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Abstract: The chemical structure of polyolefins grafted with maleic anhydride (MA)
has been the subject of much speculation, but thorough experimental studies are
rare. MA with 99% °C in the double bond was synthesized and grafted onto PE,
EPM and PP in the melt and solution. 1D INADEQUATE >C NMR spectroscopy was
used to characterize the products. Saturated, monomeric MA graft structures are
formed. Only for grafted PE short MA oligomers are demonstrated. Grafting
occurs on secondary and tertiary carbons depending on the composition of the
polyolefin. For PP a new, unsaturated MA graft structure on the polymer chain
terminus is identified. All graft structures are rationalized using a simple grafting

mechanism.

INTRODUCTION

Grafting of maleic anhydride (MA) provides a relatively straightforward and inexpensive route
for increasing the polarity and reactivity of polyolefins (Ref.1). Grafting of MA is usually
achieved via a free radical reaction or in the case of unsaturated polymers via the ene
reaction. The grafted products find widespread application as adhesion promoters (multilayer
foils, metal bonding and coupling agent for glass fibers) or compatibilizers for polyamide
blends. Many studies have been published on MA functionalization, but most of them are limi-
ted to practical procedures for preparation (Ref.2). The chemical structure of the grafted
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material has been the subject of much speculation, but thorough experimental studies are
rare. As a result, the mechanism of grafting is still a matter of debate and it remains very
difficult to optimize the structure of MA grafted polymers for a certain application.

Here we present a study on the free radical grafting of MA, '°C labeled at both olefinic
positions ({2,3-">C,]MA), onto a series of polyolefins. *C NMR is used for elucidation of the
graft structures. Several structural features are addressed: saturation of the MA graft,
monomeric versus oligomeric MA grafting and position of attachment to the polyolefin chain.
Earlier, Glans and Akkapeddi used a similar approach to investigate the chemical structure of
PPO-g-MA (Ref.3).

EXPERIMENTAL

[2,3-°C,JMA was synthesized starting from commercial [2-'>C]acetic acid (overall yield: 44%)
(Ref.4). The polyolefins are either commercially available or were especially prepared in our
laboratory. MA was melt grafted in a home-built, small scale, fully intermeshing, corotating
twin screw extruder with a recirculation channel. Typically, 3.5 g polyolefin, 5 wt.% [2,3-
BC,JMA and 0.25 wt.% tert-butyl cumyl peroxide was mixed for 5 min. at 170 °C. Solution
grafting was carried out in biphenyl for 1 hr. at 170 °C using di-tert-butyl peroxide as initiator.
Biphenyl was used as solvent, since it does not contain labile hydrogens. Before further
analysis, unreacted MA was removed at elevated temperature and reduced pressure.

*C NMR spectra were recorded on a Bruker MSL 400 spectrometer (C,D,Cly; 120 °C).
1D INADEQUATE experiments (Ref.5) were optimized for Je.c = 34 Hz to separate the signals of
3¢-"*C spin pairs from the natural abundance background. In Fig.2 magnitude calculated
spectra are shown for optimum, visual clarity. The *C NMR signals were assigned aided by
3C NMR spectra of a set of low molecular, alky) substituted succinic anhydrides (or chemical

shift increments, derived from these models) (Ref.6).

RESULTS AND DISCUSSION

Figures 1a and b nicely show the "°C NMR signal enhancement due to "°C enrichment of the
MA used. In addition, 1D INADEQUATE *C NMR results in suppression of the polyolefin
backbone signal (Fig. 1c). Fig. 2 shows the 1D INADEQUATE spectra for the various polyolefins
grafted with labeled MA in the melt and in solution. They are placed in top-down order of
decreasing E:P ratio, with the spectrum of the solution grafted material below that of the melt
grafted product. It is clear that decreasing the E:P ratio leads to a decreased MA graft yield

(decreased signal to noise ratio). Grafting in solution results in increased MA graft contents.
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Fig. 1. C noise decoupled NMR spectra
of HDPE grafted in the melt with a. MA,
and b. [2,3-"C,JMA; ¢. spectrum of
HDPE grafted with [2,3-'*C,]JMA obtained
using 1D INADEQUATE 'C NMR. The
asterisks denote signals resulting from
incomplete proton decoupling.

Fig. 2. Magnitude calculated 1D
INADEQUATE "*C NMR spectra of PE,
EPM and PP, grafted with [2,3-"°C;JMA
in the melt or in biphenyl. Residual
responses from unlabeled sites are
marked with an asterisk. Roman

numerals refer to the structures in Fig. 4.
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The °C NMR spectrum of HDPE melt functionalized with MA contains two signals due to the
presence of grafted MA, viz. at 31 and 44 ppm. The chemical shifts agree very well with those
of the hept-4"-ylsuccinic anhydride reference compound at 6 29.8 and 43.2 ppm (Fig.3a),
resp. The splitting of 34 Hz for the high field signal is typical for a sp>-sp® ">C-'>C one bond J
coupling. The intensity of the methine signal at 44 ppm is larger than that of the methylene at
31 ppm. The width of the methine signal is relatively large. It is therefore concluded that in
HDPE-g-MA prepared in the melt MA is grafted as short oligomers with an average degree of
polymerization of about 2 (Fig.4: 1). Apparently, oligomeric grafts are still formed at a
temperature (170 °C) well above the ceiling temperature of the MA monomer (108 °C (Ref.7)).
The spectra of HDPE grafted in solution with MA and that of melt grafted LDPE (25 wt.%
octene) are rather similar to that of melt grafted HDPE, indicating similar chemical structures.
However, the average length of the MA graft is more close to unity. For solution grafting MA is

completely dissolved on a molecular level in biphenyl, resulting in monomeric grafts.

Fig. 3.  Alkyl substituted
succinic anhydride model
compounds representing
possible graft structures in a.
PE, b. alt-EPM, and c. PP,
and the chemical shifts of the

methylene and methine ring

Co 432 479 483 carbons (in ppm) (Ref.6).
C3 29.8 305 30.2

In the spectra of MA grafted LDPE and EPM's with a relatively low propene (P) content
signais as for HDPE are observed, indicating similar structures with MA monomeric units
grafted to methylene carbons (Fig.4: I). The spectra of MA grafted EPM's with an intermediate
P content contain an additional *C signal at 49 ppm, which is rather close to the anhydride
ring methine chemical shift of the (4'-methylhept-4'-yl)succinic anhydride model compound at
47.9 ppm (Fig.3b). So, it is concluded that for these EPM's grafting not only occurs on
secondary carbons of the polyolefin chain, but also on the tertiary carbons (Fig.4: Ii). Surpri-
singly, the spectrum of MA grafted alt-EPM shows that only MA grafts attached to tertiary
carbons are present; and none or very few attached to secondary carbons are present. From
the integral of the label signals it is concluded that only monomeric graft species are formed.
The chemical shift dispersion of the low field signal is attributed to atacticity in the polymer

backbone.
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The *C NMR spectrum of iPP grafted in solution with MA contains two sets of signals.
The first one with chemical shifts at 32 and 50 ppm probably is due to a single MA unit grafted
to a tertiary carbon of the PP chain. These chemical shifts roughly match those of the
corresponding carbon atoms in the (2',4',6'-trimethylhept-4'-yl)succinic anhydride model
compound at 30.2 and 48.3 ppm, resp. (Fig.3c.) The present findings are in conflict with
those of De Roover et al. (Ref.8) who suggest that oligomeric and even polymeric MA grafts
are attached exclusively to PP chain ends. However, such structures would give rise to
methine signals at 45 ppm, which are not observed. The mechanim of Gaylord, describing the
grafting of MA oligomers to PP (Ref.9), is also not substantiated.

A second pair of °C labels resonates at 5 ~34 and ~118 ppm and is assigned to an
isomeric graft mixture (E and Z configurations) of a single MA monomer linked to a PP chain
end by a double bond (Fig.4: IV). This structure is confirmed by a 2D J-resolved NMR
spectrum, indicating that two hydrogens are attached to the anhydride methylene and none to
the unsaturated anhydride carbon. This proves that PP chain scission does occur, but the
actual graft structure can only be explained by chain scission after grafting of MA to PP. For P
rich EPM's resonances are observed at 31, 34, 44, 48, 50 and 117 ppm, showing that here all
four different graft structures (Fig.4: |, Il, lll and IV) have been formed. Finally, we have found
no indications for MA acting as a crosslink between two polymer chains as suggested by
Gaylord and Mehta (Ref.10).

The elucidation of the chemical structures of the series of MA grafted polyolefins
allows a discussion of the mechanisms of free radical grafting of MA (Fig.4). The reaction
sequence consists of hydrogen abstraction from the polyolefin backbone by primary radicals
derived from the peroxide initiator. This is followed by addition of MA to the macroradical,
propagation (only in the case of HDPE) and finally chain transfer, resulting in a saturated MA
graft, or chain scission, resulting in an itaconic anhydride-like graft structure (only in the case
of PP). Finally, termination may occur through combination or disproportionation of two
macroradicals.

In the case of PE and EPM's with low P contents hydrogen abstraction will occur
mainly at the secondary carbons, resulting in graft structure | (Fig.4). For alt-EPM only graf-
ting on tertiary carbons is observed (Fig.4: Il), suggesting selective hydrogen abstraction from
these carbons. For EPM's with high P contents and iPP rather selective grafting on tertiary
carbons is observed (Fig.4: 1ll). In addition, this graft structure can be involved in PP chain
scission, resulting in a MA monomer attached to the PP chain end via a double bond (Fig.4:
V).
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Fig. 4. Mechanisms for grafting of MA onto PE, alt-EPM and iPP.

The observation that, besides structure 1V, only saturated MA grafts exist, indicates
that chain transfer is occurring through hydrogen abstraction. The length of the MA graft is
determined by the efficiency of the hydrogen transfer, which terminates the MA propagation
reaction. For HDPE in the melt oligomeric MA grafts are formed. However, P containing

polyolefins contain labile, tertiary hydrogens. Thus, hydrogen transfer is can occur and

predominantly or only monomeric grafts are formed.

The difference in MA graft yields for melt and solution grafted products is easily

rationalized by the different experimenta! recipes and/or procedures. More important is that

the graft structures are similar.
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CONCLUSIONS

The structures of polyolefins grafted with MA have been elucidated using *C NMR
spectroscopy in conjunction with specific isotope labeling of MA. Placing two adjacent labels
in the MA monomer allows the application of the 1D INADEQUATE *C NMR technique, resulting
in spectra containing dominant signals of MA grafts. MA attaches to HDPE in the melt as
mono- and oligomers. In LDPE, EPM's and iPP only monomeric MA grafts are formed, due to
the presence of labile, tertiary hydrogens. Long methylene sequences (> 3) are required for
grafting onto secondary carbons. Saturated MA grafts have been identified with the exception
of a new, unsaturated MA graft structure for iPP, resulting from grafting followed by chain
scission.
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