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Atmospheric plasma polymerization of perfluorohexane was investigated in this letter. A large
quantity of single-crystalline polytetrafluoroethylenesPTFEd-like nanotubes were formed on a
simultaneously deposited film at room temperature without any catalysts or templates. The outer
diameter of the nanotubes varied from 60 to 1200 nm with a maximum aspect ratio up to 100:1.
Transmission electron microscopy and x-ray diffraction results indicated a single crystal
close-packed hexagonalscphd structure in the nanotubes. Polarization optical micrographs of the
nanotubes showed their thermal stability comparable to PTFE. It is suggested that the plasma
filament played a key role in the rapid formation of the nanotubes. This atmospheric plasma
discharge synthesis can serve as a common method for nanofabrication of many other
single-crystalline polymer systems. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1894598g

One-dimensionals1Dd single-crystalline nanostructured
polymers have been sought after as ideal model materials
such as single molecules and bulk crystals.1 They exhibit
extremely high specific strength reaching to their theoretical
bonding energy due to the periodical and dense packing of
atoms which link together by strong covalent bonding along
the primary chain. They also display some optical and elec-
tronic properties as a result of the high charge densities, high
carrier mobilities, and unique quantum confinement
effects,2–4 that are different from those of inorganic and me-
tallic nanocrystals. Therefore, these one-dimensional nano-
structured polymers are of great importance in both funda-
mental studies and engineering applications5–8 especially in
the areas of nanoscale polymeric electronics, optoelectronics,
biochemical sensors, solvent-resistant reactors, nonreactive
templates, insulating cable shells, and coatings, etc.

Although there have been extensive efforts on the for-
mation of polymer nanostructures with well controlled and
specified nanodimensions, it is a great challenge to synthe-
size them with high crystallinity and purification. In most of
the previous studies, the synthesis methods often require
confined templates, oriented polymerization catalysts, long
and tedious post removing of the templates and catalysts, and
special selection for various monomers.9–21 It is therefore
desirable to seek synthesis routes by which one-dimensional
single-crystalline polymer nanotubes with high purity can be
formed reproducibly and efficiently.

In this letter, we report an atmospheric plasma discharge
method by which the single-crystalline polymer nanotubes
can be rapidly synthesized at room temperature without any
templates or catalysts. Single-crystalline polytetrafluoroeth-
ylene sPTFEd-like polymer nanotubes with hexagonal cross
sections were rapidly formed on the simultaneously deposi-
tion film. Both transmission electron microscopysTEMd and

x-ray diffraction sXRDd experiments were carried out to
study the structural characteristics of the nanotubes. The
thermal stability of the nanotubes was investigated by using
the polarized photomicroscopy at different temperatures.
Growth mechanisms and related structural behaviors of the
nanotubes are discussed.

The apparatus used for the fast formation of single crys-
talline polymer nanotubes was a homemade atmospheric
plasma discharge reactor. In this reactor, a gradient electric
field with a high voltage of 10–50 kV and a frequency of
10–100 kHz was applied to deposit the single crystalline
nanotubes on ordinary glass slides, silicon wafers, and poly-
ester films, etc. Filament plasma was generated between a
high voltage strip electrode and a grounded plane electrode.
At least one of them was covered with a dielectric barrier.
PerfluorohexanesC6F14d was used as the precursor and fed
into the reactor through an argon carrier gas at a flow rate of
1:10. The flow rate of the mixture gas was controlled at 5
SLM through a mass flow controller. No vacuum was needed
for the reactor system. After only a few seconds to several
minutes, a thin white film was deposited on the entire sub-
strate, onto which a large quantity of nanotubes were identi-
fied.

The morphology of as-grown nanotubes was investi-
gated by scanning electron microscopysSEMd using a JSM-
5600LV. Transmission electron microscopysTEMd images
were acquired at an accelerating voltage of 120 kV using a
JEOL JEM-200CX. TEM samples of nanotubes were pre-
pared by dispersing them directly on a carbon film supported
with Ni grids. The scattering selected area diffractionsSADd
pattern images were taken as soon as possible after focusing,
otherwise the polymer nanotubes experienced melting by the
electron beam radiation. A Rigaku D/Max 2550 V x-ray dif-
fractometersXRDd with CuK radiation was used to charac-
terize the synthesized film. The x-ray wavelength was 1.54 Å
with a beam size of 3 mm. Polarized optical micrographs
were continuously taken by an Olympus B 51 with a hot
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stage at a constant heating rate. For comparing the thermal
stability of the nanotubes with PTFE, small pieces of PTFE
were cut off from PTFE polymer from 3F Co.smelting point
310 °Cd and also observed with a polarized optical micro-
scope. The heating rate was the same as in observing the
deposition films.

Figure 1 shows the SEM images of the as-grown single
crystalline nanotubes on a glass substrate. The synthesis time
needed for growing these nanotubes was only 3 min. As can
be seen in Figs. 1sad and 1sbd, the nanotubes are formed on
the surface of a nanoparticular film which is deposited simul-
taneously with the nanotubes. These nanotubes exhibit a hex-
agonal outer geometry with an open end. The outer diameter
of these tubes is between 60 and 700 nm with a wall thick-
ness of 50–120 nm. The maximum aspect ratio observed is
on the order of 100:1. The nanotubes on the substrate also
appear massive in quantity. Some of the nanotubes tend to lie
parallel to the background particulate layer. Portions of the
nanotubes grow vertically from the layer and protrude di-
rectly upward from the background film, indicating their
close structural and compositional relationship with the
background. Also observed in Figs. 1sad and 1sbd is that the
background nanoparticulate film is composed of loosely
packed nanoparticles on the glass substrate. These loosely
packed nanoparticles have a mean particle size of 50 nm.

Figure 2 shows the TEM image of the nanotubesfFig.
2sadg and the selected area diffraction patternsSADd within
the nanotubefinset of Fig. 2sadg. Based on the sharp electron
diffraction spots in SAD, it is clear that the nanotube has a
single crystal phase, which is indexed to a close-packed hex-
agonalscphd structure. In sharp contrast, however, the dif-
fraction pattern on the background nanoparticulates exhibits

an entirely different behavior. As shown in Fig. 2sbd, the ring
patterns from these nanoparticulates on the substrate suggest
a polycrystalline structure of a hexagonal phase.

Figure 3 shows the x-ray diffraction 2u-scan of the same
sample shown in Fig. 1 on the glass substrate. The diffracted
area also includes the background nanoparticulates on the
substrate, therefore a mixture of both nanotubes and back-
ground material. After a careful XRD analysis we find that
these diffraction peaks belong to two different structures.
The peaks at 2u=15.5° sd=5.705 Åd, 2u=26.9° sd
=3.317 Åd, 2u=31.3° sd=2.855 Åd, and 2u=39.5° sd

FIG. 1. SEM images of PTFE-like nanotubes:sad PTFE-like nanotubes
lying on the surface of a loosely packed nanoparticulate layer;sbd cross
section of the broken PTFE-like nonotubes, clearly showing hexagonal
shape.

FIG. 2. Crystal structure characterization of PTFE-like nanotubes through
TEM: sad TEM image of PTFE-like single crystalline nanotubes and the
SAD patternsinsetd; sbd TEM image of PTFE-like polycrystalline nanopar-
ticulates and the SAD patternsinsetd; sad displays possible single crystal
closed packed hexagonal phase of structure in nanotubes. Inset insbd shows
hexagonal phase of structure in the polycrystalline nanoparticulate layer.

FIG. 3. XRD spectrum from the as-deposited sample containing nanotubes
and nanoparticulates on the glass substrate.
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=2.281 Åd can be well indexed to a closed packed hexagonal
structure withsh,k, ld Miller indices of s100d, s110d, s200d,
and s210d, respectively. The other set of diffraction peaks
includes 2u=18.6° sd=4.761 Åd and 2u=31.3° sd
=2.866 Åd. As polycrystalline PTFE usually shows the same
specific diffraction peaks which belong to a hexagonal phase
above 19 °C witha=0.566 nm andc=1.95 nm in the hex-
agonal unit cell,22 these two peaks are assigned to a hexago-
nal structure off100g andf110g in the most possibility. These
results are consistent with the SAD results shown in Figs.
2sad and 2sbd. Therefore, it is confirmed that there are two
types of structures among the sample materials studied,
namely, the cph structure for the nanotubes and the hexago-
nal structure for the nanoparticulates, respectively. It should
also be noted that both phases are well crystallized on the
substrate. The lattice constant of the closely packed hexago-
nal structure of the nanotubes is indexed to bea=6.348 Å
andc=10.231 Å according to the SAD pattern and the XRD
calculations.

The thermal stability of the as-obtained nanotubes was
observed through the hot-stage polarized optical microscopy.
As shown in Fig. 4, the observable nanotubes with large size
retain a needle-like morphology at 36.7 °CfFig. 4sadg and
exhibit high birefringence in the crystal edge region. Upon
heating up to 350 °CfFig. 4sbdg, the nanoparticulate layer
appears melted and mobile in the vision field but the nano-
tubes still display clear birefringence although not as strong
as at 36.7 °C. Small slices of PTFE exhibit high birefrin-
gence of polycrystalline at room temperaturefFig. 4scdg.
Upon heating up to 350 °C, they also melt as the filmfFig.
4sddg. They completely melt when heating up to 370 °C. This
implies significant thermal stability of the single crystal

polymer nanotubes comparable to PTFE bulk polymer. The
FTIR spectrum and XPS experiment data also display a
PTFE-like polymer structure of the filmsdata not shown
hered.23

This atmospheric plasma discharge method opens an ap-
proach in the one-step fast formation of single crystal PTFE-
like polymer nanotubes with high thermal stability. The rapid
formation process of nanotubes is independent of monomer
type and only associated with plasma conditions and the
electric field gradient. Therefore, the novel plasma polymer-
ization process can also be applied to the nanofabrication of
other single-crystalline polymers with potentially excellent
properties and wide range of applications.

The authors are grateful to Wenqiang Wang and Qiang
Wu for their efforts in the SEM and TEM experiment, Jian-
zhong Lu for assistance in taking the polarized optical mi-
croscopic pictures, Professor Vasudevan Vijay, Dr. R.
Tewandy, Professor Xiaojing Wu, and Professor Yuncheng
Shi for helpful discussions. We are also grateful to the Natu-
ral Science Foundation of Chinas50473003d and Shanghai
Nano Science and Technology Promotion Center for finan-
cial supports0352nm035d.

1Y. Okawa and M. Aono, J. Chem. Phys.115, 2317s2001d.
2F. C. Krebsand and M. Jørgensen, Macromolecules36, 4374s2003d.
3M. A. Kasaya, K. Shimizu, Y. Watanabe, A. Saito, M. Aono, and Y.
Kuwahara, Phys. Rev. Lett.91, 255501s2003d.

4C. J. Tonzola, M. M. Alam, B. A. Bean, and S. A. Jenekhe,
Macromolecules37, 3554s2004d.

5J. Lee, Q. D. Liu, M. Motala, J. Dane, J. Gao, Y. J. Kang, and S. Wang,
Chem. Mater.16, 1869s2004d.

6K. Bradley, J. C. P. Gabriel, and G. Grulner, Nano Lett.3, 1353s2003d.
7N. Tessler, V. Medvedev, M. Kazes, S. H. Kan, and U. Banin, Science
295, 1506s2002d.

8S. O. Kim, H. H. Solak, M. P. Stoykovich, N. J. Ferrier, J. J. de Pablo, and
P. F. Nealey, NaturesLondond 424, 411 s2003d.

9S. D. Vito and C. R. Martin, Chem. Mater.10, 1738s1998d.
10M. Steinhart, J. H. Wendorff, A. Greiner, R. B. Wehrspohn, K. Nielsch, J.

Schilling, J. Choi, and U. Gösele, Science296, 1997s2002d.
11M. X. Fu, Y. F. Zhu, R. Q. Tan, and G. Q. Shi, Adv. Mater.sWeinheim,

Ger.d 13, 1874s2001d.
12H. B. Fu, D. B. Xiao, J. N. Yao, and G. Q. Yang, Angew. Chem., Int. Ed.

42, 2883s2003d.
13Y. S. Yang and M. X. Wan, J. Mater. Chem.12, 897 s2002d.
14K. Akagi, G. Piao, S. Kaneko, K. Sakamaki, H. Shirakawa, and M. Kyo-

tani, Science282, 1683s1998d.
15R. J. Yong and P. A. Lovell,Introduction To Polymers, 2nd ed.sCam-

bridge University Press, Cambridge, UK, 1991d.
16A. David, NaturesLondond 411, 236 s2001d.
17K. Kageyama, J. Tamazwa, and T. Aida, Science285, 2113s1999d.
18H. Nakanishi and H. Katagi, Supramol. Sci.5, 289 s1998d.
19H. Oikawa, T. Oshikiri, H. Kasai, S. Okada, S. K. Tripathy, and H. Na-

kanishi, Polym. Adv. Technol.11, 783 s2000d.
20R. C. Smith, W. M. Fischer, and D. L. Gin, Adv. Mater.sWeinheim, Ger.d

9, 731 s1997d.
21H. Bässler, Adv. Polym. Sci.63, 1 s1985d.
22M. A. Saleh and R. I. Mohamed, J. Phys. Chem. Solids62, 393 s2002d.
23K. S. L. Kenneth, K. M. Shashi, G. P. L. Hilton, A. C. Jeffrey, and K. K.

Gleason, J. Fluorine Chem.122, 93 s2003d.

FIG. 4. Comparison of thermal stability of observable nanotubes and PTFE
polymer slices through polarization micrographs at different testing tem-
peratures:sad nanotubes at 36.7 °C;sbd nanotubes at 350.1 °C;scd PTFE
polymer slices at 25.5 °C; andsdd PTFE polymer slices at 350.4 °C. The
birefringence of the nanotubes and PTFE polymer slices is not so obvious
when heating up to 350 °C, showing similar melting evidence and high
thermal stability of PTFE polymer.
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