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Thermogravimetric analysis (TGA) of a series of high molecular weight poly(ferroceny1- 
silanes) [Fe(r-C5H&!3iRR)In 2a-d (a: R = R = Me; b: R = R = Ph; c: R = Me, R = H; 
d :  R = Me, R = vinyl) indicated that these materials are thermally stable to ca. 300-350 
"C under dinitrogen (heating rate 10 "C/min) and at more elevated temperatures yield the 
ceramic products 3a-d. Ceramic yields by TGA were in the range of 18% (for 2b) to 66% 
(for 2d) a t  600 "C and in the range of 17% (2b) to 45% (2c, 2d) a t  1000 "C. Pyrolysis of a 
1 : l  blend of the polymers 2c and 2d  afforded the ceramic 3e in 62% yield a t  600 "C and the 
highest ceramic yield by TGA a t  1000 "C (56%). Controlled pyrolysis experiments in a tube 
furnace under N2 permitted the isolation of the black, lustrous ceramics 3a-e together with 
several molecular depolymerization products. The ceramics 3a (formed a t  600 and 1000 
"C) and 3b and 3e (formed a t  600 "C) were characterized by scanning electron microscopy 
(SEM) with energy-dispersive X-ray microanalysis (EDX) and back-scattered electron imaging 
(BEI). These techniques indicated that these materials were iron silicon carbides. The 
ceramic 3a formed a t  600 "C was found to be amorphous, whereas the corresponding ceramic 
formed a t  1000 "C was shown to contain a-Fe crystallites by powder X-ray diffraction (XRD). 
Mossbauer and magnetization measurements carried out on the ceramics 3a, 3b, and 3e 
indicated that the materials were soft ferromagnets. Identification of several volatile 
molecular byproducts produced during pyrolysis provided evidence for the operation of 
unusual decompositioddepolymerization pathways. The unsymmetrical dimer Fe(r-C5H4)2- 
(~-SiMe2)2(r-C5H3)Fe(ll-C5H5) (4a) was formed during the pyrolysis of 2a,  and this species 
was characterized by single-crystal X-ray diffraction. Cyclic voltammetry studies of 4a in 
CH2C12 showed that this species undergoes two reversible and sequential one-electron 
oxidations (separation A E 1 / 2  = 0.26 V) consistent with redox coupling between the iron 
centers. Triphenylsilylferrocene, Fe(r-C~H5)(r-C5H4SiPh3), was isolated as one of the volatile 
pyrolysis prodvcts derived fromo2b. Crystals of 4aoare monoclinic, space group P21/n, with 
a = 9.3842(2) A, b = 15.455(2) A, c = 15.6630(12) A; = 91.092(6)"; 2 = 4; V = 2271.2(11) 
A3. 

Introduction 

Polymers are attracting considerable attention as 
pyrolytic precursors to ceramic fibers and composite 
materials due to their unique processing ad~antages.l-~ 
To date, most work in this area has focused on the 
formation of structural ceramics containing main-group 
elements, for example, Sic, Si3N4, B4C, and BN, which 
possess useful physical properties such as tensile strength 
and high thermal ~ t a b i l i t y . ~ - ~  Transition-metal-con- 
taining solid-state materials are also desirable ceramic 
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products as they can possess interesting electrical and 
magnetic properties in addition to useful mechanical 
characteristics. However, preceramic polymer routes to 
metal-containing ceramics are much less explored and 
most approaches to such materials have involved chemi- 
cal modification of preformed preceramic polymers. 
Recent strategies have included the derivatization of 
liquid poly(methylsi1anes) by dehydrogenative coupling 
using MMez(v-C5H& (M = Ti, Zr, or Hf) which yields 
SiC/MC composites after pyrolysis.l0I1l Other ap- 
proaches have involved the pyrolysis of poly[(silyl)- 
acetylenes] or other silicon-containing polymers in the 
presence of transition-metal powders or oxides to yield 
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MC/MSj/SiC or SiC/MN  composite^.^^-^^ Polymers con- 
taining skeletal transition-metal atoms might also be 
expected to be useful pyrolytic precursors to metal- 
containing ceramics. However, this approach is virtu- 
ally unexplored due, in part, to the limited number of 
readily accessible and well-characterized materials 
available. 

We have previously shown that poly(ferroceny1si- 
lanes) are accessible via the ring-opening polymerization 
(ROP) of strained, silicon-bridged [llferrocenophanes. l5 

Subsequent work has shown that the ROP of in]- 
metallocenophanes is quite general and provides a 
versatile route to a variety of metallocene-based poly- 
mers containing silicon or other elements in the polymer 
backbone.16-20 We also reported that symmetrically 
substituted poly(ferrocenyldimethylsi1ane) and poly- 
(ferrocenyldiphenylsilane) are thermally stable to ca. 
350 "C but at more elevated temperatures yield mag- 
netic iron silicon carbide ceramics together with novel, 
molecular depolymerization bypr0d~cts.l~ In this paper 
we report full details of our work designed to assess the 
potential of poly(ferrocenylsi1anes) to  function as pre- 
ceramic polymers. Specifically, we report on the py- 
rolysis of a series of poly(ferrocenylsilanes1 and the 
characterization and properties of the resulting solid- 
state and molecular products. 

Chem. Mater., Vol. 7, No. 11, 1995 Petersen et al. 

Results and Discussion 

High molecular weight poly(ferrocenylsi1anes) are 
readily accessible via thermal, anionic, or transition- 
metal-catalyzed ROP of silicon-bridged [llferroceno- 
p h a n e ~ . ~ ~ J ~ J ~  The latter species are synthesized from 
dilithioferrocenetmeda (tmeda = tetramethylethylene- 
diamine) and organodichlorosilanes. As a wide variety 
of these species are available from the silicone industry, 
poly(ferrocenylsi1anes) with a range of different sub- 
stituents can be prepared. A crucial issue with respect 
to the use of these materials as preceramic polymers is 
the ceramic yield. The versatility of poly(ferroceny1si- 
lanes) is potentially advantageous in this respect as the 
introduction of side groups which promote cross-linking 
rather than depolymerization should be possible. In 
addition, given reasonable ceramic yields, side-group 
versatility may allow tuning of ceramic composition. In 
this paper we describe our studies of the pyrolysis of 
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the poly(ferrocenylsi1anes) 2a-d derived from the ther- 
mal ROP of la-d.l8,l9 

l a  - Id 2a - 2d 

Synthesis of Poly(ferrocenylsi1anes) 2a-d. The 
poly(ferrocenylsi1anes) 2a-d were prepared via the 
thermal ROP of the [ llferrocenophanes la-d.18J9 The 
red-orange, moisture-sensitive, crystalline monomers 
la-d were purified by sublimation or recrystallization 
from THFhexanes in 60-70% yield. Polymers 2a-d 
were obtained from la-d by heating these species at 
120-150 "C for ca. 30 min. During this time the tube 
contents became molten, increasingly more viscous, and 
then immobile. Purification was achieved by dissolution 
in THF followed by precipitation into hexanes except 
in the case of polymer 2b, which is insoluble in common 
polar organic solvents unless the molecular weight is 
moderate or low ( M ,  < ca. 5 x lo4). The molecular 
weights of 2a, 2c, and 2d were in the range M ,  = 1.6 x 
105-8.6 x lo5 and M ,  = 7.7 x 104-4.3 x lo5. Yields of 
the poly(ferrocenylsi1anes) were ca. 80-90%. 

Studies of the Pyrolysis of the Poly(ferroceny1- 
silane) 2a under Dinitrogen. (i) Thermograuimetric 
Analysis. Thermogravimetric analysis (TGA) studies of 
the polymer 2a under Nz using a heating rate of 10 "C/ 
min showed that this material was stable to  weight loss 
until ca. 350 "C (Figure 1). Above this temperature two 
distinct weight-loss processes were detected. An initial 
weight loss of approximately 50% occurred between 350 
and 525 "C with a subsequent weight loss of ap- 
proximately 14% being observed between 575 and 650 
"C. Further thermolysis up to 1000 "C led to very little 
change in mass. The final char yield for this polymer 
was 36% (Table 1). To analyze the products formed at 
elevated temperatures, pyrolysis studies were conducted 
in a tube furnace. 

fii) Pyrolysis Studies in  a Tube Furnace. Samples of 
the polymer 2a were heated at either 400, 600, 800, or 
1000 "C for 4 h under a slow flow of dinitrogen with 
this temperature being attained in 1 h. Pyrolyses 
yielded black and lustrous materials that were readily 
attracted to a bar magnet and an orange sublimate 
which condensed on the cooler parts of the tube. In 
cases where the polymer was ground and compressed 
or in the form of a film prior to  heating, some shape 
retention was observed. When multiple pyrolyses were 
carried out simultaneously, ceramic yields were always 
higher at the effluent end of the tube. This can be 
rationalized by a shift in the depolymerizatiodcross- 
linking equilibrium due to the presence of additional 
depolymerization products formed from polymer decom- 
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ceramic percent yield at  600 "C percent yield at  1000 "C 
3a 
3b 
3c 
3d 
3e 

47 
18 
58 
66 
62 

36 
17 
45 
44 
56 

position reactions. High dinitrogen flow rates resulted 
in lower ceramic yields and an increase in the quantity 
of volatile byproducts produced. Moreover, polymer 
pyrolysis at 600 "C for 4 h under a dynamic vacuum of 
ca. mmHg gave a ceramic yield of 11% which was 
considerably lower than under dinitrogen (31%). These 
results are also consistent with a competition between 
cross-linking and depolymerization, leading to either 
ceramic formation or volatilization during thermolysis. 

Characterization of the Ceramic Product 3a, 
Derived from the Pyrolysis of 2a under Dinitrogen 
at 600 and 1000 O C .  The solid-state pyrolysis product, 
3a, formed during thermolysis of 2a at  600 and 1000 
"C under dinitrogen, was investigated using high- 
resolution scanning electron microscopy (SEM) with 
energy-dispersive X-ray microanalysis (EDX) and back- 
scattered electron imaging (BEI), C and H elemental 
analysis, X-ray photoelectron spectroscopy (XPS), X-ray 
powder diffraction (XRD), magnetization measurements, 
and Mossbauer spectroscopy. 

The ceramic 3a produced at  600 "C was qualitatively 
similar to the ceramic 3a formed a t  1000 "C. Analysis 
by high-resolution SEM to 2500x magnification in both 
cases showed a smooth topology, with no signs of 
crystallinity such as grain boundaries (Figure 2). Fur- 
thermore, no segregation of the elements was observed 
by BE1 which indicated that the ceramic produced a t  
both temperatures was homogeneous, a t  least down to 
a length scale of ca. 30 nm. EDX studies camed out 
using a sample of the polymer 2a as a compositional 
standard, showed that the ceramic 3a formed at  600 
"C contained approximately 30% iron, 17% silicon and 
50% carbon whereas the analogous ceramic formed at  

Figure 2. SEM of the ceramic 3a formed at 600 "C under an  
atmosphere of dinitrogen shown at 2500 x magnification. 

1000 "C contained 11% iron, 30% silicon, and 58% 
carbon. Elemental analysis indicated that only a trace 
of hydrogen was present (0.4% for the ceramic formed 
at  600 "C, 0.3% for that prepared at  1000 "C). For both 
ceramics, EDX detected small quantities of oxygen (ca. 
less than 5%). However, XPS studies on 3a formed at 
600 "C showed the ceramic surface to be composed 
primarily of carbon (79.6%) with significant quantities 
of oxygen (14.5%) also present. The source of this 
oxygen is not clear; however, these results suggest it 
may arise from exposure of the ceramic to air after 
pyrolysis as the surface is much more oxygen-rich than 
the bulk. A powder X-ray diffractogram of 3a at  600 
"C showed a small, broad peak at a d spacing of 2.02(9) 
A, which was sharper and much more intense in the 
difiactogram of the ceramic formed a t  1000 "C. Tbis 
peak and the peaks located at 1.43(3) and 1.17(3) A d 
spacings are attributed to a-Fe (Figure 3).22 BE1 carried 
out on the ceramic 3a formed a t  1000 "C showed no 
localized iron sites, which suggests that the a-Fe sites 
are smaller than ca. 30 nm. The crystallite size was 
estimated from the powder XRD pattern of the ceramic 
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Figure 3. Powder X-ray diffractogram of (a) the polymer 2a, (b) the ceramic 3a produced at 600 "C, and (c) the ceramic 3a 
produced at 1000 "C under atmospheres of NP. * = a-Fe. 

formed at 1000 "C. The full width at half-height of the 
main peak suggests a crystallite size of ca. 20 nm 
according to the Scherrer equation: 

Lh,, [(2 cos 0)60//2]-1 

where Lhkl is the average length dimension of the 
crystallite in the [hkll direction, 68 the full width at half- 
height (in radians), 2 the wavelength of the X-ray 
radiation used, and 0 the Bragg angle for this reflection 
(20 = 44.65' in this 

The ceramic samples of 3a were readily attracted to 
a bar magnet which suggested ferromagnetic behavior. 
This was confirmed by a study of the magnetization as 
a function of the applied field at 25 "C which exhibited 
a hysteresis cycle typical for a soft magnetic material 
(Figure 4). For the ceramic formed at 600 "C the 
observed coercive field, H,, was 40 G, the remnant 
magnetization, M,, was 0.013 pfle,  and the saturation 
magnetization, M,, was ca. 0.17 pfle.  For the ceramic 
formed at 1000 "C, the corresponding values were H ,  = 
171 G, M, = 0.103 pf le ,  and M, = ca. 1.65 pfle.  

Mossbauer spectra obtained at 25 "C of the polymer 
2a and the ceramics 3a formed at 600 and 1000 "C are 
shown in Figure 5. The spectrum of the polymer 2a 
shows a quadrupolar doublet with a quadrupolar split- 
ting (QS) of 2.34 m d s  consistent with an Fe2+ site. The 
ceramics display more complex spectra consistent with 
magnetic iron sites arising from the lifting of the 
degeneracy of the I = h1/2 and ik3/2 states. Interestingly, 
the ceramic 3a synthesized at 600 "C displayed a six- 
line Mossbauer spectrum arising from magnetic iron 
sites on which was superimposed a quadrupolar doublet. 
The latter is consistent with the presence of iron in a 
chemically different, nonmagnetic environment as has 

(22) International Center for Diffraction Database, Powder Dif- 
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Method); p 299. 
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Figure 4. Field-dependant magnetization (at 25 "C) of the 
ceramic 3a formed at 600 "C under an atmosphere of dinitro- 
gen. 

been found in certain iron-carbon steel formulations 
or, alternatively, the presence of superparamagnetic 
iron where the very small magnetic domains can rapidly 
reorient.24 By contrast, only a characteristic six-line 
Mossbauer spectrum was observed for the ceramic 3a 
formed at 1000 "C. 

Characterization of the Volatile Byproducts 
Derived from the Pyrolysis of 2a under Dinitrogen 
at 600 "C. The orange sublimation products formed 
above ca. 350 "C during the pyrolysis of 2a were 
separated on an alumina column using dichloromethane 
and hexane elutants. These products were character- 
ized using 'H, 13C NMR, mass spectrometry, and in one 
case by single-crystal X-ray diffraction and cyclic vol- 
tammetry. 

The first iron-containing species which eluted from 
the column formed orange, needlelike crystals upon 

(24) (a) Gruverman, I. J. Mossbauer Effective Methodology; Plenum 
Press: New York, 1967; Vol. 3, pp 37-65. (b) Gruverman, I. 3 .  
Mossbauer Effective Methodology; Plenum Press: New York, 1967; Vol. 
3, pp 103-122. 
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Figure 5. Mossbauer spectra obtained at  25 "C of the (a) the 
polymer 2a, (b) the ceramic 3a formed at  600 "C, and (c) the 
ceramic 3a formed at 1000 "C under atmospheres of dinitrogen. 

evaporation in air. This was shown to be ferrocene by 
lH and 13C NMR. The second product isolated yielded 
crystals that were analyzed initially by mass spectrom- 
etry and by lH NMR (in CDC13). Mass spectrometry 
gave a parent peak located at mlz 484 which cor- 
responded to a dimer of the [llferrocenophane monomer 
la. However, the lH NMR spectrum of this species was 
complex and showed that the cyclopentadienyl ligands 
were not equivalent. Broad multiplets of 6 = 4.20-4.41 
and 6 = 4.00-4.18 ppm were detected, which were 
assigned to substituted cyclopentadienyl groups. In 
addition a singlet resonance a t  6 = 4.19 ppm was 
detected consistent with the presence of an unsubsti- 
tuted v-C5H5 group. Single-crystal X-ray diffraction (see 
below) identified this product as the unusual unsym- 
metrical dimer Fe(r-C5H4)2Cu-SiMez)z(r-CsH3)Fe(v-C5H5), 
4a. 

M e  

4n 

The other products that eluted from the column could 
not be identified by IH NMR and mass spectrometry 

C1231 
Figure 6. (a) Side-on view of the molecular structure of 4a. 
(b) Alternative view of the molecular structure of 4a. 

due to the complexity of the spectra observed. 
X-ray Structure of 4a. Single crystals of 4a, suit- 

able for an X-ray diffraction study, were grown from 
hexanes via solvent evaporation. Two views of the 
molecular structure of 4a are shown in Figure 6. A 
summary of cell constants and data collection param- 
eters are included in Table 2. Final fractional atomic 
co-ordinates are given in Table 3. 

The X-ray crystal structure of 4a consists of molecules 
with two ferrocene moieties oriented perpendicular to 
one another, joined through two bridging SiMez units. 
One ferrocene unit can be regarded as a [4lferro- 
cenophane and one cyclopentadienyl ligand of the other 
is bound via adjacent carbons to two silicon atoms of 
the bridge. The Cp ligands of the 1,l'-disubstituted 
ferrocene fragment are staggered by an angle of 5.7- 
(4)". Interestingly, the mean planes of these ligands are 
not parallel but are tilted away from the bridge by an 
angle of 5.7(2)". The resultant displacement of the iron 
atom from the line joining the cFntroids of the Cp 
ligands is very small (0.057(3) A) and the angles 
between the planes of the Cp ligands and the ipso C-Si 
bonds are 6.4(2) and 2.3(2)" for C(1) and C(6), respec- 
tively. The angle between the planes of the Cp rings 
in the 1,2-disubstituted ferrocene fragment is smaller 
(3.5(2)"). The Cp-Si-Cp bond angles in 4a are 108.8- 
(1)" and 106.8(1)" and are characteristic of sp3-hybrid- 
ized silicon. The distance between the two iron atoms 
Fe(1) and Fe(2) is 5.820(5) A. 

Cyclic Voltammetry of 4a. A cyclic voltammogram 
of 4a in CHzClz at a scan rate of 250 mV s-l is shown 
in Figure 7 .  Two reversible one-electron oxidation 
waves were detected due to the interaction between the 



2050 Chem. Mater., Vol. 7, No. 11, 1995 

Table 2. Summary of Crystal Data and Intensity 
Collection Parameters for 4a 

Petersen et al. 

4a 
empirical formula 
M* 
cryst class 
space group 
a, A 
b,  A 
c ,  A 
a, deg 
/3> deg 
7 ,  deg v, A3 z 
Dcalc, g c m 3  
,u(Mo Ka), cm-' 
F(000) 
w-scan width, deg 
range 6' collected, deg 
total no. of rflns 
no. of unique rflns 
Rin t  
no. of obsd data used [I > 30(Z)1 
weighting g 
R 
RVi 
GOF 

no. of params refined 
Ap(max) in final AF map, e A-3 

in last cycle 

Cz4HzsFezSiz 
484.3 
monoclinic 
P2 lln 
9.3842(8) 
15.455(2) 
15.6630(12) 

91.092(6) 

2271.2(11) 
4 
1.416 
0.14 
1008 
0.6 + 0.35 tan 6' 
1.0 to  45.0 
3099 
2998 
1.80 
2580 
0.0001 
0.028 
0.031 
2.02 
0.05 
281 
0.22 

Table 3. Non-Hydrogen Atom Fractional Coordinates 
( x  lo4) and Equivalent Isotropic Displacement 

Coefficients (k x lo3) for 4a, with Estimated Standard 
Deviations in Parenthesesa 

X Y 2 Ueq)  

2650(1) 
7686(1) 
4848(1) 
4576(1) 
3490(3) 
1971(3) 
1388(3) 
2518(4) 
3405(3) 
3804(3) 
1876(3) 
1437(3) 
2661(3) 
3868(3) 
6246(3) 
7681(3) 
8452(3) 
7528(3) 
6142(3) 
9243(4) 
9186 
7808 
7013 
7900 
8566(4) 
9438 
8623 
7248 
7212 
3982(3) 
5 6 9 8 ( 4 ) 
3501(4) 
5223(4) 

4067(1) 
1937(1) 
3046(1) 
2235(1) 
3821(2) 
3754(2) 
4560(2) 
5124(2) 
3182(2) 
4673(2) 
3216(2) 
4071(2) 
4576(2) 
4042(2) 
2918(2) 
3209(2) 
3103(2) 
2745(2) 
2622(2) 
1286(3) 
1021 
677 
730 

1106 
1238(3) 
1197 
82 1 
629 
887 

2035(2) 
3550(2) 
1349(2) 
1847(3) 

5749(1) 
6344(1) 
7374(1) 
5052(1) 
6964(2) 
6941(2) 
6669(2) 
6511(2) 
4871(2) 
6689(2) 
4855(2) 
4657(2) 
4552(2) 
4689(2) 
6562(2) 
6698(2) 
5946(2) 
5324(2) 
5684(2) 
6995(2) 
6128 
5954 
6714 
7358 
7325(2) 
6595 
5919 
6230 
7100 
7731(2) 
8337(2) 
5522(2) 
4001(2) 

Equivalent isotropic U defined as one-third of the trace of the 
orthogonalized U ,  tensor. 

iron atoms in the two ferrocenyl moieties. Oxidation 
of the first iron a t  a potential of 0.06 V was found to 
increase the oxidation potential of the remaining iron 
atom to 0.32 V relative to  the ferrocenelferrocenium 
couple. The redox coupling for 4a, AE112, is 0.26 V. By 

I 
-1 boo 600 0 mV A 0  1 ob0 1 i o 0  

Figure 7. Cyclic voltammogram of 4a in CH2C12 at a scan 
ra te  of 250 mV/s at 25 "C. The x-axis scale is referenced to 
the  ferrocene/ferrocenium ion couple at E = 0.0 mV. 

comparison, bis(ferrocenyl)dimethylsilane, which has 
two ferrocene units bridged by a single SiMez unit, and 
the dimer 5 which possesses two ferrocenyl moieties 

Me, ,Me 

I 

Me' 'Me 

5 6 

linked by two adjacent SiMez units, show two reversible 
one-electron oxidation waves with A E l l 2  values of 0.15 
and 0.27 V, r e ~ p e c t i v e l y . ~ ~ - ~ ~  Interestingly, the sym- 
metrical dimer, 6, which we and others have recently 
synthesized and characterized, possesses two parallel 
ferrocene moieties linked through two SiMea ounits.28 
This species has an Fe-Fe distance of 5.171(9) A, which 
is significantly shorter than that in 4a but possesses a 
very similar redox coupling (Mu2 = 0.25 VI. These 
results suggest that the interaction between the iron 
atoms is more dependent on the type of bridge, which 
involves two silicon atoms in each case, than on the 
spatial proximity of the iron centers. 

Studies of the Pyrolysis of the Poly(ferroceny1- 
silane) 2a in Air at 600 "C. The pyrolysis of 2a in air 
was carried out in a tube furnace a t  600 "C for 4 h. The 
resulting ceramic was an orange-red solid and was less 
readily attracted to a bar magnet than the correspond- 
ing ceramic 3a formed by pyrolysis under dinitrogen. 
The yields obtained from the pyrolysis under air (46%) 
were slightly higher than the corresponding pyrolysis 
of 2a under dinitrogen (31%). 

SEM-EDX and BE1 studies carried out on a ground 
sample of the ceramic product (see Figure 8) showed it 
to be homogeneous down t o  a length scale of ca. 30 nm. 
EDX showed the ceramic to contain iron, silicon, carbon, 

(25) Bocarsly, A. B.; Walton, E. G.; Bradley, M. G.; Wrighton, M. 
S. J .  Electroanal. Chem. Interfacial Electrochem. 1979, 100, 283. 

(26) Kreisz, J.; Kirss, R. U.; Reiff, M. W. Inorg. Chem. 1994, 33, 
1562. 

(27) The interaction between two ferrocenyl units has been shown 
to decrease with increasing length of an oligosilane spacer: Dementev, 
V. V.; Cervantes-Lee, F.; Parkanyi, L.; Sharma, H.; Pannell, K. H.; 
Nguyen, M. T.; Diaz, A. Organometallics 1993, 12, 1983. 

(28) (a) Zechel, D.; Foucher, D. F.; Pudelski, J. K.; Yap, G. P. A,; 
Rheingold, A. L.; Manners, I. J .  Chem. SOC., Dalton Trans. 1996,1893. 
(b) Park, J.; Seo, Y.; Cho, S.; Whang, D.; Kim, K.; Chang, T. J .  
Organomet. Chem. 1995,489,23. 
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Figure 8. SEM of the ceramic 3a formed a t  600 "C via 
pyrolysis in air. 

0 Dvdree 

Figure 9. Msssbauer spectrum of the ceramic 3a formed at 
600 "C via pyrolysis in air. 

and oxygen in a ratio of 57:6:13:24% and XPS indicated 
an oxygen and carbon rich surface composition (0 
45.4%, C 38.7%). The Mossbauer spectrum of this 
ceramic (Figure 9) was qualitatively similar to that 
detected for the ceramic 3a formed at  600 "C under 
dinitrogen (see Figure 5 )  and displayed a six-line 
pattern characteristic of an internal magnetic field and 
a central peak characteristic of nonmagnetic iron with 
a very small, virtually unresolved, quadrupolar splitting 
(~0.25 mm/s). A magnetization study of this material 
also yielded a hysteresis cycle with Hc = 66 G, Mr = 
0.001 p@e, and Ms = 0.01 p@e. In contrast to the 
pyrolysis of 2a under dinitrogen, ceramic formation in 
air was not accompanied by the formation of isolable 
volatile by-products. 

Studies of the Pyrolysis of the Poly(ferroceny1- 
silanes) 2b-d and a Blend of 2c and 2d. (i) Ther- 
mograuimetric Analysis. The TGA traces for the poly- 
mers 2b-d in N2 show very little weight loss when 
heated to 350 "C (Figure 1). However, further heating 
revealed a dramatic weight loss resulting in ceramic 
yields of 18% (for 2b) to 66% (2d) at  600 "C. Further 
heating to 1000 "C resulted in similar or slightly 
decreased ceramic yields of which the highest was that 
for 2c (45%). Because of the possibility of enhancing 
thermally induced cross-linking via hydrosilylation the 
pyrolysis of a 1:l molar ratio of the polymers 2c and 2d 
was also investigated. The blend gave a ceramic yield 
of 62% at  600 "C and the highest yield at  1000 "C (56%, 
see Table 1). 

(ii) Pyrolysis Studies in a Tube Furnace at 600 "C 
under Dinitrogen. Pyrolysis of the polymers 2b-d and 
the polymer blend 2d2d were carried out under N2 with 
a 1 h heating ramp from room temperature to 600 "C 
and subsequent thermolysis for 4 h at  this temperature. 
Ceramics were obtained as black, lustrous materials in 
yields of ca. 25%, 64%, and 65% from the polymers 2b, 
2c, and 2d, respectively. As found for the pyrolysis of 
2a, concurrent with the onset temperature for weight 
loss by TGA the formation of a yellow-orange sublimate 
was observed on the cooler section of the quartz tube 
downstream from the polymer sample. This was also 
attributed to the loss of molecular fragments during the 
decomposition of the polymers 2b-d and the conversion 
to ceramic. The relatively low ceramic yield for 2b 
suggests that depolymerization is favored by the pres- 
ence of bulky phenyl groups. The higher ceramic yields 
for 2c and 2d might be expected based on the favorable 
preceramic properties of organosilicon polymers with 
Si-H groups and the propensity of the vinyl substituent 
to undergo thermally induced cross-linking rea~t ions.~ 
These two factors can be attributed to the overall higher 
char yield for the blend of these two polymers. 

Characterization of the Ceramic and Depolym- 
erization Products Formed via the Pyrolysis of 
the Poly(ferrocenylsi1anes) 2b-d and the Blend of 
2c and 2d at 600 "C under Dinitrogen. The ceramics 
3b and 3e derived from 2b and the polymer blend 2c/ 
2d at  600 "C were characterized as representative 
examples in a manner similar to 3a formed at  the same 
temperature. In both cases an amorphous, ferromag- 
netic iron silicon carbide composition was indicated. For 
3b, SEM-EDX indicated that the bulk ceramic had a 
higher carbon content than 3a with a composition of Fe 
21%, Si lo%, C 69% consistent with the higher carbon 
content of the starting polymer 2b. XPS showed the 
surface to contain 85.7% carbon with an appreciable 
quantity of oxygen (6.3%). The ceramic 3e, derived from 
the blend at  600 "C, displayed a rougher topology by 
SEM than the ceramics 3a and 3b and was found by 
EDX to contain iron, silicon, carbon and oxygen ratio of 
19:24:50:7%. Magnetization measurements for 3b and 
3e yielded quantitatively similar results to those for 3a. 
The observed coercive field for 3b, H,, was 83 G, the 
remnant magnetization, M,, was 0.019 p@e, and the 
saturation magnetization, M,, was ca. 0.09 p@e. For 
the ceramic 3e, the Hc was 177 G, Mr was 0.064 p@e 
and Ms was 0.42 p@e. The Mossbauer spectrum for 
3b was qualitatively similar to that for 3a at 600 "C 
and was indicative of the presence of both magnetic and 
nonmagnetic iron sites. 

The sublimate formed during the pyrolysis of 2b was 
collected using dichloromethane and was separated on 
an alumina column using hexanes/dichloromethane as 
elutents. A number of products were obtained. The 
first band afforded orange needlelike crystals that were 
analyzed by lH NMR and determined to be ferrocene. 
The second product was also eluted using hexanes and 
was also obtained as light orange needlelike crystals. 
However, a lH and 13C NMR spectrum of this species 
suggested their identity to be triphenylsilylferrocene, 
Fe(rl-CsH5)(rl-CsH4SiPh3). Analysis by mass spectrom- 
etry supported this assignment and showed the pres- 
ence of a molecular ion peak at  m/e 444 together with 
peaks corresponding to logical fragmentation products. 
The formation of this interesting product suggests that 
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the phenyl groups are undergoing thermally induced 
migration reactions during the pyrolysis process. Sub- 
sequent products eluted from the column could not be 
isolated pure or identified. 

The depolymerization products formed during the  
pyrolysis of the polymer 2c were analyzed by lH NMR 
and were found to consist primarily of ferrocene. The 
volatile byproducts produced during the pyrolysis of 2d 
and the blend 2cf2d were not successfully separated nor 
characterized. 
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Summary 

Poly(ferrocenylsi1anes) yield black, lustrous, ferro- 
magnetic iron-silicon-carbon-containing ceramics when 
heated at or above 400 "C. TGA analysis showed that 
the  "functionalized" polymers 2c (with Si-H groups) 
and 2d (with vinyl groups) give the highest ceramic 
yields at 600 "C under dinitrogen (ca. 60-65%) and a 
1:l polymer blend of 2c and 2d was  found to  give the  
highest ceramic yield at 1000 "C (56%). The results a re  
consistent with competition between cross-linking to 
give a 3-dimensional ultrastructure and the formation 
of molecular depolymerization products. We have suc- 
cessfully characterized an unusual example of the  latter; 
the dimer 4a formed during the  pyrolysis of 2a. Further 
work will involve the  design of poly(ferrocenylsilanes1 
with substituents which promote cross-linking to further 
increase ceramic yields to the stage where good shape 
retention can be anticipated during the pyrolysis of 
polymer fibers, films, or coatings. 

Experimental Section 

General Comments. The silicon-bridged [l] ferrocenophanes 
were synthesized under an atmosphere of prepurified dinitro- 
gen using solvents which were dried by standard techniques 
and distilled under dinitrogen. Solvents required for the 
purification and isolation of the poly(ferrocenylsi1anes) and 
other materials were used as received. 

The 200 or 400 MHz IH NMR spectra and 50.3 or 100.5 MHz 
13C NMR spectra were recorded either on a Varian Gemini 
200 or a Varian XL 400 spectrometer, respectively. All 
solution NMR spectra were referenced internally to TMS. Mass 
spectra were obtained with the use of a VG 70-250s mass 
spectrometer operating in Electron Impact (EI) mode. Polymer 
molecular weights were estimated by gel permeation chroma- 
tography (GPC) in THF using a Waters Associates liquid 
chromatograph equipped with a 510 HPLC pump, U6K injec- 
tor, ultrastyragel columns with a pore size between lo3 and 
lo5 A, and a Waters 410 differential refractometer which were 
calibrated with polystyrene standards. A flow rate of 1.0 mL/ 
min was used, and samples were dissolved in a solution of 0.1% 
tetra-n-butylammonium bromide in THF. In the case of 2b, 
the molecular weight could not be obtained as the polymer is 
insoluble. 

A Perkin-Elmer TGA-7 thermal gravimetric analyzer 
equipped with a TAC-7 instrument controller was used to 
study the polymer thermal stability. Thermograms were 
calibrated with the magnetic transitions of Nicoseal and 
Perkalloy and were obtained at  a heating rate of 10 "Clmin 
under dinitrogen. Pyrolyses were carried out in air or under 
an atmosphere of prepurified nitrogen, using a 36 in. long, 
three-zone Lindberg Pyrolysis Oven Model No. 55035 with a 
15/8 in. internal diameter and Thermcraft control system Model 
3D1-50-115 (UP271 with type K thermocouples and indepen- 
dent oven temperature control. A program was created that 
ramped to the desired temperature over 1 h. Polymer samples 
were loaded in quartz boats, 2 in. x I12 in. and inserted into 
quartz pyrolysis tubes, 36 in. long with a 1 in. external 
diameter, equipped with quartz liners, 32 in. long with a 3/4 

in. external diameter. 

Scanning electron micrographs were obtained on a Hitachi 
Model S-570 field emission scanning electron microscope using 
an accelerating voltage of 20 keV. Energy-dispersive X-ray 
(EDX) microanalyses were performed on uncoated samples 
tilted 15" toward the detector at a distance of 15 mm. Samples 
of the polymeric ceramic precursors were used as compositional 
standards for the Fe, Si, and C calibrations. Errors in the 
compositional values obtained are considered to be &5% for 
Fe and Si and f10% for C. XPS data was collected on a 
Leybold MAX 200 instrument. Values obtained are based on 
the integration of the following peaks Fe (213312, 708.1 eV), Si 
(2p, 102.4 eV), C (Is, 284.6 eV), 0 (Is, 533.2 eV). Mossbauer 
spectra were obtained using a 5 mCi 57C0 y-ray source in a 
Rh matrix on a Ranger Scientific Inc. VT-1200 instrument 
equipped with a MS-1200 digital channel analyzer. Data were 
collected as long as required to attain a suitable fit and 
interpreted using a C program for a PC and fit to standard 
independent Lorentzian line shapes for sinusoidal  baseline^.^^ 
Data were in the -15.8 to  t15.8 m d s  range and referenced 
to Fe foil. X-ray powder diffraction data were obtained using 
a Siemens D500 diffractometer employing Ni-filtered Cu Ka 
(1 = 1.541 78 A) radiation. Samples were scanned at  step 
widths of 0.02" with 1.0 s per step in the Bragg angle range of 
5-90". Samples were prepared by spreading finely ground 
ceramic samples on grooved glass slides. Magnetization curves 
were measured at room temperature using a Quantum Design 
SQUID magnetometer. Elemental Analyses were carried out 
by Quantitative Technologies Incorporated in Whitehouse, NJ. 

Cyclic voltammetry of 4a was carried out using a PAR Model 
273 potentiostat with a Pt working electrode, a W secondary 
electrode, and an Ag wire reference electrode in a Luggin 
capillary. The solution of 4a was 4 x M in CH2C12 with 
0.1 M [Bu~NI [PFd as a supporting electrolyte. 

Synthesis of the Poly(ferrocenylsi1anes) 2a-d. The 
monomers la-d were synthesized according to published 
literature procedures using dilithioferrocene complexed to 
tmeda and the corresponding distilled organodichlorosilane.18~19 
Purification was carried out by high-vacuum sublimation or 
recrystallization from THFhexanes. Polymer synthesis was 
carried out according to previously published results by 
heating prepurified silicon bridged [llferrocenophanes in a 
sealed and evacuated Pyrex tube at  temperatures ranging from 
120 t o  150 "C for ca. 30 min. Polymer purification was 
achieved by dissolution in THF and precipitation into hexanes 
in the case of 2a, 2c, and 2d and by washing with hexanes in 
the case of 2b. Characterization data for 2a-d has been 
previously r ep~r t ed . '~ , ' ~  Molecular weights data were obtained 
via GPC: 

2a: M, = 4.9 x lo5, M, = 3.2 x lo5, 
polydispersity (MJM,) = 1.5 

2c: M, = 8.6 x lo5, M, = 4.3 x lo5, 
polydispersity (MJM,) = 2.0 

2d: M, = 1.6 x lo5, M, = 7.7 x lo4,  
polydispersity (MJM,) = 2.1 

Synthesis of the 1:l Blend of Poly(ferrocenylsi1anes) 
2c and 2d. Samples of 2c (0.20 g, 0.86 mmol) and 2d (0.22 g, 
0.86 mmol) were dissolved separately in ca. 5 mL of distilled 
THF, and the solutions combined together under an atmo- 
sphere of dinitrogen. The volume of the resulting solution was 
then reduced by half, and the resulting solution precipitated 
into a solution of dry hexanes. The resulting polymer was dark 
yellow (0.38 g, 90%). lH NMR (CsDs) showed the blend to be 
a 1:l mixture of 2c and 2d. 

Pyrolysis of Powdered Samples of the Poly(ferroce- 
nylsilanes) 2a-d and the 1:l Blend of 2c/2d under 
Dinitrogen. Powdered samples of 2a were pyrolyzed at  400, 
600,800, and 1000 "C. The pyrolyses of samples of 2b-d and 
2cl2d were carried out at 600 "C. Pyrolysis of 2a-d and 2cld 

(29) Chile, J.; Holmes, A. J. Personal Computer Program, Univer- 
sity of Toronto, Toronto, 1990. 
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yielded the ceramics 3a-e, respectively, together with an 
orange-yellow sublimate consisting of molecular depolymeri- 
zation products. The procedures used were similar and the 
pyrolysis of 2a at 600 "C is used as a typical example. 

A sample of 2a (0.35 g, 1.5 mmol) was lightly packed into a 
quartz boat, and inserted into a pyrolysis tube. The tube was 
purged with a steady flow of dinitrogen for approximately one 
minute before it was reduced to a rate of ca. 0.5 mUs. A 
program was created that heated the system from 25 to 600 
"C over 1 h and maintained a constant temperature of 600 "C 
for a further 4 h. After approximately 30 min from the 
initiation of the heating program, which corresponded to a 
temperature of ca. 350 "C, an orange-yellow sublimate con- 
densed on the cooler parts of the pyrolysis tube. When the 
program was complete, the furnace was allowed to cool to room 
temperature. A black, lustrous ceramic product was formed, 
yield 0.11 g (31%). This product was found to be readily 
attracted to a bar magnet. The orange-yellow sublimate was 
collected by rinsing the tube with hexanes and was also 
analyzed. 

The yields of the ceramic 3a were found to be as follows: 
400 "C, 37%; 600 "C, 31%; 800 "C, 31%; 1000 "C, 16%. The 
molecular byproducts formed during the thermolysis of 2a 
were isolated in the following yields: 400 "C, 10%; 600 "C, 
20%; 800 "C, 20%; 1000 "C, 20% relative to 2a. The yields of 
3b, 3c, 3d, and 3e at 600 "C were 25%, 64%, 65%, and 59%, 
respectively. Molecular byproduct yields were as follows: 3b, 
47%; 3c, 19%; 3d, 27%; 3e, 13%. 

3a (derived from 2a at 600 "C): EDX: Fe 30, Si 17, C 50,O 
3%. XPS: Fe 0.8, Si 5.1, C 79.6, 0 14.5%. Elemental 
analysis: 46.4% C, 0.4% H. XRD: Featureley except for a 
low-intensity sharp line at a d spacing of 2.03 A. Magnetiza- 
tion measurements: H ,  = 40 G, M, = 0.013 pf le ,  M, = ca. 
0.17 p@e. Mossbauer spectrum: sextuplet, IS = 0.01, MHS 
= 2.1 mm s-l, doublet IS = 0.30, QS = 0.86 mm s-l. 

3a (derived from 2a at 1000 "C): EDX: Fe 11, Si 30, C 58, 
0 1%. XPS: Fe 1.0, Si 10.4, C 70.0, 0 18.6%. Elemental 
analysis: 51.2% C, 0.3% H. XRD: peaks attributed to a-Fe 
had d spacings of 2.02(6), 1.43(3), and 1.17(3) A. Other peaks 
were observed at 4.29(7), 3.86(9), 3.39(6), 2.87(8), 2.65(6), 
2.59(3), 2.53(6), 2.31(3), 2.15(1), 2.07(8), 1.59(7), and 1.34(8) 
A d spacings. 

Magnetization measurements: H ,  = 171 G, M, = 0.103 pugl 
Fe, M, = ca. 1.65 p#e. Mossbauer spectrum: sextuplet, IS 
= 0.03 mm SKI, MHS = 1.65 mm SI. 

3b (derived from 2b at 600 "C): EDX Fe 21, Si 10, C 69%. 
XPS Fe 2.0, Si 6.0, C 85.6, 0 6.3%. XRD: Featureless except 
for low-intensity sharp lines at d spacings of 2.38(5), 2.10(7), 
2.07(3), 2.02(3), 1.97(8), and 1.84(7) A. Magnetization mea- 
surements: H, = 83 G, M, = 0.019 p@e, M, = 0.09 pfle. 
Mossbauer spectrum: sextuplet IS = 0.93, MHS = 1.45 mm 
S-I, doublet IS = 0.80, QS = 1.93 mm s-l. 

3e (derived from a 1:l molar ratio blend of 2c and 2d at 
600 "C): EDX Fe 19, Si 24, C 50, 0 7%. XRD: Featureless 
except for peaks attributed to a-Fe with d spacings of 2.02(9), 
1.43(4), and 1.17(1) A. Magnetization measurements: H, = 
177 G, M, = 0.064 pf le ,  M, = ca. 0.42 pf le .  

Pyrolysis of 2a under Vacuum. A powdered sample of 
2a (0.063 g, 0.26 mmol) was packed into a quartz boat, loaded 
into the tube furnace, and placed under a dynamic vacuum of 
ca. mmHg. The sample was then ramped to 600 "C over 
1 h and heating was continued at this temperature a further 
4 h. After cooling, the black lustrous material formed was 
removed and weighed (0.007 g, 11%). The sublimate was 
collected by rinsing with hexanes and THF (0.047 g, 75%). 

Pyrolysis of Thin Films of 2a under Dinitrogen. Films 
of 2a were cast on a Teflon plate from THF via evaporation. 
The resulting orange film (0.017 g, 0.070 mmol) was pyrolyzed 
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in a quartz boat at 400 "C for 2 h. The resulting ceramic film 
weighed 0.008 g (ca. 50%). 

Characterization of the Volatile Sublimate Formed 
during the Pyrolysis of Powdered Samples of 2a. The 
sublimate that condensed on the cooler part of the tube during 
the pyrolysis of 2a at 600 "C was dissolved in hexanes and 
was then chromatographed on alumina. The three bands 
obtained were reduced in volume on a rotary evaporator and 
allowed to evaporate in air. The resulting products were 
characterized. Band A was found to consist of ferrocene (0.09 
g, 32%) which was identified by IH and 13C NMR. Light 
orange needlelike crystals. lH NMR (CsDs) 6 = 4.18 (s, pC5H5) 
ppm; 13C NMR (&De) 6 = 72.0 (l;l-C5H5) ppm. 

Band B yielded pale orange needlelike crystals (0.02 g, 3%) 
which were analyzed by 'H NMR, mass spectrometry, and 
single-crystal X-ray diffraction and found to be the unsym- 
metrical dimer 4a. IH NMR (C&) b = 4.41-4.20 (m, 8H, 
Cp), 4.19 (s, 5H, q-C5H5), 4.18-4.00 (m, 3H, Cp), 0.55-0.15 
(m, 12H, CH3) ppm. MS (EI, 70eV) mlz (%) 484 (100, M+), 
469 (22, M+ - CH3), 419 (14, M+ - Cp). Band C yielded a 
mixture of pale orange powders and oils (0.12 g) which could 
not be separated or identified. 

Pyrolysis of 2a in Air. A quartz boat was packed with 
purified polymer 2a (0.140 g, 0.58 mmol), loaded in a quartz 
tube and placed in the tube furnace. The polymer heated in 
1 h to 600 "C and that temperature maintained for 4 h. The 
ceramic material formed was an orange-red material (0.064 
g, 46%). No volatile sublimate was recovered. 

3a (derived from 2a at 600 "C under an air atmosphere): 
EDX Fe 57, Si 6, C 13, 0 24%. XPS: Fe 1.4, Si 14.5, C 38.7, 
0 45.4%. XRD: Featureless except for sharp lines at a d 
s acings of 3.68(3), 2.69(9), 2.51(5), 2.07(4), 1.69(5), and 1.47(2) R Mossbauer spectrum: sextuplet IS = 0.38, MHS = 3.4 mm 
s-l, doublet IS = 0.35, QS = 0.25 mm s-l; Magnetization 
measurements: H, = 66 G, M, = 0.001 p#e, M, = 0.01 pugl 
Fe. 

Characterization of the Volatile Sublimate Formed 
during the Pyrolysis of 2b. The sublimate formed during 
the pyrolysis of 2b was analyzed in a way similar to that from 
2a and gave three bands after column chromatography. 

Band A was found to  consist of ferrocene (0.027 g, 25%) 
which was identified as in the case for the pyrolysis of 2a. 

Band B yielded pale orange needlelike crystals which were 
identified as triphenylsilylferrocene (0.026 g, 9%). 

'H NMR (CDC13) 6 = 7.37 (br, m, 6H, Ph), 7.36 (br, m, 9H, 
Ph), 4.44 (m, 2H, Cp), 4.33 (m, 2H, Cp), 3.88 (s, 5H, Cp). 

MS (EI, 70 eV) mlz (%) 445 (50, M+ + l), 444 (100, M+), 379 
(27, M- - Cp), 369 (15, M+ - Ph). The third band comprised 
products that could not be separated nor identified (0.217 g). 
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