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Shaped Ceramics with Tunable
Magnetic Properties from
Metal-Containing Polymers

Mark ). MacLachlan,’ Madlen Ginzburg," Neil Coombs,’
Thomas W. Coyle,”> Nandyala P. Raju,? John E. Greedan,?
Geoffrey A. Ozin,'* lan Manners™*

A shaped, magnetic ceramic was obtained from a metal-containing polymer
network, which was synthesized by thermal polymerization of a metal-con-
taining organosilicon monomer. Pyrolysis of a cylinder, shape, or film of the
metal-containing polymer precursor produced a low-density magnetic ceramic
replica in high yield. The magnetic properties of the shaped ceramic could be
tuned between a superparamagnetic and ferromagnetic state by controlling the
pyrolysis conditions, with the particular state dependent on the size of iron
nanoclusters homogeneously dispersed throughout the carbosilane-graphitic—
silicon nitride matrix. These results indicate that cross-linked metal-containing
polymers may be useful precursors to ceramic monoliths with tailorable mag-

netic properties.

High-performance ceramics, such as SiC,
AIN, B,C, and TiN, are of widespread tech-
nological importance in applications as di-
verse as rocket nozzles and automobile parts
(1-3). Ceramics obtained as films, coatings,
fibers, or bulk shapes are especially appeal-
ing for practical applications. Ceramic mate-
rials are generally prepared from powders in
a sequence of synthesis, processing, shaping,
and sintering steps. Recent studies suggest
that organosilicon polymers and inorganic
glasses may be more practical precursors to
advanced ceramics, as they have the advan-
tage of a three-dimensional network of cova-
lent bonds and ease of processibility familiar
to polymer and sol-gel science (4-8). Most
work on polymer-derived ceramics has focused
on the mechanical strength and stability of ma-

terials, rather than electronic and magnetic .
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properties (9-13). Furthermore, the ceramic
materials previously obtained from metal-con-
taining polymers are powders. Shaped ceramics
with tunable magnetic properties may find util-
ity as protective coatings, magnetic recording
media, and antistatic shielding.

Although of considerable interest (7—15),
the preparation of nonoxide ceramics from
organometallic polymers has been hindered
by the synthetic challenge of convenient-
ly preparing well-characterized precursor ma-
terials with appreciable molecular weights.
The ring-opening polymerization (ROP) of
strained [1]silaferrocenophanes (SFP, Fig.
1A) is a well-established route to high-mo-
lecular weight poly(ferrocenylsilanes) (PFS,
Fig. 1B) (16-18). Upon pyrolysis at 1000°C
under N,, PFS yields a magnetic ceramic
powder but in low yield (30 to 40%) (19).
The resulting powders contain ferromagnetic
iron particles within the SiC-C-Si,N, matrix.
We have shown that pyrolysis of nanoscale
cylinders of PFS in hexagonal mesoporous
silica at 900°C yields iron nanocrystals with a
diameter constrained by the width of the
channels (20).

An important consideration when choos-
ing a ceramic precursor is the ceramic yield
because this ultimately determines the utility,
bulk properties, and shape retention in the

resulting ceramic. Cross-linking preceramic
polymers is a prevalent method for increasing
the ceramic yields because it reduces the
amount of volatile decomposition products.
In this regard, we chose to form an example
of a cross-linked metal-containing polymer
precursor to demonstrate shape retention in
the resulting ceramic. This was achieved
starting with the spirocyclic [1]silaferro-
cenophane (SSFP, Fig. 1C) (21, 22).

Differential scanning calorimetry of SSFP
displayed a melt at 92°C followed immedi-
ately by an exotherm with two peaks, consis-
tent with ROP. When SSFP was heated in a
sealed Pyrex polymerization tube under vac-
uum at 140°C for 12 hours and then at 180°C
for 4 hours, it appeared to melt and rapidly
became immobile. The resulting orange-red
solid was stirred for 48 hours in tetrahydrofuran
(THF) under N,, but only a small amount of
material dissolved. Gel permeation chromatog-
raphy of the soluble fraction showed no poly-
mer; it probably contained only residual mono-
mer and short oligomers.

The cross-linked preceramic polymer net-
work (CPPN) was characterized by powder
x-ray diffraction (PXRD), solid-state magic-
angle spinning (MAS) nuclear magnetic res-
onance (NMR) ('H, '3C, and 2°Si), thermo-
gravimetric analysis, and pyrolysis mass
spectrometry. A PXRD pattern of the CPPN
displays two sharp reflections at 26 = 12.81°,
d = 690 A [full width at half maximum
(FWHM) intensity = 0.29° 26] and 20 =
15.38°, d = 576 A (FWHM = 0.41° 26)
corresponding to diffraction coherence be-
tween iron centers in the cross-linked poly-
mer network. (6 is the angle of incidence of
the x-ray beam on the sample, and d is the
lattice spacing.) Also observed are some
broad halos revealing additional short-range
order in the material.

"H MAS NMR of the CPPN showed two
peaks centered at 3.9 ppm and 1.8 ppm,
attributed to the cyclopentadienyl (Cp) and
methylene resonances, respectively. In the
13C  cross-polarization MAS (CP-MAS)
NMR spectrum of the CPPN (Fig. 2), two
resonances associated with the methylene
groups of the carbosilane were observed at 18
and 26 ppm. In the Cp region, several peaks
observed between 73.2 and 76 ppm are con-
sistent with Cp (C-H) carbons. Also, three
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ipso-carbon resonances are observed at 63.8,
66.5, and 67.6 ppm, downfield from the sin-
gle ipso-carbon resonance observed in the
strained monomer SSFP at 31.9 ppm. Assum-
ing that thermal ROP of SSFP proceeds
through random ring-opening of both the si-
lacyclobutane and the ferrocenophane rings
and that the reactive Cp/CH,, ends can recom-
bine with any other Si center, there are three
Si microenvironments possible in the ran-
dom cross-linked polymer as shown in Fig.
1D. This is consistent with the observation
of three distinct ipso-carbon resonances in
the '3C NMR spectrum of the CPPN. Fur-
thermore, the 2°Si CP-MAS NMR spec-
trum displays a sharp peak at 4 ppm and a
broader peak at 8 ppm, in accord with this
proposal.

When a Pyrex polymerization tube (15-
cm length by 1-cm diameter) was loaded with
SSFP and heated for 7 hours at 150°C fol-
lowed by 16 hours at 180°C, a solid sample
of the CPPN was obtained that resembled the
shape of the glass mold (Fig. 3). The rigid,
insoluble rod had a smooth texture and was
difficult to cut with a knife. Upon heating to
600°C under N,, the solid undergoes a small
weight loss (90% ceramic yield) and contrac-
tion (10%) but retains its overall shape. In
addition, the ceramic is hard and is attracted
to a bar magnet. The bulk density of a sample
was determined to be 1.61 = 0.01 g cm™3,
only slightly more dense than the crystalline
precursor SSFP (density = 1.54 g cm™3).
Flexible polymer films could also be formed
by sublimation of the monomer onto a hot
glass tube. Subsequent thermal treatment at
550° to 600°C provides a route to rigid mag-
netic ceramic films that were also attracted to
a bar magnet.

Scanning electron microscopy (SEM) of
the bulk ceramic (Fig. 4A) and high-resolu-
tion transmission electron microscopy (TEM)
reveal a smooth and nonporous texture,
which was confirmed by nitrogen adsorption
measurements at 77 K. Furthermore, the fact
that no change in ceramic yield (90 £ 2%)

Fig. 1. Structural dia-
grams. Ring-opening
polymerization of SFP
(A) yields polymer PFS
(B). When spirocyclic
SSFP (C) is polymer-
ized, it generates a
cross-linked network,
CPPN. (D) The three
possible Si microenvi-
ronments for the
CPPN.

1
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has been observed up to 1000°C and the
observation that no oxides have been ob-
served in the PXRD of any samples suggest
that bulk oxygen incorporation does not oc-
cur. As a control, a sample pyrolyzed under
air had an observed ceramic yield of 53% and
showed only Fe,O, (haematite) and quartz in
the PXRD pattern, where the calculated yield
based on complete transformation to Fe,O,,
Si0,, CO,, and H,0 is 55%.

PXRD studies of the ceramic product re-
vealed a low-intensity broad peak assigned to
the {110} reflection of crystalline a-Fe near
20 = 45°, d = 2.03 A. This is consistent with
the observation of Fe, nanoclusters in the TEM
images of the products. TEM images of cross
sections of a bulk sample and a film of the bulk
ceramic are shown in Fig. 4, B and C, respec-
tively. In the bulk sample, the Fe, clusters
possess an average diameter of 24 = 16 A
(sample size of 300 particles). Very few clusters
over 50 A in diameter were observed. As clus-
ters smaller than 10 A could not be resolved,
there may still be many extremely small iron
clusters not imaged by TEM. In the film
sample, which was treated at a lower tem-
perature, the clusters appear to have a lower
polydispersity. In both samples, the Fe,
nanoclusters appear to be homogeneously

- distributed within an amorphous matrix.

High-resolution TEM lattice imaging of
medium-sized nanoclusters showed that
they were crystalline iron.

Magnetic measurements confirmed that
the lightweight ceramic contains superpara-
magnetic iron clusters. The zero-field—cooled
magnetic susceptibility versus temperature
curve (Fig. 5A) is consistent with the pres-
ence of superparamagnetic clusters with a
blocking temperature, 7,, of around 30 K.
When the superparamagnetic sample is
cooled below T, in the absence of a magnetic
field, the magnetic dipoles of the clusters
are locked in a random orientation. As the
sample is warmed in a magnetic field, the
dipoles slowly align. Above T,, thermally
induced fluctuations of the magnetic di-
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poles dominate, and the clusters behave as
superparamagnets.

Mossbauer spectroscopy at 77 K shows
two quadrupole doublets (Fig. 5B). The inner
quadrupolar doublet with an isomer shift of
0.27 + 0.03 mm s~ ' and a quadrupolar split-
ting of 2.24 + 0.03 mm s~ ! is consistent with
the presence of superparamagnetic iron clus-
ters. This doublet results when the rapidly
fluctuating magnetic dipoles average the in-
ternal hyperfine field of the iron nanoclusters.
The room-temperature spectrum is virtually
identical to the spectrum at 77 K with only
small changes in the isomer shift and quadru-
polar splitting of the two doublets. Because
of its similarity to the Mdssbauer spectrum of
ferrocene [isomer shift = 0.46 £ 0.01 mm
s~ 1, quadrupolar splitting = 2.40 * 0.01 mm
s~! (23)], the outer doublet (isomer shift =
0.44 * 0.03 mm s~ !, quadrupolar splitting =
2.24 *= 0.03 mm s~!) may be assigned to
either iron atoms on the surface of the clus-
ters or atomic iron in a ferrocene-like envi-
ronment. Reflectance ultraviolet-visible/near-
infrared (IR) spectroscopy revealed no d-d
absorption as observed in the polymer pre-
cursor (440 to 500 nm) and the absence of the
C-H stretching overtone at 1665 nm (6006
cm™!) (both observed in samples treated at
550°C or less, but not in any samples treated
above 550°C). Furthermore, the IR spectrum
of the sample shows virtually no C—H stretch-
ing modes for cyclopentadienyl ligands (3100
cm™ 1), a marked reduction in the C-H stretch-
ing region of the alkyl groups (2800 to 3000
cm™"), and a drastic change between 400 and
1500 cm™! (C~C and C=C stretching; ferro-
cene modes). From this combination of results,
we conclude that the ferrocene units have bro-
ken up to release all of the iron as clusters.

Hence, the two sets of quadrupolar dou-
blets in the Mossbauer spectrum are best
associated with the surface and bulk iron
atoms in the superparamagnetic clusters. The
higher electric field gradient of the surface
compared with bulk iron atoms in the clusters
gives rise to the doublet with the larger qua-

100 80 60 40 20 0  ppm

Fig. 2. NMR spectrum. "3C("H) CP-MAS solid-
state NMR spectrum (100.62 ‘MHz; 7.5-kHz
spinning rate; 1-ms contact time; and 2-s recy-
cle delay) of the CPPN (spinning side bands are
indicated by an asterisk).
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drupolar splitting. The much higher intensity
doublet of the surface iron in the cluster is
consistent with the PXRD, TEM, and mag-
netization data that show that the clusters are
very small. From integration of the area of the
doublets, the ratio of surface iron atoms to
bulk iron atoms (assuming identical recoil-
free fractions) is 2.9. Assuming a spherical
body-centered cubic packing model (a-Fe)
for the clusters, we calculate that the mean
cluster diameter is about 25 A.

We studied the genesis and microstructure
of the ceramic over the temperature range 25°
to 1000°C using diffraction, microscopy,
spectroscopy, and thermal methods of anal-
ysis (24). Under a nitrogen atmosphere, the
ceramic yield is greater than 90%, and the
only volatile components that we were able
to detect (NMR and mass spectrometry) are
a trace of ferrocene and a molecular species
with a mass-to-charge ratio < 500. Starting
with the poly(ferrocenylsilane) CPPN, one
observes with increasing pyrolysis temper-
ature the formation (600°C) of superpara-
magnetic iron clusters dispersed within an

A
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Fig. 3. (A) Photographs of the bulk organome-
tallic polymer before (bottom) and after (top)
pyrolysis at 600°C. (B) Photographs of the
CPPN cast in a pentagonal Teflon mold before
(bottom) and after (top) pyrolysis at 600°C.
The ceramics retain the shape of the precursor
polymer and show only a small contraction
after pyrolysis (pyrolysis was not performed in
a mold).

REPORTS

amorphous “carbosilane” matrix, which
gradually transforms (700°C) into larger
clusters embedded in a composite “carbosi-
lane-graphite” matrix. Above 900°C, small
amounts of SiC and Si;N, are formed. Vi-
brational spectroscopy indicates that within
the detection limit of the technique, sam-
ples treated above 600°C are devoid of
covalently bound hydrogen.

As the pyrolysis temperature was increased,

we observed an increased Fe, particle size by
PXRD and TEM (24). Magnetization versus
field data were collected for the lightweight
ceramics prepared at 650°, 850°, and 1000°C.
Magnetization measurements of ceramics
formed at 650° and 850°C (Fig. 5C) show
virtually no hysteresis at 100 or 300 K, charac-
teristic of superparamagnetic clusters. More-
over, the approach to magnetic saturation was
slow for these ceramics. However, the ceramic

Fig. 4. Electron microscopy. (A) SEM image of the bulk ceramic obtained from the pyrolysis of CPPN
at 600°C. (B and C) TEM images of a cross section of (B) the ceramic shape obtained from pyrolysis
of the CPPN at 600°C and (C) a film of the ceramic obtained from pyrolysis of the CPPN at 550°C.
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Fig. 5. (A) Zero-field—cooled magnetization versus temperature at constant field (100 G) for a
sample of the bulk ceramic obtained at 600°C. The magnetic dipoles of the Fe, nanoclusters are
spatially locked below T,. An applied magnetic field allows the magnetic dipoles of the clusters to
align as the sample is warmed to T,. Above T, the rapid fluctuation of magnetic dipoles gives rise
to superparamagnetic behavior. The material then obeys the Curie law with Boltzmann thermal
randomization of the fluctuating magnetic dipoles. (B) The Méssbauer spectrum of the sample at
77 K fit with two quadrupolar doublets. (C) Magnetization versus field measurements for ceramic
samples prepared at 650°C [at 100 K (@) and 300 K (O)] and 850°C [at 100 K (V) and 300 K (V)].
D) Magnetization versus field measurements for a ceramic sample prepared at 1000°C [at 100 K
@) and 300 K (V)]. The inset is an expanded region of (D) that shows that the ceramic displays
room-temperature hysteresis with a small remanent magnetization. emu, electromagnetic unit.
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prepared at 1000°C rapidly reached saturation
and displayed room-temperature hysteresis
(with a small remanence) in its magnetization,
as shown in Fig. SD. This is characteristic of a
ceramic material in which the Fe,, clusters have
become just large enough to display ferromag-
netism. Thus, in ceramics prepared below
900°C, the iron nanoclusters are superparamag-
netic, whereas ceramics prepared at higher tem-
peratures contain larger iron clusters that are
ferromagnetic. By varying the pyrolysis tem-
perature and time of the polymer precursor, we
can control the magnetic properties of the re-
sulting ceramic.

Nanoindentation measurements provided
values of the Young’s modulus E for the
superparamagnetic ceramic formed at 850°C
(29.4 GPa) and the ferromagnetic ceramic
formed at 1000°C (15.4 GPa). For compari-
son, the Young’s modulus for the polymer
precursor CPPN was £ = 6.9 GPa. The val-
ues for the magnetic ceramics are greater than
that of graphite (E = 4.8 GPa) and are in the
same region as that of borosilicate glass (E =
17.5 GPa) (25). .

This report illustrates a metal-containing
organosilicon polymer network that functions
as a controlled iron delivery. vehicle and as a
matrix for the nucleation and growth of iron
nanoclusters. The ceramics can be molded
into shapes and may exhibit interesting mag-
netic, electrical, and optical properties.
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Superplastic Extensibility of
Nanocrystalline Copper at
Room Temperature

L. Lu,” M. L. Sui,?2 K. Lu*

A bulk nanocrystalline (nc) pure copper with high purity and high density was
synthesized by electrodeposition. An extreme extensibility (elongation exceeds
5000%) without a strain hardening effect was observed when the nc copper
specimen was rolled at room temperature. Microstructure analysis suggests
that the superplastic extensibility of the nc copper originates from a defor-
mation mechanism dominated by grain boundary activities rather than lattice
dislocation, which is also supported by tensile creep studies at room temper-
ature. This behavior demonstrates new possibilities for scientific and techno-

logical advancements with nc materials.

Plastic deformation in polycrystalline solids
occurs by movement of lattice dislocations
and/or diffusional creep. The dislocation
movement mechanism predominates in most
conventional materials at relatively low tem-
peratures when atomic diffusivity is minor. A
strain-hardening effect is always associated
with this mechanism, which arises from the
pileup of lattice dislocations blocked at grain
boundaries. The strain-hardening effect often
restricts the mechanical processing of metals,
which must be eliminated by thermal an-
nealing in order to perform further defor-
mation without crack formation. Plastic de-
formation occurs at higher temperatures
when atomic diffusivity is considerably in-
creased (at grain boundaries or inside the
lattice); in this case, diffusion creep be-
comes a dominant mechanism. The diffu-
sion creep rate (€), which is dominated by
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grain boundary diffusion, is related to grain
size by (/)

_ BQO’SDS‘,
T dkT

where o is tensile stress, {) is atomic volume,
d is average grain size, B is a numerical
constant, D, is grain boundary diffusivity, &
is grain boundary thickness, and k is Boltz-
mann’s constant. This relation suggests that
diffusional creep may be enhanced when
grain size is reduced and/or grain boundary
diffusivity is enhanced. Based on this mech-
anism, a decade ago Gleiter et al. (2, 3)
predicted that a nanocrystalline (nc) material,
one in which the crystallite size is in the
nanometer regime, would make it amenable
to high creep rates and large-scale deforma-
tion at much lower homologous tempera-
tures, so that ductile ceramics and diffusional
creep of pure metals would be possible even
at room temperature (3). This possibility is of
great interest because not only may it shed
light on the deformation mechanism of the
nanostructure, but it also may significantly
facilitate the fabrication process for produc-
ing components with complex shapes. Such
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