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ABSTRACT: Long-chain branched polypropylene was prepared using reaction in the molten state in the presence of glycerol and a linear
polypropylene functionalized with maleic anhydride (PPg). The concentration of glycerol in the melt was varied in the range from 0.1
to 5 wt % to obtain different levels of branching. FTIR spectroscopy results indicate that the OH groups of glycerol react with the anhy-
drides on the PPg chains giving place to ester groups. The presence of long-chain branches in the molecular structure of PPg was con-
firmed using multiple-detection size-exclusion chromatography and rheology. These techniques demonstrate that the level of branching
increases with glycerol concentration and that the modification of PPg produces materials with a bimodal distribution of polymer spe-
cies. Moreover, some of the highly modified materials display gel-like behavior. The materials also display thermo-rheological complexity
and enhanced activation energy at low frequencies. The crystallization study shows that both the anhydride groups in PPg and the LCBs
have opposite nucleating effects. PPg presents the largest activation energy of crystallization and its value decreases with the concentra-
tion of glycerol for a given level of crystallization. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40357.
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INTRODUCTION

Polypropylene (PP) has become one of the most widely used
commercial polyolefins. It is synthesized employing either Zie-
gler—Natta or metallocene catalysts, which produce highly linear
stereospecific polymers. PP possesses many excellent properties,
such as low density, high melting temperature, stiffness, good
chemical resistance and recyclability. Its main drawback is the
low melt strength and poor melt strain hardening that limits
the use of PP in certain applications like thermoforming, foam-
ing, blow molding and film molding.' The melt strength of
PP is a function of molecular weight, polydispersity, degree of
long-chain branches and entanglement density. Still, the most
effective strategy to improve the melt strength of this polymer
has been to modify the topology of the linear molecules by
introducing long-chain branches (LCB).*?? The presence of
LCBs strongly inhibits the reptation mechanism for configura-
tional rearrangement of flexible macromolecules, increasing the
terminal relaxation time, enhancing the melt strength and
improving the strain hardening behavior of the material in

. 6,8,10-12,15,16,18,21,23
extensional flows.

© 2014 Wiley Periodicals, Inc.
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Several strategies have been then attempted to introduce long
chain branches onto PP. By means of in situ polymerization, the
branches are generated during the polymerization of propylene
in the presence of a nonconjugated diene such as p-(3-butenyl)-
styrene. In this case, the incorporation of the comonomer onto
the polymer backbone gives origin to ramification points that,
in principle, can be tuned according with the comonomer con-
tent.'>!*'® Simpler approaches, due to its versatility and ease of
use by polymer processers, are those that involve post polymer-
ization modifications by irradiation, solid-state grafting, or by
reactive extrusion in the melt. In the irradiation approach the
branches are produced from the combination reaction of the
macro radicals generated by the excitation of the PP molecules
with electron beam irradiation or electromagnetic waves. This
process is commercial available and the final branching level
depends of the processing conditions and the applied
dose.>®!'®'"1¢ In the solid-state grafting, the chemical modifica-
tion of the PP is initiated by radicals generated by peroxide that
is followed by the grafting of PP molecules at low temperature.®
Reactive extrusion involves the chemical attack of PP in the
molten state in the presence of peroxide and a polyfunctional
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monomer. The peroxide decomposition induces the formation
of macroradicals that react with the added monomer promoting
the generation of branches and inhibiting the scission of the PP
chains,»®7121>17:20722 The reactive extrusion process may also
be applied to a functionalized PP, such as maleic anhydride
grafted PP (PPg), which is melt blended with just the polyfunc-
tional monomer or oligomer."

Among the previous methods, reactive extrusion is the most
suitable from the industrial point of view, and has been chosen
in this work to produce long-chain branches in a functionalized
commercial PPg. Glycerol has been selected as the crosslinking
agent due to its availability and low cost, and because is a
harmless material that reacts easily with anhydride groups. The
reaction between the anhydride groups of PPg and the OH
groups of the multifunctional agent was performed in the mol-
ten state. To verify the extent of the esterification reaction and
the amount of long chain branching induced on the polymer
chains, the original and modified polymers were characterized
using infrared spectroscopy (FTIR) and size exclusion chroma-
tography at high temperature (SEC). The materials were also
characterized using small amplitude oscillatory shear flow and
differential scanning calorimetry (DSC).

EXPERIMENTAL

Materials

The polymer used in this work is a PPg from Uniroyal Chemi-
cal (Polybond 3200, M,,= 120,000 g mol~' and M, /M, = 2.6).
The infrared spectra of the commercial PPg shows the presence
of acid groups in the molecules than can be associated to the
hydrolysis of the some of the anhydride groups. Therefore, the
polymer was thermally treated at 130°C under vacuum during 8
h to allow the recuperation of the anhydride groups. The
amount of anhydride groups (AG) in the treated PPg was deter-
mined by infrared spectroscopy and estimated in 0.74 wt %,
which indicates the existence of approximately four AGs in an
average PPg molecule. The material used in this work was pre-
viously purified by dissolving the PPg in xylene and then pre-
cipitating it with methyl-ethyl-ketone.”* The crosslinking agent
employed to induce the formation of long branches was bidis-
tilled glycerol (99.5% pure) from Anedra Research AG S.A. that
was used as purchased.

Modification of PPg

The reaction between PPg and glycerol was performed in a Bra-
bender Plastograph® mixer at 190°C and 40 rpm for 15 min.
Then, the unreacted glycerol was removed from the modified
polymer by dissolving the materials in xylene at 120°C under
constant stirring and in a nitrogen atmosphere. The polymer
was then precipitated using cold methyl-ethyl-ketone, and dried
at 80°C for 48 h under vacuum.

The modified PPgs are identified as PPgG# where # is represen-
tative of the weight percentage of glycerol used in the modifica-
tion, ranging from 0.1 to 5 wt % (see Table I).

Characterization

The amount of anhydride groups that reacted with the glycerol
in each case was determined by FTIR spectroscopy using a
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Table I. Molecular Parameters of PPg and the Modify Polymers

Weight % Mass

glycerol recovery M, M,,

added (%) (kg mol™%) (kg mol™Y) M,./M,
PPg 0 100 48.6 132 2.7
PPgGO1 0.11 97 52.3 161 31
PPgG02 0.21 98 69.8 241 3.4
PPgG0O3 0.31 99 60.5 403 6.7
PPgG0O6 0.60 92 69.8 378 54
PPgG08 0.79 92 81.0 424 52
PPgG09 0.91 88 108 522 4.8
PPgGl 1 85 265 832 31
PPgG5 5 76 364 1010 2.8

Nexus spectrophotometer from Nicolet. The spectra were

obtained on ~100-um-thick films using a resolution of 4 cm ™.

The weight average molecular weight (M,,) and the number
average molecular weight (M,) of PPg and all the synthesized
materials were estimated by SEC at 135°C using a Viscotek 350
system from Malvern provided with three detectors: light scat-
tering (LS), refraction index and on-line viscometer. The chro-
matograph was equipped with a set of PLgel 10 pm Mixed-B LS
columns (Polymer Labs). The 1,2,4-trichlorobenzene containing
0.1 wt % of butyl hydroxyl toluene was used as solvent. The
system was calibrated with standards of polystyrene (Viscotek)
of 98,000 and 228,200 g mol .

The dynamic moduli of the polymers were determined using
small-amplitude oscillatory shear flow in an AR-G2 rheometer
from TA Instruments equipped with 25 mm diameter parallel
plates. The rheometer was operated under stress-controlled
mode. The samples used in the rheological tests were prepared
by compression molding at 180°C. The linear viscoelastic
behavior of the different polymers was studied at 180°C, at fre-
quencies between 0.01 and 200 s ', applying a constant shear
stress of 10 Pa. Under these conditions the rheological measure-
ments were well under linear viscoelastic range.

Thermal analysis was carried out on a Pyris 1 calorimeter from
Perkin Elmer. The samples were heated from 30 to 180°C under
nitrogen atmosphere and held at this temperature for 3 min in
order to erase their thermal history. Then, they were cooled to
30°C and heated again up to 180°C. Heating and cooling rates
of 10°C min~"' were used in all cases. The crystallinity of PPg
and modified polymers was determined from the last scan
according to:

AH,

0
AH;

X.=

X100 (1)

where AH, is the specific crystallization enthalpy of the samples
and AHY is the melting enthalpy of an hypothetical 100% crys-
talline PP (AHf0 =209 ]gfl).25

All runs, performed using the techniques described above, were
repeated using at least two different samples of each material to
ensure reproducibility.
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Figure 1. Simplified mechanism for the formation of PPgG molecules.

RESULTS AND DISCUSSION

Molecular Characterization

The modification of PPg with glycerol produces ester groups
due to the reaction of the grafted anhydrides on the PPg with
the hydroxyls groups of the glycerol. Because each molecule of
glycerol has three hydroxyl groups, it can react with more
than one anhydride inducing chain linking between macromo-
lecules. The scheme in Figure 1 illustrates one possible reac-
tion between one glycerol and two PPg molecules. The
original position of the anhydrides along the backbone of the
PPg molecules determines the final structure of the PPgGs.
Linear, branched and complex H-shaped or tree-shaped topol-
ogies, among others structures, can be expected from this
reaction.

FTIR spectroscopy can be used to analyze the chemical changes
that occur after the reaction. Figure 2 shows two regions of the
infrared spectra of the original PPg and of the obtained PPgGs.
One of these regions includes the absorbance bands associated
to carbonyl groups,”® and the other the reference band of 2720
cm™'. The absorbance of this last band corresponds to the
methyne groups (CH) of the PP backbone® and it was used to
normalize all the spectra. Bands at 1792 and 1860 cm™' that
appear in the PPg and PPgGs spectra correspond to the sym-
metrical and asymmetrical C=O stretching of anhydride. Addi-
tionally, the PPgGs present bands at 1715 and 1735 cm ™' that
can be assigned to the stretching of carbonyls of acid and ester
groups respectively. The results clearly show that the absorbance
corresponding to these groups rises when the dose of glycerol
used in the process increases.

To quantify the amount of anhydrides in each material, the
absorbance of the band at 1792 cm™ ' (A;5,) relative to the
absorbance at 2720 cm™' (Ay750) is compared with the calibra-
tion curve:
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A1792

=1.298% AG (2)
Axo

This curve was obtained measuring the absorbances of physical

mixtures of succinic anhydride with PP in concentrations rang-

ing from 0.2 to 3 wt %.”

Figure 3 displays the concentration of AG in each polymer esti-
mated with eq. (2) as a function of the concentration of glyc-
erol. The value calculated for PPg (also determined with this
equation) is located at 0% of glycerol. Figure 3 also includes the
value of the absorbance corresponding to the carbonyl groups
of the generated esters, located at 1735 cm ™' (A,735) relative to
the reference band, A,7,,. As expected, the concentration of
anhydride groups decreases as the concentration of glycerol
raises and the A;;35/Ay7,0 ratio grows. This is because the
amount of anhydrides that react to give ester groups increases.
Both, the A;735/A5750 ratio and the concentration of AG in the
modified polymers have a linear dependency with the concen-
tration of glycerol up to ~0.3 wt %. At larger concentrations,
both the amount of AGs and the ratio of absorbance change at
a very low rate. The concentration of AG decay from ~0.4 to
0.27 wt % and the ratio A;735/A575¢ from 0.4 to 0.5 when the
concentration of glycerol goes from 0.3 to 5 wt % (the PPgG5
results are not included in Figure 3 for clarity reasons). This
means that approximately half of the original AGs in PPg does
not react for concentrations of glycerol above 0.6 wt %. A lack
of accessibility of the glycerol molecules to the AGs still present
in the modified PPg molecules and the phase separation of glyc-
erol, may be the causes of this behavior.

The PPg and the modified polymers were characterized by SEC
coupled with triple detectors to determine the molecular weight
distributions, the corresponding average molecular weights and
the topological structure of the molecular chains. While

Absorbance (a.u.)

2700 2550 1800 1650
Wavenumber (cm')

Figure 2. FTIR spectra of PPg and modified materials. The numbers next

1500

to the curves correspond to the weight percent of glycerol used.
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Figure 3. Ratio of absorbances A;735/A,7,0 (left) and concentration of AG
(right) of the different polymers as a function of the concentration of
glycerol.

performing the SEC experiments it was observed that for some
of the PPgGs a noticeable amount of material was retained by
the filtration system of the equipment. This problem was pres-
ent on the polymers reacted with concentrations of glycerol
above 0.3 wt %. It was also verified that the amount of material
hold on by the filters increased with the concentration of glyc-
erol employed to modify the PPg. The percentage of recovered
mass for the different polymers was calculated using a dn/dc of
-0.098 mL g~ which was estimated for complete mass recovery
of PPg. The computed dn/dc is close to the value of —0.105 mL
g~ ! reported for iPP in 1,2,4-trichlorobenzene.”® The percentage
of mass recovery estimated in this way for each of the polymers
is reported in Table I. It may be mentioned that a 5% change in
the value of dn/dc produces a change of 6% in the calculated
recovered mass.

The increase in mass loss with glycerol concentration indicates
the presence of a gel fraction, at least above 3 wt %. To verify
this observation, samples of PPgGl and PPgG5 were dissolved
in xylene at 130°C, kept at these conditions during 20 h, and
then filtrated to separate the soluble material. The retained
material was dried under vacuum and the gel fraction of the
polymer was determined by the ratio of the dried mass retained
to the initial mass. Fractions between and 10 and 20 wt % were
measured, in concordance with the results from SEC.

The normalized chromatograms from the LS detector corre-
sponding to PPg and the modified materials are shown in Fig-
ure 4. Light scattering is a technique very sensitive to the
presence of high molecular weight macromolecules. The data
shown in Figure 4, which were obtained from the 90° angle
detector, are very similar to those register from the 7° angle
detector (not shown). The two sets of data in Figure 4 corre-
spond to the materials with no evidence of gel fraction (main
figure) and those with a detectable gel fraction (inset). The
chromatogram of PPgGO06 is included in both sets for compari-
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son. PPg exhibits a typical chromatogram of a polymer with a
Gaussian distribution of molecular weights while the rest of the
polymers display bimodal distributions. The modified materials
present one peak corresponding to the remaining population of
unmodified PPg, and a second peak placed at smaller retention
volumes that correspond to new macromolecules of larger
molecular weight. As expected, for glycerol concentrations up to
0.6 wt %, the peak of the PPg population decreases gradually as
the concentration of glycerol employed to modify the polymer
increases, while the other peak gets larger. The soluble part of
the polymers obtained with more than 0.6 wt % of glycerol
keeps this tendency up to 0.9 wt %, although with a smaller
rate of change. For even larger concentrations (1 and 5 wt %)
most of the high molecular weight fraction of the modified
materials is retained by the filters. For this reason, the sol frac-
tions analyzed in the chromatogram display similar concentra-
tions of the high and low molecular weight fractions.

Figure 5 displays the molecular weight distributions of all poly-
mers. As it may be observed, PPgGOl already shows a broader
molecular weight distribution than PPg with a small tail of high
molecular weight material. These effects get more noticeable as the
concentration of glycerol augments. Up to 0.6 wt % glycerol, the
chromatograms display a gradual increase of the high molecular
weight tail with a shift of the whole distribution of molecular
weights to larger values. As already mentioned in the discussion of
Figure 4, the data corresponding to the use of more than 0.6 wt
% of glycerol may be associated only to the molecular weight dis-
tributions of the soluble fractions of these polymers. Nonetheless,
the chromatograms display a further and gradual shift to larger
molecular weights with a decreasing tail of low molecular weight.

Table I lists the average molecular weights calculated from the
molecular weight distributions displayed on Figure 5 corre-
sponding to the soluble fraction of the polymers. The number
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Figure 4. Chromatograms of PPg and the modified polymers (normalized
with the area) obtained by SEC using the light scattering detector.
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Figure 5. Molecular weight distributions of all materials, normalized with
the curve areas.

and weight average molecular weights increase gradually with
the concentration of glycerol used in the modification process,
even for the materials prepared with more than 0.6 wt % glyc-
erol. The ratio M,/M,, however, increases up to PPgG03 and
then decreases gradually as the amount of retained mass
increases. This behavior of M,,/M,, suggests that there is a criti-
cal concentration between 0.3 and 0.6 wt % above which, at the
same time that the low molecular weight fraction reduces as the
concentration of glycerol augments, the high molecular weight
fraction also reduces because a considerable part of it is being
retained by the equipment filters.

The intrinsic viscosity data obtained from SEC with multiple
detectors can be used to evaluate the type of structure of the
generated high molecular weight fractions. Figure 6 presents the
data obtained for PPg and the modified materials PPgGO1,
PPgG02 and PPgGO03. The straight line that appears in this fig-
ure corresponds to the prediction of the Mark-Houwink rela-
tion, that is 1] = KM", where [n] is the intrinsic viscosity, M
the molecular weight, and K and a are the Mark-Houwink con-
stants. This relation applies to polymers with molecules of lin-
ear structure, like PPg. The fitting of the PPg data to this
model results in a=0.69 and K=1.74 X 10~* These values
are very close to those reported in the literature for linear
PP.'®*?° As the molecular structure of a polymer becomes more
complex, the radius of gyration for a given molecular weight
gets smaller. Consequently, the intrinsic viscosity associated to
that molecular weight also gets smaller and separates from the
Mark-Houwink relation. The intrinsic viscosity data of the
modified materials presented in Figure 6 display this behavior,
validating the conclusion that, as the concentration of glycerol
increases, the degree of branching and the complexity of the
generated branched structures increases. Furthermore, for each
of these polymers the intrinsic viscosity data corresponding to
high molecular weights get further apart from the linear behav-
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ior as the molecular weight increases.'®*' It also may be
observed that the data corresponding to the low molecular
weight fractions align on the straight line indicating linear
structures. The results for all the rest of the polymers deviate
from the Mark-Houwink prediction in the whole range of
molecular weights and are not included in Figure 6.

It is well known that the behavior of branched polymers in
solution is related to the size of their molecules through the
mean square gyration radius, the intrinsic viscosity and the
hydrodynamics radius.”®' According to the model of Zimm
and Stockmayer, combined with the methodology of Leca-
chaux,” the ratio between the mean square radius of gyration
of the branched molecules and that of the linear material,
g= <S>,/ <S* >, is related with the ratio of the intrinsic vis-
cosity of these two type of polymers, ¢

e ) M
€= ) %)

In this equation, ¢ is a parameter whose value depends on the
type of branching and solvent—polymer interaction. It has been
suggested that ¢ has a value of 1/2 for star polymers, 3/2 for
combs with large backbones and short branches and 0.7 for a
multiarm stars.>> > For random branching, a value of 0.75 is
often used,” and the average number of branches per macro-
molecule, m, is calculated from this ratio using the equation:

6 [1/24m\*° [@2+m)"+m">

m|2\ m (24+m)*>—mos
Finally, the number of branches per 1000 monomer units, Nicg,
can be estimated from:

m

where M,, is the molar mass of the monomer and M is the
molar mass of the branched polymer.

Figure 7 presents the data of Njcp estimated for the polymers
in Figure 6 using the equations above. Values of ¢ =0.75 and
M,y,=42 g mol~" where considered in these calculations. Even
though eq. (4) may not be strictly applicable to the modified

LR T T

* PPg

& PPgGOl
» PPgGO02
+ PPgGO03

10° 10°
Molecular Weight (g/mol)

Figure 6. Intrinsic viscosity as a function of molecular weight of PPg and
the modified polymers PPgG01, PPgG02, and PPgGO3.
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Figure 7. Estimated numbers of branches per 1000 monomer units as a
function of molecular weight for PPgG01, PPgG02, and PPgGO03.

polymers, we use it as a way of comparing the changes in their
molecular structures. The data in the figure support previous
conclusions that as the concentration of glycerol used in the
modification increases, the population of large molecular
weight that is generated has a complex structure with increas-
ing numbers of branches per molecule. The results in Figure 7
suggest that the larger macromolecules that are generated dur-
ing the modification process present up to two branches every
10* carbons, which is the average number of carbons expected
in an average PPg molecule. Other authors have estimated
similar values for synthesized branched PPs using different
methods'6,7,12,l4,l7,18

Linear Viscoelastic Characterization

The linear viscoelastic behavior of polymers is very sensitive to
structural changes in the topology of macromolecules. There-
fore, the comparison of dynamic moduli has become one of the
most reliable techniques to verify the existence of long branches
in polymer chains,>'?71>1718202335:36 A the molecular topol-
ogy of a polymer becomes more complex and/or its molecular
weight increases, the relaxation times associated to those struc-
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tures increase, which affects mainly the properties obtained at
low deformation rates.

Figure 8 displays the elastic (G') and the viscous (G’) moduli
of all analyzed polymers. PPg has the typical rheological behav-
ior of a linear polymer, where G' and G’ exhibit frequency
dependence close to ®® and @ at low frequencies, respectively.
This is the terminal region, where the longer relaxation times
contribute to the viscoelastic behavior. As the concentration of
glycerol used in the modification of PPg increases, the dynamic
properties become significantly enhanced in comparison with
those of the linear polymer, being the effect more noticeable in
G and mainly at low frequencies. At high frequencies, where
the viscoelastic response is mainly due to the dynamic of short
segments of the macromolecules, the dynamic moduli of all
materials converge to similar values. At low frequencies, how-
ever, the enhancement of both moduli and the reduction of the
phase angle (tan 6 = G’/G) with the augment of the concentra-
tion of glycerol is remarkable. This behavior implies the pres-
ence of a long relaxation time mode and agrees with the
increasing complexity of the modified molecules, as already dis-
cussed. The branched macromolecules present larger relaxation
times as the concentration of branches increases. Moreover, the
highly modified materials display gel-like behavior.

To further study the effect of LCBs in the rheological response
of the polymers, the thermorheological response of some of the
materials was analyzed. It is known that linear polymers obey
the time-temperature superposition principle and are thermo-
rheologically simple materials. However, long-branched poly-
mers usually do not obey the superposition principle because of
the constraints imposed by branching points on chain relaxa-
tion, becoming thermorheologically complex. Furthermore, the
flow activation energy corresponding to low frequency data
increases with the addition of LCBs.>®®%!*!83¢:37

Figure 9 displays the master curves of the phase angle of PPg
obtained from data measured at temperatures between 173 and
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Figure 8. Elastic (left) and viscous (right) moduli of all polymers as a function of frequency at 180°C.
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Figure 9. Master curves of the phase angle of PPg and PPgGO02 at
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195°C. Each curve of data was shifted along the frequency axis
until superposition with those at 180°C. As it can be appreci-
ated, PPg displays thermorheologically simple behavior in this
range of temperatures. The fitting of the calculated time-
temperature shift factors (ar) to the Arrhenius model, gives an
activation energy (E,) of 44.7 kJ mol ™!, which is within the
range of values reported in the literature for lineal PP>®!'>'®
The time-temperature superposition principle failed in the case
of PPgG02. If the curves are superimposed at low values of
phase angles (high frequencies), they separate at higher .
Therefore, a unique shift factor does not exist.

The master curve of 6 of PPgG02 that appears in Figure 9 was
obtained by shifting each data horizontally up to superposition

120
L | | | | | |
110~ -1
100 = -1
+ PPgG02
90 = -
3
g_ 80 —
E +
= 10 + —
~
T L -
50 = + -
40 |- ~
30 | | | | | | |
90 85 80 75 70

Figure 10. Activation energy spectra for PPgG02 referenced to 180°C.
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Figure 11. Dynamic viscosity as a function of frequency at 180°C, and
predictions of the two-mode Cross model [eq. (6)].

with the curve at 180°C, that is, different shift factors were used
for each data at each temperature."****” The a7 factors used to
shift the data at given values of the phase angle were then plot-
ted as a function of 1/T and activation energies were calculated
using the Arrhenius model. The activation energies calculated in
this way are displayed in Figure 10. As it may be appreciated, at
high frequencies (low ), E, has a value similar to that of PPg
and it rapidly increases toward the terminal region (56—90°).
The failure of the time-temperature superposition is typical of a
thermorheologically complex material, and the large increase in
the value of E, associated to the terminal relaxation time, is
another evidence of the existence of molecules with branched
topologies.

Figure 11 shows the dynamic viscosity (') of all samples at
180°C. This way of presenting the dynamic data emphasizes the
increasing complexity of the molecular structure. The typical
plateau of constant viscosity at low frequencies (7,) displayed
by PPg gradually shifts towards lower frequencies and higher
values as the concentration of glycerol increases. Furthermore,
as the concentration of LCBs increases, the shear-thinning
region becomes more appreciable, beginning at gradually lower
frequencies. This behavior is typical of topological structures
that get gradually more complex.®!*!>171820-22 Ay additionally
interesting behavior can be also observed when the dynamic
data are presented in this way. As the concentration of glycerol
increases, an inflexion point appears at intermediate frequencies
that become increasingly noticeable. A similar behavior was
obtained by Nam et al."” in the data of #*(w) of PPs modified
by reactive extrusion. The rheological response of the modified
materials looks like that of a blend of two populations of
molecular structures with distinctive relaxation times. At the
light of this response, the 1/ data were fitted to a two-mode
Cross model.’
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Table II. Parameters of the Two-mode Cross Model used in the Fitting of the Data of Figure 12
PPg PPgGO1 PPgG02 PPgG03 PPgGO6 PPgG08 PPgG09
ny (Pas™) 84 89 117 184 205 200 350
p (8) 0.0026 0.0028 0.0038 0.01 0.012 0.016 0.04
Ny ~0.8 0.8 0.75 0.64 0.62 0.56 0.54
n (Pas™) - 5 5 58 120 230 930
2 (s) = ~1 ~1 11 8.5 6 28
ne - (0.8) (0.8) 0.8 0.8 0.75 0.7
o = 18 23 32 1.7 0.87 0.38
Iilin - - - 110 290 375 700
i ()= " )'7H 4 - ’:IL - (6) tion, the relz?xation tin}e tnhat. corresponds to the new hig.h
1+ (o) 1+ (Arw) molecular weight material, 4;, is at least two orders of magni-

where the subscripts H and L stand for high and low frequen-
cies respectively, and #; 4;, and n; are the corresponding zero-
shear viscosity, characteristic relaxation time and shear-thinning
index of each mode, respectively. PPgGl and PPgG5 are not
included in Figure 11 because they present yield stress and the
viscosity data cannot be modeled with eq. (6). The computed
parameters of the other polymers are listed in Table II, and the
dynamic viscosities predicted with eq. (6) are included in Figure
11. It can be observed that the data of PPg are well modeled by
the Cross model using a single relaxation time, while the viscos-
ity data of all the other materials are described by two relaxa-
tion modes. The mode corresponding to the smaller relaxation
time describes the high frequency data and can be associated to
the population of PPg and/or simpler molecules. The second
mode, which corresponds to the higher relaxation time, affects
the low frequency region and can be associated to the generated
high molecular weight material. It may be observed that,
although the relaxation time associated to the simpler material,
A increases gradually with the augment of glycerol concentra-

T T T T T T T 1

PPsG5 |

PPgG1 \/_
_ | PPaG09 V_
§’ PP2GO8 \ |
~~| PPgG06 \ / |
E PPGO3 \™ ./ .
= | PPaG02 \M |
+—

S [PPeGO1 \\\/ |
= PPg \" / |
@, |
90 95 100 105 110 115 120 125 130 135 140

T (°C)

tude larger and increases more rapidly. Moreover, as the con-
centration of glycerol increases, the first mode gradually losses
importance when compared to the new one (17/n; decreases).

Using molecular dynamics, Tian et al.'” were able to estimate
the ratio of the relaxation time of long-branched molecules of
PP to the relaxation time of the linear material. They obtained
values that range from 6.5 to 80 as the concentration of the
crosslinking agent, pentaerythritol triacrylate, increases. They
also estimated the level of LCBs in the range of 0.025 to 0.38/
10* carbons. In the present work, the synthesized materials pres-
ent larger ratios of relaxation time, which may be associated to
the larger levels of long branches.

Thermal Analysis

The change in the molecular structure of a polymer may pro-
duce changes in its thermal behavior. In this section we analyze
the melting and crystallization process of the synthesized mate-
rials by differential scanning calorimetry as described in Experi-
mental section. Figure 12 displays the thermograms of the

PPgG5
PPgG1
PP2G09
PP2GO8

PPoGO6
PPgGO3

PPeG02
PPeGO1
PPg

Heat Flow (W/g)

i

®y o
90 100 110 120 130 140 150 160 170 180

T(°C)

Figure 12. Thermograms of PPg and the modified polymers during crystallization (a) and melting (b).
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Table III. Thermal Properties of PPg and the Modified Polymers

WILEYONLINELIBRARY.COM/APP

CIENC

PPy PPgGO1  PPgGO2  PPgGO3  PPgGO6  PPgGOS  PPgGO9  PPgGl  PPgG5
T (°C) 161 159 158 159 158 157 159 160 160
AHnWUg™) 105 104 103 102 106 104 101 101 101
T. (°C) 120 119 118 118 118 118 117 118 118
AH.(Ug™} 101 96.0 95.9 971 93.1 93.2 93.1 95.4 94.7
Te onset (°C) 125 124 123 124 125 123 125 132 131
t1/2 (min) 050 048 0.48 0.55 0.58 0.44 071 1.26 1.21

different materials obtained using 10°C min~' cooling and
heating rates. Table III lists the values of the melting (7,,) and
crystallization (7T,) temperatures obtained from the maxima of
the peaks of the curves in Figure 12. Also listed in Table III are
the onset temperature of crystallization (T onser) and the
enthalpy of melting (AH,,) and crystallization (AH,), which
were calculated from the area of the peaks. T.oner Was com-
puted as the temperature at which the crystallized material is
1% of the total crystallizable material.

The melting process of all polymers is very similar, with T,, and
AH,, of the modified materials slightly lower than those of PPg.
This is in agreement with most of the works in the literature
that deal with long-chain branched PPs.!>'®**?? The results
suggest that the presence of branches in the molecules some-
what reduces the size and amount of the crystal domains.

Regarding the crystallization process, it seems to be more
affected by the molecular structure than the melting process.
The temperature and enthalpy of crystallization of the modified
polymers reduce in ~2°C and 6 Jg~', respectively, with respect
to those of PPg. Furthermore, no noticeable tendency can be
appreciated among the data of the PPgG materials. Additionally,

100

80

- PPg
= PPgGO1 -
+ PPgG02
-+ PPgGO03 m
=< PPgGO06
= PPgGO08
= PPgG09 ]
= PPgGl
+ PPgG5

60

x, (%0)

40

20

Ol

0 05 1 155 2 2.5 3 3.5 4
t (min)
Figure 13. Crystallization enthalpy ratio as a function of time obtained
from the data of Figure 12(a).
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no change can be appreciated in the value of T, ,nser €xcept in
PPgG1 and PPgG5. Most of the works in the literature that ana-
lyze the thermal behavior of long branched PPs have found that
T, increases with respect to lineal PP and augments gradually
with the degree of LCBs.”'>!'%2*223% These authors associate the
observed behavior with the nucleating effect of the LCBs. In the
case of a maleic anhydride graphed PP, the AGs act as nucleat-
ing agents, producing an increment in T, (7-10°C) with respect
to an equivalent linear PP.>® The loss of anhydride groups and
the generation of LCBs in the PPgGs with respect to the initial
PPg may then have two opposite effects on the nucleation. The
former cause should produce a reduction in T, while the last
factor may increment this temperature. Although the change in
molecular weight is another factor that should be considered,
the factors analyzed justify the small reduction in the crystalliza-
tion temperature observed in this work.

The evolution of the enthalpy of crystallization with time was
calculated from Figure 12(a), by the accumulative integration of
the curve. These data, divided by the total crystallization
enthalpy, AH,, defines the crystallization enthalpy ratio, y, dis-
played in Figure 13. The time, t, in this figure was calculated as:

_ Tc onset T
(O]

where T is the temperature and @ is the cooling rate (10°C
min~" in this case). All curves have the typical S-shape corre-
sponding to a nucleation stage followed by crystal growth.
PgGO09, PPgG1, and PPgG5 are the materials that present wider
range of crystallization temperature and, consequently, slower
crystallization rate. From these curves, the crystallization half-
time, t,,,, defined as the time when the material reaches 50% of
its crystallization, can be calculated. The values of f,,, are listed
in Table III. The influence of LCB on f,, is insignificant for
glycerol concentrations up to approximately 0.9, being the value
of 1, of PPgG1 and PPgG5 more than double the one of PPg.
The augment in the molecular weight and the increase in
molecular complexity hinder the crystallization process and jus-
tify the increase in t;,.

(7)

The analysis of the kinetics of crystallization was completed
applying different cooling rates to PPg and two chosen materi-
als, one with low degree of modification (PPgG03) and one of
highly modified polymer (PPgG5). Four cooling rates were
used: 2.5, 5, 10, and 20°C min~'. The corresponding thermo-
grams are displayed in Figure 14 and the measured properties
and calculated parameters are listed in Table IV. As expected, as
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Figure 14. Crystallization thermograms obtained using different cooling rates for PPg, PPgG03 and PPgGS5.

the cooling rate increases, the crystallization temperature and
the enthalpy of crystallization decrease. A drop of ~10°C can
be appreciated between the values of T, measured at the rates of

Table IV. Thermal Properties for PPg, PPgG03, and PPgG5 at Different
Cooling Rates

Te onset tiz AH.
Sample ¢ ((Cmin71) T.(C) (°C) (min)  Jg™)
PPg 2.5 127 132 2.0 103
5 123 128 0.8 99.6
10 120 125 0.5 101
20 117 122 0.2 95.1
PPgG0O3 2.5 125 134 8.3 101
5 121 126 1.1 95.3
10 118 124 0.6 97.1
20 113 119 0.3 95.3
PPgG5 2.5 124 132 3.1 100
5 122 132 2.0 94.2
10 119 131 1.2 94.7
20 113 124 0.5 91.9
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2.5 and 20°C min~! for the three compared materials, while a
reduction the ~8 Jg~' is observed in the values of AH.. Fur-
thermore, for a given cooling rate, the width of the crystalliza-
tion range increases as the degree of branching raises. At each
cooling rate, the behavior is equivalent to the one observed at
10° min~" and already discussed above.

A parameter that may be calculated from the crystallization
curves is the activation energy of crystallization, AE,. Several
methods have been proposed in the literature for estimating
thermal activation energies.”®*° In particular, the approach sug-
gested by Vyazovkin*' has been successfully applied in the deter-
mination of AE,** According to this technique

dy AE
Ln{—=) =Cte——2 8
n(dt))C fe RT, ®)

where (dy/dt), and T, are the rate of crystallization and the tem-
perature at a given level of crystallization y, respectively. The acti-
vation energy of crystallization can be obtained from the slope of
the plot of In(dy/dt), as a function of 1/T,. Figure 15 shows the
values of AE, calculated for the three polymers of Figure 14 as a
function of y. As expected, the activation energy of all materials
is negative. PPg presents the largest —AE,. The lineal decrease of
this value with y at low values of crystallization enthalpy ratio
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Figure 15. Activation energy of crystallization as a function of the crystal-
lization enthalpy ratio, for PPg, PPgG03, and PPgG5.

suggest that nucleation is the controlling mechanism, while the
change in trend that appears at higher y is an evidence that the
diffusion mechanism begins to affect the crystallization.** Addi-
tionally, it can be observed that in the modified polymers, —AE,
decreases linearly with y, suggesting that nucleation is the con-
trolling mechanism in PPgG03 and PPgG5, and that nucleation
becomes easier as the temperature decreases (or the level of crys-
tallization increases). Moreover, the value of —AE, decreases with
the concentration of glycerol for a given y, implying that the
crystallization is less restricted in the materials with LCBs.

Tian et al.”® calculated values of —AE, of 204 kJ mol™" for a
lineal PP and ~240 kJ mol ™' for three branched PPs at y = 0.2.
Moreover, values of 217 and 180 were reported by Lonkar
et al.*? and Ardanuy et al.,*® respectively, at the same y. At this
crystallization enthalpy ratio, PPg, PPgG03, and PPgG5 present
values of —AE, of 290, 250, and 210 kJ mol ', respectively. The
larger value of the activation energy of PPg compared with that
of PP agrees with the already mentioned effect of the anhydride
groups that act as nucleating agents.” The modification of PPg
reduces the amount of anhydrides and, consequently, the influ-
ence of this factor in the crystallization. Interestingly, the
branched PPgGs have values of activation energies comparable
to those of the branched PPs reported by Tian et al.,”® suggest-
ing that they have similar crystallization behavior.

CONCLUSIONS

Polypropylenes with LCBs were prepared by melt reaction of a
maleic anhydride functionalized polypropylene and different
concentrations of glycerol. The band that appears at about 1735
cm ! in the FTIR spectra of the modified polymers indicate the
formation of ester groups that confirm the reaction between the
OH groups of glycerol and the anhydrides of PPg.

The chromatograms of the PPgGs display bimodal distributions
of molecular weights and evidence of gel fraction is found with
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glycerol concentrations above 0.6 wt %. The modified materials
present one peak corresponding to the remaining population of
unmodified PPg, and a second peak placed at smaller retention
volumes that correspond to new macromolecules of larger
molecular weight. For glycerol concentrations up to 0.6 wt %,
the former peak decreases gradually with the concentration of
glycerol while that of the other peak gets larger. The analysis of
the intrinsic viscosity data as a function of molecular weight,
according to the model of Zimm and Stockmayer, reveals that
the larger generated macromolecules present up to 4 branches
every 10* carbons.

The formation of branched structures was confirmed by small-
amplitude oscillatory shear experiments. Several rheological
plots were used to investigate the linear viscoelastic properties
of the PPgGs. As the concentration of glycerol increases, the
dynamic properties become significantly enhanced in compari-
son with those of the original PPg, being the effect more notice-
able in G’ and mainly at low frequencies. This behavior implies
the presence of a long relaxation time mode and agrees with the
increasing complexity of the modified molecules. The highly
modified materials even display gel-like behavior. The PPgGs
also display thermorheological complexity and enhanced activa-
tion energy at low frequencies.

The analysis of the crystallization process shows that the anhy-
dride groups in PPg and the LCBs have opposite nucleating
effects since the former decreases and the later increases as the
concentration of glycerol augment. Moreover, PPg presents the
largest absolute value of activation energy of crystallization,
which decreases with the concentration of glycerol for a given
level of crystallization.
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