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@® Biuret—A Crucial Reaction Intermediate for Understanding Urea

Pyrolysis To Form Carbon Nitrides: Crystal-Structure Elucidation
and In Situ Diffractometric, Vibrational and Thermal

Characterisation

Peter Gross and Henning A. Hoppe*®

(Abstract: The crystal structure of biuret was elucidated by
means of XRD analysis of single crystals grown through slow
evaporation from a solution in ethanol. It crystallises in its
own structure type in space group C2/c (a=15.4135(8) A,
b=6.6042(3) A, c=9.3055(4) A, Z=8). Biuret decomposition
was studied in situ by means of temperature-programmed
powder XRD and FTIR spectroscopy, to identify a co-crystal-
line biuret-cyanuric acid phase as a previously unrecognised
reaction intermediate. Extensive thermogravimetric studies
of varying crucible geometry, heating rate and initial sample

-

\

mass reveal that the concentration of reactive gases at the
interface to the condensed sample residues is a crucial pa-
rameter for the prevailing decomposition pathway. Taking
these findings into consideration, a study on the optimisa-
tion of carbon nitride synthesis from urea on the gram scale,
with standard solid-state laboratory techniques, is presented.
Finally, a serendipitously encountered self-coating of the cru-
cible inner walls by graphite during repeated synthetic
cycles, which prove to be highly beneficial for the obtained
ields, is reported.
y p D

Introduction

Despite its simple constitution, urea (NH,C(O)NH,) has kept sci-
entists of various disciplines busy over the last four centuries.”
Its exploration has triggered some of the most pivotal discus-
sions in the history of science, including Prout’s hypothesis,”
the Vitalism debate® or the theory of metabolic cycles,”” many
of which revolve around the nature of urea formation/degrada-
tion. In particular, the presumably simple, dry and uncatalysed
pyrolysis of urea “largely remains a mystery and a challenge to
investigators”,” to date. In addition to these persisting funda-
mental questions of molecular chemistry, renewed exploration
of this topic in recent years has been driven by engineers and
catalysis chemists, on one hand,® due to the increasing use
of urea as a reductant for the selective catalytic reduction
(SCR) of nitrous oxides in the after-treatment of exhaust gases
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from diesel engines,"® and by materials scientists, on the other

hand,"" due to the recent discovery!™ of urea as precursor to
carbon nitride materials."¥ As often happens, one man’s meat
is another man'’s poison: although solid by-products of urea
pyrolysis are one of many challenges for the implementation
of mobile SCR technologies,™ ' the sum of which were a par-
tial motivation for what, in 2015, came to light as the so-called
diesel emissions scandals,"® carbon nitrides are heavily re-
searched as potential superhard materials,"” novel semicon-
ductors,"® luminescent materials,"®?” catalysts and catalyst
substrates,”"! materials for photocatalytic water splitting® and
because of fundamental questions of structural chemistry.*-%
Therefore, a better understanding of urea pyrolysis remains a
crucial challenge for scientists from a huge variety of disci-
plines.

To shine some light onto urea pyrolysis, many thermogravi-
metric and calorimetric studies have been conducted, often in
combination with the analysis of evolved gases and/or pyroly-
sis residues by means of vibrational spectroscopy, mass spec-
trometry or chromatography, as well as thermochemical mod-
elling of the decomposition reaction.”?*% Several studies ex-
plicitly reveal the distinct influence of pyrolysis parameters,
such as heating rate, initial sample mass and crucible shape on
decomposition temperature, total mass loss and pyrolysis resi-
dues formed.”**"*? This might be traced back to the complex
mix of different reaction products and intermediates during
urea pyrolysis (the specific composition is determined by the
exact pyrolysis parameters), many of which can further react
with each other to form different intermediates. Among them,
ammonia, cyanic acid, carbon dioxide, water, biuret
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(H,NC(O)NHC(O)NH,), triuret (H,N(C(O)NH),C(O)NH,), cyanuric
acid  (H;[G3N;051), ammelide  (H,[G3N;0,(NH,)1),  ammeline
(HIC3N;50(NH,),D), melamine ([C3N5(NH,),0), melam
([C3N5(NH,),INHIC,N;5(NH,),1), melem  [CoN,(NH,);1) and melon
([C¢N,(NH5)(NH)1,, the last of which is often somewhat mis-
named graphitic carbon nitride (g-C;N,) throughout the litera-
ture,”” have been found. All of them have been known since
the pioneering works of Berzelius,* Liebig"? and Wé&hler,”*
and all contribute to the complexity of this pyrolysis with their
individual kinetics of formation and decomposition in often
overlapping temperature regimes. The thermal decomposition
path of urea, as generally established in literature, can be
broken down into the simplified reaction steps given in Equa-
tions (1)-(15):

T >133°C urea,, = NH,(OCN),,

NH,(OCN),, — NHy ) -+ HOCN M
T>150°C  urea,—biuret (2)
T >160°C biuret — urea,, + HOCN 4 (3)
T >160°C 3 HNCO — cyanuric acid (4)
T>160°C biuret"™ triuret (5)
T >160°C biuret%cyanuric acid (6)
T >160°C urea%ammelide (7)
T >190°C triuretTH;cyanuric acid (8)
T>190°C biuret%ammelide 9)
T >250°C cyanuric acid — 3 HNCO (10)
T >250°C ammelidetN—:';ammeline (11)
T > 250°C ammeline%melamine (12)
T >350°C 2 melamineTH;meIam (13)
T >350°C 2 melamTH;melem (14)
T >350°C n melemmmelon (15)

It should be noted that these reaction steps, as well as the
temperature ranges reported throughout the literature, might
vary, depending on the theoretical and experimental methods
and parameters chosen. Only the first two steps, that is, the
melting and evaporation of urea [Eq. (1)], as well as the subse-
quent formation of biuret [Eq. (2)], are agreed upon in all stud-
ies, with a few notable exceptions.®*¥ The challenge of under-
standing the reaction pathway of urea decomposition might
therefore be simplified, to a certain degree, to the problem of
biuret decomposition.

However, the variety of reported reaction pathways is also
more deeply routed in the ambiguity inherent to thermal anal-
ysis, and as Kohlmann recently emphasised: “The lack of specif-
icity of thermal signals is a disadvantage, which usually asks
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for complementary structural in situ methods, like diffraction
or spectroscopy on the solids”.“? Astonishingly, to date, nei-
ther spectroscopic nor diffractometric characterisation tech-
nigues have been used to study the pyrolysis of urea and its
decomposition products in situ. In particular, the absence of
diffraction studies is striking, especially with regard to the crys-
tallographic breakthroughs historically achieved with urea and
its decomposition products.*”’ One reason for the lack of in
situ probing of urea, although this does not hold for its de-
composition products, might be the complications linked with
its melting and evaporation,*® which we have also encoun-
tered during our preliminary studies and that have prevented
us from conducting in situ powder XRD and FTIR measure-
ments of urea. Furthermore, to the best of our knowledge, no
study on the crystal structure of water-free biuret (the simplest
urea decomposition product already described by Wiedemann
over 170 years ago™) has been published, although the crystal
structures of biuret hydrate®*°" and several other crystal struc-
tures containing biuret molecules®®™” have been elucidated.
We therefore decided to contribute our attempt to solve this
ongoing interdisciplinary chemical conundrum by reporting on
our structural and vibrational characterisation of biuret, as well
as in situ powder XRD and FTIR measurements during its ther-
mal decomposition. Furthermore, we present a comprehensive
thermogravimetric study on biuret, varying heating rate, initial
mass, crucible form and atmosphere over a large parameter
range. Finally, we put all lessons learned into use by optimising
the yield of a gram-scale synthesis of melon directly from urea.

Results
Crystal structure of biuret

Biuret crystallises in a new structure type in the monoclinic
space group C2/c (no. 15) with eight molecules per unit cell, as
depicted in Figure 1. Relevant parameters of the crystal-struc-
ture refinement are given in Table 1. All atoms are situated on
general positions. The biuret moiety shows that the trans con-
figuration exclusively is almost perfectly flat (largest torsion
angle: 3°) and oriented either parallel to (19 7 11) or to (19 7
1). The averaged interatomic distances for C—O (1.24 &), C—Ni
(1.38 A, imide N) and C—Na (1.32 A, amide N) correspond very
well to the values found in other biuret-containing crystal
structures and to the sum of the ionic radii (Table 2).*¥ The
molecule features one intramolecular hydrogen bond between
one carbonyl and one amide group (O—H distance: 1.92 A), as
well as two intermolecular hydrogen bonds between amide
and carbonyl groups towards each of the two adjacent, copla-
nar biuret molecules, forming two sets of skew ribbons ubiqui-
tous in the crystal chemistry of ureas (Figure 1b).>"**%% The
ribbons within a set are stacked antiparallel offset with a inter-
ribbon distance of about 3.3 A, roughly corresponding to the
sum of the van der Waals radii of N/O and C. One set of these
ribbons traverses the unit cell roughly parallel to [10 5 1], the
other parallel to [14 11 2], with a dihedral angle of about 53.5°
between the two ribbon planes, resulting in a criss-cross pat-
tern with rhombical channels along (11 0 6) (Figure 1c). The di-

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. a) The unit cell of biuret viewed along [0 1 0] (H atoms in white, C atoms in black, N atoms in blue, O atoms in red and covalent bonds as yellow

sticks; ellipsoids correspond to 50% probability). b) Ribbons formed through hydrogen bonds between coplanar biuret molecules viewed along [19 7 11] (in-
tramolecular hydrogen bonds as light-blue broken lines, intermolecular hydrogen bonds as violet broken lines). c) Criss-cross pattern formed by hydrogen

bonds between skew ribbons viewed along [11 0 6].

Table 1. Crystal data and structure refinement of biuret.

Table 2. Selected interatomic distances [A] and angles [°] for biuret and
biuret hydrate,®” as well as the sum of the ionic radii, =r,*®

Parameter Biuret
Biuret Biuret hydrate®®" >

formula CHN,O, iure iuret hydrate I
M, [gmol ] 103.09 C—N,® 1.32-1.33 1.33-1.36 1.38
crystal size [mm?] 0.50%0.02x0.01 C-N® 1.38 1.39-1.40 1.38
crystal system monoclinic c-0 1.23-1.24 1.25-1.26 1.26
space group C2/c N-C-N 114-119 124
a Al 15.4135(8) C-N-C 128 17
bIA] 6.6042(3) N,-C-0P 123-124 121-125
c[A] 9.3055(4) N-C-0% 118-122 117-125
v 91.463(3) labelling: i: belongi he imid ;a: b
VA 946.93(8) [a] AFom abe mg: i: atom belonging to the imide group; a: atom be-
7 8 longing to the amide group.
Deyiea [gem ™1 1.446
u(Moy,) [cm™'] 0.143
F (000) [e] 432
hkl range 18,7, 11 ameter of the resulting channel corresponds to the inter-
[(5in 0)/ Ay [A] 0.59 ribbon distance, so the crystal structure can be regarded as
measured refins 24899 close packed. This packing can be further rationalised by re-
unique reflns 828 di di f ked bi | les bel .
Rui/Ragm 0.099/0.024 garding dimers of stacked biuret molecules belonging to two
no. refined parameters 79 neighbouring parallel ribbons (Figure 2a). These dimers do not
Ry(F)/wR,(F ?) (all refins) 0.068/0.095 reflect the closest intermolecular distances between biuret

2
GoF (F) ) R 1.06 molecules, but facilitate an understanding of the packing motif
Ao (max/min) [eA~3] 0.14/-0.17

because they feature nearly equal distances between the two
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Figure 2. a) Hexagonal close-packed layer of biuret dimers viewed along [0 0 1] (green rhombi outline the dimers as a line to guide the eye). b) AB stacking

of layers to form hexagonal closest packing (for the sake of clarity, only outlines and corners of the rhombi are shown).

amidic nitrogen atoms within a molecule and between mole-
cules, forming rhombi. These rhombi are arranged in hexago-
nal packing in the (1 1 0) plane (Figure 2a), reflecting the
rhomboidal channels described before. The hexagonal layers
are stacked in an AB sequence along [0 0 1], resulting in hex-
agonal closest packing of dimers (Figure 2b).

Characterisation of biuret and cyanuric acid at room tem-
perature

Phase purity of the employed biuret and cyanuric acid samples
was ensured by means of powder XRD (Figure S1 in the Sup-
porting Information). The infrared spectra of biuret and cyanu-
ric acid were recorded between 4000 and 400 cm™' through

attenuated total reflectance (ATR; Figure S2 in the Supporting
Information). Both agree very well with the spectra found in lit-
erature (Table S1 in the Supporting Information). Although the
temperature-programmed (TP) spectra were recorded by
DRIFTS, the room-temperature ATR spectra were used as a ref-
erence for their interpretation, as well as for mode assignment
due to their better signal-to-noise ratio.

In situ XRD and FTIR spectrometry

Because our crystal-structure determination of biuret allowed
us to unambiguously assign its phase to a powder XRD pat-
tern, we could study its decomposition in situ by means of
temperature-programmed powder XRD (TP-XRD). Figure 3
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biuret + biu-cya 180°C

biu-cya 200°C

biu-cya + cyanuric acid 220°C
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Figure 3. TP-XRD results and phase assignment during biuret decomposition between room temperature and 280 °C (biu-cya denotes the 1:1 biuret/cyanuric

acid co-crystalline phase).
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shows selected TP-XRD patterns collected during the decom-
position of biuret. From room temperature to about 160°C,
biuret is the only phase observed (cf. Figure S3 in the Support-
ing Information). Between 160 and 180°C, a co-crystalline
phase of biuret and cyanuric acid in a ratio of 1:1 appears (cf.
Figure S4 in the Supporting Information), the crystal structure
of which was already elucidated for single crystals obtained
through solution-growth experiments.”® At 200°C, the trans-
formation process to this phase is complete and already a few
small reflections appear that can be attributed to cyanuric
acid. Further heating to 240°C leads to the disappearance of
all reflections linked to the co-crystalline phase and only cya-
nuric acid remains as a phase-pure powder (cf. Figure S5 in the
Supporting Information). Further heating leads to diminished
intensities of all reflections, until they disappear completely be-
tween 260 and 280 °C. Although several of the proposed ami-
nated, condensed decomposition products of biuret [Egs. (8)
and (10)-(14)], such as melem,***" melam,®>%? melamine®®”’ or
co-crystals containing the last two,*®¥ are known to crystal-
lise quite well, no traces of them could be detected by means
of TP-XRD.

These findings were confirmed by means of TP-DRIFTS to
rule out the presence of such aminated, condensed species as
amorphous side phases in larger quantities. As observed in
Figure 4, the spectra suggest a continuous transition from a
spectrum identical to that of biuret (shown as a black curve at
the top) below 160 °C, via one characteristic for the 1:1 biuret/
cyanuric acid co-crystalline phase (inserted as a black curve be-
tween the spectra at 180 and 200°C) at about 200°C, to a
spectrum nearly identical to that of cyanuric acid (shown as a

black curve at the bottom) above 280°C. The broad and in-
tense band at 860 cm™' can be seen as an indicator for the for-
mation and decomposition of the co-crystalline phase, since it
is neither present in the biuret nor cyanuric acid spectra, and
is most probably tied to a N—H bending vibration of a group
involved in hydrogen bonding between two different molecu-
lar species. Again, no traces of aminated, condensed species
could be identified within our means, especially no discrete,
sharp absorptions at about 3500 cm™' characteristic for NH,
groups (as would be present in melamine, melem, melam or
melon).[63'56'68]

Thermogravimetric analysis (TGA) of biuret

To understand why our in situ studies did not reveal any indi-
cation of amination of urea derivatives, although these are
clearly shown to occur through a range of other tech-
niques,””?%* we decided to explore the specific pyrolysis
parameters under which such species occurred through TGA,
in terms of crucible shape, heating rate, initial sample mass
and atmosphere. Therefore, four series of TGA experiments
were conducted on biuret: series A, varying crucible shape
(plate, open cylinder, cylinder closed with a lid; Figure 5a);
series B, varying heating rate (0.3-50 Kmin~'; Figure 5b); ser-
ies C, varying employed sample mass (1-81 mg; Figure 5¢) and
series D, varying flushing gas flow rate (10-150 mLmin ", flush-
ing gas: N,). Although variation of the last of these produced
virtually identical TGA curves for the whole series, and is there-
fore not discussed, variation of the parameters in series A, B
and C reveals a massive impact on temperatures and mass

biuret
160°C
180°C

Reflection / a.u.

m
MMW

220°C

240°C T~ — T\~ T
(260°C S~ T\ T
M
w

cyanuric acid

|
4000 3500

| | | | | |
3000 2500 2000 1500 1000 500

Wavenumber / cm’”

Figure 4. TP FTIR spectroscopy during biuret decomposition between 160 and 300 °C, as well as reference spectra of phase-pure samples of biuret, 1:1
biu-cya co-crystalline phase and cyanuric acid (black curves inserted in between).

Chem. Eur. J. 2020, 26, 14366 - 14376

www.chemeurj.org 14370

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry—A European Journal

Full Paper

doi.org/10.1002/chem.202001396

Chemistry

Europe

a) o —— lidded cylinder
1 —— open cylinder
80 —— plate
70 >
60 -
=
% 50
8
S 404
30
20
10
04
T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550
Temperature / °C
) 100 ==
90
80 -
70
. 60
X
> 50
1%}
g 40 -
30
20
10
04

T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550
Temperature / °C

b) 100 -f=
—— 50 K/min
90%) —— 20 K/min
804 —— 5 K/min
— 1 K/min
0] —— 0.3 K/min
. 60
g0
% 50
1%
S 40
30
20
104
04

T T T T T 1] o T = T
50 100 150 200 250 300 350 400 450 500 550
Temperature / °C

Figure 5. a) Thermograms of biuret measured with different crucible shapes (the inset shows the employed crucibles together with a €1 cent coin for scale).
b) Thermograms of biuret measured at different heating rates (0.3-50 Kmin™'). ¢) Thermograms of biuret measured with different initial sample masses (1-
81 mg). d) Photograph of the different crucibles employed for melon synthesis with a €1 cent coin for scale.

losses observed for the respective decomposition steps, as
well as masses of pyrolysis residues remaining at 550°C. Pa-
rameters of the experimental setup, together with crucial char-
acteristics of the obtained thermograms, are compiled in
Table 3. Despite large quantitative differences, the general
shape of the thermogravimetric curves during most experi-
ments throughout the four series remains similar and can be
exemplarily discussed for a typical thermogram (green curve in
Figure 5a; red curve in Figure 5¢), as summarised in the first
entry for series A and third entry for series B in Table 3 (gas
flow rate of 70 mLmin™', open cylindrical crucible, initial
sample mass my,=3mg, heating rate AT=5Kmin™'"). Four
major decomposition ranges can be observed: the first be-

tween 165 and 210°C, accounting for about 33.3% mass loss;
the second between 210 and 265°C, accounting for about
25% mass loss; the third between 265 and 345°C, accounting
for about 40% mass loss; and the last between 345 and
400°C, accounting for about 1.7 % mass loss. The first decom-
position range is further divided into two sub-steps (7.7 and
25.6% mass loss, respectively) visible as a shoulder at about
193 °C. The position of the shoulder during the first decompo-
sition range coincides reasonably well with the melting point
(T,,=193°C) of biuret.”® We therefore attribute the first sub-
step to partial decomposition of biuret in the solid state to cy-
anuric acid, until the melting point is reached, followed by the
second sub-step of enhanced decomposition of biuret in the

European Chemical
Societies Publishing

Table 3. Parameters of the experimental setup (crucible shape, heating rate AT, employed sample mass m,) and selected characteristics of the obtained

thermograms (temperature range Tand mass loss Am of the first, second and third decomposition steps, as well as the relative mass of the pyrolysis resi-

due m,,) for series A-C (flush gas flow rate kept constant at 70 mL min~").

Series Crucible AT [Kmin™"] m, [mg] T [°C] Am;, [%] Tona [°C] Amy,g [%] T3q [°C] Ams,q [%] my, [%]

A plate 5 29 155-205 42.2 205-255 29.5 255-305 28.0 0

A cylinder 5 3.1 165-210 323 210-262 24.7 262-345 40.0 1.0

A cylinder with lid 5 3.0 170-215 254 215-267 23.7 267-375 46.5 2.8

B plate 0.3 29 135-187 59.5 187-213 21.8 213-243 16.2 0

B plate 1 3.0 140-198 49.1 198-232 253 232-275 248 0

B plate 5 29 155-205 42.2 205-255 29.5 255-305 28.0 1.0

B plate 20 3.0 160-223 39.5 223-267 271 267-328 30.9 1.2

B plate 50 3.0 150-230 346 230-275 249 275-360 30.1 24

C cylinder 5 1.0 165-207 35.8 207-257 273 260-320 31.9 0

C cylinder 5 3.1 165-210 323 210-262 24.7 262-345 40.0 1.0

C cylinder 5 8.9 165-212 26.8 212-265 23.0 265-367 46.8 1.0

C cylinder 5 271 165-222 21.7 222-269 233 269-390 513 1.3

C cylinder 5 80.8 165-233 20.3 233-257 123 260-400 60.4 26
Chem. Eur. J. 2020, 26, 14366 - 14376 www.chemeurj.org 14371 © 2020 The Authors. Published by Wiley-VCH GmbH
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melt. The first and second decomposition ranges of biuret to-
gether can be, for the most part, assigned to the formation of
cyanuric acid, according to Equations (3), (2) and (6). Our in
situ diffractometric and spectroscopic measurements could, for
the first time, unambiguously explain why the degradation of
biuret to cyanuric acid occurs through two energetically well-
separated decomposition steps, as the 1:1 co-crystalline phase
of biuret and cyanuric acid has been identified as a clearly
thermodynamically favoured reaction intermediate. Because
the calculated overall mass loss for the complete reaction to-
wards cyanuric acid totals 16.5%, the measured value of 56%
indicates that large amounts of urea, biuret and/or HNCO +
NH; directly evaporate without further reaction with the con-
densed species, according to Equations (3)-(6); we note that it
is long known that HNCO is highly volatile and its reactivity
strongly depends on concentration and temperature.®’ Al-
though urea derivatives with a higher degree of amination
and/or condensation (i.e., ammelide, ammeline, melamine,
melam, melem and melon) could neither be directly seen by
TP-XRD and TP-DRIFTS, nor as a single, separated step in the
thermograms, the occasional presence of a fourth decomposi-
tion range, in which the gradual degradation of melamine via
melam and melam towards melon occurred,®® as well as the
presence of high-temperature pyrolysis residues (melon and
related carbon nitrides) indirectly indicated their occurrence
during the first three decomposition ranges.

Changing the openness of the crucible towards the sur-
rounding flushing gas by changing it from a plate to an open
cylinder and then to a cylinder closed with a lid within series A
shifts the temperature range of the first major decomposition
step to higher temperatures accompanied by lower mass
losses. These changes can be rationalised as less gas exchange
between the atmosphere directly above the sample and the
flushing gas stream, so that both retain more gaseous urea/
HNCO [Egs. (1), (3)-(6) and (9)] and NH; [Egs. (10) and (11)] di-
rectly at the solid/liquid—gas interface to further react to form
condensed products, resulting in smaller mass losses and a
shift of the chemical equilibrium towards the educt side, re-
quiring higher temperatures for decomposition to occur. Con-
sequently, the third decomposition range shows the same
trend with regard to temperature and the reverse trend re-
garding mass loss because monomerisation and evaporation
of cyanuric acid, according to Equation (9), is prone to the
same effects, whereas larger amounts of cyanuric acid form in
the first place to allow for larger mass losses through evapora-
tion later. The fourth decomposition range is absent for the
plate-shaped crucible, possibly because not enough aminated
species have been formed for detection, and it is blended into
the third decomposition range for the crucible closed with a
lid, since the decomposition of cyanuric acid is shifted to suffi-
ciently to high temperatures to occur in parallel to that of mel-
amine. The residual masses at 550 °C follow the same pattern,
indicating that an open crucible shape results in the formation
of a low amount of carbon nitrides because a lesser degree of
evolved NH; remains available for amination reactions at the
solid/liquid-gas interface at lower temperatures.
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Varying the heating rate AT within series B of our TGA ex-
periments corroborates these findings. The temperature range
for the first major decomposition step shifts gradually to
higher temperatures with increasing heating rates, whereas
the corresponding mass loss drastically decreases from 59.5 to
34.6%. Although the former could, in part, also be attributed
to simple thermal inertia of the experimental setup, the latter
is a clear sign of a higher reaction rate of urea/HNCO and NH,
with the solid/liquid species in the crucible, which is caused by
a higher concentration of reactive gases directly at the solid/
liquid—gas interface. The second major decomposition range
shifts to higher temperatures, with corresponding mass losses
increasing up to AT=5 Kmin~' and finally decreasing again for
higher heating rates. Although the shift of the temperature
range can be attributed to the same reasons as those in the
first decomposition range, decreasing mass losses for very
high heating rates indicate a considerable amount of amina-
tion during the first two decomposition ranges, as well as a
lower relative amount of biuret left to decompose during the
second step if decomposition were severe enough during the
first step. The third decomposition range shifts to higher tem-
peratures for the same reasons, while the linked mass loss in-
creases. The residual mass left at 550°C increases from below
the detection limit for AT=03Kmin~' to 24% for AT=
50 Kmin~', which also supports this interpretation.

The thermograms of series C, which are measured by em-
ploying varying initial sample masses m, within crucibles of
the same size and shape, overall further corroborate our work-
ing hypothesis of reactive gas concentration at the solid/
liquid—gas interface being a crucial parameter for the reaction
pathway during decomposition of biuret and its degradation
products. Although the onset of the first decomposition range
is consistently at about 165 °C, its completion shifts to higher
temperatures with increasing initial masses due to higher ther-
mal gradients, as well as higher concentrations of reactive
gases at the solid/liquid-gas interface. Due to thermal inertia,
the thermal resolution of the two sub-steps improves with
higher masses, as the second sub-step, which is linked to the
decomposition of biuret in the melt, is shifted to higher tem-
peratures. The overall mass loss during the first major decom-
position range drops, because the concentration of evolved
gases in the relative confinement of the crucible at the solid/
liquid-gas interface increases with increasing sample mass,
yielding a higher amount of non-volatile compounds as a
result of a higher reaction rate. These trends for both tempera-
tures and mass losses basically also hold true for the second
major decomposition range. The third decomposition range is
again consistently stepwise shifted to higher temperatures and
mass losses, reflecting the sublimation of higher amounts of
cyanuric acid formed during the previous decomposition
steps. In accordance with the masses found for the pyrolysis
residues at 550°C, a fourth decomposition range is discernible
for my=3-81 mg and gets more pronounced with increasing
initial mass, confirming that the amount of aminated species
formed at lower temperatures rises with the initial amount of
sample employed.
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Melon synthesis from urea

As our extensive TGA studies revealed, the reason for the ap-
parent contradiction between ex situ and TGA methods, which
clearly found condensed, aminated species during urea and
biuret decomposition, and our own in situ TP-XRD and TP-
DRIFTS measurements, which failed to, was based on different
reaction conditions: the experimental setup during both
DRIFTS (small amounts of sample diluted by KBr) and TP-XRD
(flat-plate Bragg-Brentano diffractometer) does not allow for
samples that are sufficiently thick to have a surface area to
volume ratio small enough for evolved gases to react within
the sample instead of being flushed away from the solid/
liquid—gas interface by flushing gas streams. Moreover, the re-
sults of our TGA experiments suggested that a relatively closed
crucible geometry, high heating rates and large sample masses
were crucial pyrolysis parameters for successful melon synthe-
ses; therefore, we decided to verify these assumptions by sev-
eral syntheses on the gram scale with standard solid-state lab-
oratory crucible shapes and sizes (one in the shape of a trun-
cated cone with a volume of about 30 mL and three that were
cylindrical with volumes of 60, 20 and 5 mL, as depicted from
left to right, respectively, in Figure 5d). The experiments yield-
ed a highly porous powder, showing typical bluish lumines-
cence under irradiation in the UV region (365 nm),"*?% as well
as a light-yellow body colour, sometimes with brownish discol-
ourations on sample parts close to the crucible wall. A typical
synthesis also leaves similar brownish stains on the upper part
of the inner wall of the crucible employed. All products have
been characterised through powder XRD and FTIR spectrosco-
py, yielding basically identical diffractograms and spectra (Fig-
ures S6 and S7 in the Supporting Information), in good agree-
ment with those reported in the literature.'”” Because the FTIR
spectra exhibit intense bands in the region around 3000 cm™,
we attribute the synthesised samples to being closer to melon
within the continuum of compounds, between the idealised
chemical formulae of melon ([C¢N,(NH,)(NH)],) and g-C;N,, as
found for many other carbon nitride species reported so
far.[24/25]

The yields for each crucible geometry were reproducible
within an accuracy of 0.1% and are summarised in Table 4. Be-
cause it is widespread throughout scientific literature, the
yields have been calculated with regard to the hypothetical
chemical formula C;N, for the sake of comparability, although
it should be noted that true compositions are much more

Table 4. Parameters of the experimental setup (crucible shape, volume
and employed educt mass, respectively number of heating cycles a cruci-
ble has been employed for) and typical yields of the solid state syntheses
from urea, under the assumption that the obtained product has the
chemical formula C;N,.

likely to be somewhere in the continuum between that of C;N,
(carbon nitride) and H;C4N, (melon), depending on the degree
of condensation.?* With increasing educt amounts and cruci-
ble volumes within the series of cylindrical crucibles, typical
yields increasing from 1.6 to 4.4% are expected from surface
area to volume considerations. Changing the crucible to the
shape of a truncated cone, but with a smaller volume further
raises the yield, probably because these crucibles can carry a
higher load per volume compared with that of their cylindrical
equivalents due to the self-compacting effect of the conical
shape for a poured random packing,”"’? and thus, creating a
higher concentration of evolved reactive gases during pyrolysis
within the crucible. During these syntheses, we serendipitously
encountered that reuse of the crucible in a second synthetic
procedure, after carefully unloading and mechanically cleaning
it with a glass rod, further darkened its stained inner walls and
increased the obtained yields. Each further synthetic cycle en-
hanced both effects, as shown in Table 4, until, after about five
cycles, a saturation of yield increase set in and the whole inner
wall of the crucible was darkened from top to bottom.
Through this process, the obtained yields could be more than
doubled, rising from 4.9 to 11.1%. Heating the empty crucible
to 1200°C in air completely restores the original colour of the
crucible wall and resets the yield during the next melon syn-
thesis conducted in it. To study the nature of these discoloura-
tions, a piece of aluminium foil was tucked between the cruci-
ble and its lid during synthesis, leading to similar brownish
stains on it, which were subsequently characterised through X-
ray photoelectron spectroscopy (XPS) on several positions with
varying colour intensity (Figures S8 and S9 in the Supporting
Information). As the spectra suggest, the brownish deposits
are most probably graphitic carbon with small amounts of ni-
tridation. The catalytic activity of carbon or melon itself on
possible amination or condensation reactions was ruled out by
adding active carbon or pre-synthesised melon to the em-
ployed urea, which had no significant impact on the obtained
yields. Because Al,O; is known to catalyse the reaction of urea
to isocyanic acid and ammonia quite well,® we attribute the
rising yields with more synthetic cycles to the increasing
carbon coating of the crucible walls and the resulting reduced
accessibility of catalytic sites on Al,O;. We further studied the
influence of a few selected crucible materials (platinum or
monel, which both completely suppressed the formation of
melon, possibly also due to catalytic activity), but refrained
from employing pure graphite crucibles because these show
severe degradation under the reaction conditions.”

Conclusion

We elucidated the crystal structure of water-free biuret
through single-crystal XRD and characterised biuret at room
temperature by means of powder XRD and FTIR spectroscopy.

Shape Volume [mL] ~ Mass [g]  Yield [%] No. cycles Yield [%] Based on these findings, we were able to perform and inter-

cylinder 5 45 16 1 4.9 pret TP-XRD and DRIFTS experiments to investigate in situ the

cylinder 20 18 4.1 2 7.7 thermal decomposition reaction of biuret, a crucial reaction in-

cylinder 60 49 44 3 8.9 termediate during urea pyrolysis. By directly detecting the oc-
tr. cone 30 29 49 4 1.1 . . . . .

currence of a co-crystalline biuret-cyanuric acid phase during
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known two-step degradation reaction from biuret to cyanuric
acid. Because our measurements did not reveal any aminated
decomposition products of biuret, although such products
have been found by a variety of ex situ methods throughout
the literature, we performed extensive TGA studies on biuret
by varying crucible shape, heating rate, initial sample mass
and flushing gas flow. Within these experiments, we discerned
a massive impact of these parameters on the thermograms,
corroborating that decomposition involved reactions on the
solid/liquid-gas interface that were sensitive to the surface
area to volume ratio of the studied samples. Deducing that
high heating rates, large sample masses and closed crucible
geometries were paramount for the formation of aminated de-
composition products, we studied the synthesis of melon from
urea on a gram scale. Our synthetic experiments with different
alumina crucible sizes and shapes further emphasised our find-
ings. Furthermore, we serendipitously observed the gradual
coating of the inner walls of crucibles with slightly nitridised
graphite (as suggested by XPS measurements) with each reuse
of a crucible, together with an increase in yield of melon up to
11%. We attributed the latter to the diminished accessibility of
catalytic sites on the surface of alumina, reducing the direct
formation and subsequent loss of isocyanic acid and promot-
ing the formation of condensed pyrolysis products. Although
urea is, in terms of yield, still far inferior to, for example, mela-
mine (up to 60%)"* for melon synthesis, it should be noted
that it is considerably cheaper and synthesis also provides still
many possibilities for improvement. In particular, the use of
fluidised bed reactors, such as those already employed for the
synthesis of melamine from urea,”” might be a promising
technique for further yield optimisation and upscaling.

Experimental Section
Reagents

Biuret (97 %, ACROS Organics) was recrystallised once from ethanol
(96%, VWR chemicals). Single-crystal growth of biuret was ach-
ieved through slow evaporation from a saturated solution in etha-
nol at room temperature. Urea (p.a., Merck) was dried prior to use
in a compartment drier at 80°C for 24 h.

Single-crystal XRD

Suitable single crystals were picked under a polarising light micro-
scope. Single-crystal XRD data of biuret were collected at a Bruker
D8 Venture diffractometer by using Moy, radiation (1=0.71073 A)
from an Incoatec microfocus source and a Photon Il CMOS detec-
tor. Absorption correction was performed through the multi-scan
method with the SADABS program/® within the APEX 3 suite.””)
Atomic positions of all atoms, apart from hydrogen atoms, were
found by direct methods with SHELXS"® and refined with aniso-
tropic displacement parameters by full-matrix least-squares refine-
ment against F> with SHELXL.”® Hydrogen positions were deter-
mined by using a riding model and fixing the N—H distance to
0.95 A with a standard deviation of 0.01.

Deposition Number 1986183 contains the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachin-
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Powder XRD

Room-temperature powder XRD patterns were recorded on a Sei-
fert 3003 TT diffractometer in Bragg-Brentano geometry by using
Cuy, radiation, a GE METEOR 1D line detector and a nickel filter to
suppress KB radiation (X-ray tube operated at 40 kV and 40 mA,
scan range: 5-80°, increment: 0.02°, scans per data point: 40, inte-
gration time: 200 s/°). TP-XRD patterns were recorded on an Em-
pyrean (PANalytical) diffractometer by using Cug, radiation, a
Bragg-Brentano™ mirror, a PIXcel’® 2x2 detector and an Anton
Paar XRK 900 reactor chamber (X-ray tube operated at 40 kV and
40 mA, scan range: 5-80°, increment: 0.02° with one step per
0.4 s). Temperatures between 25 and 350 °C were adjusted by heat-
ing at 0.5°Cs™' and maintaining the same temperature for 10 min
before starting each scan.

FTIR spectroscopy

Room-temperature IR spectra were recorded as ATR spectra with a
Bruker EQUINOX 55 FTIR spectrometer, by using a platinum ATR
device (scan range: 400-4000 cm™', resolution: 4 cm™', 32 scans
per sample). TP IR spectra were recorded as DRIFTS spectra on the
same spectrometer, by using a Praying Mantis™ high-temperature
reaction chamber (Harrick Scientific) with KBr as a reference (scan
range: 400-4000 cm ', resolution: 4 cm™', 32 scans per sample).
Temperatures between 25 and 320°C were adjusted by heating at
1°Cmin~" and maintaining the same temperature for 5 min before
starting each scan.

TGA

TGA was performed with a NETZSCH STA 409 PC Luxx thermoba-
lance under a nitrogen atmosphere (flow: 10-150 mLmin™") in
three different types of alumina crucibles (plate-like, cylindrical,
and cylindrical with lid) at heating rates of 0.3-50 Kmin™') and
sample masses between 1 and 81 mg.

Melon synthesis

In a typical synthesis, melon was prepared by filling crucibles of
varying sizes and shapes (one in the shape of a truncated cone
with a volume of about 30 mL and three cylindrical with volumes
of 60, 20 and 5 mL) loosely with urea to the very top, sealing them
with an alumina lid, and putting them into a chamber furnace pre-
heated to 550 °C. The furnace was kept at that temperature for 2 h,
then turned off and allowed to cool naturally to room temperature.
Unloading of the crucibles was performed with a silica glass rod to
avoid deposits of metal from a spatula onto the crucible walls, in
case crucibles were reused after melon synthesis without further
cleaning. In all other cases, crucibles were cleaned mechanically
with a spatula, then boiled in aqua regia for 6 h followed by boil-
ing in demineralised water for another 6 h, soaking in an iPrOH/
KOH bath for 16 h, thorough flushing under demineralised water,
and finally heating to 1200°C in a chamber furnace in air.

XPS

XPS was performed with an Omicron XM 1000 monochromatised
X-ray source with Aly, radiation (1486.7 eV) and an Omicron EA125
hemispherical electron analyser. Survey scans were measured with
a pass energy of 50 eV. A Shirley background was used for back-

© 2020 The Authors. Published by Wiley-VCH GmbH
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ground subtraction. Chemical composition was determined by
analysis of the XPS peak areas, which were corrected by the ele-
ment- and orbital-specific sensitivity factors. The sum of the peak
areas was normalised to 100 %.
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