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Abstract

The reaction of magnesium nitrate with hexamethylenetetramine (HMTA) in the presence of thiocyanide, dicyanamide
(DCA), or azide ions resulted in the formation of the hydrated magnesium(II) compounds [Mg(H,0):](SCN),-2HMTA-3H,0
(1a), [Mg(H,0)s1(DCA),-:3HMTA-H,0 (1b) and [Mg(H,0)¢](N;),-2HMTA-4H,0 (1¢) (DCA =dicyanamide). The com-
pounds were characterized by elemental analysis, IR spectroscopy, thermal analysis, and single-crystal X-ray structure
analysis. These coordination compounds crystallize in the Triclinic, P1, Tetragonal, P4,/n, and Monoclinic, P2,/n space
groups, respectively for 1a, 1b, and 1c. The 3D crystal packing structure results from a combination of O—H/H-N interac-
tions. Hirshfeld surface (HS) analysis of the complexes was undertaken to investigate further the intermolecular interactions.
Thermal studies of 1a and 1b was undertaken to determine their suitability as precursors for MgO nanoparticles.
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Introduction

The coordination chemistry of the s-block metals recently
experienced intense research focus, due to their properties
and potential applications in diverse domains such as medi-
cine, catalysis, organometallic synthesis, nanotechnology,
industry, and research.(Fromm 2008; Kruszynski et al. 2012,
2015; Westerhausen 2017); The significant roles played by
alkali metal ions such as Li ™, Na*, and K™ in different bio-
logical processes, have rendered their coordination chemis-
try to be very important, while that of alkaline earth metals
is a result of their application in pigments and pharmaceu-
ticals owing to their lower toxicity, lower cost, etc., over the
transition and lanthanoid metals.(Fromm 2008; Kruszynski
et al. 2015; Shah et al. 2019).

The idea that alkali and alkaline earth metals form stable
complexes predominantly with O-donor ligands as com-
pared to N-donor ligands slowed the development of this
chemistry. There is a recent surge in the chemistry of these
metals, especially towards N-donor ligands, since hetero-
cyclic N-donor ligands can be used as model ligands for
many bioactive processes.(Das et al. 2013) An expansion of

this research domain is important to understand the types of
interactions and structure types formed by these metal ions
with bioactive molecules. Likewise, information acquired
on the coordination chemistry of these metal ions, with
other ligands, will permit us to make comparisons of their
coordination patterns and properties to those of transition
metals, since s-block metal-organic compounds already find
applications in pigments and pharmaceuticals.(Fromm 2008)
Also, this will enable the acquisition of relevant information
on the useful properties of dinuclear, multinuclear, and poly-
meric coordination compounds of s-block metals.(Czubacka
et al. 2011; Ezzayani et al. 2021; Mengle et al. 2014; Read
et al. 2014; Underwood et al. 2014) The interaction of these
metals with neutral ligands as well as an understanding of
the factors that drive self-organization in the supramolecu-
lar structures formed, is of interest, given the importance
of these metals in medicine and nanotechnology.(Ezzayani
et al. 2021; Leonarski et al. 2019; Rodzik et al. 2020).
Different ligands have been employed in the construction
of supramolecular networks with s-block elements. Amongst
these ligands used, hexamethylenetetramine (HMTA), a
cost-effective, benign, and readily available heterocyclic

Fig. 1 ORTEP diagrams of (a) 1a (b) 1b and (c) 1c with the atom-numbering schemes. The thermal ellipsoids are drawn at the 50% probability

level

Fig.2 Packing diagrams of (a) 1a (b) 1b and (c) 1c
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Table 1 Crystal data, data collection, and structure refinement details

la 1b 1c

Chemical formula C,H;,MgN,,0,S, C,¢H,oMgN,,04 C,,H;yMgN,, 0

Molecular weight (M,) 583.00 580.93 568.92

Crystal system, space group Triclinic, P1 Tetragonal, P4,/n Monoclinic, P2,/n

Temperature (K) 130 130 1502) K

a, b, c (/0\) 9.3678 (4), 12.0438 (4), 12.9104 (5) 14.1307 (2), 14.1021 (4) 9.1901(3), 18.8179(6), 9.2638(3)
a, B,y (°) 81.865 (3), 79.364 (3), 80.004 (3) 90 119.5188(11)

Vv (/0\3) 1400.80 (10) 2815.86 (11) 1394.11(8)

VA 2 4 2

Radiation type Mo Ko Mo Ka Mo Ka

p (mm™h 0.27 0.13 0.133

Crystal size (mm) 0.30x0.30x0.10 0.20x0.20x0.10 0.380x0.335%0.275
Diffractometer Xcalibur, Sapphire3, Gemini Xcalibur, Sapphire3, Gemini Bruker APEX-II CCD

Tins Trnax 0.992, 1.000 0.989, 1.000 0.990, 1.000

No. of measured, independent
and observed [/>20(])] reflec-
tions

Rim

(sin O/A),, (A

R[F*>20(F?)], wR(F?), S

No. of reflections

No. of parameters

H-atom treatment

23,677, 9247, 6877

0.027

0.756

0.060, 0.184, 1.02
9247

499

H atoms treated by a mixture of inde-
pendent and constrained refinement

18,893, 4787, 3144

11,474, 2626, 2423

0.051 0.023

0.759 0.610

0.056, 0.129, 1.04 0.052, 0.152, 1.05
4787 2626

261 209

All H-atom parameters refined

H atoms treated by a mixture of
independent and constrained

Apmax’ Apmin (e 1&_3) 144, -1.27

refinement

0.41,-0.41 1.57,-0.41

organic compound with a cage-like structure has been much
explored. It has four bridge-head nitrogen atoms with coor-
dination patterns ranging from terminal monodentate to
bridging mode between two metal atoms, It is highly soluble
in water and polar organic solvents (Kirillov 2011; Yufanyi
et al. 2015). HMTA is an excellent hydrogen acceptor with
several reports of H-bonded molecular adducts with organic
molecules.(Lemmerer 2011; Rivera et al. 2019) While
H-bonded networks of transition(Banerjee et al. 2007; Chen
et al. 2005; Chopra et al. 2004; Dagur et al. 2003; Ganesh
et al. 1990; Hu et al. 2002; Kaihua & Shuhong 2018; Li et al.
2008; Yao et al. 2008; Zhu et al. 2003a, b; Zhu et al. 2003a,
b) and lanthanoid (Kumar et al. 2012; Trzesowska-Kruszyn-
ska et al. 2010) metals with HMTA have been explored,
that of s-block metals is still developing.(Dahan 1974, 1975;
Katsaros 1983; Kruszynski et al. 2012, 2015; Sieranski &
Kruszynski 2011).

Research interest into understanding the role played and
the effects of non-covalent interactions, such as hydrogen
bonding (e.g., N-H---O, O-H---O, and O-H:---N), weak
interactions (e.g. C—H---O, C-H--*N, C-H'*'x, and &**'7),
dipole—dipole, hydrophobic interactions, etc., on the self-
assembly of molecular building blocks to generate supra-
molecular structures, is increasing.(Aakerdy et al. 2010;

Desiraju 1994; Jagan et al. 2021; Janiak and Scharmann
2003; Lu et al. 2010; Whitesides and Boncheva 2002) These
interactions have enabled the development of supramolecu-
lar networks with diverse structures and functional applica-
tions, based on a careful choice of metal ion, ligand, co-
ligand, and solvent, which are crucial to the structure types
obtained and the interactions therein.

We have been interested in the coordination chemistry of
transition metals with N-donor ligands, particularly HMTA.
This interest is motivated by the fact that some metal com-
plexes of HMTA had previously been used as precursors
for metal dispersions,(Afanasiev et al. 2008) metal carbides
and nitrides,(Chouzier et al. 2011) and oxide nanoparticles.
(Yufanyi et al. 2014) While interactions between magnesium
and HMTA are known,(Kaihua and Shuhong 2018; Katsa-
ros 1983; Sieranski and Kruszynski 2011) the influence of
other co-ligands on the non-covalent interactions as well as
the structure type, and hence crystal packing has not been
explored. Herein, we have made use of reactants with dif-
ferent numbers of atoms (potential acceptors or donors) to
produce co-crystallized adducts with diverse non-covalent
interactions in the structures, on account of the presence of
Mg(H,0),**, H,0, SCN™ (or N5~, or C,N;7) and HMTA.
Hirschfeld surface analysis was also performed to visualize
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Table 2 Selected Bond lengths

o la 1b lc

[A] and angles [°] for 1a-c
Mg(1)-0(6) 2.0402(16) Mg(1)-O(3)#1 2.0375(13) Mg(1)-0(3) 2.0400(14)
Mg(1)-0(3) 2.0416(15) Mg(1)-0O(3) 2.0376(13) Mg(1)-O(3)#1 2.0400(14)
Mg(1)-0(5) 2.0448(15) Mg(1)-O(1)#1 2.0400(13) Mg(1)-O(1) 2.0654(14)
Mg(1)-0(4) 2.0559(16) Mg(1)-O(1) 2.0400(13) Mg(1)-O(1)#1 2.0654(14)
Mg(1)-O(1) 2.0656(16) Mg(1)-O(2)#1 2.0623(13) Mg(1)-0(2) 2.0673(15)
Mg(1)-0(2) 2.0696(16) Mg(1)-0(2) 2.0623(13) Mg(1)-O2)#1 2.0673(15)
0O(6)-Mg(1)-0(3) 88.60(7) O3)#1-Mg(1)-0(3) 180.0 0O(3)-Mg(1)-0(3)#1 180.00(7)
O(6)-Mg(1)-0(5) 93.15(7) OB3)#1-Mg(1)-O(1)#1 90.50(6) 0O(3)-Mg(1)-0(1) 91.30(6)
O(3)-Mg(1)-0(5) 178.24(7) O(3)-Mg(1)-O(1)#1 89.50(6) O3)#1-Mg(1)-0O(1) 88.70(6)
O(6)-Mg(1)-0(4) 92.22(7) O3)#1-Mg(1)-O(1) 89.50(6) 0O(3)-Mg(1)-O(1)#1 88.70(6)
0O(3)-Mg(1)-0(4) 88.67(7) 0O(3)-Mg(1)-0(1) 90.50(6) OB3)#1-Mg(1)-O(1)#1 91.30(6)
O(5)-Mg(1)-0(4) 91.06(6) O(1)#1-Mg(1)-O(1) 180.0 O(1)-Mg(1)-O(1)#1 180.0
O(6)-Mg(1)-0(1) 177.54(7) OQ@#1-Mg(1)-O2)#1 89.02(6) 0(3)-Mg(1)-0(2) 91.97(6)
O(3)-Mg(1)-0O(1) 89.64(7) 0(3)-Mg(1)-0(2)#1 90.98(6) O3)#1-Mg(1)-0(2) 88.03(6)
O(5)-Mg(1)-0(1) 88.62(6) O(1)#1-Mg(1)-O(2)#1 90.48(6) O(1)-Mg(1)-0(2) 91.70(6)
O4)-Mg(1)-0(1) 89.46(7) O(1)-Mg(1)-0(2)#1 89.52(6) O(1)#1-Mg(1)-0(2) 88.30(6)
0O(6)-Mg(1)-0(2) 87.20(7) O3)#1-Mg(1)-0(2) 90.98(6) 0O(3)-Mg(1)-O(2)#1 88.03(6)
0O(3)-Mg(1)-0(2) 92.01(7) 0(3)-Mg(1)-0(2) 89.02(6) O3)#1-Mg(1)-O(2)#1 91.97(6)
O(5)-Mg(1)-0(2) 88.29(6) O(1)#1-Mg(1)-0(2) 89.52(6) O(1)-Mg(1)-O(2)#1 88.30(6)
04)-Mg(1)-0(2) 179.10(7) O(1)-Mg(1)-0(2) 90.48(6) O()#1-Mg(1)-O(2)#1 91.70(6)

Symmetry transformations used to generate equivalent atoms: 1b: #1 -x+1,-y+1,-z+1, lc: #1

-X+2,-y,-z+2

Supramolecular Features

the short contacts in the supramolecular structures and to
determine the relative contributions of the various non-cova-
lent interactions present in the crystal structures using two-
dimensional fingerprint plots. The thermal decomposition
study of these compounds has also been presented.

Results and discussion

The reaction of the magnesium salt with HMTA and the
co-ligand in methanol, at room temperature, afforded the
mononuclear compounds 1a—c, which were found to be air-
stable. The compounds were characterized by single-crystal
X-ray diffraction, elemental analysis, IR spectroscopy, and
thermal analysis. The residues from the thermal analysis
were analysed by powder X-ray diffraction.

The molecular structures, along with the atom number-
ing schemes of 1a—c are presented in Fig. 1 and the pack-
ing diagrams in Fig. 2. While the crystal data are presented
in Table 1, selected interatomic distances and angles are
listed in Table 2. X-ray crystal structure analysis reveals that
la—c crystallize in the triclinic P1, tetragonal P4,/n, and
monoclinic, P2,/n space groups, respectively. The structures
consist of a complex cation Mg(HzO)()2+ in addition to two
SCNT, three lattice water molecules and two HMTA mol-
ecules for 1a, two DCA, one lattice water, and three HMTA

@ Springer

molecules for 1b as well as azide, lattice water, and HMTA
molecules for 1c¢, assembled into a 3D supramolecular
framework through intermolecular H-bonds. The magne-
sium (IT) ion is in a slightly distorted octahedral coordination
environment in which both the equatorial plane and trans-
axial planes are occupied by four and two coordinated water
molecules, respectively.

In the complex cation Mg(H,0)¢>", the Mg-O bonds
[2.0375-2.0696 A] are within the expected ranges and com-
parable to literature values.(Sieranski and Kruszynski 2011)
The cis-bond angles [87.20(7)-93.15(7)°] around the Mg
centers in Mg(H,0)4>" for 1a-c¢ deviate from ideal values,
indicating that the octahedra are slightly distorted.

In the crystal structures, several non-covalent interactions
exist. Hydrogen bonds abound in the crystal structures of
1a-c which link the molecules into a 3D supramolecular
structure. In 1a the O-H---Ngcn, O-H:--O and O-H--Nyira
H-bonds are found. Each cation, Mg(H20)62+, is linked
through O-H---Ngcy, O-H---O and O-H---Nyra H-bonds
(Fig. 3, Table 3) to two HMTA, four SCN™ and two water
molecules. In addition, C11-H11---S1 H-bonds between
HMTA and SCN™ are present. This highly intricate H-bond-
ing network between the cation, water, SCN™~, and HMTA
molecules results in chains and rings of different sizes.

The crystal structures of 1b and 1c are stabilized by a
variety of O—H---N intermolecular H-bonds. The O1 and O3
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Fig.3 Hydrogen bond patterns
in the crystal structure of 1a

atoms of Mg(H2O)62+ in 1b and 1c¢ are each H-bonded to one
DCA and one HMTA or an azide and one HMTA molecule,
respectively, while the other O-atoms are H-bonded to one
HMTA and a water molecule. In addition to these, weak
C-H---N intermolecular interactions extend the complexes
into 3D structures.

IR spectroscopy

The relevant infrared bands of HMTA, the co-ligands, and
the complexes are listed in Table 4 while the FTIR spec-
tra of the complexes are shown in Fig. 4. The broad bands
at 3426-3452 cm™! are attributed to v(OH) of coordinated
water, while that at 3160 cm™! is assigned to v(OH) of lat-
tice water (Afanasiev et al. 2008; Ng et al. 2004). The band
at 1230 cm™!, assigned to the v(CH,) rocking vibration
of the free HMTA ligand, is observed at 1238, 1243, and
1240 cm™!, respectively in 1a-c. Strong prominent peaks at
1000 cm~! and 812 cm™! due to the C-N stretching vibration
of HMTA are slightly shifted to 1005 cm™" and 813 cm™!,
respectively, in the complexes due to changes in the chemi-
cal environment.(Agwara et al. 2008) The sharp peak at
2053 cm™! due to the C=N vibration of free thiocyanate ion
was observed at 2084 cm™! in 1a while the C-S stretching

vibration of the thiocyanate was observed at 751 cm™! in

both the free thiocyanate ion and in 1a. Furthermore, in 1b,
the bands at 2287, 2229, and 2181 cm™! corresponding to
v, +v, (C=N), 1,,(C=N) and v (C=N) of the dicyanamide
were observed at 2254, 2219, and 2162 cm ™', respectively.
The very strong band at 2106 cm™" assigned to v, asymmet-
ric NNN stretch was observed at 2080 cm™! in 1c.

1a-c contain several different chemical species indicating
that there are many possibilities of intermolecular interac-
tions. A good description of these intermolecular interac-
tions is necessary to understand how the crystal is stabilized.
The qualitative and quantitative analysis of the intermolecu-
lar interactions found in 1a-c was done using 3D Hirschfeld
surface analysis and 2D fingerprint map, respectively. The
intermolecular interactions were analysed for HMTA and the
[Mg(H,0),] ** cation in the unit cell to compare the chemi-
cal environments in the complexes. The visualization of the
Hirschfeld 3D d,,,, surface and the overall 2D fingerprint
of these chemical species are presented in Fig. 5 for HMTA
and Fig. 6 for [Mg(H20)6]2+

The analysis of the HS around HMTA (Fig. 5) indicates
that all its nitrogen atoms are involved in strong H-bonding
with hydrogen atoms of three [Mg(HZO) 6]2+ cations and
one water molecule. There are also weak hydrogen bonds

@ Springer
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Table 3 Hydrogen-bond geometry (A, °) for 1a-c

D-H--A D-H H-A DA D-H-A
1a

01-H1°b.-.N7! 076(2) 207(2) 282312 169(3)
02-H1%p..-S1H 0.75(2) 2.56(2) 3.303(16) 172 (3)
02-H2%b--N5"  0.75(2) 2.12(2) 2867(2) 170 (3)
03-H1%b---07 076 (2) 196(2) 2703(2) 166 (3)
03-H2%pb--N9"  0.76 (2) 2.08(2) 2.836(2) 175 (4)
04-H104*"N2Fp¥  0.77(2)  2.05(5) 2.80 (4) 165 (3)
04-H2%p--N8“  0.77(2) 2.03(2) 2798 (2) 171 (3)
05-H205"9% b 0.79(2) 1.86(2) 2.611(10) 160 (3)
05-H1%b--N6'  0.80(2) 2.03(2) 2.821(2) 167 (3)
06-H2%b.---09 0792 190Q2) 2672(3) 1674)
06-H1%b---N3 0.80(2) 202(2) 28032 167(3)
07-H207---N11i 078 (2) 2.12(2) 2.866(3) 160 (3)
07-H107--N10 079(2) 201(Q2) 27992 174(3)
08a-H108*%?a  0.99 2.20 3.178 (2) 171
0821208, .N4¥ii .99 1.83 2.807 (3) 170
09-H209--N1 081(2) 205(2) 28554 170(4)
1b

0O1-H101--04 095(3) 1.74(3) 267612 171 (3)
01-H201--N3! 0.84(3) 203(3) 2.841(19) 165(2)
02-H102---N4 086 (3) 2.05(3) 2.866(19) 160 (3)
02-H202--N7 089(3) 1.88(3) 276122 168(3)
03-H103--N1 092(3) 191(3) 2814(19) 169(3)
03-H203---N5' 077(3) 2003) 2760(3) 172(3)
04-H104--N2 0.89(4) 2024 28332 153(3)
04-H204--N6  0.81(4) 2.07(4) 2864(2) 169 (3)
1c

05-H10---N2! 092(4) 260(4) 3426(3) 150(3)
05-H10--N1! 092(4) 195@4) 2872(4) 176 (4)
05-H9---N3i 1013 1.79(3) 2793(3) 172(2)
05-H9---N2i 1013 265(3) 3.629(3) 1643 (19)
04-H8---N6' 087 (4) 1964 2815(2) 171 (3)
03-H6---04" 090(3) 181(3) 2689(2)  166(3)
O1-H2.-N7" 081 (3) 2003) 2797(2) 167(3)
01-H1--N1 082(3) 205(3) 2849(3) 168(3)
02-H3---N3" 0794) 211(4) 2865(3) 159(3)
02-H4.--N5"i 0.80(5) 203(5 2818(2) 168(4)
04-H7---05' 0874) 1914 2777(3) 173(3)
03-H5.-N4 079 (4) 2044 281512 168(3)

Symmetry codes: (i)—x,—y+1,—z+2; (i)—x,—y+1,—z+1; (i
—x+1,—y+1,—z+1; (v)—x+1,—-y+1,—z+2; (v) x+1, y, z;
i) x, y—1, z; (vii) x—1, y, z; (viii))—x+1,—y,—z+1 for 1a; Sym-
metry codes: (i)—y+3/2, x,—z+3/2; (ii) y,—x+3/2,—z+3/2; (iii)
y+1/2,—x+1, z—1/2 for 1b; Symmetry codes: (i) x+1/2,—y+1/2,
z—1/2; (i) x, y, z—1; (i) x—1/2,—y+1/2, z+ 1/2; (iv) x+ 1, y, z;
W)Xy, z+1; (vi) x+1/2,—y+1/2, z+ 1/2; (vii) x+ 1, y, z+ 1 for 1c

involving hydrogen atoms of HMTA, one SCN™ and one
H,O for 1a as well as two N5~ and one H,O for 1c. H-H
contacts are the most predominant interactions due to the

@ Springer

abundance of hydrogen on the molecular surface, followed
by N-H and S-H interactions (in 1a). Here, the contribution
of C-H-X (X=N, O, S) is about 5%. The contribution of
these interactions to the Hirshfeld surface is not the same for
the HMTA of the asymmetric unit. These results show that,
in the crystal packing of 1a-c, HMTA is mostly engaged in
H-H interactions with the surrounding molecules.

The analysis of the 3D Hirschfeld surface around the
[Mg(H20)6]2+ cation of la-c reveals the presence of an
intense red spot around each hydrogen atom of the complex
ion. Hence, all these hydrogen atoms are involved in strong
hydrogen bonds with neighbouring chemical species. For 1b
and 1c¢, six of these hydrogen bonds are formed with nitro-
gen atoms of six HMTA, four with nitrogen atoms of four
anions and the other two with the oxygen atoms of two water
molecules. In 1a, the same atoms are involved except that
there are 3 water molecules and 3 SCN™ (one interacts with
N atom and 2 with S atom). The white areas of the HS of 1a-
c indicate the presence of H-H interactions. These interac-
tions are identified on the 2D fingerprint of these molecules
by the tips at d; + d, between 2.4 and 2.7 A which is higher
or equal to twice the van der Waals radius of hydrogen atom.
Thus, the H-H interactions present in la-c are attractive
van der Waals interactions. Therefore, they participate in
the molecular self-assembly process and contribute to the
stabilization of the crystal packing.

The contributions of these different interactions obtained
from the decomposition of the 2D fingerprints are presented
in Table 5. The H-H intermolecular interactions are the most
prevalent in these crystal structures followed by N-HOH
interactions. However, for 1b all the hydrogen bonds consti-
tute about 55% of the Hirshfeld surface of the [Mg(HZO) 6] 2+
cation, while it is 45% of the Hirshfeld surfaces of 1a and 1c.

To better appreciate the intermolecular interactions
responsible for the crystal packing structure, the nature of
the contacts was analyzed by considering the Hirshfeld sur-
face around all the molecules and ions of the asymmetric
unit as well as the 2D fingerprint. The results are presented
in Fig. 7. The percentage contribution of the contacts to the
HS obtained from the decomposition of the 2D fingerprint of
1a, 1b and 1c are summarized in Table 5. From the HS, we
observe that strong hydrogen bonds, weak hydrogen bonds,
and H-H contacts are all present in the crystal packing of
these compounds. H-H interactions are most prevalent,
followed by N-H and S—H (1a) interactions. In the crystal
packing of 1a, all hydrogen bonds are slightly predominant
(4.4 percent) compared to H-H contacts, while in 1b and 1c
H-H and all hydrogen bonds have almost the same contribu-
tion. The difference between the contributions of hydrogen
bonds and H-H contacts is 0.5% and 2.6% for 1b and 1c
respectively. C-H-X (N, O, S) weak interactions contribute
less (“10%) to the crystal packing of 1a and 1b and it is
absent in 1c.
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Table.4 Selected IR Bands for HMTA SCN DCA N, la 1b 1c Band assignment
the Ligands and the Compounds -
- - - - 3426 3160 3452 3284 -3025 v,(O-H) (coordinated water)
Vv(OH) (lattice water)
- 3032 — - - - - N-H symmetric stretching
2951 - - - 2957 2961 - v(CH,)
2873 - - - 2886 2888 - v(CH,)
- - 2287 - 2254 - Vg +v, (CN)
- - 2229 - 2219 - V,s (CN)
- - 2181 - 2162 - v, (CN)
- - - 2106 - - 2080 v, asymmetric NNN stretch
- - - 1474 - - 1689 v, symmetric NNN stretch
- 2050 2095 - - SCN Stretching
- - - - 1671 1692 - HOH bend (lattice water)
1455 - - - 1463 1465 1469 V(CH,) scissor (HMTA)
1369 - - - 1380 1376 1375 V(CH,) wag (HMTA)
1230 - - - 1234 1240 1235 W(CH,) rock (HMTA)
1000 - - - 1010 1008 1007 V(CN) stretch (HMTA)
812 - - - 814 813 - V(CN) stretch (HMTA)
- 751 - - 751 - - C-S of SCN
- - - - 683 683 693 o(M-0)

Hirshfeld Surface Analysis
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Fig.4 IR spectra of the complexes

Thermogravimetric analysis

The thermoanalytical curves TG-DTA of 1a-b are presented
in Fig. 8 and the data are summarized in Table 6. Both sam-
ples decompose in several steps. These thermograms are
characterized by endothermic peaks between 130 and 170 °C
for 1a and at 170 °C for 1b. The exothermic processes that
follow reveal huge mass losses. The endothermic processes
that occur within the temperature range 100-190 °C are

attributed to the successive loss of both lattice and coordi-
nated water molecules.

The next decomposition step, for 1a, in the range
200-280 °C with mass loss of 26.33% corresponds to the
loss of HMTA molecule (Calc. 26.51). The mass loss of
16.07% between 280 and 340 °C is probably due to the loss
of two H,0 and CO, molecules (Calc. 15.15%). In the tem-
perature range 380-740 °C which, from the derivative TG
plots, consists of several overlapping decomposition steps,
there is a mass loss of 32.55% which can be assigned to the
decomposition of carbon material and thiocyanate molecule
(Calc. 34.02%) in the form of a mixture of gases (CO,, CO,
S0O,). A 7.04% residue (Calc. 6.80%) is left.

The TG and DTA curves of 1b show the removal of 6
water molecules corresponding to a mass loss of 19.08%
in the temperature region 130-180 °C (Calc. 18.62%).
The mass loss of 24.46% in the region 200-280 °C can
be attributed to the decomposition of HMTA marked by a
broad exotherm. Another mass loss of 21.76% is observed
at about 300—430 °C which is assigned to the loss of three
CO, molecules (Calc. 22.75%). A final mass loss of 27.79%
at 450750 °C can be assigned to the loss of 2 NO,, CO,,
and CO (Calc. 28.27%) with a 7% solid residue (Calc. 7.4%).

Powder XRD
The PXRD patterns of the residues (Fig. 9) indicate that

they are highly crystalline with well-defined diffraction pat-
terns, and the peaks could be indexed to the MgO cubic
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«Fig.5 Hirschfeld surface around HMTA for 1a-c (1) and their over-
all 2D fingerprint plot (2) (i=atom is inside the HS; o=the atom is
outside the HS; arrows indicate the shortest distance (d,+d;) between
two types of atoms in contacts.)

phase. The peaks for MgO at 36.94, 42.90, 62.30, 74.67, and
78.61correspond to the (111), (200), (220), (211), and (222)
crystals planes and match the JCPDS (45-0947).(Khandol-
kar et al. 2015) The average crystallite sizes of 28.5 nm and
44.8 nm, respectively, for 1a and 1b, were calculated from
the peak-width at half-height of the (200) peaks, using the
Debye—Scherrer equation.

Conclusions

The hydrated magnesium compounds la-c, with
[Mg(Hzo)G]2+ as cation, have been synthesized in which
all the HMTA ligands are in the outer coordination sphere,
H-bonded to water molecules and the co-ligands SCN™,
DCA™ or N;7, also present in the outer coordination sphere.
The presence and number of the different co-ligands in the
complexes affect the number and types of intermolecular
interactions present in the crystal structures. Hirshfeld sur-
face analysis indicates that H-H intermolecular interactions
are the most prevalent in these crystal structures followed
by N-HOH interactions. These hydrogen bonds constitute
about 55% of the Hirshfeld surface of the [Mg(H,0) | 2+
cation for 1b, while it is 45% of the Hirshfeld surfaces of
1a and 1c. The Hirshfeld surface around HMTA indicates
that all its nitrogen atoms are involved in strong H-bonding
with hydrogen atoms of three [Mg(HZO)G]ZJr cations and
one water molecule. There are also weak hydrogen bonds
involving hydrogen atoms of HMTA, one SCN™ and one
H,O for 1a as well as two N5~ and one H,O for 1c. H-H
contacts are the most predominant interactions due to the
abundance of hydrogen on the molecular surface, followed
by N-H and S—H interactions (in 1a). 1a and 1b decompose
in a comparable manner in air and the same decomposition
product (MgO nanoparticles) is obtained. This indicates that
these compounds can be used as suitable precursors for MgO
nanoparticles.

Experimental
Materials

Hexamethylenetetramine (HMTA, C¢H,,N,) was obtained
from Prolabo while, magnesium (II) nitrate hexahydrate
(Mg(NO3),-6H,0), and Ammonium thiocyanate (NH,SCN),
were obtained from Riedel-de Haén, sodium dicyanamide
(NaN(CN),), and sodium azide (NaN;) were obtained from

Sigma Aldrich. All the chemicals were of reagent grade and
were used without further purification. All solvents used
were dried and distilled according to standard methods.

Synthesis of [Mg(H,0)s](SCN),-2HMTA-3H,0 (1a).

Mg(NO;), 6H,0 (1 mmol, 0.25 g) in 10 mL of meth-
anol was added dropwise to 10 mL methanol solution of
HMTA (2 mmol, 0.2803 g) and stirred for 30 min. NH,SCN
(2 mmol, 0.15 g) in 10 mL methanol was added to the mix-
ture and further stirred for 2 h 30 min. The white precipi-
tate formed was filtered, washed with MeOH, and dried in a
desiccator over silica gel. Slow evaporation of the filtrate at
room temperature afforded 1a as colorless crystals (80%),
m.p. 209°C: Elemental anal. calcd (%) for C,,H,,MgN,,0,S,
(583.00): C 31.76, H 6.81, N 26.48; found: C 31.26, H 6.15,
N 26.52.

Synthesis of [Mg(H,0)s](DCA),-3HMTA-H,0 (1b).

This was synthesized following the same procedure as for
1a but using NaN(CN), (2 mmol, 0.18 g). The white precipi-
tate formed was filtered, washed with MeOH, and dried in a
desiccator over silica gel. Slow evaporation of the filtrate at
room temperature afforded 1b as colorless crystals (85.2%):
Elemental anal. calcd (%) for C,;(H,(MgN,,O5 (580.93): C
33.0, H 6.89, N 33.74; found: C 32.85, H 6.43, N 33.01.

Synthesis of [Mg(H,0)s](N;),2HMTA-4H,0 (1¢).

This was synthesized following the same procedure as for
1a but using NaN; (2 mmol, 0.13 g). Slow evaporation of the
filtrate at room temperature afforded 1c as colorless crystals
(82.6%): Elemental anal. calcd (%) for C,,H,MgN,,0,,
(568.92): C 25.31, H7.73, N 34.45; found: C 25.04, H 7.37,
N 33.92.

Characterization

The melting point temperature was recorded using the Leica
VMHB Kofler system. Elemental analysis (C, H, N) was car-
ried out on a Flash 2000 Thermo Scientific analyzer while
IR spectra of samples, as KBr pellets prepared in a nitrogen-
filled glove box, were recorded on a Perkin—Elmer System
2000 FTIR spectrometer in the range 400—4000 cm™". Ther-
mogravimetric measurements were obtained using a Pyris 6
PerkinElmer TGA 4000 thermal analyzer. The TGA analysis
was conducted between 30 and 900 °C in air at a flow rate
of 20 mL/min and a temperature ramp of 10 °C/min. Pow-
der XRD measurements were performed with a Stoe-StadiP
powder diffractometer with a CuKa (154.0598 pm) X-ray
source (0.5°/step and 30 s/step (2 repetitions); tube power:
40 kV/40 mA; scan mode: Debye—Scherrer) using borosili-
cate glass capillary as sample holder during the measure-
ment. The powder diffraction patterns were analyzed with
the help of the STOE powder diffraction system software
in combination with the ICDD powder diffraction database
(International Centre for Diffraction Data).
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<Fig.6 Hirschfeld surface around [Mg(HzO) 6]2+ for 1la-¢ (1) and
their overall 2D fingerprint plot (2) (i=atom is inside the HS; o=the
atom is outside the HS; arrows indicate the shortest distance (d,+d;)
between two types of atoms in contacts.)

Single crystal X-ray structure

Single Crystal X-ray data were collected with an Xcalibur,
Sapphire3, Gemini diffractometer A(Mo-K,)=0.71073 A,
T=130 K for 1a and 1b, and a GEMINI CCD diffractom-
eter (Rigaku Inc.), A(Mo—Ka)=0.71073 A, T=150(2) K,
®-scan rotation for 1c. Data reduction was performed with
CrysAlis Pro including the program SCALE3 ABSPACK
for empirical absorption correction. (CrysAlisPro 2013).
All structures were solved by dual-space methods with
SHELXT-20xy while structure refinement was done with
SHELXL.-2018 by using full matrix least-square routines
against F2. (Sheldrick 2015) The pictures were generated
with the program Mercury (Macrae et al. 2006). CCDC 2,
159, 208 for 1a, 2, 159, 209 for 1b, and 1, 485, 334 for

1c contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.
ccde.cam.ac.uk/data_request/cif (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.
cam.uk).

Hirshfeld surface (HS) analysis

A Hirshfeld surface analysis was performed to visualize the
different types of interactions present within the structures
of 1la—c using the CrystalExplorer 21.5 software (Spack-
man et al. 2021) software. Hirshfeld surface(McKinnon
et al. 1998; Spackman and Byrom 1997)and the fingerprint
plot (McKinnon et al. 2004; Spackman and McKinnon
2002) together constitute a powerful resource for visualiz-
ing, exploring, analyzing, and quantifying intermolecular
interactions in molecular crystals(McKinnon et al. 2007)
and therefore they can be used to compare molecular crys-
tal structures containing similar atoms(Collins et al. 2010;
McKinnon et al. 2007; Parkin et al. 2007).

Table 5 Contribution (%)

) H-H N-H/N-H O-H/O-H C-H/C-H S-H/S-H
of the different contacts to
the Hirshfeld surface around
HMTA, [Mg(H,0),]*" and all FIMTA a gzg ;(3).2 1:'; ?2 ;22'7
chemical species of the unit cell [Mg(HZO)G] ’ ’ ’ ' ’
Unit Cell 46.6 22.5 5.8 7.7 16.2
1b HMTA 60.8 30.2 6.3 2.7 -
2+ _
[Mg(HZO)S] 46.1 39.8 14.1 0.0
Unit Cell 50.5 34.7 5.3 8.2 -
1c HMTA 64.6 26.0 9.4 - -
2+ _ -
[Mg(H20)6] 554 32.8 10.8
Unit Cell 52.6 329 14.5 - -
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«Fig. 7 Hirshfeld surface (1) around all the chemical species of la—c Table 6 Thermal decomposition data for the precursor complexes
and their (2) 2D fingerprints (i=atom is inside the HS; o=the atom
is outside the HS; arrows indicate the shortest distance (d,+d;)

% Mass Loss

between two types of atoms in contacts.) Complex Step Temperature ~ Observed calculated
range (°C)
la i 100-180 17.94 18.52
ii 200-280 26.40 26.51
iii 280-340 16.07 15.15
iv 380-740 32.55 34.02
1b i 130-180 19.08 18.62
ii 200-290 24.46 24.13
iii 300430 21.76 22.75
iv 450-780 27.79 28.27
(a) lon Current *10°¢ /A (b) lon Current *109 /A
TG 1% DTA /(uV/mg) TG % DTA /(uV/mg)
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