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1 INTRODUCTION  

1.1 Polyurethanes  (PUs) 

Comfortable and durable mattresses, convenient seats, effective practical thermal 

insulation materials used in industrial buildings, sealants and adhesives, sport items such 

as shoe soles, sport equipment and many of the clothes are only a few examples of 

polyurethane application1.These polymeric materials appear in an astonishing variety of 

forms making them the most versatile plastics with several advantages such as flexibility, 

high resistance, wide range of hardness, different electrical properties and many others2. 

The discovery of first polyurethane was made by Otto Bayer and his co-workers3 in 1937, 

however, the reaction of an isocyanate (ethyl-isocyanate) with an alcohol (ethyl-alcohol) 

was firstly explored by Wurtz in 18494. Since the first polyurethane synthesis has been 

discovered, nowadays several non-isocyanate routes of polyurethane production became 

more and more attractive due to their advantages.  

1.1.1 Alternative pathways for polyurethane synthesis  

Greener polymerization is the main focus of novel polyurethane syntheses and 

numerous non-isocyanate methods were established5. Due to the toxicity of some 

intermediates the most promising pathway to polyurethanes are the transurethanization 

polycondensation between bis-carbamates and diols6ɀ8 and the polyaddition between 

cyclic carbonates and amines9,10 (Figure 1). Asahi Kasei company produced diisocyanate 

by oxidative carbonylation of aniline using PdCl2 catalyst suspended in liquid and 

subsequently recovered by filtration in pilot plant scale11. Another possibility for green 

polyurethanes could be the reaction of aziridines with carbon dioxide (Figure 1). This 

pathway is one of the less dependent in terms of phosgene and isocyanate content. But a 

green access to aziridines and their toxicity causes some difficulties. The rearrangement 

of acyl azide followed by its polycondensation with alcohol functions represents another 

route.  

Transcarbamoylation reactions also lead to phosgene-free polyurethanes (Figure 1).  The 

industrial application of these methods has not reported yet so that the emphasis of this 

research is concentrated on the classical polyurethane synthesis. 
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Figure 1: Alternative synthetic routes to polyurethanes5. 

1.1.2 Classical polyurethane synthesis 

Classical polyurethanes are formed from the reaction between molecules containing 

two or more isocyanate groups with polyol molecules containing two or more hydroxyl 

groups forming urethane linkage (Scheme 1)1. The characteristics of polyurethanes are 

greatly influenced by the types of diisocyanates and polyols used. Polyols are reactive 

substances containing at least two reactive isocyanate groups attached to a single 

molecule. There are four classes of polyols applied in the current chemical industry such 

as polyether polyols, amine-terminated polyethers, polyester polyols and 

polycarbonates12. The other important raw materials of polyurethanes are isocyanates, 

especially aromatic diisocyanates. Numerous studies were conducted about the organic 

isocyanates by chemists including A. W. von Hofmann13, however industrial isocyanate 

synthesis was based on the discovery of Hentschel who reacted phosgene with salt of a 

primary amine14. Several diisocyanates are used nowadays but toluene diisocyanate 

(TDI) and methylene diphenyl diisocyanate (MDI) are the most important ones15. The 

schematic production routes towards polyurethanes are represented in Figure 2. 

 

 

Scheme 1: Polyurethane formation in the reaction of diisocyanate and diol. 
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Figure 2: Synthetic routes to polyurethanes from the most commonly used 
diisocyanates16. 

The MDI market was expected to reach 6.7 Mt in 2018 and is predicted to achieve 

8.7 Mt by 2023 according to the latest market report11. MDI is mainly produced by the 

ÒÅÁÃÔÉÏÎ ÏÆ τȟτᴂ-methylene diphenyl diamine (MDA) and phosgene (COCl2) in continuous 

operation17. MDA is formed reacting aniline with formalin in the presence of hydrochloric-

acid solution. The aniline feedstock is produced sequentially from the nitration of benzene 

followed by reduction to aniline by hydrogenation12. The MDI product consists of a 

mixture of isomers (2,2ȭ; 2,4- ÁÎÄ τȟτȭ-MDI) and oligomers. The unpurified stream can be 

sold as polymeric MDI. The isomers are mostly separated by distillation.  

4ÈÅ ÍÁÉÎ ÐÒÏÄÕÃÔ ÉÓ ÔÈÅ ȭÐÕÒÅȭ -$) ÃÏÎÔÁÉÎÉÎÇ ÏÎÌÙ τȟτȭ-MDI isomers2. Ȭ0ÕÒÅȭ τȟτȭ-MDI is 

light yellow to white solid MDI with melting point of 38-τπЈ#ȟ ÂÏÉÌÉÎÇ ÐÏÉÎÔ ÏÆ σππЈ# ÁÎÄ 

flash point of 212-ςρτЈ#18. It is an odorless material which is soluble in acetone, benzene, 

kerosene and nitrobenzene19. MDI can undergo slow cyclodimerization on storage so that 

it is transferred and stored under refrigeration or under heating20.  

The focus of this research is the examination of the main reaction steps of MDI synthesis 

and to study one possible side reaction: the dimerization. As Figure 3 illustrate  firstly 

aniline is reacted with formaldehyde using hydrochloric-acid catalyst to reach methylene 

diphenyl diamine, MDA (Section 3.1). Afterwards, methylene diphenyl diisocyanate (MDI) 

could be achieved by the phosgenation of MDA (Section 3.2). Based on the reactivity of 

the free isocyanate groups dimers can be formed establishing a four-membered ring 

(Section 3.3). 
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Figure 3: Reaction steps of MDI synthesis (Section 3.1 and Section 3.2) and the route 
towards the polyurethane synthesis and one possible side reaction (Section 3.3). 

1.2 Methylene diphenyl diamine (MDA) formation  

The MDI production is mostly based on methylene diphenyl diamine 

(methylenedianiline, MDA). MDA can be also applied as ingredient of epoxy resins, 

intermediate for pigments, organic dyes, coatings, plastic fibers, insulation materials21 

making it an important synthetic agent. In chemical industry the most commonly applied 

MDA synthesis is the reaction of aniline with formalin in the presence of hydrochloric acid 

ÕÎÄÅÒ ÍÉÌÄ ɉφπЈ#-ρρπЈ#Ɋ ÒÅÁÃÔÉÏÎ ÃÏÎÄÉÔÉÏÎÓ22. To avoid the use of corrosive hydrochloric 

acid and the formation of large amount of NaCl solution as waste, several attempts16,23ɀ29 

had been made to replace the current technology with catalytic process using solid acids, 

zeolites, delaminated materials, ionic liquids or ion exchange resins as catalysts. However, 

either of the catalytic MDA production never gone beyond the laboratory stage. Although 

proposed reaction mechanism for current MDA synthesis is presented in the study 

published in Kirk -Othmer Encyclopedia of Chemical Technology17 (Figure 4), it has not 

been clarified entirely. According to this mechanism aniline (A) is reacted with 

formaldehyde (F) producing N-hydroxymethyl aniline as the initial reaction step. In acidic 

medium this product loses water rapidly to form N-methylidene anilinium (IM2) , which 

reacts with aniline to form N-(p-aminobenzyl)aniline, abbreviated as PABA in this study. 
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PABA is then decomposed to 4-aminobenzylium and aniline. In the last step of this 

rearrangement 4,4'-ÍÅÔÈÙÌÅÎÅ ÄÉÐÈÅÎÙÌ ÄÉÁÍÉÎÅ ɉτȟτȭ-MDA) is formed as final product.  

In an alternative mechanism, reaction of N-methylenebenzeneaminium (IM2) and aniline 

(A) gives .ȟ.ȭ-diphenylmethylenediamine first (so-called aminal noted as AM in Figure 4) 

before the formation of PABA. Due to the protonation of one of the secondary amine group 

in AM (AMH+), the C-N bond is activated for the rearrangement making protonated PABA 

(noted as IM4H+ latter). Same is supposed to happen to the other secondary amine group 

to form MDA: PABA is got protonated (PABAH+) which then initiates aniline 

rearrangement. 

Wang et al. found some evidences to support the latter mechanism by isolation and 

identification of aminal using the combination of isotope labeling and HPLC-MS30 albeit 

other intermediates has not been characterized at all. In the same study by-products 

including oligomers of MDA (e.g. 3- and 4-ring MDA) were also suggested. As a 

continuation of this work stabilities, potential protonation sites and structural 

characterization of these MDA oligomers were determined using ion mobility-mass 

spectrometry (IM-MS) and tandem mass spectrometry (MS/MS) techniques31.  

Although, the MDA synthesis is essential to MDI production, the thermochemical 

properties of the participated species are also poorly characterized. To the best of our 

knowledge, only the standard reaction enthalpy of formation for MDA, PABA and AM is 

estimated using Benson group additivity method32. /ÎÌÙ ÔÈÅ ÈÅÁÔ ÏÆ ÆÏÒÍÁÔÉÏÎ ÏÆ τȟτȭ-MDA 

had been reported very recently using G3MP2B3 quantum chemistry protocol and group 

additivity i ncrements for NCO and NHCOCl groups has been recommended33 as it was 

mentioned earlier34,35.  
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Figure 4: Overall reaction mechanism for MDA synthesis according to the Kirk -Othmer 
Encyclopedia of Chemical Technology17 and a possible side reaction according to Wang et 
al.30. 

1.3 Phosgenation of MDA 

The second step of MDI synthesis is the phosgenation of MDA, which in the chemical 

industry is carried out in a suitable inert solvent such as toluene, xylene and chlorinated 

ÁÒÏÍÁÔÉÃ ÈÙÄÒÏÃÁÒÂÏÎ ÁÔ ÔÅÍÐÅÒÁÔÕÒÅÓ ÂÅÔ×ÅÅÎ υπЈ# ÁÎÄ ςυπЈ#ȟ ×ÈÉÌÅ ÐÒÅÓÓÕÒÅÓ ÒÁÎÇÉÎÇ 

from ambient pressure up to 50 bar36. When ortho-dichlorobenzene (ODCB) used as 

solvent, mild operating condition (90-ρυπЈ# ÁÎÄ φ-11 bar pressure)37 can be applied 

which is mainly due to the boiling point of the ODCB (TbЀρψπȢυЈ#Ɋ38. The excess phosgene, 

which is necessary to obtain the appropriate isocyanate yield, and the by-product 
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hydrochloric acid is stripped by a nitrogen stream at higher temperature. The solvent is 

removed from the product by distillation. The unreacted phosgene and hydrochloric acid 

are recycled and utilize in the technology of MDI production18. As it was shown above, the 

chemical industry uses the phosgenation of amide in large scale, although its reaction 

mechanism and the corresponding energy profile is less known. The isomer and ring 

distribution of the product MDI could not be influenced by this phosgenation step; 

however, this process is very important from the view of industrial MDI production.  

Phosgenation of an amine is an addition-elimination type mechanism via a chlorinated 

amide intermediate [methylenebis(4,1-phenylene)]dicarbamic chloride] resulted in the 

release of 2 HCl molecules12 (Figure 5). At some condition, the N-substituted dicarbamic 

chloride intermediate is detected according to Sonnenshcein et al.2 At higher temperature 

(80-ρππЈ#Ɋ ÔÈÉÓ ÉÎÔÅÒÍÅÄÉÁÔÅ ÃÁÎ ÂÅ ÄÅÈÙÄÒÏÃÈÌÏÒÉÎÁÔÅÄ ÔÏ ÆÏÒÍ -$)12.  

Despite the importance of the above mentioned phosgenation, the thermochemical 

properties of the participated species are poorly characterized. For example, while the 

ÈÅÁÔ ÏÆ ÆÏÒÍÁÔÉÏÎ ÖÁÌÕÅ ɉɝf,298.15KHЈ) for MDA is scarce, only one published value (165.6 

kJ/mol) can be found without reported uncertainty39 (other group additivity -based value 

obtained using online NIST estimator). The standard enthalpy of formation of the MDI 

(ɝf,298.15KHЈɊɉ-$)ɊЀρψωϻςρ Ë*ȾÍÏÌɊ ÉÓ ËÎÏ×Î ×ÉÔÈ ÒÅÌÁÔÉÖÅ ÌÁÒÇÅ ÕÎÃÅÒÔÁÉÎÔÙ ÆÒÏÍ ÓÔÁÔÉÃ 

bomb calorimetric measurements by Zhuravlev et al.40, but to the best of our knowledge, 

there is no thermodynamic information about the intermediates of the phosgenation of 

MDA. 

 In the phosgenation step unwanted by-products can be also formed in side 

reactions causing impurities during the MDI synthesis41,42. For example, one of the 

products of the reaction, that is HCl, can possibly form a by-product with one of the giving 

amine hydrochlorides which are insoluble in chlorinated solvents causing several 

problems in the production43. Gibson et al. studied the stability and the structure of these 

compounds in chlorobenzene by FTIR, NMR and X-ray diffraction 44. The further possible 

side reaction is the urea formation between the isocyanate and amine45 which is reduced 

by using excess amount of phosgene in the industry20. 
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Figure 5: Reaction mechanism of MDA phosgenation via [methylenebis(4,1-
phenylene)]dicarbamic chloride intermediate which can be decomposed at higher 
temperature releasing hydrochloric-acid as by-product46. 

Besides the liquid phase phosgenation, the gas phase phosgenation of the amines 

seems to be relevant since it can be an economical and environmentally friendly 

alternative to isocyanate production due to reduced solvent and energy consumption47. 

In the first step of this procedure, amines and phosgene are vaporized separately and 

could be diluted in inert gas and then reacted48. Despite the above-mentioned advances, 

the phosgenation in gas phase still suffers from technological difficulties such as 

evaporation of the amines may initiate side reactions and formation of deposit in the 

apparatus49,50, therefore the understanding of the ongoing elementary reactions is 

essential to improve the applied chemical technology. On the other hand, the mechanisms 

of these reactions are also interesting from theoretical points of view, since the existence 

of different reaction intermediates and channels can extend our current knowledge as 

work of Fiser et al. ÄÉÄ ÆÏÒ ÔÈÅ "ÁÌÄ×ÉÎȭÓ rules51. 

1.4 Dimerization  of MDI - an undesired side reaction  

Product MDI can undergo a dimerization process in the case of not appropriate 

handling (storage and transport). MDI dimers cause issue in control of the quality for MDI 

products. The dimerization of MDI has a negative effect on its applicability. In the case 

where dimerization occurs, the isocyanate becomes two-phased, causing turbidity. In 

addition, the melting points of solid MDI and its dimer are different.  
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The MDI dimers are highly stable, white solid compounds (Figure 6) and according to our 

experiences it can only decompose at high temperature; thus, at the melting point of the 

MDI they are not able to dissolve, which causes difficulty. The rate of dimerization is 

lowest at 43Ј#52 while has maxima around 38 and 62Ј# (Figure 7).  

 

Figure 6: MDI dimer formed during inappropriate storage. 

 

 

Figure 7: Rate of dimer formation as a function of temperature measured by BASF52. 
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Figure 8: Dimerization of MDI via uretidione ring formation at inappropriate storage. 

$ÕÒÉÎÇ ÔÈÅ ÄÉÍÅÒÉÚÁÔÉÏÎ ÐÒÏÃÅÓÓȟ ÔÈÅ τȟτᴂ-monomer undergoes a slow, reversible 

and facile dimerization reaction to form the uretidione (Figure 8)12. The maximum in the 

conversion rate is unfortunately around ambient storage temperatures. This reaction is 

ÉÎÔÒÉÎÓÉÃ ÔÏ ÔÈÅ ÒÅÁÃÔÉÖÉÔÙ ÏÆ ÉÓÏÃÙÁÎÁÔÅ ÆÕÎÃÔÉÏÎÁÌÉÔÙ ÁÎÄ ÔÈÅ ÐÁÃËÉÎÇ ÏÆ τȟτᴂ-MDI in its 

crystal state53. The reaction of uretidione cross-linked isocyanates with alcohols occurred 

via an allophanate structure54, which is then converted into urethane. Uretidione 

structures serve as a protected isocyanate group in a manner, their  industrial use was 

found within urethane powder coatings55,56 but it is otherwise most notable as a problem 

related to MDI storage. Several computational studies have been conducted to study 

dimerization processes. First principles calculations57 were used to investigate the effect 

of epoxy monomers on dimerization. Structural and spectral characteristics of 

dimethylformamide (DMF) monomers and dimers were calculated58. DMF is often used 

as inert solvent in polymerization reactions, however it can react with isocyanates59. 

1.5 A new aspect of isocyanate production in industry  

Production of isocyanates is a complex process requiring appropriate adjustment of 

reaction conditions. Knowing the elementary reaction steps of a synthetic production 

might facilitate the product optimization, support to find a solution for the technological 

problems and even promote new developments. Computational chemistry provides the 

possibility to examine industrial syntheses determining reaction mechanism considering 
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side-reactions and by-products. Nowadays, more and more experimental developments 

are accompanied by theoretical calculations demonstrating proof of benefits that 

computational calculations provide60. This field has grown extremely rapidly, especially 

in the case of pharmaceutical industrial application61, however more and more 

application can be found in the chemical industry62 especially for examining chemical 

reactivity and catalysis or used as an analytical technique for structure characterization.   

The novelty of this study is that computational calculations were used for 

determining the reaction mechanism of an industrial process, the MDI synthesis. 

Moreover, this technique was applied for structure characterization of MDI dimers. The 

achieved results and the main conclusions are described in the following sections 

presenting valuable insights into understanding of industrial reactions on molecular level.  

2 METHODS 

2.1 Computational chemistry  

The basics of quantum chemistry are practically used in form of computational 

calculations which can predict molecular properties for comparison with experiment to 

elucidate ambiguous or unclear experimental data and to model short-lived, unstable 

intermediates and transition states63. Using the adiabatic and Born-Oppenheimer 

approximations, potential energy can be defined by the position of nuclei in space (nuclei 

are considered as classical particle) and the electrons are treated as quantum particles 

and their description can be obtained by an approximated solution of the electronic 

3ÃÈÒĘÄÉÎger equation (e.g. at certain level of theory). Obviously, the classical approach of 

nuclei is biased but can be corrected back via rigid rotor harmonic oscillator treatment of 

the kinetic energy term of nuclei in order to get the solution for the moleculaÒ 3ÃÈÒĘÄÉÎÇÅÒ 

equation. 

A potential energy surface (PES) is a mathematical function that gives the total 

energy of a molecule as a function of its geometry (Figure 9). According to IUPAC64, 

molecules are defined as electrically neutral entities consisting of more than one atom 

(n>1). Rigorously, a molecule, in which n>1 must correspond to a depression on the 

potential energy surface (PES) that is deep enough to confine at least one vibrational state 

In order to explore elementary steps of a reaction (reaction mechanism), reactants and 

products (molecules) as well as a representative transient structure of a reaction pathway 

has to be determined. Minimum of the PES can be a local minimum which represents the 
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lowest energy point of some limited region of the surface or can be global minimum 

considering as the lowest energy point on the whole potential energy surface. Reactants 

(R), products (P) and intermediates (IM) are the structures existing as local minima 

(Figure 9). Maxima of the PES correspond to superimposed atoms with infinity energy 

value.  

The first critical step in a quantum chemical calculation is the choice of the initial 

structure which must be close to a local minimum. This can be aided by structural 

parameters from general force-field and the local minimum can be determined by 

changing the nuclei coordinates (R) and calculating the corresponding electronic energy 

and nuclei-nuclei repulsion energy (their sum is the so-called total energy, Etot (R)). The 

minimum energy structure is found when all the convergence criteria were fulfilled. The 

attempt of finding the coordinates belong to a local minimum or saddle point known as 

geometry optimization . In each iteration of the geometry optimization, the maximum 

remaining force on an atom in the system as well as the average mass weighted force 

constant force on all atoms together has to be checked and their valves must be smaller 

than the corresponding threshold value. The third and fourth convergence criteria are the 

maximum displacement, that is, the maximum structural change of one coordinate as well 

as the average (RMS) change over all structural parameters in the last two iterations. Once 

the current values of all four criteria fall below the threshold, the optimization is 

considered as complete numerical criterium of the local minimum. When the optimization 

had completed, we have to ensure that the predicted structure is in fact a minimum by 

frequency calculation  at the optimized geometry.  Frequency calculations consider the 

nuclear vibration in molecular systems in their equilibrium states. If the geometry is 

optimi zed into a minimum, the gradient is zero and the force constant matrix completely 

determines the behavior of the system under small displacements. Tightening up the 

convergence criteria is useful for getting a couple of extra digits of precision in the 

symmetric stretch frequency (which manifested in better approximation of entropy).   
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Figure 9: Schematic representation of a potential energy surface65. 

In the case of the transition state structure - found in the first order saddle point of the 

PES - the first derivative of the potential with respect to any nuclear coordinate is zero, 

and the second derivative is positive for all but one coordinate (that is called reaction 

coordinate). Thus, such a point looks like a minimum on the potential energy surface in 

every direction except one in which it is a maximum that defines the reaction coordinate 

at the transition state. 

In the following sections, the calculations of the potential energy including solvent 

effect as well as derivation of the rotational constant (B0) and harmonic vibrational 

wavenumbers ( i) will be shown. By means of these calculated molecular properties 

vibrational wavenumbers  and rotational constants, the partition functions [q(V,T)] can 

be obtained which encode how the probabilities are partitioned among the different 

microstates (transition, rotation, vibration, electronic state) from which the 

thermodynamic functions [G(T,p), E0, S(T,p), H(T)] can be derived (Figure 10). The 

ÅØÐÅÒÉÍÅÎÔÁÌÌÙ ÍÏÓÔ ÉÍÐÏÒÔÁÎÔ ÍÁÃÒÏÓÃÏÐÉÃ ÐÒÏÐÅÒÔÉÅÓȟ ÓÕÃÈ ÁÓ ÔÈÅ ÒÅÁÃÔÉÏÎ ÈÅÁÔ ɉЎr(ЈɊȟ 

ÈÅÁÔ ÏÆ ÆÏÒÍÁÔÉÏÎ ɉЎfHЈɊȟ ÈÅÁÔ ÃÁÐÁÃÉÔÙ (CvɊȟ 'ÉÂÂÓ ÆÒÅÅ ÅÎÅÒÇÙ ɉЎrGЈɊȟ ÅÎÔÒÏÐÙ ɉ3Ɋ ÁÎÄ ÁÃÉÄ 

dissociation constant (pKa) are calculated using thermodynamic functions. By means of 

the macroscopic properties of the molecules, the reaction mechanism can be predicted, 

the by-products and side reactions can be assumed.  
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Figure 10: A flowchart from determining the potential energy to macroscopic properties. 

2.2 Level of theory  - computation of potential  

Different theoretical methods - referred to as levels of theory - correspond to various 

approximations to the electronic 3ÃÈÒĘÄÉÎÇÅÒ ÅÑÕÁÔÉÏÎ ×ÉÔÈ a certain accuracy.  

One of the widely used approximation method in quantum chemistry is the 

Hartree-Fock (HF) method66,67 which is the basis of the molecular orbital theory. It 

assumed that the multielectron wavefunction of the system can be approximated by a 

single Slater determinant which is made up of one spin orbital per electron68. This ab initio 

method requires low computational time, but it does not include the electron correlation 

leading to imprecise results meaning the calculated HF energy is higher than the exact 

energy. Only for the hydrogen atom (or other one-electron systems, such as He) are 

orbitals exact eigenfunctions of the full electronic Hamiltonian.  

Several methods improve the treatment of electron correlation over the Hartree-Fock 

method to achieve better accuracy. Such post-Hartree-Fock ab initio method is the 

-ĜÌÌÅÒɀPlesset perturbation theory  (MP)69. Calculated energy may be lower than exact 

ground state energy. This method is appropriate if the level of the electron correlation is 

reatively low where a significant amount of correlation energy is given back at low 

computational cost. 
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4ÈÅ -ĜÌÌÅÒ-Plesset expansion is truncated at second (MP2)70 third (MP3) or fourth 

(MP4) order providing higher order perturbation  methods. Several important molecular 

properties calculated at MP3 and MP4 level are not better than their MP2 counterparts, 

even for small molecules. MP2 usually overestimates bond energies. Other post-Hartree-

Fock methods are the configuration interaction methods (CI) and its correction called 

quadratic configuration interaction singles and doubles:(QCISD)71. These methods are 

used because by coupled cluster methods more accurate results can be achieved requiring 

the same computational capacity. 

 Coupled cluster methods (CC)72 are used for describing many-body systems 

constructing multi -electron wavefunctions employing the exponential cluster operator to 

account for electron correlation. These methods apply series expansion which resulted in 

the formation of determinants from the reference Slater-determinant like wavefunction 

where one or more electrons are transferred to the unoccupied orbitals in the reference.  

A drawback of the method is that it is not variational. The CCSD73 (coupled cluster singles 

and doubles) method contains single and double excitations, while the CCSD(T) 

additionally  includes the perturbative approximation of triple excitations. Currently, the 

CCSD(T) is the most precious electron-structure method still  applicable for small systems. 

The most popular quantum chemical approaches are the hybrid density functional 

theories (DFT)74used to determine the electronic structure of the molecules. DFT methods 

are based on determination of the electron density of the molecule calculating energy by 

the use of an exchange-correction functional. This exact exchange energy functional is 

expressed in terms of the KohnɀSham orbitals75 rather than the density. A large number 

of different functional are parameterized by experimental or highly accurate ab initio 

data. Practically, these functionals are implemented iteratively. DFT calculation adds an 

additional step to each major phase of a Hartree-Fock calculation. This step is a numerical 

integration of the functional (or various derivatives of the functional). However, DFT 

methods have deficiency of density functionals and the appropriate description of 

dispersion interactions. They are also lack of long-term exchange term76. Currently, 

several DFT methods are available where the London dispersion correction has been 

already considered76. Possible solution could be to apply functionals which parameters 

have been optimized via data groups. DFT of electronic structure has seen significant 

theoretical and formal advances. This method can predict the relative and activation 

https://en.wikipedia.org/wiki/Kohn%E2%80%93Sham_equations
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energies and the structures commensurate with the high performance and costly post-

SCF.  

M06-2X77 is global hybrid functional with 54% HF exchange from the group of 

Minesota functions parametrized only for non-metals. The M06-2X functional contains 35 

fine-tuned parameters which were previously optimized on data groups76. This method 

does not contain a direct member for the dispersion correction, but via its parameters it 

can be related as a dispersion-corrected DFT method. This functional performed well in 

the case of activation energies and transition states78ɀ80. 

The B3LYP (Becke, 3-parameter, Lee-Yang-Parr)81,82 is a fairly robust hybrid DFT 

method. This functional83 employs three empiricals84,85. This semiempirical exchange-

correlation functional was tested on 56 atomization energies, 42 ionization potentials, 8 

proton affinities, and 10 total atomic energies of first- and second-row systems and it was 

found that this functional fit  experimental atomization energies with an impressively 

small average absolute deviation of 2.4 kcal/mol86. B3LYP is generally faster than most of 

the post Hartree-Fock method and usually yields comparable results which is especially 

hold for geometry. On a more fundamental level, it is not as heavily parameterized as 

other hybrid functionals, having only 3 where as some have up to 35 such as the M06-2X.  

The ab initio methods discussed so far it could be said that the HF, MP2 and DFT methods 

provide acceptable accurate geometry, but the energy calculations are not adequate. 

However, the higher-level calculations such as CCSD, QCISD, CCSD(T), QCISD(T) serve the 

equilibrium of geometry and the frequency calculations essential for the thermochemical 

ÃÁÌÃÕÌÁÔÉÏÎÓȟ ÏÎÌÙ ÆÏÒ ÖÅÒÙ ÈÉÇÈ ȬÐÒÉÃÅȭ ÁÎÄ ÆÏÒ ÌÏÎÇ ÃÁÌÃÕÌÁÔÉÏÎ ÔÉÍÅȢ Other disadvantages 

of these methods are that only numerical derivatives are determined for harmonic 

frequency calculations87. 

Reasonable tradeoff is composite methods. They developed to afford quite accurate 

frequencies using scale factor and geometry carrying out energy calculations on it 

applying systematic combinations of different bases and methods. Nowadays, the CBS 

(Complete Basis Set) and Gaussian-Î ɉÎЅτɊ ÆÁÍÉÌÙ #"3-4M, CBS-APNO, and the G3, G3MP2, 

G3MP2B3 composite methods are applied in most cases87.  

In this study the G3MP2B388,89was applied most of the case therefore it is presented 

in detail. In the case of this method the geometries and zero-point energies are obtained 

from B3LYP/6-31G(d) density functional with scaled frequency of 0.96 instead of 

geometries from second-order perturbation theory  [MP2/(FU)6-31G(d)] and zero-point 
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energies from HartreeɀFock theory [HF/6 -31G(d)]. This variation has an average 

absolute deviation of 1.25 kcal/mol . High accuracy of this method is obtained by 

determining (experimentally and theoretically) a higher-level correction E(HLC) based on 

calculations for the hydrogen atom and hydrogen molecule. The basis of this calculation 

is that the energies from a lower level calculation (MP2) is added to a higher-level 

correction (HLC) calculation [QCISD(T)]. In the case of the atoms spin-spin correction 

[E(SO)] was also considered, assessed it on 299 energies (enthalpies of formation, 

ionization potentials, electron affinities, proton affinities) from the G2/97 test set90 

Compound models performs a series of less expensive calculations providing very high 

accurate results for thermochemical predictions. Such model includes G4MP291, G492, 

CBS-QB393. 

All of the previously mentioned electronic-structure methods require to give a basis 

set function (base). A basis set is a collection of mathematical functions used to build up 

the quantum mechanical wave function for a molecular system. In principle  higher, the 

number of the mathematical function used the more accurate the description of the 

electronic structure. The drawback is the higher computing demand. Hundreds of basis 

sets composed of atomic centered Gaussian-type orbitals (GTOs)94. Several basis sets are 

known, the so-called diffuse bases also contain Gauss functions which spatial running is 

slowly promoting the appropriate description of the high-distanced interactions. Pople 

basis sets are one of the most used basis sets. It consists of the STO-G set (where n value 

represents the number of Gaussian primitive functions fitted to a Slater orbital). There is 

one basis function for the core and two or more for the valence. When the core orbital is 

made of 6 Gaussians and the valence is described by 2 orbitals (first is derives from 3 

Gaussians and the second from 1) the basis set is called: 6-31G. When a d polarization 

function is added the non-hydrogen, atoms are polarized, while for the polarization of the 

hydrogen atoms a plus p polarization function95 . 

2.3 Solvation model 96 

Most of the reactions relevant for industrial  application are taken place in solvent. 

The energetics of the reaction can be significantly modified if the components can form 

interactions with the solvent molecules. The electronic structure problem for a molecule 

in a liquid is reduced to the size of the solute of interest by continuum solvation models 

(sometimes called implicit solvation or implicit solvent models) representing a solvated 
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molecule surrounded by a dielectric medium that represents the solvent. In this study, 

SMD implicit model was used to mimic the surrounding. The SMD continuum solvation 

ÍÏÄÅÌȟ ×ÈÅÒÅ ÔÈÅ Ȱ$ȱ ÓÔÁÎÄÓ ÆÏÒ ȰÄÅÎÓÉÔÙȱ ÔÏ ÄÅÎÏÔÅ ÔÈÁÔ ÔÈÅ ÆÕÌÌ ÓÏÌÕÔÅ ÅÌÅÃÔÒÏÎ ÄÅÎÓÉÔÙ ÉÓ 

used without defining partial atomic charges, is based on the quantum mechanical charge 

density of a solute molecule interacting with a continuum description of the solvent. In 

this model the solvent is not represented explicitly but rather as a dielectric medium with 

surface tension at the solute-solvent boundary. In this model the quantum mechanical 

charge density of a solute molecule interacting with a continuum description of the 

solvent. A training set of 2821 solvation data were used for parametrization of SMD 

model. This solvation model achieves mean unsigned errors of 0.6-1.0 kcal/mol in the 

solvation free energies of tested neutrals and mean unsigned errors of 4.0 kcal/mol on 

average for ions. 

2.4 Vibrational analysis 97  

The molecular geometry used for vibrational analysis must be optimized at the same 

level of theory and with the same basis set which the second derivatives were generated 

with. Vibrational analysis contains several steps that are introduced in this section. 

Firstly, mass weighted second derivative matrix (Hessian) is calculated converting force 

constants to mass weighted cartesian coordinates. Afterwards, determination of the 

moments and products of inertia is proceeding, deciding the principal axes of inertia, 

where the target is to find the matrix that diagonalizes the moment of inertia tensor. 

However, the mass weighted cartesian coordinates are formed, it is necessary to 

transform where rotation and translation of the molecule are separated out by creating 

coordinates in the rotating and translating frame. Then the Hessian need to be converted 

to internal coordinates and diagonalize. To obtain the frequencies the eigenvalues need 

to be converted to frequencies, first from frequencies to wavenumber. Finally, the reduce 

mass, force constants and cartesian displacements are calculated which are all internally 

consistent.  

As example determination of vibration frequency and bond length for HCl98 - which 

has an important role in MDI synthesis - is presented here. As it was introduced above, 

firstly  the wavenumber is determined and the reduced mass, afterwards the force 

constant and bond length. The relation between these parameters is explained as follows.  
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Table 1: Calculation of vibrational and rotational energy. 

Vibrational energy Rotational energy 

(1)  % ÈÃ░  (2)    %  "  ÈÃ * * ρ 

◙░  ÖÉÂÒÁÔÉÏÎÁÌ ×ÁÖÅÎÕÍÂÅÒ "  ÒÏÔÁÔÉÏÎÁÌ ÃÏÎÓÔÁÎÔ 

(3)  ░
▓
 (4)  "   

А
 

Ë Ѐ ÆÏÒÃÅ ÃÏÎÓÔÁÎÔ 2π Ѐ ÂÏÎÄ ÌÅÎÇÔÈ 

 

The vibration energy of HCl molecule uses the harmonic oscillator approximation, while 

the rotational energy applies the rigid rotor approximation. The vibration energy (E) can 

be expressed in terms of force constant (k) according to Equation 1, however the 

rotational constant  ὄ highly depends on bond length ɉ2π) (Equation 2). Considering the 

Equation 3 the  ÒÅÐÒÅÓÅÎÔÓ ÔÈÅ ÑÕÁÎÔÕÍ ÎÕÍÂÅÒ ÆÏÒ ÔÈÅ ÖÉÂÒÁÔÉÏÎȟ ×ÈÉÌÅ ÔÈÅ А ÉÓ ÔÈÅ 

ÒÅÄÕÃÅÄ ÍÁÓÓ ÃÁÌÃÕÌÁÔÉÎÇ ÆÒÏÍ ÔÈÅ ÍÁÓÓÅÓ ÓÕÃÈ ÁÓ А Ѐ 
 

 . The Planck constant is 

indicated with h (h = φȢφςȕρπϺ34 Jɇs), while c represents the speed of light  (c=ςȢωωȕρπ8 

ÍȾÓɊȢ 4ÈÅ ÑÕÁÎÔÕÍ ÎÕÍÂÅÒ ÆÏÒ ÖÉÂÒÁÔÉÏÎ ÉÓ ÓÉÇÎ ÁÓ ȟ ×ÈÉÌÅ ÉÎ ÔÈÅ ÒÏÔÁÔÉÏÎÁÌ ÅÎÅÒÇÙ ÉÔ ÉÓ 

labelled as J. The first molecular energy level can be obtained as a sum of the total energy 

(Etot that is the sum of electronic and nuclei-nuclei repulsion energy and zero-point 

energy) and zero-point energy.  The latter is defined as 

(5)  :06% В ÈÃ 

since HCl only one vibrational degree of freedom that is Ὤὧ in this case. The fundamental 

vibration frequencies, moments of inertia, reduced masses and bond lengths are 

determined by this way. These microscopical parameters are contributed to the 

molecular properties with the help of statistical thermodynamics (Figure 10). 

  

https://simple.wikipedia.org/wiki/Joule
https://simple.wikipedia.org/wiki/Second
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2.5 Statistical thermodynamics  

Many important macroscopic parameters of the system resulted from knowledge of 

ÉÔÓ ÍÉÃÒÏÓÃÏÐÉÃ ÃÏÎÓÔÉÔÕÅÎÔÓȢ )Î ÔÈÅ ÃÁÓÅ ÏÆ ÔÈÅ ÍÉÃÒÏÓÃÏÐÉÃ ÐÒÏÐÅÒÔÉÅÓ ÔÈÅ ÓÙÓÔÅÍȭÓ ÁÔÏÍÉÃ 

dimensions are considered, specified by the number of particles in each energy state. This 

approach is known as statistical thermodynamics  which act as a bridge between the 

molecular properties and macroscopic thermodynamic properties such as the state 

functions99.  

2.5.1 Partition function 

In the thermodynamic equilibrium energy distribution of the molecules can be 

described by the Boltzmann distribution , while the partition function  [q(V,T)] encodes 

how the probabilities are partitioned among the different microstates, based on their 

individual energies. The total energy of the microstate of a molecule can be assumed as a 

sum of energies in the various degrees of freedom of the molecule.  

(6)  ʀ Ѐ ʀtr  Ϲ ʀrot  Ϲ ʀvib Ϲ ʀelec 

The translational energy (ʀtr) is resulting from the movement (translation) of the 

molecular mass; the rotational energy (ʀrot) derives from the rotational degrees of 

freedom while the vibrational energy (ʀvib) includes the contribution from vibrational 

degree. In practice the vibrational frequencies need adjustment (general scale factor) to 

better match experimental vibrational frequencies. The electric state is usually 

considered as multiplicity  chosen and its deviation became important for having low-

lying excitations. Molecular partition function  (q) can also be factorized into contributions 

from each mode of motion and establish the formulas for the partition functions for 

translational, rotational, and vibrational modes of motion and the contribution of 

electronic excitation. The following equation introduces the molecular partition  function 

and sources of components for thermodynamic quantities. 

(7)  q = qtrϽÑrotϽqvibϽqelec 

This factorization means that we can investigate each contribution separately. 
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2.5.2 Thermodynamic state functions 

Table 2 summarized state functions play essential role in physical chemistry since they 

provide information about the spontaneous processes at different conditions. 

Table 2:  Criterion of equilibrium and the direction of the spontaneous processes in closed 
system (n = constant). 

Potential function Conditions 
Direction of change 

in spontaneous 
process 

Criterion of 
equilibrium  

G (Gibbs free energy) 
(p, T, n) 

p and T are 
constant 

decrease minimum 

H (enthalpy) 
(S, p, n) 

S and p are constant decrease minimum 

S (entropy) 
 (U, V, n) 

E and V are 
constant 

increase maximum 

E (internal energy) 
(S, V, n) 

S and V are constant decrease minimum 

 

Gibbs free energy (G), enthalpy (H), entropy (S), internal energy (E) derived from the 

partition function  can describe quantitatively an equilibrium state of a thermodynamic 

system, irrespective of how the system arrived in that state. 

The Gibbs free energy G(T,p) can be used to calculate the maximum or reversible work 

that may be performed by a thermodynamic system at a constant temperature 

(T) and pressure (p). It is defined as: 

(8)  G(T,p) = H(T) ɀ TS(T,p) 

where S refers to the entropy of the system.  Since H, T and S are all state functions, so is G.  

Enthalpy (H) is a measurement of the energy in a thermodynamic system. It is equivalent 

with the total heat content of the system. It is equal to the internal energy of the system 

plus the product of pressure and volume.  

(9)  H(T) = E(T) + pV 

Enthalpy (H) is defined as a state function that depends only on the prevailing equilibrium 

state identified by the variables internal energy, pressure, and volume. 

Entropy (S) state function originally introduced to explain why part of total energy is 

unavailable to do useful work100. 

https://en.wikipedia.org/wiki/System_(thermodynamics)
https://en.wikipedia.org/wiki/System_(thermodynamics)
https://en.wikipedia.org/wiki/Thermodynamic_system
https://en.wikipedia.org/wiki/Temperature
https://en.wikipedia.org/wiki/Pressure
https://en.wikipedia.org/wiki/Energy
https://en.wikipedia.org/wiki/Thermodynamic_system
https://en.wikipedia.org/wiki/State_function
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2.5.2.1 Calculations of state functions 

In the awareness of the partition  function (q) and temperature (T) the previously 

mentioned state functions can be calculated. The basic calculations are introduced in 

this section. 

 
Figure 11: From spectroscopic characteristics to state functions. 

The partition function from any component can be used to determine the entropy 

contribution  S from that component, using the relation: 

(10)  3 .Ë .ËÌÎ
ȟ

.Ë4
 

 

where N represents the particle number of molecules as a dimensionless quantity. 

The internal thermal energy U can be obtained from the partition function according to 

the followings: 

(11)  % .Ë4  

Heat capacity can be calculated by using the energy: 

(12)  #  
ȟ

 

The enthalpy of any substance in term of partition  function can be calculated as follows: 

(13)  ( (π  Ë46   

(14)  ( (π =ɀ5/2 nRT (for atoms) 

 

Q represents the partition function of the system, while q is the molecular partition 

function. Expressing the Gibbs free energy from the partition  function according to the 

following equation: 

(15)  ' 'π Î24ÌÎ 

Gibbs energy is proportional to the logarithm of the average number of thermally 

accessible states per molecule.  
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To simplify the expression of the rotational and vibrational partition function and 

contributions to thermodynamic properties a characteristic temperature (—ȟ or —ȟ) is 

used in statistical thermodynamics101. The characteristic temperatuÒÅ ɉʃɊ are also an 

estimate of the temperature at which thermal energy (of the order of kBT, where kB  is the 

Boltzmann constant) is comparable to the spacing between rotational or vibrational 

energy levels. At about this temperature the population of excited rotational or 

vibrational levels becomes important.  

Thus, partition functions have a central role in statistical thermodynamics because 

once therefore it is known as a function of the variables on which it depends, all 

thermodynamic quantities may be calculated from it directly.  

https://en.wikipedia.org/wiki/Thermal_energy


A Study of Elementary Reactions of Isocyanate Production - R. Zsanett Boros 

 

24 
 

Table 3: Contribution of translation, electronic, rotational and vibrational motions to the partition and state functions. 

 Contributions from 

 
Translation motion 

Electronic 
motion 

Rotational motion Vibrational motion 

 m: molecular mass ʖȡ ÍÕÌÔÉÐÌÉÃÉÔÙ  ὄȟ : rotational constant in x irection : Kth vibrational wavenumber 
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Thermodynamics of the molecule  

The total electronic energy of a molecule (Etot ) is the energy gain by the 

incorporation of atoms in the current nuclei configuration with a given electron 

configuration from infinitely separated nuclei and electrons. Since it is the solution of the 

ÃÌÁÍÐÅÄ ÎÕÃÌÅÉ 3ÃÈÒĘÄÉÎÇÅÒ ÅÑÕÁÔÉÏÎȟ ÔÈÅ ËÉÎÅÔÉÃ ÅÎÅÒÇÙ ÏÆ ÎÕÃÌÅÉ ÉÓ ÎÏÔ ÉÎÃÌÕÄÅÄȟ ÔÈÅ ÆÉÒÓÔ 

correction is the zero-point vibrational energy, ZPVE (or ZPE) which is the lowest energy 

that a ground state minimum energy configuration can have at 0K in a vacuum. It can be 

calculated as a sum of contributions from all i vibrational modes of the system using rigid 

rotor harmonic oscillator (RRHO) approximation. Within  this approximation, ZPE 

correction is only dependent on the local PES curvature. As it is shown in Table 4, the zero-

point corrected energy (E0) is calculated as sum of the Etot and ZPVE. Average internal 

energy or thermal corrected energy [%Ј(T)] includes the thermal correction to internal 

energy at certain temperature (usually at 298.15K) and the total electronic energy. 

Standard enthalpy [HЈ(T)], entropy [SЈ(T,p)]  and Gibbs free energy [GЈ(T,p)] describes 

compounds of standard state at the given temperature and pressure. The standard 

enthalpy is the sum of the total electronic energy (Etot) and its thermal correction (Hcorr) 

derived from the ideal gas partition functions. As a definition of the standard Gibbs free 

energy ['Јɉ4ȟÐɊ], it also contains entropy contribution 43Јɉ4ȟÐɊ over enthalpy (Hcorr) 

giving (Gcorr).  

 

Table 4: Nomenclature and derivation of the most important thermochemical properties 
from corrections. 

Quantity Formula 

Zero-point corrected energy E0ḳ %tot  + ZPVE 

Thermal-corrected energy %Јɉ4Ɋḳ Etot  + Ecorr(T) 

Standard enthalpy 
(pV=nRT!) 

(Јɉ4Ɋḳ %Јɉ4Ɋ + pV = %Јɉ4Ɋ + RT = Etot + Hcorr(T) 

Standard Gibbs free energy 
'Јɉ4ȟÐɊ ḳ (Јɉ4Ɋ - 43Јɉ4ȟÐɊ = Etot  + Hcorr(T) - 43Јɉ4ȟÐɊ 
'Јɉ4ȟÐɊ = Etot  + Gcorr(T,p) 
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2.6 Macroscopic  properties  

The macroscopic characteristics describes those features which is enough to be 

visible in the ordinary sense (such as temperature, pressure, entropy, free energy, heat 

capacity, chemical potential, viscosity, spectra, reaction rates, etc.). From the view of 

chemical reaction mechanism the determination of standard enthalpy ÏÆ ÆÏÒÍÁÔÉÏÎ ɉɝfHЈɊȟ 

standard reaction enthalpy ɉɝrHЈɊȟ ÈÅÁÔ ÃÁÐÁÃÉÔÙ #v(p,T), entropy S(T,p) is essential. 

2.6.1 Standard reaction enthalpy 

4ÈÅ ÓÔÁÎÄÁÒÄ ÒÅÁÃÔÉÏÎ ÅÎÔÈÁÌÐÙ ÏÆ Á ÃÈÅÍÉÃÁÌ ÒÅÁÃÔÉÏÎ ÉÓ ÒÅÐÒÅÓÅÎÔÅÄ ÁÓ ɝrHЈ and 

refers to the enthalpy change associated with one mole of a specified reactant when all 

reactants and products are in their standard state102. It is the amount of heat absorbed 

(endothermic) or evolved (exothermic) in the transformation of the reactants into the 

products. One way to calculate enthalpy of reaction is to calculate standard enthalpies of 

formation for the species involved and take the appropriate sums.  The standard reaction 

enthalpies ɉɝr,298.15KHЈɊ ÁÒÅ ÃÁÌÃÕÌÁÔÅÄ ÂÙ ÓÕÂÔÒÁÃÔÉÎÇ ÔÈÅ ÓÕÍ ÏÆ ÔÈÅ ÒÅÁÃÔÁÎÔ ÆÒÏÍ ÔÈÅ ÓÕÍ 

ÏÆ ÔÈÅ ÐÒÏÄÕÃÔÓ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÓÔÏÉÃÈÉÏÍÅÔÒÙ ÏÆ ÔÈÅ ÒÅÁÃÔÉÏÎȢ )Î ÃÏÍÐÕÔÁÔÉÏÎÁÌ ÃÈÅÍÉÓÔÒÙ 

ÉÔ ÉÓ ÍÏÒÅ ÐÒÁÃÔÉÃÁÌ ÔÏ ÕÓÅ ÔÈÅ ÃÁÌÃÕÌÁÔÅÄ ÅÎÔÈÁÌÐÉÅÓ ɉÈÅÒÅ ÔÈÅ ÒÅÆÅÒÅÎÃÅ ÓÔÁÔÅ ÉÓ ÔÈÅ ÎÏÎȤ

ÉÎÔÅÒÁÃÔÉÎÇ ÎÕÃÌÅÉ ÁÎÄ ÅÌÅÃÔÒÏÎÓɊ ×ÈÉÃÈ ÉÓ ÕÎÐÒÁÃÔÉÃÁÌ ÉÎ ÅØÐÅÒÉÍÅÎÔÁÌ ÐÏÉÎÔÓ ÏÆ ÖÉÅ× ÂÕÔ 

ÓÉÍÐÌÅ ÆÏÒ ÁÂ ÉÎÉÔÉÏȢ 

 

4ÈÅ ÃÁÌÃÕÌÁÔÉÏÎ ÉÓ ÄÅÍÏÎÓÔÒÁÔÅÄ ÕÓÉÎÇ -$! ÁÓ ÁÎ ÅØÁÍÐÌÅȢ 

CH2O + 2C6H5NH2 = MDA + H2O 

ɝr,298.15KHЈ = (Ўf,298.15KHЈ(MDA) + ɝ f,298.15KHЈ(H2O)) ɀ (ɝ f,298.15KHЈ(CH2O) + 

2ɝ f,298.15KHЈ(C6H5NH2)) 

In the case of G3MP2"σ ÔÈÅ ɝr,298.15KHЈ is the following: 

ɝr,298.15KHЈ= [(-612.302313 Hartree + (-76.341863 Hartree) - (2Ͻ 
(-287.120066 Hartree) 

-114.354203 Hartree)] Ͻ2625.5 kJ/(mol Hartree) = -130.9 kJ/mol  
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2.6.2 Standard Enthalpy of Formation 

3ÔÁÎÄÁÒÄ ÅÎÔÈÁÌÐÙ ÏÆ ÆÏÒÍÁÔÉÏÎ ɉɝf,298.15KHЈɊ of a compound is the standard reaction 

enthalpy for the formation of one mole of molecule from its constituent elements with all 

substances in their standard states (at 1 bar and at temperature of interest)102. The 

formation energies of the elements are 0 kJ/mol, while the accurate experimental 

formation energies of atoms in gas phase and molecules can be found in databases. The 

ÄÅÔÅÒÍÉÎÁÔÉÏÎ ÏÆ ɝf,298.15KHЈ can be accomplished via atomization scheme (AS) and 

considering as isodesmic reaction (IR). 

$ÅÔÅÒÍÉÎÁÔÉÏÎ ÏÆ ɝf,298.15KHЈ on atomization level (AS)  

The calculation steps of the atomization scheme are the followings using the result of MDA 

formation at G3MP2B3 as an example: 

1. Firstly, the relative standard enthalpy values of the atoms are calculated at G3MP2B3, 

which are added together according to the appropriate stoichiometry. The multiplicity 

of the atoms is different which also needs to be set up before we calculate it. 

HcalcЈɉ3C(g)) = -37.788425 Hartree 

HcalcЈɉ2H(g)) = -0.499780 Hartree  

HcalcЈɉ4N(g)) = -54.524582 Hartree 

ɝf,298.15KHatomsЈ(C13H14N2(g)) = 13HcalcЈ(3C(g)) + 14HcalcЈɉ2H(g)) + 2HcalcЈ(4N(g)) 

= -607.295609 Hartree 

2. In the next step the enthalpy value of the molecule (e.g. MDA) is calculated in gas phase 

which is HcalcЈ(MDA(g)) = -612.302313 Hartree.  The calculated atomic standard 

enthalpy value - calculated in the previous step - is then subtracted from this result. 

HcalcЈ(MDA(g)) ɀ ЎHatomsЈ(C13H14N2(g)) = -5.006704 Hartree 

3. Afterwards, the accurate standard enthalpies of formation at 298.15K for the atoms 

ÁÒÅ ÃÏÌÌÅÃÔÅÄ ÆÒÏÍ 2ÕÓÉÃÉÃȭÓ103 which are the following in our case: 

ɝf, 298.15 K HexpЈɉ3C(g)) = 716.880ϻπȢπυυ kJ/mol 

ɝf,298.15K HexpЈ(2H(g)) = 217.998 ϻ πȢπππ kJ/mol 

ɝf,298.16K HexpЈ(4N(g)) = 472.430ϻ πȢπςτ kJ/mol 
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4. The experimental atomization enthalpy can be calculated by sum of the enthalpies of 

the atoms according to their stoichiometries in MDA: 

13 C(graphite) + 7 H2(g) + N2(g) = 13ɇ3C (g) + 7ɇ2H (g) + 4N (g) 

ɝatom.HexpЈ = 13HexpЈ(3C(g)) + 14HexpЈɉ2H(g)) + 2HexpЈ(4N(g)) = 

= 13Ͻ716.880 + 14Ͻ217.998 +2Ͻ472.430 = 

13316.3 kJ/mol 

5. &ÉÎÁÌÌÙȟ ÔÈÅ ɝf,298.15KHЌ of the molecule - in this case, the MDA - is calculated as adding 

the [ɝ(calcЌ(MDA(g)] and sum of standard atomization enthalpy values of the atoms: 

ɝf,298.15KHЈ(g) = ɝf,298.15KHЈɉMDA)(g) Ϲ ɝatomizationHexpЈ(g) 

ɝf,298.15KHЈ(MDA(g)) = -13145.1 kJ/mol + 13316.3 kJ/mol = 

= 171.2 kJ/mol 

$ÅÔÅÒÍÉÎÁÔÉÏÎ ÏÆ ɝf,298.15KHЈ considering an isodesmic reaction 

Isodesmic reactions are usually defined as transformations in which the number of 

electron pairs of the reactants and products are the same. These reactions can also be 

hypothetical. In this sectÉÏÎ ÔÈÅ ɝf,298.15KHЈ of MDA on G3MP2B is represented as an 

example. 

1. In the first step, the relative standard enthalpy values of the molecules are 

calculated. The reactants are added together and are substratcted from the sum of 

the products according to the sociometry of the reaction. 

 

CH2O(g) + 2C6H5NH2(g) = MDA(g) + H2O(g) 

HcalcЈ(CH2O(g)) = -114.354203 Hartree 

HcalcЈ(C6H5NH2(g)) = -287.120061 Hartree 

HcalcЈ(H2O(g)) = -76.341863 Hartree 

Hcalc(MDA(g) = -612.302313 Hartree 

ɝrHЈ = -130.9 kJ/mol  

The calculated relative standard enthalpy of formation in the first step of the isodesmic 

calculation way is the same as that the value achieved in the case of Section 2.6.1. 
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2. In the next step the accurate literature values104 for the standard enthalpy of 

formation is needed in this case: 

ɝf,298.15KHЈexp(CH2O(g)) = -109.ςϻπȢρρ kJ/mol 

ɝf,298.15KHЈexp(C6H5NH2(g)) = 87.0τϻπȢψψ kJ/mol 

ɝf,298.15KHЈexp(H2O(g)) = -241.8σϻπȢπσ kJ/mol 

4ÈÅÎ ÔÈÅ ɝf,298.15KHЈ of MDA is calculated by subtracted the sum of the experimental 

formation of the reactants according to the sociometry (step 2) from the calculated 

ɝr,298.15KHЈ (kJ/mol) (step 1): 

ɝf,298.15KHЈɉ-$!ɊɉÇɊ Ѐ ɉЎr,298.15KHЈ(MDA) - ɝ f,298.15KHexpЈ(H2O)) + ɉɝ f,298.15KHexpЈ(CH2O) + 

2ɝ f,298.15KHexpЈ(C6H5NH2) 

ɝf,298.15KHЈɉ-$!ɊɉÇɊ =-130.9 kJ/mol-( -241.83kJ/mol) + (-2ɇ87.04kJ/mol) + -109.2kJ/mol) 

= 175.9 kJ/mol  

The calculated standard enthalpy of formation values, determinate by atomization 

(ɝf,298.15KHЈЀ-130.9 kJ/mol) and by isodesmic reaction (ɝf,298.15KHЈЀρχ5.9 kJ/mol)  will be 

compared with the literature data (Section 2.8). 

2.7 Applied Computational Methods  

During my PhD research the main reaction mechanisms occurring in the industrial 

MDI production were studied using computational chemistry tools. To explore the 

important reaction mechanisms, structure of the reactants, transition states (TS), 

complexes, intermediates (IM) and products were necessary to be characterized 

accurately. Normal mode analysis was carried out on each optimi zed structure both in 

vacuum and in solvent. To proof the corresponding structures connected with each other, 

intrinsic reaction coordinate (IRC) calculations of the minimal energy pathways (MEP) 

were also carried out. Furthermore, for these optimized structures, thermodynamic 

properties (zero-ÐÏÉÎÔ ÃÏÒÒÅÃÔÅÄ ÒÅÌÁÔÉÖÅ ÅÎÅÒÇÙ ɉɝE0Ɋȟ ÒÅÌÁÔÉÖÅ ÅÎÔÈÁÌÐÙ ɉɝHЈ), heat of 

formation (ɝf,298.15KHЈɉÇɊȟ ÒÅÌÁÔÉÖÅ 'ÉÂÂÓ ÆÒÅÅ ÅÎÅÒÇÙ ɉɝGЈ), and entropy (SЈ) were 

computed using the methods described above. 

All our systems were explored using the B3LYP functional in combination with the 

6-31G(d)105 basis set. As a refinement of the B3LYP/6-31G(d) level of theory, more robust 
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and accurate G3MP2B389 composite method was also selected from the Gaussian 

thermochemistry family whenever it was feasible. Due to its computationally demanding 

QCISD(T)/6-31G(d) calculation the use of G3MP2B3 is limited. Therefore, the 

thermodynamic properties of larger systems were computed by using another popular, 

new-ÇÅÎÅÒÁÔÉÏÎ ÆÕÎÃÔÉÏÎÁÌȟ 4ÒÕÈÌÁÒȭÓ M06-2X77 in combination with the 6-31G(d,p) basis 

set. For verification purposes, the newest member of the Gaussian thermochemistry 

family G491, G4MP288, and PeÔÅÒÓÏÎȭÓ CBS-QB3106 composite methods were also applied 

to estimate the accuracy of the used computational method.  

All the geometry optimizations and frequency calculations were carried out using 

Gaussian09107 program package. The applied levels of theories in this thesis are 

summarized in Table 5. 

Table 5: Applied theoretical methods studying the reaction steps of MDI synthesis and 
side reaction. 

Level of theory 

Theoretical reaction 
mechanism of 

Thermodynamic 
properties of 

MDA 
synthesis 

MDI 
synthesis 

MDI dimers 

B3LYP/6-31G(d)    

G3MP2B3   - 

M06-2X/6-31G(d,p)  - 
 

G4   - 

G4MP2 -  - 

CBS-QB3  - - 

 

2.8 Benchmark of computational metho ds  

In order to estimate the accuracy of the applied computational methods, the 

ÓÔÁÎÄÁÒÄ ÒÅÁÃÔÉÏÎ ÅÎÔÈÁÌÐÙ ÏÆ -$! ÆÏÒÍÁÔÉÏÎ ɉɝr,298.15KHЈ) and standard heat of formation 

ɉɝf,298.15KHЈ) were calculated (Table 6) in gas phase using G3MP2B3 [B3LYP/6-31G*(d)), 

CBS-QB3 [6-311G (2d.d,p)] and M06-2X[6-31G(d,p)] levels of theories. Only two different 

ɝr,298.15KHЈ values, -134.939 and -221.7 kJ/mol108 in Table 6, were reported in the literature 

estimated by group additivity method suggested by Benson and Joback109, respectively.  
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Table 6: Standard reaction enthalpies of MDA formation and heat of formation values for 
MDA. 

,ÅÖÅÌ ÏÆ ÔÈÅÏÒÙ 

ς!.Ϲ&!Ѐ-$!Ϲ7!4 
!ÔÏÍÉÚÁÔÉÏÎ 

ÓÃÈÅÍÅ ɉ!3Ɋ 

)ÓÏÄÅÓÍÉÃ 

ÒÅÁÃÔÉÏÎ ɉ)2Ɋ 

Ў
ÒȟςωψȢρυ+

(ЈɉË*ȾÍÏÌɊ Ў
ÆȟςωψȢρυ+

(Јɉ-$!Ɋ ɉË*ȾÍÏÌɊ 

G3MP2B3 ȤρσπȢω ρχρȢς ρχυȢω 

-πφȤς8ȾφȤσρ'ɉÄȟÐɊ ȤρυυȢψ ρσωȢυ ρυρȢτ 

#"3Ȥ1"σ ȤρσπȢτ ρωρȢψ ρχφȢψ 

ÌÉÔÅÒÁÔÕÒÅ ÄÁÔÁ 

ɉÇÒÏÕÐ ÁÄÄÉÔÉÖÉÔÙɊ 

ȤςςρȢχρπψ ςπφȢρρρπ 

ȤρστȢωσω ρφυȢφσω 

The standard reaction enthalpies obtained from CBS-QB3 (-130.4 kJ/mol) and G3MP2B3 

(-130.9 kJ/mol) computations are in excellent agreement with each other, since the 

difference is just 0.5 kJ/mol and these values are also close to the -134.9 kJ/mol obtained 

by Joback/Benson method. The M06-2X/6-31G(d,p) result is lower than the CBS-QB3 and 

G3MP2B3. Therefore, only the calculations obtained by composite methods are discussed 

later. 4ÈÅ ÌÉÔÅÒÁÔÕÒÅ ɝf,298.15KHЈ values are quite different (see the values of 206.1 and  

165.6 kJ/mol in Table 6) which may be due to the different phases (e.g liquid/solid)  but 

unfortunately that information was not reported in the original paper.  

)Î ÔÈÅ ÃÁÓÅ ÏÆ 'σ-0ς"σȟ ɝf,298.15KHЈ values derived from AS and IR are consistent 

×ÉÔÈ ÅÁÃÈ ÏÔÈÅÒ ÁÎÄ ÔÈÅ ɝf,298.15KHЈ  result obtained from the IR by CBS-QB3 is also very 

close to the G3MP2B3 values, the largest deviation is just 0.5 kJ/mol. Based on these 

calculations, we recommend their average value as our best estimation of the 

ɝf,298.15KHЈ(MDA), that is 171.2 kJ/mol, with the uncertainty of 5 kJ/mol. Actually, one of 

the literature s ɝf,298.15KHЈ(MDA) values (165.6 kJ/mol) has relatively small deviation (5.6 

kJ/mol) from our recommendaÔÉÏÎȢ 4ÈÅ ɝf,298.15KHЈ(MDA) obtained from AS using CBS-

QB3 results is higher than the recommended value due to the fact that CBS-QB3 is less 

robust than G3MP2B3 in such calculations. It is also worthy to mention that the CBS-QB3 

was more computationally intensive than G3MP2B3, therefore only the G3MP2B3 results 

will be presented in the further discussion. 
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3 RESULTS AND DISCUSSION 

3.1 Reaction mechanism of MDA synthesis  

The purpose of this chapter is to explore and characterize thermodynamically the detailed 

reaction mechanism of the current industrial MDA production using quantum chemical 

calculations including the effect of the surrounding media. Furthermore, the protonation 

states of the intermediates are also determined as well as few important competing 

reaction channels are also included to provide theoretically established evidence for by-

product formation. 

3.1.1 Main reaction mechanism in gas phase 

Although, the MDA synthesis is carried out in liquid phase, firstly the gas phase 

mechanism is examined as a reference.  However, the presence of solvent (solvent effect) 

can make a significant difference on the reaction energy profile. According to the X-ray 

scattering experiment of aniline111 the closest intermolecular distance between nitrogen 

ÁÔÏÍÓ ÉÎ Á ÐÁÉÒ ÏÆ ÁÎÉÌÉÎÅ ɉ!Ɋ ÍÏÌÅÃÕÌÅÓ ÉÓ σȢσρ Bȟ ×ÈÉÃÈ ÉÓ ÃÌÏÓÅ ÔÏ ÔÈÅ ÄÉÓÔÁÎÃÅ ɉσȢρυω BɊ 

found in the V-shape non-covalently bonded aniline dimer (A2) computed at G3MP2B3 in 

gas phase. This short distance and orientational preference are due to the strong 

hydrogen bond between the two amine groups and explain the large viscosity of liquid 

aniline112.  In our calculations, A2 structure had been selected as initial structure (see right 

side of (Figure 12). The energy reference used in Figure 13  (also given in Table 7) 

corresponds to the sum of non-covalent A2 dimer, formaldehyde (F) and protonated 

aniline (AH+). The latter species supposes to mimic the acidic environment used by 

chemical industry.  

In our reaction mechanism we assume that the protonated aniline dimer (A2) 

approaches the formaldehyde (F) to form the pre-reactive complex (IM0, see Figure 12 in 

which formaldehyde is strongly hydrogen bonded to one of the anilines (rO-H = 2.108 BɊ 

and its carbon atom approaches the nitrogen atom of the other amine (rC-N = 2.671 BɊȢ 

This structure is 29.2 kJ/mol lower in energy compared to the separated formaldehyde, 

protonated aniline and aniline dimer (reference state). As seen in Figure 14 , the transition 

state for formaldehyde addition to the aniline (TS1) is a six-membered ring structure, 

where the carbon of F got closeÒ ÔÏ ÔÈÅ ÎÉÔÒÏÇÅÎ ÏÆ ÔÈÅ ÁÍÉÎÅ ÂÙ ÒÏÕÇÈÌÙ ρ B ɉÒC-N = 

1.644 BɊ ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÅ )-πȢ  
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Figure 12: Overall reaction mechanism for methylene diphenyl diamine (methylenedianiline, MDA) synthesis according KirkɀOthmer 
Encyclopedia of Chemical Technology17 as well as Wang30 compared with our proposed mechanism (in blue) based on G3MP2B3 
computation. 
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Figure 13: G3MPB3 energy profile (zero-point corrected) for MDA synthesis in gas phase 
(black), in aniline (red) and in water (blue). 

Simultaneously, attacked nitrogen releases a hydrogen which is transferred to the 

oxygen of formaldehyde through the other aniline amine group. The corresponding 

energy is 60.7 kJ/mol higher than that of the reactants making this structure as the highest 

energy TS along the entire reaction mechanism studied here (Figure 13). As next step, the 

resulted N-hydroxymethylaniline (IM1) forms molecular complex with protonated 

aniline (AH+), noted as IM1H+, in which the protonated amine group is in vicinity of the 

OH group of N-hydroxymethylaniline (r O-H = 1.599 BɊȢ 4ÈÉÓ ÐÒÏÔÏÎÁÔÅÄ ÃÏÍÐÌÅØ ÈÁÓ 

significantly lower in energy (-118.1 kJ/mol) compared to the previous neutral complex 

(-58.7 kJ/mol). 

 

 

 

 










































































































































