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Graphical and Textual Abstract 

 

 

Iodisation of polycarbosilane under an oxygen-free atmosphere, even at room temperature, leads to the 

dehydrogenation of Si‒H and C‒H bonds and construction of ‒Si‒C‒ networks without oxygen incorporation, 

thereby allowing oxygen-free curing for fabricating SiC fibres with low oxygen contents. 
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different atmospheres for polymer-derived silicon carbide fibres  
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The reaction of iodine with polycarbosilane (PCS) in air and N2 atmospheres at room temperature was investigated with 

the goal of limiting oxygen uptake during iodine curing, in order to fabricate SiC fibres with low oxygen contents. The 

investigation shows that the PCS fibres are well cured by iodisation even at room temperature, regardless of the presence 

of oxygen in the atmosphere. Although it was previously reported that the amount of oxygen incorporated is affected by 

the processing temperature, when PCS fibres were iodised in air at room temperature, they contained significant amounts 

of oxygen, owing to the very long processing time despite the low temperature. On the other hand, when iodised in a N2 

atmosphere, the fibres were successfully cured without oxygen uptake, thus demonstrating that iodisation under an 

oxygen-free atmosphere is a successful curing method for fabricating SiC fibres with low oxygen contents. During the 

cross-linking process, the iodine causes fragmentation of certain groups from the PCS polymer chains, which mostly 

contributes to the cross-linking between the chains, but leaves reactive sites that readily allow oxidation in air. 

Introduction 

Silicon carbide (SiC) fibres are a useful reinforcement material 

for ceramic matrix composites used at high temperatures in 

air.
1-4

 The growing demand for light-weight, high-modulus, and 

high-temperature-resistant materials for high-temperature 

applications, such as aerospace applications, high-efficiency 

turbines, and high-temperature reactors, has necessitated the 

continued development of higher-grade SiC fibres.
1,5-8

 The 

curing and pyrolysis of polycarbosilane (PCS) is a well-known 

simple method to produce SiC fibres with small diameters.
8-12

  

Oxygen content is a key factor in determining the 

microstructure and properties of SiC fibres. Specifically, oxygen 

introduced during the curing process and remaining in the 

SiC/SiCO fibres contributes to the formation of voids and the 

grain growth of crystalline SiC, evolving CO(g) and SiO(g) at 

>1300 °C. The process hinders the densification of fibres at 

higher temperatures and degrades the mechanical properties 

of the final fibre.
13-16

 Therefore, much research has focused on 

the development of a curing process to inhibit oxygen in-

corporation using methods other than conventional thermal 

oxidation curing. 

The most successful trial was the electron-beam radiation 

curing process pioneered by Okamura et al.;
17-20

 this curing 

process has been used to manufacture high-quality SiC fibres 

with near-stoichiometry (e.g., Hi-Nicalon-S type), although the 

process is very cost intensive.
19,21

 A chemical vapour curing 

method using halogenated hydrocarbons (e.g., CCl4 or C6H5Cl) 

or unsaturated hydrocarbons (e.g., cyclohexene, 1-octyne, or 

1-hexyne) was developed by Hasegawa et al.
22-24

 This method 

was postulated to be more economical than the radiation 

curing method; however, there has been no report on the 

actual application of this method in the SiC fibre industry. In 

addition, a method using sequential treatment with BCl3 and 

ammonia to cure PCS fibres was devised by Dow Corning Co., 

but this method has a long reaction time (15 h).
25,26

 Otherwise, 

SiC fibres can be produced by dry spinning high-molecular-

weight PCS without any curing treatment to avoid 

incorporation of oxygen; however, this method requires harsh 

synthesis conditions.
27-29

 

As an advanced curing technique, we developed iodine-vapour 

curing.
30

 Our previous paper reported that the diffusion of 

iodine into PCS induces cross-linking of PCS at low 

temperatures (100–150 °C) in air, but oxygen introduction 

onto the surface was inevitable in this temperature range. 

However, further research led us to believe that the 

introduction of oxygen could be inhibited by controlling the 

curing conditions for the following reasons:
30,31

 (1) the oxygen 

content increases proportionally with the curing temperature, 

(2) the oxidised region is limited to the surface when curing at 

a low temperature (~80 °C) despite the longer treatment time 
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(3 h), and (3) the degree of curing is correlated to the degree 

of iodine diffusion rather than to that of oxygen diffusion. 

In this paper, we clarify whether the iodine-vapour curing 

process can be made oxygen-free or if it requires iodine-aided 

oxidation. In order to minimise the effect of oxygen, the PCS 

fibres were iodised at room temperature in air as well as N2 

atmosphere. The evolution of their chemical structures as well 

as the oxygen content incorporated into the fibres were 

investigated in detail. Based on the results, an oxygen-free 

curing process was outlined. 

Experimental 

Synthesis of polycarbosilane 

Two polycarbosilanes (PCSa and PCSb) were prepared as 

precursors. PCSa, provided by TBMTech Co. Ltd. (South Korea), 

had an average molecular weight (�w) of 2229 and a melting 

point of 150–180 °C (determined by GPC and melting-point 

apparatus, respectively).
30

 PCSa was melt-spun using a single-

spinner apparatus to obtain PCS fibres with a diameter of 10–

20 µm (determined by optical microscopy). PCSb was 

synthesised by Kumada rearrangement
32,33

 of 

polydimethylsilane (PDMS). A mixture of 600 g of PDMS 

(TBMTech Co. Ltd., Korea), 6 g of aluminium(III)-

acetylacetonate (Al-acac, Sigma–Aldrich Co. LLC, USA) for Al-

doping, and 6 g of carbon nanotubes (CNTs) as a catalyst was 

placed in an autoclave purged with Ar gas and then thermally 

decomposed at 350 °C for 5 h and subsequently at 400 °C for 5 

h. The solid product obtained was dissolved in toluene and 

purified using a centrifugal separator and by filtration through 

a series of sieves (3, 1, and 0.45 µm). Then, the toluene was 

removed by vacuum distillation for 2 h at 150 °C. The resultant 

product had a �w of 1803 and a melting point of 85–110 °C.
30

 

The product was then hand-ground to obtain a uniform PCS 

powder. These two PCSs had almost identical structure and 

characteristics, although they had different molecular weights. 

 

Reaction in an air atmosphere 

Identification of gas by-products at room temperature. In the 

course of mixing PCS and iodine to induce a reaction at room 

temperature in air, a yellow vapour or gas was evolved. The 

quantity of this by-product was small compared with that of 

the solid. After mixing 0.0983 g iodine (Yakuri Pure Chemicals 

Co. Ltd., Japan) and 2.2346 g PCS powder (PCSb) and 

subsequent gas evolution, the total weight of the reaction 

mixture was immediately determined using a digital balance 

with a resolution of 0.01 mg (HM-300, AND Co. Ltd., USA). 

Furthermore, the identity of the gaseous product was 

determined using gas chromatography coupled with mass 

spectrometry (GC-MS; Agilent 7890A/5975C, Agilent 

Technologies, USA). The GC-MS was equipped with a fused-

silica capillary column (HP-5MS, 30 m × 0.25 mm × 0.25 µm, 

5% phenylmethyl siloxane). The measurement method was as 

follows. PCS (PCSb) and iodine powders were mixed in a 

headspace vial, thereby emitting a yellow gas. The gas was 

extracted and then injected into the GC column (split ratio of 

10:1, He as the carrier gas, flow rate of 1.0 mL min
-1

). For 

product separation, the oven was heated isothermally at 40 °C 

for 4 min then the temperature was increased to 300 °C (10 °C 

min
−1

) and held constant for 20 min. The inlet and ion source 

temperatures were 250 and 230 °C, respectively. The MS was 

operated in scan mode with a mass detection range of 10–800 

Da. 

 

Thermal gravimetric analysis. The pyrolysis behaviour of PCS 

iodised at room temperature was examined by thermal 

gravimetric analysis (TGA; STA 409 PC Luxx, Netsch, Germany). 

Three samples were used for comparison: as-prepared PCS 

powder (PCSb) and two PCS–iodine mixed powders (mass ratio 

of 20:1 or 20:2). The mixtures were prepared by uniformly 

mixing PCS and iodine powders in a bottle and letting it stand 

for ~24 h at room temperature so that sufficient diffusion and 

reaction could take place. Around 30 mg of each of the 

specimens was placed in an alumina crucible and then heated 

to 1400 °C at a ramp rate of 5 °C min
-1

 in Ar flow (80 mL min
-1

). 

 

FTIR and solid-state NMR analyses. The chemical structures of 

the PCS fibres before and ~24 h after iodine treatment 

(iodisation) at room temperature were analysed by Fourier 

transform infrared (FTIR) spectroscopy and solid state nuclear 

magnetic resonance (NMR) spectroscopy. For iodisation, a 

bundle of PCS fibres (PCSa) was placed along with iodine 

powder in a schale at ambient temperature and covered with a 

lid.  As iodine is nonpolar,
34

 it easily sublimated and diffused to 

cover the fibres even at ambient temperature. This process 

was carried on for 24 h to sufficiently iodise the fibres. 

The as-spun PCS fibres and the iodised fibres were analysed 

using FTIR spectroscopy (Vertex 80v, Bruker Co., Germany) in 

vacuum. The samples were incorporated into potassium 

bromide (KBr) pellets. 

The solid-state NMR analyses (
29

Si, 
13

C, and 
1
H) were 

conducted on a Bruker Avance II+ 400 MHz NMR spectrometer 

with a magnetic field of 9.4 T using a 4 mm magic angle 

spinning (MAS) probe at room temperature. The crushed 

samples were placed in zirconia rotors and spun at a rate of 

13, 6, and 8 kHz for 
1
H, 

29
Si, and 

13
C, respectively. The 

1
H MAS 

NMR spectra were acquired using single-pulse excitation at a 

Larmor frequency of 400.13 MHz with a recycle delay of 3 s. 

The 
29

Si cross-polarisation (CP)/MAS NMR spectra were 

collected at a Larmor frequency of 79.49 MHz with a contact 

time of 2 ms and a recycle delay of 3 s. The 
13

C CP/MAS NMR 

spectra were recorded at a Larmor frequency of 100.62 MHz 

with a contact time of 2 ms and a recycle delay of 3 s. The 

chemical shifts in the spectra were determined relative to 

tetramethylsilane (TMS). 

Additionally, an in-situ 
1
H MAS NMR analysis was conducted 

during iodisation of PCS in order to confirm the production of 

aromatics as by-products. PCS and iodine powders were placed 
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in a zirconia rotor and then analysed at room temperature 

over time (for details, see the ESI). 

 

EPR analysis. The influence of iodine treatment at room 

temperature on the residual radicals in PCS was investigated 

using an electron paramagnetic resonance (EPR) spectrometer 

(JES-TE300, JEOL Co., Japan) at 9.12 GHz (X band). Three PCS 

powders with different iodine contents were analysed: as-

prepared PCS (PCSb) and PCS–iodine mixtures (mass ratio of 

97:3 or 94:6). The mixtures were prepared by stirring for 5 h in 

a bottle at room temperature. Identical amounts of each 

specimen were used in the EPR experiments (100 mg). The g-

factors were calibrated against that of 1,1-diphenyl-2-

picrylhydrazyl (DPPH, Wako Pure Chemical Industries Ltd., 

Japan).
35

 

 

Reaction in an oxygen-free atmosphere 

DSC analysis. The reactivity of iodine towards PCS in an inert 

atmosphere, i.e., in the absence of oxygen, was observed by 

differential scanning calorimetry (DSC; DSC-60/60A, Shimadzu, 

Japan) in flowing Ar gas (60 mL min
-1

) at a ramp rate of 5 °C 

min
-1

 using alumina crucibles. DSC curves were obtained for 

PCS fibres (PCSa), iodine powder, and a PCS–iodine mixture 

(iodine powder covering the PCS fibres, 1:1 mass ratio).  

 

Solid-state NMR analysis. To confirm the role of iodine during 

the room-temperature curing in the absence of oxygen, the 

chemical structures of PCS obtained through iodine treatment 

in an inert atmosphere at room temperature were investigated 

by solid-state NMR analysis (Bruker Avance II+ 400 MHz NMR 

spectrometer). The following experiments were conducted in a 

glove box with a dried N2 gas atmosphere to exclude the 

effects of oxygen or humidity. PCS fibres (PCSa) were iodised 

by being placed into a vial containing iodine powder for ~24 h. 

Samples of PCS fibres before and after iodine treatment were 

crushed and placed in zirconia rotors in the glove box. 
29

Si MAS NMR spectra were recorded using the 400 MHz NMR 

spectrometer previously described, at a spin rate of 10 kHz and 

a Larmor frequency of 79.488 MHz using a 1.0 µs π/6 pulse 

with a delay time of 100 s. 

 

One-pot fabrication of SiC fibres. We attempted a one-pot 

fabrication process that combined curing and pyrolysis, in 

order to limit the introduction of oxygen that may occur by 

exposure to air during transfer of the cured fibres to the pyrolysis 

furnace. In this process, PCS fibres (PCSa, 20 mg) and iodine 

powder (200 mg) were placed in a graphite crucible (30 × 35 × 

20 mm
3
) and the sample was heat-treated in an alumina tube 

furnace with flowing Ar gas (2 L min
-1

). The temperature of the 

furnace was programmed to hold at 150 °C for 30 min, then 

increase to 1000 °C at a rate of 3 °C min
-1

 and hold at this 

temperature for 10 min. After this process, the fibres were 

observed with a scanning electron microscope (SEM; S-2700, 

Hitachi, Japan). 

 

Fabrication of SiC fibres through iodisation in different 

atmospheres 

Fabrication process. SiC fibres were fabricated by the following 

three different processes: (i) iodisation in an atmosphere 

containing oxygen and heat-treatment in a furnace afterwords 

with exposure to air between the two processes (two-pot 

process), (ii) iodisation in an oxygen-free atmosphere and 

heat-treatment in a furnace afterwards with exposure to air 

between the two processes (two-pot process), and (iii) 

iodisation in an oxygen-free atmosphere, followed by heat-

treatment with no exposure to air between the two processes 

(one-pot process). In the two-pot processes (i and ii), for 

iodisation, PCS fibres (PCSa, 140 mg) and iodine powder (60 

mg) were placed in a graphite crucible (π × 21 mm
2
 × 63 mm), 

and the crucible was heat-treated in a quartz tube furnace. 

The temperature of the furnace was programmed to increase 

at the rate of 5 °C min
-1

 and was held at 100 °C, 150 °C, and 

250 °C for 30 min each, under different atmospheres, namely, 

flowing N2 gas for process (i) and O2 (21%) ‒ N2 (79%) mixed 

gas for process (ii) (50 mL min
-1

); however, the actual 

temperatures inside the furnace were 30‒60 °C less than the 

scheduled temperatures, as determined with the help of a 

thermocouple probe inserted into the furnace. The furnace 

temperature was further increased to 500 °C (at the rate of 5 

°C min
-1

) and held at this temperature for 30 min to 

completely vaporise out iodine that might be adsorbed on the 

fibres and attract moisture when exposed to air. Next, for 

polymer-to-ceramic conversion, two types of cured fibres were 

moved to an alumina tube furnace and they were heat-treated 

together at 1300 °C for 1 h in the furnace under flowing N2 gas 

(2 L min
-1

).  

In the one-pot process (iii), PCS fibres (PCSa, 140 mg) and 

iodine powder (60 mg) were placed in a graphite crucible (π × 

21 mm
2
 × 63 mm), which was heat-treated at 1300 °C for 1 h in 

the alumina tube furnace under flowing N2 gas (2 L min
-1

). The 

heating schedule was the same as those in the two-pot 

processes, except for the slow ramp rate in the temperature 

range of 100‒200 °C (temperature ramp occurred over 2 h) for 

iodisation.  

 

Silicon-29 Solid-state NMR analysis. The amount of oxygen 

incorporated in the three types of SiC fibres and their chemical 

structures were evaluated by 
29

Si MAS NMR analysis. The 

fibres were ground into powder and placed in a 4 mm zirconia 

rotor. 
29

Si MAS NMR spectra were collected using an Agilent 

DD2 700 MHz NMR spectrometer operated at a spin rate of 10 

kHz, using a π/6 (1.838 µs) single-pulse excitation with a 

relaxation delay time of 30 s, at a Larmor frequency of 139.03 

MHz, where the number of scans was 1000. 

Results and discussion 
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Gas emission during the reaction at room temperature in an air 

atmosphere 

After mixing the iodine and PCS powders, the yellow vapour 

evolved was removed by degassing, and the total weight of the 

mixture was measured. A slightly increased weight (2.3364 g) 

was obtained compared with the sum of the weights of the 

reactants (2.3329 g), despite the gas emission. Thus, it is 

assumed that either moisture (H2O) or O2 in air, or both, is 

readily adsorbed onto the mixture. This assumption is 

supported by the following FTIR and NMR studies. 

The GC-MS analysis (Figure 1 and Table 1) reveals the identity 

of the yellow vapour evolved from the PCS–iodine mixture. As 

observed from the data, there are three groups of compounds 

in the vapour: aromatics (toluene and benzene), methyl iodide 

(CH3I), and cyclosiloxanes (H2 was not detected because of 

technical limitations (detectable mass range: 10–800 Da)). All 

these compounds are known to be colourless, yet the vapour 

was yellow to the naked eye. The yellow colour probably 

resulted from the absorption of iodine on aromatic clusters 

(so-called “charge-transfer complex”
36

) in the vapour, similar 

to the interaction observed between iodine and benzene.
36,37

 

The presence of such complexes implies that iodine (I2) causes 

the fragmentation of certain groups from the PCS polymer 

chains, such as –CH3, thus forming reactive sites. Such reactive 

sites cause the grafting of one chain onto another, hence 

leading to cross-linking. 

The major compounds detected were toluene (44.43%) and 

CH3I (41.82%) in Table 1. As the formation of CH3I is a type of 

dehydrogenation, this reaction would certainly contribute to 

the cross-linking of PCS. The aromatics might be formed 

through dehydrocyclisation of –CH3 fragments or CH3I; in fact, 

iodine appeared to induce the formation of carbon–carbon 

double bonds in PCS (refer to the C=C peak���	
�� of the FTIR 

spectrum in Figure 3). In addition, the remaining aromatics 

might also affect the cross-linking process, such as cyclohexane 

and aromatic cyclohexyl moiety, which were reported as a 

source to facilitate the cross-linking of PCS.
23,24

 The detection 

of siloxanes (7.30%) is due to the oxidation of oligomeric 

silanes that were detached from PCS (refer to the Si–Si signalδ=-

38 in the 
29

Si-NMR spectra in Figure 4(a)). This implies that the 

PCS surface, which was exposed to air, would also be oxidised. 

 

 
Figure 1. (a) Gas chromatogram of the sublimated gas evolved from the mixed 

PCS–iodine powder at room temperature in an air atmosphere. (b) Mass 

spectrum by GC-MS of the major fragments in the GC spectrum at retention 

times of 2.009, 3.041, 5.271, and 11.133 min.  

 

Table 1. Compounds in the gas evolved from the mixed PCS–iodine powder at room temperature in an air atmosphere determined by GC-MS
a
 

No. RT (min) Peak Area (%) Compound name Chemical formula 

1 

2 

3 

4 

5 

6 

7 

2.009 

3.041 

5.271 

6.990 

9.502 

11.133 

13.848 

41.82 

4.46 

44.43 

0.57 

0.68 

5.55 

0.50 

Methyl iodide 

Benzene 

Toluene 

Cyclotrisiloxane, hexamethyl- 

1,3-Dioxa-2,4,6-trisilacyclohexane, 2,2,4,4,6,6-hexamethyl- 

Cyclotetrasiloxane, octamethyl- 

Cyclopentasiloxane, decamethyl- 

CH3I 

C6H6 

C7H8 

C6H18O3Si3 

C7H20O2Si3 

C8H24O4Si4 

C10H30O5Si5 

Total 98.01   

a
Compounds with peak areas of less than 0.5% of the total area were excluded. 

Ceramic yield 

Figure 2 shows the TGA results for PCS and the PCS–iodine 

mixtures (5 or 10 wt% added iodine). Upon pyrolysis, the PCS 

polymers transformed into SiC ceramics with an accompanying 

weight loss. Most importantly, the ceramic yield obtained at 

1400 °C increases from 54 to 60 to 63 wt% in proportion to the 

amount of iodine added (0, 5, and 10 wt%, respectively), even 

though the PCS was initially only mixed with iodine at room 

temperature (with the assumption that iodine is completely 

removed from the SiC obtained at 1400 °C). Generally, the 

proportions of the final residue are determined by molecular 

weight and the degree of cross-linking of the polymer.
38,39

 

Thus, This result indicates that at or near room temperature, a 

specific reaction occurs between iodine and PCS that 

contributes to the cross-linking. Additionally, in the case of 

PCS+10% I2, the weight decrease up to 120 °C was relatively 

drastic, presumably owing to the vaporisation of excess 

unabsorbed iodine. 
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Figure 2. TGA curves (obtained in an Ar atmosphere) of PCS and PCS–iodine mixtures (5 

or 10 wt% added iodine: PCS+5% I2 and PCS+10% I2, respectively) exposed to an air 

atmosphere at room temperature for ~24 h. 

Chemical structure changes of PCS 

Figures 3 and 4 show the FTIR and NMR spectra, respectively, 

of the PCS fibres before and after iodisation at room 

temperature in an air atmosphere (the assignment of chemical 

bonds and environments marked in the figures are based on 

those reported in previous studies on PCS
15,17,40-48

). There are a 

number of noteworthy changes in the spectra after iodisation. 

First, the most distinguishing change after iodisation is the 

decrease in the Si–H peaks (2100 and 880 cm
-1

 in FTIR; ~-17 

ppm in 
29

Si-NMR and ~4.5 ppm in 
1
H-NMR). Second, the 

shoulder ascribable to Si–Si bonds (~-38 ppm in 
29

Si-NMR) 

disappears. Third, although the two multi-band peaks 

ascribable to C–H bonds (2830–3000 and 1330–1450 cm
-1

 in 

FTIR) appear to hardly change, a closer inspection shows that 

the end of the range (~1460 cm
-1

 in FTIR) is reduced. This 

region is likely related to the C–H bond in the –CH3 structure 

when considering the decrease in the SiCH3 signal (~-1 ppm in 
13

C-NMR). Fourth, the strength of the Si–CH2 peak (1030 cm
-1

 

in FTIR) increases in intensity, while the peak ascribable to 

both Si–CH3 and Si–C (800–850 cm
-1

 in FTIR) slightly decreases. 

This change corresponds to the downfield peak shift (i.e., 

dehydrogenation) observed by 
13

C-NMR. Fifth, the signals 

attributable to Si–O bonds (~435, ~1080, and 3680 cm
-1

 in 

FTIR; ~8 ppm in 
29

Si-NMR) increase, whereas the C=O bond 

peak (1700 cm
-1

 in FTIR) is static. Sixth, a strong signal 

corresponding to benzene (~7 ppm in 
1
H-NMR)

44,49
 appears. 

However, the actual amount of benzene could not be 

determined because it was present as a liquid or in the vapour 

state at room temperature (melting point of benzene: 5.53 °C); 

that is, the actual amount is smaller than the peak area 

because its rapid molecular tumbling yields a strong and 

distinct signal. The production of benzene during the reaction 

was confirmed with a supplementary experiment (ESI, Figure 

S1). Over time, this peak (~7 ppm) vanishes owing to 

vaporisation, as shown in the 
1
H-NMR spectrum (Figure 4(c)). 

Seventh, the O–H bond peaks in H2O (3300–3600 cm
-1

 in FTIR; 

5 ppm in 
1
H-NMR) appear after vaporisation of benzene. 

Finally, there are no new peaks in the FTIR spectrum related to 

C–I bonds, such as CH2I bending (1219 cm
-1

)
44

 or C–I stretching 

(516 cm
-1

).
44

 

To sum up, during the reaction of iodine and PCS, Si–Si, Si–H, 

and C–H bonds are cleaved and the silicon dangling bonds 

mainly combine with oxygen (originating from O2 or H2O in air), 

while the carbon dangling bonds mostly combine among 

themselves, thus constructing �Si–O–, >C=C<, or �Si–C 

networks (the �Si–C structure is also assumed to form 

when considering the discussion of the reaction in an inert gas 

below, although it cannot be confirmed at present owing to 

the overlapping of its signals). This tendency is almost identical 

to that of the reaction at a higher temperature (100 or 150 

°C).
30

 Unfortunately, PCS fibres iodised at room temperature in 

air still contain oxygen introduced during the process, yet the 

amount is smaller than that introduced during curing at a 

higher temperature.
30

 

  
Figure 3. FTIR spectra of PCS fibres before and after iodisation at room 

temperature in an air atmosphere. 

 

Page 6 of 11RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ACS Advances  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 6  

Please do not adjust margins 

Please do not adjust margins 

 
Figure 4. Solid-state NMR spectra of PCS fibres before and after iodisation at room temperature in an air atmosphere: (a) 

29
Si CP/MAS NMR, (b) 

13
C CP/MAS NMR, and 

(c) 
1
H MAS NMR. 

Evolution of free radicals in PCS 

Figure 5 shows the EPR spectra of PCS and the PCS–iodine 

mixtures, and Table 2 shows the tabulated data. The g-factors 

of all precursor PCS samples are 2.0032 ± 0.0002, which, 

according to previous reports, is more likely a result of carbon 

dangling bonds than those of silicon (commonly, g-factors are 

~2.0030 for carbon dangling bonds and ~2.0053 for those of 

silicon).
23,50-52

 However, the g-factor actually decreases slightly 

as the iodine content increases. This trend indicates that the 

residual silicon dangling bonds (or Si-centred radicals) react 

preferentially by combining with other radicals of oxygen or 

carbon, which agrees well with the decrease in the spin 

concentration. In addition, when considering the drastic 

decrease in the spin concentration, both C-centred radicals 

and Si-centred radicals would vanish through combination 

with another Si- or C-centred radical. These results are similar 

to those obtained for iodine-vapour curing at a higher 

temperature (100 °C),
30

 thus verifying that the cross-linking 

reaction can take place through iodisation at room 

temperature. These results also reinforce our theory that the 

cross-linking reaction through iodisation occurs via a concerted 

reaction and not via a radical reaction.
30

 However, with 

increasing iodine content, the symmetric spectrum becomes 

asymmetric (Figure 5(c)). Although this could be due to the 

presence of excess iodine, further experiments are required to 

determine the fundamental cause of the asymmetry. 

  
Figure 5. EPR spectra of (a) PCS and (b) PCS–iodine mixtures with a mass ratio of 

97:3 or (c) 94:6. The mixtures were prepared at room temperature in an air 

atmosphere. 

Table 2. EPR data from Figure 5. 

Sample I2 

content 

(wt%) 

g-factor Peak-to-peak 

width  

(Gauss) 

Peak-to-peak 

height  

(arb. unit) 

Relative spin 

concentration
a
 

(a) 0 2.0034 10.134 1568 16.183 

(b) 3 2.0031 9.865 1082 10.530 

(c) 6 2.0030 9.988 880 8.779 

a
Calculated using peak intensity = (peak-to-peak width)

2
 × (peak-to-peak 

height). 
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Reaction in an inert gas atmosphere 

To set the research direction toward oxygen-free curing, we 

needed to confirm whether the cross-linking reaction of 

iodine-vapour curing proceeds in an inert gas atmosphere or 

only works in the presence of oxygen. DSC and solid-state 
29

Si 

NMR analyses were conducted to investigate this process. 

The DSC curves in Figure 6 show the endo- and exothermic 

reactions of PCS, iodine, and a PCS–iodine mixture in an Ar 

atmosphere. The DSC curve for the PCS fibres has a very small 

endothermic valley above 210 °C. This is due to the melting of 

the fibres because the softening/melting point is 180–210 °C. 

The DSC curve for iodine has an endothermic peak up to ~80 

°C, which is attributed to the vaporisation of iodine. The DSC 

curve for the PCS–iodine mixture shows a gentle exothermic 

peak at 30–100 °C, although this peak would be offset by the 

endothermic vaporisation of iodine. The exothermic peak 

indicates that any reactions that might contribute to the cross-

linking of PCS, take place without oxygen at this low 

temperature once iodine comes in contact with PCS. Indeed, 

PCS mixed with iodine is deemed not to melt owing to the 

cross-linking reaction, as no endothermic valley at ~210 °C (a 

sign of melting) is observed in the DSC curve for the PCS–

iodine mixture. 

  
Figure 6. DSC curves obtained in an Ar atmosphere for PCS fibres, iodine powder, 

and a PCS–iodine mixture (1:1 mass ratio). 

The 
29

Si MAS NMR spectra in Figure 7 show the changes in the 

chemical structure of the PCS fibres following iodisation in a N2 

atmosphere. As expected, the SiC3H and Si–Si signals (-17 and -

38 ppm, respectively) decrease or vanish, while the SiC4 signal 

(~0 ppm) intensifies and the peak broadens (full width at half 

maximum (FWHM) increases from 6.01 to 8.99 ppm). Although 

a small shoulder around 14 ppm, ascribable to the chemical 

environment of SiOC3,
15,24

 is observed, the signal appears to be 

negligible with respect to the large peak attributable to SiC4 

(~0 ppm). This observation indicates that the reaction relating 

to cross-linking occurs solely in the presence of iodine. 

 

 
Figure 7. 

29
Si MAS NMR spectra of PCS fibres before and after iodine treatment 

at room temperature in a N2 atmosphere. 

Based on the above results, we traced the possible reaction 

routes for the cross-linking by iodisation. Generally, the PCS 

structures can be classified into five minimal unit structures as 

shown in Figure 8, in which Si‒H, Si‒CH3, C‒H, or Si‒Si bonds 

are subject to cleavage. 

  
Figure 8. Unit structures of PCS. The red lines indicate bonds that are subject to 

cleavage. 

Each unit structure could combine with another unit at the 

moment of cleavage (i.e., replacement reaction), thereby 

cross-linking the polymer chains while simultaneously forming 

by-products, such as CH3I and aromatics, as shown in the 

following equation: 

 

PCS����	 � PCS�����

��	����������
��������� cross– linked	PCS � by– product ↑ 

All possible combinations, i.e., linkages between the various 

silicon and carbon dangling bonds, result in three types of 

structures, as depicted in Figure 9. 

 
Figure 9. Possible structures by the cross-linking of two unit structures of PCS 

during iodine-vapour curing. The cross-linked bonds are indicated in red. 

Considering all the combinations between the minimal unit 

structures in relation with the by-products formed (e.g., CH3I, 

toluene, and benzene), the cross-linking reaction can occur 

only if a significant amount of hydrogen is detached from the 

original structure. Hence, it is expected that the cross-linking 

reaction entails the release of hydrogen in addition to the by-

products identified by GC-MS (Figure 1). However, further 

experimental evidence would be needed to confirm this 

assumption. 
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Fabrication of SiC fibres using a one-pot process 

We carried out the two-pot process by curing the PCS fibres 

under a N2 atmosphere in a furnace and subsequently 

subjecting them to pyrolysis in another furnace. Although SiC 

fibres were well-fabricated by the process, we suspected that 

the cured PCS fibres may take up oxygen, owing to the 

momentary exposure to air during their transfer to the second 

furnace for pyrolysis. This suspicion was based on the fact that 

the PCS fibres iodised under N2 gas exhibited white colour in 

the N2 atmosphere, whereas after exposure to air, their colour 

increasingly changed to a gold-like yellow within a few minutes. 

Hence, to circumvent exposure to air, we devised a one-pot 

heat treatment process that combines the curing and pyrolysis 

processes. This process was successful. As can be seen from 

the images in Figure 10, the SiC fibres fabricated using the one-

pot process were found to maintain their shape with no 

features that resulted in the fibres sticking to each other or 

tangling with each other. This indicates, before pyrolysed, the 

PCS fibres were cured by oxygen-free iodisation. Although the 

fibres had an oblong shape rather than circular shape, the 

shape could be readily controlled by optimizing the time and 

temperature of the iodisation process or by using a smaller 

size of fibre; for further details on controlling the morphology 

of the fibres, see a previous paper by the authors.
31

 

 

  

Figure 10. SiC fibres produced by one-pot heat treatment (to 1000 °C) of PCS 

fibres surrounded by iodine powder in an Ar atmosphere: SEM images (a, b) and 

photograph (c). 

 

Comparison between SiC fibres fabricated by iodisation under 

different atmospheres 

SiC fibres were fabricated by iodisation of the PCS fibres under 

N2 gas as well as under a mixed gas comprising of 79% N2 and 

21% O2 (i.e., oxygen-free and oxygen-containing atmospheres, 

respectively), with pyrolysis afterwards. In addition, SiC fibres 

were also fabricated by a one-pot process that combined the 

curing and pyrolysis processes, which was aimed at limiting the 

introduction of oxygen that might occur by the exposure of 

iodised PCS fibres to air.  

The chemical structures and oxygen contents of the three SiC 

fibres obtained were investigated by means of 
29

Si solid-state 

NMR analysis. Figure 11 shows the 
29

Si MAS NMR spectra of 

the fibres. The spectra contain four major peaks with chemical 

shifts of around -16, -38, -74, and -109 ppm, corresponding to 

the chemical environments of SiC4, SiO2C2, SiO3C, and SiO4 

units, respectively.
53,54

 Some significant differences were 

observed among the three SiC fibres. First, as expected, the 

fibres obtained by iodisation under N2‒O2 mixed gas contain 

significant amounts of oxygen, such that the peak ascribable to 

the SiO4 unit (-109 ppm) occupies the greatest part of the 

spectrum (Figure 11(c)). Second, the SiC fibres obtained by 

iodisation under N2 gas (two-pot process) contain oxygen to 

some degree (Figure 11(b)), despite being processed in the N2 

atmosphere, thereby suggesting that oxygen was introduced 

by exposure to air during the transfer of the iodine-cured 

fibres to the furnace after the iodisation process. It is, 

therefore, believed that the reactive sites remaining after 

fragmentation (as previously discussed with the GC-MS data) 

during the curing reaction rapidly take up oxygen when 

exposed to air. Third, the SiC fibres fabricated by the one-pot 

process contain hardly any oxygen, as indicated by the large 

SiC4 peak (-16 ppm) and the gentle SiO2C2 hill (-38 ppm) in 

Figure 11(a). Consequently, iodisation under oxygen-free 

atmosphere is a good method to cure PCS fibres for obtaining 

SiC fibres with low oxygen contents. In addition, to completely 

prevent the incorporation of oxygen, the surface of the PCS 

fibres that become unstable after iodisation should be treated 

thermally or chemically for stabilisation before exposure to 

outside air. Chemical treatment for stabilisation prior to 

exposure to air is currently being investigated. 

 

 
Figure 11. 

29
Si MAS NMR spectra of (a) SiC fibres fabricated by iodisation under 

flowing N2 gas, followed by heat-treatment (one-pot), (b) SiC fibres fabricated by 

iodisation under flowing N2 gas and subsequent heat-treatment with exposure to 

air between the two processes (two-pot), and (c) SiC fibres fabricated by 

iodisation under flowing O2 (21%)‒N2 (79%) mixed gas and subsequent heat-

treatment with exposure to air between the two processes (two-pot). All the 

heat-treatments were conducted at 1300 °C for 1 h in a N2 atmosphere. Peaks I, 

II, III, and V correspond to the SiC4 (- 16 ppm), SiO2C2 (-38 ppm), SiO3C (-74 ppm), 

and SiO4 (-109 ppm) chemical environmental units, respectively. 
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Conclusions 

In summary, the reaction of iodine with PCS in air or in an inert 

gas atmosphere was studied to identify a method for 

minimising oxygen uptake during iodine curing in the 

fabrication of SiC fibres with low oxygen contents. The cross-

linking reaction proceeds well by iodisation, even at room 

temperature, regardless of the presence of oxygen in the 

atmosphere. However, the PCS fibres iodised in air at room 

temperature still contained a significant amount of oxygen, 

owing to the long processing time (~24 h) despite the low 

temperature. On the other hand, the PCS fibres iodised in a N2 

atmosphere did not show any change in the oxygen contents. 

This, therefore, demonstrates that the process of cross-linking 

by iodisation itself constitutes oxygen-free curing. The main 

contribution of iodine to the cross-linking reaction is the 

cleavage of Si–H, C–H, and Si–Si bonds, and their simultaneous 

recombination to form ‒Si‒C‒ or ‒C=C‒ networks. This 

mechanism involves the fragmentation of certain groups, such 

as –CH3, from the PCS polymer chains, forming gaseous by-

products and leaving behind reactive sites. These unstable 

sites, in an oxygenated atmosphere, allow the fibres to be 

easily oxidised during or after iodisation. Thus, to completely 

inhibit the incorporation of oxygen, after iodisation under inert 

gas, the fibres need to be treated thermally or chemically, in 

order to stabilise the unstable sites. In this study, through the 

one-pot process, we were able to fabricate SiC fibres with low 

oxygen contents. Apart from the effect of atmospheres on 

oxygen-contents, the low temperature process for curing will 

provide broaden applications of lower molecular-weight PCS 

polymer for the fabrication of fine SiC fibres (diameter < 1 µm) 

by electrospinning. Furthermore, the room temperature 

reaction occurred by iodization indicates the potential for wet 

curing, which is expected to be a simpler and more economic 

process. 
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