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ABSTRACT: We present an electron spin resonance imaging (ESRI) study of spatial effects in the thermal
degradation at 353 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
was obtained by 1D ESRI. Nondestructive (“virtual”) slicing of the 2D spectral—spatial images resulted
in a series of ESR spectra, which indicated the presence of nitroxide radicals in two distinct sites; their
relative intensity varied with sample depth. The two spectral components were assigned to nitroxide
radicals located in domains rich in butadiene (B) and in styrene—acrylonitrile (SAN), respectively. 1D
and 2D ESRI allowed the study of chemical processes within distinct morphological domains as a function
of sample depth and treatment time. Attenuated total reflectance (ATR)—FTIR spectroscopy of the outer
layer (500 um thick) of the polymer was used to follow the increase of the carbonyl concentration and the
decrease of the butadiene peak with time of treatment. The ESRI and FTIR experiments showed that a
larger Tinuvin 770 content in the polymer leads to less efficient stabilization. Improvement of the software
for image reconstruction in 1D experiments enabled the visualization of an outer layer of thickness ~500
um that is less degradable than the rest of the sample and believed to be formed during sample preparation

by injection molding.

Introduction

1D and 2D ESRI methods have been used in order to
determine the spatial variation of nitroxide radicals
formed during polymer degradation in the presence of
hindered amine stabilizers (HAS). Imaging is based on
encoding spatial information in the ESR spectra via
magnetic field gradients.1 =3 By 1D ESRI it was possible
to deduce the distribution of radicals along the gradient
direction.*® 2D spectral—spatial ESRI is important in
order to determine nondestructively the spatial varia-
tion of the spectral line shapes along the same direc-
tion.l’2’6_8

Spatial details in degradation processes are important
for predicting the behavior and lifetime of polymeric
materials exposed to UV, high-energy irradiation, and
thermal and mechanical stresses. The extent and the
spatial variation of degradation depend on the rate of
formation of unstable intermediates and on the trans-
port rate of atmospheric oxygen. When the oxygen
needed in degradation processes can be provided by
diffusion from the atmosphere, oxidative degradation
occurs through the entire sample thickness. If however
the supply rate of oxygen is less than the amount that
can be consumed, as is often the case in accelerated
aging in the laboratory, only thin surface layers are
degraded, and the sample interior is less affected; this
is the diffusion-limited oxidation (DLO) regime.®1° The
DLO concept implies that lifetimes of polymeric materi-
als deduced from the study of average properties for
samples involved in accelerated degradation cannot be
used to estimate the durability of polymers in normal
exposures and use. For this reason methods for measur-
ing the spatial distribution of polymer properties due
to degradation have been developed. Of these methods,
density profiling!® and modulus profiling!?13 are de-
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structive. In contrast, IR microscopy,*1® chemilumi-
nescence imaging,'6~18 and ESRI are nondestructive.

In previous papers we have described the application
of ESRI for the study of photodegradation of ABS
containing Tinuvin 770 as the HAS.5~8 The repeat units
in ABS and the amine are shown in Chart 1. 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
differing in their monomer composition. The spatial
distribution of the radical intensity obtained by 1D ESRI
was heterogeneous as a result of irradiation using Xe
(to mimic sunlight) or UVB (1 = 290—330 nm) sources;
by contrast, the distribution of nitroxides produced
during thermal degradation at 333 K was spatially
homogeneous after 796 h of treatment.5”

The stabilizing effect of hindered amines in photo-
degradation is widely documented; the amines are,
however, considered somewhat less effective as thermal
stabilizers.1® During accelerated degradation, polymers
are exposed not only to UV radiation but also to high
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Figure 1. 1D ESRI of samples treated at 353 K for 456 h. Top in (A) and (B): comparison of nitroxide profiles deduced by the
Monte Carlo method (- - -) and by analytical functions (—). Bottom in (A) and (B): experimental 1D image (- - -) and simulation
by analytical functions (—). In (A) the Boltzmann function assumed the presence of a skin in the distribution, while in (B) a

homogeneous (rectangular) distribution function was assumed. See text.
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Figure 2. 1D ESRI of samples treated at 353 K for 3288 h. Top in (A) and (B): comparison of nitroxide profiles deduced by the
Monte Carlo method (- - -) and by analytical functions (—). Bottom in (A) and (B): experimental 1D image (- - -) and simulation
by analytical functions (—). In (A) the Gauss function assumed the presence of a maximum in the nitroxide distribution, while in

(B) a skin with constant nitroxide distribution was assumed. See text.

temperatures. For this reason we have initiated a study degradation in ABS samples containing 1 or 2% (w/w)
by 1D and 2D spectral—spatial ESRI of the thermal Tinuvin 770. The main objective of this study was to
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Figure 3. 1D ESRI of samples treated at 353 K for 5040 h. Top in (A) and (B): comparison of nitroxide profiles deduced by the
Monte Carlo method (- - -) and by analytical functions (—). Bottom in (A) and (B): experimental 1D image (- - -) and simulation
by analytical functions (—). In (A) the Gauss function assumed the presence of a maximum in the nitroxide distribution, while in
(B) the nitroxide concentration was assumed to decrease from the outer edges to the sample interior. See text.

investigate the specific effect of hindered amine light
stabilizers on the rate of thermal aging. The surprising
result deduced from the ESRI study of thermal degra-
dation at 393 K was that a larger Tinuvin 770 content
in the polymer leads to less efficient stabilization.®

As will be clearly seen below, the onset of heterogen-
eous nitroxide distribution occurs after longer treatment
times at 353 K compared to 393 K, but thermal
degradation at 353 K is similar to that at 393 K in terms
of the destabilizing effect of larger HAS content. In
addition, 1D experiments of samples treated at 353 K
enabled the visualization of an outer layer (“skin”) of
thickness ~500 um that is less degradable.

Experimental Section

Sample Preparation. Thermal degradation experiments
were performed by heat treatment of ABS (Magnum 342 EZ
from Dow Chemical Co., ~10% (w/w) butadiene) doped with 1
or 2% (w/w) of (bis(2,2,6,6-tetramethyl-4-piperidinyl) sebacate),
the HAS known as Tinuvin 770 from Ciba Specialty Chemicals
(Chart 1). The polymer and the HAS were blended, shredded,
and shaped into 10 cm x 10 cm x 0.3 cm plaques in an
injection molding machine at 483 K. The plaques were
thermally treated in a convection oven at 353 K. For the ESR
imaging experiments, cylindrical samples 3—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.>8

The sample notation used for describing the results is
ABSOH, ABS1H, and ABS2H for ABS containing 0, 1, and 2%
Tinuvin 770.

ESR Imaging and Data Acquisition. The 1D image is a
convolution of the ESR spectrum in the absence of the gradient
with the distribution of the paramagnetic centers along the
gradient direction. These images were obtained with a field

gradient of 200 G/cm. The ESR spectra and the 1D images
were measured at 240 K to avoid the spatial dependence of
the ESR signal.®> Concentration profiles were obtained by
simulation of the 1D image followed by deconvolution.

In previous studies,>~7 we have deduced the concentration
profiles by Fourier transform followed by optimization with
the Monte Carlo (MC) procedure.* The disadvantage of this
method is the high-frequency noise that is introduced when
sharp edges in the profile are desirable. Despite the noise,
profiles calculated by the MC procedure suggested a skin
effect: edges of depth ~500 um contained a smaller concentra-
tion of nitroxides. To improve the quality of the profiles and
validate the existence of the skin in noisy profiles, the intensity
profile was fitted by an analytical function and convoluted with
the ESR spectrum measured in the absence of the field
gradient in order to simulate the 1D image. The best fit was
obtained by variation of the analytical function (Gauss or
Boltzmann, for example) and variation of the numerical
parameters of the chosen function in order to get good
agreement with the 1D image. Profiles deduced by the MC
procedure and by various analytical functions are compared
in Figures 1—3 for treatment times 456, 3288, and 5040 h,
respectively. For treatment time of 456 h, Figure 1 clearly
shows the improved fit to the experimental 1D image when a
layer of lower nitroxide concentration is assumed (Figure 1A)
compared to a homogeneous (flat) distribution (Figure 1B). For
treatment time of 3288 h, the MC-derived profiles suggested
a maximum nitroxide concentration at ~500 um from the
edges; the assumption of a maximum in the simulation based
on a Boltzmann analytical function (Figure 2A) reproduced
better the 1D image compared to a “cut” profile (Figure 2B).
After treatment time of 5040 h, the assumption of a maximum
that shifts to the sample extremities compared to shorter
treatment times (Figure 3A) led to a better fit to experimental
data compared to a gradual decrease of the nitroxide concen-
tration (Figure 3B). Figures 1—3 showed therefore that the
use of analytical functions to simulate the 1D images led to
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Figure 4. Relative concentration of the fast component, % F,
in (A) and total nitroxide concentration in mol/g in (B) for
whole ABS1H (O) and ABS2H (®) samples as a function of
treatment time at 353 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 1848 h of thermal treatment
at 353 K; the low-field signals for the slow and fast components
are indicated by arrows.

better fits with less noise and confirmed the existence of a
polymer skin.

The 2D spectral—spatial images were reconstructed from a
complete set of projections (typically 128) collected as a
function of the magnetic field gradient, using a convoluted
back-projection algorithm.®=8 In the first step, the projections
at the missing angles were assumed to be identical with the
projection measured at the largest available angle. In the
second stage, the projections at the missing angles were
obtained by the projection slice algorithm (PSA)?%2 with two
iterations. The 2D images are displayed on a 128 x 128 grid.

ATR—-FTIR Measurements. The spectra were measured
with the Perkin-Elmer FTIR Spectrum 2000 spectrometer
equipped with a horizontal attenuated total reflectance (HATR)
accessory. The internal reflecting element (IRE) was a ZnSe
crystal set at an incidence angle of 45°. Sections of thickness
500 um were cut from the irradiated side of the cylindrical
samples and dissolved in methylene chloride (from Fisher
Scientific Co.). The polymer solution was poured directly on
the ZnSe ATR crystal, and a polymer film was obtained by
solvent evaporation. The film thickness was ~100 xm, more
than an order of magnitude larger than the maximum depth
of penetration, d,, calculated for A = 650 cm™, by taking a
refractive index of 2.4 for the ZnSe crystal, and a typical
polymer refractive index in the range 1.20—1.40. The mea-
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Figure 5. 1D concentration profiles in ABS1H for the
indicated treatment times, normalized to the corresponding
nitroxide concentration in whole samples shown in Figure
4B: (A) ABS1H; (B) ABS2H.

surements were carried out in the spectral range 4000—700
cm™1, with eight scans and 4 cm™ resolution. The spectra were
corrected for ATR using a zero contact angle, baseline cor-
rected, and normalized to the 2238 cm™ signal (acrylonitrile
peak), which was assumed to be invariant during thermal
treatment.?? Additional details on the ATR—FTIR measure-
ments have been reported.®

Results

Concentration and ESR Spectra of HAS-Derived
Nitroxides. The ESR spectra at 300 K of the HAS-
derived nitroxides 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 Figure 4 for ABS2H after 1848 h of thermal
treatment. We assign the F and S components to
nitroxides located respectively in low-Tg domains rich
in linear polybutadiene (PB) and in high-Ty domains
rich in poly(styrene-co-acrylonitrile) (SAN) or in cross-
linked PB.578 The two spectral components are due to
the heterophasic nature of ABS.142425 As a result of
polymer degradation, the F/S ratio varies with sample
depth and treatment time; this variation provides the
connection to the degradation and stabilization pro-
cesses. The determination of the F/S ratio has been
described.52

The variation of % F and of the total nitroxide
concentration in whole samples as a function of treat-
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Figure 6. 2D spectral—spatial contour and perspective plots of HAS-derived nitroxides after 456 and 3288 h of thermal treatment
at 353 K for ABS1H (A, B) and ABS2H (C, D), presented in absorption.

ment time, t, is shown in Figure 4. The relative intensity
of the F component, Figure 4A, increases to a maximum
at t ~ 1400 h for ABS1H and at t ~ 800 h for ABS2H,
decreases with increasing treatment time, and becomes
negligible for t = 5000 h in both cases. As in photodeg-
radation, we assign the decrease of % F with treatment
time to the consumption of the HAS-derived nitroxide
radicals located in the butadiene-rich domains, because
PB is more vulnerable to degradation compared to the
styrene—acrylonitrile sequences in ABS.2 This inter-
pretation is supported by the ATR—IR of samples
thermally treated at 393 K& and by results presented
here in Figures 8 and 9.

The total intensity of HAS-derived nitroxides (Figure
4B), determined as described previously,” increases to
a maximum for treatment time of ~5500 h for both
ABS1H and ABS2H. Similar maxima in nitroxide
concentration have been detected in UV-exposed poly-
meric coatings containing 0.25—2% (w/w) HAS,?” in
ABS2H irradiated by a Xe source,” and in ABS ther-
mally treated at 393 K.8

Concentration Profiles of Nitroxide. In Figure 5
we present the concentration profiles of nitroxides along
the sample depth for ABS1H (A) and ABS2H (B) for the
indicated treatment times. All profiles were normalized
by the nitroxide concentration measured in whole
samples, using data shown in Figure 4B. Spatially

heterogeneous profiles due to DLO are clearly seen,
especially for treatment times >1000 h. For a given
treatment time, the heterogeneity of the 1D profiles is
more pronounced for ABS2H. Also seen in Figure 5 is
the presence of a layer of ~500 um with a lower
nitroxide concentration.

2D Spectral—Spatial ESRI of Nitroxides. The 2D
spectral—spatial perspective and contour plots of ni-
troxide radicals are given in Figure 6 for ABS1H and
ABS2H, for treatment times of 456 and 3388 h. The ESR
intensity is presented in absorption. The contour and
perspective plots show clearly the distribution of the
signal intensity, and the negligible signal intensity in
the sample interior for ABS2H at long treatment times,
as also seen in the concentration profiles deduced from
1D ESRI (Figure 5B).

The 2D images were virtually (nondestructively)
sliced to give ESR spectra at various depths of the
sample. These spectral slices reflect the spatial line
shape variation and the relative intensity of each
spectral component (F and S) as a function of sample
depth. Spectral profiling, the depth variation of the F
component, in ABS1H and ABS2H for treatment times
456, 2184, and 3288 h is presented in Figure 7. For the
short treatment time (t = 456 h), the ESR spectra of
the outer layers (thickness 400 um) in contact with
oxygen consist of two spectral components with % F ~
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Figure 7. Spectral profiling: variation of % F with sample
depth for ABS1H (A) and ABS2H (B) for the indicated
treatment times at 353 K. The data were deduced from 100
um thick virtual (nondestructive) slices in the corresponding
2D spectral—spatial ESR images.

10—25% for ABS1 and 15—33% for ABS2. After 2184
and 3288 h of treatment, % F decreases throughout the
entire depth in ABS1H to % F ~ 14 and 6%, respec-
tively. For the same treatment times in ABS2H, % F
decreases significantly at the sample extremities (to ~8
and 4%, respectively), while the decrease in the center
of the sample is less pronounced (to 26 and 10%,
respectively). Corresponding % F depth variations were
calculated for each treatment time.

Since the F component was assigned to nitroxides
located in the PB-rich domains, the spectral profiling
in Figure 7 emphasizes the changes that have occurred
in these domains and can thus be also termed elastomer
phase profiling.

ATR—-FTIR Measurements. ATR—FTIR results are
presented in Figures 8 and 9. Figure 8A shows spectra
for the outer layer of thickness 500 um on the outer
layer for ABS1H and ABS2H after 5784 h of the
treatment at 353 K. The spectra clearly indicate that
the concentration of degradation products in the hy-
droxyl (3300—3600 cm™1) and carbonyl (1650—1800
cm1) regions is higher in ABS2H compared to ABS1H.
For the same treatment time, the butadiene peak
intensity at 966 cm~! decreases in the same order.

Changes in the carbonyl and butadiene regions re-
spectively for ABS2H and ABS1H as a function of
treatment time are given in Figure 8B,C. In the carbo-
nyl region the peak for the sample that was not treated
(0 h in Figure 8B) is assigned to the initial HAS. The
increase of the carbonyl peak is observed only after
~2000 h of thermal treatment, but the increase is
smaller in ABS1H than in ABS2H. Similarly, the
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decrease of the butadiene peak at 966 cm~1! (Figure 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 as a function of treatment
time is presented for ABSOH, ABS1H, and ABS2H in
Figure 9.

Discussion

In this section we will discuss the effect of sample
preparation on the spatial dependence of chemical
processes, assess the importance of HAS content on rate
of ABS aging, and compare with results of thermal
treatment for the same system at 393 K.

The Skin Effect. The extent of degradation due to
UV irradiation and thermal treatment is expected to be
homogeneous in the initial stages of the process and to
decrease from the surface to the sample interior as aging
progresses. This result is due to a combination of
diffusion-limited oxidation and limited light penetration
in UV irradiation.?® For thermally treated samples, the
temperature is constant through the entire sample
during aging, and only the oxygen penetration through
the sample must be considered.

Examination of the 1D profiles for ABS1H (Figure 5A)
indicated however that a layer of ~500 um has a lower
local concentration of nitroxide radicals. A similar skin
is also seen for ABS2H (Figure 5B), but the layer is less
pronounced and moves outward, to the sample extremi-
ties, for longer treatment times. The layer was not
observed for ABS1H and ABS2H treated at 393 K;8 it
is possible that in that case the layer was thinner than
the typical resolution in 1D experiments, ~200 um. It
seems that the protective layer is more prominent in
samples thermally treated at lower temperatures and/
or for shorter times.

The % F deduced by 2D ESRI for 456 h of treatment,
in both ABS1H and ABS2H, is lower in layers of
thickness ~500 um at the sample extremities (Figure
7). For this time of treatment the nitroxide concentra-
tion is low (Figure 4) and the profiles are more homo-
geneous (Figure 5), suggesting early or negligible deg-
radation. The unexpectedly low % F cannot therefore
be due to the consumption of the stabilizer; instead, we
propose that the amount of butadiene present at the
sample extremities is lower than in the sample interior.
According to this logic, there is more of the protective
SAN component at the outside, a result that can be
assigned to sample preparation by injection molding.

The existence of a skin where the degree of degrada-
tion is lower has been demonstrated for the early stages
of degradation in polyethylene exposed to UV irradiation
in the laboratory or in outdoor conditions.2® The effect
was observed for samples prepared by injection molding
and not by compression molding. Several ideas were
proposed for explaining the protective skin, among them
blooming of the additive, surface cross-linking, and more
degradation in the bulk after samples were released
from the mold.

The data presented in Figures 5 and 8 for ABS1H and
ABS2H do not reflect loss of the additive during sample
preparation, as the skin is not seen clearly visible at
higher aging temperature (393 K) when the effect would
be enhanced.? The surface cross-linking hypothesis is
also not valid for ABS, because it would reduce the
diffusion of oxygen through the entire sample, yet
spectral profiling (Figure 7) shows progressive decrease
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Figure 8. (A) ATR—FTIR spectra of the outer layer of thickness 500 um in ABS1H and ABS2H treated for 5784 h at 353 K. (B)
Changes in the carbonyl region for ABS2H and ABS1H. (C) Changes in the butadiene region for ABS2H and ABS1H. In (B) and
(C) the treatment times were (a) O, (b) 2472, (c) 3792, (d) 4440, and (e) 5784 h.

of the % F associated with the more degradable buta-
diene domains in the sample interior with progressive
aging. It appears that the idea of a protective SAN layer
formed by injection molding is the most plausible
explanation for the skin effect. Moreover, details on the
effect of sample preparation were detected in samples
treated at lower temperatures and for shorter treatment
times, because the aging process is slower. We empha-
size that the interpretation of the skin effect is more

straightforward in thermally treated samples, because
we can exclude the spatial dependence of UV penetra-
tion, which must be considered in UV-treated samples,
such as those reported in ref 28.

Effect of HAS Content on ABS Aging. The evolu-
tion of the 1D profiles shown in Figure 5 with increasing
treatment times is indicative of the onset of DLO. The
heterogeneity in the formation of nitroxide radicals is
more pronounced for ABS2H (Figure 5B) compared to
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Figure 9. (A) Corrected absorbance in the carbonyl region
(1731 cm™1) as a function of treatment time at 353 K for an
outer layer of thickness 500 um in ABSOH, 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. (B)
Corrected absorbance in the 1,4-butadiene region (966 cm™1)
as a function of treatment time at 353 K for ABSOH, ABS1H,
and ABS2H. The absorbance of the corrected spectra was
plotted.

ABS1H (Figure 5A), as the nitroxide radicals are
consumed in the center of the samples but not replaced
during the aging process, because oxygen is consumed
in the outside layers. Moreover, the skin is less pro-
nounced in ABS2H as the treatment time increases,
again a criterion for more advanced degradation.

A similar conclusions can be deduced from the spec-
tral profiles deduced by 2D ESRI (Figure 7): If we
exclude the skin layer for t = 456 h of treatment, the
decrease of % F for ABS1H (Figure 7A) in the entire
sample with increasing treatment time indicates the
progressive disappearance of the polybutadiene compo-
nent. For ABS2H (Figure 7B), however, % F is higher
in the center and much lower in the sample extremities,
an effect most clearly seen for t = 2184 h but also visible
for t = 3288 h; more heterogeneous degradation and
more advanced DLO conditions are suggested in ABS2H.
Therefore, data presented in Figure 7 also indicate that
a higher HAS content in ABS2H had a destabilizing
effect compared to ABS1H.

Additional evidence for more degradation in ABS2H
compared to ABS1H is reflected in the ATR—IR results
(Figures 8 and 9): For a given treatment time, the
carbonyl index (peak at 1731 cm™1) is highest in ABS2H
and lowest in ABSOH. The decrease of the butadiene
index (peak at 966 cm™1) is most evident in ABS2H.
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Taken together, the ESRI and IR data are in agreement,
both suggesting that the rate of degradation is higher
in the sample containing more HAS. The conclusion
from the spectroscopic data are in agreement with the
visual appearance of the samples: For the same treat-
ment time, more discoloration and shape distortion were
seen in ABS2H compared to ABS1H.

We note, however, that the ATR—FTIR data are not
as informative as for thermal treatment at 393 K: For
instance, the absorbance of the peak at 1731 cm™1 in
ABS2H after 6000 h of treatment at 353 K (Figure 9A)
is lower that that measured after 1896 h at 393 K;8 the
butadiene index (Figure 9B) is similar for ABSOH,
ABS1H, and ABS2H up to t = 4000 h and decreases for
ABS2H only after t > 4500 h. ESRI data shown in
Figures 5—7 are capable of describing degradation
processes in the early stages of aging, while IR spectra
can be most informative for advanced stages of degrada-
tion.

We propose two types of processes that can explain
the destabilizing effect of HAS. (1) Nitroxide radicals
combine with polymer radicals P* to form amino ethers,
[INOP, and can be regenerated by the reverse reaction
NOP — [ONO* + P*. Numerous studies have demon-
strated the formation of INO* and P* by thermal
decomposition of amino ethers above ambient temper-
ature, even below 373 K.2%30 The thermal sensitivity of
the amino ethers might therefore be one reason for the
lack of thermal stabilization by hindered amines. (2)
Nitroxide radicals at elevated temperatures are known
to be powerful abstractors of hydrogen.3® Polymer-
derived radicals can be produced by the hydrogen
abstraction reaction, INO* + PH — INOH + P*. While
NOH is known to deactivate POO* radicals and is
considered part of the nitroxide regeneration mecha-
nism, the formation of P* by hydrogen abstraction may
be an additional important contribution to further aging.

It is important to note that in many applications
polymeric materials containing HAS are melt-processed
at high temperatures; under these conditions thermal
degradation due to the presence of the amine can be a
significant factor.

In closing, we emphasize that 1D and 2D spectral—
spatial ESRI methods are especially informative when
applied to a polymer with a phase-separated morphol-
ogy. The major advantage of these studies is the ability
to visualize the variation of the HAS-derived nitroxide
concentration due to degradation processes in distinct
morphological domains within the sample depth and to
deduce the profile of the elastomeric phase, shown here
in Figure 7.

Conclusions

Electron spin resonance imaging (ESRI) was applied
to the study of thermal degradation at 353 K of ABS
containing 1 and 2% (w/w) Tinuvin 770 as the HAS.

Improvement of the software for image reconstruction
in 1D experiments enabled the visualization of an outer
skin of thickness ~500 um that was more resistant to
degradation compared to the rest of the sample and is
believed to form during sample preparation by injection
molding.

The spatial distribution of the radical intensity ob-
tained by 1D ESRI was heterogeneous for treatment
times =1800 h for ABS1H and >1100 h for ABS2H. The
spatial variation of the ESR spectra with sample depth
was visualized by 2D spectral—spatial ESRI and used
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to deduce the relative intensity of the nitroxide radicals
in the two distinct sites along the sample depth. 1D and
2D ESRI allowed the determination of the extent of
degradation and stabilization in distinct morphological
domains as a function of sample depth with a resolution
better than 200 um.

The conclusions from ESRI were supported by FTIR-
ATR spectroscopy of the outer layer (500 um thick) of
the polymer. Both ESRI and FTIR data indicated that
larger Tinuvin 770 content in the polymer leads to
higher degradation rates. Comparison of ESRI and IR
methods emphasized the advantage of the ESRI
method: its sensitivity to early events in the aging
process.
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