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Introduction. Polymeric materials exposed to heat,
mechanical stress, and ionizing or UV irradiation
undergo degradation in the presence of oxygen due to
the formation of reactive intermediates such as free
radicals R•, RO•, and ROO• and hydroperoxides
ROOH.1-10 The degradation process can be accelerated
by chromophores, free radicals, and metallic residues
from the polymerization reactions. The structural and
morphological changes in the polymer properties due
to exposure to environmental factors are often profound
and include modification of the chemical structure (for
instance, formation of double bonds, chain scission, and
cross-linking) and loss of crystallinity, especially at large
radiation doses. Often the deleterious effects are not
immediately detected but develop over longer periods.
The gradual changes in the polymer properties observed
in many systems including polyolefins, and the ulti-
mately grave results, are due to trapped radicals that
react slowly, to peroxy radicals that decompose in time
with formation of reactive radicals and gas molecules,
and to trapped gases that lead to local stresses and to
cracking.3,9 While the time scale of these changes may
vary, the final results are dramatic: degradation of the
structure and collapse of the mechanical properties. The
accelerated rate of ozone depletion in the stratosphere
due to environmental factors is expected to raise the
level of UV-B radiation (λ ) 290-320 nm), thus adding
severity to the problem of degradation and urgency to
the need for solutions.

Hindered amine stabilizers (HAS) rank among the
most important recent developments for light and heat
stabilization of polymeric materials. Nitroxides and
hydroxylamine ethers are the major products of reac-
tions involving HAS. The HAS-derived nitroxides are
thermally stable but can react with free radicals (as
“scavengers”) to yield diamagnetic species; the hydroxyl-
amine ethers can regenerate the original nitroxide, thus
resulting in an efficient protective effect.6,9 The pivotal
role of nitroxides (added as such or derived from HAS)
has been documented recently in low-molecular-mass
model systems.7 In polymers the situation is more
complicated, and the equilibrium concentration of the
nitroxides varies markedly with the nature of the
polymer matrix, thermal history, humidity, and type of

HAS. At the present time, the complex protective
mechanism offered by HAS is known only in broad
terms.6-11

We present a study of HAS behavior in ABS polymers
exposed to UV radiation using an imaging method
derived from electron spin resonance spectroscopy: ESR
imaging (ESRI). The technique is based on encoding
spatial information in the ESR spectra via magnetic
field gradients and provides information on the spatial
distribution of paramagnetic species;12 the direction of
the field gradients determines the spatial directions that
can be explored. Because ESR spectroscopy is a highly
sensitive and specific method for the detection of species
containing unpaired electron spins, imaging based on
ESR is the method of choice for the detection of the
spatial distribution of these species.

Experimental Section. Sample Preparation. The
process of polymer degradation is gradual and slow. We
have performed accelerated degradation experiments by
exposure to UV irradiation of the polymer poly(acrylo-
nitrile-butadiene-styrene) (ABS Magnum 342 EZ,
from Dow Chemical Co.) doped with 2% w/w of (bis-
(2,2,6,6-tetramethyl-4-piperidinyl) sebacate), a HAS
known as Tinuvin 770 from Ciba Specialty Chemicals
Corp. (Chart 1). The polymer and the HAS were blended
at 100 rpm in a Boy Banbury mixer at 167 °C for 5 min,
shredded, and shaped into 10 cm × 10 cm × 0.4 cm
plaques in an injection molding machine at 210 °C. The
plaques were exposed on one side to UV radiation in a
Ci35 Weather-ometer equipped with borosilicate inner
and outer filters and located at the Ford Research
Laboratories. The chamber allows simultaneous control
of the temperature (black panel temperature of 65 °C)
and humidity (dew point 25 °C). The spectrum of the
irradiation source in the chamber, from 295 nm into the
IR region, mimics the range of the solar spectrum, and
its intensity is continuously monitored by a sensor
operating at 340 nm. The irradiation intensity, 0.45
W/m2, is comparable with the average summer noontime
solar intensity in Miami, FL.13 The plaques were ir-
radiated continuously. For the ESR imaging experi-
ments we cut from the plaques cylindrical samples 4
mm long and ≈4 mm in diameter, with the cylinder axis
along the direction of the UV radiation. The samples
were placed in the ESR resonator with the symmetry
axis along the field gradient and the irradiated part on
top.
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1D ESR Imaging. ESR spectroscopy can be trans-
formed into an imaging method for samples containing
unpaired electron spins, if the spectra are measured in
the presence of magnetic field gradients.14 The spatial
resolution ∆x is defined as the ratio of the line width
∆H (in G) to the field gradient Gx (in G/cm), ∆x )
∆H/Gx, implying that two signals separated by one line
width due to the field gradient can be resolved.

The ESR imaging system in our laboratory consists
of the Bruker 200D ESR spectrometer with a new (1998)
EMX console and equipped with two Lewis coils and two
regulated dc power supplies. The two sets of coils, each
consisting of a figure-eight coil, are fixed on the poles
of the spectrometer magnet and supply a maximum
linear field gradient of ≈320 G/cm in the direction
parallel to the external magnetic field (z axis) or ≈250
G/cm in the vertical direction (along the long axis, x, of
the microwave resonator), with a control voltage of 20
V applied to each power supply. The coils are positioned
so that the zero point of the gradient field coincides with
the center of the microwave cavity. Additional details
have been published.14,15

In 1D ESRI experiments the concentration profile is
deduced from two spectra: one in the presence and one
in the absence of the field gradient.15-17 In the presence
of a gradient Gx (G/cm) along the x axis, the ESR
spectrum IC(H) is given by the convolution integral, eq
1,

where f0(H) is the spectrum, H is the homogeneous
stationary magnetic field, H* ) xGx is the local magnetic
field (at x) due to the gradient Gx, and p(H*) is the
distribution of the paramagnetic centers along the
direction of the gradient. The spatial distribution of the
spin probe C(x) is encoded in the ESR spectrum via the
magnetic field gradient Gx. The concentration profile
was obtained by deconvolution of the line shape mea-
sured in the presence of gradients by the Fourier
transform method16,17 or by the entropy functional.18 No
correction for the sensitivity profile of the ESR cavity
is needed if the sample is ≈4 mm long. We note that
the convolution expressed in eq 1 is correct only if the
ESR line shape has no spatial dependence.

Results and Discussion. In Figure 1A we present
X-band ESR spectra at 300 K of ABS containing Tinuvin
770 for the indicated UV irradiation times in the
weathering chamber. Each spectrum is a superposition
of two components, from nitroxide radicals differing in
their mobility: a “fast” component (F) responsible for
the three-line spectrum with a total width of 32.2 G
(downward arrows in the top spectrum) and a “slow”
component (S) with a spectral width of 64.2 G (upward
arrows). This result indicates the presence of the HAS-
derived nitroxide radicals in two different environments,
as a result of local heterogeneities; it is reasonable to
assume that the fast and slow components reflect
nitroxides located respectively in low-Tg domains domi-
nated by polybutadiene sequences (Tg ≈ 200 K) and in
high-Tg domains dominated by polystyrene (Tg ≈ 370

Figure 1. (A) X-band ESR spectra at 300 K of an ABS polymer containing HAS after UV irradiation times of 455, 1000, and
1335 h. Upward and downward arrows point respectively to the extreme features of the “slow” and “fast” spectral components in
the top spectrum. The percentage of the “fast” component in each case is also indicated (see text). (B) Spectrum a: X-band ESR
at 300 K of the irradiated ABS layer (thickness ≈0.8 mm) after UV irradiation time of 455 h. Spectrum b: ESR spectrum of the
“fast” component obtained by deconvolution of the composite spectrum shown in Figure 1 for irradiation time of 455 h. Spectrum
c: Calculated spectrum (dotted line), based on the following magnetic parameters: gxx ) 2.0088, gyy ) 2.0061, gzz ) 2.0027, Axx
) 6.30 G, Ayy ) 5.80 G, Azz ) 33.60 G, R| ) 6.3 × 108 rad/s, R⊥ ) 2.5 × 107 rad/s; the line widths were ∆H| ) 0.84 G, ∆H⊥ ) 1.24
G, and the line shapes were a mixture of Gaussian and Lorentzian.

IC(H) ) ∫-∞

∞
f0(H-H*) p(H*) dH* (1)
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K) or polyacrylonitrile sequences (Tg ≈ 360 K). It is also
clear from the spectra shown in Figure 1A that the
relative intensity of the “fast” component decreases with
increasing irradiation time. To the best of our knowl-
edge, the presence of two spectral components for HAS-
derived nitroxide radicals is reported here for the first
time.

In Figure 1B we present the ESR spectrum at 300 K
(spectrum a) of the directly irradiated layer of thickness
≈0.8 mm, for ABS containing HAS (irradiation time 455
h); the spectrum consists of the S component only. A
similar result was obtained for the directly irradiated
layers in the other samples. By subtracting the S
component from the composite spectra given in Figure
1A, we deduced the line shape of the F component, as
shown in Figure 1B (spectrum b). After performing a
large number of such “spectral titrations”, we became
convinced that the line shapes of the F and S compo-
nents do not vary with the irradiation time. The line
widths of the three signals for the F component (spec-
trum b in Figure 1B) increase from low to high magnetic
field. This line shape is typical of a dynamical mecha-
nism that involves an anisotropic rotation about the
N-O bond of the nitroxide20 but can also be explained
by a distribution of g and 14N hyperfine tensor compo-
nents.21 We propose that the former motional mecha-
nism is reasonable for a large molecule such as Tinuvin
770 (Chart 1). In Figure 1B we also present a simulated
spectrum (dotted line, spectrum c), calculated with the
magnetic parameters given in the caption and using the
nonlinear-least-squares analysis method of simulation;22

the calculated spectrum is in excellent agreement with
spectrum b. In the simulation we used a 2Azz value that
is the same, within experimental error, as that mea-
sured at 120 K (68.0 ( 0.4 G) and an 14N isotropic

hyperfine splitting, aN, identical to that measured at 400
K (30.5 ( 0.1 G). Spectra simulation of the F and S
components (spectra a and b in Figure 1B) indicate that
the corresponding rotational correlation times τc are ≈4
× 10-9 and ≈5 × 10-8 s/rad, respectively. The simula-
tion of the S component is not shown.

On the basis of the separate spectra for the S and F
components shown in Figure 1B, we reproduced all the
experimental spectra shown in Figure 1A and, by double
integration, deduced the ratio of the two components
in the composite spectra. The percentage of the F
component, % F, is 24, 7, and 5 for UV irradiation times
of 455, 1000, and 1335 h, respectively. Double integra-
tion of the composite ESR spectra and comparison with
a Mn2+/MgO single crystal as standard indicated that
the intensity of the S component is approximately
constant for the above irradiation times. We propose
that the decrease of the relative intensity of F with
irradiation time is due to the consumption of the HAS-
derived nitroxide radicals located in the butadiene-rich
domains of the polymer; this scenario is plausible, as
the butadiene component is expected to be more vulner-
able to degradation,23 compared to the other repeat units
in ABS. The same logic can explain the absence of the
F component near the irradiated side of the sample,
where the high UV intensity produces more damage to
the polymer.

The presence of two spectral components in the (bulk)
irradiated sample, and the absence of the “fast” com-
ponent near the irradiated side, suggest a spatial
variation of the line shapes, which presents a problem
in 1D ESRI experiments, because the convolution
presented in eq 1 assumes a spatially invariant line
shape. The problem was solved when we analyzed the
temperature dependence of the composite spectra, such

Figure 2. (A) X-band ESR spectrum at 240 K of an ABS polymer after UV irradiation in the weathering chamber for 455 h and
the corresponding ESR image measured at 240 K with a magnetic field gradient of 101 G/cm. (B) Concentration profiles deduced
by the Fourier method of ABS containing HAS for the indicated UV irradiation time in the weathering chamber. The horizontal
arrow indicates the irradiated side of the sample.
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as those shown in Figure 1A: In all composite spectra
the F component appeared only at and above 260 K.24

Below ≈260 K both spectral components, F and S, are
in the slow-motional regime and have identical line
shapes; the spatial variation of the line shape was thus
avoided. To deduce the concentration profiles, all ESR
spectra and the corresponding ESR images were there-
fore measured at 240 K.

In Figure 2A we present the ESR spectrum of ABS
containing Tinuvin 770 and the corresponding ESR
image obtained in the presence of a field gradient of 101
G/cm for an irradiation time of 455 h, both measured
at 240 K. In Figure 2B we present the concentration
profiles obtained by deconvolution for HAS-derived
nitroxides in ABS at three UV irradiation times. The
spectral resolution is ≈0.15 ( 0.05 mm (based on the
broader signals at 240 K).

The larger nitroxide concentrations near the outer
planes of the samples clearly indicate the role of oxygen
and UV radiation in the formation of nitroxides from
HAS and show the regions where the chemistry takes
place. We note that the same concentration profiles were
obtained when the back of the samples was covered by
aluminum foil, an indication that this side is not directly
irradiated. The higher nitroxide concentration at the
back of the sample (not directly irradiated) can be
explained by a smaller loss of nitroxide radicals due to
formation of >NO‚*, which transforms into diamagnetic
species such as >NOH.25

The results presented in Figures 1 and 2 lead to
several important conclusions. First, we demonstrated
that both the concentration and the ESR line shapes of
nitroxides in UV-irradiated ABS polymers vary along
the irradiation direction. Second, the concentration of
the HAS-derived nitroxide is low in the interior of the
sample but high in a region of ≈1 mm on the irradiated
sides; because oxygen and UV radiation penetrate to a
depth of 50 µm at most,26 diffusion is primarily respon-
sible for the presence of radicals at larger depths. Third,
the polybutadiene-rich domains in ABS polymers are
most vulnerable to UV irradiation; the “fast” nitroxide
component near these domains is consumed and de-
creases in intensity with irradiation time, and its
concentration is lower where the UV irradiation is more
intense. The protective mechanism of HAS appears to
be specific to the system and sensitive to the morphology
and thermal transitions (for instance, the glass tem-
perature Tg) of the polymer. The results presented in
this study are expected to be significant to technological
application of UV and ionizing radiation: in micro-
lithography,27 stereolithography,28 and curing and cross-
linking of polymeric materials.29

Additional experiments on the time and spatial
dependence of the nitroxide line shapes, on the kinetic
processes responsible for the observed concentration
profiles (Figure 2B), and on the degradation mechanism
of HAS in the three separate homopolymers (polysty-
rene, polybutadiene, and polyacrylonitrile) are carried
out in our laboratories.
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