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a b s t r a c t

Hindered Amine Light Stabilizer (HAS) molecules have been covalently linked on the outer surface of
multi-walled carbon nanotubes (CNTs), and the so-obtained multi-functional fillers (HAS-f-CNTs) have
been compounded with Ultra High Molecular Weight Polyethylene (UHMWPE) to get composite films.
The success of the grafting reaction of the HAS molecules has been confirmed through spectroscopic and
thermo-gravimetric analyses. Morphological analyses reveal a segregated microstructure, in which CNT-
rich channels surround the polymer domains. This morphology results in improved mechanical prop-
erties and appreciable electrical conductive features. More importantly, the addition of only 1 wt.% of
HAS-f-CNTs brings about a significant improvement of the photo-oxidation resistance, which neither
HAS nor CNTs can provide if used separately. The origin of this synergic effect is discussed. Overall, our
results demonstrate the possibility of using properly functionalized CNTs as multi-functional fillers to get
high-performance polymer composites.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The development of innovative multi-functional hybrid carbon-
based nanoparticles and their polymer nanocomposites have
gained a great interest among researchers in the last two decades
[1e3]. One of the most promising candidates for the design of novel
multi-functional nanoparticles are carbon nanotubes [4,5] whose
high aspect ratio and carbonaceous nature provide them with
unique properties, such as high electrical and thermal conductivity,
electro-optical behaviour, chemical reactivity, and excellent me-
chanical stiffness. The superior properties of CNTs make them
attractive for the formulation of advanced and high performance
polymer-based composites, suitable for applications in such
different areas ranging from biomedical engineering, optical
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electronics, ultra filtration, energy storage, and photovoltaic cells
[6,7]. Nevertheless, the performance of CNTs/polymer nano-
composites depends on the dispersion of CNTs in the host matrix
and on the established interfacial interactions. Therefore, signifi-
cant efforts have been directed towards developing methods to
modify surface properties of CNTs and to improve their compati-
bility with host polymer matrices. The chemical functionalization
of CNTs, that can be achieved through different methods, such as
covalent linkage [6], non-covalent supramolecular absorption [7],
defect functionalization [8] or modification through click chemistry
[9]. Besides improving their dispersibility inside polymer matrices
[10e12], such chemical modifications provides the CNTs with new
functionalities, thus enlarging their possible fields of application
[13,14]. In particular, CNTs can be profitably used as nano-carriers
bearing specific functionalities to be dispersed in a polymer
matrices. This strategy, which combines all the structural advan-
tages of this 1D nanofiller with the specific properties of the
functional groups, allows to obtain innovative multi-functional
hindered amine light stabilizers-functionalized carbon nanotubes for
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nanoparticles with several potential applications. In our previous
works, CNTs bearing natural natural stabilizing molecules, such as
vitamin E and quercetin, revealed to be able to greatly enhance the
thermo-oxidative resistance of a host polymer [15e17]. The results
have been explained considering that the natural anti-oxidant
molecules boost up the intrinsic radical scavenging activity of
CNTs [18,19]. The latter can be further increased through the
insertion of specific anti-oxidant functionalities [20] or UV-
stabilizers [21] on the outer surface of CNTs. Indeed, a recent
study by Lonkar et al. [21] evidenced that MWCNTs modified with
Hindered Amine Light Stabilizer (HAS) dispersed in polypropylene
(PP) matrix are able both to increase the induction period of PP
photo-oxidation and to improve the mechanical properties of the
nanocomposites. HAS molecules are well-known to provide poly-
olefins with long-term stability through a well-documented
mechanism that involves the formation of nitroxyl (NO) radicals.
The latter are able to scavenge alkyl radicals formed during poly-
mers oxidation. The HAS efficiency is due to the fact that, in the
course of these reactions, NO radicals are regenerated according to
the “Denisov cycle” [22].

In the specific case of Ultra High Molecular Weight Polyethylene
(UHMWPE), and particularly in the radiation cross-linked material
used in the design of artificial joints, HAS molecules have been
suggested as possible stabilizers in place of the currently used
Vitamin E (VE) [23]. HAS were proved to have better performances
than VE due to the different stabilization mechanisms of the two
classes of stabilizers. In particular, a fraction of VE can react with
alkyl radicals already during the step of radiation cross-linking of
UHMWPE. On the one hand, this leads to a reduction of radiation
efficiency or cross-link density; on the other hand, part of VE be-
comes no longer available for the protection of the cross-linked
polymer during their useful lifetime. In contrast, being added in a
non radical form, HAS do not interfere with the cross-linking
mechanism. Only after irradiation and in the presence of oxygen-
ated species HAS are activated, giving rise to nitroxides able to react
with radical species so as to stabilize the host polymer.

Currently UHMWPE components are limited in their thickness
due to concerns about elevated stresses and the potential for
fracture. Therefore, there is increased interest in UHMWPE com-
posites to improve the strength of the material, without sacrificing
its excellent performance such as bio-compatibility and wear
resistance [24e26].

In this work, HAS molecules have been anchored on the outer
surface of CNTs, and the obtained multi-functional fillers (HAS-f-
CNTs) have been used for the formulation of advanced Ultra High
Molecular Weight Polyethylene (UHMWPE) nanocomposites. The
UHMWPE/HAS-f-CNTs nanocomposite exhibits segregated
morphology consisting of conductive nanoparticles paths spanning
the host matrix. More importantly, the HAS-f-CNTs provide high
photo-oxidative stability due to a synergic effect of HAS and CNTs,
which are not as effective if used separately.

2. Experimental part

2.1. Materials

The UHMWPE is a commercial grade purchased by Sigma-
eAldrich in the form of a white powder. Its main properties are:
average molecular weight Mw ¼ 3÷6 MDa, softening point
T ¼ 136 �C (Vicat, ASTM D 1525B), melting point Tm ¼ 138 �C and
density r ¼ 0.94 g/mL at 25 �C.

CNTs bearing hindered amine light stabilizer molecules (HAS)
grafted on the outer surface (HAS-f-CNTs) were produced starting
from multiwalled CNTs containing ~1 wt.% of covalently linked
eCOOH groups (CNTs-COOH) purchased by Cheap Tubes, U.S.A.
Please cite this article in press as: Dintcheva NTz, et al., Multi-functional
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Their main features are: outer diameter OD ¼ 120÷180 nm, inner
diameter ID¼ 10÷20 nm, length L¼ 10÷20 mm, purity >95wt.%, ash
<1.5 wt.%, specific surface area SSA>60 m2/g and electrical con-
ductivity EC > 10�2 S/cm. Bare multiwalled CNTs were used to
produce reference samples. They have OD ¼ 120÷180 nm,
ID ¼ 10÷20 nm, L ¼ 10÷20 mm, purity >95 wt.%, ash <1.5 wt.%,
SSA>40 m2/g and EC > 10�2 S/cm.

N,N’-dicyclohexylcarbodiimide (DCC) and 2,2,6,6-tetramethyl-
4-piperidinol (light stabilizer molecules, HAS) were purchased
from SigmaeAldrich and utilized without further purifications.

4-piperidol,2,2,6,6-tetramethyl-RPW stearin, a commercial light
stabilizer with trade name Cyasorb® UV-3853 (UV-3853), was
supplied by Cytec.

2.2. Side-wall functionalized CNTs-COOH

The covalent linkage between the side-wall carboxylic function
of the CNTs (1) and the piperidinol (3) was obtained by esterifica-
tion in the presence of DCC (see Fig. 1). Due to steric hindrances, the
endocyclic amino function of 2,2,6,6-tetramethyl-4-piperidinol is
rather inert in the reaction conditions, and only the hydroxyl group
is involved in the esterification.

0.2 g of CNTs (1) were dispersed in a solution of 2,2,6,6-
tetramethyl-4-piperidinol (3) (0.64 mmol, 0.10 g) and DCC
(0.19mmol, 0.040 g) in 30mL of dry THF. The resulting mixturewas
sonicated in an ultrasound bath (240 W, 2.5 Lt) for 1 min then
stirred at ambient temperature under nitrogen atmosphere for
96 h. After that time, the suspension was filtered using a sintered
glass filter. Afterward, the CNTs were washed with hot N,N’-
dimethylformamide and methanol under vigorous stirring,
repeating the procedure up to 10 times before drying at 90 �C
overnight.

2.3. Nanocomposite preparation

UHMWPE-based nanocomposites containing 1 wt.% of bare
CNTs, CNTs-COOH or HAS-f-CNTs were prepared by hot compaction
(HC) using a hydraulic Carver press. Polymer and CNTs were
manually mixed at room temperature to obtain a homogeneous
black powder, which was loaded between the plates of the press
and compressed at a pressure P¼ 1500 psi for 5 min at temperature
T ¼ 210 �C. The resulting thin films (thickness ~80 mm) were used
for the subsequent analyses. HC films based on pure UHMWPE and
UHMWPE/UV-3853 containing 0.5 wt.% of free stabilizer were used
as reference samples.

2.4. Characterization

Attenuated Total Reflectance e Fourier Transform Infrared
Spectroscopy (ATR-FTIR) analysis of CNTs-COOH and HAS-f-CNTs
was performed using a Spectrum Two FTIR spectrometer (Perkin
Elmer) equipped with a diamond crystal for surface analysis. ATR-
FTIR spectra collected on three different batches of each sample
(milligram level) were obtained by accumulation of 32 scans be-
tween 4000 and 1000 cm�1, with a resolution of 4 cm�1.

Thermogravimetric analyses (TGA) were carried out on the bare
and functionalized CNTs by using an Exstar TG/DTA Seiko 7200
instrument. The tests were performed at a heating rate of 10 �C/min
from 30 to 750 �C under nitrogen flow. The reported results are the
average of three independent measurements on batches of ~5 mg.
The standard deviation was ±0.3% for each investigated sample.

Micro-Raman spectroscopy has been performed at room tem-
perature through a Bruker-Senterra micro-Raman equipped with a
532 nm diode laser excitation and 20 mW power. Non-confocal
hindered amine light stabilizers-functionalized carbon nanotubes for
mposites, Composites Part B (2015), http://dx.doi.org/10.1016/
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Fig. 1. Scheme of side-wall functionalization of CNTs by 2,2,6,6-tetramethyl-4-piperidinol.
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Fig. 2. ATR-FTIR spectra of CNTs-COOH and HAS-f-CNTs.
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measurements were carried out in the range 4000e400 cm�1 with
a spectral resolution between 9 and 15 cm�1.

Pyrolysis Gas Chromatography Mass Spectrometry (Py-GCMS)
experiments were carried out on a Frontier Laboratories' Multi-
Shot Pyrolyzer EGA/PY-3030D with direct connection to a Shi-
madzu GCMS-TQ8040 gas chromatography mass spectrometer
(GC-MS) equipped with a 30 m � 0.25 mm inner diameter (5%-
phenyl)-methylpolysiloxanenon-polar column (HP5MS). The py-
rolyzer was set at 350 �C and kept at this temperature till the end of
experiment. The GC/MS conditions were the following: inlet tem-
perature at 250 �C, pressure 7.1 psi, split ratio 50:1. The oven
temperature of the GC was held at 40 �C for 1 min followed by
continuous heating (6 �C/min) to 280 �C with 1 mL/min helium
carrier gas. Then, the final temperature was held for 15 min to
ensure that no heavy molecules remained in the column. The mass
spectrometer conditions used were: transfer line temperature
150 �C, ion source temperature 230 �C, and electron impact ioni-
zation (EI) at 70 eV.

Rheological tests were performed using a strain-controlled
rheometer (mod. ARES G2 by TA Instrument) in parallel plate ge-
ometry (plate diameter 25 mm). The complex viscosity (h*) was
measured performing frequency scans from u¼ 10�1 to 102 rad/s at
T ¼ 210 �C. The strain amplitude was g ¼ 2%, which preliminary
strain sweep experiments proved to be low enough to be in the
linear viscoelastic regime.

Optical microscopy was performed using a Leica Microscope in
reflectionmode at amagnification of 20�. Images were acquired on
the surface of the nanocomposite films.

Transmission Electron Microscopy (TEM) observations were
performed at the Centro Grandi Apparecchiature e UninetLab,
University of Palermo. The analyses were carried out on ultrathin
films with thickness of about 100 nm, prepared via cutting from
specimens block with a Leica Ultramicrotome EMUC6. The ultrathin
slides were mounted on lacey carbon films on 300 mesh copper
grids and then observed using a Jeol JEM-2100 at 200 kV.

Scanning Electron Microscopy (SEM) observation were per-
formed using a Phenom ProX desktop SEM on the surface of ul-
trathin films, prepared via cutting from specimens block with a
Leica Ultramicrotome EMUC6.

Electrical resistivity of each film was measured employing a
commercial setup (ECOPIA HMS-3000, B ¼ 0.55 T) at room
temperature.

Dynamic Mechanical Thermal Analysis (DMTA) was performed
using a Rheometrics DMTAV instrument, single cantilever bending
method. The test has been carried out in the temperature swift
mode, between 10 and 120 �C at a heating rate of 2 �C/min. The
frequency was set to 1 Hz and the maximum strain amplitude was
0.5%. The elastic modulus (E0) as a function of the temperature was
recorded.

Photo-oxidation of polymer films, about 100 mm thick, was
carried out using a Q-UV-Solar Eye weatherometer (from Q-LAB,
USA) equipped with UVB lamps (313 nm). The weathering condi-
tions were 8 h of light at T ¼ 55 �C followed by 4 h of dark/
condensation at T ¼ 35 �C. The progress of the photo-degradation
was followed analysing the evolution in time of FTIR spectra on
Please cite this article in press as: Dintcheva NTz, et al., Multi-functional
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polymer films (thickness about 100 mm) carried out by using a
Perkin Elmer FT-IR spectrometer (mod. Spectrum Two). FTIR
spectra collected on three different films of each sample were ob-
tained by performing 16 scans between 4000 and 500 cm�1. The
photo-oxidation evolution was quantified by referring to the
carbonyl (CI) and hydroxyl (HI) indices as a function of irradiation
time. CI was calculated as the ratio between the integral of the
carbonyl absorption region (1850e1600 cm�1) and that of a refer-
ence peak at about 1370 cm�1; HI refers to the hydroxyl absorption
region (3570e3150 cm�1), which integral was normalized by the
peak at 1370 cm�1.

All the experiments were carried out at least in duplicate to
verify the robustness of the results.
3. Results and discussion

3.1. Characterization of HAS-f-CNTs

Reactive hindered amine light stabilizer molecules were grafted
onto the outer surface of the CNTs-COOH (see Fig. 1), and the sur-
face functionalization was assessed through ATR-FTIR, Raman
spectroscopy, TGA and mass spectrometry. The ATR-FTIR spectra of
CNTs-COOH and HAS-f-CNTs are shown in Fig. 2. The spectrum of
the HAS-f-CNTs displays a strong absorption band at 2966 cm�1

and a broad absorption band centred at around 2852 cm�1 due to
the asymmetrical (nasCH3) and symmetrical (nsCH3) stretching of
CeH bonds in methyl groups, respectively. Besides, a broad ab-
sorption band centred at around 3100 cm�1 possibly due to NeH
stretching vibration of the grafted functional group is also visible
[27]. Unfortunately, due to the strong absorbance feature of CNTs,
hindered amine light stabilizers-functionalized carbon nanotubes for
mposites, Composites Part B (2015), http://dx.doi.org/10.1016/
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the ATR-FTIR analysis is not conclusive about the chemical immo-
bilization of HAS molecules, since the functional groups are hardly
visible. More convincing proofs about occurred HAS grafting come
from TGA analysis. Both the CNTs-COOH and HAS-f-CNTs decom-
pose faster than the bare CNTs with increasing the temperature.
This is a consequence of the volatilization of the grafted carboxyl
and HAS molecules. The gradual weight loss related to the thermal
Fig. 4. (a) An enlargement portion of Py-GC signal assigned to 2,2,6,6-tetramethyl-4-piperidi
spectrum of 2,2,6,6-tetramethyl-4-piperidinol.
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decomposition of the HAS groups takes place in the range
300÷400 �C, i.e. well above the temperature at which the nano-
composite thin films were prepared and characterized. Probably,
the weight loss up to 100 �C is due to a small amount of residual
water in all the samples. The residues at the end of the analysis
were 98.1 wt.% and 96.5 wt.% for CNTs-COOH and HAS-f-CNTs,
respectively, whereas a residual of 99.1 wt.% was found for the bare
CNTs due to a partial decomposition of the bulk material, see Fig. 3.
Therefore, the overall content of HAS from the gradual mass loss of
HAS-f-CNTs was estimated to be around 2.0 wt.% (see Fig. 3).
nol in Py-GC MS and (b) corresponding mass spectrum matched with (c) database mass

hindered amine light stabilizers-functionalized carbon nanotubes for
mposites, Composites Part B (2015), http://dx.doi.org/10.1016/
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The surface functionalization of CNTs with HAS was further
confirmed by the GC-MS analysis of the pyrolyzed HAS-f-CNT. An
enlargement portion of GC signal assigned to 2,2,6,6-tetramethyl-
4-piperidinol in Py-GC MS is shown in Fig. 4, together with the
corresponding mass spectrum of 2,2,6,6-tetramethyl-4-piperidinol.
The almost total matching between the MS spectra of our sample
(spectrum b) and database mass spectra (spectrum c) can be
observed, which confirms the presence of 2,2,6,6-tetramethyl-4-
piperidinol.

According to our previous study [15], CNTs lattice defect due to
the functionalization can be detected by the Raman spectroscopy
by considering the ratio between the signal intensities of the
disorder-induced D-band at ~1340 cm�1 (ID) and tangential G-band
at ~1570 cm�1 (IG) [28,29]. The Raman spectra of bare CNTs, CNTs-
COOH and HAS-f-CNTs sample are compared in Fig. 5.

The ID/IG ratio of bare CNTs is about 0.47, while it increases
significantly for both CNTs-COOH (ID/IG ¼ 1.12) and HAS-f-CNTs (ID/
IG ¼ 1.40) samples. This indicates that the presence of carboxylic
groups and, even more, of HAS molecules, allows for the formation
of a large amount of surface defects. Furthermore, a slight shift of
tangential G-band for HAS-f-CNTs compared to the bare CNTs and
intensification of the shoulder centred at around 1605 cm�1 are due
to the modification occurring in the structure of CNTs, which
further confirms the successful grafting of HAS [29].

3.2. Characterization of UHMWPE-based nanocomposites

The molecular architecture changes in polymers and polymer-
based nanocomposites may be gainfully investigated through
rheology analysis. Additionally, the rheological analysis of nano-
filled polymers provides valuable information in terms of state of
dispersion of the nanoparticles. The complex viscosity curves (h*)
and elastic (G0) and loss (G00) moduli of neat UHMWPE and inves-
tigated nanocomposites as a function of frequency are shown in
Fig. 6(a and b). The addition of free HAS molecules (UV-3853)
causes a slight reduction of the rheological functions with respect
to neat UHMWPE likely due to a plasticizing effect exerted by the
low molecular weight additive. Concerning the effect of the nano-
tubes addition, the h* values of all nanocomposites are slightly
higher than those of neat UHMWPE in the whole investigated
frequency range. Bare and COOH-functionalized CNTs have an
irrelevant effect, resulting in a mere vertical shift of the h* curve,
without actually altering the relaxation spectrum of matrix mac-
romolecules. This feature is typical of not uniformly dispersed
fillers. Differently, the HAS-f-CNTs are able to generate appreciable
rheological alterations. In particular, the upturn of h* at the lowest
investigated frequency could is indicative of interconnected su-
perstructures that span portions of the host matrix. Alterations in
the low frequency behaviour emerge also in the elastic shear
modulus G0, which increases upon addition of CNTs. Again, the ef-
fect is more prominent in case of HAS-F-CNTs.

The morphological inspections of the nanocomposite films
confirm the presence of continuous paths of CNTs throughout the
matrix guessed from the rheological analysis. Representative opti-
cal, SEM and TEM micrographs of the UHMWPE-based nano-
composites containing bare CNTs, CNTs-COOH and HAS-f-CNTs are
shown in Fig. 7. The CNTs appear as the dark phase. A segregated
microstructure is noticed, in which the CNTs are mainly localized in
the interfacial regions between UHMWPE particles. This is a direct
consequence of the selected compounding method: the CNTs cover
the surface of the polymer particles in the initial UHMWPE/nano-
particles mixture, remaining at the boundaries between the poly-
mer particles at the end of the process. As a result, the formation of
CNTs-rich channels around UHMWPE-rich islands is achieved [24].
The SEM observations provide further evidence of the segregated
Please cite this article in press as: Dintcheva NTz, et al., Multi-functional
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morphology. Some differences appears between the samples con-
taining bare and functionalized CNTs. The former are arranged in a
broader segregated networks within host matrix, which is probably
due to some re-aggregation phenomena between CNTs that hinder
their distribution in the interfacial regions. Better segregated
structures are instead noticed in the presence of COOH- and HAS-f-
CNTs. The functional groups could favour the CNT distribution,
eventually promoting the formation of better segregated micro-
structure. TEM analyses reveal that the CNTs are in the form of
tangled bundles. The effects of CNT functionalization are difficult to
be appreciated over the short length scale of TEM investigations.

These observed segregated networks are beneficial to form
conductive nanoparticles paths through the host matrix. The
electrical resistivity of neat UHMWPE and CNTs containing nano-
composites is reported in Table 1. As expected, the unfilled
UHMWPE shows highest values of resistivity. The addition of bare
CNTs causes a drop of two orders of magnitude of the resistivity,
which further decreases when CNTs-COOH and HAS-f-CNTs are
used. This corroborates the hypothesis of a beneficial effect of the
presence of functional groups on the outer surface of the CNTS in
terms of nanotube dispersion and formation of segregated
morphology. It is interesting to highlight that the presence of HAS
moiety on the CNT outer surface does not affect negatively the
hindered amine light stabilizers-functionalized carbon nanotubes for
mposites, Composites Part B (2015), http://dx.doi.org/10.1016/
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formation of the conductive channels around UHMWPE-rich
islands. This suggests the possibility to use HAS-f-CNTs as multi-
functional fillers for the formulation of advanced innovative
polymer-based nanocomposites.

To investigate the mechanical behaviour of the nanocomposites,
the elastic modulus (E0) collected through DMA analyses is reported
in Fig. 8 as a function of the temperature for neat UHMWPE and all
nanocomposites. The presence of free UV-3853 molecules has a
negligible effect on the elastic modulus. The CNTs-containing
samples show less pronounced temperature dependence and
higher E0 values than neat UHMWPE. In line with rheological ana-
lyses, such a reinforcing effect is more pronounced for the HAS-f-
CNTs, which double the modulus at room temperature and tripli-
cate it at 100 �C (see inset of Fig. 8). The obtained segregate
morphology of the CNTs-containing samples could be considered
responsible for the enhanced mechanical behaviour.

3.3. Photo-oxidation behaviour of UHMWPE-based nanocomposites

To investigate the photo-oxidation behaviour of UHMWPE-
based nanocomposites, thin films have been subjected to accel-
erate UVB exposure and the formation of carbonyl and hydroxyl
species as a function of the exposure time has been monitored
through FTIR analysis. The calculated carbonyl (CI) and hydroxyl
(HI) indices of investigated systems are shown in Fig. 9. The CI
Fig. 7. Morphological observations at different length scale
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refers to the signals in the range 1850 to 1600 cm�1, which are due
to the formation of different amount of carbonyl species and reflect
the formation of acid (1715 cm�1), ketones (1718 cm�1), esters
(1738 cm�1) and lactones (1786 cm�1). The HI is related to the
presence of linked and free eOH groups deriving from the photo-
oxidation process. In order to facilitate the comparison between
the samples, we introduce a kind of induction time for the oxida-
tion processes, ti, which is conventionally defined as the time
needed for CI reaches the value of 5 and HI reaches 2: for times t < ti
the indices grow very slowly, while around ti a sudden switch of the
kinetics takes place, and the growth becomes very fast reflecting
the progress of degradation. The estimated ti values are summa-
rized in Table 2. The quantitative agreement between the values
computed from CI and HI indicates that both indices are suited for
monitoring the degradation of UHMWPE.

The neat UHMWPE does not experience significant oxidative
processes until about 300 h of UVB exposure; afterwards, oxidation
suddenly begins due to the rapid formation of oxidized species such
as acids, ketones and esters. It is important to observe that such
chemical reactions are generally coupled with a noticeable wors-
ening of the mechanical properties.

As expected, the addition of free non-volatile UV-3853 mol-
ecules delays the oxidation induction time due to the well known
protective action of the hindered amines against photo-
oxidation.
s of all investigated UIHMWPE-based nanocomposites.
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Table 1
Electrical resistivity values for neat UHMWPE and all investi-
gated nanocomposites.

r [U*m]

UHMWPE 1.1*108

UHMWPE/CNTs 1.6*106

UHMWPE/COOH-CNTs 7.7*105

UHMWPE/HAS-f-CNTs 5.2*105
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Fig. 9. Carbonyl (a) and hydroxyl (b) indices as a function of the photo-oxidation time
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Concerning the nanocomposites, bare and COOH-functionalized
CNTs slightly increase the UHMWPE oxidation induction time
without substantially altering the slope of the CI and HI curves, i.e.
the rate of formation of the oxidized species. The UHMWPE/HAS-f-
CNTs nanocomposite exhibits the best photo-oxidation resistance,
in terms of both delayed induction time and decreased rate of ox-
ygen containing species formation. It is important to stress that
such a result has been achieved at an overall content of linked HAS
much lower than what added as free additive in the sample
UHMWPE/UV-3853.

Non-volatile UV-3853 stabilizer is efficient in the protection of
the polymeric matrix against photo-oxidation, but the stabilizing
actions achieved in our sample filled with HAS-f-CNTs is much
higher thanwhat onewould expect considering the effect of adding
UV-3853 and CNTs separately. We argue that the protective activity
of HAS-f-CNTs can be ascribed to three main mechanisms: (i)
inherent protection action of CNTs exacerbated by the presence of
covalently linked HAS molecules, (ii) reduced migration/segrega-
tion of HAS, (iii) stabilizing action of HAS explicated at the inter-
facial region.

CNTs act as inner filters similarly to carbon black, thus stabi-
lizing polymeric matrices against photo-oxidation [30,31].
Furthermore CNTs, when exposed simultaneously to UV light and
oxygen, may experience photoinduced oxidation, with formation of
locally electron-deficient and electron-rich regions on the nano-
tubes surface, whose make possible the adsorption of oxygen
molecules on the nanotubes [32]. Being strongly bonded on the
walls of carbon nanotubes, the oxygen molecules cannot contribute
to the oxidation of the polymer matrix [33].

Due to the presence of acceptor-like localized states, CNTs are
also able to exert a radical scavenging activity. This inherent ability
can be enhanced generating structural defects on the CNT outer
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Fig. 8. Elastic modulus E0 as a function of temperature for all investigated systems.

for all investigated systems.
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surface, for example, by means of chemical functionalization
[18,19]. As assessed by Raman spectroscopy, the structural defects
concentration is in the following order: HAS-f-CNTs > CNTs-
COOH > CNTs, which is in agreement with the stabilizing activity
against photo-oxidation shown in Fig. 9. We can hence conclude
that the covalent linkage of HAS molecules increases the amount of
defects onto CNTs surface, probably improving the radical scav-
enging activity of CNTs. This hypothesis has been recently docu-
mented both experimentally [15e17] and theoretically [34].
Table 2
Values of the photo-oxidation induction time.

ti @ CI ¼ 5 [h] ti @ HI ¼ 2 [h]

UHMWPE 310 325
UHMWPE/UV-3853 405 450
UHMWPE/CNTs 362 375
UHMWPE/CNTs-COOH 378 410
UHMWPE/HAS-f-CNTs 495 508
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Another beneficial effect of using HAS-f-CNTs may come
from the hindered migration/segregation of the HAS molecules.
The covalently linked stabilizing molecules can exert their
protective action for a longer time compared to their free
counterpart. Moreover, being immobilized at the polymer-
enanoparticle interface, the HAS exerts their stabilizing action
in a critical region for the photo degradation processes. In fact,
the photo-oxidation rate of polymer-based micro- and nano-
composites is known to increase with increasing interface area
between matrix and fillers [35,36]. The reason is that the for-
mation of radicals occurs more rapidly at the polymereparticle
interface, where there is a greater availability of environmental
oxygen.

4. Conclusions

CNTs bearing covalently linked HAS molecules have been
prepared and characterized through spectroscopic, spectro-
metric and thermo-gravimetric analyses. The covalent nature of
the link between nanotubes and stabilizer has been ascertained.
It was found that the chemical functionalization generates
structural defects on the CNT surface. The functionalized CNTs
have been compounded with UHMWPE to prepare composite
films by hot-compaction. Morphological analyses have revealed
a segregated morphology, characterized by electrically conduc-
tive CNT-rich channels that surround the polymer particles.
Rheological, electrical and DMA analyses have demonstrated
that the HAS-f-CNTs are better distributed than bare CNTs. More
importantly, it was found that the films containing HAS-f-CNTs
exhibit enhanced photo-oxidative resistance compared to films
in which HAS and CNTs are added separately. A synergic effect
of CNTs and HAS molecules has been conjectured. In particular,
the chemical functionalization is believed to induce the forma-
tion of sidewall defects that act as acceptor-like localised states,
thus providing an additional free-radical scavenging activity to
the CNTs. In addition, the covalent grafting of HAS on the CNT
outer surface maximizes the exposure of the HAS molecules
towards the polymer and hinders their migration/segregation,
allowing for a better exploitation of their inherent UV-
stabilizing action.
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