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ABSTRACT: Heterophasic propylene-ethylene copolymers (HPEC) containing 1 wt % bis(2,2,6,6-
tetramethyl-4-piperidinyl) sebacate (Tinuvin 770) as a hindered amine stabilizer (HAS) were aged by
exposure of ≈3 mm thick plaques to UVA and UVB sources in weathering chambers at 318 K. Two types
of copolymers, HPEC1 and HPEC2, were examined, which contained 25 and 10 wt % ethylene (E),
respectively, as ethylene/propylene rubber (EPR). Spatial and temporal effects of the aging process were
studied by electron spin resonance (ESR) and ESR imaging (ESRI) of HAS-derived nitroxide radicals
(HAS-NO), by comparison of thermal transitions in original and aged samples using DSC, and by
measuring the UV-vis absorption of HPEC films as a function of their thickness. ESR spectra indicated
the presence of nitroxide radicals in two amorphous sites, fast (F) and slow (S). The spatial distribution
of HAS-NO was obtained by 1D ESRI. Nondestructive (“virtual”) slicing of the 2D spectral-spatial ESR
images resulted in a series of ESR spectra that reflected the variation of the F/S intensity ratio with
sample depth. HAS-NO was detected on the nonirradiated side due to the small, but not negligible,
intensity of UV light transmitted through the plaque; on this side the nitroxide concentration remains
high because it is not consumed in stabilization processes, as the local rate of degradation is low. Both
ESRI and DSC experiments indicated a higher degradation rate in HPEC2, which contained more
polypropylene (PP), 90 wt %; in these samples the degradation was accompanied by an increase in the
extreme separation in the ESR spectra, indicating slower dynamics as a result of the increased degree of
crystallinity. The degradation was also more advanced in samples exposed to UVB radiation compared
to UVA due to the higher UV absorption coefficient in the shorter λ range. The different effect of EPR
content in thermal and UV aging of HPEC samples was discussed.

Introduction

The spatial variation of degradation rates (within
sample depth) can be deduced by electron spin reso-
nance imaging (ESRI) in polymers containing hindered
amine stabilizers (HAS); this approach was originally
suggested by Ohno, who presented 2D spectral-spatial
ESRI images of radicals in polypropylene (PP) contain-
ing two different stabilizers, but no detailed analysis.1
The method is based on the facile formation of stable
nitroxide radicals derived from HAS (termed HAS-NO)
during UV irradiation or thermal treatment and on
encoding spatial information in the ESR spectra via
magnetic field gradients. The chemistry of hindered
amines has been widely documented: Transformation
of the amines to nitroxides occurs by reaction with
peroxy radicals ROO•; the efficient stabilization mech-
anism is based on scavenging of polymer-derived radi-
cals by the nitroxides, leading to the formation of
diamagnetic species.2,3

Lucarini et al. have determined by 1D ESRI the distri-
bution of the nitroxide radicals in UV-irradiated PP con-
taining a hindered amine stabilizer.4,5 The spatial vari-
ation of nitroxide intensity in samples irradiated for long
times was explained by the diffusion-limited oxidation
(DLO) concept:6-8 The extent of degradation depends
on the transport of oxygen through the sample depth.
When the consumption of oxygen in oxidation processes
is lower than or comparable to the amount of oxygen
available by diffusion, degradation can occur through the

entire sample. If, however, the rate of oxygen consump-
tion is higher that its supply rate, only layers in contact
with air are degraded, and the sample interior is not
affected; this is the DLO regime. The DLO regime and
high oxidation rates lead to narrow penetration depth
of oxygen.9f

In our laboratory we have developed 1D and 2D
spectral-spatial ESRI for the study of heterophasic
systems such as poly(acrylonitrile-butadiene-styrene)
(ABS)9 and propylene-ethylene copolymers (HPEC).10

In these systems the HAS-derived nitroxides perform
a triple role. First, they provide the contrast needed in
the imaging experiments. Second, they enable the vis-
ualization of polymer morphology, based on the detec-
tion of two dynamically different components detected
in the ESR spectra of the nitroxides; in ABS for in-
stance, the two sites, fast (F) and slow (S), have been
assigned to location of nitroxides in butadiene-rich and
styrene-acrylonitrile (SAN)-rich domains, respectively.
Third, the spatial variation of the ESR spectra of
nitroxides (in terms of intensity and line shapes) with
treatment time, t, provides detailed information on the
extent of degradation in the different microdomains.
These experiments made possible the determination not
only of the concentration profiles of the nitroxides but
also of spectral profiling: the variation of ESR spectra
with sample depth.

Conclusions from the 1D and 2D ESRI experiments
have been further confirmed by ATR-FTIR, which
measured the variation of the carbonyl signal at ≈1730
cm-1 and, in ABS, of the butadiene signal at 966 cm-1,
as a function of treatment time.9-11 Previous studies
have emphasized that the advantage of ESRI compared
to FTIR is the ability to determine mechanistic details
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on the early stages of degradation;9d this advantage is
a direct result of the exceptional sensitivity of ESR
methods for the detection of radical species. Additional
details on the thermal transitions and nitroxide dynam-
ics were obtained by ESR of polymers containing ni-
troxide spin probes as dopants.12

Heterophasic propylene-ethylene copolymers (HPEC),
known commercially as impact polypropylene copoly-
mers (IPC), consist of crystalline polypropylene modified
by an elastomeric component, typically ethylene-pro-
pylene rubber (EPR). The polymers are usually prepared
by polymerization of propylene in the presence of
catalysts, followed by sequential polymerization of a
propylene-ethylene mixture with the same catalysts.13

The application of ESR spectroscopy, ESRI, and FTIR
to the study of degradation in HPEC samples thermally
treated at 393 and 433 K has been reported.10 Both
ESRI and FTIR experiments suggested a faster degra-
dation rate in HPEC1 containing the higher amount of
the EPR component (25 wt % E) compared to HPEC2
(10 wt % E); moreover, a higher amount of Tinuvin 770
in the polymers led to less efficient stabilization. FTIR
spectra indicated increased ordering of polypropylene
segments in HPEC during aging at 433 K. The study of
thermal aging has shown that a major advantage of the
ESRI method is the ability to reveal degradation and
stabilization within the sample depth in a nondestruc-
tive way. In addition, in heterophasic polymers such as
HPEC and ABS systems, 1D and 2D spectral-spatial
ESRI allowed separate visualization of degradation
processes in various amorphous phases,9,10 including the
rigid amorphous phase (RAP) detected by ESR in the
case of HPEC.10a The RAP is the part of the amorphous
phase that is modified by the proximity to the crystalline
phase and is the interphase characterized by partial
order in the three-phase model for semicrystalline
polymers.14-17 Experimental studies have explored the
mechanical properties of the interphase, differences in
specific heat, small-angle X-ray scattering (SAXS),
NMR, FTIR, and Raman spectra. The picture that
emerged from these studies is that the boundary
between crystalline and totally disordered domains is
not sharp. In some systems a broadening of the glass
transition and an increase in Tg with increasing degree
of crystallinity were observed. A decrease of the change
in specific heat, ∆Cp, beyond that expected for the
amount of polymer that has crystallized, has also been
detected in some cases, and has been taken as an
indicator of some rigidity in the amorphous phase. These
phenomena have been rationalized by assuming the
presence of a rigid amorphous phase.

The photodegradation and stabilization of heteropha-
sic propylene-ethylene copolymers containing 15 wt %
ethylene as EPR has been studied by Delprat et al.
using medium-pressure mercury lamps as the irradia-
tion source (λ > 300 nm).18 The polymers were studied
as 100 µm thick films and 3 mm thick plaques, with
FTIR and photoacustic spectroscopy (PAS) as the main
methods of study. Some experiments were also per-
formed on samples stabilized by two types of hindered
amine light stabilizers, HALS-1 and HALS-2.19 The
major conclusion was that the degradation of the
copolymers is dominated by the susceptibility of the
propylene component to both thermal degradation and
photodegradation; as such, interpretation of the results
in the heterophasic copolymers benefits from numerous
and detailed degradation studies of PP, which have been

performed using a wide variety of investigation
methods.20-25 The copolymer behavior is, however, more
complicated compared to pure PP: the presence of the
EPR component leads to a complex phase structure that
includes not only crystalline and amorphous PP do-
mains but also the rigid amorphous phase and the
amorphous rubber phases.10,25 The EPR phase also
increases the rate of oxygen diffusion through the
copolymer, and therefore composition is a parameter
that is expected to play a major role in the degradation
behavior but has not been investigated yet.

We present a study of photodegradation in HPEC
systems containing a hindered amine stabilizer (Tinuvin
770); aging was performed by exposure of ≈3 mm thick
plaques to UVA and UVB sources in weathering cham-
bers at 318 K. As in thermal aging, two types of HPEC
were examined, containing 25 and 10% ethylene (E) as
ethylene/propylene rubber (EPR) and termed respec-
tively HPEC1 and HPEC2. Spatial and temporal effects
of the aging process were studied by electron spin
resonance (ESR) and ESR imaging (ESRI) of HAS-
derived nitroxide radicals (HAS-NO), by comparison of
thermal transition in original and aged samples using
DSC, and by measuring the UV-vis absorption of
copolymer films of various thicknesses. The major
objectives were to determine the effect of ethylene
content (as EPR) and irradiation wavelength on the
extent of degradation and to compare with previous
ESRI studies of thermal treatment in the same sys-
tems.10 The results presented below reflect predegra-
dation and early degradation stages initiated by UV
irradiation and reveal the sensitivity of ESRI methods
to early events in the aging process.

Experimental Section
Materials. The two HPEC samples were from Dow Chemi-

cal Co.: HPEC1 (IPC C708, Mn ) 60 700, Mw ) 227 000) and
HPEC2 (IPC C104-01, Mn ) 90 400, Mw ) 428 000). The E
content was 25 wt % in HPEC1 and 10 wt % in HPEC2, within
a margin of error of (2%.10 The HAS (Chart 1) was from Ciba
Specialty Chemicals.

Preparation of Samples for ESR and ESRI. HPEC
plaques containing 1 wt % Tinuvin 770 and prepared by
injection molding were aged by exposure to UVA and UVB

Chart 1. Hindered Amine Stabilizer (HAS) Tinuvin
770

Figure 1. Irradiance as a function of wavelength for UVA-
340 and UVB-FS20 fluorescent lamps vs sunlight.
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irradiation in UVCON (model UC-327-2) and UV-2 (model MA-
24) Atlas weathering chambers, respectively, at 318 K. The
UVA source, with half-maximum intensity in the range 320-
370 nm, consisted of four UVA340 Sunlamps at 40 W each;
the UVB source, with half-maximum intensity in the range
290-330 nm, consisted of four FS-20 Sunlamps at 20 W each.
The corresponding irradiances are shown in Figure 1, together
with that of sunlight.

For the ESR experiments, cylindrical samples with diameter
≈7 mm were cut through the plaque thickness at selected time
intervals, trimmed to fit the 5 mm in diameter of the ESR
sample tube, and placed in the ESR resonator with the
symmetry axis along the long (vertical) axis of the resonator
and parallel to the direction of the magnetic field gradient.

ESR Measurements. Spectra were collected with Bruker
X-band EMX spectrometers operating at 9.7 GHz with 100 kHz
magnetic field modulation and equipped with the Acquisit 32
Bit WINEPR data system version 3.01 for acquisition and
manipulation and ER 4111 VT variable temperature units. The
microwave frequency was measured with a Hewlett-Packard
5350B microwave frequency counter. Most spectra were
measured with the following parameters: sweep width 120
G, microwave power 2 mW, time constant 40.96 ms, conversion
time 81.92 ms, 4-10 scans, and 1024-2048 points. The
modulation amplitude was varied in the range 0.5-1.2 G,
depending on the line width. The temperature was controlled
within (1 K. All samples were allowed to equilibrate for at
least 10 min after reaching the desired temperature. Ad-
ditional experimental details, including the determination of
HAS-NO concentration in whole samples and of the relative
intensity of the two nitroxide spectral components, fast (F) and
slow (S), have been described.9,10

ESR Imaging and Data Acquisition. One of the ESR
spectrometers was equipped with two Lewis coils and two
regulated dc power supplies for the imaging experiments. The
intensity profile of radicals was deduced from 1D ESRI
experiments. To this end, two spectra are needed: the usual
ESR spectrum and the spectrum measured in the presence of
the magnetic field gradient (“1D image”). 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 (“the profile”). The deconvolution is correct
only if the ESR line shape has no spatial dependence. The two
spectra were measured at 340 K in order to reach the motional
narrowing regime of both spectral components; in this way the
spatial dependence of the ESR signal was avoided. All 1D
images were obtained with a field gradient of 200 G/cm.

The intensity profile was fitted by analytical functions and
convoluted with the ESR spectrum measured in the absence
of the field gradient in order to simulate the 1D image. The
genetic algorithm (GA) was used for minimization of the
difference between simulated and experimental 1D images;
this procedure allowed the best fit to be chosen automati-
cally.26,27

The 2D spectral-spatial ESR images were reconstructed
from a complete set of projections, typically 128-256, collected
as a function of the magnetic field gradient, using a convoluted
back-projection algorithm.9,10 In the first reconstruction stage,
the projections at the missing angles were assumed to be
identical to 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)
with 2-10 iterations.28,29 The 2D image was saved as 128 ×
128 or 256 × 256 matrices.

UV-Vis Absorption of HPEC Films. The films were
prepared using a Carver compression-molding machine. From
the original HPEC ≈3 mm thick plaques, pieces of size 8 × 8
mm2 were cut and compressed at temperatures in the range
355-393 K and a pressure of 44 atm for 30-180 s. To obtain
the thinnest films, the copolymer was compressed directly on
the molding stage; for film thicknesses in the range 0.36-1.1
mm, one to four sheets of Teflon frames (thickness 0.140 mm)
or a metal frame were used during molding. The film thickness
was measured using a Moore and Wright Micro 2000 µm with
an accuracy of ≈0.002 mm.

Absorbances in the UV-vis range were measured using an
Ocean Optics Inc. spectrometer. A blank measurement was
taken as a reference before each measurement, and the signal
was subtracted from all sample spectra. All measurements
were performed at ambient temperature.

DSC Measurements. Thermal transitions were measured
at a scan rate of 20 K/min with the TA differential scanning
calorimeter model DSC 2920 using the TA Data Analysis
Software V4.0.

Results

ESR spectra measured at 300 K in the UVA- and
UVB-irradiated HPEC (whole samples) containing 1 wt
% HAS are presented in Figure 2. As for the thermally
treated copolymers,10 the spectra consist of two compo-
nents, fast (F) and slow (S), which reflect the different
dynamics of nitroxide radicals in the amorphous phases
of the copolymers. The S component represents the rigid
amorphous part of EPR and the amorphous part of PP
regions, and the F component represents the remaining
EPR regions. The relative intensities of the two com-
ponents are also given in Figure 2. %F is essentially
constant with UVA irradiation time and increases
slightly with UVB irradiation time.

The concentration of HAS-NO in whole HPEC samples
as a function of treatment time t (in days) by the UVB
and UVA sources is presented in Figure 3A. The data

Figure 2. ESR spectra at 300 K in UV-irradiated HPEC1 and
HPEC2 (whole samples): (A) UVA, exposure times of 10 and
60 days; (B) UVB, exposure times of 6 and 40 days. Arrows
indicate the F and S components. %F is also shown.
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points were deduced from corresponding ESR spectra
measured at 300 K. For UVA irradiation, the concentra-

tion of nitroxides is lower in HPEC2 for t < 15 days and
slightly higher for t g 15 days. For UVB irradiation,
the concentration of nitroxides is similar in both HPEC
samples at short treatment times and higher in HPEC2
for t g 5 days. The corresponding %F in the UVA-
irradiated samples is shown in Figure 3B; considerable
change in %F is seen only after the longest treatment
time, 410 days, suggesting consumption of the nitroxides
in stabilization processes and/or increase of crystallinity
due to degradation.

The concentration profiles of HAS-NO in HPEC1 and
HPEC2 samples that were UVA-irradiated for the
indicated t values are shown in parts A and B of Figure
4, respectively. The profiles were normalized according
to the total radical concentration in whole samples. The
profiles for “0 day” in Figure 4 represent weak nitroxide
signals detected even before the UV treatment. For
HPEC1, the concentration of HAS-NO increases with
treatment time, and the radicals are almost homoge-
neously distributed within the sample depth (Figure
4A). The nitroxide distribution for HPEC2 is dramati-
cally different: for t e 10 days, the radicals are
concentrated mostly on the irradiated side of the
sample, in a layer of thickness ≈1 mm; for t g 20 days,
the radical concentration decreases slightly on the
irradiated side and nitroxide are present in increasing
concentration on the backside.

Figure 5 presents concentration profiles of HAS-NO
after UVB irradiation for HPEC1 (Figure 5A) and
HPEC2 (Figure 5B). The 1D profiles for both polymers
after 1 day of irradiation are similar: radicals are
formed on the irradiated side of the sample, in a layer
of thickness < 1 mm. In the case of HPEC1, longer
treatment times led to additional formation of radicals,

Figure 3. (A) Concentration of HAS-derived nitroxides (HAS-
NO) in UV-irradiated HPEC1 and HPEC2. (B) % fast compo-
nent in the UVA-irradiated samples, both deduced from ESR
spectra at 300 K and plotted as a function of irradiation time.
Data are for whole samples.

Figure 4. Normalized concentration profiles of HAS-NO in
HPEC samples deduced from 1D ESRI, for the indicated UVA
irradiation times. (A) HPEC1; (B) HPEC2. Horizontal arrows
indicate the irradiated side of the plaque.

Figure 5. Normalized concentration profiles of HAS-NO in
HPEC samples deduced by 1D ESRI, for the indicated UVB
irradiation times. (A) HPEC1; (B) HPEC2. Horizontal arrows
indicate the irradiated side of the plaque.
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to the displacement of the maximum intensity on the
irradiated side into the sample depth, and to a small
increase of radical concentration on the backside. For
HPEC2, however, the maximum concentration shifts
toward the sample center for t g15 days, and radicals
are formed on the backside; after 40 days of irradiation,
the highest radical concentration is observed on the
backside of the sample.

No significant differences in ESR spectra and con-
centration profiles were detected for HPEC2 samples
with uncovered and covered (by aluminum foil) backside
and irradiated for 60 and 69 days, respectively, as
shown in Figure 6; this experiment indicates that
nitroxides on the backside are not formed due to
scattered light but due to some penetration of UV light
through the plaque. The extreme separation of the S
component increased to 61.5 G after the largest t (410
days), compared to 59 G for t ) 69 days; during the same
period the concentration profiles did not change notice-
ably, but the total radical intensity decreases by ≈40%
(Figure 6B).

The 2D spectral-spatial ESRI perspective plots for
HAS-NO in UVB-irradiated HPEC1 (t ) 20 days) and
UVA-irradiated HPEC2 (t ) 410 days) are shown in
Figure 7, together with “virtual” spectral slices and with
corresponding %F values at several distances from the
irradiated side. The F/S ratios vary along samples
depth. In the case of HPEC1, %F increases from the
irradiated side toward the sample interior and is about
2 times higher on the backside compared to the side
exposed to light. For HPEC2 after the longest irradia-
tion time (t ) 410 days), %F is lower on both sides and
reaches a maximum in the interior of plaque.

To explain the formation of nitroxides on the back
(nonirradiated) side of the plaques, we have measured

UV-vis absorptions of polymer films in a range of
thicknesses; the results are presented in Figure 8A for
HPEC1 and Figure 8B for HPEC2. The corresponding
% transmittance at 310 (or 320) and 340 (or 350) nm as
a function of film thickness is shown in Figure 9; the
wavelengths for comparison were chosen because they
represent maxima in the irradiance for UVB and UVA,
respectively. For both types of polymers the difference
between the transmittances at the two wavelengths is
not large but systematic and suggests a lower transmit-
tance for the lower wavelength at all thicknesses, in line
with the higher rate of degradation in UVB-irradiated
polymers, which will emerge from the Discussion.

Discussion

In this section we will discuss the UV absorption of
the copolymers films, assess the effect of irradiation
wavelength on the degradation processes, deduce an
enhanced degradation rate in the HPEC sample with
the lower EPR content (HPEC2), and compare the effect
of EPR content on the rate of thermal degradation and
photodegradation in the stabilized copolymers.

UV Absorption in HPEC. The specific UV absorp-
tion of pure PP is below 200 nm.30 Any absorption of
commercial PP, and also of PE,31 above this wavelength
is due to the presence of impurity chromophores (initia-
tors and catalysts, for example) or additives.

UV absorbances for HPEC films are shown in Figure
8A,B; the peak at 274 nm detected in the thinner
HPEC2 films is due to the Organox 1010 UV ab-
sorber.23,32 As seen in Figure 9, for both polymers the
amount transmitted is lower in the UVB range (λ )
310-320 nm, at or near the maximum lamp intensity)
than in the UVA range (λ ) 340-350 nm, at or near

Figure 6. (A) ESR spectra measured at 300 K of HAS-NO radicals in HPEC2 UVA-irradiated for indicated time; ES (G) is the
extreme separation of the slow (S) component, and F is the fast component. (B) Corresponding normalized concentration profiles
deduced by 1D ESRI.
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the maximum lamp intensity). In addition, the %
transmittance for films beyond a thickness of ≈1 mm
is small and varies in the range 0.1-0.2%. Three
conclusions can be deduced from these observations. (a)
The rate of degradation is expected to be higher in
samples that were UVB-irradiated; this conclusion is
in agreement with the ESRI results (vide infra). (b)
Some light penetrates through the plaque thickness and
is involved in the formation of nitroxide radicals on the
backside of the sample, where oxygen is always present;
formation of nitroxides is a facile reaction, and some
nitroxides are present even before UV treatment, as
seen in Figures 4 and 5 for t ) 0. Because the intensity
of transmitted light is weak, the rate of degradation on

the nonirradiated side is negligible, in accord with the
concentration profiles shown in Figures 4 and 5; the
HAS-NO concentration after long treatment times is
high because the nitroxides are not consumed in stabi-
lization processes. (c) Some nitroxides are also formed
inside the plaques, as seen clearly in the 1D profiles
shown in Figures 4 and in 5B for long treatment times,
indicating the presence of oxygen and relatively low
degradation rates. These deductions suggest that we are
observing low to negligible rates of degradation (with
the exception of HPEC2 for t g 20 days) and set the
stage for the discussion that follows.

Effect of Irradiation Wavelength. The HAS-
derived nitroxide profile for UVA-irradiated HPEC1

Figure 7. 2D spectral-spatial ESRI perspective image and corresponding virtual slices of HAS-NO radicals in UVB-irradiated
HPEC1, t ) 20 days (A), and in UVA-irradiated HPEC2, t ) 410 days (B). %F as a function of depth from the irradiated side is
also indicated.
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deduced from 1D ESRI (Figure 4A) indicates the pres-
ence of nitroxides throughout the sample depth, albeit
with a slightly higher concentration on the irradiated
side; this result is a sign of a slow degradation rate.
Moreover, the %F (Figure 3B) is almost constant with
irradiation time: the sample has not reached the DLO
regime. The profile for UVB-irradiated HPEC1 (Figure
5A) is dramatically different: spatially heterogeneous
degradation is seen both in the low nitroxide concentra-
tion for depth g1.5 mm from the irradiated side and in
the displacement of the maximum nitroxide concentra-
tion to the sample interior as treatment time increases.
Comparison of the profiles for HPEC1 suggests therefore
that UVB leads to more advanced degradation, which
is limited to a thinner layer compared to UVA. Ad-

ditional support for this conclusion is obtained by
comparison of the profiles for UVA- and UVB-irradiated
HPEC2 samples (Figures 4B and 5B, respectively): the
profiles for UVB treatment are more heterogeneous, as
seen in the presence of nitroxides only in a limited part
of the plaque, ≈1 mm at the irradiated edge for
irradiation time of up to 6 days, and the considerable
decrease of radicals concentration on the irradiated side
for irradiation time >15 days, an indicator of nitroxide
consumption in stabilization steps. This conclusion is
reinforced by the variation of %F with sample depth,
seen in Figure 7A: %F is low on the irradiated side due
to consumption of the F component of the nitroxides in
the EPR domains or PP crystallization and very high
on the backside, where the rate of degradation is

Figure 8. UV-vis absorbances of copolymer films for the indicated film thickness: (A) HPEC1; (B) HPEC2. Arrows in (B) indicate
the UV absorption maximum of the antioxidant Organox 1010.
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negligible. Degradation rates are low, but relatively
higher, for the UVB-irradiated samples.

Effect of EPR Content. Clear evidence for the
higher degradation rate in HPEC2 compared to HPEC1
is deduced from examination of the nitroxide profiles
shown in Figure 4 for UVA-treated samples. The profiles
for HPEC1 are almost homogeneous for irradiation
times up to and including 60 days. During the same
interval the profiles for HPEC2 start as heterogeneous
and become complex, with progressively higher distri-
bution of nitroxides within the sample, due to formation
of nitroxides that are not consumed in stabilization
processes. This conclusion is in accord with the results
obtained by Delprat et al., which have suggested that
the degradation in the copolymers is essentially driven
by the susceptibility of PP to UV degradation.18

The DSC data presented in Table 1 add additional
support for this conclusion. After 60 days of UVA
irradiation, the crystallinity in HPEC1 is similar to the
original sample (26.8 and 25.3, essentially the same
within experimental error). For HPEC2, however, %
crystallinity increases from 29.5 to 36.0% (based on ∆H
) 209 J/g23), as expected for a higher degradation rate.22

The lowering of the melting point due to the formation

of shorter crystalline segments is only ≈1 K but is
similar to that detected in ref 22a for a similar treat-
ment time. The increase of the extreme separation
shown in Figure 6 to 61.5 G upon the longest treatment
time with UVA, 410 days, also indicates a higher degree
of crystallinity: the slow (S) component becomes more
rigid due to its proximity to crystalline domains (the
“rigid amorphous phase”).10a

In explaining the decrease of the melting point with
increasing irradiation time, Rabello and White also
considered the possible degradation at the lamellar fold
surfaces, which can result in a reduction of the melting
temperature due to the increase in the surface free
energy of the crystals.22a This possibility is, however,
contrary to the result that PP samples with higher
crystallinity “displayed less degradation”22 and therefore
not realistic.

UV vs Thermal Aging. In the study of thermal
degradation of HPEC systems, we have deduced by both
ESRI and FTIR that the rate of degradation is higher
in HPEC1, which contains the higher (25 wt %) E
content.10b This result was explained by the higher
diffusion rate of oxygen and reactant mobility at the
aging temperatures (393 and 433 K) in copolymers that
contained more E. The higher degradation rate deduced
in the present study for UV-irradiated HPEC that
contained less E (HPEC2) indicates a different behavior
in thermally treated and UV-irradiated copolymers.
Delprat and Gardette suggested that thermal degrada-
tion and photodegradation give rise to similar products,
due in both cases to the susceptibility of PP to oxida-
tion.18 We agree that the dominant effect in degradation
is the PP sensitivity at the point of attack, the tertiary
carbon. However, even if in both types of treatment PP
is the major component that undergoes oxidation, the
rate of degradation is sensitive to the amount of EPR,
which influences the rate of oxygen diffusion. This
deduction was possible in this study, which compared
two HPEC compositions differing in EPR content.
Moreover, a different oxidation mechanism for PP
undergoing thermal oxidation and photooxidation has
been reported in recent papers, using 32O2 and 36O2:21

only photodegradation led to the formation of 34O2. To
explain this result, two reactions involving peroxy
radicals ROO• have been considered; the first is H
abstraction from the polymer PH, and the second is
peroxy radicals recombination and dissociation:

The first reaction is favored at higher temperatures,
because of the higher activation energy, and is expected
upon thermal treatment. The second reaction has a
lower activation energy, can take place at lower tem-
peratures, and leads to the formation of 34O2. The
different behavior of PP at different temperatures is
expected to be carried over to HPEC systems as well.

Conclusions
Analysis of the results has led to the following major

conclusions: (1) Small intensity of UV light transmitted
through the plaque thickness is sufficient for the forma-
tion of HAS-derived nitroxides on the nonirradiated
side, where the radical concentration is high because
nitroxides are not consumed in stabilization processes,

Figure 9. (A) % transmittance at 320 and 350 nm for HPEC1
films. (B) % transmittance at 310 and 340 nm for HPEC2 films,
plotted as a function of film thickness.

Table 1. Heats of Transition (∆H), Melting Temperatures
(Tm), and % Crystallinity in HPEC1 and HPEC2

UVA-Irradiated for 60 daysa

sampleb Tm (K) ∆H (J/g) % crystallinity

HPEC1 (untreated) 439.0 56.1 26.8
HPEC1-UVA-60 days 439.2 52.8 25.3
HPEC2 (untreated) 439.0 61.6 29.5
HPEC2-UVA-60 days 437.9 75.1 36.0

a It was assumed that the heat of transition is 209 J/g for a
perfect PP crystal (ref 23). b All HPEC samples contained 1 wt %
HAS.

ROO• + PH f ROOH and P• (1)

2ROO• f 2RO• + O2 (2)
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and the rate of degradation is negligible. (2) UV irradia-
tion leads to degradation only on the irradiated side,
and the nitroxides are consumed in the stabilization
process. This effect is more pronounced for UVB-
irradiated samples. (3) HPEC2 (10% E) degrades faster
compared to HPEC1 (25% E); this result is in contrast
to the behavior of thermally treated HPEC samples.
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