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Abstract

Polypropylene (pp) was functionalized in the melt phase by grafting with itaconic acid derivatives. 2,5-dimethyl-2,5-bis(zert-buthyl-
peroxy) hexane (lupersol 101) was used as radical initiator. A Brabender Plasticorder was used for all the experiments. The optimum
conditions for the grafting reaction were 190°C, 75 rpm and 6 min. The itaconic acid derivatives used in this work were mono- and dimethyl
esters. When dimethyl itaconate (DMI) was used as functional polar monomer, a maximum of 1.5% of grafting was reached. A similar value
was found for grafting of monomethyl itaconate (MMI) where a maximum of 1.6% by weight of this monomer was incorporated in pp. The
existence of grafted MMI and/or DMI in pp was confirmed by FT-IR spectroscopy. Carbonyl absorption bands from either MMI and/or DMI
were observed in the FT-IR spectrum of the modified pp. The percentage of grafting attained was also followed by FT-IR analysis, where the
amount of monomer incorporated in pp was estimated from a calibration curve established for the monomers used in this work. A systematic
study of the reaction variables allowed the optimization of the grafting process. It was found that the percentage of grafting attained depends
on the initial concentration of both monomer and initiator used in the reaction. Some properties of the modified pps were evaluated by
employing dilute solution viscosity and differential scanning calorimetric (DSC) measurements. It was found that the molecular weight of the
grafted polymer decreased with increasing percentage of grafting. DSC measurements indicated that functionalized pp samples have slightly

higher crystallinity but show the same melting temperature as pp. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Functionalization of polyolefins has been the subject of
intense research works during the last two decades with the
aim of introducing functional polar groups in their non-polar
olefinic chains. Polypropylene (pp) has gained an important
position among other polyolefins due to its versatile and
broad range of applications. However, the application of
pp in some technologically important fields seems to be
limited due to its lack of polar functional groups as well
as its inherent incompatibility with additives and other
polar polymers [1—4].

The grafting of polar monomers onto pp via free radical
reactions has gained wide industrial application and
attracted scientific interest. A large number of works deal
with the functionalization of pp with maleic anhydride,
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which is performed in solution [5-8], in the solid state
[9,10] or in the pp melt phase [3,4,11-18]. Other polar
monomers such as unsaturated carboxylic derivatives and
vinyl or acrylic substances containing more than one func-
tional group have also been investigated [3,7,14,18-31].
Our research group has been working on the functionaliza-
tion of pp through solution free radical grafting reaction
with itaconic acid and its dimethylester where reasonable
percentages of grafting were achieved [7,14].

Modified pps with polar monomers have found wide
applications in polymer blends in which the second compo-
nent of the mixture is a polar polymer such as polyamides,
polyesters, etc. It has been possible to compatibilize a large
number of polar polymers by blending with functionalized
polyolefins in order to improve the properties of the final
products [32-47].

In this paper we present the results obtained from the
functionalization of pp with itaconic acid derivatives in
the melt phase. Some properties of modified pp are also
reported.
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Fig. 1. Variation of the melt viscosity of pp measured as a torque.

2. Experimental

A commercial sample of pp (MFI = 7.5 g/10 min; 230°C;
2.16 kg) in powder form was used in the grafting reactions.
Itaconic acid was purchased from Aldrich. Monomethyl
itaconate (MMI) and dimethyl itaconate (DMI) were
synthesized by esterification of itaconic acid with methanol
and their purity was checked by "H NMR spectroscopy. 2,5-
dimethyl-2,5-bis(fert-butylperoxy)hexane (lupersol 101)
from Akzo was used as radical initiator. This organic perox-
ide has a half-life of 36 s at 190°C.

The grafting reactions were carried out in a mixing head
of a Brabender-Plasticorder under a nitrogen stream at
190°C for 6 min and with a mixing speed of 75 rpm. Poly-
propylene was mixed with a predetermined amount of
monomer and initiator before melt mixing. At the end of
reaction the product was dissolved in hot xylene and was
precipitated into acetone. The unreacted monomer, initiator
and the possible homopolymer that could eventually form
during grafting reaction was separated from grafted pp by
exhaustive extraction of the sample in a Soxhlet for 24 h.
Chloroform was used in the case of DMI and methanol in
the case of MMI as solvents for the extraction. The extracted
samples were dried under reduced pressure before their
analysis.

The evidence of grafting as well as its extent, expressed
as weight percent of grafting, was determined by FT-IR
spectroscopy. FT-IR spectra were recorded on a Bruker
IFS-28 spectrometer from 4000 to 400 cm ', Films of
600 wm thickness from pp and grafted samples were
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Fig. 2. (a) FT-IR spectrum of pp; and (b) pp grafted with DMI.
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obtained by compression molding between steel plates
covered with thin aluminum sheets at 190°C for 1 min.

The molecular weights of pp and functionalized pp
samples were determined by dilute solution viscosity
measurements using decalin as solvent at 135°C. An Ubbel-
hode dilution type viscometer was used. The viscometer
was checked for kinetic energy correction by measuring
the flow time for water at 20, 25, 30, 35 and 40°C before
use. The concentrations of polymer samples was recalcu-
lated at 135°C by considering the volume correction factor
for decalin at 135°C and by using the relation C =
100M/1.07V, where M is the mass of the polymer, V is
the solvent volume in ml at 25°C and 1.07 is the volume
correction factor. The intrinsic viscosity values [1] of the
samples were determined by single point method and the
viscosity average molecular weights were calculated by
employing the Kuhn-Mark—Houwink—Sakurada relation
([n] = KM*®) for pp in decalin with @ = 0.80 and K = 1.1 X
10~* di/g.

3. Results and discussion
3.1. Determination of reaction conditions

pp was functionalized at 190°C in the melt phase either
with DMI or MMI in a Brabender mixing chamber with a
fixed mixing speed of 75 rpm during 6 min. The preliminary
reactions carried out under the above conditions showed that
the extent of grafting reached its maximum value for a
determined amount of monomer and the initiator used for
a particular reaction. Fig. 1 shows how the melt viscosity,
measured as a torque, changes with the mixing time. It is
seen from this figure that after 6 min of mixing at 190°C, the
viscosity of molten pp reaches a constant value. The decay
at the beginning is due to the plasticization of the pp at the
initial state reaching a constant value with subsequent melt-
ing of the polymer.

3.2. Evidence of grafting

The existence of grafted MMI and/or DMI in pp was
confirmed by FT-IR spectroscopy. Fig. 2 shows the FT-IR
of pp grafted with DMI. The absorption band observed at
1745 cm ™' is due to the carboxyl group of the ester linkage
of DMI and confirms the incorporation of this monomer in
pp chains. The intensity of this band was compared with that
of methyl group from pp centred at 1167 cm~'. The 1745/
1167 cm ™" band ratio was defined as the carbonyl index
(I.g). This can be considered as a measure of the extent of
grafting of the monomer in pp either as single units and or
poly(DMI) chains. The extent of grafting was converted into
the incorporated weight percent (Gpyy in wt.%) of the mono-
mer by using a calibration curve obtained from FT-IR analy-
sis of the physical mixtures of pp with different amounts of
DMI as shown in Fig. 3. These mixtures were obtained by
melt mixing of pp and DMI in a Brabender mixing chamber
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Fig. 3. FT-IR calibration curve for determining the weight percentage of
grafted DMI onto pp.

at 190°C under nitrogen stream for 6 min. The percentage of
grafting can be calculated using the relation:

A1745 cm™!

Gy = 0.393
DMI A1167 cm™!

=0.3931g (1)

In the case of MMI, the FT-IR spectrum of the modified
pp with this monomer showed three absorption bands in
the carbonyl region that are absent in the spectrum of
unmodified pp (Fig. 4). The absorption bands at 1745 and
1710 cm ™" are due to stretching vibrations of the carbonyl
groups of the ester and carboxylic acid of the monomer,
respectively. The third absorption band centered at
1781 cm ™" was assigned to a carbonyl group from a five-
member anhydride ring. The formation of five, six or
even seven-member anhydrides through dehydration/
de-esterification reactions of the monoesters of itaconic
acid has been reported by Cowie and his co-workers
[48,49] in their thermal stability studies of polymonoesters
of itaconic acid. They came to the conclusion that the
dehydration/de-esterification reactions were either inter- or
intramolecular in nature. In order to quantify the amount of
MMI incorporated in pp, two calibration curves were estab-
lished. The first calibration curve was obtained by mixing
different amounts of the monomer with pp. These physical
mixtures of MMI and pp were prepared following the same
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Fig. 4. (a) FT-IR spectrum of pp; and (b) pp grafted with MMI.
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Fig. 5. FT-IR calibration curve for determining the weight percentage of
grafted MM, in its monoester form, onto pp.

procedure used in the case of DMI, as already mentioned.
The intensity of the sum of the absorption bands at 1710 and
1745 cm ™! was compared with that of methyl group from pp
centered at 1167 cm ™ '. This band ratio was defined as the
carbonyl index, corresponding to the incorporation of
the monomer as monoester (/). The Iy values were
converted into the incorporated weight percent (Gypy in
wt.%) of the monomer by using a calibration curve obtained
from FT-IR analysis of the physical mixtures of pp with
different amounts of MMI as shown in Fig. 5.

Similarly, the intensity of the absorption band at
1781 cm ™' was compared with that of methyl group form
pp centered at 1167 cm ™', This band ratio was defined as the
carbonyl index (I.5) corresponding to the incorporation of
the monomer in its cyclic anhydride form. To quantify the
contribution of the MMI grafted in its cyclic form, a
commercial anhydride namely 2-dodecene-1-il-succinic
anhydride (DSA), was used as model compound. The physi-
cal mixtures of pp and DSA were prepared by melt mixing
of pp with this compound at 190°C. The 1., values were
converted into the incorporated weight percent of the mono-
mer (Ganpn. in Wt.%) by using a calibration curve. This
calibration curve was obtained by FT-IR analysis of the
physical mixtures of pp with different amounts of DSA as
shown in Fig. 6.

The total percentage of the monomer grafted in the form
of both ester and anhydride can be calculated from the two
established calibration curves through the relation:

A1741 cm ™! A1788 cm ™!
=055 ———— | +o0. e
Gy = 0.5 [A1167cm1] 0339[A1167cm1]

= 0.5541 5 + 0.3391,
2)
However, an additional absorption band centered at

1594 cm ™! was identified by close examination of the FT-
IR spectrum of the functionalized pp with MMI. This band
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Fig. 6. FT-IR calibration curve for determining the weight percentage of
grafted MMI, in its anhydride form, onto pp using DSA as model
compound.

is absent in the FT-IR spectrum of the unmodified pp. The
relative intensity of this band increases with increasing the
initial concentration of MMI 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
MMI. This decomposition product seems to be linked to pp
chains since it was not possible to remove it by the extrac-
tion procedure used in this work.

3.3. Study of the reaction variables

3.3.1. Grafting with DMI

The influence of monomer and initiator concentrations on
percentage of grafting of DMI attained is shown in Fig. 7. It
is seen from this figure that the percentage of grafting (Gpyy
in wt.%) increases with increasing amount of the monomer
for a fixed concentration of the initiator. This could be
explained by taking into account the number of pp macro-
radicals that can be generated for a determined amount of
the initiator used initially in the grafting reaction. The
percentage of DMI grafted onto pp reaches its maximum
value when the initial concentration of the monomer is
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Fig. 7. Influence of the initial DMI and initiator concentrations on the
percentage of grafted DMI onto pp at 190°C and for a reaction time of
6 min.
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3 phr. However, the incorporation of DMI in pp does not
increase further by increasing its concentration for a deter-
mined amount of the initiator used initially in the grafting
reaction. This could be due to the partial homopolymeri-
zation of the monomer, since it has been shown
[7,14,48,49] that itaconic acid esters polymerizes under
reaction conditions used in this work, although it was not
possible to isolate the homopolymer from the residue left
after solvent extraction of the functionalized pp.

The sequence of reactions leading to grafting and possible
homopolymerization of the monomer could be postulated
by considering that organic peroxide used as initiator in
grafting reactions undergoes homolytic rupture generating
the primary radicals as shown in Scheme 1. The radicals
generated by thermal decomposition of the peroxide could
abstract the tertiary hydrogen atoms from pp chains leading
to the formation of pp macroradicals as has been shown by
De Roover et al. and Sclavons et al. [50,51]. The resulting
macro-radicals could then undergo a process called -
scission where two new pp chains of lower molecular
weights are generated. Consequently, one pp chain
ended with a radical site is generated as the result of each
[B-scission event together with a second pp chain ended with
a double bond. This has been discussed by De Roover et al.
and Sclavons et al. when they studied the mechanism of
melt functionalization of pp with maleic anhydride
[50,51]. They stated that the [-scission is a fast intra-
molecular reaction, taking place predominantly in the
presence of organic peroxides in the melt phase. By analogy
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to the case of maleic anhydride, a possible reaction mechan-
ism for grafting of itaconic acid esters onto pp is shown in
Scheme 1.

Considering that the monomer molecules can be grafted
either as the chain end or along the pp backbone, the analy-
sis of the amount of generated pp macroradicals, as the
consequence of [3-scission of the pp chains, should give
information on the most probable grafting sites. This can
be determined by measuring the molecular weight of func-
tionalized pp samples with different initial amounts of the
monomer and initiator used in the grafting reactions. Fig. 8
shows the variation of molecular weight of modified pp
determined by dilute solution viscosity measurement as a
function of monomer and initiator concentrations.

It can be seen from this figure that although the molecular
weight of the modified pp decreases with the increasing
concentration of the peroxide, no appreciable change in
molecular weight is observed with the amount of monomer
used initially in the reaction and for a determined concen-
tration of the initiator. This could indicate that the grafting
reaction takes place as chain end grafting, after [3-scission,
rather than along the pp backbone and that the monomer did
not protect the pp from chain rupture. This can be further
demonstrated by calculating the amount of pp macroradicals
(N) created during grafting. This approach has been
employed already by De Roover and Scalvons where N =

© DMI 0.5 phr
W DMI 1.0 phr A
A DMI 20 phr
@ DMI 5.0 phr

N (ueq/g)
N

Ll N J

! : Il 1 ! } 1 n Il
T T T T T T T T T

0 0.2 0.4 0.6

0.8 1
Lupersol 101 (phr)

Fig. 9. Dependence of the amount of generated pp macroradicals (N) as
function of the concentration of peroxide (lupersol 101) initially used in
grafting reactions with DMI.
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Fig. 10. Relation between the amounts of grafted DMI onto pp and the
amount of generated pp macroradicals (N).

10° a/m, — l/M;) was defined as the amount of pp macro-
radicals generated, in peq/g of pp, by peroxide. In this
relation M, is the number average molecular weight of the
pp after grafting (mol/g) and M; is the number average
molecular weight of the pp before grafting (mol/g). If
each primary radical generated from initiator decomposition
induces one [(-scission (Scheme 1), then the difference
between the molecular weight of the pp after and before
grafting represents the amount of the pp macroradicals
produced as consequence of [(-scission. This procedure
was used in this work in order to obtain information on
the possible grafting sites of DMI in pp chains. This was
done by calculating the amount of grafted DMI expressed in
mol/g of pp (Gpyr in Wt.%/Mpyg X 100) as well as the
amount of pp macroradicals, assuming that [3-scission
takes place before the monomer is grafted. As can be
seen in Scheme 1, thermal decomposition of the peroxide
generates free radicals capable of abstracting the tertiary
hydrogen atoms from pp chains and thus generating macro-
radicals. These macroradicals preferentially undergo (-
scission, before grafting take place, since it has been
shown that 3-scission is a very fast intramolecular reaction
[50,51].

Fig. 9 shows the amount of pp macroradicals generated
([N]/eq per g of pp) as function of the initial concentration
of the peroxide and for different amounts of the monomer
used initially in grafting reactions. It is seen from this figure
that pp suffers -scission independent from the amount of
monomer used initially in the reaction and that the amount
of generated pp macroradicals increases with increasing
peroxide concentration. On the other hand, if the amount
of monomer that has been grafted onto P, ((DMI]/peq per g
of pp) is plotted against the amount of generated pp macro-
radicals, the results shown in Fig. 10 is obtained. It can
be seen from this figure that the number of grafted DMI
molecules are more than unity for any initial monomer
concentration used in the grafting reaction. This indicates
that DMI is grafted as short polymeric chains rather than as
monomeric units, reaching a maximum of 10 monomer
units in length. Similar result was obtained by Pan et al.
[31] in their study on solid-phase grafting of glycidyl metha-
crylate onto pp, where they demonstrated that the monomer
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Fig. 11. Influence of the initial MMI and initiator concentrations on the
percentage of grafted MMI onto pp at 190°C and for a reaction time of

was grafted as polymeric chains of different length rather
than as single monomeric units.

3.3.2. Grafting with MMI

The effect of monomer and initiator concentrations on the
extent of grafting attained with MMI is shown in Fig. 11.
It can be seen from this figure that the amount of MMI
incorporated in pp increases with monomer concentration
for a determined amount of the initiator used in the grafting
reaction. This behavior is expected since at higher monomer
concentrations, more monomer is available for grafting onto
a determined number of active sites that can be generated by
a fixed amount of the initiator used initially in the reaction.

The extent of pp chain degradation was also determined
in this case by measuring the viscosity average molecular
weights of the modified samples. The molecular weight of
MMI grafted pp samples as function of the monomer and
initiator concentrations are shown in Fig. 12. The same
tendency as in the case of grafting DMI is observed with
the difference that, when 5 phr of monomer was initially
used for grafting, less molecular weight breakdown was
observed. This indicates that again grafting occurs mainly
as chain end grafting and that the monomer did not protect
the pp from (3-scission. Although apparently the modified pp
samples show less reduction in molecular weight, this could
be attributed to the possible slight gelling of the modified pp
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Fig. 12. Dependence of the viscosity average molecular weight of functio-
nalized pp with MMI as function of the initial monomer and initiator
concentrations used in grafting reactions.
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Fig. 13. Dependence of the amount of generated pp macroradicals (N) as
function of the concentration of peroxide (lupersol 101) initially used in
grafting reactions with MMI.

resulting from reaction of the polymer with products gener-
ated from decomposition of the monomer. Undoubtedly, the
presence of even small amount of gelled polymer increases
the solution viscosity. This in turn give rise to overestimate
the molecular weights of functionalized pp samples as was
determined through dilute solution viscosity measurements.
This suggests that again the monomer is not grafted along
the pp chains and therefore not protecting the polymer from
chain scission. The latter can be demonstrated by applying
the same analysis used in the case of DMI. Therefore, also in
this case, the amount of pp chains generated ([N]/jeq per g
of pp) as function of the initial concentration of the peroxide
and for different amounts of the MMI initially used in the
grafting reaction was calculated. The results obtained are
shown in Fig. 13. It is seen from this figure that again pp
suffers B-scission independent from the amount of monomer
used initially in the reaction and that the amount of gener-
ated pp macroradicals increases with increasing peroxide
concentration. If the amount of monomer that has been
grafted onto pp, ((MMI]/peq per g of pp), is plotted against
the amount of the generated pp macroradicals, ([N]/peq
per g of pp), the results shown in Fig. 14 are obtained.
This figure shows that more than one monomer unit has
been incorporated in each pp macroradical and that the
number of grafted monomer molecules is more than unity
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Fig. 14. Relation between the amount of grafted MMI and the amount of
generated pp macroradicals (N).
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for any initial concentration of MMI used in the grafting
reaction.

3.4. Thermal analysis

Differential scanning calorimetry (DSC) was used to
determine the melting temperatures of pp and functionalized
pp samples. The thermal analysis of purified samples was
conducted under a nitrogen stream with heating and cooling
rates of 10°C/min. The temperature corresponding to the
maximum in the melting endotherm was taken, after second
heating run, as melting temperature (7},). It was found that
the grafting process did not affect the melting temperature of
functionalized pp samples. The values obtained for heat of
fusion, from DSC measurements, for pp and functionalized
pp samples were used to estimate the percentage of crystal-
linity (x.). This was done by using the value for enthalpy of
fusion (AHy) of 100% crystalline pp as 198 J/g. It was found
that x. increases by increasing the percentage of grafting
from 45.7% for pp to 50.3% for sample with 1.5% of graft-
ing. The increase in x, values is also associated with the
decrease in molecular weight of modified pp which is not
unusual for crystalline polymers.

4. Conclusions

PP was functionalized at 190°C in the melt phase by
grafting with MMI and DMI and by using lupersol 101 as
free radical initiator. It was found that the percentage of
grafting depends on both, monomer and initiator concen-
trations. A maximum of 1.5% by weight of grafting was
reached when DMI was used as functional polar monomer.
A similar value was found for grafting of MMI where a
maximum of 1.6% by weight of this monomer was incorpo-
rated in pp. It was found that the molecular weight of the
grafted polymer decreased with increasing percentage of
grafting. The degradation of pp was attributed to the well-
known [-scission process, induced by the peroxide used as
radical initiator. It was concluded that MMI and/or DMI
were grafted onto pp as short polymeric chains and that
the chain end grafting could take place. Thermal properties
of the modified pp samples, as measured by DSC, indicated
slightly higher crystallinity of the functionalized polymers
but having the same melting temperatures as pp.
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