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Abstract: The reaction of ammonium N-methyl-N-phenyl dithiocarbamate with In3* resulted in the
In(III) tris (N-methyl-N-phenyldithiocarbamate) complex. The spectroscopic characterization of the
complex was carried out using FTIR, 'H, and '*C NMR spectroscopy. Single-crystal X-ray diffraction
analysis (SCXRD) revealed that the complex crystallizes in a triclinic system with a centrosymmetric
P-1 space group. The stabilization of the structure was via weak hydrogen bonds and C-H- -7 contacts.
The non-covalent interactions in the crystal network were identified using computational analysis
based on SCXRD data, such as Hirshfeld surface analysis. The thermal decomposition behaviour of
the complex was studied by thermogravimetric analysis, which showed a one-step decomposition to
yield In,S; at 380 °C.

Keywords: indium complex; crystal structure; dithiocarbamates; Hirshfeld surface analysis;

thermogravimetry

1. Introduction

The chemistry of the main group and transition metal compounds obtained from
dithiocarbamates ligands has been widely explored in the past four decades [1,2]. The
sustained interest in these compounds could be ascribed to their diverse applications in
medicine [3,4], agriculture [5], industry [6], and in catalysis [7,8]. In addition to their
wide applications, these compounds show great structural diversity. Their tendency to
exhibit a different remarkable range of structures has been attributed to the ability of dithio-
carbamate to display different coordination modes including monodentate, isobidentate,
anisobidentate, and triconnective [9]. The compounds generally adopt an associated struc-
ture that is created via secondary intermolecular M---S interactions, resulting in polymeric
supramolecular assemblies [10], although discrete monomeric structures also exist [11].

Dithiocarbamate complexes of main group elements are relatively less studied com-
pared to the transition elements [12]. Among the main group elements, the dithiocarbamate
complexes of Group 13 elements are one of the most interesting compounds due to their
structural chemistry and application as molecular precursors for the synthesis of M5Ss3
nanoparticles [13]. For example, the chemistry of Ga and In dithiocarbamate complexes
using internally functionalized dithiocarbamates has been reported. Structurally, indium
dithiocarbamate is monomeric with three dithiocarbamate groups chelated to the indium
atom. The literature shows sparse reports on indium(Ill) tris (dithicarbamate) complexes,
and this paper reports the synthesis and characterization of the indium(IIl) complex with
N-methyl-N-phenyl dithiocarbamate. The complexes have been characterized by FTIR,
NMR spectroscopy, thermal and Hirshfeld surface analysis techniques.
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2. Results and Discussion
2.1. Spectroscopic Analysis

In the FTIR spectrum, the formation of the complex was identified through the pres-
ence of certain vibrational frequencies, primarily the vC-N (thioureide) and vC-S stretching
vibrations at 1502 and 977 cm ™!, respectively. While the peak position of the former gives
an indication of the contribution by the partial double-bond of the polar (C=N") structure
of thiouriede, that of the latter signifies the coordination format (bidentate/monodentate)
of dithiocarbamate ligands [14]. The behaviour of the vC-N (thioureide) has been ascribed
to its double bond character created by the flow of electron via the electron-releasing
tendency of the amines. This electron flow is responsible for the high density of electrons
towards the sulphur atoms through the thioureide 7-system, thereby resulting in a shift of
the vibrational frequency to a region of higher energy [14,15]. The vC-S stretching bands
around 977 cm~! appeared as a single band with no splitting, which indicated a bidentate
mode of coordination of the dithiocarbamate ligand to the indium atom [16].

The 'H NMR spectrum of the complex (Figure 1a) showed a singlet signal around
3.70 ppm associated with the methyl group bound to the nitrogen of the dithiocarbamate.
A high deshielding of the protons is observed, which was due to the closeness of the atoms
to the thiureide nitrogen compared to the free amines [17]. The peaks due to the aromatic
protons appeared as multiplet in the range 7.42-7.32 ppm.

Figure 1b presents the 1>*C- NMR spectrum of the complex. In the spectrum, the
signal due to the methyl carbon was observed at 45.70 ppm, and the apparent highly
deshielded position was due to the electronegative nitrogen. The N13CS2 carbon signals
resonated at 205 ppm. This peak position was within the region expected for metal
dithiocarbamate complexes from the main group [16], which are often found around
200 ppm. It signified the contribution of a double-bond character to N-C bond, which was
formally a single bond in the dithiocarbamate [18]. The aromatic carbon peaks resonated in
the 147.40-125.40 ppm range.

(@)
Qo
N
|
AN
S, S
\/
Sf\n—§
: VAN
- O
I
L
1 , .
\
JU o -
T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 ppm

Figure 1. Cont.



Inorganics 2022, 10, 146

30f10

T T T T T T T T T
240 220 200 180 160 140 120 100 80 60 40 20 ppm

Figure 1. (a) 'H and (b) '3C NMR spectra of In(Ill) tris (N-methyl-N-phenyl dithiocarbamate).

2.2. Crystal Structure Description

Table 1 comprises the details of data collection and crystallographic parameters, while
equivalent isotropic displacement parameters and atomic coordinates are presented in
Table S1 (Supporting Information, SI). Table S2 in the SI provides some selected interatomic
distances and bond angles.

Figure 2 presents a molecular drawing of the complex, which presents one of the
molecules in the asymmetric unit. In the asymmetric unit of the complex, two symmetry-
independent molecules are available, consisting of two In(III) tris (N-methyl-N-phenyldith-
iocarbamate) molecules. The indium is in the +3-oxidation state, and the balancing of the
charge emanates from the three dithiocarbamate molecules in which there is a spreading of
the negative charge over both S atoms. The two molecules in the asymmetric unit are related
through pseudo-inversion in symmetry position 0.5-x, 1.5-y, 0.5-z for all atoms except for the
bulky organic portion. The dithiocarbamate ligand uses both sulphur atoms to coordinate
to the indium atom. Six sulphur atoms from three chelating dithiocarbamate moieties
are arranged in a slightly disordered octahedral geometry around the In(III) atom in each
molecule, with angles S-In-S varying from about 69.67 (4)° to 159.50 (4)° (In-S distances
in the 2.5561 (14)-2.6352 (13) A range) (Table S2). The overall geometry of this complex
is comparable to those determined for complexes related to dithiocarbamates [19-21]. All
six In-S distances are similar and match well with the values in other previous reported
studies [22,23]. Within experimental error, the C-S distances in the two molecules are
comparable (close to 1.72 A), which indicated a delocalization in the CS, skeleton. The C-N
distances, which are close to 1.33 A, are considerably shorter compared to a normal single
bond. This is an indication that the metal dithiocarbamates have a significant double bond
character. The four-membered ‘MS,C’ rings are planar. The supramolecular arrangement
of the complex shows the packing of molecules along the ¢ axis forming layers parallel to
the b axis (Figure 3). The crystal structure is stabilized by several non-covalent contacts
such as weak hydrogen-bonding interactions and C-H---S and C-H-- 7 interactions. The
intermolecular interaction parameters are recapped in Tables 2 and 3.
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Table 1. Crystallographic data for [InL3].

Complex Indium(III) Tris
(N-Methyl-N-phenyldithiocarbamate)

Empirical formula CpgHpyInN3Sq

Formula weight (g/mol) 661.64

Crystal system, space group Triclinic, P-1

a(A) 14.6017 (18)

b (A) 14.9653 (18)

c(A) 15.3953 (18)

a (°) 62.209 (2)

B(©) 76.315 (2)

¥(®) 72.310 (2)

V (A3) 2817.4 (6)

z 4

g (mm~—1) 1.30

Dx (Mg m™3) 1.560

F (000) 1336

Crystal size (mm) 0.20 x 0.16 x 0.13

Crystal habit Block, colourless

Omin/Omax (deg) 2.4/25.5
Observed refl. with I > 20(I) 8571
Measured reflections 57,388
Independent reflections 10,615

Rint 0.069
Data/restraints/parameters 10,615/0/607
wR(F?) 0.160

R[F? > 20(F?)] 0.053
GooF =S 1.11
Apmax/APmin (e.A™3) 3.22/-0.70
CCDC number 2184738
Qc

H

°In
Qv

Js

Inl

s6. . Dgs

N3

Figure 2. A molecular drawing of In(III) tris (N-methyl-N-phenyldithiocarbamate) presented with

50% probability ellipsoids. One of the molecules is shown in the asymmetric unit.
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Figure 3. Crystal packing of In(III) tris (N-methyl-N-phenyldithiocarbamate) viewed along the c-axis
showing the distorted octahedral coordinating polyhedrons.

Table 2. Short C-H---S hydrogen bonds (A,°) in In(III) tris (N -methyl-N-phenyldithiocarbamate).

D-H---A D-H H-A DA D-H---A

1?11177---510"iii 0.95 2.87 3.596(6) 135

C46-H46---S5"1 0.95 297 3.521(6) 134

Symmetry codes: (vi) 1-x, 1-y, 1-z; (viii) x, 1 +y, =1 + z.

Table 3. Intermolecular C-H---7t interactions (A,°) in In(III) tris (N -methyl-N-phenyldithiocarbamate).

X-H---Cg H---Cg X---Cg X-H---Cg
C(14)-H(14)---Cg(5) 2.58 3.517(7) 170
C(24)-H(24)---Cg(6) 2.54 3.472(6) 168
C(26)-H(26)---Cg(4) 2.64 3.580(6) 173
C(32)-H(32)---Cg(11) 253 3.464(7) 167
C(39)-H(39)---Cg(4) 2.82 3.516(7) 131
C(42)-H(42)---Cg(12) 258 3.486(7) 160
C(44)-H(44)---Cg(10) 251 3.392(6) 155

Symmetry codes: (i) -x, 1-y, -z; (ii) -x, 1-y, 1-z; (iii) -X, 2-y, -z; (iv) 1-X, -y, 1-z; (v) 1-x, 1-y, -z; (vi) 1-x, 1-y, 1-z; (vii) 1-x,
-y, 2-z.

2.3. Hirshfeld Surface Analysis and 2D Fingerprints

To obtain qualitative and quantitative understandings into the complex’s diverse inter-
molecular interactions, molecular Hirshfeld surfaces and the equivalent two-dimensional
(2D) fingerprint plots were calculated [24,25]. Based on the single-crystal structure data,
CrystalExplorer17.5 was used to create the Hirshfeld surfaces and 2D fingerprint plots [26].
Hirshfeld surfaces with different properties, such as de, dnorm, shape index, and curved-
ness, have been shown to be a useful visualization tool for analysing intermolecular
interactions and molecule crystal packing behaviour [27,28]. The surfaces plotted over
dnorm, shape index, and curvedness are shown in Figure 4. The 2D fingerprint plots
of the complex are shown in Figure 5. The dnorm surface was mapped on a fixed colour
scale ranging from —1.129 to 1.462. The Hirshfeld surface (HS) plotted with the complex’s
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dnorm value shows the zone formed with different colours, with red regions representing
near contacts formed, white regions corresponding to weak interactions, and blue regions
indicating the absence of important contacts. In the image, the red areas are spotlighted
because the sum of the vdW radii is higher than the distance between the adjacent atoms.
The dark-red spots on the complex’s HS match the remarkable hydrogen-bonding contacts
associated with the C-H---S hydrogen bonds, as shown in Figure 4a. The other red cycles
around the phenyl rings, to a lesser extent, characterize weak C---H and C---C interactions,
i.e., C-H---m and 7t---7 surface interactions that play significant roles in supramolecular
packing. Supplementary pairs of triangles are observable on the surfaces of both molecules
for the shape index surface (Figure 4b) and indicate that the corresponding 7-stacking inter-
actions are available in the complex’s crystal arrangement. Figure 4c presents the complex
interactions, which correspond to the comparatively small regions of green flatness on the
curved surfaces and are observable on both sides of the switched molecule.

[ (@) ade ] [ (b) Shape index ] [ (¢) Curvedness ]

Figure 4. Hirshfeld surfaces (a) dnorm, (b) shape index, and (c) curvedness for In(III) tris (N-methyl-
N-phenyldithiocarbamate) complex.
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Figure 5. Two-dimensional fingerprint plots and their relative Hirshfeld surfaces as well as the con-
tributions of the major interactions in the In(III) tris (N-methyl-N-phenyldithiocarbamate) complex.

Figure 5 depicts the overlay of major different contacts over the complex’s HS. In the
figure, the distinct blue colour region and spike length indicate the power of contacts that
exist in the crystal packing. Usually, it is spoiled into a single contact that is of the type
atom1---atom2 in order to illustrate the individual interaction types that are available. In
Figure 5a, the H---H interactions are found in the middle of the dispersed points in the FP
and have a contribution of 41.1%, which is a large percentage, over the total HS, because
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there is a coverage of the surface by a great number of H atoms. The S---H contact, including
C-H---S intermolecular contacts, is shown as two pointed spikes in the FPs (Figure 5b).
These interactions account for 31.7% and improve the crystal packing even more, as they
account for the second largest contribution to total HS. As shown by the ‘wings” which
appear in the upper left as well as the lower right of the FP in Figure 5c, many H atoms
reinforced the C-H---m contacts, making it the third important contribution with 22.6 7%.
of the total HS. Figure 6 shows the presence of additional contacts, including S-S, S---C,
C---C,N---H, and N---C interactions, which account for 1.7%, 1.5%, 0.6%, 0.2% and 0.1% of
all contacts that contribute to crystal packing.

1.8

1.6

1.7
1.5
1.4
1.2
0.8 0.6
0.6
0.4 0.2
0.1
0

Figure 6. Distribution of the remaining intermolecular contacts based on the Hirshfeld surface analysis.

=y

2.4. Thermal Studies

Figure 7 presents the TGA and DTA graphs of the complex. The TGA displayed only
one decomposition peak, which occurred after the melting of the compounds. Stability
was maintained up to 290 °C after which the decomposition of the complex commenced
with melting. Subsequently, decomposition of the compounds in the temperature range
290-345 °C with about 70% weight loss occurred. The final residue corresponded to In,Sg,
similar to previous reports on the thermal decomposition of In(Ill) tris (alkyldithiocar-
bamate) [13,29]. The DTA graph showed two endothermic peaks. The first DTA peak,
which occurred around 297 °C, is ascribed to the melting point temperature, while the main
DTA peak corresponds to the thermal breakdown of the dithiocarbamate complex, thereby
leading to indium sulphide. The thermal decomposition of dithiocarbamate complexes
could either proceed via the isothiocyanate intermediate or decompose directly in a one-
step process to its metal sulphide. However, complexes may volatilize to leave behind a
negligible amount of residue, and this has resulted to the categorisation of dithiocarbamate
complexes as volatile or non-volatile complexes [30].
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Figure 7. (a) TG and (b) DTA curves of indium(III) tris (N-methyl-N-phenyldithiocarbamate).

3. Materials and Methods

All the solvents and reagents employed were commercially available as analytical
grade materials. They were used as received without any purification. The ligand, am-
monium N-methyl-N-phenyl dithiocarbamate was prepared following a method reported
previously [31]. Elemental analyses (C, H, N, S) was conducted on a HEKAtech CHNS
Euro EA 3000 elemental analyser. Melting points measurement was obtained with open
capillary tubes on a HWS MAINZ Laboratoriumstechnik SG 2000. 'H and '*C NMR spectra
were measured in CDCI; solution on a Bruker Advance II 300 spectrometer. The FTIR
spectrum was recorded in the frequency range 4000-400 cm ™! on a Bruker IFS 66 v/S.
Thermogravimetric analysis (TGA) was carried out on TGA /DSC1 (Mettler-Toledo GmbH,
Gieflen, Germany) instrument, with a simultaneous TG and DTA measurement facility. The
thermogravimetric curve was recorded under nitrogen flow at a heating rate of 5 °C/min,
and a plot of mass loss of sample as a function of temp. gradient was recorded.

3.1. Preparation of Tris (N-Methyl-N-phenyldithiocarbamato) Indium(I1I)

A 15 mL aqueous solution of indium(III) sulphate (1.0 mmol) was reacted with 10 mL
aqueous solution of ammonium N-methyl-N-phenyldithiocarbamate (3.0 mmol) for 1 h.
The resultant precipitates were filtered and rinsed with water/ethanol solution (1:1). Single
crystal suitable for analysis was obtained in a solution of dichloromethane/ethanol (3:1).

Yield: 81%, M.p. 296 °C. 1H NMR (CD,Cl,) 6 = 7.42-7.32 (m, 10H, -C¢Hs), 3.69 (s, 6H,
N-CH3). 3C NMR (CDCl3) & 147.43, 129.45, 128.35, 125.46 (-CgHs), 48.28 (-CH3), 205.74
(-CSy). Selected FTIR, v (cm™1): 1492 (C=N), 1382 (C,-N), 977 (C=S), 3049 (=CH), 2978
(-CH). Anal. Calc. for Co4Hp4N3S6In (661.67): C, 43.57; H, 3.66; N, 6.35; S, 29.08. Found: C,
43.61; H, 3.57; N, 6.34; S, 29.23.

3.2. Single-Crystal X-ray Measurements

X-ray data of a clear, colourless crystal with estimated dimensions of 0.134 x 0.158 x
0.195 mm? were collected at 100(2) K on a Bruker APEXII CCD DUO diffractometer with
Mo K« (A = 0.71073 A) radiation [32]. Data reduction was achieved using SAINT [32].
A direct method with SHELXS which uses the SHELXTL package was used to solve the
structure. A full-matrix least squares procedures was used to refine the structure on F? with
the program SHELXL-2015 [33,34]. All non-hydrogen atoms were refined using anisotropic
displacement parameters, and the hydrogen atoms were placed at calculated positions
using a riding model. The final difference Fourier map had a significant proportion of
residual electron density that could not be modelled, and this was attributed to residual
electron density from the heavily absorbing Indium atom in the structure. Olex2 was used
to prepare molecular graphics of the compound [35] and Vesta software [36].
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4. Conclusions

In this study, we have synthesized and characterized a novel In(Il) tris (N-methyl-N-
phenyldithiocarbamate) complex. It comprises two symmetry-independent In(IlI) tris (N-
methyl-N-phenyldithiocarbamate) molecules. The Indium atom shows a hexa-coordinate
geometry by virtue of the chelation of three dithiocarbamate ligands. The packing ar-
rangement was mainly stabilized by C-H---S hydrogen bonding networks and C-H---7t
interactions. Hirshfeld surface analysis shows that H---H interactions accounted for 41.1%
of the complex’s total Hirshfeld surface. Spectroscopic studies corroborated the structural
analysis, which confirmed that the complex was formed through the symmetric coordina-
tion of the sulphur atoms to the indium atom. Evaluation of the thermal stability of the
complex showed that it is stable up to 290, after which decomposition proceeds up to 345 °C
with about 70% weight loss to give the metal sulphide. The thermal studies conformed the
suitability of the complex as a good single source precursor for the formation of indium
sulphide nanoparticles, which might find applications in opto-electronic devices.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics10100146/s1, Table S1: Equivalent isotropic displacement
parameters and atomic coordinates; Table S2: Some selected interatomic distances and bond angles.
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