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Abstract In the synthesis of cyanuric acid from NH3 and
CO2, urea and isocyanic acid OCNH are two pivotal interme-
diates. Based on density functional theory (DFT) calculations,
the synthesis mechanism of cyanuric acid from NH3 + CO2

was investigated systematically. Urea can be synthesized from
NH3 and CO2, and cyanuric acid can be obtained from urea or
NH3 + CO2. In the stepwise mechanism of cyanuric acid from
urea or NH3 + CO2, the energy barriers are relatively high, and
the condition of high pressure and temperature does not de-
crease the energy barriers. Our theoretical model shows that
cyanuric acid is actually acquired from OCNH via a one-step
cycloaddition reaction.
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Introduction

Since cyanuric acid and melamine were reported publicly to
have been added illegally to dairy products and pet foods in
China to increase the nitrogen content [1–5], they are almost
regarded as detrimental and hazardous chemicals by the com-
mon Chinese populace. However, cyanuric acid, melamine

and their derivatives are a class of representative heterocyclic
compounds with unique physical and chemical properties
[6–8]. Cyanuric acid is also an important chemical material
and chemical intermediate [9]. Its most important feature is
that it can be synthesized from small molecules such as
ammonia and carbon dioxide with or without catalysts and
solvents [10–13], and the products are cyanuric acid and
water. It is well known that carbon dioxide is the main green-
house gas (GHG) and the major contributing factor to recent
global warming, so this green process also plays an important
role in the efficient utilization of the abundant and renewable
CO2 resource in an environmentally friendly manner [14].

Urea can also be synthesized from NH3 and CO2 [11,
14–16], and then cyanuric acid synthesized from urea [3,
17]. Urea and isocyanic acid [10, 15, 18, 19] are key
intermediates in the synthesis of cyanuric acid from NH3

and CO2. It has been reported that cyanuric acid can be
acquired from urea CO(NH2)2 [20]. The Wöhler synthesis
of urea from NH3 and CO2 is a chemical classic, and the
pioneering work of Tsipis and Karipidis [11, 16] has re-
ported systematical density functional theory (DFT) calcu-
lations on the formation of urea from NH3 and CO2 at
B3LYP/6-31G(d,p) level. However, to the best of our
knowledge, there are no experimental and theoretical
mechanistic investigations on the formation of cyanuric
acid from urea or NH3 + CO2. The synthetic mechanism
of cyanuric acid from NH3 and CO2 in the absence of any
catalysts or solvents needs further theoretical investigation,
and the influence of high temperature and high pressure in
the synthesis of cyanuric acid remain unknown. In the
present work, we carried out a theoretical investigation
on the gas-phase synthesis mechanisms of cyanuric acid
from NH3 and CO2 free of any ligands, solvents and
support effects with DFT methods, and consider the influ-
ence of temperature and pressure to confirm the reactivity
of urea and isocyanic acid in this reaction system.
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Computational methods

The hybrid density functionals such as B3LYP are the most
versatile theoretical methods, and have already been applied
successfully to a variety of urea and ammonia systems [11, 16,
21–24]. The reactants, intermediates and products were fully
optimized at B3LYP/6-311++G(d,p) level with the Gaussian
03 program package [25] in the present work. Frequency
calculations were also performed at the same level to identify
whether the stationary point is a local minimum or a transition
state. Furthermore, the displacement vectors of the imaginary
vibrational modes were used to identify real transition states
and their connections [26]. Based on the optimized structures
of intermediates or reactants, we adjusted the bond distances
and bond angles to guess the initial structures of transition
states, and then employed the opt=(calcfc,ts,noeigentest) key-
word to request full optimization to transition states rather
than a local minimum using the Berny algorithm and to
specify that the force constants be computed at the first point
[27]. The transition state structures all represent saddle points,
characterized by one and only one negative eigenvalues of the
Hessian matrix. Some key transition states were further
checked by intrinsic reaction coordinate (IRC) calculations
to confirm their connections between the corresponding inter-
mediates [28, 29]. It is well known that cyanuric acid is
synthesized from NH3 and CO2 under high pressure and
temperature [11, 16]. To better simulate the reaction condi-
tions, single-point energy (SPE) calculations with the key-
word Freq=ReadIsotopes were carried out to recomputed the
thermodynamic functions at 473.15 K and 100 atm. This
temperature is much higher than the critical temperatures of
NH3 and CO2 (132.4 and 31.0 °C, respectively), so the clas-
sical rigid rotator model and harmonic oscillator model were
employed in this work.

Results and discussion

The lowest frequencies and their vibrational mode assign-
ments as well as the differences of electronic and zero-
point energies (ΔE ), Gibbs free energies (ΔG ) and ther-
mal enthalpies (ΔH ) at 473.15 K and 100 atm of all
species involving this reaction system are listed in
Table S1 of Supporting Information. High pressure and
high temperature can alter the values of Gibbs free ener-
gies (G ), thermal energies (U ) and thermal enthalpies
(H ), so, in the present work, we used ΔG values to
elucidate the reaction mechanisms.

To validate the reliability of the B3LYP method, the addi-
tion of NH3 and CO2 to form carbamic acid (NH2COOH) was
also fully optimized with the second order approximation of
Møller-Plesset perturbation theory (MP2) at 6-311++G(d,p)
basis set level, and we found that the MP2 energies and

structural parameters are in excellent agreement with those
of B3LYP. Based on the B3LYP-optimized structural param-
eters, for the addition of NH3 and CO2, the SPE calculations
were carried out at CCSD(T)/aug-cc-pVDZ level with fre-
quency calculations to obtain the thermodynamic functions
at 473.15 K and 100 atm. Again, the CCSD(T) free energies
are comparable with the B3LYP and MP2 values, but the
barrier is lower than the B3LYP or MP2 barrier because the
CCSD(T) relative energy of IM1 is relatively higher, as
shown in Fig. 1. We will now discuss the stepwise mechanism
with the B3LYP results.

The initial step : NH3 þ CO2→OCNHþ H2O

The reactions of NH3 + CO2 leading to OCNH + H2O are
depicted in Fig. 1. Firstly, NH3 bonds to CO2 to form a weak
van der Waals complex IM1 . The interaction mode, which is
similar to the bonding between methylenimine and isocyanic
acid OCNH [30], was revealed by Tsipis and Karipidis [16].
The MP2 geometrical parameters of IM1 [31] are also in
excellent agreement with our results. IM1 transforms to
IM2 via a hydrogen-shift transition state TS1 , followed by
an isomerization process and another H-shift process, ulti-
mately leading to isocyanic acid OCNH and H2O. These
processes were investigated in the pioneering work of Tsipis
and Karipidis [16], which agrees well with our calculation
results. The ΔH values show that the formation of IM3 is
slightly endothermic, but the formation of OCNH + H2O
requires a heat of 78.6 kJ/mol-1, as shown in Table S1.

OCNH is a key intermediate, and its reactions with small
molecules such as H2O [31, 32], allenes [33], HCOOH [34]
and NH3 [11, 35] have been studied theoretically. Figure 1
shows that the free energy barrier of OCNH generation is as
high as 222.3 kJ/mol-1. Moreover, Tsipis and Karipidis [11]
elucidated the reaction mechanism of OCNH + NH3 to urea
with a total barrier (ΔE) of 161.9 kJ/mol-1.

We also investigated whether an additional NH3 molecule
can serve as a catalyst to decrease the free energy barrier of the
addition reaction of NH3 and CO2 (Fig. 2). Two NH3 mole-
cules links to CO2 via a six-membered ring to produce IM1' ,
and then a hydrogen atom on NH3 transfers to O via TS1' .
Although the barrier is reduced slightly to 195.1 kJ/mol-1, the
relative free energy of TS1' (225.2 kJ/mol-1) does not de-
crease apparently compared with TS1 (228.2 kJ/mol-1). As a
result, the influence of additional NH3 molecules will not be
considered further in the present work.

IM3þ NH3 : Formationof rea andanother channel
producingOCNH

Then, another NH3 molecule links to IM3 and one hydro-
gen atom transfers from NH3 to hydroxyl oxygen via TS4 to
produce urea by dehydration (Fig. 3a). From IRC scanningwe
obtain a quaint intermediate IM4 before hydrogen transfer, as
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reported by Tsipis and Karipidis [16]. The frontier orbitals
reveal why ammonia nitrogen attacks the imine hydrogen via
hydrogen bonding rather than the carbon atom, as shown in
Fig. 3b. The hydrogen atom then transfers from NH3 to the
hydroxyl group via TS4 with a barrier of 269.5 kJ/mol-1,

yielding IM5 , which will decompose into urea and H2O via
a barrierless process.

From IM5 , there is another reaction channel generating
OCNH, i.e., an imine hydrogen atom transfers to another
imine group to d urea mediated by H2O, as shown in Fig. 3.
The free energy barrier is only 123.0 kJ/mol-1, much lower
than that of the IM3 dehydrating process producing OCNH.
From Fig. 3 it can also be seen that urea can transform to
OCNH with a relatively low barrier. Therefore, the generation
of OCNH from urea and H2O is energetically favorable.

Additionreactionof ureaþ CO2

This addition reaction is very analogous to the reaction of
NH3 + CO2, as shown in Fig. 4. CO2 can be added to an amido
group of urea to form IM8 , but the bond distance of the newly
formed C–N (3.233 Å) in IM7 is much longer than that in
IM1 (2.943 Å). A hydrogen atom on the amino group then
shifts to the oxygen atom of CO2, and the carbon atom of CO2

bonds simultaneously to the N atom via TS6 to form IM8 .
The only imaginary frequency ofTS6 is assigned to the C–N–
H asymmetrical stretch mode, and the bond lengths between
the shifting hydrogen atom and O, N are 1.284 and 1.283 Å.
The energy barrier of this addition reaction is relatively high
(240.0 kJ/mol-1).

There are two reaction pathways starting from IM8 . We can
add carbon dioxide to another imine group, or add NH3 to the
carboxyl group. Nowwe investigate the reaction mechanism of

2.892

2.222

2.454

1.159

1.016

1.017

90.5

2.892

2.222

2.454

1.159

1.016

1.017

90.5

1.991

1.285

1.287

1.547

1.289 98.2

1.991

1.285

1.287

1.547

1.289 98.2

2.005
2.315

1.367
1.368

124.6

2.005
2.315

1.367
1.368

124.6

CO2+2NH3

0.0
30.1

225.2

94.3

TS1'

IM1'

IM2'

Fig. 2 Structural parameters and PES profile of 2NH3 + CO2 →
OCNH·NH3 + H2O

1.161
(1.170)

180.0
(180.0)

1.161
(1.170)

180.0
(180.0)

1.014
(1.013)
1.014

(1.013)

2.943
(2.939)

3.363
(3.392)

1.015
(1.015)

1.161
(1.170)

176.8
(177.4)

91.7 (91.3)

2.943
(2.939)

3.363
(3.392)

1.015
(1.015)

1.161
(1.170)

176.8
(177.4)

91.7 (91.3)

138.3
(138.5)

(96.8)
96.7

1.281
(1.285)

1.290
(1.291)

1.275
(1.255)

1.591
(1.588)

138.3
(138.5)

(96.8)
96.7

1.281
(1.285)

1.290
(1.291)

1.275
(1.255)

1.591
(1.588)

1.383
(1.392)

1.364
(1.363)

0.964
(0.963)

1.009
(1.010)121.1

(121.6)

(113.6)
114.4

1.383
(1.392)

1.364
(1.363)

0.964
(0.963)

1.009
(1.010)121.1

(121.6)

(113.6)
114.4

CO2+NH3

+

0.0 IM1

[30.1]
(0.3)
3.8

TS1

IM2

228.2
(237.5)
[225.2]

[94.3]
(99.8)
86.4

1.389

0.964

1.367 1.007
122.8

109.9

1.389

0.964

1.367 1.007
122.8

109.9

0.966

1.364

1.357

1.005123.4
110.6

0.966

1.364

1.357

1.005123.4
110.6

1.761

1.232
1.285

1.297

84.61.761

1.232
1.285

1.297

84.6

97.3

TS2

IM3

48.9

TS3

271.2

1.006
1.166 1.212

172.8

1.006
1.166 1.212

172.8

0.962

105.1

0.962

105.1

+

OCNH+H2O

67.3

Fig. 1 Structural parameters and
potential energy surface (PES)
profiles of NH3 + CO2 → OCNH
+ H2O. Red circles Oxygen
atoms, blue circles nitrogen
atoms. Relative free energies
(ΔG) are in kJ mol−1, bond
lengths are in Å and bond angles
in degrees. Structural parameters
and relative energies in brackets ()
are acquired from full
optimization at MP2/6-311++
G(d,p) level, and energies in
square brackets [] are obtained by
SPE calculations at CCSD(T)/
aug-cc-pVDZ level. These units
are employed uniformly in this
work, and all energies are relative
to the reactants (3NH3 + 3CO2) in
all figures

J Mol Model (2013) 19:5037–5043 5039



1.586

1.988
1.535

1.086
79.8

1.586

1.988
1.535

1.086
79.8

2.177

2.231

1.408

1.014

1.216

113.5

2.177

2.231

1.408

1.014

1.216

113.5

122.9

114.2
1.386

1.217
122.9

114.2
1.386

1.217

IM3+NH3

48.9

TS4

IM5
urea+H2O

2.021

2.328

1.365

1.347 117.6

126.0

2.021

2.328

1.365

1.347 117.6

126.0

IM4

34.9

304.4

79.6
60.6

1.566

1.149

1.4031.232

1.266

1.314

114.6

1.566

1.149

1.4031.232

1.266

1.314

114.6

1.795

1.831

1.708

1.207

118.2
1.795

1.831

1.708

1.207

118.2

TS5
IM6

202.6
177.8

67.3

OCNH+H2O+NH3

C N

H

IM3(LUMO) N

IM4 (HOMO-2)

N

NH3 (HOMO)

H
H

H

C N

H

IM3(LUMO) N

IM4 (HOMO-2)

N

NH3 (HOMO)

H
H

H

C N

H

IM3(LUMO)

C N

H

IM3(LUMO) N

IM4 (HOMO-2)

N

IM4 (HOMO-2)

N

NH3 (HOMO)

H
H

H
N

NH3 (HOMO)

H
H

H

b

a

Fig. 3 a Structural parameters
and PES profile of IM3+NH3 →
OCNH + H2O +NH3. b HOMO–
LUMO interaction during the
formation of complex IM3…NH3

(IM4)

3.233

1.163

1.158

1.011

1.382

1.395

113.9

3.233

1.163

1.158

1.011

1.382

1.395

113.9

1.356

1.633

1.279
1.284

1.283

1.447

1.356

1.633

1.279
1.284

1.283

1.447

0.967

1.362

1.374 1.423

1.354

134.9

122.6
0.967

1.362

1.374 1.423

1.354

134.9

122.6
urea+CO2

IM7

IM8

TS6

60.6

80.2

320.2

138.4

1.248

1.3141.749
1.388

1.346

0.968

1.210 119.5

1.248

1.3141.749
1.388

1.346

0.968

1.210 119.5

TS7

0.967
0.967

1.389
1.388

1.398

1.398

1.3471.347

120.8

132.2

0.967
0.967

1.389
1.388

1.398

1.398

1.3471.347

120.8

132.2

IM10

2.282
1.008

1.350 1.362

1.375

1.165 1.420124.5
113.2

122.32.282
1.008

1.350 1.362

1.375

1.165 1.420124.5
113.2

122.3

IM8+CO2

138.4
IM9

157.3

437.1

272.3

Fig. 4 PES profiles corresponding to urea + CO2 and IM8 + CO2 addition reactions

5040 J Mol Model (2013) 19:5037–5043



adding CO2 to IM8 to generate IM10 , followed with adding
NH3 to IM10 to produce cyanuric acid ultimately.

Reactionsof IM8þ CO2→IM10;
and IM10þ NH3→IM13→cyanuricacid

As shown in Fig. 4, CO2 adds to IM8 to form intermediate
IM9 , and then the imine hydrogen transfers to CO2 via TS7
to produce IM10 with a high barrier of 279.8 kJ/mol-1.
Similarly, the carboxyl group of IM10 is amidated by adding
CO2 followed with H-transfer to form IM12 via TS8 . In
IM13 , an imine hydrogen atom bonds to the neighboring
hydroxyl oxygen to form an eight-membered ring via a hy-
drogen bond (2.052 Å). The energy barrier is also high (274.0
kJ/mol-1) as depicted in Fig. 5. Then IM13 is cyclized and
dehydrated via a hydrogen-shift transition state TS9 to gen-
erate IM14 , which has been proved by Rácz et al. [36]. The
free energy barrier is 198.0 kJ/mol-1. Subsequently, IM14
decomposes into cyanuric acid and H2O. From the PES profile
it can be seen that the products are energetically stable species.

Our calculations predict that the overall reaction 3NH3 +
3CO2 → P + 3H2O is endothermic with an enthalpic

difference of 71.9 kJ/mol-1 at 473.15 K and 100 atm. Howev-
er, the free energy differenceΔG (174.8 kJ/mol-1) is relatively
large, which is attributed to the entropic effect. We investigat-
ed whether the sequence of adding NH3 and CO2 can deter-
mine the potential energy surface (PES).

IM8þ NH3→IM17; and IM17þ CO2→IM19

As shown in Fig. 6, the energy barriers of adding NH3 to
IM8 and subsequently adding CO2 to the generated IM17
are 251.7 and 268.7 kJ/mol-1, respectively. IM19 is a trans
isomer of IM13 . It can transform to IM13 via two group-
rotation processes and increases its relative free energy by
32.0 kJ/mol-1. Obviously, the sequence of adding NH3 and
CO2 does not influence the free energy barriers.

Our theoretical model reveals that all reaction channels
from urea to cyanuric acid bear high barriers. The high pres-
sure and temperature do not decreaseΔG andΔH markedly,
so, for the formation of cyanuric acid, a one-step mechanism
may exist. OCNH can be synthesized from urea [37], and
cyanuric acid can be synthesized from OCNH. The dimeriza-
tion mechanism of OCNH has been investigated [38], where
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the stepwise reaction through the cyclic intermediates
(OCNH)2 is unfavorable. Moreover, a one-step synthesis
mechanism from OCNH has been predicted [15, 19, 30]. We
next investigated the cycloaddition reaction of OCNH pro-
ducing cyanuric acid.

The one-step cycloaddition reaction of cyanuric acid
from OCNH

Three OCNHmolecules can be cyclized to cyanuric acid (P )
via TS12 , as depicted in Fig. 7. The smooth curve from IRC
scanning shows that there is no intermediate between OCNH
and TS12 . The ΔE barrier of this one-step mechanism is
only 168.0 kJ/mol-1—much lower than those in the stepwise
mechanism from urea to P—but the free energy barrier
(273.1 kJ/mol-1) does not decrease noticeably. Of course, a
one-step synthetical channel with a relatively lower barrier
will acquire a higher yield, so this process is energetically
more favorable than the multi-step mechanism. Moreover,
the relative enthalpies are low, and the high exothermicity
may also drive this one-step cycloaddition reaction.

For the total reaction of 3NH3 + 3CO2 → P + 3H2O, urea
or OCNH is obtained from NH3 and CO2, and then cyanuric
acid is cyclized from OCNH.

Conclusions

The synthesis mechanism of cyanuric acid fromNH3 and CO2

was investigated at B3LYP/6-311++G(d,p) level, the condi-
tion of 473.15 K and 100 atm was considered with
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thermodynamic function calculations in the rigid rotor and
harmonic oscillator approximation. In the stepwise mecha-
nism, the module molecules are linked together via weak
van der Waals interactions, and then hydrogen transfers to
the carboxyl oxygen to form new hydroxyl groups, or trans-
fers to neighboring hydroxyl oxygen to dehydrate the hydrox-
yl groups; simultaneously new C–N bonds form to ultimately
yield cyanuric acid. The addition reactions of NH3 and CO2

produce two key intermediates urea and OCNH. However, the
energy barriers producing cyanuric acid are generally high in
the stepwise mechanism, and the high pressure and tempera-
ture do not markedly decrease the thermodynamic valuesΔG
andΔH . Therefore, cyanuric acid is obtained from the cyclo-
addition reaction of OCNH. In this one-step reaction, the free
energy barrier is 273.1 kJ/mol-1.
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