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Abstract

Nanostructured blends of poly(methylmethacrylate) and polyamide-6 (PMMA/PA6) were prepared by reactive blending. The grafting
reaction occurs between the amino end-group of PA6 and glutaric anhydride units randomly distributed along the backbone of PMMA. Short
PAG grafts were used to facilitate reaction at the interface. Very fine morphologies were obtained after blending. Annealing the blends above
the melting point of polyamide reveals that the amount of anhydride present on PMMA chains controls self assembly of the blends and
stability of the copolymer at the interface. In some cases, stable swollen lamellar assemblies were achieved. These materials exhibit

interesting properties such as transparency, creep resistance and solvent resistance.
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1. Introduction

Reactive blending is a well established route towards
new materials from existing polymers [1]. In principle, it is
possible to manufacture a large variety of materials starting
from components that bear mutually reactive groups.
During reactive blending, a copolymer is synthesized in
situ at the interface. Block or graft architectures are
obtained, depending on the location of the reactive groups
on the polymers. These copolymers help to prevent
coalescence and achieve homogeneous dispersion. Typi-
cally, a few weight percent of these copolymers is enough to
stabilize micron-size dispersion. Recently, it has been
shown that nanostructured blends can be obtained by a
careful choice of molecular parameters of the components
to enhance grafting at the interface [2-7]. However, some
questions arise: are there rules to get stable dispersions upon
annealing? What properties can be expected from self-
assembly? In this work, we investigate these points through
the study of PMMA/PAG reactive blends.

The rate of grafting depends on the nature of the reactive
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groups and on the creation of new interface during blending.
Some kinetic studies in the melt report that the order of
reactivity is the same as in solution, implying that the fastest
reaction is between anhydride and amine [8]. Note that this
result was obtained for maleic anhydride and aliphatic
amine. Other studies with the same model system report that
the reaction rate increases as molecular weight decreases [9]
and that the reaction depends on the location of reactive
groups [10]. An end functional group reacts faster with
another end-functional group than with a mid-functional
one.

If the reaction is fast enough, the interface becomes
quickly saturated with copolymer. Further grafting is mainly
controlled by the residence time of the copolymer at the
interface. Static annealing studies suggest that copolymers
can leave the interface spontaneously (without shear)
provided they are short enough [11-13]. This leads to
higher conversion, especially if the polymers are shorter or
close to their entanglement limit [4,12]. Pull-out, enhanced
by shear, also depends on the architecture of the copolymer,
linear copolymers being more easily expelled than grafted
ones [3].

Taking these parameters into account, complete conver-
sion of reactive units was achieved by Orr et al. on blends of
25,000 g/mol polymers of polystyrene and polyisoprene
end-capped with anhydride and amine functions, respect-
ively, [2]. Nearly pure multi-graft copolymer was further


http://www.elsevier.com/locate/polymer

M. Freluche et al. / Polymer 46 (2005) 6554-6562 6555

obtained by blending equal amount of poly(styrene-co-
maleic anhydride) (SMA) and short polyamide-12 (average-
number molecular weight from 1500 to 3000 g/mol) [5].
Increasing PA12 molecular weight to 15,000 g/mol dropped
the reaction yield to only 24 mol% of PA12 grafted chains.

Nanostructured blends present high interest and can
exhibit unique properties, including transparency. This
occurs when remaining homopolymers are well incorpor-
ated in the self-assembly of the copolymer. Swelling of
copolymer self-assemblies depends on the relative size of
homopolymers and copolymer blocks and on the spon-
taneous radius of curvature of the copolymer [14-17].
Transparent materials containing 50 wt% of graft copoly-
mer were obtained by Pernot et al. by blending a highly
polydisperse maleinated polyethylene and short mono-
aminated polyamide-6 [6]. The ratio of graft length to the
distance between reactive groups along polyethylene back-
bone was chosen such as to favor large radii of curvature
[18]. As a result, a bicontinuous structure was obtained.
Natural disorder brought by polydispersity of polymer
chains and randomness in grafts attachment enables local
fluctuations of interface curvature and may further help
swelling by homopolymers [6].

Here we propose to develop blends of PMMA and PAG6.
PMMA chains bear several intramolecular glutaric anhy-
dride groups which have been found to be very reactive
toward the amino end-group of PA6 [19]. We investigate the
morphology of these blends as a function of the amount of
reactive groups along the functionalized PMMA backbone.
All investigated functionalized PMMA polymers have
comparable molecular weight which means that the density
of reactive units is the key parameter. A short PA6 is used
here as the minor component. Post-blending annealing
experiments were carried out to evaluate the interfacial
behavior of the copolymer formed in situ. Properties of the
resulting blends are also discussed.

2. Experimental section

2.1. Materials

Functionalized PMMA and mono-NH, terminated PA6
(M,=2500 g/mol, polydispersity index=2), designated
hereafter as PA, were provided by ARKEMA. Functiona-
lized PMMA, designated as f-PMMA, bear carboxylic acid
and dimethylglutaric anhydride groups randomly
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Fig. 1. Formula of functionalized PMMA.

distributed along their backbone (Fig. 1). Three different
f-PMMA were used, they are referred as PMMA1, PMMA2
and PMMAZ3. Their characteristics are listed in Table 1. For
the sake of comparison, blends were also prepared with a
non-reactive PMMA, designated as PMMAQ, provided by
ARKEMA.

2.2. Blend preparation

Blends of different compositions ranging from 80/20 to
60/40 (wt/wt) were prepared in a 3 g capacity co-rotating
twin-screw micro-extruder (DACA Instrument). A feedback
channel permits cyclic extrusion of the melt and is used to
fix blending time. The two polymers were introduced
simultaneously at 220 °C and blended at 60 rpm under N,
atmosphere during 10 min.

Under the blending conditions, several reactions can
occur besides the anhydride/amine grafting reaction. The
functionalized PMMA used here bear methacrylic acid units
which can react with their neighbor, either acid or ester, to
give additional anhydride units [20]. The extent of this
reaction was determined by extruding f-PMMA alone under
the same conditions as the blends. A slight increase in
anhydride fraction (on average 0.4 mol%) was measured
and has been taken into account in the values listed in
Table 1. Some grafting may also occur by direct reaction
between acid groups of f-PMMA and amine groups.
However, this reaction is very slow compared to the
anhydride/amine one [8] and thus, grafting via amide bonds
will be neglected with respect to grafting via imide bonds.

2.3. Blend characterization

Transmission Electron Microscopy was used to study the
morphology of the blends. Ultrathin sections (ca. 60 nm
thick) were microtomed from the extrudates at room
temperature with a diamond knife and collected on gold
grids. Polyamide was then selectively stained with phos-
photungstic acid (30 min, 60 °C). Imaging was done on a
ZEISS electron microscope operated at 100 kV.

The evolution of storage modulus and tan 6 as a function
of temperature were measured by dynamic mechanical
analysis (DMA) using a TA Instrument DMA 2980
apparatus. Rectangular specimens (5X5X1.5 mm) melt-
pressed at 225 °C were tested with a 2-point bending clamp
(amplitude =20 pm, v=1 Hz, 2 °C/min). Glass transitions
were taken at the maxima of tan 0.

Differential scanning calorimetry (DSC) measurements
were performed on a TA Instrument DSC Q1000 apparatus
to study crystallization of polyamide in the blends. Sample
weight was about 10 mg. The temperature cycle consisted in
a first heating from room temperature to 240 °C, then a
cooling from 240 to 0 °C and a second heating from 0 to
240 °C. A rate of 5 °C/min was applied for this cycle. The
degree of crystallinity was determined during the second
heating, taking for reference the enthalpy of melting of a
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Table 1

Characteristics of functionalized PMMA

Polymer M,* (g/mol) M,* (g/mol) Anhydride® (mol%) Acid® (mol%) T, (°C)°
PMMAO 24,000 51,000 0 0 132
PMMA1 48,000 102,000 0.5 4.0 156
PMMA2 42,000 84,000 5.7 2.2 154
PMMA3 40,000 83,000 7.5 1.5 162

# Measured by SEC in THF (universal calibration).
® Obtained by FTIR in chloroform.
¢ Corresponds to the maximum of tan 6 measured by DMA.

PA6 100% crystallized in the o phase [21]. Using this
procedure, no significant differences were observed between
the extruded blends and the annealed samples.

The extent of reaction was determined by selective
extraction of unreacted f-PMMA chains, performed with a
soxhlet extractor in chloroform for 48 h. Extractions were
performed on ca. 5 g of samples and repeated three times for
some blends. The confidence interval for the evaluation of
the amount of grafted f-PMMA was evaluated at +5%.

Solubility of the blends in a good solvent for PMMA was
studied by immersing a piece of extrudate in chloroform, a
non solvent for PA, for at least 72 h at room temperature.

3. Results

3.1. Morphology of the extrudates

Morphology of the as prepared blends is discussed first.
Three preliminary observations evidence effective grafting
between f-PMMA and PA during blending. First, there is a
substantial increase in the torque measured on the micro-
extruder just after the introduction of both components.
Second, the materials obtained are quite transparent,
especially those based on PMMA2. Finally, blending of
PMMAO with PA leads to opaque extrudates and the torque
remains constant. We will now focus on blends with 20 wt%
of PA to compare the efficiency of the different f-PMMA
backbones. Morphologies of the f-PMMA/PA 80/20 blends
cut perpendicularly to the flow direction are displayed in
Fig. 2(A)—(C). PA appears black and PMMA white on the
TEM micrographs. In each blend, a very fine dispersion of
polyamide is achieved, although the nodules of PA are not
ordered and do not have a well defined shape. Blends of
PMMAZ2 and PA exhibit aggregates with an average mean
diameter close to 15 nm whereas nodules in blends of PA
with either PMMA1 or PMMA3 present a broad size
distribution but remain smaller than 100 nm. The mor-
phologies displayed in Fig. 2(A)—(C) are obviously strongly
influenced by the shear applied during blending.

The fraction of grafted f-PMMA, determined by
selective extraction, is listed for each blend in Table 2.
Note that ungrafted PA chains could not be separated from
the graft copolymer. Table 2 lists the composition of the
blends in terms of fraction of unreacted f-PMMA

homopolymer and graft copolymer plus unreacted PA
chains. As suggested by the observed morphologies, the
highest amount of grafted f-PMMA corresponds to the
blend with PMMAZ2. There are indeed only 28% of
ungrafted PMMAZ2 in this blend against 48 and 60% for
the blends based on PMMA1 and PMMA3, respectively.
The same optimum, as a function of f-PMMA functionality,
was found for blends richer in PA (70/30 and 60/40, see
Table 2).

The amount of grafted f-PMMA was also plotted as a
function of the content of PA in the blend to evidence the
trend for each f-PMMA (Fig. 3). The data corresponding to
the 60/40 and 70/30 PMMAJ3/PA blends are not plotted, as
the amount of grafted f-PMMA is overestimated in theses
cases [22]. When the density of reactive units on f-PMMA is
constant, an increase of PA content in the blend results in a
higher amount of grafted f-PMMA chains. Thus, when
PMMAZ2 is blended with 40 wt% PA, almost all PMMAZ2 is
grafted. Steurer et al. observed the same trend for blends of
SMA and PA12 and showed that the optimum of grafting of
amine groups corresponds to equal amounts of SMA and
PA12 [5]. They conjecture that when the PA fraction
increases, more interface is available and the grafting
reaction is thus more efficient.

The results reported so far suggest that grafting is
optimum for PMMA2 with an intermediate density of
reactive groups.

3.2. Morphological stability

Samples were annealed above the melting point of PA
at 225 °C under vacuum and cooled slowly (1 °C/min) to
room temperature. On Fig. 2(D)—(F), morphology of the
f-PMMA/PA blends after 20 h of annealing are compared to
the ones obtained prior to annealing. Some extra grafting
may occur during annealing. However, this additional
grafting is minor compared to the extent of grafting reached
during blending and should not affect self-assembly of the
blends [23].

Very different behaviors are observed depending on the
density of reactive groups on f-PMMA. First, annealing
does not induce strong reorganization for the 80/20
PMMAT1/PA blend: part of the aggregates observed in Fig.
2(A) tends to reorganize into rods, some coalescence occurs
but the interface remains curved towards PA (Fig. 2(D)). In
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Fig. 2. TEM micrograph of the different 80/20 f-PMMA/PA blends at the end of the blending process and after 20 h of annealing at 225 °C (sliced perpendicular
to the flow direction): (A) PMMAL, (B) PMMA2 and (C) PMMA3 blends prior to annealing and (D) PMMAL, (E) PMMA2 and (F) PMMAS3 blends after

annealing. The scale corresponds to 500 nm.

the 80/20 PMMA2/PA blend, PA sheets form upon
annealing (Fig. 2(E), see also Fig. 4(A) for a higher
magnification). In this case, self-assembly tends to favor a
flat interface and only a few PA aggregates are observed
(dark spots). In contrast, annealing induces macroscopic
phase separation of the PMMAJ3/PA blend into a graft
copolymer-rich phase and two homopolymer-rich phases
(Fig. 2(F)). PMMA3-rich domains are around 1 pm big and

free PA domains are located on the boundary of PMMA3
and graft copolymer-rich domains and range from approxi-
mately 100 to 500 nm in size. Such reorganizations are
obvious even for short times of annealing, for instance
30 min (data not shown).

The same trend as a function of PMMA functionality is
observed for the blends containing higher amounts of PA.
For instance, the evolution of the morphology as a function



6558 M. Freluche et al. / Polymer 46 (2005) 6554-6562

Table 2
Main characteristics of the blends

Blend composition ~ Matrix Extrudate composition Relative amount of ~ Degree of crystal- Swelling in
f-PMMA/PA grafted f-PMMA*® linity of PA in the CHCI;"
blend
Fraction of Fraction of
PMMA-g-PA and unreacted
unreacted PA® f-PMMA¢
80/20 PMMAL1 52 48 40 27 b,w
PMMA2 72 28 65 24 b,t
PMMA3 40 60 25 23 b,w
70/30 PMMAL1 72 28 60 21 b,w
PMMA2 86 14 80 24 1.45t
PMMA3 70° 30° 54° 23 b,w
60/40 PMMAL1 - - - - -
PMMA2 94 6 90 30 1.35,t
PMMA3 94° 6° 90° 22 b,w

# Ratio (wt%) of -PMMA non-dissolved in chloroform over total amount of f-PMMA in the blend.
b Aspect of the samples after 72 h in chloroform at room temperature (b, the extrudate breaks; w, the extrudate turns white; t, the extrudate remains
transparent and the numerical values correspond to the ratio of the sections after and before swelling).

¢ Fraction (wt%) non-soluble in chloroform.
9 Fraction (wt%) soluble in chloroform.

¢ The amount of grafted PMMA3 chains is overestimated [22]. As a result, the amount of PMMA3-g-PA +unreacted PA is overestimated and the amount of

unreacted PMMAZ3 chains is underestimated.

of PA content for the blends based on PMMAZ2 is displayed
in Fig. 4. Pictures A, B and C correspond to annealed
samples containing, respectively, 20, 30 and 40 wt% PA.
For the sake of comparison, the morphology of the 70/30
blend prior to annealing is presented in Fig. 4(D). Upon
increasing PA content, the amount of graft copolymer in the
blend increases (see also Fig. 3), PA domains disappear and
the concentration of bilayers increases. The blends self-
assemble into a swollen lamellar phase. Extraction of
unreacted PMMAZ2 enhances the lamellar morphology of
the system. Fig. 5 illustrates this for the PMMAZ2/PA blend
after extraction (initial composition 70/30), which has an
average lamellar spacing estimated at 40 nm by SAXS

100
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Fig. 3. Amount of grafted PMMA as a function of the amount of PA in the
blend for (1) PMMAL, (<) PMMA2 and (A) PMMA3 [22].

experiments. This sample is expected to contain mainly
graft copolymer and a low amount of unreacted PA.

3.3. Blends properties

Adding some polyamide to PMMA leads to materials
with improved properties compared to pure PMMA. For
instance, the extrudates were immersed in chloroform to
investigate solvent resistance of the blends. The results are
listed in Table 2. Note that the aspect of the samples does
not change even after several months in solvent. None of the
blends is soluble in chloroform due to the presence of the
graft copolymer. Graft copolymers can yield to connectivity
of PA domains through molecular bridging or help to
stabilize co-continuous structure [6]. Blends of PMMA2
and PA remain transparent and, above 30 wt% PA, the
specimens do not break but swell homogeneously. The
swelling ratio decreases when the amount of PA increases.
The other blends turn white and break as the solvent swells
f-PMMA domains. Solvent resistance clearly depends on
the system self-assembly and on the amount of graft
copolymer formed during blending.

Blends of PMMA2 and PA also exhibit interesting
thermomechanical properties. The evolution of storage
modulus and tan ¢ as a function of temperature are
displayed in Fig. 6(A) and (B), respectively. Unlike the
non reactive system (data not shown), reactive blends do not
creep above the glass transition of PMMA but exhibit a
plateau of storage modulus till the melting point of PA close
to 220 °C. The plateau arises from the connectivity of
crystalline PA domains throughout the specimens which
reinforces the materials. Increasing the amount of PA in the
blends leads to better creep resistance arising from a higher
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Fig. 4. TEM micrograph of the different PMMAZ2/PA blends after 20 h of annealing at 225 °C: (A) 80/20, (B) 70/30 and (C) 60/40 and TEM micrograph of (D)
70/30 PMMAZ2/PA extrudate, (sliced perpendicular to the original flow direction). Scaling bars correspond to 200 nm.

Fig. 5. TEM micrograph of the 70/30 PMMAZ2/PA blend after selective extraction of unreacted PMMAZ2 followed by annealing at 225 °C for 20 h. The scale
corresponds to 500 nm.
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Fig. 6. Temperature dependence of storage modulus (A) and tan ¢ (B) of
(O) PMMA2 and PMMAZ2/PA blends: (A) 80/20, (O) 70/30, () 60/40.

fraction of graft copolymer in the blend. The curves
corresponding to the blends, presented in Fig. 6(A), exhibit
a slight decrease in the storage modulus close to 50 °C
which corresponds to T, of polyamide and a second one at
higher temperature corresponding to T, of PMMAZ2. The
evolution of tan ¢ displayed in Fig. 6(B) reveals that T, of
PMMAZ2 shifts to lower temperature with increasing amount
of PA in the blend. T, decreases from 154 °C for pure
PMMAZ2 to 152, 144 and 140 °C for the blends with 20, 30
and 40 wt% PA, respectively. No significant broadening of
tan 0 peak with increasing amount of PA was observed.
Such shifts of T, of the hard phase were already observed in
neat copolymers [24]. They result from the cooperative
softening induced by the soft phase close to the interface, in
our case by the short amorphous PA chains. The shift in T,
of PMMAZ2 may also result from the chemical modification
of the backbone as cyclic imide functions with a pendant
group are introduced during blending [25].

The ability of PA to crystallize when confined in

nanodomains was also verified by DSC experiments. The
degree of crystallinity of each blend is given in Table 2. It
never reaches the value of pure PA6 (measured at 35%) but
remains between 21 and 30%. The difference can be
attributed to confinement of PA chains in self-assembled
nanodomains and to a difference of mobility between
grafted and free PA chains that can disturb the crystal-
lization process.

4. Discussion and conclusion

Blending experiments on the system f-PMMA/short PA
suggest that the density of reactive groups on the PMMA
backbone govern the morphology and the stability of the
blend. The graft copolymers obtained in this study are
expected to be quite complex. Once a f-PMMA chain
attaches a PA graft and if the reaction proceeds quickly, the
polymer will preferably stay at the interface for further
grafting on the neighboring groups than being expelled [26].
Grafting will thus not proceed homogeneously, part of the
f-PMMA chains never reaching the interface and remaining
ungrafted in the final blend. The structure of the graft
copolymer is expected to vary with the density of reactive
groups on f-PMMA chains (PMMA1l, PMMA2 and
PMMA3 have on average 2, 24 and 30 anhydride units
randomly distributed along the backbone, respectively) and
with the composition of the blends.

As PMMAL1 bears only a few reactive groups, PMMA1-
g-PA copolymer is expected to have only a few grafts and to
stabilize an interface with a strong curvature towards
polyamide. As the density of reactive units increases, the
distance between grafts decreases, leading to a smaller mean
curvature and, ultimately, a flat interface (almost zero mean
curvature) which corresponds to PMMA2-g-PA self-assem-
bly. This evolution is schematically displayed in Fig. 7.
When grafting density further increases, curvature should
reverse and the interface should be curved towards PMMA,
as presented in Fig. 7. This seems to correspond to PMMA3-
g-PA. Note that the evolution of the mean curvature
described in Fig. 7 is only schematic and does not
necessarily fit the actual mean curvature of the aggregates
formed by the PMMA-g-PA copolymers.

As we saw previously, pure graft copolymer is never
achieved for this system (Fig. 3). The incorporation of
remaining homopolymers in the self-assembly will depend
on the graft density of the copolymers. When the graft
density is too high, both PA grafts and PMMA loops
(PMMA segments between grafts) are stretched and tend to
expel unreacted homopolymers from the interface [14]. This
seems to occur in PMMAJ/PA blends (Fig. 2(F)). Note that
in this system, the average distance between anhydride
groups on PMMAB3 is shorter than the PA graft. On the other
extreme, in PMMA1/PA blends, PMMA1-g-PA copolymers
have a low graft density and form aggregates with extended
PMMA loops and a strong curvature toward PA. The blend
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Fig. 7. Schematic representation of the self-assembly of PMMA-g-PA as a function of PA graft density, which increases from A to C, and can be compared to
the evolution of the graft copolymers: PMMA1-g-PA, PMMA2-g-PA and PMMA3-g-PA. Chains of PMMA are in black and chains of PA are in grey.

forms a stable fine dispersion of PA domains in the PMMA1
matrix (Fig. 2(D)). However, strong curvature of the
interface leads to limited solubility of PA chains and thus
to inhomogeneous dispersion [16,17]. Finally, PMMAZ2/PA
blends seem to correspond to an optimum case. PMMA2-g-
PA copolymers stabilize a flat interface, can incorporate
unreacted homopolymers [15,16] and allow the system to
reach high conversion of grafting. Note that inherent
polydispersity of such graft copolymers (molar mass of
f-PMMA and PA, distribution of reactive groups along the
f-PMMA backbone, as well as randomness in attachment of
the grafts) allows local fluctuations of the curvature, which
seem to be favorable to the swelling of the lamellar-like
phase by unreacted chains [6].

Superior properties of PMMAZ2/PA blends with 30 wt%
or more PA (solvent and creep resistance) may be attributed
to the high amount of graft copolymer formed during
reactive blending and the resulting opportunity to form
molecular bridges between PA nanodomains. Co-continuity
of the blended morphologies (Fig. 4(D)) further helps to
improve connectivity. Swollen lamellar morphology
obtained upon annealing are therefore most likely
interconnected.

The molar ratio anhydride/amine for all the blends is
listed in Table 3. One would expect to find increasing
efficiency of grafting with increasing f-PMMA function-
ality. However, our data clearly show an optimum of
grafting for the blends based on PMMAZ2. Despite the large
excess of anhydride in PMMAJ/PA blends, a non-negligible
amount of PA remains free (Fig. 2(F)). We attribute this
feature to the tendency of the highly grafted PMMA3-g-PA
copolymer to expel unreacted PMMA3 and PA chains.
PMMAZ3-g-PA copolymers formed during the first step of
blending accumulate between PMMA3 and PA phases,
inhibiting further reaction between PMMAZ3 and PA chains.

Table 3
Anhydride/amine molar ratio

% PA in the Stoichiometric ratio anhydride/amine for
blend
PMMAL/PA PMMA2/PA PMMA3/PA
20 0.5 5.7 7.2
30 0.3 33 4.2
40 - 2.1 2.7

The results reported here show that it is possible to
achieve almost transparent PMMA/PA blends by reactive
blending even if the blends include a semi-crystalline
component. Annealing reveals that the morphology is not at
equilibrium at the end of the blending process. We found
that the efficiency of the graft copolymers to stabilize the
blends is related to their structure. Furthermore, there is a
correlation between optimum grafting and functionality of
the backbone. These points are under further investigation
in our group. Finally, nanostructured blends exhibit unique
properties related to their self-assembly (solvent resistance,
increased creep resistance up to 200 °C).
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