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Design, System, Application Statement

Our purpose for this paper is to prepare nanoporous inorganic membranes and films employing 

the vapor-phase polymerization route and subsequent pyrolysis of the resulting polymer films. 

Specifically, we aim to produce silicon-containing ceramic films (such as silica and silicon 

oxycarbide) by the pyrolysis of PECVD-deposited siloxane polymers. By understanding at the 

molecular level, via the operando experimental observations and companion molecular 

simulations, the phenomena that take place during the conversion of the original pre-ceramic 

polymer into the ceramic, we can formulate an optimization strategy to prepare these materials. 

Design constraints include being able to prepare ultra-thin and thin films with a minimum number 

of pinholes and structural imperfections. The materials we prepare can find useful applications as 

membranes in both conventional and reactive separation applications during H2 production, but 

can also be used for a multitude of other applications including anti-fouling films and dielectric 

materials.
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Highlights:

 pV4D4 were deposited onto various substrates via the PECVD method.

 Study the mechanism of conversion of films into silica ceramics during pyrolysis reaction.

 Investigation of the impact of preparation conditions on the final structure of ceramics. 

 Combination of experimental and molecular modeling to understand the pyrolysis process.

Abstract

Silicon-type thin films, made of silica, silicon carbide (SiC), or oxycarbide, find use as 

membranes and electronic sensors, and in semiconductor and solar energy applications. 

Previously, we studied1 the preparation of nanoporous silica membranes via deposition of 

poly(1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane) (pV4D4) films onto SiC 

macroporous substrates via initiated chemical vapor deposition (iCVD) and their subsequent 

controlled-atmosphere pyrolysis. Here, we utilize a different method, plasma-enhanced chemical 

vapor deposition (PECVD), to deposit thin pV4D4 films onto a variety of substrates at significantly 

higher deposition rates than iCVD and employ a number of experimental techniques to 

comprehensively investigate the mechanism of conversion of these films into silica ceramics via 
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controlled-atmosphere pyrolysis.  The aim of these studies is to better understand the impact of 

preparation conditions on the structure and properties of the resulting ceramic films. The 

experiments are coupled with complementary molecular simulations of the pyrolysis process that 

employ a reactive force field (ReaxFF). This has allowed better understanding, at the molecular 

level, of the processes that take place during the conversion, via pyrolysis, of the pV4D4 polymer 

into a silica ceramic. 

Keywords: Membranes, Chemical Vapor Deposition, Silica, PECVD, pV4D4

  

 

1. Introduction

Silicon-based thin films, such as silica and silicon carbide (SiC), and oxycarbide, are useful 

in a variety of applications due to their versatile physicochemical properties, chemical and thermal 

stability, and structural stability.2,3,4 These organosilicon thin films have been used as di-electric 

materials5,6,7, anti-reflective coatings8,9, anti-fouling layers10,11, and in molecular separations12,13, 

amongst other applications. There are several different techniques for depositing such films on 

substrates, including spin-coating14, dip-coating 15,16, and chemical vapor deposition (CVD)17,18. 

CVD, in particular, allows the application of these films with conformal coverage on complex 

substrate surfaces19 and without the use of toxic solvents20,21,22
. 

Among the different CVD methods, plasma-enhanced chemical vapor deposition 

(PECVD) is an appealing choice for a variety of applications. In PECVD, a power source (AC or 

DC) is used to generate free radicals in a plasma atmosphere, which then react with precursor gas 

molecules to grow a film on a substrate surface. 23 Compared to conventional CVD, PECVD 

utilizes lower deposition temperatures and offers relatively high deposition rates.24 Previously, 

we deposited via initiated chemical vapor deposition (iCVD) a siloxane-type polymer, poly(tetra-

vinyl-tetra-methyl cyclotetrasiloxane) (pV4D4), onto a SiC porous support and pyrolyzed it in an 

inert atmosphere to prepare a silica thin membrane film.1 pV4D4 is a versatile polymer that can 

be utilized in various applications, including in the biomedical device25 and dielectric materials26 
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fields. In this paper, we use, instead, low-energy PECVD to deposit the pV4D4 polymer onto a 

variety of substrates, including silicon (Si) wafers and barium fluoride (BaF2) powder, and study 

its pyrolysis to produce silica films.

There are a number of monomer precursors that produce organosilicon-type polymers 

which upon pyrolysis generate silicon-based ceramics. The monomer choice significantly impacts 

the deposition rate and the properties of the resulting polymer. V4D4, the monomer chosen in this 

study, is not as volatile as some of the more commonly utilized monomers for the preparation of 

organosilicon films (e.g., HMDSO), but its volatility is sufficiently high for it to be used in 

PECVD, while the presence of pendant unsaturated functional groups in its structure, i.e., four 

vinyl bands, result in relatively fast rates even during operation under low plasma power. Further, 

these pendant vinyl groups function as potential crosslinking reaction sites during polymerization. 

A highly crosslinked organosilicon polymer structure is highly desirable in order to produce Si-

based ceramics, at high yield, via high temperature pyrolysis. 

We analyze the changes in chemical structure of the pV4D4 film during pyrolysis 

employing a time-resolved, operando combined Diffuse Reflectance Infrared Fourier Transform 

Spectroscopy (DRIFTS) and Mass Spectrometry (MS) system. We combine the DRIFTS-MS 

investigations with parallel thermogravimetric analysis (TGA) studies of the pyrolysis process, 

together with Energy-dispersive X-Ray Spectroscopy (EDS) analysis of the resulting pyrolyzed 

materials. Furthermore, we complement the experimental studies with molecular simulations of 

the polymer pyrolysis process to help gain better fundamental insight into the phenomena that 

take place during the conversion of the polymer into a ceramic.  

DRIFTS is a powerful technique that allows one to study in situ changes in the bonding 

environment of the polymer structure as it is being pyrolyzed.27 Combining the DRIFTS system 

with a MS analyzer (also known as residual gas analyzer (RGA)) allows one to analyze the various 

stable gas species emitted from the polymer as it is being pyrolyzed, while simultaneously 

monitoring changes in its solid-state chemical composition and structure.28 Operando DRIFTS-

MS systems have been used to study catalytic reactions. Wang et al., for example, studied the 

kinetics of the CO2 methanation reaction over Ru/Al2O3 catalysts using such a system.29 Ochoa 

et al. used the technique to study the oxidation of ethanol over mixed oxide catalysts to help 

elucidate the different reaction pathways.30 In the polymer pyrolysis technical area, White31 used 
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a combined DRIFTS-MS system to study the thermal decomposition of polystyrene, finding that 

it decomposed shortly after 500 °C, but we know of no prior study of the pyrolysis of siloxane-

type polymers to form inorganic materials. pV4D4 is an ideal model system for such a study, as 

it has a highly crosslinked siloxane structure and studying its pyrolysis could yield interesting 

insight into siloxane chemistry. Increasing the cross-linking in the precursor polymer has been 

shown to increase the ceramic yield during film pyrolysis.32

In this study, we combine the experimental studies of pV4D4 pyrolysis with a 

complementary computational analysis with the aim to gain information, at the atomistic level, 

that is difficult to acquire experimentally under real-world conditions. In our efforts, we utilize a 

reactive molecular dynamics (RMD) approach that allows large-scale simulations of chemical 

events, like polymer pyrolysis, at a fraction of the computational cost of QM methods.33 We 

employ ReaxFF, a popular reactive forcefield that is compatible with several different software 

packages, including LAAMPS. In ReaxFF, interatomic distance is used to describe bond order 

formalism, which can then be used to predict the breaking of bonds that are present and the 

formation of new ones34, thus helping bridge the gap between QC methods and empirical force-

fields by simplifying the former. Our group has previously used ReaxFF to study the pyrolysis of 

allyl-hydridopolycarbosilane (AHPCS) into SiC.35 Chenoweth et al.36 modeled the pyrolysis of 

polydimethylsiloxane (PDMS) and found that at lower pyrolysis temperatures (up to 900 K), it 

depolymerized and formed cyclosiloxane oligomers. Similarly, Chen et al.37 studied the 

decomposition of hexamethyldisiloxane into smaller chemical moieties, finding that the scission 

of Si-C bonds preceded the defragmentation of C-H and Si-O bonds, and that the main products 

of this pyrolysis were methane (CH4) and linear siloxanes. 

In summary, this paper introduces a methodology that can elucidate the reaction 

mechanism of polymer pyrolysis by combining observations of the solid-state bond changes in the 

polymer, evolved gas phase species analysis, and RMD molecular simulations. Having better 

fundamental understanding of the molecular events that take place during pre-ceramic polymer 

pyrolysis can help reveal how parameters such as monomer selection and the experimental 

conditions, including the heating rate and temperature of pyrolysis, affect the final ceramic 

structure and properties. This, in turn, can help experimentalists optimize monomer selection and 
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experimental pyrolysis protocols programs and, in the long-term, reduce energy costs during scale-

up operations for inorganic materials preparations.

2. Experimental

2.1 Deposition Method

The PECVD deposition was performed inside a custom-made, pancake-shaped vacuum 

reactor (48 mm in height, 250 mm in diameter, GVD Corporation) with a thermally-cooled stage. 

The 1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane (V4D4) (Gelest, Inc., used as 

received without further purification) monomer was loaded into a stainless-steel jar that was held 

under vacuum and heated to 50 °C. The line connecting the monomer jar to the reactor was heated 

to 65 °C in order to prevent any adsorption or condensation of the monomer in the line. The 

substrates were placed on the stage of the reactor and kept at a temperature of 50 °C via a 

recirculating chiller (Thermo Scientific Haake A25). The V4D4 flow rate was kept constant at 1.2 

sccm using a needle valve, and the nitrogen (N2) gas flow rate into the reactor was kept constant 

at 40 sccm via a mass flow controller (MFC, MKS Type 1479A). A rotary vane vacuum pump 

(Edwards E2M40) was employed to keep the reactor under vacuum condition, at 185 mTorr, via a 

throttle-valve (MKS 153D) by active feedback control from a capacitance manometer (MKS 

622C01TDE Baratron). An external radio-frequency (RF) plasma generator (Diener, 13.56 MHz, 

100 W) was connected to a nichrome filament array (Omega Engineering, 80%/20% Ni/Cr) to 

ignite the plasma in order to deposit the polymer film.  The power supply (25 W), monomer flow 

rate (1.2 sccm), and other PECVD reactor conditions were kept constant in order to maintain a 

continuous, steady deposition rate of ~100 nm/min.. Si wafers (Wafer World, 100 mm) were 

thoroughly cleaned with solvents and dried in air before being placed onto the reactor stage. In 

order to monitor the thickness of the pV4D4 film in-situ, a helium-neon laser interferometer 

(Industrial Fiber Optics) was used on a Si wafer. For the DRIFTS and TGA experiments, PECVD 

was used to deposit 10 𝜇m of pV4D4 onto BaF2 (Alfa Aesar, 40 mesh) powder. Prior to the 

deposition, the BaF2 powder was dried in an oven at 100 °C for 1 h in order to remove any 

remaining moisture, and then it was evenly distributed on a Si wafer using a clean razor blade. 

2.2 Ex-situ FTIR Analysis
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pV4D4-coated Si wafers (see Sect. 2.1) were placed in the center of a tube-furnace 

(Lindberg/Blue, Model STF55433C). The furnace was then purged with ultra-high purity (UHP) 

argon (Ar) at 300 sccm for approximately 1 h, and the samples were then heated, at a heating rate 

of 3 °C/min, to the desired pyrolysis temperature where they were held for a 2 h hour “soak” period 

before being cooled down to ambient room temperature at a rate of 3 °C/min. Transmission IR 

spectra of both the as deposited as well as the pyrolyzed films on the wafers were collected using 

Fourier transform infrared (FTIR) spectroscopy (Nicolet iS10, Thermo Scientific), with a clean 

bare Si wafer used as the background. To collect the monomer spectra, a drop of V4D4 was placed 

in between two Si wafers and the spectra were collected, with two Si wafers being used as the 

background. The SpectraGryph-1.2 software was utilized to analyze the FTIR (and also the 

DRIFTS, see Sect. 2.3) spectra.

2.3 DRIFTS-RGA 

 The changes in the bonding environment of the polymer film were studied in-situ using 

DRIFTS (COLLECTOR II, Thermo Scientific). The purge line for the DRIFTS cell was connected 

to a mass analyzer (RGA200, Stanford Research Systems) in order to analyze the composition of 

gas components inside the DRIFTS chamber. The pressure of the vent line and the amount of gas 

entering the RGA were controlled using a series of needle valves. The apparatus is shown in Figure 

1. The polymer-coated powder was placed inside the DRIFTS sample cup and was leveled using 

a razor blade, as recommended by the instrument manual. Ar gas with a constant flow rate of 10 

sccm was then introduced into the cell to purge the chamber for approximately 1 h to remove any 

residual air remaining in the system. Prior to taking measurements, the RGA was allowed to reach 

a stable baseline. The sample in the DRIFTS cell was heated at a rate of 20 °C/min to 900 °C, and 

the IR absorbance spectrum was recorded at every 100 °C interval. During the experiment, the 

pressure of the purge line from the DRIFTS cell was kept at a minimum of 0.1 psig in order to 

induce a positive pressure and to ensure that ambient air did not enter through the vent lines.   
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Figure 1: Schematic of the combined DRIFTS-RGA apparatus 

2.4 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (Cahn Instruments, 12130-01) was used to measure in-situ the 

mass loss of the pV4D4 polymer during pyrolysis. For that, approximately 100 mg of the pV4D4-

coated BaF2 powder (prepared as described above in Section 2.1) was placed inside the TGA 

sample cup, and high-purity Ar gas was then allowed to purge the system at a flow rate of 30 sccm 

for 20 min. For the TGA test, the chamber was heated to 100 °C at a heating rate of 3 °C/min and 

held at that temperature for 2 h in order to move any residual moisture. The sample was then heated 

to 900 °C at a heating rate of 3 °C/min before being cooled down to room temperature at a rate 5 

°C/min. 

2.5 X-ray Energy Dispersive Spectroscopy (EDS)

A plasma focused ion beam (PFIB)/scanning electron microscopy (SEM) system (Thermo 

Scientific, Helios G4 PFIB UXe DualBeam FIB/SEM) with an attached x-ray energy dispersive 

spectroscopy (EDS) accessory was used to investigate the atomic composition of the polymer 

films. Data were collected with a voltage of 5 kV and a 1.6 nA beam current. The working distance 

of the EDS detector was set to 5.5 mm and 1,000,000 counts were collected for each sample. 

3. ReaxFF Algorithm/Work-Flow
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The PV4D4 system was created through open source IQMol Software and relaxed using 

the Universal Forcefield (UFF) available within the IQMol package.38 We randomly reacted the 

vinyl bonds in a head-to-tail polymerization so that approximately 52% of the vinyl bonds were 

reacted for the system. The cross-linked structure, thus created, was repeated periodically to yield 

a system with approximately 2000 atoms. The polymer system was first initiated with 3 pV4D4 

complexes of 15 monomers each, which each had the requisite vinyl reactivity. The system was 

then compressed using NVT-MD to a density of 1.22 gm/cc. The compressed system, thus 

obtained, was pyrolyzed using NVT-MD at a timestep of 0.1 fs per step at various temperatures 

from 300 K to 2500 K. The heating rates for the pyrolysis process were 1 K/ps, 2 K/ps and 3 K/ps. 

We dumped the files every 1 ps and observed the fragments formed at the given step using depth 

first search analysis on the molecular graph formed using the nearest bonded neighbor cutoff 

criteria for various atoms.  

4. Results and Discussion

4.1 pV4D4 Deposition via PECVD and Ex-situ Pyrolysis as Studied by Transmission FTIR 

We have found that PECVD deposits pV4D4 films at a much higher deposition rate than 

what was previously attained with iCVD (~100 nm/min vs. ~10 nm/min) under comparable reactor 

conditions. This has benefits in terms of shortening the deposition time, and thus the costs, for the 

preparation of these films for potential commercial uses, but also makes it more convenient to 

grow thicker polymeric films on substrates to test and experiment with techniques such as 

DRIFTS, TGA, and RGA, thus improving analytical accuracy. 

Table 1. IR bands shown in Figures 2-4

Regions IR Bands Corresponding to Bonds

i C-H stretching from polyethylene bonds, asymmetric CH3 stretching

ii Modes related to vinyl bonds

iii Si-CH3 bending

iv Si-O-Si bonding environments

v Si-C stretching, rocking in Si-CH3

vi Si-O-Si out of plane deformations
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Figure 2 shows the transmission FTIR spectrum of the pV4D4 polymer deposited, via 

PECVD, on a Si wafer. For comparison in the same Figure, we also show the FTIR spectra of the 

V4D4 monomer. For easy reference, Table 1 shows the various bands and their assignments to 

functional groups observed.  There are several prominent bands which are present both in the 

V4D4 monomer and the pV4D4 polymer. These include bands in the region between 1000 and 

1100 cm-1, where one finds a broad band corresponding to the Si-O-Si bending (~1060 cm-1) and 

the Si-O ring stretching (~1065 cm-1) bands (region iv). In addition, there are several bands 

corresponding to the Si-C bond in both the V4D4 and pV4D4: Si-CH3 bending (~1250-1270 cm-

1) (region iii), Si-C asymmetric rocking (~790 cm-1) (region v), and Si-C rocking (~750 cm-1) 

(region v).39 There is also a sharp peak at 2960 cm-1 which corresponds to asymmetric CH3 

stretching in Si-CH3. There are several bands, however, in the monomer spectrum corresponding 

to the vinyl bonds (peaks ii) that are not present in the polymer spectrum. They include the bands 

at ~960 and ~1400 cm-1 corresponding to the wagging and bending modes of CH2, and the band 

at ~1600 cm-1 corresponding to the C=C stretching in vinyl bonds.40 In addition, there is a small 

band at ~3060 cm-1 associated with C-H stretching in CH=C in vinyl groups.41 These bands 

corresponding to the vinyl bonds located at 960, 1400, 1600, and 3060 cm-1 (peaks ii) are not 

present in the polymer spectrum, and furthermore, there is a rise in the bands at 2870 and 2920 

cm-1 corresponding to the C-H stretching in aliphatic polyethylene backbone structures (region i) 

formed during the polymerization of V4D4.39 It is important to note that PECVD, typically, grows 

polymer films by random radicalization of the precursor monomer, leading to random 

recombination reactions and cross-linking between cleaved moieties.42 This contrasts with 

targeted deposition methods such as iCVD, which promote film growth by radicalizing more labile 

bonds such as vinyl groups. Nevertheless, it can be seen from the IR spectra that the use of a lower 

plasma power promotes the chain growth through the vinyl bonds. 
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Figure 2: Spectra of the V4D4 monomer and the pV4D4 polymer deposited via PECVD on a Si 

wafer 

We have used FTIR, ex-situ, to characterize the structure of polymer films pyrolyzed at 

different temperatures. As noted in Section 2.2, Si wafers, chosen due to their high IR 

transmittance, were used as the substrates to deposit dense, 3 µm thick pV4D4 polymer films using 

PECVD. The polymer-coated Si wafers were then pyrolyzed as described in Section 2.2. The IR 

spectra of the pyrolyzed films were immediately collected using transmission FTIR. Figure 3 

shows the FTIR spectra of the as deposited pV4D4 film as well as of the polymer films pyrolyzed 

at different temperatures. Figure 3a shows the FTIR spectra extending from 400 to 3100 cm-1, and 

Figure 3b and Figure 3c show the expanded views of the regions of the spectra corresponding to 

the polyethylene and methyl bands, respectively. 

FTIR analysis of the pV4D4 sample pyrolyzed at 300 C shows no significant difference °

in the peak intensity from the as-deposited pV4D4 sample, thus indicating very little change in its 

chemical structure. By a pyrolysis temperature of 400 C, the peaks at 2860 cm−1 and 2920 cm−1, °

corresponding to the C-H in -CH2-CH2- backbone bonds (region i), are slightly reduced, due to the 

cleavage of some of the polyethylene bonds. The methyl stretching bands (region iii), on the other 
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hand, remain intact at 400 C with none of the related peaks in Figures 3b and 3c being reduced. °

The band at 1065 cm-1 (SiO2R2) still predominates the structure, but bands at 1028 cm-1 (Si-O-Si) 

and 1120 cm-1 (SiO3R, silsesquioxane cage structure) are also present.1

Figure 3: a) Ex-situ IR absorbance spectra showing the transformation of the PECVD-deposited 
pV4D4 polymer during pyrolysis; b) expanded view of the IR region from 2750 to 3100 cm-1 
showing the polyethylene stretching band; c) expanded view of the IR region from 1200 to 1300 
cm-1 showing the methyl stretching band.

This is probably due to the fact that the pyrolysis of pV4D4 was carried out in an inert environment, 

with fewer oxygen atoms being available to enable the network rings to form silsesquioxane cages. 

At a pyrolysis temperature of 500 C, the ethylene peaks at 2860 and 2920 cm-1 (region i) are °

significantly reduced, but the neighbouring methyl peak is only slightly reduced. Furthermore, the 

Si-CH3 stretching band transitions from a single peak at 1260 cm-1 into a peak doublet at 1262 

cm-1 and 1275 cm-1. We have previously shown that the splitting of this peak relates to the 

formation of some silsesquioxane (SiO3R) groups.1 The spectra of the pV4D4 sample pyrolyzed 

at 600 C shows a broad band between 950 cm-1  and 1250 cm-1 (region iv), indicating the presence °

of a mixture of Si-O-Si, silsesquioxane, and Si-O-C bonds.43 There is also a peak between 400 
CH=CH

2

Si-O-Si

Si-C
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cm-1  and 500 cm-1 (region v) that represents the Si-O-Si out-of-plane deformation typically found 

in silica structures. 44 By this temperature, the polyethylene bands at 2860 cm-1 and 2920 cm-1 

(region i) have disappeared; the methyl band (region iii) has also been significantly reduced, and 

has also shifted to a wavelength of 1275 cm-1
, indicating that the pyrolyzed polymer has more of a 

silsesquioxane rather than a network-type structure. At a pyrolysis temperature of 700 °C, the 

methyl peak has completely disappeared, but the broad band at 1150 cm-1 (region iv), likely 

indicating the presence of Si-O-C in the structure, still remains. At 800 °C, the Si-O-Si band 

(region iv) continued to change into a silica structure, as indicated by a peak shift to 1065 cm-1, 

whereas the silsesquioxane and Si-O-C shoulders were significantly reduced. There is no 

significant change happening in the structure when going from 800 °C to 900 °C, indicating that 

the polymer has largely finished pyrolyzing by 800 °C. 

4.2 pV4D4 Pyrolysis Studied with the Integrated DRIFTS-RGA system

For these experiments, pV4D4 films with a thickness of 10 µm were deposited on BaF2 

powder via PECVD and the resulting polymer-coated powders were then placed inside the cell 

compartment of the DRIFTS instrument, which was connected with a MS analysis system (RGA). 

The pV4D4 polymer films were then pyrolyzed in situ by raising the sample temperature (up to 

900 oC) in a linear fashion (10 °C/min) with the DRIFTS instrument used to monitor the IR spectra 

of the films during pyrolysis and the RGA employed for monitoring various gaseous species 

evolved. 
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Figure 4: DRIFTS data showing the IR absorbance spectra for pV4D4 films at different 

pyrolysis temperatures
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Figure 5: Functional group peak area change as a function of pyrolysis temperature

Figure 4 shows the DRIFTS-IR spectra for the pV4D4 polymer as it undergoes pyrolysis 

at various temperatures (see Table 1 for the functional groups corresponding to the various major 

IR bands) and Figure 5 shows the change in the DRIFTS spectra peak area for the polyethylene 

and methyl bonds. The DRIFTS spectrum of the as-deposited polymer has, as expected, bands that 

are similar with those found in the FTIR spectrum of the pV4D4 polymer grown on the Si wafer, 

see Figure 3: A broad band between 950 cm-1 and 1100 cm-1 that corresponds to the asymmetric 

Si-O-Si stretching (region iv),45,46,47, a sharp, prominent band at approximately 1250 cm-1 to 1270 

cm-1 that corresponds to the Si-CH3 band (region iii), C-H stretching bands between 2800 cm-1
  

and 3000 cm-1
  corresponding to the polyethylene backbone formed during the polymerization and 

the CH3 group (region i),  and two small bands in the region between 700 cm-1 and 800 cm-1 

corresponding to the Si-C bending and rocking modes (region v). 

As the pyrolysis temperature increased, we found that there were only minimal changes in 

the IR spectra until a temperature of 400 °C was reached, which is similar to the behavior of the 

pV4D4 on Si wafers samples pyrolyzed in a tube-furnace (Figure 3). Most notably, the areas the 

polyethylene backbone (region i) and methyl group (region iii) bands did not noticeably decrease, 

see Figure 5, which indicates that the pV4D4 chemical structure stayed largely intact up to that 

Page 15 of 31 Molecular Systems Design & Engineering



15

pyrolysis temperature; this observation is in line with the discoveries of other researchers 

investigating polysiloxane polymer pyrolysis using similar techniques.48 By 500 °C, there was a 

small reduction in the polyethylene stretching (region i) and the methyl (region iii) peaks. As the 

pyrolysis temperature increased past 500 °C, as Figure 5 shows, there was a significant drop in the 

polyethylene peak area, but this was not the case with the methyl peak. There was, however, a 

decrease in the methyl band area beginning around 600 °C (Figure 5), which agrees with the 

observation by Narisawa49, who found that polysiloxanes had their methyl groups removed at ~600 

°C. Both the methyl and the polyethylene peak areas have decreased appreciably by a temperature 

of 700 °C, and the area of the Si-C bending and rocking peaks (region v) has been largely reduced 

by this temperature as well. By a pyrolysis temperature of 800 °C, most of the peaks corresponding 

to the hydrocarbon bonds (regions i, iii, and v) have largely disappeared from the spectra, with the 

peaks corresponding to Si-O-Si, at around 1050 cm-1 and 600 cm-1 being the only peak remaining. 

These are the characteristic IR peaks for amorphous silica.43 Increasing the pyrolysis temperature 

to 900 °C did not significantly change the DRIFTS spectra, as the majority of the functional groups 

have already been cleaved by then. The DRIFTS results with the pV4D4-coated BaF2 powders are 

very similar to the observations made with the polymer samples coated on Si wafers and pyrolyzed 

in a tube-furnace. This shows that the substrate on which these polymer films are deposited has 

little impact on their structure, and also that the pyrolysis conditions in the DRIFTS chamber 

resemble those in a conventional tube-furnace. 
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Figure 6: Partial pressures of gaseous species as detected by RGA

During pV4D4 pyrolysis, the RGA instrument attached to the DRIFTS chamber detected 

several gas phase species, including hydrogen (H2), methane (CH4), ethylene (C2H4), ethane 

(C2H6), propene (C3H6), and propane (C3H8), which were emitted from the polymer being 

pyrolyzed. The increases in the gas phase species concentration detected by the RGA are shown 

in Figure 6 in terms of the ratio of the partial pressure of the species P measured by the MS detector 
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divided by the partial pressure P0 of the same species detected prior to the start of the pyrolysis. It 

can be seen from the results presented in Figure 6 that gas species evolution primarily took place 

in two temperature ranges, namely between 400 °C and 500 °C and in between 600 °C and 700 

°C. In the first stage of gas species evolution, we observed a large increase in the partial pressure 

for C2H4, C2H6, and C3H8. The partial pressures for C2H6 and C3H8 increase sharply, peaking at 

~500 °C, and they quickly diminish by the time the pyrolysis temperature has reached 600 °C. 

Plawsky et. al50 reported that, during the pyrolysis of an organo-silicate polymer, C2H6 is 

thermodynamically favored to form at temperatures lower than 600 °C, and it is likely generated 

from free CH3 radicals recombining. This first stage of gas phase species evolution is associated 

with the scissioning and loss of the polyethylene polymer backbone due to pyrolysis, as can also 

be seen in the DRIFTS and ex-situ FTIR spectra. In previous models of polysiloxane polymer 

pyrolysis49, it has been seen that the scissioning of -CH2-CH2- in the polymer backbone leads to 

the formation of C2H4. Wilson et. al47,51 also found via MS analysis that during the pyrolysis of 

polysiloxane polymers, C2H4 species were detected at temperatures between 400 °C and 650 °C. 

In our experiments (Figure 6) in comparison to C2H6 and C3H8, the increase in C2H4 gas phase 

concentration is more gradual with C2H4 being emitted in the gas phase starting with a temperature 

of 200 °C and its concentration remaining relatively constant throughout the whole pyrolysis 

experiment. This is indicative that ethylene is continually being formed not only due to reformation 

of the -CH2-CH2- groups but also by the removal and recombination of methyl groups followed 

by atomic hydrogen abstraction. 

The second stage involves the evolution of H2 and CH4 (in addition to the constant 

evolution of C2H4 that continues from the first stage) The increase in partial pressure for CH4 

commenced at a temperature of ~425 °C and peaks at a time when the temperature is around 650-

700 °C. Such CH4 evolution behavior has been reported in other MS studies of polysiloxane 

polymer pyrolysis47,52  and has been attributed to the homolytic cleavage of Si-CH3 bonds at 

elevated temperatures. This is also consistent with the DRIFTS data presented in Figures 4 and 5 

that indicate the loss of methyl groups in the same range of temperatures. 

The increase in H2 partial pressure commences at a temperature of ~ 500 oC and peaks at a 

temperature of ~750 oC. During their study of the pyrolysis of polysiloxane gels, Bahloul-Hourlier 

et. al51 found that increase in the rate of evolution of CH4 and H2 species at these temperatures was 
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attributed to the formation Si-CH2-Si and Si-CH2-CH2-Si hydrocarbon bridges and their 

subsequent decomposition. The delayed H2 evolution is in contrast with lower temperature H2 

evolution observed with other Si-type materials51, and can be attributed to the lack of Si-H bonds 

in the pV4D4 polymer. The higher temperature H2 evolution, which peaks around 750 °C in Figure 

6, was previously reported47,49,50 and was attributed to the scission of C-H bonds which are, 

typically, the second strongest bonds in siloxane-type polymers after the Si-O bonds, and are 

known to be cleaved only at temperatures above 600 °C.49. The cleavage and recombination of 

methyl radicals, followed by atomic hydrogen abstraction, is likely responsible for the secondary 

peak observed during ethylene evolution, see Figure 6.

While the formation of larger molecules such as C4H10 and C6H6 are thermodynamically 

favored during pyrolysis, they were not detected by the RGA in our study. We hypothesize this to 

be due to the slow diffusion of -CH2-CH2- groups in the solid state that kinetically limits the ability 

of the cleaved polyethylene fragments to recombine into larger MW alkane or cyclic molecules.

4.3 TGA Study of pV4D4 Pyrolysis

TGA was also used to measure the mass loss of the pV4D4 polymer during pyrolysis as a 

function of time (and corresponding temperature). The mass loss data are complementary to the 

FTIR and RGA results in the effort to better delineate the mechanism of pV4D4 pyrolysis. For the 

TGA experiments, as with the DRIFTS/RGA experiments, we utilized BaF2 powders coated with 

5 µm of pV4D4. Prior to using the polymer-coated powder for the TGA experiments, it was dried 

at 100 °C in a tube-furnace for 1 h under flowing Ar to remove any residual moisture. The 

experimental heating protocol for the TGA experiments consisted of raising the sample 

temperature in a linear fashion (3 °C/min) to 100 °C and letting the sample stand (soak) at this 

temperature for 1 h to remove potential volatile contaminants, including moisture. Subsequently, 

the sample temperature was raised linearly to 900 °C.53 We carried out three TGA runs at different 

heating rates of 5, 10, and 15 K/min in order to determine the effect of heating rate, if any, on the 

observed behavior. 
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The mass loss behavior of the pV4D4 polymer can be quantified via the fraction of 

decomposition (α) defined by Equation 1 below, where mi, mt, and mf are the initial mass, mass at 

time t, and final mass of the sample, respectively.

(1)

Figure 7: Fraction of decomposition versus temperature for three different heating rates

Figure 7 shows the change in α as a function of temperature for the three different heating rates. 

Before a temperature of 400 °C, there was a gradual increase of α (with no difference observed 

between the three heating rates) up to a value of 0.15. This is, likely, due to evolution of small 

amounts of Si-H, and small amounts of ethylene groups being cleaved off, as also indicated by the 

RGA results. For temperatures between 400 °C and 700 °C, α increased from 0.15 to 0.9, indicating 

that this is the range where most of the polymer decomposition occurred. This temperature range 

also corresponds to the temperature range for which the DRIFTS and RGA results indicated that 

the majority of the polyethylene and methyl groups were evolved from the polymer structure. In 

𝛼 =
𝑚𝑖 ― 𝑚𝑡

𝑚𝑖 ― 𝑚𝑓
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the temperature range between ~385 °C and ~600 °C, α increased in approximately linear fashion 

for all 3 heating rates, from ~0.15 to ~0.7. This is the temperature range in which the DRIFTS 

results indicated that most of the decomposition of the polyethylene backbone took place. Past 600 

°C and up to a temperature of 765 °C, α continued to increase linearly, albeit at a slower rate, from 

~0.7 to ~0.97, the increase corresponding to the loss of methyl groups, as determined by the 

DRIFTS/RGA results. Past a temperature of 800 °C, α continues to increase but very slightly, 

indicating that by this temperature, the polymer had largely finished pyrolyzing.    

  

Figure 8: Derivative of weight change during pV4D4 film pyrolysis

To better understand the changes that are occurring in the polymer structure, we calculated 

the derivative of weight change versus temperature for the 3 K/min heating rate TGA test. The 

results in Figure 8 indicate the presence of three primary peaks. The first peak, centered around 

200 °C, corresponds to very minor scissoning of the polyethylene backbone and methyl groups, as 

seen in Figure 5. The largest peak, centered around 500 °C, corresponds to the scission of the -

CH2-CH2- bands from the polyethylene backbone, as also seen in the DRIFTS and ex-situ FTIR 

results. These reactions contributed to a large mass loss due to the evolution of C2/C3 species such 

as C2H4, C2H6, and C3H8, as shown by the RGA data. The third peak, centered around 700 °C, 

corresponds to the loss of methyl functional groups from the polymer as well as hydrogen 
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abstraction from labile C-H bonds. The mass loss corresponding to this peak was smaller in 

comparison to the larger peak due to the majority of the carbon functional groups from the 

polyethylene having already been scissioned off the polymer. This small peak correlates to the 

formation of CH4 and H2 species, as also seen by the RGA.

4.4 Atomic Composition Analysis of Materials from pV4D4 Pyrolysis

EDS was used to analyze the atomic composition of the pyrolyzed films. The films were 

prepared as previously described in Section 4.1. We estimated the electron beam penetration depth 

to be ~1 μm, so to ensure that there was minimal effect on the EDS results from the Si wafer 

substrate, the thicknesses of all of the polymer films were measured using a stylus profilometer 

(AMBiOS XP-2) to ensure they were at least 1.5 μm thick. Prior to the EDS tests, the as prepared 

films were sputtered with a palladium/platinum coating to increase their conductivity. Table 2 

shows the atomic % elemental composition (At%) of the pyrolyzed films from the EDS analysis.

Table 2. At% of the pV4D4 films pyrolyzed at various temperatures

Composition Deposited 300 °C 400 °C 500 °C 600 °C 700 °C 800 °C 900 °C

C 61.1 57.1 56.1 45.4 29 29.1 3 2.4

O 23.5 23.4 23.5 31.9 45.4 47.7 64.2 67.5

Si 15.4 19.6 20.3 22.7 25.6 23.2 32.8 30.1

For each film, we analyzed three different spots, each at a distance of at least 1 mm apart from the 

others aiming to determine film uniformity. For each spot, three different measurements were 

made, and their average values were then compared with those of the other two spots. Good film 

uniformity was noted. The At% values reported in Table 2 represent the average among the three 

spots. The results from the EDS experiments are consistent with the observations from the 

DRIFTS-RGA part of the study (Section 4.2). There is little change in the pyrolyzed film’s atomic 

composition until a major transformation begins to happen between 400 °C and 500 °C. At this 

temperature, there is a ~10 % reduction in the carbon content of the pyrolyzed pV4D4 film. 

Between a temperature of 500 °C and 600 °C, there is an additional decrease of ~16 %. These two 

reductions in the carbon content of the film are, likely, due to the polyethylene -CH2-CH2- 
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functional groups being removed from the structure, as indicated also by the DRIFTS studies 

(Figures 4 and 5). Between 600 °C and 800 °C, there is a substantial decrease in the carbon content 

down to 3%. This is consistent with the DRIFTS/RGA results that indicate large shifts in the 

chemical structure of the film involving the scission of methyl groups from the polymer, the rapid 

evolution of H2 and CH4, and the transition of the polymer into a silica film. Further pyrolysis at a 

temperature to 900 °C showed negligible changes in the atomic composition of the material, 

signifying that the transition of the polymer into a silica ceramic was complete by a temperature 

of 800 °C. Such a conclusion is also supported by the FTIR and DRIFTS observations.

4.6 Computational Studies

The ReaxFF reactive forcefield for pV4D4 was developed by further retuning the 

parameters35 from a previous parameterized forcefield for a PDMS polymer system. The ground-

truth data-set for this training effort contained the equation of states for bond and angle scans for 

various configurations, as shown in Figures S1 and S2 in the Supplementary Materials 

Section. Comparison of ReaxFF and DFT obtained bond and angle scans indicate that the ReaxFF 

values are in good agreement with the calculated DFT values. DFT calculations were performed 

using QCHEM code with B3LYP functional with 6-31G** basis set. We trained a total of 49 

parameters for this data-set which comprised of two-body, off-diagonal and three-body terms. The 

two-body C-C, C-Si, O-Si bond terms were reparametrized from the earlier parameterization along 

with the Si-C and Si-O off-diagonal terms to obtain a good representation of bond-scans with 

respect to the DFT obtained bond-scan. Further, retuning of the C-Si-C, C-Si-O and O-Si-O three-

body angle terms was performed to have an exact representation of the closed ring structure of 

pV4D4 polymer.

Figure 9 shows the simulation results of the carbon atomic content in the pV4D4 polymer 

clusters as a function of temperature, expressed as the % fraction of the original number of carbon 

atoms that still remain in the polymer structure, ATC%, as it is being pyrolyzed. We carried three 

different pyrolysis simulations that varied from each in the rate (1 K/ps, 2 K/ps, and 3 K/ps) by 

which we heated up the polymer structure. The differences in behavior among the three simulations 

is qualitatively similar to the experimental behavior of mass loss (see Figure 7) observed when 

heating the polymer sample with different heating rates. For all of three simulations, the three 
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polymer chain structures stayed intact, and the decrease in ATC% was due to the loss of carbon 

functional groups. 

The experimental results discussed above show that as the pyrolysis temperature increased, 

the carbon At% of the polymer significantly decreased, and the polymer transitioned into a Si-O-

C structure. The simulation also showed that as the polymer was heated, starting from a 

temperature of 300 K, the ATC% also decreased significantly. Interestingly, the number of silicon 

and oxygen atoms in the polymer structure remained constant, indicating that neither element was 

removed from the polymer structure during pyrolysis. This is consistent with our RGA studies, in 

which we did not observe any Si- or O-containing gas phase species. It is, likely, due to the fact 

that the Si-O bond dissociation energy is known to be significantly higher than the bond 

dissociation energies for the other bonds found in this siloxane-type polymer.54,55 Figure 10 shows 

the mass of the pyrolyzed polymer, expressed as 100X(m/m0), where m is the mass of the polymer 

at any given time (and corresponding temperature of pyrolysis) and m0 its initial mass prior to the 

start of pyrolysis. As expected, the behavior is similar to the one for ATC% in Figure 9. 

Figure 9: Carbon content of the polymer strands as a function of pyrolysis temperature
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Figure 10: Mass loss of the polymer strands as a function of pyrolysis temperature

In order to better understand the dynamic changes that take place during pyrolysis, in the 

simulations we “tracked down” the number of Si-C bonds that remain in the simulation box. In 

Figure 11, we plot the fraction of the original bonds that remain in the polymer structure as it is 

being pyrolyzed at various temperatures. As the temperature increases past 700 K, there is a steady 

decrease of the Si-C bonds in the system, which are known to be more labile than the tight cyclic 

Si-O bonds.35 Such a decrease is attributed to the disintegration of the polyethylene bands, and 

also to scissioning of the methyl groups from the polymer.

In the simulations we also tracked down the number of stable gas phase species in the 

simulation box, which are shown in Figure 12. The simulations indicate the formation of H2, CH4, 

and C2, C3 and C4 hydrocarbon species, all of which (other than the C4 species) were also observed 

experimentally, as noted previously. Further, the simulations do not detect the presence of C5 or 

C6 hydrocarbon species, in line with the experimental observations. We attempt no quantitative 

comparisons here between the simulations and the RGA compositional data, as the experimental 

set-up is a flow system and the simulations employ a close system. Given such differences, it is 

quite remarkable that even a good qualitative agreement is attained.  
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Figure 11: Temperature evolution of the Si-C bonds during the pyrolysis of pV4D4
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Figure 12: Evolution of the compounds observed during the pyrolysis process for the a) 1 K/ps, 

b) 2 K/ps, and c) 3 K/ps heating rate simulations.

5. Conclusion

In this study, we developed a methodology to investigate the pyrolysis of a PECVD-

deposited pV4D4 film. In situ DRIFTS was used to analyze the changes in the solid-state bonding 

environment, and time-resolved MS was employed to monitor the concentration of gas phase 

species evolved as the pV4D4 polymer was being pyrolyzed. Combining these two in situ 

techniques allowed us to establish that pV4D4 pyrolysis takes place in two distinct stages. The 

first stage is associated with the cleavage of the more labile polyethylene backbone formed during 

the polymerization and leads to the release of C2 and C3 species such as ethylene and propane. The 

second stage is associated with the cleavage of the methyl groups, and with hydrogen abstraction 

from C-H bonds, which then leads to the formation of CH4 and H2. 

The DRIFTS and time-resolved MS techniques were also complemented with TGA 

measurements that further helped to confirm the two-stage mechanism of pV4D4 pyrolysis. EDS 

was used to provide an elemental analysis of the pyrolyzed polymer samples. The EDS results are 
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in line with the FTIR/DRIFTS measurements and confirm that polymer pyrolysis is complete by 

a temperature of ~800 °C to form a silica material with a very minor amount of carbon remaining 

in its structure. A computational model using ReaxFF was developed and utilized to provide 

further fundamental insight into the molecular processes that lead to the formation of inorganic 

silica films from siloxane-type, pre-ceramic polymer precursors. Good qualitative agreement 

between simulations and experiments was found. 
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