Macromolecules 2003, 36, 2309—2320

Hyperbranched Organometallic Polymers: Synthesis and Properties of
Poly(ferrocenylenesilyne)s

Qunhui Sun, Kaitian Xu, Han Peng, Ronghua Zheng, Matthias Hdussler, and
Ben Zhong Tang*

Department of Chemistry, Institute of Nano Science and Technology, Center for Display Research, and
Open Laboratory of Chirotechnology of the Institute of Molecular Technology for Drug Discovery and
Synthesis,” Hong Kong University of Science & Technology, Clear Water Bay, Kowloon,

Hong Kong, China

Received September 25, 2002; Revised Manuscript Received January 23, 2003

ABSTRACT: A series of hyperbranched poly(ferrocenylenesilyne)s, [(7°-CsHa)FeSi(R)]. {R = CH3 [1(1)],
CH=CH_; [1(V)], n-CgH17 [1(8)], Nn-C12H25 [1(12)], n-C16H33 [1(16)], n-C1sH37 [1(18)]}, was prepared in good
isolation yields (up to 77 wt %) by one-pot coupling reactions of dilithioferrocene with trichlorosilanes.
While the polymers with small R groups [1(1) and 1(V)] were partially soluble, those with long alkyl
chains [1(m) with m = 8] were completely soluble and readily film forming. The polymers exhibited
diagnostic solution properties of hyperbranched macromolecules; for example, 1(18) had a high absolute
molecular weight (M, = 5 x 10° Da) but a low intrinsic viscosity ([7] = 0.02 dL/g). Spectroscopic analyses
revealed that the polymers possessed rigid skeleton structures with extended conjugations, with their
absorption spectra tailed into the infrared region (=700 nm). With an increase in the alkyl chain length,
the polymer changed from glassy to rubbery state. The polymers lost little of their weights when heated
to ~400 °C but ceramized when pyrolyzed at higher temperatures, with ceramization yield increasing
with a decrease in the alkyl chain length. Sintering 1(1) and 1(V) in 700—1200 °C produced ceramics in
~50% yields. Higher temperature pyrolyses favored the formation of ceramics with bigger inorganic
nanoclusters and better magnetic performances. The ceramic prepared from the calcination of 1(1) at
1200 °C contained large iron silicide nanocrystals and exhibited high magnetizability (up to ~51 emu/g)
but near-zero remanence and coercivity. This ceramic is thus an outstanding soft ferromagnet with a

high magnetic susceptibility and practically nil hysteresis loss.

Introduction

Polyalkynes are the best-known conjugated macro-
molecules and have attracted much interest among
scientists. A rich variety of polyalkynes has been
prepared in the past decades, thanks to the enthusiastic
synthetic efforts of polymer chemists.1~3 The conjugated
polymers exhibit an array of exotic properties, examples
of which include photoconductivity,* solvato- and ther-
mochromisms,® radiolysis,® photo- and electrolumines-
cence,’ optical nonlinearity,® liquid crystallinity,® helical
chirality or optical activity,'° biomimetic environmental
adaptability,’* and cell growth-stimulating capability.12
Polysilynes, a group of inorganic congeners of the
organic polyalkynes, have also been created in the hot
pursuit of new polymers with new molecular struc-
tures.’® Indeed, although the polysilynes resemble the
polyalkynes in stoichiometry [—(RSi)h— vs —(RC)n—1],
their molecular structures are distinctly different: the
backbone of the former comprises three-dimensionally
continuous silicon—silicon single bonds, whereas that
of the latter consists of linear alternating carbon—
carbon double bonds. The inorganic polysilynes have a
random backbone structure!4 and exhibit a number of
unique properties. For example, the polymers possess
extensive Si—Si o-conjugation, whose electronic absorp-
tion well extends into visible spectral region.1315
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In the polysilyne backbone, each silicon atom is
tetrahedrally hybridized and bound via single bonds to
three other silicon atoms. The resulting silicon cages are
thus tight inorganic networks knitted up by the short
o bonds. Insertion of bulky moieties such as ferrocene
rings into the polysilyne structures may expand the
caged networks into hyperbranched spheres divergently
emanating in the three-dimensional space, thus improv-
ing the solubility (and hence the processibility) of the
inorganic polymers.16-18 The mixing between the ¢
orbitals of the silicon atoms and the =z orbitals of the
ferrocene rings may confer novel electronic properties
on the polymers.® The introduction of another kind of
inorganic atom, that is, iron, into the silicon polymers
may add new functionalities to the materials; for
example, the polymers may show redox activity?® and
serve as precursors to magnetic ceramics.?122 An out-
standing example in this regard is the generation of
poly(ferrocenylenesilene)s by the incorporation of ferro-
cene rings into linear polysilene chains at the molecular
level.2324 The hybrid offspring has exhibited an impres-
sive array of unique material properties not accessible
by the polysilene parents.?> Molecular hybridization of
the organometallic ferrocene rings with the nonlinear
inorganic silicon networks has, however, been virtually
unexplored.26:27

In this work, we utilized a coupling reaction of
difunctional ferrocene with trifunctional silane and
synthesized a series of hyperbranched poly(ferro-
cenylenesilyne)s with different organic substituents
(1; Chart 1). In comparison to the parent inorganic
polysilyne networks, the hyperbranched organometallic
poly(ferrocenylenesilyne)s showed improved solubility,
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Chart 1

= S \ R=CHy  1(1)
w@ We CH=CH, 1(V)
CgHiz  1(8)

Ci2Hzs  1(12)

CieHaz  1(16)
CigHaz  1(18)

better stability, and more extended electronic conjuga-
tion. Pyrolysis of the polymers with small R substituents
produced in high yields the ceramic materials consisting
of metallic nanoclusters, all of which were magnetically
susceptible and one of which exhibited excellent soft
ferromagnetism.

Experimental Section

Materials. Ferrocene was purchased from Aldrich and was
further purified by recrystallization from ethanol in our
laboratory before use. The R-substituted trichlorosilanes
R—SiCl; methyltrichlorosilane (Aldrich), vinyltrichlorosilane,
n-octyltrichlorosilane, n-octyldecyltrichlorosilane (all from Lan-
caster), n-dodecyltrichlorosilane, and n-hexadecyltrichlorosi-
lane (both from UCT) were all distilled over calcium hydride.
Diethyl ether, hexane, THF (all Lab-Scan), dichloromethane
(DCM; Aldrich), and N,N,N’',N'-tetramethylethylenediamine
(TMEDA,; Acros) were distilled from either calcium hydride
or sodium benzophenone ketyl. n-Butyllithium (1.7 M in
heptane) and all other solvents and reagents were from Aldrich
and were used as received without further purification.
Dilithioferrocene:TMEDA (4; Scheme 1) and poly[1,1'-ferro-
cenylene(methyl)silene] [5(1)] were prepared according to
published experimental procedures.?

Instrumentation. The IR spectra of the polymers were
measured on a Perkin-Elmer 16 PC FT-IR spectrophotometer.
The NMR analyses were performed on a Bruker ARX 300
NMR spectrometer in deuterated chloroform using TMS as
internal standard. The UV spectra were recorded on a Milton
Roy Spectronic 300 array spectrophotometer, and the molar
absorptivity (emax) Was calculated on the basis of the repeat
unit of the polymer. The relative molecular weights of the
polymers were estimated using a size-exclusion chromatograph
(SEC) system equipped with a Waters 510 HPLC pump,
Ultrastyragel columns (HT3, HT4, and HT6), a column tem-
perature controller, a Waters 486 wavelength-tunable UV—
vis detector, and a Waters 410 differential refractometer (RI).
THF was used as eluent at a flow rate of 1.0 mL/min. A set of
monodisperse polystyrene standards covering the molecular
weight range 10°—107 Da was used as calibration standards.
The absolute molecular weights and the intrinsic viscosities
of the polymers were determined in THF by another SEC
system (Waters 590) equipped with a set of parallel-series
detectors, where a RI detector was connected in parallel with
two series detectors: a right-angle laser light scattering
(RALLS) detector and a differential viscometer (DV) detector.?®
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The differential scanning calorimetry (DSC) analysis was
performed on a Setaram DSC 92 calorimeter at a heating rate
of 10 °C/min under nitrogen. The thermogravimetric analysis
(TGA) was performed at a heating rate of 20 °C/min under
nitrogen using a Perkin-Elmer TGA 7 analyzer. The morphol-
ogies of the ceramization products of the polymers were imaged
on a JEOL 6300 scanning electron microscope (SEM) operating
at an accelerating voltage of 5 kV. The X-ray photoelectron
spectroscopy (XPS) experiments were conducted on a PHI 5600
spectrometer (Physical Electronics), and the core level spectra
were measured using a monochromatic Al Ko X-ray source
(hv = 1486.6 eV). The analyzer was operated at 23.5 eV pass
energy, and the analyzed area was 800 um in diameter. The
binding energies were referenced to the adventitious hydro-
carbon C 1s line at 285.0 eV, and the curve fitting of the XPS
spectra was performed using the least-squares method. The
energy-dispersion X-ray (EDX) analyses were performed on a
Philips XL30 SEM system with quantitative elemental map-
ping and line scan capacities operating at an accelerating
voltage of 15 kV. The X-ray diffraction (XRD) diagrams were
recorded on a Philips PW 1830 powder diffractometer using
the monochromatized X-ray beam from nickel-filtered Cu Ka
radiation (1 = 1.5406 A). The magnetization measurements
were carried out using a superconducting quantum interfer-
ence device (SQUID) magnetometer (Quantum Design MPMS-
5S) at fields ranging from 0 to 20 kOe and at temperatures of
5 and 300 K.

Polymerization. All the polymerization reactions were
carried out in an atmosphere of vigorously dried nitrogen using
the Schlenk technique. A typical experimental procedure for
the preparation of poly[1,1'-ferrocenylene(n-hexadecyl)silyne]
[1(16)] (Scheme 1) is given below as an example: Ferrocene
(0.622 g), 0.6 mL of TMEDA, and 15 mL of anhydrous hexane
were added into a baked 100 mL two-necked round-bottom
flask at room temperature (~22 °C), into which a 2.5 M hexane
solution of n-BuLi (2.7 mL) was carefully injected using a
syringe under nitrogen with magnetic stirring. An orange
slurry solution was obtained gradually. The solution was
stirred for 8 h at room temperature and was then cooled to
—78 °C using a dry ice/acetone bath, after which 0.8 mL of
n-hexadecyltrichlorosilane in 50 mL of THF was added. The
temperature was gradually raised from —78 °C to room
temperature in 4 h. The mixture was stirred for another 20 h
at room temperature, and the reaction was then terminated
by adding 0.2 mL of methanol. The mixture was passed
through a Pyrex filter to get rid of the fine white particles of
LiCl. The filtrate was slightly concentrated and then passed
through a cotton-filter into a large volume of methanol (~1000
mL) in a glass beaker under vigorous stirring. A brown thin
film formed at the bottom of the beaker upon standing. After
standing overnight, the methanol solvent was decanted and
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Table 1. Synthesis of Hyperbranched Poly(ferrocenylenesilyne)s —[Fc32(R)Si]n— (1)2

no. R in —[Fc32(R)Siln— yield (wt %) solubility® My¢ (Da) Mw/Mp¢ appearance
1 CHs3 [1(1)] 71.1 X 2000 2.0d golden yellow powder
2 CH=CH; [1(V)] 32.0 X 1300 1.6d golden yellow powder
3 CgHi7 [1(8)] 67.5 v 2600 15 amber powder
4 CioH2s [1(12)] 77.0 v 6300 3.8 brown elastomer
5 CisH33 [1(16)] 52.0 N 9800 4.3 brown elastomer
6 CigHs7 [1(18)] 72.3 v 11900 7.3 golden yellow powder

a8 The polymerizations of 1,1'-dilithioferrocene (FcLi,) and trichlorosilanes (CIsSiR) were carried out under nitrogen in THF at —78 °C
for 24 h. P Tested in common solvents (chloroform, DCM, toluene, hexane, dioxane, acetone, THF, DMF, DMSO, etc.). Symbols: x =
partially soluble, v/ = completely soluble. ¢ Estimated by SEC in THF on the basis of a polystyrene calibration. d For the THF-soluble

fraction.

the film became transparent. The film was put into an oven
and dried under vacuum to a constant weight.

Characterization Data of the Polymers. Poly[1,1'-
ferrocenylene(methyl)silyne] [1(1)]. IR KBr), v (cm™):
3088, 2958, 2930, 2115, 1690, 1570, 1421, 1252, 1166, 1036,
776, 732. (Soluble fraction used for NMR analysis) 'H NMR
(300 MHz, CDClg), 0 (TMS, ppm): 4.12 (Cp), 0.55 (Me).

Poly[1,1'-ferrocenylene(vinyl)silyne] [1(V)]. IR (KBr),
v (cm™1): 3090, 2943, 1694, 1592, 1420, 1404, 1164, 1105, 1036,
958, 830, 819, 732, 693. (Soluble fraction used for NMR
analysis) *H NMR (300 MHz, CDCls), 6 (TMS, ppm): 5.5-6.2
(vinyl), 4.19 (Cp).

Poly[1,1'-ferrocenylene(n-octyl)silyne] [1(8)]. IR (KBr),
v (cm™1): 3090, 2955, 2924, 2854, 1693, 1466, 1164, 1108, 1036,
830, 724, 684. 'H NMR (300 MHz, CDCls), 6 (TMS, ppm): 4.31
(Cp), 1.45, 1.06 (alkyl). 3C NMR (75 MHz, CDCls), 6 (TMS,
ppm): 73.15, 70.93 (ipso-Cp), 67.73 (Cp), 34.88, 31.53, 29.31,
26.90, 25.32, 22.80, 14.22, 12.30, 11.51 (alkyl). UV (DCM): Amax,
229 NM; €max, 8.88 x 10° mol~* L cm™.

Poly[1,1'-ferrocenylene(n-dodecyl)silyne] [1(12)]. IR
(KBr), v (cm™1): 3088, 2954, 2922, 2855, 1694, 1466, 1360,
1164, 1037, 1024, 829, 688. *H NMR (300 MHz, CDCls), &
(TMS, ppm): 4.52, 4.21 (Cp), 1.30, 0.90 (alkyl). 13C NMR (75
MHz, CDCls), 6 (TMS, ppm): 73.10, 70.81 (ipso-Cp), 67.91 (Cp),
31.93, 22.68, 14.09, 13.38, 2.34 (alkyl). UV (DCM): Amax, 229
NM; €max, 8.98 x 10% mol~* L cm™2.

Poly[1,1'-ferrocenylene(n-hexadecyl)silynes] [1(16)].
IR (KBr), v (cm™?): 3090, 2922, 2852, 2112, 1696, 1629, 1466,
1379, 1165, 1036, 807, 722, 688. 'H NMR (300 MHz, CDCls),
0 (TMS, ppm): 4.12 (Cp), 1.26 (alkyl). UV (DCM): Amax, 229
nm; €max, 12.49 x 10° mol~! L cm™1.

Poly[1,1'-ferrocenylene(n-octyldecyl)silyne] [1(18)]. IR
(KBr), v (cm™1): 3091, 2923, 2853, 1692, 1672, 1467, 1379,
1165, 1037, 830, 817, 721, 688. *H NMR (300 MHz, CDCls), 6
(TMS, ppm): 4.52, 4.22 (Cp), 1.28, 0.89 (alkyl). 3C NMR (75
MHz, CDCls), 6 (TMS, ppm): 73.30, 71.60 (ipso-Cp), 68.40 (Cp),
33.81, 31.88, 30.43, 30.07, 29.74, 22.63, 14.82, 13.44 (alkyl).
UV (DCM): Amax, 229 NM; €max, 15.80 x 10° mol~* L cm™.

Ceramization. The ceramics were prepared by the high-
temperature pyrolyses of the polymers under nitrogen or argon
(Scheme 1). In one typical ceramization experiment conducted
under nitrogen, 28 mg of poly[1,1'-ferrocenylene(methyl)silyne]
[1(1)] was placed in a sample cell of a Perkin-Elmer TGA 7
analyzer. The sample was heated to 1000 °C at a heating rate
of 10 °C/min and calcinated at the highest temperature for 1
h. A ball-shaped ceramic product [2(10N)] was obtained in
~50% yield. In another typical pyrolysis experiment carried
out under argon, ~40 mg of 1(1) was placed in a quartz tube
in a Winston-Salem Thermcraft furnace, which was heated to
1200 °C at a heating rate of 10 °C/min in a stream of argon
(flow rate: ~200 cm®min). The sample was sintered at the
highest temperature for 1 h, which gave a ceramic product
[2(12A)] in ~50% yield.

Characterization Data of the Ceramics. 2(7N). XPS,
atomic composition (%): Fe, 10.3; Si, 21.7; C, 6.4; O, 61.6.
Binding energy (eV): Fe 2psp, 711.7; Fe 2py, 720.0, 725.1; Si
2p, 104.1. EDX, atomic composition (%): Fe, 24.0; Si, 19.8; C,
7.4; O, 48.9. XRD, 26 (deg)/d spacing (A): 25.25/3.52, 33.2/
2.70, 35.7/2.51, 40.9/2.21, 49.5/1.84, 54.25/1.69, 62.6/1.48,
64.05/1.45, 72.05/1.31, 75.5/1.26.

2(10N). XPS, atomic composition (%): Fe, 6.1; Si, 0.7; C,
78.0; O, 15.2. Binding energy (eV): Fe 2psp, 707.4, 712.3; Fe
2p12, 720.2, 725.8; Si 2p, 104.0. EDX, atomic composition (%):
Fe, 36.0; Si, 24.4; C, 30.2; O, 9.4. XRD, 20 (deg)/d spacing (A):
19.00/4.68, 26.90/3.31, 28.45/3.13, 32.35/2.76, 33.00/2.71, 35.65/
2.52,38.45/2.34, 43.65/2.07, 44.55/2.03, 49.50/1.84, 51.00/1.79,
51.60/1.77, 54.75/1.68, 57.50/1.60, 59.85/1.54, 66.30/1.41, 67.40/
1.39.

2(7A). XPS, atomic composition (%): Fe, 12.9; Si, 19.7; C,
6.7; O, 60.7. Binding energy (eV): Fe 2psp, 711.2; Fe 2pi;,
719.4, 724.9; Si 2p, 103.2. EDX, atomic composition (%): Fe,
15.5; Si, 20.3; C, 6.6; O, 57.8. XRD, 20 (deg)/d spacing (A):
14.15/6.25, 33.05/2.71, 35.6/2.52.

2(12A). XPS, atomic composition (%): Fe, 3.8; Si, 0.6; C,
86.7; O, 8.9. Binding energy (eV): Fe 2psp», 707.4, 710.8; Fe
2p12, 720.2, 724.8; Si 2p, 99.9, 101.5, 104.0. EDX, atomic
composition (%): Fe, 43.2; Si, 29.1; C, 22.4; O, 5.3. XRD, 260
(deg)/d spacing (A): 26.50/3.36, 27.40/3.24, 30.40/2.94, 33.00/
2.71, 35.48/2.53, 38.05/2.36, 40.75/2.21, 41.20/2.19, 45.40/2.00,
46.50/1.95, 59.95/1.54, 66.35/1.41, 69.00/1.36, 84.15/1.15.

3(7N). XPS, atomic composition (%): Fe, 14.9; Si, 15.7; C,
14.3; O, 55.2. Binding energy (eV): Fe 2psp, 711.4; Fe 2pip,
719.3, 725.1; Si 2p, 103.1. EDX, atomic composition (%): Fe,
29.1; Si, 15.8; C, 5.2; O, 50.0. XRD, 26 (deg)/d spacing (A): 14.5/
6.10, 35.55/2.52, 40.65/2.22, 49.5/1.84, 54.1/1.69, 57.5/1.60.

3(10N). XPS, atomic composition (%): Fe, 9.1; Si, 21.0; C,
14.9; O, 55.0. Binding energy (eV): Fe 2pasp, 711.1; Fe 2pip,
719.4, 724.8; Si 2p, 103.3. EDX, atomic composition (%): Fe,
27.7; Si, 18.1; C, 3.1; O, 51.2. XRD, 26 (deg)/d spacing (A):
24.15/3.68, 33.2/2.70, 35.7/2.51, 40.9/2.21, 49.5/1.84, 54.25/1.69,
62.6/1.48, 64.05/1.45, 72.05/1.31, 75.5/1.26.

3(7A). XPS, atomic composition (%): Fe, 17.1; Si, 16.7; C,
8.0; O, 57.8. Binding energy (eV): Fe 2psp», 711.4; Fe 2pip,
720.0, 725.0; Si 2p, 103.0. EDX, atomic composition (%): Fe,
28.1; Si, 13.0; C, 3.6; O, 55.3. XRD, 20 (deg)/d spacing (A):
32.70/2.74, 34.95/2.57.

3(10A). XPS, atomic composition (%): Fe, 14.7; Si, 18.4; C,
8.7; O, 58.2. Binding energy (eV): Fe 2psp, 711.2; Fe 2pup,
719.6, 724.8; Si 2p, 103.2. EDX, atomic composition (%): Fe,
30.9; Si, 16.7; C, 5.6; O, 46.9. XRD, 26 (deg)/d spacing (A):
14.50/6.10, 33.00/2.71, 34.95/2.57, 35.60/2.52.

Results and Discussion

Polymer Synthesis. To prepare the hyperbranched
poly(ferrocenylenesilyne)s (1), dilithioferrocene [(5°-
CsHali),Fe or FcLiy] and trichlorosilanes (CIsSiR) were
made to react under vigorously dried and strictly
controlled polymerization conditions (Scheme 1). The
coupling of FcLi» TMEDA complex with Cl3SiCHj3 readily
produced poly[1,1'-ferrocenylene(methyl)silyne] [1(1)] in
a high yield (~71%; Table 1, no. 1). The poly(methylsi-
lyne) network was completely insoluble,!® but 1(1) was
partially soluble in common organic solvents; that is,
the hyperbranched polymer carrying the bulky ferrocene
moieties had a better solubility. The polymerization of
FcLi,> TMEDA with CI3SiHC=CH, also produced a
partially soluble polymer [1(V)], although the isolation
yield of the polymer was low.
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Many (partially) insoluble conjugated polymers can
be made soluble by introducing long alkyl chains into
their molecular structures.?°=3! Borrowing this “solvat-
ing flexible chain” concept, we incorporated long alkyl
groups into the poly(ferrocenylenesilyne) structures.
This strategy worked well: the polymer with flexible
n-octyl substituents [1(8)] was completely soluble in
common organic solvents (Table 1, no. 3). Increasing the
length of the alkyl chain to 12 carbon atoms resulted
in the formation of a high molecular weight polymer
[1(12)] in a high yield (77%). Different from the polymers
with short R groups, this polymer was a brown elas-
tomer, due to a large decrease in its glass transition
temperature (Tg) induced by the internal plasticizing
effect of the long n-dodecyl group (vide infra). The
elastomeric polymer easily formed shaped objects during
the isolation process. When the thick films or bars of
the polymer were broken, their cross sections exhibited
shinny metallic luster.

We further increased the length of the alkyl chain and
found that the molecular weight of the polymer mono-
tonically increased with the alkyl chain lengthening.
When the alkyl length was increased to 18, the M,y of
the polymer [1(18)] reached a high value of ~12 000 Da
[noting that this is an SEC-estimated relative value; the
absolute value was much higher (vide infra)]. Interest-
ingly, while polymer 1(16) was elastomeric, 1(18) was
powdery in appearance. As will be discussed later, this
is probably due to the self-crystallization of the long
n-octadecyl chains, a phenomenon often observed in the
side-chain liquid crystalline polymer systems.®31.32

The excellent solubility of the high molecular weight
polymer 1(18) was a particularly exciting result. It has
been reported that the solubility of some polysilynes
decreases with time,'3® and we thus checked whether
1(18) would undergo a similar solubility change. We
took two approaches: one accelerated test in which a
high temperature was applied and another slow test
which involved a long period of time. In the accelerated
test, we added ~150 mg of the polymer to a Pyrex
vacuum tube, which was sealed under vacuum and was
then heated at 150 °C for 2 h. This thermal treatment
resulted in little change in the solubility of the polymer.
To test this quantitatively, we used a DSC apparatus
to check the heat flow in situ at 150 °C isothermally.
Nothing but a horizontally straight line was recorded,
proving that the polymer has not undergone any chemi-
cal reactions during the heating process. For the slow
test, we put a sample of 1(18) on a shelf in our
laboratory under ambient conditions. After ~4 years,
the sample was still completely soluble. The polymer
thus passed both the short- and long-term tests: it
remained soluble after the thermal treatment and the
shelf storage.

It is well-known that SEC, when calibrated with
standards of linear polymers (normally polystyrene),
often underestimates the molecular weights of hyper-
branched polymers.16:17.28:33 Bianconi et al., for example,
found that the molecular weights of their polysilynes
estimated by SEC were ~4 times smaller than the
actual values.13b Recent research in the area has
revealed that the underestimation can be as high as
~30-fold for some hyperbranched polymers.33 We thus
determined the absolute molecular weights of 1(18) by
an SEC system equipped with light scattering and
viscometer detectors.?82 The absolute M,, value given by
the light scattering detector was 5 x 10° Da, much
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Figure 1. IR spectra of hyperbranched poly(ferrocenylenesi-
Iyne)s _[FC3/2(R)Si]n— withR = CH3 (A), CH=CH2 (B), n-C8H17
(C), n-C12H25 (D), n-C16H33 (E), and n-C13H37 (F)

higher than the relative M,, value calibrated against the
linear polystyrene standards. The intrinsic viscosity ([77])
given by the viscometer was, however, as low as 0.02
dL/g. A hyperbranched polymer with a high molecular
weight often shows a low intrinsic viscosity?833—polymer
1(18) exhibited this characteristic property of a hyper-
branched polymer.

Structural Characterization. We used spectro-
scopic methods to analyze the molecular structures of
the poly(ferrocenylenesilyne)s. Figure 1 shows their FT-
IR spectra. All the polymers exhibited similar spectral
profiles. Taking 1(1) as an example, it exhibited fer-
rocene-associated vibration bands at 1690, 1421, and
1036 cm~! and silicon bands at (1421), 1166, and 732
cm~1,34 spectroscopically proving that the polymer con-
sisted of a ferrocene ring and a silicon atom. The
vinylsilyl (CH,=CH—Si) moiety of 1(V) vibrated at 1592,
1404, and 958 cm~! (Figure 1B). Silane (Si—H) and
siloxane (Si—O—Si) bonds are known to show very
intense and broad absorption bands at ~2200 and
~1100 cm~1.1334 No such bands were, however, observed
at those wavenumbers in the spectra of the hyper-
branched polymers.

Two broad resonance peaks at 6 4.12 and 0.55 were
observed in the 'H NMR spectrum of polymer 1(1)
(Figure 2), which can be readily assigned to the
proton absorptions of the cyclopentadienyl (Cp) and
methyl (Me) groups, respectively.?435 The repeat unit
of 1(1) comprises 1.5 ferrocenylene {[(#>-CsHa).Fe]s/2 or
(Cp2oFe)sz} and 1 methyl (CH3) groups or 12 Cp and 3
Me protons. The ratio of the integrated areas of the
resonance peaks of the Cp and Me protons was 1:0.26,
identical (within experimental error) to the theoretical
value of 12:3 (or 1:0.25). For comparison, we prepared
a linear polysilene of similar structure, poly[1,1'-ferro-
cenylene(dimethyl)silene] [5(1)], according to a pub-
lished procedure.?* The linear polymer showed two
resonance peaks in the Cp and Me spectral regions with
a Cp/Me ratio of 1:0.76 (the theoretical ratio being 4:3
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Figure 2. 'H NMR spectrum of hyperbranched poly[1,1'-
ferrocenylene(methyl)silyne] [1(1)] (soluble fraction) in chloro-
form-d.
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Figure 3. 3C NMR spectrum of a chloroform-d solution of
hyperbranched poly[1,1'-ferrocenylene(n-octyl)silyne] [1(8)].
The solvent peaks are marked with an asterisk (*).

or 1:0.75). The spectral profile of the linear polymer was
identical to that of its hyperbranched counterpart, but
the peaks of the former were better resolved than those
of the latter. The absorptions of the Cp protons of 5(1),
for example, were resolved into a partially overlapping
bimodal envelope with two peaks clearly discernible at
0 ~4.2 and ~4.1. These two peaks were almost com-
pletely merged into one broad one in the case of 1(1).
The broadness of the absorption peak is indicative of
the structural complexity of the three-dimensional hy-
perbranched polymer arising from the variations in the
chemical environments where the protons locate.

The poor solubility of the hyperbranched polymers
with small R groups made it difficult to measure their
13C NMR spectra. The excellent solubility of the poly-
mers with long alkyl groups made the job easier and
enabled us to obtain 3C NMR spectra of good quality,
an example of which is shown in Figure 3. The ipso
carbon atoms of the Cp ring gave three resonance
peaks: two small but clearly observable ones at 6 73.15
and 70.93, and another partially observable one under-
neath the big peak of the other carbon atoms of the Cp
ring. These three peaks may be associated with the
absorptions of the ipso carbon atoms in the dendritic,
linear, and terminal units,?8 each of which experiences
a different microstructural environment, although we
do not know the exact assignments of the peaks at
present. The carbon atoms of the alkyl group resonated
in the upfield (0 ~ 35—10). Close inspection of the
carbon resonance structures revealed that the carbon
atoms located closer to the silicon core gave weaker,
broader “peaks”, in comparison to those located far apart
from the core. A similar phenomenon was observed in
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Figure 4. UV spectra of hyperbranched poly(ferrocenylene-
silyne)s —[Fca2(N-CHzm+1)Si]n— [1(M); m = 8—18] in DCM.
The spectra of the partially soluble polymers [1(1) and 1(V)]
are not given because it was difficult to accurately determine
their solution concentrations and molar absorptivities. The
data for a THF solution of linear poly[1,1'-ferrocenylene-
(dimethyl)silene] [5(1)] are shown for comparison.

the polysilyne system, in which the resonance signal of
the carbon atom directly attached to the silicon atom
(C1) was completely missing or totally unobservable.13b
This suggests that, similar to the polysilynes, our
hyperbranched poly(ferrocenylenesilyne)s also possess
a rigid molecular structure.

Electronic Absorption. All the soluble hyper-
branched poly(ferrocenylenesilyne)s, viz., 1(8)—1(18),
exhibited absorption peaks in the UV spectral region,
and the maximum molar absorptivity (emax) increased
with an increase in the length of the alkyl chain (Figure
4). The absorption spectra of the polymers tailed into
the infrared region (=700 nm). On the other hand, 5(1),
a linear congener of 1, had a lower emax in the UV region
and a shorter-wavelength band edge in the visible. The
higher molar absorptivities and longer-wavelength band
edges of the hyperbranched polymers indicate that they
possess more extended electronic conjugations than
their linear counterparts.

The absorption band edges of linear poly(diorgano-
silene)s {—[(RR)Si],—; R, R' = alkyl and/or aryl}
normally do not enter the visible region irrespective of
whether they are symmetrically (R = R’) or asymmetri-
cally substituted (R = R’).1336 The band edge of poly-
(di-n-hexylsilene) { —[(n-CsH13)2Si]n—}, for example, lo-
cates in the UV region (~350 nm).132b The absorption
spectra of the three-dimensional polysilyne networks
were, however, tailing into the visible spectral region;
for instance, the band edge of poly[(n-hexyl)silyne]
{—[(n-CsH13)Si]n—} was at ~450 nm, which was about
100 nm red-shifted from that of its linear congener.13a.
This bathochromic shift was attributed to the extended
Si—Si o-conjugation across the three-dimensional poly-
silyne networks.’3=15 Linear poly[1,1'-ferrocenylene-
(methyl)silene] [5(1)] had a band edge in the visible
(~600 nm), due possibly to the o—x conjugation®37
between the silene moiety and the Cp ring. The band
edge of the hyperbranched poly(ferrocenylenesilyne)s
further extended into the infrared with even larger
extents of bathochromic shifts, probably due to the more
extended o—s conjugations in the three-dimensional
hyperbranched macromolecular spheres.

The poly(organosilyne)s { —[(R)Si]n—; R = alkyl, aryl}
were photoluminescent, emitting blue and green lights
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Figure 5. DSC thermogram of poly[1,1'-ferrocenylene(n-
hexadecyl)silyne] [1(16)] measured under nitrogen at a heating
rate of 10 °C/min during the second heating scan after the
sample had been annealed at 150 °C for 10 min.

with luminescence maximums in the wavelength region
of ~440-520 nm.1% In sharp contrast, the hyper-
branched poly(ferrocenylenesilyne)s were almost non-
luminescent, though they were electronically better
conjugated than their poly(organosilene) congeners. This
seemed to be odd at first glance but may not be difficult
to understand if we think about it twice. The better
conjugation can confer high charge mobility and fast
charge transport on the polymers on the positive side,
but on the negative side, it may generate many defective
traps that effectively quench the emission of the poly-
mers. This is not an uncommon phenomenon in conju-
gated polymer systems. We have, for example, synthe-
sized many chromophorically substituted polyacetylenes
[-(RC=CR’"),—] that have shorter effective conjugation
lengths but are highly photo- and electroluminescent.5:38
Their parent form, that is, the unsubstituted poly-
acetylene [-(HC=CH'),—], is highly conjugated but is
practically nonluminescent.3?

Thermal Transition. As shown in Table 1, the
physical appearance of the poly(ferrocenylenesilyne)s
changed with their R groups (from powdery to elasto-
meric and then back to powdery). To know the cause
for this change in physical state, we investigated the
thermal transitions of the polymers by DSC analyses.
The polymer samples were pretreated by heating them
to, and annealing at, a high temperature of 150 °C. The
DSC thermograms of the polymers were recorded during
the second heating scans, as a precaution against
recording false signals in the heat changes associated
with such events as evaporation of volatile impurities,
for example, the solvents trapped inside the hyper-
branched polymers. An example of the DSC curves so
recorded is shown in Figure 5. The thermogram is
clearly artifact-free, and from it the glass transition
temperature (Ty) and the melting point (Tnm) of the
polymer can be readily determined.

The thermal transition parameters obtained from the
DSC analyses are summarized in Table 2. The polymer
with a small methyl group [1(1)] underwent no melting
transition but a glass transition at ~53 °C. When the
R substituent changed to a “big” vinyl group, Ty de-
creased to 40 °C. When the number of the carbon atoms
in the alkyl chains (m) increased from 8 to 18, Ty
monotonically decreased from 0 to ca. —70 °C. Compared
to their linear poly[1,1'-ferrocenylene(di-n-alkyl)silene]
counterparts [5(m)], the hyperbranched poly[1,1'-ferro-
cenylene(n-alkyl)silyne]s [1(m)] exhibited higher Ty's
(AT > 20 °C; Figure 6). This is a reflection of the rigid
molecular structure of 1: the hyperbranched polymers
possess three rigid Cp rings in one of their constitutional
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Table 2. Thermal Properties of Hyperbranched
Poly(ferrocenylenesilyne)s?

Rin ceramic
—[Fca(R)Siln— Ty Tm AHP yielde

no. Q) (°C) (°C)  (kcal mol™1)  (wt %)
1 CHs[1(1)] 53.1 62.5
2 CH=CH:[1(V)] 40.0 61.3
3 n-CgHi7 [1(8)] 0 33.1
4  n-CpHps[1(12)] -545 -—205 0.91 29.9
5 n-CieHs3[1(16)] —67.7 —13.8 1.15 28.5
6 n-CigHs7 [1(18)] —-69.7 —36.7 7.76 23.6

a Measured under nitrogen by DSC (Tg, T, and AH) and TGA
(ceramic yield) at heating rates of 10 and 20 °C/min, respectively.
Fc = 1,1'-ferrocenylene. ® Enthalpy of melting transition. ¢ In the
temperature region 678—687 °C.
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Figure 6. Change of glass transition temperature (Ty) with
number of carbon atoms of alkyl chains (m) in the hyper-
branched poly[1,1'-ferrocenylene(n-alkyl)silyne]s [1(m)]. Data
for linear poly[1,1'-ferrocenylene(di-n-alkyl)silene]s [5(m)] are
shown for comparison (data taken from refs 22 and 24).

repeat units, while the linear polymers have only two
Cp rings in one of their monomer units. The Ty of 1(m)
sharply decreased with an increase in m when m was
small, but the extent of change (or the slope of the Tg—m
plot) became smaller when m became larger. This is
probably caused by the antagonistic effect of the partial
crystallization of the long alkyl chains, as will be
discussed below, which hampered the segmental move-
ments of the polymer branches.

From R = n-Cy,H»5 (or m = 12) onward, the hyper-
branched polymers [1(m)] started to undergo crys-
tallization/melting transitions (Table 2, nos. 4—6). It
has been observed in many liquid crystalline polymer
systems that the long alkyl chain spacers and tails of
their mesogenic units tend to order and eventually to
crystallize, when the alkyl chain lengths become long
enough.?140 The melting transitions observed in our
hyperbranched polymers thus may be associated with
the disassembling of the partially aligned or crystallized
long alkyl chains. It has been noticed that the poly-
(alkylsilyne) with short methyl groups is apt to form
irregular cagelike networks, while the polymers with
long alkyl groups favor the formation of sheetlike
structures,’® which allow better steric packing. Simi-
larly, our hyperbranched poly(ferrocenylenesilyne)s with
small R groups were amorphous, while those with long
alkyl chains were semicrystalline. To further verify this
point, we measured the XRD patterns of the polymers.

As can be seen from Figure 7, polymer 1(1) exhibited
no sharp reflection signals but a diffuse halo peaked at
a 260 angle of ~15°. Polymer 5(1), an amorphous polymer
and the linear congener of 1(1), was found to show a



Macromolecules, Vol. 36, No. 7, 2003

216°

1(18)

(1)

10 15 20 25 30
26 (deg)

Figure 7. XRD diagrams of hyperbranched poly[1,1'-ferro-
cenylene(methyl)silyne] [1(1)] and poly[1,1'-ferrocenylene(n-
octadecyl)silyne] [1(18)] measured at room temperature at a
scan rate of 20 = 0.02°/s.
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Figure 8. TGA thermograms of hyperbranched poly(ferro-
cenylenesilyne)s measured under nitrogen at a heating rate
of 20 °C/min.

diffuse halo at a similar 20 angle (~14°).*! Thus, like
5(1), 1(2) is also an amorphous glass at room temper-
ature. A narrow reflection peak was, however, observed
at a 20 angle of 21.6° in the XRD diffratogram of 1(18).
The peak was not so sharp due to the imperfect packing
of the alkyl chains in the crystallites. Using the Scherrer
equation,26242 it was calculated from the line broadening
that the size of the crystallite was ~15 nm. Obviously,
the rigid skeleton structure of the hyperbranched
polymer impeded the nanocrystallites from growing into
big crystals of macroscopic sizes.

Pyrolytic Ceramization. The linear poly(ferro-
cenylenesilene)s have been utilized as organometallic
polymer precursors to ceramics,?22543 and we also
explored the possibility of using our hyperbranched
poly(ferrocenylenesilyne)s as the precursor materials.26
We investigated the thermolysis behaviors of our poly-
mers by TGA analyses. The polymer with methyl groups
[1(1)] was thermally stable, losing little of its weight
when heated to ~400 °C (Figure 8). The polymer under-
went a rapid thermolytic degradation in the tempera-
ture region of ~400—500 °C, after which the TGA curve
was almost leveled off. Little further weight loss was
recorded when the sample was further heated to ~680
°C, indicating that the polymer has been ceramized by
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Figure 9. SEM photomicrograph of ceramic 2(12A) prepared
by pyrolysis of hyperbranched poly[1,1'-ferrocenylene(methyl)-
silyne] 1(1) at 1200 °C in an atmosphere of argon.

the high-temperature pyrolysis. The ceramization yield
of the polymer at this temperature was ~63 wt %, much
higher than that of its linear cousin 5(1) under the
comparable pyrolysis conditions (36 wt %).22° It is worth
pointing out that 5(1) dropped to ~50% of its original
weight when heated to 500 °C,22® while, at this temper-
ature, 1(1) still held more than 72% of its weight. This
difference is obviously associated with the difference in
their molecular structures. It was found that the 3D
poly(organosilyne) networks were more stable than their
linear poly(diorganosilene) congeners:132 for example, to
achieve the same extent of photolysis, the network
polymers require larger doses of photoirradiation.23@ The
higher ceramization yield of hyperbranched poly(ferro-
cenylenesilyne) 1(1), in comparison to that of its linear
counterpart 5(1), may thus be attributed to the higher
stability of the hyperbranched polymer and to the better
retention of the pyrolysis-generated ceramic species
inside the three-dimensional macromolecular spheres,
melding of which within the cages afforded the desired
ceramic product in a higher yield.

The pyrolysis behavior of the hyperbranched polymer
with short, reactive vinyl groups [1(V)] was similar to
that of 1(1). Its ceramization yield at the high temper-
ature was also high (~61 wt %). Though the polymer
with the long n-octyl chains [1(8)] commenced to lose
its weight at a temperature similar to that of 1(1) or
1(V), its ceramization yield was much lower, being only
~33 wt % at ~680 °C. A further increase in the alkyl
chain length led to a further decrease in the ceramiza-
tion yield. From the pyrolysis of 1(18) at ~690 °C, a
ceramic product was obtained in a yield as low as ~24
wt %. Clearly, the long alkyl chains are detrimental to
the ceramization of the hyperbranched polymers.

Since the TGA analyses showed that the polymers
with small methyl [1(1)] and vinyl groups [1(V)] were
promising precursor candidates for ceramics, we further
studied their ceramization processes. We heated the
polymers to high temperatures (700—1200 °C) and
isothermally sintered the samples at the high temper-
atures under an inert gas atmosphere (Scheme 1), which
afforded ceramic products in ~50 wt % yields. As shown
in Figure 9, the ceramic produced by the calcination of
polymer 1(1) at 1200 °C under argon [2(12A)] was
mesoporous in morphology, comprising many three-
dimensionally tortuously interconnected clusters with
sizes of a few hundred nanometers. This morphological
structure suggests such a process of ceramization: the
pyrolytic decomposition strips off some of the organic
moieties from the skeletons of the hyperbranched
polymer spheres and the fast evaporation of the volatile
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fragments at the high temperature leaves behind the
mesoscopic pores. In the meantime, the naked reactive
inorganic residues undergo heavy cross-linking reac-
tions to aggregate into the nanoscopic clusters, forming
the basic components of the ceramic product.

Ceramic Composition. We used XPS and EDS
techniques to analyze the ceramic products in an effort
to learn their chemical compositions. Similar to the
ceramics prepared from the pyrolyses of the linear poly-
(ferrocenylenesilene)s,?225 the ceramics from our hyper-
branched poly(ferrocenylenesilyne)s all contained iron,
silicon, carbon, and oxygen species. The combined XPS
and EDX analyses revealed that the oxygen contents
of the ceramics decreased from the surfaces to the bulks,
suggesting that the oxygenic species were formed by the
reactions of the oxygen and moisture absorbed on the
surfaces of the polymer precursors during the ceram-
ization processes and/or by the postreactions of oxygen
and moisture with the surfaces of the ceramic products
during the handling and storage processes. The latter
possibility is supported by the observations that many
metallic nanoclusters can be readily oxidized in a split
second.** Moving inward from the surfaces to the bulks,
the iron contents of the ceramics increased, while their
carbon contents decreased. For example, the atomic
composition of iron of 2(12A) increased from a low
surface value of ~4% (measured by XPS) to a high bulk
value of ~43% (by EDX analysis). On the contrary, its
atomic composition of carbon decreased from ~87% (on
the surface) to ~22% (in the bulk). This suggests that
the ceramization process started from the formation of
the iron nanocluster inner cores, onto which other
ceramic species were depositing along with the progress
of the pyrolytic cross-linking reaction.

The surface and bulk iron contents of the ceramics
prepared under different conditions varied in the ranges
~4—17% (XPS) and ~15—43% (EDS), respectively, both
of which are much higher than those (1% by XPS and
11% by EDX analysis) of the ceramic prepared from the
pyrolysis of linear 5(1) at a similarly high temperature
(1000 °C) under inert gas atmosphere.?? For the linear
polymer, cutting a few bonds will significantly decrease
its molecular weight and generate volatile ferrocenyl
fragments, evaporation of which at the high-tempera-
ture results in the loss of the iron species. On the other
hand, the molecular weight of our hyperbranched
polymers would not change much by cleaving a few
bonds due to their three-dimensional topological struc-
tures. The retention of the high molecular weight
branches and the confinement of the ferrocenylene
moieties in the hyperbranched spheres allow the iron
species to have more time to take part in the cross-
linking reactions, hence enhancing their chances to
transform into the nonvolatile inorganic agglomerates.

To gain insights into the chemical structures of the
iron species in the ceramic products, we inspected their
Fe 2p core level photoelectron spectra. Examples of the
Fe 2p photoelectron spectra of ceramics 2 and 3 are
given in Figure 10. The ceramic produced by the
pyrolysis of 1(1) at 1200 °C [2(12A)] exhibited, in
addition to the noisy tails in the high binding energy
region, three major peaks at 720.2, 710.8, and 707.4 eV,
which are the Fe 2p;/; peak of the iron atom and the Fe
2p32 peaks of FesO4 and FesSi species, respectively.26:45
On the other hand, the ceramic obtained from the
pyrolysis of polymer 1(V) at 1000 °C, viz., 3(10A),
displayed two main peaks at 724.8 and 711.2 eV, which
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Figure 10. Fe 2p photoelectron spectra of ceramics (A) 2(12A)
and (B) 3(10A) prepared by pyrolytic ceramizations of hyper-
branched (A) poly[1,1'-ferrocenylene(methyl)silyne] [1(1)] at
1200 °C and (B) poly[1,1'-ferrocenylene(vinyl)silyne] [1(V)] at
1000 °C under argon.
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Figure 11. XRD diffractograms of ceramics (A) 2(7A), (B)
2(12A), and (C) 3(10A).

are associated with the Fe 2pi;» and Fe 2p3, core level
binding energies of FezO4 and Fe,O3, respectively.2645
Thus the ceramics prepared from different precursor
polymers under different sintering conditions can have
quite different chemical compositions.

To collect more information on the bulk compositions
of the ceramic materials, we measured their XRD
patterns. While the precursor polymers 1(1) and 1(V)
were amorphous (cf., Table 2 and Figure 7), their
ceramic products exhibited XRD diagrams with many
Bragg reflection peaks, suggesting that they contain
different crystalline species. We used the data files in
the databases of the Joint Committee on Powder Dif-
fraction Standards of the International Center for
Diffraction Data (JCPDS-ICDD) to identify the reflec-
tions; for instance, the peaks at 26 angles of 14.15° and
35.60° in the diffractogram of 2(7A) (Figure 11A) are
associated with the reflections of y-Fe;O3:H,O and
y-Fez03 crystals, according to the ICDD data files 02-
0127 and 25-1402, respectively. The reflection peaks
were, however, broad, suggesting that the crystallites
are imperfect in packing and small in size. Using the
full widths at half-maximums of the reflection peaks,
it was calculated from the Scherrer equation that the
sizes of the y-Fe,03-H,0 and y-Fe,O3 crystallites were
~9 and ~7 nm, respectively, similar to those of the iron
oxide nanoparticles in the ceramics prepared from the
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Figure 12. Plots of magnetization (M) versus applied mag-
netic filed (H) at 300 and 5 K for ceramic 2(12A). Inset (lower
right panel): enlarged portion of the plots in the low magnetic
field region.

pyrolyses of the linear poly(ferrocenylenesilene)s (~2—
20 nm)_22,24,43

The reflection peaks of the ceramic prepared at a
higher temperature of 1200 °C, that is, 2(12A), were
much sharper, indicating that the ceramic contains
bigger crystals. Among the many peaks in the XRD
diagram, the most outstanding one was the intense peak
of iron silicide (FesSi) crystal at a 20 angle of 45.4°
(ICDD data file 45-1207). Its size calculated from the
Scherrer equation was as big as ~37 nm. This ceramic
also contained y-Fe,Os crystal (20 = 35.5°), whose
reflection was, however, better defined and whose size
was much bigger (~60 nm). Thus, the calcination at the
higher temperature facilitated the crystallites to grow
into bigger sizes, in agreement with the early observa-
tions of Manners and Ozin’s groups.?22443

The diffractogram of 3(10A) was similar to that of
2(7A); thus, although 3(10A) was prepared at a higher
temperature (1000 °C), it contained small nanocrystal-
lites. The high reactivity or polymerizability of the vinyl
groups may have enabled 1(V) to undergo cross-linking
reactions at lower temperatures, and this early forma-
tion of carbonaceous network structures may have
obstructed the metallic species to enter the crystalline
lattices in the latter ceramization stage at the high
temperatures, hence hampering them from growing into
bigger crystals.

Magnetic Susceptibility. It has now become clear
that all the ceramic materials contain nanoscopic iron
species, which are thus expected to be magnetically
active. This was indeed the case: the ceramics were
attracted to a bar magnet at room temperature; that
is, they were readily magnetizable. We thus used the
SQUID technique to investigate their magnetization
behaviors in externally applied magnetic fields (with
field strength up to 20 kOe) at different temperatures
(300 and 5 K). The magnetization curves for ceramic
2(12A) are shown in Figure 12 as an example, and the
magnetic properties of all the ceramic materials are
summarized in Table 3.

When placed in a magnetic field at a temperature
close to room temperature (300 K), 2(12A) was swiftly
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Table 3. Magnetic Properties of Ceramics 2 and 3

300 Kb 5 Kb

no. ceramic? Mg M, Hc Mg M, Hc
1 2(7N) 7.3 0.9 0.19 8.9 3.4 0.61
2 2(10N) 15.9 2.6 0.65 21.3 6.4 0.18
3 2(7A) 5.0 0.3 0.50 7.3 1.6 0.43
4 2(12A) 486 ~0 ~0 513 ~0 ~0

5 3(7N) 96 ~0 ~0 13.0 3.1 0.54
6 3(10N) 121 1.3 0.11 1438 5.1 0.60
7 3(7A) 9.7 ~0 ~0 13.1 2.6 0.59
8 3(10A) 10.8 2.0 0.27 13.2 4.6 0.67

a Fabricated by pyrolysis at a high temperature (700, 1000, or
1200 °C) in an inert gas atmosphere (nitrogen or argon). ® Abbre-
viations: Ms (emu/g) = saturation magnetization (in an external
field of 20 kOe), M, (emu/g) = magnetic remanence (at zero
external field), and H. (kOe) = coercivity (at zero magnetization).

magnetized, as evidenced by an immediate raise in its
magnetization curve (Figure 12). The magnetization
rapidly increased with an increase in the strength of
the applied field and became leveled off at a field
strength of ~5 kOe. When the temperature was de-
creased to 5 K, the magnetization was enhanced, and
the saturation magnetization (Ms) went up to ~51 emu/
g, close to the value for bulk y-Fe,O3; maghemite (74
emu/g).*® To see whether there exists any hysteresis in
the magnetization process of 2(12A), we enlarged its
magnetization curves in the low field region. As can be
seen from the inset of Figure 12, even at the high
magnification, no hysteresis loops can be identified: the
magnetization plots crossed right through the zero
point, when the magnetization experiments were carried
out at either 300 or 5 K. Clearly, no remanence and
coercivity were observable in the magnetization of
2(12A).

Not all the ceramics, however, behaved like 2(12A).
The ceramics fabricated from different precursor poly-
mers under different pyrolysis conditions performed
magnetically differently. The ceramic prepared from the
pyrolysis of precursor 1(1) at 700 °C under nitrogen
[2(7N)] exhibited a low Mg of ~7 emu/g in a magnetic
field of 20 kOe at 300 K (Table 3, no. 1). A hysteresis
loop was observed in the magnetization process, al-
though both remanence M, (<1 emu/g) and coercivity
Hc (~0.2 kOe) were low. When the magnetization
temperature was decreased to 5 K, all the magnetization
parameters were increased. The ceramic prepared from
1(1) at a higher temperature [1000 °C; 2(10N)] per-
formed better magnetically than its counterpart pre-
pared at the low temperature [2(7N)]: the Ms values of
the former were more than 2-fold higher than those of
the latter at both 300 and 5 K.

A similar but more profound effect of pyrolysis tem-
perature was observed when the ceramics prepared
under argon were magnetized. Like 2(7N), 2(7A) was
also poorly magnetic, and its Ms values were in the
range of ~5—7 emu/g. The ceramic prepared at the high
temperature of 1200 °C [2(12A)] was, however, a much
stronger magnet, whose M values were ~10- and ~7-
fold higher than those of 2(7A) at 300 and 5 K,
respectively. The better magnetic performances of the
ceramics prepared at the higher temperatures may be
associated with their bigger crystal sizes. A small crystal
possesses a large area of surface, on which the discon-
tinuity of the superexchange bonds between the iron
species leads to the formation of canted spins.*’” The
noncollinear spin structures due to the pinning of the



2318 Sunetal.

surface spins at the interfaces of the magnetic nano-
clusters and the nonmagnetic ceramic surroundings
reduce the total magnetic moments of the nanoclusters,
resulting in a decrease in their magnetizability.*748 The
bigger crystals have smaller surface areas and hence
higher magnetic susceptibilities.

The magnetization behaviors of the ceramics fabri-
cated from polymer 1(V), viz. 3, were similar to those
of 2 in one aspect but different in the other. Similarly,
higher pyrolysis temperature again favored the forma-
tion of ceramics with higher magnetizabilities: the Mg
values of the ceramics prepared at 1000 °C were always
higher than those of the ceramics prepared at 700 °C.
However, different from 2, none of ceramics 3 exhibited
a really high magnetizability. The Ms values of the
ceramics prepared at the high pyrolysis temperature
(2000 °C), that is, 3(10N) and 3(10A), were moderate
at the low magnetization temperature (5 K), being in
the range of ~13—15 emul/g. These values are, however,
still much higher than those of the ceramics prepared
from the pyrolyses of linear polymer 5(1), which were
in the range of 0.52—3.5 emu/g.?22443 This difference
in magnetizability may be caused by the difference in
their iron contents: the atomic compositions of iron in
3 were ~28—31% (by EDX analysis), while those in the
ceramic prepared from the linear polymer precursor
were only 11% (also by EDX analysis).??

Ceramics 3(7N) and 3(7A) exhibited typical super-
paramagnetic behavior:*® there were practically no
hysteresis loops in their magnetization curves at 300
K, but well-defined loops were observed when the
magnetization was carried out at 5 K (Table 3, nos. 5
and 7). Remarkably, however, 2(12A) did not show any
hysteresis loops even when it was magnetized at 5 K
(Table 3, no. 4). In other words, this ceramic does not
suffer any magnetic hysteresis loss at either high or low
temperature. Silicon steel (Si—Fe) is widely used in the
electromagnetic systems (generators, motors, trans-
formers, solenoids, etc.) because of its very low magnetic
hysteresis 10ss.5%51 The XRD analysis has revealed
that the major component of the iron nanoclusters in
2(12A) is the iron silicide (FesSi) species (cf., Figure
11B), which may be the cause for its near-zero M, and
H. values. This ceramic material is thus an outstanding
soft ferromagnet with a high magnetic susceptibility
(Ms: ~51 emu/g) and low hysteresis loss (M, and H:
practically nil).

Concluding Remarks

In this work, we generated a group of new hyper-
branched organometallic polymers by molecularly fusing
the ferrocenylene and silyne moieties into a three-
dimensional macromolecular structure. The poly(ferro-
cenylenesilyne)s were readily synthesized by a one-pot
experimental procedure in good isolation yields. The
properties of the polymers changed with the alkyl
substituents on the silicon atom: with an increase in
the length of the alkyl chain, the solubility of the
polymer increased, while its T4 and ceramization yield
decreased. The pyrolysis temperature affected the struc-
ture and properties of the resultant ceramic materials:
sintering polymers 1(1) and 1(V) at higher temperatures
produced ceramic materials with bigger iron nanoclus-
ters and higher magnetic susceptibilities. Pyrolyzing
1(1) at 1200 °C under argon resulted in the formation
of an outstanding soft ferromagnetic ceramic, that is,
2(12A), which was magnetically highly susceptible but
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practically hysteresis-free in its magnetization pro-
cesses.

In comparison to the poly(alkylsilyne) networks, our
hyperbranched poly(ferrocenylenesilyne)s were elec-
tronically more conjugated, with their absorption band
edges entering the infrared spectral region, due prob-
ably to the extended o—m conjugation in the three-
dimensional macromolecular spheres. Compared to their
linear poly(ferrocenylenesilene) cousin 5(1), hyper-
branched polymers 1(1) and 1(V) produced, upon sin-
tering at the high temperatures, the ceramics with
higher iron contents and bigger nanocrystals in higher
ceramization yields, thanks to the better retention of
the pyrolysis-generated ceramizing species inside the
macromolecular cages. Our hyperbranched polymers are
thus a group of better precursor polymers for the
fabrication of nanostructured magnetoceramics.
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