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Abstract: Interpenetrating polymer networks (IPNs) that have silane resins as one of their components are industrially 

important due to their physical and chemical properties. The current study included preparation and characterization of 

two types of unsaturated silane monomers in order to prepare new types of IPNs with unsaturated polyesters (palatal). 

These monomers were characterized with Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic reso-

nance spectroscopy (1H NMR), and their molecular weights were determined by cryoscopy technique. The curing prop-

erties of the silane monomers and the IPNs were observed by differential scanning calorimetry (DSC), and several of 

thermal curing functions were determined, such as the initial curing temperature, optimum curing temperature, curing 

energy, activation energy and rate of curing. There was a significant decrease in the initial and maximum curing tem-

peratures compared with the unsaturated polyester resin (palatal) due to the decrease in the activation energy from 105.4 

to 77.3 ºC when the allyoxy silane monomer percentage was shifted from 5 to 20%. Meanwhile, the activation energy 

for the IPNs based on α-methyl-butenoxy silane decreased from 96.8 to 55.8 kJ/mol.

Keywords: silane monomer, interpenetrating polymer networks, curing, differential scanning calorimetry, palatal, cryos-

copy.

Introduction

An interpenetrating polymer network (IPN) comprises two 

polymeric networks, one of which must at least have been syn-

thesized and/or crosslinked in the presence of the other.1-3

However, there is no chemical linkage between these types of 

distinct networks.4,5 Preparing IPNs is often distinct from other 

methods that mix two or more polymers, such as physical 

blends or copolymerization.6-8 In certain cases, interpenetrating 

polymer networks (IPNs) can be made by polymerizing free 

radicals or cations with two multifunctional monomers or tel-

echelic oligomers.9-11 Several types of IPNs exist, with each 

being influenced by the method used to synthesize multi-

component alloy.12-14 An IPN can be prepared by the sequential 

technique, which is by swelling a crosslinked polymer in a 

monomer and curing the agent of its corresponding polymer 

with subsequent polymerization of the monomer in swollen 

polymer matrix.15,16 When IPN is in the form of latex, it is 

known as latex IPN; it is also known as interpenetrating elas-

tomeric networks (IENs).17,18

Another method of synthesizing IPNs is the simultaneous 

(SIN) technique. This technique requires blending the linear 

polymers, prepolymers, or monomers in some liquid from 

latex, solution or bulk together with their respective cross-

linking agent, followed by evaporating the liquid vehicle, if 

present, and simultaneously curing the component polymers.19,20

If only one polymer of the combined polymers is crosslinked, 

then the material is referred to as semi-IPNs.21-23 There are a 

large number of polymers that have the ability to form lattice 

structures between them, and they are bonded with physical 

bonds (van der Waals) to produce constitutive networks, result-

ing in a broad range of properties that have different appli-

cations, including, in biomedical specialties, separation 

membranes and selective absorbents.24,25

The importance of IPNs lies in their ability to produce poly-
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mers with improved properties as a result of combining the 

unique properties of the polymers that form the IPNs. For 

example, it is possible to produce IPNs that possess the char-

acteristic toughness and high thermal stability from mixing 

two incompatible polymers, thermoplastics and thermosets.26-28

Lin et al.
29 were able to produce a new type of IPNs that 

included unsaturated polyesters with resoling, a type of phe-

nolic resin. These polymers have a unique property of thermal 

stability in addition to their ability to prevent the formation of 

smoke and toxic gases during combustion.

Guhanathan et al.
30 were able to prepare a three-component 

system of IPNs, including polyethylene-acrylonitrile-unsatu-

rated polyurethane. This type of polymer possesses the 

mechanical properties (flexural and impact strength) surpass-

ing that of unsaturated polyesters alone. Chung et al.
31 were 

able to produce new types of hybrid IPNs that contain inor-

ganic compounds in their composites. They reached the gelat-

inous state of alkoxysilane at a temperature of 60 ºC by using 

the nuclear magnetic spectroscopy technique. It was observed 

that the unsaturated polyester resin decomposed upon treat-

ment with HCl acid. Finally, they “were able to form the IPNs 

by using the photopolymerization method of unsaturated poly-

esters resin by forming π-interactions between the aromatic 

ring of the unsaturated polyester resin and phenyltrimethox-

ysilane.

New IPNs have been referred to in recent years, and they are 

used in a variety of medical applications (hydrogels IPNs). 

They are divided into categories based on how the polymers 

are mixed or prepared. The first is known as a mechanical 

blend (no chemical bonds between the polymers) and the sec-

ond is known as a graft copolymer (containing primary bonds 

between the polymeric components).32-34 Tissue engineers have 

long attempted to replicate native tissue's hydrophilicity and 

hierarchical architecture. These two properties work together 

to enable large-scale molecular rearrangements of the con-

stituent bioactive polymers, resulting in specific material prop-

erties.35-37 Mahou et al.
38 created a hydrogel IPN matrix 

containing collagen-quinine. These natural polymers showed 

great resistance to enzymes without altering the property of the 

embedded mesenchymal stromal cells. Compared to collagen, 

the results of the study showed a promising application of the 

IPN microspheres in the field of tissue engineering. Soni et 

al.39 investigated a pH-dependent system that included 

Poly(alcohol-carboxylate pullulan) loaded with the drug pir-

fenidone-loaded IPN microsphere. The results showed that the 

polymer degradation process in the stomach and intestine was 

needed to control the value of the pH. In addition to that, 

during a laboratory study of the enzyme degradation by pul-

lulanase, it was observed that there were no toxic compli-

cations for the IPNs.

The present paper was focused on the synthesis of IPNs 

based on Palatal-silicone as well as investigating the curing 

parameters by using differential scanning calorimetry (DSC) 

technique.

Experimental

Materials and Instruments. In this study, high purity     

chemicals were used. Silicon tetrachloride and allyl alcohol 

were supplied by H & W L.T.D (England). Sodium hydrogen 

carbonate, anhydrous magnesium sulphate, ethyl methyl 

ketone, peroxide, cobalt accelerator and unsaturated polyester 

(Palatal-P50T) were supplied by Al-Basil Applied research 

Center. Silicon tetra chloride, allyl alcohol and 4-penten-2-ol 

were obtained from Fluka A.G. (Chemische, Fabrika).

The curing kinetics of IPNs were measured using a 

NETZSCH 204F1 differential scanning calorimetry (DSC, 

NETZSCH, Bavarian, Germany). The specimens were heated 

under a flow of nitrogen (50 mL/min-1) from 20 to 350 ºC at 

a heating rate of 5, 10, 15 and 20 ºC/min, respectively. On a 

Perkin-Elmer 16F PC FTIR spectrometer (Perkin Elmer Cetus, 

Norwalk, CT), the IR spectrum was registered. ECX 100-

JEOL HNMR spectrometer using CDCl3 as a solvent.

The FEI Q3D scanning electron microscope (SEM, Zeiss, 

Germany) was used to obtain the micrographs of the samples. 

Aknauer-cryoscopic unit No.2400 was used to determine the 

number of average molecular weight (Mn). The instrument was 

calibrated with benzyl solution of suitable molal concentration.

Preparation of the Tetra Allyloxy Silane Monomer and     

Tetra (α-methyl butenoxy) Silane. To prepare the monomer     

(tetra allyloxy silane), the reaction vessel provided with an 

electrical mixer was charged by 28.33 gm (0.166 mol) of sil-

icon tetra chloride and 36.66 gm (0.666 mol) of allyl alcohol, 

and the reaction was maintained for three hours at a tem-

perature of 50 ºC. Upon the completion of the reaction, the 

hydrogen chloride formed as a byproduct was neutralized by 

sodium hydrogen carbonate. Then, the product was distilled 

under vacuum pressure to obtain a pale-yellow oily liquid, and 

characterized by using FTIR and 1H NMR spectroscopy. Its 

average molecular weight was determined by a cryoscopic 

instrument. The results proved the correct expected chemical 

structure.
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As for the preparation of the monomer tetra (α-methyl- 

butenoxy) silane, the following quantities of 28.33 gm (0.166 

mol) of silicon tetra chloride and 57.33 gm (0.667 mol) of 4-

penten-2-ol were used. Then, the same procedure for preparing 

the monomer tetra allyoxy silane was followed. The product 

was also in the form of a yellowish oily liquid. It was char-

acterized by FTIR and 1H NMR, and its average molecular 

weight was determined via cryoscopic instrument. The results 

proved the correct expected structure.

Preparation of the IPNs Based on (Silane Monomer-       

Palatal). Several IPNs consisting different weight percentages      

of the silane monomers and Palatal were prepared by effi-

ciently mixing the predetermined quantities of the two com-

ponents as shown in Table 1. The silane monomer and Palatal 

were mixed gently for about 2 min at room temperature. Then, 

ethyl methyl ketone peroxide and cobalt octate accelerator 

were added, and mixed gently. Samples from the obtained 

product were taken for DSC curing study and the residue was 

left overnight at room temperature.

Preparation of the IPNs Based on (Silane-Palatal). Sev-       

eral IPNs consisting of different weight percentages of the 

silane monomers and Palatal were prepared by efficiently mix-

ing the predetermined quantities of the two components as 

shown in Table 2.

The tetra (α-methyl butenoxy) silane and Palatal were mixed 

gently for about 2 min at room temperature. Then, ethyl 

methyl ketone peroxide and cobalt octate accelerator were 

added and mixed gently. Samples from the obtained product 

were taken for DSC curing study, and the residue was left 

overnight at room temperature.

Results and Discussion

The results of the characterization the tetra allyloxy silane 

monomer with Fourier transform infrared spectroscopy (FTIR) 

are shown in Figure 1, where the (4000-400) cm-1 region is 

exhibited as thin films over NaCl discs. The essential absorp-

tion bands observed showed strong broad bands in the region 

1050 cm-1 as attributed to the stretching vibration of the Si-OC. 

Other bands were also observed in the region 850 and 910 

cm-1 due to the stretching vibration of the alkoxy group (--OR) 

where R was the allyl group. There were also two distin-

guished bands: first was in the region (3020 cm-1) related to the 

stretching vibration of the olefinic protons and the other was in 

Table 1. Typical Formula Used for the Preparation of the IPNs Based on Palatal-Allyloxy Silane Monomers

IPNs Silane monomer (wt%) Silane monomer (mg) Palatal (mg) Peroxide (mg) Co-octate (mg)

Palatal polymer  0  0  500  26.3  10.2

IPNs-1  5 25.5  475  26.3  10.2

IPNs-2  10 48.6  450  26.3  10.2

IPNs-3  15 69.2  425  26.3  10.2

IPNs-4  20 87.3  400  26.3  10.2

Table 2. Typical Formula Used for the Preparation of the IPNs Based on Palatal-Tetra (α-methyl butenoxy) Silane Monomers

IPNs Silane monomer (wt%) Silane monomer (mg) Palatal (mg) Peroxide (mg) Co-octate (mg)

Palatal polymer  0 0 250 13.1 5.1

IPNs-6  5 12.9 240 13.1 5.1

IPNs-7  10 24.8 230 13.1 5.1

IPNs-8  15 35.7 220 13.1 5.1

IPNs-9  20 45.6 210 13.1 5.1

Figure 1. FTIR spectrum of terta allyloxy silane monomer.
 Polym. Korea, Vol. 45, No. 6, 2021
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the region (1620 cm-1) related to the stretching vibration of the 

C=C of the allyl group.

The 1H NMR spectra of the allyloxy silane monomer in 

Figure 2 indicated the appearance of the allylic protons and 

disappearance of the signal related to the OH protons of the 

allyl alcohol in the region δ = 4 ppm. The allylic protons 

--HC=CH-- of these monomers showed multiple signals in the 

downfield region δ = 5.7-6.3 ppm. The protons of the meth-

ylene group -OCH2- of these monomers showed signals in the 

region δ = 4.3-4.4 ppm. In the case of the monomer tetra (α-

methyl butenoxy) silane, sharp signals in the higher field 

region δ = 0.2-0.3 ppm were observed and related to the 

Si(CH3)2 and -Si(CH3), respectively. The protons of the meth-

ylene group CH-CH2-CH- showed signals in the region δ = 2 

ppm and the protons of methyl group -OCHCH3 were 

absorbed in region δ = 1.05 ppm. The average molecular 

weight of both silane monomers was determined by freezing 

point depression measurement (F.D) using Knauer cryoscopic 

unit. The average molecular weight of tetra allyoxy silane was 

252±6 while the calculated value was 256. The average molec-

ular weight of tetra (α-methyl butenoxy) silane was 360±4 

while the calculated value was 368.

The curing thermograms were analyzed and several curing 

parameters were determined as listed in Tables 3 and 4.

a) Initial curing temperature (Ti): which was determined 

from the thermograms as a deflecting point of the curve 

from tangent to the base line.

b) Optimum curing temperature (TOP): Which was taken as 

the temperature when the rate of curing reaches opti-

mum.

Figure 2. FTIR spectrum of tetra (α-methyl butenoxy) silane mono-

mer.

Table 3. The 1H NMR Expected Resonance of the Functional Groups of the Silane Monomers

Silane monomers -OCH2-- --CH= =CH2-- OCH-CH2 OCHCH2

Allyloxy silane 4.2-4.4 5.2-5.8 5.1-4.8 - CH3

(α-methyl butenoxy) silane 4.2-4.4 5.2-5.8 5.1-4.8 1.9-2.1 -

Figure 3. 1H NMR spectrum of terta allyloxy silane monomer.

Figure 4. 1H NMR spectrum of tetra (α-methyl butenoxy) silane 

monomer.

Figure 5. DSC thermograms for palatal-tetra allyloxy silane IPNS of 

various wt% compositions.
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c) Final curing temperature (Tf): which was taken as the tem-

perature at which the curing reactions ars completed and 

the curve returns to the baseline.

d) Curing energy (Ecur): which was calculated from the area 

under the curve relatively to the standard indium melting 

peaks.

e) The rate curing (d(ΔH)/dt: was measured at different tem-

peratures from instantaneous slops of the DSC curves.

f) The activation energy of the curing reaction (ΔE): deter-

mined from the DSC thermograms, by plotting the rate of 

curing at different temperatures at the initial stages of the 

curing process < 15% against 1/T.

g) The ΔE was determined from the slope of the Arrhenious 

plotes:

Slope = ΔE/R (1)

Where R is the gas constant = 8.314 J·mol-1 K-1.

The curing of these monomers was initiated by ethyl methyl 

ketone peroxide and cobalt octate as accelerators. The curing 

reaction took place according to the free radical mechanism at 

the double bond to produce silicone resin, as shown in the fol-

Figure 6. DSC thermograms for palatal-tetra (α-methyl butenoxy) 

silane IPNS of various wt% compositions.

Figure 7. DSC thermograms for palatal-tetra (α-methyl butenoxy) 

silane and Terta allyloxy silane monomers.

Figure 8.  The relationship between wt% of silane monomers and 

activation energy.

Figure 9. The relationship between wt% of silane monomers and 

optimum curing temperature oC.

Table 4. DSC Curing Parameters of the IPNs Based on Palatal-Tetra Allyloxy Silane

Monomer
(wt%)

Curing temp. (ºC) Rate of curing 
(v/min)

Curing energy (Ecur)
(J/g)

Activation energy (ΔE)
(KJ/mole)

Temp. range 
(ºC)Ti Top Tf

0 55 97 130 0.63 288.5 128.3 55-70

5 53 93 125 0.67 295.7 105.4 50-65

10 51 87 123 0.71 299.5 98.7 50-70

15 48 87 120 0.77 310.8 85.8 50-65

20 45 83 118 0.82 323.7 77.3 50-65

100 50 80 123 0.25 188.3 43.7 50-65
 Polym. Korea, Vol. 45, No. 6, 2021
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lowing expected equations:

Similar curing behavior was valid with tetra (α-methyl 

butenoxy) silane. Figure 7 shows the DSC thermograms of 

tetra (allyoxy) silane and tetra (α-methyl butenoxy) silane 

monomers, indicating the presence of exothermic curing peak 

that has an optimum curing temperature at 80 and 77 ºC with 

activation energies 43.7 and 33.5 kJ/mol for two monomers, 

respectively.

The IPNs curing results of allyoxy and α-methyl butenoxy 

silane monomers with Palatal resin which are prepared in dif-

ferent weight percentages 5-20% of the silane monomers are 

shown in Tables 1 and 2. The DSC thermograms for the IPNs 

of both silane monomers (Figures 5 and 6) with Palatal 

showed one exothermic curing peak, confirming the formation 

of simultaneous IPNs. In addition to that, the DSC thermo-

grams indicated that the exothermic curing peak of Palatal at 

the optimum curing temperature (97 ºC) shifted to higher cur-

ing temperature with increasing percentages of the reactive 

silane monomers. For example, in the case of both monomers, 

tetra allyloxy silane and tetra (α-methyl butenoxy) silane, the 

peak for curing temperature shifted from 97 ºC for Palatal resin 

to 83 ºC and 81 ºC for the IPNs containing 20% of monomers, 

respectively. Therefore, these silane monomers increased the 

reactivity of the Palatal towards polymerization which was 

very important from the technological point of view.

The rate of curing also increased with increasing weight per-

centages of the silane monomers (Tables 2 and 3). From the 

results shown in Tables 1 and 2, the monomer tetra (α-methyl 

butenoxy) silane had better cure properties than monomer 

tetra(allyloxy) silane in its ability to form IPNs with palatal 

resin as evident in Figure 7. The relationship between the 

monomer ratio in the compositions of IPN5-8 showed that 

there was a significant decrease in the activation energy value 

when the percentage of monomers increased. Moreover, from 

Figure 8, there was an important reduction in the curing tem-

perature of the IPNs that had tetra (α-methyl butenoxy) silane 

in their composition compared to the IPNs that contained the 

tetra allyloxy silane.

The results of the thermal curing technique of the IPNs 

could be compared using the DSC device as shown in Table 5. 

The activation energy of the IPNs consisting of palatal and 

(tetra allyloxy silane) significantly decreased by increasing the 

ratio of monomer (tetra allyloxy silane) from 128.3 to 77.3 kJ/

mol.

The same effect was observed for the monomer tetra 

(-methyl butenoxy) silane, with a decrease from 128.5 to 

55.8 kJ/mol. However, the effect of monomer tetra (-methyl 

butenoxy) silane was greater than that of monomer (tetra ally-

Scheme 1. IPN formation.

Table 5. DSC Curing Parameters of the IPNs Based on Palatal-Tetra (α-methyl butenoxy) Silane

Monomer
(wt%)

Curing temp. (ºC) Rate of curing 
(v/min)

Curing energy (Ecur) 
(J/g)

Activation energy (ΔE)
(KJ/mole)

Temp. range
(ºC)Ti Top Tf

0 55 97 130 0.63 288.5 128.3 55-70

5 50 90 122 0.72 297.2 96.8 50-65

10 48 86 116 0.80 309.1 87.3 50-65

15 40 84 112 0.82 315.7 62.7 55-70

20 38 81 108 0.95 329.8 55.8 55-70

100 45 77 117 0.28 177.7 33.5 50-65
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loxy silane), lowering the value of the IPNs’ activation energy. 

This change can be attributed to the effect of the (-CH3) 

group in the monomer (-methyl butenoxy); with the former 

pushing the polymeric chains from each other or in polymeric 

network. In addition to that, from Table 5, there was a sig-

nificant increase in the curing energy needed for the process of 

polymerization which formed IPNs that included tetra (-

methyl butenoxy) silane with palatal compared with the IPNs 

that included tetra allyloxy silane and palatal. This can be 

attributed to the effect of the electron-donating group (-CH3) 

on the rate of curing.

There is a lack of studies related to the preparation of IPNs 

that include silane monomers palatal. However, some refer-

ences have been obtained, including the preparation of IPNs 

consisting of silane monomers with epoxy resin.40-42 These 

studies have confirmed that these monomers have a similar 

effect to the ones obtained in this study with regard to decreas-

ing the activation energy and increasing the curing energy.43-45

Conclusions

The incorporation of silane monomers into Palatal to prepare 

the IPNs has improved the curing parameters. The curing tem-

perature of IPNs showed an exothermic curing peak, con-

firming the formation of simultaneous IPNs while the DSC 

thermograms indicated that the exothermic curing peak of Pal-

atal at the optimum curing temperature (97 ºC) shifted to 

higher curing temperature with increasing percentages of the 

reactive silane monomers. For example, in the case of both 

monomers tetra allyloxy silane and tetra (α-methyl butenoxy) 

silane, the peak for curing temperature shifted from 97 ºC for 

Palatal resin to 83 and 81 ºC for the IPNs containing 20% of 

monomers, respectively. Since these silane monomers increased

the reactivity of the Palatal towards polymerization, the tech-

nological implication becomes critical.
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