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A B S T R A C T   

Functionalization of polyolefins has been proven to be a promising way to fine-tune their properties, among 
which, improved thermal stability is crucial for high performance in end-use applications. However, it still re-
mains in academia, as some important issues still need to be resolved for this methodology to move towards 
industrial scale-up, the most important of them being the development of one-step processes. This work focuses 
specifically on the development of a single-step functionalization route for the synthesis of high thermal and 
thermo-oxidative stability polypropylenes. The synthesis of Polypropylene (PP) bearing N-alkyl groups by 
copolymerization via metallocene catalysis is studied. The copolymers are found to exhibit high thermo- 
oxidative stability, whose origin appears to be based, not only on the radical scavenging activity of N-alkyl 
moieties, but also on the associated crosslinking that takes place under processing conditions. Some exploratory 
results from a solid-state 13CNMR analysis provide support to a radical mechanism, involving coupling between 
benzyl-like pyrrolyl species.   

1. Introduction 

One of the most important challenges in polyolefin research today is 
to modify their inherent non-polar nature by the controlled insertion of 
chemical groups, capable of conferring special properties, mainly the 
ability to interact with other materials or media and reactivity for sub-
sequent attachment of specific functionalities, in order to achieve high 
performance materials. 

In this context, polyolefin functionalization has arisen as a way to 
circumvent drawbacks associated to the stabilization by using external 
additives [1,2]. On the one hand, stabilizers do not improve the intrinsic 
thermo-oxidative stability of polyolefins since they just delay degrada-
tion. Actually, their mechanisms of action are based on the deactivation 
of radicals, mainly generated from the homolytic scission of hydroper-
oxides during the earliest stage of the degradation [3]. Therefore, after 
exhaustion, polyolefin chain degradation proceeds. On the other hand, 
stabilizers are not compatible enough with polyolefins to prevent them 
from migration towards the surface and loss, thereby, leading to a 
decrease in long-term stability. 

Simple insertion of stabilizing functions into polyolefin chains can 
solve the migration problem [4–8], however, improving inherent sta-
bility is not an easy task, because it requires to modify the material’s 
thermal response to heating, in terms of chain mobility and diffusivity of 
oxygen. Nevertheless, Chung’s results have shown that functionalization 
of polyolefins is, indeed, a promising methodology to meet this goal. In 
particular, they have reported the functionalization of PP with a hin-
dered phenol, which undergoes dimerization through radical activation 
and, therefore, crosslinking with the desirable stabilization effect 
[8–12]. Moreover, such functionalized PP has been found to perform 
better against thermo-oxidation than classical stabilizers, when blended 
with the PP homopolymer, because of its high compatibility [9–12]. 

Among the different strategies followed to functionalize polyolefins, 
direct copolymerization of olefins with polar vinyl monomers is the 
shortest and simplest way to suitably tune the microstructure in 
composition, as well as chain stereo-microstructure in the case of pro-
quiral monomers and molecular weight, according to the final applica-
tion [13,14]. Unfortunately, this route poses some major problems 
derived from the incompatibility between transition metal catalysts used 
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and monomers bearing electron pairs available for coordination, leading 
to poisoning of active sites. This makes it necessary to resort to protec-
tion of polar groups, including the use of intermediate 
catalyst-compatible functions from which the pursued functionality can 
be eventually obtained, which ultimately makes this methodology 
expensive and time-consuming. 

Notwithstanding the above constraints, polyolefins functionalization 
would be an excellent methodology to produce highly effective stabili-
zation, if a one-step synthesis of the modified polyolefin could be 
developed. This requirement, together with a low cost, are mandatory 
for an eventual industrial scale-up. The present study aims at making 
progress towards these objectives. 

An ideal scenario would be the direct synthesis of the reactive 
polyolefin by copolymerization and its subsequent transformation into a 
more stable material, by taking advantage of conditions under which the 
material is finally processed. In the search for a suitable functionality 
that meets these requirements, N-alkyl pyrrole compounds have been 
identified as species able to react, under the catalytic action of decom-
posing PP hydroperoxides, to form dimers by radical coupling [15]. 
Such peculiarity would allow not only to trap the radical activity in the 
early stages of the oxidation, but also to create link points between PP 
chains that would provide mechanical and thermal stability. 

This study outlines the synthetic aspects and the stability perfor-
mance of poly(propylene-co-1-(undec-10-ene-1-yl)-1 H-pyrrole) co-
polymers, as a model case to test the feasibility of the above commented 
N-alkylpyrrole chemistry into a polyolefin matrix. The final aim is to 
assess the benefits these materials may offer, not only from the point of 
view of the stability, but from the self-healing ability under high tem-
perature conditions. Special attention has been paid to the identification 
of residual species (i.e. isomers), contained in the synthesized pyrrole 
comonomer, to thoroughly account for the oxidation evolution of the 
materials at high temperature and in air atmosphere. 

2. Experimental part 

2.1. Materials 

2.1.1. Synthesis of monomers 
The synthesis of 1-(undec-10-ene-1-yl)-1 H-pyrrole [PyI], as well as 

that one of a ternary mixture of 1-(undec-10-ene-1-yl)-1 H-pyrrole 
[PyI], 2-(undec-10-en-1-yl)-1 H-pyrrole [PyII] and 3-(undec-10-en-1- 
yl)-1 H-pyrrole [PyIII] is detailed in the supplementary material. 

2.2. Synthesis of the polypropylene and copolymers 

The homo and copolymerization reactions were performed under 
inert conditions and after careful purification of the reagents. Toluene 
(Merck) was dried by refluxing over metallic sodium and further 
distillation under nitrogen. Nitrogen (Praxair 3X) and propylene 
(Praxair 2.5) were purified by flowing through oxygen-trap columns and 
molecular sieves before using. The metallocene catalyst rac-dime-
thylsilylbis(1-indenyl) zirconium dichloride (Me2Si(C9H6)2ZrCl2) was 
supplied by Strem, and the co-catalyst MMAO was supplied by Sigma- 
Aldrich, as a solution in toluene (MMAO-12, 7 wt% in Al). 

Polypropene homopolymers and poly(propene-co-1-(undec-10-ene- 
1-yl)-1 H-pyrrole) copolymers were prepared in a 100 mL glass vessel at 
a polymerization temperature (Tpol) of 25 ºC, in 50 mL of toluene and 
with an initial propene pressure of 1.5 bar. The [Al]/[Zr] molar ratio 
used was 3077. 

In the case of co-polymerizations, prior to the addition of the acti-
vated metallocene precursor (1.3 μmol), the solution of propylene, PyI 
and MMAO (2.5 mL/0.004 moles), was allowed to stir during 45 min to 
block the functional comonomer by interaction with the co-catalyst. The 
reactions were finished after a 10–20% propene consumption by adding 
5 mL of ethanol. Subsequently, samples were precipitated with a 
mixture of ethanol (Aroca, 96%) and HCl (VWR, 37%) (30:1). The so- 

precipitated polymers were washed in ethanol overnight under lively 
agitation, filtered, washed again with fresh ethanol and, finally, dried 
under vacuum at room temperature. 

Henceforth, samples shall be designated as PP for the polypropylene 
homopolymer and PPy for the copolymers, followed by the pyrrole 
content in mole percent. Data of polymerization runs are shown in  
Table 1. 

2.3. Processing of samples 

Homo and copolymers were processed as films in a Collin press be-
tween hot plates, using a pressure of 2.5 MPa, for 2 min and at a tem-
perature of 30 ◦C above their melting points. The films were 
subsequently cooled down to room temperature, by rapid cooling be-
tween plates refrigerated with water. 

2.4. Thermal treatment of samples 

The PPy-2.6 sample was heated by using a tubular furnace at 10ºC/ 
min up to 200ºC, in a 20 L/h air flow, and then exposed at that these 
conditions for 0, 30, 120 and 240 min. Finally, the sample was chilled by 
switching off the power supply. Final specimens are referred as PPy-2.6, 
followed by the exposure time in minutes. 

2.5. Microanalysis 

The elemental analysis of the insoluble copolymer was performed in 
a micro-analyser LECO CHNS-932, at a combustion temperature of 990 
ºC and using He as carrier gas. Average values of C, H and N weight 
percentages were calculated from three measurements per sample. 

2.6. Nuclear magnetic resonance 

The 1H NMR spectrum of both the PyI comonomer and the mixture of 
PyI/PyII/PyIII comonomers were obtained with a Bruker Avance III HD- 
400, in CDCl3 solution, at room temperature. 1H and 13C NMR analysis 
of the most soluble copolymer were carried out in 1,1,2,2-tetrachloro-
ethane-d2 (TCE-d2) solutions (70 mg•0.7 mL− 1), by using a Bruker 
Avance III HD-400 at 80 ºC. In the case of the PP homopolymer and the 
copolymer with the lowest solubility, PPy-0.6, a JEOL JNM-ECZ400R 
equipment at 100 ºC was used. 

1H NMR spectra were recorded accumulating 64 scans. As for 13C 
NMR, spectra were recorded with broad band proton decoupling, using a 
24038 Hz spectral window, an acquisition time of 1 s, a relaxation delay 
of 5 s, a pulse angle of 45º (5 μs) and a minimum of 8000 scans. Chemical 
shifts for 1H and 13C NMR signals were referred to those ones of the 
1,1,2,2-tetrachloroethane-d2 at 6.00 and 74.00 ppm, respectively. 

The 2D 1H–13C DEPT-HSQC spectrum of the PyI/PyII/PyIII mixture 
was performed using a 90º pulse (14 and 10 μs for 1H and 13C, respec-
tively), 6.39 MHz spectral width in the 1H dimension and 16.59 MHz in 
the 13C dimension, 0.2 s acquisition time and 2 s relaxation delay. 

The partly soluble processed copolymer PPy-2.6 was characterized 
by means of solid state CP/MAS 13CNMR analysis, in a Bruker Avance 
Neo 400 MHz, with zirconia rotors (∅ext. 4 mm) at 9000 Hz, 3 s of pulse 
delay and 2000 scans. A 90º pulse, 4 s for the 1H nucleus was used with a 
contact time of 1 ms and dipolar decoupling for 0.05 ms. 

2.7. Infrared spectroscopy 

FTIR spectra were recorded by performing 4 scans in a Perkin Elmer 
Spectrum Two spectrometer, in the 4000–450 cm− 1 range and with a 
resolution of 4 cm− 1. In the case of the PyI comonomer, as well as of the 
PyI/PyII/PyIII mixture, it was recorded from a thin liquid layer applied 
on a PP film. The corresponding spectra were obtained by subtracting 
the PP substrate spectrum from the raw spectra. For PP and copolymers, 
spectra were obtained from films processed under the conditions 
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described above. The spectra of polymer samples were baseline cor-
rected and normalized to the intensity of the 2722 cm− 1 peak. 

2.8. Differential scanning calorimetry 

DSC runs were performed in a TA Q100 Instrument calorimeter con-
nected to a cooling system and calibrated with Indium and Zinc. The 
films of the samples were heated from − 60 ºC to either 160 ◦C for the 
copolymers or 180 ◦C for the PP sample, at a heating rate of 10 ◦C⋅min− 1. 
They were subsequently cooled down to − 60 ◦C, also at 10 ºC⋅min− 1, 
and finally heated again up to 160 or 180 ◦C. The values of the melting 
temperature (Tm) and crystallinity (Fc) were taken from the maximum 
and the enthalpy of fusion of the 2nd run’s endotherm peak, respec-
tively. For the estimation of the crystallinity, a value of 162 J•g− 1 was 
taken as the melting enthalpy of a 100% crystalline iPP [16]. 

2.9. Thermo-gravimetric analysis 

TGA runs were carried out in a Thermal Analysis TGA-Q 500 device. 
The samples used were 4 mm discs, cut from the films with a calibrated 
die. Heating ramps from 50 ºC up to 750 ºC at 2, 5, 10 and 20 ºC•min− 1 

were used, under a 90 mL•min− 1 flow of either nitrogen or air. 

2.10. Determination of the gel fraction 

The evolution of the gel fraction for the copolymer PPy-2.6, molten 
in air flow (20 L⋅min− 1) up to 200ºC (10ºC⋅min− 1) and subsequently 
heated at these conditions for increasing exposure times (0, 30, 120 and 
240 min), was calculated by using xylene as extracting solvent, at 90 ◦C 
and during 2 h. The selected temperature was chosen to avoid the 
evolution of the cross-linking degree during the experiment. 

3. Results and discussion 

3.1. Copolymerization kinetics 

Metallocene catalysts are very sensitive to the presence of co-
monomers bearing heteroatoms, with which the metal atom can be co-
ordinated [13,14,17,18]. That is the reason why an olefin bearing a 
pyrrolyl moiety (Py) was expected to slow down the propylene poly-
merization kinetics. The comparison of the propylene consumption 
rates, shown in Fig. 1, makes evident that a negative kinetic effect of the 
Py comonomer takes place. The evolution of the maximum reaction rate 
fits an exponential decay (Fig. 2) and leaves no doubt that the concen-
tration of active centres strongly decreases with the [Py]/[Propylene] 
ratio. This marked blocking character is the only inhibiting action ex-
pected, since the long spacer between the pyrrole moiety and the olefin 
allows to assume that the electronic characteristics of the double bond 
remain untouched. Data concerning the different runs performed are 
collected in Table 1, where it is apparent how the global activity follows 
a decreasing trend, when the Py content increases. Likewise, it was also 
expected that the termination rate of the polymerization would be 
affected. The average polymerization degree (DP) obtained by means of 
1H NMR allows the estimate of the apparent termination rate, if it is 

assumed that the DP value results from the ratio between propagation 
(Rp) and termination (Rt) rates [19]. The value of the reaction rate at the 
maximum (Fig. 1) has been taken as a measure of Rp, since the subse-
quent decrease is the effect of multiple factors, one of which is the 
trapping of active sites into the precipitated polymer, which hinders the 
access of the comonomers. 

The evolution of Rt with the Py/Propylene in the feeding is shown 
also in Fig. 2 and evidences that the termination kinetics is one order of 
magnitude lower than that one of the homo-polymerization, at very low 
Py contents. Accordingly, similar decreasing trends for the propagation 
and termination rates, with the Py content, confirm the driving effect of 
the interaction between the Py molecule and the active site. 

Table 1 
Data of polymerization runs.  

Sample [Py]/[Propylene] Feeding ratio Py content (mol%) Time (min) Weight (g) Mn (g⋅mol− 1) Global activity (Kg⋅mol[Zr]
− 1⋅h− 1) 

PP  0 0  10  1.37 42000  6489 
PPy-0.6  0.013 0.6  33  0.87 47400  1239 
PPy-1.2  0.033 1.2  208  0.99 38300  206 
PPy-1.5  0.038 1.5  201  1.12 34300  241 
PPy-2.4  0.067 2.4  145  0.93 38700  303 
PPy-2.6  0.066 2.6  169  1.50 34400  419 
PPy-5.3  0.13 5.3a  207  0.34 –  77 

a) Calculated from microanalysis 

Fig. 1. Evolution of propylene consumption with time in the synthesis of PP 
and Py materials. A color code is inserted into the figure. 

Fig. 2. Evolution of the termination and maximum propagation rates with the 
Py/Propylene ratio in the feeding. 

R. Vaquero-Bermejo et al.                                                                                                                                                                                                                     



Materials Today Communications 31 (2022) 103469

4

3.2. Microstructure of copolymers 

3.2.1. Composition and molecular weight (NMR & FTIR) 
The composition range covered in this studied is restricted to low Py 

contents (ca. up to 5 mol%) due to the fact that copolymers, although 
still elastic and mouldable, become quite insoluble beyond 3 mol% and 
characterization in solution becomes impossible. In fact, the composi-
tion of PPy-5.3 was obtained by microanalysis. The reported radical 
chemistry associated to N-alkyl pyrroles, in the presence of hydroper-
oxides [20], is thought to lie behind a crosslinking process when heating 
the copolymers during either processing or dissolution. Such a process 
must occur in all copolymers, but it must be critical at a certain con-
version level, when the percentage of bound pyrroles is sufficient to 
prevent complete solubilisation of the copolymer. 

In contrast to that, samples below 3 mol% are completely soluble 
under usual NMR characterization conditions for polyolefins. Their 
1HNMR spectra exhibit signals corresponding to copolymers that 
contain Py units, as it is displayed in Fig. 3 for the case of sample PPy-2.6 
as an example. This figure shows the different nuclei that have been used 
to calculate the comonomer content. In particular, the relationship be-
tween 1B9 protons and main-chain methyne protons (brB1) was chosen 
to know the copolymers composition. Such nuclei have been identified 
according to the nomenclature shown in Chart 1 [21]. Fig. 4 shows how, 
in this short conversion range, the correlation between Py contents in 
the copolymers and in the polymerization feeding is quite linear. A more 
detailed analysis of the 1HNMR spectrum of copolymers allows to 
remark the presence of some residual signals, ascribed to the presence of 
a quite small proportion (about 6 mol.% of the total Py groups) of the 
two possible isomers of the Py comonomer, i.e. the 2- and 3-alkyl 
substituted species (species II and III in Chart 1). Such isomers are 
detected by distinctive N-H protons at 7.87 and 7.94 ppm, together with 
their respective triplets at 2.62 and 2.52 ppm pertaining to 1B9 methy-
lenes groups. These 1HNMR signals are consistent with the FTIR peaks at 
3405 and 3487 cm− 1 (see FTIR spectra of copolymers in Fig. S2) that 
clearly show the existence of N-H bonds. The identification of the Py 
isomers is worth considering, in view of their response against 
oxidation. 

The analysis of the distribution in composition is shown in Table 2 
and it has been performed by means of 13CNMR, from the relative in-
tensity of the signals corresponding to the nuclei 1B9, ααB1B9 and brB1 
(Chart 1). Such signals are shown in Fig. 5 that displays the complete 
assignment of the carbon nuclei, for the case of the PPy-2.6 copolymer. 
The resulting microstructure corresponds to random copolymers con-
taining isolated comonomer units only, and exhibiting decreasingly 
propylene average lengths. This fact is the origin of the drop in both 
crystallinity and melting temperature in PP copolymers and, 

accordingly, one would expect that composition had a detrimental 
impact in those applications where stability against oxidation and me-
chanical strength were required, if there were no other effects than the 
simple comonomer insertion. 

With respect to chain size, the thermal reactivity of the copolymers 
Fig. 3. 1HNMR spectrum of PPy-2.6 in C2D2Cl4 at 80ºC.  

Chart 1. Nomenclature of carbon nuclei in PPP and PPyP triads.  

Fig. 4. Correlation between the Py content in the copolymers and in the 
copolymerization feeding. 

Table 2 
Compositional distribution at the triad level and propylene average length.  

Sample PPP 
(mol%) 

PPX 
(mol 
%) 

XPX 
(mol%) 

PXP 
(mol 
%) 

XXP 
(mol%) 

XXX 
(mol%) 

np
a 

PPy- 
0.6  

98.29  1.15  0  0.56  0  0  174 

PPy- 
1.2  

95.53  2.77  0  1.70  0  0  71 

PPy- 
1.5  

95.52  2.65  0  1.84  0  0  74 

PPy- 
2.4  

92.67  4.78  0  2.54  0  0  41 

PPy- 
2.6  

92.48  4.79  0  2.73  0  0  41 

a) Propylene average length calculated from the expression: np= ([PPP]+
[PPX]+[XPX])/([XPX]+½⋅[PPX]) 
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prevents them from measuring the average molecular weight (Mn) by 
means of GPC, under usual conditions for polyolefins, i.e. at 140ºC. In 
addition, the accuracy of GPC for polar polyolefins has been called into 
question [22–24]. Consequently, 1H NMR has been used to estimate the 
molar mass of the copolymers, assuming that the main termination 
mechanisms of chain growing are those producing a chain-end olefin 
[25,26]. Other termination mechanisms leading to alkyl chain 
end-groups, such as chain transfer to the co-catalyst (MMAO), are also 
assumed to be residual under the reaction conditions used in the study. 

The inspection of the 1H NMR olefinic window of the samples 
(Fig. S5) reveals that vinylidene chain-ends (Vd), arising from terminal 
1,2-propylene units, and vinylene chain-ends (Vy), coming from both 
terminal 2,1-inserted propylene and Py units, are produced and may be 
used to assess the Mn values on the basis of the above considerations. The 
results in Table 1 show that the PPy copolymer with lowest comonomer 
content (PPy-0.6) retains a high Mn value, which decreases weakly for 
higher contents to a roughly constant value. Such trend suggests that 
pyrrole groups do interact with catalyst sites and make chain termina-
tion processes more difficult to occur. Actually, the insertion of other 
nitrogen containing comonomers has been reported in literature [27] to 
raise the molecular weight of polypropylene-based copolymers. Such 
effect is the result of the above indicated hindered termination mecha-
nisms, and is bound to the partially blocking interaction of the polar 
comonomer with the catalyst. 

3.2.2. Configuration (13C NMR) 
The analysis of tactic distributions of propylene sequences, collected 

in Table 3, reveals a slight increase in the content of isotactic pentads, 
when PP and PPy-0.6 samples are compared. Although this difference 
might evidence an improved isoselectivity of catalyst centres, as it has 
already been described for other polar comonomers, like amino-olefins 
[27], such behaviour does not seem to be confirmed when considering 
higher pyrrole contents. Consequently, the only effect of the interaction 
of pyrrole groups with active sites appears to be a reduction of the 

catalyst activity, without any change in the insertion stereochemistry. 

3.3. Evolution of copolymer morphology with heat treatment 

The melting and crystallization curves of pristine copolymers are 
displayed in Figs. S6 and S7, and their corresponding parameters 
collected in table S1 (supplementary materials). The decreasing evolu-
tion of both the crystalline content and the distinctive temperatures, 
with the Py content, confirm the expected effect of shortening propylene 
sequences on thermal properties. Concurrently, Tg decreases 26ºC from 
PP up to PPy-5.3 as a result of an increasingly mobile amorphous phase, 
as the pyrrole content rises. 

The most interesting feature of these materials is the generation of an 
increasing degree of crosslinking over time in heat treatment under air. 
This was tested in the PPy-2.6 sample when heated in air flow at 10ºC/ 
min, up to 200ºC, then exposed at that temperature for different times. 
The decrease of the soluble fraction in xylene at 90ºC, displayed in Fig. 6, 
is definitely attributed to inter-chain linkage with heating time and is 
reasonably associated to pyrrole reactivity. As a matter of fact, N-alkyl 
pyrroles are able to yield benzyl-like radicals, under the action of 
decomposing peroxides with temperature, which eventually generate 
dimers by coupling [20]. A similar scenario must exist in the copolymer 
matrix, since either hydroperoxides in PP chains or oxygen, or both, may 
act as radical initiators and then cause di-pyrrole connections, as shown 
in Scheme 1. 

After erasing the thermal history of the heat-treated PPy-2.6 samples, 
by performing a first melting cycle at 10ºC/min up to 160ºC, the crys-
tallization and the subsequent second melting processes were tracked at 
the same heating speed. It is clear from table S1 that the crystallinity of 
the PPy-2.6, measured from both the crystallization and the 2nd melting 
runs, hardly changes by heating in an airflow up to 200ºC, followed by 

Fig. 5. 13CNMR of PPy-2.6 in C2D2Cl4 at 80ºC.  

Table 3 
Tactic distribution of propylene sequences at the pentad level.  

Muestra mmmm mmmr rmmr mmrr mmrm + rmrr mrmr rrrr mrrr mrrm Regio defects ni
a 

PP  89.6  3.1  1.1  3.6  1.4  0  0  0  1.1  0.1  39 
PPy-0.6  92.4  3.0  0.1  2.4  0.6  0  0  0  1.0  0.5  48 
PPy-1.2  89.1  3.7  0.7  3.2  1.3  0  0  0  1.3  0.7  65 
PPy-1.5  90.0  3.5  0.5  3.1  1.2  0  0  0  1.1  0.6  43 
PPy-2.4  89.1  3.2  0.5  3.2  1.7  0  0  0  1.0  1.3  46 
PPy-2.6  91.9  2.9  0.3  2.6  1.0  0  0  0  0.7  0.6  40 

a) Isotactic average length: ni = ([mm]+[mr])/(½⋅[mr]) 

Fig. 6. Evolution of soluble fraction and crystallization (Tcr ■) and melting 
temperatures (Tm2 ●) in PPy-2.6 with exposure time at 200ºC in air. Red points 
correspond to Tcr and Tm2 values for the film processed at 160ºC. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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30 min exposure time. However, longer treatments cause the crystalli-
zation ability to decrease significantly, as it is also reflected by means of 
the crystallization and melting enthalpies. Concomitantly, crystalliza-
tion (Tcr) and melting temperatures (Tm2) remain almost unchanged 
during the first 30 min of heating, but both shift downwards for longer 
times (Fig. 6). Therefore, it is clear that crosslinking has a gradual effect 
on the crystalline content of PPy-2.6. However, despite the Tcr decrease, 
there is a striking initial increase (ca. 10 ◦C) by comparing the pristine 
sample with the one that has been simply melted at 200 ◦C ((PPy-2.6–0, 
Fig. 6). This fact might reveal how copolymer chains in the molten state 
are compelled to crystallize at significantly higher temperatures, due to 
mobility restrictions imposed by the crosslinking or because of the 
nucleating effect of tiny amounts of crosslinked copolymer. Addition-
ally, it could be the effect of proper chain relaxation undergone by the 
copolymer, when processed at 200ºC. The fact that the subsequent 
melting temperature (Tm2) remains the same as that of PPy-2.6 (around 
120ºC, Fig. 6) shows that the quality of crystals was not altered by the 
200ºC treatment, but that chains were forced to be ordered earlier. 

Finally, Tg correlates directly with the appearance of mobility con-
straints in the amorphous phase when heating the copolymer, as it is 
reflected in table S1 by its upward shifting, which is also a conclusive 
evidence of the crosslinking progress. 

3.4. Thermal stability of copolymers 

3.4.1. Stability in air 
The comparison of the TGA curves (Fig. S8 to S11 in supplementary 

material) shows that there is a net shift of the temperature at which the 
weight loss starts (Ti), for a Py content as low as 0.6 mol%. Secondly, it is 
also evident that Ti keeps on shifting upwards as far as the Py content 
increases, although the stabilization does not go further from sample 
PPy-2.6 onwards, when the degradation is clearly a multistep process 
(see DTGA curves in the supplementary material - Figs. S8 to S11). 

The improved endurance against oxidation of PPy copolymers is 

quantified in Fig. 7. The upward progression of Ti meets a maximum at 
2.6 mol% of Py comonomer, which corresponds to an increase of about 
80ºC at 2 ºC/min. This change is ascribed to the crosslinking process 
caused by N-alkyl pyrrole moieties in the presence of oxygen, which 
makes the material not only to resist higher temperatures but also to 
suppress the previous oxygen uptake to volatiles release, i.e. the char-
acteristic hydro-peroxide build-up of PP thermo-oxidation. It is clear 
then that crosslinking is directly related to the observed improvement in 
stability, as this process consumes either hydroperoxides or oxygen, or 
both, thus preventing the material from oxidation but, in addition, it 
also produces chain mobility restrictions that likely lead to oxygen 
diffusion limitations. It is also evident that crosslinking takes place 
progressively during the TGA heating run, making it important for the 
evaluation of resistance against oxidation at constant temperatures 
below the melting point, when the crosslinking kinetics slow down. 
Anyway, the fact remains that the copolymers become much more stable 
simply by processing and even more so at high operating temperatures, 
because of the radical scavenging activity of N-alkylpyrroles and their 
subsequent coupling. 

3.5. Stability in N2 

In a similar way, the insertion of Py co-units in PP chains delays the 
release of volatiles in inert atmosphere. The evidence of this is shown in 
Figs. S12-S15 that collect the characteristic single-step weight loss 
processes of polyolefin pyrolysis and their corresponding DGTA curves. 

In this case, the thermal performance achieved is lesser than that 
observed in air, since it is hardly 10ºC for PPy-2.6, as it is shown in Fig. 8. 
Nevertheless, what it seems to agree with thermo-oxidation is the fact 
that the Ti increment reaches its maximum well before the highest Py 
content studied (PPy-5.3). Although this stabilization effect is linked to 
the Py units, the mechanism underlying would be different to the one 
suggested in air. It has been reported that pyrolysis of N-alkyl pyrrole 
species (c.a. 460–570 ºC) [28–30] involves isomerization to the 2 and 
3-alkyl substituted pyrroles and subsequent minor decomposition of the 
C-substituted pyrroles through radical species. Such a scenario into the 
PP matrix might eventually lead to chain interconnection between 
pyrrole groups, rather than to chain scission, as it usually occurs in 
normal PP pyrolysis, and could justify the increase of Ti in the 
copolymers. 

3.6. Mechanism of stabilization in air 

Previous solution NMR analysis could not cover samples after pro-
cessing and after undergoing high temperature treatments, because 

Scheme 1. Generation and combination of pyrrolyl-methylen radicals.  

Fig. 7. Evolution of the weight loss onset temperature (Ti) with the Py content 
in air, at different heating rates. 

Fig. 8. Evolution of the weight loss onset temperature (Ti) with the Py content 
in N2, at different heating rates. 
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samples became partly insoluble. Therefore, the analysis of the micro-
structure at the molecular level has been carried out by means of solid 
13C NMR and FTIR to identify, at least qualitatively, the chemistry 
beneath both the crosslinking phenomenon and the eventual oxidation 
processes. 

3.6.1. FTIR 
The comparison of the FTIR spectra of the processed samples allows 

tracking the Py content in the PPy series, mainly by means of the 
720 cm− 1 peak that is ascribed to the deformation mode of pyrrole C-H 
bonds (see Fig. S2 in supplementary materials). Additionally, the anal-
ysis of low intensity peaks, corresponding to carbonyls and hydroper-
oxides windows, in Fig. 9 gives some interesting details. Concurrently 
with the above mentioned presence of the 3405 cm− 1 and 3487 cm− 1 

peaks, two other signals at 1705 cm− 1 and 1665 cm− 1 show up. These 
two peaks correspond to lactams caused by the oxidation of pyrrole 
groups, whose origin seems to be mostly in the oxidation of N-H pyrrole 
groups (isomers PyII and PyIII in Chart 1). This is what can be inferred 
from the evolution of corresponding FTIR peaks, when the PPy-2.6 and 
PPy-5.3 copolymers are heated at 200ºC in air. Fig. 10 shows how the 
increase of lactams with heating time (1665 and 1706 cm− 1) leads to a 
substantial vanishing of pyrrole NH vibration modes (3405 and 
3487 cm− 1), when both samples are heated for quite some time 
(240 min). This is another oxygen-consuming mechanism that might 
contribute to the stabilization of the material. 

3.6.2. 13C NMR 
In an attempt to confirm the aforementioned stabilization mecha-

nism, the evolution of the 13C NMR spectrum of sample PPy-2.6, ther-
mally treated in an air flow at 200ºC, has been tracked over time. The 13C 
NMR spectra series obtained is shown in Fig. 11, which collects only the 
window corresponding to pyrrole carbons, given that no changes were 
found in the aliphatic carbon region (10–50 ppm). 

Even though the low intensity of the signals into the 100–140 ppm 
range precludes an accurate quantitative analysis, the estimation of their 
relative intensities allows withdrawing some conclusions, which are 
compatible with the mechanism proposed in Scheme 1. Firstly, together 
with peaks at 109 and 120 ppm in the pristine PPy-2.6 powder, ascribed 
to carbons of N-alkyl pyrrole rings (PyI), three other ones exist placed at 
111, 116 and 134 ppm, whose intensity level is much higher than it 
would be expected for chain end double bonds detected in 1H NMR 
analysis. In particular, vinylidene and vinyl groups. Accordingly, these 
signals are tentatively attributed to pyrrole carbons of comonomer iso-
mers (PyII and PyIII in Chart 1). As a matter of fact, these species have 
been found to exhibit 13C signals close to these specific shifts in solution 

(see 13CNMR peaks for PyI/PyII/PyIII in experimental section and 
spectrum in Fig. S4 in C2D2Cl4 at 80ºC). Furthermore, the assignment of 
these signals to PyII and PyIII isomers is consistent with the solubility of 
the virgin PPy-2.6. 

Secondly, the hot-press processing at 30ºC above the melting point 
causes the partial vanishing of the 109 ppm peak. In the absence of other 
signals, this fact may be associated with the crosslinking occurring be-
tween N-alkyl pyrrole unis (Scheme 1), since such simple thermal 
treatment yields the material partially insoluble. In a supplementary 
way, chemical shifts predicted for the 109 ppm pyrroles carbons are 
slightly low field shifted, when crosslinked as shown in Scheme 1. The 
relative increase of the 111 ppm centred peak at ever-increasing heating 
times at 200ºC (Fig. 11), provides some support to this hypothesis. 

Finally, while the evolution of the 116 ppm peak with time at 200ºC 
is difficult to assess, the 134 ppm one seems to disappear. The former is 
actually distinctive of PyII and PyIII species but, both the low intensity 
and the marked overlapping, make its evolution unreliable. On the 
contrary, the 134 ppm peak unequivocally tends to decrease. Such peak 
is assigned to PyII, that is, to one of the isomers involved in the oxidation 
process at long heating times, as it was observed by the decline of the NH 
stretching mode at 3405 cm− 1 for PPy-2.6 and PPy-5.3, after undergoing 
a 240 min long treatment at 200ºC (Fig. 10). Unfortunately, the intensity 
variation level of signals, due to Py oxidation, is small and a definitive Fig. 9. Normalized FTIR spectra of processed samples in the specified windows.  

Fig. 10. Evolution of FTIR spectra in the specified windows of PPy-2.6 (right) 
and PPy-5.3 (left) films over time, at 200ºC in air. Processed samples of PP, PPy- 
2.6 and PPy-5.3 are displayed for comparison. A color code is inserted into 
the figure. 

Fig. 11. Evolution of 13C NMR pyrrole window of PPy-2.6 with hot-press 
processing and further treatments at 200ºC in air flow. 
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13C NMR confirmation of this hypothesis, by detecting carbonyls asso-
ciated to lactams (170–180 ppm) [31], was not possible. On account of 
these facts, the crosslinking mechanism depicted in Scheme 1 is there-
fore the most plausible one. Other involving interring couplings like 
formation of 2 and 3-pyrrolyl-methylene-pyrroles [20] cannot be 
excluded, but are less likely because of the lack of associated 13C NMR 
signals. 

4. Conclusions 

The synthesis of functionalized PP containing pyrrole groups is 
feasible by direct metallocene copolymerization of the propylene with 
the 1-(undec-10-ene-1-yl)-1 H-pyrrole. Although the accessible conver-
sion range for the preparation of soluble materials is limited to pyrrole 
contents under 3 mol%, the materials exhibit high enough molecular 
weights, i.e. comparable to that one of the reference PP, and improved 
isotacticity in the propylene sequences. These two facts are thought to be 
related with the specific interaction of pyrrole groups with active sites, 
which, on the one hand, slows down both chain propagation and chain 
termination events and, on the other, enhances spatial requirements for 
monomer coordination. 

The soluble copolymers undergo some crosslinking under processing 
conditions, while retaining both apparent processing ability and flexi-
bility. Such crosslinking can be increased after processing by further 
heat treatment, and this process is shown to be the underlying reason for 
the high thermal stability of these materials. The qualitative analysis of 
the evolution of pyrrole units during heat treatment, by means of solid- 
state 13CNMR analysis, supports the hypothesis of a radical coupling 
mechanism between N-alkylpyrrole pendant groups, which would be 
activated either by oxygen or PP hydroperxides or both of them. 

The improvement in thermal stability against oxidation is significant 
for a pyrrole content as low as 0.6 mol.% and it increases for higher 
contents, reaching degradation temperatures about 80ºC higher than the 
virgin PP, for the copolymer with 2.6 mol.% of pyrrole units. 

From the point of view of practical applicability, it is clear that a 
balance between productivity, stability improvement and crosslinking 
ability must be stablished to scale-up the production of these co-
polymers. On account of the large thermo-oxidative stability found for 
pyrrole contents as low as 0.6 mo%, modification levels up to 1 mol% 
are the most reasonable option to get high thermal stability PP ther-
moplastics. Moreover, the production of low-modified PP to be used not 
only as high-performance materials, but as special additives, might be a 
realistic alternative. In fact, this option would be the most plausible to 
combine a significant stability improvement of PP grades with a more 
cost-effective production. At this stage of the research, it is clear that the 
detailed synthesis of these copolymers do not fit industrial requirements 
for large-scale production and further work should be carried out to 
optimize reaction conditions. 
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