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Abstract

An extensive theoretical study of the thermal decomposition of alkyl- and phenyl-ureas,
widely used in pesticides, pharmaceutical and materials industries, has been carried out
using electronic structure calculations and reaction rate theories. Enthalpies of formation and
bond dissociation energies (BDE) of 11 urea derivatives have been calculated using different
levels of theory (CBS-QB3, CCSD(T)/CBS//M06-2X/6-311++G(3df,2pd), CBS-QM062X)
according to the size of the system. Potential energy surfaces for the unimolecular
decomposition pathways of these urea derivatives were also systematically computed for the
first time. Several pericyclic reactions can be envisaged, as a function of the size and the
nature of the N-substituents, and all these pathways were explored. Our calculations show
that these compounds are solely decomposed by 4-center pericyclic reactions, yielding
substituted isocyanates and amines and that initial bond fissions are not competitive. Based
on the set of urea derivatives studied, a new reaction rate rule for their thermal
decomposition was defined and involves the nature of the transferred H-atom (primary or
secondary / alkyl or benzyl) and the nature of the N-atom acceptor (primary, secondary and
tertiary). This new reaction rate rule allows to determine the products branching ratios in the
thermal decomposition of a given urea derivative and its total rate of decomposition.
Applications on urea derivatives used in the chemical industry are presented and illustrate
the usefulness of this new rate rule that allows to predict the previously unknown thermal

decomposition kinetics of a large number of these compounds.



1. Introduction

Nowadays, urea and its derivatives are one of the most widespread class of chemical
compounds used in the industry. Historically urea was the first reported organic compound
obtained from inorganic species.! The global urea production is around 200 million tons per
year,” making urea a high tonnage compound. Given the ubiquitous involvement of urea and
its derivatives (alkyl- and phenyl-urea) in the chemical industry, it becomes crucial to
understand their reactivity during thermal degradation (accidental fires, incineration, waste
recovery, etc.) and establish the main decomposition pathways to predict the degradation
products and thus to better anticipate environmental or health risks.

Despite the importance of these compounds, very little is known about their decomposition
kinetics under high-temperature conditions. Most of the information that can be found is
thermodynamic data. The gas-phase standard enthalpies of formation of 12 alkyl-ureas (with
alkyl = methyl, ethyl, isopropyl, n-, s- and ter-butyl ) were proposed by Kabo et al.®> using
combustion calorimetry, vapor formation and differential scanning calorimetry. Kozyro et al.*
also proposed experimental thermodynamic data for methyl-ureas. Emel'yanenko et al.’® re-
explored the latter thermochemical data and supplemented it with new experimental data.
They also compared theoretical calculations computed at the G3(MP2) level of theory with
the experimental data and found a maximum discrepancy of 2.6 kcal/mol. More recently,
Dorofeeva and Suchkova® calculated the thermochemical data of urea, alkyl-ureas and
phenyl-ureas, at the G4 level of theory. They computed the enthalpies of formation of 14
ureas from a thermochemical network of 91 balanced reactions and they pointed out a
possible lack of reliability of several experimental enthalpies of formation from the literature.
Bodi et al.” measured the threshold for the dissociative photoionization channel of urea
proposed a revise value of its enthalpy of formation using W1 and CBS-APNO calculations.
Gratzfeld and Olzmann® calculated the gas-phase standard enthalpies of formation of urea
pyrolysis byproducts (biuret, triuret, cyanuric acid, ammelide, ammeline and melamine) using

high-level quantum chemistry methods (CCSD(F12*)(T)/cc-pVTZ) and isodesmic reactions.



Kinetic data on the thermal decomposition of urea derivatives in the gas-phase remain
scarce. Indeed, urea and most of its derivatives are solids at ambient temperature and their
decomposition is heterogeneous and occurs in different states of matters. Most studies on
the thermal decomposition of these compounds are based on Thermogravimetric Analysis
(TGA) or Differential Scanning Calorimetry (DSC) experiments.®

Recently, there has been a significant interest in the decomposition of urea and the
subsequent formation of by-products in Selective Catalytic Reduction of NO,.'%** Schaber et
al.'? explored the thermal degradation of urea and byproducts formation from a solid sample
pyrolysis. By means of TGA and DCS experiments they provided one of the first complete
reaction scheme divided into temperature-related “reaction regions”. From room temperature
to 190°C urea melts and decomposes, from 190°C and 250°C biuret rises to a maximum
while cyanuric acid — the main byproducts from urea thermal decomposition — increases
slightly. Brack et al."® proposed a kinetic model for the thermal decomposition of urea, which
was able to reproduced TGA of urea and its major by-products: biuret and cyanuric acid. The
evolution of products was found in fairly good agreement with simulations. Subsequent
experimental studies were performed to improve this model by revisiting kinetic data and
including phase change reactions.™**°

Recently, we proposed'’ a new pathway, based on theoretical calculations, which
explains the formation of cyanuric acid, the major by-product formed in urea pyrolysis. The
growth to heavier product was found to be promoted by enolic form of urea, carbamimidic
acid. The mechanism proposed was able to capture the trends of the experiments of
Schaber et al.*

If a few studies explored the decomposition pathways of urea using ab initio methods,'®
19 to the best of our knowledge, no study investigated those of alkyl- or phenyl-urea.

This study aims to unravel the influence of the substituents of the urea derivatives on
their thermal decomposition routes and kinetics using electronic structure calculations and
reaction rate theories. In addition to urea, the alkyl- and phenyl-urea families were chosen to
represent the most widely used compounds in the pharmaceuticals, pesticides, and organic
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synthesis industries. Table 1 presents these families and examples of their applications in
the chemical industry.

Table 1. Urea and its derivatives

Urea Alkylureas Phenylureas
o
(o) o
R R
N )k 7 O\ )J\ R
2D structure )J\ N N N N
H,N NH, | H |
R3 Ry
Pesticides,

Pesticides, pharmaceuticals,
intermediate in organic
synthesis ...

Fertilizer, adhesives, foam intermediate in
insulation, animal feed... organic synthesis,
pharmaceuticals...

Use

Based on the elementary patterns of the ureas presented in Table 1, a set of 10
representative molecules was defined in this study. In these compounds, R;, R, and Rz will
be H, methyl, ethyl, butyl, isopropyl and phenyl groups, in order to explore the influence of
the chain length and the nature of the substituents on their decomposition routes and
kinetics. Using the computed rate coefficients for all representative molecules of the training
set, we propose generic rate rules for the thermal decomposition of all urea derivatives, as a

function of their substituents.

2. Computational methods

All the electronic structure calculations were performed with Gaussian16 software.”® Due
to the large number of heavy atoms involved in several urea derivatives, it is necessary to
use a theoretical method able to maximize the ‘accuracy/computational time’ criterion. To
determine the most suitable level of calculation, we performed a benchmark on the enthalpy
of formation of urea. Table 2 presents the results of our theoretical calculations using
composite methods (CBS-QB3,* G4, W1U®) and CCSD(T)/CBS//M06-2X/6-
311++G(3df,2pd).** The CBS extrapolation is obtained according to the work of Martin® and

involves Dunning‘s cc-pVTZ and cc-pVQZ basis sets.”® Enthalpies of formation at 298 K were



determined by averaging 3 isodemic reactions, which are reported in Table S1. Literature

values are also given for comparison.

Table 2. Isodesmic enthalpy of formation (in kcal mol™) of urea (C, symmetry group) computed at
different levels of calculations. Isodesmic reactions are given in Table S1. Reported uncertainties are

the standard deviation of the 3 isodesmic reactions used.

Method DH® ;g5 Reference
G4 -56.2+ 0.6 This work
CBS-QB3 -57.1+0.6 This work
wWiu -56.0+0.3 This work
CBS-QMO06° -57.1+0.6 This work
CCSD(T)/CBS//M06-2X/6-311++G(3df,2pd) -56.3+0.3 This work
CCSD(F12)(T)/cc-pVTZ-F12//wB97X-D/cc-pVTZ -55.4 Gratzfeld and Olzmann®
w1 -56.3 Bodi et al.”
G4, reaction network -55.9 Doorofeeva and Suchkova®
Thermochemical network -56.1+0.1 ATcT?" %
Experiments -56.8 Emel'yanenko et al.”
Experiments -56.3+0.29 Kabo et al.?

% CBS-QB3 calculation where the geometry optimization and frequency calculations at the B3LYP/6-311G(d,p)
level are replaced by M062X/6-311++G(3df,2pd).?*

It can be seen in Table 2 that the gas-phase enthalpy of formation of urea ranges
between -57.1 and -55.4 kcal/mol. Dorofeeva and Suchkova® recently recommended to use
the value of Kabo et al.® (-56.3 kcal mol™?), based on their calculations with a thermochemical
network of reactions. Among the different levels of calculations tested in this work, the
CCSD(T)/CBS/IM06-2X/6-311++G(3df,2pd) (noted CCSD(T)/CBS hereafter) value,
computed from three isodesmic reactions, agrees with the recommended experimental
value. It is also the case for the N-H Bond Dissociation Energies (BDE) in urea,”® presented

in Table S2.

From the benchmark, we chose to systematically perform CCSD(T)/CBS calculations to
determine the potential energy surfaces (PES). When the size of the molecular system is too
large to apply such calculations, and therefore too large for W1U too, we decided to use
CBS-QMO06 calculations. It is the case for phenyl-ureas derivatives for which energy

calculations at the CCSD(T)/CBS method can no longer be applied due to prohibitive
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computation time and memory requirement. Based on the results given in Table 2 and S2,
we decided to use the CBS-QMO06 method, where the B3LYP/6-311G(d,p) level of theory
used for optimization and frequency calculations is replaced by the MO06-2X/6-
311++G(3df,2pd) level. Using the latter level of theory allows us to remain consistent with the
CCSD(T)/CBS approach, where the same level of calculation is used for geometries and
frequencies. As shown in the literature, hydrogen bonding is suspected to be an important
parameter in aryl-ureas thermal decomposition experiments.* The M06-2X method is known
to better describe such non-bonded interactions compared to B3LYP.?* In addition, the use of
a more extended basis set, with diffuse functions, will allow a better description of the
molecular structures that include lone pairs, and a more accurate calculation of the

vibrational frequencies and therefore of partition functions.

For all the computed extrema of the PESs, T1 diagnostics were systematically performed
and their values were always found below 0.02, which ensures that a single reference

method can be used to describe such molecular systems.

High-pressure rate coefficients were estimated by means of canonical transition state theory.
The rate constants are weighted by a statistical factor involving external symmetry and the
number of optical isomers of the reactants and the transition state. Partitions functions were
calculated in the Rigid Rotor — Harmonic Oscillator (RRHO) approximation, except for low
vibrational frequencies corresponding to internal rotations of alkyl and phenyl groups. For
these specific vibrational modes, the hindered rotor model was applied using a modified 1D-
HR approach, combined with relaxed scans obtained at the M06-2X/6-311++G(3df,2pd) level
of theory.®" A specific treatment was performed for urea as relaxed scans of OC-N bonds led
to irregular relaxed scans, with sudden changes of curvatures. Figure 1 presents the

computed torsional potential around the N-C bond in urea (C,, anti conformation).
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Figure 1: Relaxed scan of the dihedral angle between atoms number 6,1,2 and 4 (N-H torsion) performed at the
MO06-2X/6-311++G(3df,2pd). Yellow circle around hydrogen #4 and associated arrow are drawn to guide the eye.

In Figure 1, it can be seen that the computed potential features several changes in curvature
due to the inversion of both nitrogen atoms of urea. The computed electronic energy barriers
for the internal rotation are about 8 and 14 kcal' mol™. Given these relatively high-energy
barriers and the shape of the torsional scan, we used a multi-structural approach for the
calculation of urea partition function. Two minima can be optimized for urea: a non-symmetric
C, conformation (syn) and a symmetric C, (anti) conformation.** During the course of this
study, we found that the harmonic low-frequency corresponding to the torsion of a NH,-
group in the Cs symmetry is very sensitive to the level of calculation. Comparisons of
computed torsional harmonic frequencies of NH,- groups and entropies at different levels of
calculations are presented in Table 3. More comparisons are given in Table S3, where the
level of theory, the basis set and the convergence criteria of geometry optimization were

assessed.



Table 3. Computed total standard entropies (S°) and lowest harmonic frequencies in syn and anti

urea conformations.

o o
”\N)Lw.w\” H\N)LN/H
[ [

H H

Optimization and

frequency method & anti, C, point group H sy, Cs point group
Frequency (cm™) S° (cal/mol.K) Frequency (cm™) S° (cal/mol.K)
B3LYP/6-31+G(d,p) 358.6 66.8 254 72.7
MO62X/6-311++g(3df,2pd) 370.8 66.6 23.2 72.6
CCSD(T)/cc-pVTZ 399.4 66.3 401.1 65.9
EXP 445.1%°

?In the RRHO approximation, the anti conformer has a chirality of 2° gas phase, low-temperature experiments in Ar-matrix

For the anti conformation of urea, DFT and CCSD(T) results are consistent for the computed
lowest vibrational frequency (around 400 cm™). This leads to values of entropies ranging
between 66.3 and 66.8 cal mol™ K ™. However, for the syn conformation, the calculated lowest
vibrational frequencies with DFT methods are below 100 cm™, which yields entropies around
73 cal mol* K™, while the CCSD(T) calculation gives a low-frequency vibration of 401.1 cm™
and an entropy of 65.9 cal mol™ K. All DFT calculations presented in Table S2 dramatically
underestimate the lowest vibrational frequency of the syn conformation of urea, compared to
CCSD(T) calculations. Large amplitude vibrations of urea in the gas phase have been
reported and analyzed using ab initio calculations in the literature.** Complex behaviors were
highlighted due to NH, torsion and inversion motions, which led to the use of a variational
treatment based on a 4D model to simulate the far infra-red spectrum of gas-phase urea. We
note here that the lowest vibrational frequency measured in Ar-matrix is 445.1 cm™. DFT
values for the syn conformer are therefore erroneous and we used the CCSD(T)/cc-pVTZ
level of theory to calculate the partition functions of urea, using a multi-structural approach
(C, and Cs conformers included in the total RRHO partition function). At the
CCSD(T)/CBS/ICCSD(T)/cc-pVTZ level of calculation, the anti conformation (C,) lies 1.3 kcal
mol™ below the syn (Cs) conformation, at 0 K and our computed value of standard entropy for

urea is 66.0 cal mol’K™.

For all the other molecular structures studied in the work, the issue with DFT computed low-

frequency vibrational modes in syn urea was not encountered. Indeed, the syn conformations
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in alkyl- and phenyl-ureas were not found to be minima of the PES, at all the envisaged
levels of theories (DFT and MP2 levels). M06-2X calculations have therefore been performed
for the calculation of the partition functions, with a scaling factor of 0.97 for the vibrational

frequencies.”

Canonical rate constants were computed and fitted with an Arrhenius-Kooij form: k =
AT"exp (—%), for temperatures ranging from 500 to 2000K. A transmission coefficient

involving a one-dimensional asymmetric Eckart potential has been systematically computed
for reactions involving H-atom transfers. All of these calculations were performed by means

of the ThermRot software.*®

Pressure effects have been investigated for the thermal decomposition of urea by means of
the Master Equation System Solver®® code (MESS).*" In these calculations, nitrogen (N,) was
chosen as the buffer gas. The Lennard-Jones parameters of urea have been computed
based on the relationships given by Tee et al.*® with a boiling point, critical temperature and

pressure equal, respectively, to 482 K, 705 K and 89 atm.*

3. Results and discussion

3.A Thermal decomposition of urea

We recently proposed a gas-phase kinetic model for urea pyrolysis that explained the
formation routes of solid deposits that perturb the post-combustion reduction of NO,
processes.’” Our kinetic model included the two initial decomposition pathways of urea

demonstrated in the literature™ ** “°, both yielding HNCO and NHj:
Urea — NH3; + HNCO (R1)
Urea S carbamimidic acid = NH; + HNCO (R2)

Reaction (R1) is the direct deamination and reaction (R2) first involves an acid intermediate
formation followed by a deamination (see Figure 3). It can be noted that we showed that

carbamimidic acid formation is at the origin of solid deposit compounds.’
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In this work we explored other possible decomposition pathways on the PES of urea
unimolecular decomposition routes, including initial bond fissions, and used the results as a
reference for the decomposition of larger urea-derivatives. Our computational results show
that neither initial bond fissions in urea or carbamimidic acid (Figure S1) nor alternative
pericyclic reactions (Figure S2) cannot compete with reactions (R1) and (R2). It appears that
urea mainly decomposes by two pathways: one involving direct deamination and the other
involving a two-step deamination via the carbamimidic acid, urea’s tautomer. Since
carbamimidic acid only reacts according to reactions (R2), we performed a quasi-stationary
state approximation (QSSA) on this species to simplify the reaction scheme and to compute

the corresponding rate constant (Fig. 2a and 2b).

o
K tauto OH Kgeam
— )\ —> NH;+ HNCO ( a)

N N2 K o HN NH,
o
kossa=Kiauto Kdeam’(Kotauto + Kdeam)
NH, +HNCO (D)

HN NH;

Figure 2: QSSA performed on the carbamimidic acid for the two steps deamination. (a) Initial reaction scheme.

(b) Simplified reaction scheme

Figure 3 depicts the values of the high-pressure rate constants for the two main pathways:
direct NH; elimination (Kgrec) and formation of the carbamimidic acid intermediate (Kgssa).
The geometries and partition functions of the transition state structures for the direct
deamination and the tautomerization are computed at the CCSD(T)/cc-pVTZ level of theory.
This was required for the rate coefficient calculation to remain consistent with the multi-
structural treatment of urea’s partition function. All the other rate coefficients of the reactions
of Figure 3 were computed with the ThermRot software™, based on CCSD(T)/CBS/MO06-
2X/6-311++G(3df,2p) calculations. Computed high-pressure limit rate constants can be found

in Table S4.
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Figure 3: Canonical rate constants of direct (solid black line) and two-step deamination (QSSA, dashed black
line).

Figure 3 shows that direct deamination is preponderant for temperatures ranging from 500K
to 2000K. The ratio of direct deamination over the two-step deamination rate constants
ranges between 10* at 500K and 9 at 2000 K. In fact, the reverse formation of urea from
carbamimidic acid (with the rate constant k) is the most favorable pathway from a PES
point of view, as shown in Figure S2. Accordingly, the rate constant kgeam iS Negligible, in a

large temperature range, compared to K. and the QSSA rate constant becomes (eq.1):

k k k k
kQSSA — tauto fdeam _ Ktauto "deam _ Ketguto kdeam (eq1)
k_tauto + Kdeam k_tauto

where K" represents the equilibrium constant of the tautomerization reaction. Even if
Kgeam 1S higher than the value obtained for the direct reaction of deamination, the equilibrium
constant lowers the value of kossa and then disadvantages the two-steps deamination

process.

The pressure effects on the rate coefficients of decomposition of urea were also probed. The
calculation was carried out using the MESS code of the PAPR suite.*® * The main objective
of these master equation simulations is to probe the importance of fall-off on the
unimolecular decomposition of urea. Therefore, the geometries and vibrational frequencies of
the well, transition state structures and products (for reactions R1 and R2) were taken from
CCSD(T)/CBS/IM06-2X/6-311++G(3df,2pd) calculation results. Internal rotations were
treated with the 1D-HR approach and tunneling was computed with the Eckart method, as

implemented in MESS.*®
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Figure 4: Pressure effect for the deamination reaction of urea. Both direct and two-step deamination are
considered in the master equation simulation. k is in s™.

Figure 4 shows that pressure effect is relatively weak over a large temperature range. A
factor of 2 is reached at 1700K between the high-pressure limit and the 1 bar rate coefficient.
Since urea derivatives are much heavier molecules, we assumed that the pressure

dependence of the rate constants of alkyl- and phenyl-urea can be neglected.

3.B Urea derivatives thermal decomposition pathways
Urea is the simplest molecule belonging to the urea-derivatives family. However, the most
widespread ureas always feature substituents linked to the N-atoms, as depicted in Table 1.
In order to establish reaction rate rules for the thermal decompaosition of these types of urea-
derivatives, as a function of the different substituents, the unimolecular decomposition of all
structures presented in Table 4 were considered in our work.

Table 4. General structures used to establish reaction rate rules for urea-derivatives thermal

decomposition. R, substituents are alkyl or phenyl groups.

Acceptor Group
Transferred
H-atom Nprimary Nsecondary Nter‘tiary
o] o] o

H )L H )J\ H H JJ\ R;
I-|primary \N N/H \N N \N N2

" | A S

H R R

Hsecondary

3 3
o o o
R R )J\ R /“\
1\ /“\ /H 1\ /H 1\ /Rz
N N N N N N
i | " | " |
H R

R3 3

As shown in Table 1, R, are alkyl or phenyl groups and two urea-derivatives families can be
defined: alkylureas and phenylureas. We explored the unimolecular decomposition pathways

of about 10 urea-derivatives. First, we calculated their enthalpies of formation and bond
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dissociation energies. Table 5 contains all the computed isodesmic enthalpies of formation

for the urea-derivatives studied in this work.

Table 5. Isodesmic enthalpies of formation of urea derivatives calculated at the CCSD(T)/CBS and

CBS-QMO6 levels of theory (this work) and experimental or tabulated enthalpies®. MAD for our

calculations is computed from 3 isodesmic reactions (see Table S5).

2 Literature
AN JLN R, AH his work AH oo reference®
H ‘ R1 R2 R3
Rs (kcal mol™) (kcal mol™) (kcal mol™)
Urea H H H -56.3+0.3° -56.28 £ 0.29 -55.89+0.84
Methylurea CH3 H H -55.5+0.8° -55.43+0.35 -54.89 +0.84
N,N-dimethylurea H CH3 CH3 -53.8+1.0° -53.92+0.19 -53.84 +0.84
N,N’-dimethylurea CH3 H CH3 -54.2+1.0° -53.75+0.31 -54.06 + 0.84
Trimethylurea CH; CH; CH; -51.8+0.5° no data available -52.96+1.1
Ethylurea C,Hs H H -61.7+0.5° -61.78 £0.26 -62.28 +0.83
i-Propylurea CsH; H H -68.4+0.5° -69.65 £ 0.33 -70.6 £ 0.83
t-Butylurea C4Hq H H -743+0.5° -75.74+0.23 -78.32+0.83
Phenylurea CeHs H H -26.4+1.0° no data available -24.76 £ 0.96
N-methyl-N’-phenylurea CeHs CHs H -26.4+1.0° no data available no data available
N,N-dimethyl-N"-phenylurea CeHs CH3 CH3 -25.0+1.0° no data available no data available

T CCSD(T)/CBS ; ° CBSQ-M06

Most of the enthalpies of formation calculated in this work agree with experimental data,

within their respective uncertainty ranges. Two new enthalpies of formation for urea-

derivatives have been calculated here: for N-methyl-N’-phenylurea and N,N-dimethyl-N’-

phenylurea. Computed standard entropies and heat capacities and NASA polynomials are

given in Table S6. Bond dissociation energies of all the alkylureas and phenyl-ureas studied

here were also computed and are presented in Figure 5.

Methylurea

H
R mc_ |
‘%4 Hy’\ﬂ| . :
853.CH 962 %6 107 /F'Qv 9 ALy 107.5 >
- N 10 Q 3 N—H

Hae” 920N

|11J} 3

H

Ethylurea

111069 )L

CH;

N,N'-dimethylurea N,N-dimethylurea

° CHs o

R |Hl“»’ H

i-Propylurea

79
WISH
0 WlH
A

o N
& 2 q o
N NH / ( \7 Hy
[926 1070
H H “) 0 |1“5(

Phenylurea

Methylphenylurea

)

nk 9, .
839 o,

5

o
CHs

N,N,N'-trimethylurea

o

|IO4 0

t-Butylurea

Qs Jkr) _~CH

‘M 2
CHs

Dimethylphenylurea

Figure 5 : Bond dissociation energies (in kcal mol'l) of urea derivatives computed at the CBS-QB3 level of

calculation.
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Table 6 presents the computed BDEs of all urea derivatives as a function of the natures of
the bonds. It is interesting to note that N-Himay bONds have consistent BDEs (mean value of
107.3 kcal mol™, see Table 6), which is 3.7 kcal mol™ below the experimental value in urea.
We will see below that the presence of a methyl group on the opposite N-atom, with respect
to the central CO group has an effect on the BDEs of a given N-atom. It can be noted that
the BDE of a N-Hpimary bond is close to the value in NH3 (107.6 kcal mol™).* An experimental
BDE value of 99.1 kcal mol™ was reported for the C-N bond in CH;CONH,, which is slightly
higher than our computed BDEs for NR;R,CONH, (with R; and R, = H, CH3 or phenyl) which
have a mean value of 96.8 kcal mol™. This difference of 2.3 kcal mol™ can be explained by
the possibility of electronic resonance induced by the presence of a NR;R, group in urea

derivatives instead of a CH; group in CH;CONH,.

Table 6. Bond dissociation energies of urea derivatives (kcal mol'l). CBS-QB3 calculations.

Methyl N,N’-(CHs), N,N-(CHs), N,N,N’-(CHs)s Ethyl i-C3H, t-butyl Phenyl Methyl Dimethyl Mean

urea urea urea urea urea urea urea urea phenyl Phenyl +MAD®
urea urea

N-Hoprimary 107.5 - 106.9 - 107.6 107.5 107.1 107.0 - - 107.3 +0.3
N-Hsecondary 103.0 101.2 - 101.2 103.3 103.7 104.0 - 105.6 - 103.1+1.5
N-Hpenzylsecondary - - - - - - - 92.6 92.0 91.2 91.9 +0.5
N(CO)(H)- R,’ 91.6 89.8 - 89.3 92.9 93.4 92.2 - 89.8 - 91.3 1.4
N(CO)(H)-phenyl - - - - - - - 110.3 109.0 108.3 109.2 +0.7
N(CO)(CHs)-CH; - - 85.7 83.9 - - - - - 88.2 85.9 1.5
NH,-CO 97.4 95.3 97.6 97.4 96.2 97.0 - - 96.8 +0.7
N(H)(R,)-CcO? 95.2 90.8 - 924 96.4 96.7 95.3 - 94.6 - 95.1+1.1
N(H)(phenyl)-CO - - - - - - - 82.7 82.5 80.3 81.8 £1.0
N(CH3),-CO - 90.8 89.7 89.1 - - - - - 89.0 89.9 £0.9
Phenyl-H - - - - - - - 117.0 116.7 117.1 116.9 +0.2

%R, is the alkyl group in the given alkylurea, ® Mean Absolute Deviation

For a given type of bond, the results presented in Table 6 show a good consistency. All the
MAD falls within the uncertainty limits of the CBS-QB3 calculations. It can be noted that the
replacement of a methyl- with an ethyl-, i-propyl- or t-butyl- group has only a slight effect on
the BDE, even for the N(CO)(H)-R, configurations, where the nature of the alkyl radicals
formed are different (primary, secondary, tertiary and quaternary radicals). All these
structures feature a -NH, group on one side of the central C=0 group and a -N(H)-R, group
on the other side. If H-atoms of the -NH, group are substituted by 1 or 2 methyls or by a
phenyl group, there is a decrease in the N(CO)(H)- R, bond dissociation energy on the other

side of the C=0 group (around 89.6 kcal mol™). It seems that non-bonded interactions are
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playing a role on the BDEs for N(CO)(H)-R,, bonds. This phenomenon is also observed in
N(H)(Rn)-CO, N(CO)(CHs;)-CHs, NH,-CO and N-Hsecondary bONds, where the presence of a
substituent on the opposite N-atom group systematically decreases the BDE. This conclusion
needs to be verified against largest set of molecular structures, but this is beyond the scope

of this work.

Known trends in BDEs are also observed in our calculations: N-Hpimary > N-Hsecondarys N-Hbenzyi
and N-C bonds have lower BDEs than comparable non-benzyl bonds by 11.2 and 13.3 kcal

mol™*, respectively.

All the BDEs remain high compared to the energy barrier of the direct deamination in urea
(48 kcal mol™), even for lowest C-N benzyl bond (80.3 kcal mol™). The radical pathways can
therefore be neglected in the unimolecular decomposition of urea derivatives and our kinetic

study focused on the pericyclic eliminations.

The PES of unimolecular decomposition of urea (Figure S2) and the associated rate
coefficients (Figure 3) showed that the direct NH; elimination is the most favored pathway
between 500 and 2000 K. The influence of the substituents on this decomposition pathway is

first assessed here.

The presence of substituents in urea derivatives breaks the symmetry of the pericyclic
reactions (except for N,N’-dimethylurea) and double the possible pathways. Figure 6

presents the computed PES of pericyclic reactions of methylurea.
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Figure 6. Methylurea pericyclic reactions computed at the CCSD(T)/CBS level of theory.

Solid line: 4-HyN; elimination; dashed line: 4-HsN, elimination.

As seen in Figure 6, a H-atom can be transferred from the -NH; group (solid line) or from the
-N(H)CH; group (dashed line) both through a direct elimination or via the formation of a
carbamimidic acid. As in urea, the elimination reaction through the carbamimidic acid
intermediate can be neglected because the reverse reaction of the intermediate to
methylurea is much easier than its decomposition. Two direct elimination reactions can

therefore be written for methylurea:
CH;NHCONH, — NH; + CH;NCO (R3)
CH3NHCONH, — CH3;NH, + HNCO (R4)

In (R3), a secondary H-atom (Hs) is transferred to a primary -NH, acceptor group (N,)
through a 4-membered transition state structure. We will note this reaction as “4-HsN,”. (R4)
is the inverse reaction of (R3): 4-H,Ns. The CCSD(T)/CBS calculations predict that the
energy barrier of (R3) (47.4 kcal mol™) lies only 0.6 kcal mol™* above the one for (R4) (46.8
kcal mol™). The nature of the transferred H-atom (p or s) varies with the nature of the
acceptor group (s or p) and seem to yield nearly unchanged energy barrier. Note that in urea,
the reaction is 4-H,N, and feature a critical energy of 48.8 kcal mol™. Going from 4-H,N, to 4-

Hs Np, the energy barrier decreases by 1.4 kcal mol™.
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N,N’-dimethylurea features two -N(H)CHz; groups on each side of the central carbonyl and

decomposes through the following pericyclic reaction:
CH3NHCONHCH; — CH3NH, + CH3NCO (R5)

The CHsNH, elimination in (R5) can be classified as 4-H;Ns and faces an energy barrier of

44.9 kcal mol™, which is 2.5 kcal mol™ below the one for the 4-HsN, reaction (R3).

N,N-dimethylurea has two methyl groups linked to a N-atom and two H-atom linked to the

other N-atom. Only one direct elimination reaction is possible:
(CH3),NCONH, — (CHz),NH + HNCO (R6)

This elimination belongs to the 4-H,N; class and faces an energy barrier of 41.9 kcal mol™. A
tertiary acceptor N-atom in the reaction leads to a lower energy barrier compared to a

secondary (4-H,Ns), with a strong decrease of energy of 5 kcal mol™.

Similarly to N,N’- and N,N-dimethylurea, trimethylurea can only decompose through one

elimination reaction,
(CH3),NCONHCH3; — (CH3;),NH + CH3;NCO (R7)

which is a 4-H,N; reaction type, with a computed energy barrier of 39.9 kcal mol™. This is the
lowest computed energy barrier for this type of pericyclic reaction in urea-derivative. The
increase in the substitution of the Naccepor group systematically decreases the energy barrier.

Table 7 summarizes the computed results for all the possible 4-H,N, reactions.

Table 7. Energy barriers at OK (kcal mol™) calculated at the CCSD(T)/CBS level of theory for the

4-H,Ny reactions in alkylurea derivatives.

Acceptor Group

Transferred
H-atom Npr\mary Nsecondary Nleniary
Hpnmary 48.8 46.8 41.9
Hsecondary 47.4 44.9 39.9

As expected, the energy barriers for the transfer of a secondary H-atom are systematically

lower than that for a Hpimary, by about 2 kcal mol™. The increase in the substitution of the

18



Nacceptor group systematically decreases the energy barrier, by about 2 kcal mol™® when the
substitution is going from Npimary t0 Nsecongary @nd by 5 kcal mol™ for Nsecondary t0 Niertiary- DESPIte
their complexity, these effects seem to be able to be rationalized in the form of structure-
reactivity relationships for alkylureas. From Table 7, we see that this type of correlations can
be determined from urea and methyl-ureas. However, in order to use these compounds to
propose new reaction rate rules, we need to verify if new favorable decomposition routes are
created as the size of the alkyl group increases. We therefore computed the PES of ethyl-

and i-propyl-urea. Figure 7 presents the PES computed for ethyl-urea.

C,HsNH, + HNCO
NH, + C,H,-NCO

Energy in kcal/mol

-10 Ethylcarbamimidic acids

Figure 7. Ethylurea unimolecular decomposition routes, computed at the CCSD(T)/CBS level of theory.

4-HpNs transfer: solid line; 4-HsN, transfer: dashed line; 6-membered ring transition states: dotted line.

The C,Hs group in ethyl-urea allows three possible additional pericyclic reactions. The first
one is the elimination of C,H, through a 4-membered TS structure, in which an H-atom from
the methyl group is transferred to the secondary N-atom vyielding ethylene and urea (not
depicted in Figure 7). Our calculation shows that this reaction features the highest energy
barrier of the PES (77.9 kcal mol™) and can be neglected. The two other possible pericyclic
reactions occurred through 6-membered cyclic TS and are displayed in Figure 7 (dotted
lines). The first reaction involves the transfer of a H-atom from the methyl group to the
primary N-atom and leads to C,H,, NH; and HNCO and faces an energy barrier of 69 kcal
mol™, which is 25 kcal mol™ above the direct deamination. The other six-center reaction

19



involves the transfer of a hydrogen from the methyl group to the oxygen atom, yielding C,H,
and carbamimidic acid. The computed energy barrier is 59 kcal/mol, which is 15 kcal/mol

above the direct deamination.

The increase in the alkyl chain length leads to additional pericyclic reactions but with energy
barriers lying at least 15 kcal mol* above the direct deamination routes. Indeed, similar

results were found for i-propylurea with the following reactions:
i-propylurea — propene + carbamimidic acid (R8)
i-propylurea — propene + NH; + HNCO (R9)

where all these reactions can be classified as alkene elimination. The computed energy

barriers for (R8) and (R9) are 59.6 and 69.3 kcal mol™, respectively.

These 6-center pericyclic pathways can be neglected in the unimolecular decomposition of
alkylureas and rate rules for their thermal decomposition only involve the 4-center
deamination. Moreover, if new radical initiations can appear, due to the alkyl chains, the
corresponding BDEs remain largely higher than the energy barriers involved in the concerted
reactions and can be neglected. These rate rules for the thermal decomposition of alkyl urea

are given in Table 8.

Table 8. High-pressure limit rate constants (k = AxT"xexp(-E/RT)) calculated at the CCSD(T)/CBS

level of theory for the 4-H,N, reaction rate rule of alkylurea derivatives.

A n E (cal mol™)
4-HoN, 1.08x10° 1.453 45004
4-HpNs 7.25x10° 1.488 43826
4-HpN; 7.62x10° 1.985 38997
4-HsNp 6.06x10’ 1.188 44547
4-HgNg? 2.46x10° 1.187 41878
4-HgsN¢ 2.00x10° 2.132 37314

& This rate constant is for the general case where the reactant has no external symmetry. If the reactant has an
external symmetry of 2, like N,N’dimethylurea, the rate constant has to be multiplied by 2.

The rate rules proposed in Table 8 can be applied to any alkylurea with a primary or a
secondary H-atom. If a primary H-atom is involved, the reaction always yields isocyanic acid
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and an amine and can be written as NH,CONR;R, — R;R,NH + HNCO. In the case of a
secondary H-atom, the decomposition reaction is NHR;CONR;R, — R;R,NH + RzNCO and
leads to the formation of an amine and an alkyl isocyanate. The proposed reaction rate rule
can be applied for gas-phase thermal decomposition of alkyl-ureas, with or without oxygen,
for temperature ranging between 500 and 2000 K. As an example, Figure 8 presents the
evolution of the rate coefficient for a secondary H-atom transfer as a function of the

substituents on the N-atom of the acceptor side.

Figure 8 : Rate coefficients for the 4-HsNy rate rule in alkylureas

The trends observed in activation energies in Table 7 are also found in the computed rate
parameters: the rate increases with the degree of branching on the acceptor N-atom. For a
secondary H-atom transferred, going from a primary to a secondary acceptor N-atom leads
to an increase of the rate constant by a factor of 15 at 1000 K. A further increase from N to
N, yield to a factor of 55 at 1500 K. The level of branching of the acceptor N-atom is therefore

a very sensitive parameter on the rate of decomposition of alkylureas.

In a previous study, we showed that the formation of deposits during the pyrolysis of
condensed phase urea is due to the formation of the carbamimidic acid tautomer of urea.*’
This acid tautomer can also be formed in any alkylurea that bears a primary or secondary H-
atom. Since these reactions can be neglected in the thermal decomposition of gas-phase

alkylureas, the rate coefficients are not presented here but are given in Table S7.

As shown in Table 1, the substituents in urea-derivatives can also be phenyl groups that
create benzylic bonds. We therefore computed the PES of phenylurea unimolecular

decomposition and established reaction rate rules for these compounds, based on N-methyl-
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N’-phenylurea and N,N-dimethyl-N’-phenylurea. Figure 9 depicts the PES computed for

phenyl-urea.

= Y N-[clacid .

§ NH, ©\ o NH,
£ 0| \N)J\NH; i

E>° 5N-[clurea - v

o Y

5 20 | + HNCO \ \+ HNCO

—
o
©\)k N’-phenylcarbamimidic N-phenylcarbamimidic
-

acid acid

N-phenylurea

Figure 9. Unimolecular decomposition of phenyl-urea computed at the CBS-QMO06 level of theory.

First, it is observed that similar reactions to those obtained for alkyl-urea are involved
(dashed and solid lines): the direct elimination of HNCO or phenyl-isocyanate (CsHs-NCO)
and the two-step elimination via the formation of tautomer intermediates N'- and N-
phenylcarbamimidic acids. The energy barriers for these reactions are similar to that
computed for alkyl-urea and it appears from the PES that the direct elimination will be
favored over the two-step elimination. This is further confirmed from our calculations using
the QSSA approximation on these tautomers (using rate coefficients given in Table 9 and
Table S7 and equation (1)). The first direct elimination involves the transfer of a primary H-
atom yielding aniline (C¢Hs-NH,) and HNCO and faces an energy barrier of 47.6 kcal mol™ at
the CBSQ-MO06 level of calculation. This reaction belongs to the 4-H,N; reaction rule and the
computed barrier is close to that calculated for alkyl-urea (46.8 kcal mol™). Here, the
formation of a phenyl isocyanate leads to an energy barrier similar (within the uncertainty
limits) to that of an alkyl isocyanate and the presence of a phenyl instead of a methyl does
not seem to affect the critical energy. The other direct elimination yields NH; and phenyl
isocyanate and involves the transfer of a secondary benzylic H-atom (4-HspenzyiNp). The

computed energy barrier is 43.8 kcal mol™ and lies 3.6 kcal mol™ below the 4-HqN, critical
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energy in alkyl-urea. The benzylic stabilization effect is also observed in the isomerization
reaction yielding N'-phenylcarbamimidic acid, transfer of the benzylic H-atom, that occurs
with an energy barrier of 39.6 kcal mol™. A similar reaction involving an alkyl secondary H-
atom in methyl-urea has a critical energy of 43.6 kcal mol'. HNCO and phenyl-NCO
eliminations in N- and N’-phenylcarbamimidic acids faces energy barriers of 57.0 and 51.7

kcal mol™, respectively.

In addition to these decomposition routes, the presence of the phenyl group allows another
pericyclic reaction in N-phenylurea, through a 6-membered ring transition state structure
(dotted line in Figure 9), yielding a tautomer of aniline (cyclohexa-2,4-dien-1-imine) and
HNCO. This elimination faces an energy barrier of 54.8 kcal mol™, 11 kcal mol™* above the
lowest 4-center direct deamination barrier and can therefore be neglected between 500 and
1500 K. The phenyl group also allows additional 6-center isomerization pathways for N- and
N’- phenylcarbamimidic acids, leading N-[(1E)-cyclohexa-2,4-dien-1-ylideneJurea and N-
[(1E)-cyclohexa-2,4-dien-1-ylidene]carbamimidic acid (noted N-[c]X in Figure 12), but their
formation faces high energy barriers (55.7 and 53.7 kcal mol™, respectively) compared to 4-

center direct eliminations.

The computed PESs for N-methyl-N’-phenylurea and N,N-dimethyl-N’-phenylurea are given
in Figure S3. A behavior similar to that of alkyl urea and phenyl urea is observed: the direct
4-center eliminations are favored over all other pathways. For all the considered phenyl-
ureas, the direct elimination of aniline belongs to the 4-H,Ns rate rule defined for the
alkyl-ureas. The presence of a phenyl group creates a new rate rule, in which a secondary
benzyl H-atom is transferred to a N-atom which can be primary, secondary or tertiary. High-

pressure limit rate coefficients for this additional rate rule are given in Table 9.

Table 9. High-pressure limit rate constants (k = AxT"xexp(-E/RT)) calculated at the CBSQ-MO06 level

of theory for the 4-Hg penzyiNy
-1 -1
reaction AG) n E (cal mol") rate rule of phenylurea
4-Hq penzyNp 4.92x10" 1.411 41175
4-HqpenzyNs 8.23x107 1.441 39292
4-Hs penzyiNe 3.30x10° 2.255 33749
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derivatives.

At 1000 K, the ratio between the computed rate constants for 4-HspenzyiNs and 4-HgsNs (see
Table 8) is a factor of 7. As expected, when the transferred H-atom is benzylic, the rate
constant is systematically higher compared to a hydrogen atom bonded to an alkyl group.
For a phenyl-urea, the rate constants of Table 9 are associated with the reaction

RPhNHCONR;R,; — R;R;NH + RPh-NCO.

Urea and some of its derivatives start to decompose in their condensed phase and the use of
gas-phase rate rules to describe these complex heterogeneous phenomena probably induce
higher uncertainties on the predicted rate of decomposition. In a recent study,” we
gualitatively simulated the experimental results of the pyrolysis of a solid urea sample

performed by Schaber et al.*?

using a gas phase reaction mechanism and a homogenous
batch reactor. The simulation results show that the products branching ratios predicted by
the gas phase model agree with the experiments but that simulation temperatures have to be
artificially increased by 180 K in the simulations to reproduce the experimental conversion of
urea. This means that the condensed phase, heterogeneous pyrolysis of urea is faster than
in the gas phase. This difference in reactivity can be due to catalytic effects in the condensed
phase and/or to the use of a too simple reactor model to simulate experiments not well
defined kinetically. Further work needs to be done to determine the effects of the changes in
the state of matter on these decomposition rate rules. Based, on our work on urea, and from

a process safety point of view, our gas-phase rate rules are expected to give the lower limit

of the decomposition rate constant of condensed phase ureas.

To illustrate the rate rules for the thermal decomposition of alkyl- and phenyl-ureas (Tables 8

and 9), they were applied on ureas produced industrially on a large scale for fine chemicals
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or drugs production*” (alkyl-ureas) or as pesticides** ** (phenyl-ureas). Table 10 depicts the

selected ureas used for the application of rate rules.

Table 10. Application of thermal decomposition reaction rules of alkyl- and phenyl-ureas of interest.

Name Structure Uses Applicable reaction rules

Cl n 'L
Diuron ™~ Herbicide, 4'Hs-benzyINl:
algicide RPhNHCONR;R; — R1R;NH + RPh-NCO
o
Cl

4'Hs—benzyINs:
1 4 PhNHCONHR; — R;NH; + Ph-NCO
Siduron T Herbicide &
i 4-HgNs:

PhNHCONHR; — Ph-NH,; + R{NCO

H 4-HsNp:
HoN N NH,CONHR; — NH3 + R{NCO
ethylurea \”/ ~ Polymer production &
4-HNg:
° NH,CONHR; — R;-NH, + HNCO
H H Intermediate in the
N N . . 4-HgNs:
N,N'-dimethylurea - ™~ synthesis of fine RiNHCONHR; — RiNH; + R;NCO
chemicals, drugs, textile
o aids and herbicides

The first example taken from Table 10 is focused on siduron. Two decomposition pathways
can be envisaged according to the reaction rules: siduron — Ph-NCO + 2-methylcyclohexan-
1-amine (4-HspenzyiNs) @and siduron — aniline + 1-isocyanato-2-methylcyclohexane (4-HsNs).

Rate constants for the two reactions can be estimated with the reaction rate rules (Figure

10).
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Figure 10: Application of thermal decomposition reaction rules to siduron (1-(2-Methylcyclohexyl)-3-phenylurea). (a):
reaction rate constants; (b): relative branching fractions deduced from rate rules.

As expected, Figure 10a demonstrates that the transfer of the benzyl H-atom is favored over
the alkyl one in siduron, by a factor ranging between 22 at 500 K and 5 at 1500 K. Computed
branching ratios (Figure 10b) show that the predicted vyield of Ph-NCO and 2-

methylcyclohexan-1-amine is dominant over the temperatures considered (yields ranging
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between 0.96 and 0.83 at 500 and 1500 K, respectively). The formation of aniline and 1-

isocyanato-2-methylcyclohexane is negligible below 600 K but becomes significant at higher

temperatures (0.1 — 0.16 branching ratio).

Comparisons between the kinetics of decomposition of two different phenylureas herbicides
can also be achieved using the proposed reaction rate rules. Figure 11 depicts the

decomposition kinetics of diuron and siduron.

Figure 11: Comparison between the decomposition of diuron and siduron as a function of temperature using reaction rules
given in Table 9 (total rate for siduron). Computed as a first-order reaction with 1 us residence time.

An important difference of reactivity is predicted, as diuron starts to decompose at 900 K
while siduron thermal degradation begins at 1050 K. This temperature shift is due to a
difference in the nature of the N-atom acceptor in the 4-center elimination: tertiary for diuron
and secondary for siduron. Diuron decomposition solely yields dimethylamine and 1,2-

dichloro-4-isocyanatobenzene.

Alkylureas thermal decomposition kinetics can also be estimated based on our reaction rate
rules and, as an illustration, we estimated the branching ratio and compared the reactivity of

the two alkylureas presented in Table 10: ethylurea and dimethylurea (Figure 12).
(3)2 (b)

C,HsNH, + HNCO

NH, + C,H;NCO
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Figure 12: Application of thermal decomposition reaction rules to ethylurea and N,N’dimethylurea. (a): branching ratios of
decomposition products of ethylurea deduced from rate rules; (b): Comparison between the decomposition the two
alkylureas as a function of temperature using reaction rules given in Table 9 (total rate for ethylurea). Computed as a first-
order reaction with 1 us residence time.

Ethylurea decomposition products have almost constant yields over the studied temperature
range, with values of 42% for the NH; + ethyl-isocyanate channel and 58% for ethylamine +
HNCO (Figure 12a). Both decomposition channels need to be considered for ethylurea. The
comparison between the thermal degradation kinetics of ethyl- and N,N’-dimethylurea (Figure
12b) shows that the decomposition of N,N’-dimethyl urea occurs 200 K below that of
ethylurea. Note that it is possible to rank the 4 urea derivatives of Table 10 by order of
decreasing reactivity: diuron > siduron > N,N’dimethylurea > ethylurea. To the best of our
knowledge, this is the first time in the literature that such semi-quantitative comparisons can

be made and this shows the interest of the proposed reaction rate rules.

The development of pyrolysis or combustion kinetic models for urea derivatives can be done
using the proposed reaction rate rules. Our calculations show that these compounds will
rapidly decompose by the 4-center pericyclic reactions, with energy barriers ranging from 38
to 47 kcal mol*. A similar behavior was observed in the thermal decomposition of
organophosphorous toxic compounds where, even at high temperatures, a 6-center
pericyclic elimination (with an energy barrier around 40 kcal mol™) is the only initial
decomposition step, with no radical consumption of the reactant.*® For these systems, and it
also was observed for phosgene and diphosgene,* only the molecular fragments produced
in the pericyclic reactions are oxidized under combustion conditions. Therefore, their
combustion kinetic models can be written as a set of pericyclic reactions on top of detailed
sub-mechanisms for their unimolecular decomposition products. This approach can be
applied for alkyl-and phenyl-ureas where their pericyclic reactions will yield isocyanates and
amines. The construction of urea derivatives kinetic models will need sub-mechanisms for
these two families of compounds. If detailed chemical kinetic models for the combustion of

47-51

amines are available in the literature™™", it is not the case for isocyanates for which only

HNCO sub-mechanisms are available.®® Therefore, progresses in the understanding and
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modeling of the kinetics of combustion of isocyanates remain to be done to be able to

develop detailed chemical kinetic models for urea derivatives combustion and pyrolysis.

4. Conclusion

This study proposes reaction rate rules based on theoretical calculations for the thermal
decomposition of urea derivatives belonging to the alkyl- and phenylureas families. First, the
unimolecular decomposition routes of urea, the building block of all derivatives, were
thoroughly explored and our results show that the NH; + HNCO elimination is the main
decomposition route of urea. This elimination can take place in on step (direct elimination) or
in two steps involving first an isomerization step followed by an elimination. Rate coefficients
calculations and QSSA analysis showed that the two-steps elimination can be neglected
compared to the direct elimination. Master equation simulations confirmed that the two-step
elimination flux is negligible at different pressures and that pressure dependence of the direct
elimination rate constant is very small. Bond dissociation energies were also computed for
urea and showed that initial bond fissions are too high to compete with the 4-center direct
elimination. Based on the detailed analysis of urea decomposition, the influence of alkyl and
phenyl substituents on the decomposition routes and decomposition kinetics were
investigated. These substituents were chosen because they are the ones most commonly
found in ureas used in the industry. About 10 urea derivatives were considered and their
thermochemical data, bond dissociation energies, PES of decomposition and associated
kinetic data were systematically computed. When available, comparisons between
experimental enthalpies of formation and our calculations showed a good agreement.
Enthalpies of formation of several phenylureas are reported for the first time. Bond
dissociation energies were systematically computed for all urea derivatives and showed a
good consistency in BDEs for the same types of bond in the different molecules. The majority
of these data are the first ones reported in the literature. For all alkyl- and phenylureas, the
influence of the substituents on the possible decomposition pathways were assessed and

our calculations showed that the direct 4-center elimination remains dominant for all the urea
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derivatives. The products of their thermal degradation are always substituted amines and
isocyanates. The set of urea derivatives studied allowed us to propose a reaction rate rule for
their thermal decomposition based on the nature of transferred H-atom (primary or
secondary / alkyl or benzyl) and the nature of the N-atom acceptor (primary, secondary and
tertiary). As expected, the ranking of reactivity as a function of the nature of the H-atom is
Hs-benzyl > Hs-aiyi > Hp-ay. The influence of the nature of the N-atom acceptor was shown to
have a strong effect on the reactivity: when a tertiary N-atom is involved in the 4-center
elimination, the computed energy barrier is the lowest in all cases. The proposed rate rules
were applied to 4 urea derivatives used in industry and they were able to establish the
products branching ratios in the thermal decomposition of a given urea derivatives and to
predict and compare their reactivity. Further work on the combustion kinetics of substituted

isocyanates is heeded to be able to develop combustion kinetic model for urea derivatives.
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