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A B S T R A C T   

This study explores the energetics and structure of polymer derived ceramics (PDCs) derived from the pyrolysis 
of preceramic polymers: SPR-212 (SPR), polyhydromethylsiloxane (PHMS) blend, and 1,3,5,7-tetravinyl-1,3,5,7- 
tetramethylcyclotetrasiloxane (TTCS) at 1200 and 1500 ◦C. There are close similarities in the composition of 
PDCs derived from PHMS (blend) and SPR-212 at 1200 ◦C, but high-resolution X-ray photoelectron spectroscopy 
shows notable differences in their microstructure. Enthalpies of formation (ΔH◦

f,elem) of SPR-1200, TTCS-1200, 
PHMS-1200, SPR-1500, TTCS-1500, and PHMS-1500 are -154.40 ± 3.19, -116.35 ± 3.48, -197.55 ± 3.05, 
-170.12 ± 3.50, -167.29 ± 3.35, and -212.43 ± 2.71 kJ mol-1, respectively. PDCs derived from low-cost com
mercial precursors (PHMS blend) appear to be more thermodynamically stable than those derived from an in
dustrial preceramic polymer (SPR-212). Thermodynamic stability of the SiOCs increases with pyrolysis 
temperature. The results suggest that differences in silicon mixed bonding environments and their relative 
amounts (SiO3C, SiO2C2, or SiOC3) lead to differences in thermodynamic stabilization.   

1. Introduction 

Recently, there has been significant increase in research for ultrahigh 
temperature materials, especially for application in the aerospace in
dustry [1,2], where stable materials capable of withstanding high tem
peratures during re-entry are needed [3,4]. SiOC ceramics are suitable 
candidates due to their robust chemical, structural, and thermal stability 
[5–7]. One method for the synthesis of such ceramics, relies on the high 
temperature sintering of silica and graphite ceramic powder mixtures 
[8–10]. This reaction requires high synthesis temperatures [11–13]. 
This approach does not provide efficient tunability of the shape, 
composition, microstructure, and properties. These factors make it less 
attractive for the industrial scale. 

PDCs are derived from the high temperature pyrolysis of preceramic 
polymers [14–17]. A significant advantage of the PDC route is the ease 
in tunability of composition, microstructure, and dimensionality of the 
ceramic material [18–20]. Tunability of microstructure can be achieved 
simply by varying the pendant groups attached to the backbone of the 
polymeric precursor [21,22]. Tunability in the dimensions of the pre
cursor permits efficient manufacturing of low dimensional structures 
such as thin films and ceramic fiber mats. This is possible by use of 

electrospinning, chemical vapor deposition, 3D printing, and other ad
ditive manufacturing techniques [23,24]. Additionally, the PDC route 
permits efficient design and synthesis of various systems including SiCN 
and Si(B)CN, which cannot easily be synthesized by conventional 
ceramic powder processing methods [25–27]. 

The thermal and chemical stabilities of PDCs are only some of the 
features contributing to their recent increase in popularity [6,28]. As the 
application of these materials in different industries gains more signif
icance, it is important to understand how different preceramic polymers 
affect the composition and microstructure of pyrolyzed ceramic. These 
differences are likely to result in the formation of different nanoscale 
domains and interfacial interactions [26,29,30]. These modifications 
can be associated with changes in the free energy of systems [31]. 
Currently, it is understood that greater amounts of mixed bonding (Si 
bonded to both C and O) in the microstructure of precursor derived 
ceramics, like SiOC, SiCN, and SiOCN is consistent with greater ther
modynamic stability [32,33]. However, only few reports have investi
gated the stabilization promoted by different mixed bonding 
configurations (SiO3C, SiO2C2, and SiOC3) [21,33]. 

Not many studies have investigated whether similar compositions 
and microstructure of SiOC PDCs derived from industrial precursors can 
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be achieved from pyrolysis of low-cost commercial preceramic poly
mers. In this work we investigate the composition, structure, and ther
modynamic stability of SiOCs derived from industrial precursor (SPR- 
212), as well as two low-cost preceramic polymers: poly
hydromethylsiloxane (PHMS) polymer blend and tetramethylcyclote
trasiloxane (TTCS). Polymer derived SiOC ceramic is a general term that 
describes ceramics that contain free carbon in the SiOxC4-x mixed bonds 
(where, 0 ≤ x≤4) matrix. It should be noted that some SiOCs can have 
near stoichiometric compositions while others can have excess silicon 
[34–37]. This investigation permits assessment of how structure of 
polymeric precursors translates to compositional and microstructural 
differences in the SiOC ceramics. SPR-212 is a linear polymer and single 
source industrial precursor of SiOCs. The as obtained polymer can un
dergo low temperature curing at ~230 ◦C without the addition of a 
catalyst. The low viscosity of the precursor permits its use in applications 
including molding, coatings, and matrix composites [38–40]. TTCS is a 
cyclic single source commercial precursor for development of PDCs with 
potential application as Li-ion battery anodes [41,42]. Different PHMS 
polymer blends have been explored and are of interest for the synthesis 
of high temperature ceramics [43–45]. 

In this study, six SiOC samples are investigated, SPR-1200, TTCS- 
1200, PHMS-1200, SPR-1500, TTCS-1500, and PHMS-1500. This work 
reports the synthesis, characterization, and thermodynamic analysis of 
the PDCs synthesized at 1200 and 1500 ◦C. All samples are obtained 
from pyrolysis of polymeric precursors under inert atmosphere. There 
are systemic differences in the composition and microstructure of the 
samples, which lead to differences in thermodynamic stability. By sys
tematically exploring these samples, it is possible to identify structural 
descriptors in preceramic polymers and PDCs contributing to the for
mation of SiOCs with thermodynamically more stable microstructures. 
This investigation identifies differences in the stabilization promoted by 
SiO3C, SiOC3, and SiO2C2 mixed bonding configurations. Structural 
characterization of the samples is done by Fourier transform infrared 
spectroscopy (FTIR), X-ray photoemission spectroscopy (XPS), high 
resolution XPS (HR-XPS), and Raman spectroscopy. High temperature 
oxide melt solution calorimetry is employed for assessment of thermo
dynamic stability of the materials. 

2. Experimental methods 

2.1. Materials 

Ceramics are derived from polymeric precursors: SPR-2012 (SPR) 
from Starfire Systems, 1,3,5-trivinyl-1,1,3,5,5-pentamethyltrisiloxane 
(TPTS), 1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane (TTCS), 
and polyhydromethylsiloxane (PHMS), from Gelest, Inc. The Si: O ratio in 
SPR, TPTS, PHMS, and TTCS are 4 : 5, 3 : 2, 3 : 2, and 4 : 4, respectively. 
dicumyl peroxide (DCP) and platinum(0)-1,3- divinyl-1,1,3,3- 

tetramethyldisiloxane (DVD) are used as crosslinking catalysts. Structure 
of the oligomers is shown in Fig. 1. 

2.2. Crosslinking 

A blend of two oligomers: PHMS plus 40 wt% TPTS and 1 wt% DVD, 
is employed as precursor for PHMS-derived SiOCs. SPR-212 is used as a 
single source industrial precursor (without the addition of catalyst) for 
synthesis of the SPR PDCs. TTCS-derived ceramics are obtained from 
mixture of TTCS plus 1 wt% DCP. All oligomers are crosslinked into 
infusible solid precursors at ~300 ◦C, under inert atmosphere. 

2.3. Pyrolysis 

Pyrolysis of the crosslinked precursors uses a Netzsch STA 409 dif
ferential scanning calorimeter cell, using alumina crucibles. This allows 
accurate temperature control with low temperature gradients. The 
samples are heated from ambient to the final pyrolysis temperature at a 
ramp rate of 2 

◦

C/min, under flowing argon (~50 mL/min). During 
temperature ramping, each sample is held at 400 ◦C for 1 h, this ensures 
complete crosslinking of the precursor. Thermolysis of precursors is 
investigated at 1200 and 1500 ◦C, and resulted in the formation of SPR- 
1200, TTCS-1200, PHMS-1200, SPR-1500, TTCS-1500, and PHMS-1500 
SiOCs. The PDCs are then ground into powders. 

2.4. Characterization 

FTIR experiments are performed by employing a bench-top Bruker 
TENSOR with platinum ATR accessory. Spectra are collected in the 
range of 4000-500 cm-1. X-ray diffraction (XRD) experiments are con
ducted at ambient temperature using a bench-top Bruker D2 powder 
diffractometer employing a nickel-filtered CuKα radiation (wavelength 
= 1.5418 Å). Elemental analysis of the ceramic powders employs X-ray 
photoelectron spectroscopy (XPS). XPS experiments are performed by 
use of a Kratos AXIS Supra+ with a monochromatic Al Kα+ ion beam 
(beam energy = 1486.6 eV). Raman spectroscopy uses a custom-built 
multi-wavelengths system with a 532 nm green laser at a power of 74 
mW with a 50 X microscope objective. TG-DSC experiments employ a 
Setaram LABSYS Evo DTA/DSC. 

2.5. Thermochemistry 

In this study, the thermodynamic stability of the PDCs is assessed by 
thermochemical calculations of enthalpies of formation from elements 
(ΔH◦

f, elem) and crystalline components (ΔH◦
f, comp). Enthalpies of 

dissolution (ΔHdis) are obtained from calorimetric experiments by 
employing a commercial twin Calvet type Seteram Alexsys calorimeter. 
Due to the high solubility of the PDCs in the oxide melt, 20 g of sodium 

Fig. 1. Structure of oligomers used for synthesis of the ceramic powders at 1200 and 1500 ◦C, under argon atmosphere.  
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molybdate (3Na2O⋅MoO3) melt, at 800 ◦C are employed for oxidative 
dissolution. For each experiment, about 5 mg of sample are weighed 
using a Mettler Toledo microbalance with 10 μg accuracy. The weighed 
samples are pressed into a pellet using a 1.5 mm tungsten die. The pellets 
are then inserted into the melt for oxidative dissolution. The melt is 
continuously bubbled with 40 mL/min of oxygen, to maintain an 
oxidative environment. The gases evolved from dissolution of the sam
ple are evacuated from the calorimeter by utilizing oxygen flushing at a 
flowrate of 100 mL/min. To ensure reproducibility, the experiments are 
repeated at least four times. This is a well-established technique that has 
been previously used to investigate similar systems [46–49]. 

Reaction (1) describes the oxidative dissolution of SiOCs.  

Sia Ob Cc (s, 25 ◦C) + (((2a) + ((2c)-b)/2) O2 (g, 800 OC) → a SiO2 (s, 800 ◦C) 
+ c CO2 (g, 800 ◦C) ΔHdis, SiOC                                                        (1) 

Enthalpy of formation of the SiOCs from the elements (Si, C, and O2) 
is described by:  

a Si(s, 25 ◦C) + b/2 O2(g, 25 ◦C) + c C (s, 25 ◦C)→ SiaObCc (s, 25◦C) ΔH
◦

f, 

elem                                                                                                (2) 

Enthalpy of formation relative to crystalline components (β-SiC, SiO2 
(cristobalite), and C (graphite)) is described by:  

(a-(b/2)) SiC(s, 25 ◦C) + (b/2) SiO2(s, 25 ◦C) + (c-(a-(b/2))) C (s, 25 ◦C)→ 
SiaObCc (s, 25◦C) ΔH◦

f, comp                                                             (3) 

During dissolution, Si is oxidized and precipitates as cristobalite and 
C is oxidized into CO2. Both CO2 and O2 evolve from the melt as gases 
[33,50,51]. The gaseous oxides have very low solubility in the melt [33, 
50,51]. By identifying the initial and final state of the system, enthalpies 
of dissolution (ΔHdis, SiOC) and thermodynamic cycles (see Tables 1-2) 
are employed to calculate enthalpies of formation. 

3. Results and discussion 

FTIR permits identification of functional groups in the structure of 
pre-ceramic polymers and corresponding PDCs [52–54]. The high en
ergy of the beam identifies vibrations corresponding to strong bonds 
with low polarizability like C–O and O–H, which are otherwise hard to 
observe by Raman spectroscopy. The spectra of crosslinked precursors 
(see Fig. 2A) suggest presence of Si–O–Si (~1060 cm−1) and Si–CH3 
(~1260 cm−1) bond stretching, as well as other functional groups 
consistent with structure of the preceramic polymers [52–54]. The re
sults point to evolution of organic groups during high temperature 
treatment of the polymeric precursors, as peaks corresponding to C–H 
and Si–H bonds are not detected in the spectra of samples pyrolyzed at 

1200 and 1500 ◦C (see Fig. 2B). Spectra of the ceramic powders (Fig. 2B) 
suggest the presence of C––C (~1600 cm−1), Si–O–Si (~1060 cm−1), and 
Si–C (~800 cm−1) bond stretch vibrational bands. These results are 
consistent with the structure of SiOCs [55–60]. 

Thermal analysis of the precursors is conducted by use of TG-DSC 
(50 mL/min flowing argon atmosphere, 10 

◦

C/min temperature ramp
ing). The analyses are only conducted up to 1000 ◦C due to equipment 
limitations. The results in Fig. 3 point to significant mass loss in all 
specimens up to ~800 ◦C, which results from evolution of volatile or
ganics. SPR-212 and PHMS (blend) display comparable TG-DSC curves, 
with major mass loss occurring near ~ 500 ◦C. In contrast TTCS displays 
greatest mass loss at a lower temperature (~ 425 ◦C). The exothermic 
DSC peaks near ~300 ◦C likely correspond to crosslinking [61]. Other 
exothermic peaks beyond 400 ◦C may result from the ceramization step 
[62]. The results suggest that the trend in ceramization temperature is: 
PHMS (~550 ◦C) > SPR (~450 ◦C) > TTCS (~425 ◦C). This highlights 
the lower ceramization temperature in TTC precursors. The specimens 
do not display significant mass loss beyond ~800 ◦C, which is typical in 
PDCs [63]. The larger mass loss of TTCS may in part result from the 
release of greater amounts of hydrogen and/or water during ceramiza
tion. We cannot determine other specific reasons for the greater mass 
loss in TTCS. 

We employ XRD for detecting the presence or absence of crystalline 
(or poorly crystalline) phases in samples synthesized at high tempera
tures. The patterns (see Fig. 4) confirm the formation of amorphous 
structures in samples synthesized at 1200 ◦C. The broad peaks in the 
spectra of PDCs synthesized at 1500 ◦C suggest nucleation and growth of 
poorly crystalline β-SiC grains upon increase in pyrolysis temperature 
[30]. The exposure of SiOC PDCs to high temperatures (>1400 ◦C) 
typically results in carbothermal reduction, which occurs in parallel to 
growth of crystalline domains [64–66]. These results are in line with 
previous studies investigating similar materials [33,67,68]. 

Raman spectra (Fig. 5) identify the types of carbon present in the 
microstructure of PDCs. D (~1330 cm−1) and G (~1600 cm−1) bands 
correspond to sp2-hybridized disordered and graphitic-like carbons, 
respectively [23,30]. The integrated intensity of the full width at half 
maximum (FWHM) of the D(ID) and G (IG) bands permits identification 
of the ratio of disordered carbon D(ID) to graphitic carbon G (IG) [30, 
31]. There is significant increase in the relative amount of graphitic 
(well-ordered) carbon with synthesis temperature (see Table 3). Curve 
fitting of the spectra permits identification of T (1204–1232 cm−1) and 
D” (1490–1504 cm−1) bands, which correspond to considerable 
amounts of sp2-sp3 bonds and amorphous carbon, respectively [23]. 
Fig. 5 suggest significant decrease in the relative amount of sp2-sp3 bonds 
and amorphous carbons in the microstructure of samples synthesized at 

Table 1 
Thermochemical cycle for calculation of enthalpy of formation from elements ΔH

◦

f, elem.  

Enthalpies of formation from the elements (ΔHf, elem)  
a Si(s, 25 ◦C) + b/2 O2(g, 25 ◦C) + c C (s, 25 ◦C)→ SiaObCc (s, 25◦C) ΔH

◦

f, elem = ? 
ΔH (kJ/mol) 

Sia Ob Cc (s, 25 ◦C) + (((2a) + (2c)-b))/2) O2 (g, 800 OC) → a SiO2 (s, 800 ◦C) + c CO2 (g, 800 ◦C) ΔHdis, SiOC 

Si (s, 25 ◦C) + O2 (g, 800 ◦C) → SiO2 (s, 800 ◦C) ΔH2 = -883.13 ± 2.1 
C (s, 25 ◦C) + O2 (g, 800 ◦C) → CO2 (g, 800 ◦C) ΔH3 = -381.35 ± 0.13 
O2 (g, 25 ◦C) → O2 (g, 800 ◦C) ΔH4 = 25.34 ± 0.10 
ΔH◦

f, elem ¼ - ΔHdis, SiOC + a ΔH2 + c ΔH3 + (b/2) ΔH4 ΔH◦
f, elem  

Table 2 
Thermochemical cycle for calculation of enthalpy of formation from components ΔH

◦

f, comp.  

Enthalpies of formation from components (ΔHf, comp) 
(a-(b/2)) SiC(s, 25 ◦C) + (b/2) SiO2(s, 25 ◦C) + (c-(a-(b/2))) C (s, 25 ◦C)→ SiaObCc (s, 25◦C) ΔH◦

f, comp = ? 
ΔH (kJ/mol) 

Sia Ob Cc (s, 25 ◦C) + (((2a) + (2c)-b)/2) O2 (g, 800 OC) → a SiO2 (s, 800 ◦C) + c CO2 (g, 800 ◦C) ΔHdis, SiOC 

SiO2 (S, 25 ◦C) → SiO2 (s, 800 ◦C) ΔH2 = 50.1 ± 0.10 
SiC (S, 25 ◦C) + 2O2 (g, 800 ◦C) → SiO2 (s, 800 ◦C) + CO2 (g, 800 ◦C) ΔH3 = -1192.28 ± 2.15 
C (S, 25 ◦C) + O2 (g, 800 ◦C) → CO2 (g, 800 ◦C) ΔH4 = -381.35 ± 0.13 
ΔH◦

f, comp ¼ -ΔHdis, SiOC + (b/2) ΔH2 + (a-(b/2)) ΔH3 + (c-(a-(b/2))) ΔH4 ΔH◦
f, comp  
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1500 ◦C. Disorder induced D’ bands (~1620 cm−1) are only observed in 
the spectrum of SPR-1200 [69]. 

XPS permits elemental analysis as well as identification of bonding 
speciation in the structure of fine powders [30]. Identification of 
speciation and semi-quantitative assessment of their relative amounts is 
achieved by probing Si 2p, O 1s, and C 1s bonds [70]. Coupled with other 
characterization techniques such as Raman, XPS allows identification of 
differences in the microstructure of the PDCs synthesized at varying 
temperatures [30]. By employing appropriate curve fitting, the area 
under each convolution represents the relative amount of the types of 
bonds. HR-XPS spectra of the samples are shown in Fig. 6. 

C 1s convolutions show that all samples contain considerable 
amounts of C–O (~286.5 eV) and C–C (~285 eV) and C–Si (283.7 eV) 
bonds [71,72]. In mixed bonding C is bonded to Si or to another C, and 
typically free carbon does not bond with significant amounts of oxygen. 
Therefore the C–O bonds may correspond to bond signatures from 
foreign carbon-containing impurities such as lint, pollen, or strongly 
bound CO2, as previously reported [73–75]. This makes semi
quantitative analysis of C 1s bonds by XPS alone challenging [72,73]. It 
is likely that C–Si convolutions also include bonds formed in SiC do
mains. Similarly, the presence of C–C bonds is consistent with Raman 

spectra (see Fig. 5) and may correspond to free carbon or to C–C 
terminated mixed bonding. Si 2p convolutions of samples pyrolyzed at 
1200 ◦C suggest the presence of significant amounts of SiO4 (~104 eV), 
SiO2C2 (~102 eV), and SiO3C (~102.9 eV), and SiOC3 (~ 101 eV) bonds 
[71,76]. SiO4 correspond to amorphous SiO2 (silica) domains and 
SiOxC4-x correspond to mixed bonding networks (Si bonded to both C 
and O) [77]. From the samples synthesized at 1200 ◦C, SPR-1200 ap
pears to have the greatest relative amount of SiO4 bonds, while 
PHMS-1200 and TCCS-1200 display greatest relative amount of SiOxC4-x 
mixed bonding environments. The spectra further show that for samples 
synthesized at 1500 ◦C, the relative amount of SiO4 (silica) bonds is 
greatest in PHMS-1500, although SPR-1500, and TTCS-1500 also 
display large relative amount of SiO4 bonds compared to their analogues 
synthesized at lower temperature. This may indicate significant phase 
separation in the amorphous structures to form stoichiometric domains 
(SiO2 and SiC) with increase in synthesis temperature. Additionally, the 
results in Fig. 6 point to a decrease in the amount of SiO3C relative to 
SiO2C2 and/or SiOC3 mixed bonds, between 1200 and 1500 ◦C. This may 
suggest lower stability of SiO3C compared to other mixed bonding 
networks. 

Fig. 2. FTIR spectra of a) crosslinked polymeric precursors and b) SiOCs synthesized at 1200 and 1500 ◦C.  

Fig. 3. TG-DSC curves of crosslinked precursors.  
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3.1. Elemental analysis 

Thermodynamic analysis of PDCs requires accurate elemental com
positions. XPS survey scans are useful in obtaining compositional in
formation of fine ceramic powders synthesized at high temperatures, 

when residual hydrogen (if any) is scarce. The results from elemental 
analysis are summarized in Table 4. It is apparent that the Si: O ratio 
increases with pyrolysis temperature. In contrast, the Si: C ratio de
creases with temperature. These results likely correspond to carbo
thermal reduction in the samples pyrolyzed at higher temperature 
(1500 ◦C). During carbothermal reduction SiO2 domains react with 
excess free carbon phase to produce CO2 (gas) and SiC. These results are 
consistent with the XRD pattern (see Fig. 4) of samples pyrolyzed at 
1500 ◦C, which point to growth of β-SiC grains. XPS compositions are 
employed for thermodynamic analysis discussed in the section that 
follows. 

The results from elemental analysis suggest that pyrolysis of the 
PHMS (blend) at 1200 ◦C results in formation of SiOC with a composi
tion and phase assemblage closest to that of the sample derived from 
SPR-212 industrial precursor (see Table 5). In contrast, there is signifi
cant difference of bonding speciation in their microstructure (from HR- 
XPS Si 2p convolutions). No obvious similarities in composition and 
phase assemblage are observed in the samples synthesized at 1500 ◦C. 
Calorimetric experiments permit systematic assessment of the effect of 

Fig. 4. XRD patterns show growth of beta-SiC crystals in PDCs synthesized at 
1500 ◦C. The spectra do not show peaks corresponding to graphite. This sug
gests that any free carbon may be present as amorphous domains. 

Fig. 5. Raman spectra of a) SPR-1200, b) TTCS-1200, c) PHMS-1200, d) SPR-1500, e) TTCS-1500, f) PHMS-1500.  

Table 3 
Summary of D/G in the PDCs.  

sample D (ID)/G (IG) (FWHM) 

SPR-1200 1.57 
TTCS-1200 1.94 
PHMS-1200 1.77 
SPR-1500 1.00 
TTCS-1500 1.33 
PHMS-1500 1.11  
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Fig. 6. HR XPS of SPR, TTCS and PHMS derived ceramics.  
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composition and microstructure (including phase assemblage) on the 
thermodynamic stability of SiOCs. These results indicate that PDCs 
derived from the PHMS blend display the smallest change in composi
tion, between 1200 and 1500 ◦C, even compared to samples derived 
from industrial precursor (SPR-212). This could point to higher stability 
of the PHMS-1200. 

3.2. Energetics of formation and interdomain interactions 

The results from thermodynamic analysis of the SiOCs are summa
rized in Table 6. Overall, enthalpies of dissolution become more nega
tive with increasing C and Si content, which results from highly 
exothermic oxidation of these elements. Enthalpies of formation permit 
identification of trends in the thermodynamic stability of the samples. 
More exothermic enthalpies of formation correspond to greater ther
modynamic stability, as entropic effects are relatively small in com
parison to the highly exothermic enthalpies of formation from the 
elements [30,31]. For samples synthesized at 1200 and 1500 ◦C, en
thalpies of formation from elements (ΔH

◦

f, elem) are most exothermic for 
samples derived from the PHMS (blend) precursor and least for PDCs 
derived from TTCS. This points to greatest enthalpic drive for the for
mation of the microstructure in PHMS-1500.The results further suggest 
that pyrolysis of the industrial SiOC precursor (SPR-212), results in 
formation of microstructures (SPR-1200 and SPR-1500) with interme
diate stability relative to elements. 

Table 6 also presents enthalpies of formation relative to components 
(ΔH

◦

f, comp), namely β-SiC, SiO2 (cristobalite), and C (graphite). More 
exothermic enthalpy of formation from components corresponds to 

energetically more favorable interdomain interaction and/or greater 
amount of mixed bonding (supported by XPS convolutions) [30,31]. 
Mixed bonding promotes greater stabilization of microstructures as a 
result of less bond strain compared to the interface between stoichio
metric crystalline domains. The results show that for samples synthe
sized at 1200 ◦C, ΔH

◦

f, comp is most exothermic for PHMS-1200 and least 
for TTCS-1200. Similarly, the results point to little energetically favor
able interdomain interactions in SPR-1200. However, increasing syn
thesis temperature to 1500 ◦C, results in structural evolution suggesting 
highly favorable interdomain interaction and/or mixed bonding in the 
microstructure of SPR-1500, TTCS-1500, and PHMS-1500. At all tem
peratures PDCs derived from low-cost preceramic polymers PHMS 
(blend) result in structures with highest thermodynamic stability, even 
compared to samples derived from industrial precursor (SPR-212). Note 
that the positive enthalpy for the formation of TTCS-1200 could indicate 
unfavorable interdomain interactions, however, it appears that the in
teractions become less unfavorable at 1500 ◦C, hence the more 
exothermic formation enthalpy in TTCS-1500. This complexity, perhaps 
related to both changes in domain structure and coarsening, may explain 
the superior stabilization of TTCS-derived SiOC in this temperature 
range. Structural characterization suggests that compositional changes 
are driven by carbothermal reduction. Compared to the other samples 
synthesized at 1200 ◦C, the higher C content and O/Si ratio in 
TTCS-1200 may provide greater drive for that reaction. 

3.3. Link between microstructure and thermodynamic stability of PDCs 

FTIR, XRD, Raman, and XPS all show that SiOCs derived from all 
three polymeric precursors undergo significant structural modifications 
between 1200 and 1500 ◦C Similarly, thermodynamic analysis 
(Table 6), shows increase in thermodynamic stability of the SiOCs with 
increasing pyrolysis temperature, independent of initial precursor. This 
shows that between 1200 and 1500 ◦C, the PDCs evolve towards ther
modynamically more stable structures. For all synthesis temperatures, 
greater O content is consistent with greater thermodynamic stability 
(see ΔH◦

f, elem). This may result from greater amounts of SiO2 and/or 
SiOxC4-x mixed bonding domains (supported by HR-XPS convolutions). 
This highlights correlation between bonding speciation and thermody
namic stabilization. 

It is important to stress the decrease in the O content of PDCs syn
thesized at 1500 ◦C (from elemental analysis), which occur in parallel 
with growth and nucleation of β-SiC grains (from XRD). The thermo
dynamic analysis suggests that growth/crystalization of β-SiC domains is 
thermodynamically favorable and occurs in parallel with increase in 
favorable interdomain interactions. This points to significant thermo
dynamic drive for carbothermal reduction in SiOCs to form more SiC. 

Similarly, results from Raman spectroscopy (see Fig. 5) indicate 
significant decrease in the relative amount of sp2-sp3 carbon bonds (T 
bands) as well as disordered carbons (from the ratio of D (ID)/G (IG) at 
FWHM) in samples synthesized at 1500 ◦C. This may point to con
sumption of amorphous free carbons during carbothermal reduction 
and/or formation of well-defined carbon networks at higher pyrolysis 
temperature. Additionally, HR-XPS convolutions and the phase assem
blages suggest presence of significant amount of C–C bonds in all sam
ples. This may imply that decrease in intensity of D” bands for high 

Table 4 
Elemental analysis of SiOC samples from XPS survey scans.  

Elemental Composition by XPS  

Elements (at.%) 

SiOC sample C 1s O 1s Si 2p 

SPR-1200 35.47 ± 1.11 30.56 ± 1.21 33.97 ± 0.1 
SPR-1500 37.12 ± 0.04 27.32 ± 1.48 35.56 ± 1.46 
TTCS-1200 50.28 ± 0.44 25.29 ± 1.24 24.43 ± 0.49 
TTCS-1500 48.76 ± 1.04 19.37 ± 0.1 31.87 ± 0.94 
PHMS-1200 38.16 ± 0.61 30.25 ± 2 31.62 ± 1.07 
PHMS-1500 40.35 ± 2.55 28.57 ± 2.96 31.15 ± 0.11  

Table 5 
Composition and estimated phase assemblage of SiOCs derived from SPR-212, 
TTCS, and PHMS at 1200 and 1500 ◦C.  

Sample Composition 
SixOyCz (x + y + z = 1) 

SiO2 (mol%) SiC (mol%) C (mol%) 

SPR-1200 Si0.34O0.31C0.35 30.69 36.63 32.67 
TTCS-1200 Si0.25O0.25C0.50 20 20 60 
PHMS- 

1200 
Si0.32O0.30C0.38 28.30 32.07 39.62 

SPR-1500 Si0.36O0.27C0.37 26.73 44.55 28.71 
TTCS-1500 Si0.32O0.19C0.49 16.24 38.46 45.30 
PHMS- 

1500 
Si0.31O0.29C0.40 26.60 30.27 43.12  

Table 6 
Summary of enthalpies of dissolution (ΔHdis), enthalpies of formation from elements (ΔH◦

f, elem), and enthalpies of formation from components (ΔH◦
f, comp).  

Sample Composition 
SixOyCz(x + y + z = 1) 

ΔHdis(kJ.mol-1) ΔH◦
f, elem (kJ.mol-1) ΔH◦

f, comp (kJ.mol-1) 

SPR-1200 Si0.34O0.31C0.35 −275.41 ± 2.40 −154.40 ± 3.19 −0.31 ± 3.23 
TTCS-1200 Si0.25O0.25C0.50 −291.94 ± 2.77 −116.35 ± 3.48 +6.16 ± 3.51 
PHMS-1200 Si0.32O0.30C0.38 −226.92 ± 2.21 −197.55 ± 3.05 −48.34 ± 3.09 
SPR-1500 Si0.36O0.27C0.37 −284.91 ± 2.78 −170.12 ± 3.50 −31.88 ± 3.52 
TTCS-1500 Si0.32O0.19C0.49 −299.76 ± 2.60 −167.29 ± 3.35 −64.80 ± 3.38 
PHMS-1500 Si0.31O0.29C0.40 −210.21 ± 1.70 −212.43 ± 2.71 −68.87 ± 2.74  
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temperature (1500 ◦C) samples mainly result from formation of well- 
defined carbon networks. These observations could indicate significant 
stabilization of structures with decreasing amount of sp2-sp3 carbon 
bonds and with increase in ordering of the carbon network. HR-XPS 
convolutions (see Fig. 6) permit identification of variation in bonding 
speciation with pyrolysis temperature. The results suggest an increase in 
the amount of SiO2C2 and/or SiOC3 (relative to SiO3C) mixed bonding 
with temperature. The increase in thermodynamic stability of the sam
ples with pyrolysis temperature may point to higher stabilizing effect of 
SiO2C2 and/or SiOC3 compared to SiO3C mixed bonding environments. 
This is important as it permits the identification of an additional 
descriptor for increased thermodynamics stabilization in PDCs. 

3.4. Link between structure of preceramic polymers and composition of 
PDCs 

The compositions reported in Table 6 show that SiOCs derived from 
TTCS (cyclic structure) have the highest carbon content, in contrast, 
samples derived from SPR-212 (linear structure) display the lowest. 
TTCS and PHMS (linear polymer blend) precursors have large amounts 
of less hydrogenated (vinyl compared to methyl) carbonaceous pendant 
groups (see Fig. 1). Such groups (vinyl, allyl) are expected to form more 
carbon rich SiOCs upon high temperature pyrolysis, as less carbon is 
expected to evolve as organics during thermal treatment [78]. Hence, 
the large amount of methyl instead of vinyl side-groups in the backbone 
of SPR-212 oligomers may explain the lower C content of SPR-1200 and 
SPR-1500 samples. Similarly, O content appears to be greatest in SiOCs 
derived from PHMS blend and SPR-212, and lowest in samples derived 
from TTCS. The results are consistent with significant loss of low mo
lecular weight carbonaceous side groups (CH3) in the PHMS blend and 
SPR-212, which ultimately results in increase in O concentration in the 
PDCs. We do not identify any obvious trends between thermodynamic 
stability (ΔH◦

f, comp) and overall composition (Si, O, and C content) of 
the precursors. This is not surprising, as the amounts of different phases 
and strength of interdomain interactions, which determine the ther
modynamic stabilization, are more strongly related to processing history 
than to bulk composition. 

4. Conclusion 

We report the structure and energetics of SiOCs derived from 
different preceramic polymers. PDCs derived from PHMS blend have a 
composition closest to SiOCs synthesized from SPR-212 industrial pre
cursor. The results suggest greatest thermodynamic stability and more 
favorable interdomain interactions in the microstructure of samples 
derived from the PHMS blend. For each precursor the increase in ener
getic stability of specimens synthesized at 1500 ◦C is also consistent with 
a decrease in the relative amount of SiO3C compared to SiO2C2 and/or 
SiOC3 mixed bonds. The results highlight increased stabilization of 
SiOCs with formation of a well-ordered carbon network and decrease in 
relative amount of sp2-sp3 carbon bonds. This information could serve as 
a framework for the design of thermodynamically more stable SiOCs. 
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