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Introduction 

Since the development of polyurethanes in 1937, the industrial sector started to use 

polyurethane in various applications: including building construction, footwear, automotive, 

and electronics [1][2], In 2015 the global polyurethane market size was USD 53.94 billion in 

2015 in construction applications.[3] The versatility of polyurethane chemistry permits the 

production of a great variety of materials such depending on the initial ingredients used in the 

synthesis [4], polyurethane foams correspond to 67% of global polyurethane consumption. 

Nevertheless, other classifications can be attributed such as elastomers, coatings, adhesives, 

and sealants[5]. 

Polyurethanes also referred to as urethanes, are characterized by the urethane linkage (Figure 

1) that is formed by the reaction of isocyanate groups with hydroxyl groups [1][6]. 

 

Figure 1: Polyurethane synthesis of polyols and diisocyanate. 

It is produced by the simultaneous reactions between isocyanates with compounds containing 

at least two active hydrogens [7]. When diisocyanate and a polyol are reacted at proper ratios 

to form the repeating urethane linkage [8], other additives, such as catalysts, blowing agents, 

fillers, flame retardants, and pigments, are included in the formulation [9]. Flexible foams based 

on both polyether and polyester polyols are now in general use, and both types can be made in 

the density range of 10 to 800 kg·m-3[10][11]. The polyols have a significant impact on the 

foaming process of a polyurethane system and the final properties of polyurethane foams 

depending on their molecular weight, functionality, and the hydroxyl value [12][13]. The 

flexible polyurethane foams exist with a broad range of cell sizes (open-celled and closed-cells), 

and nowadays they are manufactured with a great variety of textures and hardness, which can 
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be light and resistant structures with interesting mechanical and thermal properties that we must 

be controlled. Moreover, the different foams are distinguished by their densities and 

compression deformities. 

Aim  

One of the first objectives of this thesis was to choose a synthesis process that is relatively 

simple to implement both in the laboratory and with a view to an industrial application. Based 

on the review of the literature, it was possible to determine the influence of the raw materials 

used in the synthesis on the properties of the final polymers. Thus, we have chosen to study in 

the influence of the two major reactants used in polyurethane synthesis: diisocyanates, and 

polyols. Moreover, this research was recognized that the production of polyurethane is a 

complicated process and requires proper control of reaction conditions. A better understanding 

the reaction steps of the synthetic process can promote product optimization, help find solutions 

to known technical problems in the laboratory or industry, and even encourage new 

technological developments. Computational chemistry offers the possibility of examining and 

determining the reaction mechanism of industrial synthesis. Nowadays, more and more 

experimental development is accompanied by electronic structure calculations, proving the 

benefits of computer calculations. The novelty of the research is supported by theoretical and 

experimental results, in which electronic structure calculations are used to determine possible 

new reaction mechanisms of urethane bond formation, and also to discover experimentally new 

urethane and polyurethane synthesis strategies by modifying the reactants in the mechanism. 

The theoretical study of this reaction mechanism requires robust quantum chemical protocol. 

From the results obtained from the electronic structure calculations, we will be able to guide 

through the experimental component of this project, and will provides valuable information for 

understanding the industrial reactions at the molecular level. 

Methods 

In this research, two methods of determining polyurethane formation are presented: a 

theoretical method with computational applications, and an experimental method with analysis 

of the kinetic of the reaction, the density, and the mechanical properties. Both procedures were 

used for the characterization of the urethane and polyurethane bond formation, and also to 

compare the energies of the reaction mechanism obtained by theory with the experimental 

results. 
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The theoretical research was studied using the computational chemistry tools implemented in 

the Gaussian09 program package. To make a theory more closely mimic the experiment one, it 

is necessary to accurately characterize the structure of the reactants, transition states (TS), 

complexes, intermediates (IM), and products, and this was done in order to explore the 

important reaction mechanisms of the urethane bond formation. All our systems were explored 

using ab initio calculations combined with accurate composite quantum chemical methods with 

the Solvent Model Density SMD implicit solvent model. 

The kinetics of these reactions were also experimentally investigated in order to study the 

catalytic mechanism of the urethane bond formation. A microreactor technique has been applied 

to accurately determine the kinetic parameters of the reaction between phenyl isocyanate and 

1-propanol using tetrahydrofuran (THF) and 1-propanol (PrOH) as the solvent at various 

temperatures. From the rate constants measured at different temperatures, Arrhenius activation 

energies of the stoichiometric reaction, the reactions in excess of alcohol, and the reactions in 

excess of isocyanate were experimentally determined by means of analytical HPLC. 

We also investigated the influence of mono-alcohol as a reactant on polyurethane bond 

formation, and whether these mono-alcohols have a catalytic effect on polyurethane bond 

formation. Using the standard polyurethane foam reaction modified with a given amount of 

alcohols, the mono-alcohol components were from C1 to C8, where the experimental design 

based on evidence of the mechanism. 

Summary 

Polyurethane products are inseparable from our daily life. They are virtually everywhere and 

are readily available. The diversity of polyurethane synthesis is related to the diversity of the 

raw materials. Where these various raw materials will produce polyurethane with different 

properties, which play a roles in the polymer field. Polyurethane is a polymer organic material 

and in the future, its development can promote the rapid development of the world industry. 

The purpose of this research was to study the urethane bond formation and the polyurethane 

synthesis at the molecular level. The urethane production consists of a simple reaction between 

an isocyanate and alcohol; they are the essential part of the polyurethane molecules. This work 

focused first on the direct formation of a urethane bond with an aromatic side chain for 

isocyanate (phenyl isocyanate) and an aliphatic alcohol side chain (1-propanol). This research 

was based on theoretical and experimental studies, where the reaction mechanism of urethane 

bond formation was explored using ab initio calculations, the G4MP2 quantum chemical 
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method was the more accurate in the SMD implicit solvent model, whither the solvents 

exercised are 1-propanol and tetrahydrofuran, and the results were in good agreement with 

corresponding experimental results. It was found that these mechanisms of the reaction in 

excess alcohol and excess isocyanate were analyzed from an energetic point of view by 

characterizing the potential energy surface (PES). According to the newly proposed two-step 

mechanism for isocyanate excess, allophanate is an intermediate towards urethane formation 

via a six-centered transition state (TS) with a reaction barrier of 62.6 kJ·mol-1 in the THF solvent 

model. In the next step, a synchronous 1,3-H shift between the nitrogen of allophanate and 

cleavage of the C-N bond resulted in the release of the isocyanate and the formation of urethane 

bond via a low-lying TS with 49.0 kJ·mol-1 energy relative to the reactants. The kinetics of this 

reaction was also experimentally investigated using analytical HPLC. From the rate constants 

measured at different temperatures, Arrhenius activation energies of the stoichiometric, the 

reactions in excess of alcohol, and the reactions in excess of isocyanate were determined. The 

activation energies for both the reaction in excess alcohol and isocyanate were lower compared 

to that of the stoichiometric ratio (30.4 ± 1.6 kJ·mol-1, 44.2 ± 4.5 kJ·mol-1, 58.6 ± 6.0 kJ·mol-1 

respectively). Theoretical calculations showed that the energy barrier needed for either the 

alcohol or the isocyanate catalyzed pathways to occur is lower than the barrier for the 

stoichiometric (bimolecular) mechanism realized from the potential energy surface see (Figure 

2). 

 

Figure 2: G4MP2 energy profile (zero-point corrected) for the alcoholic route in solvent propanol (1-PrOH) 

red solid line, in tetrahydrofuran (THF) red dashed line, and for the isocyanate route in propanol (1-PrOH) 

blue solid line, in tetrahydrofuran (THF) blue dashed line. 
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The urethane linkage is related to the polyurethane formation, and the results of the first study, 

that based on an experimental, and theoretical calculation of the urethane bond formation. Has 

shown the importance of the alcohol where it was noticed how the polymerization can change 

significantly by the presence of excess alcohol while the energy profile of the reaction has lower 

barrier energy and faster rate. therefore, the properties of polyurethane foams are strongly 

influenced by the chain length and the molecular weight of the polymeric molecules added. 

Mono-alcohols are capable of decreasing the molecular weight of the polyurethane and 

increasing the occurrence of the chain breaking. Various mono-alcohols (from C1 to C8) have 

been used as second alcohol in polyurethane foam synthesis and their effect on the mechanical 

behavior of the foams has been investigated. The alcohol concentrations were also varied 

between 0.2, 0.5, 1.0, to 2.0 parts by weight). The compressive strength and density of the foams 

have been measured, and it was found that the length of the mono-alcohol chain, especially 

with a shorter carbon chain, during the preparation of a flexible polyurethane foam opens a way 

to prepare lighter polymers without changing the mechanical properties significantly, moreover 

increasing the concentration of the mono-alcohol increased the flexibility of the polyurethane. 

Further, from the results obtained, we illustrate a new range of Young's modulus values between 

(0.0001-0.00002 GPa), and the density range is almost the same as other published results. 

Compared to the studied results case of flexible foams, this range is completely new (see Figure 

3). 

 

Figure 3: A chart of Young’s modulus and density for materials created using the CES 

EduPack 2007 software with the Level 2 database. 
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New scientific results 

Based on our combined experimental and theoretical study of polyurethane synthesis, the 

following main conclusions were drawn as new scientific results: 

Experimental and mechanistic study of urethane bond formation 

1st thesis 

A new reaction mechanism of urethane bond formation has been proposed with excess alcohol 

and excess isocyanate in the liquid phase. The novelty of this theoretical study based on ab-

initio calculation is that both the alcohol and the isocyanate can self-catalyze the urethane bond 

formation. 

2nd thesis 

The alcohol-catalyzed route was shown to be a one-step process, whereas the isocyanate-

catalyzed path includes two consecutive reaction steps. The route in excess alcohol is more 

favorable, with a lower barrier height than that of the isocyanate route. In the case where neither 

the alcohol nor the isocyanate were in excess, the reaction energy barrier was the highest. 

3rd thesis 

The microreactor experiment was applied to study urethane bond formation for the very first 

time, and both catalytic routes were verified by the experiment. Moreover, the experimental 

parameters are in excellent agreement with the calculated ones. 

Experimental study of mono-alcohol 

4th thesis 

An experimental study was carried out to determine whether the addition of mono-alcohol has 

a catalytic effect on polyurethane bond formation, and it was found that there is no such catalytic 

effect. The range of the different mono-alcohols chains used was from C1 to C8, and with 

different type such as linear, branched, and cyclic mono-alcohols. 

5th thesis 

It was found that the addition of mono-alcohols could affect the density and the Young’s 

modulus of the foam. Where we found a new range in the Ashby plot that collects all the 

material data.  
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