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Morphology and Properties of Polyacrylonitrile/Na-MMT
Nanocomposites Prepared via in-situ Polymerization with Macroazoinitiator
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Abstract: In the preparation of a polyacrylonitrile (PAN)/sodium montmorillonite (Na-MMT) nanocomposite via
an in-situ polymerization method, macroazoinitiator (MAI) was intercalated in the gallery of Na-MMT to enhance
the delamination of silicate layers by intergallery polymerization. The exfoliated fine dispersion observed by X-ray
diffraction pattern and transmission electron microscopy, the enhanced tensile storage modulus and the thermal
decomposition temperature showed that the intercalated MAI was effective in inducing intergallery polymerization
and that a poly(ethylene glycol) block linked to a PAN block improved the dispersion of hydrophilic Na-MMT in

the polymer matrix.
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Introduction

A great deal of research on organic polymer-layered silicate
nanocomposites has been carried out over the past decade
due to their substantially enhanced physical properties over
pristine polymers, even when prepared with a very small
amount of layered silicate.”’® These nanocomposites
demonstrate improved thermal, mechanical, barrier, and
flame-retardant properties. These unique properties of nano-
composites arise from the maximized interfacial contact
between the organic and inorganic phase, so fillers with
high surface-to-volume ratio are commonly used. Layered
silicates such as montmorillonite, which are composed of
stacks of parallel lamellae with a 1 nm thickness and a high
aspect ratio, are typically used.

In general, two idealized polymer-layered silicate nano-
composites structures are possible: intercalated and exfo-
liated.""" Intercalated structures are self-assembled, well-
ordered, and multilayered structures in which the extended
polymer chains are inserted into the gallery space between
parallel individual silicate layers. Because these structures

usually retain multilayered features with alternating polymer-

silicate layers, an increased d-spacing between the silicate
layers can be detected by X-ray diffraction (XRD). In the
exfoliated structure, the individual silicate layers are
delaminated and randomly dispersed in the polymer matrix
separately. The exfoliated structures no longer give a
coherent wide-angle (26>1°) XRD signal, because the

*Corresponding Author. E-mail: hmjeong@mail.ulsan.ac.kr

312

distances between the silicate layers are expanded far apart
and the layers are sufficiently disordered. Many nano-
composites have both the morphologies of intercalated and
exfoliated structures, together with partially exfoliated
structures, where small stacks of 2~4 silicate layers are
dispersed in the polymer matrix.

Because the exfoliated nanocomposites usually provide
the best property enhancements due to a large interfacial
area and homogeneous dispersion, many efforts were devoted
to design methods that improved the delamination of silicate
layers in the polymer matrix. Polymerization at the galleries
between the silicate layers can promote exfoliation because
the growing polymer chain can push apart and eventually
delaminate the silicate layers. Therefore, the initiator, or
comonomer, anchored at the gallery induces intergallery
polymerization and can be utilized for exfoliation."*'” The
surface of a natural silicate such as sodium montmorillonite
(Na-MMT) is polar and hydrophilic in nature, so the dispersion
of Na-MMT in the hydrophobic polymer matrix requires a
large favorable enthalpic contribution to overcome this dis-
crepancy in polarity as well as the entropy loss in order for
the chain to diffuse into the gallery. Block or graft copoly-
mers containing a block which is miscible with the matrix
polymer and another block which is compatible with Na-MMT
can be utilized for the favorable enthalpic contribution.'®!®
The macroazoinitiator (MAI) containing a poly(ethylene
glycol) (PEG) segment as shown in the following chemical
structure can be easily intercalated at the gallery of Na-MMT,
because the high stability of the intercalated PEG/Na-MMT
compound prevents PEG from being washed out after inter-
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calation, even with solvents which have high affinity toward
Na-MMT.**! 1t is therefore anticipated that intercalated
MALI can be utilized to prepare exfoliated nanocomposites
by inducing inter-gallery radical polymerization of vinyl
monomers and the polymerized PEG-vinyl monomer multi-
block copolymer will have an affinity to Na-MMT due to
the presence of PEG block.?

CH CH 5
ﬁ"(CH 2)2_(|:_N=N"'<i7"“(CH 2)2_?"“‘0"'(0"‘ 2CH 20) -
o CN cN o "

To the authors’ best knowledge, the following three
papers report on nanocomposites of polyacrylonitrile (PAN)/
hydrophilic silicate. A paper about intercalated PAN/kaolinite
nanocomposite was reported by Y. Sugahara et al.,” and the
other papers by Y. S. Choi ef al. and T. Yu et al. described
the preparation of exfoliated PAN/Na-MMT nanocompo-
sites via emulsion polymerization.”** In this paper, we
report on the morphology and physical properties of PAN/
Na-MMT nanocomposites prepared by our new method
utilizing MALI

Experimental

Na-MMT (Southern Clay) was used after drying at 60°C
in a vacuum for 2 days. MAI (Wako Pure Chemical, VPE-
0201), the condensation polymer of 4,4"-azobis(4-cyano-
pentanoic acid) and PEG diol (molecular weight 2,000),
had a molecular weight of about 22,000 and an azo group
content of 0.45 mmol/g. MAI, acrylonitrile (AN, Aldrich),
2,2'-azobisisobutyronitrile (AIBN, Aldrich), acetonitrile
(Aldrich), methanol (Aldrich), and dimethylsulfoxide (DMSO,
Aldrich) were used as received.

Na-MMT intercalated with MAI (MAI/Na-MMT) was

prepared using an acetonitrile/methanol mixture (1/1 by
volume) as a solvent.?**' Three grams of MAI were dis-
solved in 100 mL of solvent and stirred with 7 g of Na-
MMT for 1 day at room temperature. The intercalated com-
pound was separated with a centrifuge, and repeatedly
washed with acetonitrile and methanol to remove noninter-
calated physisorbed MAL'® It was dried at 25 °C for 48 hrs
in a vacuum before use.

The recipes for the preparation of PAN/Na-MMT nano-
composites are shown in Table I. In Series I, AIBN was
dissolved in AN, and the bulk radical copolymerization of
AN in the presence of Na-MMT was carried out by stirring
with a magnetic bar at 60°C under N, atmosphere for 48
hrs. In Series III, Na-MMT intercalated with MAI was
swelled in a reactor with water, and then AN was added
drop-wise into the reactor while stirring with a magnetic stir
bar at room temperature. The volume of swelling water was
adjusted to equal the volume of AN. After the feeding of
AN, this heterogeneous system was heated to 60°C and
polymerization was carried out at 60°C under N, atmo-
sphere for 48 hrs. Series Il was prepared by the same
method as Series 111, with the exception that MAI was not
intercalated in Na-MMT when fed into the reactor. The
prepared PAN/Na-MMT nanocomposites were crushed into
powder and dried at 100°C for 12 hrs in a vacuum to
remove low molecular weight components.

The reduced viscosity of the 0.50 g/dL. polymer solution
in DMSO was measured with an Ostwald viscometer at
50°C. Na-MMT was removed before the measurement by a
previously reported method.*

XRD patterns were obtained with an X-ray diffractometer
(X'PERT, Philips) using Cu K« radiation (1=1.54 A) as the
X-ray source. The diffraction angle was scanned from 1.2°
at arate of 1.2 %min.

The morphology of the nanocomposites was examined

Table I. Recipe for the Preparation of PAN/Na-MMT Nanocomposite

Feed
Do AN AIBN MAI NaMMT  MAI/Na-MMT C°2§%“gf;t‘;“ of
(wt %) (Wt %) (wt %) (wt %) (Wt %) (mmol/100 g-AN)
Series 1
COEO 99.69 0.31 - - - 1.86
C5EO0 95.19 0.08 - 473 - - 0.48
Series II
C5EL0 94.23 - 1.04 4.73 - 0.50
Series 111
C3E06N 96.35 - - - 0.66/2.99 0.31
C5E10N 94.23 - - - 1.04/4.73 0.50
C7E14N 92.09 - - - 1.43/6.48 0.70
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with a transmission electron microscope (TEM, Hitachi H-
8100) with an accelerating voltage of 200 kV. The TEM
samples were prepared by putting a polymerized nano-
composite powder into an epoxy capsule and curing the
epoxy at 25°C for 24 hrs in a vacuum oven. Then the cured
epoxy containing a nanocomposite was microtomed by a
diamond knife into 80 nm-thick slices.

Dynamic mechanical properties were determined using a
dynamic mechanical thermal analyzer (Rheometry Scientific
DMTA MK ), with a bending mode at a heating rate of 4°C/
min and 10 Hz. -Samples were compression molded at
160°C.

Thermogravimetric analysis (TGA) was carried out with a
thermogravimetric analyzer (TA Instruments, TGA 2950) at
a heating rate of 10°C/min under O, atmosphere with a
30 mg sample in a platinum crucible.

Results and Discussion

XRD. Figure 1(a) and (b) show the XRD patterns of Na-
MMT and Na-MMT intercalated with MAI (MAI/Na-MMT),
where it is evident that Na-MMT and MAI/Na-MMT have
peaks at 26=7.9° and 26=5.0°, respectively, as we
previously reported.” This shows that the gallery height cal-
culated by Bragg’s law, d=1/2 siné, increased from 11.2 to
17.7 A by the intercalation of MAI into the gallery of Na-
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Figure 1. XRD patterns of (a) Na-MMT, (b) MAI/Na-MMT, (c)
C5EQ, (d) C5SE10, (e) C3EO6N, (f) CS5E10N, and (g) C7E14N.
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MMT. The weight loss by pyrolysis in a furnace at 600°C
showed that the amount of MAI intercalated in the gallery
was 0.22 g/g-Na-MMT, as we reported before.” In Figure
1(c), C5E0 has a broad peak at 26=35.1°, demonstrating that
the ordered parallel face-face morphology of Na-MMT is
retained. However, the gallery height is increased to 17.2 A
by the intercalation of polymerized molecules. In the XRD
pattern of C5E10 in Figure 1(d), only a shoulder around 20
=4.5° is present instead of a peak, and the intensity at the
lower angle below 26=4.5° is increased compared to
Figure 1(c). This suggests that much of the ordered mor-
phology of Na-MMT is scattered and the gallery height is
expanded by the insertion of matrix polymers. We observed
that viscosity increase due to the polymerization of AN was
trivial up to 48 hrs at 60°C, when MAI/Na-MMT was used
without swelling water. This suggested that the polymeri-
zation of AN could occur mostly at the initiating sites of
MAI when AN could approach to this active site after
swelling the gallery of Na-MMT with water. If we consider
the fact that MAI yields the multiblock copolymer of PAN
and PEG?”" the result of Figure 1(d) supports the assertion
that the PEG block linked to PAN improves the interaction
between the matrix polymer and Na-MMT, and enhances
the insertion of PAN molecules into the gallery. In the XRD
patterns of Series II (Figures I(e)~(g)), the intensity
increase at the low angle is more evident and the shoulder
becomes obscure. This suggests that MAT intercalated at the
gallery of Na-MMT induces inter-gallery polymerization,
causing the expansion of gallery height and the disordering
of silicate layers. Figure 1(e) does not show any distingui-
shable peak or shoulder, which suggests that this disordering
is more evident at a lower content of Na-MMT.**

TEM. Figure 2 shows the transmission electron micrographs
of PAN/Na-MMT nanocomposites. The dark lines are
intersections of silicate layers, and the other region is the
polymer matrix. Figure 2(a), the TEM morphology of C5EQ,
shows very large, unevenly dispersed Na-MMT particles,
with a thickness around 300 nm. This suggests that Na-MMT
is immiscible with the PAN matrix polymer."? Figure 2(b),
the TEM morphology of CSE10, also shows heterogene-
ously dispersed particles of Na-MMT. However, the size is
reduced compared to that in Figure 2(a), and the thickness is
less than 100 nm. In addition, the expanded gallery gap can
also be easily observed in Figure 2(b). This morphology of
CSE10 suggests that the PEG segment linked to PAN
improves the compatibility of PAN with Na-MMT. The
TEM morphology of C5E10N in Figure 2(c) shows almost
homogeneously dispersed silicate layers of Na-MMT.
However, the TEM morphology of CSE10N observed gt
high magnification in Figure 2(d) suggests that this is a
partially exfoliated structure, where small stacks of less than
5 silicate layers are observable. The TEM morphology of
CSE10N is consistent with the results of XRD, which suggest
that the delamination of silicate layers was enhanced by the
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Figure 2. TEM micrographs of PAN/Na-MMT nanocomposites: (a) CSE0, (b) CSE10, (¢) and (d) CSE10N.
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Figure 3. Tensile storage modulus of PAN/Na-MMT nanocom-
posites: (——) COEO; (—--) CSEOQ; (----) C5E10, ()
CSE10N.

inter-gallery polymerization induced by the MAI that was
intercalated before polymerization at the gallery of Na-MMT.

Dynamic Mechanical Property. The tensile storage
modulus measured by DMTA in Figure 3 shows that £’
increases according to the order, COEO<C3E0<CSE10<
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C5EI10N. This indicates that the reinforcing effect of Na-
MMT is enhanced as the dispersion of Na-MMT in polymer
matrix improves. Figure 3 also shows that the enhancement
of E' by added Na-MMT is more evident above the glass-
rubber transition temperature, 7, compared to that below T;
similar results were observed for polyurethane/clay
nanocomposites® and epoxy/clay nanocomposites.” The shear
deformation and stress transfer to the silicate are enhanced
by the increased elasticity of the matrix at the temperature
region above 7,. Additionally, even though silicate layers are
ceramic in nature, because of their very large aspect ratio
and nanometer thickness, they may behave mechanically
more like flexible sheets of paper than rigid plates, most
likely when the matrix polymer is in the glassy state.”® This
may explain the above results. The E’ values at 40 and
180°C are given in Table II, where we can see that the £’
value increases as the content of Na-MMT is increased in
Series I1I.

TGA. The thermal decomposition patterns of PAN/Na-
MMT nanocomposites analyzed by thermogravimetry are
shown in Figure 4, where it can be seen that the initial 5
wi% weight loss temperature increases according to the
order COE0(264.2°C)<C5E0(267.5°C)<C5E10(270.5°C)<
CSE10N (278.2°C). The increase in decomposition temper-
ature is more evident as the dispersion of Na-MMT in the

315



H. M. Jeong et al.

Table II. Characteristics of PAN/Na-MMT Nanocomposite

Sample Polymerizoation Yield Re]‘i/}l:ter?x\g(s)?;ﬁg of Content of E\Ia-MMT" £’ (Pa)
(%) (dL/g) (Wt%) 40°C 180°C

Series |

COEQ 62.6 1.17 - 2,58 X 10" 1.69 X 10°

C5E0 64.5 0.70 7.0 2.64 <X 10" 2.04 X 10°
Series 11

C5E10 58.6 ©1.00 7.6 2.78 X 10" 2.81X10°
Series 11 v

C3E06N 57.5 1.05 4.5 3.02 10" 3.05 % 10°

C5EION 633 0.75 7.2 3.20 10" 321 xX10°

C7E14N 64.7 0.85 9.5 325X 10" 3.65x10°

“Determined by the weight of residue after pyrolysis in a furnace at 600°C.
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Figure 4. TGA thermograms of PAN/Na-MMT nanocomposites:
(—) COEQ; (———) CSEQ; (----) CSE10, (----++) C5E10N.

polymer matrix is enhanced. Similar results have been
reported for other nanocomposites, and this enhanced ther-
mal stability was attributed to the thermal insulation effect
or hindered diftusion of volatile decomposition products by
the presence of silicate layers.>'*

Conclusions

In the preparation of a PAN/Na-MMT nanocomposite,
Na-MMT intercalated with MAI was effective to bring
about the delamination of silicate layers, which was con-
firmed by XRD, the morphology observed by TEM, and the
mechanical and thermal properties. The results showed that
the intergallery polymerization was induced by the interca-
lated radical initiator, MAI, and that the PEG block linked
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PAN block enhanced the interaction between the matrix
polymer and the hydrophilic Na-MMT.
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