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1. Introduction

It has been reported that introduction of triallylcyanurate (TAC) [1] or other polyfunctional monomers [2] 
into dicumylperoxide (DCP) curing systems showed that the polyfunctional monomer acted as a crosslinking 
promoter that is the presence of TAC allows reduction in peroxide concentration to achieve the same gel content 
compared with DCP alone. However, there was a limiting concentration of TAC for maximum crosslinking 
efficiency above which the effect levelled off and eventually reduced. This was attributed to TAC oligomerisation. 
TAC does not act as a crosslinking promoter because it dramatically increases crosslinking efficiency of radicals 
generated by DCP. They assumed that the primary radicals does not only abstract tertiary hydrogen from a 
polymer chain to form a polymer radical but also react with TAC functional groups to form alkyl or more stable 
allyl radicals. Thus, a number of radical species are present in the system. The polymer radicals have the ability 
to combine through mutual termination forming crosslinks [3] increasing 3D network formation or to undergo 
chain scission.

It has been also suggested that TAC is prone to act as a radical trap and, when diluted with polymer allows 
for the possibility of acting as a bridge between polymer chains giving rise to higher gel contents and lower swell 
ratios at any specific DCP concentration compared to DCP alone [1]. This hypothesis is supported by Zamotaev 
et al, in the studies of crosslinking of LDPE in the presence of TAC using the photoinitiator, Xanthone [4]. It is 
reasonable to assume that the macroradicals generated due to DCP decomposition are participating in a number 
of reactions including TAC radical formation, polymer radical formation, interchain crosslinking, scission, reac-
tion with oxygen, etc [5, 6]. It appeared that TAC was incorporated into the polymer chain during crosslinking by 
several possible reaction mechanisms.

The grafting of unsaturated coagents on to polymer chains during crosslinking leading to the formation 
of intermolecular bridges is suggested for photo [4, 7], peroxy [8] or radiation-initiated processes [9]. As a 
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Abstract
Most of the current methods used in the investigation of crosslinking reactions between low density 
polyethylene (LDPE) and dicumylperoxide (DCP) alone or with DCP/triallylcyanurate (TAC) 
systems are normally inconclusive in determining its detailed reaction scheme. In this paper, an 
attempt to determine the reactions mechanism of this particular system was investigated using 
electron spin resonance (ESR), nuclear magnetic resonance (NMR) and Fourier transform infrared 
(FTIR). It was found that the ESR was unsuccessful in gaining insight into reaction mechanisms. 
Similarly, at the low degree of crosslinking necessary to allow samples to swell, the NMR technique 
was not suitable to illustrate structural changes after crosslinking. On the other hand, in situ FTIR 
was proven to be the most elucidating technique, positively indicating oxidation, full peroxide 
dissociation and indications that TAC reacted by forming both allyl and alkyl radicals. These radicals 
then appeared to take part in additional reaction incorporating into the network (improving the 
crosslinking efficiency) or possibly by self-polymerisation either as an independent species or more 
probably within the network.
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result, addition of a suitable crosslinking promoter would tend to reduce chain scission further and promote the 
crosslinking in branched polyethylene chains where the macroradicals can show a tendency to destruction [10].

The study by Zamotaev et al [4] concluded that the largest positive effect of TAC on crosslinking in the melt 
can be ascribed partially to the stabilisation of alkyl polymer radicals through grafting. Nevertheless to explore 
other possible ways that TAC influences peroxide crosslinking, it appears reasonable to discuss possible reactions 
in all stages: initiation, chain propagation, and termination reactions. These possibilities are suggested in the lit-
erature [3–6, 9] together with few others.

The initiation stage may take place in two steps. Firstly, primary radicals are produced by dissociation of the 
peroxide. This is then followed where the primary radical abstract hydrogen from polyethylene to produce a 
polymer chain radical which can occur in both systems (with and without TAC). However, with the addition of 
TAC into the crosslinking system, the primary radicals may also react with a TAC molecule to form either alkyl or 
allyl radicals.

The formation of alkyl TAC radicals has two possible modes of addition as shown in figure 1. Mode 1 pre-
dominates because attacks at the methylene carbon are less satirically hindered and yield radicals that are more 
stable because of the effect of the adjacent –CH2O– group [11].

The formation of allyl radicals via a chain transfer reaction can also occur if the monomer (in this case poly-
functional monomer) is unsaturated [12]. In this case, the hydrogen atom attached to the alpha carbon of the 
double bond in TAC i.e. the allylic hydrogen is responsible for this chain transfer reaction [13] shown in mode 
3 of Figure 1. However the resultant allyl radical is less active and/or has less tendency to initiate a new polymer 
chain because of the ability to stabilise itself by resonance [13]. Therefore, the allyl radicals tend to undergo ter-
mination by reaction with each other or with growing polymer radicals.

This consideration of potential reaction mechanisms gives some pointers as to possible ways that TAC 
modifies the crosslinking process. However, no definitive answers could be given thus far. The study is therefore 
extended to attempt to chemically characterise the reaction process and the products.

2. Experimental methodology

2.1. Materials
2.1.1. Base polymer
Base polymer used was LDPE Stamylan 1808 supplied by DSM with a density of 918 kg m−3 and melt flow index 
of 8 dg min−1.

2.1.2. Crosslinking agent
Dicumyl peroxide (DCP) was selected as crosslinking agent. It has a half-life of 10 h at 115 °C and 1 min at  
171 °C. It contains 40% DCP on 60% inert clay carrier manufactured by Akzo Nobel Chemicals. Formulations 
were investigated using a range of DCP concentrations up to 1.0 phr (parts per hundred resins).

2.1.3. Polyfunctional monomer
Polyfunctional monomers used was triallyl cyanurate (TAC) supplied by Degussa. Concentrations in the range 
between 0.5 to 5.0 phr were used.

Figure 1. Possible formation of alkyl and allyl TAC radicals.

Funct. Compos. Struct. 1 (2019) 025003
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2.2. Sample preparation
Mixing was conducted in a thermostatically controlled, which is electrically heated, two-roll mill with the front 
roll set at 20 rpm and the back roll at 24 rpm. Roll temperatures were initially set at 115 °C, slightly higher than the 
melting point of LDPE. A small quantity (~20 g) of polymer granules was placed in the nip which was eventually 
melts, and then adding further small quantities of granules until all the polymer charge melted. Right after that, 
the polyfunctional monomer was added (where applicable) and mixed by cutting and folding method over a 
period of 5 min to obtain a homogeneous mix, and then followed by peroxide crosslinking agent over a period of 
3 min with continuous cutting and folding.

For unreacted samples, the compounded materials were directly used in the analysis. However for the reacted 
samples, the compounded samples were charged to the compression moulding machine. Approximately 45 g of 
the compounds were placed in a pre-heated square plate mould of thickness approximately 1.5 mm with both 
inner surfaces of the mould covered with PTFE film to obtain release and good surface finish. The mould was 
transferred to the press and held under contact pressure for 1 min to allow the polymer to start to flow to take up 
the contours of the mould. The pressure was then increased rapidly to 14 MPa and maintained under this pres-
sure at 165 °C for 20 min. The mould was then water-cooled under pressure until the platen temperature reached 
30 °C. The crosslinked sample sheet was removed from the mould and stored at 23 °C  ±  2 °C and 50%  ±  5% 
relative humidity for a period of 24 h before testing.

2.3. Characterisations
2.3.1. Electron spin resonance
The Electron spin resonance (ESR) spectrometer used was a Bruker EMX Spectrometer with set parameters 
as shown in Table 1. For ESR measurement, various formulations of 1808 containing DCP or DCP/TAC were 
selected. However, only results for 1.0 phr DCP alone and 0.25/5.0 phr DCP/TAC are presented in this study due 
to the close similarities in the peak observations. The selected formulations were compounded then compression 

moulded at 112 °C for 2 min (14 MPa) using a mould of approximately 3 mm thickness.
Samples approximately 3 mm  ×  3 mm  ×  10 mm were cut and inserted into a quartz tube. An ESR spectrum 

was monitored with time at 165 °C for 60 min and data were recorded at 2 min intervals and each spectrum was 
resolved with 15 consecutive scans.

ESR spectra obtained by the above method were difficult to interpret and it was suspected that reaction 
with atmospheric oxygen complicated the issue. Therefore, sample preparation was modified. The quartz tube  
containing the sample was connected using PVC tube (2 mm diameter) to an electric vacuum pump where the 
connections were sealed with high tack rubber sealant and evacuated to approximately 5 mm Hg in conjunction 
with a liquid nitrogen cold trap for 15 min. The PVC tube was then heat sealed whilst maintaining the vacuum. 
The quartz tube was set in the ESR cavity and heated to 165 °C at a heating rate of 20 °C min−1 and the spectra 
were monitored with time.

2.3.2. Nuclear magnetic resonance (NMR)
In this study, [13] C Nuclear magnetic resonance (NMR) spectra were obtained using a Brunker 500 NMR 
spectrometer at a temperature of 130 °C. Crosslinked samples of 1808 with 0.25 phr DCP alone and 0.1/0.5 
phr DCP/TAC were selected for NMR analysis. A sample of approximately 0.5 g was soaked in 3 cm−3 of 

Table 1. Parameters for ESR measurement.

Amplitude 10.0 G

Microwave power 3.975 mW

Modulation frequency 100 kHz

Sweep width 3500 G

Magnetic feed sweep time 10.43 s

Table 2. Selected formulations for FTIR analysis.

Polymer Crosslinking agent Polyfunctional monomer Conditions

LDPE 1808 0.5 phr DCP None Reacted and unreacted

None 0.25 phr DCP 5.0 phr TAC Reacted and unreacted

LDPE 1808 1.0 phr DCP None In situ

LDPE 1808 0.25 phr DCP 5.0 phr TAC In situ

Funct. Compos. Struct. 1 (2019) 025003
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pentachloroethane (PCE) solvent in a precision glass tube of 5 mm diameter. The glass tube was then heated at 
130 °C for 12 h to allow sufficient swelling of the samples prior to NMR analysis.

2.3.3. Fourier transform infrared
A Perkin Elmer-2000 Fourier transform infrared (FTIR) spectrometer with a resolution of 4 cm−1 was used to 
obtain infrared spectra of the samples. For liquid samples of TAC, a small drop was placed in between two polished 
sodium chloride (NaCl) plates to form a thin film layer, which was then transferred to the FTIR sampling holder 
in the sample compartment for measurement. Solid samples of TAC/DCP (in the absence of polymer) were filed 
to form a finely powdered material. For powders, a small amount (approximately 0.004 g) was thoroughly mixed 
with 0.4 g of dried potassium bromide (KBr) and pressed to obtain a cohesive transparent disc. In the case of 
LDPE alone or crosslinked LDPE the samples were pressed at 120 °C to obtain thin film (approximately 0.2 mm). 
The thin polymer film was placed in a specific sample holder in the FTIR instrument.

Figure 2. ESR spectra with time for 1808 with 1.0 phr DCP at 165 °C.

Funct. Compos. Struct. 1 (2019) 025003
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A background scan of NaCl or KBr was obtained where appropriate. This was stored and became the base line 
for samples in these media. For each sample or formulation under investigation, sixteen consecutive scans from 
600 to 4000 cm−1 were taken, adjusted for the suspension media (where appropriate) and averaged. The results 
quoted are the mean of the mean of such scans for three separate samples.

Selected samples for FTIR analysis are shown in Table 2. In addition, FTIR for all as-received materials (LDPE, 
DCP and TAC) were also investigated. For in situ FTIR studies, the selected formulations of LDPE containing 1.0 
phr DCP alone or 0.25/5.0 phr DCP/TAC were compressed at 115 °C, 14 MPa, for 30 s and rapidly water cooled to 
30 °C to produced non-crosslinked samples of approximately 0.2 mm thickness. The thin uncrosslinked samples 

Figure 3. ESR spectra with time at 165 °C for samples of LDPE with 0.25/5.0 phr DCP/TAC.

Funct. Compos. Struct. 1 (2019) 025003
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were cut to approximately 1 cm  ×  3 cm and sandwiched between polished plates of NaCl crystal and mounted 
in a specific round steel specimen holder equipped with a window such that IR could passed through the sample. 
After placing into a preheated FTIR sample holder, infrared data was collected at 165 °C for 40 min with the inter-

vals of 30 s. Omnic software was employed for data analysis to facilitating time-resolved infrared scans.

3. Results and discussion

Chemical characterisation techniques used to attempt to define the appropriate reactions were ESR which is noted 
for in situ detection of radical species and NMR, noted as a sensitive tool for chemical structure determination. 

Figure 4. Full [13] C NMR spectra conducted at 130 °C.

Funct. Compos. Struct. 1 (2019) 025003
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Fourier transfer infrared spectroscopy (FTIR) was also used to give more general information that also allowed 
the reaction to be followed with time.

3.1. Electron spin resonance
Figure 2 shows a series of ESR spectra of LDPE samples containing 1.0 phr DCP at different duration during the 
crosslinking cycle. The results show a significant peak at approximately 3250 to 3350 gauss (G) magnetic field 
throughout the cycle corresponding to formation of organic radicals (which would be expected in the range 
2000–4000 G [14]). However, no significant reduction was observed in the peak intensity at 3250–3350 G during 
the crosslinking reaction which would have been expected as the radicals were progressively used up in crosslink 
formation. Nevertheless, no significant conclusion could be drawn on the basis of these spectra.

Figure 3 for ESR spectra of LDPE samples containing 0.25 phr DCP and 5.0 phr TAC were obtained for com-
parison. The spectra show a peak at 3250–3350 G which is ascribed to possible LDPE or DCP radical formation 
as seen in the Figure. The intensity is significantly reduced compared to the previous sample in figure 2 as the 
concentration of DCP has been reduced by 75%. However, additional peaks appear in the range 2200–3000 G 
which can be associated to the formation of various radical species involving TAC. To this point, it is still not pos-
sible to ascribe specific radical species to each peak. Furthermore, if the peaks did represent any radical species, 
they would be expected to reduce with time as crosslinking proceeded. Figure 3 shows that this was not the case.

Other workers [15] suggested that the exact nature of peroxides have little direct effect on ESR spectra and 
speculated that the signal carriers in the ESR spectra are not related to the peroxide species, but to the polymer 
radical mainly due to their short life-time. It was also suggested elsewhere [16] that samples should be analysed in 
vacuum chamber to ensure total elimination of oxygen and using a standard of pure 2,2,6,6-tetramethyl-1-piper-

Figure 5. Infrared spectrum of LDPE 1808.

Figure 6. FTIR spectra of DCP as-received (also containing inert clay carrier) in KBr.

Funct. Compos. Struct. 1 (2019) 025003
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dialoxy radical, C9H8NO (stable radical at room temperature) to obtain correct spectral intensity for more signifi-
cant ESR data. This implies the need for more specialised ESR equipment which is currently not available.

3.2. Nuclear magnetic resonance
NMR samples of 1808 pre-crosslinked with 0.25 phr DCP and 0.1/0.5 phr DCP/TAC were selected. These lower 
degrees of crosslinking were necessary to allow sufficient swelling in PCE at 130 °C for 12 h and the NMR analysis 
for [13] C-NMR was conducted at 130 °C. Samples containing higher concentrations of DCP and/or TAC could 
not be investigated due to increased resistance to swelling in PCE. The NMR spectrum of the virgin LDPE was 
also acquired for reference.

Full scale NMR spectra (0–200 parts per million [ppm]) were plotted for all samples as shown in figure 4. The 
resultant NMR spectra showed peaks at 105 ppm and 83 ppm which corresponded to the PCE structure. There 
was no indication of any aromatic carbon or aromatic ring structure at 110–140 ppm which could be attributed 
to DCP and TAC. This observation suggests that no DCP or TAC molecules or fragments attached to the poly-
ethylene chain. However, an alternative but more likely scenario is that DCP and TAC were present in limited 
concentrations and therefore, the mobility is also limited to give an observable spectrum.

The observed resonances showed good agreement with the literature [17] and prove the accuracy of the 
technique. However, spectral comparison between the virgin polymer and the crosslinked samples by DCP or 
the DCP/TAC system shows that there is no significant difference in methine intensities. This might have been 
expected to change as tertiary hydrogen was used up preferentially during crosslinking [3]. Therefore in this 

Figure 7. Infrared spectra of as-received TAC.

Figure 8. FTIR spectra of LDPE/DCP (a) before and (b) after crosslinking.

Funct. Compos. Struct. 1 (2019) 025003
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study, it appears that [13] C NMR analysis (with respect to the swelling technique) was not sensitive enough to 
positively detect the crosslinking associated with the lower DCP and DCP/TAC concentrations used in this work.

For this reason, further NMR analysis was discontinued in favour of FTIR spectroscopy which had the addi-
tional advantage of being able to follow the crosslinking reaction in situ. Changes in the infrared intensity as the 
reaction proceeded may then potentially elucidate some of the reaction pathways.

3.3. Fourier transfer infrared
3.3.1. Spectral analysis of virgin materials
As a control, each of the formulation components (LDPE, DCP and TAC) were separately analysed to determine 
characteristic peaks for each material. Peak assignations were taken from the literature [6, 18].

3.3.1.1.LDPE 1808
Since low-density polyethylene contains mostly methylene groups, the major infrared band is –CH2– stretching 
and bending vibrations as shown in figure 5 where –CH2– asymmetric and symmetric stretching appeared in 
the range 2945–2840 cm−1. Methylene scissoring vibration appears at 1464 cm−1, and the rocking vibration at 
720 cm−1. However LDPE also contains a number of short hydrocarbon side chains terminated with methyl 
groups. These methyl groups often have a small umbrella mode near 1375 cm−1 sometimes appearing in two 
peaks [18]. These peaks are clearly seen at 1377 and 1335 cm−1 in the spectrum.

Figure 9. In situ spectra of LDPE/DCP in the region of 1200–1100 cm−1.

Figure 10. Infrared spectra of LDPE/DCP from 1650 to 1800 cm−1.

Funct. Compos. Struct. 1 (2019) 025003
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3.3.1.2.DCP
The spectrum of DCP (figure 6) shows a band in the range of 3100–3000 cm−1 attributed to aromatic 
CH stretching, and a band in the range of 2900–3000 cm−1 corresponding to CH stretching in CH3. On the 
other hand, there are bands that are to be the characteristic of a peroxide C–O–O group (1265 cm−1 and 
1158 cm−1), isopropyl C(CH3)2 group (split CH3 bending in umbrella mode at 1377 cm and 1358 cm−1) and a 
monosubstituted benzene ring (C  =  C stretching at 1603, 1582, 1496 cm−1, CH stretching at 1445 cm−1 and five 
coupled of aromatic protons at 766–722 cm−1).

3.3.1.3.TAC
Figure 7 shows the FTIR spectrum of as-received TAC. Initial interpretation of TAC in NaCl medium shows 
absorption bands in the region of 3100–3000 cm−1 which is attributed to CH stretching in C  =  CH groups, CH2 
stretching in C  =  CH2 groups and  >3000–2850 cm−1 for stretching of CH2 in OCH2 groups [18].

The bending of CH in an alkene double bond was observed at 992 and 930 cm−1. Strong transmittance peaks 
characteristic of TAC molecules appear at 1558 cm−1 due to N  =  C (aromatic) stretching, 1138 cm−1 corre-
sponds to O–CH2 stretching and a weaker peak at 1651 cm−1 was attributed to C  =  C (alkene) stretching. The 
peaks are in a good agreement with the literature [6, 9, 18].

Figure 12. Carbonyl and hydroxyl group formation during crosslinking of LDPE with peroxide.

Figure 11. Spectra of hydroxyl formation during LDPE/DCP crosslinking.

Funct. Compos. Struct. 1 (2019) 025003
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3.3.2. LDPE/DCP systems
3.3.2.1.Before and after crosslinking
Comparison of reacted and unreacted spectra in figure 8 shows a marked similarity except for one major and 
one relatively minor difference. The reacted spectrum shows development of a peak in the region of 1720 cm−1, 
corresponding to carbonyl formation. Tapan et al [6] observed similar behaviour when crosslinking LDPE with 
DCP in the absence of stabiliser, where a quite distinct ketone C=O band appeared after crosslinking. Moreover, 
the unreacted spectrum peak at 1158 cm−1 corresponding to C–O–O stretching disappeared after crosslinking.

This observation suggests a full dissociation of the DCP during the crosslinking cycle and that the probability 
of recombination of cumyloxy radicals is low. From the peak and spectra assignments, it can be summarised 
that only the peaks at 1720 and 1158 cm−1 could be used to further investigate the crosslinking reaction in the 
crosslinking of LDPE with DCP (in the absence of TAC).

3.3.2.2.In situ crosslinking observations
To enable reasonable observation of specific peaks, spectra of various formulations are shown on an expanded 
scale. The peak intensity at 1158 cm−1, corresponding to C–O–O stretching, appears to decrease and disappears 

Figure 13. FTIR spectra for DCP and TAC in the absence of LDPE (a) unreacted and (b) reacted.

Funct. Compos. Struct. 1 (2019) 025003
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with time as shown in figure 9. Close scrutiny indicated that the peak had reduced to a minimum after 10 min and 
was not detectable after 15 min and beyond which indicates that crosslinking was virtually complete after 10 min.

The above result does, however, give one positive indication of the reaction mechanism. It appears that after 
reaction there are negligible peroxy group which suggests full dissociation of the peroxide and minimal recom-
bination of cumyloxy radicals. This indicates that the primary cumyloxy radicals are almost entirely used up in 
secondary chain radical formation and termination with other radicals.

Figure 10 shows the spectrum of LDPE with 1.0 phr DCP, specifically highlighting 1700–1750 cm−1 range. 
This shows conclusively the development of a peak at 1720 cm−1 that is not particularly discernible after 10 min, 
but is well developed after 15 min and longer times. 1720 cm−1 is a characteristic of carbonyl group formation[6] 
and suggests that secondary radicals could undergo reaction with atmospheric oxygen and/or that cumyloxy 
radicals undergo rearrangement to give acetophenone (also associated with the distinctive odour of DCP 
crosslinking).

Tapan et al [6] also suggested that during radiation or peroxide crosslinking of LDPE, polymeric chain 
radicals could react with oxygen to form hydroxyl groups. As it was found that a hydroxyl peak developed at 
3558 cm−1 during crosslinking of LDPE/DCP, the wavenumber region 3500–3750 cm−1 was therefore observed 
in greater detail (Figure 11). Whilst hinted in figure 10, the expanded scale indicates some hydroxyl group 
 formation but only after peroxide dissociation is under way (after ~3 min). This carbonyl and hydroxyl group 

Figure 14. FTIR spectra of crosslinked and non-crosslinked samples containing LDPE/DCP/TAC.

Figure 15. In situ spectra of LDPE/DCP in the region of 1800–1650 cm−1.

Funct. Compos. Struct. 1 (2019) 025003
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formation  (figures 10 and 11), is in good agreement with Tapan et al [6], who developed possible reaction mech-
anisms as shown in figure 12.

3.3.3. LDPE/DCP/TAC systems
3.3.3.1.Reaction between DCP and TAC
Figure 13 shows FTIR spectra of samples containing unreacted (in NaCl medium) and reacted (in KBr medium) 
DCP and TAC (in the ratio of 1:20 [DCP:TAC]) in the absence of LDPE. Comparison of the spectra shows that 
peaks at 992 and 920 cm−1 (corresponding to out-of-plane C–H in the CH2  =  CH– functional group of TAC) in 
unreacted material had disappeared with the development of a single peak at 963 cm−1 after crosslinking i.e TAC 
polymerisation had occurred. The peak at 963 cm−1 may be attributed to the formation of another alkene group 
possibly trans substituted. This interpretation is supported by Smith [18] where he concluded that out-of-plane 

Figure 16. Possible reaction mechanisms via alkyl or allyl radicals.

Figure 17. Disappearance of terminal vinyl peaks during reaction of LDPE/DCP/TAC.

Funct. Compos. Struct. 1 (2019) 025003
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CH bending (in CH2  =  CH) occurred at 990  ±  5 cm−1 and 920  ±  5 cm−1. In addition, he also pointed out that 
both peaks must appear if a sample contain vinyl groups, and the peak at 964  ±  5 cm−1 represents an out-of-
plane CH bending of a trans unsaturated alkene. It was also noted that the peak at 1158 cm−1 attributed to the 
C–O–O in DCP (refer figure 6) was not clearly seen in DCP/TAC samples due to overlap of a strong absorption 
band at 1138 cm−1 from CH2–O stretching in TAC.

3.3.3.2.LDPE/DCP/TAC before and after crosslinking
Whilst the 992 and 920 cm−1 peaks appeared to be of major significance in attempt to understand the crosslinking 
reaction path, figure 14 shows that other less noticeable changes appeared to occur at approximately 1402 cm−1 
and 1700–1750 cm−1 for LDPE reacted with 0.25/5.0 phr DCP/TAC). Further characterisation was therefore 
carried out in situ at 165 °C and for the duration of 40 min, which is longer than the compression moulding cycle 
to ensure reaction completted, to monitor the reaction.

3.3.3.3.In situ observations
Figure 15 shows similar trends to the LDPE/DCP system (refer to figure 11) in the development of an absorption 
peak at 1720 cm−1 corresponding to formation of carbonyl groups which are significantly developed after 
10 min. This suggests that oxidation of secondary radicals and/or production of acetophenone occurred whether 
TAC was present or not. However, unlike the situation when using DCP alone (refer to figure 6), the spectrum 
shows additional peak developed at 1687 cm−1 which was assigned to C  =  C stretching for trans unsaturated 
alkene groups [6, 18]. This tends to suggest that allyl radicals were formed by abstraction of the allylic hydrogen 
in TAC molecules which gives the possibility of trans unsaturated group formation as shown in figure 16. This 
hypothesis seems valid and gives the first positive indication of possible TAC involvement in the crosslinking 
reaction via allylic radicals. Also, a trans rather than a cis arrangement would be expected due to steric hindrance 
with the latter.

Further interesting observations can be seen in the region between 1000–900 cm−1 which are corresponding 
to the terminal vinyl group in TAC molecules as shown in figure 17. Detail inspection shows that the peaks inten-
sities between 992 and 920 cm−1 decreases progressively up to 10 min and disappeared completely after 20 min. 
This suggested that reaction takes place by alkyl TAC radical formation which then incorporated into the poly-
mer network or resulted in TAC oligomerisation or self-polymerisation. Similar observations were reported by 
other workers [19–21] who examined at absorption peaks from 1000 to 700 cm−1 to determine chemical changes 
in alkene structure on crosslinking and intermolecular coupling of terminal vinyl groups. They confirmed the 
disappearance of peaks at 992 and 920 cm−1 as the reaction time increases.

The phenomenon was further supported by a decrease in absorption intensity in the range of 1638–1655 cm−1 
with increasing reaction time (refer to figure 15). This phenomenon corresponds to the stretching C  =  C double 

Figure 18. FTIR spectra in the range 1415–1375 cm−1 of LDPE/DCP/TAC sample during crosslinking.

Funct. Compos. Struct. 1 (2019) 025003
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bond (terminal vinyl group) in TAC monomer. The disappearance of this peak is also suggests a breaking of the 
C  =  C double bond, which could be associated to react with either primary or secondary radicals.

The final significant difference is in the region of 1415–1390 cm−1 as shown in Figure 18. Banik et al [22] 
attributed a peak at 1407 cm−1 to the bending of CH2 in the –OCH2– group of TAC and showed that it decreased 
with increasing of radiation when crosslinking LDPE in the presence of TAC. The observation in Figure 18 shows 
a similar trend where the peak at approximately 1404 cm−1 decreases with time. This is generally indicating the 
disappearance of CH2 in the –O–CH2– presumably due to hydrogen abstraction and formation of allylic radicals 
which further participated in the crosslinking reaction. Therefore, from the FTIR spectra, it can be concluded 
that both allyl and alkyl radical formation occurred in the crosslinking when TAC is present. Moreover, the more 
stable allylic radicals that may contribute to greater probability of network formation.

4. Conclusions

An attempt to determine detailed reaction mechanisms by chemical characterisation was not particularly 
successful with no significant pointers achieved when using ESR and [13]C NMR. However FTIR provided useful 
information particularly during in situ monitoring of crosslinking reactions at 165 °C. The reaction between 
DCP and LDPE was accompanied by:

 (a)  the disappearance of peroxy groups at 1158 cm−1 during reaction indicating complete dissociation of 
DCP and that cumyloxy radicals did not recombine

 (b)  the occurrence of peaks at 1720 cm−1 (carbonyl) and 3558 cm−1 (hydroxyl) after approximately 
10 min indicates reaction with atmospheric oxygen. Reaction between DCP and TAC in the absence of 
polymer yielded a 98% crystalline solid and shown.

 (c)  the disappearance of peaks at 990 cm−1 and 920 cm−1 (terminal vinyl groups) in favour of a single peak 
at 963 cm−1 (trans unsaturated alkene) after reaction indicating that all TAC functional groups were 
completely reacted and that at least some allylic radicals were formed.

In situ monitoring of LDPE/DCP/TAC with time at 165 °C showed:
 (d)  peaks developed at 1720 cm−1 (carbonyl) and 1687 cm−1 (trans unsaturated alkene) which 

indicats continuous oxidation when TAC is present and at least some TAC reacts as allylic radicals. 
Furthermore, the terminal vinyl peaks referred to in (c) progressively reduced up to 10 min and had 
completely disappeared after 15 min indicating all TAC functional groups had reacted

 (e)  the progressive disappearance of –CH2– vibrations in –O–CH2– groups at 1404 cm−1 over 15 min 
further confirmed the formation of TAC allylic radicals during crosslinking.
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