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G R A P H I C A L A B S T R A C T

Hirshfeld surface illustrating the presence of the shortest reciprocal CeHC… HCeC/CeHC… HCeC interactions. Galvanostatic cycling of the (C9H28N4)
[SnCl6]Cl2·2H2O at a constant current of 100 mA g−1 with potential limitation between 0.30 and 2.5 V.
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A B S T R A C T

(C9H26N4)[SnCl6]Cl2·2H2O has been synthesized in solution and its structure confirmed by single-crystal X-ray
diffraction. It crystallizes in the monoclinic system, with space group P21/n (14), Z = 4, with refined cell
parameters (Å,°) a = 10.7550(3), b = 15.3981(7), c = 13.8750(5), β = 103.095(3), V = 2238.04(15) Å3. The
3D framework of the title compound is made of free molecules 1,4,7,10-tetraazacyclotridecane, [SnCl6], Cl
atoms and water molecules, interacting through an intricate network of hydrogen-bonds and H…Cl interactions.
The 1,4,7,10-tetraazacyclotridecane moiety is also confirmed by Raman spectroscopy. The Hirshfeld surface
analysis of (C9H26N4)[SnCl6]Cl2·2H2O is elucidated. Preliminary investigations of the electrochemical perfor-
mance of the title compound as an active material in a Li-ion battery have also been carried out.

1. Introduction

Macrocycles are synthetic or natural polydentate ligands, with their

donor atoms incorporated in a cyclic backbone or/and in substituents
attached to it. They contain a cyclic framework of at least twelve atoms.
Naturally occurring macrocycles can however reach even more than 50
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atoms in the largest ring. The most common naturally occurring mac-
rocyclic scaffolds are 14-, 16-, and 18-membered frameworks [1]. Over
time, other classes of macrocyclic compounds have been synthesized
and/or isolated from natural sources [2]. The co-ordination chemistry
of macrocyclic scaffolds, such as these compounds became a major
subdivision of inorganic chemistry, while intensive search for new types
of macrocycles, and the number of their applications systematically,
increased since their discovery [3]. Particularly, cyclams containing 14-
membered tetraamine macrocycles ([14]aneN4), have been of con-
siderable interest for medical use, given their propensity to bind
strongly to a wide range of metal ions (e.g. Cr, Mn, Zn and Ru) [4]. With
this class of complexes, we previousely published the synthesis and
biological activities of two halocuprates complexes [CuII(1,4,8,11-tet-
raazacyclotetradecane)] [CuCl3] and [H4(1,4,8,11-tetra-
zacyclotetradecane)][Cu2Cl6] [5], (C10H28N4)[MnCl4(H2O)2]Cl2·2H2O
[6] and Zn(HPO3)2·0.5(C10H28N4) and Zn2(HPO3)3·0.5(C10H28N4) [7].
Mohan et al. reported on the synthesis of nanoparticulate Ni(OH)2 films
from a macrocyclic nickel(II) cyclam for the seek of Hydrogen pro-
duction in microbial electrolytic cells [8]. While numerous studies have
been reported on the 14-membered systems, interestingly there are only
a limited number of 13-membered macrocyclic tetraamine ([13]aneN4),
i.e. 1,4,7,10-tetra-azacyclotridecane containing compounds structurally
characterized to date. Martin et al. have published the CuII-complexes
with ([13]aneN4) ligands [9]. Kimura et al. reported on the crystal and
solution structures of NiII-13-membered macrocyclic tetramine
(1,4,7,10-tetraazacyclotridecanenickel(II)) affected by a pendent

phenol [10], while the electrochemical behaviour of that same complex
was reported in [11]. Kimura et al. studied the oxidation behavior of
square-planar 13-15_membered macrocyclic tetraamine complexes of
M+2, M = Ni and Cu [12]. The polarographic study on the CuII-
1,4,7,10-tetra-azacyclotridecane complex was reported by Kodama and

Table 1
Crystal data and structure refinement details for (C9H26N4)[SnCl6]Cl2·2H2O.

CCDC number 1,990,766
Empirical formula (C9H26N4)[SnCl6]Cl2·2H2O
Formula weight 626.7 g mol−1

Temperature 293 K
Wavelength 0.71073 Å
Crystal system, space group Monoclinic, P21/n
Unit cell dimensions a = 10.7550 (3) Å

b = 15.3981 (7) Å
c = 13.8750 (5) Å
β = 103.095 (3)°

Volume, Z 2238.04 (15) Å3, 4
Z, calculated density 8, 1.209 g/cm3

Absorption coefficient 0.087 mm−1

F000 1248
Crystal size 0.17 × 0.12 × 0.07 mm
Theta range for data collection 3.5°–29.7°
Limiting indices −13 ≤ h ≤ 13, −20 ≤ k ≤ 11,

−18 ≤ l ≤ 14
Absorption correction Multi-scan, Tmin = 0.795, Tmax = 0.874
Reflections collected/unique 15,990/5509 (Rint = 0.028)
Refinement method* Full-matrix least-squares on F2,*

Data/restraints/parameters 3852/9/247
Goodness-of-fit on F2 1.30
R[F2 > 2σ(F2)], wR(F2) 0.034, 0.100

* The refinement was carried out against all reflections. The conventional R-
factor is always based on F. The goodness of fit as well as the weighted R-factor
are based on F and F2 for refinement carried out on F and F2, respectively. The
threshold expression is used only for calculating R-factors etc. and it is not
relevant to the choice of reflections for refinement.

Table 2
Fractional atomic coordinates and isotropic or equivalent isotropic displace-
ment parameters (Å2) for (C9H26N4)[SnCl6]Cl2·2H2O.

x y z Uiso*/Ueq

Sn1 0.00912 (2) 0.252101 (14) 0.240731 (15) 0.02463 (9)
Cl1 0.68821 (8) 0.96146 (6) 0.01870 (6) 0.0396 (3)
Cl2 0.69333 (8) 0.54862 (6) 0.06389 (6) 0.0364 (3)
Cl3 −0.11103 (8) 0.15024 (6) 0.12103 (6) 0.0373 (3)
Cl4 −0.09373 (8) 0.37221 (6) 0.14120 (7) 0.0404 (3)
Cl5 0.12955 (9) 0.35189 (6) 0.35978 (6) 0.0418 (3)
Cl6 0.18161 (9) 0.25244 (6) 0.14939 (7) 0.0400 (3)
Cl7 0.11202 (9) 0.13239 (6) 0.34125 (7) 0.0424 (3)
Cl8 −0.15637 (10) 0.25132 (7) 0.32467 (8) 0.0477 (4)
O1 0.1474 (4) 0.4757 (2) 0.0969 (4) 0.0850 (18)
N1 0.9546 (3) 0.9169 (2) 0.1495 (2) 0.0372 (11)
N2 0.9896 (3) 0.5932 (2) 0.1516 (2) 0.0350 (11)
N3 0.9519 (3) 0.87443 (19) 0.4175 (2) 0.0301 (10)
C1 1.0279 (4) 0.6771 (2) 0.1129 (3) 0.0408 (14)
N4 0.9447 (3) 0.62792 (19) 0.41085 (19) 0.0279 (10)
C2 0.9531 (4) 0.7541 (2) 0.1367 (3) 0.0347 (12)
C3 1.0092 (3) 0.9006 (2) 0.3334 (2) 0.0313 (11)
C4 0.9048 (3) 0.6002 (2) 0.3052 (2) 0.0297 (11)
C5 1.0212 (4) 0.8378 (2) 0.1257 (2) 0.0396 (13)
O2 0.1533 (4) 0.0219 (2) 0.1429 (3) 0.0990 (19)
C6 1.0199 (3) 0.5844 (2) 0.2614 (2) 0.0352 (12)
C7 0.9045 (3) 0.9180 (2) 0.2411 (2) 0.0325 (12)
C8 0.9995 (3) 0.7171 (2) 0.4310 (2) 0.0288 (11)
C9 0.8959 (3) 0.7856 (2) 0.4132 (2) 0.0275 (11)
H1c1 1.117354 0.686854 0.139016 0.0489*
H2c1 1.01816 0.673038 0.042542 0.0489*
H1c2 0.942427 0.749081 0.203303 0.0416*
H2c2 0.870007 0.754558 0.092925 0.0416*
H1c3 1.063805 0.854985 0.320009 0.0375*
H2c3 1.059462 0.952116 0.350936 0.0375*
H1c4 0.851848 0.644228 0.267698 0.0357*
H2c4 0.855153 0.547919 0.300901 0.0357*
H1c5 1.106027 0.835969 0.166617 0.0475*
H2c5 1.0336 0.842166 0.059454 0.0475*
H1c6 1.086683 0.624309 0.289902 0.0422*
H2c6 1.053443 0.527391 0.279461 0.0422*
H1c7 0.83857 0.875096 0.235964 0.039*
H2c7 0.865879 0.973316 0.247224 0.039*
H1c8 1.057588 0.72825 0.389092 0.0345*
H2c8 1.047388 0.720535 0.498285 0.0345*
H1c9 0.840021 0.776541 0.349533 0.033*
H2c9 0.846284 0.780351 0.462372 0.033*
H1n3 1.013 (2) 0.877 (2) 0.4694 (16) 0.0361*
H1n4 0.880 (2) 0.621 (2) 0.436 (2) 0.0334*
H1n1 0.887 (2) 0.921 (2) 0.103 (2) 0.0446*
H2n4 1.004 (2) 0.5921 (18) 0.437 (2) 0.0334*
H2n1 1.012 (3) 0.9555 (19) 0.150 (3) 0.0446*
H1n2 1.036 (3) 0.5573 (19) 0.128 (2) 0.0419*
H2n3 0.894 (3) 0.9124 (18) 0.418 (2) 0.0361*
H2n2 0.9094 (14) 0.590 (2) 0.126 (2) 0.0419*
H2o1 0.187 (5) 0.480 (3) 0.059 (4) 0.1019*
H1o1 0.140 (5) 0.427 (2) 0.103 (4) 0.1019*
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Kimura [13]. The behaviour of the oxidation of the Ni(II) and Cu(II)
complexes with 13- and 14-membered macrocycles have been in-
vestigated [14]. However, compared to the research reported on cy-
clams [15 and references herein], there is only few studies which deal
with 1,4,7,10-tetraazacyclotridecane complexes, one important appli-
cation was its use as ligand in radiopharmaceutical chemistry [15].

In addition, the presence of Sn in the structure could enable redox
activity of the material as negative electrode for Li-ion batteries.

The present study deals with the synthesis, crystal structure, Raman
and electrochemical studies of the(1,4,7,10-tetraazacyclotridecane
hexachlorostannate(IV) dichloride dihydrate) (C9H26N4)
[SnCl6]Cl2·2H2O.

2. Experimental

2.1. Synthesis

Single crystals of (C9H26N4)[SnCl6]Cl2·2H2O (1,4,7,10-tetra-
azacyclotridecane hexachlorostannate(IV) dichloride dihydrate) were
obtained by recrystallisation from a solution made of SnF2 (0.1242 g)
(Sigma-Aldrich 99%) and 0.0128 g [13]aneN4 [Alfa Aesar GmbH & Co KG
(Karlsruhe, Germany), C9H22N4, Mr = 186.6 g/mol] dissolved in 5 mL
distilled water. 2–3 drops of Metformin (1,1-Dimethylbiguanide hydro-
chloride), (NH2C(]NH)NHC(]NH)N(CH3)2·HCl, Mr = 165.62 g/mol,
Sigma-Aldrich 97%) were added and a white precipitate formed. The later
was dissolved by few drops of concentrated hydrochloric acid (HCl) and
the mixture was stirred for 2 h before being left at ambient (P, T) con-
ditions. After two weeks, colorless crystals formed, which were washed
with the mixture Ethanol-water (w/w 80:20) and dried at air.

2.2. X-ray intensity data collection procedure

A suitable crystal (0.17 × 0.12 × 0.07) mm3 was selected and
mounted on a four-circles diffractometer Gemini of Oxford Diffraction
(now Rigaku Oxford Diffraction), using graphite monochromatized
MoKα radiation (λ = 0.7173 Å) collimated with Mo-Enhance colli-
mator, and the Atlas S1 CCD detector. A numerical absorption correc-
tion based on the crystal shape was carried out with the program
CrysAlis RED [16]. The structure was solved by the Direct Methods
procedure of SIR97 [17] and refined by a full-matrix least-squares
minimisation based on F2 with Jana2006 [18]. The structural graphics
were created using DIAMOND program [19].

The crystal data and structure refinement details are given in
Table 1. The bond lengths and bond angles are given in Table 2, while
the torsion angles are listed in Table 3.

CCDC 1990766 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
structures.

2.3. Raman spectrum

The Raman spectrum of the title compound was obtained with a
Horiba Jobin Yvon LabRAM HR system equipped with a Ventus 532

Table 3
Geometric parameters (Å, °) for (C9H26N4)[SnCl6]Cl2·2H2O.

Bond lenght (Å) Bond lenght (Å)

Sn1eCl3 2.4323 (9) C1eH1c1 0.96
Sn1eCl4 2.4205 (9) C1eH2c1 0.96
Sn1eCl5 2.4078 (9) N4eC4 1.493 (4)
Sn1eCl6 2.4725 (11) N4eC8 1.496 (4)
Sn1eCl7 2.4225 (9) N4eH1n4 0.86 (3)
Sn1eCl8 2.3375 (12) N4eH2n4 0.86 (3)
Cl1eN1 3.100 (3) C2eC5 1.507 (5)
Cl1eN4i 3.194 (3) C2eH1c2 0.96
Cl1eN4ii 3.036 (3) C2eH2c2 0.96
Cl2eN2 3.217 (3) C3eC7 1.526 (4)
Cl2eN3iii 3.143 (3) C3eH1c3 0.96
Cl2eN3ii 3.144 (3) C3eH2c3 0.96
O1eH2o1 0.76 (6) C4eC6 1.518 (5)
O1eH1o1 0.76 (4) C4eH1c4 0.96
N1eC5 1.488 (5) C4eH2c4 0.96
N1eC7 1.489 (5) C5eH1c5 0.96
N1eH1n1 0.86 (2) C5eH2c5 0.96
N1eH2n1 0.86 (3) C6eH1c6 0.96
N2eC1 1.493 (5) C6eH2c6 0.96
N2eC6 1.489 (4) C7eH1c7 0.96
N2eH1n2 0.86 (3) C7eH2c7 0.96
N2eH2n2 0.856 (15) C8eC9 1.513 (5)
N3eC3 1.494 (5) C8eH1c8 0.96
N3eC9 1.490 (4) C8eH2c8 0.96
N3eH1n3 0.86 (2) C9eH1c9 0.96
N3eH2n3 0.86 (3) C9eH2c9 0.96
C1eC2 1.510 (5)

Symmetry codes: (i) −x + 3/2, y + 1/2, −z + 1/2; (ii) x − 1/2, −y + 3/2,
z− 1/2; (iii) −x+ 3/2, y− 1/2, −z+ 1/2; (iv) x+ 1/2, −y+ 3/2, z+ 1/
2.

Fig. 1. . Unit cell in the crystal structure of (C9H26N4)[SnCl6]Cl2·2H2O
(Thermal ellipsoids are shown at 50% probability).
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laser (λ = 532 nm), on a powdered sample between 50 and
4000 cm−1, the spectral resolution is 1.42 cm−1.

2.4. Galvanostatic cycling

Galvanostatic cycling measurements were conducted in a BioLogic
VSP-300 potentiostat using stainless-steel Swagelok type cells. Li-metal
half-cells were prepared where the working electrode consisted of a
mixture of (C9H26N4)[SnCl6]Cl2·2H2O active material: conductive
carbon black KET JENBACK EC-600JD (AkzoNobel):PTFE (polytetra-
fluoroethylene) binder (Fischer Scientific) in a 60:30:10 wt ratio
pressed into a thin pellet at 2 tonnes. A 10 mm circular piece of lithium
metal foil (Sigma Aldrich, ribbon, thickness × width
0.75 mm × 45 mm 99.9% trace metal basis) served as a counter and
reference electrode. The electrolyte employed consisted on a 1 M so-
lution of LiPF6 salt dissolved in EC (ethylene carbonate):DMC (dimethyl
carbonate) 1:1 v/v (Solvionic) soaking a glass fiber separator (Whatman

GF/D). The voltage range tested during galvanostatic cycling was re-
strained to 0.03 and 2.50 V vs Li/Li+ as lower and upper limits, re-
spectively, and a constant current of 100 mA g−1 was applied. Specific
currents used for the rate capability analyses ranged from 25 to 1000
mAh g−1. In all the measurements, the mass was referred as the mass of
active material present in the electrode composite.

3. Crystal structure description

The assymetric unit of the title compound (C9H26N4)
[SnCl6]Cl2·2H2O consists of one molecule of the tetraprotonated
1,4,7,10-tetraazacyclotridecane ([13]aneN4), two chloride anions, two
water molecules and the hexachlorostannate(IV) dianion in general
positions (Fig. 1).

Hydrogen atoms, those on some oxygen could not be determined
because of large ADP on this water molecule. In known tetra-
zacycloalcanes ([13]aneN4), the ligand 1,4,7,10-tetraazacyclotridecane
adopts generally cavity-like conformation to engulf metal transitions as
the case in MII-([13]aneN4) complexes [9,10]. In the title compound,
(C9H26N4)[SnCl6]Cl2·2H2O, the molecules of tetraazacyclotridecane are
tetraprotonated and therefore are not linked to the metal in the crystal
structure (Fig. 1). In fact, these molecules show no strong H-Bonds in-
teractions, the shortest contacts being N1eH2N1….…O2V interactions
of 1.85(3) Å and longer as depicted in Table 4. However, considering
the interactions Cl...HeC, which are enough strong, together with
H...OeH from the water molecules H2O(1), to edify the 3D network in
the structure of the title compound (C9H26N4)[SnCl6]Cl2·2H2O (Fig. 2).

Effectively, considering especially these interactions H…Cl, the
crystal structure might be described in terms of channels along [1 0 0],
where the cohession is also reinforced by the OeH…Cl bonds. Two such
channels are interconnected in the b direction through N(3)H(2)…Cl(2)
interactions (Fig. 3).

Table 4
Hydrogen Bond informations in the structure of (C9H26N4)[SnCl6]Cl2·2H2O (Å,
°).

DeH···A DeH H···A D···A DeH···A

N3eH1n3···Cl2iv 0.86 (2) 2.38 (3) 3.144 (3) 149 (3)
N1eH1n1···Cl1 0.86 (2) 2.28 (2) 3.100 (3) 161 (3)
N4eH2n4···Cl1iv 0.86 (3) 2.21 (3) 3.036 (3) 162 (2)
N1eH2n1···O2v 0.86 (3) 1.85 (3) 2.697 (5) 169 (3)
N2eH1n2···O1vi 0.86 (3) 1.85 (3) 2.704 (5) 171 (3)
N3eH2n3···Cl2i 0.86 (3) 2.33 (3) 3.143 (3) 158 (2)
N2eH2n2···Cl2 0.856 (15) 2.375 (18) 3.217 (3) 168 (3)
O1eH2o1···Cl2vii 0.76 (6) 2.39 (6) 3.127 (5) 164 (4)

Symmetry codes: (i) − x+ 3/2, y+ 1/2, −z+ 1/2; (iv) x+ 1/2, −y+ 3/2,
z + 1/2; (v) x + 1, y + 1, z; (vi) x + 1, y, z; (vii) − x + 1, −y + 1, −z.

Fig. 2. The [0 1 0]-parallel chains of (C9H26N4)[SnCl6]Cl2·2H2O molecules.
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The SnIV is octacoordinated by six Cl atoms to form the octahedron
[SnCl6]2- in which Sn-Cl bond lengths range from 2.4078 (9) to 2.4323
(9) Å, and the axial Cl4-Sn1-Cl7 bond angle is of 179.65 (3). The bond
length distortions parameter, Δoct = 1/6 Σ[(di − dm)/dm]2 , as defined
in the literature [20,21], is of 2.8 · 10-4, which indicates rather negli-
gible distortion as behave the majority of the metals coordinated by
only monodentate ligands [22].

4. Raman spectroscopy

The Raman spectrum of (C9H26N4)[SnCl6]Cl2·2H2O is depicted on
Fig. 4. The spectrum is mainly described in terms of CeH and NeH
modes from the 1,4,7,10-tetraazacyclotridecane molecule, while the
bands 332, 329, 351, 318 cm−1 falling in the low-frequency region
(below 300 cm−1) correspond to the vibrations of the metal-ligand
bonds [23,24]. In detail, Raman bands (lines) observed in the spectral
range 2.830 cm−1 to 2.960 cm−1 can be assigned to symmetric and
asymmetric stretching vibration of the CH2 groups. Precisely, the weak
bands located at 2.837 cm−1 and 2.860 cm−1 result from symmetric
CH2 stretching [25]. The shift at 2.959 cm−1 is attributed to vibrations
of CH2 groups [26], while the large band located at 2.923 cm−1 can be
assigned to asymmetric stretching of CH2 groups [27]. NeH stretching
mode are characterized by the vibrational features observed around
3.250 cm−1, but the splitting on the corresponding band in two com-
ponents (3.230 cm−1 and 3.260 cm−1) is an indication of non quiva-
lency between the local environment of the bonded hydrogen atoms
[28]. The existence of SneCl groups can contribute to the shift of the
NeH vibrational band due to Cl···H interactions. Referring to the lit-
erature [23,24], the fingerprint region of the spectrum (400 to
1600 cm−1) contains characteristic bands assigned to general ligand
vibrations, for example stretching and tetraazacyclotridecane poly-
amine vibrations, similar to the pyrrole in reference [23]. CeN vibra-
tions can be present near 1200–1500 cm−1 region and CeC Vibrations
around 750–1200 cm−1 together with ring breathing.

5. Hirshfeld surface analysis of (C9H26N4)[SnCl6]Cl2·2H2O

A large range of properties can be visualized on the Hirshfeld surface
[29] using the program CrystalExplorer [30] including the distance of
atoms external, de, and internal, di, to the surface. The intermolecular
distance information encrypted in the Hirshfeld surface can be con-
densed into a two-dimensional histogram of de and di, which is a un-
ique identifier for molecules in a crystal structure, called a fingerprint
plot [31,32] (Fig. 5). Instead of plotting de and di on the Hirshfeld
surface, the contact distances are normalized in the CrystalExplorer
program using the van der Waals radius of the appropriate internal and
external atom of the surface, in such a way that the normalized contact
distances dnorm [33,34] could be derived as follows:

= +d
d r
r

d r
r

norm
i i

vdW

i
vdW

e e
vdW

e
vdW

The value of dnorm is negative or positive when the intermolecular
contacts are shorter or longer than the van der Waals radii, respectively.
Thus, close intermolecular distances are characterized by three identi-
cally colored regions when the dnorm representation is mapped on the
Hirshfeld surface.

To provide further insights into the intermolecular contacts within
the crystal structure packing of the title complex and to quantify them,
the Hirshfeld surface analysis was performed and the partial 2D-fin-
gerprint plots were established, which showed that the complex crystal
structure is governed by the following intermolecular contacts; Cl…H/
H…Cl, O…H/H…O, H…H, Cl…Cl, Cl…O/O…Cl and O…O.

Fig. 3. Projection along [0 0 1] of the crystal structure of (C9H26N4)
[SnCl6]Cl2·2H2O emphasizing the hydrogen bonding (dashed lines) inside
(Pink) and between (Cyan) the chains. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 4. Raman spectrum of (C9H26N4)[SnCl6]Cl2·2H2O.
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After establishing the decomposed fingerprint plots into the sepa-
rated intermolecular contacts, it can be globally noticed that the H…Cl/
Cl…H intermolecular contacts are the most abundant in the crystal
packing of the title complex with a 70.0% contribution (Fig. 6a). These
contacts are indeed attributed to CeH…Cl, OeH…Cl and NeH…Cl
interactions, which show a close contact appearing at about (di = 1.32
Å, de = 0.74 Å and di = 0.74 Å, de = 1.32 Å) and resulting from the
strong Cl1… H2n4eN4/N4eH2n4…Cl1 reciprocal hydrogen-bonds
(Fig. 6) [35].

Furthermore, the H…O/O…H reciprocal contacts represented by
the two long symmetric spikes in the middle of the 2D-fingerprint plot
(Fig. 5) are the second most frequent interactions due to the abundance
of hydrogen on the molecular surface (Fig. 6c). They account for 13.0%
of the total Hirshfeld surface (Fig. 6b). Surface that have been mapped
over dnorm illustrated in (Fig. 6c) exhibits a big red spot associated to the
reciprocal O2… H2n1eN1/N1eH2n1…O2 interactions, which appear
at a di + de value of around 1.7 Å.

It is worth to be noted that the results from the 2D-fingerprint plots
reveal that the contribution of the H…H contacts to the structural

stability is 11.2% (Fig. 7a). They are one of the major contributors to
the packing of the title compound owing to the presence of extensive
networks of CeH…HeC and CeH…HeO contacts. It can be noticed
from the decomposed bidimensional fingerprint that the H…H contacts,
represented as a scattered points distribution and covering the most
area in the total fingerprint plot, show a closest contact of 2.4 Å. The
evidence of the C7-H2c7…H2c4-C4 intermolecular interaction related
to this contact was made clear by establishing the Hirshfeld surface
mapped over the di function in the range 0.67–2.72 Å (Fig. 7b).

Additionally, as illustrated in (Fig. 8a and b), the relative con-
tributions of Cl…Cl and Cl…O/O…Cl contacts to the overall fingerprint
plot are quite similar; 2.7% and 2.6%, respectively.

Thus drawing the curvedness representation on Hirshfeld surface
ranging from −4.00 to 0.40 Å (Fig. 8c) allowed us to highlight the
presence of a shortest Cl…Cl contact resulting from the lp…lp interac-
tion between the lone pairs of the atoms Cl2 and Cl8, which has a
distance of about 3.56 Å.

Concerning the O…O contacts, they represent only 0.6% of the total
Hirshfeld surface (Fig. 9), which suggests that the attributed lp…lp

Fig. 5. Full fingerprint resulting from the overlapping of the different contacts types in the title complex.
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interactions resulting from the oxygeńs lone pairs do not belong to the
driving forces in the crystal packing formation and this is due to the
limited number of oxygen atoms in the crystal structure.

Fig. 10 illustrates a schematic representation of the percentage
contributions to the Hirshfeld area of the various intermolecular con-
tacts present in the crystal structure of the title compound.

6. Galvanostatic cycling as negative electrode for Li-ion batteries

Sn-containing compounds typically possess redox couples below 2 V
vs Li/Li+, making them suitable materials as negative electrode for Li-
ion batteries, where current graphite anodes possess safety concerns
due to possible Li plating and dendrite formation at high charging rates
[36-38]. The electrochemical properties of the (C9H26N4)

Fig. 6. Decomposed fingerprint plots into the separated intermolecular (a) H…Cl/Cl…H and (b) H…O/O…H contacts. (c) Hirshfeld surface environment mapped
with dnorm over the range −0.70 to 1.14, showing the shortest Cl… HeN/NeH…Cl and O… HeN/NeH…O interactions.
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[SnCl6]Cl2·2H2O as an anode material for Li-ion batteries have been
analysed by galvanostatic cycling of the compound in Li-metal half-
cells. The voltage profile of the cycled compound at 0.1 A g−1 in the
0.30–2.5 V voltage range is shown in Fig. 11a.

The voltage profile of the galvanostatic cycling shows an initial first
discharge capacity above 1600 mAh g−1 with three main pseudo pla-
teaus at ca. 1.7, 0.9 and 0.4 V. The first pseudo plateau at 1.7 V is

completely irreversible and not observable in subsequent cycles. This
plateau could originate from irreversible electrochemically driven de-
composition via reduction redox processes [39]. Electrochemically
driven solid-state amorphisation by lithium at low voltages is com-
monly observed in other Sn-containing materials such as the high ca-
pacity SnO2 anode material [40]. The second pseudo plateau at ca.
0.9 V is due to SEI formation promoted by partial decomposition of the

Fig. 7. . (a) Partial fingerprint plot of the intermolecular H… H contacts. (b) Hirshfeld surface mapped over di and illustrating the presence of the shortest reciprocal
C7eH2c7… H2c4eC4/ C4eH2c4… H2c7eC7 interactions.
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electrolyte on the working electrode surface, which is then stabilised
after the first discharge [41]. The third observable pseudo plateau at a
low voltage below 0.4 V, delivering an additional capacity near 750
mAh g−1 could be related to the redox reduction of tin, further

decomposition processes or contributions from the conductive carbon
black at low voltages. The irreversibility of the first discharge and the
polarisation between charge and discharge voltages may indicate con-
version or alloying processes, but the exact reduction mechanism is

Fig. 8. Decomposed fingerprint plots into the intermolecular (a) Cl…Cl and (b) Cl…O/O…Cl contacts. (c) Curvedness representation of the Hirshfeld surface
highlighting the lp…lp interactions resulting from the Cl…Cl contacts.
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unclear and requires further characterisations [42-44]. A similar dis-
charge profile has been observed for the Sn2PO4Cl material, with an
irreversible plateau noted below 1.8 V and a reversible plateau below
0.5 V. The nature of these plateaus is attributed in that case to the
presence of phosphate and chloride moieties which preclude inter-
calation in favour of formation of metallic Sn and subsequent alloy

processes [45]. During cell charging, clear plateaus can be observed
below 1 V, specifically at 0.6 V, 0.75 and 0.82 V.

Looking at the diffrential capacity profiles, several reduction peaks
can be observed at 1.7, 0.9, 0.6 and 0.4 V. (Fig. 11b). From these peaks,
the redox processes at 0.6 and 0.4 V appear to be reversible during
charging and be also present on the second cycle. In the oxidation
sweep, three peaks can be observed at 0.6 V, 0.75 and 0.82 V which
appear reversible as they are also present in the second cycle, although
with capacity contribution. The sharpness of the oxidation peak at 0.6 V
indicates the presence of plateau-like features in the galvanostatic cy-
cling, indicative of two-phase transformation processes. Further char-
acterisation such as in-operando PXRD would be required to confirm this
phenomenon.

The capacity retention and coulombic efficiency is shown in Fig. 12.
A capacity above 125 mAh g−1 is retained after 20 cycles of galvano-
static cycling at 100 mA g−1 with a coulombic efficiency above 95%
achieved after 20 cycles. Due to the instability of the electrolyte at low
voltages and possible SEI dissolution/reformation, parasitic reactions
could be taking place during cycling and affect the columbic efficiency
of the cell.

The rate capability of the material was also studied by cycling a
fresh cell at different current rates (Fig. 13). The material displays a
modest rate capability, without extreme capacity loses when increasing
the current rate, delivering discharge capacities near 75 mAh g−1 at 1 A
g−1. The material also possesses good capacity retention when re-
turning to the initial value of 25 mA g−1 with a capacity above 225
mAh g−1.

These studies analyse the redox activity of the (C9H26N4)
[SnCl6]Cl2·2H2O compound when tested as negative electrode in a Li-
ion battery. The observed redox activity can be preliminarily attributed
to the presence of Sn+4 cations in the crystal structure.

Fig. 9. Decomposed fingerprint plot of the corresponding O…O contacts.

Fig. 10. . Schematic illustration of the decomposed fingerprint plots into the different contacts within the title compound.
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7. Conclusions

(C9H26N4)[SnCl6]Cl2·2H2O has been synthesized in solution and its
structure confirmed by single-crystal X-ray diffraction. Its 3D frame-
work of the title compound is made of tetraazacyclotridecane poly-
amine molecules, [SnCl6], Cl atoms and water molecules, interacting
through an intricate network of hydrogen-bonds and H…Cl interac-
tions. The macrocyclic moiety is also confirmed using Raman

spectroscopy. The Hirshfeld surface analysis of (C9H26N4)
[SnCl6]Cl2·2H2O is elucidated and correlated to the crystal structure
data. Preliminary investigations of the electrochemical performance of
the title compound as an active material in a Li-ion battery are com-
mented.
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