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ABSTRACT: Cyanuric acid (CA) is a critical precursor preventing the photodegradation of chlorine in water. So mainly, CA is uti-
lized in the industry as a chlorine stabilizer. Compared to urea, the higher cost of CA necessitates an economic protocol to produce.
As an alternative to current methods, we proposed dimethyl ammonium hydrosulfate [dmaH][HSO4] ionic liquid (IL) mediated
urea pyrolysis to CA for the first time. The reaction was optimized based on changing parameters: time, catalyst loading, solvent,
and temperature. The optimized method does not require solvent utilization; IL acts as a solvent/catalyst system to produce CA in
a ~70% yield at 220 °C in 30 min. The recycle test of IL catalyst shows that it can be reused four times without the loss of catalytic
activity.

The IL catalytic activities on the urea pyrolysis reaction are studied using Density Functional Theory (DFT). The reaction profile
of urea conversion to CA is calculated to follow biuret, triuret, and triuret cyclization steps, with extrusion of ammonia in each step.
The IL-free reaction profile (Figure 6, green route) is also included to observe the IL role in the reaction. Considering experimental
observation of isocyanic acid (ICA) as one of the urea pyrolysis products, we also tested CA formation possibilities via ICA trimeri-
zation. The calculations show that ICA formation (TS-ICA, AG¥=27.1 kcal/mol) is 14.1 kcal lower than biuret formation (TS1-IL,
AG#¥=41.2 kcal/mol). Further mechanistic studies imply urea pyrolysis to CA follows a straightforward ICA trimerization route
(Figure 8 and Scheme 4).

1. Introduction

The cyanuric acid (CA) market was valued at USD 367.9 mil-
lion in 2020 and is expected to grow and reach USD 439.6
million by 2027, according to a report (Global cyanuric acid
market outlook 2022). Because of the huge industrial utiliza-
tion of CA to produce trichloroisocyanuric acid (TCCA), sodi-
um dichloroisocyanurate (SDIC), and fire-retardant material
(Figure 1), CA has reached such an enormous market value.
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Figure 1. Product distribution from the industrial level CA con-
version.

TCCA and SDIC are highly effective disinfectants against
almost all types of bacteria, and viruses, including HIV, so the

compounds are gradually replacing traditional bleaches like
liquid chlorine, sodium hypochlorite, and calcium hypo-
chlorite.1-3 TCCA was used as a reagent for the efficient halo-
genation of aromatic and carbonyl compounds* and as a cata-
lyst to obtain amides from amines and aldehydes at room
temperature.s

Melamine-cyanuric acid complex (MCA) was utilized as a
“greener” additive to obtain the halogen-free flame retardant
MCA/Nylon 66 composites by melt blending technique.6
Thermal polycondensation of the MCA under nitrogen at 550
°C resulted in the formation of graphitic carbon nitride meso-
porous hollow spheres, which are excellent nonmetallic catal-
ysis for organic photosynthesis, solar energy conversion, and
photodegradation of waste materials.”. 8 CA as an organocata-
lyst was applied to convert carbon dioxide into oxazolidinones
and quinazolines at room temperature and atmospheric pres-
sure.? MCA complex was exploited for facile palladium recov-
ery from an aqueous solution. Then Pd was separated quanti-
tatively from the formed Pd-MCA complex.10

The CA large-scale utilization necessitates facile synthetic
protocol, which has been a focus of scientists for the last four
decades: Wang and co-workers proposed catalytic pyrolysis of
urea on the surface of V-Ti catalyst to biuret, melamine, and
CA.11 The thermal decomposition of urea was studied in an
open vessel, and it was identified that the CA yield reaches a
maximum at 250 °C.12 A systematic study was conducted on
the urea pyrolysis under nitrogen to CA and the carbon ni-
tride-based semiconductive material.13 Jeilani et al. studied
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prebiotic-assisted synthesis of melamine, ammeline, am-
melide, and CA from urea, and they predicted the reaction
mechanism with density functional theory (DFT).14 In the
absence of water and organic solvents, urea was converted to
CA using microwave-assisted heating.15 Tischer et al. conduct-
ed thermodynamic and numeric studies on the urea decompo-
sition kinetics to biuret, triuret, and CA.16 CA synthesis from
urea was tested in various solvents and the presence of Lewis
acidic catalysts. It was found that kerosene and diesel are
reasonable solvents to proceed the reaction in relatively mild
conditions (180 °C) to obtain CA in a high yield (88%), and
using Lewis acidic catalysts did not contribute to increase the
yield.1” The industrial production of CA generally relies on
sulfuric acid catalyzed urea pyrolysis process.18 19

Extensive CA utilization in the industry necessitates devel-
oping facile and environmentally benign synthetic procedures.
Most previous studies show that using toxic and expensive
solvents and catalysts makes urea pyrolysis challenging for
industrial applications. The utilization of sulfuric acid for
industrial CA production required building another unit to
neutralize excess ammonia, which resulted in a significant
increase in production cost.20 Therefore, replacing highly
corrosive sulfuric acid with mild and “greener” alternatives,
such as low-cost ionic liquid (IL) can be a preferred option for
urea pyrolysis.

Theoretical studies were applied to understand reaction
mechanisms and direct experimentalists to design an efficient
catalyst, eventually developing a cost-effective procedure.2! 22
Despite the industrial importance of the reaction (Scheme 1),
only a few computational studies were performed on the
catalyst-free urea pyrolysis.14 Parallel to experimental optimi-
zations, we theoretically studied the urea pyrolysis mecha-
nism. Direct urea trimerization to CA in the presence of IL
catalyst and catalyst-free conditions (Figure 6) were investi-
gated. Considering urea decomposition to ICA, its trimeriza-
tion to CA was tested twice in catalyst-free and catalytic con-
ditions.

To the best of our knowledge, for the first time, we propose
to utilize IL as a solvent/catalyst system to convert urea into
CA according to the following scheme (Scheme 1).
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Scheme 1. IL mediated urea pyrolysis reaction.
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2. Experimental

2.1 Synthesis and characterization of ILs. Urea was
purchased from Thermo Fisher Scientific in 98% purity for
the synthesis. [maH][HSO4] was purchased from abcr GmbH in
97% purity; [bmim][BF4] and [bmim][PFs] were purchased
from Iolitec Ionic Liquids Technologies in 99% purity. The
other ILs described in Table 2 were synthesized according to
known procedures.23 The spectral data of these compounds
are in good agreement with those in the literature reports.

2.2 Synthesis and characterization of products. Synthe-
sis of CA was carried out in one necked round bottom flask
(25 ml); IL and urea 5:1, (w:w) respectively were added to the
flask with a magnetic stirring bar. The reaction was conducted
at 220 °C for 30 min, then ice-cooled for 10 min, transferred to
the deionized icy water (100 ml) beaker, and stirred for 3 min
to remove the catalyst residue. The organic precipitation was
collected via filtration and washed with deionized icy water

(100 ml). After filtration, the precipitate dried at 45 °C in a
vacuum oven overnight. Without further purification, the
product was subjected to NMR, elemental analysis, ESI-MS,
FT-IR, and melting point (ESI, Page S05). The reaction condi-
tion for the recycle test is the same as the above-mentioned
procedure. The catalyst recovery was conducted as follows:
After separation of the precipitate, the aqueous layer was
washed with diethyl ether (5x100 ml) and evaporated, and
the obtained catalyst residue in water was dried under low
pressure at 50 °C for the next use.

3. Computational Details

The Gaussian 16 package was used in all calculations.2¢ Mo-
lecular geometries of all species were optimized via exploiting
DFT/B3LYP functional?5 26 with Grimme’s empirical disper-
sion correction (D3).27 6-31G* basis sets were used for H, C, N,
and O atoms. For S and K atoms, the 6-31++G(d,p) basis was
exploited according to recent recommendations.28 The reac-
tion was calculated based on the experimental reaction condi-
tions (1 atm, 493.15 K) in the gas phase. Self-consistent reac-
tion field (SCRF) with dielectric constants for DMSO (e = 46.7)
and DMF (e = 37.2) were exploited to recalculate (1 atm,
393.15 K) green route of Figure 8. It was found that applying a
solvation model does not significantly change the energy
barriers of the IL-mediated ICA trimerization cycle (ESI, Table
S6 and S7). An intrinsic reaction coordinate (IRC) search was
executed to confirm the obtained transition states (one imagi-
nary frequency) connected to intermediates (zero imaginary
frequency) structures. All the intermediate and transition
state structures were calculated without geometry con-
straints. Optimized Cartesian coordinates, total energies,
Gibbs energies, and enthalpies of all structures are provided
in supporting information (ESI).

4. Results and discussion

4.1 Variation of the solvent. The yield investigation of
the urea pyrolysis to CA was performed based on five varia-
bles: type of ILs, catalyst (IL) loading, reaction temperature,
reaction time, and solvents. The highest yield (68 + 2%) of CA
was observed in the neat conditions in the presence of
[dmaH][HSO4], (IL : Urea; 5:1, w:w) at 220 °C for 25-30
minutes. Solvents with high boiling points, i.e.,, naphthalene,
nitrobenzene, ethylene glycol, and DMSO were tested on the
reaction (Table 1) with constant solvent and IL ratio (1:1,
w:w) to investigate the impact of solvent on the reaction yield.
The solvent utilization does not contribute to the CA yield in
all cases. All the tested solvents resulted in a similar moderate
yield (60-68%) of CA except for DMSO: Only 35 (£ 2)% of the
product was isolated in the presence of DMSO. The excess
solubility of the product may explain the sharp decline in the
yield in DMSO compared to other solvents. Another reason for
the product low yield may be scrutinized with the decomposi-
tion of DMSO at the applied high temperature (220 °C).2%
Because of the good solubility of CA in the DMSO + IL mixture,
further purification of the product becomes challenging. The
reaction mixture was kept (in the case of DMSO) at -5 °C for 8
h to precipitate CA quantitatively, which is simultaneously
happening when we cool the reaction mixture in the case of
other utilized solvents. As seen in Table 1, exploiting nitro-
benzene and ethylene glycol resulted in a very close isolated
yield of 60 (x2) %. The observation shows that IL as a solvent
is a good option for the urea pyrolysis to CA. Accordingly,
further studies have been carried out with the presence of
only IL as a solvent/catalyst to promote the reaction.
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Entry Solvent:IL(1:1,w:w) Yield (%)
1 naphthalene : [dmaH][HSOa] 68

2 nitrobenzene : [dmaH][HSO4] 61

3 ethylene glycol : [dmaH][HSOs] 60

4 DMSO : [dmaH][HSOa] 35

5 e : [dmaH][HSO4] 68

Table 1. The yields of CA versus various solvents in the presence
of [dmaH][HSO4] at 220 °C for 30 min (IL : Urea; 5:1, w:w).

4.2 Variation of the ionic liquid. The CA formation from
urea is studied after 25 min at 220 °C in the presence of vari-
ous (IL : Urea; 5:1, w:w) ILs (Table 2). Without an IL catalyst, a
small urea conversion to CA was observed, 14 (* 2)%. The
best results were achieved in the presence of [dmaH][HSO4]
and [deaH][HSO4], 68 and 63 (+ 2)%, respectively.

Entry Structure Name Abbreviation  Yield (%)

1 —NH; HSO, Methylammonium [maH][HSO4] 60

hydrogen sulfate

N

N~ HsO,
H, *

Dimethylammonium [dmaH][HSO4] 68
hydrogen sulfate

NN s,

Hy Diethylammonium [deaH][HSO4] 63
hydrogen sulfate

NN TSN HSO,

H, Dibuthylammonium [dbaH][HSO4] 50

hydrogen sulfate

+
N -
. Y\-‘Z/W/HSOJ
J\P:J\ HSO,
Hy

Diisobuthylammonium [dibaH][HSOa] 45

hydrogen sulfate

Diisopropylammonium [dipaH][HSO4] 50

hydrogen sulfate

=, _
l/\rxh BF,
7 SN 1-butyl-3-methyl- [bmim][BFa] -
imidazolium tetrafluoroborate
P
8 ST 1-butyl-3-methyl- [bmim][PFe] -

imidazolium hexafluorophosphate

Table 2. Tested IL catalysts on urea pyrolysis reaction. The CA
yield in the presence of various ILs at 220 °C for 30 min (IL : Urea;
5:1, w:w).

The CA yield declines when the number of carbon atoms at
the amine part of IL increases. One possible reason for the
change in the product yield is long-chain alkyl groups in the IL
amine part, enhancing surfactant abilities (forming a foam-
like mixture when the urea is added at high temperatures).
The same case was not observed for IL [maH][HSO4],
[dmaH][HSO4], and [deaH][HSO4] with smaller alkyl chains.
The long alkyl chain containing ILs, e.g., [dbaH][HSO4] and
[dibaH][HSO4] form foam at the indicated temperature during
the reaction period, which prevents effective mixing.30 The
long-chain ILs steric effects may adversely impact catalytic
activities. The IL [maH][HSO4] with primary amine group
shows less catalytic activity compared to the secondary amine
group-containing IL [dmaH][HSO4], which can be explained by
the strong Lewis basicity of dimethylamine versus methyla-
mine. In our previous experimental and computational works,
we studied the secondary amine-containing [deaH][HSO4] IL
catalytic performance on a similar cyclocondensation reac-
tion.31, 32 [t was found that both the basic and acidic parts of IL

can act as a catalyst via proton exchange to promote cy-
clocondensation. The imidazolium salts are one of the most
used ILs for their good catalytic activity,33-35 so we tested
[bmim][BF4] and [bmim][PF¢] ILs on the urea pyrolysis reac-
tion, and unfortunately, no CA was isolated. Further optimiza-
tions were carried out in the presence of [dmaH][HSO4] as a
catalyst because of the highest product yield.

4.3 Variation of the reaction time. The first set of reac-
tions was performed at 220 °C with varying reaction times to
obtain an indication of the reaction rate (Figure 2). According
to Figure 2, the maximum CA yield (68 (= 2)%) is obtained at
25 and 30 min. After 25 min, the color of the reaction mixture
was still white; however, at 30 min, turning the white color to
pale yellow was observed. Running the reaction for the addi-
tional 15 minutes turned the color of the reaction mixture to
brown, which turned to black when we kept the reaction
running. The observations indicate the decomposition of the
reaction components inside the reaction mixture. Because of
the sharp decline of CA yield after 30 minutes, it can be pro-
posed that CA is unstable and decomposes at the indicated
temperature and time period. Analysis of the reaction mixture
after running the reaction for 2 h shows no CA trace. This
investigation shows that the yield is strongly time-dependent
and can be tuned via time.
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Figure 2. The CA yield versus time in the presence of
[dmaH][HSO4] at 220 °C (IL : Urea; 5:1, w:w).

4.4 Variation of the reaction temperature. The reaction
is conducted at different temperatures in the presence of
[dmaH][HSO4] (IL : Urea; 5:1, w:w) in 30 min period (Figure
3). The CA yield increases with increasing temperature up to
220 °C, and beyond this point, CA formation declines signifi-
cantly. CA formation is infinitesimal at temperatures lower
than 170 °C and more than 270 °C. Previous studies are in
good agreement with our experimental findings showing CA
formation at the determined temperature range.!5 36 Such a
high temperature (170 °C) requirement for selective urea
pyrolysis to CA can be explained by the reaction high activa-
tion energy. It was scrutinized in the computational section
(See Section 4.7). Beyond 220 °C, CA sublimation may be a
primary reason for to decrease in the CA yield. Intensive sub-
limation of CA at a high temperature (>220 °C) was reported
by Tischer et al.16
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Figure 3. The CA yield versus temperature in the presence of
[dmaH][HSO4] for 30 min (IL : Urea; 5:1, w:w).

4.5 Variation of IL loading. The relation between differ-
ent loadings of [dmaH][HSO4] and product yields after 30 min
of reaction time at 220 °C is given in Figure 4. As seen from
the figure, conversion to the product increases from1:1 to 5
: 1 ratio loading. Between 5 : 1 and 7 : 1 ratios, the yield is the
same and maximum (68 (* 2)%). With more than 7 : 1 ratio,
the yield of the reaction starts to decline considerably. Above
the 7 : 1 IL : urea ratio, IL starts to act as a solvent because of
the noncovalent and electrostatic interactions between IL
molecules. The presence of bulk IL decreases collision proba-
bility between IL and substrate molecules, resulting in a con-
siderably low conversion of urea to CA. A detailed computa-
tional study was conducted in our previous work related to IL
solvation versus catalysis that shed light on a similar case via
comparing proton exchange and noncovalent interaction
energy barriers on dehydration transition states.31

4.6 Recycle test. The IL [dmaH][HSO4] recycle test over
five cycles was performed for the urea pyrolysis reaction (IL :
Urea; 5:1, w:w) at 220 °C for 30 min period. The catalyst
preserves its effectiveness for four cycles, as seen in Figure 5.
A slight decline in the CA yield (5%) was observed after the
fifth run. The obtained recycle test results are satisfactory
compared to the other homogeneous IL-promoted
processes.37.38
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Figure 4. The CA yield versus the amount of [dmaH][HSO4] (N) at
220 °C for 30 min. The IL : urea ratio is based on w:w (IL : urea;
N:1).
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Figure 5. Recycle test of IL : [dmaH][HSO4] (IL : Urea; 5:1, w:w);
220 °C; 30 min.

4.7 Mechanistic studies. We first calculated the IL-free
route to see a clear picture of the IL role in the urea pyrolysis
to CA. As seen in Figure 6 (green route), 61.9 kcal/mol energy
is required to overcome the barrier (TS1F) for biuret (I1F)
formation via ammonia extrusion. The addition of the next
urea results in the formation of triuret (I3F), via a 59.2
kcal/mol (TS2F) energy barrier. Final cyclization of triuret
(TS3F, AG¥=52.6 kcal/mol) yields CA. The detailed mechanism
for the IL-free route is shown in Scheme 2. The green route
TSs were visualized and included in ESI (Figure S3).
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Figure 6. Energy profile for the urea pyrolysis to CA: IL-free route
(green), IL-mediated urea conversion to CA (orange), IL-mediated
ICA formation from urea (blue).
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Scheme 2. Calculated mechanistic cycle of the urea pyrolysis
to CA in the IL-free condition (Figure 6, green route).

The IL-free route with higher energy barriers shows that
protonation, ammonia extrusion, and nucleophilic attack steps
are challenging to proceed with, so we tested the same steps
considering IL interactions with urea molecules.

IL catalysis route: As shown in Figure 6 (orange route)
addition of a single IL molecule for proton exchange with
substrate molecules results in significant decreases in energy
barriers. Namely, the IL-mediated conversion of two urea
molecules into biuret (I1-IL) is going through TS1-IL
(AG#=49.6 kcal/mol), which is 12.3 kcal/mol lower than the
IL-free case. The triuret (I3-IL) formation path (TS2-IL) is
also 4.9 kcal lower than the same path for the IL-free route.

The cyclization of I3-IL over ammonia extrusion is calcu-
lated to have a 46.3 kcal energy barrier that is 6.3 kcal lower
than the IL-free path. The IL-mediated CA formation path TSs
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are shown in Figure 7, with important bond parameters de-
scribing ammonia extrusion in each step.
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Figure 7. Optimized structures of TSs with important bond
lengths (given in A): a) TS1-IL, b) TS2-IL, ¢) TS3-IL, and d) TS-
ICA. Some hydrogen atoms and the IL cation part are omitted to
avoid clutter.

Ammonia extrusion is very critical in each step to maintain
urea dimerization, trimerization, and eventually CA formation.
As seen from the concerted TS1-IL structure (Figure 7), one of
the urea -NHz (N2) groups accept a proton from IL (N2-H2:
1.05 A), and the C-N2 bond elongated up to 1.65 A, which
facilitates nucleophilic attack of the next urea (N1) to the
electrophilic carbon (C) via 1.67 A bond length. Eventually,
simultaneous proton donation and acceptance from IL results
in NHs extrusion; this scenario is replicated in the next two
steps as TS2-IL and TS3-IL, yielding CA. The calculated mech-
anism of the IL-mediated urea pyrolysis is shown in

Scheme 3, to understand better the IL role in the CA for-
mation.

IL catalysis on ICA trimerization: It was experimentally
evident that (with thermogravimetric and differential ther-
moanalysis) urea decomposition resulted in the formation of
isocyanic acid (ICA) at 200 °C.11.39.40 [ncreased ICA concentra-
tion in the reaction mixture is supposed to be the main driving
force to trigger CA formation via trimerization. So, it supports
our experimental observations that why, above the 200 °C, the
CA yield is maximum. Due to the fact we tried to calculate ICA
trimerization to CA. First, IL.-mediated ICA formation possibil-
ities from urea were tested, and the related TS (Figure 7, TS-
ICA) was successfully located. As seen from the TS structure,
besides ammonia extrusion (C-N2, 1.97 A), proton transfer
(H3-N3, 1.58 A) from the other urea NHz- group is required to
yield ICA structure. Unlike the urea coupling TSs (TS1-IL,
TS2-IL, and TS3-IL), the urea NH2- group is not acting like a
nucleophile (N1); it acts as a base to abstract proton (H3)
from the ICA adduct. The ICA formation energy barrier is
significantly lower than (14.1 kcal) of the corresponding biu-
ret (TS1-IL) energy barriers. Considering the solid fact, we
decided the CA formation is possible via ICA trimerization.

(o]
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)]\ \NH;Hso,' /Q&\ O/’H '{3
NH e )\ \#°
=07 \y HN

j TS1-IL
o o

HoN N NH,
11-IL [Biuret]

I13-IL [Triuret]

L

Scheme 3. The calculated mechanistic cycle of the IL-mediated
urea pyrolysis to CA (Figure 6, orange route).

As seen from the energy profile (Figure 8) that after the ICA
formation (Figure 6, blue route), IL-mediated trimerization of
ICA is straightforward with shallow energy barriers (green
route). IL catalyst is more effective in the ICA case than the
urea trimerization (Figure 8 green route vs. Figure 6 orange
route). The IL catalyzed ICA dimerization step is calculated to
be 23.6 kcal lower than the same route in the IL-free case
(Figure 8, red route). The ICA trimerization (TS2-ICA-IL) is
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calculated to have a 28.4 kcal/mol energy barrier, which is
29.6 kcal lower than the IL-free trimerization (TS2-ICA) bar-
rier. The ICA trimer (I5-ICA-IL) is observed to yield CA with-
out an energy barrier that requires 35.8 kcal/mol energy in
the IL-free condition.
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Figure 8. Energy profile for the ICA trimerization to CA: IL free
route (red), IL mediated (green).

Based on our calculations and experimental evidence, it can
be proposed that urea pyrolysis is likely to follow the ICA
route to yield CA. The optimized structures of ICA dimeriza-
tion, trimerization, and subsequent cyclization TSs were visu-
alized and shown in Figure 9.
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Scheme 4. The calculated mechanistic cycle of the IL-mediated

ICA trimerization to CA (Figure 8, green route).

As seen from the TS1-ICA-IL structure, the nucleophilic attack
of ICA nitrogen (N2) on electrophile (C1) via 1.81 A is the
main reason to yield ICA dimer. The attack is facilitated via
protonation (H1-03; 1.36 A) of the carbonyl oxygen (03). The
deprotonated IL gains the ICA proton (H2) to retain its initial
structure simultaneously (H2-01; 1.10 A). The same proton
exchange and nucleophilic attack steps were replicated in
TS2-ICA-IL and TS3-ICA-IL to form CA (Figure 9). The calcu-
lated mechanism for ICA trimerization and final cyclization

steps is shown in Scheme 4.
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Figure 9. Optimized structures of TSs with important bond
lengths (given in A): a) TS1-ICA-IL, b) TS3-ICA-IL, and c) TS2-
ICA-IL. Some hydrogen atoms and the IL cation part are omitted
to avoid clutter.

The calculated IL-free ICA trimerization mechanism
(Figure 8, red route) to CA is shown in ESI, (Scheme S1). Com-
paring the IL-free and IL-catalytic pathways of the reaction
profile (Figure 8) of ICA trimerization to CA, the IL catalytic
role is apparent. So, the urea pyrolysis reaction is more likely
to follow IL catalyzed ICA trimerization mechanism (Scheme
4).

Conclusion

The low-cost IL-mediated urea pyrolysis to CA was studied
experimentally and computationally. Experimental optimiza-
tions based on the time, temperature, solvent, and IL loading
showed that ideal urea conversion to CA (~70% yield) was at
220 °C, in 30 min when IL : Urea ratio is 5:1 (w:w). The utiliza-
tion of cheaper and ‘greener’ ionic liquid allowed to decrease
the CA production cost because previously separate solvent
and catalyst were used for the same reaction.l” The IL’s low
vapor pressure at 220 °C made it a superior solvent over
traditional solvents and allowed it to conduct the reaction in
an open flask. Additionally, the IL catalytic activities do not

necessitate using a separate catalyst to boost conversion.
Detailed computational mechanistic studies were per-
formed to scrutinize the IL catalysis of the reaction. The first
6



set of calculations followed urea conversion to biuret, triuret,
and triuret cyclization to yield CA in IL-free and IL-catalysis
conditions. As seen from Figure 6 and Scheme 2, the IL incor-
poration considerably declined energy barriers compared to
IL-free (green path) route. Namely, biuret formation was 20.7
kcal lower in the case of IL-incorporated proton exchange
compared to the IL-free case. The IL-incorporated triuret
formation and cyclization steps were 15.7 kcal and 14.7 kcal
lower relative to the IL-free condition. Our computation im-
plied that the urea decomposition is more likely to go through
ICA than biuret formation since the energy barrier of ICA
formation is 14.1 kcal lower than the corresponding biuret
formation TS (TS1-IL). Because of the shallow energy barriers
compared to urea trimerization (Figure 6), the ICA trimeriza-
tion was considered the best pathway to yield CA. The pro-
posed IL-mediated urea pyrolysis to CA is not perfect, in par-
ticular, due to the moderate isolated CA yield (~70%), which
can be enhanced via modifying the IL catalyst (using hetero-
geneous support for easier recovery and increasing turnover).
The drawback was considered to be solved in our upcoming
work. Compared to the previous studies, the work is bearing
valuable contribution to the urea pyrolysis reaction, i.e., the
solvent was eliminated, IL was applied, and the reaction
mechanism was studied computationally in detail. The work
promises an industrial perspective because of IL utilization as
a ‘greener’ solvent/catalyst system for urea pyrolysis to CA.
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