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Abstract

w X Ž . x Ž .Controlled pyrolysis of a hyperbranched polysilyne, poly 1,1-ferrocenylene methyl silyne1 , at high temperature in inert atmosphere
Ž .produces nonostructured ceramics2 in ;48–62% yields. The ceramic products2 are characterized by SEM, XPS, EDX, XRD, and

SQUID. It is found that the ceramics are electrically conductive and possess a mesoporous architecture. The iron contents of2 estimated
by EDX are 36–43%. The nanocrystals formed in the ceramics produced under nitrogen2N are mainlya-Fe O whereas those in the2 3

ceramics produced under argon2A are mainly Fe Si. When magnetized by an external field at room temperature,2A exhibits a high3
Ž .saturation magnetizationM ;49 emurg and near-zero remanence and coercivity.q2001 Elsevier Science B.V. All rights reserved.s
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1. Introduction

The research activity in the synthesis of organometallic
polymer precursors and their controlled pyrolysis to ce-
ramic materials has opened up a new branch of macro-
molecules—preceramic polymer chemistry. The polymer
precursor route offers advantages such as diversity in
chemical compositions, processability for bulk ceramic
bodies of complex shapes, and feasibility of generating
nanodimensional structures. Most studies in the preceramic
polymer chemistry have been so far concentrated on struc-
tural ceramics with outstanding mechanical properties. In-
corporation of nanoclusters of transition metals into ceram-
ics may lead to the development of novel nanostructured
materials with unique magnetic, electrical, and optical
properties. Such possibility has been, however, virtually
unexplored.

We have recently synthesized a series of new hyper-
branched iron- and silicon-containing organometallic po-

w X Ž . xlymers, poly 1,1-ferrocenylenen-alkyl silynes , by the
X Ž .polymerizations of 1,1-dilithioferrocene FcLi withn-al-2

wŽ . xkyltrichlorosilanes C H Cl Si;ns1, 8, 12, 16, 18n 2nq1 3
w x1,2 . The reaction scheme for one of the polysilynes,
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w X Ž . x Ž .poly 1,1-ferrocenylene methyl silyne 1 , is given in
Scheme 1. In the hyperbranched polymer1, every one of

Žthe silicon atoms is surrounded on the average by 3r2 or
.1.5 ferrocenylene moieties, and1 thus possesses a high

theoretical iron content. The three-dimensional molecular
structure of 1 may suppress the iron loss caused by
volatilization, enhance the chances for the iron atoms to
participate in the network formation, and hence increase
the iron content of the ceramic end products.

With these considerations in mind, in this work, we
investigated ceramization of the hyperbranched polysi-
lynes. The pyrolysis of1 produces ceramics2, which
possess mesoporous morphologies, contain large amounts
of iron nanoclusters, and exhibit soft ferromagnetism with
negligibly small hysteresis loss.

2. Experimental

w XThe synthetic details of hyperbranched poly 1,1-ferro-
Ž . x w xcenylene n-alkyl silynes were reported elsewhere 1,2 .

Ž .Thermogravimetric analyses TGA were performed on a
Perkin-Elmer TGA 7 at a heating rate of 108Crmin under
nitrogen. Morphologies of the ceramics were observed on

Ž .a JEOL 6300 scanning electron microscope SEM operat-
ing at an accelerating voltage of 5 kV, and the as-prepared
ceramics were directly used in the SEM analysis without
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Scheme 1.

Ž .coating with gold metal. Energy-dispersion X-ray EDX
analyses were performed on a Philips XL30 SEM system
with quantitative elemental mapping and line scan capaci-
ties operating at an accelerating voltage of 15 kV. X-ray

Ž .photoelectron spectroscopy XPS measurements were
Žconducted on a PHI 5600 spectrometer Physical Electron-

.ics and the core level spectra were measured using a
Ž .monochromatic Al K X-ray sourcehÕs1486.6 eV .a

The analyzer was operated at 23.5 eV pass energy. Bind-
ing energies were referenced to the adventitious hydrocar-
bon C 1s line at 285.0 eV and curve fitting of the XPS

w xspectra was performed using the least square method 3 .
Ž .X-ray diffraction XRD diagrams were recorded on a

Philips PW 1830 powder diffractometer using monochrom-
atized X-ray beam from a nickel-filtered Cu K radiationa

˚Ž .ls1.5406 A . Magnetization measurements were carried
out using a superconducting quantum interference device
Ž . Ž .SQUID magnetometer Quantum Design MPMS-5S at
fields ranging from 0 to 20 kOe and at temperatures of 5
and 300 K.

In a typical pyrolysis experiment conducted under nitro-
gen, 28 mg of1 was placed in a sample cell of Perkin-Elmer
TGA 7 analyzer. The sample was heated to 10008C at a
heating rate of 108Crmin and calcinated at the highest
temperature for 1 h. A ball-shaped ceramic product was

Žobtained in ;50% yield referred to as2N with ANB
.standing forAnitrogenB . In another typical pyrolysis ex-

periment carried out under argon,;40 mg of 1 was
placed in a quartz tube in a Winston-Salem Thermcraft
furnace, which was heated to 12008C at a heating rate of
10 8Crmin in a stream of argon. The sample was sintered
at the temperature for 1 h, which gave a ceramic product in

Ž .;50% yield 2A; AAB standing forAargonB .

3. Results and discussion

We first used TGA to investigate the pyrolysis of the
hyperbranched polysilynes under nitrogen. Whenns1
Ž .1 , the pyrolysis gives a golden-colored ball-shaped ce-
ramic product in the TGA cell in;50% yield. The
ceramic yields of1 vary in the range of;48–62% from

Ž .batch to batch but are all higher than that;36% of its
w X Ž .linear counterpart poly 1,1-ferrocenylene dimethyl sily-

Fig. 1. SEM photomicrograph of ceramic2A prepared by pyrolysis of1
Ž .at 12008C under argon; scale bar: 1mm 1000 nm .

x Ž . w xlene 5 4,5 . The pyrolysis yield monotonically decreases
with an increase in the length of the alkyl chain. Whenn
is increased to 12, the ceramic yields decrease to;35–
43%, which are, however, still more than two times higher

Ž .than that ;17% of its linear cousin with a similar
w X Žnumber of carbon atoms, e.g. poly 1,1-ferrocenylene di-

. x w xphenyl silylene 4 . Clearly, the hyperbranched polymers
are superior to the linear ones in terms of thermolytic
conversion to ceramic products. Cutting the backbone of a
linear polymer a few times will quickly decrease its molec-
ular weight, and volatilization of the low molecular weight

w xfragments leads to a low ceramic yield 6 . On the other
hand, breaking a few bonds of a hyperbranched polymer
may not easily change its polymeric nature because of its
three-dimensional molecular architecture. Therefore, higher
ceramic yields are obtained.

Since the polymer with the shortest alkyl chain length
Ž .ns1; 1 gives the highest ceramic yields among all the

w Ž . xhyperbranched poly 1,1-ferrocenylenen-alkyl silynes , we
concentrated our research efforts on the ceramic materials
from 1 and further studied its ceramization behaviors.
When the samples of1 are pyrolyzed in a furnace at 1200

Ž .8C in a stream of argon, high ceramic yields;50–60%
are again obtained, confirming that the efficient ceramiza-
tion is an intrinsic property of the hyperbranched polymer.

The SEM measurements of the ceramic products can be
carried out without coating with gold metal. The clear

Table 1
Atomic composition of ceramics2 estimated by XPS and EDX analyses

Ž .Ceramic Atomic composition %

Fe Si C O

Ž .2N XPS 6.1 0.7 78.0 15.2
Ž .EDX 36.0 24.4 30.2 9.4
Ž .2A XPS 3.8 0.6 86.7 8.9

Ž .EDX 43.2 29.1 22.4 5.3
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Fig. 2. Fe 2p photoelectron spectra of ceramics2N and2A.

images of the SEM photomicrographs indicate that the
ceramics are electrically highly conductive, suggesting the
existence of conductive graphite carbon and metallic iron
species in the ceramic products. As can be seen from Fig.
1, the ceramic looks like a coral reef, in which the
continuous skeletons are running through a mass ofAis-
landsB or clusters, many of which have sizes of a few
hundred nanometers. On the two-dimensional imaging
plane, the nanoclusters are separated by mesoscopic pores,
but three-dimensionally they are all tortuously intercon-
nected, with the continuous skeletons providing the archi-
tectural support. Evidently, the coral reef-like mesoporous
structure is generated by the fast simultaneous evaporation
of volatile organics and agglomeration of the inorganic
elements in the pyrolysis process.

We used XPS spectroscopy to estimate the surface
composition of the ceramic products. The XPS analysis
finds four elements on the ceramic surface, namely, iron,

Ž .silicon, carbon, and oxygen Table 1 . The Fe, Si, and C
elements are understandably from the polymer precursor.
The oxygenic species may be introduced by the moisture
absorbed by the polymer samples prior to pyrolysis andror
by the post-oxidation of the mesoporous ceramics during
the handling and storage processes. The amounts of the Fe

Table 2
Binding energies of Fe 2p core levels in ceramics2 and other Fe-contain-
ing materials

Ž .Material Binding energy eV Reference

Fe 2p Fe 2p3r2 1r2

2 707.4 710.8 712.3 720.2 724.8 725.8 This work
w xFe 707.3 720.3 8
w xFe Si 707.5 8–103
w xFe O 710.8 724.7 73 4
w xFe O 711.6 725.1 72 3

Ž . Ž .Fig. 3. Si 2p photoelectron spectra of ceramics A2N and B 2A; inset
Ž .C : curve fitting of spectrum B.

and Si elements in the bulk of the ceramics detected by the
EDX analysis are much higher than those on the surface.
On the other hand, there are smaller quantities of elemental
C and O in the bulk than on the surface. This suggests that
the ceramization process starts from the pyrolysis-induced
formation of the inorganic metallic species. The nanoclus-
ters shown in Fig. 1 thus may be imagined as iron–silicon
inner cores coated with carbonic and oxide outer layers.

An important piece of information offered by the ele-
mental analyses is that both the ceramics prepared under

Ž . Ž .nitrogen 2N and argon 2A comprise large amounts of
Ž .elemental iron 3.8–6.1% by XPS and 36–43% by EDX ,

Ž .much higher than those 1.0% by XPS and 11% by EDX
in the ceramic prepared by the pyrolysis of the linear

Ž . w xpolymer 5 at a similarly high temperature 10008C 4 .
The ferrocenylene moieties of1 are confined in the roughly
spherical cage of the hyperbranched polysilyne, allowing
the iron species to have more time to take part in the
cross-linking reaction, hence enhancing their chances to
transform into nonvolatile inorganic structures.

The valence shell electrons are known to contribute to
the net force experienced by the core level electrons, and
the core-level binding energies thus change with the change

w xin the chemical environments 7 . We inspected the Fe 2p
Ž .core level photoelectron spectra of2 Fig. 2 in an effort to

Table 3
Binding energies of Si 2p core levels in ceramics2 and other Si-contain-
ing materials

Ž .Material Binding energy eV Reference

2 104.0 101.5 99.9 This work
w xSiO 104.2 112
w xSiC 101.1 12
w xFe Si 99.7 133
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w X Ž . xFig. 4. XRD patterns of poly 1,1 -ferrocenylene methyl silyne1 and its
ceramic products2N and2A.

understand the chemical structure of the iron species in the
ceramic products. The spectrum of2N shows a small peak
at 707.4 eV, which may be assigned to the Fe 2p3r2

core-level binding energy of Fe and Fe Si, because the3

literature data for the two iron species are almost identical,
Ž . w xbeing respectively 707.3 and 707.5 eV Table 2 8,9 .

w x w xAllen et al. 8 and Fradley 9 reported a binding energy of

720.3 eV for the Fe 2p line, and the peak at 720.2 eV1r2

in Fig. 2 thus further confirms the existence of the elemen-
w xtal iron in its metallic form in6N. Mills and Sullivan 7

reported binding energies of 711.6 and 725.1 eV for the Fe
2 p and Fe 2p peaks, respectively. The intense3r2 1r2

peaks at 712.3 and 725.8 eV in Fig. 2 are thus likely to
result from the Fe O nanoclusters in2N. It is known that2 3

a- and g-Fe O species possess the same binding energy2 3
w x3,10 , and it is thus difficult to distinguish whether the
iron oxide in2N is in thea- or g-form on the basis of the
XPS data alone.

The Fe 2p spectrum of2A is, however, remarkably
different from that of2N. The Fe and Fe Si species give3

Ž . Žsharp intense peaks at 707.4 Fe 2p and 720.2 eV Fe3r2
.2 p . The oxide can be assigned as Fe O , because the1r2 3 4

Ž .observed binding energies for the Fe 2p 710.8 eV and3r2
Ž .Fe 2p peaks 724.8 eV are almost identical to those1r2

Ž .710.8 and 724.7 eV, respectively of Fe O reported by3 4
w xMills and Sullivan 7 . The Fe 2p envelope tails into3r2

the high binding energy region, suggesting that a small
amount of Fe O also exists in2A.2 3

The Si 2p core level spectrum of2N gives an intense
Ž .peak at 104.0 eV Fig. 3A , thus the silicon in2N is

Ž .oxidized and exists in the form of SiO Table 3 . There is2
Ž .no obvious signal associated with iron silicide Fe Si ,3

possibly because the weak signal is buried under the
overwhelming SiO peak. The signal related to the Fe Si2 3

species is, however, detected in2A. The Si 2p spectrum
of 2A exhibits structured tails in the low binding energy

Ž 4q.region, in addition to the main peak for SiO Si at2

104.0 eV. Using the least-square peak fitting program, it is

Table 4
Nanocrystals in ceramics2 identified by XRD analysis

a˚Ž . Ž .No. Crystal 2u 8 rd spacing A ICDD file
b c2N 2A

Ž .1 Fe 43.65r2.07 2.08 31-0619
Ž . Ž . Ž .2 Fe Si 44.55r2.03 2.00 45.40r2.00 2.00 , 66.35r1.41 1.41 , 45-12073

Ž .84.15r1.15 1.15
Ž .3 Fe O 35.48r2.53 2.53 75-13723 4

Ž . Ž . Ž .4 a-Fe O 33.00r2.71 2.70 , 35.65r2.52 2.52 , 33.00r2.71 2.70 33-06642 3
Ž . Ž .49.50r1.84 1.84 , 54.75r1.68 1.69
Ž . Ž .5 g-Fe O 35.65r2.52 2.51 , 57.50r1.60 1.60 25-14022 3

d,ed eŽ . Ž .6 SiO 28.45r3.13 3.11 30.40r2.94 2.942
f,gfŽ . Ž . Ž . Ž .7 SiC 35.65r2.52 2.51 , 59.85r1.54 1.54 35.48r2.53 2.53 , 38.05r2.36 2.37 ,

gŽ .59.95r1.54 1.55
hh hŽ . Ž .8 C 26.90r3.31 3.35 26.50r3.36 3.35

aThe values given in the parentheses are taken from the powder diffraction files of the database of the International Center for Diffraction Data
Ž .ICDD .

bSintered under nitrogen at 10008C for 1 h.
cSintered under argon at 12008C for 1 h.
dCoesite; ICDD data file 72-1601.
eStishovite; ICDD data file 72-2310.
f Carborundum; ICDD data file 73-1708.
gICDD data file 75-1541.
hGraphite; ICDD data file 75-2078.
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resolved that the tails are the Si 2p peaks for the reduced
Ž . Ž .silicon species of SiC 101.5 eV and Fe Si 99.9 eV3

w x Ž .11–13 Fig. 3C and Table 3 .
We used XRD diffratometry to examine the bulk com-

position and crystal structure of the ceramic products. The
precursor polymer1 is amorphous, exhibiting no sharp
reflection peaks but a diffuse halo in the 2u angle region

Žof ;5–308 Fig. 4; noticing that the broad peak centered
at 2u angle of ;698 is not from 1 but from the silicon

.wafer used in the XRD measurement . In contrast, its
ceramic products2 show diffraction patterns with numer-
ous Bragg reflections; that is,2 contains many crystalline
species. The crystals are, however, small in size, as evi-
denced by the line broadening of the XRD diagrams.

w xUsing the Scherrer equation 14 , it is estimated that the
sizes of the crystals are in the range of 41–117 nm. The
sizes of the nanocrystals are smaller than those estimated
from the SEM image, suggesting that the nanocrystals
coexist with other species in the nanoclusters. In other
words, the nanoclusters are not pure in composition but are
mixtures of different species, in agreement with the XPS
and EDX results discussed above.

We used the data files in the database of the Joint
Committee on Powder Diffraction Standards of the Inter-

Ž .national Center for Diffraction Data JCPDS-ICDD to
identify the nanocrystals, and the results are summarized in
Table 4. The ceramic2N shows reflection peaks of Fe and
Fe Si crystals at 2us43.658 and 44.558, respectively.3

Their secondary reflections can, however, not be detected,
probably due to the imperfect packing structure of the

w xnanocrystals 14 . The diffraction diagram of2N displays a
peak of a-Fe O at 2us33.008, whose higher-order re-2 3

flections are observed at 35.658, 49.508, and 54.758, imply-
ing that thea-Fe O nanocrystal in2N still holds a regular2 3

Ž .packing structure Table 4, no. 4 . The reflection peaks
associated with theg form of Fe O at 35.658 and 57.5082 3

are, however, weak in intensity. Thus, while the XPS
analysis provided no clear information on the crystal poly-
morph, the XRD analysis here reveals that the Fe O2 3

nanocrystals exist mainly in thea form. The reflection
peaks of SiO , SiC, and C are all weak and broad,2

probably because the majority of the silicon and carbon
species is in the irregular amorphous state.

In the XRD diagram of2A, we cannot find any peaks
associated with the reflections of Fe metal. An intense
peak of the Fe Si nanocrystal is, however, observed at3

45.408, whose higher-order reflections are clearly identifi-
able at 66.358 and 84.158. Thus, most, if not all, of the iron
species in2A exist in the form of Fe Si. Consistent with3

the XPS data,2A shows a Fe O peak of moderate3 4

intensity at 35.488 but only a weak peak ofa-Fe O at2 3

33.008. This is in contrast to the XRD diffraction pattern of
2N, in which no Fe O buta-Fe O peaks are observed3 4 2 3
Ž .Table 4, nos. 3–4 . The reflections of the SiO , SiC, and2

C species in2A are again weak and broad, probably due to
the same reasons as discussed above for2N.

The ceramic products2 can be readily attracted to a bar
magnet at room temperature; that is, they are readily
magnetizable. We thus used the SQUID technique to in-
vestigate their magnetization behaviors in magnetic fields.
As shown in the upper panel of Fig. 5, at 300 K,2N is
magnetized even when a weak magnetic field is applied.
Its magnetization increases with an increase in the strength
of the applied field and becomes saturated at;16 emurg
when the external field reaches;2 kOe. Its M increasess

to ;21 emurg when the temperature is decreased to 5 K.
The M for 2A at this temperature is, however,;51s

emurg, which is ;2.5-fold higher than that for2N. The
XPS and XRD analyses have revealed that Fe Si is the3

major component of the nanocrystals in2A, while in 2N,
the nanocrystals are mainlya-Fe O , with g-Fe O , Fe,2 3 2 3

and Fe Si existing in relatively small quantities. Fe Si,3 3

g-Fe O , and Fe are the best-known magnetic materials2 3
w xbut a-Fe O is only weakly magnetic 15 ;2A thus should2 3

show higher magnetizability than2N. The SQUID mea-
surements prove that this is indeed the case, reinforcing the
composition analyses of the ceramics by the XPS, EDX,
and XRD techniques.

When the portion of the magnetization plots in the low
field region is enlarged, the hysteresis loops of2N become

Ž . Ž .Fig. 5. Plots of magnetizationM versus applied magnetic fieldH at 5
and 300 K for ceramics2N and 2A, the lower panel being the enlarged
part of the magnetization curves in the low magnetic field region.
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clearly visible. The remanence and coercivity of2N are
possibly due to the contribution from itsg-Fe O compo-2 3

nent. Interestingly, however, even at the high magnifica-
tion, 2A does not seem to exhibit any hysteresis loops and

Žits magnetization curves nearly cross the zero point i.e.
.M ;0, H ;0 , when the magnetization experiments arer c

Ž .carried out at both 300 and 5 K. Silicon steel Si–Fe is
widely used in electromagnetic systems because of its
extremely low magnetic hysteresis loss. The near-zeroMr

and H values of2A are easy to understand because Fe Sic 3

is the major component of the nanocrystals in the ceramic
product. Thus,2A is an excellent soft ferromagnetic mate-
rial with a high magnetic susceptibility and low hysteresis
loss.

4. Conclusions

We have successfully prepared nanostructured magneto-
ceramic materials using hyperbranched organometallic
polymer precursors. Our finding in this study can be

Ž .summarized as follows: 1 the ceramization yield in-
creases with a decrease in the alkyl chain length of the

w X Ž . xhyperbranched poly 1,1-ferrocenylenen-alkyl silyne pre-
cursors, with the highest yield obtained in the polymer

Ž . Ž .with the smallest alkyl methyl group; 2 the hyper-
branched polysilynes are superior to their linear polysily-
lene counterparts in terms of the pyrolytic conversion to
inorganic networks and the retention of elemental iron in

Ž .the ceramic products; 3 the simultaneous evaporation of
volatile organics and agglomeration of inorganic elements
in the pyrolysis of1 readily generates a three-dimensional

Ž .mesoporous network of nanoclusters; and 4 the iron
silicide nanocrystals make2A an excellent soft ferromag-
netic material, exhibiting a high magnetizability and a
negligibly small hysteresis loss.
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