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Summary

Melamine and its condensation products, such as melam, melem, and melon,
have gained significant attention in recent decades due to their structural versatility
and potential applications as flame retardants and adhesives. This dissertation
explores the thermal behavior and reactivity of melamine in the presence of various
metal chlorides and a metal hydride at different temperatures. This research opens a
new door in the coordination chemistry between metals and melamine, melam, and

melem, introducing their potential applications as luminescent and sensor materials.

The first proposed method for synthesizing metal melaminates is a solid-state
reaction in which melamine reacts with metal chlorides such as CuCl, SbCls, and InCls
in a silica ampule under controlled conditions. This work introduces tricopper
melaminate (Cus(CsNeHs)), which is the first study of three times deprotonated
melamine. This compound is forming channels along the c-axis and has Cu(l)-Cu(l)
bonding. Antimony melaminates were also obtained through a similar approach,
revealing the stepwise deprotonation of melamine at different temperatures, which
ultimately led to the formation of a layered structure of doubly deprotonated antimony
melaminate. Additionally, the indium-melaminate compound displayed a novel
supramolecular structure, which proves that melamine can be four times deprotonated

and shows a new coordination system.

The second synthesis route for melaminates involved reacting melamine with
metal hydrides. This approach was inspired by the alternative synthesis of Cus(C3sNsH3)
via the trimerization of hydrogen cyanamide. Specifically, Cus(C3sNeH3) was
successfully synthesized from NaHCN2and CuCl via a trimerization mechanism. In this
process, NaHCN2 and KHCN: are intermediates in the reaction between the respective
metal hydride and melamine. Consequently, the reaction of KH with melamine led to
the formation of two new intermediates of potassium melaminate compounds,
K(C3sNeHs) and K2(C4N7Hs3).

Further studies on the reaction of melamine with transition metal chlorides
(MnCl2, FeClz, CoCl2) at high temperatures than 350 °C led to the formation of Mn-,

Fe-, and Co-coordinated melem and melam compounds.

X1l



Finally, the synthesis of metal carbodiimides was investigated by decomposing
melaminates and metal cyanurates. This approach successfully produced indium
carbodiimide from indium melaminate and lanthanum carbodiimide from lanthanum
cyanurate. The reaction of cyanuric acid with metal chlorides and sodium hydroxide is
also introduced as an alternative solid-state synthesis method for metal carbodiimides,
leading to the discovery of Laz(CN2)s, which has been a missing rare-earth

carbodiimide for two decades.
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Zusammenfassung

Melamin und seine Kondensationsprodukte wie Melam, Melem und Melon
haben in den letzten Jahrzehnten aufgrund ihrer strukturellen Vielseitigkeit und
potenziellen Anwendungen als Flammschutzmittel und Klebstoffe grol3e
Aufmerksamkeit erlangt. Diese Dissertation untersucht das thermische Verhalten und
die Reaktivitat von Melamin in Gegenwart verschiedener Metallchloride und eines
Metallhydrids bei unterschiedlichen Temperaturen. Diese Forschung eréffnet ein
neues Feld in der Koordinationschemie von Metallen mit Melamin, Melam und Melem
und zeigt deren potenzielle Anwendungen als lumineszierende und sensorische

Materialien auf.

Die erste vorgeschlagene Methode zur Synthese von Metall-Melaminaten ist
eine Festkorperreaktion, bei der Melamin mit Metallchloriden wie CuCl, SbCls und InCl3
in einer Glasampulle unter kontrollierten Bedingungen reagiert. In dieser Arbeit wird
Trikupfer-Melaminat (Cus(CsNsHs)) vorgestellt, die erste Studie Uber dreifach
deprotoniertes Melamin. Diese Verbindung bildet Kanale entlang der c-Achse und
weist Cu(l)-Cu(l)-Bindungen auf. Antimon-Melaminate wurden ebenfalls durch einen
ahnlichen Ansatz erhalten, der die schrittweise Deprotonierung von Melamin bei
unterschiedlichen Temperaturen aufzeigt, was letztlich zur Bildung einer geschichteten
Struktur von doppelt deprotoniertem Antimon-Melaminat fuhrte. Dartber hinaus zeigte
die Indium-Melaminat-Verbindung eine neuartige supramolekulare Struktur, die
beweist, dass Melamin vierfach deprotoniert werden kann und ein neues

Koordinationssystem aufweist.

Der zweite Syntheseweg fur Melaminate bestand in der Reaktion von Melamin
mit Metallhydriden. Dieser Ansatz wurde von der alternativen Synthese von
Cus(CsNsHs3) durch die Trimerisierung von Hydrogencyanamid inspiriert. Insbesondere
wurde Cus(CsNeHs) erfolgreich aus NaHCNz und CuCl (ber einen
Trimerisierungsmechanismus synthetisiert. In diesem Prozess fungieren NaHCN2 und
KHCN:2 als Zwischenprodukte in der Reaktion zwischen dem jeweiligen Metallhydrid
und Melamin. Infolgedessen flhrte die Reaktion von KH mit Melamin zur Bildung
zweier neuer Zwischenprodukte von Kalium-Melaminat-Verbindungen, K(C3NsHs) und
K2(C4aN7H3).
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Weitere Untersuchungen zur Reaktion von Melamin mit
Ubergangsmetallchloriden (MnClz2, FeCl2, CoCl2) bei Temperaturen Uber 350 °C
fuhrten zur Bildung von Mn-, Fe- und Co-koordinierter Melem- und Melam-

Verbindungen.

SchlieBlich wurde die Synthese von Metall-Carbodiimiden durch die Zersetzung
von Melaminaten und Metall-Cyanuraten untersucht. Dieser Ansatz fuhrte erfolgreich
zur Herstellung von Indium-Carbodiimid aus Indium-Melaminat und Lanthan-
Carbodiimid aus Lanthan-Cyanurat. Die Reaktion von Cyanursaure mit Metallchloriden
und Natriumhydroxid erwies sich ebenfalls als alternative Festkorpersynthesemethode
fur Metall-Carbodiimide und fuhrte zur Entdeckung von La2(CNz2)3, einem fehlenden

Seltenerd-Carbodiimid, das seit zwei Jahrzehnten nicht nachgewiesen werden konnte.
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1. Introduction



1.1 Introduction to Triazine and Heptazine Heterocycles

The presence of the heteroatom (N, S, O) in the structure of aromatic carbon
rings, such as benzene (CeHs), forms a new class of organic chemistry named
heterocyclic compounds.! The simplest and most similar hetero-analogue of benzene
is pyridine (CeHsN), as N* and C are isoelectronic. The benzene-like structures, where
one, two, three, or four carbon atoms are replaced by nitrogen atoms, are

systematically known as azines, diazines, triazines, and tetrazines.? 3

Azines show distinct reactivity due to their electron deficiency within the
heterocyclic system. As more nitrogen atoms are introduced in aromatic rings
(diazines, triazines, heptazine), the ring becomes less basic and less nucleophilic.
Triazine (C3H3N3) was first synthesized in 1895 with a low yield of only 10%." This
process was later optimized, achieving a 55-60% yield by reacting hydrogen cyanide
with hydrogen chloride.! The thermal and oxidative stability of systems containing C-N
bonds like s-triazine and s-heptazine are much higher than heterocycles containing C-
C, C-H, or N-N bonds since the difference in electronegativity of N and C can lead to
high bond dissociation energy, increasing their resistance to degradation.® The 1,3,5-
triazine molecule is the parent structure for many important triazines, such as cyanuric

acid, cyanuric chloride, melamine, ammelide, ammeline, etc, as listed in Table 1 below.

Table 1. Important 1,3,5-triazine derivatives and their chemical structures." ©

Name IUPAC name Chemical Formula
Cyanuric Chloride 2,4,6-Trichloro-1,3,5-triazine CsNsCls
Cyanuric Acid 1,3,5-Triazinane-2,4,6-trione C3N3OsHs
Melamine 1,3,5-Triazine-2,4,6-triamine CsHsNe
Ammeline 4,6-Diamino-1,3,5-triazin-2-ol CsHsNsO
Ammelide 6-Amino-1,3,5-triazine-2,4-diol C3HaN4O2
Acetoguanamine 6-Methyl-1,3,5-triazine-2,4-diamine C4H7Ns

Heptazine (Tri-s-heptazine, CeN7H3) was introduced by Pauling and Sturdivant
as the building block for melon or hydromelonic acid (CoH3sN13) and cyameluric acid
(CsN703H3).” The existence of the heptazine nucleus was only proposed by quantum

mechanical calculations and later verified by X-ray diffraction structural data.
2



Afterward, the molecular structure of 2,5,8-triamino-s-heptazine (melem) and
poly(aminoimino)heptazine (melon) was established as condensation products of

melamine.8

1,3,5-Triazines (CsHsN3) and tri-s-heptazine (CsHsN7) are also known as the
cyanuric nucleus and cyameluric nucleus, respectively. Triazine is composed of only
one ring of alternating N and C atoms, while the heptazine ring comprises three fused
rings.® It is important to note that both s-triazine and s-heptazine represent uncommon
cases of heterocycles since they contain neither C-C nor C-H bonds. Consequently,

they can be classified inconsistently as organic or inorganic materials.

The reactivity of different triazines and heptazines with various functional groups
is a fascinating aspect of heterocyclic chemistry, but it is beyond the scope of this work
to elaborate on all their reactions and reactivities. Instead, in the next sections, we will
shortly discuss the structures and reactivities of melamine, melem, and cyanuric acid,

which are closely related to our research.

1.2 Melamine and its Condensation Products

Melamine (1,3,5-triazine-2,4,6-triamine) was first synthesized almost a century
ago (1934) by Liebig from the reaction of ammonium chloride (NH4Cl) with potassium
thiocyanate (KSCN).'® Later on, several researchers proposed additional synthetic
methods with various sources like thiourea (SC(NH2)2), guanidine carbonate
(C3H12N6Q3), cyanamide (CH2N2), and dicyandiamide (C2HsN4).% 1913 Today, urea
serves as the main precursor for the synthesis of melamine. As a result, the production

has increased to millions of tons per year, which makes this material widely available.

Melamine has a monoclinic crystal structure with a space group of P21/a.'* The
units are staggered with respect to one another in such a way that N-H---H bonds are
formed.’ The NH: group itself is basic and acts as a proton acceptor or participates in
hydrogen bonding. Melamine also contains three sp? nitrogen atoms with lone pair
electrons and can act either as hydrogen-bond donors or coordination sites. The

structure of melamine can exist in various tautomeric forms. Two hypothetical isomers

3



are isomelmaine and melamine, which are commonly discussed in numerous
studies.'® 7 These features make melamine an ideal scaffold for constructing

supramolecular assemblies.

The condensation cascade of melamine starts at around 360 °C'8 (340 °C)'° to
melam (CsHoN11), and then at roughly 400 °C™ (380 °C)'9, it converts into melem
(CeHsN10). When heated further, melon and, consequently, carbon nitride (C3Na4)
material are formed.?° All these C/H/N scaffolds were named and presented for the
first time by Liebig from elemental analysis?!, and the respective crystal structures were
identified later. May first suggested the synthesis of melam and described the
degradation process in which melamine is thermally decomposed into cyanamide at a
temperature ranging from 300 to 320 °C.'® Cyanamide then condenses into melamine

and then melam, and finally melem by eliminating two ammonia molecules.

Melam (CsH9N11) is formed by the dimerization of melamine and the release of
one equivalent ammonia. In other words, the two amino groups of the triazine ring in
melamine are linked together by bridging the imide group, featuring a torsion angle of
11° to 14° between the two triazine rings.'® The pure phase of melam is only achieved
by controlling the reaction conditions in autoclave reactions, such as elevated
ammonia pressure.?? However, melam is commonly found with melem (CsHsN1o),
which is formed at slightly above temperature. Therefore, melam is accounted as a
reactive intermediate that mostly exists in the form of various melamine-melem?® or
melam-melem??> 24 adducts. Melem was introduced by Klason.?®: 2> The crystal
structure of a melem is composed of two types of stacked layers tilted at an angle of
approximately 40°.25-27 The planar melem molecules formed containing the heptazine

unit (CsH3Ng) have 327 pm interlayer spacing.? 27

The final product of this condensation cascade is melon, which is a pale to bright
yellow powder. Melon doesn’t describe a single compound; rather, its composition
depends on the degree of polymerization, which is controlled by conditions like
temperature and pressure.?® 2° Two different structural models of melon have been
proposed. The first model consists of three nuclei attached by imide bridges in a cyclic
arrangement, while the second model features the building blocks arranged in infinite

linear chains.® Melon has a band gap of ~2.7 eV 3%, which can be attributed to its

4



extended conjugated TT-system along the imide-bridged heptazine strands. Therefore,

it has applications as a photocatalyst in water splitting or pollutant degradation.® 3!

The significance of melamine condensation products, such as melon, lies in
their early association with the research aimed at discovering materials harder than
diamond; however, later, it was known as CsN4. A wide range of synthetic methods
has been employed to synthesize these materials. Many of them have yielded
structures with imide-bridged heptazine chains or nitrogen-linked heptazine rings,
which resemble an extended cyclic melon model. Most efforts have resulted either in
amorphous powders of undefined compositions or in nitrogen-doped carbon thin films.
Although there have been challenges to crystallinity, these findings highlight the

potential of straightforward precursor-based routes for carbon nitride synthesis.

1.3 Other Reactions of Melamine and Melem

Aside from the condensation cascade reactions of melamine, melamine is itself
a weak base, which enables it to form various salts with organic and inorganic acids
such as cyanurate, picrate, and perchlorate.’> Melamine undergoes hydrolysis in
mineral acids and finally transforms into cyanuric acid.'" 2 In less acidic media,
melamine is typically protonated to form melaminium ions®?, which has been previously
investigated by IR studies.33 3* Melamine can also be considered an intriguing building
block for crystal engineering and the construction of metal-organic frameworks (MOFs)
due to its three nitrogen atoms within the ring, which serve as potential coordination

sites.

In most studies on the coordination of melamine, only the inner nitrogen atom
of melamine is activated as a coordination site.3® The possible reason might be the
availability of hydrogen in melamine for hydrogen bonding, the steric hindrance
between the adjacent amine groups, and the rigidity of the heterocycles.3® In 1999,
the first complex of metal-melamine was introduced as [Cu(CsHsNs)(u-
OCHs3)(ONO2)(HOCHs3)]2 and was synthesized by reacting diacetylmelamine and
Cu(NO3)2:3H20 in methanol.?¢ Another example of coordinated melamine to silver

(Ag(C3NsHs)2Cl04)%7, which was synthesized by slowly diffusing a methanol solution of
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Ag(CsHsN)2ClO4 into an aqueous solution of melamine.®” Additionally, melamine can
also react with AgNOs and form [Ag(C3HeNe)]NO3%8, or polymer of
[Ag2(C3NeHs)(CH3CO2)(NO3)]a%°. The reaction of melamine with some copper-
containing reagents yields products with new coordination motif sites, such as the
reaction of melamine and aluminum isopropoxide with copper halides (CuCl, CuBr) in
water with autoclave, which yields Cu2Brz2(CsHsNe)n and CusCls3(CsHsNe)n. Reacting
mercury(l, II) with melamine in hydrothermal conditions also produces some of these
metal-attached-melamine compounds. The study of such reactions started in 2004 by
reacting melamine and mercury(ll) chloride in water and methanol, resulting in needle
crystals of [MelH*HgCl37](C3HsNs)*°. In 2023, two melamine-based mercury halides of
(CsNeH7)(C3sNeHs)HgCls, and (C3NsH7)sHgCls were introduced as second-harmonic
generation SHG materials.#! Later, our group also discovered HgCl2(C3NsHs), and
(C3NeH7)ZnCl3(CsNesHs) as SHG material from the reaction of respective metal chloride

and melamine in water.42 43

Melamine can also be a major precursor to produce polymers and resins when
reacting with formaldehyde and aldehydes and therefore have properties such as
flame retardants, and adhesives.'® 4446 Melamine-cyanuric acid complex is also
presented by Wang for the first time.#” This study has been further developed as more
functional materials such as supramolecular aggregates of gels and hydrogels?.
These two-dimensional supramolecular assemblies of hydrogen-bonded melamine

and cyanuric acid are used as flame retardants.*4 4°

The reactivity of melem or melamine at higher temperatures, where it transforms
into melem with its NH2 groups, is another important aspect of s-heptazine chemistry.
Since melem is insoluble in water and other solvents and has low reactivity, this area
of study remains relatively unexplored.® Several melemium salts can be obtained from
treating melem  with mineral acids such as  CsN7(NH2)3-H3POs,
H2CsN7(NH2)3S04:2H20, HCsN7(NH2)3ClO04-CeN7(NH2)3.5'-%2 The reaction of melem in
aqueous suspension of metal nitrates such as Zn(NOs3)2, Cu(NO3s)2, Co(NO3)2, and
Ni(NOz)2 has been studied recently by Xu et al.>* Furthermore, the reaction of metal
halides with melem introduced an interesting isotypic series of MeX12(C3NsHs)4 (M =
Ca, Sr, Ba, Pb; X=Br, |) compounds.>®



1.4 Melaminates

Melamine can undergo both protonation and deprotonation, which affects its
chemical behavior and applications. It can accept protons to form cationic derivatives.
The initial protonation results in mono, and further protonation results in di-protonated
melamine.%® Deprotonation of melamine involves the removal of one or even more
hydrogens from melamine's amine groups. It is challenging but important, both from
the chemical and application points of view. Deprotonating melamine more than once
is difficult, but in this case, success has been achieved with stronger bases such as
guanidine, where two deprotonations are possible. In the research done by
Dronskowski, strontium guanidinate SrC(NH)s, the first compound featuring a
deprotonated guanidine unit, was successfully synthesized using strontium and
guanidine in liquid ammonia.®” So, if it is possible with guanidine, it can also be possible

to deprotonate melamine.

To summarize the previous research on the area of melaminates: Two compounds,
potassium melaminate with ammonia salt KC3NsHs-nNHz and tripotassium melaminate
K3C3NeHs, were proposed as melaminates almost 100 years ago by Frankin.58
However, these compounds were obtained as amorphous phases, and their
compositions were only derived from elemental analysis. Later, in research done by
Dronskowski, reactions of elemental potassium, sodium, and rubidium with melamine
in liquid ammonia yielded crystals of adducts of potassium and rubidium as
KC3NeHs'NH3, RbCsNsHs-72NH3, and amorphous  NaCsNsHs'NHs,  under
ammonothermal condition.%® In a different approach, the fixation of triruthenium
clusters on melamine has also offered the activation of two NH2 groups of melamine.®°
In this study, which was conducted in 1997, melamine was reacted with [Ru3(CO)12] in
THF and led to the formation of monometallated, two bimetallated isomeric
derivatives.®® However, the trimetallated derivative was not detected, likely due to
structural constraints and steric hindrance.®® Many other studies received attention as
polymeric complexes of melamine, one of which claimed the three times deprotonated
melamine in the polymeric structures of melamine with di-butyl magnesium.5

However, no crystallographic data proves this structure.



1.5 An Overview of Cyanuric Acid

Cyanuric acid (1,3,5-triazin-2,4,6-trione) with the formula of (CNOH)s is a white
crystalline solid, prepared for the first time in 1776 by Scheele from the pyrolysis of uric
acid (CsHsN4O3)." In 1875, Liebig and Wohler synthesized and analyzed this
compound, although they assigned a wrong molecular formula. Later, in 1875,
Drescher found its correct formula.” The key feature of cyanuric acid is the s-triazine
ring, which, as mentioned before, is formed through the trimerization of cyanate groups
(-OCN)."® In other words, hydrolysis of melamine (C3NeHe) or cyanuric chloride
(C3NsClz) ultimately produces cyanuric acid.' 12 However, industrial production of

cyanuric acid is from urea.®?

Cyanuric acid exists in two forms: the keto form (isocyanuric acid) exists in
solids, and the enol form is dominant in the solution.®® Solid cyanuric acid does not
undergo melting; rather, it sublimates, transitioning directly from a solid to a gaseous
state.®3 The crystal structure of cyanuric acid features planar sheets with N-H-O
hydrogen bonds.®* Short, consistent C-O bond lengths indicate the prevalence of the

keto tautomer, which is also supported by IR data.®*

1.6 Metal Cyanurates

Cyanuric acid has three hydroxyl groups (-OH). These groups of cyanuric acid
are weakly acidic due to the resonance stabilization of the conjugated base. The
negative charge is delocalized over the oxygen and nitrogen atoms. The step-wise
deprotonation of cyanuric acid occurs at pKa values of 6.88, 11.40, and 13.5,
respectively.5% 6 This characteristic plays a crucial role in industrial applications,

particularly in metal complexation and the formation of cyanurate salts.

Cyanurate salts can be classified as monosubstituted (H2C3N303), disubstituted
(HCsN3Os3), and trisubstituted (C3sN3O3), along with mixed variations. However, mono-
and disubstituted salts are the most common salts.’® The first evidence for this
classification emerged when mercury(ll) acetate (Hg(CH3COO)2) reacted with sodium

cyanurate or cyanuric acid and produced two different mercury cyanurates.® Typically,
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cyanurate salts are synthesized by treating cyanuric acid with excess alkali, such as
NaOH.'6. 67 Other metal cyanurates can be obtained through various synthetic routes,
including precipitation reactions between cyanuric acid and metal hydroxides or the
use of existing metal cyanurates as precursors.®”- 68 Numerous metal cyanurates have
been synthesized using these methods. Some notable examples include
Naz[HC3N3O3]-H20, NasCaN30387, K2[HC3N303]'®, Li(H2C3N303)%8, and etc.
Furthermore, the crystal structure of some of the known metal cyanurates varies only
in anionic composition as mixed cyanurates contain a different number of hydroxides
or water. Therefore, the amount of pH alters the kind of metal cyanurate salt. Solid-
state reactions between potassium cyanate K(OCN) and some metal chlorides, which
have been developed by our group, are also methods to get water-free cyanurates
such as Cas(03CsN3)2 (CCY), Sr3(O3CsNs)2 (SCY), Eus(Os3CsNs)2 (ECY), and
Ba3(03Cs3N3)2, of which CCY and SCY have shown strong SHG properties.5® 70

Metal cyanurates are important due to their potential to act as a ligand and
design new materials with specific properties. The thermal decomposition of metal

cyanurates can also link to carbodiimide chemistry.

1.7 Metal Carbodiimides

Metal carbodiimides or cyanamides are part of inorganic chemistry, which is
shown with the general formula of Mx(NCN)y. The [NCN]?~ can exist in two forms, metal
cyanamides (N=C-N2-) and metal carbodiimides ("N=C=N-).”" The synthesis of metal
carbodiimides dates back to 1994 when reacting calcium carbide (CaC2) with nitrogen
gas (N2) at approximately 1,000°C produced calcium carbodiimide (Ca(CN2)).”? This
commercial method, known as the Frank-Caro method, was followed by a large interest
in producing other metal carbodiimides.”? Most of the metal carbodiimides have been
developed through solid-state reaction (SSM) using lithium carbodiimide (Li2CN2) as
starting material, which enables the production of metal carbodiimides at lower
temperatures (740°C to 850°C). Examples carbodiimides are Mg(CN2z), Sr(CN2),
Ba(CN2)"3, Mn(CN2)"4, Cr2(CN2)3"%, Zr(CNz2)2"® and Hf(CN2)26, Sc2(CNz2)3,”” Sn(CN2)"8,
and many other rare-earth carbodiimides’® 8. Many RE carbodiimides are prepared

from metal halide and Li2(CN2) in solid-state metathesis (SSM) reactions. It is worth
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mentioning that, in some cases, the starting material of Zn(CN2)®' has been

alternatively used.

Some transition metal carbodiimides can be synthesized using aqueous
solution-based methods. This process involves reacting metal salts, such as chlorides,
sulfates, acetates, and nitrates with cyanamide (H2CN2) in an ammonia solution
(NH3sOH). For instance, Zn(CNz2) can be synthesized by the reaction of ZnSO4 with
Na2(CN2) in an aqueous solution.8" Moreover, Co(CN2)22, Ni(CN2)22, Cu(CN2)8, and
Cd(CN2)®4 can be prepared by treating their respective metal chlorides with cyanamide
and ammonia. Precipitation of Ag2(CN2) occurs also by mixing silver nitrate (AgNQOs3)
and cyanamide in an ammonia solution.?® Similarly, several p-block metal
carbodiimides, such as Pb(CN2) can be obtained by reacting lead(ll) acetate
(Pb(CH3COO0)z2) with cyanamide and ammonia solution®. TI2(CN2) was prepared in a
solution of thallium carbonate (TI2COs) and sodium carbodiimide Naz(CN2).8”
In2.24(CN2) can be also synthesized in a SSM reaction of indium(lll) bromide (InBr) and
sodium cyanide (NaCN)®, or from a decomposition of (NH4)[(InCl2)s
(C12N20Hs)]-24[InCl3(NH3)] at around 700 "C®. Recently, a novel aqueous solution-
based method followed by pyrolysis produced high-purity calcium cyanamide,®® based
on Seifer’s earlier work."® The process involves reacting cyanuric chloride with metal
chlorides and sodium hydroxide in water to produce cyanurate salts, which are then
pyrolyzed to obtain the target carbodiimides. In this work, we will also use this synthetic

method to investigate the possibility of an unknown carbodiimide.
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2. Objective of This Thesis
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The search for melaminate compounds and investigations by a few researchers
to deprotonate melamine in liquid ammonia®® attracted our attention to this field of
chemistry. We aimed to open a new door to the chemistry of melamine using a solid-
state route, not only to benefit from an easier synthetic route but also to obtain
ammonia free structures that would be regarded to behave more stable under ambient
conditions and had not been reported before. Deprotonated melamine can have the
unique feature of acting as a linker between metal complexes or metal organic
frameworks and can build supramolecular structures. Furthermore, melamine is widely
available and exhibits interesting thermal condensation behavior. The thermal
condensation of melamine at higher temperatures into melam, melem, and melon is
accompanied by the release of ammonia. However, the presence of another reactant,
such as NH4Cl, can alter the reaction pathway, leading to the formation of melaminium
chloride with a protonated melamine ion. This led us to investigate the reactions of
melamine at different temperatures in the presence of metal chlorides in a solid-state

route.

The first melaminate compound from the reaction of CuCl and melamine
emerged as Cus(C3NeH3)°" 92, a deprotonated melamine MOF-like structure with very
specific features, such as Cu-Cu bonding and channels along the c-axis. This study
motivated us to explore various metal chlorides with melamine under different solid-
state conditions and to analyze the obtained products. The deprotonation of melamine
was indeed successful in some of these reactions, such as in the case of antimony
melaminate, which demonstrated that deprotonation of melamine can occur
stepwise.® Later, the reaction of indium chloride with melamine led to a porphyrin-like

supramolecular structure, each structure exhibiting very interesting features.8?

Next, we aimed to synthesize melaminates via alternative routes. This was
inspired by the synthesis of Cus(CsNeHs) from NaHCN2 and CuCl. NaHCN2 was
reported to be synthesized via the reaction of NaH with melamine. Similarly, we
discovered two new potassium melaminates (K(CsNsHs), K2(C4N7H3)) by reacting KH
with melamine. Ultimately, we could report three different routes for synthesizing
certain metal melaminates, such as reacting melamine with metal chlorides, reacting

with halides, and finally, trimerization of hydrogen cyanamide.
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Finally, we also investigated the thermal behavior of melaminates, such as
indium melaminate, and explored that indium carbodiimide can be obtained. The use
of triazines to synthesize carbodiimides had previously been suggested, whether from
melamine or cyanuric acid. However, we aimed to synthesize the missing rare-earth
carbodiimides. We were able to successfully obtain lanthanum carbodiimide
(La2(CN2)3) through the decomposition of lanthanum cyanurates in various steps.
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3. Summary of Main Results



3.1 (Publ. 1)

This study investigates the reaction of melamine in the presence of copper(l)
chloride, yielding the tricopper melaminate (Cus(CsNeHs)). The dehydrogenated
melamine compound was obtained via a solid-state reaction between CuCl and
melamine under an argon atmosphere at 275 °C.%? Kallenbach obtained a small
number of hexagonal brownish crystals using an equivalent amount of CuCl with two
equivalents of melamine in a closed ampule at 400 °C.%! Crystals of Cu3z(C3NsH3) were
first produced with a 27 % yield, along with melaminium chloride (C3H7NeCl), elemental

copper(Cu), and unreacted melamine.®’

The crystal structure of Cus(CsNsH3) was refined through SC-XRD analysis. It
has a hexagonal centrosymmetric structure with a space group of P6/mcc (a =
1205.42(5) pm, ¢ = 616.00(3) pm). The asymmetric unit of the crystal structure
comprises one copper atom, one carbon atom, and two NH groups. An interesting
aspect of this compound is that the melaminate ion (C3NeH3)3>~ (Figure 1a) is
structurally and charge-wise very similar to the cyanurate ion.”% °4+9% Another
interesting feature is the presence of Cu—Cu dumbbells (Figure 1b) connecting two
melaminate ions into planar layers, as well as forming a twisted ladder-like structure.
In this arrangement, Cuz pairs connect two layers of the structure along the stacking
direction of the c-axis. The distance between Cu atoms within a single planar layer is
248.7(1) pm, while the distance between adjacent Cuz dumbbells is 319.7(2) pm. Both
values are smaller than the sum of the van der Waals radii (392 pm) and can thus

indicate a cuprophilic d"°—d"® interaction.®”

The arrangement of six melaminate ions around a six-fold rotation axis creates
pores within the structure. These pores are aligned along the c-axis and are framed by
six hydrogen atoms of the melaminate ions, with H-to-H diameters measuring 732.5(7)

pm (Figure 2).
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Figure 1. a) Cus(CsNsHs3) with the melaminate ion obtained by replacing three
hydrogens with copper atoms. b) structure of twisted ladder Cus(CsNeHs) combined

with Cuz2 dumbbells.

8
T X
¢—¢ . ‘ =

Figure 2. The stacking behavior of Cus(CsNeHs3) in the ab plane is shown, with two

layers on the right and one layer on the left.

The calculated electron localization function (ELF) of Cus(CsNeHs) has also
been studied to demonstrate the different types of chemical bonds present in this
material. Within the triazine rings, covalent bonding between C and N atoms can be
seen by the presence of local maxima in the ELF at the midpoint of the bonds (Figure

3a). The very high values of the ELF around the H atoms (= 1) are the expected
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behavior (hydrogen atoms have only one electron, which is localized in the 1s orbital).
The presence of a nodal plane in the ELF between Cu and N demonstrates that the
Cu—N bonds are ionic. The ELF around the Cu atoms shows some polarization towards
each other, with the electrons lying between the Cu atoms being highly delocalized,
indicating a metallic Cu—Cu interaction. Figure 3b shows the interlayer interactions.
There is no sign of any electronic interactions between the triazine rings, suggesting
that their stacking is driven by van der Waals forces.

Elastic tensor calculations in terms of the directional Young’s modulus (Y) show
that layers along the ab plane have a strong boded framework (Ya» = 95 GPa) and
directional bonding along ¢ has weaker interlayer interactions (Y. = 35 GPa). Since the
ionic and dispersive interactions between the layers cannot produce such a spike in
stiffness, this further confirms the presence of directional Cu—Cu bonding along the c-

axis.

Figure 3. a) calculated ELF in ab plane b) and along c axis to show interlayer

interactions. (color scale ranging from 1(red) to 0 (blue)

The calculated electronic band structure of Cus(CsNeHs3), as shown in Figure 4a,
indicates that the material behaves as a semiconductor. The calculated band gap is
on the order of 2 eV, which is slightly smaller than the experimentally determined value
of 2.7 eV obtained through optical reflection measurement (Figure 4b). The bands near
the Fermi level exhibited a combination of N p and Cu d character which is suggesting
a degree of hybridization between these orbitals. The channels in the Cus(C3NeHs3)

structure offer application as a sensor material when small molecules can be
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incorporated. The full potential of Cus(CsNsH3) and similar compounds remains to be

fully explored.

a)

Energy / eV

b)

30+

Eg=2.74 eV

255 260 265 270
Energy (eV)

275

1
2.80

Figure 4. a) Electronic band structure of Cus(CsNeH3s) and electron density of state

on the right side. b) Optical reflection measurement
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3.2 (Publ. 2)

There were several challenges in the previous route of Cus(C3sNsH3) synthesis
since two by-products of CusCl3(CsNeHs) and Cu2Cl2(CsNeHs) compete with the pure
phase of Cus(CsNeHs). The successful synthesis is highly dependent on pressure,
argon flow, and diameter of reaction tube. Therefore, we needed a large-scale and
high-yield synthesis, aiming to minimize by-products and enhance reproducibility. The
reaction of the (1:1) stoichiometric ratio of CuCl and sodium hydrogen cyanamide
NaHCN:2 was introduced as an alternative route to produce Cus(CsNeHs) via

cyclotrimerization of (HNCN)- ions eq (1).%8
3CuCl + 3 NaHCN2 - Cus(CsNeH3) + 3NaCl eq (1)

Differential thermoanalytic studies (DTA) with a heating and cooling rate of 2
°C min" in the range from 25 to 450 °C (Figure 1) were done to find the exact
temperature of the reaction. The reaction for synthesizing Cus(CsNsH3) has been
chosen to be exactly at 200 °C, slightly above the exothermic peak attributed to the
formation of this compound (Figure 5). This temperature was kept for 45 hours for a
complete reaction. There are no exothermic or endothermic peaks above 200 °C,
suggesting good stability of Cus(CsNeHs). Additionally, TGA studies show that
decomposition of Cus(CsNeH3) shows a slow onset, starting at temperatures above
300°C. However, the decomposition remains almost negligible until 450 °C. In the final

stage, the Cus(CsNeH3) decomposed into CuCN and elemental copper.

CuCl+Na(HCN,)

154 181

DTA (uV*mg-1)

194
| exo

100 200 300 400
Temperature/°C

Figure 5. DTA of the reaction of CuCl and NaHCN:.
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Figure 6 presents the powder XRD pattern of the synthesized Cus(CsNesH3) with
NaCl. To remove the metathesis salt (NaCl), the sample was washed with absolute
methanol. A detailed comparison in Figure 6a and c highlights the differences between
the calculated CIF derived from crystallographic data and PXRD measured. The
intensity ratio of reflections at 20 values of 8.46 and 16.98, corresponding to miller
indices 100 and 200, respectively, deviates from those observed at the measured
crystal. Notably, this ratio changes after washing with methanol (Figure 6b).
Furthermore, a distinctive shift in reflections along the c-axis (002 reflections at 20 =
28.92) is observed, along with some slight shifts in some smaller reflections. These
differences cannot be solely ascribed to temperature measurement variations in single-

crystal and powder XRD measurements or the orientation of particles in the sample.
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Figure 6. PXRD of a) synthesized Cus(CsNesH3) with metastasis salt with the sample
color, b) sample washed with methanol, ¢) calculated pattern form SC-XRD

measurement, with crystals color.

As discussed before, channels can accommodate any host molecule with a size
smaller than 2r = 733.8 pm. Additionally, the presence of six hydrogen atoms per
channel in each layer promotes the hydrogen bonding and stabilizes the host

molecules. Therefore, the difference in the intensities of reflections may be attributed
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to the presence of a host molecule (e.g., melamine, cyanamide derivatives) filling the
channels in the crystal structure, while the shift and broadening in some peaks may be
ascribed to particle defects. Sequential solvent exchange (methanol, acetonitrile, THF,
pentane) and vacuum drying (260 °C, 4 weeks) can remove some of these guest
molecules, yielding a stable, brown powder. The XRD pattern obtained from treated
Cus(CsNsHs) in Figure 7d compares well with the calculated pattern from single-crystal
refinement (Figure 7e).
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Figure 7. PXRD pattern of a) synthesized Cus(CsNesHs) washed with various
solvents, b) washed sample vacuum dried under 260° C for 24 h, c) for 48 h, d) for 4

weeks e) calculated pattern form SC-XRD measurement.

Due to the six-fold rotation axis in the middle of the channels, any guest
molecule, either cyanimide of dicyandiamide, will probably adapt a six-membered ring
arrangement for the host; therefore, in the modeling with diamond graphics, we have
placed melamine inside the channels and in between the channels to see the
differences in XRD. Interestingly, the ratio of reflections changed and gave us the
reason behind this discrepancy of experimental XRD and calculated CIF file of
Cu3(C3NeH3). Additionally, solid-state *C and 'H NMR suggest that disordered

melamine is a potential candidate for being trapped within the channels. However, IR
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studies didn’'t show any evidence regarding the host molecule but could confirm the
structure of Cus(CsNsHs). The band between 3000-3500 cm~ corresponds to the N—
H stretching vibration, and N—H bending vibration appears at 1537 cm~, while the N—
H wagging deformation is at 752 cm='. Moreover, bands at 1450, 1251, and 642 cm™

are linked to different vibrational modes of the melaminate ring.

We have also conducted photoluminescence studies on Cus(C3NsH3).
Interestingly, the treated Cus(CsNeHs3) (with nearly empty channels) is not luminescent.
In contrast, the untreated sample (comprising the host molecules) exhibits a green-
yellow emission color upon excitation with UV radiation. This suggests that host-guest
interactions contribute to the observed emission, a phenomenon known as guest-
induced luminescence.®® This study confirms the potential of this functional material

for application as a luminescent MOF-based sensor.'%

In the data from PL spectra of synthesized Cus(CsNeHs3), the excitation spectrum
shows a distinct peak at 420 nm, while the corresponding emission spectrum exhibits
a peak at 560 nm (Figure 8). The obtained broad emission band at 560 nm is consistent
with the observed green-yellow light. The decay curve suggests that the luminescence
dynamics of the synthesized Cus(CsNeH3) exhibit an almost mono-exponential and

rather fast emission decay, as indicated by the calculated decay time of 14.5 us.
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Figure 8. a) Excitation and emission spectrum of Cus(CsNeH3s) at 77 “C and b) the

decay curve.
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Magnetic studies of Cus(CsNeH3z) were carefully done due to the low signal
intensity of the sample. Temperature-dependent magnetic susceptibility
measurements (Xmol) (2—300 K) show a paramagnetic response to the magnetic field
(Figure 9). The molar susceptibility data were also fitted using a modified Curie-Weiss
equation®!, giving paramagnetic Curie temperature (6,) of —0.48(3) K and an effective
magnetic moment (Jerf) of 0.262 puB (equivalent to 0.034 unpaired electrons) and a
temperature-independent susceptibility (x,) of 7.91 x 10° m3/mol. The magnetism of
copper is defined by its electron configuration, and a saturated 3d shell usually has
diamagnetism. Ligand interaction in Cu(l) complexes may disrupt the electron
configuration, adding to the number of unpaired electrons and inducing
paramagnetism. The Cuzdumbbells in Cu3(C3NeH3) are connected in a twisted ladder
structure along the c-axis, distorting the d'° configuration, which can also contribute to

its paramagnetism.
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Figure 9. The measured magnetic susceptibility of Cuz(C3sNeH3), showing the variation

of Xmol With temperature, accompanied by the fitted red curve.
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3.3 (Publ. 3)

In this section, a new set of melaminate compounds with antimony were
introduced. This work has a similar synthetic route as Cu3s(C3sNesH3) from melamine and
CuCl. As can be seen in Figure 10, the step-wise deprotonation of melamine via a
solid-state route gave us three different compounds and provided insight into the
mechanism of these kinds of reactions. Compounds (1) and (2) are mono-

deprotonated melamine, and compound (3) is double-deprotonated melamine.%

.
+ o . , SbCls ’
N CISb-NH

HZNYNYNHZ ' i~ NH2 HoN__N__NH, HzN};N NH \YN\\I/KSb
clisb N N T N NN |
NYNH b N. _NH Cl3Sb._ N h Cl

N Y ~ NH

NH, ) H NH, H 2

3

Compound (1) Compound (3)

Compound (2)
Figure 10. Three deprotonated melamine compounds synthesized in the presence of

SbCls at various conditions.

The compound (1) was obtained from a ratio of 1:4 at 200 °C. It has been
crystalized in a triclinic system in with space group of P1. The crystal structure of (1)
consists of two protonated melamine ions, one deprotonated melamine, a single
chloride ion, and SbCls forming SbCl4(C3NeHs)(CsNsH7)2 (1). The crystal structure
consists of three unique layers arranged sequentially along the b-axis. The antimony
center is attached to an exocyclic nitrogen atom of the melaminate ion via Sb-N4
(204.7(3) pm) and Sb-N1 (253.6(3) pm). A single CI~ ion in the structure is connected
via hydrogen bonding (Figure 11).

The crystal structure of (2) consists of three protonated melaminium ions and
one deprotonated melamine, an (SbCls)>~ ion, and an SbClsz unit, forming
(SbCl4)2(C3NeHs)(C3NsH7)3, as shown in Figure 12. Antimony in SbCls is linked to the
melaminate ion (C3HsNs)~ via Sb-N4 (204.4(6) pm) and a weaker interaction via Sb-N1
(256.1(3) pm). It crystallizes in the monoclinic P21/c space group, and similarly, the
crystal structure features a layered arrangement and hydrogen bridging within layers.
This compound was synthesized at 200 "C with a 1:2 molar ratio of SbCls to melamine.

The arrangement of stacked layers in compound (1) and (2) is primarily influenced by
24



the tendency for the nitrogen atom in the triazine ring of one layer to alternate with a
carbon atom in the triazine ring of the adjacent layer, which is a behavior similar to
copper melaminate Cus(CsNeH3) compound. Thus, these compounds possibly have -
1 between CsNs rings.

a)

Figure 11. a) the structure of (1) as SbCl4(C3NsH5)(C3sNeH7)2, and b) a perspective
view of the unit cell of (1) along the b-axis (N: blue, C: gray, H: white, CI: green, Sb:
red).

a) b)

YN23

+ N15, N19~

Figure 12. a) Structure of (2) as (SbCls)2(C3NeHs)(C3NeH7)3 projected on the bc-
plane, and b) a perspective view along the b-axis (N: blue, C: gray, H: white, CI:

green, Sb: red).

The crystal structure of (3) consists of the melaminate ion (C3NeHs)>~ and
(SbCI)?* forming SbCI(C3NsH4). It crystallizes in the monoclinic P21/n space group.
Unlike the two previous structures, this structure adopts an infinite chain arrangement
as a result of the bridging connectivity of the divalent melaminate anion, as depicted in
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Figure 13, SbCI (dsb-ci = 254.9 pm) is linked through exocyclic nitrogen atoms of two
melaminate ions, forming Sb-N4 (204.4(6) pm) and Sb-N6 (208.6 pm) interactions,
along with a weaker interaction via Sb-N2 (241.5(1) pm). This compound was obtained
at a higher temperature (250-280 °C) from both 1:2 and 1:4 molar ratios of SbCls to
Melamine

Unlike the two previously mentioned structures (1,2), that show layered
arrangement and possibly 1T-1T interaction between CsNs units, the centroid-to-centroid
distance of CsNs rings in compound (3) is 560-590 pm which is an indication of no T-

1T interaction between the layers.

Figure 13. a) Structure of (3) and b) a perspective view of the unit cell almost along

the a-axis (N: blue, C: gray, H: white, CI: green, Sb: red).

Additionally, the IR spectroscopy confirms the presence of both protonated and
deprotonated melamine species in these compounds. DSC analysis is a helpful tool
combined with XRD to reveal a sequence of exothermic and endothermic events
corresponding to the formation and decomposition of each product and intermediates.
The reaction mechanism is also predicted to be similar to tricopper melaminate with
the release of HCI or, in other words, melaminium chloride, which here is present in
the crystal structure of (1) rather than being a side phase of the reaction. In contrast
to our previous work on Cus(C3sNeHs3), the antimony melaminate compounds couldn’t
be deprotonated three times, and further heating to higher temperatures led to the
formation of an amorphous glass-like phase. This study demonstrates the possibility
of using SbCls to synthesize metal-melaminates, which can validate our previous route
for the development of metal melaminate compounds. However, the probable
obstacles to obtaining three times deprotonation of melamine are high reactivity and

condensation behavior of melamine at the required temperature.
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3.4 (Publ. 4)

Similar to the earlier route, in this research, the solid-state reaction (SSM) of
melamine with indium(lll) chloride (InCls) is investigated. The reaction yields a novel
supramolecular and porphyrin-like assembly of deprotonated melamine. SSM reaction
between 1.2 molar ratio of InClz and 1 molar of melamine was conducted at 250 ° C to
yield the (NH4)[(InCl2)3(C12N20Hs)]-%4[InCl3(NH3)] compound.8® The side phase of the
reaction was characterized as (NHa4)2[InCIs(NH3)] and (NHa4)sInCls, which were
sublimed on the top of the ampule. These compounds were characterized using single-
crystal X-ray diffraction to determine the crystal structure and powder X-ray diffraction
to study the phase purity.

The  crystal  structure of  indium melaminate  ((NHa4)[(InCl2)s
(C12N20Hs)]-%4[InCl3(NH3)]) was solved and refined with a transparent yellow single
crystal based on X-ray diffraction data in the cubic space group / 43d. This novel
compound features either four deprotonated melamine units or two melam units in a
supramolecular assembly, having [C12N20Hs]*~ anion interconnected in the structure
via N—-In—N bonding. As shown in Figure 14a, the central indium atom is linked via
dative bonding to the inner nitrogen atoms (1) of melam or melamine within the ring-
shaped molecule. The other two terminal nitrogen atoms (2) are completely
deprotonated, interconnecting melamine units and also forming N-In bonding.
Similarly, the nitrogen atom (3) undergoes complete deprotonation, forming N-C and
N-In bonds.

The indium(ll) ions within the [(InCl2)(InCl2)4/2(C12N20Hs)]~ fragments are
coordinated in two distinct octahedral configurations. One type is located at the center
of [C12N20Hsg]*-, while the remaining four indium atoms surround the [C12N20Hg]*-
centres and act as a bridge to connect other units, as shown in Figure 14b. Moreover,
In—N bond lengths vary from 204.2(2) pm to 228.1(6) pm. The ammonium ions and
[InCl3(NH3s)] molecules in the structure of (NH4)[(InCl2)3(C12N20Hs)]-%5[InCl3(NH3)] are

situated in the voids of the described structure, as shown in Figure 15.
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Figure 14. a) Connectivity of [C12N20Hg]*~ ion with indium(lll) ion, b) tilted connectivity

of [C12N20Hg]*~ units via -N-In-N- bonds (In is red, Cl green, C grey, N blue).
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Figure 15. a) content of unit cell of (NH4)[(INnCl2)3(C12N20Hs)]-%4[InCl3(NH3)], b)
schematic polyhedral drawing of structure showing position of NH4* in violet and

[InCl3(NH3)] molecules in green.

The thermal stability of this compound has also been studied with TGA analysis.
The decomposition starts at around 413 “C and continues until 700 °C, until the
compound is finally converted into indium carbodiimide (In2.24(NCN)3)'%2. This
compound is also stable at ambient conditions.
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The solid-state luminescence of the synthesized material was investigated at
ambient temperature (Figure 16). The emission spectra depicted two broad bands at
380 and 530 nm, while the corresponding excitation bands are at 350 and 460 nm,
respectively. The 530 nm emission causes greenish luminescence. To further analyse
the photoluminescence behaviour, decay curves of the emission spectra excited at 350
nm were recorded. The decay curves indicated emission lifetimes of 604 ys and 325
gs for the emission bands at 358 nm and 530 nm, respectively. Given that the decay
times of ligand-to-metal charge transfers (LMCT) fall within the microsecond range and
ligand-centered processes like TT—11* transitions fall into the nanosecond range, the
luminescence of this compound can be attributed to either LMCT or metal-centred

transitions.
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Figure 16. Photoluminescence spectrum of ((NH4)[(INCl2)3(C12N20Hs)]-%4[InCl3(NH3)])
at ambient temperature. The excitation spectrum was recorded at 535 nm, and the
emission at 350 nm. (The inset displays the yellow crystalline powder and its green

luminescence under UV light.)
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3.5 (Publ. 5)

This study explores an alternative solid-state route for the synthesis of
melaminate compounds. First, the reaction between KH and melamine in the 6:1 ratio
was analyzed using DSC analysis.'® Thermal analyses are powerful tools for the study
of sequences of reactions and their intermediates.'® Therefore, the DSC analysis of
the reaction of NaH and LiH with melamine was separately analyzed. However, the
DSC results revealed a tight reaction sequence in NaH and a sharp exothermic peak
in LiH reactions. Therefore, we decided to investigate the deprotonation sequence of
KH with melamine. Additionally, this study also introduces a new synthesis route for
carbodiimides such as Li2(CN2) and K2(CNz2). Unlike the traditional method of reacting
metal nitrides (LisN) with excess melamine, this new approach employs a stochiometric

amount of metal hydrides and melamine.

In the DSC plot (Figure 17), one endothermic effect and six exothermic peaks
are observed. To identify each phase following an exothermic peak, parallel reactions
were conducted in fused silica ampules or Schlenk tubes to obtain either pure PXRD
patterns or single crystals for structural identification. DSC studies show that this new
pathway for synthesizing carbodiimides results in a much less exothermic reaction

compared to the old route. (—350 kJ/mol compared to =500 kJ/mol).
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Figure 17. DSC plot of the reaction 6 KH + C3sNsHs — 3 K2(CN2) + 6 Hz2 with a heating

rate of 2 °/min.
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The first and second exothermic peaks at 170 °C and 175 °C correspond to the
formation of new potassium melaminate (K(C3sNsHs)) and potassium cyanomelaminate
(K2(CaN7H3)), respectively. Around 230 °C, Kz(CsN7Hs) decomposes, forming the
previously known KHCN2'%%, and then transforming into KsH(CN2)3'% at 250 °C. The
monoclinic a-K2(CNz2) is formed at approximately 270 °C, and the weak exothermic
effect at 400 °C is attributed to the formation of the tetragonal B-K2(CN2) phase.
Furthermore, the exothermic peak at around 300 °C is also attributed to the formation
of Ks(CN2)2H'97, however, the pure phase of this compound can be obtained by a 7:1

ratio of KH to melamine.

Before this study, previous research in the K-H-(NCN) system was mostly
conducted in liquid ammonia, and several compounds were already characterized,
such as KsH(CNz2)3'%, KHCN2'%8, and Ks(CN2)2H'?”. In each of these compounds,
hydrogen has a different role and is represented differently. In KsH(CNz2)3, hydrogen
acts as a proton, while in KsH(CN2)s, it exists as a hydride, and in KHCNz2, hydrogen
acts as a protonic imide. The (KsH(CNz2)3) compound was prepared by the reaction of
melamine and KNH2 at approximately 320 ‘C or form KHCN2 and potassium.'06
Meanwhile, the Ks(CNz2)2H compound, in which hydrogen acts as a hydride, is formed
from the reaction of K(NH2) and carbon in an autoclave at 650 °C."%” KHCN2 can be
prepared via the reaction of KNH2 and melamine in liquid ammonia.'®® a-K2(CN2) is
prepared in liquid ammonia from the reaction of KH(CN2) and KNH2.'% Herein, only
three of the compounds that appeared in the DSC study are newly identified, and

therefore, their crystal structures are discussed here in detail.

K(CsNsHs), known as monopotassium melaminate, was synthesized by reacting
75 mg of KH with 214.41 mg of melamine in a fused silica ampule at 225 °C for 40
hours. The crystal structure consists of the (CsN3)(NH2)2(NH~) monoanion, together
with two distinct melaminate ions and two crystallographically different potassium ions,
each coordinated by six neighboring nitrogen atoms in a distorted trigonal-prismatic
fashion with distances of 280 and 301 pm (Figure 18). The unit cell contains 16
melaminate ions forming the orthorhombic structure of K(CsNeHs) with a space group
of Pbcn.
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By reacting 75 mg of KH with 147.4 mg of melamine at 240 °C for 60 h in a
sealed silica tube, K2(C4N7H3) can be obtained. The formation of the cyano group can
be explained by the decomposition of melamine at higher temperatures to cyanamide
and dicyandiamide. The crystal structure contains mono-cyanomelaminate anions
coordinated by two crystallographically distinct potassium cations (Figure 19a) and
forms orthorhombic Pmc21. As can be seen in Figure 19b, the structure forms a layered
arrangement of (C4N7H3)?>~ anions in the bc-plane, with potassium ions positioned
above and below the layers. In cyanomelaminate, the (NCN) group is disordered
alongside the NH group, resulting in the neighboring K2 being distributed into two

crystallographic positions.

Figure 18. Two crystallographically different K ions in K(C3NeHs).

The new modification of f-K2(CNz2) is also obtained in the Schlenk tube with 150
mg KH and 78.6 mg melamine at 450 °C for 2 h. The tetragonal K2(CN2) crystallizes
in /41/a space group and is sensitive to moist air. The crystal structure features two
types of (NCN)?~ ions: fully symmetric (dnz-c2-n3 = 124.9(2) pm) and nearly symmetric
(dn1-c1-n2 = 121.4(3) pm and 121.9(3) pm), both classified as carbodiimides. The fully
symmetric carbodiimide is coordinated by twelve potassium ions in a double-square-
antiprismatic arrangement (Figure 20a), while the second type is positioned around
these columns, as shown in Figure 20b. Additional channels are also formed in this

structure (Figure 21), which are occupied by disordered potassium ions (K3 and K4).

32



Figure 20. Coordination environments of two types of (NCN)? ions in the structure of
[(K2(CNz): a) coordination by twelve potassium ions, b) violet polyhedral depicts

coordination by six potassium ions.
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Figure 21. Unit cell of tetragonal f-K2(CN2z) showing disordered potassium atoms (K:

grey, C: red, N: blue).

Besides the given results, the reaction of 6 MH (M: Li, Na, K) with 1 melamine
involves the transfer of positive and negative charges, leading to the release of equal
numbers of molecular hydrogen (Hz2) alongside the formation of M2(CNz2). This reaction
eq (2) can be compared to the typical reaction of hydrogen generation in LiBHs-LiNH2
composite’®%-111 eq (3) materials. In both reactions, hydridic and protic hydrogens
combine in favor of hydrogen generation. Although the reactions are not currently
reversible, catalytic hydrogenation may provide a potential route for hydrogen
absorption and the reformation of precursors (melamine and KH) in the future. Both

reactions offer a significant amount of hydrogen and offer hydrogen storage capacities

6 MH + C3N3(NH2)3s — 3 M2(CN2) + 6 H2T (M: Li, Na, K) eq (2)
LiBH4 + 2 LiNH2 + — Liz(BN2) + 4 H2T eq (3)
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3.6 (Publ. 6)

This study investigates the reactivity of melamine at elevated temperatures in
the presence of some transition metal chlorides, such as MnCl2, FeCl2, and CoClz, to
introduce three new compounds of MnCI2(CsN1oHs), FeCl2(CsN11Ho), and
CoCl2(CsN11H9) (eq (4-6))."2 The main purpose is to investigate the reactivity of melam
and melem as intermediate phases of melamine condensation and discover the new
coordination chemistry of these units. Due to the insolubility of melem and melam in

most organic solvents, solid-state (SSM) reactions were used.

MnCl2 + 2 C3sNeHs — MnCl2(CsN1oHs) + 2 NH3 eq (4)
FeClz2 + 2 CsNsHs — FeCl2(CeN11Hg) + NH3 eq (5)
CoClz2 + 2 C3NsHs — CoCl2(CeN11Hg) + NH3 eq (6)

All crystalline compounds were prepared in a 6 cm silica ampule (inner
diameter) with a molar ratio of 1:2 of metal chloride and melamine at around 400 °C for
100 h. The XRD obtained from the reaction of metal chlorides and melamine at 400 'C
in a closed ampule was in a good agreement with the calculated pattern from single
crystal; however, with a high background. This can be attributed to either the existence
of an amorphous phase or the fluorescence effect of respective metals. To purify the
MnClI2(CeN10Hs) compound, a double chamber ampule was used to separate these
phases with a temperature gradient. The pure MnClI2(CeN1oHs) stays on the hot side of

the ampule, while melamine and ammonium chloride were on the cooler side.

MnCl2(CeN1oHs), FeCl2(CeN11Hg), and CoCl2(CsN11Hg) all crystallize in
monoclinic system, with space groups of 12/a, and P21/c, respectively. As can be seen
in Figure 22, MnCl4/4 chains (along a-axis) are connected to melem units to create a
layered structure. The interesting aspect is that melem is coordinated with manganese
via inner nitrogen atoms (N1), and melam units are positioned between MnCla/4 layers.
In CoCl2(CeN11H9) and FeCl2(CsN11Hg), metal chloride is coordinated via N1 and N7
to a melam unit (Figure 23). CoCl2(CeN11Hg) crystals were obtained under similar
conditions and exhibited a similar PXRD pattern to FeCl2(CeN11H9), suggesting isotypic

structures.
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Figure 22. A perspective representation of the crystal structure of MnCl2(CeN1oHs) a)
in the ab-plane and b) the stacking along the b-axis (N: blue, C: brown, H: white, CI:

green, and Mn: red).

Figure 23. Section of the crystal structure of FeCl2(CeN11H9) projected on a) bc-plane
and b) the unit cell content of the structure. axis (N: blue, C: brown, H: white, Cl: green,

and Fe: purple).

DSC, combined with XRD analysis, revealed that the exothermic peak at 370
°C results in the formation of the MnCl2(CsN10Hs) phase. Additionally, the two other
endothermic and exothermic peaks at 300 ‘C and 306 °C, respectively, lead to two
unidentified intermediate phases. The stability of MnCl2(CsN1oHs) was also studied by
TGA and XRD analysis. The weight loss at 700 °C is related to the decomposition of
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the MnClI2(CeN1oHs) to manganese carbodiimide (Mn(CN2)), and at 900 °C, the
manganese carbide Mn7C3 (ICSD 69534) is formed.

In the rest of the study, the primary focus is on the photoluminescence
properties of MnCl2(CeN1oHe), as it is the first luminescent transition metal-melem
compound. Generally, the PL of Mn?*is attributed to 3d-3d transitions. However, the
local coordination of the ion and overall crystal structure of the respective inorganic
material also affects the PL behavior. The 3d-3d transition has spin and Laporte
forbidden character, so the luminescent materials containing Mn?* have a weak
absorption line. Mn?* luminophores are therefore sensitized by a coactivator,'3 114 g

band-to-band transition of a host,'"® or ligand-centered transitions™'6.

Photoluminescence studies of MnCl2(CsN1oHs) show similar results as Mn(ll)
complexes. The broad emission band that appears at 620 nm is attributed to the spin-
forbidden 4T14(G) — ®A14(®S) transition (Figure 24).116-118 The emitted color is orange
to red, which is in agreement with the emission band. The strong excitation band at
325 nm originates from coordination ligand melam, which enhances Mn?*
luminescence. However, small excitation bands are also observed between 350-500
nm (Figure 24), which are associated with Mn?*-centered transitions from the ground

state term 6A1g to the excited state terms 4T1g, 4T2g, 4A1g, and *Eg.""?
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Figure 24. Photoluminescence spectra of MnCl2(CsN1oHs) in the solid-state at room
temperature.
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3.7 (Publ. 7)

In the previous synthesis of metal carbodiimides such as Li2(CN2), melamine
was used as a precursor and reacted with either a metal nitride (LisN)'%® or a metal
hydride (LiH)'%3. This preparation route, combined with a new synthetic method for
highly pure calcium carbodiimide’? and the proposition of Seifer's, inspired us to
produce missing rare earth carbodiimide Laz2(CNz)s from its cyanurate salts. In the first
step, cyanuric acid and sodium hydroxide were reacted with metal chloride to prepare
the cyanurate salts, and subsequently, the decomposition of metal cyanurates led to
the formation of metal carbodiimide. As mentioned in the introduction section, the pH
value plays a crucial role in synthesizing different cyanurate salts since it influences
the stabilization of various deprotonated forms of cyanuric acid. Two salts of lanthanum
cyanurates, La(HC3N303)(H2C3N303)(H20)s3 (1), eq (7), and
La(H2C3N303)2(OH)(H20)4-H20 (2) were obtained using the same amount of the
precursors (69.5 mg cyanuric acid, 100 mg lanthanum(lll) chloride, 32.2 mg sodium

hydroxide) but different amounts of water (10 ml vs 40 ml). 20

The thermal decomposition of (1) is investigated with TGA combined with DTA.
As shown in Figure 25, the compound (1) undergoes three-step decomposition at 187
°C (-12.04% mass loss) eq (8), 450 "C (—28.38%) eq (9), and 737 °C (-14.82%) eq
(10) corresponding to loss of water, decomposition to La(C3N3Os), formation of

La2(CNz2)s by the release of carbon dioxide, respectively.
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Figure 25. Thermogravimetric analysis (TGA) combined with differential thermal
analysis (DTA) of La(HC3N303)(H2C3N303)(H20)3 (1).
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LaCls+ 2 (HOCN)s + 3 NaOH — La(H203C3N3)(HO3C3N3)(H20)3/+ 3 NaCl  eq (7)

2 La(HC3N303)(H2C3N303)(H20)3—2 La(HC3N303)(H2C3N303)+ 6 H201 eq (8)
2 La(HC3N303)(H2C3N303) & 2 La(C3N303) + 2 H3C3N3Os31 eq (9)
2 La(C3N30s3) > Laz(CNz2)s + 3 CO21 eq (10)

The crystal system of new lanthanum cyanurates (1) and (2) is monoclinic
(P21/c) and triclinic (P 1), respectively. The crystal structure of (1) is shown in Figure
26. and depicts a lanthanum surrounded by five cyanurate ions (mono and divalent)
and three coordinated water molecules. The other compound (2) consists of
monovalent cyanurate anions, a bridging hydroxide, and four water molecules (Figure
26. b).

Figure 26. a) The coordination environment of the La3®* in the structure of (1) and b)
(2) (gray: C, blue: N, green: O, red: La, white: H).

The crystal structure of La2(CN2)s was obtained from PXRD Rietveld refinement
and is reported to crystallize in a monoclinic crystal system with /2/a space group. As
shown in Figure 27, the crystal structure of La2(CNz2)s is composed of two
crystallographically different carbodiimide ions and one type of lanthanum with
a coordination number of eight. The coordination environment of La3* in
La2(CNz2)s is represented by a dodecahedron. The carbodiimide character of
Laz(CN2)s is also confirmed by asymmetric stretching vibrations (vas) at 2029 and
1929 cm-', and bending vibrations (3) are observed at 685, 660, and 621 cm™".
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Figure 27. a) The environment of lanthanum with two crystallographically distinct

[N=C=N]?" ions b) dodecahedron representing the coordination environment of La3* in

the structure of Laz(CN2)s.

Binary rare-earth carbodiimides exhibit three distinct types of structures. Those
containing smaller rare-earth ions, such as RE = Sc’7, Yb, Tm, and Lu’® 2", typically
crystallize in the trigonal rhombohedral space group R3c (Z = 6), whereas compounds
with RE =Y and Ce—Er (except Pm) adopt a monoclinic structure with space group of
C2/m (Z = 2). In the former, the coordination number (CN) is six’®, while in the latter, it
is seven.”® 121,122 Here, Laz(CNz)s exhibits a coordination number of eight and is
considered the largest lanthanide when comparing the general trend of coordination

patterns with the molar volumes (V/Z) of all rare-earth carbodiimides (Figure 28).

b)

Pressure
Transformation

Figure 28. The molar volume (V/Z) of rare-earth carbodiimides, La2(CNz2)s, varies

based on their crystal structures.
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The study also investigates the photoluminescence (PL) spectrum of Ce3* (5%
w.r.t La) doped Laz(CNz2)s for its viability in luminescent screen applications. Ce3* is a
very good emitter with established uses in LED phosphors, scintillators, and UV
lamps.'23-127_|ts luminescence is attributable to interconfigurational transitions, where
the excitation transfers the electron from the [Xe]4f' to the [Xe]5d" state. Emission
occurs on relaxation, leading to two broad bands from spin-orbit splitting (2Fs2 and
2F712). The energy needed for this transition depends on the crystal field splitting of the

5d levels, which are under the influence of the surrounding anions and centroid shift.

As shown in Figure 29, the PL spectrum of La2(CNz)3:Ce®* shows two broad
emission maxima at 450 nm and 500 nm upon 400 nm excitation, with a low Stokes
shift of 2800 cm~', indicating small relaxation. The band gap between [Xe]4f' and
[Xe]5d' configuration is under the influence of crystal field strength or chemical
environment such as ligand type, symmetry, and metal-to-ligand distance. Therefore,
the change of location of Ce3* in different crystallographic positions can change the PL
spectra. La2(CN2)3:Ce®" is blue-shifted with respect to Gd2(CN2)3:Ce® and
Y2(CNz2)3:Ce®*, which emited at ~575 nm, due to a weaker crystal field from longer
metal-to-ligand distances.8% 128 | ow-temperature decay measurements show a single
exponential decay curve with a 26 ns decay time at 77 K, demonstrating its promise

as a blue-emitting luminescent material or scintillator.
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Figure 29. a) Emission spectra at several temperatures and b) decay curve upon 375

nm excitation of La2(CNz2)3:Ce3*(5%).
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4. Conclusion and outlook



This dissertation, titled "Exploring the Formation of Metal Melaminates by
Deprotonating Melamine in Solid-State Reactions and Investigating Melamine and
Cyanuric Acid as Potential Precursors for Carbodiimide Synthesis," presents new
synthetic approaches for some metal melaminates and metal carbodiimides. The
primary objective was to investigate whether melamine, as a widely available weak
base, could be effectively deprotonated. Previous studies on the deprotonation of
melamine®® and even a stronger base such as guanidine®” were done in pressure
liquefied ammonia, and the formation of the strontium guanidinate inspired this
investigation. Furthermore, the reaction of condensation products of melamine, such

as melam and melem with metal chlorides, have also been studied.

The core of this research lies in three different ways introduced for
deprotonation of melamine in solid-state route. First, the solid-state reaction between
various metal chlorides (CuCl, SbCls, and InCls) and melamine is introduced.
Deprotonation of melamine with metal chlorides acting as a lewis acids yielded several
deprotonated compounds.® 92 9 Second, metal hydrides such as KH reacted with
melamine and hydrogen was released during the reaction. Potassium melaminate
K(CsNsHs) and potassium cyanomelaminate Kz(Cs4N7H3) are two melaminates
obtained in this route.'® Third route is via cyclotrimerization of (HCN2)~ that enabled
us to successfully reproduced the Cus(CsNeHs) compound from the reaction of
NaHCN:z and CuCl in solid-state.%

Deprotonated melamine can act as a ligand to form layered structures to metal
organic frameworks or even supramolecular structures, all of which present interesting
properties. For instance, Cus(C3sNeH3) was shown to behave as a semiconductor and
has potential applications in gas sensing.%> Moreover, guest-induced luminescence
observed in this compound indicates promising sensor applications.®® The reaction of
KH with melamine additionally suggests potential applications in hydrogen storage. %3
Furthermore, our group's investigation of mercury melaminates with second-harmonic
generation (SHG) activity further points to potential applications of melaminates.*2 43
The photoluminescence properties of indium melaminate and MnCl2(CsN1oHs)!"2
further confirm the optical potential of this class of compounds. However, the potential

of melaminate acting as a ligand for compounds is highly promising and can introduce
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further sets of properties depending on the type of metal centers involved in the

structure.

In terms of carbodiimide synthesis, the decomposition of indium melaminates
yielded In224(NCN)s, or the reaction of melamine with metal hydrides (KH, LiH, NaH)
yielded metal carbodiimides such as Li2(CNz2), and Naz2(CNz), and two different
modifications of K2(CN2).'% This way, we have improved the synthetic route for
Li2(CNz2), which is a main precursor for preparation of other metal carbodiimides in SSM
reactions. The previous route, which was the reaction of LisN with melamine, has a
higher enthalpy of reaction and requires an excess amount of melamine and a more
controlled condition. There are also various routes of synthesizing metal carbodiimides
in solid-state or solution-based chemistry. However, some of the rare earth metal
carbodiimides, such as La2(CN2)3'?°, were not obtained from previously suggested
routes because the LaCI(CN2)'?° was formed as a stable phase. Investigating the new
synthetic route of decomposing metal cyanurates to carbodiimides yielded this
undiscovered rare earth carbodiimide, La2(CNz2)s, with a new coordination number of
eight. Furthermore, the successful doping of La2(CN2)3 with Ce3* for blue emission

highlights a pathway for application as luminescent materials and scintillators.?°

In conclusion, the solid-state chemistry of melamine and its derivatives of
melam, melem, and cyanuric acid offers a broad and interesting range of new
compounds that seem to be partly unexplored. Metal melaminates open a new chapter
in melamine chemistry, enabling us to study the formation and functionalities of novel
layered, porous, and supramolecular materials. Metal cyanurates also demonstrate
significant potential, especially for SHG-active materials. Overall, melaminates and the
condensation products of melamine and carbodiimide chemistry contribute to a
broader understanding of s-triazines. Future work can further expand these findings
toward the design of new functional materials and MOFs using melamine-based

ligands, as well as by investigating the potential of underexplored metal carbodiimides.
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ABSTRACT: Crystals of Cu;(C;N¢H;) are formed by a solid-state reaction of CuCl with
melamine to form a layered framework structure with open pores running along the
hexagonal axis direction of the P6/mcc structure. The compound contains the hitherto
unknown (C;NgH;)*™ ion, assigned as melaminate. Bonding interactions within and
between Cu—Cu dumbbells, which connect melaminate ions into layers, are analyzed by
density functional theory calculations of the electron localization function and directional
Young’s modulus. Band structure calculations reveal the material to be a semiconductor

with a band gap on the order of 2 eV.

B INTRODUCTION

The discovery of melamine (C3;NgHy, or 1,3,5-triazine-2,4,6-
triamine) dates back to the work of Liebig in 1834." Since
then, a remarkable number of derivative compounds, including
supramolecular assemblies, flame-retardant materials, and
melamine formaldehyde resins, have emerged, even as
materials used in our daily life.” >® Thermal treatment of
melamine leads to condensation reactions, forming melam
(C¢NjpHg) and melem (C4NjH,) with increasing temper-
ature, with release of ammonia.””?® The course of the thermal
conversation reactions of melamine has been shown to depend
on a subtle interplay of reaction conditions with respect to
temperature, pressure, and the specific reaction rate.”**’

Thermally induced reactions of melamine involve the
formation of compounds which include sizable assemblies of
1,3,5-triazine moieties; the involvement of other reactants into
such a reaction can have a significant effect on the reaction
pathway. For example, the presence of NH,CI leads to the
formation of melaminium chloride with a protonated
melamine ion in (C;NgH,)CL*

Our exploration of the reactions of melamine with metal
halides has established the existence of the melaminate anion,
(C3N4(NH);)%". As a first example we present herein the novel
compound Cuy(C;N5(NH),) whose composition and struc-
ture are related to the recently discovered family of metal
cyanurates,' ~>* which have been established by means of
solid-state metathesis reactions. Cyanurates such as
Ca;(C;N;0;), (CCY) show remarkable SHG (second-
harmonic-generation) properties,** ™ and their discovery has
triggered significant research efforts in the field.

© 2021 American Chemical Society

7 ACS Publications

Bl RESULTS AND DISCUSSION

Cuy(C;NgH;) was synthesized by a solid-state reaction of
CuCl with melamine under flowing argon at 275 °C.
Cu;(C3NgH;) forms hexagonal brownish, rod-shaped crystals
and powder along with melaminium chloride as a white
sublimate (eq 1):

3CuCl + 4C;NgH, = Cuy(C3NgH;) + 3(C;NH,)Cl
(1

A recorded powder X-ray diffraction pattern (XRD) evidenced
the new compound in estimated 80% yield based on copper.
The crystal structure of Cu;(C3;NgH;) was refined by single-
crystal XRD, revealing the centrosymmetric space group P6/
mec (a =1205.42(5) pm, ¢ = 616.00(3) pm). Only one copper,
one carbon, and two NH groups are contained in the
asymmetric unit of the crystal structure. The crystal structure
includes two interesting features: the novel melaminate ion and
the presence of Cu—Cu bonding.

Cu,(C3N,(NH);) with the melaminate ion (Cy;N;(NH);)3~
can be simply derived from melamine (Figure 1) by
substitution of three hydrogens by copper atoms (Figure 2,
left). The melaminate ion and the cyanurate ion can be seen as
analogues with respect to their structures and total charge.

Received: July 15, 2021
Published: October 19, 2021
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Figure 1. Structural formula of melamine (C;N;(NH,);, left)
compared to the (C;N3(NH);)® ion (center) in Cuy(C3N5(NH);),
and the cyanurate ion (C;N;0,)°” adapted from the structure of
Ca;(C;3N;05), (right).

Figure 2. A layer section of the structure of Cuy(C;N;(NH),),
showing Cu, dumbbells, connecting melaminate ions into layers (left)
and the calculated ELF shown on a color scale ranging from 1 (red)

to 0 (blue) (right).

Copper atoms in the structure form Cu—Cu dumbbells with
short Cu—Cu distances (248.7(1) pm), which are emphasized
in Figure 2 (left). Each pair of copper atoms connects two
melaminate ions into planar layers. The Cu, dumbbells can be
envisioned to be further connected with other Cu, pairs along
the stacking direction (c) to generate the motif of a twisted-
ladder structure, as shown in Figure 3 (left). Distances between
copper atoms of adjacent Cu, dumbbells (dc,_c, = 319.7(2)
pm) are slightly longer than the separation between layers in
the structure (308.0(2) pm). Cu—Cu separations shorter than
the sum of the van der Waals radii (approximately 392 pm)
have been 3Breviously considered as cuprophilic d'°—d'°
interactions.”’~* The bonding characteristics between copper
atoms were analyzed using the electron localization function
(ELF), as shown in Figures 2 and 3 (right) and described
below.

The overall crystal structure of Cu;(C;N;(NH);) is
composed of melaminate rings arranged in layers with
hexagonal symmetry, interconnected by Cu, dumbbells, as
shown in Figure 4. All atoms are situated in mirror planes (m,)
of the structure. Layers are stacked in an AB type hexagonal

*x .

e—¢

Figure 4. Crystal structure projection of Cus(C;N;(NH);) on the
hexagonal ab plane, emphasizing the stacking behavior, with two
layers on the right side and one layer on the left side of the drawing.
Pores run along the stacking (c) direction.

fashion in which the triazine rings of melaminate are stacked
on top of each other with a slight twist relative to each other.
This structural pattern is displayed with a single-layer and a
double-layer arrangement in Figure 4. A similar type of
stacking behavior of twisted melaminate rings has been a
characteristic feature in the structures of metal cyanurates
M,(C;N;0;) (M = Ca, Sr, Ba, Eu).>"*** The stacking of
melaminate rings with N positions located above and below C
positions (and vice versa) could be influenced by weak
electrostatic interactions between layers, as is seen in h-BN, for
example.*®

The arrangement of six melaminate ions around a 6-fold
rotation axis generates pores in the structure of Cu;(C;N¢H;)
running parallel to the ¢ axis. These pores are framed by six
hydrogen atoms (per layer) of melaminate ions with H to H
diameters of 732.5(7) pm. Therefore, the structure can be
considered to be a nanoporous metal—organic framework
(MOF).

The electronic and structural properties of Cu;(C;NgH;)
were investigated using density functional theory (DFT) using
the Abinit software package (example input files are available
as part of the Supporting Information).**™° A plane-wave
basis set, the Perdew—Burke—Ernzerhof exchange—correlation

Figure 3. Section of the structure of Cuy(C;N;(NH),), showing Cu, dumbbells combined into a twisted ladder structure (left) and the calculated
ELF in a plane including the Cu and C atoms of the top and bottom layers.

16304
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functional, and the vdw-DFT-D2 dispersion correction were
used. Structural relaxation was performed prior to the
calculation of properties. The calculated electron localization
function (ELF) of Cus(C;NgH;), shown in Figures 2 and 3,
beautifully demonstrates the various types of chemical bonds
present in this material. Within the melaminate rings, covalent
bonding between C and N atoms can be seen by the presence
of local maxima in the ELF at the midpoint of the bonds. The
very high values of the ELF around the H atoms (~1) follow
the expected behavior for organic materials.>’ The presence of
a nodal plane in the ELF between Cu and N demonstrates that
the Cu—N bonds are ionic, with a local maximum of the ELF
from N to Cu indicating a polarization of the N electron
density toward Cu. The ELF around the Cu atoms shows some
polarization toward each other, with the electrons lying
between the Cu atoms being highly delocalized, indicating a
metallic Cu—Cu interaction (i.e., a sharing of electrons without
clearly defined orbital hybridization as is seen in covalent
bonds). Figure 3 shows the interlayer interactions in terms of
the ELF. There is no sign of any electronic interactions
between the triazine rings, indicating that their stacking is
driven primarily by van der Waals forces. Between the Cu
atoms, there is some evidence of delocalized electrons,
potentially indicating weak interlayer Cu—Cu metallic
bonding.

The strength and directionality of the interlayer interactions
was studied further by calculation of the elastic tensor (Figure
S).

Figure S. Elastic tensor of Cu;(C;NgH;) in Voigt notation.

The elastic anisotropy is visualized in Figure 6 in terms of
the directional Young’s modulus (Y). In the ab plane, Y has a
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Figure 6. Perspective projection of the calculated directional Young’s
modulus of Cu;(C;N¢H;) with a view approximately along the a axis
(c vertically).

value of 95 GPa, indicating that the layers form a strongly
bonded framework. Along ¢, Y has a value of 35 GPa, which
falls off steeply with any deviation away from the ¢ axis. This
elastic behavior evidences directional bonding along >
dispersive and/or ionic interactions between layers are
insufficient to produce such a spike in stiffness.”>>* Therefore,
we can conclude that Cu—Cu bonding is present along ¢,
making Cu;(C;NgH;) a three-dimensional framework material.
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Interestingly, the Poisson ratio is also nearly zero for uniaxial
stresses along c.

The calculated electronic band structure of Cus(C;N¢Hs;) is
shown in Figure 7. The material is predicted to be a
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Figure 7. Electronic band structure of Cus(C;NgH;), with the
electronic density of states shown at right (Cu, orange; N, blue; C,
yellow; H, gray; total, black). Special points in and paths through the
Brillouin zone were chosen following ref S5.

semiconductor with a band gap on the order of 2 eV, slightly
smaller than the experimental value of 2.7 eV obtained from
optical reflection measurement (Figure S1). The bands near
the Fermi level have a mixture of Cu d and N p character,
indicating some hybridization between those orbitals.

Bl CONCLUSION

The new Cus(C3;N;(NH),) (tricopper-1,3,5-triazine-2,4,6-
triimide) is formed by the solid-state reaction of a metal
halide with melamine at moderate temperature; it represents
the first compound with a melaminate ion. The synthesis of
Cu;(C3N5(NH);) from CuCl and melamine is based on HCl
elimination with formation of melaminium chloride as a
sublimate.

Cu;(C;N53(NH);) crystallizes with a layered framework
structure including metallically bonded Cu, dumbbells.
According to our studies, more compounds with melaminate
anions can be expected to be developed.

The full potential of Cuy(C;N3(NH),;) and related
compounds has yet to be determined. The close structural
relationship of Cuy(C3;N;(NH);) to the metal cyanurates
(CCY, SCY) suggests the potential for SHG applications once
a noncentrosymmetric structure is found. Cuy(C;N;(NH);) is
a metal—organic framework with small one-dimensional
channels, and therefore, incorporation of small molecules
into channels of the structure may be considered, as can
employment as a sensor material. Electronic structure
calculations and experimental studies suggest
Cu;(C3N;(NH);) to be a semiconductor with a band gap on
the order of 2—3 eV.
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Table S1. Crystal data and structure refinement for Cu;(C;NgH3).

CCDC Identification code
Empirical formula
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 67.684°

Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 20(])]

R indices (all data)

Largest diff. peak and hole

2063421

C3 H3 Cu3 N6
313.73

100.0(1) K
154.184 pm
Hexagonal
P6/mcc
a=1205.42(5) pm
b =1205.42(5) pm
¢ =616.00(3) pm

0.77515(7) nm?

4

2.688 g/cm?3

9.144 mm-!

600

0.042 x 0.035 x 0.024 mm?
4.235 to 80.032°.
-14<h<12,-14sk<s15,-7<1=7
17353

313 [R(int) = 0.0557]
100.0 %

Gaussian

0.855 and 0.766

Full-matrix least-squares on F?
313/07/28

1.070

R1=0.0319, wR2 = 0.0850
R1 =0.0329, wR2 = 0.0863
0.719 and -0.400 e.A"
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Table S2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (pm?x 101)

for Cus(C3NgH;). U(eq) is defined as one third of the trace of the orthogonalized U¥ tensor.

X y z U(eq)
Cu(1) 410(1) 4236(1) v 34(1)
N(1) 6479(3) 2108(3) v 34(1)
N(2) 8679(3) 2949(3) Y 34(1)
c(1) 7680(3) 3133(3) v 28(1)
30
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- 20
.
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| Eg=2.74 eV
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Figure S1. Tauc plot of a UV-Vis reflectance measurement of Cu;(C;NgH;) indicating a
direct band gap of 2.74 eV. a corresponds to the absorption coefficient, h is planck’s constant
and v is the frequency.
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Figure S2. PXRD pattern of Cu;3(C3NgH3) recorded in air. Red circles: measured data points, black

line: calculated pattern, green strokes: bragg positions, blue line: difference curve.
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ABSTRACT: A novel and more efficient synthesis of Cuy(C;NgH;) is presented through a
salt-metathesis reaction using copper(I) chloride and sodium hydrogen cyanamide. This
synthesis yields a melaminate trianion through the cyclotrimerization of (HNCN)~ ions,
offering an alternative route to the deprotonation of melamine for synthesizing melaminate.
The reaction is analyzed via differential thermal analysis. After the unconventional formation of
this MOF-like structure by solid-state reaction, this material still requires treatment via solvent
exchange and vacuum drying due to the presence of a host molecule inside the channels of the
structure. The process and the impact of the treatment of Cu;(C;NgH;) on its XRD pattern are
thoroughly discussed. Additionally, results from stability, NMR and infrared spectroscopy, and
thermogravimetric analysis. Finally, photoluminescence and magnetic studies are conducted to

evaluate their potential as a functional material.

1. INTRODUCTION

The compound 2,4,6-triamino-1,3,5-triazine, widely known as
melamine, is today commercially synthesized from urea.'™
However, in 1943, the only commercially feasible method for
its production was the trimerization of cyanamide or using
dicyandiamide as a precursor.”® In this process, crystalline
cyanamide or dicyandiamide was placed in an organic solvent
at 190—250 °C under atmospheric pressure, and melamine was
produced in 95% purity with 5% contamination of deamination
products.* Melamine is mostly insoluble in common organic
solvents, making the study of its reactions more challenging.6
Despite the capability of melamine to form extended hydrogen
networks, this compound can act as a poor ligand, especially in
an aqueous medium.””” Up to now, several metal complexes
with melamine have been investigated to study the
coordination chemistry of melamine.”™"* However, dealing
with melamine in solid-state reactions facilitates the study of
this material as a ligand and provides an opportunity to explore
its applications.

The first layered metal melaminate metal—organic frame-
work, Cus(C;NgH;), was reported in our previous research,'*
which represented an initial understanding of the structure of
three-times deprotonated melamine as a ligand for copper
metallic centers. However, the synthetic method reported in
our previous work with melamine (eq 1) cannot be well
reproduced since a successful synthesis depends on various
factors such as pressure, the flow of argon, and the diameter of
the reaction tube or the vessel.'®'? In our previous

© 2024 American Chemical Society
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investigation of the synthetic route, we discovered that two
byproducts, Cu,CL(C;NgH,) (eq 2) and CuyCl(C;NgHg)
(eq 3),"* compete with the pure phase of Cu;(C;NgH;)."* In
fact, this issue arises from the early sublimation of melamine
(at various pressures) before reaching the reaction temperature
of 275 °C.'>'® In other words, the amount of melamine
available for reacting with copper chloride is continually
changing due to the degree of sublimation of melamine.

3CuCl + 4C;NgH, = Cuy(Cy;NGH,) + 3(CyNgH,)Cl

(1)
2CuCl + C3NgH = Cu,Cl,(Cy,NH) (2)
3CuCl + C;NjH¢ = Cu,CL(C,;NgHy) 3)

In our previous research, Cuy(C;NgH;) was crystallized into
brown hexagonal rods. Single crystal measurement uncovered
that the structure of copper-melaminate is characterized by its
twisted ladder structure of Cu—Cu dumbbells and six
melaminates arranged to create a layered framework with
pores running along the hexagonal c-axis direction (Figure 1).
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This substance behaves as a semiconductor and exhibits a band
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Figure 1. Single layer of Cu;(C3;NgH;) with channel size (hydrogen-
to-hydrogen distance). Copper atoms are shown in light blue,
nitrogen blue, carbon gray, and hydrogen white.

One challenge in the synthesis of MOFs for commercializa-
tion is scaling up their production (>1 g)'’~'" while
maintaining good crystallinity. To further explore the potential
of Cuy(C3N¢H;), this critical aspect needs to be addressed.
First, a large-scale and high-yield synthesis approach should be
introduced to enable us to produce a significant quantity of
Cu;(C3NgH;). Then, the XRD patterns of powders obtained
from large-scale synthesis have been compared with the
calculated ones from the measured single crystal.

Our present work demonstrates that simpler and more
efficient solid-state metathesis reactions can be used to
synthesize tricopper-melaminate via the cyclotrimerization of
hydrogen cyanamide (HNCN)~, as has been previously
demonstrated for the synthesis of metal-cyanurates via
cyclotrimerization of cyanates (OCN)~. Overall, in this
study, we have successfully tackled the challenge of achieving
a high yield and good regroducibility by using a novel synthesis
route for Cuy(C3NH,).*7>* We also discuss the methodology
employed for treating Cu;(C;NgH;). Furthermore, stability,
IR, and NMR studies, along with an exploration of its magnetic
properties and photoluminescence have been carried out to
further discover the potential of this material.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Structure. The number of compounds
containing deprotonated melamine is very small, as even the
deprotonation of a weak base is challenging. However, our
study, combined with previous research in this area,'* shows
that there are various approaches to achieving these kinds of
compounds. Two compounds, sodium melaminate Na-
(C3NgH;)-nNH; and tripotassium melaminate K;(C;N¢H;),
were prozposed for the first time to be melaminates by
Schnick.>® These compounds were obtained as amorphous
phases, and their compositions were only derived from
elemental analysis. Later, attempts to deprotonate melamine
in liquid ammonia have yielded a class of materials known as
melaminate adducts with ammonia, such as rubidium (Rb-
(C3NgH;)-1/2NH;) and potassium (K(C3NgH;)-NH;), as

investigated by Dronskowski.”* In our previous paper, we were
also able to deprotonate melamine three times with copper
chloride (CuCl) in a solid-state synthesis (eq 1), which
allowed us to further study the effects of other metal halides
such as antimony chloride (SbCl;) and achieve the three
deprotonated compounds of SbCl,(CyN,gH,y),
SbCl,(C¢N,H,3),, and SbCI(C;NgH,).*® Herein, we propose
a new method to obtain melaminates.

Deprotonation of melamine can be logically achieved by a
strong base such as liquid ammonia.** Therefore, we studied
the effect of bases such as NaH and NaNH, in the
deprotonation of melamine in the solid state. Reacting either
of these compounds with melamine gave us different
intermediates, Na;H(CN,);*® and Na(HCN,), providing us
with the idea of achieving the melaminate anion through the
cyclotrimerization of (HNCN)™ ions (Figure 2). This resulted
in a higher yield (>90% w.r.t. Cu) of the previously reported
Cu;(C;NgH;) eq 4.

3CuCl + 3Na(HCN,) 2 Cuy(C;NgH;) + 3NaCl  (4)

HN_ i
Ne A N

| !

Figure 2. Cyclotrimerization of HNCN to give (C;NgH;)*".

This new strategy, along with the fundamental concept that
cyanamide trimerization yields the melaminate unit, introduces
a new approach to synthesizing melaminate structures. The
layered structure of Cuy(C3;NgH;) has been reported to be
hexagonal with the space group of P6/mcc (a = 1205.42(S)
pm, ¢ = 616.00(3) pm) in our previous work.'* The crystal
structure refinement obtained from these brown crystals
suggests that the channels within the crystal were empty
with no discernible residue of electron density present. The
channels within the layered crystal structure of Cuy(C;NgH;)
are schematically shown in Figure 3a,b.

2.2. Thermoanalytic Studies. The reaction of the (1:1)
stoichiometric ratio of CuCl and Na(HCN,) was conducted
using differential thermoanalytic (DTA) studies with a heating
and cooling rate of 2 °C min~" in the range from 25 to 450 °C
(Figure 4). There are three distinct exothermic peaks, each
representing a specific reaction between the reactants. Each
peak was studied by stopping the reaction at each temperature
and studyinZ% the X-ray diffraction (XRD) taken from each
experiment.”” The peak at 194 °C corresponds to the
formation of Cuy(C;NgH;). The reaction for synthesizing
Cu;(C;5NgH;) has been chosen to be exactly at 200 °C, slightly
above the exothermic peak attributed to the formation of this
compound, and kept for 45 h for a complete reaction. Notably,
there are no additional exothermic or endothermic peaks
observed upon heating to 450 °C, suggesting the good stability
of Cu;(C3NgHs;) at higher temperatures. However, the thermal
stability has been further investigated through a TGA test
conducted on as-synthesized Cu;(C;NgH;) (1), and the
results are explained in the stability section. The small
exothermic peaks observed at 154 and 180 °C are attributed
to the formation of intermediate and unidentified phases
(Figure S1). Unfortunately, despite many efforts, crystallizing

https://doi.org/10.1021/acs.inorgchem.4c01658
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b)

Figure 3. (a) Shape and diameter of channels in Cu;(C;NgH;) (top view); (b) channels in the multilayer view (side view).
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Figure 4. DTA of the reaction of CuCl and Na(HCN,) in a
stoichiometric ratio of 1:1.

and resolving these intermediate phases from XRD data was
not successful.

2.3. X-ray Powder Diffraction. Figure Sa displays the
powder XRD pattern of the as-synthesized Cus(C;NgH;)
(sample 1) with NaCl as the metathesis salt. The sample was
washed with absolute methanol to remove NaCl (sample 2). A
closer look at Figure Sa,b shows the differences between the
calculated CIF from crystallographic data (Figure Sc). The
intensity ratio of peaks at 26 values of 8.46° and 16.98°,
corresponding to Miller indices 100 and 200, respectively,
differs from the measured crystal, while this ratio already
changes by washing the sample with methanol (sample 2)
(Figure Sb). In addition, there is an obvious shift in the peaks
along the c-axis (002 reflections at 20 = 28.92°) and some
subtle shifts in some smaller peaks. These differences cannot
be solely ascribed to variations in measurement temperature
between single-crystal and powder measurements or the
orientation of particles in the sample. The difference in the
intensities may be attributed to the presence of a host molecule
filling the channels in the crystal structure, while the shift and
broadening in some peaks may be attributed to particle defects.
As can be seen in Figure 3a, channels can accommodate any
host molecule smaller than 2r = 733.8 pm (hydrogen-to-
hydrogen distance in the pores). Moreover, hydrogen bonding
is favored by the presence of six hydrogen atoms per layer in
each channel'* which can stabilize host molecules.

It is important to note that since the reaction occurred in the
solid state, we did not expect any solvent to be trapped in the
pores. However, the presence of an organic side phase resulting
from the decomposition of Na(HCN,), such as cyanamide,
dicyandiamide, guanidine, or melamine, cannot be excluded.
Therefore, various methods, including vacuum heating (Figure
6a—e), solvent exchange, sonication, and chemical treatment,
were used to treat Cuy(C3NgH;). The best treatment method
was to wash the powder in sequential steps with solvents,
starting with methanol, followed by acetonitrile, acetone,
tetrahydrofuran (THF), and finally the less polar solvent
pentane, and keeping the sample under vacuum at 260 °C for 4
weeks. This temperature was carefully chosen because at
higher temperatures some of the product decomposed with the
formation of elemental copper. The XRD pattern obtained
from treated Cu;(C;NgH;) (sample 3) in Figure 6d compares
relatively well with the calculated pattern from single-crystal
refinement which is shown in Figure 6e. Interestingly, the as-
synthesized sample (1) shows an olive-green color (Figure 6a),
but after treatment under vacuum, the powder changes to a
brown color (Figure 6d), resembling the color of the empty-
channeled crystals (Figure Sc) obtained through the original
melamine synthetic route.

We recall that there had been no significant residual electron
density in the original structure refinement of Cu;(C;N H;)."*
However, in bulk production, the host molecule in channels of
the herein prepared sample (eq 4) could accommodate any
molecule in the size of smaller than 700 pm such as melamine
(2r = 640 pm) or fragments thereof, originating from the
heating of Na(HCN,).

The impact a guest molecule would have on the (calculated)
X-ray pattern was modeled with the Diamond™® graphics
program. In any case, the 6-fold rotation axis in the center of
channels of the structure will induce a six-membered ring
arrangement for a single host atom. This prompted us to
consider a fraction of a disordered melamine molecule (Figure
7) in our model. The presence of (disordered) melamine
molecules changed the intensity ratio, mainly of calculated
XRD peaks at 20 values of 8.46° and 16.98°. This model was
solely used to demonstrate how the presence of a host
molecule, like melamine, within the channels or between layers
can alter the intensity of XRD peaks. The calculated XRD
powder pattern of this model is given in Figure S2 for
comparison with our experimental patterns. These patterns can
give an insight into the main reason behind discrepancies
between the XRD pattern of bulk Cu;(C;N¢H;) with that of
the refined crystal structure with empty channels.

https://doi.org/10.1021/acs.inorgchem.4c01658
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Figure 5. (a) XRD pattern of the as-synthesized Cu;(C3NgH;) (sample 1) with NaCl as metathesis salt; (b) XRD pattern of the washed sample
with methanol (sample 2); and (c) calculated pattern based on the single-crystal measurement of Cuy(C3;NgH;) (CCDC code: 2063421). The
insets show brown crystalline powder of the “empty” (c), and olive-green powder of the as-synthesized Cu;(C;N4H;) (sample 1) (a) compound.

(Green lines represent positions of Bragg reflections for NaCl).

2.4. Solid-State NMR Studies. Nuclear magnetic
resonance (NMR) spectroscopy was performed to assist in
identifying the pore occupants. Due to its paramagnetic
character (vide infra), signals from the Cuy(C;NgH;) frame-
work are not observed, due to rapid relaxation, anisotropic
electron—nuclear dipolar coupling, or large contact shifts.
While such NMR signals can be measured under some
circumstances,””*® the experiments and parameters were
chosen to bias against detection and selectively highlight
signals from species in the channels.

BC cross-polarization (CP) magic-angle spinning (MAS)
NMR of the as-synthesized Cuy(C;NgH;) (1) reveals a single
peak at 167 ppm (Figure 8a), corresponding to what is
observed for pure melamine (Figure 8c). Whereas melamine
has three magnetically inequivalent carbons producing two
distinct peaks Figure 8,”' the peak width observed for (1) is
broad enough to encompass both signals, suggesting that
melamine in the Cu;(C;NgH;) channels is somewhat
disordered. The '*C CPMAS NMR spectrum of the
Cuy(C3NgH;) sample after washing with methanol and
vacuum-drying (2) is very similar (Figure 8b), confirming
that melamine remains in the channels. While NMR is not
especially reliable for comparing absolute intensities between
different samples, it may be noted that the signal intensities for
(1) and (2) are comparable under identical acquisition
conditions, while that of the pure melamine is greater by
several orders of magnitude, implying that the amount of

melamine included in the Cuy(C3;NgH;) channels is relatively
small.

"H MAS NMR spectra of the Cus(C;NgH;) samples (1,2)
yield a single prominent peak at 4.8 ppm (Figure 8ab),
confirming the similarity of these materials. In solution,
melamine appears at 5.94 ppm in '"H NMR spectrasz; however,
in the solid state, two peaks of approximately equal intensity
are observed at 8.2 and 4.2 ppm (Figure 8c), reflecting the
chemical inequivalency of these hydrogens in a crystalline
phase. Since the mean value of these peaks (6.2 ppm) is very
near the solution value, it is likely that amine rotation is
responsible for their coalescence into a single signal. The
observation of a single peak in the Cu;(C3;N¢H;) samples
rather than the two peaks found for pure melamine implies that
the molecules are disordered within the Cuy(C;NgH;) pores.
Such disorder could be dynamic on the NMR time scale, as in
the solution phase, but likely restricted and anisotropic within
the confinement of the channel, giving rise to a peak that is
slightly shifted from the expected value of 6 ppm, as
documented for adsorbates in MOFs.>* Alternatively, the
near alignment of the single peak at 4.8 ppm with the 4.2 ppm
peak of pure melamine may imply that hydrogen bonding of
the proton observed at 82 ppm with the paramagnetic
framework renders it spectroscopically silent. In either case, the
close correspondence of the observed 'H and '*C NMR peaks
in the Cuy(C;NgH;) samples with the melamine signals is

19056 https://doi.org/10.1021/acs.inorgchem.4c01658
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Figure 6. (a) As-synthesized Cuy(C3;NgH;) sample sequentially washed with methanol (sample 1), then with acetonitrile, acetone, tetrahydrofuran
(THF), and pentane; (b) washed sample dried under vacuum at 260 °C for 24 h; (c) washed sample dried under vacuum at 260 °C for 48 h; (d)
washed sample dried under vacuum at 260 °C for 4 weeks (sample (3)); (e) calculated pattern from the single-crystal measurement of

Cu;(C3NgH;) (CCDC code: 2063421).
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b)

Figure 7. Structure of three-layer sequences of Cuy(C;N4H;) shown
in two projections, (a) and (b), modeled with disordered melamine
(two orientations only) molecules (gray) in-between channels.

strong evidence that melamine remains occluded in the
channels.

»Na MAS NMR spectra of (1) and (2) were acquired under
identical conditions to estimate the relative sodium content in
the samples as a result of the NaCl metathesis salt (Figure S3).
The as-prepared sample yields a very strong signal at 7.1 ppm,
which can be assigned to NaCl, whereas the methanol-washed
sample, before (not shown) and after vacuum-drying, contains
a barely detectable NaCl signal. Caveats about the precision of
spin-counting in NMR notwithstanding, it is clear that washing
with methanol is quite effective at removing the NaCL

2.5. Infrared Spectroscopy (IR). The Fourier-transform
infrared spectroscopy (FTIR) analyses of two different samples
of as-synthesized (1) and treated Cuy(C3N¢H;) (3) were
conducted and compared with the IR spectrum of Na(HCNS,)
and melamine (Figure 9). This effort aimed to enhance our
understanding of the structural properties and characterization
of the synthesized material. In both Cuy(Cy;NgH;) samples
(1,3), the IR spectrum shows a single band between 3000 and
3500 cm™}, which can be attributed to the stretching vibration
of the N—H group. The N—H bending vibration is also evident
at 1537 cm™!, while the presence of a band at 752 cm™
indicates the N—H wagging deformation.**** Additional peaks
at around 1450, 1251, and 642 cm™' are assigned to the
semicircle stretch of the ring, the aromatic ring stretch of the
ring, and the bending of the ring of melaminate,
respectively.”***® The strong multiple bands at around
2100—2200 cm™, observed in Na(HCN,), can be attributed
to the stretching vibration of C=N in cyanamides,””** which

https://doi.org/10.1021/acs.inorgchem.4c01658
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Figure 8. '*C CPMAS (left traces) and '"H MAS NMR (right traces) spectra of (a) as-synthesized Cuy(C,NgH;) (1); (b) Cuy(CyNgH;) after

washing with methanol and vacuum-drying, (2), and (c) melamine.
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Figure 9. IR comparison of Cus(C;NgH;) (sample 1) and treated
Cu;(C3NgH;) (sample 3) with that of Na(HCN,) and melamine.

is also present in different samples of Cus(C;NgH;). This can
be attributed to the small amount of unreacted precursor,
which is minimized during the washing process.

To investigate the presence of host molecules in the
channels, a comparative analysis of the IR patterns of as-
synthesized Cu;(C;N4H;) (sample 1) and treated
Cu;(C3NgH;) (sample 3) with melamine is essential. As can
be seen in Figure 9, the as-synthesized sample (sample 1) and
melamine have similarities in the region 1438—1470 cm™.
Despite these similarities, the presence of melamine or other
molecules inside the channels could not be confirmed by IR,
likely due to the small amount of trapped molecules.

2.6. Stability and Surface Area of the Cus(C5NgH,).
The stability of as-synthesized Cuy(C;NgH;) (sample 1) was
investigated through TGA analysis, as depicted in Figure S4.
The decomposition of Cuy(C;NgH;) shows a slow onset,
starting at temperatures above 300 °C. The decomposition
remains almost negligible until 450 °C is reached. This
observation suggests that the formation of elemental copper is
likely above 300 °C, especially with a longer reaction time at or
above this temperature. The decomposition of Cuy(C;NgH;)
results in the formation of CuCN and elemental copper.
Furthermore, treated Cu;(C;NgH;) (sample 3) is also stable in
air and can be handled outside of the glovebox. The stability of
the as-synthesized Cuy(C;NgH;) (sample 1) was also checked
in various polar and nonpolar solvents, including THF, MeCN,
ethanol, acetone, pentene, pyridine, water, DMF, DMSO, and
toluene. While XRD measurements show that the crystal

structure of Cuy(CyNgH;) is stable, the intensity of peaks is
changing with every solvent, which might indicate that the
pore’s occupancy is constantly changing (Figure SS), and it is
plausible that any of these solvents could be trapped in the
unoccupied channels of Cu;(C3NgH;).

The BET surface area of the sample slightly increased from
12.7156 m*/g before removing the host molecule to 13.2103
m?2/ g after treatment, indicating an improvement in surface
area accessibility. However, these values are relatively small,
and several factors could contribute to this observation, such as
pore blocking or collapse or the surface chemistry of this
material. The total pore volume (0.049748 cm?®/g) indicates
the presence of mesopores (2—50 nm). Average pore widths
and diameters from BET and BJH analyses confirm the
predominance of mesopores with average sizes around 15 nm
and pore diameters between 4.9 and 7.1 nm.

2.7. Photoluminescence (PL) Spectroscopy. Copper
compounds are known to exhibit interesting optical properties,
while the specific ligands can influence the electronic structure
of the complex.ls’ 249 However, in this study, the treated
Cu;(C3NgH;) (sample 3) is not luminescent (Figure S6),
rather a sample just comprising the host molecules (sample 2)
shows a green-yellow emission color upon excitation with UV
radiation. This means that the host—guest interactions, such as
hydrogen bonding and 7-stacking of the host molecule with
melaminates, could contribute to the emission which is a
phenomenon called guest-induced luminescence.*' This study
confirms the potential of this functional material for
application as a luminescent MOF-based sensor.*

PL spectra were recorded to understand the nature of the
yellow light emitted from as-synthesized Cu;(C;NgH;)
(sample 2) under excitation with UV radiation. In the data
presented (Figure 10a), the excitation spectrum shows a
distinct peak at 420 nm (23,800 cm™'), while the
corresponding emission spectrum exhibits a peak at 560 nm
(17,900 cm™). The obtained broad emission band at 560 nm
is in line with the observed green-yellow light. The
temperature dependence of the emission spectra (Figure
10b) can be rationalized by considering the structural changes
that occur with temperature increases. Conversely, as the
temperature increases to 500 K, thermal effects may disrupt the
interaction of guest molecules to the Cu;(C3NgH;) structure
(due to thermal expansion), leading to a decrease in
luminescence intensity and thus thermally induced quenching
of the photoluminescence.

19058 https://doi.org/10.1021/acs.inorgchem.4c01658
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Figure 10. (a) Excitation and emission spectrum of Cu;(C3N4H;) (2) at 77 °C; (b) temperature-dependent emission spectra of Cuy(C;NgH;)
between 77 and S00 K, (the artifacts at around 630 nm are remnants of the excitation lamp spectrum due to the application of an imperfect
correction function); (c) decay curve after 420 nm excitation monitored at 560 nm.
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Figure 11. (a) Temperature dependence of y,,, along with fitted red curve, (b) magnetization at various temperatures for Cus(C;NgH;).

The decay curve in Figure 10c suggests that the
luminescence dynamics of the as-synthesized Cuy(C3NgH;)
(sample 2) exhibits an almost monoexponential and rather fast
emission decay, as indicated by the calculated decay time of
14.5 ps.

2.8. Magnetic Studies. The magnetic measurements were
performed in detail regarding the low signal of the sample. The
diamagnetic contribution caused by the sample holder, glue,
and capsule was subtracted. Other diamagnetic contribution
was observed during measurement which was calculated to the
value ~3.107° m?/mol and interpreted as core diamagnetism.

The temperature-dependent (2—300 K) magnetic suscepti-
bility of Cu;(C3;NgH;) (2) is shown in Figure 11a in the form
of y versus T plots. The curves are typical for paramagnetic
response to the magnetic field.** The molar susceptibility data
are fitted by the modified Curie—Weiss equation. Assuming a
modified Curie—Weiss type equation, ¥(T) = Ku/ (T — 0p)
+ Xo it can be calculated that the paramagnetic Curie
temperature (0p) is—0.48(3) K and an effective magnetic
moment (4.5) is 0.262 up which is equivalent to 0.034
electrons, and temperature-independent susceptibility is y, =
7.91 X 10™° m®/mol. Figure 11b also shows magnetization as a

https://doi.org/10.1021/acs.inorgchem.4c01658
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function of the magnetic field at different temperatures and
depicts a paramagnetic behavior at higher temperatures (T >
10 K), whereas at T = 2 K it appears to saturate slower than
expected.

Copper exhibits both diamagnetic and Pauli paramagnetic
contributions depending on its electron configuration. With a
filled 3d shell and a half-filled outer shell, the cancellation of
magnetic moments occurs, leading to a diamagnetic behavior.
However, the presence of unpaired electrons results in Pauli
paramagnetism.** Copper(I) compounds are typically dia-
magnetic, because the copper(I) ion has a fully filled 3d"
electron configuration with all electrons paired. However, in
copper(I) complexes, ligands can cause a distortion in the
electron structure, leading to an unpaired electron and
paramagnetic behavior. The magnetic properties of copper-
based MOFs are significantly influenced by the distance
between the copper metal centers and the type of bridging
ligand.45 Furthermore, an extended conjugated network might
make tunable conductivity and magnetic properties.”® The
formation of copper-to-copper bonding in the structure
involves the interaction of two copper(I) ions in such a way
that it disrupts the d'* electron configuration. This loss or
redistribution of electrons could lead to unpaired electrons,
inducing paramagnetic behavior. In Cu3(C3NH;), Cu,
dumbbells in one layer are also in a twisted ladder manner
connected to other Cu, dumbbells along the c-axis, which
further contributes to the disruption of the d'° orbital and thus
the paramagnetic property of this compound. Moreover, solid-
state NMR studies of the Cuy(C;N¢H;) sample show that the
"H T, relaxation is 367(7) ms for the as-prepared sample and
302(6) ms for the methanol-washed and vacuum-dried sample.
In comparison with the 160 s T estimated for pure melamine,
these short T, values corroborate the paramagnetic character
of Cuy(C3NgH;).

3. CONCLUSIONS

As studied in our previous work, the compound known as
tricopper(I) melaminate appears as a MOF exhibiting a unique
semiconducting behavior and Cu—Cu bonding. In this study,
we have presented a novel and more efficient and reproducible
synthesis route for Cu;(C3N¢H;) through cyclotrimerization of
(HNCN)~ ions toward (C3NgH;)®” in a salt-metathesis
reaction using copper(I) chloride and sodium hydrogen
cyanamide. This new synthesis method offers higher yield
and scalability compared to those of the previous methods,
addressing a critical aspect in the commercialization of this
MOE.

A number of special properties of Cuy(C3N¢H;) are very
interesting and worthy of further investigation.'* The
Cu;(C3NgH,;) is treated by washing the sample with various
solvents and heating it to 280 °C in vacuum. Treated
Cu;(C3NgH;) (sample 3) is stable in ambient air and can be
heated to 300 °C without significant decomposition. Photo-
luminescence studies show a dependency of optical behavior
on the presence of guest molecules trapped inside the channels
or between the layers (guest-induced luminescence), qualifying
Cu;(C3NgH;) as a potential sensor material. Moreover, the
paramagnetic behavior of Cuy(C;NgH;) is attributed to a
disrupted [Ar]3d" electronic configuration of copper ions in
the ladders of Cu—Cu bonding. Overall, this comprehensive
study offers valuable insights into the synthesis, treatment, and
characterization of Cu;(C;NgH;), paving the way for further

exploration of its potential applications based on photo-
luminescence or electrical conductivity behavior.

4. EXPERIMENTAL SECTION

4.1. Material and Method. The starting materials, CuCl and
Na(HCN,), were purchased from Thermo Fisher Scientific
(99.999%) and Sigma-Aldrich (98%), respectively. Both materials
were used without further purification. The reaction mixtures were
prepared in a glovebox under an argon atmosphere, ensuring that
moisture and oxygen levels were maintained below 1 ppm.

4.2. Synthesis of Cuz(C3NgH;). Copper(I) chloride and Na-
(HCN,) in a stoichiometric ratio of 1:1 were mixed in an agate
mortar under a dry atmosphere in a glovebox (total mass of 1 g).
Silica tubes with 8 cm length, outer diameter of 10 mm, and inner
diameter of 7 mm (handmade) were used as containers for the
reaction and sealed under a vacuum. The product was obtained by
heating the mixture to 200 °C in a Carbolite oven and maintaining
this temperature for 45 h with a heating rate of 2 K min™' and a
cooling ramp of 0.5 K min~". The experimental theoretical yield of
Cu3(C3NgH;) is estimated >90%.

4.3. Scaling Up Synthesis. A 3 g portion of CuCl and 1.949 g of
Na(HCN,) were mixed under similar conditions mentioned above.
The powder was sealed into the silica tubes with 9 cm length, outer
diameters of 16 mm (inner diameter of 13 mm) and heated to 200 °C
in a Carbolite oven for 45 h.

4.4. Washing and Drying Procedure. The synthesized sample
of Cu;(C;NgH;) and NaCl was carefully washed several times with
methanol to remove NaCl (theoretical yield from scale-up synthesis:
91.48%). Then, a S00 mg portion of the powder was transferred into a
Schlenk tube and soaked in 30 mL of each solvent sequentially:
acetonitrile, acetone, THF, and pentane. The powder was left in each
solvent overnight. After each soaking period, the solvent was removed
under vacuum before the next solvent was added under an argon
atmosphere. After washing, the dried powder was transferred into a
glass boat in the glovebox. The glass boat was then placed into a
vacuum tube at 260 °C for 4 weeks.

4.5. X-ray Powder Diffraction. The XRD analysis of the
Cu;(C3NgH;) sample was conducted using a powder diffractometer
(STOE Darmstadt, STADIP, Ge-monochromator) with Cu—Ka, (4
= 154.0598 pm) radiation, covering the 26 range of S—70 or 100°. To
compare the obtained patterns with the crystal structure, the Match3!
Software*” was used.

4.6. Thermoanalytic Studies. The DTA measurements were
carried out using a Netzsch Jupiter, STA 449 F3 device. Samples were
fused into specially crafted silica containers and subjected to heating
and cooling at a rate of 2 K/min, allowing analysis within the
temperature range from ambient temperature to 600 °C.

4.7. Infrared Spectra. Infrared spectra were recorded using a
VERTEX 70 FT-IR spectrometer in the range of 400—4000 cm™'
using KBr pellets of Na(HCN,) and Cu3(C3NgH;). Samples were
handled in a glovebox under an argon atmosphere.

4.8. Optical Measurements. Excitation and emission spectra of
Cu;(C3NgH;) powder samples were collected employing a
fluorescence spectrometer, FLS920 (Edinburgh Instruments), which
is equipped with a 450 W xenon discharge lamp (OSRAM) and a
cryostat “MicrostatN” from Oxford Instruments serving as the sample
chamber for atmospheric and temperature adjustments during
measurements. A mirror optic was specifically utilized for the powder
samples. Detection was carried out using a Hamamatsu R2658P
single-photon-counting photomultiplier tube. All photoluminescence
spectra were recorded with a spectral resolution of 1 nm, a dwell
period of 0.5 s in 1 nm steps, and two repeats. The photo-
luminescence decay curve was measured using the same spectrometer
and a 445 nm picosecond laser.

4.9. Magnetic Studies. Magnetic susceptibility measurements for
Cuy(C3NgH;) were conducted using a Quantum Design MPMS
superconducting quantum interference device (SQUID) magneto-
meter within the temperature range from 1.8 to 300 K. The samples
were affixed with diluted superglue (using acetone as the solvent) and
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subsequently dried under argon flow. The sample capsule was placed
in a straw and holder for the MPMS device. To account for any
interference, the slight diamagnetic signal from the capsule, holder,
and remaining superglue was subtracted during the evaluation. The
normalized data is presented relative to a magnetic field of 0.5T per
mole.

4.10. Solid-State Nuclear Magnetic Resonance. All NMR
spectra were acquired on a Bruker 500 Avance III (B, = 11.7 T) with
a 2.5 mm triple-resonance MAS probe at ambient temperature. 'H
MAS NMR spectra were collected with a 30 kHz sample spinning rate
by using a rotor-synchronized Hahn-echo pulse sequence. For the
Cu;(C3NgH;) samples, 512 transients were coadded with a 2 s recycle
delay; for melamine (Thermo Scientific, 99% purity), the 'H MAS
NMR spectrum was acquired by coadding 64 transients with an 800 s
recycle delay. Spin—lattice relaxation times were measured by using
inversion recovery. *C{'H} cross-polarization (CP) MAS NMR
spectra of the Cuy(C3NgH;) samples were acquired at 20 kHz
spinning rates, with 4000 coadded transients separated by a 2 s recycle
delay and an optimized contact time of 1.2 ms. For melamine, 60
transients were coadded with a recycle delay of 1000 s and an
optimized contact time of 3.0 ms. *Na MAS NMR at a 15 kHz
sample spinning rate was done using short (30°) polarization pulses
to ensure uniform excitation, coadding 256 transients with a 15 s
recycle delay. Sample masses differed by <1% to facilitate direct
comparisons of absolute intensities. Chemical shifts are referenced to
TMS ("H and *C) and 0.1 M NaCl (**Na).
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Figure S1. XRD pattern of the unknown intermediate phase (bottom) from the reaction of
CuCl and NaHCN; at 150 °C.
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Figure S2. Calculated pattern from single crystal measurement of Cu;3(C;NgH3): a) with
melamine in the channels; b) with melamine between the layers; ¢) experimental powder
pattern of Cu;3(C3;NgH3) (sample 2) ; (2) d) with empty channels and layer distances (CCDC
code: 2063421).



% * t * ¥ a
1 I I I 1 1 1
300 200 100 0 -100 -200 -300 ppm

Figure S3. 2*Na MAS NMR spectra of (a) as-synthesized Cus(C3NgH3) (sample 1), (b) the
Cu;(C5NgH3) sample after washing with methanol and vacuum-drying (sample 2), (c) sample
2 with the vertical scale increased by a factor of X. Spinning sidebands are marked with
asterisks.
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Figure S4. Thermal Gravimetric Analysis (TGA) of Cus(CsNgH;) (1).
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Figure S5. Comparsion of XRD pattern of the synthesized Cu;(C5NgH;) washed with
different solvents and then dried (under vaccum for 24h at 60°C).
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Figure S6. Temperature-dependent emission spectrum of Cus(C3;NgH3) (3). The artifacts at
around 630 nm and so on, are remnants of the excitation lamp spectrum due to the application
of an imperfect correction function
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Abstract: The discovery of melamine by Justus von Liebig was fundamental for the development
of several fields of chemistry. The vast majority of compounds with melamine or melamine deriva-
tives appear as adducts. Herein, we focus on the development of novel compounds containing
anionic melamine species, namely the melaminates. For this purpose, we analyze the reaction of
SbCl3 with melamine by differential scanning calorimetry (DSC). The whole study includes the
synthesis and characterization of three antimony compounds that are obtained during the deprotona-
tion process of melamine to melaminate with the reaction sequence from SbCly(C9NygHj9) (1) via
(SbCl4(CeN12H;3))2 (2) to SbCI(C3NgHjy) (3). Compounds are characterized by single-crystal X-ray
diffraction (SXRD), powder X-ray diffraction (PXRD), and infrared spectroscopy (IR). The results
give an insight into the mechanism of deprotonation of melamine, with the replacement of one, two,
or eventually three hydrogen atoms from the three amino groups of melamine. The structure of
(3) suggests that metal melaminates are likely to form supramolecular structures or metal-organic
frameworks (MOFs).

Keywords: melaminate; antimony; melamine; melaminium; deprotonation; crystal structures

1. Introduction

In the 19th century, the foundation of amine-substituted s-triazine derivatives was laid
for the first time by Liebig and Gmelin [1-3] with the synthesis of melamine, melam, melem
and their condensation product called melon. Melamine (1,3,5-triazine-2,4,6-triamine) is
the simplest and most intensively studied C/N/H compound synthesized from potassium
thiocyanate and ammonium chloride for the first time (1834) by Liebig [1,4]. However, it can
also be easily achieved with trimerization of cyanamide (CN;Hy), while today, industrial
productions take place from urea in tons [5-7]. Melamine has a relatively high-melting
point for an organic compound and undergoes condensation reactions on heating. The
condensation products melem, melam, and melon (Figure 1) of this ancestry compound
have been studied extensively using various spectroscopy techniques [8,9]. For a long
period, thermal condensation was not fully understood due to the chemical inertness and
low solubility of these products [10]. In 1959, May conducted a study on the pyrolysis
of melamine at temperatures between 200 °C and 500 °C [11]. Afterward, this process
was investigated by several scientists, particularly by Schnick and Lotsch [12,13]. The
temperature-programmed XRD (TPXRD) was used in the temperature range between
25 °C and 660 °C to clarify the exact temperatures of formation of condensed products,
which shows that the sublimation temperature of melamine is approximately 360-370 °C
at atmospheric pressure. However, TPXRD in semi-closed systems shows that the X-ray
reflections of melamine disappear at 296 °C, and then melamine forms melam and melem,
which are stable up to 379 °C [13]. Pure melem, which consists of internally hydrogen-
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bonded heptazine molecules, can be obtained at 379 °C and is stable up to 500 °C. The
polymeric carbon nitride material melon is also achieved with further heating [13].
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Figure 1. Molecular structures of melamine (C3NgHjg), melam (CgN71Hg) and melem (CgN1gHg).

In addition to the many applications melamine has, such as surface coating [14], flame
redundancy [14-17], and heavy metal removal [18,19], it has some unique characteristics
which make it a relevant research topic up to this day. The most important potential of
melamine is its ability to create a metal-organic framework (MOF) [20] or porous-organic
framework (POFs) [21] by the formation of metal melaminates.

Justus von Liebig’s discovery of melamine was essential in the progress of C/N/H
chemistry. Most melamine-containing compounds and their derivatives are found as
adducts. Cationic C/N/H ions are present in various molecular compounds, including
melamine, melam, and melem. These ions are formed by protonating the ring nitro-
gen atoms, which are more basic than the terminal amino groups. The most common
cations are monoprotonated, but di- or trications have also been observed. More re-
search into the chemistry of these substances led to the discovery of melaminium [22-26],
melamium, and melemium salts. By far, the majority of salts were produced by melamine,
including melaminium sulfate [27], melaminium nitrate, melaminium phosphates [16,28],
melaminium chloride [29], organic slats of phthalates [30], benzoates, or citrates [31], and
many inorganic salts containing complex anions [32,33]. On the other hand, a small number
of melamium salts have been studied, such as melamium bromide and iodide [26]. Recently,
melemium salts, namely melemium sulfate, triple protonated melemium methylsulfonate,
and melemium perchlorate, are also discovered [34,35]. Melamine was also reported to
coordinate with metal halides to form organic-inorganic hybrid copper halides such as
CuzBrz(C3N6H7)]n, [CU3C13(C3N6H7)]n [36], the silver Complex [Ag(C3N6H6)(H20)(NO3)]n,
and the mercury compound (C3NgH7)(C3NgHg)HgCls [37], which have biochemical applica-
tions and nonlinear optical properties [38,39].

Regarding the basic property of melamine, protonation is easy, and a great variety of
such compounds, either theoretically or experimentally, have been investigated [25,26,40,41].
A new class of chemistry related to melaminates (deprotonated melamine) has received
less attention until now; however, it is very important from either a chemistry or applica-
tion perspective. The coordination behavior of molecules such as guanidine or melamine,
capable of forming extended hydrogen bonds, can be changed by deprotonation [36,42].
Thus, it is a promising strategy for synthesizing interconnected supramolecular structures
or MOFs. Despite the challenge which arises from the rigidity of its heterocyclic struc-
ture, the affinity of ring-N atoms to act as H-bond acceptors, and the steric hindrance of
neighboring amino groups [35], the deprotonation of melamine seems to be plausible since
guanidine (a stronger base) has already been deprotonated twice [43]. Franklin pioneered
the work on anionic melaminate by synthesizing two compounds of K(C3NgHs5)-NHj3 and
K3(C3NgH3) [44,45] in liquid ammonia. However, these compounds were only character-
ized using elemental analyses, and no crystallographic structure information was provided.
Later, Dronskowski and coworkers confirmed the presence of the two ammonia adducts,
K(C3NgHs5)-NHj3 and Rb(C3NgHs)- %NHg by single-crystal X-ray diffraction. Ammonia-free
K3(C3NgHj3) has been assigned by its characteristic infrared bands, being compared with
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calculated bands from density-functional theory (DFT) [42]. There was no further research
reported on these classes of compounds and their properties until the discovery and iden-
tification of the copper melaminate Cus(C3NgH3) with a layered framework structure by
Meyer & coworkers [20].

In this work, the step-wise deprotonation of melamine in a solid state has been studied
by thermal analysis. Herein, antimony (III) chloride is used for the deprotonation of
melamine due to its low melting point of 73.4 °C [46]. The recorded reaction sequence shows
three compounds that were prepared and later characterized by powder X-ray diffraction
(PXRD), single-crystal diffraction, and IR measurements. The structure of SbCl(C3NgHy)
suggests the potential of synthesizing interconnected supramolecular structures or metal-
organic frameworks (MOFs).

2. Materials and Methods
2.1. Materials

The starting materials, melamine (2,4,6-triamino-1,3,5-triazine, purchased from Sigma-
Aldrich, 99%), and antimony(II)chloride (Sigma-Aldrich, 99%), ammonium chloride
(Sigma-Aldrich, 99.99%) were used without further purification. The reaction mixtures
were prepared under an argon atmosphere in a glovebox with moisture and oxygen levels
below 1 ppm and transferred into homemade silica tubing (inner diameter 13 mm and
7 mm) and sealed under vacuum. The reactions were carried out in Simon-Miiller and
Carbolite chamber furnaces.

2.1.1. Synthesis
Synthesis of SbCls(CoN1gH1g) (1):

Precursors were pestled in an agate mortar with a 1:4 molar ratio of antimony/(III)chloride
and melamine. A mixture of antimony(IIl) chloride and melamine with a total mass
of ~200.0 mg was transferred into a homemade silica ampule and sealed therein under
vacuum. The ampoule was placed into a Simon-Miiller furnace and heated to 200 °C for
20 h with a heating rate of 2 °C/min and cooling ramp of 0.5 °C/min (Figure S1). The reaction
produced a white color product crystallized on the top of the ampule (>90% yield w.r.t Sb). A
temperature gradient seemed to play an essential role in the separation of the product (1).

The solubility of compound (1) has been investigated in acetonitrile, THF, DCM,
ethanol, methanol, and water. The PXRD measurements showed the decomposition of this
product to unknown phases.

Synthesis of (SbCls(CeN12H13))2 (2):

Similar to the previous preparation, the mixture of antimony (III)chloride and melamine
was mixed in a 1:2 molar ratio (total mass of ~200.0 mg) and heated to 200 °C for 20 h with
a heating and cooling rate of 2 °C/min (Figure S1). The product was X-ray amorphous
powder and contained transparent single crystals of (2) (10% w.r.t Sb).

Synthesis of SbCI(C3NgHy) (3):

The structure of (3) was obtained from both (1:2 and 1:4) ratios of antimony(Ill)chloride
and melamine by heating the 1:2 ratio at 250 °C for 20 h, or by heating the 1:4 ratio at 280 °C
for 20 h (Figure S1). The beige color product was isolated in 50% yield w.r.t Sb.

The solubility of compound (3) has been studied in many solvents. The powder was
soaked for one hour in acetonitrile, THF, DMF, DCM, ethanol, methanol, water, and diluted
acetic acid. Subsequent PXRD measurements were undertaken. The results showed that com-
pound (3) remains stable in acetonitrile, THF, DMF, DCM, ethanol, and methanol. However,
in water and DMSO, compound (3) decomposes and forms Sb,O3 and an unknown phase,
respectively. The schematic synthesis of all three compounds is presented in Figure S1.

2.1.2. X-ray Powder Diffraction

The X-ray diffraction of prepared powders was recorded with a powder diffractometer
(STOE Darmstadt, STADIP, Ge-monochromator) using Cu-K4; (A = 1.540598 A) radiation
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in the range of 5 < 20 < 120°. Match3! Software [47] was used to compare the patterns with
patterns of the corresponding crystal structures.

2.1.3. Single-Crystal X-ray Diffraction

Single Crystals of (1), (2), and (3) were selected and placed on a single-crystal X-ray
diffractometer (Rigaku XtaLab Synergy-S) with Cu-K« radiation (A = 1.54184 A)and a
mirror monochromator at 150 or 220 K. Crystal structures were solved by direct meth-
ods (SHELXT) [48], followed by full-matrix least-squares structure refinements (SHELXL-
2014) [49]. The absorption correction of X-ray intensities was performed with numerical
methods using the CrysAlisPro 1.171.41.92a software (Rigaku Oxford Diffraction). Hydro-
gen atoms were found in the difference map and refined therefrom isotropically.

2.1.4. Thermoanalytic Studies

Differential scanning calorimetry (DSC) was carried out using a DSC 204 F1 Phoenix
(Fa. Netzsch, Selb, Germany). The starting materials were enclosed under Ar in a glovebox
into gold-plated (5 um) steel autoclaves with a volume of 100 uL (Bachler Feintech AG in
Holstein, Switzerland). The reactions of SbCl; with melamine were analyzed for different
ratios between room temperature and 500 °C at a heating and cooling rate of 2 °C/min.

2.1.5. Infrared Spectra

The infrared (IR) spectra of samples were recorded with a Bruker VERTEX 70 FT-IR
spectrometer within the spectra range of 400—4000 cm~!. Tablets of KBr were used as a
background.

3. Results and Discussion
3.1. Thermoanalytic Studies

Thermal analyses based on DSC and DTA have been shown to be highly insightful
regarding the examination of reaction sequences [50,51] and for comprehensive studies of
binary or ternary systems [52], especially when combined with PXRD studies. Following
this method, the formation or decomposition of a crystalline species is usually indicated by a
thermal event, and the newly formed species is characterized by X-ray diffraction techniques.

The differential scanning calorimetric (DSC) measurements of 1:2 and 1:4 molar mix-
tures of antimony chloride and melamine are shown in Figure 2, with heating and cooling
rates of 2 °C/min. The DSC patterns display a small exothermic peak at around 70 °C,
which can be attributed to the melting point of antimony(Il)chloride. Figure 2a,b show
multiple exothermic effects between 200 °C and 300 °C. The resolution of thermal events
in this region is rather poor and cannot be significantly improved by changing the heat-
ing ramp. For example, we have explored different heating rates throughout. At lower
heating rates, the signals were smeared out and were not as sharp as the signals shown
in Figure 2a,b, so the resolution was worse. The presented heating rate is the optimized
heating rate with respect to the signal-to-noise ratio. Moreover, the effects are slightly
different for different ratios of starting materials, with lower reaction temperatures in the
presence of more melamine.

Powder XRD patterns were recorded on samples obtained under conditions given in
the DSC experiments, being interrupted at certain temperatures, especially in the tempera-
ture region between 200 °C and 280 °C. Compound (1) was already formed at 200 °C from
a 1:4 ratio of starting materials, and compound (2) was observed in the XRD pattern from a
1:2 ratio at the same temperature. Compound (3) was identified at around 280 °C from a 1:4
ratio of starting materials or, alternatively, at 250 °C from a 1:2 ratio. The endothermic peaks
at 370 °C indicate the melting/decomposition of (excess) melamine, which appears sharper
for the 1:4 ratio due to the larger amount of melamine. This assignment is confirmed by a
DSC of melamine (Figure S2), which shows a similar endothermic peak with a slight shift
at 361 °C. At slightly higher temperatures, compound (3) is decomposed, which is followed
by a strong exothermic peak at 400 °C and 417 °C for the 1:4 and a 1:2 ratio, respectively.
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These intense exothermic peaks led to the formation of a phase with a yellow color (4) that
looked glassy under the microscope. This was further studied by means of IR spectroscopy
(see the relevant section).
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Figure 2. (a) DSC of the reaction of SbCl3 and melamine in a ratio of 1:4, (b) DTA of the reaction of
SbCl3 and melamine in a ratio of 1:2.

From this study, we note that reactions in the given system proceed very quickly,
almost simultaneously, making the assignment of compounds and their preparations
challenging. This is due to the high reactivity of reaction partners.

3.2. Crystal Structures

Crystal structures of all three compounds (1), (2), and (3) were solved and refined

based on single-crystal X-ray diffraction data with triclinic (P1) and monoclinic (P21 /¢
and P2;/n) space groups, respectively, with crystallographic details summarized in
Table 1 and relevant distances given in Table 2. The asymmetric unit of each compound
is shown in Figure S3.

The crystal structure of (1) is composed of one deprotonated melamine, two protonated
melamine and a single chloride ion besides SbCl; to make up SbCly(C3NgHs5)(C3NgHy7),.
The crystal structure contains a sequence of three distinct layers stacked on top of each
other (along b); one of them is displayed in Figure 3. Stacking behavior is most common for
melamine-based structures.

Figure 3. (a) Constituents of one layer in the structure of (1) as SbCls(C3NgHs5)(C3NgHy7),, and (b) a
perspective view of the unit cell of (1) along the b-axis, with the color code: N: blue, C: gray, H: white,
ClI: green, Sb: red).
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Table 1. Crystallographic details of the crystal structure refinement of compounds (1), (2), and (3).

Compound 1 (2) (3)
CCDC code 2201273 2210244 2213381
Formula weight 642.97 1033.67 281.32
Temperature/K 220.0(1) 150.0(1) 150.0(1)
Wavelength/ A 1.54184 1.54184 1.54184
Space group P1 P2y /c P2y /n
a/A 9.5878(5) 13.2780(2) 5.3562(2)
b/A 10.5395(3) 10.6878(1) 10.5432(3)
c/A 11.4338(5) 24.0953(2) 12.5618(4)
w/° 74.011(3) 90 90
B/° 79.122(4) 105.860(1) 93.710(3)
v/° 85.602(3) 90 90
Volume/A3 1090.37(8) 3289.26(7) 707.90(4)
Z 2 4 4
Rint 0.0364 0.0485 0.0312
Goodness-of-fit on F2 1.074 1.044 1.044
wR; (all data) 0.0660 0.0607 0.0267
wRy 0.0643 0.0603 0.0264
Final R indices
(all data) 0.0339 0.0251 0.0120
R, 0.0278 0.0243 0.0110
OMax./° 4.365 3.460 5.483
OMin. /° 66.585 66.583 70.067
#/mm~1 14.93 19.478 33.932
Appax /e A3 0.508 2.491 0.322
Appiin./e-A 3 —0.593 —0.597 —0.451
Completeness/% 97.3 100 99.8

Table 2. Selected interatomic distances (pm) of compounds (1), (2), and (3).

Compound (1) Compound (2) Compound (3)

Atom Atom Length/pm Atom Atom Length/pm Atom Atom Length/pm
Sb1 cn 276.5(8) Sb1 CI3 284.7(6) Sb1 N2 241.5(1)
Sb1 N1 253.6(3) Sb1 Cl4 260.6(0) Sb1 N6 208.6(8)
Sb1 c2 247.0(0) Sb1 cls 248.7(2) Sb1 N4 204.4(6)
Sb1 c13 256.8(2) Sb1 cn 240.2(1) Sb1 cn 254.9(3)
Sb1 N4 204.7(3) Sb2 N1 256.1(3)

Sb2 N4 204.7(3)
Sb2 Cl6 279.2(7)
Sb2 cl7 247.2(8)
Sb2 c18 251.1(1)

The SbClj entity in the structure, with its lone pair, is well known from several crystal
structures having average Sb-Cl distances of 260.1 pm [53]. The antimony is connected with
an exocyclic nitrogen atom of the melaminate ion (C3H5Ng) ™ via Sb-N4 (204.7(3) pm) and
an obviously weaker interaction via Sb-N1 (253.6(3) pm). The constituents in each layer in
(1) are interconnected by a network of hydrogen bonds (Figure 3a). An isolated C1~ ion
in the structure is interconnected by hydrogen bridges at dyy.c; = 216.3 pm and 225.6 pm,
consistent with the corresponding value in melaminium chloride dyy.c) = 239.7 pm [29].

The crystal structure of (2) comprises one deprotonated melamine, three protonated
melaminium ions, an SbCl3 unit and an (SbCls)?~ ion to make up (SbCly),(C3NgHs)(C3NgH;)3
displayed in Figure 4. The average Sb-Cl distances in SbCl; are 259.3 pm, and those of SbCls
are 262.1 pm and 257.8 pm, supporting the presence of Sb>* throughout. Antimony in SbCl; is
interconnected with the melaminate ion (C3HsNg) ™ via Sb-N4 (204.4(6) pm) and an obviously
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weaker interaction via Sb-N1 (256.1(3) pm). Again, the crystal structure features a layered
arrangement and hydrogen bridging within layers.

CI5

Figure 4. (a) Section of the crystal structure of (2) as (SbCly)>(C3NgHs5)(C3NgHy7)3 projected on the
be-plane, and (b) a perspective view along the b-axis with the color code: N: blue, C: gray, H: white,
Cl: green, Sb: red).

The crystal structure of (3) features the presence of (SbCl)>* and the melaminate ion
(C3NgHy)?>~ in SbCI(C3NgHy). Unlike the two previous systems, this structure can be
described as an infinite chain structure due to the bridging connectivity of the divalent
melaminate anion, all shown in Figure 5. The (SbCl)** (dg.c; = 254.9(3) pm) is interconnected
via exocyclic nitrogen atoms of two melaminate ions via Sb-N4 (204.4(6) pm) and Sb-N6
(208.6(8) pm) interactions and an obviously weaker interaction via Sb-N2 (241.5(1) pm).

Figure 5. (a) Section of a chain section of the crystal structure of (3) and (b) a perspective view of the
unit cell roughly along the a-axis with the color code: N: blue, C: gray, H: white, Cl: green, Sb: red.

The stacking sequences of layers are often dominated by the preference that the N
atom of the triazine ring in one layer is alternating with a C atom of the triazine ring in the
next layer, which is a characteristic feature in copper melaminate [20] and metal cyanurates
as well [54,55]. This is achieved by rotating or shifting C3N3 units in adjacent layers relative
to each other. However, this is not apparent in the structure of compounds (1-3). Layered
arrangements of C3N3 units are quite clearly visible in compounds (1) and (2) but not in
compound (3) (Figures S3-56). Hence there is the possibility of 7-m interactions between
C3Nj3 units in (1) and (2). Such interactions can play a crucial role in the stabilization of
parallel and antiparallel ring architectures in the crystal structure. The centroid-to-centroid
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distance at which C3N3 rings may be considered representative of 7-7t stacking interactions
is 360-390 pm in compounds (1) and (2). This distance increases to 560-590 pm in (3) which
might present no 7-7 interactions between layers in this structure.

The range from 357-393 pm was previously reported for several compounds [38,56,57];
for example, in a zinc(Il) complex containing melamine (392.8 pm) [56]. In many other
studies of copper halide complexes (357.2-389.2 pm), we can see the stacking behavior of
twisted melamine rings, which represents the m-m interactions [58].

3.3. X-ray Powder Diffraction and Infrared Spectroscopy

The reaction products were investigated by PXRD, and the XRD patterns of (1), and
(3) are provided in Figures S7 and S8. Therein, the recorded data are compared with the
calculated patterns obtained from the structure refinement based on single-crystal data.
Compound (2) was obtained in low yield; therefore, no powder pattern of this intermediate
could be recorded. This compound was always found in the presence of (3) or melamine
at higher and lower temperatures, respectively. The powder pattern of compound (3) in
Figure S8 shows some unidentified diffraction peaks.

3.4. Infrared Spectroscopy (IR)

The IR spectrum of (1), (3) and (4) has been compared to that of melamine and
melaminium chloride, as presented in Figure 6. Table S1 lists the frequencies associated with
each vibrational mode of these molecules, along with the corresponding bond assignments.
Three IR absorption bands, indicative of the asymmetric and symmetric stretching of
-NH; groups of melamine, can be found in the 3500-3300 cm~! range of the melamine
spectrum [29,59]. These vibrations can overlap with the -NH* in melaminium chloride, and
due to coupling, the peak is broadened [60]. The characteristic bands of -NH; groups and
-NH™ are also seen in the spectrum of compound (1) at 3462, 3357, and 3433 cm !, We can
see that the first peak (3462 cm 1) in compound (1) is shifted to lower wavenumbers when
compared to melamine. This shift may be due to the presence of protonated melamine
units in (1). In fact, the presence of hydrogen bonding would shift -NH; IR bands to
lower wavenumbers, as the hydrogen bond would weaken the NH; bond and lower its
vibrational frequency [61]. However, due to coupling with the N-H - CI stretching mode
or the presence of heavier atoms (Cl, Sb) in compound (1), the second peak (3357 cm 1)
is shifted to slightly higher wavenumbers and also broadened [29]. Similarly, infrared
spectra for compounds (3) and (4) indicate that the asymmetric and symmetric vibrations of
-NH; overlap with those of -NH* in both compounds, as evidenced by the disappearance
of the first peak (3471 cm~! for melamine) and the broadening of the other two peaks.
The bending mode bands for melaminium chloride and compound (1) are substantially
higher than those for melamine (1652 cm‘l) at 1722, 1676, 1649 cm ! and 1679, 1656, and
1612 cm™1, respectively. This is explained by the fact that melaminium chloride and (1) have
fewer intermolecular interactions than melamine. In compounds (3) and (4), bending modes
are split into multiple bands, showing that -NHj; groups in these compounds have different
vibrational frequencies due to the presence of neighboring atoms and molecular interactions
in these structures. The region below 1500 cm ! is related to C-N, and C=N ring stretching
modes, C-N side group stretching, N-H rocking, and triazine ring breath and bending
vibrations, which are listed with detailed numbers in Table S1. The exact position of
these peaks can depend on various factors, such as the substitution pattern of the triazine
ring and the nature of the surrounding chemical environment, which agrees well with
the slight shifts in each region for compounds (1), (3), and (4). The strong split-band at
800 cm ™!, which is brought on by the sextant-bend of both the triazine and heptazine rings,
provides additional evidence that compound (4) is still either a heptazine- or triazine-based
compound (IR cannot differentiate between triazine and heptazine) [13,22,62], whereas
the yellow emission color of the compound under ultraviolet radiation rather indicates a
heptazine based compound.



Chemistry 2023, 5

1473

Melamine

Melaminium Chloride

W
WV

3)
W
(@)
W

Transmission/a.u.

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Figure 6. FTIR spectrum of melamine, melaminium chloride powder, compared with compounds (1),

®3), @.

4. Conclusions

The development of metal melaminates is just at its beginning. A preparative concept
for the development of melaminates was recently established for Cus(C3H3Nj3) based on
the reaction of CuCl with melamine. The same concept is employed in this study for the
reaction of SbCl; with melamine. Thermal studies (DSC) reveal a narrow sequence of
thermal events, or rather intertwining reactions that reveal new compounds, following the
sequence (1), (2) and (3) with increasing temperature.

Indeed, the final product of the given reaction cascade is compound (3), observed via
compounds (1) and (2). For a better description of the reaction sequence of compounds,
we use the abbreviation Mel for melamine, with Mel™™ for melaminate and Mel* for
melaminium. The overall reaction representing the formation of compound (3) can be
described as follows:

SbCls + Mel — SbCIMel?~ + 2 HCI

The formation of HCI in this reaction can be equivalent to melaminium chloride
(Mel™Cl), which is, in fact, present in compound (1) but is lost at elevated temperatures
through sublimation, which indeed has been reported as a side-phase for the corresponding
reaction of CuCl and melamine [20]. This reaction scheme with metal halide and melamine
is indeed a useful way to develop metal melaminates. However, reactions with melamine
are intrinsically difficult due to the high reactivity and condensation behavior of melamine.

The reaction of SbCl; with excess melamine passes through some intermediate reaction
stages with the formations of melamine derivatives (Mel~, Mel*) that are successively
lost with increasing temperature from (1) to (2) and finally (3). Compound (1) is best
described as SbClyMel~)(Mel*), containing three melamine species per antimony atom,
and compound (2) is given as (SbCly)> Mel ) (Mel™)3 and contains only two melamine
derivatives per antimony atom until only one melaminate is left in (3). The formation of
the expectable compound SbMel®~) is not observed.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/chemistry5020099/s1, Reference [29] is also cited in the supplemen-
tary materials.
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Unraveling the Synthesis of SbC1(CsNe¢H3):
A Metal-Melaminate Obtained through Deprotonation
of Melamine with Antimony(III)Chloride
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Figure S1: Schematic synthesis of three synthesized compounds ((1),(2),(3)).
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Figure S2: DSC pattern of pure Melamine.
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Figure S3: Asymmetric unit of compound a. (1), b. (2), c. (3)
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Figure S5: Stacking pattern of the CaNs units in compound (2).



Figure S6: Stacking pattern of the CsNs units in compound (3).
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Figure S7: Comparison of the recorded powder pattern of (1) with the calculated pattern. Calculated (red) and
recorded (blue)
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Figure S8: Comparison of the recorded powder pattern of (3) with the calculated pattern. Calculated (red) and

recorded (blue)

Table S1. Assignment of recorded infrared wavenumbers (cm™) of obtained compounds compared to those of

melamine [1], and melaminium chloride [2].

Melamine Melaminium Compound Compound Compound Tentative assignment
chloride[29] 1) (3) (4)
3471 3469 3462 NH2 asym stretch
3421 3363 3433 3342 3332 NH: asym stretch
3363 3370 3334 N-H... Cl stretch
3334 3357 NHo: sym stretch
3180 3147 Combination tone:
NH-: bend+ side chain
asym C-N stretch
3203 N-H... N stretch
3132 3120 3157 3134 N-H... N stretch
3116 3049 N-H... N stretch
2945 N-H... N stretch
2734 2785 Combination tone:
2677 2679 2680 NH: asym stretch side
2368 2356 2364 2370 chain out of plane C-N
2198 2175 bend
1722 NH: bend
1676 1679 NH: bend
1652 1649 1656 1639 1651 NH: bend
1620 1612 1600 Side chain asym C-N
1554 1556 1565 1510 stretch
1521 1515 1508
1465 Ring semi-circle
1492 1487 1479 stretch
1438 1452 1448 1375 1390 Side chain C-N breath
1367 1373 1325 1350 Ring semi-circle
1336 stretch

1193




1172
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1014
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655

578
495

1172

1145

979
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501

1004

792
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Ring semi-circle
stretch+NH2rock
Ring semi-circle
stretch
Ring breath
triazine ring, in phase
radial
Ring out of plane bend
Side chain out of plane
bend +Ring-sextant
out of plane bend
Side chain out of plane
bend +Ring-sextant
out of plane bend
Ring breath and NH:
bend (out of plane)
NH: wag
Ring bend
Combination tone:
NH: bend+NH: rock
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Introduction

Melamine, also known as 2,4,6-triamino-s-triazine, was first
discovered by the German chemist Justus von Liebig in the
1830s." Commercial manufacture of urea increased its wide-
spread availability.>™ Later, in the early twentieth century, the
recognition of its properties, particularly its thermal stability,
contributed to a better understanding of the compound.
Although Liebig and Gmelin"? initially proposed the conden-
sation product of melamine, known as heptazine compounds,
only elemental analysis was performed during that period.*®*’

The exact molecular structure of these compounds was later
proposed by Linus Pauling about a century ago.® In the sub-
sequent studies, conducted by various scientists,”'® the mecha-
nism of the condensation reactions was explored, leading to the
characterization of intermediates such as melam, melem, and
melon formed during thermal treatment. B. Lotsch’s investi-
gations further disclosed that melem and melam could be
obtained by heating melamine, cyanamide, dicyanamide, or
ammonium cyanamide."* This implies that at slightly elevated
temperatures, any of these precursors have the potential to
transform into melamine. Moreover, the formation of melem
was previously postulated by May,"*> who elucidated a decompo-
sition process in which some melamine is decomposed to

“Section for Solid State and Theoretical Inorganic Chemistry, Institute of Inorganic
Chemistry, University of Tiibingen, Auf der Morgenstelle 18, 72076 Tiibingen,
Germany. E-mail: juergen.meyer@uni-tuebingen.de
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10912 | Dalton Trans., 2024, 53, 10912-10918

leads to a novel compound featuring deprotonated melam units in a supramolecular assembly, based on
the [C1oN2oHgl*™ anion that is interconnected in the structure via N—=In—N bonding. The reaction pathway
of the formation of this compound is investigated by thermal analysis and the crystal structure of unique
(NH4)[(InClz)g(ClzNonS)]-%[InCl;(NHz)] is reported as well as its photoluminescence properties.

produce cyanamide at temperatures ranging from 300 to 320 °C.
Following this, cyanamide condenses with melamine, giving
rise to the formation of melam, and subsequently melem, by
eliminating two ammonia molecules."?

Melem and melemium salts are famous for their potential
as highly effective flame retardants," excellent polymer com-
patibility, and their status as halogen-free compounds.®
However, melem faces limitations in practical applications due
to its insolubility and chemical stability.® Despite these chal-
lenges, melem can be dissolved in mineral acid solutions to
isolate melemium salts such as melem-phosphoric acid
adducts  CeN,(NH,);-H;PO,," perchlorate
[HCeN,(NH,);]ClO4-H,0,"*  melemium-melem  perchlorate
HCN,(NH,);Cl0,-C6N-(NH,)3," etc.

Recent investigations propose that the formation of melam
is dependent on specific heating conditions, including temp-
erature, pressure, and duration.'®'” Furthermore, melam is
only stable in a small temperature range. Notably, it is recog-
nized as a minor by-product in the condensation of melamine
to melem, observed under specific conditions."”™"® The crystal
structure of this intermediate has recently been
characterized,"”*° indicating its potential significance in the
development of new compounds with applications extending

melemium

beyond flame retardancy. Several groups of melam-based com-
pounds have been identified, including melamium salts such
as melamium perchlorate (CgN;;H;;(ClO4),-2H,0),** mela-
mium  bromide  (CeNy;HyoBr),>*> melamium iodide
(CeNy;Hyol),** and melamium chloride ammonium chloride
(CeNy;H;oClo sNH,C1).?°  Additionally, melamium adduct
compounds  like  melamium  thiocyanate = melamine
(CeNy1H;oSCN-2C3NgHg)** and melamium thiocyanate melam
(1:1) adduct (CeN;;H;,SCN-C¢N;H,) have been discovered.?
Our research group has also uncovered new sets of compounds

This journal is © The Royal Society of Chemistry 2024
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involving LiBr-melam, Lil-melam, CuX (Cl, Br, I)-melam,
CusCly-melam, and CuzCly-melam.** These compounds
exhibit a distinctive feature where a metal halide is linked to
inner nitrogen atoms in all structures. Furthermore, in the
latter two structures, (CuzCly,-melam, and Cu;Cl;-melam),
outer nitrogen atoms are also connected to metal halides.
These findings introduce a new array of metal-containing
melam compounds, suggesting potential applications across a
wide spectrum of chemistry*® and biochemistry.>

Exploring the realm of C/H/N chemistry, melamine, proto-
nated melamine, and melaminate compounds present intriguing
aspects.””?® Melamine exhibits the ability to coordinate with
metal halides, forming compounds like [Cu;Cls(C5NeH)],,>*
[Cu,Br,(C3NgHg)],,>°  the silver complex [Ag(CsNgHg)(H,0)
(NO3)J»,>° [Ag(C3HNG)]NO;,*" and the mercury compound
(C3NgH,)(C3NgH¢)HECl,.>> However, compounds involving depro-
tonated melamine are of heightened interest compared to these
adducts. Noteworthy examples include K(C3NgH;)-NHjz;, Rb
(C3NGH5)-INH;,* K3(C3NgH,),*® Cuy(C3NgH;),” SbCly(CoNygH,o),
(SbCl4(CeN1,Hy3)),, and SbCI(C3NgH,). 2

In this context, we present a new compound featuring
melam units in a captivating supramolecular porphyrin-like
design with indium chloride. We have investigated the solid-
state synthesis, infrared (IR) spectroscopy, stability assessed
through thermogravimetric analysis (TGA), stability in air,
X-ray diffraction (XRD), crystal structure analysis, and photolu-
minescent properties of this compound. This exploration
establishes an unprecedented avenue for the development of
additional compounds that could hold significant appli-
cations. Additionally, it offers novel insights into the chemistry
of melamine, and melam-based compounds, revealing their
potential to be deprotonated and used as a ligand.

Results and discussion

The new compound (NH4)[(InCl,);(C;,N0Hs)]-2[InCl;(NH;)]
and the hitherto unknown side-phases of (NH,),[InCl5(NH;)],
and (NH,4);InClg are obtained on heating equimolar amounts
of indium(m) chloride and melamine at 250 °C. The inner
nitrogen (1) atoms of melam (shown in Scheme 1a) form con-

a) b)
NH, ) NH,
N| SN N |N @>5N,. N /e
g A, N e
N LL /Q\ /
HZN)Q R N/<NH2

Scheme 1 (a) Structure of melam (CgN4y1Ho) with H atoms that are sub-
jected to deprotonation drawn in grey and (b) the [C15N»oHgl*~ anion
centered and surrounded by indium atoms.
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nections with an indium atom in the center of the ring-shaped
molecule (Scheme 1b). Two terminal nitrogen atoms (2) are
completely deprotonated and interconnect two melam units
and form N-In bonding displayed in Fig. 1, while the remain-
ing nitrogen atom (3) undergoes complete deprotonation,
forming N-In bonding instead. Alternatively, one can envision
this structure as comprising four melaminate units (deproto-
nated four times), interconnected through nitrogen linkages,
resembling a porphyrin-like assembly (Scheme 1b). The side
phases sublimed off during the reaction and were removed
from the main product. All crystal structures were refined by
single-crystal X-ray refinement.

Crystal structure

The  crystal  structure  of  (NH,)[(InCly)3(Ci2NaoHg)]:
InCl;(NH;)] was solved and refined with a transparent yellow
single-crystal based on X-ray diffraction data in the cubic space
group I43d (Table 1). The characteristic motif in the structure
is the molecular [C;,N,,Hg]"™ anion that is interconnected by
indium atoms into a three-dimensional network structure.
Indium(m) ions in the [(InCl,)(InCl,)4/5(C12N20Hg)]™ fragment
are surrounded octahedrally in two different ways. One type of
indium is centered within the [C;,N,oHg]*” ion and four
indium atoms surrounding the [C;,N,oHg]*~ ion having dis-
torted octahedral (-N),-InCl, arrangements, displayed in
Fig. 1. Indium in the center of the (C;,N,oHg)*™ anion is con-
nected by dative bonding coming from the electron pairs of
four nitrogen atoms, and two chloride ligands in the trans
position. Four other indium atoms are showing cis-arrange-
ments of their (-N),InCl, polyhedra, thereby inducing a tilted
-N-In-N- connectivity between adjacent (C;,N,oHg)*™ moieties
in the structure (Fig. 2).

The bridging connectivity of indium(u) ions in the struc-
ture involves In-N distances ranging between 204.2(2) pm and
228.1(6) pm. This connectivity leads to a complex structure, in
which one central moiety connects to four adjacent
[C12N,oHg]'™ moieties and so on. The ammonium ions and
[InCl5(NH;)] molecules occupy voids in the arrangement of the

Fig. 1 Surrounding and connectivity of the (C12NooHg)*™ ion with
indium(in) ions as [(INCL,)(INCly) 4/2(C12N2oHg)] ™ (In is shown red, Cl green,
C gray, and N in blue).

Dalton Trans., 2024, 53,10912-10918 | 10913
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Table 1 Selected crystal and structure refinement data for (NH,)
[(InClz)3(C12N20H8)]-%[InCl_v,(NH;)], recorded at 150 K

Empirical formula C36 N71Hge Inq1Clyy

CCDC 2333063
Formula weight (g mol™") 3607.41
Wavelength (Cu-K,) (A) 1.54184
Crystal system Cubic
Space group 143d

Unit cell dimensions (A) 28.1902(2)
Volume (A% 22402.4(5)

zZ 8

Density (calculated) (g em™) 2.139

Absorption coefficient (mm™") 23.580

Final R indices (I > 20(I)a) R; =0.0284, WR, = 0.0792
R indices (all data) R, = 0.0296, WR, = 0.0798
GOOF 1.058

Fig. 2 Section of the structure showing the tilted connectivity pattern
between one (C12N»oHg)*™ unit with four adjacent ones via —N-In-N-
bonding.

(NH,4)[(InCl,)3(C12N20Hg)]™ network, as shown in Fig. 3 on the
right. These molecules are very similar to those of the obtained
side phase in the reaction, which is characterized as
(NH,),[InCl5(NH;)], with its [InCls(NH;3)]>~ ion displayed in
Fig. 4, in comparison to the neutral [InCl;(NH;)] in the title
compound. The crystal structure of the side phase
(NH,4),[InCl5(NH;)] consists of indium, coordinated to five
chloride ions and one ammonia molecule, arranged in a dis-
torted octahedral geometry, with ammonium ions serving as
counter ions to balance the charge. In the other side phase
((NH4)35InClg), indium is coordinated to six chloride ions and
three ammonium ions act as counterions.

Fig. 3 Unit cell content in the cubic (/43d) structure of (NH,)
[(InClz)3(C12N20H8)]-%[InCl3(NH3)] (left) and a schematic polyhedra
drawing in the structure (right), emphasizing NH," ions as tetrahedra
(violet) and [InCl3(NH3)] molecules as distorted octahedra (green).

10914 | Dalton Trans., 2024, 53,10912-10918
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Fig. 4 The [InCls(NH3)]>~ ion in the structure of (NH,4),[InCls(NH3)] (left)
and the neutral [INCls(NH3)l in (NH4)[(INCL)3(C12N20Hg)]-2[INCls(NH3)]
(right). Note that all ligands are occupied by 50% only in the latter.

Thermoanalytic studies

The reaction of a 1.2 : 1 molar mixture of InCl; and melamine
was examined through differential scanning calorimetry (DSC)
at a heating and cooling rate of 2 °C min~" within the tempera-
ture range from room temperature to 500 °C (Fig. 5). The DSC
curve revealed two distinct exothermic regions at 150 °C and a
broad peak at around 217-265 °C, each indicative of a reaction
between the reactants. To discern each reaction, we inter-
rupted the process at each peak and studied the X-ray diffrac-
tion (XRD) patterns obtained from each experiment. The first
peak at around 150 °C shows the formation of intermediate
unknown phases. Multiple exothermic peaks in the range of
217-265 ©°C indicate the formation of the (NH,)
[(InCl,)5(C12Np0Hg)]-4[InCl3(NH;)] compound, and the side
phases of (NH,),[InCl5(NH;)] and (NH,);InClg. It’s important
to note that there are also multiple peaks within this tempera-
ture range, which can be assigned to by-products produced at
this temperature range. These side phases could be separated
by temperature gradient. The decomposition of the product is
evident at the endothermic peak (435 °C) and has been further
analysed in the TGA and stability sections.

435°C

-

(=]

£

*

>

e

b i

a 150°C

217°C-265°C
100 200 300 400 500
Temperature/°C

Fig. 5 DSC of the reaction of InCls melamine in a stoichiometric ratio
of1.2:1.
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X-ray powder diffraction

As part of the investigation into reaction products, we con-
ducted a PXRD analysis. The XRD pattern for (NH,)[(InCl,);
(C12N20Hg)]-4InCl;(NH;)] is shown in Fig. S11 These recorded
patterns were then compared with calculated counterparts
obtained through structure refinement based on single-crystal
data. The compound was successfully obtained with a yield of
58%. Since the by-products crystallized at the top of the
ampule, characterization was also conducted through single-
crystal diffraction, leading to the characterization of the yet
unknown adducts of (NH,),[InCl5(NH;)], and (NH,);InCls
(CCDC 2301094 and 2334831). The XRD taken from side-
phases sublimated on the top of the ampule is depicted in
Fig. S27 along with the crystal structures data provided in
Table S1.t

Infrared spectroscopy (IR)

The experimental IR spectrum of the (NH,)[(InCl,);
(C12N20Hg)]-4InCl;(NH;)] compound has been compared with
that of melamine and melem as shown in Fig. 6. Table S2}
provides information on the frequencies linked to individual
vibrational modes of these molecules, along with the corres-
ponding assignments of bonds. This comparison helps us
understand the (NH,)[(InCl,);(C12N2Hg)]-4InCl;(NH;)] com-
pound’s spectral features by relating them to the well-known
vibrational patterns of melamine, and melem.'” As shown in
Fig. 6, infrared spectra were recorded for three compounds in
the range of 4000 to 500 cm™'. Given that all the compounds
contain NH, groups, it is not surprising that they exhibit
similar patterns in the regions between 3500-3200 cm™' and
1580-1600 cm™', ascribed to NH stretching and bending
vibrations, respectively.'”?® However, apart from slight vari-
ations in relative intensities and splitting, there is a distinctive
difference in  (NH,)[(InCl,);(C;2N20Hs)]-3[InCl3(NH;)]
pound compared to melem, and melamine in these regions.
In fact, in the spectrum of the (NH,)[(InCL);
(C12N30Hy)]-4InCl3(NH;)] compound, the band at around

com-

(NHZ[(InCl;)5(C12N5oHg)]-2/3[INCly(NH;)]

W

Melem

Melamine

Transmission/a.u.

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm"1)

Fig. 6 IR comparison of (NH4)[(InClz)g(ClzNong)]-%[InCl3(NH3)] with
melamine, and melem.
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3500-3200 cm™ " appears broader and slightly less intense
compared to the two others, which can signify differences in
structures, especially the number of NH, groups present in
this structure. As expected, the compounds show a similar
spectrum in the regions around 800 cm ™' and
1400-1550 cm™, which are related to ring out-of-plane
bending and side chain C-N breathing, respectively.*®

Stability of (NH,)[(InCl,);(C12N5oHs)]-{[InCl;(NH;)]

The (NH,)[(InCly); (C12NaoHg)]-4InCl3(NH;)] compound has
been kept for two months outside of the glove box inside an
open container, and XRD measurements taken from the crys-
talline powder shown in Fig. S31 show the high stability of this
compound in air. The thermal stability of this compound has
also been studied with TGA analysis, as can be seen in Fig. 7.
The decomposition starts at around 425 °C and continues to
700 °C until the compound is finally converted into indium
carbodiimide, In, ,4(NCN);.>** The XRD pattern taken from the
final product which appears to be indium carbodiimide, is
shown in Fig. S4.7

Photoluminescence measurements

Metal-organic complexes with indium metal centers were
reported before to have photoluminescent properties.**® In
fact, complexes with a d'® metal center have been considered
as luminescent materials.>® Furthermore, the luminescence
and photochemistry of porphyrin and phthalocyanine com-
plexes with group 13 metals have been reported in several
studies.*®*! Therefore, the solid-state luminescence of the syn-
thesized material was investigated at ambient temperature
(Fig. 8). The emission spectra depicted two broad bands at 380
and 530 nm, while the corresponding excitation bands are at
350 and 460 nm, respectively. The 530 nm emission causes
greenish luminescence as displayed in the inset in Fig. 8. To
further analyse the photoluminescence behaviour, decay
curves of the emission spectra excited at 350 nm were recorded
(Fig. 9a and b). The decay curves indicated emission lifetimes

100 4
90 -

80 :
425'C

~
o
1

60 -

Weight(wt.%)
DTA (uV*mg™1)

50
401

30

200 300 400 500 600
Temperature/’C

100 700

Fig. 7 TGA analysis
[(INCl2)3(C12N20Hg)1-2lINCl3(NH3)1.

and stability of (NH,4)
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Fig. 8 Photoluminescence spectra of  (NH4)(INClo)3(C12N20Hg)1-2
[InCl3(NH3)] in the solid-state at room temperature. The emission spec-
trum was recorded upon 350 nm excitation, while the excitation spec-
trum was monitored at 535 nm. The inset shows the crystalline yellow
powder of the title compound and the green emission under UV
excitation.
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Fig. 9 Decay curves obtained for crystalline (NHy4)

[(InClz)s(ClzNong)]-%[InCl3(NH3)] upon excitation at 350 nm and moni-
toring the emission band at 358 nm (a) or monitoring the emission at
530 nm (b).

71 = 604 ps and 7; = 325 ps for the emission bands at 358 nm
and 530 nm, respectively. In some of indium metal-organic
compounds, the ligands alone doesn’t show any photolumi-
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nescent property meaning that rather the ligand-to-metal
charge transfer is responsible for the observed photo-
luminescence.*® In this study, the emission band of 530, and
also the calculated decay times fall in the region of similar
works on indium-based complexes.**?”**™** The observed
luminescence of this compound is most likely due to ligand-
to-metal charge transfers (LMCT) or metal-centered tran-
sitions, as the decay times are in the microsecond range. This
is inconsistent with ligand-centered processes such as n-n*
transitions, which typically decay within the nanosecond
range.”® The transitions are most likely caused by an LMCT,
since In®" can easily take up one or two electrons, which yields
the monovalent ion s* ion (In") as an excited state.*
Additionally, metal-centered transitions in In® ([Kr]4d'®) com-
prising materials are known and could explain the observed
emission spectrum.?*®*”*

Conclusion

This research work introduces a novel, simple solid-state syn-
thesis for creating supramolecular and porphyrin-like assem-
blies from the thermal condensation of melamine. The com-
pound, denoted as (NH,)[(InCl,);(C;2Na0Hg)]-4InCl;(NH;)]
results from the reaction between indium(ur) chloride and mel-
amine, featuring a unique supramolecular assembly of depro-
tonated melamine or deprotonated melam interconnected
with indium chloride centers. This study introduces the first
compound made from four times deprotonation of melamine,
with the [C;,N,oHg]*™ anion. Our findings highlight that this
compound is also stable under ambient conditions, indicating
its potential for further research and exploration. Infrared
spectroscopy, X-ray diffraction analysis, thermal gravimetric
analysis (TGA), and differential scanning calorimetry (DSC)
analyses confirm its stability and reveal its structural character-
istics. Analogous to porphyrins and metal-organic assemblies
with d'® metal centres, this supramolecular arrangement has
the potential to exhibit luminescence attributable to ligand-to-
metal charge transfers (LMCT) or metal-centered transitions.
The luminescent color under UV radiation originates from an
interconnected structure binding to the metal core. Overall,
the synthesized compound not only holds promise for advan-
cing deprotonation ligands derived from melamine and its
condensation products but also offers valuable insights into
supramolecular C/H/N chemistry, and their properties.

Experimental section
Materials and methods

The starting substances, melamine (2,4,6-triamino-1,3,5-tri-
azine, purchased from Sigma-Aldrich, 99%), and indium(u)
chloride (Sigma-Aldrich, 99%), utilized without
additional purification. The reaction mixtures were prepared
in a glovebox under an argon atmosphere with moisture and
oxygen levels maintained below 1 ppm. Subsequently, the pre-

were
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pared mixtures were transferred into handmade silica tubing
(length: 6 cm, inner diameter: 7 mm) and sealed under a
vacuum. The reactions were conducted in Simon-Miiller
furnaces.

Synthesis of (NH,)[(InCl,);(C;,NoHg)]-}[InCl;(NH;)]

Indium(m) chloride and melamine in a molar ratio of 1.2:1,
respectively were ground together in an agate mortar as precur-
sors. The resulting mixture weighing approximately 50 is
vacuum-sealed. This ampule was subsequently placed horizon-
tally in a Simon-Miiller furnace, heated to 250 °C for 20 h with
a heating rate of 2 °C min~", and cooling at a rate of 0.5 °C
min~". The reaction yielded a yellow crystalline product at the
ampule’s bottom, achieving a yield of 58% relative to the pre-
cursors. The separation of the product from by-products is pri-
marily influenced by the temperature gradient.

Instrumentation
X-ray powder diffraction

The powder diffractometer (STOE Darmstadt, STADIP, Ge-
monochromator) was utilized to record the X-ray diffraction
patterns of the prepared powders. The radiation employed was
Cu-Kay (4 = 1.540598 A), and data was collected within the 5 <
260 < 100° range. Match;! Software was used to compare these
patterns with those of the relevant crystal structures.

Single-crystal X-ray diffraction

Single crystals of the product were chosen and positioned on a
light-yellow single-crystal X-ray diffractometer (Rigaku XtaLab
Synergy-S) utilizing Cu-K, radiation (1 = 1.54184 A) and a
mirror monochromator at either 150 or 220 K. The crystal
structures were determined through direct methods
(SHELXT),*® followed by full-matrix least-squares structure
refinements (SHELXL-2014).*® X-ray intensity absorption cor-
rection was carried out using numerical methods with the
CrysAlisPro 1.171.41.92a software (Rigaku Oxford Diffraction).
Hydrogen atoms were identified in the difference map and
refined isotopically based on their positions.

Infrared spectra

The infrared (IR) spectra for the samples were obtained utiliz-
ing a Bruker VERTEX 70 FT-IR spectrometer, covering a spec-
tral range from 400 to 4000 cm™'. KBr tablets were employed
as the background during the spectroscopic measurements.

Optical measurements

The  fluorescence  spectrometer  FLS920  (Edinburgh
Instruments) equipped with a 450 W xenon discharge lamp
(OSRAM) was utilized to capture the emission and excitation
spectra of (NH,)[(InCl,);(C;,N,0Hg)]2[InCl;(NH;)]. Inside the
sample chamber, a mirror optic designed for powder samples
was incorporated. For detection purposes, an R2658P single-
photon-counting photomultiplier tube manufactured by
Hamamatsu was utilized. Photoluminescence spectra were
recorded with a spectral resolution of 1 nm, a dwell time of 0.5
seconds at 1 nm intervals, and 2 repetitions. The photo-
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luminescence decay curves were recorded using the same
spectrometer but with a 445 nm picosecond laser as a pulsed
excitation source.

Thermoanalytic studies

Differential scanning calorimetry (DSC) experiments were con-
ducted utilizing a DSC 204 F1 Phoenix instrument (Fa.
Netzsch, Selb, Germany). The initial components were sealed
in a glovebox under an argon atmosphere and placed in gold-
plated (5 pm) steel autoclaves with a 100 pl volume (Béchler
Feintech AG in Holstein, Switzerland). The reaction between
InCl; and melamine was investigated on 1.2:1 ratio, covering
a temperature range from room temperature to 500 °C. The
heating and cooling processes were performed at a rate of 2 °C
min~".

The TGA experiments were conducted using a Netzsch
Jupiter STA 449 F3 apparatus. The final product was trans-
ferred under argon into an open-ended custom silica container
and exposed to gradual heating and cooling at a rate of 2 K
min~". This enabled stability analysis of the product across the
temperature spectrum from room temperature to 700 °C.
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Figure SI 1. XRD pattern of the synthesized (NH4)[(InCl,)s (C12N0Hg)]-2%4[InCl3(NH3)](bottom),
Calculated pattern from single crystal measurement (top) (CCDC code: 2333063 ).
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Figure SI.2. XRD pattern of the side-phases sublimated on the top part of ampule synthesized
along with the main phase of (NH4)[(InCl;)3 (C1,N»9Hg)]-%[INCl3(NHs)](bottom). (a) Calculated
pattern from single crystal measurement of (NH,),[InCls(NH3)] (CCDC code: 2301094 ) (b)
Calculated pattern from single crystal measurement of (NH,); InClg (CCDC code: 2334831).

Table S1. Crystal structure data of (NH,),[InCls(NH3)], and (NH,)3 InClg as side phases of the

reaction.
Empirical Formula (NH;),[InCl5(NH3)] (NH,)s InClg
CCDC code 2301094 2334831
Formula weight (g/mol) 345.19 381.65
Wavelength (Cu-Ka) (A) 1.54184 1.54184
Crystal system orthorhombic monoclinic
Space group Pnma P2,/c
Unit cell dimensions (A) a/A 13.7070(2) a/A 13.1270(3)
b/A 10.76210(10) b/A 7.78800(10)
c/A 6.93960(10) c/A 12.2894(2)
Volume (A3) 1023.70(2) 1192.96(4)
z 4 4
Density (calculated) (g/cm3) 2.240 2.125
Absorption coefficient (mm-) 29.980 27.819

Final R indices (1>20(1)) a) R;=0.0133, wR, = 0.0364

R, = 0.0148, wR, =0.0371



R indices (all data) R;=0.0133, wR, = 0.0364 R, =0.0149, wR, =0.0372

GOOF 1.264 1.211

Table S2. Vibrational frequencies (in cm™) for In-Ring compared to those of Melamine,
Melem, and (NH4)[(InC|2)3 (ClzNong)]%[|nC|3(NH3)]

Melamine Melem (NH4)[(InCl;)3(C12N20Hg)]-%5[InCl3(NH3)]
Ring-sextant out- 813 804 792
of-plane bending
CNC bending 1193 1306 1284
Side-chain 1434 1470 1380
CN breathing 1440 1434
1550 1504
NH; bending 1652 1612 1647
NH stretching 3128 3119 3200
3334 3325 3348
3421 3424 3452
3469 3487
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Figure SI 3. XRD pattern of the synthezied (NH4)[(INCl,)3 (C12N20Hg)]-%4[InCl5(NH3)] after two
month in ambient condition(bottom), Calculated pattern from single crystal measurement
(top) (CCDC code: 2333063 ).
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Figure SI 4. The XRD pattern taken from decomposed material at 700°C in TGA
analysis(bottom), Calculated pattern from single crystal measurement of In, ,4(NCN)s(top)
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ABSTRACT: Thermal analysis techniques, such as differential scanning calorimetry (DSC) NH,

and thermogravimetric analysis (TGA), can provide valuable insights into thermal properties, . NN

intermediate phases, and phase transitions; sometimes even a whole series of compounds 7 HNON NN N
appears in a given system. The solid-state reaction pathway from melamine to carbodiimide,  B-KCN: HN—NNNNHZ
monitored by DSC, involves a sequence of chemical reactions and intermediate phases

departing from the reaction of potassium hydride and melamine. The fully analyzed reaction o +1CSN6H6

cascade begins with the formation of potassium melaminate, K(C;NgH;), and progresses oK, CN, 3 Ky(CNy) + 6 Hy'

through several intermediate phases, each with distinct structures and properties, before oy
ultimately yielding 3-K,(CN,). All crystalline compounds appearing in this reaction sequence NN
are identified using X-ray diffraction analyses. With a 6:1 ratio of potassium hydride and KsH(CN2)s HN N NH,

melamine, equal numbers of protic and hydridic hydrogen atoms in the starting materials
favor the release of H, until the formation of the final product K,(CN,), which appears with
two modifications.

K(CN,H)

B INTRODUCTION

Melamine-based materials are typically synthesized through the
condensation reaction of melamine with formaldehyde or
other aldehydes, resulting in a cross-linked polymer net-
work.' > These materials can be further modified by
incorporating other functional groups or additives to tailor

K(C3N¢H;)-NH; and Rb(C;N¢H;)-1/2NH;, and amorphous
Na(C,;N¢H;)-NH,, under ammonothermal conditions.

In our previous work, we were able to deprotonate melamine
thrice in a solid-state metathesis reaction (SSM) with copper
chloride (CuCl) to yield tricopper melaminate."'
Cu;(C3NgH;) represents a semiconducting MOF with Cu-

Downloaded via UNIV TUEBINGEN on November 7, 2024 at 16:25:26 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

their properties for specific applications.*”” A new category of
melamine materials, called melaminates, is currently being
developed. These salts could potentially display distinctive
properties and characteristics that have not yet been fully
explored. The number of compounds containing deprotonated
melamine is very small since the deprotonation of a weak base
is challenging.®

Synthesis of melaminates has been attempted in liquid
ammonia and solid-state reactions. The choice of the
preparation method may depend on factors such as reaction
conditions and ease of handling. Liquid ammonia can provide
a solvent-like environment for the reaction under ammono-
thermal conditions, while the solid-state method may offer
more control over the reaction kinetics. Both methods have
been utilized to synthesize melaminates. Melaminates obtained
from the ammonia route have been evidenced as ammonia
adducts that are reported to turn amorphous upon removal of
NH;. Two compounds, potassium melaminate K(C;N¢H;)-
nNH; and tripotassium melaminate K;(C3NgH;), have been
proposed for the first time as melaminates.*'® However, some
of these melaminate compounds were obtained as amorphous
phases, and their compositions were only derived from
elemental analysis. Later on, reactions of elemental potassium,
sodium, and rubidium with melamine in liquid ammonia have
yielded crystals of adducts of potassium and rubidium as

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications

to-Cu bonding and shows the applicability of melaminate as a
building block in a supramolecular architecture.'" An improved
synthesis for this material was given very recently by a solid-
state reaction of copper chloride with Na(HCN,) to obtain
Cu;(C;NgH,) via trimerization reaction of (HNCN)~ ions."?

Corresponding SSM reactions of melamine with antimony
chloride (SbCl;) yielded a melaminate dianion in SbCl-
(C3NgH,)."* Reactions with indium chloride (InCl;) resulted
in the formation of melaminate monoanions in a tetrameric
arrangement of the [C,N,Hg]* ion."*

In a new attempt, we have studied the effect of bases such as
LiH, NaH and KH in the deprotonation process of melamine
in the solid state. Thermoanalytical studies revealed a sharp
exothermic reaction with LiH, a tight reaction sequence with
NaH (Figure S1), and a well resolved reaction sequence for the
reaction between KH and melamine, which is thoroughly
analyzed and reported herein.
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Previous studies in the system K—H—(NCN) were
commonly performed in liquid ammonia and have led to the
structural identification of several compounds in which
hydrogen atoms act as a proton in KSH(CNZ)S,]5 as a protonic
imide in K(HNCN),'® and as a hydride in Ks(CN,),H."”

KH(CN,); was obtained from K(HNCN) and metallic
potassium in liquid ammonia, or alternatively from a solid-state
reaction of KNH, with melamine at 320 °C."® Protons in this
compound are only weakly bound to nitrogen atoms of
(NCN)*™ and are showing significant mobility as demon-
strated by 'H NMR and impedance measurements. The
synthesis of K(HNCN) was achieved from the reaction of
melamine and K(NH,) in liquid ammonia. K;(CN,),H was
prepared from K(NH,) and carbon in an autoclave reaction at
650 °C."7 The synthesis of monoclinic (a-)K,(CN,) was
reported from a reaction of KH(CN,) with K(NH,) in liquid
ammonia.'®

All of these previously reported compounds have been
prepared following their individual protocols. In this work, we
show the formation of all of these compounds within one
reaction sequence of a mixture of KH and melamine, as
monitored by differential thermal scanning (DSC) analysis. All
thermal effects in the DSC are analyzed, and the corresponding
compounds are characterized by means of X-ray diffraction,
including some new phases such as the new potassium
melaminate and potassium cyanomelaminate. In spite of the
formation of so many intermediate phases and the loss of a
significant amount of molecular hydrogen, this method appears
to be most useful for the preparation of potassium
carbodiimide.

Li,(CN,) is most common among alkali carbodiimides,
thermally stable up to more than 700 °C, and has multiple
reaction sites due to the existence of negative nitrogen atoms
and carbon—nitrogen double bonds. It is easy to prepare from
a reaction of Li;N or LiH with melamine, as we show in our
DSC study. Carbodiimides and cyanamides, commonly
summarized as dinitridocarbonates, exhibit great prospects as
versatile intermediates in various synthetic transformations,
and are important compounds in organic synthesis, agriculture,
and materials.'®

B RESULTS AND DISCUSSION

Differential Scanning Analyses. Solid-state reactions of
melamine are analyzed by differential scanning calorimetry
(DSC) using appropriate reaction mixtures encapsulated in
gold-plated steel metal containers. Parallel reactions in fused
silica ampules are used to grow single crystals for structure
determination by means of single-crystal XRD to characterize
intermediate phases at several stages of the reaction by means
of powder X-ray diffraction (ex situ PXRD) and for the
synthesis of pure phases.

Lithium carbodiimide, Li,(CN,), is a well established
reagent for the development of metal carbodiimide com-
pounds."” Its synthesis is commonly achieved by reacting Li;N
with (excess of) melamine following eq 1."° This reaction is
briefly evaluated and compared to an alternative reaction
between LiH and melamine (eq 2).

The reaction between Li;N and melamine requires an excess
of melamine (relative to eq 1), due to the thermal mass loss of
melamine resulting from the heat generation of the vigorous
exothermic reaction, envisioned in Figure 1 (black line). These
strongly exothermic reactions produce about —500 kJ/mol
(calculated from DSC) in the reaction with Li;N (eq 1) and

DSC/(mW/mg)

10+ ; Exo

T T T T
100 200 300 400
Temperature /°C

Figure 1. DSC plot of the reaction of Li;N and melamine according
to eq 1 (black line) and the reaction of LiH with melamine following
eq 2 (red line) with a heating rate of 2°/min (corrected for the
baseline).

ca. —350 kJ/mol (calculated from DSC) in the reaction with
LiH (eq 2).

2Li;N + C;NgH — 3Li,(CN,) + 2NH, 1 (1)
6LiH + C;N(H; — 3Li,(CN,) + 6H,1 (2)

The parent reaction with LiH (eq 2) can serve as a beneficial
alternative to the reaction reported previously (eq 1). The
thermal study of the reaction with LiH reveals this reaction to
be less exothermic, and for this reason, it does not require an
excess of melamine.

The reaction of lithium hydride with melamine produces
Li,(CN,) under the release of hydrogen, originating from
equal numbers of negatively and positively charged hydrogen
species. This reaction was investigated for A = Li, Na, and K by
differential scanning calorimetry (DSC) with samples
encapsulated into gold-plated steel containers. The reaction
with LiH (eq 2) reveals a sharp exothermic peak in the DSC
(Figure 1). The reaction with Na revealed a DSC pattern,
showing a relatively tight sequence of thermal events that were
not well resolved (Figure S1).

In this study, we analyzed the reaction of KH with melamine
in more detail, which reveals six exothermic and one
endothermic effects (Figure 2). Compounds appearing in
every single thermal event were separately prepared and
subsequently characterized by single-crystal and powder X-ray
diffraction (ex situ PXRD) techniques. We note here that the
formation of intermediate phases depends very much on the
chosen (6:1) ratio of KH to melamine in the DSC experiment,
with the consequence that an increase or decrease of this ratio
can lead into a different sequence of compounds.

The first broad exothermic effect in the reaction cascade
between KH and melamine in Figure 2 is attributed to the
formation of the new melaminate K(C,N¢H;) at 170 °C
(Figure S2) and to K,(C,N,H;) at a slightly higher
temperature (175 °C). The exothermic shoulder around 230
°C can be attributed to the decomposition of K,(C,N,H,) into
K(HNCN) (equals “K5(C3;NgH;)”) (Figure S3) and is part of
the strong exothermic formation of K{H(CN,), (Figure S4)
near 250 °C. The weak exothermic effect observed at around
300 °C is assigned to the formation of Ki(CN,),H, followed
by an exothermic peak at approximately 340 °C, corresponding

https://doi.org/10.1021/acs.inorgchem.4c02996
Inorg. Chem. 2024, 63, 16565—16572
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Figure 2. DSC plot of the reaction of 6KH + C3;N¢Hg — 3K,(CN,) + H, |220°C

6H, with a heating rate of 2°/min.

to the loss of hydrogen (Figure SS) and the formation of a-
K,(CN,) (Figure S6). The weak endothermic effect near 400
°C represents an irreversible phase transition of a-K,(CN,)
into the hitherto unknown tetragonal () modification.

Separate reactions at certain temperatures constitute a
fundamental part of this study (Experimental Section) for the
assignment of compounds being involved in thermal effects
(conversions) in the recorded DSC (Figure 2). The reaction
condition for every single intermediate compound appearing in
the system was optimized to obtain single-phase samples for
the identification of (already known and new) compounds
(S1—S6). Finally, the complete reaction sequence determined
for the reaction 6KH + C;N¢Hj is summarized in Figure 3.

The formation of phase-pure K;(CN,),H (Figure S7) was
obtained with a 7:1 ratio of KH to melamine and a heating rate
of 3 °C/min and completes the series of known compounds in
the K—H—(NCN) system represented as K(HNCN), K H-
(CN,); and K (CN,),H as well as the monoclinic (a)
modification of K,(CN,) that are discussed in the introduction
part. Moreover, there are a number of new compounds
appearing in the given reaction sequence (Figure 3).

The formation of potassium monocyanomelaminate
K,(C,N;H;) from potassium melaminate K(C;NgH;) can be
explained by the decomposition of some melaminate rings at
slightly higher temperatures. In fact, the melaminate ring is not
stable and decomposes into cyanamide or dicyandiamide. The
decomposition of melamine or melaminate may occur at low
temperatures under specific conditions, and this can be proven
with a similar reaction of melamine with metal chloride and the
formation of protonated guanylmelamine (see Figure S8).
Following this decomposition, the cyanamide reacts with
deprotonated melamine, leading to the formation of potassium
monocyanomelaminate K,(C,N,H;) as shown in Figure 4.

The result of the given reaction sequence, compacted in eq
3, represents an efficient and easy-to-handle synthetic route for
the preparation of phase-pure potassium carbodiimide
(described in the Experimental Section). Moreover, this
reaction involves the formation of a considerable amount of
molecular hydrogen.

6KH + C;Ny(NH,), — 3K,(CN,) + 6H,1 3)

Hydrogen-containing compounds offer hydrogen storage
capacities and can release hydrogen under controlled

K(CN;H)  [HN-C=N]  -H, | 300°C
-H, | 250°C

KsH(CN2); yt [N‘CEN2_13

-H, | 270°C
2— ERTE
a-K,CN, [N=C=N] [CN; ] H
450°C Ks(CNy),H

B-K,CN, [N=C=NT*~

Figure 3. Summary of compounds as detected and identified at
different temperatures during the course of the reaction of KH with
melamine.

. (NHz
B y _HZ/N—(C:N B
7 _ CEN
)N\/(I/NO = N/i — N)\NH . N)\NH
X 5 X %
HANT SN ONH HNTONTSNH NSNS B SN S
N N
2 7,
- _..N,c” Wi o
71 H- C=
NJ\N H* N)\NjH NHs N
sl e ; NP N
H,N” "N” °NH A H,NTON UH d
HaN™ N7 SNH

Second
deprotonation

First
deprotonation
Figure 4. Possible reaction mechanism of the formation of
monocyanomelaminate K,(C,N,H;) from potassium melaminate
K(C,NGH).

conditions. Hydrogen storage in amides and borohydrides is
a topic of interest in the field of hydrogen storage materials.
Amides, such as ammonia borane, and borohydrides, such as
sodium borohydride, have shown potential hydrogen storage
capacities. Composite materials like LiBH,—LiNH, resemble a
combination of hydridic and protic hydrogen atoms that are
considered favorable for hydrogen generation as they can

https://doi.org/10.1021/acs.inorgchem.4c02996
Inorg. Chem. 2024, 63, 16565—16572
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efficiently release hydrogen gas through dehydrogenation
reactions (eq 4).20’21

LiBH, + 2LiNH, — Li;(BN,) + 4H,? (4)

The thermal decomposition of the LiBH,—LiNH, composite
system results in the formation of lithium dinitridoborate.*®
This reaction can be well correlated with reactions shown
between hydride and amide in eqs 2 and 3, describing
reactions of metal hydride with melamine. Aliphatic
carbodiimides can rapidly absorb hydrogen during catalytic
hydrogenation, resulting in the formation of formamidine.”
Similarly, the hydrogenation of nitriles to primary amines is
readily achievable by reacting them with hydrogen gas and
specific catalysts.”*** Despite structural differences in K,(CN,)
from organic carbodiimides, this observation highlights the
potential of the metal hydride—melamine system for further in-
depth studies.

Crystal Structures. The crystal structures of intermediate
compounds in the given system were solved and refined based
on powder and single-crystal X-ray diffraction data, summar-
ized in Table 1.

Table 1. Crystal and Structure Refinement Data of Selected
Compounds Based on Single-Crystal and Powder X-ray
Diffraction Measurements

formula K(C;NgH)  K,(C,N,H;) S-K,(CN,)
space group Pben (no. 60)  Pmc2, (no. 26) I4,/a (no. 88)
a (pm) 1227.077(6)  383.30(6) 1730.1(1)
b (pm) 1111.785(6)  966.1(1) 1730.1(1)
¢ (pm) 1881.829(9)  1117.7(2) 596.35(8)
cell volume 2567.28(2) 413.9(1) 1785.0(4)
(&%)
formula units 16 2 20
(2)
goodness of fit  1.074 1.058 1.060
R-values R, = 0.0450; R, = 0.0230;
1> 26(1)] WR, = 0.0814 WR, = 0.0562
R-values (all - R, = 0.0786; R, = 0.0264;
data) wR, = 0.0888 wR, = 0.0574
AP iy APrmax —0.313; 0.248 —0.223; 0.281
(e:A?)
Riprogg 3.1143
1.1534
R, 2.7975
Ry, 3.8228 - -
CCDC no. 2332888 2350483 2270217

K(C3NgHs). The crystal structure of the monopotassium
melaminate K(C;NgH;) represents a new member of
melaminate compounds with the (C;N;)(NH,),(NH")
monoanion. The crystal structure contains two crystallo-
graphically different potassium and two different melaminate
ions. Both potassium ions are coordinated by the six nearest
nitrogen atoms in a distorted trigonal-prismatic fashion with
distances ranging between 280 and 301 pm (Figure S).

The crystallographic unit cell of K(C;NgH;) contains 16
melaminate ions, forming an apparently complex distribution
pattern which is dominated by the orientation of the
melaminate ions with their negatively charged —NH group
pointing toward potassium ions (Figure 6).

Ky(C4N;H;3). The crystal structure of K,(C,N,H;) is
composed of monocyanomelaminate anions coordinated by
two crystallographically different potassium anions. The

(NCN) group of the cyanomelaminate is disordered with the
terminal NH group, and the adjacent K2 is correspondingly
disordered over two crystallographic positions. The crystal
structure is shown for one of these patterns in Figure 7, with a
layered arrangement of (C,N,H;)*” anions within the be-
plane, covered by potassium ions from above and below.

K(CN,H). The compound was described by Schnick and
Huppertz in 1995, solved and refined from single-crystal X-ray
data.

K5(CNy),H. The compound was described by Jacobs and
coworkers in 2001,"” solved and refined from single-crystal X-
ray data.

KsH(CN,);. The compound was described by Schnick and
coworkers in 1997, solved and refined from single-crystal X-
ray data.

K,CN,. The monoclinic (a-)modification of K,(CN,) was
described by Becker and Jansen in 2000, solved and refined
from powder ex situ PXRD data with the space group C2/m."®
The formation of the monoclinic phase is confirmed in our
studies near 270 °C. a-K,(CN,) shows a phase transition into
its tetragonal (f-)modification at about 450 °C. f-K,(CN,)
crystallizes in the tetragonal space group I4,/a as clear
colorless needle-shaped crystals that behave sensitively in
moist air. The crystal structure contains one fully symmetric
(da—ca—ns = 124.9(2) pm) and one nearly symmetric
(dwi—ci-no = 121.4(3) and 121.9(3) pm) (NCN)*" ion, that
can be both safely addressed as carbodiimides. The fully
symmetric carbodiimide is surrounded by 12 potassium ions
(K1 and K2) in a double-square-antiprismatic arrangement.
These columns are surrounded via the second type of
carbodiimide ions N(1)—C(1)-N(2) (Figure 8). This
arrangement allows for additional channels in the structure,
which are occupied by disordered potassium ions (K3 and K4)
occupying two adjacent positions (16f with 20(2)% and
30(2)% occupancy), as shown in Figure 9.

The comparison of C—N distances in the (N—C—N) groups
of all six compounds is summarized in Table S1.

H CONCLUSION

Thermal analysis has emerged as a very helpful tool in studying
reactive systems. Recent examples have involved a compre-
hensive study of the binary tungsten iodide (W—I) system,
where phase relations in the system with more than 20 binary
phases are reported and characterized.”® Additionally, thermal
analyses have been utilized in the successive reduction cascades
of metal halides using nonconventional reduction agents.26
These studies have provided valuable insights into successive
reduction steps and intermediate compounds, enabling a
deeper understanding of the reduction mechanism. Finally,
thermal analyses have been successfully applied to uncover
intermediate phases and to monitor the ignition temperatures
of exothermic solid-state metathesis (SSM) reactions."’

The study presented here explores the successive reaction
steps involved in the reaction of potassium hydride with
melamine. It is shown that phase equilibria in the given system
are strongly influenced by the reaction conditions, simply
induced by minor changes in the temperature and of course
the composition.

In fact, some compounds in the presented K—H—(NCN)
system have been previously reported, while others remained
unknown and are now discovered and structurally charac-
terized to finally complete a whole reaction sequence. Along
that way, the new melaminate K(C;NgHs) is a subject of

https://doi.org/10.1021/acs.inorgchem.4c02996
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Figure 6. Projection of the unit cell content of the structure of
K(C3NgHy). K atoms are shown in dark gray, carbon atoms in brown,
nitrogen atoms in blue, and hydrogen atoms in white. Cell edges are
drawn as black lines.

interest for development of the emerging family of metal
melaminates, together with a number of other compounds
highlighting the dynamic nature of the chemical trans-
formations occurring within the given reaction cascade.

The combination of equal amounts of oppositely polarized
hydrogen atoms in the reaction of KH and C;N;(NH,); in a
6:1 ratio involves hydridic and protic hydrogen intermediates
in the gradually advancing reaction sequence under the release
of hydrogen. The system KH—C;N;(NH,); parallels the
composite LiBH,—LiNH, that is under discussion as a
hydrogen storage material.>> Both systems are capable of
releasing significant amounts of hydrogen.

The reactions described herein between KH or LiH and
melamine ultimately lead to the high-purity compounds
K,(CN,) and Li,(CN,). Particularly K,(CN,) can be
considered as a feasible fertilizer, capable of delivering two

Figure 7. Two views of the unit cell of K,(C,N,H;) with nearest
neighbor distances dy;_nying = 284.4(5) and 291.9(5) pm; dy;.nen =
309.9(9) and 3282(9) pm; diyning = 283.4(6) and 280(1) pm;
Ay Namia = 288.9(7) pm; and di, ncn = 280.9(8) pm.

key elements of the essential nitrogen, phosphorus, and
potassium (N—P—K) nutrition supply’” of plants.

In summary, this study demonstrates the complexity and
intricacies of chemical reactions in reactive solid-state systems
and the importance of thermal analysis for insight into such
reactions.

B EXPERIMENTAL SECTION

Syntheses of compounds were carried out in Schlenk tubes with a
length of 40 cm and an inner diameter of 35 mm, closed with a GL45
cap with a silicon seal (Schott AG, Mainz, Germany). The starting
materials (KH (Alfa Aesar, 95%) and melamine (Sigma-Aldrich,
99%)) were ground in an agate mortar in a glovebox under an argon
atmosphere. The mixture was filled into an open screw neck vial
(Chroma Globe, Kreuzau, Germany) and placed into the Schlenk
tube (Figure S9). The tube was heated in a Simon—Miiller furnace,

https://doi.org/10.1021/acs.inorgchem.4c02996
Inorg. Chem. 2024, 63, 16565—16572
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Figure 8. Environments of two types of (NCN)?~ ions by 12 (left, red polyhedra) and six (right, violet polyhedral) potassium ions in the structure

of (tetragonal) f-K,(CN,).

Figure 9. Unit cell of tetragonal -K,(CN,) showing disordered
potassium atoms. K atoms are drawn in gray, carbon atoms in brown,
and nitrogen atoms in blue.

with rates and holding times given below for each compound. The
purity of the samples was examined by powder XRD measurements
and full Rietveld refinements, which are given in the Figures S2—S7.

K(C3NgHs). Only the synthesis of K(C3NgH;) was performed in a
classical way. A mixture of 75 mg of KH (1.9 mmol) and 214.41 mg of
melamine (C;NgHg) (1.7 mmol) were heated in a fused silica ampule
at 225 °C for 40 h (heating rate 2 °C/min, cooling rate 1 °C/min).
K(C;NgH;) was obtained as a white microcrystalline X-ray pure
powder. K(C;N¢H;) obtained from this reaction appears to be
moisture-sensitive.

K3(C4N7H3). A mixture of 7S mg of KH (1.9 mmol) and 147.4 mg
of melamine (C3;N¢Hg) (1.17 mmol) was heated at 240 °C for 60 h
(heating rate 2 °C/min, cooling rate 1 °C/min). K,(C,N,H;) was
obtained as a beige microcrystalline powder together with unreacted
melamine which was carefully sublimed off in a temperature gradient
of 215 to 25 °C in a sealed silica glass tube. K,(C,N;H;) obtained
from this reaction appears to be moisture-sensitive.

K(CN,H). A mixture of 100 mg of KH (2.5 mmol) and 104.8 mg of
melamine (C;NgHg) (0.83 mmol) was heated at 250 °C for 4 h
(heating rate 3 °C/min, cooling rate 1 °C/min). The congealed
molten mass was ground in an agate mortar in a glovebox under an
argon atmosphere. K(CN,H) was obtained phase-pure and is
moisture-sensitive.

KsH(CN,);. A mixture of 150 mg of KH (3.74 mmol) and 94.3 mg
of melamine (C;N¢H;) (0.75 mmol) was heated at 250 °C for 16 h
(heating rate 3 °C/min, cooling rate 2 °C/min). KsH(CN,); was
obtained phase-pure as a white microcrystalline powder and behaves
moisture-sensitive.

Ks(CN,),H. A mixture of SO mg of KH (1.25 mmol) and 21 mg of
melamine (C3;NgHg) (0.17 mmol) was heated at 300 °C for 16 h
(heating rate 3 °C/min, cooling rate 2 °C/min). K;(CN,),H was
obtained as a phase-pure white microcrystalline powder and is
moisture-sensitive.

a-K,(CN,), Monoclinic Modification. A mixture of 150 mg of
KH (3.74 mmol) and 78.6 mg of melamine (C;NgH4) (0.62 mmol)
was heated at 270 °C for 16 h (heating rate 3 °C/min, cooling rate 2
°C/min). Monoclinic K,(CN,), was obtained in 70+ % purity as light
gray powder and behaves moisture-sensitive. The side phases were
identified as K;(CN,),H and K;H(CN,);.

B-K5(CN,), Tetragonal Modification. A mixture of 150 mg of
KH (3.74 mmol) and 78.6 mg of melamine (C;N4H,) (0.62 mmol)
was heated at 450 °C for 2 h (heating rate 3 °C/min, cooling rate 2
°C/min). Phase-pure f-K,(CN,), was obtained as light gray
moisture-sensitive powder (yield, >98%).

Powder X-ray Diffraction. Compounds were investigated by
powder X-ray diffraction (PXRD) on a Stadi-P (STOE, Darmstadt)
diffractometer with germanium-monochromated Cu—K,; radiation.
The PXRD pattern of K(C;N¢H;) was indexed and solved with the
program EXPO.”® The structure solution was generated with a
simulated annealing approach by using a melamine molecule and
potassium atoms as starting points. The structure refinement was
carried out with Winplotr (Fullprof),® with the final full refinement
plot displayed in Figure S2. Relevant data for the structure
refinements are given in Table S2.

Thermoanalytic Studies. DSC was performed with a DSC 204
F1 Phoenix instrument (Fa. Netzsch, Selb, Germany). The starting
materials were enclosed in gold-plated (S pum) steel autoclaves
(volume 100 uL; BFT 94; Bichler Feintech AG, Holstein,
Switzerland) under a dry argon atmosphere (glovebox). The reactions
of MH (M = Li, Na, and K) with melamine were analyzed between
room temperature and 500 °C at a heating and cooling rate of 2 K/
min.

Single-Crystal X-ray Diffraction. Colorless crystals were used as
obtained. A suitable single crystal was selected and mounted on a
XtaLAB Synergy, Dualflex, HyPix diffractometer. The crystals were
kept at a steady temperature of 150.0(1) K during data collection.
Structures were solved by the ShelXT 2018/2 (Sheldrick, 2018)
structure solution program using dual methods and refined by full
matrix least-squares minimization on F* using version 2018/3 of
ShelXL 2018/3 (Sheldrick, 2015) with Olex2 1.5-ac5-024 (Doloma-
nov et al, 2009) as the graphical interface. All non-hydrogen atoms
were refined anisotropically. Hydrogen atom positions were calculated
geometrically and refined by using the riding model.

https://doi.org/10.1021/acs.inorgchem.4c02996
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Figure S1. DSC plot of the reaction 6 NaH + C;N¢Hy — 3 Na,(CN,) + 6 H, with a heating rate

of 2°/min.
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Figure S2. Rietveld refinement of K(C;NgHs). Observed intensities are marked as red circles,
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Table S1. Comparison of C-N distances of the (N-C-N) groups.

Formula Label /pm
Ky(CyN;H3)™ C(4) —N(6) 127(2)
C(4)-N(7) 110(2)
C(4A) - N(5) 119(2)
C(4A) —N(7A) 137(3)
K(CN,H)" C(1) = N(1) 128.4(4)
C(1) =N(2) 117.2(4)
C(2) -N@3) 128.9(5)
C(2)-N4) 117.4(5)
KsH(CNy);* C(1) = N(1) 122.5(4) 2x
KsH(CNy)," C(1) = N(1) 122.6(5) 2x
K,(CN,) monoclinic modification” C(1) = N(1) 123.4(2) 2x
K,(CN,) tetragonal modification C(1) = N(1) 121.4(3)
C(1)-N(2) 121.9(2)
C(2) - N(3) 2x 124.9(2)

*Data given in the literature; ™ the N-C-N group in K;(C,N;Hs) is disordered with a %:% ratio.




10

Table S2. Structure refinement data of powder X-ray diffraction measurements.

Formula K(C3NgHs) K(CN,H) KsH(CN,); KsH(CN,),
Space group Pbcen P2,2,2, ILm3m P4/ncc

(no. 60) (no. 19) (no. 229) (no. 130)
alpm 1227.077(6) 707.236(6) 796.110(3) 908.918(5)
blpm 1111.785(6) 909.605(7) 796.110(3) 908.918(5)
c/pm 1881.829(9) 912.788(6) 796.110(3) 1102.499(6)
Cell volume / A3 2567.28(2) 587.201(7) 504.568(4) 910.810(8)
Formula units, Z 16 8 2 4
Rprage 3.1143 2.6753 2.6540 3.4737
12 1.1534 1.0901 1.0647 1.2117
R, 2.7975 3.9127 4.0937 4.1332
Ry, 3.8228 5.8888 6.6826 5.8930
CCDC No. 2332888 - - -
ICSD No. - 401784 407310 409559
Formula K,(CN,) K,(CN,)
Space group CZ/m 14/a

(no. 12) (no. 88)
alpm 578.730(5) 1731.514(5)
blpm 570.351(5) 1731.514(5)
c/pm 578.937(5) 593.457(3)
B 108.9835(5) -
Cell volume / A3 180.702(3) 1779.27(1)
Formula units, Z 2 20
Rprage 4.7018 3.3286
x> 1.3632 1.1499
R, 3.8640 3.6198
Ryp 5.3590 5.1700
CCDC No. - 2270217
ICSD No. 411094 -
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In a reaction of NiCl, with melamine (1:2.5) at 300°C, we identified the formation of a

protonated guanylmelamine chloride crystals adduct with melem (CCDC: 2171178). This
suggests that the metal chloride deprotonates melamine, producing HCl in the process. Previous
studies have demonstrated that guanylmelamine can be synthesized from dicyandiamide in the
presence of hydrogen chlorides'. Thus, it is likely that melamine undergoes a similar
decomposition, forming cyanamide or dicyandiamide as intermediate products, and then
reacting with melaminate anion forming extraordinary structures such as guanylmelamine or

monocyanomelamine.
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Abstract: In this work, the (MnCl,(C¢NygHg) complex has been synthesized via solid-state re-
action between manganese (II) chloride and melamine in the molar ratio of 1:2. A similar syn-
thesis has been repeated with CoCl,, and FeCl,, resulting in two new metal-melam complexes
(FeClp(CgN11Hg) and CoCly(CgN11Hg)). MnCly(CgN1gHg) crystallizes in the monoclinic crystal
system with the space group I2/a. The crystalline powder of MnCly(CgNjoHg) was studied by
X-ray diffraction, infrared spectroscopy, and thermogravimetric analysis to examine its structure and
properties. MnCl(CsN19Hg) also shows good thermal stability up to 370 °C; however, the complete
decomposition occurred at 900 °C, yielding MnyC3. This paper presents an easy synthesis of the first
luminescent transition metal-melem complex, providing new insights into the reactivity of melamine
at elevated temperatures in the presence of transition metal chlorides.

Keywords: melem; melamine; coordination sites of melem; manganese chloride; photoluminescence;
transition metal carbide

1. Introduction

The first synthesis of melamine (1,3,5-triazine-2,4,6-triamine) dates back to a century
ago with the reaction of thiocyanate with ammonium chloride [1]. Later on, there were
more synthetic methods suggested by many researchers to yield melamine based on heating
thiourea, guanidine carbonate, cyanamide, or dicyandiamide [1,2]. Nowadays, urea is a
precursor for the industrial production of melamine, which has increased the production of
melamine to millions of tons per year, making this material widely available.

When pure melamine (C3NgHp) is heated up, it will form different condensation
products such as melam (C¢N7;Hy) at around 360 °C [3] (340 °C [4]), and subsequently
melem (C¢NjgHg) at approximately 400 °C [3] (380 °C [4]) (Figure 1). This process is
accompanied by the release of ammonia during the condensation. Interestingly, during this
transformation process, the characteristic rings of triazine (cyanuric nuclei) and heptazine
(cyameluric nuclei) are retained or restructured. Triazine rings are composed of a single six-
membered ring with alternating carbon and nitrogen atoms, as can be found in melamine.
Heptazine rings, on the other hand, consist of three fused triazine rings which create a
larger and more complex structure of melem and melon [5].

The formation of extended supramolecular structures based on the molecular entities
of melem and melon through the thermal condensation of melamine is a conventional way
to form metal-free molecules and polymers [6]. Derivatives of s-heptazine are particularly
interesting due to their intriguing thermal stability and unique electronic structures. The
formation of ionic and polymeric carbon nitride compounds [7-9] based on aromatic tri-
cyclic units (tri-s-triazine, C¢Ny) typically involves an ordered self-assembly with bonding
via covalent and noncovalent interactions [2]. These polymeric materials are represented
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by an extended network of melem, connected by hydrogen bonding and 7-7r stacking,
featuring surprisingly high thermal stabilities. The research on carbon nitride compounds
is extensive, covering a wide range of materials. Depending on the bonding arrangement
and ratio of carbon to nitrogen atoms, these compounds are classified with their very
own nomenclature, such as triazine-based polymers [10], graphitic carbon nitride, carbon
nitride nanotubes, boron carbon nitrides, and so on. Melem and carbon nitride (C3Ny) were
reported for their potential applications in flame retardance [11], photocatalysis [12,13],
heterogeneous catalysis [14], as nanosheets for bioimaging [15], luminescence devices [16],
the anode material of lithium-ion battery [17], and as an adsorbent of heavy metals and
dyes [18,19], etc.

NH,
NH, NH NH, N)\N

N~ SN N)\N N)\N N)\N| N
L o, T

H,N N NH, H,N N H N NHz y,N N N NH,

Melamine Melam Melem

Figure 1. Structures of melamine (C3NgHg), melam (C¢Nyp1Hg) and melem (C¢NyoHg).

Carbon-nitride materials have significant and various applications; however, there
are few studies on the reactivity of melem up to now [12,20]. Early studies on s-heptazine
derivatives faced challenges because of the insolubility (in water and any organic solvents)
and low reactivity of melem [21]. S-heptazine and s-triazine are considered electron-
deficient aromatic compounds due to the existence of nitrogen atoms in the ring, which
makes them able to undergo nucleophilic substitution under specific conditions [20]. Yet,
the chemical behavior of melem remains less explored when compared to the triazine
analog. There are only limited examples of the reactivity of NH,-groups of melem reported
up to now [12,20]. Examples of such studies include those on 2,5,8-triphthalimido-tri-s-
triazine [22], 2,5,8-tri(2,3,4,5-tetrafluorophthalimido)-tri-s-triazine [23]. Furthermore, by
treating melem with mineral acids, several melemium salts were obtained such as phos-
phate salt C¢N7(NH;)3-H3POy, sulfate salt HyCgNy(NH;)3504-2H,0, melemium melem
perchlorate HC4N7(NH;)3ClO4-CsN7(NHy)3, etc. [24,25].

Recent research by Xu et al. has explored the reactivity of melem with various metals.
Their study involved the interactions of melem in an aqueous suspension with AgNO3,
Zn(NO3)y, Cu(NO3)z, Co(NO3),, and Ni(NO3),. Among these, the only compound ob-
tained was an infinite Ag-N nanocage coordinated with melem [26]. Simultaneously, our
research group investigated the formation of complex metal-halide-melem compounds by
reacting binary metal halides with melem, which introduces compounds of CaBr;, SrBrp,
Srl,, Baly, and PbBr, with melem [27].

In this study, we explored the solid-state reactivity of melamine in the presence of
transition metal chlorides at higher temperatures, where melam and melem can form new
complexes of FeCly(CyN11Hg), CoCly(CgN11Hy), and more importantly MnCly(CgN7oHp).
MnCl,(CgN19Hg) has been characterized by powder X-ray diffraction (PXRD), single-crystal
diffraction, and infrared (IR) spectroscopy. Additionally, thermogravimetric analyses (TGA)
were conducted to evaluate the stability of MnCly(C¢NygHg) and to determine its decom-
position products. The TGA analysis indicates that manganese carbodiimide [28] is formed
as an intermediate compound at 700 °C, and at higher temperatures, the decomposition
product is manganese carbide, Mn;C3 (ICSD 69534).

This transition metal carbide has been previously synthesized in the carbothermal
reduction of manganese oxide in two steps, forming MnO at 1050 °C and Mn;C3 at 1300 °C.
Alternatively, Mn;C3 can also be obtained from the reaction of manganese dust with n-
pentane at 850 °C at reduced pressure [29]. Additionally, various researchers have proposed
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other methods for synthesizing this carbide [30]. Due to the wide range of applications
of transition metal carbides in the heat-resistance and hard material industry, Mn;C3 is
valued [31]. Furthermore, manganese carbodiimide and manganese carbide can exhibit
various applications due to the position of manganese in the middle of the 3d series [30].

Finally, the photoluminescence properties of MnCl,(CsNygHg) are discussed, provid-
ing comprehensive insight into its remarkable photochemical behavior

2. Results and Discussion
2.1. Crystal Structure of MnCly(CgN19Hg), and FeCly(CgN11Ho)

The MnCl,(C¢NjoHg) crystallizes in a monoclinic crystal system and the space group
of I2/a with crystallographic details summarized in Table 1. The crystal structure is
composed of MnCl, /4 chains along the a-axis that are interconnected by melem units to
form a layered arrangement (Figure 2). The melem units are connected to the manganese
atom through the two inner nitrogen atoms of N1, with a bond distance of 2.331 (5) A,
thereby completing the coordination number six of manganese. These melem units are
situated between the MnCly /4 layers, as shown in Figure 2b. FeCl,(C¢N11Hy) crystallizes
in a monoclinic crystal system, in the space group P21/c. The iron chloride is coordinated
through N1 and N7 to the bidentate melamine ligand binding a melam unit. The steric
demand and tetrahedral environment of the central atom force the melamine ligand to
protrude from the plane, disrupting the planarity of the triazine rings. The crystal structure
of FeCl(C¢N11Hy), along with the crystallographic details, is presented in Figure S1 and
Table S1, respectively.

Table 1. Crystallographic details of the crystal structure refinement of MnCl,(CgNyoHg).

Empirical Formula MnCl,(CgNq19Hg)
CCDC code 2141509
Formula weight (g/mol) 344.05
Wavelength (A) 1.54184
Crystal system Monoclinic
Space group I112/a1
a/A 6.6697 (4)
Unit cell dimensions (A) b/A 21.926 (1)
c/A 7.718 (2)
Volume (A%) 1128.61
V4 4
Density (calculated) (g/ cm?) 2.025
Absorption coefficient (mm~1) 13.947
Final R indices (I > 20(I)) R1 =0.0288, wR2 = 0.0581
R indices (all data) R1=0.0333, wR2 = 0.0594
GOOF 1.070

Crystals of CoCly(CN11Hg) were obtained under the same reaction conditions. The
PXRD pattern closely matches the calculated pattern based on the single-crystal refinement
of FeCl,(CN11Hy), indicating both structures to be isotypic.
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(a) (b)

Figure 2. (a) A perspective view of the crystal structure of MnCl,(C¢N19Hg) of the ab-plane and

(b) the stacking along the b-axis (with the color code for N: blue, C: brown, H: white, Cl: green, and
Mn: red).

2.2. Thermoanalytic Studies

A valuable technique that can provide insights into the formation or decomposition of
new phases is combining differential scanning calorimetry (DSC) with X-ray diffraction
(XRD). In the DSC analysis of a 1:2 molar mixture of manganese (II) chloride and melamine,
as shown in Figure 3a, there are three notable thermal effects: two endothermic peaks
centered at 300 °C and 370 °C, and an exothermic peak at 306 °C. The endothermic peak at
300 °C is followed by an exothermic peak at 306 °C, which is attributed to the formation of
an unknown intermediate phase (see Figure S2), which subsequently decomposes around
370 °C, resulting in the formation of MnCl,(C¢Nj9Hjg). The stability of MnCly(CsNyoHg)
has been further investigated using thermogravimetric analysis (TGA).

The compound demonstrates good thermal stability up to 400 °C, with only a 2.6%
weight loss. This reduction in weight may be attributed to a small amount of an amorphous
side phase from the reaction, which will be further explained in the next section. The
TGA results, presented in Figure 3b, indicate that the complex gradually decomposes into
different compounds when it is heated to 900 °C. To better understand the decomposi-
tion process, the TGA was repeated, with the analysis stopped at specific temperature
intervals (approximately 500 °C, 700 °C, and 900 °C) to identify the decomposition prod-
ucts. At around 500 °C, an ex situ powder X-ray diffraction (PXRD) analysis revealed that
MnCl,(C¢NygHg) had decomposed into an amorphous intermediate phase. By 700 °C, the
complex forms manganese carbodiimide [28] (Figure S3a). Finally, at 900 °C, the complex
underwent complete decomposition, resulting in the formation of the transition metal
carbide Mn;Cs3, as confirmed by the XRD pattern shown in Figure S3b.
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Figure 3. (a) DSC of the reaction of MnCl, and melamine in a molar ratio of 1:2 and (b) TGA of
MnClz(Ce,NloHé).

2.3. X-Ray Powder Diffraction

The reaction between MnCl, and melamine in the ratio of 1:2 at 400 °C for 100 h yields
a product where MnCly(C¢Nj9Hg) can be isolated as a separate phase. From the theoretical
Equation (1), we would have expected that this product is formed by the release of NH3
and can be obtained as a pure phase (Figure 4). However, the XRD powder pattern showed
a high background after the first synthesis, implying that there might be an amorphous
phase. Therefore, in order to purify the MnCl,(C¢N1pHg), a double chamber ampule
with a temperature gradient (Figure S4) was utilized. Subsequently, the product (orange
powder, Figure 54) is subjected to analysis via powder X-ray diffraction (PXRD), with the
resulting diffractogram then compared with the calculated pattern derived from structure
refinement based on single-crystal data (Figure 3). The white residue on the colder side of
the ampule has been also analyzed, which shows that the amorphous phase is crystallized
into melamine and ammonium chloride (Figure S4a,b).

MnCl, + 2C3N6H6 i MnClz(C6N10H6) + 2NHj3 (1)

Figure S5 presents the PXRD patterns of two complexes of FeCl,(CsN1;Hg) and
CoCly(CeN11Ho). Similarly, the high background of the XRD pattern can be attributed to
either the fluorescence effect of Fe and Co or the presence of an amorphous phase. These
complexes were also prepared from a molar ratio of 1:2 of FeCly, and CoCl, with melamine,
in the same condition as a synthesis of MnCl,(C¢N19oHg). The theoretical reaction equation
is shown in Equations (2), and (3). These complexes closely resemble those previously in-
troduced by our group, including LiBr(C¢N1;Hg) (CCDC: 2039843), CuX(Cl,Br,I)(CsN11Ho)
(CCDC: 2057533, 2059117, 2041008, respectively), and Znl;(CgN11Hg) (CCDC: 2056462).

Fer + 2C3NgHg — FeClz(C6N11H9) + NH;3; (2)

COC12 + 2C3NgHg — COC]z(C6N11H9) + NHj (3)
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Figure 4. XRD powder pattern of the synthesized MnCl,(C¢N1oHg) (bottom), compared with the
calculated pattern based on the single-crystal refinement (top) (CCDC code: 2141509).

2.4. Infrared (IR) Spectroscopy

The IR spectrum of the MnCl,;(C¢N19Hg) complex was compared with the spectra
of melamine and melem as shown in Figure 5. Table S2 shows details of the frequencies
related to the different vibrational modes of these compounds and the corresponding bond
assignments. As illustrated in Figure 5, infrared spectra for all three compounds were
recorded in the range from 4000 to 500 cm~!. This comparison aids in visualizing the
similarity and difference of the MnCl,(CsN19Hg) with that of melem and linking them
to the established vibrational modes. As expected, because all the compounds contain
NHj groups, similar spectral patterns in the 3500-3100 cm~! and 1580-1600 cm ! regions
are related to NH stretching and bending vibrations. However, MnCl,(CsNygHg) reveals
notable differences from melamine in these areas. Despite some minor changes in intensity
and splitting, the vibrational features of MnCl,(C¢N19Hjg) are similar to those of melem.

MnCl,(CgN,,,He)

3

©

S

o Melem

0

Q2

£

7]

c

E Melamine
-

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Figure 5. FT-IR-spectrum of MnCl,(C¢N19Hg) compared to melamine and melem.
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2.5. Photoluminescence Measurements

The photoluminescence (PL) properties of Mn(II) complexes, whether in inorganic
compounds [32] or organic-inorganic complexes [33-35], are particularly captivating. These
complexes exhibit intriguing optical properties and have potential applications in sensors,
optical devices, optical markers, and cost-effective OLEDs [33]. The PL of MnZ* is primarily
associated with 3d-3d transitions [36,37]. However, its photoluminescence can be signif-
icantly affected by both the local coordination environment of the manganese ions and
the overall crystal structure. Mn?* comprising luminescent materials with multiple 3d-3d
transitions (see Figure S6, Tanabe-Sugano-Diagram for d° ions) have been known since the
forties of the last century [38], while the Mn-centered absorption lines are rather weak due
to the spin and Laporte forbidden character of these 3d-3d transitions. Therefore, applied
Mn?* luminophores are sensitized, either by the band-to-band transition of the host, e.g.,
in the widely applied EL and display phosphors ZnS:Mn or Zn;SiO4:Mn [39,40]. Alter-
natively, sensitization is achieved by a co-activator, as in the fluorescent lamp phosphors
Ca5(PO4)3(FCl1):Sb,Mn and BaMgAl;0O7:Eu,Mn [41,42], or by ligand-centered transitions
as in coordination compounds. In its pure phase, MnCl, displays different emission charac-
teristics under varying pressures [43]. At ambient pressure, the emission occurs at 642 nm
(15,580 cm 1), attributed to the spin-forbidden 4T1g(G) — 6A1g(6S) transition [36,37,43]. As
pressure increases, a red-shift of the emission band is observed as the ligand to metal dis-
tances decline and the crystal field strength increases. Moreover, the color of the emission
from Mn(II) complexes and phosphors is dependent on the coordination geometry. In a
tetrahedral field, the emission is typically green, while in an octahedral crystal field, it is
observed from the red to the orange range [43].

In this study, MnCl,(C¢N19Hp) exhibits red photoluminescence upon excitation with
a UV radiation source. The emission spectrum reveals a broad band centered at 620 nm
(16,130 cm_l), while the FWHM is 2460 cm 1. Weak excitation bands are observed between
350 and 500 nm (Figure 6), which are attributed to the Mn?Z*-centered transitions between
the ground state term 6A1g and the excited state terms 4Ty, 4Tpg, 4A1g, and 4Eg [41].
The strong excitation band at 325 nm is caused by the coordinated ligand melem, which
sensitizes the Mn?* luminescence.

6 5 3 2 Energy/eV
4.0x10° 7=t L L
—— Emission A= 325 nm experimental Decay curve
Excitation A, = 620 nm 1000 < Ag,= 325 nm, Ag, = 630 nm
Fit function
P pe 7,= 109 ps (26%)
= € 1,= 464 pis (74%)
8 3 2= 1,030
o o 100 =1
.‘? 2.0x10° 2
2 g
] 2
(5 < 104
0.0 1
200 250 300 350 400 450 500 550 600 650 700 750 800 0 1 2 3 4
Wavelength / nm Time / ms
(a) (b)

Figure 6. (a) Photoluminescence spectra of MnCl,(CgN19Hg) in the solid-state at room temperature.
(b) Decay curve obtained for MnCl,(CsHgN1g) upon 325 nm excitation at room temperature.

The decay measurement after a 325 nm excitation delivers a biexponential decay curve
with an emission lifetime 11 of 109 us (26%) and a longer component with 1, of 464 us
(74%). The decay time of Mn?*-activated phosphors with a high quantum yield close to
unity is in the range of 8 to 40 ms [44], while the decay time of Mn?* in coordination
compounds is in the range from 0.1 to 25 ms [33]. However, the decay time can be strongly
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reduced by concentration quenching, by Mn?* ions at the particle surface [45], and/or
by magnetic interaction (superexchange) between ligand-bridged Mn?* ions [46]. We
observed a low quantum yield < 10%, which is in line with a rather short decay time. Upon
comparing the qualitative absorption spectrum of MnCl,(C¢N1oHpg) (Figure S7) with the
UV /Vis absorption spectra of melem [6,47], it is evident that while the absorption in pure
melem completely diminishes in the visible-light region, the absorption in MnCl,(C¢N1oHg)
shows a similar initial decline but persists slightly longer, though only at a very low
intensity (approximately 2% of the absorption), before fully fading away at a wavelength of
600 nm. Melem has also been previously coupled with other organic monomers to construct
extended conjugated networks, thereby enhancing visible-light absorption and improving
photocatalytic performance [6].

3. Materials and Methods

The starting materials, MnCl, (ABCR, Nagano, Japan, 97%), FeCl, (ABCR, 98%) and
CoCl; (ABCR, 97%), and melamine (Sigma-Aldrich, St. Louis, MO, USA, 99%), were used
as received without additional purification. All the handling and storage of these materials
were conducted within a glovebox, maintaining an argon atmosphere with moisture and
oxygen levels below 1 ppm.

For the synthesis of MnCly(CsN1oHg), the reaction mixture was prepared with a molar
ratio of 1:2 for MnCl, to melamine. This mixture was then transferred into a hand-made
silica tube with a length of 6 cm, an outer diameter of 10 mm, and an inner diameter of
7 mm. The resulting mixture, weighing approximately 50 g, was vacuum-sealed. This
ampule was then placed in a Carbolite furnace, where it was heated at a rate of 1 °C min~!
to 400 °C and remained at this temperature for 100 h, followed by cooling at a rate of
0.1 °C min~! to room temperature. The crystals of MnCl,(C4N19Hg) appeared on the wall
of the ampule slightly above the crystalline powder. To prepare the crystalline powder of
MnCl,(CgN19Hp), the reaction time can be reduced to 20 h with a heating and cooling rate of
1°C min~!. The obtained XRD powder pattern revealed the presence of small unidentified
peaks and a high background, suggesting the presence of an unknown amorphous phase.
To purify the sample, a double chamber ampule, as shown in Figure 54, was used. One
chamber of ampule was placed in a glass oven at 350 °C for 72 h, while the other chamber
was outside of the furnace at room temperature. The pure phase remained on the hot side
of the ampule, while the side phase, consisting of ammonium chloride and melamine, was
separated. The yield of the reaction is estimated to be around 64%.

FeCly(CgN71Hg) and CoCl,(CsNy1Hg) were synthesized in a similar route by mixing
one molar ratio of FeCly, or CoCl, with 2 molar ratios of melamine (Sigma-Aldrich, 99%).
A total of 50 mg of each mixture was transferred into a 6 cm ampule and heated to 400 °C
in the Carbolite furnace for 100 h (with a ramp of 1 and 0.1 °C min~!). To obtain crystals of
these complexes, the same mixture was subjected to the same conditions except in a Simon
furnace with a very small temperature gradient. At the bottom of the ampule, we could see
a few crystals of FeCl,(C4N11Hg) and CoCly(CgN11Hy). (If the temperature gradient is too
high, the formation of ammonium melem chloride hinders the formation of main phases).
The reaction scheme of all three compounds is shown in Figure S8.

X-ray diffraction patterns of the prepared powders were recorded using a powder
diffractometer (STOE, Darmstadt, Germany, STADIP, Ge-monochromator) with Cu-Koy
radiation (A = 1.540598 A). Data were collected in the range of 5 < 26 < 70°. The patterns
were then compared to those of the relevant crystal structures using Match3! Software [48].

Single crystals of MnCl,(CsNj9Hg) were selected and mounted on a Rigaku XtaLab
Synergy-S single-crystal X-ray diffractometer [49]. X-ray diffraction data were collected
using Cu-K« radiation (A = 1.54184 A) and a mirror monochromator, with measurements
taken at a temperature of 180 K. Crystal structures were determined using direct methods
(SHELXT), followed by full-matrix least-squares refinement (SHELXL-2014) [50,51]. X-ray
intensity absorption corrections were applied using numerical methods with CrysAlisPro
1.171.41.92a software (Rigaku Oxford Diffraction, Neu-Isenburg, Germany) [49]. Hydrogen
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atoms were identified in the difference maps and refined isotropically based on their
positions. The crystal structure of FeCl,(C¢sN1;Hg) was also solved and refined on the basis
of single-crystal X-ray diffraction data (Table S1).

Differential scanning calorimetry (DSC) was performed using a DSC 204 F1 Phoenix
instrument (Netzsch, Selb, Germany). In a glovebox, under an argon atmosphere, the
starting materials were sealed in 100 uL gold-plated (5 um) steel autoclaves (Béchler
Feintech AG, Holstein, Switzerland). The reaction between MnCl, and melamine, with
a 1:2 ratio, was investigated over a temperature range from room temperature to 500 °C,
applying heating and cooling rates of 2 and 0.5 °C/min.

For thermogravimetric analysis (TGA), a Netzsch Jupiter STA 449 F3 apparatus was
employed. The final product was placed in a hand-made open-ended silica container under
argon and underwent gradual heating and cooling at a rate of 2 K/min. This approach
allowed for the evaluation of the product’s thermal stability across a temperature range
from room temperature to 900 °C.

Infrared (IR) spectra of the samples were acquired using a Bruker (Frankfurt, Germany)
VERTEX 70 FT-IR spectrometer, covering the spectral range from 400 to 4000 cm~!. KBr
tablets were utilized as a background reference.

For optical measurements the emission and excitation spectra of MnCl,(CsN1oHp)
were recorded optically using the fluorescence spectrometer FLS920 (Edinburgh Instru-
ments, Livingston, UK) equipped with a 450 W xenon discharge lamp (Osram, Munich,
Germany). A mirror optic designed for powder samples was also utilized. An R2658P
single-photon-counting photomultiplier tube manufactured by Hamamatsu was used for
detection. Photoluminescence spectra were recorded with a spectral resolution of 1 nm, a
dwell time of 0.5 s at 1 nm intervals, and 2 repetitions. Photoluminescence decay curves
were measured using the same spectrometer, with a 445 nm picosecond laser serving as the
pulsed excitation source.

4. Conclusions

In conclusion, the successful synthesis of MnCly(CsN19Hg) is a very important step
toward understanding the coordination chemistry of melem. We attempted to extend this
work by investigating the solid-state reactivity of melamine with transition metal chlorides
at elevated temperatures. This approach led to the successful synthesis of several new
coordination complexes with melam, such as FeCly(C¢N11Hyg), and CoCl,(CsN11Ho).

It is noteworthy to mention that our primary focus is on synthesizing MnCl,(CgN19Hg)
since it is the first luminescent transition metal-melem complex. Infrared (IR) spectroscopy,
powder X-ray diffraction (PXRD), and single-crystal X-ray diffraction were used to charac-
terize the structure of MnCl,(C¢N79Hg). Thermal gravimetric analysis (TGA) also provided
insights into the thermal stability and decomposition of this compound, showing that
MnCl,(CgN1gHp) is first decomposed into manganese carbodiimide [28] at 700 °C and then
at 900 °C to manganese carbide (MnyC3). The synthesis of manganese carbide, which is
typically produced via carbothermal reduction processes, has applications in heat-resistant
and hard materials. Proposing a new synthetic route for manganese carbodiimide and
Mn;C;3 is also another aspect of this work. Finally, the photoluminescence properties of
MnCl(C¢NyoHg) were studied which shows red-to-orange fluorescence with an emission
peak at 620 nm and a biexponential decay with a lifetime in the 100 us range.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29235598 /51, Figure S1: Section of the crystal structure
of FeCl,(C¢N11Hy) projected on be-plane (top) and the unit cell content of the structure (bottom).
Table S1: Crystallographic details of the crystal structure refinement on FeCl,(C¢Ny1Hy).; Figure S2:
Ex-situ powder XRD pattern of an unknown phase formed by heating a mixture of MnCl, and
melamine in a 1:2 ratio to the first exothermic DSC peak, observed at 306 °C. Figure S3: a. XRD
pattern of manganese carbodiimide (MnCNjy) obtained by heating MnCl,(CsHgNjg) to 700 °C, along
with reflections of unknown side-phase (shown with black stars) compared with the calculated
pattern based on the single-crystal structure refinement (top) (CCDC code: 272236). b. XRD pat-
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tern of manganese carbide (Mn;C3) obtained from heating MnCl,(CsNy9Hg) to 900 °C (bottom),
compared with the calculated pattern based on the single-crystal refinement (top) (CCDC code:
2141509). Figure S4: a. Photograph of a two-chamber ampule used for separation of side-phase from
MnCl,(CgN1oHg) under daylight (top) and under UV irradiation (bottom). (The observed blue light
observed in the Figure originates from the reflectance of the blue light (366 nm) on the white powder.
b. XRD pattern of side phase on the left side of two-sided chamber. Figure S5: Recorded XRD patterns
of FeCly(C¢N71Hg), CoCly(CNy1Ho) with the calculated pattern from the structure refinement of
FeCly(CgN11Hy) (top). Table S2: Vibrational frequencies (in cm™1) for MnCly(CgNyoHg) compared to
those of melamine and melem. Figure S6: Tanabe-Sugano-Diagram for a d® ion with the most promi-
nent emission transition between *T1(*G) and ®A;(®S). Figure S7: A qualitative absorption spectrum
by the aid of the Kubelk-Munk function from the reflection spectrum of MnCl,(C¢N1oHg). Figure S8:
A reaction scheme of melamine with some transition metal chlorides to obtain FeCl,(CgN71Hy),
CoCl,(CeN11Ho), and MnCl,(C¢N1oHg) compounds.
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Figure S1. Section of the crystal structure of FeCl,(CsN11Hg) projected on bc-plane (top) and
the unit cell content of the structure (bottom).



Table S1. Crystallographic details of the crystal structure refinement on FeCly(CsN11Ho).

Empirical Formula FeCl>(CsN11Ho) ‘
CCDC code 2159999
Formula weight (g/mol) 361.99
Wavelength (A) 1.54184
Crystal system Monoclinic
Space group P12i/c1
a/A 7.472(6)
Unit cell dimensions (A) b/A 22.29(3)
c/A 7.693(1)
Volume (A3) 1261.40(3)
Z 4
Density (calcaulated) 1.906
(8/cm®)
Absorption c_c1>eff|C|ent 13.613
(mm™)
. L R1=0.0208,
Final R indices (I>20(l)) a) WR2 = 0.0584
- R1=0.0217,
R indices (all data) WR = 0.0589

GOOF 1.083




Figure S2. Ex-situ powder XRD pattern of an unknown phase formed by heating a mixture of
MnCl; and melamine in a 1:2 ratio to the first exothermic DSC peak, observed at 306 °C.



Figure S3. a. XRD pattern of manganese carbodiimide (MnCN3) obtained by heating
MnCl,(CsHeN10) to 700 °C, along with reflections of unknown side-phase (shown with black
stars) compared with the calculated pattern based on the single-crystal structure
refinement (top) (CCDC code: 272236). (Please note that the XRD patterns were obtained
without annealing the product and only by stopping the decomposition process at 700 °C.
The high background observed in the patterns can likely be attributed to the fluorescence
effect of manganese-containing compounds when using Cu-K, radiation.)
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Figure S3.b. XRD pattern of manganese carbide (Mn7Cs) obtained from heating
MnCl;(CeN1oHe) to 900 °C (bottom), compared with the calculated pattern based on the
single-crystal refinement (top) (CCDC code: 2141509). (Please note that the XRD patterns
were obtained without annealing the product and only by stopping the decomposition
process at 900 °C. The high background observed in the patterns can likely be attributed to
the fluorescence effect of manganese-containing compounds when using Cu-K, radiation.)



Figure S4a. Photograph of a two-chamber ampule used for separation of side-phase from
MnCly(CeN1oHs) under daylight (top) and under UV irradiation (bottom). (The observed blue

light observed in the Figure originates from the reflectance of the blue light (366 nm) on the
white powder
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Figure S4b. XRD pattern of side phase on the left side of two-sided chamber.



Figure S5. Recorded XRD patterns of FeCl,(CsN11Hsg), CoClz(CeN11Hg) with the calculated
pattern from the structure refinement of FeCly(CsN11Hq) (top).



Table S2. Vibrational frequencies (in cm™) for MnCl(CsN1oHs) compared to those of
melamine and melem.

Vibrational Modes Melamine Melem MnCl>(CsN1oHs)
Ring-sextant o'ut- 313 304 800
of-plane bending

CNC bending 1193 1306 1313
1434 1470 1498
Side-chain 1440
CN breathing 1550
1652 1612 1610
NH: bending 1689
3128 3119
3334 3325
NH stretching 3323
3421 3424 3431

3469 3487
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Figure S6. Tanabe-Sugano-Diagram for a d° ion with the most prominent emission transition
between *T1(*G) and ®A1(°S).
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Figure S7. A qualitative absorption spectrum by the aid of the Kubelk-Munk function from
the reflection spectrum of MnCl,(CsN1oHs).
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Rare-earth (RE) carbodiimides according to the composition RE>(CN,)s have been reported for the whole
series of RE elements, all prepared by solid-state metathesis (SSM) reactions. Only one compound,
Las(CNy)s3, could not be made by this way of synthesis. Herein, we report the preparation of La;(CN,)s by
using lanthanum cyanurate as a single-source precursor. The conversion of the precursor is analyzed by
thermoanalytical studies. The crystal structure of the precursor and the novel La,(CN,)s are characterized
by X-ray diffraction techniques. La>(CN>)s is represented by a distinct crystal structure with a dodecahedral
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environment of the La** ion. Having the knowledge of the last missing rare-earth carbodiimide, we herein
present a summary of all existing REx(CN,)s compounds, including their structural relationships. Doping
with Ce*" leads to the Lan(CN,)3:Ce®* phosphor, which is reported with its photoluminescence
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Introduction

Metal dinitridocarbonates, commonly denoted as metal cyana-
mides (N=C-N*") and metal carbodiimides (N—=C=N"), have
been reported by different ways of synthesis. The first method
for synthesizing a carbodiimide involves reacting calcium
carbide (CaC,) with nitrogen gas (N,) at elevated temperatures,
approximately 1000 °C, in a process known as the Frank-Caro
method."

Following the discovery of calcium carbodiimide, numerous
metal carbodiimide or metal cyanamide compounds were
developed. An early synthetic approach to lithium carbodi-
imide (Li,(CN,)) was achieved in the 1970s by heating Liz;N
and Li,C, together at about 600 °C.> Another proposed
method for the synthesis of Li,(CN,) is ammonolysis, which
involves the reaction of lithium carbonates (Li,CO;) with
ammonia (NH;).>  Alternatively, lithium carbodiimide
(Li,(CN,)) can be synthesized using lithium nitride (Li;N)*
(eqn (1)) or hydride (LiH)’ and melamine. For synthesizing
other alkali metal carbodiimides such as sodium® and potass-

“Section for Solid State and Theoretical Inorganic Chemistry, Institute of Inorganic
Chemistry, University of Tiibingen, Auf der Morgenstelle 18, 72076 Tiibingen,
Germany. E-mail: juergen.meyer@uni-tuebingen.de
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ium’ carbodiimides an alternative route was employed.
Alkaline-earth metal carbodiimides such as Mg(CN,), Sr(CNy),
and Ba(CN,) can be produced similarly utilizing the reaction
of alkaline-earth metal nitrides with melamine at temperatures
ranging from 740 to 850 °C.°

One of the most effective approaches for synthesizing many
other metal carbodiimides is the solid-state metathesis (SSM),
which allows for the production of relatively pure carbodii-
mides under moderate heating conditions, typically at
450-600 °C.>"® Within this process, a metal halide (MX, or
MX;) is converted with lithium carbodiimide in a salt-balanced
reaction (eqn (2)) to yield a metal carbodiimide.

2MX; 4 3Li,(CN;) — M,(CNy), + 6LiX (2)

To produce calcium carbodiimide of high purity, another
synthetic route was developed as shown in eqn (3). This meth-
odology was first proposed by Seifer'" and then further refined
in 2023."* The study done by Seifer suggests briefly the prepa-
ration of lead, barium, and strontium carbodiimide in
addition to calcium carbodiimide. These carbodiimides are
prepared by the reaction of cyanuric acid with metal chlorides
in the presence of sodium hydroxide in water to produce the
corresponding cyanurate salts which are subsequently pyro-
lyzed to give the desired carbodiimides. This synthetic route
shows the promising route of using triazine-derived precur-

Dalton Trans., 2025, 54, 4909-4917 | 4909
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sors, for example, melamine,>™® and derivatives of cyanuric
acid in the production of carbodiimides.

Ca(HO3C;3N3) — Ca(CNy) + HOCN + CO, T (3)

It is noteworthy to mention that some transition metal car-
bodiimides were also synthesized using aqueous solution-
based methods for instance, Zn(CN,),"* Co(CN,),"* Ni(CN,),"
Cu(CN,),'® Cd(CN,),"” Ag,(CN,),'® Hg(CN,)." Other transition
metal carbodiimides, such as Mn(CN,),*° Cry(CN,);,>" Zr
(CN,),,** and Hf(CN,),,>* can be synthesized using the similar
solid-state metathesis (SSM) reactions between a metal halide
with Li,(CN,) or Zn(CN,)."* p-Block metal carbodiimides, like
Pb(CN,),”® Bi,(CN,);,** TIL,(CN,),*® and In,,4(CN,);,"*?® are
synthesized by reacting metal salts with cyanamide or cyanide
compounds. For tin carbodiimides, the conventional SSM reac-
tion of Li,(CN,) with metal halides such as SnCl, or SnF,,
yields Sn(CN,) and Sn,Cl,(CN,);.>”

SSM reactions have been extensively utilized by our research
group to synthesize rare-earth (RE) carbodiimides, essentially
by reacting lithium carbodiimide with a rare-earth metal
chloride.”®*® Most prominent is the series of RE,(CN,); com-
pounds that have been reported for RE elements from Sc to
Lu, except for RE = La (and the radioactive element Pm).>*>°
Lanthanum carbodiimide was first reported 76 years ago from
reactions of La,0; with HCN.>' However, the products were
poorly characterized, with no structural or spectroscopic data
available.’" It is worth mentioning that compounds of smaller
rare-earth ions like RE = Sc,*> Tm, Yb, and Lu***® crystallize
with the trigonal rhombohedral space group R3¢ (Z = 6), and
the coordination number (CN) six of the RE®" ion.®
Corresponding compounds with RE = Y and Ce-Er (except Pm)
crystallize monoclinically with the space group C2/m (Z = 2)
and the CN of the RE*" being seven.”®***3* Tm,(CN,); has
been shown to undergo a pressure transformation from R3¢
into C2/m with a significant volume reduction.”®

Through this route, not only pseudobinary but also pseudo-
ternary, rare-earth (RE) compounds have been synthesized.
These compounds cover a wide range of mixed cation and
mixed anion carbodiimides such as RE,0,(CN,) (RE = Ce, Pr,
Nd, Sm, Eu, Gd, Dy-Yb),>**® RECI(CN,) (RE = La-Pr),”” Sc,0
(CN3,),** RE,CI(CN,)N (RE = La, Ce),*® RE,Br(CN,)N (RE = La,
Pr),*> REI(CN,)N (RE = La, Gd),"° and Eu,l,(CN,),"
Eu,F5(CN,),.*> Furthermore, some pseudoquaternary NCN
rare-earth (RE) compounds containing three different cations
have been also developed by adding the third reactant to the
conventional SSM reactions. Examples of these compounds
are rare-earth carbidonitridosilicates,****4* and
tetracyanamidogermanates.*>*® For lanthanum, mixed anion
compounds  La,0,(CN,),"”  La,S,(CN,),"®*  La,0(CN,),,*”
La;(CN,);N* or LaCI(CN,)*° have been so far reported.

The photoluminescence properties of lanthanide (Ln)
doped RE,(CN,);* such as Gd,(CN,);:Ce or Tb, Ce, and Tb*®
have been thoroughly studied, leading to the development of a
pc-LED prototype-based on Y,(CN,);:Ce.”* In Ce® doped
materials luminescence usually occurs due to electronic tran-
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sition from ground state levels of (°Fs/, and F,) of the [Xe]4f'
configuration to lowest crystal-field components of the [Xe]5d".
By tuning the crystal-field strength and covalent character of
Ce®', the material’s luminescence properties can be
adjusted.®

Herein we explore the preparation of lanthanum carbodii-
mides through this efficient way of synthesis. We describe the
formation and structural characterization of intermediate
lanthanum cyanurates obtained from aqueous solution and
the thermal conversion into the novel Lay(CN,);. The
La,(CN,); represents the missing compound among the series
of RE,(CN,); compounds with a new crystal structure. The
dodecahedral coordination of the lanthanum ion in La,(CN,);
parallels the coordination pattern of yttrium in the structure of
yttrium aluminum garnet (YAG), which resembles the host
structure for the most prominent YAG:Ce phosphor in todays
phosphor converted light-emitting diodes (pc-LED).

Results and discussion
Preparation

Rare-earth carbodiimides were successfully prepared by means
of solid-state metathesis reaction (see eqn (2)). However, this
way of synthesis has been unsuccessful for La,(CN,);, because
all reactions have led to the formation of LaCl(CN,).>”

Herein, we report the preparation of La,(CN,); via a precur-
sor route. The compound was synthesized through the
thermal decomposition of a lanthanum cyanurate precursor.
This precursor was obtained by reacting lanthanum chloride
with cyanuric acid and sodium hydroxide in an aqueous solu-
tion, yielding an insoluble precipitate eqn (4).

LaC13 + 2H3C3N30;3 + 3NaOH
— La(H,05C;N3)(HO,C;N;)(H,0), | +3NaCl

(4)

It is noteworthy that two distinct phases of lanthanum cya-
nurates were obtained as insoluble precipitates. We found out
that the formation of these two phases was dependent on the
pH of the solution which can be controlled by varying the
amount of water content. Lower amounts of water and thus
higher pH values led to the formation of a lanthanum cyanu-
rate composed of a single deprotonated and a double deproto-
nated cyanurate (La(HC3N3;03)(H,C3N303)(H,0);). In contrast,
higher amounts of water and thus lower pH values led to
the formation of a lanthanum cyanurate with two single
deprotonated cyanurates along with a hydroxide ion (La
(H2C3N303),(OH)(H,0)4-H,0). These results can be explained
by the pK, values of the first two deprotonation steps of cyanu-
ric acid (pKa; = 6.88 and pK,, = 11.40).>> Only at higher pH
values, the solution becomes sufficiently basic to allow the
second deprotonation of the cyanuric acid and thus the for-
mation of the lanthanum cyanurate, whereby the cyanuric acid
unit is present in its double deprotonated form. However, ther-
moanalytical studies in the next section, will demonstrate that
both lanthanum cyanurate phases could be converted to
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lanthanum carbodiimide at 770 °C under a flow of argon. The
lanthanum carbodiimide demonstrated air and water stability
over a period of four weeks, as confirmed by X-ray powder
diffraction.

Thermoanalytic studies

The thermal decomposition of lanthanum cyanurates was
investigated using thermal analysis methods such as thermo-
gravimetric analysis (TGA) combined with differential thermal
analysis (DTA). The measurements were made in an argon flow
within a temperature range from room temperature up to
770 °C at a rate of 2 K min~" for both heating and cooling.
Fig. 1 represents the TGA of La(HC3N3;03)(H,C3N303)(H,0)3
which shows that this material undergoes a decomposition in
three steps, ultimately leading to the formation of lanthanum
carbodiimide. Based on the measured and theoretical mass
losses at each stage, the first step at 187 °C, with a mass loss
of —12.04% (theory: —12.15%), is attributed to the loss of
water (eqn (5)). The second step at 405 °C, with a mass loss of
—28.38% (theoretical: —29.03%), can be corresponded to the
decomposition of La(HC;3N303)(H,C3N303) to La(C3N3;03)
which is a completely deprotonated unit (eqn (6)). The final
step, occurring at 737 °C with a mass loss of —14.82% (theory:
—14.85%), is associated with the release of carbon dioxide,
resulting in the formation of lanthanum carbodiimide,
La,(CNy); (eqn (7)). Heating the lanthanum carbodiimide to
even higher temperatures (1000 °C), resulted in the formation
of lanthanum nitride (LaN). This sequence can be summarized
in the following reactions:

2La(HC3N303)(H2C3N3O3)(H20)3
— 2La(HC3N303)(H203N303) + 6H20 T (5)

ZLa(HC3N303)(H2C3N303) — ZLa(C3N303) + 2H3C3N30;3 T

(6)
2La(C3N303) g Laz(CN2)3 + 3C0O, T (7)
100 Lo.2
| Exo
901
0.1
801 S
o) £
= 0.0 >
5 791 2
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Fig. 1 Thermogravimetric analysis (TGA) combined with differential
thermal analysis (DTA) of La(HC3N303)(H,C3N3O3)(H,0)s.
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Crystal structures

The synthesis of La,(CN,); can be achieved by the decompo-
sition of a single source precursor, which can be either
La(HC;N;05)(H,C5N;03)(H,0); (1) or La(H,C3N;0;),(OH)
(H»0)4-H,O (2). Crystal structures of both precursors were
refined based on single-crystal X-ray diffraction, with relevant
data summarized in Table 1. Both compounds contain one
type of La*" in the structure. The first compound (1) contains
mono- and divalent cyanurate anions and three water mole-
cules in the coordination environment of the La*", the latter
(2) monovalent cyanurate anions, bridging hydroxide and four
water molecules as shown in Fig. 2 and 3. There are at least
two more lanthanum cyanurate structures being reported in
the literature. The crystal structure of La[H,N3;C303]3-8.5
H,0 > was refined with the space group P1, containing mono-
valent cyanurate anions. Another structure, described as La
(H,C3N;303),-0H-2H,0,% leaves a precise assighment of hydro-
gen atoms behind.

The appearance of a number of different lanthanum cyanu-
rate compounds emphasizes the influence of pH conditions
during precipitation in aqueous solution and by a varying
extent of hydration. However, so far there is no indication that
the decomposition of any of these precursors would not lead
to La,(CNy)s.

The crystal structure of La(HC;3;N3;03)(H,C3N303)(H,0); (1)
is characterized by one type of lanthanum, being surrounded
by three coordinated water molecules and five cyanurate ions
showing a bridging functionality (Fig. 2).

The crystal structure of La,(CN,); was solved and refined on
the basis of X-ray powder diffraction data by Rietveld refine-

Table 1 Crystallographic data of cyanurate precursor compounds La
(HC3N303)(H2C3N303)(H20)3 (1), La(H>C3N303)2(0OH)(H20)4-H,0 (2) and
of Lax(CN,)z

(¥ 2 La,(CN,);
CCDC code 2403637 2409323 2393819
Empirical formula CgHoLaNgOq CgH;5LaNgO;, CzLa,Ng
Formula weight (g mol™) 448.10 502.15 397.88
Crystal system Monoclinic Triclinic Monoclinic
Space group P24/c Pi 2/a
alA 8.0793(4) 6.3215(3) 8.69003(6)
b/A 17.1808(7) 11.0993(6) 6.88968(5)
c/A 8.5107(4) 11.8544(5) 10.30517(9)
al® 66.312(5)
pl° 99.223(5) 88.178(3) 105.0711(6)
7/° 75.768(4)
V/A® 1166.09(9) 736.20(7) 595.764(8)
zZ 4 2 4
u/mm™ 29.027 23.237 108.706
D /g em™ 2.552 2.265 4.436
Crystal size 0.05 % 0.03 x 0.01 0.04 x 0.04 x 0.01 Powder
O range/° 5.149 to 74.464  4.084 to 72.102 2.5 to 60
Reflections collected 41457 22199 488
Parameters 235 251 45
Ruragy — — 4.0955

— — 1.0244
Wavelength (Cu-K,) (A)  1.54184 1.54184 1.54184
Ry, WR, (I > 26(1)) 0.0162,0.0385  0.0333,0.0837  —
R indices (all data) 0.0175, 0.0389 0.0360, 0.0854 —
GOOF 1.041 1.076 1.012
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Fig. 2 Coordination environment of the La®* in the structure of La
(HC3Nz03)(H,C3N3z03)(H,0)3 (1) (gray: C, blue: N, green: O, red: La,
white: H).

Fig. 3 Coordination environment of the La®* ion in the structure of La
(H2C3N303)2(OH)(H20)4-H,0 (2) (gray: C, blue: N, green: O, red: La,
white: H).

ment with the space group I2/a (Table 1 and Fig. 4). Crystal
structures of RE carbodiimides follow a characteristic structure
pattern in which the [N=C=NJ"" ions are arranged in layers,
following the motif of a hexagonal closed packing of sticks.
Cations are situated in between these layers to form an alter-
nating arrangement.

This pattern is apparent also in the structure of La,(CN,)s,
displayed in Fig. 5. Major differences among the structures of
RE,(CN,); compounds are the tilting of N=—=C=N ions within
layers relative to each other, and the exact position of RE ions
in structures. The crystal structure of La,(CN,); contains one
type of lanthanum in the structure and two distinct carbodii-
mides ions. Lanthanum ions in the structure have the coordi-
nation number eight, shown in Fig. 6, together with the
pattern of the corresponding dodecahedron.

The characterization of La,(CN,); completes the series of
binary rare-earth carbodiimides, which is represented by three
distinct structures, respectively, coordination patterns (Fig. 7),
with their unit volumes displayed in Fig. 8. The general trend
of molar unit cell volumes represents the lanthanide contrac-
tion for the series from Ce to Tm with the space group C2/m (Z
= 2) with the coordination number (CN) of the RE*" being
seven. Compounds of Tm, Yb, and Lu follow the same trend,
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Fig. 4 Rietveld refinement of the XRD powder pattern of Lay(CNy)s.
Observed intensities are marked as red circles, and calculated intensities
as black lines. Bragg positions are marked as green lines, the difference
curve lopserved — lcalculated @S blue line.

Fig. 5 The layered appearance of the crystal structure of La,(CN,)s with
lanthanum ions is shown in red.

Fig. 6 The environment of lanthanum with two crystallographically dis-
tinct IN=C=N]?" ions (distances: C1-N1 = 124.41(6) pm, «N1-C1-N1 =
177.82(4)°; C2—-N2 = 123.95(9) pm, C2-N3 = 124.17(9) pm, «N2-C2-N3
= 178.55(7)°) and a dodecahedron representing the coordination
environment of La** in the structure of La,(CN,)s.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Coordination environments of rare-earth ions (red) in the trigo-
nal (R3c), monoclinic (C2/m), and (I2/a) structures, from left to right.
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Fig. 8 Molar volume (V/Z) of rare-earth carbodiimides, RE>(CN,)s, with
the monoclinic (C2/m) structure for the series RE = Y, and Ce—-Tm (dis-
played as squares), the trigonal (R3c) structure for RE = Sc (displayed as
triangles) and Tm-Lu, and monoclinic (/2/a) La,(CN,)s (displayed as a
red dot). Tm,(CN;)s has been shown to be dimorphic with the monocli-
nic (C2/m) structure and the trigonal (R3c) structure of the high-
pressure phase.

however with a trigonal structure with the CN of the RE being
six. Tm,(CN,); is dimorphic and undergoes a pressure trans-
formation from R3c into C2/m. Thereby, the coordination
number of the Tm®' ion increases from six to seven.
Lanthanum, as the largest lanthanide ion, appears with the
coordination number eight.

The lanthanum site with its dodecahedral environment in
La,(CN,); appears to be an interesting site for doping with a
photoluminescence activator. A most prominent example of
such a dodecahedral environment is apparent in the pc-LED
phosphor Y;Al;04,:Ce. Consequently, we conducted photo-
luminescence studies on La,(CN,);:Ce, discussed later in this
work.

Infrared spectroscopy

The infrared (IR) spectrum of La,(CN,); has also been reported
to support its carbodiimide character (see Fig. 6 for distances
and angles). As can be observed in Fig. 9 the characteristic
vibrational bands of the [NCN]*~ ion at 2029 and 1929 cm™"
can be ascribed to the asymmetric stretching vibrations (v,s)-
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Fig. 9 FT-IR spectrum of Lay(CNy)s.

Furthermore, the corresponding bending vibrations (§) are
observed at 685, 660, and 621 cm™'. The absence of a sym-
metric vibration (vg) in the IR spectrum supports the identifi-
cation of the compound as a carbodiimide rather than a cyana-
mide.”” Furthermore, the results align well with previously
reported data on Table 2 for two other rare-earth metal
carbodiimide modifications.>”

Photoluminescence spectroscopy

The photoluminescence (PL) spectrum of La,(CN,); doped
with Ce*" (5 atom% w.r.t La) has been studied to evaluate the
potential of this novel material for application in a lumines-
cent screen. Ce®" is already well-known as an efficient emitter
in various applications of luminescent materials.”*® For
instance, Ce** is one of the most important emitters in LED
phosphors, such as Lns(Al,Ga,Sc)504,:Ce (Ln =Y, Gd, Tb, Lu),
or acts as a primary activator ion in scintillators, including
Lu,Si05:Ce, LuAlO;:Ce, and LuzAl;05,:Ce (LuAG:Ce®") (see
Table 3). Ce**-activated materials also play an important role

Table 2 Vibrational frequencies (cm™) from lanthanum and selected
rare-earth carbodiimides>®

Vas (CNL)*~ 5 (CNp)*~
Lu,(CN,); 2080 2009 — 680 640 —
Sm,(CN,); 2023 1955 705 668 634 616
La,(CN,); 2029 1929 685 660 621 —

Table 3 Emission maxima, density, and decay time of some Ce®* acti-
vated phosphors and scintillators®*62

Ce** phosphor or Emission max.  Density Decay time
scintillator nm gem™ ns
LaBr;:Ce 358 5.3 35
YAIO;:Ce 360 5.6 20-30
LuAlOj;:Ce 365 8.3 18
Lu,SiOs:Ce 390 7.4 30
Gd,SiOs:Ce 420 6.7 60
Lu;Al;0,,:Ce 525 6.7 54
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in UV lamps, such as YPO,:Ce, LaPO,:Ce, LaMgAl,,0,,:Ce, and
YMgB;0;:Ce.*

The photoluminescence of materials doped with Ce** ions
originates from interconfigurational transitions, ie. of tran-
sitions between different electronic configurations. In the
ground state, Ce*" has the configuration [Xe]4f' which, upon
excitation is promoted to the configuration [Xe]5d'. The
energy required for this transition depends on the crystal field
splitting of the 5d levels, which is influenced by the surround-
ing coordinated anions and centroid shift caused by the local
environment. The emission process caused by the relaxation
of the 5d" to the 4f' configuration yields two broad emission
bands due to the ground state term spin-orbit splitting yield-
ing the terms F5;, and *F,),. This kind of transition is spin
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Fig. 10 (a) Emission spectra at several temperatures and (b) excitation
spectra, and (c) decay curve upon 375 nm excitation of Lay(CNy)s:
Ce**(5%).
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and parity allowed, therefore, resulting in a high oscillator
strength and a short decay constant. Since a 5d orbital is
involved, cerium-activated materials may show UV, blue, green,
or yellow emission depending on the crystal-field-determined
energetic position of absorption and emission bands. The 5d
orbitals are more spatially extended and thus strongly interact
with the crystal field around the atom, therefore, splitting into
different levels.

Fig. 10a shows the broad emission band of La,(CN,); doped
with 5% of Ce*", with two maxima at 450 nm (2222 cm™") and
500 nm (20000 cm™') upon 400 nm excitation, at various
temperatures. The excitation spectrum monitored for 495 nm
is also shown in Fig. 10b and exhibits a strong excitation band
at 400 nm (25000 cm™ '), thus the Stokes shift is just
2800 cm ™', which points to little relaxation in the excited state.
As mentioned above, the crystal field strength and thus chemi-
cal environment such as ligand type, symmetry, and metal-to-
ligand distance determines the energy gap between the [Xe]4f*
and [Xe]5d' configuration. Therefore, the PL spectra will
change if Ce®" is located onto different crystallographic sites. A
weaker crystal field increases the energy gap and results in a
shift of the PL spectra towards higher energy such as UV or
blue light. A comparison with the earlier published Gd,(CN,);:
Ce*" with a broad emission band at 575 nm (17391 cm™")
under 415 nm excitation,> and Y,(CN,);:Ce*" > with a emis-
sion band range of 570-577 nm under 415 nm excitation, con-
firms that the emission bands in La,(CN,);:Ce®" are strongly
blue-shifted. This can be explained by the weaker crystal field
in La,(CN,); than Gd,(CN,);, and Y,(CN,); due to the larger
metal-to-ligand distances onto the La®" site. The material
shows at low temperature a single exponential decay curve,
while the calculated decay time of 26 ns at 77 K (Fig. 10c) is
typical for blue-emitting Ce®" activated luminescent materials
or scintillators.

Conclusions

The vast majority of rare-earth carbodiimide compounds have
been prepared by solid-state metathesis (SSM) reactions.
However, the preparation of La,(CN,); has yet failed by SSM,
because its formation is hindered in favour of the formation of
La,CI(CN,). An alternative way of preparation of metal carbo-
diimides is the employment of metal cyanurate precursors,
showing the formation of pure La,(CN,); by decomposition of
lanthanum cyanurate hydrate as a single-source precursor.

Lanthanum cyanurate compounds can appear with mono-
or divalent cyanurate anions and with different amounts of
water molecules. The thermal conversion into lanthanum
carbodiimide appears in three basic steps, by release of water,
the loss of cyanuric acid, and finally the loss of CO,.

The crystal structure of lanthanum carbodiimide completes
the series of rare-earth carbodiimides that is represented by
three distinct structure types and coordination numbers of the
rare-earth ions. The structure of La,(CN,); contains La** with
the coordination number eight and represents an attractive
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host lattice for doping with rare-earth activators. Doping with
Ce®" leads to the luminescent material La,(CN,);:Ce which
shows a blue photoluminescence on excitation with 375 nm.
Due to its high density and short decay time, this phosphor
can be considered as a perspective szintillator material.

Experimental section
Materials and methods

The following starting materials cyanuric acid (Sigma-Aldrich,
98%), lanthanum(ur) chloride heptahydrate (Fluka AG, 99.9%),
sodium hydroxide (Chemsolute, 98.8%), and cerium(u) chlor-
ide heptahydrate (Merck, 98.5%) were used without further
purification and were handled under air and standard
conditions.

The thermal decomposition was carried out in a Carbolite
HST 12/300 furnace equipped with a 1 m long quartz glass
furnace tube. The decomposition product was handled under
an inert argon atmosphere and transferred into a glovebox
with maintained moisture and oxygen levels below 1 ppm.

Synthesis

La(HC3N;05)(H,C3N;0;)(H,0); (1). 69.5 mg (538.6 mmol)
cyanuric acid and 100.0 mg (269.3 mmol) lanthanum(ur) chlor-
ide heptahydrate were combined in a beaker equipped with a
magnetic stirrer. 10 mL deionized water was then introduced
at room temperature and the mixture was subsequently heated
to 100 °C. Upon complete dissolution of the cyanuric acid,
32.3 mg (807.8 mmol) sodium hydroxide was added to the
reaction. The mixture was then stirred for 1 h.

The resulting precipitate was collected by filtration (yield
w.r.t. La 64%), washed three times with 20 mL of deionized
water to remove sodium chloride and dried in an oven at
87.5 °C.

La(H,C;N;0;),(OH)(H,0),-H,0 (2). 69.5 mg (538.6 mmol)
cyanuric acid and 32.3 mg (807.8 mmol) sodium hydroxide
were combined in a beaker equipped with a magnetic stirrer.
Then 30 mL deionized water was introduced at room tempera-
ture and the mixture was subsequently heated to 100 °C. Upon
complete dissolution of the cyanuric acid, 100.0 mg
(269.3 mmol) lanthanum(ui) chloride heptahydrate in 10 mL
deionized water was added dropwise to the reaction. The
mixture was then stirred for 3 h. The resulting precipitate was
collected by filtration (yield w.r.t. La 27%), washed three times
with 20 mL of deionized water and dried in an oven at 87.5 °C.

La,(CN,);. 100 mg (223.2 mmol) lanthanum cyanurate (2)
was placed in a tube furnace and then heat-treated under
flowing Ar at 770 °C for 30 min with a ramping rate of 2 K
min~". Following the holding time, the furnace was cooled to
room temperature with the same ramping rate of 2 K min™",
yielding the final product (yield w.r.t. La >99%).

La,(CN,);:Ce. The synthesis for the doped lanthanum
carbodiimide was performed similarly to the already estab-
lished synthesis route. Hereby 200.0 mg (446.4 mmol) La
(H,03C3N;3)(HO5C3N;3)(H,0); was mixed and subsequently
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mortared with 8.3 mg (22.3 mmol) cerium(u) chloride hepta-
hydrate (CeCl;-7H,0) and then placed into the oven.

Thermoanalytic studies

Thermogravimetric analysis and differential thermal analysis
were performed using a Netzsch Jupiter STA 449 F3 thermal
analyzer. The synthesized samples were measured in an open
corundum crucible under a continuous argon flow.

X-ray powder diffraction

Compounds were investigated by powder X-ray diffraction
(XRD) on a Stadi-P (STOE, Darmstadt) diffractometer with ger-
manium monochromated Cu-K,; radiation. The powder XRD
pattern of La,(CN,); was indexed in the space group I2/a (No.
15) using N-Treor09 ®* and the structure was solved by direct
methods (both included in the program EXPO®*). Other poss-
ible candidate space groups suggested by EXPO were lower in
symmetry (structure solutions with space groups Ia or I2 were
discarded by using the progam missym included in the
program package PLATON®) or gave no reasonable structure
solution (I2/m, Im). The crystal structure refinement was
carried out with Winplotr (Fullprof), with the final full refine-
ment plot displayed in Fig. 4.

Single-crystal X-ray diffraction

Suitable crystals were selected and mounted on XtaLAB
Synergy, Dualflex, HyPix diffractometer. The crystals were kept
at a steady 7 = 150.0(2) K during data collection. The structure
was solved, and the space group was determined with the
ShelXT 2018/2 (Sheldrick, 2018) solution program using dual
methods and by using Olex2 1.5-ac5-024 °° as the graphical
interface. The model was refined with ShelXL 2018/3 ¢” using
full matrix least squares minimization on F*. All non-hydrogen
atoms were refined anisotropically. Hydrogen atom positions
were found in the electron difference map and refined.

Infrared spectroscopy

The infrared spectroscopy was performed using a Bruker
VERTEX 70 Fourier-transform infrared (FT-IR) spectrometer,
with the measurement recorded in the spectral range of
400-4000 cm™'. The samples were prepared as potassium
bromide (KBr) pellets, with a pure KBr pellet serving as the
reference for baseline correction.

Photoluminescence spectroscopy

Emission and excitation spectra of La,(CN,);:Ce®" were
measured using an FLS920 fluorescence spectrometer,
Edinburgh Instruments, equipped with a 450 W xenon arc
lamp OSRAM. The sample chamber was fitted with a mirror
optic, specifically designed for powder samples. Detection was
carried out with a R2658P single-photon counting photomulti-
plier tube Hamamatsu. The luminescence spectra were
recorded at a spectral resolution of 1 nm, dwell time 0.5
seconds per 1 nm step, and the measurement was repeated
three times. The correction file for the emission spectra was
obtained from calibration with a tungsten incandescent lamp
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certified by NPL (National Physics Laboratory, UK). For record-
ing temperature dependent emission spectra, a cryostat
“MicrostatN” from Oxford Instruments was introduced in the
above described spectrometer. The decay curves were
measured using an Edinburgh Instruments FLS920 fluo-
rescence spectrometer with a photomultiplier from
Hamamatsu H74422-40. The samples were excited with an
Edinburgh EPL655 pulsed diode laser (65 ps pulse width).
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