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Polyferrocenylsilane nanorods were prepared using a porous
anodic aluminium oxide template followed by chemical
etching; pyrolysis was used to obtain magnetic iron oxide-
containing ceramic nanorods.

There has been tremendous interest in template-based synthesis
of nanomaterials for numerous nanotechnology applications.1
For example, porous anodic alumina2 (PAA) has been em-
ployed as a templating material to fabricate nanowires because
of its high pore density, uniform pore distribution, and tunable
pore diameters of ca. 5–300 nm.3 A range of materials have
been infiltrated into PAA including metals,4 semiconductors,5
carbon nanotubes,6 conducting polymers7 and ceramics.8
Magnetic nanorods containing elements such as Fe, Co and Ni
are potentially interesting for magnetic recording media
applications.4 Barcode nanorods have also recently been
prepared by sequential electrochemical deposition of different
metals into PAA templates.9

Recently, we reported the synthesis of shaped magnetically
tunable ceramics in high yield from a highly crosslinked,
polyferrocenylsilane (PFS).10,11 PFS was prepared via the
thermal ring-opening polymerization (ROP) of a strained
spirocyclic [1]silaferrocenophane (SSF).12 Organometallic pol-
ymers possess interesting physical properties; for example, PFS
is semiconductive when doped and electrochemically active.13

We have demonstrated that PFS and its ceramic pyrolysis
products could be fabricated into various architectures includ-
ing nanostructures,14 spheres,15 patterned films,10 and inverted
opals.16 In this communication we report the synthesis of PFS-
nanorods using PAA templating and its subsequent conversion
to iron oxide-containing ceramic (CER)-nanorods. These
organometallic and metal-containing nanorods may possess
interesting charge transport and magnetic properties, re-
spectively.

Fig. 1 shows a schematic representation of the templating
procedure that was employed to prepare the nanorods. The PAA
template used was prepared using one anodization step as
previously described.17,18 Due to the insolubility of the highly
crosslinked PFS, the SSF monomer was infiltrated into the
PAA template, which was pre-treated at 300 °C to remove any
adsorbed water. The dry PAA template was combined with an
excess amount of SSF in a Pyrex tube. The tube was then placed
under vacuum (ca. 1024 Torr) to promote sublimation of the
SSF monomer into the PAA pores and then sealed. To speed up
the SSF infiltration the SSF/PAA sample was placed in an oven
at 50 °C and the temperature was raised in steps over one week
up to 180 °C, and was then held at that temperature for 12 h to

ensure complete ROP to form the desired PFS/PAA composite.
The pyrolysis of the PFS/PAA composite under a N2 atmos-
phere yielded an iron oxide-containing CER/PAA replica as
shown on the right side of Fig. 1. The route on the left side of
Fig. 1 involved the chemical etching of the PAA template using
a 1% NaOH solution to yield PFS-nanorods. Due to the vacuum
infiltration method employed and the insolubility of the
crosslinked PFS there was a film of excess PFS on the top and
bottom of the nanorods. Subsequent pyrolysis under N2 of the
PFS-nanorods, after the PAA template removal, yielded CER-
nanorods that replicated the structure of the PFS-nanorods.

The nanorods were imaged using electron microscopy as
shown in Fig. 2. Fig. 2A shows a scanning electron microscopy
(SEM) image of the PFS-nanorods running from top to bottom
of the image. The nanorods remain aligned due to the excess
PFS that holds them together at both ends. The connection
seems to have been broken at the edge of the image, which could
be a result of sample cleavage during sample preparation. Fig.
2B shows a transmission electron microscopy (TEM) image of
a cross section of the CER/PAA composite prepared by
pyrolysis at 900 °C for 6 h. The iron oxide particles are clearly
visible inside the ordered PAA nanopores. Fig. 2C shows a
SEM image of the CER-nanorods obtained form PFS-nanorods
after pyrolysis at 900 °C for 6 h. The excess ceramic is clearly
seen on the top and bottom of the nanorods. Fig. 2D shows a
magnified view of the ends of the well aligned CER-nanorods.
Energy dispersive X-ray (EDX) analysis indicated the absence
of any Al in the CER-nanorods, as would be expected after the
complete removal of the PAA template.

The crystalline species present in the ceramic were identified
using powder X-ray diffraction (PXRD) studies. To obtain a
highly crystalline CER/PAA composite, PFS/PAA was pyr-

Fig. 1 Schematic representation of the templating procedure used to make
the PFS/PAA composite material followed either by: etching to form PFS-
nanorods and subsequent pyrolysis to give the CER-nanorods (left), or
pyrolysis to give the CER/PAA composite (right).
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olyzed at 1000 °C for 6 h. Fig. 3 shows the PXRD pattern
obtained for the CER/PAA composite. The crystalline species
present were maghemite (g-Fe2O3), graphite and Al2O3 from
the crystallization of the PAA template. Interestingly, two
polymorphs of Al2O3 were identified including g-Al2O3 as
previously observed with annealing3 and i-Al2O3.

Using the Scherrer equation,19 g-Fe2O3 magnetic nano-
particles of size ca. 62 nm were calculated from the PXRD
pattern for the CER/PAA composite prepared at 1000 °C.
Previously we reported a-Fe pyrolysis products from bulk
forms of PFS.10 In contrast to the bulk PFS pyrolysis, the PAA
template in the PFS/PAA composite serves as an oxygen
source, therefore an iron oxide ceramic was expected. We have
previously observed g-Fe2O3 as a pyrolysis product from a PFS
inverted opal prepared using silica colloidal crystal templat-
ing,16 as well as, Fe3O4 coated iron particles from the pyrolysis
of PFS infiltrated into mesoporous silica.14 Additionally, the
pyrolysis of bulk hyperbranched poly[ferrocenyl(methyl)si-
lane] resulted in hematite (a-Fe2O3) particles.20

In summary, we report the preparation of organometallic
polymer nanorods using a nanoporous alumina template.
Additionally, we show the conversion of the polymer nanorods
to g-Fe2O3-containing ceramic nanorods. Preliminary micros-
copy studies indicate that by using low monomer loadings
hollow tubular structures can also be prepared. Further
investigations on the hollow tubes and the magnetic properties
of the ceramic nanorods are in progress.

We are grateful to Professor Martin Moskovits (University of
Toronto, now at the University of California at Santa Barbara)
and Dr Diyaa Almawlawi (University of Toronto) for providing
the nanoporous alumina template and helpful discussions. We
thank the Canadian Government for a Canada Research Chair in
Materials Chemistry (2001–2008, G. A. O.), and in Inorganic
and Polymer Chemistry (2001–2008, I. M.). I. M. also thanks
the Ontario Government for a PREA award (1999–2004) and
the University of Toronto for a McLean Fellowship
(1999–2003).

Notes and references
1 A. Huczko, Appl. Phys. A., 2000, 70, 365; G. A. Ozin, Adv. Mater.,

1992, 4, 612.
2 C. K. Preston and M. Moskovits, J. Phys. Chem., 1993, 97, 8495; C. R.

Martin, Chem. Mater., 1996, 8, 1739.
3 G. Schmid, J. Mater. Chem., 2002, 12, 1231.
4 For examples of magnetic nanowires made this way: R. M. Metzger, V.

V. Konovalov, M. Sun, T. Xu, G. Zangari, B. Xu, M. Benakli and W. D.
Doyle, IEEE Trans. Magn., 2000, 36, 30; D. Almawlawi, N. Coombs
and M. Moskovits, J. Appl. Phys., 1991, 70, 4421; D. J. Sellmyer, M.
Zheng and R. Skomski, J. Phys.: Condens. Matter., 2001, 13, R433.

5 D. Routkevitch, A. A. Tager, J. Haruyama, D. Almawlawi, M.
Moskovits and J. M. Xu, IEEE Electron. Devices, 1996, 43, 1646.

6 J. Li, C. Papadopoulos and J. M. Xu, Appl. Phys. Lett., 1999, 75, 367.
7 M. Fu, Y. Zhu, R. Tan and G. Shi, Adv. Mater., 2001, 13, 1874.
8 K. B. Shelimov and M. Moskovits, Chem. Mater., 2000, 12, 250.
9 B. R. Martin, D. J. Dermody, B. D. Reiss, M. Fang, L. A. Lyon, M. J.

Natan and T. E. Mallouk, Adv. Mater., 1999, 11, 1021; S. R.
Nicewarner-Pena, R. G. Freeman, B. D. Reiss, L. He, D. J. Pena, I. D.
Walton, R. Cromer, C. D. Keating and M. J. Natan, Science, 2001, 294,
137.

10 M. J. MacLachlan, M. Ginzburg, N. Coombs, T. W. Coyle, N. P. Raju,
J. E. Greedan, G. A. Ozin and I. Manners, Science, 2000, 287, 1460; M.
Ginzburg, M. J. MacLachlan, S. M. Yang, N. Coombs, T. W. Coyle, N.
P. Raju, J. E. Greedan, R. H. Herber, G. A. Ozin and I. Manners, J. Am.
Chem. Soc., 2002, 124, 2625.

11 For other examples of polymer precursors to ceramics, see: R. J. P.
Corriu, Angew. Chem., Int. Ed., 2000, 39, 1376.

12 M. J. MacLachlan, A. J. Lough, W. E. Geiger and I. Manners,
Organometallics, 1998, 17, 1873.

13 D. A. Foucher, B.-Z. Tang and I. Manners, J. Am. Chem. Soc., 1992,
114, 6246; I. Manners, Science, 2001, 294, 1664; K. Kulbaba and I.
Manners, Macromol. Rapid Commun., 2001, 22, 711.

14 M. J. MacLachlan, M. Ginzburg, N. Coombs, N. P. Raju, J. E. Greedan,
G. A. Ozin and I. Manners, J. Am. Chem. Soc., 2000, 122, 3878.

15 K. Kulbaba, R. Resendes, A. Cheng, A. Bartole, A. Safa-Sefat, N.
Coombs, H. D. H. Stöver, J. E. Greedan, G. A. Ozin and I. Manners,
Adv. Mater., 2001, 13, 732.

16 J. Galloro, M. Ginzburg, H. Miguez, S. M. Yang, N. Coombs, A. Safa-
Sefat, J. E. Greedan, I. Manners and G. A. Ozin, Adv. Funct. Mater.,
2002, 12, 382.

17 D. Almawlawi, K. A. Bosnick, A. Osika and M. Moskovits, Adv.
Mater., 2000, 12, 1252.

18 For other synthetic procedures of nanoporous alumina, see: A. P. Li, F.
Müller, A. Birner, K. Nielsch and U. Gösele, J. Appl. Phys., 1998, 84,
6023; D. Crouse, Y.-H. Lo, A. E. Miller and M. Crouse, J. Appl. Phys.,
2000, 76, 49; F. Li, L. Zhang and R. M. Metzger, Chem. Mater., 1998,
10, 2470.

19 D. B. Cullity, Elements of X-Ray Diffraction, Addison-Wesley Publish-
ing Company Inc., Reading, 2nd edn., 1978, p. 284.

20 Q. Sun, J. W. Y. Lam, K. Xu, H. Xu, J. A. K. Cha, P. C. L. Wong, G.
Wen, X. Zhang, X. Jing, F. Wang and B.-Z. Tang, Chem. Mater., 2000,
12, 2617.

Fig. 2 (A) shows an SEM image of the PFS-nanorods. (B) shows a TEM
image of a cross section of the CER/PAA composite looking down the PAA
channels. (C) and (D) show SEM images of the CER-nanorods. In (C) the
excess ceramic is seen on either end of the CER-nanorods and (D) shows
one end of the CER-nanorods.

Fig. 3 Powder XRD diffraction pattern of the CER/PAA composite. The
crystalline species observed were Fe2O3 (/), Al2O3 (5) and graphite
(-).
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