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A Study of Elementary Reactions of Isocyanate Produdidodsanett Boros

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 cloth@se only a few examples of
polyurethane application.Thesepolymeric 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, ffierent electrical properties and many others.
The discovery of first polyurethane was made by Otto Bayer and his-@gorkers3in 1937,
however, the reaction of an isocyanate (ethylsocyanate) with an alcohol (ethylalcohol)
was firstly explored by Wurtz in 1849. Since the first polyurethane synthesishas been
discovered, nowadays several nofisocyanate routes of polyurethar production became

more and more attractive due to th& advantages.

1.1.1 Alternative pathwaysfor polyurethane synthesis

Greener polymerization is the main focus of novel polyurethane synthesg and
numerous norrisocyanate methods were established Due to the toxicity of some
intermediates the most promising pathway to polyurethanes are the transurethanization
polycondensation between biscarbamates and diol&8 and the polyaddition between
cyclic carbonates and amines!o (Figure 1). Asahi Kaseicompany produced diisocyanate
by oxidative carbonylation of aniline using PdCl catalyst suspended in liquid and
subsequently recovered by filtrationin pilot plant scale!l. Another possibility for green
polyurethanes could be the reaction of airidines 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 toxicitgauses some difficulties The rearrangement
of acylazide followed by its polycondensation with alcohol functions representanother
route.
Transcarbamoylation reactions also lead to phosgenfeee polyurethanes(Figurel). The
industrial application of these methods hasiot reported yet so that the emphasis of this

research is concentrated on the classical polyuretharg/nthesis.
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Figure 1: Alternative synthetic routes to polyurethanes.

1.1.2 Classical polyurethane synthesis

(assical polyurethanesare formed from the reaction betweemmolecules containing
two or more isocyanate groups with polyol molecules containing two or more hydroxyl
groups forming urethane linkage (Schemel)l. The characteristics of polyurethanes are
greatly influenced by the types of diisocyanates and polyols useBolyols are reactive
substances containing at least tworeactive isocyanake groups attached to a single
molecule.There are four classes of polyolapplied in the current chemical industry such
as polyether polyols, amineterminated polyethers, polyester polyols and
polycarbonates!2. The other important raw materials of polyurethanes are isocyanates,
especially aromatic diisocyanates. Numerous studies were conducted about the organic
isocyanates by chemists including AW. von Hofmannt3, however industrial isocyanate
synthesis was based on the discovery of Hentschel who reacted phosgene with salt of a
primary aminel4, Several diisocyanates are usedowadays but toluene diisocyanate
(TDI) and methylene diphenyl diisocyanate MDI) are the most important onest. The

schematicproduction routestowards polyurethanes are represented irnFigure 2.

0

—R——N—ﬂ—o%
H

n

URETHANE LINKAGE

nNO==C=N._p_-N==C==0 + nHO—R—OH —>

Scheme 1: Polyurethane formation in the reaction of diisocyanate and diol.
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Figure 2: Synthetic
diisocyanatess®.

routes to polyurethanes from the most commonly used

The MDI market wa expected to react6.7 Mt in 2018 and is predicted toachieve
8.7 Mt by 2023 according to the latest market repo#. MDI is mainly produced by the
O A A A O E T-thethylefe dipthenybeliamine (MDA) and phosgene (COg)lin continuous
operationl’”. MDA is formed reacting aniline with formalin in the presence of hydrochloric
acid solution. The aniline feedstock is produced sequentiglfrom the nitration of benzene
followed by reduction to aniline by hydrogenatiort2. The MDI product consists of a
mixture of isomers (2,82,4-A1 A -MOH) ari@l oligomers. The unpurified stream can be
sold as polymeric MDI. The isomers are mostly separated by distillation.
4EA | AET DOl AOAO EO OEA -pm Bak@ O-G3OA &MOrikhG
light yellow to white solid MDI with melting point of 38-t Tt J # h

kerosene and nitrobenzen&?®. MDI can undergo slow cyclodimerization on storage so that

it is transferred and stored under refrigeration or under heating.

The focus of thisresearchis the examination of the main reaction stepsf MDI synthesis
and to study one possible sidereaction: the dimerization. As Figure 3 illustrate firstly
aniline is reacted with formaldehyde using hydrochlorieacid catalystto reach methylene
diphenyl diamine, MDA (Section 3.1) Afterwards, methylene diphenyl diisocyanate MDI)
could be achieved bythe phosgenation of MDA(Section 32). Based on the reactivity of
the free isocyanate groups dimers can be formed establishing faur-membered ring
(Section 3.3)

BET ET

AT EIT ET C PIETO

flash point of 212-¢ p 118 Itfis an odorless material which is soluble in acetone, benzene,
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i CH;0 > Section 3.1

l 2C0«
Section 3.2 < -4HC]

g OCN MDI NCO ll ~ II o II N I'
OCN N)kN NCO

l HO-R—OH (o]
MDI dimer

2 o
OCN N oRoH Section 3.3

polyurethane

Figure 3: Reaction steps of MDI synthesi§Section 3.1 and Section 3.2and the route
towards the polyurethane synthesis and one possible side reactid®ection 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 materidls
making it an important synthetic agent In chemical industry the most commonly applied
MDA synthesis is the reaction of aniline with formalin in the presencef hydrochloric acid
O1T AAO | Ed pAmt J #par J&A A A G%Tio hvoidtiheluge Bf Oderdsivednydrochloric
acid and the formation of large amount of NaCl solution as waste, several attemj§tzk29
had beenmade to replace the current technology with catalytic process using solid acids,
zeolites, delaminated materials, ionic liquids or ioxchange resins as catalysts. However,
either of the catalytic MDA production never gone beyond the laboratory stagalthough
proposed reaction mechanism for current MDA synthesis is presented ithe study
published in Kirk-Othmer Encyclopedia of Chemicalechnology’ (Figure 4), it has not
been clarified entirely. According to this mechanism aniline (A) is reacted with
formaldehyde (F) producingN-hydroxymethyl aniline as the initial reaction step. In acidic
medium this product loses water rapidly to formN-methylidene anilinium (IM2), which

reacts with aniline to form N-(p-aminobenzyl)aniline, abbreviated asPABAInN this study.
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PABA is then decomposed to-dminobenzylium and aniline. In the last step of this
rearrangement 4,4-1 AOEUI AT A AE b E ANIDA) is fakried dsHirdalkroduct.h t 8
In an alternative mechanism, reaction oN-methylenebenzeneaminium (IM2) and aniline
(A) gives. h -dighenylmethylenediamine first (so-called aminal noted as AM itfFigure 4)
before the formation of PABADue to the protonation of one of the secondary amine group
in AM (AMH), the GN bond is activated for the rearragement 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 thiatter mechanism by isolation and
identification of aminal using the combination of isotope labeling and HPL-RIS® albeit
other intermediates has not been characterized at all. In the same study Hpyoducts
including oligomers of MDA é.g 3 and 4ring 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 mobilitynass
spectrometry (IM-MS) and tandem mass spectrometry (MS/MS) techniquéls

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 oformation for MDA, PABA and AM is
estimated using Benson group additivity metho@./ T 1 U OEA EAAQO IMBA Al O A
had been reported very recently using G3MP2B3 quantum chemistry protocol and group
additivity i ncrements for NCOand NHCOCI groups has been recommendéds it was

mentioned earlier34.35,
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H+
® C.Y. Wang et al.
HoN CH;, + NH; Chinese Chem. Lett. 23 (2012) 1254-1258.
4-aminobenzylium aniline
J A

H2NOCHQONHZ

4,4'-methylene diphenyl diamine
4,4'-MDA

Kirk-Othmer Encyclopedia
of Chemical Technology

Figure 4: Overall reaction mechanism for MDA synthesis according the Kirk-Othmer
Encyclopedia of Chemical Technologyand a posible side reactionaccording to Wanget
al.30,

1.3 Phosgenation of MDA

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

industry is carried out in a suitable inert solvent such as toluene, xylene and chlorinated
AOT i AGEA EUAOT AAOATT AO OAI DbAOAOOOAO AAOxAAI
from ambient pressure up to 50 ba#é. When ortho-dichlorobenzene (ODCB) used as

solvent, mild operating condition (90p v 1J # -1A4Tbak prgssuref? can be applied

which is mainly due to the boiling point of the ODCB ¢E p 1t 88uThetecess phosgene,

which is necessary to obtain the appropriate isocyanate yield, and the iproduct
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hydrochloric acid is stripped by a nitrogenstream 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 productio®. 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 knowrhe isomer and ring
distribution of the product MDI could not be influenced by this phosgenation step;
however, thisprocess is very important from the view of industrial MDI production.
Phosgenation of an amine is an additioelimination type mechanism via a chlorinated
amide intermediate [methylenebis(4,1-phenylene)]dicarbamic chloride] resulted in the
release of 2 KCI molecules? (Figure 5). At some condition, theN-substituted dicarbamic
chloride intermediate is detected according t&Sonnenshceiret al.2 At higher temperature
Bopnml#Qq OEEO ET OAOI AAREAOA AAT12 AA AAEUAOT AEI

Despite the importance of the above mentioned phosgenation, the thermocheral
properties of the participated species are poorly characterized. For example, while the
EAAO 1T £ A&l Ol Gda)) for MOAiE €2dce,josly one published value (165.6
kJ/mol) can be found without reported uncertainty?® (other group additivity -based value
obtained using online NIST estimator) The standard enthalpy of formation of the MDI
(3120815kH)JQ- $) QEpwwmgp E*TiT1 qQ EO ETTx1 xEOE OAIl
bomb calorimetric measurementsby Zhuravlev et al4%, 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 byproducts can be also formed in side
reactions causing impurities during the MDI synthesi842. For example, one of the
products of the reaction, that is HCI, can possibly form a fgroduct with one of the giving
amine hydrochlorides which are insoluble in chlorinated solvents causing several
problems in the production*3. Gibsoret al.studied the stability and the structure of these
compounds inchlorobenzene by FTIR, NMR and-bay diffraction44. The further possible
side reaction is the urea formation between the isocyanate and amiffewvhich is reduced

by using excesamount of phosgene in the industry°.
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PR O

methylene diphenyl diamine (MDA) j phosgene

1O -

methvlenebls 4,1-phenylene)|dicarbamic chlonde hydrochloric acid

80-100°C

A0

methylene diphenyl diisocyanate (MDI) hydrochloric acid

Figure 5: Reaction mechanism of MDA phosgenationvia [methylenebis(4,1-
phenylene)ldicarbamic chloride intermediate which can be decomposed at higher
temperature releasing hydrochloricacid as byproduct46.

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 isocyanateproduction due to reduced solvent and energy consumptiofi.

In the first step of this procedure, amines and phosgene are vaporized separately and
could be diluted in inert gas and then reactef. Despite the abve-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
apparatus*®=0, therefore the understanding of the ongoing elementary reactions is
essential to improve the applied chemical technologyn 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 FiseretalAEA &£ O OHKks Al AxET 60

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 thessa
where dimerization occurs, the isocyanate becomes twphased, causing turbidity. In

addition, the melting points of solid MDI and its dimer are different.
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The MDI dimers are highly stablewhite solid compounds igure 6) and according to our
experiences itcan only decomposet high temperature; thus, at the melting point of the
MDI they are not able to dissolve, which causes difficultyfhe rate of dimerization is

lowest at43J # while has maximaaround 38 and62J #Figure7).

Figure 6: MDI dimer formed during inappropriate storage.

0.08 melting point of MDI bl
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Figure 7: Rate of dmer formation as a function of temperature measured by BASF
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: .CH, :
OCN NCO

MDI monomer
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NS

(]

o}

MDI dimer
OCN NCO

Figure 8: Dimerization of MDI via uretidione ring formation at inappropriate storage

$O00ET ¢ OEA AEI( AOE U-AénBniet und@QdeAADdO,revetsbld 1 h 1
and facile dimerization reaction to form the uretidione(Figure 8)12. The maximum in the
conversion rate is unfortunately around ambient storage temperaturesThis reaction is
ET OOET OEA O OEA OAAAOEOEOU 1 £ EOWMBIbAd AOA £
crystal state®3. The reaction of uretidione crosdinked isocyanates with alcohols occurred
via an allophanate structuré4, which is then converted into urethane. Uretidione
structures serve as a protected isocyanate group in a manngiheir industrial use was
found within urethane powder coatings$>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 calculation¥ were used to investigate the effect
of epoxy monomers on dimerization. Structural and spectral characteristics of
dimethylformamide (DMF) monomers and dimers were calculateef. DMF is often used

as inert solventin polymerization reactions, however itcan react with isocyanate®.

1.5 A new aspect of isocyanate production in industry

Production of isocyanates is a complex procesequiring appropriate adjustment of
reaction conditions. Knowing the elementary reaction steps of aynthetic 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 synthesesdetermining reaction mechanism considering

10
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side-reactions and byproducts. Nowadays, more and more experimental developments
are accompanied by theoretical calculations demonstrating proof of benefits that
computational calculations provide®°. This field has grown extremely rapidly, especially
in the case of pharmaceutical industrial applicatioft, however more and more
application can be found in the chemical industr§? 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, thistechnique wasapplied for structure characterization of MDI dimers. he
achieved results and the main conclusions are described in the following sections

presenting valuableinsightsinto understanding ofindustrial 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 withexperiment to
elucidate ambiguous or unclear experimental data and to model shoiltved, unstable
intermediates and transition state$3. Using the adiabatic and BorrOppenheimer
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
3 A E Odedefdation (.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 molecu@ 3 AEOEAET CA
equation.

A potential energy surface (PES) is a mathematical function that gives the total
energy of a molecule as a function of its geometryFigure 9). According to IUPAEY,
molecules are defined as electrically neutral enties consisting of more than one atom
(n>1). Rigorously, a molecule, in which n>1 must corrg®nd 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 representativigansient structure of a reaction pathway

has to be determired. Minimum of the PES can be a local minimum which represents the

11
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lowest energy point of some limited region ofthe surfaceor can be global minimum
considering as the lowest energy point on thevhole potential energy surface. Reactants
(R), products (P) and intermediates (IM) are the structures existings 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 forcefield and the local minimum can be determined by
changing the nuclei coordinates (Rand calculating the corresponding electronic energy
and nucleknuclei repulsion energy(their sum is the secalled total energy, &t (R)). The
minimum energy structureis found when all the convergence criteria were fulfilled. The
attempt of finding the mordinates 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 atomdogether 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 (R8) 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 compkted, 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
optimized into a minimum, the gradient is zero and the force constant matrix completely
determines the behavior of the system under small displacementJightening 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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transition state
(saddle point)

intermediate
(local minimum)

product
(local minimum)

reactant
(local minimum)

Figure 9: Schematic representation of a potential energy surfaée

In the case ofthe 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 reach
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 thg@otential energy including solvent
effect as well as derivation of the rotational constant (§ and harmonic vibrational
wavenumbers (i) will be shown. By means of these calculated molecular properties
vibrational wavenumbers and rotational constants, lte 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), b, S(T,p), H(T) can bederived (Figure 10). The
AopAOEI AT OATT U 1100 EIi DT OOAT O 1 AAOT OAVDBEBEA DO
EAAO 1T £ AAHhA GEAA @.GMWA D AERROU Ak ARITO@DEW®U ¥ 3Q
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 sidereactions can be assumed.
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Calculating potential _
energy

(2.2 section)

Geometry optimization and S Quantum Chemical
frequency calculations Tellerleifom

(I’Tlil'l Eput(R]- Vis BU]
(2.3 section)

—_—

Partition function q(V,T) —_—
(transition, rotation,

vibration, electronic state)
(2.4.1 section)

Thermodynamics

( Statistical ‘
::_7

[G(T,p), Eq, S(Tp), H(T)]
(2.4.2 section)

Thermodynamic
functions

Macroscopic properties
[Ad°, A H?, C,(Tp)
S (Tp), 4,G°(Tp), pKa]
(Section 2.5)

(Reaction mechanism

Figure 10: A flowchart from determining the potential energy to macroscopi@roperties.

2.2 Level of theory - computation of potential

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

approximations to theelectronic3 AEOEAET CA O ak&itdiracchrbcy. x EOE
One of the widely used approximation method in quantum chemistry is the

Hartree-Fock (HFH method®6.67 which is the basis of the molecular orbital theory. It

assumed that themultielectron wavefunction of the systemcan be approximated by a
single Slater determinant which is made up of one spin orbital per electréf This ab initio

method requires low compufational time, but it does not include theelectron correlation

leading to impreciseresults meaning the calculated HF energys higher than the exact
energy. Only for the hydrogen atom (or other oneelectron systems,such asHe) are

orbitals exact eigenfunctions of the full electronic Hamiltonian.

Several methodsimprove the treatment of electron correlation overthe Hartree-Fock

method to achieve better accuracySuch postHartree-Fock ab intio method is the

- G1 3PRgetperturbation theory (MP)®°. Calculated energy may be lower thasxact

ground state energy.This method is appropriate if the level of the electron corrkation is
reatively low where a significant amount of correlation energyis given back at low

computational cost.
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4 EA - -Bléssefekpansion is truncated at second (MP2)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 energi€ther postHartree-
Fock methods are the configuration interaction methods(Cl) and its correction called
guadratic configuration interaction singles and doubleg,QCISD’. These methods are
used becausdy coupled cluster methods more accurate results can kachievedrequiring
the same computational capacity

Coupled cluster methods(CQ72 are used for describing manybody 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 Slaterdeterminant 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 variationalThe CCSI™ (coupled clustersingles
and doubles) method contains single and double excitations, while th€CSD(T)
additionally includes the perturbative approximation of triple excitations. Currently, the
CCSD(T)s the most precious electronstructure method still applicablefor small systems.

The most popular quantum chemical approacés are the hybrid density functional

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

are based on determination of theelectron densityof the moleculecalculating energy by
the use of an exchangeorrection functional. This exact exchange energy functional is
expressed in terms of th&KkohnzSham orbitalg> rather than the density.A large number
of different functional are parameterized by experimentalor highly accurate ab initio
data. Practically these functionals are implemented iteratively DFT calculation adds an
additional step to each major phase of a HartreEock 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 theppropriate description of
dispersion interactions. Theyare also lack oflong-term exchangeterm?6. Currently,
several DFT methods are available where the London dispersion correction has been
already considered®. Possible solution could be to apply functionals which parameters
have been optimized via data groupsDFT of electronic stucture has seensignificant

theoretical and formal advances.This method can predict the relative and activation
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energies and thestructures commensurate with the highperformance and costly post
SCE

MO06-2X77 is global hybrid functional with 54% HF exchange from the group of
Minesota functionsparametrized only for non-metals. The M06-2X functional contains 35
fine-tuned parameters which were previously optimized on dad groups’é. This method
does not contain a direct member for the dispersion correction, but via its parameters it
can be related as a dispersioitorrected DFT method. This functional performed well in
the case of activation energies and transition ates’szso,

The B3LYP(Becke, 3parameter, LeeYangParr)8.82 js a fairly robust hybrid DFT
method. This functionalt® employs three empiricals8485. This semiempirical exchange
correlation functional was tested on 56 atomization energies, 42 ionization potentials, 8
proton affinities, and 10 total atomic energies of firstand secondrow systems ad it was
found that this functional fit experimental atomization energies with an impressively
small average absolute deviation of 2.4 kcal/mé$. B3LYP is generally fastethan mostof
the post Hartree-Fock method and usually yields comparable resultsvhich is especially
hold for geometry. On a more fundamental level, it is not as heavily parameterized as
other hybrid functionals, having only 3 where as some have up &b such as the M062X.
The ab initio methods discussed so far it could be said that the HF, MP2 and DFT methods
provide acceptable accurate geometrybut the energy calculations are not adequate.
However, the higherlevel calculations such as CCSD, QCISD, CCSQQAISD(T) serve the
equilibrium of geometry and the frequency calculations essential for the thermochemical
AAT AGI AGETT Oh 111U £ O OAOU E étheEdissiiznttanasA &
of these methods are that only numerical derivatives are determined for harmonic
frequency calculation$’.

Reasonableradeoff is composite methods They developedto afford quite accurate

frequencies using scale factorand geometry carrying out energy calculations on it
applying systematic combinations of different bases and method&lowadays, the CBS
(Complete Basis Set)and Gaussidn j 1 St q 4, ICESARNO#ahd3he G3, G3MP2,
G3MP2B3 composite methods arapplied in most case§’.

In this study the G3MP2B38.8%was appliedmost of the case therefore it ipresented
in detail. In the case of this method the geometries and zeffpoint energies are obtained
from B3LYP/6-31G(d) density functional with scaled frequency of 0.96 instead of
geometries from secondorder perturbation theory [MP2/(FU)6-31G(d)] and zero-point
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energies from HartreezFock theory [HF/6-31G(d)]. This variation has an average
absolute deviation of 1.25kcal/mol. High accuracy of this method is obtained by
determining (experimentally and theoretically) ahigher-level correction E(HLC) based on
calculations for thehydrogen atom and hydrogen molecule. The basis of this calculation
is that the energies from a lower level calculation (MP2) is added to a hightavel
correction (HLC) calculation[QCISD(T). In the case of the atoms spispin 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 se$0
Compound models performs a series of less expensive calculations providing very high
accurate results for thermochemical predictions. Such modehcludes GAMP21, G42
CBSQB39%.

All of the previously mentioned electrornc-structure methods require to giveabasis

set function (base). A basis set is a collection of mathematical functions used to build up
the quantum mechanical wave function for a molecular systentn principle higher, the
number of the mathematical function usedthe more accurate the descripbn of the
electronic structure. The drawback is thehigher computing demand.Hundreds of basis
sets composed of atomic centered Gausskdype orbitals (GTOsY4. Several bass setsare
known, the socalled diffuse bases also contain Gauss functions which spatial running is
slowly promoting the appropriate description of the highdistanced interactions.Pople
basis sets are one of the most used basis setscdnsistsof the STOG sé (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 itals (first is derives from 3
Gaussians and the second from 1) the basis set is called3BG. When a d polarization
function is added the nonhydrogen,atoms are polarized while for the polarization of the

hydrogen atoms a plus p polarizatiorfunction®s..

2.3 Solvation model 9

Most of the reactionsrelevant for industrial application are taken place in solvent
The energetics of thereaction can be significantly modified if the compoants canform
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 modek) representing a solvated
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molecule surrounded by a dielectric medium that represents the solventn this study,
SMD implicit model was used to mimic the surronding. The SMD continuum solvation
iTAAT h xEAOA OEA O$d6 OOAT AO &A1 O OAAT OEOQUOG
used without defining partial atomic charges, is based on the quantum mechanical charge
density of a solute molecule interacting with acontinuum description of the solvent. In
this model the solvent is not represented explicitly but rather as a dielectric medium with
surface tension at the solutesolvent boundary. In this model the quantum mechanical
charge density of a solute moleculenteracting 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 6.0 kcal/mol in the
solvation free energies of tested neutrls and mean unsigned errors of 0 kcal/mol on

average for ions.
2.4 Vibrational analysis 97

Themoleculargeometry used for vibrational analysis must be optimized at the same
level of theory and with the same basis sathich the second derivatives were generated
with. Vibrational analysis contairs several steps that are introduced in this section.
Firstly, mass weighed second derivative matrix (Hessian)is calculatedconverting force
constants to mass weighted cartesian coordinatesAfterwards, 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 inertidensor.
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 frameThen the Hessian need to be cwerted
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 whake all internally
consistent.

As example @termination of vibration frequency and bond length for HCE - which
has an important role in MDI synthesis is presentedhere. As it was introduced above
firstly the wavenumber is determined and the reduced mass, afterwards the force

constant and bond length. Theelation between these parameterss explainedas follows.
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Table 1: Calculation of vibrational and rotational energy

Vibrational energy Rotational energy
1) % EA - 2 % " EA* p
@ OEAOAOEITAI x " Ol OAQEIT T Al
®3) (4) " A
E E A& OAA Al 2nrE AT T A 1T AT (

The vibration energy of HCl molecule uses the harmonascillator approximation, while

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

be expressed in terms of force constant (k) according t&quation 1, however the

rotational constant 6 highly depends on bondength} 2 (Equation 2) Considering the

Equation 3the OADPOAOAT OO OEA NOAT 001 101 AAO A& O OE
OAAOAAA 1T AOGO AAI AOI AOET C—4&6l The Bidadk cdnshat@GA O OO0,
indicated with h (h =@ 8 ¢ ¢3tiJs)while c represents the speed of light (=8 w®uU p 1

i 7T0qs 4EA NOAT OOi 101 AARO &£ O OEAOAOEIT EO OE
labelled as JThe first molecular energy level can be obtained as a sum of the total energy

(Ewt that is the sum of electronic and nuclenuclei repulsion energy ad zero-point

energy) and zerepoint energy. The latter is defined as

(5) : 06 %B E A

since HCI only one vibrational degree of freedom that 1600~ in this case The fundamental

vibration frequencies, moments of inertia, reduced masses and bond lengths are
determined by this way. Thee microscopical parameters are contributed to the

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

Many important macroscopic parameters of the system resulted from knowledge of
EOO I EAOT OAIl PEA Al 1 OOEOOAT 008 )1 OEA AAOA
dimensions are considered, specified by the number pfrticles in each energy state. This
approach is known asstatistical thermodynamics which act as a bridge between the
molecular properties and macroscopic thermodynamicproperties such as the state

functions®9.

2.5.1 Partition function

In the thermodynamic equilibrium energy distribution of the molecules can be
described by theBoltzmanndistribution, 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 microstatef a molecule can be assumed as a

sum of energiesn the various degrees of freedom of the molecule.

(6) R £C RRC vibkC eleR

The translational energy (Rr) is resulting from the movement (translation) of the
molecular mass; the rotational energy (Rot) derives from the rotational degrees of
freedom while the vibrational energy (Rib) includes the contribution from vibrational
degree.In practice the vibrational frequencies need adjustmentdeneral scale factor) to
better match experimental vibrational frequencies The electric state is usually
considered as multiplicity chosenand its deviation becameimportant for having low-
lying excitations.Molecular partition function (q) canalsobe 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 followingequation introduces the molecularpartition function

and sources of components for thermodynamic quantities.

(7) q= QrOr&:ﬂvibaelec

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

Table2 summarized state functions play essential role in physical chemistry since they

provide information about the spontaneous processes at different calitions.

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

_ ] N Direction of change Criteri ¢
Potential function Conditions in spontaneous riterion o
equilibrium
process
G (Gibbdree energy) pand T are decrease minimum
(p.T, n) constant
H ((esn:)ha;:;) y) S andp are constant decrease minimum
S (entropy) Eand V are increase maximum
(U, V, n) constant
E (mte(rsna\l/err]l)e 9y) S and V are constan decrease minimum

Gibbsfree energy (G), enthalpy (H), entropy (S)internal energy (E) derived from the
partition function can describe quantitatively an equilibrium state of athermodynamic

system, irrespective of how the system arrived in that state

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

that may be performed by athermodynamic systemat a constanttemperature

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

(8) X(T,p) =H(T) Z TT.p)

where Srefers to the entropy of thesystem SinceH, T and Sare all state functions, so i
Enthalpy (H) is a measurement of thenergyin athermodynamic 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 astate functionthat 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 worlk0o,
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2.5.2.1 Calculations of state functions
In the awareness of the paition function (q) and temperature (T) the previously
mentioned state functions can be calculated. The basic calculations are introducied

this section.

Spectroscopical
charactersitics
[min Epot(R]' Vi, BO]

Partition function Thermo@ynamlc
(@) functions

[G(Tp), Eq, S(Tp), H(T)]

Figure 11: From spectroscopic characteristics to state functions

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

contribution Sfrom that component, using the relation:

) 3 B BTl — E4—

where N represents theparticle number of molecules as a dimensionless quantity

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

the followings:
(11) % .E4 —
Heat capacity can be calculated by using the energy:

12) # —

The enthalpy of any substance in term gfartition function can be calculated as follows:
(13) ( (m — E4(—

(14) ( ( m =z5/2 nRT (for atoms)

Q represents the patition function of the system while q is the molecular partition
function. Expressing theGibbsfree energy from thepartition function according to the

following equation:

~

15 ' 'm T 24+1

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(—; or —; ) is
used in statistical thermodynamicgl. The characteristic temperat® A  gref ao an
estimate of the temperature at whichthermal energy (of the order of ksT, whereks is the
Boltzmann constan) 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 thermodynanics 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.
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Table 3: Contribution of translation, electronic, rotational and vibrational motions to thepartition and state functions

Contributions from
Translation motion Electronlc Rotational motion Vibrational motion
motion
m: molecular mass 5 d O1 OED| 6 ;: rotational constant in x irection : Kin vibrational wavenumber
. P Y
4 rl T N . 7
. ¢ dQy T n " . Q h
q n B w degeneracy of the w T “y7 N & P Q Y'Y
electronic energy level r]
w w3 o ol o w1 aEn
S Y YI R p olg Y YIRh ™ Y YI R »p Y YIIj YﬁY
- B v b p
ECOrr(T) @) E Y'Y 0 O=RT h ¢ Q A7 p
o . s XY
2 ‘ Y Qn7 .
G 0 c Y 0 o Y Q 7 p
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Thermodynamis of the molecule

The total electronic energy of a molecule(Ewt) is the energy gain bythe
incorporation of atoms in the current nuclei configuration with a given electron
configuration from infinitely separated nuclei and electronsSince it is the solution of the
Al Ai bAA 1T OA1 AE 3AEOEAET CAO ANOAOEI T h OEA
correction is the zerapoint vibrational energy, ZPVE(or ZPE)which is the lowest energy
that a ground state minimum energy confjuration can have at OK in a vacuunit canbe
calculated as a sum of contributions from all i vibrational modes of the systeusing rigid
rotor harmonic oscillator (RRHO) approximation Within this approximation, ZPE
correction is only dependent on thdocal PES curvature. As it is shown ifiable4, thezero-
point corrected energy (Eo) is calculatedas sum of theEo: and ZPVE Average internal
energy orthermal corrected energy[%(T)] includes the thermal correction to internal
energy at certain temperature (usually at 298.15K) and the total electronic energy.
Standard enthalpy[HJXT)], entropy [SXT,p)] and Gibbs free energyGJXT,p)] describes
compounds of standard state at the given temperatur@nd pressure The standard
enthalpy is the sum of the total electronic energy (&) and its thermal correction (Hcorr)
derived from the ideal gas partition functions. As a definition ofhe standard Gibbs free
energy [' Jj 3 it 8IS contains entropy contribution 4 3 J j @vierBeathalpy (Hcor)
giving (Georr).

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

Quantity Formula

Zero-point corrected energy | Eok % ZPVE

Thermal-corrected energy | %J j 456 KEcorr(T)

s (3 kD § +pXI= %1 | +RU= Euot + Hoor(T)

Standard Gibbs free energy| , DQ-4QJ 4 A8uBor(T) -4 3 J 4 4

31 &K
J j 4=|EttD'|G§corr(T,p)
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2.6 Macroscopic properties

The macroscopic characteristics describgthose 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 ratesfc.). From the view of
chemical reaction mechanism the determinatiomf standard enthalpyl £ /&I OIN@ET T | :

standardreaction enthalpyj aHJ qh E A A O(p A)Acbtiopgy 5@ D) istesential.

2.6.1 Standard reaction enthalpy

A4EA OOAT AAOA OAAAOQGEITT AT OEAI PU I.Mmanl AEAI E
refers to the enthalpychange associated with one mole of a specified reant when all
reactants and products are in their standard staté?. It is the amount of heat absorbed
(endothermic) or evolved (exothermic) in the transformation of the reactants into the
products. One way to calculate enthalfy of reaction is to calculatestandard enthalpies of
formation for the speciesinvolved and takethe appropriate sums The standard reaction
enthalpiesj geos1skH] AOA A AT DDAODDEBREDOI T £ OEA OAAAOAI
I £ GEDAADO AAATCOONHEHEAE BEOE DERU)AAAMNAEHAOBAOET T A1 A
EO EO i1 OA DPOAAOEAAI Oi OOA OEA AAODBADOEZRAIOARAA
ET OACOAAOET ¢ 1 CKEEBEAED Al AOAAIDEAG AL BIE Ak BALODE
OEIi DI A £ O AA ET EOET 8
4EA AAI ADATAIOIEO OOEDEA - 3! AO Al AgGAI bl A8

CHO + 2G@HsNHz = MDA + HO
3v,208.15kHI= (¥r,208.15kHIAMDA) + 3+1,298.15KHI(H20)) 7 (3+1,298.15kHX CHO) +
231298.15kHJ(CsHsNH2))

In the case of G3MP' 0 O kesBskHais the following:

3r,208.15kHI= [(-612.302313 Hartree + (-76.341863 Hartree)- (20
(-287.120066 Hartree)

-114.354203 Hartree)] 2625.5 kJ/(mol Hartree) =-130.9 kJ/mol
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2.6.2 Standard Enthalpy of Formation

30AT AAOA AT OEAI1ReusHD @Ea clinpounditke standardsreaction
enthalpy for the formation of one mole of molecule from its constituent elements with all
substances in their standardstates (at 1 bar and at temperature of interestf2. 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 inatstses. The
AAOAOI ET AfxskskHD can b& acsomplished via atomization scheme (AS) and

considering as isodesmic reaction (IR).

$ AOAOI ET hiriHIdn atbmiEatien level (AS)

The calculation steps of theatomization 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 G3MP2B3
which are added together according to the appropriatstoichiometry. The multiplicity

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

Hcacd 3C(g)) =-37.788425 Hartree
HcaioJ 3H(g)) =-0.499780 Hartree

Hcaicd 4N(g)) =-54.524582 Hartree

3+,298.15kHatomsJ(C13H14N2(g)) = 13Hcalcd(3C(g)) +14Hcaicd FH(Q)) + 2Hcaicd(*N(Q))
=-607.295609 Hartree

2. Inthe next step the enthalpy value of the moleculee(g MDA) is calculated in gas phase
which is HaicJMDA(g)) = -612.302313 Hartree. The calculated atomic standard

enthalpy value- calculated inthe previous step is then subtracted from this result.
Healc(MDA(Q)) 7 YHatomsJ(C13H14N2(g)) = -5.006704 Hartree

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

~ s o~ 2 o~ =

3+, 20815 kK Hexpd 3C(g)) = 716.880Mm 11 8 klmbl
31,208.15kHexpJ(2H(Q)) = 217.998Mm 11 &Jimmott

31208.16kHexpJ(*N(Q)) = 472.430m 11t &KIrmot
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4. The experimental atomization enthalpy can be calculated by sum of the enthalpies of

the atoms according to theirstoichiometries in MDA:

13 C(graphite) + 7 H(g) + Ne(g) = 13¢C (g) + #H (9) +*N (9)

FatomHexp) = 13Hexpd(3C(9)) + 14Hxpd 3H(Q)) + 2HexpJ(*N(Q)) =

=133716.880 + 14217.998 +2A72.430 =
13316.3 kJ/mol
5. & ET Al 11idshskHKbEtHe mwlecule- in this case, the MDA s calculated as adding

the [3 (cadd MDA(g)] and sum of standard atomization enthalpy values of the atoms:

3+,208.15kHJ(Q) = 3+,298.15kHJ MIDA)(Q) C at@nizationHexpJ(Q)
31208.15kHIMDA(g)) = -13145.1 kd/mol + 133163 kJ/mol =
= 1712 kJ/mol

$ AOAOI ET hAsxiHldonsibefing an isodesmieaction

Isodesmic reactions are usually defined as transformations in which the number of
electron pairs of the reactants and products are the same. These reactioren also be
hypothetical. In this s&tE T T Qdk1&kHI of MDA on G3MP2B is representeds 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 acording to the sociometry of the reaction.

CHO(g) + 2GHsNHz(g) = MDA(g) + H20(g)

Hcalc( CHO(Q)) =-114.354203 Hartree
Hcac(CsHsNH2(g)) = -287.120061 Hartree
Hcalc(H20(g)) =-76.341863 Hartree
HcaiMDA(g) =-612.302313 Hartree

3rHJ=-130.9 kJ/mol

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

calculationway is the same as that the valuachievedin the case ofSection2.6.1
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2. In the next step theaccurate literature valueg for the standard enthalpy of

formation is needed in this case

3+,298.15kHIexp(CHO(Q)) =-109.¢ M 1T &Jbnol
3+,208.15kHJexp(CsHsNH2(g)) = 87.0t M 11 &Impl
3+,298.15kHJexp(H20(g)) =-241.80 m 1T &Il

4 EAT @&#41d MDA is calculatedby subtracted the sum of the experimental
formation of the reactants according to thesociometry (step 2) from the calculated

37,298.15kHJ (kJ/mol) (step 1):

3208.15kH) | - $ 1 B j j£@dkHIMDA) - 3-1,208.15kHexpd(H20)) +}  8208.15kHexp(CH0) +
23+,298.15kHexp( CsHsNH2)

3208.15kHJ § - $ ! CIBOA®JI/mol( -241.8kJI/mol) + (-2687.04kI/mol) +-109.2kJ/mol)
=175.9 kd/mol

The calculated standard enthalpy of formation values, determinate by atomization
(31,208.15kHJ HA.30.9 kJ/mol) and by isodesmicreaction (3+,208.15kHJ E p.&kJ/mol) will be

compared with the literature data(Section 28).

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 wre necessary to be characterized
accurately. Normal mode analysis was carried out oreachoptimized structure both in
vacuum and in solventTo 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-BDT ET O AT OOAAOA AB@A | ADIEDBE (K, AdaIQDE 4 13D U
formation (3120815<H} CQh OAT AOEOA ' BN At enEaph AS) WeleA OCU  §
computed using the methods described above.

All our systems were explored using tk B3LYPfunctional in combination with the
6-31G(d)1% basis setAs a refinement othe B3LYP/6-31G(d) level of theory, more robust
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and accurate GAMP2B3?®° 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 computedy using another popular,
new-CAT AOAOGET 1T AOT MoB-EXinkdmbinatiod With the\6EBAEYd,p) basis
set. For verification puposes, the newest member ofthe Gaussian thermochemistry
family G4°1, G4AMP288, and Pe&D A O OGBB@B31%6 composite methods werealso applied

to estimate the accuracy of the used computational method.

All the geometry optimizations and frequency calculations were carried out using
Gaussian09%7 program package. The applied levels of theoles in this thesis are

summarized inTableb.

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

Theoretical reaction Thermodynamic
Level of theory Iv”:)rr;\echanlsm |\C/)|fD| properties of
, . MDI dimers
synthesis synthesis
B3LYP/6-31G(d) & &

v

G3MP2B3 7

MO06-2X/6-31G(d,p) /

G4 v

G4MP2 -

CBSQB3 v

SCNENERENAN

2.8 Benchmark of computational metho ds

In order to estimate the accuracy of the applied computationamethods, the
OOAT AAOA OAAAOQEIT T AT OksAstHi and stasitlard Beht ofern@tiod OE T 1
{ Bo8.15kHJ) were calculated Table6) in gas phase using G3MP2BB3LYP/6-31G*(d)),
CBSQB3[6-311G (2d.d,p] and M06-2X[6-31G(d,p)] levels of theories. Only two different
3r,208.15kHJvalues,-134.939 and -221.7 kJ/molt%8 in Table6, were reported in the literature

estimated by group additivity method suggested by Benson and Joba#k respectively.
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Table 6: Standardreaction enthalpies of MDA formation and heat of formation values for
MDA

T L S1C GAEATA c‘))AOAIAAOAEC
Yorcobdh EXTIT | Yo o580 A | EY
G3MP2B3 Hom8w PXP8C p W&
- TH 8w | A DPousy POowW3u pupa8T
#"B" o Domsr pwp8Y| pxo3uy
| EOAOAOD LBy cTmeer
i COl 0P AA H o8 W P OW8 o

The standard reaction enthalpies obtained from CBB3(-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 #184.9 kJ/mol obtained
by Joback/Benson method. The M0O@X/6-31G(d,p) resut is lower than the CBSQB3 and
G3MP2B3Therefore, only the calculations obtained by composite methods are discussed
later.4 EA 1 E OrfeQsRHMAIGRA aresquite different (see the values of 206and
165.6 kd/mol in Table 6) which may be due to the different phasese(gliquid/solid) but
unfortunately that information was not reported in the original paper.

yT  OEA AAOA t2dsAxHIvatueseriVed fflom#AS and IR are consistent
xEOE AAAE 1 ©d&iAl redult Abtaiddd Aomathe IR by CBS)B3 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 oubest estimation of the
3+,208.15kHJMDA), that is 171.2 kJ/mol, with the uncertainty of 5 kJ/mol. Actuallypne of
the literature s 3+298.15kHJMDA) values (165.6 kJ/mol) has relatively small deviation (5.6
kJ/mol) from our recommendaO E T T 8120¢skHYMDA) obtained from AS using CBS
QB3 results is higher than the recommended value due to the fact that GB83 is less
robust than G3MP2B3 in such calculations. It is also worthy to mention that the GRB3
was morecomputationally intensive than G3MP2B3therefore only the GAMP2B3 results

will be presented in the further discussion
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3 RESULTSAND DISCUSSION

3.1 Reaction mechanism of MDA synthesis

The purpose of this chapter is to explore and characterize thermodynamically the detailed
reaction mechanism of thecurrent 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 alsaoncluded to provide theoretically established evidence for by

product formation.

3.1.1 Main reaction mechanism in gas phase

Although, the MDA synthesis is carriedut in liquid phase, firstly the gas phase
mechanism is examined as a referencélowever,the presence of solven{solvent effect)
can make a significant difference on the reaction energy profiléAccording to the Xray
scattering experiment of aniliné'11 the closest intermolecular distance between nitrogen
AOI i 6 ET A PAEO T &£ ATEIETA jrq i17T1AAOI A0 EO
found in the A shape norcovalenty bonded aniline dimer (A) computed at GAMP2B3 in
gas phase. This short distance and orientational preference are due to the strong
hydrogen bond betweenthe two amine groupsand explain the large viscosity of liquid
aniline112, In our calculations, A structure had been selected as initial structure (see right
side of (Figure 12). The energy reference used irFigure 13 (also given in Table 7)
corresponds to the sum of norcovalent A 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 g\
approaches the formaldehyde (F) to form the preeactive complex (IMO, sed-igure12in
which formaldehyde is strongly hydrogen bonded to one of thanilines (ron = 2.108B q
and its carbon atom approaches the nitrogen atom of the other aminedx = 2.671B ( 8
This structure is 29.2 kJ/mol lower in energy compared to the separated formaldehyde,
protonated aniline and aniline dimer (reference state). Aseen inFigure 14, the transition
state for formaldehyde addition to the aniline (TS1) is a skmembered ring structure,
where the carbon of F got clos®@ O1 OEA 1T EOOI CAT 1T £ &EA Al EIl
1.644Bq Al i BAOAA O1 OEA )-mn8
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Figure 12: Overall reaction mechanism for methylenediphenyl diamine (methylenedianiline, MDA)synthesis according KirlgOthmer
Encyclopedia of Chemicallechnologyt” as well as Wang® compared with our proposed mechanism(in blue) based on G3MRB3
computation.
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Figure 13: GBMPB3 energy profile (zerepoint 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 60.7kJ/mol higher than that of the reactants making this structure as the highest
energy TS along the entire reaction mechanism studied her&igure 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 graup of N-hydroxymethylaniline (ron=1599B Q8 4EEO DBOI O 1 AOAA
significantly lower in energy (-118.1 kJ/mol) compared to the previous neutral complex
(-58.7 kd/mol).
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