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ABSTRACT: Modifications of polypropylene (PP) are of-
ten carried out to either functionalize them or meet specific
property demands. This study considered the process of PP
grafting with glycidyl methacrylate (GMA) as an intermedi-
ate step to achieve improvements in surface properties of
this polymer. Abundant literature is available on this graft-
ing process but little is known about the surface properties
of the grafted PP. Present work considered both experimen-
tal and computational approaches to attain this goal. Experi-
mentally, it was established that the melting temperature of
modified PP changed with the addition of GMA, and at

higher concentrations of GMA in the PP matrix, heterogene-
ous nucleation took place. Experimental results revealed a
decrease in the surface energy (SE) as well. To discern the
underlying reasons behind these changes, molecular dy-
namics simulations were undertaken. The computational
results revealed that the changes in SE could be associated
with the location of the functional group. � 2008 Wiley Peri-
odicals, Inc. J Appl Polym Sci 108: 2983–2987, 2008
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INTRODUCTION

Because of good mechanical properties, excellent
chemical resistance, ease of processability and rela-
tively low cost, polyolefins, especially polypropylene
(PP), have become one of the largest polymers in use
today in a variety of applications.1 However, due to
its nonpolar nature, PP possesses poor adhesive prop-
erties limiting its application in laminates and compo-
sites.2–4 Various chemical modification techniques
have been employed for several decades to overcome
this deficiency in PP. Melt-grafting of polar mono-
mers is one of the many methods used to modify poly-
olefins.5 PP is frequently grafted with such monomers
as maleic anhydrate or carboxylic acid.6–10 Glycidyl
methacrylate (GMA) has been utilized as the grafting
monomer for polyolefins because epoxy groups of
GMA are able to react with ��OH, COOH, and
NH2.

11–14 Being grafted on the fiber surface, GMA
can also improve fiber wettability and adhesive prop-
erties, or GMA can be used as an ‘‘anchor’’ for the
further polymer/fiber modifications.

In the work reported here, we considered grafting
of PP with GMA and styrene monomers as an inter-

mediate step for the improvement of PP adhesive
properties. This technique was studied in details by
Xie et al.15 and Sun et al.16 It was discerned that the
presence of styrene decreased the degradation of PP
during the melt-grafting process. This technique also
led to the highest concentration of grafted GMA.

The primary focus of this study was to determine
the optimal concentration and location of the func-
tionalized group (i.e., GMA). Therefore, we examined
the surface and bulk properties of the styrene-GMA
modified PP experimentally. Additionally, we carried
out molecular dynamics (MD) simulations to deter-
mine the underlying mechanisms. MD simulation is a
powerful tool for studying microscopic properties of
amorphous polymers, as well as for predicting the
properties of polymeric materials. A number of stud-
ies have used this approach17–24 to compute surface
energy (SE), density profile, adhesion and compaction
parameters for various polymers and their compati-
bility in blend systems. In the work reported here, the
surface energies of PP containing different concentra-
tions of GMA molecules and their location with
respect to the surface were calculated.

EXPERIMENTAL

Materials

For this work, PP (Tm 5 160.78C, q 5 0.91 g cm23,
Melt flow index 5 34) was obtained from Sunoco
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Chemicals. The rest of the chemicals required for
melt-grafting, such as dicumyl peroxide (99%), GMA
(97.5%), and styrene monomers (99.5%), were pur-
chased from Sigma-Aldrich, USA.

Sample preparation

Melt-grafting of PP with GMA was carried out by
charging PP pellets, styrene, GMA and initiator into
the twin-screw micro-compounder (ThermoHaake,
USA). The reaction temperature was set and main-
tained constant at 1758C. The grafting was carried
out for 11 min at the screw speed of 100 rpm. The
styrene to GMA molar ratio was kept constant at
1 : 1 and the initiator at 0.6 or 1 wt %.14 The concen-
tration of GMA added ranged from 4 to 8 wt %,
with 8 wt % being the maximum amount that could
be loaded into the extruder.

After the designated reaction time, the polymer
melt was extruded from the micro-compounder.
Modified PP was then purified by dissolution in hot
xylene. Unmodified and modified PP were precipi-
tated by the addition of 400 mL of acetone. The pre-
cipitated polymer containing pure and grafted PP
was filtered out leaving unreacted chemicals in the
filtrate. The resulting ‘‘cake’’ was dried in the vac-
uum oven for 24 h at 808C.

Characterization

The amount of GMA reacted with the PP was deter-
mined by FTIR spectroscopy (Nikolet Nexus 470

FTIR).16 For this purpose, the peak of carbonyl
group appearing at 1730 cm21 and the peak of the
PP at 2722 cm21 were taken as references. Calibra-
tions for GMA were made using known concentra-
tions of GMA.

The determination of total SE, its polar (gp) and dis-
perse (gd) parts, was conducted via contact angle
measurement using drop method. Two different
liquids were used: water (gd 5 22.1 and gp 5 50.7 erg
cm22) and ethylene glycol (gd 5 29 and gp 5 19 erg
cm22). The final total surface energies were calculated
by using a set of harmonic-mean equations.25

The DSC analysis was conducted on a Perkin–
Elmer DSC 7 differential scanning calorimeter in
nitrogen atmosphere. The samples were heated at a
heating rate of 208C min21 from 25 to 1808C. The
samples were maintained at 1808C for 5 min and
cooled down under the same conditions.

Computational details

Simulation of polymers was carried out using a com-
mercially-available MS modeling software from
Accelrys, USA.26 A series of MD runs and minimiza-
tions were performed with Discover module
employing COMPASS forcefield.27,28 The minimiza-
tions were conducted using ‘‘Smart Minimizer,’’
where the process of minimization starts with the
steepest descent approach followed by conjugate
graduate and Newton methods. Nonbonding interac-
tions were calculated using the group-based method
with the cut-off radius of 9.5 Å.

Polymer chains with 50 repeat units were gener-
ated using ‘‘amorphous cell’’ module with periodic
boundary conditions. To construct the modified PP,
the functionalized group was added to the center
(25th repeat unit) of the PP chain as shown in Figure 1.
Amorphous cells of PP and its grafted version,
GMA-g-PP, were constructed at the experimental
density of PP. The parameters of the resulting struc-
tures are shown in Table I. For each configuration,
five amorphous cells were built.

These cells were then refined by running a ‘‘basic
refine’’ protocol with MD run of 4000 fs at 298 K. To
remove low or zero density areas, the cells were run
through a temperature cycle—11 stages from temper-
ature of 298 to 453 K and 11 stages from temperature
of 453 to 298 K; keeping pressure at 1 atm (0.0001

Figure 1 Structure of GMA-grafted polypropylene.

TABLE I
Properties of the Cells Studied

Concentration of GMA (wt %) 0 0.8 1.3 1.7 2.2 3.3 4.4

PP, number of molecules 3 7 4 3 2 1 1
GMA-g-PP, number of molecules 0 1 1 1 1 1 2
Average cell size (Å) 23.13 32.09 27.32 25.63 23.34 20.39 23.60
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GPa). Finally, all cells were minimized using ‘‘smart
minimizer’’ to a convergence of 0.1 kcal mol21 Å21.

Ready bulk samples were relaxed for 50 ps via
NVT (constant concentration, volume and tempera-
ture) MD simulation. Snapshots of the trajectory
were taken every 0.025 ps during the last half of the
run. The snapshot with the lowest potential energy
was minimized to a convergence of 0.1 kcal mol21 Å21.
The generated bulk samples were used to form film
cells and to calculate the cell parameters.

To create the thin films, one edge (z direction) of
the minimized bulk samples was extended to 100 Å,
so that the polymer chains no longer interact with its
image along this direction. These newly-formed
films were subjected to the energy minimization run
followed by 50 ps of MD simulation at 298 K. The
trajectory snaps were taken during last 25 ps and a
cell with minimum potential energy was further
minimized. In some cases however, the dynamics
were conducted at 600 K to shake the cell out of
unfavorable local minima. The resultant film cells
were used for the calculations of surface energies
and density profiles.

The surface energies were calculated as the differ-
ence of potential energies of the thin film (Efilm) and
its corresponding amorphous cell (Ecell) divided by
surface area (2A) created upon formation of the thin
film as given by the equation below:18

g ¼ Efilm � Ecell

2A
(1)

RESULTS AND DISCUSSION

Experimental

The grafting process yielded a series of functionalized
PP. The results are shown in Table II. Because of limi-
tations of the present experimental apparatus, the
highest concentration of GMA grafted onto PP was
only 1.9 wt %. Nevertheless, the table depicts that
there is a maximum concentration of GMA molecules
that can be introduced onto PP chain without chang-
ing the initiator concentration. Similar observations
were made by Xie et al.15 The addition of the initiator

resulted in an increase in grafting efficiency but at the
expense of PP degradation by the initiator. The pres-
ence of GMA in PP matrix decreased SE of polymer
wherein a minimum was obtained at about 0.8 wt %.
These results might indicate the change in miscibility
of the grafted and unmodified PP molecules.29 To
confirm this, the samples were analyzed by DSC.

The effect of grafting on crystallinity (Xc), crystalli-
zation (Tc) and melting (Tm) temperatures were deter-
mined by DSC. The results are shown in Table III.
The DSC analysis of PP-g-GMA showed that the Tc of
modified polyolefin were higher than virgin PP. This
indicates that grafted GMA molecules provided addi-
tional sites for PP during the crystallization process.
The melting temperatures of the grafted PP were
higher as well, with the exception of one sample con-
taining 0.6 wt % of GMA. The melting temperature
of this sample was observed to be 157.98C, which
is lower than the original PP polymer. Somewhat
similar results were obtained by Liang et al.30 and
Pesetskii and Makarenko.31 The former observed an
increase in Tm value. The results were elucidated by
the heterogeneous nucleation effect of GMA. Peset-
skii and Makarenko also observed a decrease in the
Tm of the samples explaining it by the difference in
melt viscosities and grafting efficiency. However, the
surface energies or the degree of grafting were not
determined.

Taking into consideration the results obtained by
Krump et al.29 stating that the SE of well-miscible
polymer blends tend to decrease, then the PP chains
containing up to 0.6 wt % of GMA should possess
good miscibility in an unmodified PP matrix. This
sample had a lower SE and lower Tm compared with
ungrafted PP. However, the surface energies of the
samples with a GMA content of 0.9 wt % and higher
began to increase (see Table II). Also, the Tm for
these samples was higher than that of the virgin PP,
that is, heterogeneous nucleation was observed.30

These observations may imply limited miscibility of
GMA-grafted molecules (above 0.9 wt %) with un-
grafted PP.

It must be noted that the sample with 1.9 wt %
was also an exception. The increase in the amount of
initiator to 1 wt % led to a decrease in the viscosity
of PP15 and hence a decrease in melting temperature
was observed.

TABLE II
Grafting Efficiency and Surface Energies of GMA-

Modified Polypropylene

GMA added
(wt %)

GMA grafted
(wt %)

Total surface energy
(erg cm22)

0 0.0 27.6 6 0.4
4 0.45 25.0 6 0.8
8 0.81 23.0 6 0.4
6 1.31 23.2 6 0.8
6a 1.90 25.0 6 0.6

a With 1 wt % of initiator.

TABLE III
Melting (Tm), Crystallization Temperatures (Tc), and
Crystallinity (Xc) of GMA-Grafted Polypropylene

GMA grafted (wt %) Tm (8C) Tc (8C) Xc (%)

0 160.7 113.6 50
0.6 157.9 116.6 63
0.9 162.2 117.2 71
1.4 162.0 119.4 62
1.9 160.5 118.5 48
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Atomistic simulation

To reaffirm the changes in the bulk properties of PP-
g-GMA and also to perceive the effect of high wt %
of GMA grafted, we turned to computational meth-
ods. The modified PP chains were constructed based
on the results observed by O’Rourke-Muisener
et al.32 They have concluded that the best architec-
ture for the polymer having a polar functional group
is when this group is placed at the center of the
chain backbone. With this in mind, it is expected
that the results from the computation will be slightly
different from the experimental results because graft-
ing occurred at random locations of the chain in
addition to the slight variations in the structure of
functional group. However, the phenomena
observed experimentally should be also discerned
computationally.

We began our analysis with the calculation of SE
of the functionalized PP by using eq. (1) and com-
parisons with the results obtained experimentally.
The data are presented in Figure 2. As can be seen
from this figure, the values of SE obtained via MD
simulation were quite close to experimental values.
A small decrease in the SE values was observed at
the GMA concentration of 1.7 wt %, which is a bit
higher than one observed during the experiments.
The values of SE at lower concentrations of the
GMA (lesser than 1.3 wt %) were not possible to
obtain as the cell sizes were relatively large to con-
struct ‘‘thin films’’ and the correlation 1 was not ap-
plicable. However, MD simulations allowed us to
project the SE values up to 4.4 wt % and higher. The
MD simulation results show that the major changes
in SE occurred up to GMA concentration of 3 wt %.

To determine if the changes in the SE values can
be associated with the location of the functionalized
group (epoxy), an analysis of the density profiles of
the films along z direction was conducted. Equation

(2) was employed to obtain the position of interface
and its thickness:33

qðzÞ ¼ 1

2
qbulkðzÞ 1� tan h

2ðz� hÞ
w

� �� �
(2)

where q(z) is the density at position z, qbulk(z) is the
bulk density, h is the position from the interface, and
w is interfacial width.

Since the size of the cells was different, the ratio
of distance of epoxy group from center of mass
(c.m.) to the distance from the c.m. to the surface
was calculated by:

RðzÞ ¼ lðzÞ
hþ w

(3)

where l is the distance of epoxy group from c.m.
along z direction. The results of the calculation are
shown in Figure 3. This figure exhibits that the polar
groups depleted from the surface. With an increase
in its concentration, the high energy group drives
away from the surface. At the concentration of
1.7 wt %, the location of the epoxy group was near
at the center of mass. At this point, the SE was also
observed to be the lowest. At 2.2 wt %, the epoxy
group was found to be closer to the surface again.
Perhaps it can be attributed to the rearrangement of
this group to minimize its energy within PP due to
its immiscibility with the rest polymer matrix, as it
was observed during the experiments.

CONCLUSIONS

The influence of the concentration of GMA mole-
cules on the properties of PP polymer was investi-
gated in this work. Experimental results indicated an

Figure 2 The values of SE of modified PP. Comparison of
the data obtained from the experiments and molecular dy-
namics simulations.

Figure 3 Location of the functional group (epoxy) from
the center of mass (c.m.): effect of the GMA concentration.
The data represented are the average of five cells.
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initial decrease in SE. Thermal analysis showed that
at low concentrations of GMA in the PP matrix melt-
ing temperature (Tm) was lower than that of
unmodified PP. At a GMA concentration of about
0.9 wt % and higher, heterogeneous nucleation was
observed as indicated by the values of Tm. MD simu-
lation confirmed our experimental observations. The
variation in SE could be attributed to the location of
the functional group. The epoxy group was observed
to be closer to the surface at lower concentrations of
functional group, which suggests that further modifi-
cations of polymer/fibers could be more effective at
the these concentrations.

References

1. Maier, C.; Calafut. T. Polypropylene—The Definitive User’s
Guide and Databook; William Andrew Publishing/Plastics
Design Library: New York, 1998; Chapter 11.

2. Chinsirikul, W.; Chung, T. C.; Harrison, I. R. J Thermoplast
Compos Mater 1993, 6, 18.

3. Tu, X.; Young, R. A.; Denes, F. Cellulose 1994, 1, 87.
4. Choi, Y.-H.; Kim, J.-H.; Paek, K.-H.; Ju, W.-T.; Hwang, Y. S.

Surf Coat Technol 2005, 193, 319.
5. Shrojal, M. D.; Singh, R. P. Adv Polym Sci 2004, 169, 231.
6. Chang, F.-C.; Hwu, Y.-C. Polym Eng Sci 1991, 31, 1509.
7. Ide, F.; Hasegawa, A. J Appl Polym Sci 1974, 18, 963.
8. Park, S. J.; Kim, B. K.; Jeong, H. M. Eur Polym Mater 1990, 26,

131.
9. Bataille, P.; Boisse, S.; Schreiber, H. P. Polym Eng Sci 1987, 27,

622.
10. Xanthos, M.; Young, M. W.; Biesenberger, J. A. Polym Eng Sci

1990, 30, 355.

11. Cartier, H.; Hu, G.-H. J Mater Sci 2000, 35, 1985.
12. Yin, Z.; Zhang, X.; Zhang, Y.; Yin, J. J Appl Polym Sci 1997, 63,

1857.
13. Chiang, C.-R.; Chang, F.-C. J Appl Polym Sci 1996, 61, 2411.
14. Zhang, X.; Li, X. L.; Wang, D.; Yin, Z.; Yin, J. J Appl Polym Sci

1997, 64, 1489.
15. Xie, X.-M.; Chen, N.-H.; Guo, B.-H.; Li, S. Polym Int 2000, 49,

1677.
16. Sun, Y.-J.; Hu, G.-H.; Lambla, M. Die Angewandte Makromol

Chem 1995, 229, 1.
17. Natarajan, U.; Tanaka, G.; Mattice, W. L. J Comput Aid Mater

Des 1997, 4, 193.
18. Misra, S. M.; Flemming, P. D., III; Mattice, W. L. J Comput

Aid Mater Des 1995, 2, 101.
19. Clancy, T. C.; Mattice, W. L. Comput Theor Polym Sci 1999, 9,

261.
20. Moolman, F. S.; Meunier, M.; Labuschagne, P. W.; Truter,

P.–A. Polymer 2005, 46, 6192.
21. Theodorou, D. N.; Suter, U. W. Macromol 1986, 19, 139.
22. Prathab, B.; Subramanian, V.; Aminabhavi, T. M. Polymer

2007, 48, 417.
23. Deng, M.; Tan, V. B. C.; Tay, T. E. Polymer 2004, 45, 6399.
24. Olgun, U.; Kalyon, D. M. Polymer 2005, 46, 9423.
25. Wu, S. Polymer Interface and Adhesion; Marcel Dekker: New

York, 1982.
26. Cerius2. MS Modeling; Accelrys: San Diego, CA, 2005.
27. Sun, H. J Phys Chem B 1998, 102, 7338.
28. Cerius2. User Manual, MS Modeling; Accelrys: San Diego, CA,

2005.
29. Krump, H.; Luyt, A. S.; Molefi, J. A. Mater Lett 2005, 59, 517.
30. Liang, S.; Deng, J.; Liu, L.; Yang, W. Adv Mater Res 2006, 11/

12, 733.
31. Pesetskii, S. S.; Makarenko, O. A. Russ J Appl Chem 2002, 75,

629.
32. O’Rourke-Muisener, P. A. V.; Koberstein, J. T.; Kumar, S. Mac-

romolecules 2003, 36, 771.
33. Ayyagari, C.; Bedrov, D.; Smith, G. D. Polymer 2004, 45, 4549.

SURFACE AND BULK PROPERTIES OF GMA MODIFIED PP 2987

Journal of Applied Polymer Science DOI 10.1002/app


