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  Abstract : Single-walled carbon nanotubes (SWNTs) was modified with various length of linear 
alkyl chains and passivated to form dielectric filler. The modified SWNTs embedded into epoxy 
matrix to fabricate a flexible composite with high dielectric constant. The dielectric behavior of the 
composite was significantly changed with various alkyl chain length(n) of pyrene. The dielectric 
constant of the epoxy/SWNTs composite significantly increased with respect to increase in length of 
alkyl chain at the frequency range from 10 to 105Hz (n=12and18).We also found that the 
passivated epoxy/SWNTs composite with high dielectric constant presented low dielectric loss. The 
resulted dielectric performances corresponded to de-bundling of nanotubes and their distribution 
behavior in the matrix in terms of tail length of alkyl pyrene in the passivation layer. 
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1. Introduction 

  The development of polymer-based 
composites have been employing fillers with 
high electrical conductivity to obtain a novel 
material with high dielectric constant and 
excellent flexibility as well as processibility for 
the embedded-capacitor technology[1-3]. The 
common method to achieve high dielectric 
constant is used ceramic powders with high 
dielectric constant into the polymer to form 
various types of composite[4]. However, the 
composite with high ceramic particulate 
loading could be lost their outstanding 
flexibility and processibility. In addition, high 
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ceramic particulate loading to the composite 
may lead to low electrical and mechanical 
properties are inevitably obtained[5]. Therefore, 
it is very attractive to use organic 
particles[6-8] or conductive fillers such as, 
nano-sized metal or carbon nanotubes 
(CNTs)[9,10]. Especially, the addition of 
conductive fillers to the polymer to increase 
dielectric constant of insulating polymer should 
be controlled to obtain a uniformly dispersed 
nanocomposite with a low concentration of 
filler under the percolation threshold. The 
mentioned conductive fillers are potential 
candidates to secure high dielectric constant 
with a low concentration of filler under the 
percolation threshold. However, CNTs and 
metal particles could not make it possible to 
be applied in the embedded-capacitor 
technology due to their large dielectric loss 
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with low dispersability in the matrix.
  Despite the remarkable properties of CNTs 
[11], its realistic application in the polymer 
nanocomposites have been hindered by poor 
dispersability due to their high van der Waals 
attraction between individual nanotubes leads 
to large bundles and ropes. To date, 
non-covalent side wall functionalization of the 
CNTs has been investigating to increase 
dispersability without change of the electronic 
structure of CNTs. One of the modification 
method without defect on the CNTs surface 
wall is to use aromatic molecules such as 
porphyrin[12,13], pyrene[14-16], and 
anthracene [17] derivatives. The adsorption of 
the aromatic molecules is assumed to take 
place in a coplanar geometry with π-π 
stacking in analogy with the CNTs surface 
[18]. In this report, we have investigated the 
modified single-walled carbon nanotubes 
(SWNTs) with various length of linear alkyl 
chains of pyrene to form dielectric filler. The 
modified SWNTs embedded into epoxy matrix 
to fabricate a flexible composite with high 
dielectric constant and the composite exhibited 
high dielectric constant with the low dielectric 
loss.  

2. Experimental

2.1. Matrials

  SWNTs [Carbon Nanotechnologies Inc 
(Houston, TX)] produced by the HiPCO [19]  
process was used after the purification as 
follows; the metallic oxides like catalyst were 
removed from pristine SWNTs via acid 
treatment. Approximately 200 mg of SWNTs 
was refluxed in 40 ㎖L 5 M nitric acid for 5 
h at 130 °C, and then was filtered on a 0.2 
㎛m thick polytetrafluoroethylene (PTFE)- 
coated polypropylene filter and rinsed with 
deionized water for neutralization. The SWNTs 
was retreated by the same procedure, and 
freeze-dried to obtain 70 wt% yield. The dried 
samples were further heat-treated in air at 

400 °C for 10 min to remove the amorphous 
carboneous materials. 1-aminopyrene (Aldrich) 
and butyryl chloride (Aldrich) of extra pure 
grade were used as received. Lauryl chloride 
and stearyl chloride were synthesized from the 
lauric acid (Aldrich) and stearic acid (Tokyo 
Kasei), respectively. The excess amount of 
thionyl chloride in pyridine solution removed 
by hot filtration – recrystallization with 
toluene.

2.2. Synthesis of N-(pyrene-1-yl) 

     butyramide (PyC4) 
  A solution of 1-aminopyrene (0.5 g, 2.30 
mmol), triethylamine (0.938 ㎖, 6.90 mmol) 
in anhydrous THF (60 ㎖) was prepared, and 
butyryl chloride (0.48 ㎖, 4.60 mmol) was 
added to the solution. The orange-colored 
suspension was stirred at room temperature 
for 6 hours. After completion of the process, 
which was determined using thin-layer 
chromatography (TLC) with ethylacetate/ 
n-hexane (1/1) mixture then the solvent was 
removed on a rotary evaporator. The sample 
was dissolved in chloroform, after then the 
solution was washed with water several times 
and dried with anhydrous MgSO4. The 
product was purified by recrystallization, and 
then filtration and drying at 30 °C vacuum 
oven for overnight (yield, 98%).

2.3. N-(pyren-1-yl) dodecanamide (PyC12)

  It was synthesized from 1-aminopyrene (0.5 
g, 2.30 mmol) and lauryl chloride (1.09 ㎖, 
4.60 mmol) as described above (yield, 95%).   
                         
2.4. N-(pyren-1-yl) octadecanamide 

    (PyC18) 

  It was synthesized from 1-aminopyrene (0.5 
g, 2.30 mmol) and stearyl chloride (1.35 ㎖, 
4.60 mmol) as described above (yield, 91%). 
                                         
2.5. Preparation of PyC4, PyC12 or 

    PyC18-SWNTs suspensions 

  The synthesized PyC4 (10.7 ㎎) was 
dissolved in 10 ㎖ DMF solvent, resulting in a 
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highly transparent solution with 10 mM 
concentration. For the preparation of 
PyC4-SWNT suspension, 1 mg SWNTs and 
10 ㎖ PyC4/DMF solution (10 mM) were 
added to a vial and sonicated in a ultrasonic 
bath (Elma Transsonic TI-H-5) for 24 hrs at 
45 kHz. The neat SWNTs/DMF suspension as 
a reference sample was prepared by sonication 
of 1 mg purified SWNTs and 10 ㎖ DMF 
suspension. PyC12- and PyC18-SWNTs 
suspensions were also prepared under the same 
procedure. 

2.6. Epoxy/SWNTs composite film 

  The procedure for preparing various 
SWNTs/epoxy composites is as follows. 2 ㎖ 
of PyCn(n=4, 12, 18)-SWNTs/DMF 
suspension (or neat SWNTs/DMF suspension 
as a reference sample) was dispersed in 5 g 
urethane-modified epoxy (UME-305, Kukdo 
Chemical). After then, 0.1 g polyamide 
crosslinker (G-0331, Kukdo Chemical) was 
dropped into the mixture and stirred 
vigorously. Finally, the mixture was cast onto 
a flat slide glass, which treated with PTFE in 
advance. The solvent was allowed to evaporate 
at ambient temperature under vacuum for 3 
hrs. Another slide glass (also treated by PTFE 
release agent) was used as a cover. The 
mixture was cured at 80 °C for 3 hrs and 
post-cured at 100 °C for additional 1 hr. 
The samples were cut to slabs with 1 cm 
height and 2.5 cm width. The film thickness 
was 0.18 mm - 0.20 mm. 

2.7. Characterizations

  Atomic force microscopy (AFM) was 
performed by Nanoscope ІІІ (Digital 
Instruments/Veeco Metrology Group). AFM 
images were obtained in tapping mode with 
RTESP model Si/N tips. 1cm x 1cm silicon 
wafers used for spin coating of the solution 
were soaked in a boiling solution of sulfuric 
acid and hydrogen peroxide (3 : 1 by volume, 
Piranha solution) for 1 hr, followed by rinsing 
with distilled water and drying under nitrogen 

atmosphere. A small drop of a PyCn (n=4, 12, 
18)-SWNTs/DMF suspension (or neat 
SWNTs/DMF suspension) was placed on the 
substrate and spin-coated at 2000 rpm for 60 
s, followed by AFM investigation.
  TEM images were obtained using a JEOL 
3000F transmission electron microscope. The 
accelerating voltage was 300 kV. One drop of 
PyCn-SWNTs (n=4,12,18) suspension (or neat 
SWNTs/DMF suspension) was placed on a 
carbon coated grid. Samples were used after 
drying at room temperature for overnight.
  UV-vis-near IR spectra was obtained using 
a Jasco V-570 spectrophotometer. Samples 
were prepared to achieve the desired 
concentration of ca. 7 μg/㎖ through dilution 
with pure DMF solvent due to previous 
reports indicated that scattering on SWNTs 
dispersions is negligible at concentration of 10 
μg/㎖ in DMF [20]. 
  Rheolograph-Solid (Toyo Seiki) was used to 
measure dielectric constant in a frequency 
range from 10 to 105 Hz at room 
temperature. Test samples were fabricated as a 
film with 2.5 cm long, 1 cm wide and 0.18 - 
0.20 mm thick. Gold was evaporated as 
electrode on the center of both surfaces of the 
films.

3. Result and discussion

3.1. Passivation of SWNTs with pyrene of 

    alkyl tails

  SWNTs held by strong, short-range 
intertube attraction is inevitably to form ropes 
and bundles. Ultrasonication method is efficient 
to exfoliate of the CNTs bundle to individual 
tubes. This instantaneous exfoliation of CNTs 
can be stabilized by absorption of alkyl 
pyrenes, which interact with nanotube side 
walls by π-π stacking[21], and the alkyl tail 
of the pyrene can interact with solvent 
sufficiently to overcome the large intertube van 
der Waals interaction energy. Therefore, CNTs 
aggregation is possibly prevented by 
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Fig. 1. AFM images of SWNTs recovered from the dispersions of various SWNTs in DMF; (a) 
neat SWNTs, (b) with PyC4 modification, (c) with PyC12 modification and (d) with 
PyC18 modification.

introducing of a relatively weak repulsion at a 
large distance between the tubes[22], such as 
the steric repulsion among the tails of alkyl 
pyrenes. The treatment of SWNTs in DMF 
using PyC12 and PyC18 resulted in long and 
individual nanotubes of extensive exfoliation, 
while the dispersion of SWNTs in PyC4/DMF 
solution maintained large bundle of SWNTs. 
The AFM images of the SWNTs with various 
alkyl chain length of the pyrene presented in 
Figure 1. 
  PyC12- and PyC18-SWNTs clearly 
presented a large population of highly 
exfoliated SWNTs along with nodular 
morphology on each nanotube. In the case of 
PyC4, the length of alky chain was too short 
to overcome the intertube attraction, indicating 
that short chain of the pyrene had no effect 
on the exfoliation of nanotubes. This 
prominent change of nanotube de-bundling by 
long alkyl tail of pyrene is also supported by 
transmission electron microscopy investigation 
(Figure 2), which showed that the simple 
dispersion of neat SWNTs bundle was 
transformed to the high density network 
structure of the thin bundles and individual 
nanotubes via passivation by PyC12. 

Fig. 2. TEM images of (a) the neat SWNTs 
and (b) PyC12-SWNTs.

Fig. 3. 1H-NMR spectra (300 MHz, DMSO) 
in the range of 8.0-8.4 ppm for 
solutions of PyC12 and 
PyC12-SWNTs.
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Fig. 4. The dielectric behaviors of the various epoxy/SWNTs composites as a function of 
frequency; dielectric constant changes of (a) PyC12-SWNTs and PyC18-SWNTs 
embedded composites, (b) neat SWNTs and PyC4-SWNTs embedded composites, (c) 
dielectric loss of the composites.

  The PyC12-SWNTs solution was 
spectroscopically examined to characterize the 
interactions between PyC12 and SWNTs. In 
FT-NMR spectra shown in Figure 3. We 
found the down-shift  peaks at 8.32 - 8.33 
and 8.295 of PyC12 to 8.31 and 8.29, 
respectively. The chemical shifts to the higher 
field for the pyrene-protons in the PyC12 with 
SWNTs compared to those for the PyC12 
without SWNTs is due to the ring current 
effect in the pyrene p- system, which is the 
direct evident showing the interaction between 
the nanotube sidewall and the pyrene 
chromophore in dispersion.  

3.2. Dielectric behavior of epoxy 

     composite containing SWNTs 

     passivated with alkyl pyrene

  In order to increase the dielectric constant 
of a polymer, it has been suggested that the 
carefully controlled addition of CNTs to 
polymer, which could provide a uniformly 
dispersed CNTs in the matrix with a low 
concentration of nanotubes under the 
percolation threshold, where the nanotube 
composites could have a high dielectric 
constant [23]. The urethane-modified epoxy is 
used as a polymer matrix due to their good 
mechanical property with its processibility, and 
applied the epoxy resin to form a composite 
with various concentration of SWNTs as 
dielectric filler. The dielectric constant of the 

neat urethane-modified epoxy is ca. 5 at 1 
kHz at room temperature. Figure 4 showed 
the dielectric behaviors of the various 
epoxy/SWNTs composites as a function of 
frequency at room temperature. 
  As expected from the copious amount of 
CNTs (0.004wt%) involved, the epoxy 
composite with neat SWNTs showed negligible 
change in dielectric constant, of which value 
was ca. 7 at 1 KHz, and low dielectric loss 
was also found. Although the neat SWNTs is 
generally expected to induce a very large 
dielectric loss due to the electrically conductive 
nature, we thought that amount of CNTs 
under percolation threshold had no effect on 
improvement of dielectric constant and 
behavior. 
  The modified SWNTs with PyC4 was 
embedded into epoxy and characterized by 
AFM measurement, the wrap-around coating 
on SWNTs by PyC4 was not completed thus, 
the passivation of conductive nanotubes was 
inevitably limited to increase dielectric constant 
with very large dielectric loss. The increase of 
dielectric loss for the composites is possibly 
due to the effect of the electrically conductive 
SWNTs. As suggested in Fig. 5. 1 (a), the 
presence of PyC4 on the nanotubes could 
provide better compatibility with matrix than 
that of the neat SWNTs, resulting in partially 
a conductive path to provide large dielectric 
loss with increase in dielectric constant.
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Fig. 5. Speculative modeling of the SWNTs dispersion in the composite matrix; (a) with 
PyC4 modification, (b) with PyC12 modification and (c) with PyC18 modification.

 On the other hand, the PyC12-SWNTs 
embedded epoxy composite showed a dramatic 
jump in dielectric constant higher than 200 at 
1 kHz at room temperature. Also, we could 
find that the dielectric loss was highly 
suppressed compared with the case of 
PyC4-SWNTs. 
  In the case of PyC18 with longer chain than 
that of PyC12, the dielectric constant was 
dropped to approximately 20 at 1 kHz, while 
the dielectric loss was comparable to that of 
the PyC12-SWNTs/epoxy composite. The 
passivation and dispersion of nanotubes treated 
by PyC18 are likely to be similar to those of 
PyC12, as found in the AFM investigation; the 
much longer alkyl tail might be hindered 
association of nanotubes, and induce a random 
dispersion of nanotubes in the matrix. In fact, 
the increase randomness of SWNTs distribution 
would prevent from the formation of 
well-aligned minicapacitor networks in the 
composites, failing to retain a dielectric 
constant as high as that of PyC12. It should 
be also noted that the high dielectric constant 
of PyC12-SWNTs/epoxy composite was 
achieved with only 0.004 wt% PyC12-SWNTs 
concentration, which is much lower amount 
than those of the previous reports. For 
example, the dielectric constants of 
CNTs/poly(vinylidenefluride-trifluoroethylene-hl
orofluoroethylene)composites measured at 100 
Hz has been reported to be 63, 74, and 102 
with the contents of CNTs as 0.5, 1.0, and 

2.0 wt%, respectively. The high dielectric 
constant of the epoxy/SWNTs composite 
without large dielectric loss can be successfully 
achieved via simple organic passivation of 
nanotubes. The reason of the significant 
change of dielectric behavior in terms of alkyl 
chain length in the passivation layer is possibly 
that the alkyl chains of pyrene moieties which 
wrapped to cylindrical nanotubes and play an 
important role to construct a minicapacitor 
networks in the composite, as presented in 
Scheme 1.

4. Conclusion

  The adsorption of pyrene of long alkyl 
chain on SWNTs provides high solubility and 
stability of SWNTs in organic solvent. The 
long alkyl chain of the pyrene leads to prevent 
aggregation by introducing of a relatively weak 
repulsion at a large distance between the 
SWNTs, such as the steric repulsion among 
the tails. The alkyl pyrene-modified SWNTs 
are composed of individual tubes or small 
bundles in DMF solvent. Based on the alkyl 
pyrene-modified SWNT, we also obtained a 
flexible polymer composite with high dielectric 
constant (K>100) and very low dielectric loss 
based on the alkyl pyrene-modified SWNTs. 
We believe that this kind of polymer 
composite with high dielectric performances 
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would have potential possibility to extend their 
applications.   
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