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can be employed to control the formation of two-dimen- 
sional features in three-dimensional structures. Ba2La2- 
Cu2Sn2011 and other multication compounds such as 
high-temperature superconductors adopt a common and 
relatively simple structure type (perovskite), but their 
crystal chemistry is complex and leads to complicated 
distortions of the basic structure. The nature of the dis- 
tortions and their effect on the structure and solid-state 
chemistry must be understood in order to control and 
ultimately understand their electronic and other physical 
properties. Superconductivity may be possible in Baz- 
LazCu2Sn2011 provided several factors can be addressed 
and overcome, such as the inability to chemically oxidize 
or reduce the compound, the diminished overlap of the 
copper d x v  and oxygen 2p orbitals, and the control of the 

microstructure by thermal or chemical treatments. 
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The preparation of siloxane polymers as precursors to silicon carbide has been investigated. To make 
these polymers useful as binder materials for ceramic powders in the preparation of dense (sintered) ceramic 
monoliths, methods were developed to control the silicon carbide to carbon ratios in the polymer derived 
ceramic. Insights into the chemistry of the conversion of these high oxygen polymers to silicon carbide 
ceramics were obtained by following the pyrolysis products by elemental analysis, quantitative X-ray 
diffraction, BSi MAS NMR spectroscopy, Raman spectroscopy, and transmission electron microscopy. The 
pyrolysis proceeds by the formation of an amorphous Sic0 material at 1200 "C that continues to undergo 
an Si-0 for S i 4  bond redistribution so that trace amounts of &Sic are seen at 1400 OC. By 1600 "C the 
carbothermic reduction is well underway with only a small percentage of oxygen remaining in the material. 
At  1800 "C the pyrolysis is complete. The final ceramic is composed of substantial amounts of crystalline 
8-Sic and excess carbon that is present as turbostratic graphite. 

Introduction 
Since the discovery of polycarbosilane by Yajima' and 

its subsequent demonstration as a silicon carbide pre- 
cursor, a variety of polymeric precursors to silicon carbide 
have been prepared.2 While these polymeric precursors 
represent synthetic accomplishments, they also present a 
variety of challenges for the polymers to be of true ceramic 
utility. The majority of these polymers were developed 
to "simplify" the fabrication of ceramic films, fibers, com- 
posites, and monoliths. Currently shaped ceramic parts 
are made by die pressing, injection, and resin transfer 
molding, composite reinfiltration and extrusion processes 
that employ fugitive binders. Unfortunately, few of the 
published polymeric routes to ceramics have the synthetic 
versatility to tailor the polymer's rheology, cure chemistry, 
and ceramic composition to the fabrication process re- 
quired to make a ceramic article. 

Within our laboratories we have been investigating a 
variety of preceramic polymers that would be suitable as 
binders for the sintering of Sic  powder^.^-^ Since 1953 
several literature reports have surfaced that detail the 
requirements for pressureless sintering of Sic monolithd 

'Dow Corning Corp. 
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(1) high-purity submicron spherical powder; (2) the pres- 
ence of 0.3-2 w t  % added carbon; (3) a sintering aid, which 
is most commonly boron or aluminum; (4) processing to 
high temperatures, generally above 2000 "C. On the basis 
of these requirements, we have attempted to prepare 
polymers that not only function to bind the powders to- 
gether but also decompose by temperatures of 2000 "C to 
add sufficient amounts of carbon for densification and 
additional silicon carbide to reduce the overall shrinkage 
associated with the sintering process. 
Siloxanes and silsesquioxane sol-gels have been prepared 

and touted as useful in a variety of ceramic applications 
such as precursors to powders: silicon oxynitride? silicon 
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oxycarbide? silicon carbide if an additional carbon source 
is employed? and black glass matrices for composite ma- 
terials.'O Since 1987 we have been pursuing similar si- 
loxane polymers as precursors to silicon carbide, that are 
useful as binders for the sintering of Sic monoliths." The 
properties of these resins that make them attractive as 
binders are (1) facile synthesis, (2) thermal and aerobic 
stability for subsequent processing, (3) compatibility with 
the ceramic powder, (4) decomposition into stable ceramics 
comprised only of Sic and C at temperatures below those 
required for the sintering of Sic  (-2000 "C), (5) con- 
trollable char stoichiometry so that a range of binder levels 
can be employed while providing sufficient "excess" carbon 
for ~intering,9"~J~ and (6) a sufficient char yield to minimii 
the amount of volatiles evolved in the pyrolysis. 

The fact that siloxane polymers can be converted into 
silicon carbide and carbon in controllable amounts makes 
them useful as binders for the sintering of silicon carbide 
monoliths. Insights into the pyrolysis chemistry of siloxane 
materials to 1500 "C are in the literature. In 1987 Fox et 
al. reported that heating (PhSi01,6)x gels to 1500 "C pro- 
duced "a partially crystalline, partially amorphous mixture 
of @-Sic, SOz, and C" as detected by XRD and IR.8 29Si 
MAS NMR evidence for the formation of small amounts 
of @-Sic from (Me2SiO),(Si02)1, was provided by Ba- 
bonneau et al .14  After pyrolysis to 1500 OC the ceramic 
products from these resins were likewise found to be 
complex mixtures of Sic, SOz,  and C as determined by 
additional IR and XRD analysis of the ceramics. 

We have found that simple siloxane polymers are useful 
as binders for the preparation of sintered Sic  monoliths 
by a variety of processing techniques (die pressing, iso- 
pressing, injection molding, extrusion, etc.). Some of the 
major advantages that these polymer binders bring to 
sintering Sic over the use of conventional binder systems 
are (1) a polymeric route to the addition of the required 
excess carbon needed to limit excessive grain growth, (2) 
deep section cure that allows for ease of handling and 
machining in the green state, '3) conversion to Sic which 
eliminates the need for a bin er removal step in the pro- 
cessing and (4) a reduction in me shrinkage associated with 
the sintering process. In this paper we will discuss the 
characterization of ceramics derived from a series of si- 
loxane polymers after pyrolysis to temperatures that en- 
compass the carbothermic reduction region of the pyro- 
lysis. 

Experimental Procedure 
All reactions were carried out in an argon atmosphere in lab- 

oratory glassware. AU of the siloxane raw materials were obtained 
from Dow Corning Corp. or were purchased from Huls Systems. 
Trifluoromethanesulfonic acid was purchased from Aldrich 
Chemical Co. 

All NMR spectra were recorded on a Varian VXR400S spec- 
trometer. Solution spectra were recorded in CDC13 in a 5-mm 
switchable probe (lH, 399.95 MHz) or a 1 6 "  Si-free probe (%i, 
79.46 MHz) and referenced to internal CDC13 (7.25 ppm 'H) or 

Burns et al. 

(8) (a) White, D. A.; Oleff, S. M.; Boyer, R. D.; Budinger, P. A.; Fox, 
J. R. Adu. Ceram. Mater. 1987,2,45-52. (b) White, D. A.; Oleff, S. M.; 
Fox, J. R. Ado. Ceram. Mater. 1987, 2, 53-59. 

(9) We., C. G.; Kennedy, C. R.; Harris, L. A. Am. Ceram. SOC. Bull. 
1984, 63, 1054-61. 

(10) (a) Renlund, G. M.; Prochaska, S.; Doremus, R. H. J. Mater. Res. 
1991,6,2716-22. (b) Renlund, G. M.; Prochaska, S.; Doremus, R. H. J .  
Mater. Res. 1991,6, 2723-34. 

(11) Atwell, W. H.; Burns, G. T.; Saha, C. K. US. Patent 4,888,376, 
1989. 

(12) Negita, K .  J. J .  Am. Ceram. SOC. 1986, 69, C308-10. 
(13) Antonova, N. D.; Kalinina, A. A.; Kudryavestev, V. I. Ceram. 

(14) Babonneau, F.; Thorne, K.; Mackenzie, J. D. Chem. Mater. 1989, 
(Engl. Traml.) 1962, 6, 444-9. 

I ,  554-8. 

TMS (0 ppm). The integrals were normalized and calculated 
relative to the siloxane species. Cr (a~ac )~  (0.02 M) was added for 
the 29Si spectra to ensure quantitative acquisition. Solid-stati! 
%i MAS NMR spectra were acquired with a Jacobsen 7-mm RT 
CP/MAS probe. The 29Si frequency was 79.459 MHz. Samples 
were spun a t  4 kHz, and the acquisition time was 0.05 s with a 
5O-kHz spectral window. A 90° pulse width of 10 f is  with a 
relaxation delay of 60 s between pulses was used. Five hundred 
scans were signal averaged for each sample, zero-filled to 16k data 
points and processed with 100-300 Hz of Lorentzian line 
broadening. Chemical shifts were referenced to external TMS. 

Gel permeation chromatography (GPC) data were obtained on 
a Waters GPC equipped with a Model 600E systems controller, 
Model 490 UV and 410 differential refractometer detector in- 
terfaced to a Digital Professional 380 computer employing Waters 
'Expert" software; a l l  values are relative to polystyrene standards. 
Thermal gravimetric analyses (TGA) were recorded on an Om- 
nitherm thermal gravimetric analyzer interfaced to an IBM 
PS/2-50 Z computer with Thermal Sciences software. 

Carbon, hydrogen, and nitrogen anal- were done on a Control 
Equipment Corp. 240-XA elemental analyzer. Oxygen analyses 
were done on a Leco oxygen analyzer equipped with an Oxygen 
Determinator 316 (Model 783700) and an Electrode Furnace 
EF100. Silicon was determined by a fusion technique which 
consisted of converting the silicon material to soluble forms of 
silicon and analyzing the solute for total silicon by atomic ab- 
sorption spectrometry. 

All furnace firings were done in an Astro graphite furnace 
equipped with Eurotherm temperature controllers. The furnace 
was equipped with an Ircon Modeline Plus optical pyrometer to 
monitor the temperature above 900 OC. 

Samples for quantitative X-ray diffraction analysis (XRD) were 
prepared by grinding in a B4C grinder, weighed, and loaded into 
silicon sample holders. The analysis was carried out on a Norelco 
Philips vertical goniometer, Model 42271/0 fitted with a closed 
sample chamber, sample spinner, graphite monochromater, 
scintillation counter and a long fiie-focus Cu target tube. Scans 
were made at 1°/min from 6 to 80' 26 with the X-ray operated 
at 40 kV and 20 mA. The data were analyzed by manual search 
of the peak intensity and location through standard powder 
diffraction files. 

Raman spectra were recorded on a Nicolet FT-Raman system 
employing a NdYAG laser ( 1 W n m  excitation) at 200-mW laser 
power. The samples were diluted to 25 w t  % in KBr as a pellet. 
Spectra were obtained by employing 200 scans at a 180° excita- 
tion/collection geometry with four Raman wavenumber resolution. 
The heat emisaion from the samples was so large that spectra were 
overwhelmed by heat artifacts from 2000 to 3200 Raman wave- 
numbers. 

Samples for transmission electron microscopy (TEM) were 
prepared by crushing some of the material and mounting the 
powder on a copper grid cover ed by a holey carbon film. Samples 
were studied on Philips Models CM12 and 420 TEMs, the former 
enabling 0.25-nm resolution (but no microchemical analysis) and 
the latter having an ultrathin window energy dispersive X-ray 
analytical capability. 

Polymer Synthesis. Employing the following detailed pro- 
cedure, the polymers described in examples I-XI were prepared: 

Example I: ( P h S i O ~ , ~ ) ~ . ~ ( M e S i 0 , . 5 ) o , 5 0 (  ViMe$3iOo.s)oB. A 
reaction vessel consisting of a 1-L three-necked flask fitted with 
a mechanical stirrer, condenser, and a thermometer was charged 
with 1 g of trifluoromethane sulfonic acid and 100 g of water under 
an argon atmosphere. A mixture of 74.3 g (0.375 mol) of PhSi- 
(OMe)3, 102 g (0.75 mol) of MeSi(OMe)3, and 34.9 g (0.375 mol) 
of (ViMe2Si)20 was added to the acid water solution resulting in 
a mild exotherm. After stirring approximately 20 min, the reaction 
was refluxed for 12 h. After refluxing, the reaction was cooled 
and the aqueous slurry neutralized with 3.5 g of potassium car- 
bonate. The condenser was removed and replaced with a dis- 
tillation head and the volatiles (methanol and water) removed 
by simple distillation until an internal pot temperature of greater 
than 100 "C was obtained. The reaction mixture was cooled and 
205 g of toluene and 20.5 g of a 3 w t  % solution of KOH in water 
added. The distillation head was replaced by a Dean-Stark trap 
and a condenser and the slurry was refluxed and the water re- 
moved through the trap. After d of the water was removed, the 
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Table I. Polymer Synthesis 
PhSi(OMe)*, g MeSi(OMe)*, g (MepViSi)nO, I examDle composition 

~~ ~ 

I 
I1 
I11 
IV 
V 
VI 
VI1 
VI11 
IX 
X 
XI 

74.3 
89.1 

104.0 
467 
133.6 
148.5 
163.35 
178.2 
193.0 
208.0 
222.75 

Table 11. Polymer Characterization 

102.0 
91.8 
81.6 

61.0 
51.0 
40.8 
30.6 
20.4 
10.2 

286 

34.9 
34.9 
34.9 

137.5 
34.9 
34.9 
34.9 
34.9 
34.9 
34.9 
34.9 

yield, g 
126 (94.3%) 
127 (91.9%) 
130 (91.0%) 
550 (94.5%) 
141 (92.7%) 
145 (92.5%) 
144 (89.2%) 
157 (94.6%) 
149 (87.3%) 
158 (90.1%) 
163 (90.6%) 

example 
I 
I1 
I11 
IV 
V 
VI 
VI1 
VI11 
IX 
X 
XI 

M" 
1999 
1231 
1322 
1209 
1822 
1536 
1579 
1531 
1315 
1103 
998 

elem anal. (wt %) GPC TGA 
M,*, M, yield" (%) C H 0 Si composition as determined by 'H NMRb 
6824 
6477 
5936 
4456 

11143 
5294 
5757 
3671 
3264 
3492 
4205 

15 974 
15 149 
13 601 
63 827 
98 730 
35 967 
39 393 
18 560 
34 567 
37 673 

121 662 

75.6 40.5 5.43 
67.8 42.6 5.49 
72.8 44.0 5.33 
67.6 46.5 5.50 
70.3 48.0 5.60 
72.3 48.7 5.83 
72.9 49.8 5.41 
70.5 51.4 5.36 
74.9 52.5 5.21 
71.9 56.8 5.56 
76.6 57.5 4.98 

18.03 
17.68 
17.52 
17.52 
16.41 
17.11 
16.13 
14.68 
14.39 
13.35 
14.81 

31.7 
30.0 
28.7 
28.6 
31.5 
28.9 
27.5 
26.3 
27.2 
23.5 
23.7 

"TGA char yield to 1100 OC under argon. *The composition of example IV as determined by 29Si NMR (PhSiOl,5)o.m(MeSiOl,5)o,3g- 
(Me2ViSi00,6)0,21. The composition of example XI as determined by 29Si NMR (PhSi01.5~0.75~PhSiO~OR~~o,~l~Me~ViSiO~,~~~,~l. 

Table 111. Analysis of Ceramic Chars Fired to 1800 "C 
elem anal. (wt %) ceram composition (wt %)" quantitative XRD char yield 

example (wt %) C 0 Si Sic C P-SiC C 
I 35.1 29.65 0.22 69.9 100 100 
I1 41.9 32.30 0.26 67.3 96.7 3.3 100 
I11 41.6 35.34 0.20 62.8 92.4 7.6 99 1 
IV 44.7 38.83 0.25 57.6 87.4 12.6 99 1 
V 45.8 40.30 0.26 55.5 85.3 14.7 99 1 
VI 46.4 42.30 0.19 54.1 82.4 17.6 99 1 
VI1 47.3 43.97 0.21 51.6 80.0 20.0 99 1 
VI11 47.0 45.70 0.29 49.9 77.6 22.4 98 2 
IX 48.9 47.85 0.20 48.7 74.5 25.5 98 2 
X 48.0 49.70 0.22 46.9 71.9 28.1 98 2 
XI 48.8 52.10 0.27 44.6 68.4 31.6 97 3 

Based on a thermodynamic rule of mixtures calculation based on the carbon analysis. 

reaction was cooled and 10 g ViMezSiC1 added. After stirring at 
room temperature for 2 h, the reaction was filtered through a 
0.2-pm membrane and the filtrate concentrated via rotary 
evaporation. The resulting clear polymer was then vacuum dried 
for approximately 2 h at 100 "C and <1 Torr; yield 126 g; 
characterization given in Table 11. 

The desired composition, amounts of starting materials and 
polymer yields for all of the examples are given in Table I. The 
subsequent polymer characterization by gel permeation chro- 
matography, thermal gravimetric analysis, elemental analysis, and 
proton magnetic resonance spectrometry is provided in Table 11. 

Preparation of Ceramics. Employing the following detailed 
procedure, the polymers described in examples I-XI were bulk 
pyrolyzed to ceramic materials: 

Example I (MeSiO15)o~(PhSiO15),( ViMe#iOo5)os. A blend 
of 6.55 g of the above resin and 0.06 g of Lupersol 101 (2,5-di- 
methyl-2,5bis(teTt-butylperoxy)hexane) was prepared. This blend 
was cross-linked a t  180 "C for 1 h under argon. An aliquot of 
the cross-linked resin was weighed into a graphite crucible and 
the crucible transferred into an Astro furnace. The furnace was 
evacuated to <20 Torr and back-filled with argon. Under a purge 
of argon, the sample was heated to 1800 "C at 10 OC/min and 
held at temperature for 1 h before cooling to room temperature. 

The corresponding char yields and compositions for the ce- 
ramics derived from the polymers described in examples I-XI 
are summarized in Table 111. 

Two polymers (examples IV and XI) were also pyrolyzed to 
a variety of temperatures from 1200 to 2100 OC in an effort to 
gain more insight into the pyrolysis chemistries of these materiala 
over that temperature range (vide infra). The polymer samples 
were cross-linked and placed in the Astro furnace as described 
above. Pyrolysis under an argon purge was carried out at a ramp 
rate of 1 OC/min, to prevent overshooting of the desired tem- 
perature, with a 15min hold at temperature before cooling to room 
temperature. The char yields, elemental composition and em- 
pirical formulas of the ceramics are given in Tables IV and V, 
respectively. 

Results and Discussion 
Control over the Ceramic Stoichiometry. Given the 

fact that high oxygen polymer systems (siloxanes) can be 
pyrolyzed to afford silicon carbide (eq l), the control over 
the stoichiometry of the ceramic char is the key for the 
utility of these polymers as binders over a range of levels 
for the sintering of ceramic powders. 

Aside from contributing Sic  to the ceramic monolith 
these siloxane polymer binders also contribute the excess 
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1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 
2100 

78.6 
75.9 
74.2 
49.5 
44.7 
44.2 
43.0 
43.5 
43.0 

35.00 
36.00 
35.58 
37.70 
37.50 
37.10 
37.83 
38.33 
36.98 

26.12 
25.68 
25.27 
5.36 
0.77 
0.37 
0.55 
0.49 
0.29 

Table IV. Analysis of  Ceramic Chars from Polymer Example IV 
c e r a  elem anal. (wt %) quantitative XRD 

pyrol temp ("C) char yield (wt  '70) C 0 Si empirical formula 3 c  15R 

1200 78.6 36.32 23.38 30.8 si1.O0l.33c2.75 
29.5 si1.001.55c2.76 
33.0 si1.001.36c2.55 trace 
31.9 si1.001.38c2.60 trace 
52.7 Sil.Oo0.l8C1,67 90 5 
58.5 si1.000.02c1.50 95 4 
58.8 si1.000.01c1.47 97 2 
58.1 ~i1.000.02c1.52 96 2 
57.9 si1.000.01c1.54 96 2 
57.6 si1.000.01cl.49 96 2 

Table V. Analysis of Ceramic Chars from Polymer Example XI 
ceram elem anal. 

("C) (wt %) C 0 Si formula 3C 
1200 76.4 48.30 20.57 24.6 Si1.001.16C4.58 
1400 75.5 50.34 20.38 25.8 Si1.001.38C4.55 trace 
1600 55.9 52.04 9.08 32.3 Si1.00~.4&3.~5 85 
1800 49.0 50.07 0.27 38.4 Si1.000.01c3.04 95 

carbon (optimum of 1.0-2.0 wt 9%) that is necessary for the 
sintering of SiC.15 Previous work has shown that when 
excess carbon is added by a carbonaceous resin (phenolic 
resin or poly(methylphenylene), etc.) it is much more ef- 
fective at  limiting the grain growth of the silicon carbide 
monolith than carbon powder additions.16 

As with silazanes the control of the carbon content in 
the ceramic is accomplished by controlling the chemistry 
of the p ~ l y m e r . ~ J ~  In general, ceramics with higher carbon 
levels are obtained by employing unsaturated organic 
groups bound to the silicon which makes them less likely 
to be cleaved upon pyrolysis. To establish the relationship 
between the amount of organic unsaturation (aryl groups) 
in a polymer and the amount of carbon in the ceramic, the 
polymers in examples I-XI were prepared and pyrolyzed 
to ceramics. As the mole fraction of phenyl is increased 
within the (PhSi01,5)x(MeSi01.5)o,7~z(ViMe2SiOo.5)o,25 series 
of siloxanes one gets increasingly higher weight percent 
excess carbon levels in the 1800 "C ceramics (Table 111 and 
Figure 1). As can be seen from Figure 1 ,  this relationship 
is nearly linear with a 0.997 correlation coefficient for the 
straight line f i t .  

This control over the ceramic stoichiometry of the 
polymer allows for the tailoring of binders for specific 
forming applications while keeping the overall weight 
percent of excess carbon in the monolith constant. For 
simple die pressing or isopressing applications a polymeric 
binder as described in example XI,  
(PhSi01,5)o,75(ViMezSiO)o,5)o,25 which provides 1.6 wt % 
excess carbon at 10% binder levels would be suitable. For 
more complicated forming techniques such as injection 
molding or extrusion where upwards of 20 wt 9% polymer 
binder is required to get sufficient flow, a binder as de- 
scribed in Example V (PhSi01,5)o,45(MeSi01,5)~,~~- 
(ViMe2Si00,5)0,25 that provides 1.5 wt % excess carbon at 
20 w t  % binder levels is appropriate. The incorporation 
of vinyl groups in the polymer, allows for cure of the ar- 
ticles once they are formed. 

Conversion of Siloxanes to Silicon Carbide. Since 
the initial reports that siloxane resins can be used as 

pyrol temp char yield (& empirical XRD 

~ ~~~~~ 

(15) Prochazka, S. In Ceramics for High Performance Applications; 

(16) Prochazka, S.  In Proceedings of the Sixth Symposium on Special 

(17) Burns, G. T.; Angelotti, T. P.; Hanneman, L. F.; Chandra, G.; 

Brook Hill: New York, 1974; pp 239-52. 

Ceramics; 1974, 171-81. 

Moore, J. A. J .  Mater. Sci. 1987, 22, 2609-14. 

50 I 

0.25 0.35 0.45 0.55 0.65 0.75 

Mole Ftactlon Phenyl 

Figure 1. Weight percent excess carbon and silicon carbide 
obtained as a function of Phenyl content from the 
(PhSiOl,5),(MeSi01.5)0.75~z(ViMe~Si00.5)0.25 series of siloxane 
polymers after pyrolysis t o  1800 O C  under argon. 

Scheme I 

2CH3Sj015 - (CH3)2SiO + Si02 

(CH&SiO + CH~SIO, 5 - (CH3)3SiO05 + SiO? 

(CH3)3Si005 + CH3SiOl - (CH&Si + St02 

precursors to silicon carbide ceramic powders: there have 
been several recent literature reports that have employed 
a variety of techniques to characterize this low-temperature 
pyrolysis r e g i ~ n . ' ~ J ~ J ~  Babonneau et al. has examined the 
pyrolysis chemistry of (Me2SiO)z(SiOz)1-x copolymers by 
XRD, IR, and %3i MAS NMR spectroscopies. One of the 
key observations in this work is that an appreciable per- 
centage (nearly 30% at one point) of T units are formed 
throughout the pyrolysis while the number of D and Q 
units seen by NMR fluctuate throughout the pyrolysis.2o 
These T units are seen despite the fact that none are 
present in the starting polymers. The actual mechanism 
by which the T units are formed was not established and 
is very difficult to establish because of the polymer de- 
composition and volatilization of methane and hydrogen. 
The authors concluded that the pyrolysis from 300 to 10o0 
"C corresponded to the consumption of the methyl groups 

(18) Belot, V.; Corriu, R. P. J.; Leclercq, D.; Mutin, P. H.; Vioux, A. 
J. Mater. Sci. Lett .  1990, 9, 1052-4. 

(19) Laine, R. M.; Rahn, J. A.; Youngdahl, K. A.; Babonneau, F,; 
Hoppe, M. L.; Zahng, 2. F.; Harrod, J. F. Chem. Mater. 1990,2,464-72. 

(20) Conventional designations for the structural units or coordination 
spheres about the silicon in siloxane polymers are as follows: C-Sic,; 
M-SiOC3; D-Si02C2; T-Si03C; Q-Si04. 
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Figure 2. TGA curve to 2000 "C for the siloxane polymer from 
example IV, (P~S~O~.~)O.~~M~S~O~,~)O,~~(V~M~~S~OO.~)O,~~. This 
composite curve was developed from a TGA experiment to 1200 
O C  and bulk pyrolysis to 2100 O C .  

which results in the conversion of the D into T and then 
Q units. 

Corriu et al. has studied the pyrolysis chemistries of 
three siloxane systems HSi01.5, (MeSi01.5)o.m(Me2SiO)o.m 
and MeSi01,5.18,21 In these papers the authors identified, 
by 29Si CP/MAS NMR, the formation of D and Q units, 
after pyrolysis to temperatures of 600 "C, from all T 
starting materials (both HSi01,5 and MeSiOl,d. From the 
T, D polymer system ((MeSi01.5)o.~(Me2SiO)o,m), the au- 
thors report the presence of M, D, T, and Q units by 29Si 
C P / W  NMR after pyrolysis to 600 "C. Corriu suggests 
that these results support the occurrence of a redistribution 
reaction involving Si-C and Si-0 bonds as shown in 
Scheme I. The authors admit that this redistribution 
chemistry is really more complicated than the above re- 
actions indicate since a t  the temperatures where these 
reactions are seen (600 "C) other concomitant reactions 
occur to account for the loss of methane and hydrogen 
from the system.'l 

The general pathway in which the siloxane polymers we 
have studied thermally decompose into silicon carbide 
ceramics can be seen from a TGA curve of the polymer 
(PhSi01.5)0.~(MeSi01.5)0.~5(ViMe~SiO0.5)0,~5 (example IV) 
shown in Figure 2. The pyrolysis occurs in two regions: 
(1) a low-temperature region that involves the loss of or- 
ganic materials to - 1200 "C (TGA MS analysis of these 
materials has identified benzene, ethylene, and acetylene 
as the predominant volatiles at  550 "C while methane is 
evolved from 650 to 875 "C) and (2) a high-temperature 
region that converts the S ic0  inorganic material to a Sic 
ceramic (above 1400 "C). 

These siloxane polymers consistently have char yields 
of 45-48 wt  %, when there is sufficient excess carbon 
present within the material to allow for efficient carbo- 
thermic reduction of the high oxygen polymer (examples 
IV-XI). In cases where the amount of excess carbon is 
below 10 w t  % a lower overall char yield results (examples 
1-111). We believe that these lower char yields are due to 
inefficient carbothermic reduction when lower levels of 
excess carbon are present and hence evolution of SiO, 
which is a key intermediate in the reduction of Si02 with 
carbon (vide infra). This is supported by the similar lo00 
"C TGA char yields (Table 11) seen for all of the polymers 

(21) Belot, V.; Corriu, R.; Leclercq, D.; Mutin, P. H.; Vioux, A. Chem. 
Mater. 1991, 3, 127-31. 
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Figure 3. Solid-state %i MAS NMFt spectta of the ceramic chars 
derived from (PhSi01.5)~.&feSi01.~~~,~(ViMe~iOo.5~o.~ (example 
IV) at 1200,1400,1600, and 1800 O C .  

regardless of the levels of excess carbon. 
Elemental and X-ray Diffraction Analysis. Previous 

work describes the "redistribution" chemistry associated 
with the pyrolysis of siloxane polymers and silsesquioxane 
gels to temperatures sufficient to make S i c 0  inorganic 
m a t e r i a l ~ . ' ~ J * J ~ ? ~ ~  To understand the transformation of 
these S i c 0  inorganic materials to silicon carbide, the py- 
rolysis of (PhSi01.5)0.40(MeSi01.5)~.35(ViMe2Si00.5)0.25 (ex- 
ample lV, a polymer that affords a small amount of excess 
carbon) was examined. Samples of polymer were heated 
as described previously from 1200 to 2100 "C. The pyro- 
lysis was stopped at  100 "C intervals, and the residue 
analyzed. The overall char yields, total elemental analyais, 
and quantitative X-ray diffraction analysis are presented 
in Table IV. 

From examination of the char yields and the elemental 
analysis, it appears that the 1200 "C S i c 0  inorganic ma- 
terial is compositionally stable to 1500 "C. By 1600 "C the 
material decomposes with the evolution of C0.22 By 1800 
"C only trace levels of oxygen remain in the system and 
a compositionally stable Sic material formed. Concomi- 
tant with the loss of the oxygen from the system, is iden- 
tification of substantial amounts of crystalline @-Sic by 
XRD (Table IV). To examine the effect of the amount 
of excess carbon on the carbothermic reduction of these 
systems, a similar set of experiments was carried out on 
(PhSi01.5)0.75(ViMe2SiOo,5)o.25 (example XI, the polymer 
that affords the greatest amount of excess carbon within 
this series). The char chemistry of this polymer was ex- 
amined a t  1200,1400,1600, and 1800 "C. A summary of 
the char yields, elemental and XRD analyses is in Table 
V. Additional excess carbon does not change this decom- 
position since substantial oxygen levels remain even after 
pyrolysis to 1600 "C and no appreciable amounts of 
crystalline Sic  are seen by XRD until 1600 "C. 

Despite the lack of any substantial compositional 
changes in the chars between 1200 and 1500 "C, the X-ray 
diffraction analyses indicate that structurally some changes 
in the materials are taking place (Table IV first four en- 
tries, Table V first two entries). To better understand the 
transformation from amorphous to crystalline ceramics, 

~ 

(22) The pyrolysis conditions (furnace construction, placement of 
sample within, ramp rate, gas flow rate) along with the sample being 
pyrolyzed (geometry especially the surface area to volume relationship, 
Le., bulk polymer versus fiber pyrolysis) play important rolls in deter- 
mining the onset of carbothermic reduction along with the relative ratios 
of CO and Si0 being evolved. 
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we turned to other analytical techniques. 
29Si MAS NMR Analysis. To probe the structural 

changes taking place from 1200 to 1400 "C and those that 
take place during the carbothermic reduction to 1800 "C, 
we carried out a series of %Si MAS NMR experiments on 
the ceramics derived from the polymer from example IV. 
Figure 3 shows the results of these experiments. A t  1200 
"C the spectral features associated with all the possible 
tetrahedral structures Sic4 (6 = -18.3), SiC30 (6 = +6.7), 
SiC20z (6 = -22.1), SiC03 (6 = -f35.0), and Si04 (6 = -107) 
are seen.23* Of these, the Si04 resonance centered at -105 
ppm was the most distinct. By simulating this spectrum 
with individual components, a stoichiometry of (Si- 
C4)o,ll(SiC30)~,14(SiC202)~,~ (SiCO3)0.17(SiO4)0.49 was ob- 
tained for the silicon species present. The overall stoi- 
chiometry by 29Si MAS NMR was Si1.001.4Cx which is in 
good agreement with the elemental analysis of the ceramic 
char (first entry in Table II).25 The presence of all the 
possible tetrahedral structures (Q, T, D, M, and C) in the 
1200 "C ceramic residue from a polymer that only con- 
tained M and T structural units was surprising. Obviously 
the 'redistribution" chemistry discussed by Corriu in the 
pyrolysis of methylsilsesquioxane occurs in other silicone 
resins regardless of their original structure and amount of 
carbon present in the system. 

The %Si MAS NMR spectrum obtained from the 1400 
"C ceramic sample shows two very distinct resonances 
centered at  -105 and -12 ppm. These resonances corre- 
spond approximately to those for Si04 and Sic4, respec- 
tively. Therefore, even though the material appears to be 
compositionally stable, structural changes have taken 
place. Although, no further weight loss was Been there was 
some evidence of structural changes from the trace amount 
of @-Sic seen by X-ray diffraction (vide supra). The XRD 
results in combination with this NMR characterization 
indicate that substantial amounts of @-Sic are formed at 
1400 O C ,  not by carbothermic reduction process but by a 
continuation of the C for 0 redistribution chemistry 
discussed by Corriu. In this case this redistribution 
chemistry is even more clear cut since no weight loas is seen 
between 1200 and 1400 "C. The amount of Sic formed 
by this redistribution chemistry is controlled by the relative 
amounts of carbon and oxygen present in the ceramic. 

After pyrolysis to 1600 "C the %Si MAS NMR spectrum 
of the resulting ceramic now is comprised of a strong, 
nearly single peak centered at  -16 ppm and a very broad 
resonance at  -115 ppm corresponding to Sic4 and Si04 
environments respectively. This Sic4 resonance is 
broadened compared to commercial crystalline 
which indicates that there are a wide range of Sic4 envi- 
ronments in this material. This is consistent with 29Si 
MAS NMR spectra of amorphous silicon carbide materiaJs 
and the fact that the silicon carbide in this sample was 
derived from an amorphous precursor.27 The peak max- 
ima is in the same chemical shift range of crystalline silicon 
carbide polytypes, consistent with the typical silicon en- 
vironments being not much different from those found in 

Burns et al. 

(23) (a) Taylor, R. B.; Parbhw, B.; Fillmore, D. M. In The Analytical 
Chemistry of Silicones; John Wiley and Sons: New York, 1991. (b) 
Marmmann, H. In NMR Basic Principles and Progress; Springer-Ver- 
lang: London, 1981; pp 65-235. 

(24) Guth, J. R.; Petuskey, W. T. J. Phys. Chem. 1987, 91, 5361-4. 
(25) The relative amount of carbon present cannot be quantified since 

the NMR experiment describes only the immediate bonding arrangement 
about the silicon and a majority of the carbon in this system is not 
directly bound to the silicon. 

J. Am. Ceram. SOC. 1991, 74, 777-82. 

G. J. Am. Chem. SOC. 1987, 109, 6059-67. 

(26) Apperley, D. A.; Harris, R. K.; Marshall, G. L.; Thompson, D. P. 

(27) Hartman, J. S.; Richardson, M. F.; Sheriff, B. L.; Winsborrow, B. 
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Figure 4. Solid-state %i MAS NMFt spectra of the ceramic chars 
derived from (PhSiOl.~)~.~6(ViMe2SiOo,5)o,~ (example XI) at 1200, 
1400, 1600, and 1800 O C .  

100% crystalline forms.% The TEM characterization (vide 
infra) provide no evidence for other polytypes of silicon 
carbide only @-Sic being present in the system. In ad- 
dition, there is a measurable weight loss and changes in 
the elemental analysis of the chars. The ceramic compo- 
sition data shows only a fraction of the original level of 
oxygen present in the polymer remains (5.36 compared to 
17.52 w t  %). The XRD data also shows substantial 
amounts of crystalline Sic present (Table 11). This ce- 
ramic material has now seen temperatures above 1400 "C 
which are sufficient to begin the carbothermic reduction 
process that is responsible for the large increase in in- 
tensity of the Sic4 resonance?2 

After pyrolysis to 1800 "C the only species present by 
29Si MAS NMR was the Sic4 resonance centered at  -16 
ppm. This is consistent with the negligible levels of oxygen 
found in the ceramic char and the high amounts of crys- 
talline Sic by XRD measurements. 

The absence of evidence for any mixed silicon oxy- 
carbides in the "Si MAS NMR analysis agrees with kinetic 
data that the carbothermic reduction proceeds by the 
formation of Si0 and C02 as key vapor phase interme- 
diates (Scheme II).2"30 If there were no vapor-phase 
mechanism to explain this carbothermic reduction, one 
would expect to find evidence for the mixed silicon oxy- 
carbides which would be the necessary intermediates of 
a solid-state reaction mechanism. 

A similar set of 29Si MAS NMR experiments were car- 
ried out on (PhSi01,5)o.75(ViMe2SiOo.5),,~ (example XI, the 
polymer that afforded the greatest amount of excess carbon 
within this series). Figure 4 shows the results of these 
experiments. As with the lower carbon system, the ma- 

(28) Klinger, N.; Strauss, E. L.; Komarek, K. L. J. Am. Ceram. SOC. 

(29) Pultz, W. W.; Hertl, W. Tram. Faraday SOC. 1966,62,2499-504. 
(30) Miller, P. D.; Lee, J. G.; Cutler, I. B. J. Am. Ceram. SOC. 1979,62, 

1966,49,369-75. 

147-9. 
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Fiaure 5. Solid-state Raman s h  of the ceramic chars derived 

terial is a complicated mixture of all the S i c 0  tetrahedra 
poesible at 1200 "C. This mixture of materials then moves 
to the two most thermodynamically favored materials 
being Si04 and Sic4 at 1400 "C. The carbothermic re- 
duction of the Si04 to Sic4 is nearly complete by 1600 "C 
and a very sharp resonance that corresponds to Sic4 is the 
only one seen a t  1800 "C. In general, the higher level of 
carbon in this system did not drastically affect the high- 
temperature redistribution chemistry followed by carbo- 
thermic reduction. 
Raman Analysis. While the %Si MAS NMR experi- 

menta provided insights into the chemistries associated 
with silicon in the conversion of these polymers to ceram- 
ics, they provided no information into the nature of the 
carbon not bound to the silicon. In an effort to charac- 
terize the free or excess carbon in the 1400,1600 and 1800 
"C ceramic chars from (PhSiOl~5)0~40(MeSi01~5)0~35(Vi- 
MefiiOo.5)o.26 (example IV, a polymer that affords a small 
amount of excess carbon), we turned to Raman spectros- 
copy. Raman spectroscopy has become one of the pre- 
ferred tools for the characterization of disordered poly- 
crystalline and non crystalline graphitic carbons.31 The 
spectra are shown in Figure 5. 

No Raman bands of any intensity are seen in the spectra 
of the 1400 "C ceramic char. In contrast the spectra of 
the 1600 and 1800 "C materials are dominated by two 
bands centered at  1270 and 1590 Raman wavenumbers 
(~m-').~* These two bands are diagnostic for the D and 
G bands of graphitic carbon respectively. Along with 
verification that graphitic type carbons exist in these 
samples some information is gained about the domain size 
and the relative order or disorder of the graphitic carbon. 
The relative domain size correlates inversely with the in- 
tensity ratio of the D to G band (I,,/IG), while the band 

(31) Knight, D. S.; White, W. B. J.  Mater. Res. 1989,4,385-93 and 

(32) The Raman spectrum of the 1400 "C sample showed no bands 
references therein. 

above the scatter of the baseline. 
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Figure 6. Low- and medium-magnification TEM images of the 
1400 "C ceramic (a) and (b) along with the SADP ( c )  indicating 
the presence of both graphite and silicon carbide. 

Figure 7. Bright field (a) and dark field (b) TEM images of the 
1400 "C ceramic. 
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Figure 8. High-resolution micrograph displaying the graphite lattice fringes in the 1400 "C ceramic sample. 

Figure 9. Lattice fringea of a silicon carbide crystallite imaged 
in the 1400 "C ceramic sample. 

width of the G band relates to the disorder within the 
carbon sheets.33*34 
For the 1600 "C sample the D to G intensity ratio is 1.2 

and the G band bandwidth is 56 cm-'. This corresponds 
to an average domain size of -35 A and a disordering 
similar to that of a glassy carbon.31 For the 1800 "C sample 
the intensity ratio is 0.9 and the G band bandwidths is 110 
cm-'. This corresponds to an average domain size of -50 
A and an ordering similar to that of a high hydrogen di- 
amond film or a burnt wood?1 Both the I D / &  intensity 
ratio and the width of the G band appear to be inde- 
pendent variables that characterize the Raman spectra of 
graphitic materials. It would appear from this analysis that 
the graphitic carbon (1) increases its domain size but (2) 
becomes more disordered upon pyrolysis from 1600 to 1800 
"C. We believe that this increased disorder is related to 
the nature of the turbostratic graphite as seen by TEM 
analysis (vide infra). 

(33) Tuinetra, R; Koening, J. L. J. Chem. Phys. 1970,53,1126. 
(34) Lespade, P.; Marchand, k, Couzi, M.; Cruge, F. Carbon 1984,22, 

375. 
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Figure 10. Low and medium magnifications of the 1600 "C 
ceramic a and b and the SADP (inset) indicating the presence 
of both graphite and silicon carbide. 

Transmission Electron Microscopy Analysis. For 
a complete characterization of the microstructure of these 
ceramic samples, we turned to conventional and high- 
resolution transmission electron microscopy. The samples 
examined are the same 1400,1600, and 1800 "C ceramic 
chars from (PhSi Ol.5)0.40 ( MeSi 01.5) 0.35 (ViMe2SiOO.5) 0.25 
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Figure 11. High-resolution lattice images of the graphite and moire fringes from overlapping silicon carbide cryetallitea, ale0 visible 
in the 1600 "C ceramic sample. 

(example IV) that we had examined by the previously 
discussed techniques. Electron micrographs from these 
TEM examinations are shown in Figures 6-13. 

Electron microscopy images from the 1400 "C ceramic 
are shown in Figures 6-10. The low and medium mag- 
nifications of the ceramic particles shown in Figure 6 
demonstrate that the particles are large enough to study 
the various phases, their relative distribution, and size. 
Also shown in Figure 6 is a selected area diffraction pattem 
(SADP). The inner ring corresponds to graphite (0.336 
nm), and the second ring corresponds to (111) 
Figure 7 shows a bright- and dark-field set of images with 
the dark-field image obtained from a portion of the first 
Sic ring. Within the dark-field image it is apparent that 
the bulk of the Sic crystals (bright spots) are leas than 10 
nm in size. Many of the areas contained less Sic which 
indicates that the distribution of the &Sic is not homo- 
geneous at this temperature.36 Figure 8 is a high-resolu- 
tion micrograph displaying graphite lattice fringe images. 
The areas between the groups of fringes were not directly 
identified but likely contain amorphous Si02 and Sic  
crystallites. There was no apparent Sic in the area imaged 
in Figure 8 but an -5-nm Sic crystallite imbedded in a 
powder particle that is roughly 50 nm thick would be 
difficult to image. Some of the larger Sic crystallites were 
imaged as is shown in Figure 9. One good size crystallite 
is shown in the center of this image while another can be 
seen in the upper right corner. 

FiguFes 10 and 11 are transmission electron micrographs 
of the 1600 "C ceramic char. The -50-nm particles shown 
in Figure 10a,b are &Sic (now an order of magnitude 
larger than in the 1400 "C char). Some evidence of twin- 

ning in the crystallites is seen. The strong spotted dif- 
fraction ring in the SADP is (111) Sic with the barely 
visible inner ring belonging to the weakened graphite 
diffraction pattern. Figure 11 shows clear evidence of both 
the graphite and the silicon carbide crystallites in the same 
imaging area. The lattice fringes are generally not visible 
in the Sic; the widely spaced lines are moir6 patterns, 
resulting from overlaps of Sic crystallites. 

TEM images of the 1800 "C ceramic are shown in Fig- 
ures 12 and 13. The now large silicon carbide crystallites 
(-100 nm) are clearly visible in Figure Ea, with most of 
the crystallites twinned as in Figure 12b. In Figure 13 the 
two-dimensional structure of the twinned Sic is visible (at 
the bottom of the micrograph) along with typical 
"turbostratic" g r a ~ h i t e . ~  This very tortured turbostratic 
graphitic structure is likely responsible for the high degree 
of disorder seen by Raman spectroscopy. 

Summary. The observations that have been made 
through the combmtion of analytical techniques employed 
on ceramics derived from siloxane polymers are summa- 
rized below. 

1200 "C. The material is an S i c 0  amorphous ceramic 
that is obtained in -75 wt % char yield. The silicon 
environments are best described as mixtures of Sic,, 
SiC30, SiC202, SiC03, and Si02 as observed by =Si MAS 
NMR with Si04 being the predominant environment. No 
information can be given on the nature of the carbon not 
bound to the silicon. 

1400 "C. No further weight loss is seen from the 1200 
OC ceramic (char yield is still -75 wt %) and no bulk 
compositional change, but trace amounta of &Sic are seen 
by X-ray diffraction. %i MAS NMR shows dramatic 
structural changes from the 1200 "C sample with nearly 

(35) Note that some areas of this sample showed much weaker S ic  
rings. 

(36) Since only a portion of the diffraction ring is used for imaging, 
fhe dark-field image shows only a portion of the S ic  crystallites in the 
area. 

(37) Note, it is likely that this very tortuous turboetratic graphite 
structure is reqmnsible for the higher 'disorder" of the graphite seen in 
the Raman spectroecopy of this ceramic. 
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further information is obtained about the carbon not 
bound to the silicon. TEM analysis showed the presence 
of very finely divided graphitic domains that are less than 
5 nm in size. 

1600 "C. The char yield has now dropped to -!N wt 
% with substantial amounts of oxygen (-80% of that 
present a t  1200 OC) having been lost by carbothermic re- 
duction and measurable amounts of crystalline @iC seen 
by XRD. The %i MAS NMR spectrum show nearly all 
of the silicon as Sic4 with only trace amounts present as 
SiO4 The domain size of the @-Sic crystallites is -50 nm 
by TEM analysis. Raman spectroscopy gives us infor- 
mation for the fmt time that the excess carbon is similar 
to a highly disordered glassy carbon with a domain size 
of -35 The graphite seen by TEM is now much more 
organized into larger domains although its quantity is 
decreased, as evidenced from the weakened graphite dif- 
fraction ring. 

1800 O C .  Carbothermic reduction is complete. The 
overall char yield is -45 wt %, and the sample is a 
crystalline mixture of a- and @-Sic by XRD analysis. The 
%i MAS NMR spectrum shows a very sharp resonance 

t '  for Sic4 and no other silicon environments- The TEM 
analysis shom very large (-100 nm) &Sic crystallites with 
the majority of them twinned. Distinct a-Sic was not 
observed by TEM, and it appears that the a reflections 
in the XRD resulted from stacking faults in the @ structure. 
The Raman spectrum indicates that the excess carbon is 
quite disordered, like that of a poorly crystalline diamond 
carbon, with a domain size of -50 A. By TEM the gra- 
phitic carbon has a structure that is typical of turbostratic 
graphite. 

Conclusions 
The preparation of siloxane polymers and their con- 

version to silicon carbide was investigated. These polymers 
are useful as binder materials for ceramic powders in the 
preparation of dense (sintered) ceramic monoliths. The 
chemistry of the polymers can be altered to control the 
S ~ i C h i O m e ~  of the ceramic, thereby mRkinp them useful 
over a range of polymer binder levels. The ability to cure 

Figue 12. Micrographs indicative of the nature of the 1800 "C 
p~olyzed sample (a) and depicting a twinned Sic  crystal (b). 

exclusive Sic4 and Si04 environments (an S i 4  for S ic  
redistribution). By TEM analysis the crystalline @-Sic 
domains are -5 nm in size. By Raman spectroscopy no 

these ceramic binders imparts a strength for handling, 
machining, etc., that is substantially higher than what is 
seen with conventional binder technologies. Insights into 

Figure 13. Identification of both twinned silicon carbide and graphite in the 1800 "C sample. 
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the conversion of these high-oxygen polymers to low- 
oxygen silicon carbide ceramics were obtained by analyzing 
the pyrolysis products by elemental analysis, quantitative 
X-ray diffraction, 29Si MAS NMR spectroscopy, Raman 
spectroscopy, and transmission electron microscopy. We 
have found that the pyrolysis proceeds by the formation 
of an amorphous S i c 0  material at  1200 OC, that is com- 
posed of all possible S i c 0  coordination tetrahedra. Sur- 
prisingly this ceramic material is compositionally stable 
to -1500 OC. At 1400 “C this material has structurally 
undergone a Si-0 for Si-C redistribution into Sic4 and 
SiOl as the silicon environments. The carbon not bound 
to the silicon is present as small (-5 nm) discrete domains 
of graphite. After pyrolysis to 1600 OC the ceramic loses 
-80% of the oxygen present at  1200 OC and is composed 
predominantly of crystalline @-Sic with only traces of SiOb 
The excess carbon present is similar to a glassy carbon with 
-35-A domain size. The lack of any evidence for mixed 

Sic0  species at these temperatures supports a vapor-phase 
carbothermic reduction mechanism as described in Scheme 
11, with Si0 and COP as the key intermediates. At 1800 
OC the pyrolysis is complete, and the final ceramic is 
composed of substantial amounts of Sic with many of the 
Sic  crystallites twinned. The carbon is a disordered dia- 
mond type of carbon with a -504  domain size and a 
structure typical of turbostratic graphite. 
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The spectroscopic characterization of rare-earth octa-tert-butylbisphthalocyanine (R8PczLn or LnPct2) 
complexes is reported. Surface-enhanced resonance Raman of Langmuir-Blodgett f i i  on Au island f i i ,  
infrared of solids and UV-visible spectra of solid films and solutions were recorded. Complementary 
spectroscopy data on ultrathin solid films of rare-earth-unsubstituted bisphthalocyanines (LnPc2) were 
also obtained. The complexes that were studied were the blue and the green materials of lanthanide (Ln) 
elements that were obtained by direct synthesis. The green material previously assigned to the stable free 
radical in the LnPcz series, gave characteristic electronic, infrared, and resonant Raman spectra for the 
entire LnPctz series. The blue material LnHPctz (and LnHPc2) produced infrared, Raman, and electronic 
spectra that could be associated with the presence of two Pc2- ligands. The spectral properties of the blue 
form were similar to that of ZrPq where the central atom Zr(IV) is attached to two Pc2- ligands. The synthesis 
of lanthanide mono and bisphthalocyanines are also described. 

Introduction 
The changes in the optical spectra of liquids and solids 

by the presence of an external electric field was referred 
to as the “electrochromic” effect. The term was introduced 
by Platt’ for an effect that was mostly observed in aromatic 
compounds.2 The electrochromic effect is commonly in- 
voked to describe the faradaic electrochemical reaction that 
results in a color change of a material deposited on the 
surface of an e l e~ t rode .~ ,~  The electrochromic properties 
of rare-earth element (REE) bisphthalocyanines have 
stimulated a thorough investigation of these  compound^.^ 
The materials could also find potential applications in such 
areas as gas sensors and molecular  electronic^.^^^ 

Metal-free phthalocyanine HzPc and metalated 
phthalocyanine MPc that are composed of a single Pc 
ligand are blue. Their absorption spectra are dominated 
by a Soret and a Q band. However, transition-metal 
complexes consisting of a single Pc ligand may show an 
additional absorption band in the 500-nm region (wigned 
to a chargetransfer transition), and they appear green. An 

* To whom correspondence should be directed. 

extensive discussion on the electronic properties of Pc 
molecules can be found in a recent review by Stillman and 
Nyokong.’ Mono Pc of rare-earth metals (i.e., LnPctX, Pct 
= tetra-tert-butylphthalocyanine, X = anion)8 are also 
characterized by a simple absorption spectrum without the 
charge-transfer band in the 500-nm region. The one- 
electron oxidation product of LnPctX, however, contained 
an absorption band in the 500-nm region. Under mild 
oxidative conditions, the oxidation of the Ln3+ cation can 
be ruled out, and the observed absorption band near 500 
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