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Abstract

Electron spin resonance imaging (ESRI) was developed in our laboratory as a method for spatial and spectral profiling of radi-
cals formed during polymer degradation. We present the application of this approach to the study of thermal degradation at 393 K
of poly(acrylonitrile-butadiene-styrene) (ABS) containing 1 or 2% w/w Tinuvin 770 as the hindered amine stabilizer (HAS). The

spatial distribution of the HAS-derived nitroxide radicals, obtained by 1D ESRI, was homogeneous at short treatment times but
became heterogeneous after treatment times 5 70 h. The spatial variation of the ESR line shapes with sample depth was visualized
by 2D spectral–spatial ESRI. Nondestructive (‘‘virtual’’) slicing of the 2D images resulted in a series of ESR spectra along the

sample depth, which were used to deduce the relative intensity of nitroxide radicals present in two distinct sites. The two sites
represent radicals located in butadiene-rich and SAN-rich domains, respectively. Taken together, 1D and 2D ESRI allowed the
determination of the extent of degradation within morphologically-distinct domains as a function of sample depth and treatment
time. The conclusions from the ESRI experiments were substantiated by attenuated total reflectance (ATR) FTIR spectroscopy of

the outer layer (500 mm thick) of the polymer. Comparison of the two techniques suggested that the advantage of the ESRI method
is its ability to provide mechanistic details on the early stages of the ageing process. ESRI and FTIR data indicated that the larger
Tinuvin 770 content in the polymer, 2%, leads to less efficient stabilization. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction and background

Degradation profiles provide essential information for
predicting the behaviour and lifetime of polymeric mate-
rials exposed to UV and high-energy irradiation, or to
thermal and mechanical stresses. The extent of degrada-
tion and its spatial variation depend on the formation of
unstable intermediates, and on the transport of atmo-
spheric oxygen through the sample. When the consump-
tion of oxygen in degradation processes is comparable or
lower than the amount of oxygen provided by diffusion
from the atmosphere, degradation can occur through
the entire sample thickness. If, however, the rate of
oxygen consumption is higher than its supply rate, as is
often the case in accelerated ageing in the laboratory,

only thin surface layers in contact with air are degraded,
while the sample interior is little, if at all, affected; this is
the diffusion-limited oxidation (DLO) regime [1,2]. The
delicate balance between oxygen supply and consump-
tion can be further complicated by changes in the diffu-
sion rate of oxygen due to changes in the polymer upon
degradation, for instance chain scission or cross-linking.
The DLO concept also implies that lifetimes of poly-

meric materials deduced from the study of average
properties for samples involved in accelerated degrada-
tion cannot be used to estimate the durability of poly-
mers in normal exposures and use. For this reason
methods for measuring the spatial distribution of poly-
mer properties due to degradation have been developed.
Density profiling [3] and modulus profiling [4–6], for
instance, are excellent methods, especially at advanced
stages in the degradation process. Both profiling meth-
ods are destructive, in the sense that the sample is cut
into sections and each section is studied separately.
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Recently IR microscopy [7,8] and chemiluminescence
methods [9–11] have been used to extract important
mechanistic details.
Our group has developed 1D and 2D electron spin

resonance imaging (ESRI) methods in order to deduce the
spatial variation of radicals formed during polymer
degradation and stabilization. Imaging is based on
encoding spatial information in the ESR spectra via mag-
netic field gradients [12–15]. By 1D ESRI it is possible to
deduce the distribution of radicals along the gradient
direction [15,16]. 2D spectral–spatial ESRI can be used
in order to follow nondestructively the spatial variation
of the line shapes and relative intensities of the various
spectral components along the same direction [12–
14,17,18].
In previous papers we have described the application

of this approach to the study of photodegradation of
poly(acrylonitrile-butadiene-styrene) (ABS) containing
Tinuvin 770 as the hindered amine stabilizer (HAS) [16–
18]. The repeat units in ABS and the amine are shown in
Fig. 1. In these studies the direction of the magnetic
field gradient was along the sample depth. Important
details on the degradation process were based on the
detection of two sites for the HAS-derived nitroxides,
which were assigned to radicals located in domains dif-
fering in their monomer composition. The spatial dis-
tribution of the radical intensity obtained by 1D ESRI
was heterogeneous as a result of irradiation using Xe or
UVB (l=290–320 nm) sources; by contrast, the distribu-
tion of nitroxides produced during thermal degradation at
333 K was approximately spatially homogeneous after
�800 h of treatment [17,18].
The stabilizing effect of hindered amines in photo-

degradation is widely documented; the amines are,
however, considered less effective as thermal stabilizers
[19]. In accelerated degradation polymers are exposed

not only to UV radiation but also to high temperatures.
For this reason we have initiated a study by 1D and 2D
spectral–spatial ESRI of the thermal degradation at
elevated temperatures, 393 K, in ABS samples contain-
ing 1 or 2% w/w Tinuvin 770. The main objective of this
study was to investigate the specific effect of hindered
amine light stabilizers on the rate of thermal ageing. As
will be seen below, the imaging results indicated that the
degradation is spatially-heterogeneous for thermal treat-
ment at 393 K, and that the larger Tinuvin 770 content
(2%) in the polymer leads to less efficient stabilization.
The conclusions deduced from the ESRI experiments
were confirmed by attenuated total reflectance (ATR)
IR measurements. Some results have been reported [20].
1D ESRI has been used to deduce the intensity pro-

files of nitroxides during photodegradation of poly-
propylene containing HAS [21,22]. For a heterophasic
system such as ABS, it is important to determine the
evolution of the nitroxides in each morphological
domain; for this reason the intensity profiles determined
by 1D ESRI were complemented by the spatial variation
of the ESR spectra deduced from 2D spectral–spatial
ESRI [16–18].

2. Experimental

2.1. Sample preparation

Thermal degradation experiments were performed by
heat treatment of poly(acrylonitrile-butadiene-styrene
(ABS Magnum 342 EZ, from Dow Chemical Company)
doped with 1 or 2% w/w of (bis(2,2,6,6-tetramethyl-4-
piperidinyl) sebacate), the hindered amine stabilizer
(HAS) known as Tinuvin 770 from Ciba Specialty Che-
micals (Fig. 1). The polymer and the HAS were blended,
shredded, and shaped into 10�10�0.4 cm plaques in an
injection molding machine at 483 K. The plaques were
thermally treated in a convection oven at 393 K. For the
ESR imaging experiments, cylindrical samples 4 mm in
diameter were cut from the plaques, and the samples
were placed in the ESR resonator with the symmetry
axis along the field gradient. Additional details have
been reported [16–18].
The notation used for describing the results are

ABS0H, ABS1H, and ABS2H for polymer samples
containing, respectively, 0, 1 and 2% HAS.

2.2. ESR imaging and data acquisition

In the presence of a gradient, the ESR signal is a
convolution of the ESR spectrum in the absence of the
gradient with the distribution of the paramagnetic cen-
ters along the gradient direction [23]; this is the 1D
image. These images were obtained with field gradients
of 125 G/cm (for treatment times of 24 and 72 h) andFig. 1. Repeat units in ABS, and Tinuvin 770.
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200 G/cm (for all other samples). The ESR spectra and
1D images were measured at 240 K to avoid the spatial
dependence of the ESR signal [16]. The concentration
profiles were obtained by simulation of the 1D image
followed by deconvolution.
In previous studies we have deduced the concentration

profiles by Fourier transform followed by optimization
with the Monte-Carlo procedure. The disadvantage of
this method is the high frequency noise that is intro-
duced when sharp edges in the profile are desirable. In
order to remove the noise, the intensity profile was fitted
by an analytical function and convoluted with the ESR
spectrum measured in the absence of magnetic field
gradient. The ‘‘best fit’’ was obtained by slight varia-
tions of the parameters of the chosen analytical function
in order to get good agreement with the 1D image [24].
The 2D spectral–spatial ESRI images were recon-

structed from a complete set of projections (typically
128) collected as a function of the magnetic field gra-
dient, using a convoluted back-projection algorithm
[12–14]. In the initial step the projections at the missing
angles were assumed to be identical with the projection
measured at the largest available angle. The projections at
the missing angles were then obtained by the projection
slice algorithm (PSA) [25,26] with two iterations. The
2D images are displayed on a 128�128 grid.

2.3. ATR–FTIR measurements

ATR–FTIR spectra were measured with the Perkin-
Elmer FTIR Spectrum 2000 spectrometer equipped with a
horizontal attenuated total reflectance (HATR) accessory.
Sections of thickness 500 mm were cut from the samples
and dissolved in methylene chloride (from Fisher Scien-
tific Company). The polymer solution was poured
directly on the ZnSe ATR crystal and a polymer film was
obtained by solvent evaporation. The measurements
were carried out in the range 700–4000 cm�1, with 8
scans and resolution of 4 cm�1. The spectra were then
corrected for ATR, baseline corrected and normalized to
the 2238 cm�1 peak height (acrylonitrile peak), which
was assumed to be invariant during thermal treatment
[27].

3. Results

3.1. Concentration and ESR spectra of HAS-derived
nitroxides

The ESR spectra at 300K of the HAS-derived nitroxide
in heat-treated ABS consist of a superposition of two
components, from nitroxide radicals differing in their
mobility: a ‘‘fast’’ component (F, extreme width �32 G),
and a ‘‘slow’’ component (S, extreme width �64 G). A
typical ESR spectrum at 300 K is shown in the inset of

Fig. 2, for ABS2H after 241 h of thermal treatment at
393 K. The rotation of the nitroxides is determined by
two factors: the free volume in the polymer, and the
dynamical fluctuations due to the segmental motion of
the polymer chains. For these reasons, we assign the F
and S components to nitroxides located respectively in
low-Tg domains rich in linear polybutadiene (PB), and
in high-Tg domains rich in poly(styrene-co-acrylonitrile)
(SAN) or in cross-linked PB [16–18]. The presence of the
two spectral components, F and S, is due to the hetero-
phasic nature of ABS [7,28,29]. As a result of polymer
degradation, however, the F/S ratio varies with treatment
time; this variation provides the connection to the degra-
dation and stabilization processes. The determination of
the F/S ratio has been described [16a].
The variation of %F and of the total nitroxide con-

centration in whole samples as a function of treatment
time, t, is shown in Fig. 2. The relative intensity of the F
component, Fig. 2A, first increases, then decreases with

Fig. 2. Relative concentration of the fast component, %F in (A), and

total nitroxide concentration in mol/g of sample in (B), for ABS1H

and ABS2H as a function of treatment time at 393 K. The solid lines

in (A) and (B) were drawn by nonlinear regression. The inset in (A) is

the ESR spectrum at 300 K of ABS2H after 241 h of thermal treat-

ment at 393 K.
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increasing thermal treatment time, and becomes negli-
gible (43% of the total intensity) for t=1896 h. As in
photodegradation, we interpret the decrease of %F with
treatment time as due to the consumption of the HAS-
derived nitroxide radicals located in the butadiene-rich
domains of the polymer, because PB is more vulnerable
to degradation compared to the other repeat units in
ABS [30]. This interpretation is supported by the ATR–
IR results, vide infra Figs. 8–10. The degradation pro-
cesses in PB can lead to the consumption of the nitr-
oxides; cross-linking is also possible, and the result is
slower rotational motion of the nitroxides.
The total intensity of HAS-derived nitroxides, Fig. 2B,

increases to a maximum for treatment time of �400 h
for both ABS1H and ABS2H. Similar maxima in the
nitroxide concentration have been detected in UV-
exposed polymeric coatings containing 0.25–2% w/w
HAS [31], and in ABS2H irradiated by a Xe source [18].

3.2. Concentration profiles of nitroxide deduced by 1D
ESRI

In Figs. 3 and 4 we present the concentration profiles
of nitroxides along the sample depth for ABS1H and
ABS2H, respectively, for the indicated treatment times;
the profiles were deduced by simulation of 1D ESR ima-
ges measured at 240 K. All profiles on the right side are
presented with the same maximum height; the profiles on

the left are given for one side of the samples (because of
symmetry), and normalized by the nitroxide concentra-
tion measured in whole samples, using data shown in
Fig. 2B. The ABS1H profiles for treatment times of 24
and 72 h are not given in Fig. 3 because the corre-
sponding nitroxide signals were weak. The evolution
from flat profiles in the initial stages of thermal ageing
to spatially heterogeneous profiles due to DLO is clearly
seen in Figs. 3 and 4. The 1D profiles indicate that the
HAS-derived nitroxides are located at the two sample
extremities, in regions whose widths are 700–800 mm in
ABS1H and 500–600 mm in ABS2H.
By combining the 1D profiles with the measurements

of the nitroxide concentration in whole samples, it was
possible to determine the %HAS that is present as nitr-
oxide, as a function of sample depth for various treat-
ment times. After 356 h the maximum %HAS present
as nitroxide is �17% for ABS1H and �23% for
ABS2H; these values were measured of course at the
two extremities of the sample.

3.3. 2D spectral–spatial ESRI of HAS-derived
nitroxides

In order to examine the spatial variation of the two
spectral components, we performed 2D ESRI experi-
ments on the thermally aged ABS containing HAS. The
2D spectral–spatial perspective and contour plots of

Fig. 3. Repeat units in ABS, Tinuvin 770 and the chemistry of HAS. Right: 1D concentration profiles of ABS1H for the indicated treatment times.

Left: 1D concentration profiles normalized to the corresponding nitroxide concentration (shown in Fig. 2A). Only one side of each (symmetrical)

profile is shown.
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nitroxide radicals for treatment times of 241 and 834 h are
given in Fig. 5 for ABS1H, and in Fig. 6 for ABS2H. The
ESR intensity is presented in absorption. The contour and
perspective plots show very clearly the distribution of the
signal intensity, and the negligible signal intensity in the
sample interior, as also seen in the concentration profiles
deduced from 1D ESRI (Figs. 3 and 4).

The 2D images can be ‘‘sliced’’ nondestructively to
give ESR spectra at various depths of the sample. These
spectral slices indicate the spatial line shape variation
and the relative intensity of each spectral component (F
and S) as a function of sample depth. For the short
treatment time (t=241 h), the ESR spectra of the outer
layers (thickness 200 mm) in contact with oxygen consist

Fig. 4. Right: 1D concentration profiles for ABS2H for the indicated treatment times. Left: 1D concentration profiles normalized to the corre-

sponding nitroxide concentration (shown in Fig. 2B). Only one side of each (symmetrical) profile is shown.

Fig. 5. 2D spectral–spatial contour and perspective plots of HAS-derived nitroxides in ABS1H after 241 h (left) and 834 h (right) of thermal treat-

ment at 393 K, presented in absorption.
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of two spectral components with %F�21–24%. After
834 h of treatment the outer layers contain a negligible
amount of the fast component, 3–5%, pointing to
degradation of low-Tg butadiene-rich domains.
In Fig. 7 we show the results of spectral profiling: the

evolution of the relative amount of the fast component
within the sample depth for ABS1H (t=241 and 834 h)
and ABS2H (t=72, 241 and 834 h). Corresponding %F
profiles have been calculated for each treatment time.
Since the F component was assigned to nitroxides located
in PB (elastomeric) domains, spectral profiling emphasizes
the changes that have occurred in these domains, and can
thus be also termed elastomer phase profiling. The line
shape profiles clearly indicate the progressive dis-
appearance of the fast component with treatment time.
Moreover, comparison of the profiles for ABS1H and
ABS2H shows the presence of the fast component in a
narrower part of the sample in ABS2H compared to
ABS1H: in ABS2H the half maximum intensity of the fast
component is at �500 mm for treatment time of 834 h,
compared to �650 mm for ABS1H. In addition, for
treatment times shorter than 834 h the minimum amount
of %F is larger for ABS1H. After 241 h of thermal treat-
ment the minimum %F is 13% in ABS2H and 18% in
ABS1H; these numbers suggest that the loss of elastomeric
properties is greater in ABS2H than in ABS1H.

3.4. ATR–FTIR measurements

The ATR–FTIR results are presented in Figs. 8–10.
Fig. 8A shows spectra of the outer layer of thickness 500
mm for ABS0H (0), ABS1H (1), and ABS2H (2) after
1896 h of treatment at 393 K. The spectra clearly indi-
cate that the concentration of degradation products in
the hydroxyl (3300–3600 cm�1) and carbonyl (1650–

1800 cm�1) regions is highest in ABS2H and lowest in
ABS0H. For the same treatment time, the butadiene
peak intensity at 966 cm�1 decreases in the same order.

Fig. 6. 2D spectral–spatial contour and perspective plots of HAS-derived nitroxides in ABS2H after 241 h (left) and 834 h (right) of thermal treat-

ment at 393 K, presented in absorption.

Fig. 7. Spectral profiling: %F as a function of sample depth for

ABS1H (top) and ABS2H (bottom) for the indicated treatment times

at 393 K. The data were deduced from 200 mm thick virtual (non-

destructive) slices in the corresponding 2D ESR images.
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Fig. 8. (A) ATR–FTIR spectra of ABS0H (0), ABS1H (1) and ABS2H (2) treated for 1896 h at 393 K. (B) Changes in the carbonyl region for

ABS2H and ABS1H with treatment time: a, 0 h; b, 241 h; c, 500 h; d, 834 h; e, 1560; h; f, 1896 h. (C) Changes in the butadiene region for ABS2H

and ABS1H with treatment time: a, 0 h; b, 241 h; c, 500 h; d, 834 h; e, 1560 h; f, 1896 h.
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Changes in the carbonyl and butadiene regions,
respectively, for ABS2H and ABS1H as a function of
treatment time are given in Fig. 8B and C. In the car-
bonyl region the peak for the sample that was not treated
(0 h in Fig. 8B) is assigned to the HAS. The increase of
the carbonyl peak is observed only after �500 h of
thermal treatment, but the increase is smaller in ABS1H
than in ABS2H. Similarly, the decrease of the butadiene
peak at 966 cm�1 (Fig. 8C) as a function of treatment
time is more pronounced for ABS2H than for ABS1H.
The absorbance of the carbonyl (1731 cm�1), and

butadiene (966 cm�1) peaks, respectively, as a function
of treatment time is presented for ABS0H, ABS1H, and
ABS2H in Figs. 9 and 10. For comparing ESRI and
ATR–FTIR results, we also reproduce in Fig. 9 the
variation of the total nitroxide concentration (from
Fig. 2B), and in Fig. 10 the %F (from Fig. 2A), as a
function of treatment time.

4. Discussion

In this section we will: discuss the importance of HAS
content on ABS ageing; rationalize the destabilizing
effect of HAS; and emphasize the advantage of the
ESRI method in the early stages of degradation.

4.1. Effect of HAS content on ABS ageing

Hindered amines react with peroxy radicals and pro-
duce nitroxide radicals, which scavenge polymer radicals
and form aminoethers (Fig. 1) [19]. Nitroxide formation
requires the presence of oxygen. Therefore, for an
understanding of the nitroxide profiles as a function of
treatment time, it is instructive to consider the time
dependence of the oxygen profile through the sample,
which is often described as in Eq. (1) [2],

@ O2½ �

@t
¼ D

@2 O2½ �

@x2
� f O2½ � ð1Þ

where D is the diffusion coefficient of oxygen, and f [O2] is
a function that describes the oxygen consumption during
polymer ageing. For low oxidation rates, for instance for
the early stages of polymer ageing when the concentra-
tions of reactive intermediates is low, f [O2] can be con-
sidered independent of oxygen content (zero-order
kinetics regime), and a flat oxygen profile is expected.
For DLO conditions, however, f [O2] becomes depen-

dent on oxygen concentration; if, for simplicity, first order
kinetics is assumed, we obtain f [O2]=kc[O2], where kc is
the rate constant for oxygen consumption during poly-
mer ageing. At steady state conditions, when the rate of

Fig. 9. Solid lines: the corrected absorbance in the carbonyl region (1731 cm�1) as a function of treatment time at 393 K for ABS0H, ABS1H and

ABS2H. The absorbance was obtained by subtracting the height of untreated samples from the corresponding heights of samples containing the

same percentage of HAS. Dotted lines: the total nitroxide concentration (mol/g of sample) in ABS1H and ABS2H as a function of treatment time at

393 K. For clarity, the experimental points were omitted and only the lines drawn by nonlinear regression (Fig. 2B) are shown.
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oxygen consumption is equal to the rate of oxygen sup-
ply by diffusion, the degradation depth, a, can be esti-
mated from Eq. (1) [2,32], and defines the sample region
where oxidation occurs. The degradation depth defined
in Eq. (2) establishes the spatial range for the avail-
ability of oxygen, which is necessary for the formation
of nitroxide radicals.

a /

ffiffiffiffiffi
D

kc

r
ð2Þ

Although a is not expected to be identical with the
nitroxide depth, the concept is helpful in assessing the
effect of the oxygen diffusion rate on the nitroxide dis-
tribution through the sample depth. More complicated
kinetics schemes have been solved [2], but Eqs. (1) and (2)
are helpful for qualitative comparison and interpretation
of the 1D profiles shown in Figs. 3 and 4.
The zero-order regime is clearly seen in Fig. 4 for

ABS2H, for treatment times of 24 h and (approxi-
mately) 72 h; similar profiles were obtained for ABS1H.
For treatment times t5117 h the change in the 1D
profiles is indicative of the change in kinetics and the
onset of DLO.
If we make the reasonable assumption that kc in Eq.

(2) is the same for ABS1H and ABS2H, the degradation

depth in the DLO regime is expected to depend only on
the oxygen diffusion coefficient, D. Indeed, in the case of
styrene–butadiene rubber thermally aged at 423 K, a
clear connection was established between the pro-
gressive spatial heterogeneity as measured by modulus
profiling, and the decrease of the oxygen diffusion coef-
ficient [33]. For the same D value, the degradation depth
is expected to be lower for more advanced degradation.
The profile widths of the total nitroxide concentration

for t>356 h are larger for ABS1H compared to
ABS2H, 700–800 mm vs 500–600 mm. We note that the
spatial resolution of the ESR imaging experiments is
better than �200 mm. The spectral profiles presented in
Fig. 7 show similar results for the fast component,
which is detected in a wider part of the sample in
ABS1H compared to ABS2H, �650 mm vs 500 mm after
treatment time of 834 h. Taken together the conclusions
deduced from 1D and 2D ESRI are that the nitroxide
radicals as well as the radicals in the butadiene-rich
domains are located in a narrow layer of the sample,
and this layer is wider in ABS1H compared to ABS2H.
These results lead to the surprising conclusion that after
relatively long treatment times, >400 h, the degradation
is more advanced if the polymer contains more HAS.
The ATR–FTIR data presented in Figs. 8–10 provide

additional support for the above conclusions: The

Fig. 10. Solid lines: the corrected absorbance in the 1,4-butadiene region (966 cm�1) as a function of treatment time at 393 K for ABS0H, ABS1H

and ABS2H. The absorbance from the corrected spectra was plotted. Dotted lines: the relative concentration of the fast component, %F, in ABS1H

and ABS2H as a function of treatment time at 393 K. For clarity, the experimental points were omitted and only the lines drawn by nonlinear

regression (Fig. 2A) are shown.
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intensity of the carbonyl peak at a given treatment time
is higher, and the intensity of the butadiene peak is
lower, for ABS2H than for ABS1H. The ESRI and IR
data are in agreement, and show the destabilizing effect
of HAS in the advanced stage of ageing. The conclusion
from the spectroscopic data are in agreement with the
visual appearance of the samples: for the same treat-
ment time, considerable more discoloration and shape
distortion were seen in ABS2H, compared to ABS1H.
It is interesting to speculate on the widths of the nitr-

oxide profiles in the early stages of ageing, t<356 h. For
t=117 h, the profile for ABS2H is indicative of more
homogeneous oxidation compared to ABS1H; this
result might indicate better stabilization in the initial
phase of the process when the amount of HAS is larger,
possibly due to the removal of peroxides by HAS. The
treatment time of 356 h seems to point to a change in
the stabilization process, as for this treatment time the
profiles for both samples have the same width. More
work is needed in order to verify this idea.

4.2. The destabilizing effect of Tinuvin 770 in advanced
ageing

The higher degradation rate in ABS samples contain-
ing more HAS can be explained by considering the
reactions included in Fig. 1.
Nitroxide radicals combine with polymer radicals P


to form aminoethers, >NOP, and can be regenerated
by the reverse reaction >NOP!>NO
+P
. The pro-
ducts, >NO and P
, can also disproportionate to NOH
and an olefin. Numerous studies have demonstrated the
formation of >NO
 and P
 by thermal decomposition
of aminoethers above ambient temperature, even below
373 K [34,35]. The rate of thermal decomposition of
>NOP is higher in the presence of oxygen, which can
scavenge the P
 radicals and form peroxides, POO
.
Therefore, the process is more likely to occur on the
surface layers in contact with air. In the case of poly-
propylene, the aminoether >NOP expected to form
during photo-oxidation does not seem to regenerate
>NO
, but the process is activated by thermal treat-
ment [34]. The thermal sensitivity of the aminoethers
might therefore be one reason for the lack of thermal
stabilization by hindered amines.
In addition, nitroxide radicals at elevated temperatures

are known to be powerful abstractors of hydrogen [34].
Polymer-derived radicals can be produced by the hydro-
gen abstraction reaction, >NO
+PH!>NOH+P
.
While NOH is known to deactivate POO
 radicals and is
considered part of the nitroxide regeneration mechanism,
the formation of P
 by hydrogen abstraction may be an
additional important contribution to further ageing.
The reduced stabilization of monomeric HAS during

thermal ageing of polypropylene has been explained by
amine loss due to its volatility. The enhanced thermal

antioxidant activity for a polymer-bound HAS com-
pared to Tinuvin 770 was taken as a proof for this
approach [19]. This idea, however, cannot explain the
behaviour we detected in ABS, where the larger amount
of HAS led to less stabilization.
It is important to note that in many applications,

polymeric materials containing HAS are melt-processed
at high temperatures, and under these conditions ther-
mal degradation due to the presence of the amine can be
a significant factor.

4.3. ESRI as a tool for the study of early events in
polymer degradation

In Fig. 9 we presented the nitroxide concentration,
[NO
], in ABS1H and ABS2H together with the cor-
rected absorbance in the carbonyl region (1731 cm�1),
both as a function of treatment time. Similarly, in
Fig. 10 both the %F in whole samples and the absor-
bance for the butadiene peak (966 cm�1) are shown as a
function of treatment time. The presence of the degra-
dation product (carbonyl groups) and the decrease of
the butadiene peak can be detected by IR spectroscopy
in the advanced stages of ageing. The ESRI data are
capable of providing details on ageing in the early stages
of the process. For instance, the evolution from the flat
profile (zero-order regime) to the DLO regime after a
specific treatment time is visible by both 1D and 2D
ESRI: in 1D ESRI from the total nitroxide profile, and
in 2D ESRI from the nitroxide component present in
the butadiene-rich domains, %F.
The ability to perform nitroxide profiling via 1D and

2D spectral–spatial ESRI in a polymer with a phase-
separated morphology extends the spatial capability of
the technique beyond the typical resolution achieved in
magnetic resonance imaging. The result is the ability to
visualize the variation of the HAS-derived nitroxide
concentration due to degradation processes in morpho-
logically-distinct domains in ABS within the sample
depth with a resolution better than 200 mm.

5. Conclusions

Electron spin resonance imaging (ESRI) was applied
to the study of thermal degradation at 393 K of poly(-
acrylonitrile-butadiene-styrene) (ABS) containing 1 and
2% w/w Tinuvin 770 as the hindered amine stabilizer
(HAS).
The spatial distribution of the radical intensity obtained

by 1D ESRI was heterogeneous at 393 K after treatment
times 570 h. The spatial variation of the ESR spectra
with sample depth was visualized by 2D spectral–spatial
ESRI, and used to deduce the relative intensity of the
nitroxide radicals in the two distinct sites along the sam-
ple depth. 1D and 2D ESRI allowed the determination
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of the extent of degradation and stabilization in mor-
phologically-distinct domains as a function of sample
depth with a resolution better than 0.2 mm.
The conclusions from ESRI were supported by

FTIR–ATR spectroscopy of the outer layer (500 mm
thick) of the polymer. Both ESRI and FTIR data indi-
cated that larger Tinuvin 770 content in the polymer
(2%) leads to higher degradation rates.
Comparison of ESRI and IR methods emphasizes the

advantage of the ESRI method: its sensitivity to early
events in the ageing process.
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