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Introduction

Synthesis and theoretical study of a mixed-ligand
indium(im) complex for fabrication of p-In,S3 thin
films via chemical vapor depositiony

® Zhiyuan Peng,”
®and

Chijioke Kingsley Amadi, (=) @ Touraj Karimpour, (= ® Maziar Jafari,
David Van Gerven,? Veronika Brune,? Fabian Hartl,> Mohamed Siaj
Sanjay Mathur (=) *2

Two new heteroleptic indium aminothiolate compounds [INCISC,H4N(Me)SC,H4l3 [1] and [INSC,H4N(Me)
SCoH4(CgHsF3NO)] [2] were synthesized by in situ salt metathesis reaction involving indium trichloride,
aminothiol, and N,O-B-heteroarylalkenol ligands. The complexes were subsequently purified and
thoroughly characterized by nuclear magnetic resonance (NMR) analysis, elemental studies, mass spec-
troscopy, and X-ray diffraction single crystal analysis that showed a trigonal bipyramidal coordination of In
(m) in both complexes. Thermogravimetric analysis of [1] revealed a multistep decomposition pathway and
the formation of In,Sz at 350 °C, which differed from the pattern of [2] due to the lower thermal stability
of [1]. Compound [2] exhibited a three-step decomposition process, resulting in the formation of In,Sz at
300 °C. The Chemical Vapor Deposition (CVD) experiment involving compound [2] was conducted on
the FTO substrate, resulting in the production of singular-phase In,Sz deposits. A comprehensive charac-
terization of these deposits, including crystal structure analysis via X-ray diffraction (XRD), and surface
topography examination through scanning electron microscopy (SEM) has been completed. The presence
of In-S units was also supported by the Raman spectroscopy, X-ray photoelectron spectroscopy (XPS),
and energy dispersive spectroscopy (EDS) of the as-deposited films. Moreover, the electronic structure
and thermal properties of compound [2] were investigated through DFT calculations. Electron density
localization analysis revealed that the highest occupied molecular orbital (HOMO) exhibited dense con-
centration at the aminothiolate moiety of the complex, while the lowest unoccupied molecular orbital
(LUMO) predominantly resided at the N,O-p-heteroarylalkenolate ligand. Furthermore, our computational
investigation has validated the formation of indium sulfide by elucidating an intermediate state, effectively
identified through EI-MS analysis, as one of the plausible pathways for obtaining In,Ss. This intermediate
state comprises the aminothiolate ligand (LN%) coordinated with indium metal.

sensitivity,> supercarrier mobility,> efficient CO, reduction
activity," and use as photoanodes for water splitting.” The

Indium sulfide (In,S;) is an n-type semiconductor with
different phases such as a, B, and y. Among these, p-In,Ss,
characterized by a narrow band gap of 2.0-2.3 eV shows an
interesting defect structure, high stability, and exceptional
optical properties. Its notably high photosensitivity suggests
the potential for excellent photocatalytic activity, photoelectric
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influence of preorganized metal-ligand units in metal-organic
precursors is evident in various functional coatings produced
via chemical vapor deposition (CVD) and atomic layer depo-
sition (ALD).® Specifically designed molecular compounds,
achieved through judicious selection of ligand and co-ligand
units, play a crucial role in determining the chemical compo-
sition, phase, structure, and morphology of the final material.”
By adjusting the chemical configuration of the precursor mole-
cule, the physicochemical properties of the precursors such as
volatility or thermal stability can be tailored to meet the
requirements of the gas phase process; however, our mechan-
istic understanding of the conversion of the molecular units
into solid-state film remains limited, thus calling for inte-
grated experimental and modeling approaches. While thin

This journal is © The Royal Society of Chemistry 2024
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film deposition of metal oxides by the transformation of pre-
cursors containing preformed metal-oxygen units is exten-
sively reported,® studies on bond disruption for chalcogens (S
and Se) are limited. Metal complexes incorporating sulfur
ligands have been extensively studied; however, limited quanti-
tative information is available on the strengths of the metal-
ligand bonds.>'® Metal-ligand (M-S(Se)-R) interactions play a
deterministic role in the formation of metal sulfides and
selenides."”'* Gas-phase chemistry offers a unique opportu-
nity to study the intrinsic reactivity of chemical species.'® The
metal-thiolate bonds can be strongly covalent, and involve
different orbital interactions.'® Moreover, understanding the
chemistry behind nanostructure formation in nanomaterials is
one of the important and interesting challenges in gas phase
chemistry. Precursors, chemicals and associated chemical pro-
perties play a critical role in controlling the structural and
morphological properties of nanomaterials.'® Therefore, it is
important to study the thermodynamics and thermochemistry
of dissociation and elimination (Scheme 1) reactions of In,S;-
precursors in the gas phase. Several known single source pre-
cursors of indium based complexes such as indium
thiolates,'®"'” dithiocarboxylates,'® dithiocarbamates,® dithioi-
midodiphosphinates,>® dithiobiurets,> xanthates,>® ami-
nothiolates,> organyl and silylated chalcogenoethers***’ etc.
are well established. Despite their extensive experimental
investigations, the thermodynamic and kinetic properties, the
detailed mechanism of the deposition process, and possible
intermediates of many gas-phase In,S;-precursors are
unknown. By employing theoretical calculations, many pro-
perties of precursors can be predicted with a good degree of
precision. These include the metal-ligand bond strength, the
thermolysis energy and barrier, the energy of chelation, hydro-
lysis, and formation processes, as well as crucial thermo-
dynamic parameters like enthalpies, entropies, and Gibbs free
energy of dissociation in the gas phase. Furthermore, insights
into their molecular orbital properties, which are related to
their stabilities and reactivities can be achieved.>®

Herein, we present a study on the gas phase ligand dis-
sociation and thermal stability of a newly synthesized hetero-
leptic indium aminothiolate complex [2], which incorporates a
chelating N,O-f-heteroarylalkenolate ligand in the coordi-
nation sphere. The dissociation energies of In-S, In-O and In-
N bonds within the heteroleptic complex that we referred to as
ligand dissociation energy (LDE) were successfully investigated
using DFT calculations to assess their strengths. The as-syn-
thesized complex [2] demonstrates excellent structural stability
and maintains intact transport in the gas phase, minimizing

MO, M-SR

RS-M-OR

e—— M-OR
-M-S

Scheme 1 Schematic of M-O and M-S (metal-sulfur and metal-
oxygen) bond break reaction.
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premature decomposition before deposition onto the substrate
during the chemical vapour deposition process, ultimately
achieving singular-phase In,S;.””

Results and discussion

Synthesis of [InCISC,H,N(Me)SC,H,]; [1] and [InSC,H,N(Me)
SC,H,(CsH;F;NO)] [2]

The aminothiol®® and p-heteroarylalkenol® ligands used in
this work were synthesized following the procedures described
in our research group’s publications. The salt metathesis of
InCl; is a well-established synthetic route for obtaining
indium complexes, achieved through an acid-base reaction
triggered by the stronger chelating ligands.*® The heteroleptic
complexes were synthesized by in situ addition of the lithiated
ligands to the metal chloride, resulting in the precipitation of
LiCl (Scheme 2). Complexes [1] and [2] were extracted using
chloro-benzene and chloroform as solvents, respectively, fol-
lowed by additional purification through pentane washing.
This process yielded a white and slightly yellow powder of [1]
and [2] respectively. Compound [2] was further purified
through sublimation at 100 °C under reduced pressure (107>
mbar) resulting in the attainment of the final, slightly yellow
complex [2]. Both isolated heteroleptic complexes, [1] and [2],
were found to be stable under ambient conditions and were
easily elucidated in solution by NMR spectral analysis.

Characterization of [1] and [2]

Different signals were detected in the '"H-NMR of [1] at 2.29
and 2.68 ppm with an integration ratio of 3:8, respectively
(Fig. S41), which, in conjunction with the ™C NMR data,
suggests the presence of a monomeric complex of [1] in solu-
tion. The singlet observed at 2.29 ppm was assigned to the
methyl group of the bridging nitrogen while the broad multi-
plets at 2.68 ppm were assigned to both the nitrogen-bound
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Scheme 2 Proposed scheme for the synthesis of [INCISC,H4N(Me)
SC2H4]3 [1] and [InSC2H4N(Me)SC2H4(C8H5F3NO)] [2]
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Fig. 1 'H-NMR spectra of compound [2] recorded in CDCls.

and sulfur-bound methylene groups. The ">C NMR spectrum
of [1] (Fig. S51) showed three distinctive signals at 23.13, 42.74
and 58.40 ppm. The "H NMR data of [2] showed an integration
ratio of 3:2:2:4:1:2:1:1 (Fig. 1). The multiplets at 7.06,
7.60, and 8.09 ppm correspond to the protons of the pyridinyl
part of the N,O-f-heteroarylalkenolate ligand framework, while
the vinylic proton displayed a sharp singlet at 5.64 ppm. The
singlet observed at 2.50 ppm was assigned to the methyl group
of the bridging nitrogen. The multiplets at 2.55 and 2.73 ppm
were assigned to the nitrogen-bound methylene group of both
ethanethiolato chains. As noticed, the protons of the nitrogen-
bound methylene group of [2] were split into two different
signals due to their different positions (endo- or exo-position
within the same ring conformation), rendering them chemi-
cally non-equivalent. These protons were easily identified
using 'H-"*C HMQC (Fig. S71) and 'H-"C HMBC (Fig. S8%)
correlation spectral analyses. This effect was also observed for
complexes of the types [M(SC,H,N(Me)C,H,S),] (M = Mo or W)
and [SnCl,(SeC,H,N(Me)C,H,Se)] containing a similar ami-
nothiolate ligand.*® Multiplets observed at 2.80 ppm were
assigned to the saturated methylene group directly bound to
sulfur. The "*C NMR spectrum of [2] displayed notable signals
at 23.13, 43.12, 58.86, 94.61, 118.37, 120.64, 124.88, 139.61,
146.24, 156.98 and 157.33 ppm (Fig. S61). In the '°’F NMR spec-
trum (Fig. S9t) of [2], a singlet was observed at —74.21 ppm,
corresponding to the CF; moiety of the N,O-
B-heteroarylalkenolate ligand, which was found to be shifted
upfield, when compared to the free ligand (-74.99 ppm,
Fig. $31),>" which is in agreement with previous investi-
gations.?*” The unambiguous assignment of proton and carbon

9876 | Dalton Trans., 2024, 53, 9874-9886

chemical shifts using "H and '*C NMR enabled the prediction
of structural units in [2] through 'H-"*C HMQC and 'H-"3C
HMBC correlations (Fig. S7 and S87).

Suitable crystals for single-crystal X-ray diffraction measure-
ments were grown from a concentrated solution of [1] and [2]
in chloro-benzene and chloroform, respectively. Selected cell
parameters of these complexes are listed in Table 1. The single

Table 1 Comparison of selected cell parameters of [1] and [2]

Compound [1] [2]

Empirical formula C;5H;33Cl3InzN3Sg C;13H;6F3InN,0S,
Formula weight 898.61 452.22

Crystal system Trigonal Orthorhombic
Space group R1 Phca

T (K) 100(2) 100(2)

alA 16.6411(5) 11.1065(3)

b/A 16.6411(5) 13.0043(5)

c/A 19.4879(9) 22.9345(7)

al® 90 90

pl° 90 90

y/° 120 90

Volume/A® 4673.7(4) 3312.48(19)

zZ 6 8

Peale g M 1.916 1.814

F(000) 2628.0 1792.0
Independent 2613 [Ripe = 0.0590, 3937 [Rinc = 0.0676,
reflections Rgigma = 0.0260] Rsigma = 0.0387]

Goodness of fit 1.095 1.048

Final R indexes [[> R, = 0.0376, WR, = R, = 0.0333, WR, =
> 26(1)] 0.0957 0.0691

Final R indexes R, =0.0437,WR, = R, =0.0463, WR, =
[all data] 0.0995 0.0759

Largest diff. peak/  1.86/—0.73 0.57/-0.99

hole/e A~

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The ORTEP drawing of (A) [1] (symmetry operations for Inl_a: —x + y, 1 — x, zand Inl_b: 1 — y, 1 + x — y, 2), (B) [2] with thermal ellipsoids
drawn at a 50% probability level with hydrogen atoms omitted for clarity and (C) DFT-optimized molecular structure of [2] (B3lyp/6-31G(d,p)/

LanL2DZ level of theory).

crystal X-ray analysis of [1] and [2] displayed a distorted trigo-
nal bipyramidal coordination around the metal centre
(Fig. 2A-C). The crystallographic analysis of complex [1] shows
a trinuclear structure containing three crystallographically
related indium centres, in which three aminothiolate ligand
units coordinate each central indium atom in a tridentate
fashion through two thiolate groups and the nitrogen atom
present in the bridging amine group of the aminothiolate
ligand (the centroid of this cyclic trimer is located on a crystal-
lographically imposed 3-fold axis). The equatorial positions
were occupied by two sulfur atoms of the thiolate ligand and a
terminal chlorine atom, while the axial positions were occu-
pied by a nitrogen atom present in the bridging amine group
and one of the bridging sulfur atoms. The molecular structure
of [2] showed a trigonal-bipyramidal coordination sphere for
the indium ion, where the trigonal basal plane is formed by
two sulfur atoms of the dianionic thiolate ligand, and the
oxygen atom of the N,O-p-heteroarylalkenolate ligand while the
apical positions are occupied by the nitrogen atom present in
the bridging amine group of the dianionic thiolate ligand and
one nitrogen atom of the heteroarylalkenolate ligand. The In-S
bond distances (Table S17) in [1] were found to be in the range
of 2.404(1)-2.676(2) A, while the bond lengths of the bridging
sulfur atoms in In1-S2 and In1_a-S2 were found to be longer
at 2.485(1) A and 2.676(2) A, respectively, than the terminal
In1-S1 bond length at 2.404(1) A. These values correspond
well to similar reported values of dimeric, trimeric and oligo-
meric organoindium compounds.**” The In-N bond length
(2.393(5) A) and In—Cl bond length (2.415(1) A) in [1] are both
within the reported ranges.>”**™*' Notably, the three depen-
dent indium sub-units in [1] and their corresponding atoms
display uniform bond lengths and angles. For instance, the
bond lengths between In1-Cl1, In1_a-Cl1_a, and In1_b-Cl1_b
(2.4150(10) A) are consistent, and the bond angles of In1-S2—-
Inl_a, In1_a-S2_a-In1_b, and In1_b-S2_b-In1 are 111.10(4)°.

This journal is © The Royal Society of Chemistry 2024

Table 2 Experimental and DFT-calculated geometries of compound [2]

XRD DFT*
Bond lengths (A)
In1-S1 2.4197(9) 2.4408
In1-S2 2.4288(9) 2.4398
In1-01 2.089(2) 2.030
In1-N1 2.340(3) 2.404
In1-N2 2.268(3) 2.282
Bond angles (°)
S2-In1-51 127.98(3) 125.13
01-In1-§1 115.37(7) 116.36
01-In1-S2 115.79(7) 117.21
N1-In1-S2 85.67(7) 84.87
N1-In1-S1 85.23(8) 84.78
N1-In1-O1 90.28(10) 89.33
N2-In1-01 84.87(10) 87.17
N2-In1-§1 97.57(7) 98.14
N2-In1-S2 95.70(7) 95.40
N2-In1-N1 174.98(10) 176.14
7s” 0.78 0.85

“DFT calculations on the B3lyp/6-31G(d,p)/LanL2DZ level of theory.
bz, = 1 corresponds to ideal trigonal bipyramidal geometry and 75 = 0
corresponds to the ideal square pyramidal coordination geometry.*

For compound [2], the In-S bond distances were observed to
be 2.4197(9) for In1-S1 and 2.4288(9) A for In1-S2, with a cal-
culated value of 2.4398-2.4408 A (Table 2).

Similarly, the In-N bond distance between the central
indium atom and the bridging nitrogen atom of the thiolate
ligand was found to be 2.340(3) A for In1-N1 (cal. 2.404 A),
while the distance between the central indium atom and the
nitrogen atom of the N,O-p heteroarylalkenolate ligand was
found to be 2.268(3) A for In1-N2, with a calculated value of
2.282 A (Table 2). These values aligned with reported
values.”>**™*” However, the slight bond elongation observed at
2.340(3) A for In1-N1 reflects the weakening of the bond due
to the greater donor strength of the thiolate ligand, as reported

Dalton Trans., 2024, 53, 9874-9886 | 9877
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Compound [2]

miz= 298.91| [I{(SC;H,);MeN}CI* | [In{(SC,H,),MeN}(CsHsFNO)I*  [miz= 451.96
miz= 265.95 [I{(SC;H,)(SCoHe)MeN)T*|[In{(SC,H,MeN}(CsHsFNO)I* [miz= 391.97
miz= 263.94| [I{(SC,H,),MeN]* |[in(C5HsFs;NO)I* [miz= 302.94
miz=149.03[  [{(SC;He):MeN)I*|[I{(SC;H,):MeN]* | miz=263.94
miz=116.05] _ [SC,HgMeN]* |[[(CsHsFoNO)I*  [miz= 189.03
miz= 114.90 | [In]*| [(SC,H,,)MeN]* |m/z= 120.08
miz= 102.04 [[SC,He)MeN]*| [In]* [miz= 114.90
[SC.He)MeN]* | m/z=91.05

Scheme 3 Fragment ions of [1] and [2] detected by EI-MS.

for similar complexes of the aminothiolate ligand.*® The
observed and calculated bond lengths of In1-O1 were found to
be 2.089(2) and 2.030 A, respectively. The In1-O1 bond length
of 2.089(2) A is notably shorter compared to those observed in
complexes with higher coordination numbers, such as [(SOOS)
In(py)(NO)], [(SNNS)I(OAC)], [(NNS,)In(NOy)], [(NNS,)In
(OAc)], and [(SNNSPr)In(OAc)] complexes with In-O bond
lengths in the range of 2.162(4)-2.851(4) A.*> The equatorial
positions of both compounds [1] (S2-In-S1) and [2] (S2-In1-
S1) exhibited deviations from the ideal equatorial geometry of
120°, which are manifest in the distorted bond angles of
131.40(4) and [(127.98(3)°) (cal. 125.13°)], respectively.
Additionally, the axial bond angles 171.64(9)° (N1-In1-S6) of
[1] and 174.98(10)° (N1-In1-N2) (cal. 176.14°) of [2] deviated
from linearity. Since oxygen (3.44) and chlorine (3.16) exhibit
greater electronegativity than sulfur (2.58), the observed
coordination geometry is distorted from the ideal trigonal-
planar arrangement of 120° in both compounds [1] and [2].
This distortion will lead to wider S-In-S angles and smaller O-
In-S or Cl-In-S angles due to the differing spatial demand of
electron lone pairs present in S/O-In or S/Cl-In bonds. The
distortion in [2] could have also contributed to the slight
widening of the bite angle (84.87(10)°).*"

The analysis of intermolecular stacking interactions reveals
interaction between the hydrogen atom of the pyridine ring
and the sulfur atom in adjacent molecules (H---S), with a stack-
ing distance of 2.939 A. Additionally, distinct interactions are
observed between fluorine atoms in adjacent molecules (F---F),
with a separation of 2.877 A (Fig. S101). These interactions
may have contributed to the minute deviations in the In-S
bond lengths observed in [2].

Vapor phase and thermal characterization studies

The electron ionization mass spectra of [1] and [2] recorded at
an ionization energy of 70 eV revealed distinct radical cations
(Fig. S12 and S13%). These were verified through comparative
analysis of the calculated and measured isotopic patterns of
the signals. Mass spectrometric analysis of [1] identified the
molecular peak [M]™ (m/z = 298.91). Subsequent fragmenta-
tion of the terminal CI” group generates the fragment [In

9878 | Dalton Trans., 2024, 53, 9874-9886

m/z=64.06

{(SC,H,)MeN}]" (m/z = 263.94). The remaining signals could
conclusively be assigned to the aminothiolate ligand species
and the indium metal (Scheme 3). For compound [2], the
molecular ion peak [M]™ was observed at m/z = 451.96 [In
{(SC,H,),MeN}(CsH;F;NO)|'™", with an intensity of 5%. The
base peak dominated the spectra, with intensities reaching
100% at m/z = 114.9, possibly resulting from the loss of both
ligands.

Apart from the molecular ion peak, fragments at m/z =
391.97 [In{(SC,H,)MeN}(CsH;F;NO)|'™", m/z = 302.94 [In
(CsH;F3NO)]', m/z = 263.94 [In{(SC,H,),MeN}]" and mj/z =
189.04 [(CgH5sF3NO)|™" further demonstrate the fragmentation
pathway of [2]. Interestingly, m/z = 64.06 [SO,]" further demon-
strates the oxidation of In,S; to In,O; which precedes the
facile reduction of In,0; to metallic indium in the presence of
the carbon residue. The remaining signals could be assigned
to the fragments of the ligand.
Thermogravimetric analysis of the heteroleptic compound [1]
conducted under continuous N,(g) (Fig. 3A) exhibited a multi-
step decomposition process as a result of the lower thermal
stability of [1] as compared to that of [2] (Fig. 3B). Initially, a
minor mass loss occurring within the temperature range of
100-250 °C, corresponding to 3.5% sample weight, is attribu-
ted to the loss of chlorine from the molecular structure of the

aminothiolate

complex [1]. Subsequently, a substantial mass loss of 29.1% is
observed around 350 °C, indicating the onset of In,S; for-
mation and possible emergence of intermediates (InSCl),
which is a likely scenario in the gas phase fragmentation of
such bulky molecules. It is plausible that the ligand moieties
coordinated to the indium centre can attach to other volatile
fragments (e.g. InCl or RInCl) upon thermolysis-driven frag-
mentation, resulting in new intermediates. This could also
explain the disparities observed between the experimental
(65.5%) and calculated data (54.49%). This decomposition is
followed by another significant mass loss of approximately
21.9%, observed at 500 °C, corresponding to subsequent oxi-
dation to In,0;. Further heating led to a consequent mass loss
of 13% at 800 °C, showing the reduction of In,0O; to metallic
indium facilitated by the presence of carbon. The formation of
metallic indium at 800 °C was also evident in the mass spec-

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt00394b

Open Access Article. Published on 17 May 2024. Downloaded on 4/6/2026 12:46:52 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

A)
5.0

—[InCISC2H4N(Me)SC2H4l3

4.5 -

_ 4.0 Am=29.1%
[«)) 1.410 mg
é3.5 d In,S;:

= expt.: 65.5%

=) cal.: 54.49%
© 3.0
= Am=219%
2.5
2.0 Am =13 % 1.022 mg
I _expt.:39.249% TTTTTTTTmmossmmssssssssses
N =cal.: 38.25%
1.5

100 200 300 400 500 600 700 800
Temperature(°C)

Fig. 3 Thermographic analysis plot of (A) compound [1] and (B) compound [2] at a heating rate of 10 °C min™.

tral analysis above (Scheme 3). Thermogravimetric analysis of
[2] exhibited a three-step decomposition process. The first
decomposition mass loss occurred at 300 °C, with a mass loss
of 61.1%, corresponding to the formation of In,S;, which
remained stable until 550 °C, displaying a plateau indicative of
the formation of the In,S; material. The residual mass at
38.9% for In,S; could be seen to be significantly higher than
the theoretical value of 36.1% due to carbon and fluoride resi-
dues in the ligand. Further heating from 550 to 900 °C resulted
in the final weight loss of 9.4%, assuming the formation of
metallic indium at a 25.1% experimental value (25.2% calcu-
lated value), which agrees with the mass spectral analysis
results of [2]. Similar reduction of chalcogenide complexes to
metallic elements has been observed by Mishra et al.>

Chemical vapor deposition of compound [2]

The chemical vapor deposition (CVD) experiments of [2] on
an FTO substrate at a substrate temperature of 300 °C
resulted in crystalline p-In,S; films.*® Following the CVD
process, the FTO substrate was uniformly covered with In,S;
grains after 30 minutes of deposition time. The SEM analyses
(Fig. 4A) of the deposited film revealed that the In,S; films
were composed of nanocrystalline grains with an average size
of 384 nm, evenly distributed throughout. The films exhibited
good coverage, homogeneous morphology, and strong
adhesion to the substrate, as depicted in the cross-sectional
analysis (Fig. 4B). X-ray diffraction peaks (Fig. 4C) were ident-
ifiable and attributed to the tetragonal structure of the In,S;
film (JCPDS# 00-025-0390).°° This observation was further
corroborated through energy dispersive X-ray spectroscopy
(EDS) analysis, which revealed a S:In stoichiometric ratio of
1.6 (Fig. S14-S17t). The Raman spectra of the as-deposited
thin films, recorded in the range of
100-1000 cm™" at room temperature, exhibited distinct peaks
at 247 cm™', 319 ecm™', and 365 cm™' (Fig. 4D), corres-
ponding to tetragonal p-In,S;.>"

wavenumber
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For further analysis of the In,S; thin film via X-ray photo-
electron spectroscopy (XPS), a small sample was gently
removed from the FTO substrate. The survey spectrum showed
the presence of elements including indium (In), sulfur (S),
carbon (C), and oxygen (O). It is worth noting that the carbon
signal is likely attributed to residual ligands adsorbed onto the
film (Fig. 5A). This is possible due to lower decomposition
temperature as residual carbon decomposes generally at
higher temperatures (>500 °C).'' The presence of oxygen may
be inevitably caused by sample handling contamination or
surface oxidation during or after the CVD experiment,
respectively.

The atomic ratio of S:In was estimated to be 1.65 from the
survey spectrum confirming the presence of In,S; (Table S27).
In the 2p spectrum (Fig. 5B), two peaks at 161.38 eV and
162.55 eV could be seen corresponding to S 2p;, and S 2py,
respectively.>” Two strong photoelectron peaks at binding ener-
gies of 445.12 and 452.71 eV are assigned to 3ds/, and In 3d;/,
transitions, respectively, and a spin-orbit splitting of 7.6 eV
(ref. 53) (Fig. 5C). The high-resolution O 1s spectra showed the
presence of C=0, C-O and M-O bonds in the In,S; film
(Fig. S18Af), while the remaining ligand fragments present on
the surface could be observed in the high-resolution C 1s
spectra (Fig. S18Bt).

The photocurrent response and chronoamperometric I-t
curve was recorded under periodic on-off solar illumination
(100 mW cm™?) with respect to time (Fig. 5D). Noticeably, the
photoanode showed instantaneous, repetitive, and stable
photoresponses indicating its potential in photoelectrochem-
ical applications. The current spike observed in the transient
photoresponse is possibly caused by charge carrier
recombination.”*

Density functional theory (DFT) calculations

To enhance our comprehension of the electronic structure and
thermal characteristics of the precursor, density functional
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Fig. 4 (A) In-plane scanning electron microscopy (SEM). (B) The cross-sectional image of the p-In,S; film deposited on FTO. (C) The XRD pattern of

the deposited B-In,S3 thin film at 300 °C. The peaks identified by asterisks represent the FTO signals, and (D) Raman spectrum of the deposited film

of In,Ss from compound [2].

theory (DFT) calculations were conducted to optimize the
molecular structure of compound [2] (Fig. 2C), and ascertain
the bond dissociation energy between the ligands and the
metal centre (Fig. 7). Table S37 displays the Cartesian coordi-
nates of the optimized structure of the complex. The bond
lengths and bond angles, obtained through both theoretical
calculations and crystallographic analysis, are presented in
Table 2. Notably, as the geometry index 75 = 1 corresponds to
an ideal trigonal bipyramidal coordination geometry,** the cal-
culated and experimentally determined 5 value (0.85 and 0.78,
respectively) for the complex is in good agreement, providing
compelling evidence for the distorted trigonal bipyramidal
geometry adopted by the complex (Table 2). These results
reveal a consistent correspondence between the datasets
derived from theoretical predictions and the values experi-
mentally determined.

Furthermore, the FT-IR spectroscopy results of the experi-
mental values for the complex were compared with the calcu-
lated values, as depicted in Fig. S19,T revealing a consistent
correlation. This congruence further supports the robustness
of our theoretical framework in accurately describing the struc-
tural attributes of the investigated complex. The graphical rep-
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resentation in Fig. 6 illustrates that the energies associated
with the HOMO (—5.748 eV) and LUMO (—1.696 eV) are charac-
terized by negative values, indicating the stability within the
complex.>®> Additionally, the observed band gap (known as the
energy difference between the HOMO and LUMO) magnitude
aligns well with the existing literature, further affirming the
appropriateness of our theoretical framework.”® Through DFT
calculations, we elucidated the localization of electron density
within the frontier orbitals (Fig. 6 and Table S4t). Our analysis
reveals that in the highest occupied molecular orbital
(HOMO), approximately 90% of electron density is concen-
trated on the aminothiolate ligand (L™%), with two sulfur
atoms accounting for 81% and the methyl group of the amine
contributing 9%. Conversely, in the lowest unoccupied mole-
cular orbital (LUMO), around 98% of the electron density is
localized on the N,0--heteroarylalkenolate ligand (LN°), dis-
tributed across the aromatic ring (74%), carbonyl group (20%),
and fluorinated groups (4%) as illustrated in Fig. 6A.
Remarkably, the contribution of the metal centre to both the
HOMO and LUMO is negligible. This distinctive localization
pattern of the HOMO and LUMO supports the assignment of
complex 2 as a donor-acceptor LL’CT complex, where the LN®

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Model reactions for metal-ligand dissociation of compound [2] at the B3lyp/6-31G(d,p)/LanL2DZ and M06/6-311G(d,p)/LanL2DZ levels of

theory.

ligand exhibits donor characteristics while the LN ligand
demonstrates acceptor characteristics. These results under-
score the presence of ligand-to-ligand charge transfer, with a
donor-bridge-acceptor pattern, particularly from ligand L™ to
ligand LN°, mediated by indium as the metal centre
(Fig. S117).%7°8

To determine the ligand dissociation energy, we have taken
into account both homolytic and heterolytic cleavage of metal-
ligand bonds. The plausible reaction pathways for ligand dis-
sociations of compound [2] are displayed in Fig. 7. In context
of the specified pathway, we performed optimization and fre-
quency calculations on all fragments utilizing the same level
of theoretical analysis in the gas phase. Additionally, single-
point calculations were performed and the thermal correction
derived from frequency calculation was incorporated into the
single-point energy, enhancing the accuracy of the estimates
for total energy, enthalpy and Gibbs free energy. The theore-
tical ligand dissociation energy for each ligand, characterized
by one comprising three bonds (L™%) with indium and the
other (LN°) featuring two bonds, was calculated as the
enthalpy changes from both the enthalpy of the complex and
the produced fragments at 298.15 K and 1 atm for each reac-
tion pathway. This calculation was performed according to the
following formula (eqn (1)).

LDE = ZH298.15

Fragments

HE 1)

In Fig. 7, the calculated bond dissociation energies, referred
to as ligand dissociation energy (LDE), revealed distinctive
values for the aminothiolate and N,O-p-heteroarylalkenolate
ligands. Notably, for both homolytic and heterolytic cleavages,
the energy required for the «cleavage of N,O-
B-heteroarylalkenolate ligands (LN°) is lower than that for the
thiolate ligand (L™®) (Fig. 7 and Table 3). These results indicate
that, during the chemical vapor deposition process of the
complex, the thermodynamic stability of In bonds with the L™
ligand is greater than with the LN° ligand. Consequently, the
N,O-p-heteroarylalkenolate ligand, with lower LDE values, is
more prone to preferential dissociation. It is anticipated that
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Table 3 Calculated energy changes, and changes in enthalpy and
Gibbs free energy for ligand—metal dissociation at the B3lyp/6-31G(d,p)/
LanL2DZ and M06/6-311G(d,p)/LanL2DZ levels of theory

Pathway a Pathway b
Cleavage type Homolytic Heterolytic Homolytic Heterolytic
Fragment I-a (0/2) I-a(1/1) I-b (0/3) Ib (2/1)
specification L% (0/2)  LNO(-1/1) LNS(0/3) LN (=2/1)
(Charge/Spin)
AE“ (kcal mol™")  95.85 173.99 180.90 518.24
AH? (kcal mol™®)  96.44 174.59 181.49 518.83
AG° (kcal mol™")  80.67 161.47 164.59 500.15
"AE = BEumens = Fcomplo. "OH = THSws — Hhe

c - 298.15 298.
AG= ZGFragments - GComplex'

the formation of an intermediate species containing indium
with the aminothiolate ligand (depicted as I-a in Fig. 7) will be
more probable, demonstrating heightened thermal stability
compared to that of the alternative species represented as I-b.
It is noteworthy that the mentioned intermediate (I-a) has
been successfully detected in EI-MS analysis, as depicted in
Scheme 3 and Fig. S13, with a mass-to-charge ratio (m/z) of
263.94.

Conclusions

Two novel heteroleptic indium(m) complexes, [1] and [2], were
successfully synthesized using aminothiol and
B-heteroarylalkenol as chelating ligands. Compared to com-
pound [1], which could not be successfully applied in the CVD
process, the heteroleptic compound [2] exhibited a predictable
decomposition pattern and potential for molecular preorgani-
sation, enhancing the predictability of materials synthesis
through both experimental and theoretical outcomes. Both the
mass spectral analysis and thermogravimetric analysis (TGA)
of [2] revealed a distinct sequential breakdown of the two dis-
tinct ligands within varying temperature ranges. This obser-
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vation underscores the importance of tailoring precursor
design to incorporate ligands with varying bonding strengths.
To elucidate the experimental results, further investigation
into the dissociation of ligands in compound [2] was con-
ducted by DFT calculations. Specifically, we investigated one of
the plausible pathways leading to the formation of In,Ss,
which included an intermediate of indium metal with ligand
L. According to our results, in both homolytic and heteroly-
tic cleavages, the energy required for the cleavage of the LN®
ligand is greater than that for the LN© ligand. This suggests
that the indium bond with the L™ ligand is more thermo-
dynamically stable than that with the LN ligand. This perspec-
tive strengthens the probability of In,S; formation as a conse-
quence of the decomposition of the aforementioned
intermediate.

Experimental section

All manipulations were performed under a nitrogen atmo-
sphere in the stock-line. Solvents were dried with conventional
methods and stored under a N, atmosphere with molecular
sieves in Schlenk flasks. InCl; was dried under vacuum for 1 h
before use, and aminothiol and N,O-p-heteroarylalkenol
ligands were synthesized according to Mathur et al.*®*° All
other reagents were procured commercially from Aldrich and
used without further purification. NMR spectra were recorded
using a Bruker Avance II 300 or Avance II+ 600 spectrometer
equipped with a double resonance (BBFO) 5 mm observe
probe head with z-gradient coil (Bruker, Rheinhausen,
Germany), operating at 1H: 300.1 MHz; 600 MHz and 19F:
282.4 MHz. All 2D NMR experiments were performed using
standard pulse sequences from the Bruker pulse program
library. NMR spectra were plotted using the Bruker TopSpin
3.2 software. Elemental analyses were carried out on a
HEKAtech CHNS Euro EA 3000. Mass spectra was recorded on
a Finnigan MAT 95 (EI, 70 eV) in m/z (intensity in %). TG ana-
lysis was performed using a TG/DSC STA 6000 apparatus with
nitrogen gas and a heating rate of 10 °C min™". Powder X-ray
diffraction was performed on a STOE diffractometer with a
STADI MP system and either Mo Ka (4 = 0.71 A) or Cu Ko radi-
ation (4 = 1.54 A). FT-IR spectra were measured using a
Platinum ATR spectrometer with samples analyzed using
OPUS software. The Varian 50 Scan UV-visible photometer was
utilized to perform measurements for UV-visible absorption.
Quartz glass cuvettes with a length of 1 cm were employed for
the purpose, and the spectra was subjected to baseline correc-
tion. The MOCVD tests were carried out in a cold-wall CVD
reactor with cooling traps, an internal pressure sensor, and
external temperature sensors at low-pressure settings, and the
CVD chamber consisted of a quartz glass tube fitted with an
inductively heated graphite holder on which the substrate
(FTO) was mounted."? The deposited film, Pt coil and Hg/HgO
are taken as the working (anode), counter (cathode) and refer-
ence electrodes. The molecular precursor was introduced to
the reactor through a glass flange by applying dynamic
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vacuum (10~° mbar) and heating the precursor reservoir to the
desired temperature. No carrier or reactive gases were used.
Raman spectra were recorded with an alpha300R Confocal
Raman Microscope with a WITec UHTS 300 spectrometer with
a 532 nm laser. The samples’ microstructures were examined
using field-emission scanning electron microscopy (SEM, Zeiss
Sigma VP 300 RIESE). Appropriate single crystals were cooled
to 100(2) K, mounted on a MiTiGen Microloom™ and attached
to the goniometer head of an SC-XRD Bruker D8 VENTURE
KAPPA with a microfocus sealed tube using a multilayer mirror
as a monochromator and a Bruker OHOTON III detector. The
diffractometer was equipped with an Oxford Cryostream 800
low-temperature apparatus and Mo Ka radiation (4 =
0.71073 A) was used. APEX2 was used to process the photo-
graphs after the entire dataset was captured. The crystal struc-
ture was solved with SHELXT 2018/2 using Olex2,>°™*' and
refined based on F° (SHELXL-2018/3)°>°*% using Olex2®! and
SHELX programs. Editing of CIFs and construction of tables
and bond lengths and angles were achieved using Olex2. For
the photoresponse measurement, a conventional three-elec-
trode device on an electrochemical workstation (SP-200
Potentiostat) was employed. The obtained samples on FTO
substrates with a fixed coating area of 1.0 cm X 1.0 cm were
used as the working electrodes. Ag/AgCl (3 M KCl) and Pt wire
acted as the reference and counter electrodes. The light source
was an LED solar simulator (LSH-7320 ABA) and the illumina-
tion intensity was calibrated to 100 mW cm™. Mixed NaSO3/
Na,S (0.35 M/0.25 M, pH = 12.5) aqueous solution was used as
the electrolyte.

Synthesis of [1]

To a solution of the aminothiol ligand (0.5 g, 3.30 mmol) in
toluene (15 mL) at 0 °C, 2.64 mL (6.60 mmol) of n-BuLi was
added dropwise and stirred for 30 minutes, after which 0.730 g
(3.30 mmol) of InCl;, activated in THF (15 mL), was added
in situ and stirred for 30 minutes under ambient conditions to
obtain a cloudy solution. The solvents (toluene and THF) were
completely removed under vacuum to obtain a white solid [1]
that was extracted in a following step with chlorobenzene,
using four aliquots of 10 mL each. Following this, the solution
of chlorobenzene containing the dissolved product was
reduced to 20 mL by removing a part under vacuum.
Subsequently, n-pentane was added until a complete precipi-
tation of the product was achieved, leaving a clear supernatant.
After gently decanting the solvent, the resulting solid was
additionally washed with n-pentane and ultimately dried
under vacuum to obtain [1] as a white powder. Suitable crystals
were obtained by slow evaporation using dichlorobenzene as
solvent. Yield: 85% (0.84 g, 2.28 mmol). '"H NMR (600 MHz,
DMSO) § 2.76-2.59 (m, 8H), 2.29 (s, 3H). **C NMR (101 MHz,
DMSO) & 58.40, 42.74, 23.13. EI-MS (70 eV, 50-220 °C): m/z
(intensity) = m/z = 298.91 [In{(SC,H,),MeN}(C1)]"", m/z = 265.95
[In{(SC,H,)(SC,He)MeN}', m/z = 263.94 [In{(SC,H,),MeN}],
miz = 149.03 [{(SC,H,),MeN}]", m/z = 116.05 [(SC,He)MeN]",
miz = 114.90 [In]’, m/z = 102.04 [(SC,He)Me,N]". Elemental
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analysis CsH,,ClInNS,: calculated, C, 20.05; H, 3.70; N, 4.68; S,
21.41. Found C, 20.01; H, 3.51; N, 4.64; S, 21.37.

Synthesis of [2]

To a solution of aminothiol ligand (0.5 g, 3.30 mmol) in
toluene (15 mL) at 0 °C, 2.64 mL (6.60 mmol) of n-BuLi was
added dropwise and stirred for 30 minutes, after which 0.730 g
(3.30 mmol) of InCl;, activated in THF (15 mL), was added
in situ and stirred for 30 minutes. After 30 minutes, a solution
of deprotonated O-p-heteroarylalkenol ligand (0.644 g,
3.30 mmol, deprotonated by the same method as stated above)
in THF (15 mL) was added in situ to the reaction mixture and
stirred for 30 minutes under ambient conditions to obtain a
slightly yellow solution. Work-up was done in the same way as
in the synthesis of [1] using chloroform and n-pentane as sol-
vents, which yielded compound [2] in the form of a slightly
yellow powder. Suitable crystals were obtained by slow evapor-
ation using chloroform as solvent. Yield: 86% (1.2 g,
2.65 mmol). '"H NMR (300 MHz, CDCl;) 6 8.09 (d, J = 5.5, 1.5
Hz, H-4), 7.60 (m, J = 7.8, 1.8 Hz, H-6), 7.06 (m, H-5, H-7), 5.64
(s, H-9), 2.89-2.78 (m, H-3, H-2), 2.50 (s, H-1). *C NMR
(75 MHz, CDCl;) 6 157.33 (C10), 156.98 (C8), 146.24 (C4),
139.61 (C6), 124.88 (C7), 120.68 (C5), 118.37 (C11), 94.61 (C9),
58.86 (C2), 43.12 (C1), 23.13 (C3). °F NMR (282 MHz, CDCl;) 6
—74.21. EIFMS (70 eV, 50-150 °C): m/z = 451.96 [In
{(SC,H,),MeN}(CgH;F3NO)T, 391.97 [In{(SC,H,)MeN}
(CsH5F3NO)]Y, m/z = 302.94 [In(CgH;FsNO)]|", m/z = 263.93 [In
{(SC,H,),MeN}]", m/z = 189.04 [(CsH5F;NO)]", m/z = 120.08
[(SC4H,1)MeN]", m/z = 114.90 [In]", m/z = 91.05 [(SC,H,)MeN]",
m/z = 64.06 [SO,]. Elemental analysis (C;3H;¢F3;InN,0S,): cal-
culated, C, 34.53; H, 3.57; N, 6.19; S, 14.18. Found, C, 35.15; H,
3.72; N, 6.28; S, 14.98.

Computational methods

All calculations were performed via density functional theory
(DFT) using Gaussian 16, revision C.01, to investigate the geo-
metry, electronic structure and stability of the compounds.®*
The molecular structure optimization and frequency calcu-
lations of the all compounds in the gas phase were carried out
using the B3LYP functional®®®® in conjunction with the 6-31G
(d,p) basis set for light atoms (C, N, O, F, and H), and the
quasi-relativistic LanL2DZ basis set for indium. The absence
of imaginary frequencies in the calculated geometries indi-
cates the optimized geometries as energetic minima. The
Cartesian coordinates of the optimized structure and calcu-
lated compositions (%) of frontier molecular orbitals in the
ground state (S,) for complex [2] are included in the ESI
(Tables S3 and S4t). Single-point energy calculations were con-
ducted on the optimized structure using the M06 functional.
In the case of indium, both geometry optimization and single-
point energy calculations were carried out with the same basis
set (LanL2DZ). However, for the light atoms, a larger basis set
(6-311G(d,p)) was employed. For the complex and all its frag-
ments, the total energy, enthalpies, and Gibbs free energy cor-
rections obtained from frequency calculations were incorpor-
ated into the calculated single-point energies. The visualiza-
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tion of the molecular structure and molecular orbitals was
accomplished through the utilization of GaussView (version
6)%” and Chemcraft.®®
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