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Abstract: A survey of the trends in metal–ligand coordination and hydrogen bonding has been
carried out on complexes of singly deprotonated cyanuric acid CY− and alkaline earth metals, syn-
thesised from aqueous solution and characterised by X-ray crystallography. The involvement of
cyanurate in metal coordination increases from Mg through Ca and Sr to Ba relative to coordination
by water, in parallel with increasing ionic radius and coordination number. The incidence of the
bridging of metal centres by both water and cyanurate also increases in this series. The Mg complex
[Mg(H2O)6][CY]2·2H2O contains hexaaqua-coordinated cations, uncoordinated CY− anions, and ad-
ditional water molecules. The Ca and Sr complexes {[Ca(CY)(H2O)3][CY]}∞ and {[Sr(CY)2(H2O)4]}∞

feature polymeric chains of coordinated metal ions, the Ca complex with uncoordinated anions and
the Sr complex with all potential ligands coordinated. The Ba complex {[Ba(CY)2(H2O)2]}∞ has a
two-dimensional coordination network. Extensive hydrogen bonding plays a key role in generating
a three-dimensional network in all four structures. The competition between cyanurate and water
for coordination to the alkaline earth metal cations, and that between coordination and the hydro-
gen bonding propensities of the cyanurate anion, appear to be finely balanced, with the structural
outcomes depending on the relative sizes and degrees of hardness of the four cations of the group.

Keywords: crystal structure; alkaline earth metals; cyanuric acid; hydrogen bonding; bridging
ligands; chelate formation

1. Introduction

Cyanuric acid (henceforth, CYH; singly deprotonated form CY−) (CO·NH)3 is a
heterocyclic compound with a sturdy, robust and relatively unreactive planar six-membered
ring molecule, which nevertheless has had a diverse role to play in chemistry, particularly
with regard to commercial and industrial use, for many years. It has featured in products
ranging from flame retardants [1] and plant growth feed [2] to a catalyst for NOx removal
from exhaust gases [3], lavatory cleaning blocks [4], and an additive to stabilise free
chlorine in swimming pools [5]. It exists predominantly in the triketo form in solution [6]
and in crystal structures (see Scheme 1). The current release of the Cambridge Structural
Database (CSD; version 5.45, November 2023) [7] contains almost 90 structures (some of
them independent studies of the same materials) in which CYH is a neutral molecule on
its own or cocrystallised with solvent molecules, other neutral molecules, or ionic salts,
and they are all in the triketo form with three carbonyl groups and three N–H bonds.
It should be noted that this form is sometimes referred to as isocyanuric acid despite
its preponderance over the alternative trihydroxy form (Scheme 1). Lists of the CSD
REFCODEs (structural identifiers) for the database searches described in this section are
available as Supplementary Materials.
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Scheme 1. The triketo (left) and triol (right) tautomers of cyanuric acid. 

The planar threefold symmetrical shape of the CYH molecule, together with the 
availability of three donors and three acceptors for hydrogen bonds, make it an ideal can-
didate for supramolecular chemistry involving extended hydrogen bonding patterns. It 
almost always forms one- or two-dimensional hydrogen-bonded arrays [8], and there has 
been a particular focus on the CYH–melamine system. These two molecules are comple-
mentary hydrogen-bonding partners with matching symmetry, forming a very strongly 
bonded structure with a rosette-like motif [9] that has one of the most stable non-covalent 
solid-state structures known [10,11]. Indeed, such is the strength of the hydrogen bonding, 
some 29 kJ mol−1 per hydrogen bond [11], that it is frequently difficult to characterise the 
products by single-crystal X-ray diffraction, since crystal growth is typically rapid and the 
crystals are rather insoluble once formed, so other techniques such as solid-state NMR are 
important. Hydrogen-bonding motifs for CYH cocrystals are so reliable that it is possible 
to predict, and therefore design, the structural outcome of a particular reaction, something 
that has been particularly well exploited in the CYH–melamine system by varying sub-
stituents on the two components [10–20] or by adding further cocrystal components [21]. 

Cyanuric acid is a mildly acidic compound with pKa values of 6.88, 11.40, and 13.5 
for the mono-, di-, and trianionic forms, respectively [22]. While single deprotonation is 
easily achieved and double deprotonation can be achieved by careful control of the reac-
tion equilibrium, triple deprotonation is much more uncommon. Only the singly depro-
tonated form CY− is found in salts with organic cations, of which there are 23 known ex-
amples in the CSD. Conversely, the CYH molecule is singly and/or doubly protonated in 
hydrogen phosphate [23], 5-amino-2,4,6-triiodobenzene-1,3-dicarboxylate [24], and chlo-
ride salts [25]; these cations adopt the trihydroxy form with only one or two nitrogen at-
oms protonated. 

CYH serves as a ligand to transition, post-transition, and lanthanide metals in all 
three deprotonated forms. In the majority (approximately 70%) of the almost 100 struc-
tures of such complexes in the CSD (a relatively small number for such a small and versa-
tile ligand), coordination to the metal centre is exclusively through nitrogen, though coor-
dination through oxygen is also found in multidentate and bridging modes of coordina-
tion. Some of these complexes also contain alkali or alkaline earth metal cations, which 
are coordinated by the oxygen atoms of the cyanurate ligands. 

There are just over 40 CSD entries for structures containing one or more alkali metals 
and deprotonated forms of CYH but no transition, post-transition, or lanthanide metals; 
a few of these also contain an alkaline earth metal. Here, in contrast to the transition metal 
complexes, coordination is mainly through oxygen, with weaker interactions through ni-
trogen in some cases. 

A total of 31 CSD entries are formulated as salts or complexes of CYH anions with 
alkaline earth metals and no other metals: 3 for Mg, 4 for Ca, 14 for Sr, 7 for Ba, and 3 with 
two different metals. Several of these are duplicate determinations of the same structure, 
so there are just over 20 distinct structures. Again, coordination is principally through 

Scheme 1. The triketo (left) and triol (right) tautomers of cyanuric acid.

The planar threefold symmetrical shape of the CYH molecule, together with the
availability of three donors and three acceptors for hydrogen bonds, make it an ideal
candidate for supramolecular chemistry involving extended hydrogen bonding patterns.
It almost always forms one- or two-dimensional hydrogen-bonded arrays [8], and there
has been a particular focus on the CYH–melamine system. These two molecules are
complementary hydrogen-bonding partners with matching symmetry, forming a very
strongly bonded structure with a rosette-like motif [9] that has one of the most stable
non-covalent solid-state structures known [10,11]. Indeed, such is the strength of the
hydrogen bonding, some 29 kJ mol−1 per hydrogen bond [11], that it is frequently difficult
to characterise the products by single-crystal X-ray diffraction, since crystal growth is
typically rapid and the crystals are rather insoluble once formed, so other techniques
such as solid-state NMR are important. Hydrogen-bonding motifs for CYH cocrystals
are so reliable that it is possible to predict, and therefore design, the structural outcome
of a particular reaction, something that has been particularly well exploited in the CYH–
melamine system by varying substituents on the two components [10–20] or by adding
further cocrystal components [21].

Cyanuric acid is a mildly acidic compound with pKa values of 6.88, 11.40, and 13.5
for the mono-, di-, and trianionic forms, respectively [22]. While single deprotonation is
easily achieved and double deprotonation can be achieved by careful control of the reaction
equilibrium, triple deprotonation is much more uncommon. Only the singly deprotonated
form CY− is found in salts with organic cations, of which there are 23 known examples in
the CSD. Conversely, the CYH molecule is singly and/or doubly protonated in hydrogen
phosphate [23], 5-amino-2,4,6-triiodobenzene-1,3-dicarboxylate [24], and chloride salts [25];
these cations adopt the trihydroxy form with only one or two nitrogen atoms protonated.

CYH serves as a ligand to transition, post-transition, and lanthanide metals in all three
deprotonated forms. In the majority (approximately 70%) of the almost 100 structures of
such complexes in the CSD (a relatively small number for such a small and versatile ligand),
coordination to the metal centre is exclusively through nitrogen, though coordination
through oxygen is also found in multidentate and bridging modes of coordination. Some of
these complexes also contain alkali or alkaline earth metal cations, which are coordinated
by the oxygen atoms of the cyanurate ligands.

There are just over 40 CSD entries for structures containing one or more alkali metals
and deprotonated forms of CYH but no transition, post-transition, or lanthanide metals;
a few of these also contain an alkaline earth metal. Here, in contrast to the transition
metal complexes, coordination is mainly through oxygen, with weaker interactions through
nitrogen in some cases.

A total of 31 CSD entries are formulated as salts or complexes of CYH anions with
alkaline earth metals and no other metals: 3 for Mg, 4 for Ca, 14 for Sr, 7 for Ba, and 3 with
two different metals. Several of these are duplicate determinations of the same structure, so
there are just over 20 distinct structures. Again, coordination is principally through oxygen,
with an increasing tendency to include bonding also through nitrogen as the periodic group
of elements is descended and the ionic radius of the metal increases to accommodate higher
coordination numbers.
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We have conducted a systematic structural study of complexes of CYH with the
alkaline earth metals, prepared from aqueous solution with no ligands available other
than water and the neutral and anionic forms of CYH, to investigate the interplay and
competition of coordination and hydrogen bonding with particular reference to the trend in
ionic radii in the series from Mg through Ca and Sr to Ba. We find in each case an empirical
formula M(CY)2(H2O)n with two singly-deprotonated CY− anions acting as ligands and/or
uncoordinated counterions and between two and eight coordinated and uncoordinated
water molecules. The coordination number increases down the series: Mg 6, Ca 7, Sr 8,
Ba 10.

[Mg(H2O)6][CY]2·2H2O (1)
{[Ca(CY)(H2O)3][CY]}∞ (2)
{[Sr(CY)2(H2O)4]}∞ (3)
{[Ba(CY)2(H2O)2]}∞ (4)
Although these structures have been reported previously by others [26–30], those stud-

ies have been directed primarily at properties such as optical anisotropy, second harmonic
generation, and corrosion inhibition, and the structural trends have not generally been
noted. In the case of the strontium complex 3, the two previously reported structures [28,29]
had inappropriate (and different) treatments of their hydrogen atoms, as discussed below.
Correct assignment of hydrogen atom positions is particularly important for the interpre-
tation of hydrogen bonding, and this is aided by low-temperature X-ray diffraction data
collection as employed in the current investigation, whereas all the previous structures
were determined from room-temperature data.

2. Materials and Methods

All reagents were reagent-grade commercial products from Aldrich (Gillingham, UK)
and Avocado (Altrincham, UK) and were used as received. Laboratory-grade distilled
water was the only solvent for reactions. Elemental analyses were carried out by the New-
castle University analytical services unit and indicate the chemical purity of the products.
Access to suitable X-ray powder diffraction facilities was not available at the time of the
experiments to confirm phase purity, but the formation of concomitant polymorphs seems
unlikely, given that what appear to be complexes with the same structures were obtained
by other researchers using similar conditions and only for the strontium complex has a
polymorph been reported, prepared in a mixed product by hydrothermal synthesis [27].

Synthesis of the magnesium complex (1), {[Mg(H2O)6][CY]2·2H2O}∞: 0.258 g (2 mmol)
CYH was dissolved in 50 cm3 of boiling water. A total of 0.484 g (1 mmol) of solid
Mg(CO3)·Mg(OH)2·5H2O was added and the mixture was boiled for 15 min, then filtered
hot. As the filtrate cooled, a mass of small crystals of 1 formed, which nevertheless were
suitable for X-ray diffraction. The crystals were not air-stable and gradually lost water, as
shown in the CHN analysis. Yield was 52% (0.219 g). Elemental analysis data obtained
correspond to C6H14MgN6O11, i.e., with the loss of three molecules of water per formula
unit. Calc (%): C, 19.45; H, 3.81; N, 22.68. Found (%): C, 19.12; H, 3.88; N, 22.15.

Synthesis of the calcium complex (2), {[Ca(CY)(H2O)3][CY]}∞: 0.258 g CYH was
dissolved in 50 cm3 boiling water to which was added 0.074 g (1 mmol) of solid Ca(OH)2.
After five minutes of boiling, all solid material had dissolved, so the reaction flask was
stoppered and set aside. After 3–4 h of cooling, crystals of 2 had formed. Yield was 44%
(0.237 g). Calc (%): C, 20.58; H, 2.87; N, 23.99. Found (%): C, 20.32; H, 2.83; N, 23.24.

Synthesis of the strontium complex (3), {[Sr(CY)2(H2O)4]}∞: 0.262 g (2 mmol) CYH
and 0.147 g (1 mmol) SrCO3 were boiled for several minutes in 30 cm3 water until the solids
had dissolved. The reaction flask was then sealed and set aside to cool undisturbed. A
small crop of white crystals of 3 formed overnight. Yield was 10% (0.043 g). Calc (%): C,
17.35; H, 2.79; N, 20.23. Found (%); C, 17.43; H, 2.73; N, 19.36.

Synthesis of the barium complex (4), {[Ba(CY)2(H2O)2]}∞: 0.258 g (1 mmol) CYH
was dissolved in 40 cm3 boiling water. Solid Ba(OH)2 (0.315 g, 1 mmol) was added
and the mixture was boiled until around 20 cm3 remained, then the hot solution was
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filtered. Colourless crystals of 4 formed after standing undisturbed for three days at room
temperature. Yield was 10% (0.034 g). Calc (%): C, 16.78; H, 1.88; N, 19.57. Found (%): C,
16.54; H, 2.50; N, 19.10.

X-ray crystallography: crystallographic experimental parameters for all four com-
pounds are summarised in Table 1. Data for all compounds were collected on a KappaCCD
diffractometer (Nonius, Delft, The Netherlands) using graphite-monochromated Mo-Kα

radiation (λ = 0.71073 Å) at 150K. The treatment of hydrogen atoms in structure refinements
is described below for each structure, as this is an important facet of understanding the role
of hydrogen bonding in the crystal structures. Software used: data collection with Nonius
COLLECT [31]; cell determination with DIRAX [32]; data reduction with EvalCCD [33];
absorption correction by symmetry-equivalent and repeated reflections using SADABS [34];
structure solution by direct methods using SIR2002 (1 and 2) [35] and SHELXTL (3 and
4) [36]; refinement by full-matrix least-squares on all unique F2 values using SHELXL-
2019/2 [37]. Structure figures were produced using SHELXTL, DIAMOND–3 [38], and
Mercury 1.4 [39]. The structures have been deposited at the Cambridge Crystallographic
Centre (CCDC), with deposition numbers given in Table 1; the data may be obtained at
https://www.ccdc.cam.ac.uk/structures/ free of charge (accessed on 17 January 2024).

Table 1. Crystallographic data for all four compounds.

Compound 1 2 3 4

CCDC number 2320258 2320259 2320260 2320261
Empirical formula C6H20MgN6O14 C6H10CaN6O9 C6H12N6O10Sr C6H8BaN6O8

Formula weight 424.6 350.3 415.8 429.52
Crystal system Triclinic Triclinic Monoclinic Triclinic

Space group P1 P1 P21/c P1
a (Å) 6.8628 (6) 6.849 (3) 6.4244 (13) 7.1381 (15)
b (Å) 10.533 (3) 8.581 (12) 18.906 (4) 8.7974 (11)
c (Å) 11.876 (4) 10.972 (4) 10.748 (2) 9.4179 (5)
α (◦) 85.70 (2) 95.99 (9) 90 85.145 (7)
β (◦) 83.267 (15) 102.39 (2) 91.02 (3) 82.536 (10)
γ (◦) 79.304 (11) 95.66 (6) 90 79.168 (18)

Volume (Å3) 836.5 (4) 621.5 (9) 1305.2 (5) 574.85 (15)
Z 2 2 4 2

Dcalc (g cm−3) 1.686 1.872 2.116 2.481
Absorption coefficient (mm−1) 0.196 0.571 4.204 3.535

Crystal dimensions (mm) 0.30 × 0.10 × 0.10 0.50 × 0.40 × 0.30 0.60 × 0.40 × 0.10 0.40 × 0.30 × 0.20
θ range for data 3.9–27.5 2.5–27.5 4.7–25.0 2.5–27.5

Transmission 0.974–0.981 0.720–0.847 0.157–0.649 0.294–0.498
Reflections measured 16,004 9091 15,158 11,479

Independent reflections 3821 2565 2279 2626
Rint 0.0541 0.0180 0.0787 0.0421

Data/restraints/parameters 3821/63/334 2822/0/239 2279/316/253 2626/10/222
Goodness of fit on F2 1.013 1.073 1.201 1.116
R1 (on F, F2 > 2σ) a 0.0442 0.0231 0.0491 0.0254

wR2 (on F2, all data) b 0.0957 0.0638 0.0778 0.0512
Largest difference peak and

hole (e Å−3) 0.28, −0.30 0.34, −0.30 0.46, −0.48 0.74, −0.70

aR1 = Σ||Fo| − |Fc||/Σ|Fc|, b wR2 = [Σw(Fo
2 − Fc

2)2/Σw(Fo
2)2]1/2.

3. Results and Discussion

All four complexes, prepared by simple reactions of cyanuric acid and alkaline earth
hydroxides or carbonates in boiling water and obtained as colourless crystals, have the
empirical formula M(CY)2(H2O)n (n = 8 for Mg, 3 for Ca, 4 for Sr, 2 for Ba). All contain singly
deprotonated CY− anions in the triketo form as ligands and/or uncoordinated counterions,
and all water molecules are coordinated to metal ions in each case, either in terminal or
bridging mode, except that the magnesium complex also contains uncoordinated water

https://www.ccdc.cam.ac.uk/structures/


Crystals 2024, 14, 98 5 of 20

molecules. Hydrogen bonding is a major feature of all the structures; cyanurate N–H and
water O–H serve as donors, while the acceptors are O atoms of water and CY− as well as
deprotonated N atoms. The four structures differ in other details, as described below. In
each case, the asymmetric unit contains two CY− anions; for consistency and convenience
in making structural comparisons, atoms in these anions are numbered 1–3 and 4–6, while
the O atoms of water molecules are numbered from 7 upwards.

3.1. Compound 1, [Mg(H2O)6][CY]2·2H2O

There are only two previously reported structures of complexes of magnesium with
cyanuric acid and no other metals; one of them has been the subject of two independent
studies [26,27] and is the same as our compound 1, while the other, prepared hydrother-
mally, has the same ionic components but no uncoordinated water molecules [27]. The main
structural feature of compound 1 is that CY− does not coordinate to the Mg2+ centre at all,
but serves as a counterion to the [Mg(OH2)6]2+ cation. The two anions in the asymmetric
unit lie in general positions, while there are two crystallographically independent cations,
each located on an inversion centre. In addition, two uncoordinated water molecules oc-
cupy general positions in the asymmetric unit. This lack of coordination of organic ligands
is a common observation in aqueous magnesium chemistry; similar behaviour is found
for other small-ring molecules structurally similar to cyanuric acid, such as pyromellitic
acid [40], phthalic acid [41], 5-nitrobarbituric acid [42], and the trithio analogue of cyanuric
acid [43].

All the H atoms in this structure could be located readily in difference maps. Two
water molecules, one coordinated (O9) and one uncoordinated (O13), which lie within
hydrogen-bonding distance of each other, were found to have one H atom ordered and the
other disordered over two positions with relative occupancy 0.56:0.44(3); the disordered H
atoms were refined with a common isotropic displacement parameter for each pair, and
otherwise H atoms were refined with individual unconstrained isotropic displacement
parameters. Water O–H bond lengths were restrained to 0.84(1) Å and H–O–H angles
restrained to be equal without a specified value. Nitrogen-bound H atoms were refined
freely. All N–H and O–H bonds serve as hydrogen bond donors; the acceptors for N–H...O
hydrogen bonds are carbonyl O atoms. All the carbonyl O atoms accept two hydrogen
bonds, and the two deprotonated N atoms accept hydrogen bonds from water molecules
(one coordinated, one uncoordinated). The two uncoordinated water molecules each donate
and accept two hydrogen bonds. In each cation, two inversion-related trans-coordinated
water molecules accept a hydrogen bond, while the other four water molecules do not serve
as acceptors. All hydrogen bonds are approximately linear. Hydrogen bond geometry is
given in Table 2.

Magnesium coordination is essentially regular octahedral with Mg–O bond lengths
in the range 2.0284(17)–2.1058(16) Å and all cis angles within 3.1◦ of 90◦. The internal
geometry of the planar CY− anions is unexceptional. The asymmetric unit is shown in
Figure 1, together with additional aqua ligands to complete the coordination of magnesium.

The extensive three-dimensional hydrogen bonding pattern can best be described in
three stages of construction. In the first two stages, the cations and uncoordinated water
molecules form a layer in the ac plane (101), as shown in Figure 2.

The four crystallographically independent species in Figure 2 are coloured differ-
ently, with the same colour used for symmetry-equivalent species. The sheet consists of
alternating chains, parallel to the short a axis, of hexaaquamagnesium(II) ions linked by
hydrogen bonding to one of the water molecules. The chains consist of only one type of
hexaaqua ion, linked to its symmetry-equivalents by one type of water molecule; thus the
blue [Mg(H2O)6]2+ ions are linked to each other exclusively by the yellow water molecules,
and the green [Mg(H2O)6]2+ ions are linked to each other exclusively by the red water
molecules, giving the first imagined stage of construction. In the second stage, additional
yellow–green and red–blue hydrogen bonding in the c axis direction links these chains
together to give the sheet structure. The disorder identified in coordinated O9 and uncoor-
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dinated O13 water molecules is found in the components of this structure shown in green
and red. This represents the two alternative directions (clockwise and anti-clockwise when
viewed from one side) of the rings formed by two coordinated and two uncoordinated
water molecules and does not affect the rest of the hydrogen bonding.

Table 2. Hydrogen bonding (Å and ◦) for compound 1.

D–H...A D–H H...A D...A DHA

N2–H2N...O5c 0.86 (3) 1.91 (3) 2.767 (3) 177 (2)
N3–H3N...O6 0.90 (3) 1.99 (3) 2.895 (3) 175 (2)
N4–H4N...O1 0.84 (3) 1.92 (3) 2.754 (3) 176 (3)

N5–H5N...O2d 0.85 (3) 2.08 (3) 2.931 (3) 174 (2)
O7–H7A...N1a 0.842 (10) 1.991 (11) 2.829 (2) 173 (2)
O7–H7B...O14a 0.837 (10) 1.930 (12) 2.759 (2) 171 (3)
O8–H8A...O1a 0.844 (10) 1.867 (11) 2.706 (2) 172 (3)
O8–H8B...O3e 0.847 (10) 1.937 (11) 2.778 (2) 172 (3)
O9–H9A...O6f 0.843 (10) 1.892 (11) 2.726 (2) 170 (3)

O9–H9B...O13g 0.845 (10) 2.000 (11) 2.833 (2) 168 (3)
O9–H9C...O13 0.839 (10) 1.987 (11) 2.821 (2) 172 (4)

O10–H10A...O2h 0.829 (10) 1.968 (10) 2.787 (2) 169 (3)
O10–H10B...O13c 0.842 (10) 1.940 (13) 2.741 (2) 158 (3)
O11–H11A...O5f 0.831 (10) 1.951 (14) 2.738 (2) 158 (2)
O11–H11B...O3i 0.836 (10) 2.040 (14) 2.842 (2) 160 (2)
O12–H12A...O4a 0.833 (10) 1.881 (11) 2.690 (2) 164 (2)
O12–H12B...O14h 0.838 (10) 1.918 (10) 2.754 (2) 175 (3)
O13–H13A...O4j 0.835 (10) 2.188 (14) 2.983 (2) 159 (3)
O13–H13B...O9 0.838 (10) 2.010 (15) 2.821 (2) 162 (4)

O13–H13C...O9g 0.837 (10) 2.022 (13) 2.833 (2) 163 (4)
O14–H14A...O12 0.837 (10) 2.048 (12) 2.864 (2) 165 (3)
O14–H14B...N6f 0.838 (10) 2.011 (11) 2.824 (2) 164 (2)

Symmetry operations for equivalent atoms. a: −x + 1, −y + 1, −z + 1; c: x, y, z−1; d: x, y, z + 1; e: x, y − 1, z; f: −x
+ 1, −y + 2, −z + 1; g: −x, −y + 1, −z + 1; h: −x + 1, −y + 1, −z; i: −x + 1, −y + 2, −z; j: x − 1, y, z.
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Figure 1. The asymmetric unit of compound 1 augmented to show the complete coordination ge-
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Figure 1. The asymmetric unit of compound 1 augmented to show the complete coordination
geometry. Displacement ellipsoids, here and in later Figures, are drawn at the 50% probability level.
Minor disorder components for H atoms are not shown Atom colour codes for all structural figures
displaying ellipsoids: green, metal; grey, C; red, O; blue, N; pale green, H.
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Figure 2. A b-axis view of the hydrogen-bonded sheet network structure in 1 formed by [Mg(H2O)6]2+

cations and uncoordinated water molecules. Blue dashed lines indicate hydrogen bonding and red
dashed lines indicate hydrogen-bonding interactions with other symmetry-related units. Minor
disorder components of H atoms are not shown.

The cyanurate anions form hydrogen-bonded ribbons parallel to the c axis, and each
ribbon consists of the two crystallographically independent cyanurate anions alternating.
These ribbons are sandwiched between the cation/water sheets, with which they share
more hydrogen bonds, including the O–H...N hydrogen bonds between water molecules
and deprotonated N atoms (Figure 3).
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3.2. Compound 2, {[Ca(CY)(H2O)3][CY]}∞

There are four previous reports of calcium complexes of cyanuric acid with no other
metals present. One contains doubly deprotonated cyanuric acid with a deceptively simple
1:1 stoichiometry, together with, empirically, 3.5 water molecules per metal ion, but with
a complex polymeric network structure in which the anion serves both as a ligand and
as an uncoordinated counterion [29]; the structure has some features similar to that of
compound 2 despite the different degrees of deprotonation. A calcium(II) complex of CY−

originally described, improbably, as also containing CYH and uncoordinated OH− anions,
but with no H atoms included in the structural model [44], has been reinvestigated and
more appropriately formulated as [Ca(CY)(H2O)6](CY)·H2O [45], with calcium coordinated
by six aqua ligands and one carbonyl O atom of CY−. The other reported structure is the
same as that of our compound 2 [27], but with little structural information given other than
identifying the basic coordination of Ca(II), the main interest being in the optical and other
physical properties of this and other cyanurate complexes.

Figure 4 shows the asymmetric unit, augmented by one extra CY− ligand, one bridg-
ing water molecule, and one Ca2+ cation to complete the calcium coordination and the
environment of the symmetry-related bridging water molecules. All atoms lie in general
positions, and the asymmetric unit contains one calcium(II) ion, three coordinated water
molecules, and two CY− anions, one of which is coordinated and the other not. All H atoms
in this structure were refined freely with individual isotropic displacement parameters and
with no constraints or restraints.

Table 3. Coordination bond lengths (Å) and angles (◦) for compound 2.

Ca–O1 2.296 (3) Ca–N2c 2.500 (3)
Ca–O3c 2.511 (4) Ca–O7 2.3240 (13)
Ca–O8 2.3737 (14) Ca–O9 2.4605 (13)

Ca–O9b 2.6039 (15)
N2c–Ca–O1 150.89 (5) N2c–Ca–O3c 53.06 (7)
N2c–Ca–O7 84.85 (6) N2c–Ca–O8 126.65 (8)
N2c–Ca–O9 85.48 (7) N2c–Ca–O9b 70.75 (9)
O1–Ca–O3c 154.49 (5) O1–Ca–O7 86.80 (7)
O1–Ca–O8 82.12 (10) O1–Ca–O9 98.82 (7)

O1–Ca–O9b 82.47 (10) O3c–Ca–O7 88.65 (7)
O3c–Ca–O8 73.68 (9) O3c–Ca–O9 90.35 (7)

O3c–Ca–O9b 122.98 (8) O7–Ca–O8 97.95 (5)
O7–Ca–O9 168.61 (4) O7–Ca–O9b 95.85 (4)
O8–Ca–O9 92.65 (5) O8–Ca–O9b 158.64 (4)

O9–Ca–O9b 75.24 (5)
Symmetry operations for equivalent atoms. b: −x + 1, −y, −z + 2; c: x, y − 1, z.
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The calcium centre, larger than its magnesium congener, can accommodate two cya-
nurate ligands in its coordination, but these are symmetry-related; the second CY− in the
empirical formula serves as a charge-balancing counterion. The cyanurate ligand bridges
two calcium ions, bonding to one in monodentate fashion through one of its carbonyl
O atoms O1 and to the other in chelating bidentate mode through carbonyl O3 and the
deprotonated N atom N2 with a narrow bite angle. Two aqua ligands are terminal, while
two symmetry-equivalent bridging aqua ligands connect calcium with a second cation to
give a centrosymmetric four-membered Ca2O2 ring. This arrangement gives a coordination
number of 7, with a geometry that is approximately octahedral if the chelating group is
regarded as occupying a single coordination site and pentagonal bipyramidal if these two
coordinating atoms are considered separately, with the aqua ligands O7 and O9 occupying
the axial positions. The coordination geometry (bond lengths and angles) is given in Table 3.

Bridging of calcium centres by the CY− ligands generates a polymeric chain running
parallel to the b axis, and pairs of these chains are bonded together through the bridging
O9 aqua ligands.

If terminal O7 and the O9 aqua bridges are ignored, the coordinated and uncoordinated
cyanurate anions are essentially coplanar with the equatorial plane of the pentagonal
bipyramidal coordination. Thus, the uncoordinated anions link polymer chains together by
hydrogen bonding to give sheets parallel to the ( 101) plane, as shown in Figure 5.
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Figure 5. The sheet structure formed by hydrogen bonding between polymer cation chains and
uncoordinated anions (shown in green) in compound 2. H atoms are omitted on the aqua ligands O7
and O9, which lie below and above the plane, respectively. Other colours are for different atom types,
similar to those in other Figures.

The ribbons of hydrogen-bonded CY− anions running horizontally in Figure 5 are the
same as those seen in the structure of compound 1, though there they are all uncoordinated
(the two crystallographically independent anions alternating) while, here, they are alter-
nating coordinated and uncoordinated anions. In both cases, the hydrogen-bond motif is
R2

2(8) in standard notation [46], the most common motif found in the hydrogen bonding of
structures containing cyanuric acid and its derivatives. The hydrogen bonding geometry of
compound 2 is listed in Table 4.
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Table 4. Hydrogen bonding (Å and ◦) for compound 2.

D–H...A D–H H...A D...A DHA

N1–H1N...O4d 0.935 (19) 1.782 (19) 2.715 (3) 176 (2)
N3–H3N...O6 0.892 (19) 1.866 (19) 2.757 (3) 177 (2)
N4–H4N...O2e 0.89 (2) 1.92 (2) 2.809 (3) 179 (2)
N5–H5N...O3 0.892 (19) 1.851 (19) 2.743 (3) 176 (2)
O7–H7B...N6f 0.79 (2) 1.98 (2) 2.758 (4) 169 (2)
O7–H7A...O5g 0.77 (2) 2.04 (2) 2.793 (3) 164 (2)
O8–H8A...O5c 0.84 (2) 2.10 (2) 2.922 (3) 167 (2)
O8–H8B...O6 0.77 (2) 2.12 (3) 2.883 (4) 175 (2)

O9–H9A...O4h 0.80 (2) 1.96 (2) 2.743 (4) 164 (2)
O9–H9B...O2i 0.78 (2) 2.14 (2) 2.860 (4) 153 (2)

Symmetry operations for equivalent atoms. c: x, y − 1, z; d: x + 1, y, z + 1; e: x − 1, y, z − 1; f: −x + 1, −y, −z + 1;
g: −x + 1, −y + 1, −z + 1; h: −x, −y, −z + 1; i: −x + 1, −y + 1, −z + 2.

Bridging of calcium centres through pairs of O9 aqua ligands combines pairs of
adjacent hydrogen-bonded sheets into double sheets with an interplanar separation of
about 3.2 Å, such that overlapping cyanurates are appropriately positioned for π-π stacking
interactions to enhance the stability of the crystal structure.

Finally, the terminally bonded aqua ligand O7 forms hydrogen bonds to O5 and N6 in
two different uncoordinated cyanurate anions in the next double sheet, thereby providing
the hydrogen bonding in the third dimension for this multi-faceted structure. All N–H
and O–H bonds serve as donors in hydrogen bonds; of the two deprotonated N atoms, N2
coordinates to Ca and is not involved in hydrogen bonding, while N6 is the acceptor of an
O–H...N hydrogen bond. Carbonyl O atoms not coordinated to Ca accept two hydrogen
bonds each, O3 accepts one, and O1 none. No water molecules serve as hydrogen bond
acceptors in this structure.

3.3. Compound 3, {[Sr(CY)2(H2O)4]}∞

Of the alkaline earth metals, strontium has the richest reported structural chemistry of
the cyanurate complexes, with no fewer than 14 entries in the CSD. Of these, eight contain
doubly or triply deprotonated cyanuric acid derived from hydrothermal, high-temperature
solid-state, or other conditions more forcing than straightforward reactions in aqueous solu-
tion [27,29,47,48]. One also contains as ligands oxalate and a cyanurate-derived oxime [49].
There are two structural forms of the same stoichiometry for Sr(CY)2(H2O)2, one of which
has been reported twice, obtained by hydrothermal synthesis [27,50]; these have a layer
structure with different stacking arrangements and with structural features combining
those found in compounds 2 and 3. There are two previous reports of what is undoubtedly
compound 3 [28,29], but they have what appear to be incorrectly assigned H atoms, as
discussed below, as a consequence of undetected disorder.

In the structure of compound 3, both CY− anions and all the water molecules are
coordinated to Sr. All aqua ligands are terminal. Each cyanurate ligand coordinates through
two of its three O atoms to different metal centres and so serves as a simple bridging ligand;
in contrast to compound 2, all N atoms remain uncoordinated. Strontium has coordination
number 8, continuing the increase from Mg (6) through Ca (7). All four aqua ligands
lie on one side of Sr, with the four bridging CY− ligands all on the other side. Pairs of
inversion-related ligands link the metal ions together in a polymeric chain parallel to the a
axis. A section of this chain is shown in Figure 6, with the non-H atoms of the asymmetric
unit labelled, and the coordination geometry is given in Table 5.

Successive pairs of bridging ligands along the polymer chain are separated by ap-
proximately 3.3 Å and overlap each other, indicating a degree of π-π stacking within
the chain.
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Table 5. Coordination bond lengths (Å) and angles (◦) for compound 3.

Sr–O1 2.550 (3) Sr–O3a 2.549 (3)
Sr–O4 2.713 (3) Sr–O6b 2.636 (3)
Sr–O7 2.581 (4) Sr–O8 2.652 (4)
Sr–O9 2.651 (4) Sr–O10 2.500 (3)

O1–Sr–O3a 76.21 (11) O1–Sr–O4 72.27 (11)
O1–Sr–O6b 79.97 (11) O1–Sr–O7 143.62 (12)
O1–Sr–O8 141.64 (11) O1–Sr–O9 71.62 (11)

O1–Sr–O10 110.77 (12) O3a–Sr–O4 142.52 (11)
O3a–Sr–O6b 76.49 (11) O3a–Sr–O7 75.41 (12)
O3a–Sr–O8 121.85 (11) O3a–Sr–O9 76.75 (11)
O3a–Sr–O10 142.22 (12) O4–Sr–O6b 78.51 (10)

O4–Sr–O7 141.18 (11) O4–Sr–O8 75.80 (11)
O4–Sr–O9 111.00 (11) O4–Sr–O10 69.91 (12)

O6b–Sr–O7 114.49 (11) O6b–Sr–O8 73.27 (11)
O6b–Sr–O9 144.71 (11) O6b–Sr–O10 140.62 (12)
O7–Sr–O8 73.89 (12) O7–Sr–O9 80.08 (12)

O7–Sr–O10 79.88 (13) O8–Sr–O9 141.43 (11)
O8–Sr–O10 76.59 (12) O9–Sr–O10 71.14 (12)

Symmetry operations for equivalent atoms. a: −x + 2, −y + 1, −z + 1; b: −x + 1, −y + 1, −z + 1.

The structural role of H atoms and hydrogen bonding in compound 3 requires the
recognition of some minor disorder in the crystal structure. The cyanurate ligands with
atom numbers 4–6 are fully ordered, along with water molecules 8 and 10 and the strontium
ions; N5 is deprotonated, while H atoms are retained on N4 and N6. The close approach
of two cyanurate ligands with atom numbers 1–3 across an inversion centre includes an
N3...N3a distance of only 2.967(8) Å. These two N atoms, which are symmetry-equivalent,
cannot both carry an H atom, nor can they both be deprotonated; this separation is ap-
propriate for an N–H...N hydrogen bond, which must be disordered across the inversion
centre. In this ligand, N1 clearly retains its H atom, forming an N–H...O hydrogen bond
to a carbonyl O atom, so there must be a 50% disordered H atom bonded also to N2. In
turn, this leads to the disorder of two orientations of the aqua ligands O9 and O7, the
disorder of these ligands being correlated. Evidence of this pattern of disorder comes from
the presence and relative sizes of difference electron density peaks close to N3, N2, O7
(3 peaks), and O9 (3 peaks) when H atoms are not included in the structural model as well
as from the sensible geometry of the assigned disordered hydrogen bonds. We believe this
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disorder has been overlooked in the two previous reports of the structure of compound
3 [28,29]. One [29] has a full-occupancy H atom attached to N3 (our numbering), which
leads to an H...H distance of only 1.46 Å—this would be even shorter, but the refinement
with a restrained N–H distance of 0.99 Å takes the H atom markedly out of the ligand
plane, which is not to be expected. The other [28] has this N atom deprotonated despite
the N...N distance of 2.973 Å, while N2 (our numbering) has a full-occupancy H atom; the
H atoms in this reported structure were refined freely with no constraints or restraints,
and we note that H2 and the aqua H atoms we have identified as disordered have the
highest isotropic displacement parameters, consistent with overlooked disorder, while the
largest difference electron density peaks reported in the files deposited in the CSD include
positions corresponding to omitted disordered H atoms on N3 and aqua ligands.

The geometry of hydrogen bonding in structure 3 is given in Table 6. This includes
alternative arrangements for hydrogen bonding involving N2, O7, and O9.

Table 6. Hydrogen bonding (Å and ◦) for compound 3.

D–H...A D–H H...A D...A DHA

N1–H1N...O5c 0.873 (10) 1.917 (13) 2.787 (5) 174 (5)
N2–H2N...O9d * 0.880 (11) 1.97 (3) 2.828 (5) 165 (9)
N3–H3N...N3a * 0.878 (11) 2.11 (3) 2.967 (8) 166 (9)
N4–H4N...O2c 0.874 (10) 1.972 (17) 2.826 (5) 165 (5)
N6–H6N...O6b 0.878 (10) 1.933 (13) 2.806 (5) 172 (5)
O7–H7A...O5e 0.841 (10) 2.00 (2) 2.804 (5) 160 (5)
O7–H7B...O9f * 0.841 (11) 2.096 (15) 2.927 (5) 170 (7)
O7–H7C...O2g * 0.841 (11) 2.23 (3) 3.015 (5) 155 (6)
O8–H8A...O3b 0.842 (10) 2.003 (15) 2.834 (5) 169 (5)
O8–H8B...O2e 0.840 (10) 2.062 (16) 2.888 (5) 167 (5)
O9–H9A...O4h 0.835 (10) 2.030 (13) 2.857 (5) 171 (5)
O9–H9B...O7i * 0.840 (11) 2.092 (18) 2.927 (5) 173 (10)
O9–H9C...N2g * 0.839 (11) 2.00 (2) 2.828 (6) 170 (10)
O10–H10A...N5e 0.839 (10) 1.978 (12) 2.815 (5) 176 (5)
O10–H10B...O8i 0.836 (10) 2.066 (18) 2.883 (5) 166 (5)

Symmetry operations for equivalent atoms. a: −x + 2, −y + 1, −z + 1; b: −x + 1, −y + 1, −z + 1; c: −x + 1, −y + 1,
−z; d: −x + 2, y−1/2, −z + 1/2; e: −x + 1, y + 1/2, −z + 1/2; f: x, −y + 3/2, z + 1/2; g: −x + 2, y + 1/2, −z +
1/2; h: x + 1, y, z; i: x, −y + 3/2, z−1/2. * These hydrogen bonds are disordered, each having 50% occurrence in
the structure.

All hydrogen bonds involving the CY− ligand with atom numbers 4–6 (including
N–H...O hydrogen bonds linking symmetry-inequivalent ligands in neighbouring polymer
chains) and aqua ligands O8 and O10 are ordered. Those involving N2, N3, and the aqua
ligands O7 and O9, indicated with * in Table 6, are subject to correlated disorder. Coplanar
pairs of cyanurate ligands 4–6 within the same polymer chain are connected by hydrogen
bonds in an R2

2(8) motif, and each of these ligands forms pairs of N–H...O hydrogen bonds
with a cyanurate ligand 1–3 in an adjacent polymer chain to give the same motif. The
ribbons of hydrogen-bonded cyanurate anions are finite, with only four members in this
structure, however, unlike the polymeric ribbons in the structures of compounds 1 and
2. The hydrogen bonding is shown in Figure 7; this presents only one component of the
disordered pattern and has all H3 positions occupied, so the N–H...N hydrogen bond is
also not shown. Hydrogen bonds donated by aqua ligands provide the three-dimensional
connectivity of the structure.

3.4. Compound 4, {[Ba(CY)2(H2O)2]}∞

Previous structural reports of barium complexes of cyanuric acid include two contain-
ing triply deprotonated anions [51,52] and one with both singly and doubly deprotonated
anions [29]. The structure of compound 4 has been reported three times: for one of these [53],
only limited information is available through the CSD; another [30] gives extensive details
and is fully consistent with our own results; the third [27] incorrectly describes barium as
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being eight-coordinate with no mention of the two Ba–N bonds involved in the chelate
character of the cyanurate ligands.
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As in compound 3, all potential ligands are coordinated to the metal centre in com-
pound 4, with no counterions or uncoordinated water molecules. The trend already seen
in the sequence Mg, Ca, Sr of cyanurate displacing water from the coordination sphere
is continued with Ba, which is ten-coordinate. Four of the bonds from Ba are to water
molecules, all of which function as bridges; four are to carbonyl O atoms; and two are to N
atoms, the CY− anions each coordinating to two metal centres, one in monodentate fashion
through O and the other in bidentate mode through N and O. The coordination geometry
of Ba is given in Table 7 and illustrated in Figure 8.
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Table 7. Coordination bond lengths (Å) and angles (◦) for compound 4.

Ba–N1a 2.885 (3) Ba–O1 2.719 (2)
Ba–O2a 2.942 (2) Ba–N4b 2.880 (3)
Ba–O4 2.871 (2) Ba–O5b 2.973 (2)
Ba–O7 2.910 (3) Ba–O7c 2.975 (2)
Ba–O8 2.934 (2) Ba–O8b 2.834 (2)

N1a–Ba–O1 80.07 (7) N1a–Ba–O2a 45.54 (7)
N1a–Ba–N4b 161.54 (8) N1a–Ba–O4 77.18 (7)
N1a–Ba–O5b 129.19 (7) N1a–Ba–O7 84.41 (7)
N1a–Ba–O7c 64.28 (7) N1a–Ba–O8b 113.48 (7)
N1a–Ba–O8 133.75 (7) O1–Ba–O2a 114.82 (6)
O1–Ba–N4b 111.88 (7) O1–Ba–O4 65.12 (7)
O1–Ba–O5b 78.81 (6) O1–Ba–O7 145.69 (7)
O1–Ba–O7c 71.07 (7) O1–Ba–O8 74.36 (7)
O1–Ba–O8b 142.63 (7) O2a–Ba–N4b 130.93(7)
O2a–Ba–O4 69.49 (7) O2a–Ba–O5b 159.39 (7)
O2a–Ba–O7 72.19 (7) O2a–Ba–O7c 103.27 (6)

O2a–Ba–O8b 68.01 (6) O2a–Ba–O8 115.15 (6)
N4b–Ba–O4 120.20 (7) N4b–Ba–O5b 45.48 (7)
N4b–Ba–O7 77.95 (7) N4b–Ba–O7c 105.21 (7)

N4b–Ba–O8b 66.03 (7) N4b–Ba–O8 64.54 (7)
O4–Ba–O5b 131.08 (7) O4–Ba–O7 139.93 (7)
O4–Ba–O7c 125.35 (7) O4–Ba–O8 57.25 (7)
O4–Ba–O8b 83.48 (7) O5b–Ba–O7 87.88 (7)
O5b–Ba–O7c 65.24 (6) O5b–Ba–O8b 111.30 (6)
O5b–Ba–O8 82.65 (6) O7–Ba–O7c 74.64 (8)
O7–Ba–O8 135.45 (7) O7–Ba–O8b 71.67 (7)

O7c–Ba–O8b 146.26 (7) O7c–Ba–O8 136.31 (7)
O8–Ba–O8b 71.65 (8)

Symmetry operations for equivalent atoms. a: −x + 1, −y, −z + 1; b: −x, −y + 1, −z + 1; c: −x, −y, −z + 1.
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Coordination in this structure generates a sheet network (2D), unlike the chain poly-
mers (1D) of compounds 2 and 3. The barium ions and water molecules together generate
a polymeric chain of corner-connected centrosymmetric Ba2O2 parallelograms running
parallel to the b axis. Alternate four-membered rings of this chain are further spanned by
two inversion-related cyanurate anions (with atom numbers 4–6); each anion chelates one
Ba centre through a carbonyl O atom and the deprotonated N atom and coordinates the
other Ba centre through the carbonyl O atom adjacent to the coordinating N atom, leaving
the carbonyl between the two NH groups uncoordinated. The other cyanurate anion (atom
numbers 1–3) forms a chelate ring with Ba on the opposite side to that formed by the first
anion, but its other carbonyl group adjacent to the deprotonated N atom bonds to a Ba
atom in the next chain, so centrosymmetric pairs of these anions link chains together into a
sheet structure. The overall arrangement is shown in Figure 9.
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Figure 9. The coordination network of compound 4. O atoms of aqua ligands are red. CY− anions
shown in green form bridges along the Ba(H2O)2 polymeric chain, while those shown in black connect
adjacent chains together. Top: one chain with all attached ligands; bottom: two adjacent chains. The
b and c axis directions are indicated (top left).

All H atoms in this structure were refined with unconstrained individual isotropic
displacement parameters. Distance restraints were applied to N–H bonds [0.88(1) Å]
and O–H bonds [0.84(1) Å] and to water H...H distances [1.35(2) Å], corresponding to a
restraint on the H–O–H angles of about 107◦. Hydrogen bonding uses all N–H and O–H
bonds. Aqua ligands donate to uncoordinated carbonyl O atoms and to those that are not
part of chelate rings. N–H bonds donate to uncoordinated and chelating O atoms. Thus,
each coordinated carbonyl O atom receives one hydrogen bond, and each uncoordinated
carbonyl O atom receives two. The now-familiar hydrogen-bonded ribbons of R2

2(8) motifs
formed by cyanurate anions occur once again, in polymeric form, as in compounds 1 and
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2, rather than as the short finite ribbons found in compound 3. These hydrogen-bonded
ribbons are shown in Figure 10, with geometrical details of all hydrogen bonds in Table 8.
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Table 8. Hydrogen bonding (Å and ◦) for compound 4.

D–H...A D–H H...A D...A DHA

N2–H2N...O5d 0.876 (10) 1.924 (13) 2.791 (3) 170 (4)
N3–H3N...O6e 0.874 (10) 2.025 (17) 2.866 (3) 161 (4)
N5–H5N...O2f 0.876 (10) 1.888 (12) 2.761 (3) 174 (4)
N6–H6N...O3g 0.876 (10) 1.968 (11) 2.843 (3) 176 (4)
O7–H7A...O1h 0.837 (10) 2.180 (13) 3.001 (3) 167 (4)
O7–H7B...O3i 0.836 (10) 2.218 (12) 3.048 (3) 172 (3)
O8–H8A...O4 0.836 (10) 2.19 (3) 2.782 (3) 127 (3)
O8–H8B...O6e 0.837 (10) 1.991 (18) 2.780 (3) 157 (4)

Symmetry operations for equivalent atoms. d: x + 1, y − 1, z − 1; e: x, y, z − 1; f: x − 1, y + 1, z + 1; g: x, y, z + 1;
h: x − 1, y, z; i: x − 1, y, z + 1.

4. Conclusions

Our systematic survey of alkaline earth metal complexes of the singly deprotonated
anion of cyanuric acid reveals distinct trends in the interplay of metal–ligand coordination
and hydrogen bonding in the construction of the crystal structures. As the group is
descended and ionic radii increase, higher coordination numbers are expected and, indeed,
are found, but there is also a clear pattern in the balance of coordination by CY− and
water. Listing the number of bonds from the metal centre to cyanurate, then to water,
and the total coordination number, we find: Mg, 0 + 6 = 6; Ca, 3 + 4 = 7; Sr, 4 + 4 = 8;
Ba, 6 + 4 = 10. Thus, the increase in coordination number is essentially taken up by an
increasing involvement of CY− in the coordination, with the number of water molecules
remaining constant after the initial drop from Mg to Ca. Within these simple numbers
are hidden more subtle trends, including an overall but oscillating shift in balance from
terminal to bridging aqua ligands (the number of bridging ligands along the series is 0, 2, 0,
4) and a reduction in the number of uncoordinated CY− ligands in what is a constant 1:2
stoichiometric ratio of metal to cyanurate (2, 1, 0, 0). The two complexes (Ca and Ba) that
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feature chelating cyanurate are also the two containing bridging aqua ligands, though this
may be a coincidental observation rather than a consequential structural feature.

Hydrogen bonding is a significant feature in all four complexes. This is hardly sur-
prising, given that CY− offers two potential donors in the N–H bonds and four potential
acceptors in the deprotonated N atom and the three carbonyl groups, and water can serve
as both the donor and the acceptor of up to two hydrogen bonds in each way. Acceptor sites
are also the potential coordinating atoms, so the two functions are in competition, though
these structures contain a few examples of O atoms (but not deprotonated N) serving
simultaneously as hydrogen-bond acceptors and coordinating atoms. In the case of the
magnesium complex 1, there is no coordination of Mg by CY− and the extensive hydrogen
bonding forms a three-dimensional network. For the calcium complex 2, CY− generates a
polymeric chain, with bridging aqua ligands connecting these into a double-chain polymer
extending in one dimension, and hydrogen bonding provides the linkages in the other
two dimensions. For the strontium complex 3, a one-dimensional polymer is generated
exclusively by bridging CY− ligands, with all aqua ligands terminal. Once again, hydrogen
bonding generates the connectivity in the other two dimensions. CY− bridging coordina-
tion in the barium complex 4 generates a sheet polymer that also incorporates the bridging
aqua ligands, and the connection between adjacent sheets is provided by the hydrogen
bonding. Thus, the dimensionality of coordinative bonding increases in the series: Mg 0,
Ca 1, Sr 1, Ba 2.

We note that a similar structural survey has been conducted for alkaline earth metal
complexes of the empirical formula M(TMT)2(H2O)n containing the sulphur analogue
of cyanuric acid, 2,4,6-trimercapto-1,3,5-triazine, abbreviated here as TMTH, with singly
deprotonated anion TMT− [43,54]. The softer sulphur donor sites have less affinity for the
hard group 2 metal centres and do not coordinate at all to Mg, Ca, or Sr cations, which
have 6, 8, and 8 terminal aqua cations, respectively. Ba is coordinated by two TMT− anions
(one chelating and one monodentate, giving one Ba–N and two Ba–S bonds) and seven
water molecules in a total coordination number of 10, compared with the two Ba–N, four
Ba–O(CY), and four Ba–OH2 bonds (total 10) in compound 4. As in our study, hydrogen
bonding is extensive in these structures.

The competition between cyanurate and water for coordination to the alkaline earth
metal cations and that between the coordination and hydrogen bonding propensities of
the cyanurate anion appear to be finely balanced, with the structural outcomes depending
on the relative sizes and degrees of hardness of the four cations of the group. The extent
of CY− coordination increases relative to the coordination of water as the cationic radius
increases. There is also an increase in the dimensionality, from 0 through 1 to 2, of the
coordination network of the structures. Extensive hydrogen bonding is an important
feature of all the structures.

Potential extensions of this work are to complexes of cyanuric acid with two or more
alkaline earth metals, to explore competitive or cooperative behaviour, and—given the
relative paucity of relevant structures noted in the Introduction—to further complexes of
transition metals. There are also numerous small-ring compounds with a similar chemical
structure to that of cyanuric acid.
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earth metals.

Author Contributions: Conceptualization, W.C. and G.S.N.; methodology, G.S.N.; validation, W.C.
and G.S.N.; formal analysis, W.C. and G.S.N.; investigation, G.S.N.; resources, W.C.; data curation,
W.C.; writing—original draft preparation, G.S.N.; writing—review and editing, W.C.; visualization,
W.C. and G.S.N.; supervision, W.C.; project administration, W.C.; funding acquisition, W.C. All
authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/cryst14010098/s1
https://www.mdpi.com/article/10.3390/cryst14010098/s1


Crystals 2024, 14, 98 18 of 20

Funding: This research was funded by the UK Engineering and Physical Sciences Research Council
through a partial PhD studentship award for G.S.N. administered by Newcastle University (award
number not available).

Data Availability Statement: Processed X-ray diffraction data are available as part of the information
deposited at the Cambridge Crystallographic Data Centre. These may also be obtained from the
author (W.C.) on request.

Acknowledgments: We thank the academic editor for drawing our attention to the hydrogen atom
disorder in the structure of compound 1.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Blount, D.H. Flame Retardant Compositions Utilizing a Mixture of Cyanuric Acid and Cyamelide Compounds. U.S.

Patent 6423250, 23 July 2002.
2. Hudec, J.; Macho, V.; Hudec, J. Cyanuric Acid as a Plant Growth Regulator. Czech Patent 240375, 21 March 1984.
3. Siebers, D.L.; Caton, J.A. Removal of nitric oxide from exhaust gas with cyanuric acid. Combust. Flame 1990, 79, 31–46. [CrossRef]
4. Barford, E.D.; Jeffrey, D.J.; Marshall, J.; Raynor, P.A. Lavatory Cleansing Blocks Containing Chlorinated Cyanuric Acid Derivatives

and Metal Salts. UK Patent 2217343, 20 November 1991.
5. Stabiliser (Cyanurate) Use in Outdoor Swimming Pools. Available online: https://www.health.nsw.gov.au/environment/

factsheets/Pages/stabiliser-cyanurate.aspx (accessed on 22 December 2023).
6. Pérez-Manríquez, L.; Cabrera, A.; Sansores, L.E.; Salcedo, R. Aromaticity in cyanuric acid. J. Mol. Model. 2011, 17, 1311–1315.

[CrossRef] [PubMed]
7. Groom, C.R.; Bruno, I.J.; Lightfoot, M.P.; Ward, S.C. The Cambridge Structural Database. Acta Crystallogr. Sect. B 2016, 72, 171–179.

[CrossRef] [PubMed]
8. Zerkowski, J.A.; Seto, C.T.; Wierda, D.A.; Whitesides, G.M. Design of organic structures in the solid state: Hydrogen-bonded

molecular “tapes”. J. Am. Chem. Soc. 1990, 112, 9025–9026. [CrossRef]
9. Zerkowski, J.A.; Seto, C.T.; Whitesides, G.M. Solid-state structures of “rosette” and “crinkled tape” motifs derived from the

cyanuric acid melamine lattice. J. Am. Chem. Soc. 1992, 114, 5473–5475. [CrossRef]
10. Seto, C.T.; Whitesides, G.M. Synthesis, characterization, and thermodynamic analysis of a 1 + 1 self-assembling structure based

on the cyanuric acid·melamine lattice. J. Am. Chem. Soc. 1993, 115, 1330–1340. [CrossRef]
11. Whitesides, G.M.; Simanek, E.E.; Mathias, J.P.; Seto, C.T.; Chin, D.N.; Mammen, M.; Gordon, D.M. Noncovalent synthesis: Using

physical-organic chemistry to make aggregates. Acc. Chem. Res. 1995, 28, 37–44. [CrossRef]
12. Arduini, M.; Crego-Calama, M.; Timmerman, P.; Reinhoudt, D.N. A novel type of hydrogen-bonded assemblies based on the

melamine·cyanuric acid motif. J. Org. Chem. 2003, 68, 1097–1106. [CrossRef]
13. Berl, V.; Schmutz, M.; Krische, M.J.; Khoury, R.G.; Lehn, J.-M. Supramolecular polymers generated from heterocomplementary

monomers linked through multiple hydrogen-bonding arrays—Formation, characterization, and properties. Chem. Eur. J. 2002, 8,
1227–1244. [CrossRef]

14. Felix, O.; Crego-Calama, M.; Lutyen, I.; Timmerman, P.; Reinhoudt, D.N. Covalent linkage of melamine and cyanurate improves
the thermodynamic stability of hydrogen-bonded double rosettes in polar solvents. Eur. J. Org. Chem. 2003, 2003, 1463–1474.
[CrossRef]

15. Mascal, M.; Hansen, J.; Fallon, P.S.; Blake, A.J.; Heywood, B.R.; Moore, M.H.; Turkenburg, J.P. From molecular ribbons to a
molecular fabric. Chem. Eur. J. 1999, 5, 381–384. [CrossRef]

16. Seto, C.T.; Mathias, J.P.; Whitesides, G.M. Molecular self-assembly through hydrogen bonding: Aggregation of five molecules to
form a discrete supramolecular structure. J. Am. Chem. Soc. 1993, 115, 1321–1329. [CrossRef]

17. Zerkowski, J.A.; MacDonald, J.C.; Seto, C.T.; Wierda, D.A.; Whitesides, G.M. Design of organic structures in the solid state:
Molecular tapes based on the network of hydrogen bonds present in the cyanuric acid·melamine complex. J. Am. Chem. Soc. 1994,
116, 2382–2391. [CrossRef]

18. Perdiãgo, L.M.A.; Champness, N.R.; Beton, P.H. Surface self-assembly of the cyanuric acid–melamine hydrogen bonded network.
Chem. Commun. 2006, 538–540. [CrossRef] [PubMed]

19. Prior, T.J.; Armstrong, J.A.; Benoit, D.M.; Marshall, K.L. The structure of the melamine–cyanuric acid co-crystal. CrystEngComm
2013, 15, 5838–5843. [CrossRef]

20. Song, K.; Yang, H.; Chen, B.; Lin, X.; Liu, Y.; Liu, Y.; Li, H.; Zheng, S.; Chen, Z. The facile implementing ternary resistive memory in
graphite-like melamine-cyanuric acid hydrogen-bonded organic framework with high ternary yield and environmental tolerance.
Appl. Surf. Sci. 2023, 608, 155161. [CrossRef]

https://doi.org/10.1016/0010-2180(90)90086-7
https://www.health.nsw.gov.au/environment/factsheets/Pages/stabiliser-cyanurate.aspx
https://www.health.nsw.gov.au/environment/factsheets/Pages/stabiliser-cyanurate.aspx
https://doi.org/10.1007/s00894-010-0825-2
https://www.ncbi.nlm.nih.gov/pubmed/20820829
https://doi.org/10.1107/S2052520616003954
https://www.ncbi.nlm.nih.gov/pubmed/27048719
https://doi.org/10.1021/ja00180a083
https://doi.org/10.1021/ja00039a096
https://doi.org/10.1021/ja00057a016
https://doi.org/10.1021/ar00049a006
https://doi.org/10.1021/jo020610c
https://doi.org/10.1002/1521-3765(20020301)8:5%3C1227::AID-CHEM1227%3E3.0.CO;2-0
https://doi.org/10.1002/ejoc.200390205
https://doi.org/10.1002/(SICI)1521-3765(19990104)5:1%3C381::AID-CHEM381%3E3.0.CO;2-T
https://doi.org/10.1021/ja00057a015
https://doi.org/10.1021/ja00085a018
https://doi.org/10.1039/B514389F
https://www.ncbi.nlm.nih.gov/pubmed/16432575
https://doi.org/10.1039/c3ce40709h
https://doi.org/10.1016/j.apsusc.2022.155161


Crystals 2024, 14, 98 19 of 20

21. Imoro, N.; Shilovskikh, V.V.; Nesterov, P.V.; Timralieva, A.A.; Gets, D.; Nebalueva, A.; Lavrentev, F.V.; Novikov, A.S.; Kondratyuk,
N.D.; Orekhov, N.D.; et al. Biocompatible pH-degradable functional capsules based on melamine cyanurate self-assembly. ACS
Omega 2021, 6, 17267–17275. [CrossRef]

22. Lide, D.R. (Ed.) Dissociation constants of organic acids and bases. In CRC Handbook of Chemistry and Physics, Internet Version
2005; CRC Press: Boca Raton, FL, USA, 2005; p. 1278. Available online: https://ia800206.us.archive.org/16/items/CRC.Press.
Handbook.of.Chemistry.and.Physics.85th.ed.eBook-LRN/CRC.Press.Handbook.of.Chemistry.and.Physics.85th.ed.eBook-LRN.
pdf (accessed on 22 December 2023).

23. Bourzamia, R.; AitYoucef, H.C.; Hamdounic, N.; Sebais, M. Synthesis, crystal structure, vibrational spectra and thermal properties
of novel ionic organic-inorganic hybrid material. Chem. Phys. Lett. 2018, 711, 220–226. [CrossRef]

24. Yu, W.; Zhang, M.; Liu, K.; Yang, Y.; Wang, L. Hydrogen bonding assembled 3D supramolecular structures formed by 5-amino-
2,4,6-triiodoisophthalic acid and N-heterocyclic aromatic ligands. Chem. Res. Chin. Univ. 2019, 35, 806–811. [CrossRef]

25. AitYoucef, H.C.; Bourzami, R. Synthesis, single crystal X-ray structure and vibrational spectroscopic characterization study of
a new hybrid material crystal: Bis(2,4,6- trihydroxy-1,3,5-triazin-1-ium) bischloride monohydrate. J. Mol. Struct. 2019, 1191,
218–224. [CrossRef]

26. Reckeweg, O.; Lissner, F.; Blaschkowski, B.; Gross, P.; Höppe, H.A.; Schleid, T. Two light-metal dihydrogenisocyanurate
hydrates linked by diagonal relationship: Syntheses, crystal structures, and vibrational spectra of Li[H2N3C3O3]·1.75H2O and
Mg[H2N3C3O3]2·8H2O. Z. Anorg. Allg. Chem. 2020, 646, 1252–1259. [CrossRef]

27. Meng, X.; Kang, K.; Liang, F.; Tang, J.; Yin, W.; Lin, Z.; Xia, M. Optimal arrangement of π-conjugated anionic groups in hydro-
isocyanurates leads to large optical anisotropy and second-harmonic generation effect. Inorg. Chem. Front. 2020, 7, 3674–3686.
[CrossRef]

28. Divya, R.; Nair, L.P.; Bijini, B.R.; Nair, C.M.K.; Gopakumar, N.; Rajendra Babu, K. A novel structure of gel grown strontium
cyanurate crystal and its structural, optical, electrical characterization. Physica B 2017, 526, 37–44. [CrossRef]

29. Gross, P.; Höppe, H.A. An expedition on alkali and alkaline-earth isocyanurate hydrates: Structure elucidation, thermogravimetry,
and spectroscopy. Z. Anorg. Allg. Chem. 2017, 643, 1692–1703. [CrossRef]

30. Divya, R.; Nair, L.P.; Bijini, B.R.; Nair, C.M.K.; Gopakumar, N.; Rajendra Babu, K. Growth and characterization of barium complex
of 1,3,5-triazinane-2,4,6-trione in gel: A corrosion inhibiting material. Appl. Phys. A 2018, 124, 399. [CrossRef]

31. Hooft, R.W.W. COLLECT; Nonius BV: Delft, The Netherlands, 1999.
32. Duisenberg, A.J.M. Indexing in single-crystal diffractometry with an obstinate list of reflections. J. Appl. Crystallogr. 1992, 25,

92–96. [CrossRef]
33. Duisenberg, A.J.M.; Kroon-Batenburg, L.M.J.; Schreurs, A.M.M. An intensity evaluation method: EVAL-14. J. Appl. Crystallogr.

2003, 36, 220–229. [CrossRef]
34. Sheldrick, G.M. SADABS, Version 2.09; University of Göttingen: Göttingen, Germany, 2003.
35. Burla, M.C.; Camalli, M.; Carrozzini, B.; Cascavano, G.L.; Giacovazzo, C.; Polidori, G.; Spagna, R. SIR2002: The program. J. Appl.

Crystallogr. 2003, 36, 1103. [CrossRef]
36. Sheldrick, G.M. SHELXTL, Version 6; Bruker AXS Inc.: Madison, WI, USA, 2001.
37. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C 2015, 71, 3–8. [CrossRef]
38. Brandenburg, K.; Putz, H. DIAMOND-3; University of Bonn: Bonn, Germany, 2004.
39. Bruno, I.J.; Cole, J.C.; Edgington, P.R.; Kessler, M.; Macrae, C.F.; McCabe, P.; Pearson, J.; Taylor, R. New software for searching the

Cambridge Structural Database and visualizing crystal structures. Acta Crystallogr. Sect. B 2002, 58, 389–397. [CrossRef]
40. Dale, S.H.; Elsegood, M.R.J.; Kainth, S. Group 2 metal salts of pyromellitic acid: [Mg(H2O)6](C10H4O8) and [Ba(C10H4O8)(H2O)5].

Acta Crystallogr. Sect. C 2003, 59, m505–m508. [CrossRef] [PubMed]
41. Kariuki, B.M.; Jones, W. Structures of hexaaquamagnesium hydrogen phthalate and hexaaquamagnesium hydrogen phthalate

dihydrate. Acta Crystallogr. Sect. C 1989, 45, 1297–1299. [CrossRef]
42. Simonsen, O. Crystal structures of hexaaquamagnesium diliturate dihydrate, Mg(H2O)6(2+)(C4H2N3O5

−)2.2H2O and the
isomorphous calcium salt. Acta Chem. Scand. 1997, 51, 861–864. [CrossRef]

43. Henke, K.R.; Hutchison, A.R.; Krepps, M.K.; Parkin, S.; Atwood, D.A. Chemistry of 2,4,6-trimercapto-1,3,5-triazine (TMT): acid
dissociation constants and group 2 complexes. Inorg. Chem. 2001, 40, 4443–4447. [CrossRef]

44. Lin, Z.-B.; Chen, C.Z.; Gao, D.-S.; Huang, X.Y.; Li, D. Crystal structure of calcium complex with cyanuric acid ligand
[Ca(C3H3N3O3-O)(H2O)6][(OH)(C3H2N3O3)]. Jiegou Huaxue (Chin. J. Struct. Chem.) 1995, 14, 61–64.

45. Chekhlov, A.N. Crystal structure of hexaaqua(isocyanurato-O)calcium isocyanurate monohydrate. Russ. J. Inorg. Chem. 2006, 51,
732–736. [CrossRef]

46. Bernstein, J.; Davis, R.E.; Shimoni, L.; Chang, N.L. Patterns in hydrogen bonding: Functionality and graph set analysis in crystals.
Angew. Chem. Int. Ed. Engl. 1995, 34, 1555–1573. [CrossRef]

47. Kalmutzki, M.; Ströbele, M.; Wackenhut, F.; Meixner, A.J.; Meyer, H.-J. Synthesis and SHG properties of two new cyanurates:
Sr3(O3C3N3)2 (SCY) and Eu3(O3C3N3)2 (ECY). Inorg. Chem. 2014, 53, 12540–12545. [CrossRef]

48. Kalmutzki, M.J.; Dolabdjian, K.; Wichtner, N.; Ströbele, M.; Berthold, C.; Meyer, H.-J. Formation, structure, and frequency-
doubling effect of a modification of strontium cyanurate (α-SCY). Inorg. Chem. 2017, 56, 3357–3362. [CrossRef]

https://doi.org/10.1021/acsomega.1c01124
https://ia800206.us.archive.org/16/items/CRC.Press.Handbook.of.Chemistry.and.Physics.85th.ed.eBook-LRN/CRC.Press.Handbook.of.Chemistry.and.Physics.85th.ed.eBook-LRN.pdf
https://ia800206.us.archive.org/16/items/CRC.Press.Handbook.of.Chemistry.and.Physics.85th.ed.eBook-LRN/CRC.Press.Handbook.of.Chemistry.and.Physics.85th.ed.eBook-LRN.pdf
https://ia800206.us.archive.org/16/items/CRC.Press.Handbook.of.Chemistry.and.Physics.85th.ed.eBook-LRN/CRC.Press.Handbook.of.Chemistry.and.Physics.85th.ed.eBook-LRN.pdf
https://doi.org/10.1016/j.cplett.2018.08.002
https://doi.org/10.1007/s40242-019-9116-3
https://doi.org/10.1016/j.molstruc.2019.03.039
https://doi.org/10.1002/zaac.202000015
https://doi.org/10.1039/D0QI00832J
https://doi.org/10.1016/j.physb.2017.08.074
https://doi.org/10.1002/zaac.201700254
https://doi.org/10.1007/s00339-018-1810-3
https://doi.org/10.1107/S0021889891010634
https://doi.org/10.1107/S0021889802022628
https://doi.org/10.1107/S0021889803012585
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0108768102003324
https://doi.org/10.1107/S0108270103023175
https://www.ncbi.nlm.nih.gov/pubmed/14671343
https://doi.org/10.1107/S0108270189004385
https://doi.org/10.3891/acta.chem.scand.51-0861
https://doi.org/10.1021/ic0103188
https://doi.org/10.1134/S0036023606050093
https://doi.org/10.1002/anie.199515551
https://doi.org/10.1021/ic502035b
https://doi.org/10.1021/acs.inorgchem.6b02893


Crystals 2024, 14, 98 20 of 20

49. Clegg, W.; Guille, K. Catena-[Bis(µ-oxalato)-Hexakis(µ-aqua)-Bis([(2,4,6-trioxo-1,3-diazinan-5-ylidene)amino]oxidanide)-hexa-
aqua-tetra-strontium(II) bis(2,4,6-trioxo-1,3,5-triazinan-1-ide) dihydrate]. CCDC 2095884 (OYEJUA): CSD Communication 2021.
Available online: https://www.ccdc.cam.ac.uk/structures/search?id=doi:10.5517/ccdc.csd.cc28by5r&sid=DataCite (accessed on
22 December 2023).

50. Clegg, W.; Guille, K. Catena-((µ-aqua)-Bis(µ-dihydrogen isocyanurate)-Aqua-Strontium). CCDC 2095708 (VUQTOT02): CSD
Communication 2021. Available online: https://www.ccdc.cam.ac.uk/structures/search?id=doi:10.5517/ccdc.csd.cc28brhw&
sid=DataCite (accessed on 22 December 2023). [CrossRef]

51. Tang, J.; Liang, F.; Meng, X.; Kang, K.; Zeng, T.; Yin, W.; Xia, M.; Lin, Z.; Kang, B. “Two in one”: An unprecedented mixed
anion, Ba2(C3N3O3)(CNO), with the coexistence of isolated sp and sp2 π-conjugated groups. Dalton Trans. 2019, 48, 14246–14250.
[CrossRef]

52. Tang, J.; Liang, F.; Meng, X.; Kang, K.; Yin, W.; Zeng, T.; Xia, M.; Lin, Z.; Yao, J.; Zhang, G.; et al. Ba3(C3N3O3)2: A new phase of
barium cyanurate containing parallel π-conjugated groups as a birefringent material replacement for calcite. Cryst. Growth Des.
2019, 19, 568–572. [CrossRef]

53. Chen, C.-Z.; Lin, Z.-B.; Shi, J.-Q.; Huan, X.-Y.; Gao, D.-S.; Li, D.; Jiang, H.-Y. Crystal structure of barium cyanuric acid. Jiegou
Huaxue (Chin. J. Struct. Chem.) 1994, 13, 468–471.

54. Henke, K.; Atwood, D.A. Group 2 complexes of 2,4,6-trimercaptotriazine (TMT). Inorg. Chem. 1998, 37, 224–227. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.ccdc.cam.ac.uk/structures/search?id=doi:10.5517/ccdc.csd.cc28by5r&sid=DataCite
https://www.ccdc.cam.ac.uk/structures/search?id=doi:10.5517/ccdc.csd.cc28brhw&sid=DataCite
https://www.ccdc.cam.ac.uk/structures/search?id=doi:10.5517/ccdc.csd.cc28brhw&sid=DataCite
https://doi.org/10.5517/ccdc.csd.cc28brhw
https://doi.org/10.1039/C9DT03337H
https://doi.org/10.1021/acs.cgd.8b01782
https://doi.org/10.1021/ic970954z

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Compound 1, [Mg(H2O)6][CY]22H2O 
	Compound 2, {[Ca(CY)(H2O)3][CY]} 
	Compound 3, {[Sr(CY)2(H2O)4]} 
	Compound 4, {[Ba(CY)2(H2O)2]} 

	Conclusions 
	References

