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Abstract: Polyurethanes generally have low thermal stability and thermal degradation can occur during exploitation above 180 °C. It is 

assessed that the modification of the polyurethane chains via forming thermally stable permanent heterocyclic structures can improve the 

thermal stability. Polyurethane foams based on networks with isocyanurate rings are generally insulation-grade and have excellent thermal 

stability. In order to assess a quantitative contribution of pendant chains, polyurethane soft elastomers based with a controlled architecture 

were synthesized by prepolymer procedure. A simple strategy was developed to prepare networks based on poly(oxypropylene)diol and 2,4-

TDI by adding the monofunctional component for prepolymer synthesis. Network formation was described using the cascade theory. 

Mechanical properties were determined from stress-strain experiments. It was estimated that the increase of the monool in the precursor 

formulation influenced the increase of energy at break and the elongation but affected to decrease of Young modulus. 
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1. Introduction 

Polyurethanes are a class of cross-linked materials having the 

urethane bonds somewhere in their network chains. The name 

polyurethane does not tell anything about its substantial 

characteristics. Polyurethane networks may have permanent or 

temporary crosslink points, and be highly crystalline, elastomeric or 

amorphous and glassy. In polyuretahne production prepolymers are 

typically isocyanate-tipped long chains havingc urethane groups in 

their backbone, obtained by reaction of a polyol with a molar excess 

of di- or polyisocyanate (.they contain isocyanate between 1 and 15 

mass%. They are used in the fabrication of coatings, paints, 

sealants, elastomers and adhesives. Prepolymers containing high 

content of isocyanate (15-30 mass %) are called semi-prepolymers 

because only part of the isocyanate molecules contributes to the 

formation of the oligomer backbone. The use of network precursors 

in industry helps to tailor the properties of polyurethane materials 

[1]. The temperature during the synthesis can be controlled. Besides 

the prepolymers are less volatile so less hazardous than the 

monomeric isocyanates. Urethane prepolymers are also very 

important in certain two component systems, when a homogeneous 

mixture is required. Isocyanate quasi-prepolymers are extensively 

used in the production of one-component polyurethane foams and in 

building industry and adhesives preparation. Polyurethane materials 

generally have low thermal stability and thermal degradation can 

occur at exploitation above 180 °C. It is assessed that the 

modification of the polyurethane chains via forming thermally 

stable permanent heterocyclic structures (imide, triazine, 

isocyanurate, oxazolidone, phosphazen) can improve the thermal 

stability [2]. The isocyanurate ring (Fig. 1) is thermally very stable 

and enhance the materials fire resistance. It is well known that 

hydrochloric or oxalic acids, and also Lewis acids in general) 

favorize isocyanurate ring formation. Polyurethane foams based on 

networks with isocyanurate rings (trimer foams) are generally 

insulation-grade, low density, have excellent thermal stability and 

appropriate insulating value, good compressive-strength, and 

usually are fabricated in large blocks using a continuous extrusion 

process. Laminated trimer foams panels are used for production of 

pre-insulated duct that is using for air conditioning systems. Other 

applications of PIR foams are for carving/machining media and 

industrial pipe insulation. The fabrication and processing of 

thermosets based on trimerized aliphatic isocyanate such as 

polyurethane coatings are generally limited by the high viscosity of 

tri‐functional or higher‐functional isocyanurates.  

 

Fig. 1 The structure of thermally very stable isocyanurate rings. 

 

Real polymer networks always deviate from ideal. Perfect networks, 

are defined as random collections of Gaussian chains between 

multifunctional junction points under the condition that all 

functionalities of the junction points have reacted with the ends of 

all different chains [3]. The ideal network entirely consists of 

elastically effective chains (connecting two neighbor cross-links) 

which are able to transfer the retractive force throughout the 

material if subjected to the some deformation. Major imperfections 

in cross-linked polymers include pendant inactive chains to 

elasticity whose one end is not connected to the network (i.e. 

dangling chains) [4,5]. An important key of the energy dissipation 

in the irregular networks is the fact that one end of each dangling 

chain is free to move. It is possible to expect that a high irregularity 

in network structure will yield not only a pronounced damping, but 

also temperature- and frequency-insensitive damping and elasticity 

because of a broad relaxation time distribution. When the time scale 

of the material viscoelastic relaxation is comparable to that of the 

vibration, most of the energy can be dissipated as the heat. 

Networks with increasing amount of pendant chains are using for 

self-repairing materials designed as intelligent systems. It is well 

known that a gel close to the critical conversion point (c) has a lot 

of pendant chains.  The relaxation peaks of pendant (i.e. dangling) 

chains are above the glass transition temperature (Tg) due to its 

prolonged relaxation time [6,7]. Polymer networks such as 
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hydrogels and elastomers and need to show resistance to 

exploitation environments (solvent swelling or complex 

deformation). The self-repairing property of a network polymer 

having pendant chains has been studied employing gel fraction of 

cross-linked polyurethane.  It was found that the material obtained 

from a weak gel just beyond the critical point exhibits autonomic 

self-reparation. This would be attributed to the topological 

interaction (entanglement couplings) of pendant chains in the 

network.  It has been assessed that the repairing occurs quite fast 

like liquid, whereas it never flows macroscopically because of the 

existing permanent crosslink points. A new types of self-repairing 

material was proposed by utilizing strong topological interaction of 

pendant chains  that can managed  by eliminating sol-fraction in a 

weak gel just beyond the critical conversion (sol–gel transition 

point) [8]. The incidence of pendant network imperfections is very 

small when the end-linking reaction is carried out with 

stoichiometric balance and to high conversion of reactive functional 

groups. By unbalancing the stoichiometry in the catalytic end-

linking reaction or by the addition of monofunctional network 

precursor the desired ratio of pendant chains can be introduced into 

the cross-linked structure [9]. The randomly cross-linked linear 

polymers have a highly irregular connectivity. Typical defects are 

polydispersity, pendant chains, clusters, and self-loops. Thus a lot 

of efforts have done on the synthesis of model networks by end-

linking of telechelic network precursor. To control the mechanical 

properties of the polyurethane networks, both “crosslinking density” and 

“pendant chain content” should be taken into assessment. The synthesys 

of polyurethane materials can be accompanied by side reactions 

owing to a high reactivity of isocyanate groups and this statement 

complicates the fabrication of elastomeric materials. The focus of 

this study was to synthesize poly(urethane-isocyanurate) networks 

(in the first step the incorporation of monofunctional reactive 

component to prepolymer based on poly(oxypropylene)diol  and 2,4-

tolylene diisocyanate and then in the second step the catalytic 

cyclotrimerization of network precursor mixture. The objective was 

to assess mechanical properties of prepared elastomeric materials.  

 

    2. Experimental part 

2.1. Materials 

       The primary reactant used in this study were poly(oxypropylene) 

diol (PPD2000, Aldrich)   and 2,4-tolylene diisocyanate as [NCO] 

group source. The commercial cyclopolymerization catalyst was 

amine Polycat 41 (producer Air Products and Chemicals). The 

monool 2-(2-metoxyetoxy)ethanol (DEGME) was used for 

preparation of modified network precursors containing the mixture 

of telechelic diisocynates and monoisocyanates. It was applied 

constant ratio of functional reactive groups r=[NCO]/[OH]=2 and 

X=[OHm]/([OHm]+[OHd]), where [OHd] is content of diol hydroxyl 

groups, [OHm] is monool hydroxyl groups. 

 

2.2. Sample preparation and characterization 

To the flask equipped with a stir bar, a nitrogen/vacuum adapter 

was filled with diol PPD. The system was degassed at 100oC. For 

modified networks the monool component was also added to obtain 

precursors containing the mixture of telechelic monoisocyanates 

and diisocynates.  The melted 2.4-TDI was added to the reaction 

vessel via syringe. The reactive mixture was stirred under nitrogen 

and after that heated for 48h at 60oC. In the second step crosslinking 

of obtained precursor (Fig. 2) was managed by cyclotrimerisation .  

When the synthesis procedure was adequate, the obtained precursor 

chains usually exhibited the average molar masses (close to the 

narrow distributions due to the negative first shell substitution effect 

on used isocyanate 2.4-TDI). After mixing the reaction mass was 

put to the Teflon coated mold and cross-linking reactions were 

performed at 80oC during 5 days in the oven. The gel fraction of 

prepared polyurethane materials was assessed after swelling and solvent 

evaporation. Because synthesized samples have polar and non-polar 

parts the xylene was used as solvents. Sol-free sample were prepared 

by drying of those attained equilibrium swelling. Stress-strain 

experiments were done using Instron 5800 instrument at 20 °C. 

Specimens whose weight was measured previously were swollen to 

attain the equilibrium swelling. The gel content, g g, was calculated 

as g = Wb/W, where Wb and W are the mass of dried sample once after 

swelling to the equilibrium state and the original mass, respectively. 

3. Results and discussion 

     Polyurethane networks with pendant chains were synthesized by 

the two stage procedure. The structure of prepolymers preapred in 

the first step with stoichiometric excess of isocyanate group 

(OH/NCO=r=0.5) is given in the Figure 2.  Dominant component 

was the telechelic diisocyanate, unreacted 2.4-TDI and small 

amount sof dimer or trimer due to the first-shell substitution effect 

on aromatic isocyanate. Prepolymers due to the added 

monofunctional reactant in the initial mixture contained mainly 

bifunctional molecules with NCO groups at both ends, and small 

amount of monofunctional chains with a single terminal NCO group 

at one of chain end (depending on the stoichiometry and content of 

OH groups from DEGME). 

 

 

    Fig 2.  The structural components of synthesized prepolymer  

based on 2.4-TD and poly(oxypropylene)diol. 

 

 

In prepared soft elastomeric materials the functionality of the 

crosslink-points is always 3 due to the cyclotrimerization reaction . 

The appearance of all synthesized elastomeric materials was transparent. 

(Fig 4). For the network formation in a bulk, the catalyst system 

should be molecularly soluble in the used network precursor to 

produce final materials with high optical quality. 
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     Fig 3 The chemical structure of network based on 2.4-TDI, 

poly(oxypropylene)diol and monofunctional reactive component 

diethyleneglycolmonomethylether. 
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According to the used topological definition for polymer networks 

an elastically active chain (EAC) is a sequence of units between two 

elastically active junctions. Active crosslink-points are the 

polyfunctional unit from which at least three paths issue to infinity 

(i.e. to the sample surface). When the cross-linking reaction 

proceeds before the gel point, the preexisting branch points in the 

precursor units do not fulfill the requirements of being EAC, but as 

the connectivity increases, beyond the gel point, more and more of 

them reach the elastically active status. This behavior is coupled 

with other changes (the sol-to-gel transformation and the decrease 

of pendant chains number and size). For the network formation the 

most frequently used theories are the theory of branching processes 

(cascade theory) in its random or first-shell substitution effect 

versions and its combination with kinetic theory.  In our study the 

topological parameters of the prepared networks were determined 

using cascade theory. In Table 1. are listed calculated structural 

parameters evaluated using determined gel content g for networks 

with different monool content. Critical conversion at the gel point 

was also estimated. In the Figure 4. are shown  the dependences of 

mass fraction for pen, backbone chains, elastically active chains, 

and sol during cyclotrimerization of prepolymer based on 2.4-TDI 

and poly(oxypropylene)diol. In the Figure 5. are shown  the 

dependences of pendant chains mass fraction (wpc) calculated by 

cascade theory for networks based on different content of monool 

component. It is obvious that with the increase of monool 

component the conversion at the gel point (c) is shifted from 0.522 

to 0.702. For the synthesized networks the assembly of soluble 

branching topologies exists in non-extracted materials because in 

the bulk synthesis the [NCO] group conversion is not complete. 

 

 

      Fig 4. The influence of conversion on mass fraction of 

elastically active chains (EAC), pendant chains (PC), backbone 

chains (BC) and the sol calculated by cascade theory for networks 

based on 2.4-TDI and PPD2000.  

 

     The modulus decreases with increasing the number of pendant chains 

because they induce free volume. Having in mind the conformational 

entropy (which is contributing to the material elasticity) cross-link points 

and pendant chains and exhibit an opposite trend.  The polyurethane 

material design using catalytic cyclotrimerization of telechelic 

diisocyantes is additionally influenced by strong topological 

interaction (entanglement couplings) of pendant chains in a network 

structure close to a critical point. Data for determined mechanical 

properties (Young's modulus, tensile strength, energy at break, and 

elongation) are given in the Table 1. The equilibrium stress-strain 

measurements on rubbery networks combined with swelling 

experiments, offer a measure of the fraction of crosslinks engaged 

in elastically active chains.  

 

     Fig 5. Pendant chains mass fractions (wpc) calculated by 

cascade theory for networks based on different content of 

monofunctional reactive component (X). 

 

    Table 1. Mechanical properties and structural parameters 

calculated by cascade theory using determined gel content g for 

networks with different monool reactant content (X).  

 

Property 

 

 

X=0 
 

X=0.10 

 

X=0.15 

 

X=0.20 

 

X=0.25 
 

X=0.30 

gel content,  

g 

 

0.9787 0.9434 0.8964 

 

0.8650 

 

0.8203 

 

0.7587 


EANC , 

10- 4/cm3 
2.777 1.916 1.312 

 
1.090 

 
0.856 0.611 

PC, 

10mol4/cm3 

 

0.88 

 

1.37 

 

1.51 

 
1.58 

 
1.60 

 

1.55 

pc 0.254 0.366 0.439 
 
0.470 

 
0.493 

0.504 

Critical  

conversion 

(c)  

0.522 0.575 0.604 

 

0.643 

 

0.672 0.702 

Energy at 
break, 

Eb (J) 

0.0048 

 

0.0612 

 

0.0805 

 

 
0.0979 

 

 
0.1217 

 

0.1707 

Tensile 

strength, σ 
(MPa) 

 

0.8843 
 

 

0.8146 
 

 

0.6920 
 

 

0.7572 
 

 

0.7964 
 

 

0.7906 
 

Young 

modulus 

Ey (MPa) 

2.215 
 

1.731 
 

1.125 
 

 

1.031 

 

 

0.995 

 

0.524 

elongation, 

Δl/ l0 (%) 

 
65.5 

 

 
91.0 

 

 
142.4 

 

 
167.7 

 

 
192.3 

 

323.0 

 

4. Conclusion 

In order to assess a quantitative contribution of pendant chains, 

polyurethane soft elastomers based with a controlled architecture 

were synthesized   cyclotrimerization of prepolymer based on 2.4-

TDI, poly(oxypropylene)diol using two-step synthesys method. The 

monool component diethyleneglycolmonomethylether was used for 

preparation of modified network precursors containing the mixture 

of telechelic diisocynate and monoisocyanate.  The used synthesis 

method has advantage in control of low exotherm crosslinking 

reaction. The gel fraction of samples was indicating that the unreacted 
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network precursor molecules which are not engaged into a network 

structure exist. The topological parameters of the prepared thermally 

and hydrolytically stable networks were determined by cascade  

theory. Critical conversion at the gel point (c) was also calculated. 

Mechanical properties of obtained samples were evaluated from 

stress-strain experiments. It was estimated that the increase of the 

monool component content influenced the increase of energy at 

break and elongation value but the decrease of Young modulus. The 

modulus decreases with increasing the number of pendant chains due to 

the induction of free volume. 
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