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D. R. BAUER!

Photodegradation Chemistry in Thermoset
Coatings and Stabilization by Hindered Amines

ABSTRACT

Photodegradation chemistries in acrylic copolymers cross-
linked with melamine formaldehyde resins and isocyanate res-
ins are compared. Particular emphasis is given to the interac-
tions between free radical oxidation and crosslink degradation.
In the case of coatings crosslinked with melamine formalde-
hyde resins, formaldehyde related chemistry is found to be criti-
cal. The effects of the addition of hindered amine light stabi-
lizers on the photooxidation rates are discussed. Stabilization
chemistry is followed through measurements of hindered amine
and nitroxide concentrations as a function of exposure time, ex-
posure composition, and coating composition. A model for the
photostabilization chemistry of hindered amines in crosslinked
coatings is presented, which attempts to account for the differ-
ences in effectiveness and permanence observed for hindered
amines in melamine and urethane coatings.

KEY WORDS

Photodegradation, photostabilization, coatings, urethanes,
melamine formaldehyde resins, acrylics, crosslink structure,
hindered amine light stabilizer.

INTRODUCTION

Hindered amine light stabilizers are widely used to
suppress photodegradation in polymers used out-
doors. Most of the studies of hindered amine stabilizer
mechanisms have focused on model compounds or ther-
moplastic polymers such as polypropylene [1-6]. Oxida-
tion in unstabilized polypropylene is characterized by a
relatively short induction period followed by rapid oxida-
tion. The kinetic chain length can be quite long due to
efficient propagation reactions down the polymer chain.
The addition of hindered amines brings dramatic results.
In typical accelerated ultraviolet (UV) exposures, the in-
duction period increases from 50 to 2000 hours [6]. The

'Research Staff, Ford Motor Company, PO. Box 2053, Dearborn,
M 48121

basics of hindered amine stabilization is thought to in-
volve oxidation of amine groups to nitroxides, reaction of
nitroxides with radicals to form aminoethers and re:y-
cling of the aminoether back to nitroxide [7]. These reac-
tions suppress photodegradation by interfering with free
radical propagation. To account for the observed effcc-
tiveness of hindered amines in polypropylene, other fac-
tors including association of hindered amines with hydro-
peroxides [8,9] and excited state quenching have also
been considered {10].

Although photodegradation chemistry in crosslinked
coatings is also based on free radical photooxidation, the
specific chemistries and kinetics are significantly differ-
ent from those in polypropylene. Instead of having an in-
duction period followed by rapid oxidation, photooxida-
tion in coatings appears to be relatively constant in time
[11]. The kinetic chain lengths are relatively short (< 10).
There are specific degradation chemistries which affect
the crosslinked network structure, causing changes in the
physical properties of the coating [12-16]. In view of the
differences in degradation chemistry, it is not surprising
that the addition of hindered amine to coatings will result
in different stabilization effects than are observed in poly-
propylene. This paper summarizes differences observed
in the effectiveness and permanence of one hindered
amine (bis-(2,2,6,6-tetramethyl-4-piperidinyl) sebacate)
as a function of coating composition and exposure varia-
bles {11,13,16]. Differences in the rate of consumption of
hindered amine and in the nitroxide concentration are
also discussed [17-19]. An attempt is made to account for
the observed behavior on the basis of specific differences
in degradation and stabilization reactions.

EXPERIMENTAL

Coating Materials

The coatings studied in this work consist of hydroxy
functional acrylic copolymers crosslinked with a mela-
mine formaldehyde resin or an isocyanate resin. The
acrylic copolymers were prepared by conventional free
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Figure 1. Typical components of thermoset coatings studied.

radical copolymerization and had molecular. weights
ranging from 1500-8000 [20]. Most of the studies used
polymers whose molecular weight was suitable for use as
high solids automotive topcoats (i.e., M, ~ 2000). The
melamine formaldehyde resin used was a partially alkyl-
ated melamine (Cymel 325 from American Cyanamid).
Coatings were formulated using a ratio of polymer to
crosslinker of 70:30 and cured for 20 minutes at 130°C.
The isocyanate crosslinker was a biuret of hexamethylene
diisocyanate (L2291A from Mobay). The urethane coat-
ings were formulated to obtain a 1:1 hydroxy to iso-
cyanate ratio. No external catalysts were used. Coatings
were cured for 20 minutes at 130°C. The hindered anine
light stabilizer (HALS-I) was obtained from Ciba-Geiby
(TIN-770) and recrystallized before use. Typical struc-
tures of the polymers, crosslinkers, and hindered amine
arc shown in Figure 1.

Exposure Conditions

Samples were exposed in modified Atlas UV-2 expo-
sure chambers. The light source consisted of two FS-20
UV-A fluorescent bulbs. Light intensity was varied by the
use of neutral density filters. The chambers were modi-
fied to allow independent control of air temperature and
dew point [20]. The air temperature was maintained at
60°C while dew points ranged from —-40°C to 50°C. A
dark condensing humidity cycle was generally not em-
ployed.

Experimental Methods

Photodegradation chemistry in these coatings has been
studied by infrared spectroscopy and magic angle nu-

clear magnetic resonance. The details of these techniques
are described elsewhere [12-16]. Degradation rates were
determined by following changes in band intensities with
exposure time. For example, the rate of melamine cross-
link scission was followed by measuring the rate of disap-
pearance of the melamine methoxy band at 915 cm™ in
the infrared. Comparisons of these rates with and with-
out hindered amine were used to determine hindered am-
inc effectiveness. The concentration of hindered amine
was determined as a function of exposure time by extract-
ing the hindered amine from the coating and measuring
the concentration in the extract by gas chromatography
[18]. The concentration of nitroxide was determined us-
ing clectron spin resonance (ESR) [17,21]. Quantification
details have been described elsewhere [22]. In some
cases, another radical species was also observed in ESR
spectra of the coating. This radical had a much different
lineshape than the nitroxide and both could be quanti-
ficd. The nature of the other radical component(s) is un-
known though the signal is most likely due primarily to
peroxy species. ESR was also used to measure the photo-
initiation rates of free radicals in these coatings [23,24].
Instead of doping with a hindered amine, the coatings
were doped with a persistent nitroxide and the photoiniti-
ation rate determined from the rate of disappearance of
nitroxide during photolysis. This technique will be re-
ferred to as the nitroxide decay assdy to differentiate it
from the HALS doping studies.

RESULTS AND DISCUSSION

Basic Degradation and Stabilization Kinetics

As will be discussed in more detail below, photodegra-
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dation chemistry in these coatings is dominated by free
radical oxidation. Free radical oxidation consists of three
steps: initiation, propagation and termination {25]. Hin-
dered amines function by competing with the propaga-
tion step and thus shortening the oxidation chain length.
A general scheme for the degradation and stabilization
reactions are presented below:

Initiation
A + hy W Y- )]
Propagation
Y + 0, ox_ YOO- 2)
YOO- + YH Ky Y-+ YOOH (3)
Termination
2 YOO ha products 4

Chain Branching
YOOH + hv ken_ YO + -OH (5)
Hydroperoxide Decomposition
YOOH L products 6)
Nitroxide Formation
NH + YOO. - No. )
Nitroxide Scavenging
NO- + Y- Mo Noy (8)
Nitroxide Recycling

NOY + YOO Knoy. NO- )]

Nitroxide Excited State Chemistry
NO:- + hy (or A*) Kex_ NO* (10)

NO* + YH K28 NOH + Y- (1)

where A is a chromophore in the coating which absorbs
lizht to form free radicals, Y-, at a rate W, and NH,
NO-, and NOY represent amine, nitroxide, and amino-
ether functionality respectively which is associated with
the hindered amine. Decomposition of hydroperoxides
has been discussed by Ingold {26]. Excited state nitrox-
ides can be formed either by direct absorption [27] or by

energy transfer from another excited state species [28].
Excited state nitroxides are effective hydrogen atom ab-
stractors [27,29].

The effectiveness of a hindered light stabilizer depends
on the concentration of the different stabilizing species
and on the following ratios of rate constants: ky, and
knoy 10 kyy and kyg to kox. The oxidation chain length is
also important. In general, the longer the oy.idation chain
length the more likely the hindered amine will be effec-
tive. This, in part, cxplains why hindered amines are so
effective in polypropylene. In order to derive values for
the stabilization rate constants it is necessary to deter-
mine the rate constants for Reactions (1)-(7). The photo-
initiation rate, W,, can be measured directly using the
nitroxide decay assay described above. This assay also
provides a direct measure of the importance of nitroxide
excited state chemistry [Reactions (10) and (11)]. By mea-
suring the nitroxide decay kinetics at low nitroxide con-
centration, it is possible to determine the quantity
kno'kox and the importance of chain branching. Com-
bining these data with infrared spectroscopic estimates of
the amount of oxidation and ESR measurements of the
peroxy radical concentration yield values for iy, and k.
Typical values have been given elsewhere [19]. Chain
branching is found to be unimportant since the oxidation
chain lengths are relatively short and there arc ap-
parently effective means to decompose hydroperoxides in
the coatings. The value of ky,/koy in these coatings is
roughly 0.3. This value is consistent with solution studics
of the relative reactivity of nitroxide and oxygen with
radicals [1]. For the exposure conditions used here, ox-
idation chain lengths typically ranged from 3-10. The
rate constants can be expected to vary from coating to
coating and may even vary with exposure conditions if
the exposure conditions affect the nature of the frec radi-
cal Y-.

Coating Photodegradation Chemistry

Typical infrared spectra of undegraded and degraded
acrylic/melamine and acrylic/urethane coatings are
shown in Figures 2 and 3, respectively [14.16]. In both
coatings there is a broadening and increase in intensity
(relative to the hydrocarbon band at 2950 cm™) in the
carbonyl band at 1730 cm™. This broadening is indica-
tive of the formation of oxidation products. Difference
spectra reveal a band at ~ 1700 cm™, which is likely due
to formation of carboxylic acids. It is difficult to identify
specific oxidation products in either the infrared or NMR
spectra. The increase in area of the carbonyl band can be
measured as a function of exposure time. The area in-
creases roughly linearly with time [11]. The rate of in-
crease is used to estimate oxidation chain lengths. The
apparent lack of autocatalytic oxidation is consistent with
the lack of hydroperoxide chain branching indicated by
the nitroxide decay assay [19]. Thus, coating oxidation
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Figure 2. Infrared spectra of melamine formaldehyde crosslinked
coatings. Spectra taken from unexposed sample (a); sample exposed to
condensing humidity (b); and sample exposed to UV light and condens-
ing humidity (¢). Figure reprinted from {14].
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Figure 3. Infrared spectra of urethane crosslinked coatings. Spectra
taken from unexposed sample (a); sample exposed to condensing hu-
midity (b); sample exposed to UV light and condensing humidity (c);
and sample exposed to UV light at a dew point of —40°C (d). Figure
reprinted from {16].

kinetics are in sharp contrast to the oxidation kinetics in
polypropylene. The rate of oxidation in an unstabilized
melamine coating is similar (£ 50%) to that in an unsta-
bilized urethane coating if the same acrylic polymer is
used. The oxidation rate in urethane coatings is found to
be independent of humidity while the rate in melamine
coatings increases with increasing humidity (almost dou-
bling over the dew point range —40 to 50°C) [11,13).
From measurements of the photoinitiation rate of free
radicals in these coatings, it can be concluded that the
copolymer largely determines the initiation rate and that
the initiation rate is independent of humidity. This sug-
gests that the increase in oxidation observed with in-
creasing humidity during UV exposure in melamine coat-
ings is due to an increase in the propagation rate. A
possible explanation for this effect is suggested below.
In addition to general oxidation, chemical changes
which are specific to the crosslinked structure are also
observed. In the urethane coating, for example, there is
clear loss of the amide Il and amide IV bands (at 1540
and 1240 cm™) {16]. This suggests scission of the acrylic-
urethane crosslink. The scission rate is independent of
humidity and thus is not a hydrolytic reaction. Scission
appears to be caused by free radical attack on the ure-
thane crosslink (possibly H-atom abstraction of one of
the urethane hydrogens) [30]. For some acrylic poly-
mers, after the urethane links are broken, the crosslinker
is lost from the coating. The extent of loss of crosslinker
increases somewhat with increasing exposure humidity
even though the rate of scission does not.
Acrylic-melamine crosslinks are also broken during
exposure to UV light and humidity. For these crosslinks,
the rate of scission increases with both increasing UV
light intensity and humidity during the exposure [13}. In
the absence of UV light, the crosslinks undergo a slow
hydrolysis [12]. The mechanism for this acid catalyzed
hydrolysis has been studied [31]. When acrylic-melamine
crosslinks are hydrolyzed, melamine methylol groups are
formed. These methylol groups can either deformylate to
amine or self-condense to form a melamine-melamine
crosslink (appearance of a band at 1360 cm™) also re-
leasing formaldehyde. Emission of formaldehyde has
been observed using gas phase infrared spectroscopy
[32]. Acrylic-melamine crosslinks are also broken on ex-
posure to UV light in the absence of humidity [13]. The
rate depends on light intensity and the mechanism ap-
pears to involve free radical attack on the crosslink. No
melamine-melamine crosslink formation is observed
suggesting that no melamine methylol groups are
formed. On exposure to both UV light and humidity, the
rate of crosslink scission increases to a value greater than
the sum of the rates for UV light only and humidity only
exposures {13). Melamine-melamine crosslink formation
is observed [14,15]. The rate of formaldehyde release is
also greater in this exposure than for the UV light only or
humidity only cxposures [32]. A reaction scheme which
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Figure 4. Degradation chemistry of melamine crosslinked coatings.

accounts for these observations has been proposed [32].
According to this scheme, free radical attack on the
crosslink forms a species which when reacted with water
produces a melamine methylol group. The methylol
group then can self-condense to form a melamine-
melamine crosslink and release formaldehyde into the
coating. Comparison of the rate of scission and the rate
of formaldehyde release suggests that most of the formal-
dehyde forred remains in the coating. Retained formal-
dehyde can participate in the free radical oxidation kinet-
ics via formation of performic acid. Peracids are strong
oxidants and could account for the increase in oxidation
with humidity observed in the melamine coating. A sche-
matic picture of the interaction of humidity, formalde-
hyde, and UV light in the degradation of melamine cross-
linked coatings is shown in Figure 4.

Effectiveness of Hindered Amines

Experimentally, the effectiveness of a hindered amine
light stabilizer can be measured by comparing the degra-
dation rates with and without hindered amine. In typical
high solids acrylic/melamine coatings, the addition of
2% by weight hindered amine reduces the oxidation and
acrylic-melamine crosslink scission rate by a factor of
about 2 [11,13]. In acrylic/urethane coatings, the effects
are much more dramatic [30]. The oxidation rate can be
reduced by factors of 5-10 while the acrylic-urethane
crosslink scission rate can be reduced by factors of 10-
20, Figure 5. The rate of oxidation in acrylic/urethane
coatings appears to be reduced almost to the level of the
photoinitiation rate (i.e., an oxidation chain length of 1).
The ‘effectiveness of hindered amines in these coatings
appears to be roughly constant for long periods of expo-

sure time. This constant cffectiveness and the big differ-
ence in effectiveness between urethane and melamine
coatings is not easy to explain. In the sections that follow,
studies of HALS chemistry will be presented which are
aimed at understanding the chemistry underlying these
observations and at interpreting these observations in
terms of changes in the different stabilization rate con-
stants. Formaldehyde chemistry will play a key role in
these discussions.

Rate of HALS Consumption

According to Reaction (7), hindered amine functional-
ity is consumed at a rate determined by kyy and the

A
NS
3% LN
Tdan 2% HALS
= 4
& A
z el
[ \
=z
- Py
Ed A
L
el
S NS ABR 2% WV
<C
o
\
o o
.
1l e L\ ] 1 1 i
0 1000 2000 3000 4000 5000

EXPOSURE TIME (hrs.)

Figure 5. Effect of HALS 1 on rate of loss of Amide II signal in an
acrylic/urethane coating. Figure reprinted from [30].
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Figure 6. Gas chromatogram from extracts of cured acrylic/melamine coating. Figure reprinted from {18].

steady state concentration of YOO-:. The peroxy radical
concentration can be measured using ESR. Thus, in
principle ky, can be determined from measurements of
the loss of amine functionality. A gas chromatography
technique to determine the amine concentration has been
described and a typical gas chromatogram of an extract
from a cured acrylic/melamine coating is shown in Fig-
ure 6 [18]. In addition to the signal from HALS I, two
weaker signals are observed which can be assigned to the
mono- and di-N-methylated versions of HALS 1. Ap-
proximately 15% of the NH groups are converted to N—
CH; groups during cure of the melamine coating. This
reaction does not occur in the urethane coating. This
observation can be explained by the fact that formalde-
hyde is released during the cure of melamine coatings.
Formaldehyde is a known methylating agent for second-
ary amines [33]. There is more than enough formalde-
hyde released during melamine crosslinking to account
for the observed methylation.

The concentration of HALS I (and the other hindered
amines) has been measured as a function of exposure
time for both a melamine and urethane crosslinked
acrylic copolymer doped with 2% by weight HALS I at
different light intensities and humidities [18]. The pho-
toinitiation rate of free radicals for both coatings at the
maximum light intensity used was 12 x 10 mole/
gmin. The oxidation chain length was ~3-5. At this
intensity, the initial rate of consumption of NH func-
tionality was 0.78 X 107® mole/g'min for the urethane
coating independent of humidity. The initial rate for mel-
amine coating was 1.35 x 10™® mole/g'min at a dew
point of —40°C and 0.59 x 107® mole/g'min at a dew
point of 25°C. In the urethane coating NH functionality
is lost steadily with almost 75% consumed by 140 hours
of exposure. In the melamine coating under dry exposure
the consumption of NH and N—CH, groups is even
more rapid with roughly 90% of the NH groups con-
sumed by 140 hours. The rate of loss of NH functionality
is roughly proportional to the square root of the light in-
tensity. The behavior in the melamine coating is quite
different under humid exposures. The concentration of

NH groups drops 40% in the first 40 hours then remains
roughly constant out to over 300 hours. The N—CH;,
concentration actually increases initially then parallels
the NH concentration. The fact that the NH concentra-
tion reaches a plateau value suggests that some mecha-
nism exists to recycle nitroxide or aminoethers back to
NH groups. The observed behavior can be accounted for
by the following reaction scheme:

Urethane Coating
YOO- + NH — NO- ky,, (12)

Melamine Coating

H,C=0 + YOO — HC«(=0) (13)
HC:(=0) + 0, — HC(=0)00- (14)
YOO- + NH — NO- Ky, (15)
HC(=0)00- + NH — NO- ky,., (16)
NO- + HC(=0) — NOC(=O0)H (17)

NOC(=O)H — NH + CO, ki (18)

(note: water is required as a proton transfer agent,
see [18])

NH + H.C=0 — N-CH;, (19)

In the urethane case, the initial rate of NH consump-
tion is kyy. [NH] [YOO:-]. The measured rate ky, is
equal t0 kyy,. In the case of the melamine under dry
conditions the rate is kyy, [NH] [YOO-] + kyy» [NH]
[HC(=0)00:]. The measured rate constant ky, in the
melamine coating will be a weighted average of kyy,
and kyy .. The total radical concentration is similar in
the melamine and urethane coating. Peracids are much
stronger oxidants of NH groups than are peroxy radicals
[3). Thus, kyy» > kny. and the rate of consumption of
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NH groups is greater in the melamine coating under dry
conditions than it is in the urethane coating. Under hu-
mid conditions, however, the recycling reaction [Reac-
tion (18)] occurs and the consumption rate of amine is
reduced by the quantity kzz [NOC(=O)H]. Thus, the
rate of consumption of NH groups can decrease even
though the amount of formaldehyde released increases.
When recycling occurs, it is not possible to determine
kyy from the amine consumption data. A determination
of ky;, using the initial rate of formation of nitroxide will
be given below. Formaldehyde released in the melamine
coating on exposure also accounts for the high level of
N —CH; functionality maintained in this coating [Reac-
tion (19)].

Although clear differences in the conversion of hin-
dered amine to nitroxide can be observed in the different
coatings, the overall effect of these differences on the ef-
fectiveness of the stabilizer may be small. N—CH,
groups and NH groups are converted to nitroxide at a
similar rate. In all cases the conversion of NH groups to
nitroxide is inefficient relative to the photoinitiation rate
or oxidation rate (i.e., the ratio ky,; [NHV/ky, [YH] is
small). Thus, Reaction (7) can not be responsible for the
observed reduction in oxidation chain length observed in
these coatings.

Nitroxide Concentration Studies

Since Reaction (7) is not the main stabilizing reaction,
it is necessary to study Reactions (8) and (9) which in-
volve nitroxides and aminoethers. It is not possible to
quantify the aminoether compositions and concentration
in crosslinked coatings. The nitroxide concentration, on
the other hand, can be quantified [21,22). As shown in
Figure 7, the concentration of nitroxide in hindered am-
ine doped coatings increases to a maximum value then
slowly decreases [17]. There is a small level of nitroxide
present just after cure of these coatings. The concentra-
tion of nitroxide in the coating is a complex balance of
formation from amine, consumption by reaction with
radicals, and regeneration from aminoethers. It does not
appear to be feasible to develop a model to predict the
detailed time dependence of the nitroxide concentration.
Several parameters can be determined from curves such
as in Figure 7, including the initial net nitroxide forma-
tion rate, the nitroxide maximum and time to maximum,
and the net rate of loss of nitroxide at long times. Al-
though these parameters vary depending on the copoly-
mer, none of the parameters appear to correlate directly
either with oxidation rate or with stabilizer effectiveness.
It is possible to use these parameters in conjunction with
other data to derive values of the different stabilization
rate constants. .

The initial net nitroxide formation rates are given for
the melamine and urethane coatings used in the hindered
amine consumption study in Table 1 [17-19]. Also given

500

400

300

200

[n0-] x 10° mot /g

100

| [o] 100 1000
EXPOSURE TIME {hrs)

Figure 7. Nitroxide concentration versus exposure time and light in-
tensity for an acrylic/melamine coating. Figure reprinted from {17].

are the photoinitiation rates and the initial NH consump-
tion rates. The following points can be made: The initial
net nitroxide formation rate is much smaller than either
the photoinitiation rate or the initial hindered amine con-
sumption rate; the initial net nitroxide formation rate is a
strong function of coating composition and (in the case
of the melamine coating) exposure humidity but is only
a weak function of light intensity; higher amine con-
sumption rates do not necessarily mean higher nitroxide
formation rates. Initially, the net nitroxide formation rate
(d{NO')/dt) can be written in terms of Reactions (7),
(8), (10}, and (11). Nitroxide regeneration, Reaction (9),

Table 1. Comparison on photoinitiation rates,
nitroxide formation rates, and hindered amine
consumption rates.*

d[NO-)dt —d[NHydt
Dew
Point PIR** Expt'l.  Pred. Expt’l. Pred.
Acrylic/Urethane:
-40°C 12 0.012 0014 078 071
25°C 12 0.016 0.014 0.78 0.71
Acrylic/Melamine:
—40°C 12 0.095 0.06 135 139
—40°C 7 0.0e2 0.12 0.95 1.04
—40°C 1.4 0.068 0.105 0.55 0.42
25°C 12 0.24 0.25 0.5 2.421
25°C 7 0.18 0.26
25°C 1.4 ,0.14 0.16

* All data from [18]. i
** Photornitiation rate of free radicals. All rates x 10* mole/g-min.
! ignores hindered amine recycling reaction. See text.
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can be ignored since the concentration of aminoether is
small. The rates of nitroxide consumption resulting from
nitroxide scavenging [Reaction (8)] and nitroxide excited
state chemistry [Reactions (10) and (11)] can be calculated
as discussed above and in more detail in [19]. Adding
these rates to the measured net formation rates in Table 1
yield values for the rate of amine consumption, Reaction
(7), and thus values for ky,;. The amine consumption
rates calculated from the nitroxide data can be compared
to the values measured in the amine consumption experi-
ment. The dependence of nitroxide formation on light in-
tensity can also be calculated. The calculated values are
also given in Table 1. In general the agreement is quite
good considering the approximations used in the analy-
sis. The predicted value for NH consumption for the
melamine coating under humid conditions is high since
the recycling reaction [kgc-Reaction (19)] is ignored. As
expected from the arguments presented in the previous
section, the rate constant ky,, is larger for the melamine
coatings than for the urethare coating and increases with
increasing humidity for the melamine coating [19].

The dependence on light intensity deserves further
comment. In general, in oxidation reactions, the radical
concentration depends on the square root of the light in-
tensity. Thus it might be expected that the net nitroxide
formation rate would increase with the square root of the
photoinitiation rate similar to the amine consumption
rate. Instead, there is very little dependence on light in-
tensity. This result is due to the contribution of Reactions
(10) and (11) to the equation for nitroxide consumption.
The amount of nitroxide consumed due to nitroxide ex-
cited state chemistry is directly proportional to light in-
tensity. Thus, the net formation rate becomes a compli-
cated function of light intensity. The model predicts the
observed behavior reasonably well.

The nitroxide concentrations in these coatings rise
steadily to a rnaximnum value and then slowly decrease.
The nitroxide concentration reaches a maximum roughly
when the hindered amine concentration is depleted (or
has reached its plateau value). Maximum nitroxide con-
centrations in coatings doped with 2% by weight HALS
I range from 150-400 % 107® mole/g for melamine coat-
ings {11,17]. The values are similar though generally

somewhat lower for urethane coatings [30]. In both
cases, the maximum nitroxide concentration increases
with decreasing light intensity. The difference observed
in effectiveness between melamine and urethane coatings
can not be due simply to differences in nitroxide concen--
tration. Using Reactions (1)-(11), the following expres-
sion can be written for the maximum nitroxide concen-
tration [19]:

_ (kwu[NH] + kyoy[NOY]D[YOO']
max T kNO[Y] + C

[NO-]

where C is a measure of the rate of hydrogen atom ab-
straction by excited state nitroxide [Reactions (10) and
(1D]. The values of C, kyo, kxy, Y], and [YOO:] can
be determined by the methods described above. Compar-
ing the time to reach the maximum nitroxide concentra-
tion with the hindered amine consumption experiments
yields a value for [NH]. The concentration of aminoether
can be estimated by mass balance (i.e., [NOY](t) =
[NH](0) — [NH](z) — [NO-](t)). Assuming that none
of the rate constants change with time, it is possible to
derive values for kyo, from the measured values of
[NO-},... [17,30]. For the urethane coating it is found
that kyoy 1s roughly 100 times larger than ky,. The pre-
dicted reduction in the oxidation chain length is large and
is consistent with previously measured values [16,301.
Thus, Reactions (8) and (9) are primarily responsible for
HALS stabilization in urethanc coatings. The results for
melamine coatings are more complicated. Holding the
other rate constants fixed yields a value of kygy similar
to that in the urethane coating. This results in a reduction
in the oxidation chain length that is much larger than is
observed experimentally {1},13]. To account for the ob-
served HALS I effectiveness and the nitroxide concentra-
tion maximum in the melamine coating it is necessary
that the value of kyqy be roughly 10 times larger than &y,
and that the valuc of the ratio of kg 10 ko drop by about
a factor of 4-5 from its initial value. The differences in
the behavior of the stabilization rate constants i the
melamine and urethane coatings is summarized in Table
2. Although the reaction scheme does account for the ob-

Table 2. Effect of composition and humidity ¢n stabilization rate constants.

Kn Urethane (Dry) = Urethane (Humid) < Melamine (Dry) < Melamine (Humid). Approximate reiative rates: 1:1:2:3.
Ko (initial) Urethane = Melamine, independent of humidity.

Kotk ox(t) This ratio is independent of time in Urethanes. In melamines the ratio decreases by factor of 4-5.

Knov Urethane > Melamine (wet) > Melamine (dry). Approximate relative rates: 5:2:1.

Knov/ K Urethane ~100; Melamine ~10.

t(t:[(l::}] ~0.02-0.04 for both urethane and melamine coatings studied.

knoyINOY]

Urethane ~1.5; Melamine ~0.4
Kol YHI
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served nitroxide concentration maximum and the ob-
served reduction in oxidation chain length, it does not
predict the observed increase in nitroxide maximum with
decreasing light intensity. The reason for this behavior is
unclear at present.

Explanations for the variations summarized in Table 2
are at this point speculative. The observation that kyy is
much greater than kyy is at odds with model compound
studies for polypropylene which suggested that they were
comparable [2]. The reactivity of aminoether species
clearly depends both on the composition of the amino-
ether and attacking radical. Apparently the compositions
are significantly different in coatings from the model
compounds studied. The observed differences between
the melamine and urethane coatings can be explained in
part at least by invoking formaldehyde based chemistry.
Initially, nitroxides are scavenging radicals formed by
primary photochemistry. These processes are the same
in melamine and urethane coatings. In the melamine
coating the formation of HC-(=0) may change the bal-
ance between Reactions (2) and (8). This could account
for the apparent decrease in the value of ky/kox with
time. Differences in radical reactivity with nitroxide and
oxygen have been reported in solution {1]. The lower
value of kyey in the melamine coatings may result from
a lack of an efficient way to convert NO--C(=0)H back
to nitroxide. In this regard, it is interesting to note that
NOC(=0)CH; is not as effective a photostabilizer in
polypropylene as are species such as NO—CHg [6]. Re-
action (19), which recycles NO--C(=0)H to NH, does
not contribute directly to photostabilization since it does
not consume free radicals. It produces NH groups whose
stabilizing activity is not as great as NO- or other NOY
groups.

So far none of the reactions mentioned irreversibly
consume stabilizer. As shown in Figure 7, there is in gen-
eral a slow loss of nitroxide. Surprisingly, the effec-
tiveness of the HALS additive does not change much un-
til the nitroxide drops to a very low value. Apparently
much of the change in nitroxide concentration over this
time period reflects a change in balance between the ni-
troxide and aminoether reactions, which may not change
the overall cffectivencss. When the nitroxide drops to a
low level (~ 10 X 1078 mole/g), the peroxy radicals seen
initially reappear, suggesting that the stabilizer is no
longer effective. The exposure time required to “con-
sume” the stabilizer depends on the coating type and on
the exposure conditions. Stabilizer lifetime i< shorter in
coatings with high photoinitiation rates; i is longer
in urethane coatings than in melamine coatings; it is
roughly inversely proportional to light intensity; and it is
under humid exposures longer than under dry exposures.
The chemistries responsible for the depletion of stabi-
lizer activity are unknown. Since stabilizer permanence
is just as important to coating performance as stabilizer
effectiveness, it is clear that coating performance should
be an active area of research for years to come.

CONCLUSION

This paper summa. izes studies of photodegradation in
thermoset organic coatings and their stabilization by hin-
dered amines. While much has been learned about the
chemistry and kinetics of degradation and stabilization,
there remain many unanswered questions. The following
list is merely suggestive of the many areas of research
that could be pursued:

1. Is formaldehyde based chemistry responsible for all
the observed differences between melamine and ure-
thane coatings?

2. What reactions are responsible for the slow decrease
in nitroxide concentration and the ultimatc loss of
stabilizer effectiveness?

3. Specifically, why does humidity affect stabilizer per-
manence?

4. What are the structures of the aminoether species
formed in thermoset coatings?

5. How does initial HALS structure influence overall
stabilizer reactivity and permanence?

6. Is stabilizer migration important?

7. Are other stabilization mechanisms (e.g., quenching,
specific association with or decomposition of chro-
mophores) important in coatings?
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Chemiluminescence from Oxidative Degradation of Polymers

ABSTRACT

Studies of the ultra-weak chemiluminescence which accom-
panies polymer oxidation are shown to provide an extremely
sensitive way of monitoring degradation. It is shown that lumi-
nescence can be observed not only during polymer oxidation
but also when samples are heated in an inert atmosphere. Both
types of luminescence have been studied for the oxidation of
natural rubber and Nylon 6.6 and for the electron beam irradia-
tion of Nylon 6.6 and of polyethylene. In unirradiated samples
the luminescence can be correlated with the peroxidation of the
polymer although rather different mechanisms of luminescence
are involved in rubbers and in Nylon. The luminescence of irra-
diated polymers is shown to be more complex and probably in-
volves more than one mechanism.

KEY WORDS

Chemiluminescence, oxyluminescence, polymer oxidation,
polymer irradiation, natural rubber, Nylon 6.6, polyethylene.

INTRODUCTION

fter many years of research there is general agree-

ment about the chemistry of the reactions which
lead to peroxidation, chain scission and embrittlement in
polymers and many effective stabilizers have becen devel-
oped. There remains, however, a number of problems. In
particular, the prediction of polymer lifetimes is still a
challenge, based mostly on extrapolations of accelerated
aging tests. The problem is that although we know what
reactions are involved in the degradation sequence, al-
most all of our knowledge of their kinetics is derived
from studies of reactions in the liquid phase and we know
rather little of how the polymer matrix affects the reac-
tions. The difficulty is that the reaction rates are very
low, so that the concentrations of the intermediate free-
radicals are too small for measurement by any of the con-
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ventional methods, as are the concentrations of stable in-
termediates. Although progress has been made, it has
mostly involved studies of +y-initiated oxidation where
the radical concentrations are much higher than normal.
There is a clear and established need for more sensitive
techniques for probing oxidation. One possibility is the
measurement of the associated light emission.

"The emission of very low levels of light (“oxylumines-
cence”), which accompanies the oxidation of all organic
materials, has been known and well documented for
many years [1,2]. The first application of oxylumines-
cence measurements to polymers was reported in 1961 by
Ashby [3], who showed that many polymers emit light
very weakly when they are heated to around 180°C in air
and that the emission is associated with oxidation. He
showed that luminescence is most intense from polymers
containing amide groups (Nylon and polyurethanes) and
least intense from hydrocarbon polymers. The total
amount of light emitted was found to be proportional to
the concentration of carbonyl groups developed in the
polymer, although at least 10* carbonyl groups were esti-
mated to be formed per photon emitted. Ashby also
showed that the luminescence is suppressed or reduced
by antioxidants and proposed its measurement as a tech-
nique for evaluation of antioxidants. Similar studies of
polymers were reported by Schard and Russell [4,5],
who also demonstrated the connection between lumines-
cence and oxidation. Thcese early studies were limited by
the low signal to noise ratio of analogue electrometers so
that oxidation could be observed only at high tempera-
tures, where other techniques are easier to use and pro-
vide more direct results. In recent years, the develop-
ment of fast single-photon counters has enabled low light
levels to be measured with much greater sensitivity and
there has been new interest in oxyluminescence.

One problem in the interpretation of luminescence data
has been that there is no general agreement on the origin
of the luminescence. The requirements for a reaction to
lead to luminescence are quite restrictive, in that the
product must be formed in an excited state, with suffi-
cient energy to emit a detectable photon and a finite prob-
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ability of decay to the ground state via light emission,
rather than radiationless deactivation. The intensity of
oxyluminescence is too low for it to be measurable when
dispersed by a high-resolution monochromator, but sim-
ple experiments with filters have suggested that the emis-
sion from Nylon has a peak above 350 nm, similar to the
phosphorescence of an excited carbonyl group [6]. This
emission requires the luminescent reaction to have an en-
ergy yield of at least 300 kJ mol™*, which implies eithcr
a highly excthermic reaction or one with a high activa-
tion energy. It is generally accepted that the emission
comes from phosphorescence of an excited ketone, but
opinions differ on the origin of the ketone. Many workers
[2,5,6] have proposed that it is produced in the termina-
tion reaction of two secondary alkyl-peroxy radicals via
the mechanism:

1N | +R\ _
Lk ROH + '0,+ (=0

This model seems to work well for liquid phase oxida-
tion and has been used widely. For example, Mendenhall
et al. [7] claimed that low-temperature luminescence
measurements could be interpreted by kinetic models
based on this mechanism and could be useful for a wide
variety of substrates, including aviation fuels and food
oils as well as polymers.

In contrast, other workers [8] have suggested that the
luminescence is produced by the decomposition of the
polymer hydroperoxide. Simple unimolecular decompo-
sition is not sufficiently exoenergetic to allow lumines-
cence and it must arise either from a molecular rear-
rangement reaction [9] or from a two stage process in
which primary radicals, produced by decomposition of
peroxides, disproportionate within the cage in which
they are produced [10]:

N

| , |
H—?—OOH‘ (=0 + HyO
|

7

|
H-C-0- + -OH
|

The distinction between these two mechanisms is es-
sentially semantic but it should be noted that neither
pathway requires oxygen to be present.

Zlatkevich [11] has used this model to interpret mea-
surements of oxyluminescence and claims to be able to
make lifetime predictions. Recently, Mendenhall and
Quinga [13] pointed out that the disproportionation of
atkoxy radicals can give luminescence with high quan-
tum efficiency and suggested that this reaction might play
a part in the oxyluminescence from polymers. This
mechanism is very similar to that proposed for peroxide
decomposition, with the exception that the radicals in-
volved are not primary radicals. It is important to recog-
nise that the rates of initiation and termination are ex-

pected to be equal in the steady-state conditions used in
most studies so that mechanisms involving peroxide de-
composition (initiation) may not be kinetically distin-
guishable from those involving radical recombination
(termination).

Some elegant work has been reported by George, who
has reviewed his contribution [6]. He assumes that [umi-
nescence arises from chain termination and uses this
model to interpret the results of experiments (pioneered
by Shlyapintokh et al. [1] for liquids), in which the sam-
ple is perturbed by a sudden change in either temperature
or atmosphere and its return to steady-state conditions is
monitored. He interpreted results for Nylon 6.6 in terms
of the relative rate constants for mutual termination of
alkyl (in the absence of oxygen) and alkyl-peroxy (upon
oxygen admission) reactions, assuming a constant rate of
initiation from the decomposition of adventitious perox-
ides. The work was all carried out on commercial Nylon
fibres, which had been extracted to remove stabilizers.
Complete removal of the stabilizer from a highly drawn
fibre is almost impossible and radical mobilities in
highly drawn fibres may be very much more restricted
than in unstressed materials so that there is some query
as to how far these conclusions can be generalised to
other polymers or even to unoriented Nylon.

Clearly if chemiluminescence measurements on poly-
mers are to be placed on a quantitative basis, it is
desirable to have a better understanding of the mecha-
nisms of luminescence and how they relate to the overall
oxidation sequence. With this desire in mind we have
been studying luminescence from a variety of polymers.
We here report some of the phenomena which can be ob-
served in three different systems of increasing complex-
ity—the autoxidation of natural rubber, the autoxidation
of Nylon 6.6 and the electron beam irradiation of Nylon
and polyethylene.

EXPERIMENTAL
Photon Counting

Oxyluminescence emission from polymers under con-
ditions approximating end use is extremely weak, often
less than 100 photons per second reaching the detector in
a typical experimental geometry. This observation means
that very sensitive detection is needed. We infer that the
use of a cooled photomultiplier as detector and an effi-
cient pulse analyser is needed to carry out the photon
counting. The instrument which we use was developed in
our own laboratory using a micro-computer to carry out
the photon counting and also to control the temperature
of the sample and the gas flow over it. Full details of the
instrument have been given elsewhere [14]. The sample
is usually in the form of a thin film with dimensions of
around 2.5 cm square. Whilst there is no objection to
thick samples, thin ones give better temperature control
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and reduce the risk of diffusion control effects. We have
recently modified the equipment to allow monitoring of
luminescence responsc following irradiation of the sam-
ple with UV light and to allow measurements of the
emission spectra of luminescence using a computer con-
trolled linear interference filter.

Polymer Samples

Natural rubber was a sample of Sri-Lankan pale crepe
rubber, purified by repeated reprecipitations to remove
proteins and natural antioxidants. Samples were prepared
for luminescence measurements by casting from toluene
solution onto clean aluminum pans. Nylon 66 was
additive-free, melt extruded, unoriented film. Polyethyl-
ene was a low density material extruded as 100 ym film
without stabilizers. All films were washed in alcohol-free
chloroform to remove any surface contamination before
being used.

Other Techniques

Peroxide contents in natural rubber were determined
by iodometric analysis using the method of Carlsson and
Wiles [15]. In Nylon the measurement was made by using
the oxidation of Fe(II) in hexafluoroisopropanol solution
[16}. Electron beam irradiations were carried out at room
temperature in a LINAC accelerator at a dose rate of 2.68
kGy min™*. '

RESULTS AND DICUSSION
Natural Rubber

Natural rubber is one of the simplest systems for oxy-
luminescence study. It combines a reasonably high rate

of oxidation with detectable chemiluminescence. The
polymer is well above its T, at the temperatures at which
it oxidises so that the oxidation can reasonably be mod-
elled as a liquid-phase reaction. Studies of rubbers have
been reported by Mendenhall et al. {17] and by Mayo and
Davenport [18]. Figure 1 shows the luminescence curve
for the steady-state oxidation of a sample of natural rub-
ber. The close parallel with the expected oxidation curve
is obvious, suggesting that the intensity of luminescence
is proportional to the rate of the oxidation reaction as re-
quired by both luminescence mechanisms.

If the sample is heated in a series of stages, it is possi-
ble to obtain an Arrhenius plot of the luminescence in-
tensity and this gives an activation energy of the order of
100 kJ mol™*, comparable with values obtained from ox-
ygen absorption and peroxide formation measurements.

A rather more revealing observation is the heating of a
rubber sample in nitrogen, after thorough flushing to re-
move dissolved oxygen. A luminescence peak is pro-
duced which can easily be measured at high sensitivity
and which decays away to a very low level over a period
of minutes to hours, depending on the temperature. Fig-
ure 2 shows such a peak on an expanded scale.

The area of this peak represents the total number of
photons that are emitted by the sample on heating. For
convenience we call this the total luminous intensity
(TLI) of the sample. We find that the TLI is directly pro-
portional to the weight of the sample, from which we in-
fer that luminescence is from the whole of the sample
rather than a surface layer. The peak has many character-
istics suggestive of an association with the peroxide con-
tent of the sample. Thus it appears only on the first heat-
ing of the sample; if the sample is cooled in nitrogen then
reheated there is no further luminescence. Brief exposure
to air does not regenerate the peak on reheating but if the
sample is allowed to age in air after the experiment then
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Figure 1. Continuous chemiluminescence from a thin film of natural rubber in oxygen at 80°C.



