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Abstract

The development of hindered amine light stabilizers (HALS) in the seventies led to a tremendous increase in the outdoor use of
polyolefins. Although since that time a great deal of insight has been gained into the UV-degradation mechanism of polyolefins and the
mechanism of action of HALS, no new UV-stabilization chemistry has been discovered. In this paper, the most recent thoughts about the UV-
degradation mechanism of polyolefins (initiation of photo-oxidation by polymer oxygen charge transfer complexes (CTCs)) and new insights
into the mechanism of action of HALS stabilizers (quenching of these CTCs) are explored as a basis for designing new UV-stabilizers. A
mechanism is proposed that explains the action of HALS as a quencher. Based on this mechanism several other possible quenchers (bridged
amines) have been suggested. It is shown that these bridged amines are active as UV-stabilizers in films and plaques and that they show a
synergism with HALS stabilizers. These new stabilizers are the most effective when they are present at concentrations higher than 0.1% and
at higher concentrations of HALS. In such cases the addition of these synergists to a HALS stabilized system can lead to an improvement of a

factor of 2—3. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It is generally accepted that the degradation of polyolefins
in sunlight is due to a free radical auto-oxidation mechanism
[1-6]. For polypropylene (PP) the majority of the reactions
in this mechanism are well described. However there is still
no consensus about the initiation reaction, which is crucial
in this mechanism [7,8]. In 1965 it was suggested that the
initiation of the oxidation could be due to charge transfer
complexes (CTCs) between PP and oxygen [9]. Later this
reaction was dismissed as being irrelevant because of the
expected weak absorption of this CTC above 290 nm [2].
The initiation was ascribed to hydroperoxides or ketones
formed during polymerization, storage or processing [2,6].
In 1989 it was reported that the addition of low molecular
weight hydroperoxides or ketones to polyethylene (PE) has
only a small influence on the photo degradation rate in PE
[10,11], which led to the suggestion that other species must
be responsible for the initiation. The argument that the
absorption of PP-oxygen CTCs above 290 nm is too
weak to be relevant was refuted with the argument that
the lifetime of (well stabilized) polymers is so long that
even a very small absorption can cause a big effect [8].
Although there is still no direct proof that CTC initiation
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is important for UV-degradation in polyolefins, it was
necessary to assume its importance to explain the results
of oxygen uptake and IR measurements in UV-degradation
experiments on unstabilized and hindered amine light stabi-
lizers (HALS) stabilized PE and PP [12,13], accelerated
versus outdoor weathering [14,15] of PE and the influence
of temperature and oxygen pressure on UV-degradation in
polyolefins [16].

HALS are the best UV-stabilizers for polyolefins that are
available. Many researchers have studied its mechanism of
action [4,5,12,17-29]. The majority of these studies ascribe
the function of HALS to radical scavenging by the nitroxide
that can be formed by the oxidation of the HALS. According
to Gugumus [11] the main function of HALS is to prevent
initiation by quenching the initiating excited polymer—
oxygen CTCs. To explain the results of oxygen uptake
and IR measurements in UV-degradation experiments on
unstabilized and HALS stabilized PE and PP [12,13], it
was assumed that both mechanisms are important and that
the high effectiveness of HALS is due to its quenching and
radical scavenging ability.

The radical scavenging mechanism is well known and
well described. The quenching mechanism is not. For
quenching, UV-absorption with a wavelength higher than
that of the energy donor is necessary. Aliphatic amines do
not have such absorptions, but different amines show a
contact CTC with oxygen that has UV-absorptions above

0032-3861/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.

PII: S0032-3861(01)00708-X



1574 P. Gijsman / Polymer 43 (2002) 1573-1579

*

h
kit + 05— w0 MVs o]

*
+{NR3"'02} —_— {RH"'OZ

*

{RH02 + {NR?OZ}

Scheme 1.

300 nm [30,31]. Excitation of these CTCs leads to an
excited state with the same configuration as the CTC
complex of the amine with singlet oxygen [30]. It has
been postulated that amine oxygen CTCs are able to quench
polymer oxygen CTCs [12,13]. In this way, excited amine
oxygen CTCs are formed and polymer—oxygen CTCs are
deactivated (Scheme 1, schematic representation of the
stabilization of amines through the quenching of excited
polymer oxygen CTCs).

In this paper a mechanism is proposed that explains the
action of HALS as a quencher. Based on this mechanism
other possible quenchers are suggested and it is shown that
these molecules are active as UV-stabilizers in PP films and
plaques.

2. Experimental
2.1. Materials

The PP used was a high impact copolymer containing
21% ethylene (M, 65,000, M,, 310,000).

2.2. Additives

The HALS stabilizer used was bis(2,2,6,6,-tetra-methyl-
4-piperidinyl)-decanedioate (Tinuvin® 770 from Ciba SC).

For chemical structure see Scheme 2 (chemical structures of
the HALS and bridged amines used).

Synthesis of bridged amines. Different bridged amines
were synthesized. The chemical structures of these products
are shown in Scheme 2.

Stearic acid salt of di-azo-bicyclo-octane (BA-1) and
hexamethylenetetramine (BA-2). To a solution of diazo-
bi-cyclo-octane or hexa-methylene-tetramine (HMTA) in
ethanol, a molar equivalent amount of stearic acid in ethanol
was added dropwise. The ethanol was evaporated in a
rotating evaporator. The products were identified with
FT-IR and NMR.

7-Nitro-1,3,5-triaza-adamantane [32] (BA-3). HMTA
was dissolved in ethanol. During refluxing a mixture of
formic acid and nitromethane was added dropwise, followed
by 4 h refluxing. The reaction product was cooled to 0 °C,
filtered and washed with water and ethanol. The mixture
was purified by recrystallization from hot water. The chemical
structure was verified with FT-IR, Mass Spectrometry, 'Hand
3C NMR, the purity was checked with gas chromatography.

7-Amino-1,3,5-triaza-adamantane. (BA-4). A solution of
7-nitro-1,3,5-triaza-adamantane in methanol was hydro-
genated with Raney Cobalt (75 °C, 80 bars of hydrogen)
for 30 min. After cooling and flushing with nitrogen, the solu-
tion was filtered to remove the Raney Cobalt. The methanol
was evaporated in a rotating evaporator. The remaining solid
was dried in dry toluene on molecular sieve 4A. The chemical
structure was verified with the aid of FT-IR, 'H and "*C
NMR, the purity was checked gas chromatographically.

7-Dodecyl imino-1,3,5-triaza-adamantane (BA-5). This
product was synthesized according to the procedure
mentioned in Ref. [33]. The chemical structure was verified
with the aid of FT-IR and Mass Spectrometry, the purity
was checked gas chromatographically.
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Fig. 1. Absorbance at 1713 cm ™' minus absorbance at 1860 cm ™' versus
photo-oxidation time in PP films containing HALS-1 and/or BA-1 in dupli-
cate (unstabilized (V, V), 0.15% BA-1 (O, @), 0.1% HALS-1 (+, +);
0.1% HALS-1 + 0.15% BA-1 (A, A).

2.3. Film/plaque preparation

Solvent blending of a solution of the stabilizers with the
polymer powder was used to prepare the different mixtures.
These mixtures were dried in a vacuum oven. From the
resulting compounds, films with thicknesses of about
150 pwm and plaques with a thickness of 1 mm were pressed
(5 min at 190 °C followed by cooling under a pressure of
100—120 kN).

2.4. UV ageing

The UV-degradations were performed in a Weather-
Ometer Ci 65 (Atlas Material Testing Technology) with a
filtered (boro-borosilicate) Xenon lamp at a black panel
temperature of 63 °C, an intensity of 0.35 W/m?*nm (at
340 nm), a relative humidity of 55% and a dry/wet cycle:
18 min rain/102 min dry.

2.5. Carbonyl measurements

The degradation rate was determined with FT-IR. As an
indicator of degradation the absorption at 1713 cm ™' was
used; this absorption was base line corrected by subtracting
the absorption at 1860 cm ' (carbonyl absorbance). This
corrected carbonyl absorbance was measured as a function
of degradation time. The degradation criterion used was the
time that elapsed until the carbonyl absorbance became 0.1

(for the films) or 0.5 (for the plaques).

3. Results

The influence of different HALS-1 concentrations and
different concentrations of several bridged amines (BA1-
5) on the UV-stability of PP films and plaques was deter-
mined. In Fig. 1 the increase in carbonyl absorbance versus
photo-oxidation time is shown in duplicate for PP films
containing HALS-1 and/or BA-1. The reproducibility of
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Fig. 2. Absorbance at 1713 cm ™' minus absorbance at 1860 cm ™' versus
photo-oxidation time for PP films containing 0.2% HALS-1 and different
amounts of BA-1 in duplicate (without BA-1 (+, + ); 0.1% (O, @); 0.2%:
(A, A);0.5%:(V, V).

the results is reasonable. UV aging of unstabilized PP
leads to a fast increase in carbonyl absorbance. Within
200 h a carbonyl absorbance of 0.5 is reached. The PP
containing only BA-1 is only marginally better. HALS-1
is a well known stabilizer for PP and shows quite a big
improvement in stability. The combination of HALS-1
and BA-1 shows by far the best performance. Thus, without
HALS-1 the bridged amine is hardly effective, while in the
presence of HALS-1 it is quite effective.

The increase in carbonyl absorbance during UV aging
was also measured for several PP films containing 0.2%
HALS-1 and different concentrations of BA-1. These results
are shown in Fig. 2. The development of the carbonyl absor-
bances at different concentrations of BA-1 only is not shown
in Fig. 2, but the stability of the films containing BA-1 only
was comparable to that of the unstabilized film, as is shown
in Fig. 1. So, this bridged amine alone is not effective. In the
polymer containing HALS-1 only, the carbonyl absorbance
starts to increase after about 1000 h; the addition of 0.1% of
BA-1 had only a small effect. At higher BA-1 concentra-
tions the UV-stabilization effect was larger. The combina-
tion of 0.2% HALS-1 and 0.5% BA-1 shows an increase in
carbonyl absorbance after more than 2000 h. So especially
at higher concentrations of the bridged amine there is a
synergism with HALS-1.

The plot of the carbonyl absorbance versus the UV-degra-
dation time was used to calculate the time until a carbonyl
absorbance increase of 0.1 was reached. These times were
plotted versus the concentration of BA-1 in combination
with 0.1 and 0.2% HALS-1 (Fig. 3). In the presence of
0.1% HALS-1 the influence of the addition of BA-1 is
much smaller than in the presence of 0.2% HALS-1. With
0.1% HALS-1 the addition of 0.5% of BA-1 causes an
increase in the time needed to reach a carbonyl absorbance
of 0.1: from 700 to 900 h. In the presence of 0.2% HALS-1
the influence of the concentration of the synergist is much
larger. In this case the addition of 0.5% of BA-1 caused an
increase from 1050 to more than 2600 h. For both HALS-1
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Fig. 3. Influence of the concentration of BA-1 on the aging time causing a
carbonyl absorbance increase of 0.1 in PP films containing 0.1% (+) and
0.2% (O) HALS-1. Bars show standard deviation.

concentrations there seems to be a critical synergist concen-
tration. Below 0.1% the effect of the synergist is marginal.

The influence of the concentration of BA-2 on the
UV-stability is comparable to that of BA-1 (Fig. 4). Without
HALS-1, BA-2 does not contribute to the UV-stability of
the PP film. At a low HALS-1 concentration (0.05%) the
influence of BA-2 is negligible. At higher HALS-1 concen-
trations, the influence of BA-2 becomes obvious. For this
synergist the influence already becomes noticeable at a
HALS-1 concentration as low as 0.1%. The compounds
containing 0.2% HALS-1 and 0.5% BA-2 did not reach a
carbonyl absorbance of 0.1 even after 4600 h.

A comparison of the results of Figs. 3 and 4 shows that
BA-2 seems to be more effective than BA-1. For BA-5 a
comparable effect was found (Fig. 5). At a low HALS-1
concentration (0.05%) the addition of BA-5 did not contri-
bute to the UV-stability. At higher HALS-1 concentrations
of (0.1 and 0.2%) an increase in UV-stability was found
only for higher BA-5 concentrations (0.2% and higher).
This bridged amine is less effective than BA-2.
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Fig. 4. Influence of the concentration of BA-2 on the aging time causing a
carbonyl absorbance increase of 0.1 in PP films containing no (+), 0.05%
(N), 0.1% (O) and 0.2% (V) HALS-1 (arrows indicate that the carbonyl
absorbance of these samples had not reached 0.1 yet at the indicated time).
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Fig. 5. Influence of the concentration of BA-5 on the aging time causing a
carbonyl absorbance increase of 0.1 in PP films containing no (+), 0.05%
(), 0.1% (O) and 0.2% (V) HALS-1.

The increase in carbonyl absorbance during UV aging
was also measured for several PP plaques (1 mm) contain-
ing 0.1% HALS-1 and 0.2% BA 1, 2, 3 and 4 (Fig. 6).

In plaques containing only 0.1% HALS-1 the carbonyl
absorbance increased after about 1500 h. The addition of
0.2% BA 1, 2, 3 or 4 resulted in an increase in UV-stability.
In the plaques containing 0.1% HALS-1 and 0.2% BA 2 or
3, the increase in carbonyl absorbance was found after
3500 h, and in the plaques with HALS-1 and BA 1 or 4
after 4500 h. Clearly, just as in the films, the addition of
bridged amines caused a big increase in UV-stability.
However, there are some differences. In the plaques, BA-1
has a big influence at a HALS-1 concentration of only 0.1%,
while in the films higher HALS-1 concentrations were
necessary to obtain the same effect. In the films BA-2 is
more effective than BA-1, while in the plaques this is the
other way around.
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Fig. 6. Absorbance at 1713 cm ' minus absorbance at 1860 cm ™' versus

photo-oxidation time for PP plaques containing 0.1% HALS-1 without (LJ),
with 0.2% of BA-1 (A, A), BA-2 (O, @), BA-3 (+, + ) and BA-4 (V).
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4. Discussion

It has been shown that the evaluated bridged amines alone
are not effective as UV-stabilizers, but they can show a
synergism with HALS. Addition of these amines to
HALS stabilized PP can result in a 2-3 times longer
lifetime.

It is well known that acids can deactivate HALS [34]. The
bridged amines used are basic and can also react with acids.
However, a mechanism in which the bridged amines react
with acids formed by oxidation and in this way prevent the
HALS from being deactivated cannot explain the results.
According to this explanation, the highest effectiveness of
the bridged amines is expected for the lowest HALS
concentration, which is not the case. The bridged amines
are not effective at a concentration of 0.05% HALS-1, so
deactivation of acids formed by oxidation cannot explain
the activity of the bridged amines.

It is postulated that HALS-oxygen CTCs can act as
quenchers for excited polymer—oxygen CTCs. This reaction
leads to an excited amine oxygen CTC (see Scheme 1).
According to Davidson excited amine—oxygen CTCs
show the same configuration as the CTC complex of the
amine with singlet oxygen [30]. Deactivation of this excited

Physical
Quenching

o T | P —

state is chemical or physical, which depends on the chemi-
cal structure of the amine. On the analogy of singlet oxygen
quenching [35], a mechanism is postulated for the quench-
ing of polymer—oxygen CTCs by primary, secondary and
tertiary amine—oxygen CTCs (see Schemes 3 and 4,
proposed mechanism for the deactivation of excited tertiary
amine oxygen CTCs).

According to these mechanisms, chemical quenching will
lead to the destruction of the amine and the formation of
hydrogen peroxide. Hydrogen peroxide can initiate the
oxidation of PP, so this mechanism does not lead to stabi-
lization. According to this mechanism, chemical quenching
will be found for primary and secondary amines containing
an a-hydrogen. HALS does not contain an a-hydrogen and
will therefore act mainly as a physical quencher.

In tertiary amines the first reaction leads to a double bond
(Scheme 3, proposed mechanism for the deactivation of
excited primary and secondary amine oxygen CTCs). In
further reactions, the tertiary amine is converted into a
secondary amine and hydrogen peroxide is formed too.
Again it is not expected that chemical quenching lead to
stabilization. However, in the case of tertiary amines that
cannot form such a double bond, physical quenching can be
expected. According to Bredt’s rule, amines with nitrogen in
a bridge-head position cannot form a C=N bond [35,36],
which means that these types of molecules will act mainly
by physical quenching. From these mechanisms, it can be
concluded that the deactivation of excited oxygen-HALS
and oxygen-bridged amines CTCs will mainly be physical
and can lead to stabilization of the polymer.

Initiation by CTCs only is important if the amount of
radicals formed by the decomposition of hydroperoxides
is very small. Thus, as long as hydroperoxides are formed,
initiation by CTCs can be neglected. In the absence of
HALS this will be the case and hydroperoxides will initiate
the photo-oxidation. In this case, CTC initiation is not
important and it can be expected that quenching of CTCs
will not lead to a UV-stability increase. This explains why
the bridged amines alone are not effective. At high concen-
trations of HALS, it can be expected that the amount of
hydroperoxides that will be formed can be neglected. In this
case initiation of CTCs becomes important and quenching

Scheme 4.
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of CTCs can lead to an increase in UV-stability. Indeed it is
found that the bridged amines are mainly effective at high
concentrations of HALS. For films it was found that at a
HALS concentration of 0.05% the bridged amines are not
effective, probably because at this low HALS concentration
enough hydroperoxides are still formed to initiate the photo-
oxidation and in this way reduce the importance of initiation
and thus the quenching of CTCs.

The stability of the plaques with 0.1% HALS-1 is higher
than that of the films with the same concentration of
HALS-1, which is ascribed to the fact that the ‘reservoir’
of stabilizer in the plaque is larger than that in the film [37].
The higher stability of the plaques also implies that
HALS starts to be effective at lower concentrations, as
a result of which BAs also start to active these HALS
concentrations.

Dipole—dipole energy transfer can occur when an excited
donor molecule can transfer its energy to an acceptor molecule
over distances much larger than the collisional diameters (long
range quenching). In this case quenching over distances of 5—
10 nm has been reported [30,38]. The molecular weight of
BA 1, 2 and 5 is between 300 and 500. Assuming a homo-
geneous distribution of the BA, a 5—10 nm distance between
the molecules corresponds to a concentration of about
0.1%(w/w). This is equal to the minimum concentration
of quencher necessary to be effective. Thus, the quenching
is probably due to long range dipole—dipole interactions.

The importance of CTC initiation for the photo-oxidation
of polyolefins has long been debated [2,7-9]; this mechan-
ism has not yet been proven. The idea behind the mechan-
ism of action of bridged amines was quenching of excited
CTCs. For this mechanism there is no proof either, but it is
clearly shown that these molecules can increase the UV
stability. Although there is no direct proof, in my opinion
there is enough circumstantial evidence to accept that CTC
initiation can be important for UV-degradation in poly-
olefins and that it is possible to increase UV-stability by
quenching excited CTCs.

5. Conclusions

A mechanism has been proposed that explains how
HALS can act as a quencher. Based on this mechanism
several other possible quenchers (bridged amines) for the
excited polymer—oxygen CTCs have been suggested. It has
been shown that these bridged amines act as UV-stabilizers
in films and plaques and that they show a synergism with
HALS stabilizers. Although there is no direct proof, it seems
that in HALS stabilized polyolefins initiation by CTCs is
important and that it is possible to quench these excited
CTCs. The effectiveness of these new quenchers is most
pronounced at higher concentrations of HALS and syner-
gist. In such cases the addition of the synergist to a HALS
stabilized system can lead to an improvement of a factor of
2-3.

This new development might lead to a new class of stabi-
lizers and might make PP applicable in new areas.
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