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A COMPUTATIONAL STUDY ON THE KINETICS AND THE 

MECHANISM OF URETHANE FORMATION 

SUMMARY 

Polyurethanes (PU) are used as coatings, adhesives, reaction injection molding 

plastics, fibers, foams, rubbers, thermoplastic elastomers, and composites. The 

reaction of alcohols with isocyanates giving carbamates and its application to 

polyfunctional alcohols and isocyanates forms the basis of the polyurethane 

formation. The investigation of the mechanism and catalysis of these reactions is 

important for the production of tailor-made polyurethanes for the specific purposes 

of the industry. 

In literature, two possible pathways proposed for the alcoholysis of isocyanates. The 

first one is the stepwise mechanism, started with an addition of the alcohol across the 

C=O bond to yield an enol intermediate, followed by 1,3-H-shift giving the urethane 

product. The second one is concerted mechanism, in which the alcohol addition is 

carried out across the N=C bond and immediately results in the product. 

In this study, the reactions of several diisocyanates (2,4 TDI, 2,6 TDI, 2,4‟ DBDI, 

4,4‟ SBDI, 2,2‟ DBDI) with n-butanol and 1,2 ethylene glycol is investigated by 

means of computational chemistry tools. The DFT method employing the B3LYP 

functionalize with the 6-31+G** basis set has been used. The obtained results 

enabled us to shed a light on the effect of structural differences both on the 

mechanism and the kinetics of the reactions. The solvent effect on the reaction 

mechanism is taken into consideration with a single point energy calculation using 

PCM methodology. The calculated results is compared with experimental ones if 

available. 
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ÜRETAN OLUġUMUNUN MEKANĠZMASI VE KĠNETĠĞĠ ÜZERĠNE 

HESAPSAL BĠR ÇALIġMA  

ÖZET 

Poliüretanlar (PU) kaplama, yapıştırıcı, iplik, köpük, termoplastik elastomer ve 

kompozit materyaller olarak kullanılmaktadır. Alkollerin izosiyanatlarla olan 

reaksiyonları sonucu karbamatlar oluşur ve bunların çok  fonksiyonlu alkoller ve 

izosiyanatlara uygulanışı poliüretan oluşumunun temelini oluşturur. Bu 

reaksiyonların mekanizmalarının ve katalizlerinin araştırılması spesifik poliüretan 

üretimi ve endüstrinin spefisik konulardaki araştırmaları için önem taşımaktadır. 

Literatürde izosiyanatların alkoliz reaksiyonu için iki olası mekanizma 

önerilmektedir. Bunlardan birisi alkol bağlanmasının C=O çift bağı üzerinden 

geçekleştiği ve enol ara mamülünün oluştuğu ve ardından 1,3 H transferinin 

gerçekleşerek üretan oluşumun gerçekleştiği adım adım şeklindeki mekanizma diğeri 

ise alkol bağlanmasının N=C çift bağı üzerinden gerçekleştiği ve tek adımda üretan 

oluşumun gerçekleştiği mekanizmadır. 

Bu çalışmada, birçok diizosiyanat (2,4 TDI, 2,6 TDI, 2,4‟ DBDI, 4,4‟ SBDI, 2,2‟ 

DBDI) ile n-bütanol ve propilen glikol  arasındaki reaksiyonlar hesapsal kimyasal 

araçlar kullanılarak incelenmiştir. Uygulanan DFT metodu, B3LYP fonksiyonu ve 

baz set olarak 6-31+G** kullanılmıştır. Elde edilen sonuçlar, yapısal değişikliklerin 

mekanizma ve reaksiyon kinetiğine olan etkisine ışık tutmamıza yardımcı olmuştur. 

Ayrıca solvent etkisinin de görülebilmesi için benzen kullanılarak hesaplamalar 

yapılmıştır. Elde edilen sonuçlar deneysel sonuçlarla karşılaştrılmıştır. 

 





 
1 

1.  INTRODUCTION 

Polyurethanes are an important subclass of the family of thermoplastic elastomers 

which are known as block copolymers that include soft and hard segments (Figure 

1.1). The soft segment is typically a low glass transition temperature (Tg) which 

consist of polyols, generally molecular weight of 400-5000 g/mol. The soft segments 

give elastomeric properties to the polyurethanes. The hard segment is usually a high 

glass transition temperature[1]. As a general rule the isocyanates are hard segments 

that give rigidity to the polymer and are effective in crosslinking. The physical and 

mechanical properties of polyurethanes mainly depend on the distribution of soft and 

hard segments in the material. The mechanical and physical modifications can be 

obtained in the material by changing the phase distribution between soft and hard 

segments. 

 

Figure 1.1 : Segmented Polyurethane Structure 

Isocyanates are the essential component of polyurethane polymers  which  undergo 

addition polymerization reaction with polyester or polyether diols to form 

polyurethanes [2]. 

The general structure of isocynates is shown in Figure 1.2. Isocyanates are highly 

reactive toward nucleophiles such as alcohols, phenols, and amines. However, in 

certain situations this high reactivity can pose problems, particularly toward 

moisture. 

 

Figure 1.2 : General structure of isocyanates 
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The second essential component of the polyurethane polymer is the polyol. Where 

the first commercially available polyether polyol was poly(tetramethylene glycol) 

introduced in 1956 by DuPont [3]. Polyols are the compounds with hydroxyl end 

groups. While, lower molecular weight polyols act as chain extenders or as 

crosslinkers, higher molecular weight ones are the actual basis for the formation of 

the polyurethanes. Polyurethane (PU) can be tailored to meet the diversified demands 

of modern technologies such as coatings, adhesives, reaction injection molding 

plastics, fibers, foams, rubbers, thermoplastic elastomers, and composite.
 

The 

reaction of alcohols with isocyanates giving carbamates (Urethanes, Figure 1.3) and 

its application to polyfunctional alcohols and isocyanates is the basis of the 

polyurethane industry. 

 

Figure 1.3 : The reaction of alcohols with isocyanates 

The investigation of the mechanism and catalysis of these reactions is important for 

the control of industrial processes, on one hand, and for the development of a 

fundamental understanding of chemical kinetics and homogeneous catalysis in liquid 

phase, on the other hand. The general characteristics of the urethane formation 

reactions were massively studied[3-11].  

The mechanistic studies on the alcoholysis of isocyanates have shown that the 

alcoholysis reaction could occur in either in a concerted fashion, in which the 

addition of alcohol is carried out across the N=C bond and immediately results in the 

product (Figure 1.4a), or in a stepwise fashion, where an addition of the alcohol 

across the C=O bond yields an enol intermediate, followed by a proton transfer 

giving the urethane product (Scheme 1.2b) [11] .  
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Figure 1.4 : Proposed reaction mechanisms for the alcohol addition reaction of 

isocyanates a.Concerted mechanism, b.Stepwise mechanism  

Early computational studies by Raspoet and Nguyen at HF/6-31G** suggested that, 

the nucleophilic addition occurs in a concerted way directly across N=C bond rather 

than C=O bond for the alcoholysis of isocyanate.[11] The study also noticed the high 

alcohol concentrations facilitates the reaction by forming alcohol trimers around the 

isocyanate molecule. 

Properties of particular representatives of this group of polymers are greatly 

dependent on their chemical structure. Variations of the ratio of reagents introduced 

into the reactions allow obtaining of polymers with different concentration of elastic 

and rigid blocks, and different density of intermolecular hydrogen bonds.
 
 

The growth of PU chain proceeds according to the typical mechanism of gradual 

polyaddition and is illustrated by the following Figure 1.5: 

 

Figure 1.5 : Typical mechanism of gradual polyaddition 
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where A is a diol monomer, B is a diisocyanate monomer and AnBm is an urethane 

oligomers. Among oligourethanes one can distinguish oligourethane diisocyanates 

AnBn+1 and oligourethane diols An+1Bn as well as asymmetric oligourethanes 

AnBn terminated with the isocyanate group on one side and with hydroxyl group on 

the other.  

The comparative reactivities of the aromatic diisocyanates in reaction with n-butanol 

were studied experimentally in order to obtain the kinetic data which is known as 

k1/k2 ratio[13-19]. k1 is the rate constant of the first alcohol attack to diisocyanate 

molecule and k2 is the rate constant of the second alcohol attack to diisocyanate 

molecule as seen in Figure 1.6. Structural alterations in diisocyanates leads to 

differences between the reaction rate ratios of the two consecutive reactions of 

isocyanates groups. 

 

 

Figure 1.6 : Reaction rate constants for the first and the second alcohol addition to 

isocyanates. 
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Figure 1.7 : The aromatic diisocyanate molecules used in this study. 

The aim of the study is to investigate the effect of structural differences both on the 

alcoholysis reaction mechanism and the activation barriers of the urethane formation 

reactions. Both the gaseous phase and the benzene environment were taken into 

consideration. Figure 1.7 presents the aromatic diisocyanate substrates used in the 

present model study. The possible structures of diisocyanates can lead to a large 

difference between the consecutive reaction steps of the two –NCO groups. In this 

study we also calculated first –NCO and second -NCO group reactions rate constants 

and compared with the reactivity ratios (k1/k2) found in the literature. 

 





 
7 

2.  THEORY 

2.1 Calculation Methods  

All computational procedures are based on electronic structure methods which 

utilizes Schrödinger equation for describing the energy of a system  

H E    (2.1) 

where, Ψ is a wavefunction describes the x, y and z spatial coordinates of the 

particles in the system, E is the energy of the system at that state and H is the 

Hamiltonian operator to derive the kinetic and potential energy of a system.  

Hamiltonian operator (or more simply the Hamiltonian), which in atomic units is 

given by. 

2 21 1 1 1ˆ
2 2

nucleielectrons
electrons nuclei electrons nuclei

A A B
i A

i i i AA iA ij AB
A Bi j

Z Z Z
H

M r r R


              
(2.2) 

Z is the nuclear charge, MA is the ratio of mass of nucleus A to the mass of an 

electron, RAB is the distance between nuclei A and B, rij is the distance between 

electrons i and j and riA is the distance between electron i and nucleus A. 

Calculating the exact solution of Schrödinger equation is almost impossible and 

computationally impractical. Therefore, in electronic structure method, some 

approximations are used. The mostly encountered three major classes of electronic 

structure methods are:  

 Semi-empirical methods, they use parameters derived from experimental 

data. 

 Different semi-empirical methods are characterized by their different 

parameters. 

 Ab initio methods, no experimental parameters are used. 
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 Density functional methods, the total energy of the system only depends on 

the electron density [20]. 

2.2 Born-Oppenheimer Approximation 

One way to simplify the Schrödinger equation for molecular systems is to assume 

that the nuclei do not move. Of course, nuclei do move, but their motion is “slow” 

compared to the speed at which electrons move (the speed of light). This is called the 

Born-Oppenheimer approximation, and leads to an “electronic” Schrödinger 

equation. 

ˆ el el el elH E    (2.3) 

21 1ˆ
2

electrons
electrons electrons nuclei

el A
i

i i A iA ij

i j

Z
H

r r


         (2.4) 

The term in equation 2.2 describing the nuclear kinetic energy is missing in equation 

2.4 (it is zero), and the nuclear-nuclear Coulomb term in equation 2.2 is a constant. 

The latter needs to be added to the electronic energy, E
el
, to yield the total energy, E, 

for the system. 

nuclei
el A B

A B AB

Z Z
E E

R

    (2.5) 

Note that nuclear mass does not appear in the electronic Schrödinger equation. To 

the extent that the Born-Oppenheimer approximation is valid, this means that mass 

effects (isotope effects) on molecular properties and chemical reactivities are of 

different origin[21]. 
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2.3 Density Functional Theory 

Density Functional Theory (DFT) [22-25] is a theory in which ground state energy is 

expressed in terms of electron density. This method was proposed by P. Hohenberg 

and W. Kohn in 1964 but it contained only virtual functionals. In 1965, Kohn and 

Sham brought formal functionals based on total electron density. Contrary to 

Hartree-Fock method [26-28], DFT has smaller computational cost with high 

accuracy. Although both methods account for the instantaneous interactions of pairs 

of electrons with opposite spin, DFT methods include the effects of electron 

correlation (electrons in a molecular system react to one another‟s motion and 

attempt to keep out of another‟s way) while Hartree-Fock calculations see this effect 

in an average sense (each electron sees and reacts to an averaged electron density). 

Density functional methods partition the electronic energy into several terms and 

compute them separately. 

T V J XCE E E E E     (2.6) 

ET  is the kinetic energy term, EV is the potential energy of the nuclear-electron 

attraction and nuclear-nuclear repulsion term, EJ is the electron-electron repulsion 

term (also called Coulomb energy), EXC is the exchange-correlation term that 

includes the remaining part of the electron-electron interactions and it is not known 

how to calculate exactly. 

All the terms except the nuclear-nuclear repulsion, are functions of electron density, 

(r). EXC can be categorized into exchange and correlation functionals. EXC accounts 

for the exchange energy arising from the antisymmetry of the quantum mechanical 

wavefunction and the dynamic correlation in the motions of the individual electrons. 

The variational principle determines the ground state energy and electron density in 

terms of the electron density. Further, the ground state electron density  (r) 

determines the external potential, ν(r) and variationally determines the ground state 

properties of the system of interest. 

The electronic energy can be expressed as a functional of the electron density: 

     ( ) ( ) eeE v r r dr T V       (2.7) 
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where T[] is the kinetic energy of interacting electrons and Vee[]  is the 

interelectronic interactions. 

The electronic energy may be written in the form of Kohn-Sham approach. 

       ( ) ( ) s XCE v r r dr T J E         (2.8) 

This is based upon an orbital density description that removes the necessity of 

knowing the exact form of T[]. Kohn-Sham proposed focusing on the kinetic energy 

of non-interacting system of electrons Ts [], as a functional of a set of single particle 

orbitals that give exact density. 

  2

1

1

2

N

s i i

i

T 


      (2.9) 

J[] represents the electron-electron repulsion (Coulomb energy), and E xc[]  is the 

exchange-correlation energy functional with its functional derivative called the 

exchange-correlation potential, v xc () . 

         XC s eeE T T V J         (2.10) 

 
( )

( )

XC

XC

E
v r

r









 (2.11) 

Excis divided into two parts, namely an exchange functional, Exand a 

correlation functional, Ec. 

     XC X CE E E     (2.12) 

Ex[ρ] and Ec[ρ] functionals can be both local and gradient-corrected functionals. 

Local or gradient-corrected functionals  are called traditional functionals. Local 

functionals depend only on electron density ρ, while gradient-corrected fuctionals 

depend on both ρ and its gradient, Δρ. 

A system of non-interacting electrons moving in an external effective potential veff (r) 

is shown as; 
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    ( ')
( ) ( ) ( ) ' ( )

( ) ( ) '

XC

eff xc

J E r
v r v r v r dr v r

r r r r

  

 

 
     

    
(2.13) 

Now, an equation very similar to the Schrödinger Equation exists. 

21
( )

2
eff i i iv r 

 
      
 

 (2.14) 

(2.8), (2.9), (2.10), (2.11), (2.12), (2.13) are Kohn-Sham Equations.  

In order to evaluate the exchange-correlation functional some approximations are 

made. The first one is the local density approximation (LDA). It is based upon a 

model of uniform electron gas. In the uniform electron gas model, a large number of 

electrons uniformly spread out in a cube where there is a uniform distribution of the 

positive charge to make the system neutral. It assumes that the charge density varies 

slowly throughout the molecule so that a localized region of the molecule behaves 

like a uniform electron gas. The energy expression is: 

       ( ) ( )s XC bE T r v r dr J E E          (2.15) 

where Eb is the electrostatic energy of the positive background. Since the positive 

charge density is the negative to the electron density the equation reduces to: 

           s XC s X CE T E T E E           (2.16) 

The exchange functional is given by: 

  4/3( )X XE C r dr     (2.17) 

Cx=0.7386, this form was developed to reproduce the exchange energy of a uniform 

electron gas. 

DFT methods are defined by pairing an exchange functional with a correlation 

functional and can be named as traditional or hybrid functionals. Hybrid functional 

includes exact term in the exchange functional, whereas traditional functionals do 

not. 

BLYP (Becke‟s gradient-corrected exchange functional with Lee-Yang-Parr‟s 

gradient-corrected correlation functional) method is a traditional functional whereas, 

B3LYP (Becke style three parameter functional in combination with the Lee-Yang- 
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Parr correlation functional) method [29], the linear combination of LDA, B88, exact 

and LYP functionals, is a hybrid functional: 

88

0( )
XC X

LDA exact LDA B non local

XC X X X C CE E a E E a E a E         (2.18) 

where 88B

XE is the Becke‟s gradient correction, i.e. the second term at the right hand 

side of the equation (2.18) and the correction to the correlation non local

CE  is provided 

by the Lee-Yang-Parr functional. But, LYP includes both local and nonlocal terms, 

then the correlation functional used is actually: (1 )LYP VWN

C C C Ca E a E  where VWN

CE is 

the Vosko-Wilk-Nusair correlation energy. The parameters are specified by Becke by 

fitting the atomization energies, ionization potentials, proton affinities and first row 

atomic energies in the molecule set, a0=0.20, ax=0.72 and ac=0.81. Hybrid 

functionals have proven to be superior to the traditional functional [20]. 

2.4 Basis Sets 

A basis set is a serie of basis functions which is used to express molecular orbitals. 

The molecular orbitals are emphasized as a linear combination of basis functions 

which are pre-defined one-electron atomic functions. The basis functions are 

categorized into two classes, Slater Type Orbitals (STO) and Gaussian Type Orbitals 

(GTO). Slater Type Orbitals have the functional form 

( , , ) a b c r

abc x y z Nx y z e    (2.19) 

N is the normalization constant, a, b and c are angular momentum (L= a+b+c). 

Gaussian type orbitals can be written as 

2( , , ) a b c r

abc x y z Nx y z e    (2.19) 

GTOs are preferable over STOs because of the computational efficiency although 

STOs are more accurate. Among the types of the basis sets (minimal basis sets, split 

valence basis sets, polarized basis sets, high angular momentum basis sets) the most 

popular one is the split valence basis set which is developed by Pople and his group 

termed as 3-21G, 4-31G, 6-31G. Split valence basis sets allow orbitals to change size 

not the shape. Polarized basis sets remove this limitation by adding orbitals with 
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angular momentum beyond the ground state configuration for each atom. In this 

study 6-31G*, also known as 6-31G(d) polarization basis set is used where d 

functions are added to heavy atoms [20-29]. 

2.5 Solvation Method 

The solvation model known as Integral-Equation-Formalism Polarizable Continuum 

Model (IEFPCM) has been originally developed in collaboration with Dr. Eric 

Cances in 1997 [30].  

The model is based on the partition of the system into two subsytems, the 

molecule(s) under scrutiny (“the solute”) and the "environment". This latter is treated 

as a macroscopic and continuous medium characterized by some specific 

macroscopic physical properties, in particular its dielectric permittivity. By contrast, 

the solute is described at a microscopic level (usually using a quantum-mechanical 

description) and it is assumed to be in a cavity of proper shape and dimension 

immersed in the continuum. The cavity which is built according to the real geometric 

structure of the target solute, univocally defines the closed surface which separates 

the solute and the solvent, and, at the same time, it is used to formulate the basic 

electrostatic equations characterizing the solute-solvent interactions.  

To solve the electrostatic problem, an apparent surface charge (ASC) is introduced 

on the cavity surface to represent the polarization of the medium. In the IEF version 

of this general model, use is made of the Green functions to define the proper 

integral operators determining the apparent charge: this allows to apply exactly the 

same strategy to very different media ranging from standard isotropic solvents 

characterized by a scalar permittivity, to anisotropic dielectrics like liquid crystals 

and polymers, passing through liquid-liquid, liquid-gas or liquid-solid interfaces. 

In this framework, the system is represented by a charge distribution (the solute) 

embedded in a known region of space (the molecular cavity) inside a polarizable 

dielectric. The dielectric response of the solvent to the presence of the solute is 

represented through an induced, or apparent, surface charge spreading on the cavity. 

Such an induced charge produces an electric field, named „reaction field‟, which 

modifies the description of the solute with respect to the gas-phase. This mutual 

interaction between solute and solvent finally leads to a system in which the two 
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components have both modified their previous state, represented by the isolated 

molecule and the unpolarized solvent, towards a more stable situation. This process 

is described at the QM level by defining an Effective Hamiltonian in which solute-

solvent interaction terms are added to the standard gas-phase Hamiltonian.  

Passing to the applications, the model can be successfully used to compute 

geometries and many molecular properties (it includes analytical derivatives of 

various order and nature), to simulate electronic, vibrational and magnetic spectra, to 

study reaction mechanisms and to describe electronically excited states. 

The IEFPCM model has been generalized to treat dynamical phenomena; in 

particular, the solvent charges can be made time dependent through the time 

dependence of the solute wavefunction from which they are directly originated, and 

also due to the time dependence of the solvent permittivity. In general, the 

permittivity presents a time dependence determined by the intrinsic characteristics of 

the solvent which are difficult to represent with a general analytic function and 

change passing from one solvent to another. However, by applying theoretical 

models based on measurements of relaxation times (as that formulated by Debye) 

and by knowing by experiments the behavior of the permittivity with respect to the 

frequency of an external applied field, it is possible to derive semiempirical formula 

of the dielectric constant as a function of time. This formula, in turn, will allow 

obtaining IEFPCM charges which take into account, through its dependence on the 

time-dependent permittivity, the dynamic behavior of the specific solvent they 

represent [30-37]. 

2.6 Natural Bond Order (NBO) 

The basic idea in the natural atomic orbitals (NAO) and NBOs analysis could briefly 

be described as the use of one-electron density matrix for defining the shape of the 

atomic orbitals in the molecular environment, and derive molecular bonds from 

electron density between atoms[38,39]. 

NBO analysis making with orthogonality of the first order density matrix. Density 

matrix is given in equation 2.20. 
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D= 

AA AB AC

AB BB BC

AC BC CC

D D D

D D D

D D D

 
 
 
 
 
 
 
 

 (2.20) 

In equation A, B, C represents atoms and D terms represents the basis functions [40]. 

2.7 Semi-Empirical Models 

Semi-empirical models follow directly from Hartree-Fock models. First, the size of 

the problem is reduced by restricting treatment to valence electrons only (electrons 

associated with the core are ignored). Next, the basis set is restricted to a minimal 

valence only representation. For main-group elements, this comprises a single s-type 

function and a set of p-type functions, e.g., 2s, 2px, 2py, 2pz for a first-row element, 

and for transition metals, a set of d-type functions, an s function and a set of p 

functions, e.g., 3dx2-y2, 3dz2, 3dxy, 3dxz, 3dyz, 4s, 4px, 4py, 4pz for first-row 

transition metals. Hydrogen is represented by a single (1s) function. The only 

exception to this is the MNDO/d method for second-row (and heavier) main-group 

elements, used in conjunction with MNDO for hydrogen and first row elements. This 

incorporates a set of d-type functions, in direct analogy to 3-21G(*) used in 

conjunction with 3-21G. 

The central approximation, in terms of reducing overall computation, is to insist that 

atomic orbitals residing on different atomic centers do not overlap. 

∫ΦμΦvdτ=0   Φμ and Φv not on the same atom 

This is referred to as the Neglect of Diatomic Differential Overlap or NDDO 

approximation. It reduces the number of electron-electron interaction terms from 

O(N4) in the Roothaan-Hall equations to O(N2), where N is the total number of basis 

functions. 

Additional approximations are introduced in order to further simplify the overall 

calculation, and more importantly to provide a framework for the introduction of 

empirical parameters. Except for models for transition metals, parameterizations are 

based on reproducing a wide variety of experimental data, including equilibrium 
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geometries, heats of formation, dipole moments and ionization potentials. Parameters 

for PM3 for transition metals are based only on reproducing equilibrium geometries. 

The AM1 and PM3 models incorporate essentially the same approximations but 

differ in their parameterization. 
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3.  METHODOLOGY 

The conformational analysis of the aromatic diisocyanates and the alcohols used is 

performed at semiempirical level of theory by using PM3[41]  method implemented 

in the SPARTAN „04 package [42]. The obtained conformers are then fully 

optimized with higher levels of theory. The gas phase calculations along the reaction 

coordinate were carried out by means of the DFT using the B3LYP[43,44] hybrid 

exchange-correlation functional with the 6-31+G** basis set as included in the 

Gaussian 03 program [45]. The B3LYP functional has proven to yield a satisfactory 

description of the alcohol addition reactions to isocyanates [10,46-49]. Vibrational 

frequency analysis was carried out in order to confirm the nature of the stationary 

points. The transition states were characterized by one negative frequency which has 

a value greater than 100cm-1. The instrinsic reaction coordinate (IRC) calculations is 

done for the validation of reactant and product geometries of the relevant transition 

states. 

The solvent effect is calculated by single-point IEF-PCM [30,50,51] calculations in 

benzene which is a solvent used in experimental studies. The NBO analysis provides 

a consistent picture of the bonding scheme and the charge analysis both for the 

transition state and ground state structures [52]. The charges that are shown on 

figures are obtained from NBO calculations. The energies discussed in the text are 

Gibbs free energies calculated at 298 K, unless otherwise stated. The kinetics 

involved in the calculation of rate constant ratios are calculated with Arrhenius 

equation. The graphical representation was obtained using the Cylview program [33]. 
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4.  RESULTS AND DISCUSSION 

Although the formation of the urethane could occur either in a concerted or in a 

stepwise fashion, the product obtained differs in two mechanisms. The alcohol 

addition from N=C bond ends up with a trans urethane, where the addition from C=O 

via stepwise path produces cis urethane. In this study,  both pathways have been 

modelled for the alcoholysis reaction of 2,4 TDI with n-butanol. Once the preferred 

mechanism is determined and validated with the activation energy barriers proposed 

in experimental studies, alcoholysis reaction for the rest of the aromatic 

diisocyanates depicted in Figure 1.7 are modelled according to the preferred 

mechanism.  

4.1 Urethanization Reaction between 2,4 TDI and n-butanol  

The nucleophilic attack of n-butanol to isocyanate could occur either from the 

isocyanates located at the C2 or C4 position on the ring (Figure 4.1). Both 

possibilities are modelled for stepwise and concerted mechanisms.  

 

Figure 4.1 : The numbering used both for 2,4 TDI and n-butanol molecules. 

The activation barriers of both attacks and the relative free energies of the obtained 

products are compared. The 0.6 kcal/mol difference in activation energy barriers is 

calculated on behalf of the attack from the position C4. The difference in activation 

energies can be explained by steric hindrance created by methyl group next to 
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isoyanate on position C2. It is also noteworthy to state the energy difference between 

obtained products is 2.0 kcal/mol lower for the attack from the position C4 relative to 

position C2. It has been deduced that the attack from position C4 is more prone to 

occur based on the obtained product stabilities and a difference in activation energy 

barriers. The 1.5-3.0 times higher chemical reactivity of –NCO group at position 4 

was also determined experimentally[18]. 

The aromatic diisoyanate, 2,4 TDI has a planar structure. In the concerted pathway, 

2,4 TDI and n-butanol forms a four membered transition state, (TS3) the hydrogen 

(H14) is transferred to the nitrogen (N11), and the C12O15 bond is formed 

simultaneously. The geometrical parameters for TS3 is found to be in accordance 

with the computational study done by Rapoet et al. on the alcoholysis reaction 

between isocyanate and the methanol molecule. In TS3, the distances between C12-

O15 and N11-H14 is found to be 1.614 Å  and 1.367 Å  respectively (Figure 4.2a). 

The second order NBO stabilization energies pointed out the presence of stabilizing 

interactions in TS3 due to the strong electron delocalization from the lone pairs of 

N11 and O15 atoms to the lone pair of H14 (Table 4.1). When the transition state 

(TS3) and the product structures(4) are geometrically compared, in structure 4, as the 

C12 and O15 distance decreases from 1.614 Å  to 1.360 Å , and the distance between 

N11 and H14 decreases from 1.367 Å to 1.011 Å. A lengthening is seen between 

C12-N11 from 1.314 Å  to 1.372 Å  forming a partial double bond (Figure 4.2b). The 

existence of a stabilizing interaction in structure 4 between lone pairs of N11 and 

O15 to antibonding orbitals of C12-O13 bond (Table 4.1) causes an increase in bond 

distance (C12-O13) with respect to TS3 from 1.197 Å to 1.218 Å.   The first part of 

the reaction is exergonic. The second alcohol attack is performed via TS3_2, in 

which the geometrical parameters of the structures along the reaction coordinate are 

in agreement with the first attack.  The nucleophilic attack of the first n-butanol 

molecule to N=C bond is found to have energy barrier of 40.1 kcal/mol where the 

consecutive attack have a barrier of 41.9 kcal/mol(Figure 4.6).  The overall reaction 

is exergonic. 
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(a) 

 

(b) 

Figure 4.2 : The three dimensional structures of a) transition state TS3  

b) structure 4 (distances given in bold and NBO charges italic). 

In the stepwise mechanism, where the reaction is carried out across the C=O bond; 

alcoholysis of isocyanate occurs in three steps. In the first step, the nucleophilic 

attack of n-butanol through the C=O bond is modeled. The second step involves the 

rotation of the hydrogen atom (H14) on O15  in order to facilitate the proton transfer. 

The last step consists of a proton transfer leading to the formation of cis-urethane 

instead of trans-urethane which is the product in the concerted path. The attack of 

alcohol to C=O bond forms a four-membered transition state (TS5) as in the 

concerted path. The enol intermediate (6) is formed as a product.  The energy barrier 

is found to be 41.5 kcal/mol (Figure 4.7). The C12-O15 and O13-H14 distances are 

found to 1.515 Å  and 1.356 Å  respectively (Figure 4.3a). The results are in 

harmony with the results by Raspoet et al. Unfortunately, both the geometrical 

parameters and the energy barriers are not in harmony with the previous 

computational study done by Cysewski et al. on the ethylene glycol addition to 2,4 

TDI [10]. In that study the activation energy barrier for the reaction of ethylene 

glycol with 2,4 TDI was found approximately 20 kcal/mol higher than this study. 

The three dimensional structure of the enol intermediate (6) is shown in Figure 4.3b. 

The NBO analysis on the transition state TS5 is revealed an electron delocalization 



 
22 

from the lone pairs of O13 and O15 through the H14  ( 136.95 kcal/mol and 186.54 

kcal/mol respectively) which has a lower value in transition state structure TS3 due 

to the nature of the reaction coordinate (Table 4.1). 

 

   (a) 

 

(b) 

Figure 4.3 : The three dimensional structures of a) transition state TS5 b) enol 

intermediate 6 (distances given in bold and NBO charges italic). 

In the second step, hydrogen of the hydroxyl group is rotated (TS7) in order to 

facilitate the proton transfer. The H14O13C12N11 dihedral angle is changed from 

89.5° (TS7) to 0.9° (8) (Figure 4.4a&b). The energy barrier of this rotation is 7.2 

kcal/mol (Figure 4.7).  

 

(a) 

 

(b) 

Figure 4.4 : The three dimensional structures of a) transition state TS7 and  b) 

structure 8 (distances given in bold and NBO charges italic). 
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In the last step, proton transfers from O13 to N11 through transition state 9 and 

forms the cis-urethane product. When the transition state (TS9), and the product 

structures (Structure 10) are geometrically compared, severe changes in the 

interatomic distances are observed. The C12-O13 bond and N11-H14 distances are 

decreased to 1.215 Å and 1.013 Å  from 1.288 Å  and 1.344 Å respectively. 

Simultaneously, a lengthening is seen in C12N11 bond (1.334 Å  to 1.390 Å ) 

(Figure 4.5a&b). In transition state (TS9) the presence of partial double bonds 

between N11-C12, C12-O13 and C12-O15 stems from the electron delocalization 

around the reacting center which lowers the energy of the structure. The second order 

NBO stabilization energy values also supports the delocalization and stabilizing 

effect of the delocalization. The barrier of the last step of stepwise mechanism is 

found to be 31.5 kcal/mol (Figure 4.7). In the stepwise mechanism, the rate 

determining step is the formation of enol intermediate.   

 

   (a)                                                                          (b) 

Figure 4.5 : The three dimensional structures of a) transition state TS9 and b) 

structure 10 (distances given in bold and NBO charges italic). 

When the cis and trans forms of urethanes are compared, the trans urethane structure 

is energetically more favorable. In trans-urethane, the urethane functional group and 

the aromatic ring are on the same plane facilitating the charge delocalization between 

the ring and the urethane group. The planarity cannot be observed for the cis-

urethane structure. The second order energy values from NBO analysis also points 

out higher stabilization for trans product (Table 4.1). 
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Table 4.1:  NBO second order stabilization energies (kcal/mol) corresponding to 

the main interactions in compounds TS3, 4, TS5, 6, TS9, 10. 

 TS3 4 TS5 6 TS9 10 

lpO15→σ*C12O13 8.28 54.93 24.93 48.19 3.58 32.71 

lpN11→ σ*C12O13 125.61 64.14 13.83 7.11 3.66 49.51 

The second alcohol addition to 2,4 TDI is modeled according to above procedure. 

The relative energy barriers for the second alcohol addition are found to be 49.7 

kcal/mol for enol intermediate formation, 6.8 kcal/mol for the hydrogen rotation and 

31.4 kcal/mol for the proton transfer steps.(Figure 4.7). 

The activation barrier of the concerted mechanism (first alcohol addition 40.1 

kcal/mol, second alcohol addition 41.9 kcal/mol) is in harmony with the 

experimental activation energy for the reaction of 2,4 TDI and n-butanol which was 

found to be approximately 30 kcal/mol [52].
  

In a solvated medium, the activation 

energy barrier is found to be 29.4 kcal/mol and 37.5 kcal/mol for concerted and 

stepwise mechanisms respectively. A better compatibility with the experimental 

findings is found in the presence of solvent effect for the concerted path.   

 
Both the difference in activation barriers of the rate determining steps of the 

proposed paths and the stabilities of the obtained isocyanates point out that the 

concerted path is more plausible mechanism for the urethanization reaction. 
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Figure 4.6 : Two consecutive alcoholysis reaction of 2,4 TDI with n-butanol via concerted mechanism (barriers for solvents in parenthesis).
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Figure 4.7 : Two consecutive alcoholysis reaction of 2,4 TDI with n-butanol via stepwise mechanism (barriers for solvents in parenthesis). 
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4.2 Reaction between 2,6 TDI and propylene glycol 

The numbering used for 2,6 TDI and n-butanol is shown in Figure 4.8 

 

Figure 4.8 : The numbering used both for 2,6 TDI and propylene glycol molecules. 

The aromatic diisoyanate, 2,6 TDI has a planar structure. In the concerted pathway, 

2,6 TDI and propylene glycol forms a four membered transition state, (TS3) the 

hydrogen (H14) is transferred to the nitrogen (N8), and the C9O15 bond is formed 

simultaneously. The geometrical parameters for TS3 is found to be in accordance 

with the computational study done by Rapoet et al. on the alcoholysis reaction 

between isocyanate and the methanol molecule. In TS3, the distances between C9-

O15 and N8-H14 is found to be 1.67 Å  and 1.35 Å  respectively (Figure 4.9a). The 

second order NBO stabilization energies pointed out the presence of stabilizing 

interactions in TS3 due to strong the electron delocalization from the lone pairs of 

N8 and O15 atoms to the lone pair of H14 (Table 4.2). When the transition state 

(TS3) and the product structures(4) are geometrically compared, in structure 4, as the 

C9 and O15 distance decreases from 1.67 Å  to 1.37 Å , and the distance between N8 

and H14 decreases from 1.35 Å to 1.01 Å. A lengthening is seen between C9-N8 

from 1.31 Å  to 1.37 Å  forming a partial double bond (Figure 4.9b). The existence of 

a stabilizing interaction in structure 4 between lone pairs of  N8 and O15 to 

antibonding orbitals of  C9-O10 bond (Table 4.2) causes an increase in bond distance 

(C9-O10) with respect to TS3 from 1.19 Å to 1.22 Å.  The first part of the reaction is 

exergonic. The second alcohol attack is performed via TS3_2, in which the 

geometrical parameters of the structures along the reaction coordinate are in 

agreement with the first attack.  The nucleophilic attack of the first propylene glycol 

molecule to N=C bond is found to have energy barrier of 37.4 kcal/mol where the 
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consecutive attack have a barrier of 47.8 kcal/mol(Figure 4.10).  The overall reaction 

is exergonic. 

 

(a) 

 

(b) 

Figure 4.9 : The three dimensional structures of 2,6 TDI a) transition state TS3  

b) structure 4 (distances given in bold and NBO charges italic). 
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Table 4.2:  2,6 TDI - NBO second order stabilization energies (kcal/mol) 

corresponding to the main interactions in  compounds TS3, 4 

 TS3 4 

lpO15→σ*C9O10 3.00 9.11 

lpN8→ σ*C9O10 17.16 34.72 
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Figure 4.10 : Two consecutive alcoholysis reaction of 2,6 TDI with propylene glycol via concerted mechanism (barriers for solvents in 
parenthesis).
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4.3 Reaction between 2,6 TDI  and n-butanol 

The numbering used for 2,6 TDI and n-butanol is shown in Figure 4.11 

 

Figure 4.11 : The numbering used both for 2,6 TDI and n-butanol molecules. 

The aromatic diisoyanate, 2,6 TDI has a planar structure. In the concerted pathway, 

2,6 TDI and n-butanol forms a four membered transition state, (TS3) the hydrogen 

(H14) is transferred to the nitrogen (N11), and the C9O15 bond is formed 

simultaneously. The geometrical parameters for TS3 is found to be in accordance 

with the computational study done by Rapoet et al. on the alcoholysis reaction 

between isocyanate and the methanol molecule. In TS3, the distances between C9-

O15 and N8-H14 is found to be 1.63 Å  and 1.36 Å  respectively (Figure 4.12a). The 

second order NBO stabilization energies pointed out the presence of stabilizing 

interactions in TS3 due to strong the electron delocalization from the lone pairs of 

N8 and O15 atoms to the lone pair of H14 (Table 4.3). When the transition state 

(TS3) and the product structures(4) are geometrically compared, in structure 4, as the 

C9 and O15 distance decreases from 1.63 Å  to 1.36 Å , and the distance between N8 

and H14 decreases from 1.36 Å to 1.01 Å. A lengthening is seen between C9-N8 

from 1.31 Å  to 1.38 Å  forming a partial double bond (Figure 4.12b). The existence 

of a stabilizing interaction in structure 4 between lone pairs of N8 and O15 to 

antibonding orbitals of C9-O10 bond (Table 4.3) causes an increase in bond distance 

(C9-O10) with respect to TS3 from 1.20 Å to 1.22 Å.   The first part of the reaction 

is exergonic. The second alcohol attack is performed via TS3_2, in which the 

geometrical parameters of the structures along the reaction coordinate are in 

agreement with the first attack.  The nucleophilic attack of the first n-butanol 

molecule to N=C bond is found to have energy barrier of 42.7 kcal/mol where the 
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consecutive attack have a barrier of 44.0 kcal/mol(Figure 4.13).  The overall reaction 

is exergonic. 

 

(a) 

 

(b) 

Figure 4.12 : The three dimensional structures of 2,6 TDI a) transition state TS3  

b) structure 4 (distances given in bold and NBO charges italic). 
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Table 4.3:  2,6 TDI - NBO second order stabilization energies (kcal/mol) 

corresponding to the main interactions in compounds TS3, 4 

 TS3 4 

lpO15→σ*C9O10 3.64 35.27 

lpN8→ σ*C9O10 16.41 29.96 



 
34 

0.0

42.7

(32.2)

-4.7

(-20.2)

39.3

(13.4)

-7.7

(-38.9)

-40,0

-30,0

-20,0

-10,0

0,0

10,0

20,0

30,0

40,0

50,0

60,0

R
el

a
ti

v
e 

F
re

e 
E

n
er

g
y

 (
k

ca
l/

m
o

l)

Reaction Coordinate

2,6 TDI with n-butanol 

 

Figure 4.13 : Two consecutive alcoholysis reaction of 2,6 TDI with n-butanol via concerted mechanism (barriers for solvents in parenthesis).
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4.4 Reaction between 2,4’DBDI  and n-butanol  

The numbering used for 2,4‟DBDI and n-butanol is shown in Figure 4.14. 

 

Figure 4.14 : The numbering used both for 2,4 DBDI and n-butanol molecules. 

In the concerted pathway, 2,4 DBDI and n-butanol forms a four membered transition 

state, (TS3) the hydrogen (H21) is transferred to the nitrogen (N7), and the C8O21 

bond is formed simultaneously. The geometrical parameters for TS3 is found to be in 

accordance with the computational study done by Rapoet et al. on the alcoholysis 

reaction between isocyanate and the methanol molecule. In TS3, the distances 

between C8-O22 and N7-H21 is found to be 1.63 Å  and 1.36 Å  respectively (Figure 

4.15a). The second order NBO stabilization energies pointed out the presence of 

stabilizing interactions in TS3 due to strong the electron delocalization from the lone 

pairs of N7 and O22 atoms to the lone pair of H21 (Table 4.4). When the transition 

state (TS3) and the product structures(4) are geometrically compared, in structure 4, 

as the C8 and O22 distance decreases from 1.63 Å  to 1.36 Å , and the distance 

between N7 and H21 decreases from 1.36 Å to 1.01 Å. A lengthening is seen 

between C8-N7 from 1.31 Å  to 1.37 Å  forming a partial double bond (Figure 

4.15b). The existence of a stabilizing interaction in structure 4 between lone pairs of 

N7 and O22 to antibonding orbitals of C8-O9 bond (Table 4.4) causes an increase in 

bond distance (C8-O9) with respect to TS3 from 1.20 Å to 1.22 Å.   The first part of 

the reaction is exergonic. The second alcohol attack is performed via TS3_2, in 

which the geometrical parameters of the structures along the reaction coordinate are 

in agreement with the first attack.  The nucleophilic attack of the first n-butanol 

molecule to N=C bond is found to have energy barrier of 41.2 kcal/mol where the 
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consecutive attack have a barrier of 42.2 kcal/mol(Figure 4.16).  The overall reaction 

is exergonic. 

 

(a) 

 

(b) 

Figure 4.15 : The three dimensional structures of 2,4‟DBDI a) transition state TS3  

b) structure 4 (distances given in bold and NBO charges italic). 
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Table 4.4:  2,4‟DBDI - NBO second order stabilization energies (kcal/mol) 

corresponding to the main interactions in compounds TS3, 4 

 TS3 4 

lpO22→σ*C8O9 3.42 10.07 

lpN7→ σ*C8O9 61.16 65.19 
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Figure 4.16 : Two consecutive alcoholysis reaction of 2,4‟ DBDI with n-butanol via concerted mechanism (barriers for solvents in parenthesis).
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4.5 Reaction between 4,4 Stilbene Diisocyanate  and n-butanol  

The numbering used for 4,4‟SBDI  and n-butanol is shown in Scheme 4.117. 

 

Figure 4.17 : The numbering used both for 4,4‟SBDI and n-butanol molecules.  

The aromatic diisoyanate, 4,4‟SBDI has a planar structure. In the concerted pathway, 

4,4 SBDI and n-butanol forms a four membered transition state, (TS3) the hydrogen 

(H21) is transferred to the nitrogen (N7), and the C8O22 bond is formed 

simultaneously. The geometrical parameters for TS3 is found to be in accordance 

with the computational study done by Rapoet et al. on the alcoholysis reaction 

between isocyanate and the methanol molecule. In TS3, the distances between C8-

O22 and N7-H21 is found to be 1.62 Å  and 1.37 Å  respectively (Figure 4.18a). The 

second order NBO stabilization energies pointed out the presence of stabilizing 

interactions in TS3 due to strong the electron delocalization from the lone pairs of 

N7 and O22 atoms to the lone pair of H21 (Table 4.5). When the transition state 

(TS3) and the product structures(4) are geometrically compared, in structure 4, as the 

C8 and O22 distance decreases from 1.62 Å  to 1.36 Å , and the distance between N7 

and H21 decreases from 1.37 Å to 1.01 Å. A lengthening is seen between C8-N7 

from 1.31 Å  to 1.37 Å  forming a partial double bond (Figure 4.18b). The existence 

of a stabilizing interaction in structure 4 between lone pairs of N7 and O22 to 

antibonding orbitals of C8-O9 bond (Table 4.5) causes an increase in bond distance 

(C8-O9) with respect to TS3 from 1.20 Å to 1.22 Å.   The first part of the reaction is 

exergonic. The second alcohol attack is performed via TS3_2, in which the 

geometrical parameters of the structures along the reaction coordinate are in 

agreement with the first attack.  The nucleophilic attack of the first n-butanol 

molecule to N=C bond is found to have energy barrier of 41.3 kcal/mol where the 

consecutive attack have a barrier of 41.5 kcal/mol(Figure 4.19).  The overall reaction 

is exergonic. 



 
40 

 

(a) 

 

(b) 

Figure 4.18 : The three dimensional structures of 4,4‟SBDI  a) transition state TS3  

b) structure 4 (distances given in bold and NBO charges italic). 
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Table 4.5:  4,4‟SBDI - NBO second order stabilization energies (kcal/mol) 

corresponding to the main interactions in compounds TS3, 4 

 TS3 4 

lpO22→σ*C8O9 3.48 44.71 

lpN7→ σ*C8O9 108.22 64.36 
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Figure 4.19 : Two consecutive alcoholysis reaction of 4,4‟ SBDI with n-butanol via concerted mechanism (barriers for solvents in parenthesis).
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4.6 Reaction between m-PDI  and n-butanol  

The numbering used for m-PDI  and n-butanol is shown in Figure 4.20. 

 

Figure 4.20 : The numbering used both for m-PDI  and n-butanol molecules  

The aromatic diisoyanate, m-PDI has a planar structure. In the concerted pathway, 

m-PDI and n-butanol forms a four membered transition state, (TS3) the hydrogen 

(H13) is transferred to the nitrogen (N7), and the C8O14 bond is formed 

simultaneously. The geometrical parameters for TS3 is found to be in accordance 

with the computational study done by Rapoet et al. on the alcoholysis reaction 

between isocyanate and the methanol molecule. In TS3, the distances between C8-

O14 and N7-H13 is found to be 1.61 Å  and 1.37 Å  respectively (Figure 4.21a). The 

second order NBO stabilization energies pointed out the presence of stabilizing 

interactions in TS3 due to strong the electron delocalization from the lone pairs of 

N7 and O14 atoms to the lone pair of H13 (Table 4.6). When the transition state 

(TS3) and the product structures(4) are geometrically compared, in structure 4, as the 

C8 and O14 distance decreases from 1.61 Å  to 1.36 Å , and the distance between N7 

and H14 decreases from 1.37 Å to 1.01 Å. A lengthening is seen between C8-N7 

from 1.32 Å  to 1.37 Å  forming a partial double bond (Figure 4.21b). The existence 

of a stabilizing interaction in structure 4 between lone pairs of N7 and O14 to 

antibonding orbitals of C8-O19 bond (Table 4.6) causes an increase in bond distance 

(C8-O9) with respect to TS3 from 1.20 Å to 1.22 Å.   The first part of the reaction is 

exergonic. The second alcohol attack is performed via TS3_2, in which the 

geometrical parameters of the structures along the reaction coordinate are in 

agreement with the first attack.  The nucleophilic attack of the first n-butanol 

molecule to N=C bond is found to have energy barrier of 40.2 kcal/mol where the 

consecutive attack have a barrier of 41.8 kcal/mol(Figure 4.22).  The overall reaction 

is exergonic. 
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(a) 

 

(b) 

Figure 4.21 : The three dimensional structures of m-PDI  a) transition state TS3  

b) structure 4 (distances given in bold and NBO charges italic). 
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Table 4.6:  m-PDI - NBO second order stabilization energies (kcal/mol) 

corresponding to the main interactions in compounds TS3, 4 

 TS3 4 

lpO14→σ*C8O9 4.68 44.71 

lpN7→ σ*C8O9 107.19 45.12 
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Figure 4.22 : Two consecutive alcoholysis reaction of m-PDI with n-butanol via concerted mechanism (barriers for solvents in parenthesis).
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4.7 Reaction between p-PDI  and n-butanol  

The numbering used for p-PDI  and n-butanol is shown in Figure 4.23. 

 

Figure 4.23 : The numbering used both for p-PDI  and n-butanol molecules  

The aromatic diisoyanate, p-PDI has a planar structure. In the concerted pathway, p-

PDI and n-butanol forms a four membered transition state, (TS3) the hydrogen (H13) 

is transferred to the nitrogen (N7), and the C9O14 bond is formed simultaneously. 

The geometrical parameters for TS3 is found to be in accordance with the 

computational study done by Rapoet et al. on the alcoholysis reaction between 

isocyanate and the methanol molecule. In TS3, the distances between C9-O14 and 

N7-H13 is found to be 1.61 Å  and 1.37 Å  respectively (Figure 4.24a). The second 

order NBO stabilization energies pointed out the presence of stabilizing interactions 

in TS3 due to strong the electron delocalization from the lone pairs of N7 and O14 

atoms to the lone pair of H13 (Table 4.7). When the transition state (TS3) and the 

product structures(4) are geometrically compared, in structure 4, as the C8 and O14 

distance decreases from 1.61 Å  to 1.36 Å , and the distance between N7 and H13 

decreases from 1.37 Å to 1.01 Å. A lengthening is seen between C8-N7 from 1.31 Å  

to 1.37 Å  forming a partial double bond (Figure 4.24b). The existence of a 

stabilizing interaction in structure 4 between lone pairs of N7 and O14 to antibonding 

orbitals of C8-O9 bond (Table 4.7) causes an increase in bond distance (C8-O9) with 

respect to TS3 from 1.20 Å to 1.22 Å.   The first part of the reaction is exergonic. 

The second alcohol attack is performed via TS3_2, in which the geometrical 

parameters of the structures along the reaction coordinate are in agreement with the 

first attack.  The nucleophilic attack of the first n-butanol molecule to N=C bond is 

found to have energy barrier of 40.5 kcal/mol where the consecutive attack have a 

barrier of 41.9 kcal/mol(Figure 4.25).  The overall reaction is exergonic. 
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(a) 

 

(b) 

Figure 4.24 : The three dimensional structures of p-PDI  a) transition state TS3  

b) structure 4 (distances given in bold and NBO charges italic). 
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Table 4.7:  p-PDI - NBO second order stabilization energies (kcal/mol) 

corresponding to the main interactions in compounds TS3, 4 

 TS3 4 

lpO14→σ*C8O9 4.65 64.27 

lpN7→ σ*C8O9 107.74 64.27 
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Figure 4.25 : Two consecutive alcoholysis reaction of p-PDI with n-butanol via concerted mechanism (barriers for solvents in parenthesis).
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4.8 Reaction between 2,2’DBDI  and n-butanol  

The numbering used for 2,2‟DBDI and n-butanol is shown in Figure 4.26. 

 

Figure 4.26 : The numbering used both for 2,2‟DBDI and n-butanol molecules  

In the concerted pathway, 2,2‟DBDI and n-butanol forms a four membered transition 

state, (TS3) the hydrogen (H21) is transferred to the nitrogen (N7), and the C8O22 

bond is formed simultaneously. The geometrical parameters for TS3 is found to be in 

accordance with the computational study done by Rapoet et al. on the alcoholysis 

reaction between isocyanate and the methanol molecule. In TS3, the distances 

between C8-O22 and N7-H21 is found to be 1.61 Å  and 1.37 Å  respectively (Figure 

4.27a). The second order NBO stabilization energies pointed out the presence of 

stabilizing interactions in TS3 due to strong the electron delocalization from the lone 

pairs of N7 and O22 atoms to the lone pair of H21 (Table 4.12). When the transition 

state (TS3) and the product structures(4) are geometrically compared, in structure 4, 

as the C8 and O22 distance decreases from 1.61 Å to 1.36 Å , and the distance 

between N7 and H21 decreases from 1.37 Å to 1.01 Å. A lengthening is seen 

between C8-N7 from 1.32 Å to 1.37 Å forming a partial double bond (Figure 4.27b). 

The existence of a stabilizing interaction in structure 4 between lone pairs of N7 and 

O9 to antibonding orbitals of C8-O9 bond (Table 4.12) causes an increase in bond 

distance (C8-O9) with respect to TS3 from 1.20 Å to 1.22 Å.   The first part of the 

reaction is exergonic. The second alcohol attack is performed via TS3_2, in which 

the geometrical parameters of the structures along the reaction coordinate are in 

agreement with the first attack.  The nucleophilic attack of the first n-butanol 

molecule to N=C bond is found to have energy barrier of 41.9 kcal/mol where the 



 
52 

consecutive attack have a barrier of 38.7 kcal/mol(Figure 4.28).  The overall reaction 

is exergonic. 

 

(a) 

 

(b) 

Figure 4.27 : The three dimensional structures of 2,2‟DBDI a) transition state TS3  

b) structure 4 (distances given in bold and NBO charges italic). 
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Table 4.8:  2,2‟DBDI - NBO second order stabilization energies (kcal/mol) 

corresponding to the main interactions in compounds TS3, 4 

 TS3 4 

lpO22→σ*C8O9 3.80 44.24 

lpN7→ σ*C8O9 16.74 65.91 
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Figure 4.28 : Two consecutive alcoholysis reaction of 2,2‟DBDI with n-butanol via concerted mechanism (barriers for solvents in parenthesis).
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4.9 Kinetic Parameters  

The k1/k2 ratio can be regenerated via theoretical calculations. The relative 

activation energy barriers calculated from Gibbs free energies for two consecutive 

alcoholysis reactions are used to calculate the k1/k2 ratios according to the Arrhenius 

equation. The rate constant ratios, k1/k2, are calculated from the comparison of the 

ΔG# values, using the expression (kBT/h)exp(-ΔG#/RT), which comes from absolute 

rate theory. In this expression, kB is the Boltzmann constant, and h is Planck‟s 

constant. Throughout the alcoholysis reactions of aromatic diisocyanates, the 

concerted path is modeled. The calculated relative free energy values along the 

reaction paths are depicted in Figure  4.6,7,10,13,16,19,22,25,28. Both the theoretical 

and the experimental k1/k2 ratios are tabulated in Table 4.9. It can be generalized 

that the second alcoholysis reaction occurs slower than the first one. The reactivity 

difference between two consecutive reactions can be based on two explanations: 1. 

the nature of the substituents on the isocyanate 2. the steric hindrance around the 

reacting center. The first attack on isocyanate groups has similar activation energies 

around 40.0 kcal/mol in gas phase and 30.0 kcal/mol in benzene. The calculated 

k1/k2 ratios are in agreement with the experimental ones quantitatively in most 

cases. Although the results for PDI reflect general trend for m- and p- substitutions, 

the k1/k2 ratio is four times higher than expected. A better result is obtained with the 

addition of solvent effect. Among the six aromatic diisocyanate, 2,4 TDI has the 

highest k1/k2 ratio which can be explained mostly by the steric hindrance created 

both by the methyl group next to the isocyanate and the formed urethane at the ortho 

position. The ortho/para reactivity ratio is also calculated and found to be 0.34 which 

is agreed with the experimental data. The lowest ratio is found for 4,4‟ Stilbene 

diisocyanate where the first attack is only two times faster than the latter one. The 

difference can be explained with the analysis of NBO results. In the ground state 

structures, the NBO analysis results revealed an electron delocalization from the C-C 

double bond towards the rings next to the double bond. However the second order 

stabilization energy values differs in the transition states representing the two 

consecutive attacks. The stabilizing interaction is higher in the first attack which 

resulted in a 1 kcal/mol difference in activation energy barriers of two consecutive 

reactions. In this study, both the propylene glycol and n-butanol are used in the 

alcoholysis reaction of 2,6 TDI where a reaction with n-butanol was not studied 
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experimentally. In conjunction with the experimental and calculated k1/k2 ratios, it 

can be concluded that an alcoholysis reaction of 2,6 TDI with n-butanol will produce 

higher k1/k2 ratio than the alcoholysis with propylene glycol. 

Table 4.9: Comparison of the experimental and the calculated k1/k2 ratios for the 

aromatic diisocyanates. (*experimental and calculated data are produced in 

the presence of propylene glycol) k1/k2 ratio
 a
 proposed by experimentally

 

b
calculated in gas phase at B3LYP/6-31+G** level 

c
calculated in benzene at 

B3LYP/6-31+G** level. 

Aromatic diisocyanates k1/k2
a
 k1/k2

b
 k1/k2

c
 

2,4 TDI 18.10
[14]

 22.65 6.65 

2,6 TDI  

 

5.76*
[19] 

- 

3.82* 

8.11 

bulk 

12.00 

m-phenylene diisocyanate 3.07
[17]

 14.22 5.12 

p-phenylene diisocyanate 2.57
[17]

 11.71 4.23 

4,4‟ stilbene diisocyanate 2.01
[16]

 1.37 1.75 

2,4‟ dibenzyl diisocyanate 5.38
[14]

 6.02 8.06 

2,2‟ dibenzyl diisocyanate 0.0036
[14]

 0.0039 - 
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5.  CONCLUSION AND RECOMMENDATIONS 

Seven different aromatic diisocyanates were studied to understand the mechanistic 

details of the urethane formation. It is found that the urethane formation reaction 

proceeds via concerted mechanism that is energetically favored and leads to the 

formation of trans urethane being lower in energy relative to the cis one. The rate 

constant ratios (k1/k2) of the aromatic diisocyanates were calculated. The results are 

in harmony with experimental ones. Calculations enabled us to explain the reactivity 

differences in two consecutive reactions. The explanations are based on the charge 

delocalization and steric hindrances around the reacting center. It should be 

noteworthy to state that the solvent effect must take into consideration in order to 

produce activation energy barriers in harmony with the experimental results.  
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