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Abstract

An ethylene-propylene copolymer (EPR) was functionalized in the melt by grafting with itaconic acid and its mono-

and di-methyl esters by using dicumyl peroxide as radical initiator. Grafting reactions were carried out in a Brabender-

Plasticorder at 180 �C under a nitrogen flow at a speed of 75 rpm for 6 min. Fourier transform infrared spectroscopy

(FTIR) was used to confirm the existence of grafted monomers. The absorption bands characteristic of each monomer

grafted were observed in the FTIR spectrum of the modified EPR and were taken as evidence of grafting.

The percentage of grafting attained was also followed by FTIR analysis, where the amount of monomer incorpo-

rated in EPR was estimated from a calibration curve established for the monomers used in this work. The degree of

grafting obtained was 1.1% by weight of EPR for itaconic acid, 1.2% for monomethyl itaconate and 2.5% for dimethyl

itaconate. Rheological and contact angle measurements indicate that the polarity of EPR is increased by grafting

reaction.
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1. Introduction

The modification of polyolefins such as poly-

propylene [1–13] and an olefinic elastomer such
as random copolymer of ethylene and propylene

mailto:mypedram@gmail.com


170 J. Bruna et al.
(EPR) [14–25] with the aim of introducing polar

functional groups into their non-polar olefinic

chain has been the subject of intense research work

during recent years. The most widely used method

for the functionalization of polyolefins is to graft
monomers that contain polar functional groups

such as oxazoline [17,18], maleic anhydride [1–

4,9–12,19,25], itaconic acid and its derivatives [5–

7], alkyl maleates [1,8,9,14,24], maleimides [1,13],

acrylic and methacrylic acids [1,2], glycidyl meth-

acrylate [15,16,21], allyl(3-isocyanate-4-tolyl) car-

bamate [22,23], a functional monomer prepared

from reaction of 2-hydroxyethyl methacrylate with
isophorone diisocyanate [20], etc.

The functionalized polyolefins have found

application as compatibilizers in blends of polyole-

fins with polar polymers, where specific interac-

tions between the blend components have shown

to improve the interfacial adhesion and compati-

bility of the blend components [17,22,26–30].

Polymer blending is a route widely used for the
preparation of advanced materials with specific

properties. An important example at industrial

level is constituted by thermoplastic polyolefin elas-

tomers (TPOs) based on blends of a thermoplastic

and an elastomer. Although these polymers have a

similar chemical structure, melt mixing leads to a

two-phase system because polymers are thermody-

namically immiscible. Consequently, the resulting
material exhibits high interfacial tensionwith unsta-

ble morphology and poor and undesirable mechan-

ical properties because of unfavorable interactions

at the molecular level. Several methods to improve

the phase adhesion between two immiscible poly-

mers have been developed. One of these methods

is by adding functionalized polymers containing po-

lar groups as compatibilizers to the blend in order to
promote phase mixing through specific interactions

at the phase boundary.
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However, the potential use of itaconic acid, a vi-

nyl monomer containing two carboxylic groups,

and its derivatives has been investigated recently

by our group as polar monomers in grafting reac-

tions onto polypropylene and polyethylene [5–7].
These reactions were carried out either in solution

or in the melt phase, through free radical grafting,

with the aimof using them as compatibilizing agents

in blends of PP with polar polymers [27–30].

The application of itaconic acid can be consid-

ered important because of its carboxylic bifunc-

tionality and due to the fact that itaconic acid is

produced from non-oil based renewable natural
resource, i.e., by large scale fermentation of molas-

ses, a by-product from sugar industry. The struc-

ture of itaconic acid and its mono- and dimethyl

esters are shown in Scheme 1.

In this study, an ethylene-propylene random

copolymer (EPR) was functionalized by melt

grafting process using itaconic acid (IA) and its

derivatives namely, monomethyl itaconate
(MMI) and dimethyl itaconate (DMI).

The aim of this study is to evaluate the effect

of reaction conditions and structure of a polar

monomer (IA, MMI and DMI) on the extent of

grafting onto EPR, via free radical reaction in

the melt phase. The extent of grafting was esti-

mated by using Fourier transform infrared spec-

troscopy (FTIR). Rheological, polarity and
adhesive properties of the grafted samples are

also evaluated.
2. Experimental

2.1. Materials

Ethylene-propylene random copolymer (EPR)

(59% polypropylene content and a Mooney vis-
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cosity ML (1 + 4) at 125 �C: 44) was kindly sup-

plied by EniChem, under the trade name Dutral

CO-054. Itaconic acid was purchased from Al-

drich. MMI and dimethyl itaconate were synthe-

sized by esterification of itaconic acid with
methanol and their purity was checked by 1H

NMR spectroscopy. The details for their synthe-

sis are described in a previous works [6,7]. Dicu-

myl peroxide was purchased from Akzo-Nobel

Corp. and recrystallized from anhydrous ethanol

before use.

2.2. Grafting reactions

EPR was functionalized with IA and its deriv-

atives, MMI and DMI with dicumyl peroxide as

initiator in a reactive melt polymer processing by

using a mixer Brabender plasticorder. The type

of polymer used in a grafting reaction is ex-

pected to affect the nature of side reactions. It

is well known that polypropylene undergoes pri-
marily b-chain scission, via the tertiary macro-

alkyl radicals, leading to reduction in the molar

mass and viscosity of the polymer. On the other

hand, polyethylene undergoes predominantly

crosslinking reactions (through the secondary

macroalkyl radicals) during melt processing,

resulting in an increase in molar mass and vis-

cosity of the polymer [1,2]. In the case of an eth-
ylene-propylene random copolymer consisting of

both, ethylene and propylene components, the

two side reactions can occur during the radical

grafting process. In our case, an evidence of

EPR crosslinking was obtained from measure-

ments of the extent of insoluble gel determined

by extraction in hot xylene for 8 h. Note that

the unmodified polymer is completely soluble un-
der these conditions, whereas grafted EPR with

DMI gave 23% gel content, EPR grafted with

MMI gave 17% gel content while EPR grafted

with IA was completely soluble.

Grafting reactions were carried out by mixing

predetermined amounts of monomer and initia-

tor before melt mixing at 180 �C under nitrogen.

At the end of reaction the product was dissolved
in hot toluene and was precipitated into acetone.

The unreacted monomer, initiator and possible

homopolymer that could eventually form during
the grafting reaction was separated from grafted

polymer by exhaustive extraction of the sample

with methanol for IA and MMI and with chlo-

roform for DMI in a Soxhlet for 24 h as previ-

ously described [27]. The extracted samples
were dried under reduced pressure before their

analysis.

2.3. Characterization

The evidence of grafting as well as an estima-

tion of its extent, expressed as weight percent of

grafting, was determined by FTIR spectroscopy
of the grafted EPR samples after removing of

non-reacted monomer, initiator and homopolymer

but without separation of gel fraction in all cases.

FTIR spectra were recorded on a Bruker IFS-28

spectrometer from 4000 to 400 cm�1 with an aver-

age of 16 scans at 4 cm�1 resolution and 1 cm�1

sensitivity. Films of 100 lm thickness from

unmodified polymers and grafted samples were
obtained by compression molding between steel

plates covered with thin aluminum sheets at

180 �C for 1 min.

The rheological measurements were performed

using a Rheometric Scientific ARES N2 with par-

allel plate geometry. Tests were carried out in dy-

namic frequency modes at 190 �C. The samples

were melted and plate shaped. Disks of approxi-
mately 25 mm in diameter and 1 mm thickness

were used for the rheological measurements. Dy-

namic shear properties were determined as a func-

tion of angular speed of deformation in the range

0.1 to 500 rad/s. The amplitude strain was main-

tained constant at 5%.

Advancing contact angles were measured at

23 ± 2 �C and at a relative humidity of 50 ± 5%
on a optical contact meter model Krüss G10

equipped with a 61041 video. Distilled water, dii-

odomethane and ethylene glycol were employed.

Contact angles were obtained by placing the tip

of the syringe near the sample surface and depress-

ing the syringe to produce a constant drop volume

of about 2 ll. Three drops per sample and 60 read-

ing per each drop were carried out with 1 s settling
time. For each sample, the average value together

with their standard deviation were calculated and

reported in this study.
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3. Results and discussion

3.1. Evidence of grafting

The existence of grafted IA, MMI or DMI in
EPR was confirmed by FTIR spectroscopy [6].

The FTIR spectrum of the grafted EPR with IA

(EPR-g-IA) showed two absorption bands in the

carbonyl region that are absent in the spectrum of

unmodified EPR (Fig. 1). The absorption band at

1712 cm�1 is due to stretching vibrations of the car-

bonyl groupsof the carboxylic acid of themonomer.

The second absorption band centered at 1770 cm�1

could be due to a carbonyl absorption band coming

from the monomer grafted as anhydride which

could form during the grafting reaction. The forma-

tion of anhydrides through dehydration/de-esterifi-

cation reactions of monoesters of itaconic acid has

been reported by Cowie and his co-workers in their

thermal stability studies of the corresponding poly-

monoesters [31,32]. They came to the conclusion
that the dehydration/de-esterification reactions

were either inter- or intramolecular in nature.

The ratio of the sum of the intensities of the

absorption bands at 1712 cm�1 (A1712) and

1770 cm�1 (A1770) to the intensity of the absorp-

tion band at 720 cm�1 (A720), corresponding to

the out of plane bending vibration of CH2 of the

EPR backbone, allows to determine the carbonyl
index ICacidþanhydride

ðIC ¼ A1712þA1770

A720
Þ. This can be con-
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Fig. 1. FTIR spectrum of: (a) EPR and (b) EPR grafted with

IA.
sidered as a measure of the extent of grafting of

the monomer in EPR in its both acid and anhy-

dride form. The extent of grafting was converted

into the incorporated weight percent (GIA in

wt%) of the monomer by using a calibration curve
obtained from FTIR analysis of the physical mix-

tures of EPR with different amounts of IA as

shown in Fig. 2. These mixtures were prepared

by melt mixing of EPR and IA in a Brabender

mixing chamber at 180 �C under nitrogen stream

for 6 min.

The percentage of IA grafted onto EPR can be

estimated by using the following relation:

GIAðwt%Þ ¼ IC
0.3012

. ð1Þ

An additional absorption band centered at
1592 cm�1 was identified by close examination of

the FTIR spectrum of the functionalized EPR with

IA and also MMI. This band is absent in the FTIR

spectrum of the unmodified EPR. The relative

intensity of this band increases with increasing

the initial monomer concentration used in the

grafting reaction. Although we have no clear

explanation at this stage, it could be attributed
to a product generated from decomposition of

the monomer. This decomposition product seems

to be linked to EPR chains since it was not possi-

ble to remove it by the extraction procedure used

in this work.
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Fig. 2. FTIR calibration curve for determining the weight

percentage of grafted IA onto EPR.
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It should be noted that FTIR spectra shown in

this work are not those spectra used for the estima-

tion of the percentage of grafting but they reflect

only qualitatively the grafting.

In the case of grafting with MMI (EPR-g-
MMI), the FTIR spectrum of the modified EPR

with this monomer also showed two absorption

bands in the carbonyl region that are absent in

the spectrum of unmodified EPR (Fig. 3). The

absorption band at 1727 cm�1 is due to the stretch-

ing vibration of the ester carbonyl groups of the

monomer. The second absorption band appears

as a shoulder at 1770 cm�1. This band was
assigned to a carbonyl group from a five mem-

ber-anhydride ring.

In order to quantify the amount of MMI

incorporated in EPR, a calibration curve was also

established by mixing different amounts of the

monomer with EPR. These physical mixtures of

MMI and EPR were prepared following the same

procedure used in the case of IA, as was
described earlier. The intensity of the sum of

the absorption bands at 1727 and 1770 cm�1

was compared with that of EPR at 720 cm�1.

This band ratio was defined as the carbonyl index

ICmonoesterþanhydride
, corresponding to the incorporation

of the monomer into EPR in its both acid and

anhydride form. The ICmonoesterþanhydride
values were

converted into the incorporated weight percent
(GMMI wt%) of the monomer by using a calibra-
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Fig. 3. FTIR spectrum of: (a) EPR and (b) EPR grafted with

MMI.
tion curve obtained from FTIR analysis of the

physical mixtures of EPR with different amounts

of MMI as shown in Fig. 4. The percentage of

grafting of MMI onto EPR can be estimated by

using the relation:

GMMIðwt%Þ ¼ IC
0.3214

. ð2Þ

Fig. 5 shows the FTIR spectra of EPR grafted
with DMI (EPR-g-DMI), where an absorption

band in the carbonyl region that is absent in the

spectrum of unmodified EPR can be detected.

The absorption band at 1727 cm�1 is due to car-

bonyl stretching vibrations of the ester groups of

the monomer. The ratio of the intensity of the

peak at 1727 cm�1 (A1727) corresponding to car-

bonyl group of EPR-g-DMI to the absorbance of
the methylene group at 720 cm�1 (A720), corre-

sponding to CH2 of the EPR backbone allows to

determine carbonyl index (IC). This can be consid-

ered as a measure of the extent of grafting of the

monomer in EPR either as single units and or poly

(dimethyl itaconate) chains.

The extent of grafting was converted into the

incorporated weight percent (GDMI in wt%) of
the monomer by using a calibration curve ob-

tained from FTIR analysis of the physical mix-

tures of EPR with different amounts of DMI as

shown in Fig. 6. The mixtures of DMI and EPR

were prepared following the same procedure
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Fig. 4. FTIR calibration curve for determining the weight

percentage of grafted MMI onto EPR.
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Fig. 5. FTIR spectrum of: (a) EPR and (b) EPR grafted with

DMI.
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Fig. 6. FTIR calibration curve for determining the weight

percentage of grafted DMI onto EPR.
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previously described. Therefore, an estimation of

the percentage of DMI grafted onto EPR can be

obtained by using the following relation:

GDMIðwt%Þ ¼ IC
0.3581

. ð3Þ

3.2. Effect of reaction variables on grafting

The effect of monomer and initiator concentra-

tion on the extent of grafting attained as a function

of the monomer has been evaluated (Figs. 7–9). As
shown in Fig. 7 it can be deduced that the amount
of IA incorporated in EPR increases with IA

monomer concentration for a determined amount

of the initiator initially used in the grafting reac-

tion. A maximum grafting percentage of 1.2 wt%

of EPR is attained when the concentration of IA

is around 3 wt%. It is of interest to note that a fur-

ther increase of the amount of IA hardly vary the
grafting percentage. This behavior is expected

since at higher monomer concentrations, more

monomer is available for grafting onto a deter-

mined number of active sites that can be generated

by a fixed amount of the initiator used initially in
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the reaction. It is evident that the percentage of

grafting does not increase by a further increase

in the amount of monomer beyond 3 phr. This

can be explained by considering that more mono-

mer would be available for homopolymerization

of the monomer.

Similar grafting percentages (approximately
1.2 wt%) are obtained when MMI is used as

monomer (Fig. 8). However, a sensible increase

of the grafting percentage is attained in the case

of DMI reaching a maximum of 2.4% (Fig. 9).

This can be explained in terms of the difference

of polarity between monomers. DMI is the less po-

lar monomer than MMI and IA, consequently its

solubility in the EPR is increased. Therefore, most
grafting takes place as consequence of higher affin-

ity of DMI monomer with the EPR polymer

backbone.

3.3. Rheological properties

The variation of the apparent viscosity, g as a

function of shear rate, c, at 180 �C for neat EPR
and grafted EPR with IA, MMI and DMI is

shown in Fig. 10. It is observed that in all the

cases, the viscosity decreases with the shear rate

and increases with the grafting reaction. This effect

is more evident when MMI and DMI are used as

monomers. Thus, at c = 1 s�1, the viscosity value

goes from 8799 Pa s for neat EPR to 18,475 Pa s
for EPR-g-DMI and EPR-g-DMI, while EPR-g-

MMI shows a value of 15,599 Pa s and EPR-g-

IA 10,647 Pa s. This increase of the viscosity can

be attributed to the stronger interaction among
the EPR macromolecular chains induced by the

grafted functional groups. This leads to the forma-

tion of entanglements, physical and chemical

crosslinking. All monomers exhibit tendency to

form hydrogen and covalent bonds. The relative

reactivity of the ester groups is higher than carbox-

ylic acid in nucleofilic addition-elimination reac-

tion such as esterification or trans-esterification
reactions. Consequently, the formation of covalent

bonds has the following order: DMI > MMI > IA,

whereas the tendency to form hydrogen bonds will

be: IA > MMI > DMI. The viscosity measure-

ments indicated that the formation of covalent

bands is predominant in relation to hydrogen

bonds.

The rheological parameters of the analyzed
materials were calculated by fitting the rheological

data to the equation proposed by Ellis which is

based on the Cross model [33,34]:

g ¼ g0
ð1þ ðKxÞmÞ ; ð4Þ

where g0 represents the zero-shear viscosity, x the
angular frequency, K is a constant with the dimen-

sion of time and m is a dimensionless constant.

The fitted parameters of the proposed models are

summarized in Table 1. A strong increase of



Table 1

Rheological parameters of pristine EPR and EPR grafted with

IA, MMI and DMI

g at 1 rad/s (Pa s) Ellis model

g0 (Pa s) K (s) m

EPR 8799 10,209 0.036 0.57

EPR-g-IA 10,647 12,353 0.037 0.57

EPR-g-MMI 15,599 18,097 0.037 0.56

EPR-g-DMI 17,939 20,540 0.039 0.54
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zero-shear viscosity values was observed for

grafted EPR. In particular, this effect was more

evident when DMI was used as monomer. This
indicates that the EPR modified with DMI has a

higher crosslinking density and hence a higher

viscosity.

3.4. Contact-angle measurements

Advancing contact angle measurements were

carried out in order to evaluate the polar character
of modified EPR and the results are reported in Ta-

ble 2. The surface energy and its components of the

samples were determined from contact angle mea-

surements using the Lifshitz-van der Waals (LW)

method also known as acid–base (AB) approach

or van Oss, Good, and Chaudhury method

[35,36]. The theorybehind thismethodof estimating

the solid surface free energy and its components has
been extensively described in the literature. VanOss

et al. [35,36] divided the surface tension into differ-

ent components, i.e., the Lifshitz-van der Waals

(LW), acid (+) and base (�) components.

ci ¼ cLWi þ cAB
i ¼ cLWi þ 2

ffiffiffiffiffiffiffiffiffiffi
cþi c

�
i

p
; ð5Þ

where, i denotes either the solid or liquid phase

and the acid–base component ðcAB
i Þ takes into ac-

count the electron-donor ðc�i Þ and electron-accep-
Table 2

Contact angle measurements, surface energy components of pristine

Sample EPR EPR-g

hwater (�) 84.7 ± 0.5 82.9 ±

hethylene glycol (�) 65.9 ± 0.4 67.9 ±

hdiiomethane (�) 63.9 ± 0.5 59.4 ±

ctotal � cLW (mJ/m2) 26.3 28.9

c+ (mJ/m2) 0.1 0

c�(mJ/m2) 7.4 10.1
tor ðcþi Þ interactions of the polar component of

the surface tension of the liquid and solid.

Young–Dupré equation has been usually given

for solid–liquid systems [37],

1þ cos#

2
cL ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cLWS cLWL

q
þ

ffiffiffiffiffiffiffiffiffiffi
cþS c

�
L

q
þ

ffiffiffiffiffiffiffiffiffiffi
cþLc

�
S

q
; ð6Þ

where # is the contact angle measured through the

tangent of the drop and cL is the surface tension of

the liquid. The three components of the surface

free energy of the solid, cLWS ; cþS and c�S can be

determined from contact angle measurements.

Liquids chosen to obtain the three c component
values of the solid samples were distilled water, dii-

odomethane and ethylene glycol. It is deduced that

for all the samples, the contact angle values are

higher for water, followed by those of ethylene gly-

col and diiodomethane.

The calculated surface energy components and

the total surface energies are also reported in

Table 2.
The contact angles obtained in diiodomethane,

where the LW components of the surface energy

dominate, were different for EPR and grafted

EPR. It can be seen from Table 2 that the LW sur-

face energy component of pristine EPR is lower

than those of the grafted EPR.

In this sense, it is important to remark that the

use of polar liquids tomeasure the polar component
of the surface tension of a solid only allows to obtain

the excess of electron acceptor (c+) or electro donor

(c�) values of a dry surface. This excess c� is the only

polar entity that can bemeasured via the contact an-

gle approach, or dry solid surfaces. It is also the only

c� by which the solid can interact with other polar

entities, solid or liquid.When both c+ and c� values

are found for a solid surface, it is caused by the exis-
tence of water molecules on the surface of the solid,
EPR and grafted EPR with IA, MMI and DMI

-IA EPR-g-MMI EPR-g-DMI

0.4 83.8 ± 0.2 84.6 ± 0.4

0.5 65.3 ± 0.4 69.8 ± 0.4

0.3 63.0 ± 0.5 60.6 ± 0.2

26.9 28.2

0.1 0

7.6 10.1
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because only in polar liquids both components can

coexist. Therefore, the surface tension can be de-

fined as cL ¼ cLW. The value of the surface tension
presented the following order: EPR < EPR-g-

MMI < EPR-g-DMI < EPR-g-IA.
As shown in Table 2, the electron-donor ðc�s Þ

contribution is greater for grafted EPR. These

results are in agreement with the contact angle val-

ues measured with ethylene glycol. It is a liquid

with high electron donor component of surface

energy (c� = 47 mJ/m2; c+ = 1.92 mJ/m2), hence

polar repulsion and contact angle is increased.

This indicates that the polarity of the polymer is
increased by grafting reaction. It is well known that

an increase of the polar component of the surface

tension increases the energy of adhesion between

the polar liquid and the surface of the solid and, in

consequence the contact angle is decreased. This

behavior was observed when a polar liquid such as

water is used as solvent as shown in Table 2. In this

case, the contact angle decreases in the following or-
der: EPR > EPR-g-DMI > EPR-g-MMI > EPR-g-

IA.

The grafting reaction gives rise to an increment

of the polarity and increase of the surface tension.

This fact is particularly important from a thermo-

dynamic point of view for the preparation of poly-

mer blends, since the driving force of the

incompatibility of a blend is the difference in sur-
face energies, both in the intensity and nature,

among the polymers comprising the blend.
4. Conclusions

It is concluded from this study that IA,MMI and

DMI could be successfully grafted onto EPR in the
melt phase. The relative polarity of these monomers

determine the extent of grafting attained where

higher percentage of grafting was obtained for

DMI, a less polar monomer. This was attributed

to higher solubility of DMI in the EPR melt com-

pared with those of IA andMMI.Moreover, the ex-

tent of grafting depends on the initial concentration

of the monomer and initiator in all cases, where an
optimum grafting was established for each mono-

mer studied. Contact angle measurements indicated

that the polarity of EPR is increased by grafting
reaction. Grafted EPR could be used as a potential

compatibilizer for polyolefin/elastomer blends.

Rheological measurements revealed the strong in-

crease of zero-shear viscosity values for grafted

EPR. In particular, this effect was more evident
when DMI was used as monomer. This indicates

that the EPRmodifiedwithDMI has a higher cross-

linking density and hence a higher viscosity.

Moreover, by considering that grafted EPR can

be used as compatibilizer in polymer blends, where

the second component of the blend could be a

polar polymer, MMI modified EPR and, particu-

larly IA modified EPR would be certainly a better
compatibilizer than DMI functionalized EPR

since a more effective interaction between the

blend components could occur.
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