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Abstract

Poly(lauryl acrylate) P[LA] synthesised using Cuff@diated polymerisation was used to non-
covalently functionalise multi-walled carbon narimts (MWCNTS) achieved via combined CH-
7 interactions and physical wrapping. The inclusaérP[LA] competed with the attractive van
der Waals forces between MWCNTSs altering interfaaieractions between neighbouring
CNTs and, assisted their dispersion and distributica poly(propylene) (PP) matrix, confirmed
from SEM/HR-TEM imaging and oscillatory rheology aserements. A rheological percolation
threshold measured for composites of unmodified MYWWE and PP at ~0.5 wt% was shifted to
lower MWCNT concentrations (~0.25 wt%) for P[LA]rfationalised MWCNTSs. Addition of
P[LA] also reduced the nucleating effect of MWCNis PP as a coating of P[LA] on the
nanotube surfaces hindered trans-crystallisatiothef PP. Evidence from static and dynamic
mechanical measurements confirmed the P[LA] plsstit PP as both an increase in ductility
and a decrease in the glass transition tempergligyeof PP of up to 25 °C was obtained.
Addition of unmodified MWCNTSs to PP resulted iniacrease in the DC electrical conductivity
of PP of 15 orders of magnitude, from*£®/m to 16 S/m for a MWCNT loading of 5 wt%.
Non-covalent functionalisation of MWCNTs utilisind®’[LA] only degraded electrical

conductivity by about 2 orders of magnitude actbgscomposition range.



1. Introduction

The addition of OD, 1D or 2D functional fillers fmolymers is receiving interest due to the
many unique properties of these mateffalSince the successful characterisation of carbon
nanotubes (CNTs) by lijim&, the use of carbon based materials such as, CN®s an
graphene/GO have attracted a particular interest tu their multi-functional properties
including low density, large aspect ratio, excdlleglectrical, thermal and mechanical
propertied® ¥ CNTs have shown to be able to carry very highentrdensities up to ~ 16 17
A cm™.P! Additionally, CNTs have shown to possess exceptlgrhigh elastic modulus (~ 1
TPa), high tensile strength (11-63 MPa), largetielasrain and strain fracture capability” It
is this unique combination of properties which makNTs excellent candidates for use as
nanoscale fillers in the fabrication of advancetymer composite&: 8 CNT based composites
having exceptional electrical properties can beduse many applications such as in
electromagnetic interference shieldffig.

However, strong attractive interactions between €Nause them to agglomerate and form
bundles or ‘ropes’ during processing of the comessidue to van der Waals interactions
between tubes. Their agglomeration during procgsgiduces the effective surface area between
CNT and polymer matrix and hinders the formatioranfinterconnected CNT network structure
in 3D. Enhanced electrical, thermal and mecharpcaperties of the composites can only be
realised if a fully dispersed interconnected CNTiwmek structure is formed and when
translation of CNT properties to the polymer maigxachieved® As synthesised MWCNTSs
exist as entangled agglomerates with sizes typigalbrder of several hundred microns, direct
melt-mixing of MWCNTSs with polymers does not alwagsult in homogenous dispersions due

to poor compatibility between the MWCNTs and thelyper matrix'® CNT surface



functionalisation is essential to overcome van Wéals interactions between neighbouring
CNTs and subsequently improve dispersion and pteeeagglomeratiof*’ Many papers have
focused on preparation and properties of compositéd® and MWCNTSs through simple melt
compounding or solution mixing of PP and unmodifldVCNTs! ® & 1229 Although the
properties of the PP could be improved throughehmasthods, the MWCNT content could be
reduced to achieve similar efficiencies by impravthe level of dispersion with functionalised
MWCNTSs.

Modification of the polymer matrix-nanotube interéa can be approached using either
covalent or non-covalent methdé8. Covalent functionalisation involves either direct
attachment of functional groups to the graphiticfaste or by linking functional groups with
CNT-bound carboxylic acids which are inherent defesn the CNT surfacd®’ Chemical
treatments can be used to introduce oxygen contafminctional groups (i.e. carboxyl, hydroxyl
and epoxy) which can be used to either ‘graft fran*graft to’ polymers from the surface of
CNTs!®! Covalent functionalisation has been used to impreempatibility between the
polymer matrix and CNTs such as, by attaching atkins to the surface using alkyl radicals
generated by the thermal decomposition of laurytoxide which achieved better CNT
dispersion and enhanced polymer plastiéfyHowever, the covalent approach causes damage
to the MWCNTS disrupting the translational symméiyydestroying the Sphybridisation of the
CNT and therefore, reduces their ability to reinéothe polymer and importantly weakens the
intrinsic electronic transport properties of theTCN

The non-covalent approach of using polymers syigbdswith specific properties and well
defined structures provides a route to functioeal®NTs via chain wrapping, assisted by €H-

interactions, to produce well dispersed CNTs inghlmer matrix without the damage caused



to MWCNTs through covalent functionalisatiGM. Aromatic compounds which emplayn
stackind®' and hydrophobic polymers have shown to be abladsorb on to the surface of
CNTs and therefore, can be used to improve conifisdition between CNTs and polymé¥.
Isotactic polypropylene (PP) is a thermoplasticihgwa wide range of applications, arising
from good chemical, impact and, heat resistancewal as being semi-crystalline and
translucent. In order to enhance the use of Phiaven wider range of industrial sectors, its
tensile strength and cold temperature performareed no be significantly enhanced. The
ultimate tensile strength of PP is in the regior3@40 MPa and the tensile modulus is typically
1.5 — 2 GP&* 2" #There is also an ever increasing demand for soofmmodity polymers to
have combined improved electrical and thermal cotidity.!*® Manchadoet al. showed the
mechanical properties of composites of PP and SWCP to 0.75wt%) were enhanced, the
Young’'s modulus from 855 MPa to 1187 MPa and tensitength from 24.5 MPa to 31 MPa.
However, once the filler content was increased al@v5 wt%, the stiffness and strength were
significantly reduce&® Zhouet al. reported the tensile strength of PP increased 86rPa to
38 MPa for up to a 0.5 wt% MWCNT loading howeveacreased loading caused a reduction in
tensile strength. Even at a 0.25wt% MWCNT loadithg elongation at break decreased from
150% to 6%% The tensile properties of composites of PP and NWWEwere also determined
by Dondero and Gorga. Their results also confirmedncrease in yield strength, tensile stress
and modulus after blending MWCNTSs with PP. Elonmatat break was also shown to decrease
after the introduction of MWCNTE® The tensile properties of composites of PP and NWHE
prepared by dynamic packing injection moulding wereasured by Xia@t al. The tensile
strength and impact toughness increased for up.@owd% MWCNT loadind®™ Clearly,

dispersion of MWCNTs at even modest loadings ini®R challenge without significantly



degrading static mechanical properties. Theress alcontribution from the effect of MWCNT
inclusion on the crystallisation behaviour of PP.

Use of differential scanning calorimetry (DSC) amde-angle X-ray diffraction (WAXD) can
be used to investigate the changes in crystalhisatehaviour of PP upon addition of
MWCNTs? 231 MWCNTSs have shown to act asnucleating agents. CNT-induced polymer
crystallisation can create nano-hybrid shish-kestbctures, induce the formation of different
crystal polymorphs and alter significantly crystation kinetics>**® Therefore, it is important
to characterise changes in crystal structure andomatogy when incorporating CNTs into
polymer melt$??! Additionally, reports have suggested modificattéMWCNTSs can lead to the
formation of thep-polymorph of PP which leads to weaker mechanicapgrties and such
behaviour can be studied using WAXD, and scattering techniques (WAXS/SAXS). CNTs
almost exclusively disperse in the amorphous pbésee polymer matrix and the extent of this
phase controls the CNT loading at which percolati®mattained. MWCNTs have a strong
nucleating effect on polymers cooled from the nadlich can cause an increase in crystallinity.
It has also been suggested that MWCNTs may partielide within the inter-lamellae spacing
of polymers®® 39

The rheological properties of PP/CNT compositeslmamrcharacterised in the melt-state as an
indirect method for measuring the extent of disjper®f CNTs in the PP matrix and, assist with
the understanding of interfacial adhesion betweli<Cand polymer matrices. Prashangtal.
produced composites by diluting a PP-MWCNT mastetbaising twin-screw extrusion. A
rheological percolation was achieved at 2 wt% MWANdding by demonstrating pseudo-solid

like behaviout*®!



Electrical percolation threshold concentrationsdowhan 0.1 wt% CNTs have been reported
by many research groups. Efficient compatibilisatietween MWCNTs and the polymer will
result in highly electrically conducting compositas loadings low enough to prevent any
significant alteration of polymer properties, suat processability, ductility, toughness and
tensile strength. Al-Saleh achieved electrical pltoon of composites of PP and MWCNTSs as
low as 0.5 vol% with conductivities in the rangel6fQ.cm for a 5 wt% nanotube loadiftd!

Our previous work has shown that poly(lauryl ads)aP[LA] synthesised using reversible
deactivation radical polymerisation (RDRP) techesjus thermally stable that it can be melt
mixed at the relevant processing conditions for B¥.way of example, P[LA] was selected
based upon its known good compatibility with PP¢d decause its hydrophobic chains are
known to be able to co-crystallise with PP. P[LAgshshown to adsorb onto the surface of
MWCNTs via a combination of hydrophobic interacgoand possible Chi-interactiond®®
Koval'chuk et al. demonstrated covalent functionalisation of MWCNIiBsg lauryl alkyl chains
and subsequent composite preparation misitu polymerisation of propylene, provided
improved dispersion, enhanced stiffness and imgrgtasticity. However, interfacial adhesion
between the non-polar polyolefin and CNTs remaingttesolved. Moreover, covalent
functionalization of 1D and 2D graphitic materiaiers the ratio of $pand sp hybridised
carbon atoms which in turn degrades electron cdmucOur work attempts to solve the
problem by taking a novel non-covalent approath.

In this current work, we report the preparation malt-blending, and the characterisation of
composites of PP with MWCNTSs functionalised withLR] synthesised using Cu(0)-mediated
polymerisation*” Due to the non-polar chemical structure of PP rehathe use of P[LA]

wrapping on the CNT surface is expected to proeffieient interfacial adhesion and improve



CNT dispersiod*! PP was blended with various concentrations of MWENNd P[LA] to
prepare a range of composites. The mechanical lz@wlagical properties and, crystallisation
behaviour of these composites were investigateasdo assess the role of P[LA] in plasticising

and compatibilising PP and MWCNTSs.

2. Experimental Section
2.1 Materials

Non-functionalised, commercially available multiilead carbon nanotubes (MWCNTS)
produced by a catalytic carbon vapour depositioG\(D) process with an average diameter of
9.5 nm and average length of Jutn (grade NC7000, purity: >90%) were purchased from
Nanocyl S.A., Belgium and used as received. Thaitdeof these MWCNTSs was reported to be
1.85 g cntP® and the oxygen to carbon ratio 0.004%%1, respectively. Isotactic
poly(propylene) (PP), grade H734-52RNW{ cpc= 216,000P = 19.7 (see Supplementary Fig.
S1) had a melting temperature range of 165 — C3@ensity = 0.9 g chand a melt flow rate
(MFR) of 52 g/10 min. at 230C (2.16 kg -ISO 1133D) was supplied by Braskem Bero
GmbH. GPC (Fig. S1) showed minimal degradation Bf &fter the cryo-milling process.
Methanol, chloroform, ethyl 2-bromoisobutyrate, pef(ll) bromide and isopropanol (IPA) were
purchased from Sigma Aldrich and used as receilvadryl acrylate (LA) was also purchased
from Sigma Aldrich and passed through a column adid alumina prior to use in order to
remove inhibitors. Cu(0)-wire (gauge 0.25 mm) waschased from Comax Engineering Wires

and treated by immersion in conc. HCI prior to u3eis-(2-(dimethylamino)ethyl)amine



(MesTREN) was synthesised following a previously puisid proceduré?® degassed and stored
in a fridge under nitrogen prior to use.

2.2 Typical Cu(0)-mediated polymerisation procedure

P[LA] was synthesised using the procedure describpdAnastasakiet al*? Ethyl 2-
bromoisobutyrate (EBIiB, 2.31 mL, 15.8 mmol, 1.00lraquiv.), lauryl acrylate (LA, 180 mL,
662 mmol, 42.0 mol equiv.), CuB(176 mg, 0.79 mmol, 0.05 mol equiv.), IPA (180 nand a
magnetic stir bar wrapped with pre-activated coppere (15 cm) were charged to a
polymerisation reactor vessel with a rubber sepamth the mixture was degassed via bubbling
with argon for 15 min. M@REN (0.758 mL, 2.84 mmol, 0.18 mol equiv.) was edidvia a
degassed syringe and the polymerisation was alldavgdoceed for 24h at ambient temperature.
Samples of the reaction mixture were carefully reetbat the end of the polymerisation fét
NMR, and GPC analysis. The samples1drNMR spectroscopy were diluted in CRQWhile
the GPC samples were diluted with chloroform anehtipassed through a column of basic
alumina to remove the copper salts. The poly(laagylylate) was precipitated in a mixture of
cold methanol and water (4:1 v/v).

2.3 Composite preparation

The PP pellets were first ground to a powder, usin§PEX SamplePrep Freezer Mill
(Stanmore, UK). The pellets (25 g batch) were mreled for 12 min. using liquid nitrogen
followed by two 5 min. grinding cycles at 15 Hz.t®een each cycle, the sample was cooled for
a 2 min. interval. The cryo-milled PP powder wagdlin a vacuum oven at 30 °C for 12h prior
to processing. Composites were prepared by ficsthyblending P[LA] with MWCNTSs at a ratio
of 1:4 MWCNTSs:P[LA]. Subsequently, the P[LA] modii MWCNTSs were further dry-blended

with a given amount of PP ensuring the loading BWE®NTSs in the composite was a follows;



0.01, 0.1, 0.3, 0.5, 1, 3 and 5 wt %. The pre-bl@umhsisting of all three components) was then
fed into a Haake™ Mini-Lab Il micro-compounder ditt with two conical co-rotating screws
that facilitates recirculation of the mixture witha chamber volume of 5 éniThe composite
material was processed for 5 min. at 80 rpm and °TB%conditions previously optimised for
unfilled PP in a control experiment). After 5 minthe composite materials were extruded
through a 3.90 x 1.20 mm rectangular die directtp the hot melt chamber of a micro-injection
moulding machine. The samples were injection mauldsing a piston injection moulding
system (Thermo-Scientific Haake™ MiniJet Pro) tmdarce standard dumbbell-shaped test
specimens conforming to ASTM D638 V and disk samgte= 25, h = 1.5 mm) for rheology
measurements. The injection temperature was sl833C and the mould temperature to 60 °C
with an injection pressure of 350 bar. (Neat cryilett PP powder was also extruded and
injection moulded using the same parameters forptimpose of comparison). For the P[LA]
coated MWCNTSs blended with PP, the MWCNTs wereldended with the P[LA] in a ratio of
4:1 P[LA]: MWCNTSs. Table 1lists the blending ratios and nomenclature use@tmamples in
this study. In summary, three sets of compositee peepared; PP/MWCNTSs; PP/P[LA] and
PP/P[LA]/MWCNTSs, so the effect of P[LA] functionabd MWCNTs on the properties of the

composite materials could be isolated and assessed.
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Table 1. Blending ratios (wt%) composites of PP, P[LA] andM@NTs and corresponding

composite nomenclature.

PP MWCNTs P[LA] Nomenclature
100 PP
99.99 0.01 A
99.9 0.1 A
99.7 0.3 A
99.5 0.5 A
99 1 A
97 3 A
95 5 A
99.96 0.04 B
99.6 0.4 B
98.8 1.2 B
98 2 B
96 4 B
88 12 B
80 20 B
99.95 0.01 0.04 C
99.5 0.1 0.4 e
98.5 0.3 1.2 (S
97.5 0.5 2 (0
95 1 4 G
85 3 12 G
75 5 20 G
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2.4 Characterisation of composites of PP, P[LA] and MWCNTs

Tensile tests were performed to measure Young'sumsd(MPa), yield strength (MPa),
fracture strength (MPa) and elongation at break %tng a Shimadzu Autograph AGS-X fitted
with a 10 kN load cell, equipped with a twin TRViEwmon-contact digital video extensometer
(500 and 120 mm field of view) using the TrapezidmWersion 1.4 software package. The
standard dumbbell-shaped test specimens (ASTM D93fith a gauge length of 7.62 mm were
deformed using a constant crosshead speed of 10nmnahd data acquisition rate of 100
points/s. Five replicates of each sample were owbtain average and standard deviation values.
To obtain the elastic modulus, a linear regressemhnique was utilized to define the slope of
the stress-stain curve in the initial region befgedd.

Thermograms were obtained using a Mettler-Toledf@mdintial scanning calorimeter (DSC)
(DSC1, model 700) and evaluated using a STARe ®eril.10 software package. The non-
isothermal scans were performed under nitrogengusia following procedure: samples of 10 +
1 mg were heated to 200 °C and held for 2 min.litoieate thermal history, then cooled from
200 °C to 80 °C at -10 K/min., then heated fronf8Qo 200 °C at 10 K/min., then cooled from
200 °C to 80 °C at -10 K/min. The thermograms wased to determine the onset melting
temperature, crystallisation temperatufg,(peak melting temperaturé,(), enthalpy of melting
(AHp) and crystallisationAHc). The degree of crystallinity was calculated byiding the AHy,)
or (AH,) for the sample by the enthalpy of melting fohadretically 100% crystalline PRH ;
=-207.1 J/JF®, and compensating for blend composition.

Wide-angle X-ray diffraction (WAXD) was used to cheterise the crystalline structure of the
composites. WAXD patterns were collected using &&l&tical Empyrean X-ray diffractometer

equipped with a Co(l = 1.789 A) source. A tube voltage of 45 kV andrent of 40 Amps was
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employed. The measurement was carried out in tafiee mode using a stage spinner (disk
shaped sample mounted using minimal plasticineh witspeed of 1 rps. The patterns were
collected in the & range 5— 60. Crystallinity values from XRD were obtained usitg High
Score Plus software program (version 4.6a) by coimpdhe area of the crystalline peaks to the
amorphous halo using the software’s inbuilt caltatatool.

The oscillatory rheological properties of the thiests of composites (A, B and C) were
measured using a Thermo Scientific Haake MARS Hedameter equipped with parallel-plate
geometry (plate diameter = 25 mm, gap set to 165). Oscillatory stress sweeps were first
undertaken over a stress range of 0.1 to 100 Bdiatd temperature and frequency of 180 °C
and 1 Hz, respectively. The test indicated thearegn which the deformation was small enough
for the storage moduluss() to be independent of deformation. Under such itmmd the
viscoelastic properties of the material became @gmpaThe samples, all 1.65 mm thick, were
then subjected to oscillation frequency sweepsérange 0.1 to 100 Hz and melted at the same
temperature and a controlled stress frequency sae®p0 Pa.

Volume resistivity was measured using a two-poimbp method on injection moulded test
bars (length 18 mm, width 9.4 mm, thickness 3.25)prapared by coating each end with silver
conducting paint and attaching copper tape overcireducting paint to minimise contact
resistance. An electrometer (Keithley, Ohio, USAydel 6517B) was used to measure volume
resistivity using an applied voltage of 1V. Thefaues of all samples were cleaned with ethanol
prior to measurement. According to ASTM D4496 ar2bD, the measured volume resistance,

R,, was converted to volume resistivipy, using the formula;

py=R *A/t 1)
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where A is the effective area of the measured electrode enthe specimen thickness.

The density of PP and P[LA] was measured using #&l®&eToledo NewClassic Balance
(Model ME204) with attached density kit using wadasrthe displacement fluid.

'H and °C NMR spectra were recorded on a Bruker DPX-400ctspmeter in CDGL
Chemical shifts are given in ppm downfield from thiernal standard of tetramethylsilane.

Size exclusion chromatography (SEC) measurementB[loA] were conducted using an
Agilent 1260 GPC-MDS fitted with differential retttive index (DRI), light scattering (LS), and
viscometry (VS) detectors equipped with 2 x PLgeim mixed D-columns (300 x 7.5 mm), 1 x
PLgel 5 mm guard column (50 x 7.5 mm) and auto-$@ampow molar mass linear poly(methyl
methacrylate) standards in the range 200 to 1.0°xgInol* were used to calibrate the system.
All samples were passed through a 048 PTFE filter prior to analysis. The eluent was
chloroform with 2% trimethylamine at a flow rate b mL min'. SEC data was analysed using
Cirrus v3.3. SEC of PP was conducted using an AgiL220 instrument equipped with
differential refractive index (DRI), viscometry (Y@nd dual angle light scatter (LS 90 + 15)
detectors. The system was equipped with 2 x PLgee®D columns (300 x 7.5 mm) and a
PLgel 5 um guard column. The mobile phase was TG# ®50 PPM BHT (butylated
hydroxytoluene) additive. Samples were run at 1mmm/at 160 °C. Polystyrene standards
(Agilent EasyVials) were used to create a thirdeorchlibration. Analyte samples were filtered
through a stainless steel frit with Lén pore size before injection. Respectively, expernital
molar mass Nln,cpg and dispersity #)) values of synthesized polymers were determined by

conventional calibration using Agilent GPC/SEC waite.
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3. Results and Discussion

In the first instance, a high degree of MWCNT drspen throughout the PP matrix and
conclusive evidence for a well-defined rheologigarcolation threshold at 0.5 wt% was
observed. An improved degree of dispersion anddacteon of the rheological percolation
threshold to 0.3wt% was observed upon addition[@APfunctionalised MWCNTSs to the PP
matrix. A combination of techniques addressing dctmal, thermal, dynamic and static
mechanical and rheological properties were usedgtwrously understand this P[LA] induced
plasticisation of PP and compatibilisation behawibatween PP and MWCNTs which in turn
provide a framework to describe the electrical praps of the composites obtained.

Melt mixing achieved a highly dispersed and imbareected network of MWCNTS in the
PP matrix as shown in the representative SEM miaqy Fig. 1a). Agglomerate size and
distribution was reduced upon addition of P[LA] ¢tionalised MWCNTSs, see SEM, Fig. 1b).
The addition of P[LA] as a compatibiliser furthenproved the dispersion of MWCNTSs in an
already relatively well dispersed system. Fig. dlaws there are regions where the MWCNTSs
have not completely dispersed within the PP. Howedvem Fig. 1b) the addition of P[LA] has
enabled the CNTs to disperse more homogenouslyetiycing the attractive van der Walls
forces between MWCNTs but promoting GHinteractions and physical wrapping between
P[LA] and MWCNTSs. This results in a well disperdaat interconnected MWCNT system and
reduced MWCNT agglomeration. The HR-TEM imagesiguFes 1 c) and d) confirm a coating
of P[LA] on the surface of the CNTs, the contrastween the MWCNT and the P[LA] and PP

obvious.

15



Figure 1. SEM images of cryo-fractured surfaces showingetktent of MWCNT dispersion for
composites of PP with (a) 1 wt% MWCNTss|A 100K and (b) 1 wt% MWCNTs modified
with 4 wt% P[LA] (G) x 100k and HRTEM images of MWCNTSs functionaliseih P[LA] at

(c) x 200k and (d) x 300k magnification.

The strong nucleating effect of CNTs on polymer®led from the melt can alter the
crystalline content and crystallisation kineticssefmi-crystalline PP. On the assumption that the
majority of MWCNTSs are dispersed in the PP amorphpliase, it is important to consider the
effect of MWCNT loading on the crystallisation bglwmur of PP. It is worth noting recent
studies have shown CNTs can reside within the-lar@ella spacing of certain polymdi3. The

crystalline contentX;) and relevant thermal properties of composite?Bf with MWCNTs
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loading up to 5 wt%, PP with P[LA] modified MWCNE& loadings up to 5 wt% and PP with
P[LA] loading up to 20 wt%, were determined frons@mbination of DSC (Fig. 2) and WAXD
(Fig. 3), the relevant thermal properties are diste table 2. For composites of PP with
MWCNTSs, an increase in both melt temperaturrg) (of ~ 4 °C and crystallisation temperature
(Tc) also of ~ 4 °C was obtained on addition of up Wwt% MWCNTSs. The increase i, andT,

is evidence for the nucleating effect typically dited by MWCNTs on semi-crystalline
polymers cooling from the melt. However, a chang& with increasing MWCNT content was
not observed from DSC. In fac¥. remained unchained even after the addition of % wt
unfunctionalised MWCNTSs. In contrast, a modest dase inX; for PP with increasing
MWCNT content was obtained from, ~ 37 % to ~ 28 #ew measured by WAXD again on
addition of 5 wt% MWCNTSs. The contrasting values X3 can be explained by fundamental
differences in the two techniques. Full width alfdh&ight values for both the melting ~ 4 °C
and cooling ~ 1°C peaks for composites of PP amd% unfunctionalised MWCNTs showed
peak broadening compared to unfilled PP, evideoncénéterogeneous nucleation of PP by the
MWCNTSs.

For composites of PP with P[LA] modified MWCNTS,, and T, of PP remained
unchanged at 163 °C and 124 °C respectively, eftenthe addition of 5 wt% P[LA] modified
MWCNTSs. The lack of any observable changd&jandT. show the P[LA] influences the CNTs
ability to nucleate PP. WAXD data showed a decreas&. with increasing P[LA] modified
MWCNT content, from ~ 37 % to ~ 28 %. Presumablitg, ¢oating of P[LA] on the CNT surface
hinders nucleation and trans-crystallisation of Ple strong nucleating effect of MWCNTSs on
polymers cooled after melt mixing has been repopexyiously and was observed for the un-

modified MWCNTSs in this study. The non-covalent ¢tionalisation of MWCNTSs prior to melt
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mixing appears to limit the nucleating effect conmtyoobserved. The increase Tg is directly
related the extent of MWCNT dispersion which proesotucleation and favours crystal growth.
The results suggest the P[LA] is coating and singldhe MWCNTs from the PP matrix and
hence reduces nucleation of the MWCN'Pk.

The addition of P[LA] to PP had little or no effemt theT,,and T, of PP.X.decreased by
~3 % for the 20 wt% P[LA] filled PP from DSC and by¥% from WAXD. Due to the increased

loading of P[LA], the reduction in PP accountstioe decreased crystalline content.

18



—
Q.

—
R

Heat Flow Exothermic Up (a.u.)
#)
Heat Flow Exothermic Up (a.u.)
|
P <

90 100 110 120 130 140 150 160 170 180 190 90 100 110 120 130 140 150 160 170 180 190
Temperature (°C) Temperature (°C)

(b):ﬁ'/? (e) J\ 8,

-
-

S

2 |P|®
‘é/\
Heat Flow Exothermic Up (a.u.)
S/:
o >

Heat Flow Exothermic Up (a.u.)

PP

90 100 110 120 130 140 150 160 170 180 180 90 100 110 120 130 140 150 160 170 180 190
Temperature (°C) Temperature (°C)

-
Ky
=
—
—
S—

C;

Ce

S
ZK
Heat Flow Exothermic Up (a.u.)
|
e
|
o |

Heat Flow Exothermic Up (a.u.)

% 100 110 120 130 140 150 160 170 180 190 90 100 110 120 130 140 150 160 170 180 190
Temperature (°C) Temperature (°C)

Figure 2. DSC heating curves for unfilled PP and composite¢a) PP and MWCNTSs, (b)

P[LA] modified PP and (c) PP and P[LA] modified MWCTs. DSC cooling curves for unfilled

PP and composites of (d) PP and MWCNTs (e) P[LAdifired PP and (f) PP and P[LA]

modified MWCNTSs.
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Figure 3. WAXD diffractograms for unfilled PP and for comjites of (a) PP and MWCNTSs (b)

P[LA] modified PP and (c) PP and P[LA] modified MWMCSs.

The normalised diffractograms shown in Figure &t c) show the evolution of a peak at about
18.6 which is associated with the (300) basal plan¢hefp-polymorph of PP. This peak is
present but at lower intensities in the diffracteogs for the composite of PP with as received
MWCNTs (Figure 3 a), confirming the co-crystallisat of PP with P[LA], as expected.
Moreover, the intensity of the doublet centred atbi25 increased with increasing P[LA]
content, particular the peak at lower ®hich is derived from the (301) basal plane of the

polymorph of PP.

Table 2. Calorimetric data observed from DSC and crystalloontent X;) determined from
DSC and WAXD for PP and composites of PP, P[LA] 8MM#/CNTSs.

Sample T’ T." AHp © AH.° X£ (%) FWHH."  FWHH.®
(°C) (°C) [&)) (J/9) DSC WAXD (°C) (°C)
PP 163 125 -105.5 104.5 51.0 36.6 12.0 5.9
A 161 122 -104.2 102.0 50.3 36.3 12.7 5.6
A; 160 123 -101.5 98.8 49.0 31.2 12.8 5.2
As 161 125 -102.5 100.7 49.6 317 12.3 47
As 162 125 -103.0 101.6 50.0 32.9 10.7 4.2
As 163 125 -103.2 102.5 50.3 33.0 14.6 5.9
As 165 127 -101.9 101.1 50.7 31.3 15.3 77
A 167 129 -100.3 99.1 51.0 28.3 16.1 7.1
B, 163 124 -103.5 104.0 50.0 38.4 14.2 5.3
B2 164 124 -100.€ 103.1 48.¢ 37.1 18.C 5.7
Bs 164 124 -98.4 101.8 48.1 37.1 20.0 6.5
B. 164 123 -96.6 100.6 47.6 36.7 23.1 6.5
Bs 16 12t 93 98.2 47.C 35.t 12.f 4.5
Bs 162 124 -85.5 89.8 46.9 32.9 11.7 4.7
B, 162 124 -78.5 81.9 47.4 29.0 13.0 4.8
C 163 124 -105.2 103.3 50.8 37.0 12.7 5.2
C 162 123 -103.2 101.2 50.1 335 11.5 4.8
Cs 164 127 -103.3 101.3 50.6 322 13.0 5.2
Cs 164 127 -103.0 101.4 51.0 32.1 13.8 5.4
Cs 163 126 -101.7 99.9 51.7 28.3 15.2 5.7
Cs 163 125 -91.9 90.7 52.2 29.7 15.2 8.0
(of 163 124 -82.8 82.9 53.3 28.3 15.8 7.2

#Tm = melting temperature.

P T, = crystallisation temperature.

° AH, = melting enthalpy.

4 AH, = crystallisation enthalpy.

¢ X. = degree of crystallinity computed from equatip= (AH/(1-W)AH;00) X 100 whereW; is the weight fraction of filler andHq is the
melting enthalpy of a theoretically 100% crystadliaP (-207.1 J/g).

f FWHH,, = full width at half height of melting curve.

9 FWHH, = full width at half height of cooling curve.
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Table S1 lists the Young's modulus, yield strendthcture strength and elongation at
break for composites of PP and unmodified MWCNTB, &d P[LA] and, PP and P[LA]
modified MWCNTs. The addition of P[LA] modified MWCTs resulted in a reduction in
Young’s modulus (~ -50%), yield strength (~ -50%@ dracture strength (~ -30%) compared to
neat PP. However, an increase in elongation atkbfea50%) was observed compared to
unmodified MWCNTSs for 5 wt% loading. With the extem of elongation at break, all other
results showed a decrease in mechanical propertiegpared to the PP matrix. Clearly, the
addition of P[LA] results in plasticisation of PBnzomitantly assisting MWCNT dispersion and
distribution in the PP matrix.

The Young’'s modulusE) of PP (1.456 GPa) was not significantly altergdhe addition
of just MWCNTSs up to a loading of 5 wt%, but a 5@9¢rease in fracture strength, little change
in yield strength and a 98% reduction in elonga@bribreak was recorded. Unsurprisingly, the
addition of unmodified MWCNTs even at modest logdirmbrittled the PP as effective stress
transfer at the interface between CNTs and polymairix is limited. The addition of P[LA]
modified MWCNTSs to PP resulted in-80% decrease iR, yield strength and fracture strength
and, a reduction in elongation at break of abou®@0some 18 % below that obtained when
unmodified MWCNTSs were added at the same 5 wt%itgad’resumably, the P[LA] is having
a plasticising effect on PP as well as promotirigrfacial interaction between the MWCNTs and
PP chains, facilitated by wrapping/coating of tHeA} via CH-= interactions, Figure 1 c¢) and
d). To understand this behaviour further the tenpiloperties of blends of PP and P[LA] (B
group) were measured, where the P[LA] content wales to that for the composites with
P[LA] modified MWCNTSs. For these blends, additioh B[LA] to PP resulted in a 50 %

decrease in stiffness and strength of PP, aboQt% Becrease in fracture strength, but critically
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little change in elongation at break until the P[lodntent was greater than 4 wt%. The ductility
and toughness of PP is retained upon P[LA] addifldms plasticising effect can be more clearly
observed by examining representative stress-straiwes for the three sets of composites, Fig. 4.
The area under the stress-strain curves decreggaticantly on addition of MWCNTSs alone,
but is recovered with increasing P[LA] content lire ttomposites. The critical MWCNT loading
at which the effect of P[LA] inclusion can be obsat to be between 0.5 and 1 wt%, Figure 5.
The ductility of PP can be seen to be recovereddalition of 1 wt% MWCNTSs and greater than
4 wt% P[LA], Figure 5 d). It is noteworthy that tisbange in mechanical properties described
originate with CNT and P[LA] addition to PP and rast a consequence of thermal degradation
of the components during melt mixing. Previously ave investigated the thermal stability of
P[LA] and its composites with MWCNT& Our studies confirmed that P[LA] is thermally
stable at PP processing temperatures and theaudditiP[LA] modified MWCNTSs has no effect
on the thermal stability of PP at its typical presiag temperature of ~ 165 °C. Interestingly, the
thermally stability of PP increased on additionfVCNTSs but the addition of P[LA] modified
MWCNTSs had no effecf® It is likely this behaviour is a consequence ofhbihe known free
radical scavenging ability of MWCNTSs being altemdP[LA] addition and that P[LA] degrades

forming high concentrations of free radicals.
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Figure 4. Representative stress vs strain curves for: (agrRFcomposites of PP and MWCNTS,

(b) P[LA] modified PP and (c) PP and compositeBBfand P[LA] modified MWCNTSs.
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Figure 5. Variation in, (a) Young’'s modulus, (b) yield stgth, (c) fracture strength and (d)

elongation break, as a function of MWCNT and P[ltAgdified MWCNT loading.

The change in interfacial tension between P[LA] &d/CNTs and the plasticising of PP by
P[LA] can also be indirectly proven by studying thkanges in the dynamic mechanical
properties, in particular the glass temperatiligs 06f PP and composites of PP and MWCNTSs on

addition of P[LA]. Figure 6 shows the variationtan$, E' andE " ‘as a function of temperature
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for the various composites with and without P[LAJd#&ion. From all three sets of data,
irrespective of how thély is measured, i.e. peak onset or maxima in &acorresponding
decrease i’ or peak maxima ik "', the incorporation of P[LA] in to these compositaterials
results in a significant decreaseTiy) see Figure 7, between 15 °C to 35 °C. The dsergdl

is first observed when the MWCNT loading is abolit @t% and thus the P[LA] content 0.4
wt%. However, for a loading of 5 wt% MWCNTS, buitically 20 wt% P[LA], the reduction in
Ty of PP is shifted to lower temperatures by as magt85 °C. This result is most interesting
given the technological goal of extending the aggtion of PP hitherto hindered by the

relatively poor low temperature (< -20 °C) impaoberties of PP.
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Clearly the addition of P[LA] alters PP chain dynesnand interfacial interactions
between the MWCNT filler and PP resulting in enfeth¢/WCNT dispersion, Figure 1 and,
ultimately, this effects the viscoelastic propestef PP. Since CNTs have an extremely high
aspect ratio (length-to-diameter) up to 1000, thaye an ability to influence the rheological
properties of polymer melts at very low loadings Hipdering polymer chain dynamics. On
MWCNT addition to polymers a dramatic increasehe storage moduluss() and complex
viscosity (§*|) as well as the detection of an apparent yieldngth at low frequencies (< 1
rad/s) is typically observed. A ‘pseudo-solid’ likehaviour is observed upon formation of a
percolated MWCNT network and the extent of fillesgkrsion, aspect ratio and alignment can
all be related to changes in (nano)composite visstieity *®

At low frequencies (e.g.c = 0.1 rad/s)G', p*| and taw™ all increase with increasing
MWCNT loading,G' by about 5 andhf| by about 3 orders of magnitude on addition aftSo
MWCNTSs, figures 8 a), b) and c). The formation oblateau at low frequency f@ ' and the
increase inif*| and taf™ as a function of frequency occurred at some MWCHEHINg between
0.3 wt% and 0.5 wt%. A more accurate estimatetferrheological percolation can be obtained
from constructing Cole-Cole (i.& ' versusG ' andy "' versusy ) and Van Gurp-Palmen (phase
angled versus G*|) plots, see figure 8 d), e) and f). The onsah@deviation from the linear
relationship betweeG ' andG ' andy ' andy ' and the decrease in phase amghs a function of
|G*| suggests the rheological percolation is closér.5owt%. The MWCNTSs are relatively well
dispersed in the PP matrix and the PP relaxatrmoegiincrease (see figure 8e)) with increasing
MWCNT loading as the MWCNTSs hinder polymer chainhtity.

The effect of P[LA] addition on the viscoelastesponse of PP and composites of PP

and MWCNTSs and, rheological percolation can be sedigure 9. From the plots &', |*| and
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tarb ™ as a function of frequency, the onset of rheoldgieacolation appears to be closer to 0.3
wt% MWCNTSs. Likewise from the Cole-Cole and Van @dtalmen plots for the composites of
PP with P[LA] modified MWCNTSs (figure 9 d), e) arfig, incorporation of P[LA] enhanced the
MWCNT dispersion and distribution in the PP matnrigsulting in a lower rheological
percolation. Above percolation a large increasé;ih was also observed, see figure 9 b). The
effect of P[LA] itself on the viscoelastic resporsfethe PP used in this study was isolated by
performing the same oscillatory rheology measurémesee supporting information Figure S2.
As might be expected the addition of up to 20 w{tApto PP resulted in an decreaseGnand

[7*| as a function of frequency as well as PP relaratimes, further confirmation of the

plasticising efficiency of P[LA] for PP.
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Figure 8. Variation in (a) storage modulu&, (b) complex viscosityyf| and (c) reciprocal of
loss tangent ((taf)™) as a function of angular frequeney)( (d) Cole-Cole plot®’ versusG™),
(e) imaginary viscosityr(’) with real viscosity ') and (f) phase angl&) with the absolute

value of (G*|) (Van Gurp-Palmen plot) for unfilled PP and cosipes of PP and MWCNTS.
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Figure 9. Variation in (a) storage modulu&', (b) complex viscosityyf| and (c) reciprocal of
loss tangent ((taf)™) as a function of angular frequenay)( (d) Cole-Cole plot®’ versusG”),

(e) imaginary viscosityr(’ ) with real viscosity ff’) and (f) phase angléd) with the absolute
value of (G*|) (Van Gurp-Palmen plot) for unfilled PP and cosipes of PP and P[LA]

modified MWCNTSs.
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Figure 10. DC electrical conductivity of composites as a fumettof MWCNT concentration at

RT.

If our hypothesis is correct in that non-covaleanhdtionalisation is a route to enhanced
interfacial interactions between PP and MWCNTs wuth altering the intrinsic electron

conduction properties of 1D/2D graphitic materigitgen it could be expected the introduction of
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P[LA] should minimally impact the electrical condiwdty of composites of PP and MWCNTSs.
Figure 10 shows the DC electrical conductivity (Rf)PP itself and composites of PP with
MWCNTs and P[LA] modified MWCNTSs as a function of WCNT loading. PP is an insulator
(~1 x 10" S/m), but the incorporation of 5 wt% MWCNTSs resdlin an increase in electrical
conductivity of ~15 orders of magnitude, to'1®m. At low MWCNT loading (< 0.3 wt%),
there is an initial significant increase in conakity of about 8 orders of magnitude followed by
a further but more gradual increase in conductitayy about 7 orders, suggesting a double
percolation phenomenon. Similar behaviour was alsgerved for the composites with P[LA]
modified MWCNTs however, the ultimate values fondactivity were only about 2 orders of
magnitude less than that obtained for the compositith unmodified MWCNTs. While the
addition of P[LA] improved MWCNT dispersion in th&P matrix, the MWCNTs were in part

insulated from each other by the wrapping of the ®NV's with P[LA] via CH= interactions.

4. Conclusions

MWCNTs were non-covalently functionalised by sueaerapping of P[LA] synthesised
using Cu(0)-mediated LRP and mixed with MWCNTSs ptinthe manufacture of composites of
PP, MWCNTs and P[LA], (1:4, MWCNT:P[LA]). SEM ancEM images showed the MWCNTs
were homogenously dispersed within the PP matrddi#on of P[LA] appears to improve the
extent of MWCNT dispersion and distribution for /&:MWCNTs of 4:1. HRTEM also
confirmed the P[LA] coats or wraps the MWCNTSs. Thaslikely by a combination of CH-

interactions and physical wrapping of the polynmewad the CNTs.

The Young’s modulus of PP was unaffected on additb MWCNTSs, but decreased

significantly with loadings of P[LA] greater than \2t% however, the elongation at break
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increased by over 50% upon addition of P[LA] maelifiMWCNTSs in a ratio of 1:4 ratio,

evidence that P[LA] has a plasticisation effectRih

Rheological investigations confirmed the formatioh a MWCNT network with a
percolation threshold of about 0.5 wt% for unmatifiMWCNTSs. This percolation threshold
was reduced to ~0.3 wt% after the addition of P[lnAgdified MWCNTSs, again in a 1:4 ratio

indicating the P[LA] aided the dispersion of MWCNifisthe PP matrix.

Ty andT; increased by ~ 4 °C for a loading of 5 wt% unmiedifMWCNTS, evidence
the CNTs can nucleate PP. Upon functionalisatioth ViR[LA], the P[LA] coating hinders
MWCNT nucleation and PP crystallinity decreasechigher filler loadings. The addition of
P[LA] resulted in a significant decrease in Hyeof PP, to between 15 and 26. This is further

evidence that P[LA] effectively reduced thgby plasticising PP.

WAXD results indicate the P[LA] is behaving asaanucleating agent though the
observed increase in intensity of the peakfat2.8.6° corresponding to the hexagom¢gd00)
for both composites of PP and P[LA] functionalidd@/CNTs and composites of PP and P[LA].
However, theB-polymorph is also present in the composites wihAP modified MWCNTSs
which was induced by the inclusion of the P[LA] amat the MWCNTSs. Also, there is evidence
from the published literature for tiffepolymorph being more prominent in low molecularigin

(high MFR) PP, as used in this study.

The DC electrical conductivity of PP was increabgdabout 15 orders of magnitude on
addition of 5 wt% unmodified MWCNTs. However, tHearical conductivity of the composites
of PP and P[LA] modified MWCNTs was only 2 ordefsnmagnitude less than that obtained for
composites with as received MWCNTS, across the csitipn range. The data suggests a

double percolation effect for both sets of compssit
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Highlights

e Poly(lauryl acrylate) P[LA] non-covalently functionalised MWCNTSs

e P[LA] altered interfacial interactions between neighbouring MWCNTSs

* Rheological percolation was reduced by halve on inclusion of P[LA]

*  P[LA] plasticised PP and decreased the T, of PP by up to 25 °C.

¢ Non-covalent functionalisation of MWCNTs with P[LA] marginally degraded conductivity



