The improvement of polymer stability continues to be an area of active industrial concern
and intensive research effort [1-5]. Most organic polymers require protection against the effects of
heat, oxygen, light, high energy radiation and so on. Demands for more efficient stabilizers and
antioxidants increase. Stabilizer performance is affected essentially by three factors. The first is its
ability to function as an energy deactivator and/or radical scavenger. The second is compatibility
or solubility of the stabilizer in the polymer matrix. The third factor is the volatility or fugative
nature of the stabilizer. Widely used low molecular weight organic stabilizer molecules which are
simply incorporated into the polymer matrix can be lost during use time by migration to the
polymer surface, followed by evaporation. Therefore the third factor is probably the most
important. Evaporative loss may be particularly problematic for uses involving high temperatures
or vacuum environment (as in space vehicle applications). By covalently binding stabilizer to the
polymer backbone this problem can be eliminated. Radiation grafting or crosslinking could be an
efficient method to realize it when the stabilizer is polymerizable. That new approach is applied in
this work. Grafting of 2-hydroxy-4-(3-methacryloxy-2-hydroxy-propoxy) benzophenone onto
polyethylene was performed and the photostability of grafted polyethylene was studied.
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2 EXPERIMENTAL

Low density polyethylene films (LDPE) commercial blown, free of additives (d = 0.919
g/cm3, melt flow index 2 g/10 mm) were supplied by INA-Organic Chemical Industry, Zagreb.

High density polyethylene films (HDPE) (d = 0.95 g/cm3, and 0.96 g/cmJ) were supplied by
BASF.

2-hydroxy-4-(3-methacryloxy-2-hydroxy-propoxy) benzophenone (HMB) was chosen as
UV protector for polyethylene.

Monomer used was commercial grade as supplied by National Starch Chemical Co., USA.
Solvents: benzene, tetrahydrofuran, methanol and hexane were analytical grade supplied by
Merck-Shuchardt, Darmstadt.

The monomer was dissolved in tetrahydrofuran, methanol and benzene respectively and used
for grafting as 20 wt % solution.

Polymer films were extracted in boiling tetrahydrofuran or benzene and dried at 50 °C to
constant weight.

Weighed polymer films were immersed in the monomer solution in reaction tubes and
connected to a vacuum line. Oxygen was removed by freezing the polymer-monomer solution
mixture and evacuation to 10"5 mm Hg followed by thawing. Freezing-thawing cycles were
repeated three times before reaction tubes were sealed off under vacuum.

Reaction tubes were then subjected to gamma radiation from a 60Co source at a dose rate of
0.15 kGy h'1 and temperature of 50 °C. The grafted polymer films were removed from the
monomer solution after the irradiation, extracted with boiling tetrahydrofuran and dried to
constant weight. The weight increase of polymer films after the grafting reaction was taken as the
grafting yield.

Polyethylene grafted with HBM in tetrahydrofuran and methanol (grafting yield being 1% of
HMB or less), nongrafted polyethylene containing 1% HBM (obtained by mixing polyethylene
pellets with HBM in a Brabender Plasti-Corder at 150 °C and pressing), and polyethylene without
HMB, were exposed to artificial accelerated aging by using a high pressure mercury lamp, Type Q
1200 W Hanau at room temperature.

In the same time an identical set of polyethylene samples was exposed to natural weathering
in free atmospheric conditions.

In the course of aging the change of photostability was tested by IR spectroscopy using a
Perkin Elmer spectrometer, type 599B.

Changes in mechanical properties were followed by determination of elongation at break and
tensile strength using an Instron Testing Machine.
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3. RESULTS AND DISCUSSION

The grafting (%) vs irradiation time curves are shown in Fig. 1. for direct grafting of HMB
onto low density polyethylene in benzene, tetrahydrofuran and methanol solution respectively.
Film thickness was 0.05 mm and reaction temperature was 50 °C.
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FIG. 1. Changes in the grafting yield ofpoly-HMB in LDPE during
gamma irradiation (0.15 kGy h'1) at 50 "C in benzene O,
tetrahydrofuran X and methanol O solution of HMB (20 % wt).

It is obvious that the nature of the solvent strongly influences the rate and yield of grafting
and location of grafted HMB onto LDPE.

In the benzene solution the yield of grafting increases linearly with time up to high yields as
was found in many grafting systems. The yield of grafting increases as the dose rate increases, and
a linear dependence of the grafting rate on the square root of dose rate was obtained, which
suggests bimolecular termination reaction of growing poly-HMB-chains and nondiffusion
controlled propagation reaction in the grafting reaction on LDPE in that case.

On the other hand when LDPE under the same experimental conditions was grafted with
HMB in tetrahydrofuran solution, a limiting value of grafting yield was obtained after an initial
increase of yield, the limiting value of grafting yield being about 10%. A dose rate effect was
observed only during the initial increase of grafting yield [6]. The percent of grafting decreases if
the foil thickness and polyethylene density increase.
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When LDPE films were immersed in methanol solution of HMB and gamma irradiated under
the same conditions as in the case of benzene and tetrahydrofuran, very low weight increase of
film was observed but grafted poly-HMB was readily detected by IR-spectroscopy.

On basis of the obtained results it may be concluded that surface grafting of HMB onto
LDPE occurs in methanol solution of monomer. The grafting of HMB from tetrahydrofuran
occurs primarily close to the surface layer of LDPE, whereas the grafting in benzene occurs more
or less homogeneously throughout the film of LDPE.

Direct evidence of surface grafting in tetrahydrofuran was obtained by ATR IR
spectroscopic measurement [7]. Tetrahydrofuran swells polyethylene similarly as benzene. The
main difference between the two solvents is that tetrahydrofuran dissolves poly-HMB and benzene
does not, and it could be the reason for different grafting behavior. The grafting reaction begins in
polyethylene swollen with tetrahydrofuran containing dissolved HMB in a similar way as in
benzene. However, while poly-HMB is well dissolved in tetrahydrofuran it is barely dissolved in
benzene. During the grafting reaction in tetrahydrofuran the quantity of grafted poly-HMB within
the film increases and when the reaction slows down its concentration is several times higher than
that of the monomer. A stronger interaction of grafted poly-HMB with tetrahydrofuran as
compared to that with benzene means less free solvent for monomer within the film in
tetrahydrofuran. Thus the driving force for monomer diffusion into the film decreases as the
concentration of grafted poly-HMB increases and reaction slows down.

To test the improvement of photostability by grafting of stabilizer, grafted and nongrafted
polyethylene samples were exposed to artificial accelerated aging using a high pressure mercury
lamp at room temperature, and to natural weathering which means exposure to long-term direct
action of sun light and all climatic factors. Photooxidative changes were determined by IR
spectroscopy.

It is well-known that in photochemical oxidation of polymeric materials some oxidized
groups are generated, and it is a common practice to determine the change of these groups during
the oxidation of polymeric materials. Carbonyl groups are an indication of chemical changes
occurring in polyolefin during oxidative degradation. The absorption band in the carbonyl region
increase in the course of UV irradiation.

Although the grafted monomer HMB has two different absorption values for carbonyl
groups (1620, 1720 cm"1), the photoinduced carbonyl groups in LDPE could nevertheless still be
detected due to their much broader absorption band; a fact that can be seen after aging.

Experimental results in Fig. 2 show that during ultraviolet radiation of grafted LDPE films,
the 2-hydroxy-benzophenone absorption band at 1620 cm"1 slowly disappears, while a new
absorption band belonging to carbonyl group appears at 1720 cm"1.

The grafted LDPE film in methanol and tetrahydrofuran (containing 1 w/w % of grafted
HMB), 1 w/w % blended HMB with LDPE and nongrafted LDPE film were all exposed to
accelerated aging and their spectral changes expressed by the carbonyl index, which represents the
ratio of absorbance at 1720 cm to that at 1890 cm"1, were then compared. These data are shown in
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FIG. 2. IR absorption band of carbonyl groups in:
a - LDPE; b - LDPE + HMB mixture; c - LDPE + HMB grafted,
before and after UV irradiation.
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FIG. 3. Changes in the carbonyl index during IIV irradiation
at room temperature: OLDPE; OLDPE + 1% HMB added:
OLDPE + 1% Poly-HMB grafted in tetrahydrofuran;
A LDPE + less than 0.5% Poly-HMB grafted in methanol.
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Fig. 3. In each curve the original values are subtracted to show the change in the quantity of
oxidized groups.

The growth of carbonyl in the unprotected film and in film containing added HMB is much
higher than in grafted films, and indicates that a pronounced protective effect is achieved by
monomer grafting. From the photochemistry of polyolefins it is well-known that photooxidation
begins at the polymer surface, and the excited chromophores are concentrated close to the film
surface. Therefore surface grafting should be the most efficient for photoprotection.

As expected the highest increase of carbonyl index was observed in the case of non
protected LDPE. Carbonyl index increased linearly with the time of accelerated aging and after
about 600 hours polyethylene was almost completely destroyed. In the case of LDPE with
incorporated HMB, during the first 800 hours of aging the increase of carbonyl index was much
slower than in LDPE without HMB, but a similar increase of carbonyl index was observed after
800 hours of aging. Different behavior was observed in the case of accelerated aging of LDPE
grafted with HMB in THF and methanol solution. After an initial moderate increase, the carbonyl
index remains approximately constant until about 1600 hours of aging and than again increases
like in the case of nongrafted LDPE.

In order to get evidence about the role of HMB as UV stabilizer in the course of
photooxidation, the change in the 2-hydroxybenzophenone absorption band at 1620 cm"1 was
followed by IR spectroscopy in the course of accelerated aging of LDPE. The results are
presented in Fig. 4. Two experimental facts should be noted. First, in LDPE grafted with HMB, a
slow, almost linear decrease of 2-hydroxy benzophenone absorption band at 1620 cm'1 does not
indicate dramatic increase of carbonyl index after 2000 hours of aging as observed in Fig. 3.
Second, in LDPE mixed with HMB, the initial quantity of HMB being the same as in LDPE
grafted with HMB in tetrahydrofuran 1 w/w %, the 2-hydroxy benzophenone absorption band at
1620 cm"1 is much lower and completely disappears after 1200 hours of aging.

It is well known that polyolefins may degrade if they are irradiated with UV radiation for a
long time. In the course of photodegradation, physical properties of the polymers are changed. In
practice, it has been found that the elongation at break is one of the most sensitive properties.
Therefore we investigated the change of elongation at break in the course of accelerated aging of
LDPE to describe photodegradation of nongrafted and grafted LDPE with HMB by the comparing
it with the change of carbonyl index and HMB concentration in the polymer. The results are
presented in Fig. 5.

It is well known that polyolefins may degrade if they are irradiated with UV radiation for a
long time. In the course of photodegradation, physical properties of the polymers are changed. In
practice, it has been found that the elongation at break is one of the most sensitive properties.
Therefore we investigated the change of elongation at break in the course of accelerated aging of
LDPE to describe photodegradation of nongrafted and grafted LDPE with HMB by the comparing
it with the change of carbonyl index and HMB concentration in the polymer. The results are
presented in Fig. 5.
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FIG. 4. Changes in 2-hydroxy-benzophenone carbonyl absorption during UV aging of LDPE at room
temperature: O LDPE; O LDPE + 1% HMB added; O LDPE + 1% Poly-HMB grafted in tetrahydrofuran;
A LDPE + less than 0.5 % Poly-HMB grafted in methanol.
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FIG. 5. Changes in elongation at break of LDPE during UV aging at room temperature: 0 LDPE; 0
LDPE + 1% HMB added; 0 LDPE + 1% Poly-HMB grafted in tetrahydrofuran; A LDPE + less than 0.5
% Poly-HMB grafted in methanol.
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In an initial period of UV irradiation the elongation at break slightly increased due to
crosslinking, than returned to its original value and after decayed more or less rapidly depending
on the LDPE sample. To describe the UV radiation induced degradation of LDPE the times of UV
irradiation at which the elongation at break reaches half of its original value were compared. These
times can represent the life time of the polymer in practical use. In investigated conditions the life
time of unstabilized LDPE was about 400 hours. The life time of LDPE with incorporated 1 % of
HMB was about three times longer, and the life time of LDPE grafted with about 1 % of HMB
was about five times longer than of LDPE without HMB.

Similar results are obtained by measurements of tensile strength in the course of accelerated
aging of LDPE samples prepared in the same way. These results are shown in Fig. 6. The tensile
strength decreases in the course of UV irradiation in a similar way to elongation at break, but it
reaches half of its original value at somewhat longer time of irradiation, which shows that the half
value for elongation is a more sensitive measure of the degradation than the half value for tensile
strength.
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FIG. 6. Changes in tensile strength of LDPE during UV aging
at room temperature: O LDPE; O LDPE + 1% HMB added:
O LDPE + 1% Poly-HMB grafted in tetrahydrofuran;
A LDPE + less than 0.5 % Poly-HMB grafted in methanoi

Many polymers and especially polyolefins do not strongly absorb the shorter wavelengths of
the sun spectrum. However, light-absorbing impurities may be introduced during synthesis or
during processing of a polymer (traces of unreacted initiator, breakdown products from initiator,
traces of transition metal ions) and they are responsible for photooxidative degradation of
commercial polymers such as PE and PP. After some controversies during the past two decades in
polymer photochemistry, the general consensus is now that hydroperoxides are the most
important photoinitiators during the early stages of UV irradiation.
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Photo-oxidation is a chain process involving a large number of chemical reactions which are
subsequent to the primary event - absorption of a photon, which induces free radical generation. A
simplified scheme may be written as follows:

hy
Initiation Polymer ——> R (1)

In the presence of air, addition of oxygen to a free radical is generally a rapid process
producing a relatively stable peroxy radical so that the second step in the cycle (3) is the rate
determining step

Propagation
R' + O2 -> RO2 (2)

RO2 + RH -» ROOH + R' (3)

With a long chain length a single primary initiation reaction will produce a large number of
hydroperoxide species, each one capable of initiating further photo-oxidation. A consequence of
this fact is that in this stage of photo-oxidation the initiation by photolysis of hydroperoxides is the
predominant process. Every molecule of hydroperoxide produced subsequently undergoes
photolysis to generate an alkoxy radical which both provides new initiating radicals and at the
same time produces carbonyl compounds (predominately ketones):

hy
ROOH —> RO + OH (4)

RO" + RH -> ROH + R' (5)
R

RO' -^ C = 0 (6)
R

At a later stage these carbonyl-containing products assume a main role in chain session
reactions according to Norrish I and II type processes. Although both of the Norrish
photocleavage processes can cause backbone session, only the Norrish I type reaction generates
free radicals which can initiate the oxidative process:

hy
RCOR > RCO' + R' m

Norrish I v '

| + RH -> R' + peroxides (8)

Termination reaction may be as follows:

Termination RO2 + RO2 -» ROOR + O2 (9)

RO2 + R" -> ROOR (10)

R + R -> R - R (11)
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The scheme outlined above is an oversimplification of the real process of photo-oxidation
but it gives a good representation of which reactions must be slowed down or stopped for the
purposes of stabilization of polymers.

Outdoor performance of polymers can be markedly improved by a choice of suitable
stabilizers. A basic requirement for an efficient photostabilizer is that the stabilizer itself, its
transformation products derived from it during the processing, and photoproducts of the parent
and the derived products, should be stable during the period of exposure to UV light without
being destroyed or transformed into sensitizing products. In general, a good UV stabilizer is
capable of absorbing UV light and dissipating it harmlessly as heat. HMB belongs to the class of
substituted 2-hydroxy benzophenone UV stabilizers which are extremely stable to UV radiation in
solution in the absence of oxygen, because they can harmlessly dissipate UV light via keto-enol
tantomerism in excited states.

The limitation of this class of stabilizers is therefore not their intristic instability to photolysis
but their instability to hydroperoxides and carbonyl compounds under photooxidation conditions.

Comparing the results of carbonyl index change with 2-hydroxy benzophenone absorption
band change and with mechanical properties change in the course of accelerated aging, it could be
concluded that photooxidation of LDPE occurs in at least two distinct stages.

In the initial period, the photoinitiator is hydroperoxide and the rate of carbonyl formation is
proportional to concentration of hydroperoxide. If the change of carbonyl index indicates the rate
of photooxidation then it is the highest in unprotected LDPE, and in LDPE with grafted and
nongrafted HMB depends on unprotected surface areas accessible for photolysis. The best initial
photoprotection is achieved in LDPE grafted with HMB from methanol, where the grafted HMB
is located mainly at the surface of the PE film. In unprotected LDPE the rate of carbonyl
formation is approximately constant to the failure of PE. In LDPE with ungrafted HMB, during
the second stage of photooxidation the rate of carbonyl formation becomes auto-autoaccelerating.

In the LDPE grafted with HMB, at the end of first stage the rate of carbonyl formation auto-
retards to give a plateau. The duration of the plateau depends on HMB concentration. It lasts
longer if the concentration of HMB is higher. In the range of the plateau, elongation at break and
tensile strength decrease very slowly indicating effective photoprotection of LDPE by grafted
HMB. At the same time 2-hydroxy benzophenone absorption decreases. The above results suggest
that HMB does not act by a single mechanism but by a combination of mechanisms. HMB acts
primary by absorbing UV light and dissipating it harmlessly as thermal energy, but also acts in part
as radical scavenger. The main advantage of radiation grafted LDPE with HMB is that HMB is
located mainly at the PE surface and is more homogeneously distributed. HMB can not be lost
during UV exposure because it is chemically bound to the PE. Grafted HMB can be consumed
only in reactions occurring during photooxidation.

On the other hand HMB incorporated in LDPE is more inhomogeneously distributed
throughout the PE. More unprotected surface area of PE may be available for photooxidation
from the beginning of UV exposure, and unprotected area may increase during exposure due to
losses of stabilizer at the polymer surface. This is the reason that several times higher initial
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FIG. 7. Changes in the carbonyl index during natural weathering

aging ofLDPE at free atmosphere conditions:
O LDPE; O LDPE + 1% HMB added;
O LDPE + 1% Poly-HMB grafted in tetrahydrofuran;
A LDPE + less than 0.5% Poly-HMB grafted in methanol.
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FIG. 8. Changes in elongation at break ofLDPE during natural

weathering aging at free atmospheric conditions:
O LDPE; O LDPE + 1% HMB added;
O LDPE + 1% Poly-HMB grafted in tetrahydrofuran;
A LDPE (• less than 0.5 % Poly-HMB grafted in methanol.
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quantity of incorporated HMB in LDPE is much less effective in photoprotection of PE than a
much lower quantity grafted from methanol.

At the end it is interesting to compare the results of accelerated aging of grafted and
nongrafted LDPE with HMB, with the results of natural weathering aging. Natural weathering
means long-term combined action of solar radiation, temperature, oxygen, water, ozone and
atmospheric impurities like sulfur dioxide and nitrogen oxides. The most important of all climatic
factors is the UV component of solar radiation. It is capable of breaking chemical bonds in a
polymer molecule and initiating degradation processes, the most important being oxidative
degradation.

The test specimens where prepared in the same way as for accelerated aging, and were
exposed to natural weathering in free atmospheric conditions. The angle of the specimens to the
horizon was 45° and the exposed surface faced the south. The change of carbonyl index and
change of elongation at break were measured in the course of weathering over a period of 24
months. The results are presented in Figures 7 and 8. Similar behavior could be observed as in the
case of accelerated aging. The best photostability was obtained when photo-stabilizer was grafted
onto LDPE. Although 24 months is a short period of natural weathering aging, it may be
concluded that results obtained in accelerated short time aging provide a good basis for prediction
of long-term behavior of LDPE under UV irradiation.
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