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Abstract

Carbon nanotubes (CNTs) have been dispersed vthypropylene with the purpose to prepare
electromagnetic interference (EMI) absorbers. breoto limit the reflectivity of the electromagretvaves at
the interface of the materials while achieving gabdorbing properties, the CNTs concentration redtept
low (<3 wt%) which means that a perfect dispersiarst be ensured. Since CNTs do not disperse wedlrwi
apolar polymer matrices such as polypropylene,dompatibilizers bearing aromatic moieties, i.e.gog and
pyridine, able to develop-r interactions with the CNTs have been synthesizadisg from polypropylene
grafted by maleic anhydride (PP-g-MA). A masterhagfirst prepared by dispersion of CNTs withie th
compatibilizers by melt-mixing and coprecipitatifalowed by further dispersion within the PP matrix
Rheological and electromagnetic characterizatidriieonanocomposites have demonstrated the eféigieh
these compatibilizers to promote the dispersio@f's in PP and the good EMI shielding effectiverashe
PP matrix at a low CNTs concentration (2 wt%).
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1. Introduction

Carbon nanotubes (CNTSs) are receiving steadilyelmging attention from material scientists. CNTsralied
sheets with diameter ranging from a few angstranmseteral tens of nanometers. They possess vedy goo
mechanical properties because the two-dimensigrehgement of carbon atoms in a graphene sheetsllo
large out-of-plane distortions, while the strengtitarbon-carbon in-plane bonds keeps the grapsieeet
exceptionally strong against any in-plane distortio fracture [1]. Moreover, CNTs are also knowrinbpart
electrical conductivity properties to composite et low filler content thanks to their high aspeatto.
Recently, CNTs have been used to impart electrogtagimterference (EMI) shielding properties toystyrene
[2], polymethylmethacrylate [3], polycarbonate fd polycaprolactone [5,6]. Indeed, these unddsiabll
signals could cause (i) noise signal and even melifon of the electronic appliances and (ii) ragi@tdamage to
the human body [7]. However, even if good dispersias been achieved in specific polymer matricesbly-
blending [8,9], coprecipitation [10,11] or in-sip@lymerization [12-14] without CNTs modificationNT's are
generally poorly dispersed within polymers, patticly within polypropylene [15-19], resulting in pp
improvement of conductive and mechanical properbiesm convalent and covalent modifications by ofgan
molecules, including polymer chains, are genenaslyd to improve CNTs dispersion. "Grafting fromtian
"grafting to" methods have been reported for theatent bonding of polymers onto CNTs. The "graftirgm"
technique relies on the immobilization of initisganto the tubes followed by surface-initiated padyization
[20-23] while the "grafting to" technique uses puobrs bearing functionality capable to react withT&Nuch as
azide [24] and radicals [25,26] or with complemepntanctional groups previously anchored on CNT5,28].
On its side, non covalent functionalization of CN‘€kes on the use of polymers bearing aromaticemdes
able to interact by-n stacking with the graphitic surface of CNTs [29-3/his technique has the advantage to
keep the nanotube structure and electronic prasentimodified. Recently, polypropylene-graft-maleic
anhydride has been used as a compatibilizer toowepthe CNTs dispersion within polymer [35,36].h&ugh
this modified polypropylene was efficient for thatrpose, no significant improvement of the eleatric
conductivity of the polymer matrix was observed][3Bparting electrical conductivity to PP by thiéigent
dispersion of low amounts of CNTs is still very bbaging [15,17,37].
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In this paper, we report the synthesis of polyptepy grafted with aromatic moieties able to intetgcr-n
stacking with the surface of CNTs in order to impraheir dispersion in this polyolefin. Reaction of
polypropylene-graft-maleic anhydride with aminonyélyridine (AMP) or amino-pyrene derivative (Py-Nid
therefore considered. Dispersion within polypropgldnas been characterized by rheological and maztian
measurements, and the electromagnetic propertite afanocomposites have been considered.

2. Experimental part
2.1. Materials

Commercially available MWNTSs thin (average outeardéeter: 10 nm, purity higher than 95 wt%) were $iedp
by "Nanocyl S.A." Belgium and produced by Cataly@iarbon Vapour Deposition (CCVD). Polypropylene (BP
GA 110 12) (PP) was received as a gift from BP &pknd Polypropylene-graft-maleic anhydride (PP#;M
Priex, 20 097, 0.5 wt% MA content) was receivedrfiSolvay. Amino-functionnalized pyrene (Py-NHhas

been synthesized by reaction between 1-pyrenecketmgde (Aldrich) with 5 eq of diaminododecane imagiol

at room temperature during 16 h. The formed preatigdl has been filtered, washed by ethanol and drider
vacuum.'H NMR(CDCly): d (ppm) 9.29 (1H, CHPY); 8.9 (1H, CHPy); 8.53{(ICHPY); 8.20-7.96 (7H, CHPy
and HC=N); 3.84 (2H, CH2-N=); 2.67 (2H, CH2NH2) 3 @H, CH2CH2-N=); 1.49-1.1 (20H, CH2 and NH2).

2.2. Preparation of polypropylene-graft-pyrend®(g-Py) and polypropylene-graft-aminomethylpyrid{pé-
g-AMP)

Polypropylene-graft-pyrene (PP-g-Py) and polyprepglgraft-aminomethylpyridine (PP-g-AMP) were
synthesized in a 5-ctDSM microextruder by adding 5 eq (compared to reaahydride functions) of Py-NH
or aminomethyl pyridine within PP-g-MA at 160 °Cdam nitrogen during 10 min. The resulting polymersw
solubilized in p-xylene at 120 °C and precipitatiece times in methanol in order to remove the sxod the
amine bearing molecules.

2.3. Dispersion of CNTs in PP-g-MA, PP-g-Py alddrAMP, followed by dispersion in PP

CNTs were dispersed within PP-g-MA, PP-g-Py ancgPRVP by two techniques in order to prepared
masterbatches to be redispersed in polypropylene.ONTs concentrations were used (10 wt% and 20)wi%
order to obtain two CNTs contents in the final RlBacomposites (1 wt% and 2 wt%) while keeping thewnt
of compatibilizer constant. The first technique [taidending technique) consists in melt-mixing fr@ymer

with the required amount of MWNT at 160 °C in arB23dSM microcompounder under nitrogen at 200 rpm for
10 min. In the second technique (the coprecipitetii@hnique), PP-g-MA, PP-g-Py or PP-g-AMP were
dissolved in p-xylene at 120 °C and the requiredamhof CNT was added to the solution. After 30 wiimn
ultrasonic treatment (35 kHz, 320 W, Sonorex RKE2bt® dissociate the bundles while limiting the bz
nanotubes cutting [5], the solution was precipddatemethanol. Finally the resulting masterbatqgtrepared by
the melt-blending and coprecipitation techniqueearedispersed within polypropylene by melt-mixingai 5-
cm® DSM microcompounder at 180 °C for 10 min. CNTsrtarsterbatches) and Polypropylene (pellets) were
not pre-mixed before the injection in the microcampder but added separately.

2.4. Characterizations

MWNTSs dispersions were observed with a transmissleatron microscope PHILIPS M100 at an accelegatin
voltage of 100 kV. Thin sections (90 nm) were pregay ultramicrotomy (ULTRACUTE from REICHERT-
JUNG) at -130 °C. Micrographs were analyzed bygiie megaview Gll (Olympus) software.

Stress-strain curves were recorded at room temperatth an INSTRON tester (model DY24) at 20 mnm/mi
tensile speed. Dog-bone samples (Thickness: 1.2wonking area: 40 x 5 mm) were prepared by injectio
molding using a 5.5 ml injection molding machinenr DSM (Barrel temperature = 180 °C, mould tempgeat
= 80 °C). For each sample, the measurements weeated at least 3 times. The relative error wasdda be
smaller than 5%. The tensile modulus was calculated the slope in the linear regime at 1% deforomat

Infrared spectra were recorded with a Perkin-EIFIEIR 1720X. Dynamic rheological measurements were
carried out with an "advanced rheometric expansimtem” (ARES) from Rheometrics. Samples (dian2ger
mm, thickness 2 mm) were run at 180 °C with a stodil %.
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Electrical measurements were performed with a \fedegwork Analyser Model Wiltron 360B operating ove
the frequency range 40 MHz-40 GHz. Each nanocortgeaimple to be characterized consists of a thaite if
same thickness (1 mm) and surface (4 x £nprepared by compression moulding (180 °C, 80, ansin),
and is used as a microwave substrate on whichundrplane and a microstrip line are deposited [BBis
ensures broadband guided propagation of the sigsidie the nanocomposite substrate. A standarldresibn of
the VNA is performed before measuring the micrpstonfiguration, in order to remove any influenéehe
connecting cables and of their transitions to #rage. Measurements provide the so-called vecimar8meters
S and $;. Parameter 3 measured when a short-circuit reflective termaorats placed at the output of the
sample, corresponds to the reflectivig/= 20 logy, |Si4], i.€. the reflected power measured at input fiaber of
the substrate, normalized to input power. Paran®terorresponds to normalized transmission through
nanocomposite. Hence the shielding effectivenesis SEnply equal to - 20 Iqg|S:|. From those;S
measurements the conductivity of each nanocompissitiso extracted.

3. Results and discussion

Novel polymeric compatibilizers able to improve BT dispersion within polypropylene (PP) were fanegul
by reaction in a 5 chmini-extruder at 160 °C between polypropylene-gnadleic anhydride (PP-g-MA) and
two different molecules: aminomethylpyridine (AM&)d an amino-pyrene derivative (PyNKFig. 1). These
molecules were chosen because (i) they interagtbgtacking with CNTs, and (ii) their amine group &vto
anchor the molecules to PP by reaction with malattydride functions of PP-g-MA. The extent of teaation
between the amino groups and the anhydride furgticas assessed by FTIR with the disappearance of th
characteristic peaks of anhydride (1779"ymnd carboxylic acid (1714 ¢thand the appearance of the
characteristic peak of amide functionality (1706%1tFig. 2).

Fig. 1. Chemical structure of the molecules used to reditt PP-g-MA (a) aminomethylpyridine and (b) amino-

pyrene derivative.
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Fig. 2. FTIR spectra of PP-g-MA, the product of the reactbetween PP-g-MA and the amino-pyrene

derivative (PP-g-Py) and the product of the reactimtween PP-g-MA and aminomethylpyridine (PP-g-AMP
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CNTs were then dispersed within these two comgdeti#ls by melt-blending and coprecipitation in arte
prepare "master-batches" that could be furtheredssa within polypropylene. Masterbatches based®g-
MA have also been prepared as a reference in twdstribute the eventual beneficial impact to phesence of
compatibilizing function and not to the additionlafv viscous polymer. Since the contrast betwee @Nd
the semi-crystalline polypropylene in transmissébectron microscopy (TEM) is relatively poor, CNT
dispersions were mainly characterized by rheoldgind conductivity measurement. Indeed, the frequen
dependence of the storage modul@§ 6f the base polymer is sensitive to the perootatif nanofillers in the
low frequency range [12-14,35]. Beyond the peréotathreshold, a dramatic increase of the storagéutus is
generally observed at low frequency which is inthieaof transition from a liquid-like to a solidkk
viscoelastic behavior. Figs. 3-6 show the evolutibthe storage modulus as a function of frequdacy
PP/CNT nanocomposite without compatibilizer anthm presence of PP-g-MA, PP-g-Py and PP-g-AMP,
respectively. When CNTs are directly dispersedRrbly melt-blending (Fig. 3), no significant effedtthe CNT
loading is observed at low frequency on the resgltiomposite, a small increase of the storage risdiérts to
be detected only at 2 wt% CNTSs. The influence offG¥ the rheological behavior is also very smalewtthey
are dispersed in PP in the presence of 10 wt% RAdpy melt-blending suggesting that the dispersalso
very poor (Fig. 4). When dispersed by the copréaijoin technique, a small improvement is obserugdhe
transition from liquid-like to solid-like viscoelas behavior is not achieved yet. In the preserfd@Rsg-Py as
compatibilizer (10 wt%), the effect of the CNTsdiaag on the storage modulus is more pronouncedjesimg
a better CNTs dispersion in PP. This increase wgelrer similar in the whole frequency range and ladeaw is
observed at low frequencies which indicates thaftrcolation threshold is not reached yet. No majo
difference exists between the nanocomposite prdgarenelt-blending and coprecipitation. On the otiend,
the dispersion of CNTs in the presence of PP-g-AMP a drastic effect on the rheological behavid?®feven
at loading as low as 1 wt%. A plateau is clearlgevbed at low frequencies, suggesting that theostion
threshold is reached. This effect is even more quinned when the CNTs are dispersed within the
compatibilizer by coprecipitation, which indicatbsit the CNTs dispersion is improved by coprecijuta
compared to melt-blending. This latter techniqueeis/ suitable for the CNTs dispersion since ibahB the use
of a short ultrasonic treatment recognized as tubsml for the disentanglement of CNTs bundleENT
micrographs confirm the efficiency of the PP-g-AMRsterbatch prepared by coprecipitation. Indeeénwh
CNT nanotubes are directly dispersed within polpgtene, large agglomerates are observed (>1 prh)omity
few CNTs isolated while a great amount of CNT amddted when the masterbatch route is used (Fig. 7)

Fig. 3. Storage modulus of PP as a function of frequencdifterent CNT contents.
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Fig. 4. Storage modulus of PP/PP-g-MA blends as a funaifdnequency for different CNT contents.
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Fig. 5. Storage modulus of PP/PP-g-Py blends as a funatfdrequency for different CNT contents.
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Fig. 6. Storage modulus of PP/PP-g-AMP blends as a funaifdnequency for different CNT contents.
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Fig. 7. TEM micrographs of (a) PP + 1% NT Thin and (b) PR0% PP-g-AMP + 1% NT thin
(coprecipitation).

Fig. 8 illustrates the effect of CNTs on the Yosngodulus of PP in the presence or not of the ctibifieers.
The addition of CNTs in polymers is known to reirti® them, provided that the dispersion is good gho®n
the other hand, when the dispersion is poor, CNifglles form stress concentration similar to th@sesed by
voids in composite system which results in a dexred the Young's modulus [39]. This behavior isestsed
when CNTs are dispersed in neat PP which confirmgbor dispersion of the nanofiller in this cadee
addition of the compatibilizers (PP-g-Py and PPMFA 10 wt%) to PP matrix is however detrimentaitte
Young's modulus of PP that decreases significdRily. 8). This effect is generally observed whend?®A is
added to PP [40] and can be explained by the loleentar weight of the modified polymer (PP-g-MAusad
by the shortening of the chains during the funalmation of PP by maleic anhydride. Importanthg tddition
of CNTs within PP in the presence of the compatieik increases significantly the Young's moduiasoth
the cases, the effect is more important when tipeexipitation technique is used in direct relatidth a better
CNTs dispersion. The Young's modulus increase iemmnounced with PP-g-AMP (60% at 2 wt%) as the
compatibilizer which confirms its higher efficientydisperse CNTs in PP, in total agreement wi¢h th
rheological observations. At this stage, it is imigot to note that, for all these experiments, different CNT
concentrations in the master-batches have beenmseder to keep the concentration in compatibilim the
final composite constant (10 wt%). Indeed, the toldiof low viscous polymer can have an influenodloe
quality of dispersion and on the mechanical prapgiuf the final nanocomposite [17]. It is therefamportant
to compare composites with the same amount of ctiiljzer.

The electrical conductivity of the CNTs/PP nanocosifes was then measured in the microwave frequency
range (40 MHz-40 GHz) using microstrip transmisdinas. Electrical conductivity is of the utmostgortance
for electromagnetic interference (EMI) performandmscause it expresses the intrinsic ability ofrtiaderial to
dissipate electromagnetic waves [38]. As a rulgoad EMI shield must exhibit a conductivity of albaus/m.
Results shown in Figs. 9-11 are in qualitative agrent with the rheological behavior of the nanocosites.
Indeed, over the whole frequency range, the medsleetrical conductivities remain low (<0.3 S/nlawt%
and <0.5 S/m at 2 wt%) for CNTs/PP nanocompositesGNTs/PP-g-MA/PP nanocomposites in line with the
poor dispersion of the nanofiller (Fig. 9). Additiof PP-g-Py only allows a small increase of tleeteical
conductivity at 1 wt% CNTs which becomes howevepamant at 2 wt% when the coprecipitation is used t
disperse CNTs in the compatibilizer (Fig. 10). @e bther hand, the use of PP-g-AMP as compatibiizable
to increase significantly the electrical condudgivaver the whole frequency range. A two-times @ase (as
compared to dispersion of CNTs in neat PP) in chseelt-blending and a three times increase in chse
coprecipitation are observed at 1 wt% content (Eig. This compatibilizer is thus efficient for dexsing CNTs
in PP since it allows the targeted value for goledteomagnetic absorber to be reached at a 2 wititenbwhen
the coprecipitation method is used.
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Fig. 8. Young's modulus for PP filled with CNTs (standagglidtion = 15%).
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Fig. 9. Electrical conductivity as a function of frequerioy PP/MWNT nanocomposites in the presence of PP-
g-MA.
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The electromagnetic absorption performances arstifited in Fig. 12 for three samples with 2% CNT
concentration: CNTs/PP, CNT/ PP-g-AMP/PP, and CRPsjg-Py/PP. For each sample, the measured Shielding
Effectiveness (SE, defined as SE = 10 IBg/P,.) whereP, is the power transmitted through the material and
Pin is incident power) is in direct correlation witk itonductivity. Both compatibilizers are efficieatgreatly
improve the shielding effectiveness of PP/CNT nanguosites with a higher effect with PP-g-AMP. ThHe S
continuously increases with the frequency. Theetavglue of 20 dB (1% of the incident power is saitted) is
reached at 20 GHz with both compatibilizers whilis inever achieved for PP/CNT nanocompositesoyel
frequencies, the SE is also interesting since ctibifized nanocomposites exhibit an SE of 8 dB (186Pthe
incident power is transmitted) at 10 GHz. It habeonoted that our nanocomposites (with low CNTieoin(<2
wt%)) function mainly as absorbers which is quitiedent to most of the systems published in therditure

(with high content of CNT(>10 wt%)) [2-4] where thentribution to SE mainly comes from reflectiorirgiut
interface. Indeed, reflectivity measurements at Eggshow that when a sufficient conductivity iacked, the
reflectivity is strongly decreased, meaning thghal is attenuated twice inside the material: akerforward

path, from the input to the reflective terminatissed for the measurement of reflectivity, and dkierreverse
path, from the termination back to the input. Otbeid the nanocomposite material exhibits sufficesorption
capability to cancel any reflection from targeteeThigher the conductivity, the wider the frequeranyge where
the composite behaves as a good EMI absorber. dnztgaposites with compatibilizers exhibit a refieicy

lower than -10 dB (10% of the incident power ideetied) starting from 10 GHz, while it is only tbase above
30 GHz for neat PP.
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Fig. 10. Electrical conductivity as a function of frequerfoy PP/IMWNT nanocomposites in the presence of PP-
g-Py.
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Fig. 11. Electrical conductivity as a function of frequerioy PP/MWNT nanocomposites in the presence of PP-
g-AMP.
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Fig. 12. Shielding Effectiveness (SE) as a function ofueegy for PP/IMWNT nanocomposites in the presence
or not of PP-g-Py or PP-g-AMP.
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Fig. 13. Reflectivity as a function of frequency for PP/MYMNnocomposites in the presence or not of PP-g-Py
or PP-g-AMP.
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4. Conclusions

New compatibilizers for the efficient dispersion@XTs within PP were prepared by reactions of
aminomethylpyridine and an amino-pyrene derivativtls commercially available polypropylene-graft-reial
anhydride in the melt. The coprecipitation and rdinding techniques were used to disperse thefilaro
within the compatibilizers, before dispersion in IRPmelt-blending. The coprecipitation appearelddhe
most efficient technique most likely because ivat the application of an ultrasonic treatmentdntrast to
unmodified PP-g-MA, the two compatibilizers werdeato significantly increase the conductivity of/ERTs
nanocomposites. The best results were obtained wéiag polypropylene grafted by aminomethylpyridase
the CNTs compatibilizer. Indeed, the electricalawetivity is three times increased compared tadibpersion
of CNTs in neat PP. The target value for good ed@cagnetic absorbers is then achieved at 2 wt% CNTs
content while the mechanical properties of the &y matrix are improved.
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