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Preparation of Homogeneously Dispersed Multiwalled Carbon
Nanotube/Polystyrene Nanocomposites via Melt Extrusion Using
Trialkyl Imidazolium Compatibilizer**

By Séverine Bellayer, Jeffrey W. Gilman,* Naomi Eidelman, Serge Bourbigot, Xavier Flambard,
Douglas M. Fox, Hugh C. De Long, and Paul C. Trulove

Well-dispersed multiwalled carbon nanotube (MWNT)/polystyrene nanocomposites have been prepared via melt extrusion,
using trialkylimidazolium tetrafluoroborate-compatibilized MWNTs. Quantification of the improvement is realized via trans-
mission electron microscopy and laser scanning confocal microscopy image analysis. Differential scanning calorimetry and Fou-
rier-transform infrared and X-ray diffraction analysis show evidence for a m-cation, nanotube-imidazolium interaction and the
conversion from an interdigitated bilayer, for the imidazolium salt, to an ordered lamellar structure, for the imidazolium on the

surface of the MWNTs.

1. Introduction

Carbon nanotubes (CNTs) were discovered in 1991, by Su-
mio Iijima.[” The CNTs were prepared using a direct-current
(DC) electric arc discharge (20 V, 100 A) in an inert atmo-
sphere (He, Ar) at reduced pressure.””) New techniques, such as
catalytic carbon vapor deposition,’! are now available to pro-
duce large quantities of CNTs. They can be single- or multi-
walled. They may have diameters from 1 nm to 100 nm, and
lengths from 0.1 um to 100 ym. CNTs have demonstrated su-
perior mechanical,m electrical,[‘ﬂ and thermal® properties, and
so have enabled new material applications.
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The conductivity,m strength, toughness,[s] and flammability
properties[g] of polymers may all be substantially improved by
the addition of CNTs. However, the effective utilization of
CNTs in nanocomposite applications may depend on the abil-
ity to homogeneously disperse them into the polymer ma-
trix."”! Furthermore, extensive interfacial interaction is re-
quired to achieve load transfer!"!! across the CNT-polymer
interface, to prevent re-aggregation during subsequent process-
ing, and to enable other enhanced properties in the nanocom-
posite. Nanotubes preferentially aggregate into bundles, where
adjacent tubes are held together by strong van der Waals’ at-
tractions.'") Therefore, considerable research has been focused
on CNTs to improve their compatibility with monomers and
polymers.'"*!*! Compatibilization can be achieved through
functionalization, such as through covalently bonding organic
groups directly to the CNTs.'*5) Tour and co-workers reacted
organic diazonium compounds with single-walled nanotubes
(SWNTs) to facilitate incorporation into polystyrene (PS) by
solution mixing in toluene;!"® Hill et al. functionalized SWNTs
and multiwalled carbon nanotubes (MWNTs) with a PS co-
polymer, by esterification of carboxylic acid-functionalized
nanotubes;!"”! while Smith and co-workers reacted the carboxyl
and hydroxyl groups on oxidized SWNTs with alkoxysilane-ter-
minated amide acid polymers.[lg] In some cases, covalent func-
tionalization of the CNT sidewalls occurs to some extent. This
process may disrupt the extended m-networks on CNT surfaces,
diminishing both their mechanical and electronic properties.
This is more of a concern for SWNTSs, since MWNTSs have inte-
rior tubes which would presumably remain intact. To avoid this
potential effect, several groups have focused on finding non-
covalent approaches to compatibilization. This can be accom-
plished through van der Waals’ interactions between the alkyl
chain of a surfactant and the aromatic surface of the CNT.['*!]
The non-covalent compatibilization may be a more facile and
practical processing method. Two types of surfactants have
been studied: non-ionic surfactants used with organic solvents
for dispersion in epoxy resins,"*?" and ionic surfactants, such
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as sodium dodecyl sulfate (SDS), which can
be used with water-soluble polymers. The lat-
ter has largely been investigated to disperse
CNTs in water,”?! but it undergoes acid
hydrolysis at 40 °C and has an onset tempera-
ture for decomposition of 190 °C; these prop-
erties limit its use for melt-blend processing,
since most polymers are melt processed at
200 °C or above.

We have demonstrated that imidazolium v
salts are excellent cationic treatments for
layered silicates (clays); they enable high-
temperature curing and melt processing of
polymer clay nanocomposites owing to their
high thermal stability and excellent polymer
compatibility when one of the imidazolium
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alkyl groups is a C16 aliphatic chain.?!l In 230nm
addition, we have also been investigating the
use of imidazolium-intercalated graphite to  Figure 1. TEM

prepare polymer/graphite nanocomposites.
Recently, Aida and co-workers reported that
imidazolium salts can also interact with
SWNTs®! through “m-cation” interactions, which results in an
ordering of the imidazolium salts into a layered crystalline
phase.[26] The same group also utilized polymerization of an
acrylate-functionalized imidazolium salt/SWNT mixture to
prepare an ionomer/SWNT nanocomposite.

In addition to the various methods that have to be developed
to functionalize the CNTs, one needs to consider which pro-
cessing method is best. Polymer/CNT nanocomposites can be
prepared following three different methods: 1) via in-situ poly-
merization of monomer in the presence of the CNTs, 2"
2) from polymer solution, where both the polymer and the
CNTs are dispersed in a solvent followed by evaporation,*!
and 3) from melt processing, which involves mechanical mixing
of the molten polymer and the CNTs.”) The latter, the melt-
blending process, is commonly used in the polymer industry,
and for this reason we are attempting to develop melt-process-
able, compatibilized CNTs for preparation of polymer/CNT
nanocomposites.

2. Results and Discussion

A series of PS/MWNT blends were prepared using modified
and unmodified MWNTs under a variety of processing condi-
tions in a mini-twin-screw extruder (see Experimental). Melt
blending of imidazolium-modified MWNTs and unmodified
MWNTs with PS resulted in PS/MWNT nanocomposites with
different MWNT dispersion. This is qualitatively apparent
from the transmission electron microscopy (TEM) images of
PS/MWNT (0.5 % mass fraction MWNTs), and PS/MWNT
with the 1,2-dimethyl-3-hexadecylimidazolium tetrafluorobo-
rate (DMHDIm-TFB): PSMWNT(1:1)DMHDIm-TFB (0.5 %
mass fraction MWNTs, and 0.5 % mass fraction DMHDIm-
TFB) shown in Figure 1. In the TEM image of the simple PS/
MWNT composite (Fig. 1a) very few single MWNTs can be
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observed; instead agglomerates (=1 um) of nanotubes domi-
nate. In contrast, when DMHDIm-TFB-modified MWNTs are
used, well-dispersed single nanotubes®! can be observed in the
TEM image (Fig. 1b). This is even easier to see in the en-
hanced images where the background has been removed
(Figs. 1a,b). Quantitative characterization of nanocomposites is
important for developing a detailed understanding of the meth-
ods used to prepare them. For this purpose, we have developed
image-analysis techniques to characterize the TEM images. It
is also important to perform quantitative image analyses on the
TEM images to verify that the TEM data is representative of
the entire sample.

‘We contend that, if the volume fraction of carbon nanotubes
is much greater, or much lower, than the theoretical, the TEM
is not representative of the entire sample in terms of additive
concentration. Image analysis was done on PS/MWNT-un-
treated and PS/MWNT(1:1)DMHDIm-TFB composites. All
image analysis was performed after removing the background
on each image, as seen on Figure 1. The theoretical volume
occupied by MWNTs in the nanocomposites is 0.27 vol.-% for
0.5 % mass fraction of MWNTs in PS. This is the approximate
value obtained with image analysis for both samples
(0.23 vol.-% was observed for the untreated sample and
0.35 vol.-% was observed for the modified sample). The main
difference between the two samples appears when the disper-
sion measurement is performed. When MWNTs are untreated
and directly incorporated in the PS, poor dispersion is obtained
(median nearest-neighbor distance =38 nm+13 nm). How-
ever, the use of DMHDIm-TFB greatly improves the disper-
sion of MWNTs in the PS matrix (median nearest-neighbor dis-
tance 109 nm+6 nm). The theoretical nearest-neighbor
distance, for a perfectly mixed sample, is 120 nm+15 nm for
the PS/MWNT-untreated and 132 nm*20 nm, for the PS/
MWNT(1:1)DMHDIm-TFB sample. These results reflect the
natural tendency of MWNT to agglomerate, as reported in the

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

d3idvd 1Ind

911



[
™}
s
a
-l
wd
=
4

912

S. Bellayer et al.[Homogeneous Multiwalled Carbon Nanotube/Polystyrene Nanocomposites

literature,[13’3°] and show that this behavior has been counter-

acted by the interaction with the imidazolium salt. It appears
the DMHDIm-TFB acts as a compatibilizer, increasing the
affinity of MWNTs for the PS, and preventing the natural ten-
dency of MWNT to aggregate.

In terms of MWNT dispersion, the use of 1:4 and 1:19
MWNT-to-DMHDIm-TFB ratios produces a similar result to
the 1:1-ratio sample; well-dispersed MWNTs are observed.
However, holes appear in the TEM images (not shown) and a
separate endotherm appears, at 70°C, in the differential
scanning aclorimetry (DSC) plot (Fig.2) for the PS/
MWNT(1:4)DMHDIm-TFB and PS/MWNT(1:19)DMHDIm-
TFB samples.

6 DMHDIm-TFB PS/MWNT/(1/19)DMHDIm-TFB
5 4
§“ PS/MWNT/(1/4)DMHDIm-TFB
g 41 PS/MWNT/(1/1)DMHDIm-TFB
3 s
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Figure 2. DSC curves of pure PS, PS/MWNT(1:1)DMHDIm-TFB,
PS/MWNT(1:4)DMHDIm-TFB,  PS/MWNT(1:19)DMHDIm-TFB,  and
DMHDIm-TFB at 10°C min™" under nitrogen flow.

Presumably, this is the characteristic melting peak of the ex-
cess imidazolium salt, which has phase separated from the PS
matrix. The liquid-crystal clearing point, at 175 °C, is also seen
in the DSC plot (Fig.2) of the PS/MWNT(1:19)DMHDIm-
TEB sample.®!! The DSC data (Fig. 2) for the sample with 1:1,
DMHDIm-TFB-to-MWNT ratio does not show the character-
istic melting peaks of the imidazolium salt.

This suggests that the imidazolium molecules may be at the
MWNT-PS interface, either with an egde-on association of the
imidazolium with the MWNTs, or a m-stacking-type interaction
between the imidazolium and the MWNT surface (see Fig. 3).
Studies of imidazolium-salt crystal packing has shown the pre-
ference for the m-stacking-type arrangement.m It has been
seen in the literature that the PS glass-transition temperature
(Ty=108°C) can increase a few degrees (less than 3 °C) with
the addition of SWNTs.’?l Here, no significant effect was ob-
served of imidazolium-treated MWNTs on the T, of PS.

To evaluate the degree of mixing on the meso and microme-
ter scales, we imaged the PS/MWNT samples using a laser
scanning confocal microscope (LSCM). This method requires
the presence of a fluorescent dye, Nile blue A perchlorate
(NB), in the polymer matrix. All samples were processed in the
mini-twin-screw extruder at 20 rads™, 195 °C, for either 1 min,
or 10 min. All images (Figs. 4-6) have a corresponding inten-
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Figure 3. Interdigitated bilayer of DMHDIm™X" (top left) melt blended
with MWNTs to give mt-stacking (top right), or end-on complexes (bottom
right).
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Figure 4. Composite confocal microscope image of PS+0.5% MWNT
(NB) processed for 1 min and its corresponding intensity variation graph
with a 20/x=0.382.

sity-versus-distance profile, taken from data along the horizon-
tal center line shown in each image, which gives a quantitative
indication of the level of variation in the image. The mean in-
tensity (X) and the relative noise (20/%) have been calculated
along this line; the lower the relative noise the more homoge-
neous is the sample. The false-color images are coded: green
represents high-intensity fluorescence and blue represents low
intensity. The low-intensity regions are assumed to be MWNT
domains. The lower intensity in these regions is possibly result-
ing from a quenching mechanism in the vicinity of the
MWNTs. Figures 4-6 are, respectively, those for PS+0.5 %
MWNTSs (NB) processed for 1 min (20/%=0.382), PS+0.5 %
MWNTs (NB) processed for 10 min (20/x=0.184), and
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Distance (pm)
Figure 5. Composite confocal microscope image of PS+0.5% MWNT

(NB) processed for 10 min and its corresponding intensity variation graph
with a 20/%=0.184.
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Figure 6. Composite confocal image of PS+0.5% MWNT+0.5%
DMHDIm-TFB (NB) processed for 10 min and its corresponding intensity
variation graph with a 20/x=0.096.
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PS+0.5% MWNTs+0.5% DMHDIm-TFB (NB) processed
for 10 min (20/% =0.096). Figure 7 is from the MWNT-free con-
trol sample of PS with 0.5% DMHDIm-TFB and NB, pro-
cessed for 10 min; it indicates the “background” level of inho-
mogeneity of DMHDIm-TFB and NB in the PS (20/x =0.089).
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Figure 7. Composite confocal image of PS+0.5% DMHDIm-TFB (NB)
processed for 10 min and its corresponding intensity variation graph with
a 20/x=0.089.

The first two samples (Figs. 4,5) reveal rather poor mixing
(5 um to 100 um domains (20/% = 0.382 and 0.184, respectively)
of the MWNTs in the PS, in the absence of the imidazolium,
even after 10 min residence time. However, the LSCM image
from PS with 0.5% MWNTs+0.5% DMHDIm-TFB (NB)
(Fig. 6) provides clear evidence for the dispersing effect of the
imidazolium on MWNTs in PS (20/% =0.096). Since the LSCM
images are a composite of 150 images (200 nm thick focal
plane, 150 slices or images) theses data provide a quantitative
bulk-scale characterization method, and therefore are an excel-
lent complement to the TEM data. Specifically, the Figure 5
LCSM image corresponds to the Figure 1a TEM image and the
Figure 6 LCSM image corresponds to the Figure 1b TEM im-
age. Therefore, on several length scales we have clear evidence
of the compatibilizing effect of the imidazolium on MWNTs in
PS.

To determine the nature of the interaction between imidazo-
lium and MWNTs the IM/MWNT mixtures were characterized
using X-ray diffraction (XRD) and Fourier-transform infrared
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(FTIR) spectroscopy. Evidence for an interaction between
DMHDIm-TFB and the MWNTs comes from XRD analysis
shown in Figure 8. The XRD pattern of DMHDIm-TFB exhib-
its three reflections in the low angle region (20 =3.2° 6.4°,
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Figure 8. Powder X-ray diffraction pattern of a) DMHDIm-TFB,

b) MWNTs, ) MWNT(1:4)DMHDIm-TFB, and d) MWNT(1:1)DMHDIm-
TFB.

12.8°). These peaks are characteristic of the crystalline solid
phase, and are most likely to be (00/) reflections from interdigi-
tated-bilayer structure with an interlayer distance of
2.75 nm.”* These three peaks tend to disappear when MWNTs
are added to the DMHDIm-TFB, in particular for the 1:1 ratio.
Additional peaks appear at higher angles are assigned to the al-
kyl-chain ordering."®*! This result is consistent with the fact that
no separate phase is observed in the DSC plot (Fig. 2) for the
PS/MWNT(1:1)DMHDIm-TFB blend. Furthermore,
in separate experiments, the effect of the anion was
evaluated; DMHDIm"* X~ salts (X =PF4s and CI")
were melt blended with the MWNTs at 185°C, and
170°C, respectively. The hexafluorophosphate salt
gave XRD results similar to the DMHDIm-TFB, i.e.,
loss of the bilayer peaks at high angles (data not
shown). This indicates that, since the lamellar struc-
ture is observed independent of the anion associated
with the DMHDIm®, it must be the imidazolium
cation that is interacting with the MWNT surface.
Similar data was observed for the chloride salt; how-
ever, there was a small amount of residual bilayer ob-
servable in the XRD. This is due to the fact that
DMHDIm* CI” melt blending had to be done at
170 °C since it starts to decompose at 180 °C. This
lower processing temperature, compared to the
185°C used for all the other salts, is below the

Absorbance

For each mixture, a peak appears in the higher angle region
of the XRD spectra (20 =19.1°, d=0.46 nm). This peak was
identified in the literature as a m-stacking arrangement of the
imidazolium cationic head.”” Assuming a specific area of
0.1 um?® per MWNT and 3-4 imidazolium molecules per nm? a
coverage calculation shows that even with the ratio 1:1 of
DMHDIm-TFB/MWNTs, we have 3-4 times excess of imida-
zolium salt compared to the specific area of MWNTs. Thus,
XRD spectra showed the conversion from an interdigitated-bi-
layer, liquid-crystal (d =2.8 nm, melting point, m.p. 70 °C) for
the imidazolium salt, to an ordered lamellar structure for the
imidazolium on the surface of the MWNTs (d=0.46 nm, no
m.p.) in the 1:1 imidazolium-treated MWNTs.

To probe the interaction between the MWNTs and the imida-
zolium directly, we employed FTIR analysis. Figure 9 shows the
IR curves of the pure DMHDIm-TFB and the MWNT-
(1:1)DMHDIm-TFB samples. Two peaks at 3050 cm™ and
3150 cm™ in the DMHDIm-TFB spectra do not appear in the
spectra of MWNT(1:1)DMHDIm-TFB. These two peaks are
attributed to the CH---F hydrogen bonding between the [BF,]”
anion and the 4,5-hydrogens of the imidazolium ring.®* The fact
that these peaks disappear (or shift) in MWNT/(1:1)DMHDIm-
TFB spectra provides strong evidence that an interaction exists
between the imidazolium cation of the DMHDIm-TFB, and
the MWNTs.®! Sutto et al. have shown that a five membered
imidazolium ring can lie nearly parallel to graphite sheets, and
these FTIR results are consistent with their observation (see
Fig. 3)."] Presumably, this m-cation interaction perturbs the
CH-:--F hydrogen bond normally present in the DMHDIm-TFB
salt. Therefore, it is reasonable to assert that the DMHDIm-
TFB is at the interface between the MWNTs and the PS matrix,
and that it controls the dissolution of the MWNTs in the PS.

It is an important feature of this system that the imidazolium
appears to be compatibilizing the MWNTs using the reverse of

MWNT (1:1) DMHDIm - TFB

DMHDIm - TFB

DMHDIm* CI clearing point and may have resulted
in incomplete mixing and incomplete conversion of
the DMHDIm" CI” bilayer into the DMHDIm" CI”
MWNT complex.
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Figure 9. FTIR curves of MWNT(1:1)DMHDIm-TFB and DMHDIm-TFB, and a picture
of MWNT(1:1)DMHDIm-TFB after cooling in the mini-extruder and after grinding.
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the typical surfactant dispersion effect, e.g., where the alkyl
chain of the surfactant interacts with the MWNT and the polar
head group interacts with the water, or other polar media.l*!
To our knowledge this is the first direct evidence of this type
(m-cation) of interaction.

Thermogravimetric analysis (TGA) was performed on pure
PS, PS'MWNT, and PS/MWNT(1:1)DMHDIm-TFB to evalu-
ate their thermal stability. The mixing of untreated MWNTSs or
the DMHDIm without MWNTs into PS does not affect the
thermal stability of PS; the onset and the maximum degrada-
tion temperatures are not changed compared to pure PS. Such
behavior has been reported for several MWNT/polymer nano-
composites.”*’!  However, when DMHDIm-TFB-modified
MWNTs are added, the onset and maximum degradation
temperatures are increased by =20°C=+3 °C compared to pure
PS (data not shown). This stabilization of the PS/
MWNT(1:1)DMHDIm-TFB sample may be explained by the
enhanced dispersion of MWNTs in the polymer matrix, which
increases the contact surface between MWNTs and the poly-
mer matrix, or by a better interfacial bonding between them.
Further investigation of the percolation behavior and the me-
chanical properties of these nanocomposites are underway.

3. Conclusion

Using multiple characterization methods, we have demon-
strated that trialkylimidazolium salt-compatibilized MWNTs
may be used to prepare high-quality PS nanocomposites via
melt extrusion. Evidence for a m-cation interaction between
the nanotube and the imidazolium was found in the FTIR spec-
trum of the 1:1 imidazolium-treated MWNTs. Novel TEM-im-
age analyses, and confocal microscopy of the PS(1:1)Im-
MWNT nanocomposite, allowed quantitative evaluation of the
superior dispersion of the imidazolium-treated MWNTs on
length scales ranging from the nanometer to the millimeter.
DSC revealed no phase-separated imidazolium, and TGA
showed a 20 °C improvement in thermal stability. The further
characterization of imidazolium-modified MWNTs in other
polymers and applications is underway in our laboratories.

4. Experimental [38]

4.1. Materials

Purified multiwalled carbon nanotubes (MWNTs) were purchased
from Seldon laboratories, LLC. Seldon specifies that the MWNTSs are
=98 %, pure, and with outer diameters 10 nm to 50 nm and lengths up
to 2 um. The imidazolium salts used include: 1,2-dimethyl-3-hexadecyl-
imidazolium tetrafluoroborate, DMHDIM-TFB, and DMHDIm" X~
salts (X =PFs and CI"). The imidazolium salts were synthesized ac-
cording our published procedures [24]. DMHDIm-TFB has an onset of
decomposition of 325 °C. The polystyrene (PS) used was STYRON 663
from Dow Chemical.
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4.2. Processing

Three masterbatches of MWNTs modified with DMHDIm-TFB
were prepared with different mass-fraction ratios of imidazolium to
MWNTs, 1:1, 4:1, and 19:1. DMHDIm-TFB exhibits a liquid-crystalline
transition (clearing point) at 175°C. Therefore, DMHDIm-TFB and
the MWNTs were melt mixed at 185°C, in a conical co-rotation twin-
screw mini-extruder (DACA) at 5.2 rads™ for 2 min. After cooling,
MWNT/DMHDIm-TFB blends gave a solid material that was ground
into a powder and was added to the PS during melt mixing. Three
different MWNT/DMHDIm-TFB blends (MWNT content 0.5 %
mass fraction) were melt mixed with PS at 195°C at 26 rads™ for
5 min in the mini-extruder. Each sample used a different ratio of imi-
dazolium to MWNT (1:1, 4:1, and 19:1) (respectively: PS/
MWNT(1:1)DMHDIm-TFB, PSMWNT(1:4)DMHDIm-TFB, and PS/
MWNT(1:19)DMHDIm-TFB). A PS/MWNT reference with 0.5 %
mass fraction MWNTSs without any imidazolium treatment was pre-
pared as above (PS/MWNT-untreated).

4.3. Characterization and Measurements

Powder X-ray Diffraction (XRD): XRD experiments were per-
formed on a Bruker AXS D8 powder diffractometer. The d-spacing
was calculated from peak positions using CuKa radiation
(A=0.15418 nm) and Bragg’s Law. Standard X-ray measurements of
ground MWNT/DMHDIm-TFB were performed over a 26 scanning
range of 2.5° to 30°.

Transmission Electron Microscopy (TEM) Image Analysis: All sam-
ples were ultra-microtomed with a diamond knife on a Leica Ultracut
UCT microtome at room temperature to give sections with a nominal
thickness of 100 nm. The sections were transferred to Cu/Rh grids of
400 mesh. Bright-field TEM images of nanocomposites were obtained
at 120 kV under low-dose conditions with a Philips 400T electron mi-
croscope. The materials were sampled by taking several images of var-
ious magnifications with two to three sections per grid to ensure that
the analysis was representative of the sample. To quantify the disper-
sion of MWNTs in the PS with, or without, imidazolium treatment, im-
age analysis was performed using four representative TEM pictures for
each sample. Pictures used for image analysis are all TEM images tak-
en at the exact same magnification, 22 000x, in order to distinguish in-
dividual MWNTs. Each of these images is separated by at least 100 um.
Schwarz and Exner [39] showed that a histogram of the distribution of
the distances between nearest neighbors can characterize a distribution
better than the location of individual features. Once the coordinates of
the centroid points or mid-points representing each feature have been
determined [40], the straight-line distance between the nearest neigh-
bor for each points are calculated and used to construct the histogram.
Actually, the distance between any pairs of neighbors, second nearest,
etc., can be used instead, but in most cases the nearest-neighbor pairs
are the easiest to identify. The nearest-neighbor distance of each point
has been computed and the median calculated in the four images using
Adobe Photoshop (version 6.0) and Fovea Pro (version 2.0) software.
This value was compared to the theoretical distance obtained if the
same number of features were randomly dispersed in the picture. This
value was obtained using a Poisson random distribution

0.5
N

()

X =

Area

where N is the number of features within the area of the field of view.
Laser Scanning Confocal Microscopy Analysis: A laser scanning con-
focal microscope (LSCM), model LSM510, from Carl Zeiss Inc. was
used to image the samples. Four different polystyrene/MWNT/
DMHDIm-TFB samples (4 g each) each containing the fluorescent
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dye, Nile blue A perchlorate (NB, Aldrich) were processed in the
DACA mini-extruder. Different parameters were varied, such as the
residence time, the amount of MWNTs and DMHDIm-TFB. The com-
position and processing conditions are as follows :

—PS+0.5% MWNT (NB), 1 min, 20 rads™, 195°C

—PS+0.5% MWNT (NB), 10 min, 20 rads™, 195 °C

—PS+0.5 % MWNT+0.5 DMHDIm-TFB (NB), 1 min,20 rads™,195°C
- PS+0.5% DMHDIm-TFB (NB), 1 min, 20 rads™, 195°C.

LSCM utilizes coherent laser light and collects light exclusively from
a single plane (a pinhole sits conjugated to the focal plane) and rejects
light out of the focal plane. A blue laser (1 =488 nm) was used as the
coherent light and images were taken at 50x magnification (scan size
184 um x 184 wm), with a 1 airy unit pinhole. A British Petroleum (BP)
560 nm to 615 nm filter was necessary to recover exclusively the fluo-
rescence of the dye after excitation by the laser. Several single images
(optical slices) were taken by moving the focal plane and were com-
bined by overlapping, to build up a two-dimensional intensity projec-
tion.

Thermogravimetric Analysis (TGA): TGA was performed on a
Q500 TA instrument with platinum pans (10 mg samples), and a heat-
ing rate of 10°Cmin" under nitrogen (flow rate 60 cm® min™). Differ-
ential scanning calorimetry (DSC) was recorded using a TA Instru-
ments DSC2910. Data were collected during the second scan, using a
scan rate of 10°Cmin™', and a 50 cm® min™ nitrogen flow rate (5 mg
samples).

Fourier-Transform Infrared (FTIR) Analysis: MWNT(1:1)DMHDIm
(0.84 mg) and DMHDIm (0.74 mg) were each thoroughly mixed with
400 mg of spectroscopic-grade KBr (dried) and pressed into transpar-
ent pellets (13 mm diameter, 1 mm thick). The IR spectra were mea-
sured between 4000 cm™ and 400 cm™ at a resolution of 2 cm™ with
256 co-added scans using a Nicolet Nexus 670 FTIR spectrometer (Ni-
colet Instrument Corporation, Madison, WI) continuously purged with
dry air.
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