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ABSTRACT: Grafting of vinyl monomers onto isotactic
polypropylene (iPP) in the solid state, that is, below the
melting point, displays several advantages over melt or
solution grafting processes, such as negligible degradation
of the iPP and absence of any solvent. The final properties of
such iPP modifications or actually compatibilized PP blends
are dependent on the dispersion of the new polymer into the
iPP matrix, which is controlled to a large extent by the
degree of grafting versus the amount of free homopolymer
formed. In the present work, the solid-state modification of
iPP by styrene has been investigated from the point of view
of the monomer polymerization behavior. In order to deter-
mine the styrene conversion and the distribution of the
newly formed PS phase along the radius of the iPP powder

particles, the reaction products were characterized by infra-
red (FTIR) and Raman spectroscopy. Fractionation of the
reaction products via selective solvent extraction allowed
the determination of the grafting efficiency (�). It was
shown that besides the grafted PS two additional types of PS
are formed, that is, free PS homopolymer in the pores of the
PP powder and free PS in the amorphous PP phase. Phi
shows an optimum as a function of the feed peroxide com-
position and the feeding rate. © 2003 Wiley Periodicals, Inc.
J Appl Polym Sci 89: 3279–3291, 2003

Key words: polyolefins; graft copolymers; solid-state poly-
merization; radical polymerization

INTRODUCTION

Grafting reactions carried out onto a solid polymer
substrate have been widely studied because of the
inherent simplicity of the process itself as well as the
quite obvious technical and economic advantages in
carrying out the process at low temperatures without
using solvents.

One of the first studies1–3 on solid-state grafting of
styrene (St) onto PP involved the selective oxidation of
PP films by ozone in order to insert peroxide groups
along the backbone. The peroxidized PP was then
simply immersed in a water solution of the monomer
in the presence of a Fe2�-triethylenetetramine chelate
and an emulsifier. The presence of the Fe2�-chelate
was necessary to start the polymerization via a redox
reaction (decomposition of peroxide groups). The PP
must preventively be treated with iodine to remove
hydroperoxide groups formed during the oxidation
stage and not active in the graft polymerization of St.
It was found that the production of PS homopolymer
strongly depends on the amount of hydroperoxide

groups on the PP backbone probably because of the
initiation of St polymerization by hydroxyl radicals.

Although one of the main advantages of the solid-
state grafting is the absence of solvents, small quanti-
ties may be used as interfacial agents in order to
improve the grafting efficiency. For example, toluene
was used4–7 as interfacial agent in the solid-state graft
polymerization of maleic anhydride (MA) onto iPP.
For the first time, the polymer was used in the form of
reactor powder instead of film or fiber, which results
in an increase of the surface area accessible for graft-
ing. From the analysis of the reaction products by
means of wet chemical methods, 13C-NMR and FTIR,
it was possible to conclude that the grafting mecha-
nism in the solid state is essentially the same as in the
melt except for the �-elimination pathway, which is
strongly suppressed in the solid-state process because
of the lower temperature. In this way, degradation of
the polymer is prevented and deterioration of the
mechanical properties is avoided.

A detailed study on the solid-state radical grafting
of MA onto iPP was carried out by Borsig et al.,8,9 who
impregnated iPP powder with a solution of the radical
initiator in the monomer and then raised the temper-
ature to start the reaction. Such a procedure allowed
monomer conversions similar to those obtained in the
melt. In addition, from a study on the dependence of
the degree of grafting on the monomer (MA) concen-
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tration in a wide range of compositions, the authors
concluded that the grafting yield can be controlled by
the monomer amount in the feed.

Modification of iPP in the solid state is the basis of
an industrial process developed by Montell in the
early 1990s resulting in the commercialization of the
so-called Hivalloy products.10–19 The process17 con-
sists of contacting porous PP polymer particles with a
free-radical initiator and a vinyl monomer at temper-
atures in the range of 60–125°C, while controlling the
monomer addition rate in the range of 0.1–4.5 pph/
min. The reaction is carried out in a batchlike reactor
and in a nonoxidizing environment in order to avoid
polymer degradation. The process is carried out with
vinyl monomers, which are able to give homopoly-
merization, leading to the formation of both free and
grafted polymer chains. As a result, a new polymeric
phase is formed upon polymerization: the final prop-
erties of the obtained product are dependent on the
chemical nature of this new phase and on its disper-
sion into the PP matrix. The modified iPP powder is
subsequently melt processed (with addition of stabi-
lizers, rubber, and/or inorganic fillers) to yield the
final product.

The fundamental concepts of the solid-state grafting
onto PP have been studied by Rätzsch et al.20,21 Under
the conditions of solid-state processing (T � 100°C),
the �-scission reaction of iPP can be neglected, which
is not the case for the melt processes usually carried
out at approximately 200°C. In addition, the use of
porous iPP allows transport of the monomer and ini-
tiator directly to the reaction site. This condition can
be fulfilled as a result of the particular polymerization
technology of propylene, which leads to the formation
of multigrain structures with the diffusion of the
monomer/initiator mixture being limited to the amor-
phous phase of iPP. In terms of the multigrain model, the
authors were able to distinguish the transport process of
the components in the following steps: diffusion in the
pores of the PP grain, mass transfer from the gas phase
to the surface of the microparticle, adsorption in the
amorphous phase, and diffusion in the amorphous
phase of the microparticle. By assuming that the PP
grain is homogeneous, it is possible to study the diffu-
sion of several components into the PP grain and to
determine the value of effective diffusion constants.

These concepts have been used to develop an indus-
trial process for the production of grafted iPP materi-
als,22–26 containing approximately 20 wt % of PS with
an average grafting efficiency of 50%, that is, half of
the PS chains are grafted onto PP. The process can
simply be carried out in a batch mixer as well as in a
fluidized bed reactor. The working temperature can be
selected on the basis of diffusion studies of the com-
ponents into the PP grains. Recently,27 the possibility
of a chemical control of the grafting efficiency, that is,
the ratio between grafted and homopolymerized
chains, at least in the case of the St grafting onto iPP,

was reported. With the aim of reducing the overall
amount of free-polystyrene, complexes of metals of
the V–VIII groups with acetylacetonate (acac) were
successfully added to the reaction mixture (mono-
mer/radical initiator). Although the mechanism by
which these compounds act has not been fully eluci-
dated, it is possible to mention that in particular Mn(a-
cac)3, Cr(acac)3, and Fe(acac)3 were highly effective in
suppressing the formation of PS homopolymer.

In this work the modification of iPP by St has been
studied, aiming at the determination of the grafting
efficiency as a function of the feed composition and
the feeding rate, that is, the rate at which the mono-
mer/initiator mixture is added to the solid iPP. In
addition, a detailed spectroscopic characterization has
been performed on the modified iPP powder particles
in order to determine the distribution of the PS phase
along the radius of the iPP particle.

EXPERIMENTAL

Materials

iPP was supplied by DSM Research (Yeleen, The
Netherlands) in the form of a white powder (particle
diameter of approximately 0.3 mm). It displayed a
crystallinity of about 51 wt % at 90°C (reaction tem-
perature), as determined by DSC.

St (Aldrich) containing 10–15 ppm of a radical inhib-
itor (4-tert-butylcatechol) was used without further puri-
fication. Chlorobenzene (Merck), n-octane (Aldrich),
and dichloromethane (CH2Cl2; Merck) were used with-
out further purification. The free radical initiator, 2,2�-
azobis(2-methylpropionitrile) (AIBN) (Merck), was used
as received.

Grafting reactions

The grafting reactions were carried out in a typical
solid-state,17,28 double-skinned reactor preheated to
90°C, equipped with a condenser and a mechanical
stirrer. The stirrer consists of a steel rod having at one
edge a Teflon anchor perfectly fitting into the cylin-
drical shape of the reactor and, consequently, being
able to remove scraps, whenever formed, from the
reactor wall. The reactor was also connected to a ni-
trogen inlet and a peristaltic pump by which the re-
active mixture (St/AIBN) was pumped into the reac-
tor at the desired rate. The feeding rate was calculated
from the density of the reactive mixture, assumed to
be approximately equal to the density of pure St, and
the addition time. The flow rate is expressed, follow-
ing the convention in the literature,17 as pph/min: part
per hundred of reactive mixture, with respect to the
amount of iPP, per minute. In a graft polymerization
experiment, the solid powder was introduced into the
reactor and then stirred under a dry nitrogen flow
(approximately 1 bar pressure) for 10 min in order to
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remove any trace of oxygen. The temperature/time
profile for a typical experiment is shown in Scheme 1.
The addition of the St/AIBN mixture was started at
the desired rate at 90°C for a total time (t1) dependent
on the final feed composition, that is, on the total
volume of reactive mixture. The reaction was then
continued for a fixed time of 40 min, corresponding to
four times the half-life time of AIBN at 90°C. At this
point (t2) the temperature was raised to 110°C in ap-
proximately 5 min and maintained at this level for a

total time of 10 min in order to decompose unreacted
initiator molecules and to terminate the polymeriza-
tion. The reaction was then stopped, and the product
was immediately recovered from the reactor and
stored at �4°C before further analysis.

Kinetic experiments

Kinetic experiments, aimed at the determination of the
St conversion as a function of the reaction time, were
performed according to the above-mentioned scheme
except for the fact that samples of approximately 100
mg were taken from the reactor every 5 min and
immediately quenched in liquid nitrogen.

Characterization techniques

Infrared spectroscopy

Samples for FTIR analysis were prepared by dissolv-
ing a small amount of the material in chlorobenzene
followed by casting on dry KBr pellets. After fast
evaporation of the solvent, the spectra were recorded
on a Mattson FTIR instrument. The calibration curve
for quantitative analysis, as depicted in Figure 1, was
determined by recording spectra of iPP/PS blends
prepared by simple dissolution of iPP and PS pellets
in prefixed amounts in toluene. The experimental
points were then fitted by a nonlinear method with an
allometric-type function:

y � a � xb (1)

Figure 1 FTIR calibration curve for iPP/PS mixtures (fit results are given in the figure insert). A1 � area of the peak at 700
cm�1; A2 � area of the peak at 1370 cm�1.

Scheme 1 Experimental temperature/time profile for a
typical solid-state grafting experiment. t03 t1 : addition step
(dependent on addition rate). t13 t2 : reaction step (40 min,
i.e., four times the half-life time of AIBN at 90°C). t2 3 t3 :
annealing step (15 min).
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where a and b are parameters to be determined by the
fitting procedure, y is the weight percentage of PS in the
sample, and x is the ratio between the peak area of the
absorptions at 700 cm�1 (out-of-plane bending mode of
the aromatic COH) and 1370 cm�1 (bending mode ali-
phatic COH). The fitting procedure was performed us-
ing the Origin 6.0 software of Microcal Origin ®.

The total PS content in the final product, as deter-
mined by FTIR, allows the calculation of the St con-
version according to

St conversion (%)

�
amount of PS in the reaction product�g�

amount of St in the starting mixture�g�
� 100

(2)

Raman spectroscopy

Samples for Raman spectroscopy were prepared by
embedding PP-modified powder particles in a com-
mercial epoxy formulation, which was subsequently
cured at room temperature. Cross-sections of single
particles were obtained by cutting the embedded par-
ticles using a microtome and were analyzed by Raman

spectroscopy using a Dilor Labram dispersive Raman
spectrometer. The incident laser excitation line was
532 nm from a Nd:YAG laser source. A 10X magnifi-
cation objective was combined with a confocal hole
diameter of 1000 �m. This corresponds to a sample
area close to 20 �m in diameter within a penetration
depth of approximately 20 �m. The slit entrance of the
detector was set to 300 cm�1, which resulted in a
spectral resolution of approximately 3 cm�1 using a
grating with 1800 lines/mm. The spectra were ob-
tained at two grating positions, one centered around
1200 cm�1 and one centered around 3000 cm�1 and
were collected with accumulation times of 30 s.

Selective solvent extractions

The separation procedure consisted of two steps
(Scheme 2):

1. Extraction with CH2Cl2: approximately 0.8 g of
the reaction product, still in a powder form, was
extracted in a Soxtech apparatus for 4 h at the
solvent boiling temperature (40°C). Both the res-
idue and the extracted fraction were then dried in
a vacuum oven at 40°C to constant weight.

Scheme 2 Fractionation procedure: expected results.
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2. Extraction in n-octane: the dried residues from
the CH2Cl2 extractions were directly extracted by
n-octane vapors (boiling temperature of approx-
imately 127°C) for 10 h using a Soxtech appara-
tus. Both the residue and extracted fraction were
dried in a vacuum oven at 40°C to constant
weight.

The selectivity of the separation procedure was
checked both quantitatively (mass balance) and qual-
itatively (FTIR) on solution-cast and melt-processed
(miniextruder; 200°C) iPP/PS blends. The mass bal-
ance is used to evaluate the grafting efficiency (�),
which is defined as follows:

� �
amount of grafted PS�g�

amount of total formed PS�g�
� 100 (3)

In order to get an estimate of the efficiency of the
separation procedure, a mass balance is used to calcu-
late the extraction efficiency (	), defined as

	 � 	CH2Cl2 
 	n�oct (4)

where 	x, that is, the extraction efficiency for solvent x,
is defined as

	x �

amount of extracted fraction�g�
� amount of residue�g�

total amount of material before extraction in x�g�

(5)

Solid-state NMR

Proton-decoupled 13C-NMR spectra were recorded on
a Bruker DMX500 spectrometer operating at 1H- and
13C-NMR frequencies of 500 and 125 MHz, respec-
tively. A 4 mm magic-angle-spinning (MAS) probe-
head was used with typical sample-rotation rates of 8
kHz. The radio-frequency power was adjusted to ob-
tain 5 �s 90° pulses both for 1H and 13C nuclei. Ada-
mantane was used for external calibration of the 13C
chemical shift. Proton spin-lattice relaxation in the
laboratory and in the rotating frame, T1{H} and T1�{H},
were measured for each of the polymer components
separately via cross-polarization to the 13C nuclei. The
typical number of scans (NS) was 256, relaxation de-
lays (D1) 5 s, and the number of experiments per
relaxation data set (NE) 12.

Surface area measurements

Surface area measurements were performed by using
an “indirect” BET method29 consisting of the adsorp-
tion of krypton at 77 K. The apparatus used was an
ASAP2000 from the Micromeritics Company (USA).

RESULTS AND DISCUSSION

To study the graft polymerization of St onto iPP, first
a series of experiments was carried out by changing
the feed composition, that is, by changing the ratio of
the three starting components: iPP, St, and AIBN. In
Table I all the experimental recipes are reported, to-

TABLE I
Graft Polymerization of Styrene onto iPP

Run

Experimentala

PS (wt %)
� errorb

iPP
wt %

Sty
wt %

AIBN
wt % St

radd
pph/min

iPP13c 80 20 1.0 1.0 0.0
iPP16 70 30 0.0 1.0 0.0
iPP7 80 20 1.0 0.5 3.4 � 2.7
iPP21 80 20 1.0 0.8 7.7 � 2.5
iPP1, iPP14, iPP20 80 20 1.0 1.0 18.3 � 1.2
iPP8 80 20 1.0 1.5 18.4 � 1.5
iPP22 80 20 1.0 1.7 19.3 � 2.1
iPP4, iPP15 80 20 1.0 2.0 14.6 � 1.4
iPP24 80 20 1.0 2.5 14.2 � 1.9
iPP9 70 30 0.5 1.0 15.7 � 2.2
iPP12 70 30 0.8 1.0 13.6 � 1.7
iPP2, iPP17, iPP23 70 30 1.0 1.0 28.4 � 0.6
iPP11 70 30 1.2 1.0 28.9 � 2.4
iPP18 70 30 1.3 1.0 23.0 � 1.5
iPP10 70 30 1.5 1.0 23.8 � 2.4
iPP19 70 30 2.0 1.0 25.7 � 2.1
iPP27 70 30 3.0 1.0 23.1 � 2.3

a The feed composition is expressed in wt % for iPP and styrene; the percentage of AIBN (wt %) is expressed relative to the
styrene amount.

b 95% confidence limit.
c Carried out in air.
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gether with the employed rate of addition and the
total PS content as determined by FTIR and calculated
by using the calibration curve in Figure 1.

In order to study the homogeneity of the prepared
samples at a microscopic level, the error of the deter-
mination of the PS content by FTIR was determined by
recording several spectra of the same sample (iPP12).
The recorded spectra allowed the calculation of the
A1/A2 ratio and, consequently, the total PS content for
every single FTIR spectrum. The average PS content
for iPP12 was 13.6 � 0.4 wt %, where the standard
deviation (SD) from the mean value was assumed to
be the absolute error. Assuming a confidence limit of
5%, it is possible to estimate30,31 the error of the FTIR
measurements (eFTIR) according to

eFTIR � SD � f5% � 0.4 � 2.1 � 0.9 (6)

where f5% is the theoretical coefficient for 95% confi-
dence limit with 17 degrees of freedom (18 spectra
recorded for iPP12).30,31 The error of the average PS
content (last column of Table I), determined according
to the 95% confidence limit, is in any case significantly
higher than the errors of the FTIR measurements, with
the exception of the repeated runs iPP2, iPP17, and
iPP23. This indicates that the samples are microscop-
ically heterogeneous.

The reproducibility of the experiments was studied
according to the theory of the t test.30,31 Two couples
of repeated experiments, iPP20/iPP14 and iPP4/
iPP15, were carried out and the average PS content for
each one of them was determined by recording several
FTIR spectra. For each couple, the experimental vari-
ance (s2) and the t value were then determined (Table
II). For both couples, the experimental t values are
lower than the theoretical t values for a confidence
limit of 95% with eight degrees of freedom (which
corresponds, in our case, to the determination of the
PS content on nine different FTIR determinations). As
a consequence, upon carrying out two equivalent ex-
periments, the same results, in terms of total PS con-
tent, will be obtained (within the specified error limit)
in 95% of all cases.

The first two reference experiments, iPP13 and
iPP16, did not display the presence of any PS, clearly
indicating that no polymerization took place in air
(iPP13) or in the absence of the radical initiator
(iPP16). The last result is particularly interesting when
compared to some data in the literature,32,33 which

show the possibility of thermal St polymerization, in
the absence of radical initiators at 90°C, both in bulk
and in the presence of atactic polypropylene (aPP)
under quiescent conditions. The opposite behavior ob-
served when St is slowly added to iPP clearly shows
the importance of diffusion in this kind of process. The
thermal polymerization of St is initiated by a bimolec-
ular reaction,33 which represents the limiting step of
the polymerization kinetics. It is reasonable to assume
that in our case the fast diffusion of St during the
addition step results in a low local monomer concen-
tration, which prohibits the bimolecular initiation
step.

On the other hand, the polymerization reaction may
be influenced not only by the change in the feed
composition, but also by the rate of addition of the
St/AIBN mixture to iPP. In fact, the total PS content as
a function of the addition rate (radd) at a fixed feed
composition (Fig. 2) shows a steep increase at radd � 1
pph iPP/min. This increase may be explained by tak-
ing into consideration that at low radd values the rel-
ative fast diffusion of the St/AIBN mixture is not
balanced by the feeding rate (as suggested by the
blank experiment iPP16), so that the local monomer
concentration, and thus the polymerization rate, is
very low. It was not possible to determine whether the
observed curve really displays a broad maximum or
generally tends to an asymptotic value very close to
100% conversion at high values of radd. This difficulty
is not only connected to the experimental error in the
PS determination, but also to nonhomogeneous con-
ditions at high radd values. Formation of PP powder
lumps and scraps on the reactor wall was observed for
high radd values and even complete reactor fouling
was noticed for very high values.

The plot of the total PS content as a function of the
AIBN concentration (Fig. 3) at a fixed iPP/St ratio
70/30 wt/wt displays some important features: a
maximum in conversion is observed at around 1 wt %

Figure 2 Total PS content as a function of addition rate
(radd). iPP/St (80/20 wt/wt), AIBN 1 wt % St.

TABLE II
Reproducibility of the Polymerization Experiments

Couple of repeated
experiments

Experimental
t values

Theoretical
t value

iPP20/iPP14 0.72 2.31
iPP4/iPP15 0.78 2.31

a Values were determined using t test.
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of AIBN with respect to the St content, after which the
conversion slowly decreases; 100% conversion is not
reached, in contrast to some model systems,32 for
which, under quiescent conditions, a nearly quantita-
tive formation of PS was observed.

The different behavior of the St polymerization un-
der quiescent and stirred conditions, especially for
low AIBN contents, may be related, once more, to the
peculiar characteristics of the slow addition rate of the
monomer/AIBN mixture to the iPP. This seems, like
in the case of the blank run iPP16, to limit the poly-
merization itself. On the other hand, the small de-
crease of the PS content at high AIBN values repre-
sents a marked difference with the bulk polymeriza-
tion of St initiated by AIBN, for which this decrease
takes place at a much higher rate.34 One possible
explanation for this difference may be the presence of

Figure 3 Total PS content as function of AIBN concentra-
tion in feed. iPP/St 70/30 wt/wt, radd � 1 pph/min iPP.

Scheme 3 Polymerization mechanism.
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iPP. At high AIBN contents, the primary radicals may
easily transfer through hydrogen abstraction from iPP
(Scheme 3), instead of adding St molecules and thus
initiating the polymerization. In the absence of chain
termination by transfer, as in the case of radical–bulk
polymerization of St,35 high values of the grafting
efficiency should be measured at high AIBN contents.

In order to get some insight into the polymerization
kinetics, the iPP2 experiment was repeated and at
fixed times samples were removed from the reactor.
The stirrer speed value, with the motor working at
fixed power, gives an indirect and rather rough esti-
mation of the system “viscosity”. Figure 4 shows that
the stirrer speed changes significantly during the po-
lymerization.There is in fact an initial decrease (corre-
sponding to a viscosity increase) during the addition
time followed by an increase (corresponding to a vis-
cosity decrease) during the reaction time. Finally, the
speed decreases again (increase in viscosity) during
the annealing step at 110°C. For each time the PS
conversion is normalized to the amount of St added
up to that point. It increases almost monotonously
from about 70 to 90%. During the addition time new
liquid St is added to the iPP powder. The sharp in-
crease of the viscosity may in this case be related to the
agglomeration/interaction of powder particles by the
liquid monomer adsorbed on the surface. During the
reaction step the viscosity decreases due to the con-
version of St monomer into PS. Finally, in the anneal-
ing step there is again a viscosity increase due to the
fact that PS polymerized at the surface of the iPP
powder softens, because the temperature is above the

glass transition of PS, resulting again in some particle
aggregation.

The distribution of the formed PS in the iPP powder
particles was investigated by Raman spectroscopy. It
was indeed possible to obtain cross-sections of single
particles (Fig. 5) and to record Raman spectra along
the radius from the particle center to the surface. The
ratio of the peak intensities at 1600 and 1260 cm�1,
characteristic of the PS and PP phases, respectively (I,
intensity ratio), has been taken as a measure for the
PS/PP composition ratio in every position. The result-
ing profile for iPP2 as a function of the distance from

Figure 4 Rotor speed and styrene conversion as a function of time (data for iPP2). St conversion is calculated for every given
time on the basis of the PS content and the St cumulative amount at that specific time.

Figure 5 Cross-section optical image of iPP2 particle.
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the particle center, given in Figure 6, clearly shows a
homogeneous distribution of PS inside the particle,
but a sharp increase of the PS content on approaching
the particle edge. There is a kind of PS shell formed on
the surface of the iPP particles upon polymerization in
agreement with the increased viscosity in the anneal-
ing step.

A fractionation procedure (Scheme 2) was devel-
oped with the aim of separating the three polymeric
species that in principle are present in the reaction
products: iPP, PS, and iPP-g-PS. The procedure was
first evaluated by iPP/PS blends obtained by physical
mixing of the two polymer powders and by melt
mixing in a miniextruder at 200°C (Table III). It can be
concluded that the fractionation is almost quantitative
and that no final residue is collected for these blends
in which no graft copolymer is present. The FTIR
characterization of the different fractions is also in
agreement with the expected chemical composition
(Scheme 2). The fractionation procedure was validated
for the samples containing graft copolymer, because
the latter may influence the solubility of the corre-
sponding homopolymers.36,37 The corresponding pro-
cedure has been applied to some of the prepared
blends by varying the time of extraction (Table IV). It
is noted that the percentage of the CH2Cl2 extracted

fraction does not change significantly with time, indi-
cating that all the free PS soluble in CH2Cl2 has been
already extracted after 4 h. The amount of the residue
of the n-octane extraction does not change signifi-
cantly with time either, indicating that this fraction-
ation step is also quantitative.

The above observations seem to indicate the validity
of the fractionation procedure also in the case of the
solid-state iPP/PS polymerized blends. However, the
results of the FTIR characterization of the correspond-
ing fractions were very surprising. As expected, the
CH2Cl2 extracts display FTIR spectra typical of a PS.
However, the residue of the n-octane extraction,
which was expected to correspond to the graft copol-
ymer, yielded spectra typical again of a pure PS. This
indicates that the interpretation of the fractionation
scheme has to be modified (Scheme 4) for the iPP/PS
blends prepared by solid-state modification because
the presence of two different kinds of PS homopoly-
mer, of which only one (PS1 in the scheme) is directly
extractable in CH2Cl2, has to be taken into account. At
this point, the question arises whether the graft copol-
ymer, which was not isolated from the corresponding
homopolymers, is actually formed during the poly-
merization. In this respect, it is observed that for all
the synthesized iPP/PS blends (Table V) the total
amount of extracted PS, that is, PS1 plus PS2, is always
lower than or at best equal to the total PS amount
determined by FTIR. This implies that in the n-octane
soluble fractions some PS is present, which was con-
firmed by FTIR, and it is concluded that the PP-g-PS is
soluble in n-octane. The overall extraction behavior
can be explained by taking into account the formation
of three different kinds of PS chains, which are located
at the surface of the PP particles (PSs), in the pores
(PSp), and in the amorphous (PSa) iPP phase (Scheme
5). It is noted that, from a macroscopic point of view,
PSs can actually correspond to two different kinds of
PS: PS on the surface of the macroparticle (which
constitutes the shell detected by the Raman analysis)
and PS in the large pores between the microparticles.
In the course of the first extraction with CH2Cl2, only
PSs is extracted (corresponding to PS1 in Scheme 4).
PSp cannot be extracted, due to the hindered accessi-
bility of the solvent into the pores, and it remains as
octane-“insoluble” (PS2 in Scheme 4). In our hypoth-

Figure 6 Raman profile of an iPP2 particle.

TABLE III
Fractionation Results for Reference Blends Prepared by Powder Mixing (p) and Melt Processing (m)

Blend
Extr.CH2Cl2

(wt %)a
Extr. n-octane

(wt %)a
Res. n-octane

(wt %)a 	 (%)b

iPP/PS 80/20 (p) 19.6 80.4 0.0 97
iPP/PS 70/30 (p) 28.4 71.6 0.0 96
iPP/PS 80/20 (m) 20.3 79.7 0.0 98
iPP/PS 70/30 (m) 29.2 70.8 0.0 99

a Percentages were renormalized to 100% after extraction.
b Extraction efficiency calculated according to eqs. (4) and (5).
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esis the PSs, which constitutes the free PS in the large
pores between the microparticles, is also extracted
with CH2Cl2. PSa, which is intimately mixed with the
iPP, is extracted in n-octane and it is most probably
constituted by grafted chains.21,38

This explanation is supported by some additional
observations. First, reversing the order of the extrac-
tions, that is, first extracting with n-octane and then

Scheme 4 Fractionation procedure: real results.

TABLE IV
Fractionation Results for Solid-State Polymerized iPP/PS

Blends as a Function of the Extraction Time

Blend
Time

(h)
PS

(wt %)a
Extr. CH2Cl2

(wt %)b
Res. n-octane

(wt %)c

iPP20
4 0.6
5 7.7 0.4

10 0.4

iPP21
4 0.6
5 18.3 0.4

10 0.5

iPP19
8 2.1

12 25.7 1.9
16 2.4

a Determined by FTIR.
b Corresponding to the first extraction of the modified

powder by CH2Cl2.
c Corresponding to the extraction of the CH2Cl2 residue

by n-octane.

TABLE V
Fractionation Results

Run PS (wt %)

Fractionation Results

PS1 PS2 PP/PP-g-PS � (%)a 	 (%)a

iPP13 0.0 0.0 0.0 100.0 0 98
iPP16 0.0 0.0 0.0 100.0 0 99
iPP7 3.4 1.2 0.5 98.3 50 95
iPP21 7.7 0.4 0.0 99.6 93 97
iPP1 18.3 1.0 0.0 99.0 94 98
iPP8 18.4 0.8 0.0 99.2 96 96
iPP22 19.3 1.8 1.5 96.7 83 93
iPP4 14.6 2.0 3.0 95.0 66 98
iPP24 14.2 1.5 3.9 94.6 62 96
iPP9 15.7 1.2 3.0 95.8 73 98
iPP12 13.6 2.6 5.3 93.1 42 97
iPP2 28.4 7.8 12.1 80.1 30 97
iPP11 28.9 6.9 10.6 82.5 39 94
iPP18 23.0 7.1 2.9 90.0 56 98
iPP10 23.8 5.2 1.6 93.2 71 98
iPP19 25.7 5.3 2.1 92.6 71 97

a Grafting and extraction efficiencies calculated according
to eqs. (3)–(5).
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the corresponding residue with CH2Cl2, yields one
soluble PS phase. The amount of this PS extract is
equal, within the experimental error, to the combined
PS1 and PS2 amounts in the direct scheme. Secondly,
Raman spectra recorded along the particle radius after
extraction by CH2Cl2 (Fig. 7) do not show any excess
of PS at the particle surface in contrast to the original
sample particle. Finally, surface area (SBET) measure-
ments (Table VI) indicate a net reduction of the overall
surface area in the polymerized iPP2 experiment (from
0.068 to 0.017 m2/g). This can be explained by the
hindered accessibility of krypton probe in the particle
by the PSs shell. On the other hand, upon extraction

by CH2Cl2, SBET increases again to a value close to that
of pure iPP (0.055 m2/g), strongly suggesting that this
extraction is able to selectively remove PSs.

In order to get more insight into the PS distribution
in the modified iPP particles, solid-state spin diffusion
NMR experiments have been performed on the iPP2
sample before and after extraction by CH2Cl2. The
proton relaxation time values (Table VII) both in the
laboratory (T1) and in the rotating frame (T1�)39,40

display some interesting characteristics. The T1 and
T1� values for the PP and PS phase are significantly
different in the iPP2 particles before extraction, clearly
indicating that the two components are phase-sepa-
rated and display very poor miscibility. In the ex-
tracted samples the T1 values approach each other,
while the T1� remain unchanged. This indicates that
the two components are still phase-separated but
more intimately mixed than in the particles before
extraction.

These observations are in perfect agreement with
the PS distribution proposed in Scheme 5. Upon ex-
traction by CH2Cl2 the free PS on the particle surface
is removed, leaving some free PS in the pores (not
intimately mixed with iPP) and the PS in the amor-
phous phase of iPP (probably constituted of grafted
chains intimately mixed with iPP).

Figure 7 Raman spectra of iPP/PS particle after extraction
by CH2Cl2.

Scheme 5 Rationalization of the fractionation procedure.

TABLE VI
Surface Area Measurements

Sample SBET (m2/g)

iPP 0.068
iPP2 0.017
iPP2 (after CH2Cl2 extraction) 0.055
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Although the fractionation procedure does not al-
low a complete separation of the graft copolymer from
the corresponding homopolymers, it still allows the
calculation of the grafting efficiency (� in Table V)
according to the following equation:

� �
PStot (wt %) � PSextr (wt %)

PStot (wt %) 
 100

� �1 �
PSextr (wt %)
PStot (wt %) � 
 100 (7)

where PStot is the total PS content determined by FTIR
and PSextr the weight content of all “extractable”, be-
ing the sum of the CH2Cl2 soluble fraction and the
n-octane residue. Grafting efficiencies from 30% up to
90% are found. A simple error propagation
scheme,30,31 together with the estimation of the abso-
lute error on both PStot and PSextr, yields an average
absolute error on � of approximately 6%. The plot of
the grafting efficiency as a function of the AIBN con-
tent at fixed iPP/St ratio and feeding rate, as given in
Figure 8, displays a minimum at approximately 1 wt
% of AIBN with respect to the St amount. The plot of
the formed free PS1 and PS2 as a function of the AIBN
content (Fig. 9) shows in both cases a maximum
around 1 wt % of AIBN. According to the representa-
tion in Scheme 5 and the literature,41,42 the amount of
PS2, as compared to that of PS1, may be an indirect
measure of relative diffusion/polymerization rates. At

low AIBN content, the amount of PS2 is larger than
that of PS1, so the diffusion rate seems to prevail over
the polymerization rate. This results in high � values,
because the formation of the grafted chains is strictly
limited by the diffusion and absorption of the mono-
mer into the iPP amorphous phase.20,21,38 At high
AIBN contents the influence of diffusion seems to be
much less than in the previous case, because the
amount of PS2 is lower than that of PS1. However, the
number of primary radicals is so high that the chance
of hydrogen abstraction is much higher than that of
addition to St. Anyway, the observed behavior strik-
ingly confirms the hypothesis of high � values for
high AIBN contents formulated when discussing the
conversion dependence in Figure 3.

The plot of the grafting efficiency as a function of
the feeding rate (Fig. 10) displays a broad maximum at
around 0.8–1.5 pph/min. In this case the influence of

TABLE VII
Solid-State NMR Results: Relaxation Times

T1 (iPP)
(s)

T1 (PS)
(s)

T1� (PP)
(ms)

T1� (PS)
(ms)

PP 1.1
PS 3.5
iPP2 1.0 1.5 37 14
iPP2 (res. CH2Cl2) 0.9 1.1 32 15

Figure 8 Grafting efficiency (�) as a function of AIBN
concentration. iPP/St 70/30 wt/wt; radd � 1.0 pph/min iPP.

Figure 9 PS1 and PS2 amounts as a function of AIBN
concentration in feed.

Figure 10 Grafting efficiency (�) as a function of feeding
rate (radd). iPP/St 80/20 wt/wt; AIBN 1 wt % St.
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the diffusion/polymerization rates could not be in-
ferred by the relative amounts of formed PS1 and PS2,
because the measured values do not differ signifi-
cantly within the specified error limit (6%).

CONCLUSIONS

The chemical and morphological aspects of the solid-
state graft polymerization of St onto iPP have been
studied. Clear trends in the St conversion as a function
of the AIBN content and the feeding rate were ob-
served and tentatively explained on the basis of the
diffusion/polymerization rates balance. The St con-
version may reach completeness by optimizing the
experimental conditions.

A study on the distribution of the newly formed PS
in the iPP particles clearly showed the formation of PS
on the surface, in the pores, and in the amorphous
phase of the iPP microparticle. This distribution has a
pronounced and unusual influence on the selective
solvent extractions: two kinds of free PS were selec-
tively separated. The schematic model for the distri-
bution of the PS phase has been proposed and vali-
dated on the basis of the extraction behavior, Raman
analysis, and the surface area measurements. The ex-
tractions did not allow the neat separation of the graft
copolymer, but its presence could be indirectly calcu-
lated from the fractionation data and directly demon-
strated with solid-state NMR measurements. The
grafting efficiency shows a maximum as a function of
the feed composition, which is consistent with the
results of the St conversion and with the hypothesis
formulated on the polymerization/diffusion rates bal-
ance.

Although the experimental data were carefully re-
corded and the explanation of the experimental trends
is most probably accurate, a theoretical model for the
polymerization of St under these peculiar conditions is
needed in order to better understand and rationalize
the observed behavior. Moreover, the morphological
characterization of the reaction product and the sta-
bility of the morphology upon melt processing are
currently under investigation.
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