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ABSTRACT: Metal—organic ligands with mixed chalcogenides are potential compounds for the REP/N
preparation of mixed anionic metal chalcogenide alloys. However, only a few of such ligands are
known, and their complexes are not well explored. We have prepared homo- and hetero- Mo
dichalcogenoimidodiphosphinate [(EE'P'Pr,NH)] (E, E' = Se, Se; S, S; S, Se) complexes of b b LAl )
manganese and copper through metathetical reactions. The X-ray single crystal structure of R ¢ N~ Py = e n
[Mn{(SeP'Pr,),N},] 1 revealed a triclinic crystal system, with a MnSe, core unit, whereas the

crystal structure determination of [Mn{(SP'Pr,)(SePPr,)N},] 2 indicated a triclinic crystal system with a Mn(S/Se), unit. Both
metal centers are tetrahedral, with two deprotonated bidentate ligands forming the coordination sphere. The free ligand was found
to exhibit a gauche configuration in the solid state. The energies of the various rotamers of dithio-analogue were studied by DFT
calculations. The decomposition behavior of complexes with homo- and heterochalcogenides was investigated, and the complexes
were employed as single-source precursors to generate manganese and copper chalcogenides through solvent-less melt reactions
between S00 and S50 °C. The deposited powders were characterized by powder X-ray diffraction (p-XRD), scanning electron
microscopy (SEM), energy dispersive analysis of X-ray (EDAX), transmission electron microscopy (TEM), and elemental mapping.
MnS, MnSe,, and MnSSe phases were obtained from the decomposition of respective manganese complexes. In contrast, the
decomposition of copper-based complexes yielded Cu,_,Se and the sulfur-doped Cu;Se, phase from seleno- and mixed thio/seleno-
complexes of Cu, respectively. The morphology ranged from random sheet-like structures to agglomerated platelets, while the
selected area electron diffraction (SAED) revealed the crystalline nature of the materials. Depending on the nature of the complex
and the temperature, different amounts of phosphorus were present as an impurity in the synthesized products.
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B INTRODUCTION chalcogenides requires the use of carefully designed precursors
with comparable reactivity.

The use of metal—organic precursors (MOPs) often yields
compounds with better control over stoichiometry and phase
purity.'> The MOPs are usually stable, can be stored for a long
duration and, under specified reaction conditions, are advanta-
geous for obtaining products with great reproducibility.
Moreover, they are equally suitable for the fabrication of thin
films and nanomaterials using different techniques.'® Sulfur-

Transition metal chalcogenides (TMCs) have emerged as
potential materials for various important applications, such as
solar cells, sensors, field-effect transistors (FETs), water
splitting, photocatalysis, photovoltaics, supercapacitors, fuel
cells, and thermoelectric materials.'~' In addition to binary
metal chalcogenides, the mixed anionic solid solutions or
alloyed compounds (e.g., CdS;_,Se,, PbS,_,Se,, SnS,_,Se,, and

8b2(8,_,Se,);) are of interest as, besides size and morphology, based MOPs are relatively well explored as compared to their
the properties of such compounds are also composition- higher congeners, that is, selenium and tellurium. Commonly
dependent.11_13 Moreover, aside from the flexibility of tuning used MOPs for metal sulfides are xanthates, dithiocarbamates,
the properties based on composition, the performance of such thiourea, thiolates, thioethers, and thiosemicarbazone.'”
alloyed compounds is usually enhanced because of the Selenium and tellurium-based MOPs are not well explored
synergistic effects from mixed anions.””> The chalcogenide because of difficulties associated with their synthesis, limited
atoms have similar oxidation states and comparable electro- choice of reagents, toxicity, and comparatively lower stability.
negativity, and the formation of such mixed anionic inorganic For example, frequently used xanthates and dithiocarbamates
compounds is favored when the parent binary metal

chalcogenides exist in a similar crystal structure.'* The Received: February 15, 2022 Inorganic hemisty

synthesis of mixed anionic alloys is challenging because of Published: April 18, 2022
the limited availability of suitable chalcogenide sources.
Moreover, the difference in the precursor nature/reactivity

may lead to the formation of secondary phases or undesired
impurities. Therefore, the synthesis of mixed anionic metal
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are prepared by reacting alcohol or amine with carbon disulfide
(CS,) in the presence of a base. However, the selenium
analogue of CS,, that is, CSe, is highly unstable, obnoxiously
smelling, and much more toxic than CS,. On the other hand,
tellurium preferably forms dialkylmonotelluride (R,Te) or
dialkylditelluride (R,Te,) rather than carbon ditelluride
(CTe,).

Dichalcogenoimidodiphosphinate ligands [(EE'P,R,NH)]
(E,E' =S, S; Se, Se; S, Se; Te, Te; R = 'Pr, Ph) are bidentate
ligands that exhibit an excellent coordination ability toward
transition metals to form diverse cyclic inorganic com-
plexes."*™** The ligand consists of a PNP backbone, two
organic groups, and both phosphorus atoms are bonded to
chalcogenide atoms, which can coordinate with the metal atom
to form cyclic inorganic complexes. The interesting aspect of
these ligands is that they can be engineered to contain either
similar chalcogenide atoms (i.e, E = E' = S, Se, Te) or
different chalcogenide atoms can be selectively introduced (i.e.,
E, E' =S, Se; S, Te; Se, Te). Sulfur and selenium are easily
oxidized, and they react with the P"/P™ system of HN(PR,),
to generate HN(PR,E), ligands readily. However, unlike S and
Se, tellurium is a metalloid and does not oxidize easily. Because
of its large size and low tendency to oxidize, the Te-based
ligand can be obtained by forming an alkali metal (Li/Na) salt
through an in situ deprotonation.’

Recent developments on the synthesis of various nano-
structured materials and nanocomposites (e.g., ternary systems,
metal oxides, and metal selenides) have occurred through
different techniques. These include sonochemical reac-
tions,”> >’ thermal treatment/decomposition,”*” hydrother-
mal synthesis,””*" co-precipitation®” combination of different
techniques,” and calcination.®® As the solid-state decom-
position of MOPs results in the formation of metal
chalcogenides, a mixed anion metal complex is expected to
yield mixed metal chalcogenide alloys. The solid-state
decomposition involves the solvent-less decomposition of an
MOP under an inert atmosphere.”” Different single-source
precursors have been used to synthesize metal chalcogenide
nanomaterials via solvent-less decomposition.”” As compared
to other techniques, the solvent-less decomposition method is
scalable and economical with environmental benefits.”*** In
addition, there are no negative or undesirable effects of
solvents/surfactants in solvent-less synthesis.

Among the different inorganic materials, copper and
manganese chalcogenides are of interest because of their
wider availability, low toxicity, cost-effectiveness, and applica-
tions in diverse fields. Manganese chalcogenides exist in three
different crystallographic phases, a-(rock salt), -(zinc blende),
and y-(wurtzite), among which the a-phase is the most
stable.”>™*" Likewise, copper chalcogenides exist in various
stoichiometric ratios, ranging from metal-rich (i.e, Cu,S and
Cu,Se) to stoichiometric compounds (i.e, CuS and
CuSe),"' = while its crystallographic forms are orthorhombic,
hexagonal, monoclinic, cubic, and tetragonal.d'l’44 The multiple
crystallographic modifications of these materials make it
challenging to produce single-phase selectively with high
purity. Moreover, obtaining a uniform size and morphology is
also a challenge as it shows a range of morphologies such as
spherical, sheet-like, discotic, hexagonal, or multifaceted
polyhedral nanoparticles. The synthesis of sulfides of these
metals (Cu, Mn), via MOPs, is well investigated, while the
synthesis of their selenide-based compounds via MOPs is not
adequately developed.
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To the best of our knowledge, there is no report on the use
of dichalcogenoimidodiphosphinate complexes to synthesize
either manganese or copper chalcogenides. Herein, we report
the synthesis of homo- and hetero-dichalcogenoimidodiphos-
phinate complexes of Cu and Mn. The mixed anion complexes
were prepared in anticipation that the existence of their sulfide
and selenide phases in similar crystallographic phases may
favor the formation of mixed thio/seleno-alloys upon
decomposition of the precursors. The crystal structures of
manganese complexes were elucidated, and their thermal
behavior investigated. The complexes were used to deposit
metal chalcogenides through solvent-less melt reactions at 500
and 550 °C. The residual powder obtained was characterized
by powder X-ray diffraction (p-XRD), scanning electron
microscopy (SEM), energy dispersive analysis of X-ray
(EDAX), transmission electron microscopy (TEM), and
elemental mapping.

B EXPERIMENTAL SECTION

Materials. Using a standard double-manifold Schlenk line
connected to a vacuum pump, all synthetic procedures occurred
under a dry inert atmosphere of nitrogen. The following chemicals
were purchased from Sigma-Aldrich: chlorodiisopropylphosphine
(96%) (toxic, handled with care in a well-ventilated area),
1,1,1,3,3,3-hexamethyldisilazane (99%) (toxic, handled with care in
a well-ventilated area), anhydrous MnCl, (>99%), and anhydrous
CuCl, (>99.95%), while selenium pellets, sulfur flakes, and powdered
NaOMe were obtained from Fluka, Riedel-de Haén Honeywell, and
ABCR, respectively. They were used without any alteration(s). All
solvents were dried and obtained either through distillation or
through molecular sieve storage.

Synthesis of Ligands. Synthesis of [Pr,P(Se)NHP(Se)'Pr,]. The
synthesis of the ligand was performed according to the previous
report.** Briefly, chlorodiisopropylphosphine (25 g, 26 mL, 164
mmol) in toluene (30 mL) was added slowly into a solution of hot
toluene (S0 mL) containing 1,1,1,3,3,3-hexamethyldisilazane (13.2 g,
17 mL, 82 mmol). With stirring, the solution was refluxed at 90 °C for
3 h and was cooled to attain an ambient temperature. After the
addition of powdered selenium (12.95 g, 164 mmol), the mixture was
refluxed and stirred for 6 h, which gave a deep-orange solution, and it
was cooled overnight. An off-white crude product was obtained after
filtration, which was dissolved in hot dichloromethane. Excess
selenium was removed through celite filtration, followed by solvent
removal on the rotary evaporator. A white crystalline powder was
obtained as the product. Yield: 8.62 g (26%). Elemental analysis:
calculated for C,,H,,NP,Se,: C, 35.37; H, 7.18; N, 3.44%. Found: C,
35.46; H, 7.18; N, 3.59%. "H NMR, (8, CDCl,, 400 MHz): & = 1.30
(m, 24H, 8 X CH(CH,),); 2.73 (m, 4H, 4 X CH(CH,),); 3.08 (s,
1H, —-NH). C NMR: § = 17.54, 32.19 ppm; *'P {'"H} NMR: 90.31
ppm; 7’Se NMR: § = —367.08, —356.26 ppm.'Jp_g, = 751 Hz. MS
(ESI) + ve: m/z 408 [M + H]".

Synthesis of [fPrzP(S)NHP(Se)fPrz]. The synthesis of the ligand was
performed according to the previous report.45 Briefly, chlorodiiso-
propylphosphine (25 g, 26 mL, 164 mmol) in toluene (30 mL) was
added slowly into a solution of hot toluene (S0 mL) containing
1,1,1,3,3,3-hexamethyldisilazane (13.2 g 17 mL, 82 mmol). The
reaction mixture was stirred and refluxed at 90 °C for 3 h and cooled
to room temperature afterward. Powdered selenium (6.48 g, 82
mmol) was added, and stirring continued overnight, after which
powdered sulfur (2.63 g, 82 mmol) was added. The mixture was
stirred for 6 h, which gave a white solution. This was filtered and
dissolved in hot dichlormethane (DCM) to remove excess reactants.
From the filtrate, the solvent was removed on the rotavap, and a white
crystalline powder was obtained as the product. Yield: 9.71 g (33%).
Elemental analysis: calculated for C;,H,,NP,SSe: C, 40.00; H, 8.11;
N, 3.89; S, 8.90%. Found: C, 39.90; H, 8.14; N, 3.88; S, 9.19%. 'H
NMR, (5, CDCl,, 400 MHz): § = 1.31 (m, 24H, 8 X CH(CHs;),);
248 (m, 2H, Se=P—CH(CH,;),); 2.73 (m, 2H, S=P—CH(CH,),);

https://doi.org/10.1021/acs.inorgchem.2c00460
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320 (s, 1H, —=NH). C NMR: § = 17.57, 31.12 ppm; >'P {'H}
NMR: 92.56, 89.28 ppm. MS (EI): m/z 361 [M]*.

Synthesis of fPrZP(S)NHP(S)iPrQ]. The synthesis of the ligand was
performed according to the previous report.” Briefly, chlorodiiso-
propylphosphine (25 g, 26 mL, 164 mmol) in toluene (30 mL) was
added slowly into a solution of hot toluene (S0 mL) containing
1,1,1,3,3,3-hexamethyldisilazane (13.2 g, 17 mL, 82 mmol). Stirring
and refluxing continued for 3 h at 90 °C, and subsequently cooled to
room temperature. Powdered sulfur powder (5.26 g, 164 mmol) was
added, and the mixture was refluxed with stirring for 6 h. Overnight
cooling of the mixture produced a white solution, which was filtered.
The residue of white precipitate was purified with CS, (2 X 1S mL)
and n-hexane (15 mL). A white crystalline powder was obtained as
the product. Yield: 10.35 g (40%). Elemental analysis: calculated for
C1,HpoND,S,: C, 45.99; H, 9.33; N, 4.47; S, 20.42%. Found: C, 46.15;
H, 9.42; N, 4.64; S, 20.19%. 'H NMR, (5, CDCl,, 400 MHz): § =
1.21 (m, 24H, 8 X CH(CHj;),); 2.52 (m, 4H, 4 x CH(CH,;),); 2.88
(s, 1H, -NH). *C NMR: § = 17.28, 31.92 ppm; *'P {'"H} NMR:
90.88 ppm. MS (ESI) —ve: m/z 312 [M — H]".

Synthesis of Complexes. Synthesis of Mn[(SePPr,),N], 1. In
redistilled MeOH (35 mL), diselenoimidodiphosphinate ligand (3.00
g, 7.37 mmol) was dissolved and stirred for half an hour, followed by
the addition of NaOMe (0.40 g, 7.37 mmol) for in situ deprotonation
of the ligand. A yellow solution was observed. Methanolic solution of
MnCl, (0.46 g 3.68 mmol) was added dropwise, and the solution
turned light brown. After stirring for 4 h, a dark-brown solution was
obtained, the precipitate was filtered, and dissolved in hot DCM. The
hot filtration produced a yellow filtrate, from which the solvent was
removed on the rotavap. The product obtained was a crystalline
orange powder. Yield: 1.44 g (45%). Elemental analysis calculated for
C,HMnN,P,Se,: C, 3321; H, 6.51; N, 3.23%. Found: C, 33.18; H,
6.49; N, 3.21%. M.Pt: 149 °C. 'H NMR, (5, CDCL,, 400 MHz): 6 =
1.35 (m, 24H, 8 X CH(CH,),); 2.46 (m, 24H, 8 x CH(CHj),); *C
NMR: § = 17.29, 17.96, 32.21 ppm; P {'"H} NMR: 70.26, 73.31
ppm. MS (EI): m/z 408 [(SePPr,),N]*, m/z 463 [(SeP'Pr,),N +
C,H,]*, m/z 866 [Mn{(SeP'Pr,),N},]*.

Synthesis of Mn[(SP’Prz)(SePiPrZ)N]Z 2. The thioselenoimidodi-
phosphinate ligand (3.00 g, 8.33 mmol) was added to dry MeOH (30
mL) and stirred for 30 min. Following the addition of NaOMe (0.45
g, 8.33 mmol) and stirring for half an hour to remove the acidic
proton, a yellow solution was obtained. Dropwise addition of the
methanolic solution of MnCl, (0.53 g, 4.16 mmol) in 20 mL of
MeOH produced a pink solution, which was stirred for 4 h. This was
filtered and dissolved in hot DCM, followed by solvent removal under
pressure. A crystalline orange powder was obtained as the product.
Yield: 1.26 g (39%). Elemental analysis calculated for
C,HMnN,P,S,Se,: C, 37.25; H, 7.30; N, 3.62; S, 8.27%. Found:
C, 37.95; H, 7.41; N, 3.71; S, 9.07%. M.Pt: 141 °C. 'H NMR, (5,
CDCl,;, 400 MHz): 6 = 1.33 (m, 24H, 8 x CH(CH,),); 1.61 (m,
24H, 8 x CH(CHj;),); ®C NMR: § = 17.27, 31.11 ppm; *'P {'H}
NMR: 89.30, 92.56 ppm. MS (EI): m/z 361 [{(SP'Pr,)(SeP'Pr,)-
NLI*, m/z 415 [{(SP'Pr,)(SeP’Pr,)N}, + C,H.]*, m/z 773
[Mn{(SP'Pr,)(SePPr,)N},]".

Synthesis of Mn[(SP'Pry),N], 3. In dry MeOH (35 mL), the
dithioimidodiphosphinate ligand (3.00 g, 9.57 mmol) was added and
stirred for 30 min. NaOMe (0.52 g, 9.57 mmol) was introduced, and
the mixture was stirred for half an hour. Methanolic solution of MnCl,
(0.60 g, 4.79 mmol) in 20 mL of MeOH was added dropwise. After 4
h, a whitish-pink solution was obtained. This was filtered and
dissolved in hot DCM for the removal of excess reactants. The solvent
was removed from the filtrate on the rotary evaporator to obtain a
light pink powder. Yield: 1.09 g (34%). Elemental analysis calculated
for C,HMnN,P,S,: C, 42.40; H, 8.30; N, 4.12; S, 18.86%. Found:
C, 42.36; H, 827; N, 4.09; S, 1821%. M.Pt: 139 °C. 'H NMR, (5,
CDCl,, 400 MHz): & = 1.34 (m, 24H, 8 X CH(CH,),); 1.59 (m,
24H, 8 X CH(CH;),); *'P {'"H} NMR: 94.40 ppm. MS (EI): m/z
312 [(SPPr,),N]*, m/z 367 [(SPPr,),N + C,H,]*, m/z 679
[Mn{(SP'Pr,),N},]". )

Synthesis of Cu[(SeP'Pr,),N], 4. While stirring, the imidodiseleno-
diphosphinate ligand (3.00 g, 7.37 mmol) was dissolved in dry MeOH
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(30 mL), and subsequently, NaOMe (0.40 g, 7.37 mmol) was added
with further stirring for half an hour. Dropwise addition of CuCl,
(0.50 g, 3.68 mmol) solution in MeOH (20 mL) resulted in a brown
coloration of solution. An ox-blood solution was obtained after 4 h,
which was filtered, and the residue was dissolved in hot DCM. The
solution was filtered, which gave an off-green filtrate, followed by
solvent removal on the rotary evaporator. A crystalline greenish
product was obtained. Yield: 1.26 g (39%). Elemental analysis
calculated for C,,HcCuN,P,Se,: C, 32.89; H, 6.44; N, 3.20%. Found:
C, 31.22; H, 6.04; N, 2.98%. M.Pt: 147 °C. "H NMR, (5, CDCL,, 400
MHz): § = 1.24, 2.18, 5.31 ppm; *C NMR: § = 17.53, 31.13, 32.63
ppm; ¥'P {"H} NMR: 52.12 ppm. MS (EI): m/z 409 [(SeP'Pr,),N]*,
m/z 808 [Cu{(SePPr,),N}, — 2PH,]*, m/z 873 [Cu{(SeP’Pr,),N},
- 3"

Synthesis of Cu[(SP'PrZ)(SeP’Prz)sz 5. While stirring for 30 min,
the thioselenoimidodiphosphinate ligand (3.50 g, 9.71 mmol) was
dissolved and stirred in dry MeOH (30 mL), followed by the addition
of NaOMe (0.52 g, 9.71 mmol) to deprotonate the ligand. Through
dropwise addition, CuCl, (0.65 g, 4.86 mmol) in 20 mL of MeOH
was added to the solution, which turned brown. This was stirred for 4
h and filtered. Dissolution in hot DCM and subsequent filtration
produced a dark-green filtrate, from which the solvent was removed
under vacuum. A crystalline yellowish-green product was obtained.
Yield: 0.82 g (22%). Elemental analysis calculated for
C,,HysCuN,P,S,Se,: C, 36.84; H, 7.22; N, 3.58; S, 8.18%. Found:
C, 35.47; H, 7.02; N, 3.54; S, 8.36%. M.Pt: 136 °C. 'H NMR, (5,
CDCl,, 400 MHz): § = 1.24, 2.16, 2.97 ppm; 3C NMR: § = 17.28,
31.83 ppm; *'P {'"H} NMR: 54.38, 63.03 ppm. MS (EI): m/z 361
[{(SP'Pr,)(SeP'Pr,)N}, 1", m/z 784 [Cu{(SP'Pr,)(SeP’Pr,)N}, + 2]*.

Synthesis of Cu[(SPPr,),N], 6. In dry MeOH (30 mL), the
dithioimidodiphosphinate ligand (2.50 g, 7.98 mmol) was dissolved
and stirred for half an hour, after which NaOMe (0.43 g, 7.98 mmol)
was added for in situ deprotonation. A solution of CuCl, (0.54 g, 3.99
mmol) in MeOH (20 mL) was added in drops, and violet coloration
was observed. The solution was stirred for 4 h, which turned off-white
in color. After filtration, excess reactants were removed through
dissolution in hot DCM. From the filtrate, the solvent was removed
under vacuum, and a crystalline creamy product was obtained. Yield:
0.82 g (30%). Elemental analysis calculated for C,,H,CuN,P,S,Se,:
C, 41.87; H, 821; N, 4.07; S, 18.59%. Found: C, 37.33; H, 7.32; N,
3.65; S, 20.73%. M.Pt: 139 °C. '"H NMR, (5, CDCl,;, 400 MHz): § =
1.26, 1.60, 2.16 ppm; *C NMR: § = 16.82, 31.47; *'P {'"H} NMR:
58.35 ppm. MS (EI): m/z 313 [(SP'Pr,),NJ*, m/z 375 [Cu-
(SP'Pr,),N1*, m/z 681 [Cuf{(SPPr,),N}, — H]".

Melt Reactions. Under inert conditions, 0.6 mmol of the
precursor was placed in a ceramic boat in a glass tube. The tube
was inserted inside the tube furnace. One end of the tube was sealed
using a rubber septum, and the other end of the tube was connected
to Schlenk-line. The tube was evacuated three times and filled each
time with an inert atmosphere of nitrogen. The furnace was heated at
10 °C min™" to 500 °C (and 550 °C) for 1 h. After cooling to room
temperature, the deposited sample was removed and ground prior to
characterization. As the complexes were sublimating in nature, some
deposition was also observed on the wall of the reactor tube.

Characterization of the Complexes. Using Leco CHNS-932 or
El Vario III elemental analyzers, CHN analyses were done at the
Microanalytical section of the Institute of Organic Chemistry and
Macromolecular Chemistry (IOMC), Friedrich-Schiller-Universitat,
Jena, Germany. Thermogravimetric analysis (TGA) measurements
were performed using the NETZSCH STA 409F PC/PG DTA/TG
model with a heating rate of 5 K min™". A Bruker Avance (III) 400
MHz FT-NMR spectrometer was used for nuclear magnetic
resonance (NMR) spectra analyses, with either deuterated chloroform
or toluene as the solvent. '"H NMR spectra analyses were reported in
reference to tetramethylsilane Me,Si, while >'P NMR spectra analyses
were referenced to H;PO,. The melting point was recorded on a
Gallenkamp melting point apparatus. Mass spectrometry (MS)
spectra were recorded on a Bruker MAT SSQ 710 spectrometer by
using electron ionization or electron spray ionization. The intensity
data for the compounds 1, 2, and HL3 were collected on a Nonius
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Figure 1. (a) Schematic diagram for the synthesis of ligands and complexes of manganese and copper. (b) Anionic chelate forms of the
dichalcogenoimidodiphosphinate ligand. (A = intermediate; B = ligand; and C = complex).

Table 1. Crystal Data and Refinement Details for Compounds 1, 2, and HL3

compound 1
formula C,,HsMnN,P,Se,
fw (grmol™) 867.36
T/°C —140(2)
crystal system triclinic
space group P1
a/A 9.3488(2)
b/A 12.9203(3)
/A 16.3217(4)
al® 79.041(1)
B/° 77.937(1)
¥/° 70.258(1)
V/A3 1799.27(7)
VA 2
p (grem™) 1.601
u (em™) 46.07
measured data 20,400
data with I > 26(I) 6364
unique data (R;) 8155(0.0736)
wR, (all data, on F*)” 0.1327
R, (I > 26(D))* 0.0659
s 1.071
res. dens./e-A™3 1.213/-0.849
absorpt. method multi-scan
absorpt. corr. Tpyin/max 0.6034/0.7456
CCDC No. 2069431

2 HL3
Cy4HsMnN,P,S,Se, C1,HyNP,S,
773.56 313.42
—140(2) —140(2)
triclinic monoclinic
P1 P2,
9.2937(2) 14.1645(3)
12.8637(2) 10.4773(2)
16.3148(3) 11.8740(3)
79.075(1) 90

78.012(1) 105.394(1)
69.588(1) 90
1773.48(6) 1698.95(7)

2 4

1.449 1.225

27.4 4.85

17,723 12,031

7045 3503
8051(0.0222) 3896(0.0353)
0.0654 0.0868
0.0305 0.0385

1.054 1.058
0.399/-0.319 1.156/—-0.456
multiscan multiscan
0.6263/0.7456 0.7128/0.7456
2069432 2069433

“Definition of the R indices: R, = (ZIF,| — IFI1)/ZIE,; wR, = {Z[w(F,2 — F2)21/Z[w(F.})*}* with w™' = 6*(F.2) + (aP)? + bP; P = [2F2 +

Max(Fo’]/3. s = {E[w(F,* = F2)*]/(N, — N,)}'/2

KappaCCD diffractometer using graphite-monochromated Mo-K, (4
= 0.71073 A) radiation. Data were corrected for Lorentz and
polarization effects; absorption was taken into account on a
semiempirical basis using multiple scans.*™® The structures were
solved using direct methods (SHELX-2014*) and refined by full-
matrix least-squares techniques against Fo.” All nonhydrogen atoms
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were located in the difference density map and refined anisotropically
with SHELX-2014.*" All hydrogen atoms were included as idealized
contributors in the least-squares process. Their positions were
calculated using a standard riding model with SHELX-2014. The
amine N—H was located in the difference density map and refined
isotropically. Compound 2 was refined to account for the site disorder
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of the Se/S ligand donor atoms with a final site occupancy factor of
17:83. Mercury™® was used for visualizing and analyzing structures.

Characterization of Deposited Metal Chalcogenides. p-XRD
patterns were measured at room temperature using a Bruker AXS D8
Advance diffractometer supplied with nickel-filtered Cu-Ka radiation,
at 40 kV and 40 mA (4 = 1.5418 A). Images for TEM and SAED were
measured on a JEOL 1400 TEM equipment fitted with a Gatan
camera at an accelerating voltage of 120 kV. Ethanol suspensions of
melt products were diluted and sonicated, followed by evaporation on
Formvar-coated copper grids (150 mesh) before analyses. The soft
Imaging Systems program was used to process the resultant images.
SEM, EDX, and elemental mapping were performed on a ZEISS EVO
LS 15 equipment connected to an Oxford detector at 20 kV. The
deposited powders were added in small pieces onto a carbon tape
connected to an SEM stub. Before analyses were performed, samples
were carbon-coated using a Quorum coater (Q1S0TE).

B RESULTS AND DISCUSSION

The ligands and the complexes were synthesized in a one-pot
route according to the synthetic route depicted in Figure la.
The dichalcogenoimidodiphosphinate ligands were synthesized
by refluxing chlorodiisopropylphosphine and hexamethyldisi-
lazane to produce [NH(P'Pr,),] (A), after which the addition
of stoichiometric amounts of sulfur, selenium or equimolar
sulfur, and selenium produced the ligand [NH(EP'Pr,),] (B).
This ligand contains an acidic N—H proton, which can be
easily deprotonated to form anionic chelate complexes, as
shown in Figure 1b. The reaction of the ligand [NH(EPR,),]
with appropriate metal (Cu, Mn) salts formed the neutral
complexes (C) with the general formula ML,.

X-Ray Crystal Structure and Density Functional
Theory. The dithioimidodiphosphinate ligand had been
studied by Cupertino et al., with the previous report showing
the ligand in the P2,/a space group.4Sb The present structure is
in the P2,/c space group, that is, a new polymorph, is free from
the positional disorder in the terminal methyl groups
associated with the previously reported structure. In addition
to being a new polymorph free of disorders, the structure
presented herein was determined at cryogenic temperature,
resulting in an improved C—C bond accuracy and an improved
R-factor. Crystallographic data as well as structure solution and
refinement details are summarized in Table 1.

The ligand molecule in the asymmetric unit (Figure 2)
shows that it has adopted a somewhat unusual gauche-
configuration as represented by the S1-P1---P2—S2 “torsion”
angle, which measures 83.26(3)°. This is in contrast to other
derivatives of the ligand such as the isobutyl analogue, P,P-di-
isobutyl-P’,P’-disecbutyldithioimidodiphosphinate,”" which
shows the expected anticonfiguration rotamer. The antirotamer
is typically lower in energy in most chemical systems.”

The ligand forms one-dimensional hydrogen-bonded chains
in the solid-state, which are colinear with the crystallographic c-
axis. This hydrogen-bonded chain (Figure 2) is supported by
hydrogen bonds between the amine NH and the sulfur atom of
an adjacent molecule, N1--S1 (3.543(2) A), HIN--S1
(2.74(2) A), and N1-HIN (0.80(2) A). The length of this
interaction is significantly shorter (by 0.256 A) than the sum of
the van der Waals radii of the interacting non-H atoms.
Although the interaction length does not necessarily correlate
linearly with interaction strength because of packing
constraints in the lattice, the short distance coupled with a
near-optimum hydrogen bond angle of 173(3)° suggests that
the bond is likely to be moderately strong. The structure also
shows two intramolecular C—H:--S interactions between the
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(B)

Figure 2. (A) One-dimensional hydrogen-bonded chain formed by
the ligand HL3 in the solid state viewed down the b-axis. The chain is
colinear with the c-axis and is supported by hydrogen bonds between
the amine NH (H-bond donor) and the sulfur atom of an adjacent
molecule (H-bond acceptor). Symmetry code: x, 1/2 — y, —=1/2 + z.
[B] Labeled asymmetric unit of HL3 showing displacement ellipsoids
at the 50% probability level; alkyl hydrogen atoms have been
excluded.

isopropyl groups and the sulfur atoms. These C—H---S
interactions (2.786 and 2.793 A) are again significantly shorter
than the sum of the van der Waals radii (>0.2 A shorter) in this
instance; this interaction distance is directly limited by the
geometry of the ligand, and no inference of interaction
strength would be valid. The P1—S1 bond length, 1.9591(8) A,
is shorter than the P2—S2 bond length, 1.9494(6) A. This is
likely a consequence of the electronic influence of hydrogen
bonding. The selenium analogue of the free ligand shows a
similar elongation of the P—Se bond when the selenium atom
is involved in hydrogen bonding."* The mean P—N bond
length of the ligand measures 1.692(3) A. This is relatively
short but falls within the range for a P—N single bond. The
mean P=S bond length, 1.954(1) A, is short and is indicative
of double-bond character. The N—P—S bond angles are
slightly more obtuse than the ideal angle for an sp*-hybridized
atom with a mean bond angle of 114.8(8)°.

A search of the Cambridge Structural Database (CSD)
showed that although imidodiphosphinate ligands with S,- and
Se,-donor atom sets are well studied, there are comparatively a
few reported structures of mixed Se/S donor imidodiphosphi-
nate ligands. The bis((diisopropylthiophosphoryl)-
(diisopropylselenophosphoryl)amido-S,Se) metal chelates are
limited to Pb%*, Zn*", Ni**, Pt**, Ga**, and In*.*****7° The
manganese(II)-coordinated compound 2 is thus unique.
Bis(P,P,P’,P’-tetraisopropyldiselenoimidodiphosphinato)
metal chelates with various divalent metal ions including, but
not limited to, Ni**, Hg*, Pt**, Cd*, sn**, Pb**, and Co*'
have been reported;31’ ©=%% the Mn?* chelate is, however,
previously unknown.

The bidentate ligands HL1 and HL2 both readily coordinate
Mn** with concomitant deprotonation of the acidic amine
groups. The bis(imidodiphosphinato) chelates are thus neutral
with the Mn?* ion adopting a distorted tetrahedral geometry,
as shown in Figure 3. Chelation of the bidentate ligands leads
to a six-membered chelate ring, which has adopted a half-chair
conformation; this is consistent with related sulfur and
selenium analogues.“s’SI The ligand has a large bite, which
gives a mean intraligand Se—Mn—Se bond angle of 112.1(6)°.
The interligand Se—Mn—Se bond angle of 1 is more acute
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Figure 3. Labeled displacement ellipsoid plots rendered at the 50%
probability level for the manganese(II) chelates of (top) compound 1
and (bottom) compound 2. Both chelates show a distorted
tetrahedral coordination geometry at the metal center. Compound
2 shows the site disorder of the Se and S donor atoms with a site
occupancy ratio of 17:83. H-atoms are omitted for clarity.

than the optimum angle for a tetrahedral metal ion, with a
mean of 109.0(6)°. The Mn—Se bond lengths show one
shorter and one longer bond between the metal and the
selenium atoms of each ligand. This may suggest that one of
the coordinating atoms carries a partial negative charge,
although the P===Se bond lengths show no statistical difference
in length to support this argument. The bond lengths and bond
angles describing the coordination sphere are summarized in
Table 2. The P—N bond lengths are shorter in the metal

Table 2. Selected Geometric Parameters Describing the
Coordination Sphere of the Manganese(II) Chelates 1 and 2

1 2
geometry (A or geometry (A or
bond °) bond °)
Mn1-Sel 2.559(1) Mnl—Sel® 2.54(1)
Mnl1-Se2 2.545(1) Mnl1-S1“ 245(2)
Mnl—Se3 2.556(1) Mnl—Se2 2.55(1)
Mnl—Se4 2.545(1) Mn1-82¢ 2.47(2)
Sel—Mnl—Se2” 111.68(4) Sel—Mnl1-82%" 110.1(4)
Se3—Mn1—Se4” 112.47(4) Se3—Mnl1-54"" 111.2(5)
Sel—Mn1—Se3“ 110.70(4) Sel—Mn1—-83%¢ 107.9(4)
Sel—Mnl1—Se2° 111.68(4) Sel—Mn1-82“° 107.9(5)

“These are the mean Mn—S/Se bond lengths and bond angles,
accounting for the site disorder. bThese are intraligand bond angles.
“These are interligand bond angles.

chelate 1 than the equivalent bonds in the free ligand, 1.588(3)
versus 1.690(4),"** while the P=S bond lengths are
significantly longer in the metal chelate (2.178(3)) than in
the free ligand (2.100(2)). These changes in the bond length
illustrate the effects of electron delocalization as a consequence
of ligand deprotonation and the electron-withdrawing effects of
the metal ion. The P—=N—P bond angle is ca. 10° more obtuse
in the metal chelate than the free ligand. The reason for this is
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not immediately apparent, but it has been reported in some
instances with related metal chelates.**”

The mixed Se/S donor ligand in compound 2 shows the site
disorder of the coordinating Se/S atoms, and a similar site
disorder has been previously reported for this class of
ligands.** As is the case with the selenium donor chelate of
Mn?*', the ligands have adopted a half-chair configuration, and
the metal jon has maintained the expected tetrahedral
geometry. The similar ligand architecture again leads to a
large ligand bite, and the intraligand Se—Mn—S bond angle is
more obtuse than the interligand Se—Mn—S bond angle; the
same was noted in the Se,-donor ligand. The P—=N—P bond
angle in the mixed donor ligand measures 140.1(2)°, this again
highlights the similarity of the ligand structures with the
equivalent parameter in the Se,-donor ligand measuring
141.2(5)°. The geometric parameters describing the coordi-
nation spheres of both compounds 1 and 2 are summarized in
Table 2.

The gauche configuration of the ligand in the solid state
prompted a study of the energies of the various rotamers of
HL3 with molecular simulations using DFT methods. These
simulations were performed using Gaussian 09 W.% The X-ray
coordinates were used for the initial input structure. The
lowest energy conformations were determined through
geometry optimization. Frequency simulations were completed
for all optimized structures. All simulations were run at the
CAM-B3LYP/6-311G level of theory, and single first polar-
ization and diffuse functions (d, p) were also added to the basis
set to improve accuracy. Input files were pre6pared, and output
files were analyzed using GaussView 5.0.°" The frequency
simulations suggested that the geometry optimizations were
true minima on the global potential energy surface based on a
lack of negative frequency eigenvalues. The solid-state
structure of HL3 showed it to be in the gauche configuration
with a S1—P1--P2—S2 torsion angle measuring 83.26(3)°. The
total energy of various molecular configurations as a function
of the S1—P1---P2—S2 torsion angles were calculated using a
scan simulation (rotations were effected in 15° increments for
a total of 24 steps).

The molecular simulations showed that a configuration with
an approximate anticonfiguration, as represented by a S1—P1---
P2—S82 “torsion” angle of —145.059°, is only marginally higher
in energy, by 0.59 kJ mol™, when compared to the optimized
gauche configuration with the equivalent torsion measuring
—235.059°; these two low energy configurations are illustrated
in Figure 4. Analysis of the frequency eigenvalues showed that
the gauche configuration had no negative frequencies, while
the “anti” configuration had a single negative frequency. This
single negative frequency indicates that the structure is a saddle
point on the potential energy surface. The very low energy
barrier between these two rotamers suggests that the slight
energy penalty associated with the approximate anticonfigura-
tion in the solid-state could be offset by energy gains through
more favorable packing in the crystal lattice in some cases.
These data illustrate why both configurations are noted in the
CSD. The influence of the S1—P1---P2—S2 torsion angle on
the free energy of the molecule in vacuo is presented in Figure
4.

The scan simulations show that both gauche and
anticonfigurations are low-energy rotamers. The eclipsed
configuration is significantly higher in energy. Analysis of the
space-filling model rendered using the van der Waals radii of
the atoms (Figure S1, ESI) shows that this is likely the result of
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Figure 4. Relative energies of compound HL3 as a function of the
S1—P1---P2—S2 torsion angle. Energy maxima and minima are
highlighted in magenta with their corresponding structures. The
simulations were run using a scan operation with 24 steps at 15°
intervals. The lowest energy conformation with a torsion angle of
—235° is used as the energy reference point. Hydrogen atoms are
omitted for clarity.

both nonbonded repulsion between the lone electron pairs on
the sulfur atoms as well as steric effects of the interacting
isopropyl substituents.

Thermogravimetric Analysis. The solid-state stability of
the complexes was investigated by thermogravimetric analysis
(TGA). All the complexes 1—6 exhibited clean decomposition,
as revealed by their rapid weight loss and a single-step
decomposition pattern (Figure S2 and S3, ESI). [Mn-
{(SeP'Pr,),N},] 1 showed a clean sublimation between 285
and 410 °C, with 7% residual mass. [Mn{(SP'Pr,)(SePPr,)-
N},] 2 decomposed between 275 and 408 °C with a final
residue of 9%. Between 300 and 405 °C, a rapid weight loss
occurred in [Mn{(SP'Pr,),N},] 3, having a final residue of 0%.
With a residual mass of 20%, single-step decomposition
occurred in [Cu{(SeP'Pr,),N},] 4 between 300 and 375 °C. A
similar single-step decomposition pattern was observed in
[Cu{(SP'Pr,)(SeP'Pr,)N},] 5 with a rapid weight loss between
300 and 375 °C, and a final residue of 22%. Likewise, similar to
[Mn{(SP'Pr,),N},], the dithio-analogue of copper [Cu-
{(SP'Pr,),N},] 6 also sublimed completely in a single-step
between 325 and 380 °C, and continues to sublime with a
further increase in temperature. It can be seen that the thio
analogues of both complexes are more easily sublimed when
compared to selenium or mixed thio-/seleno-complexes. The
alkyl derivatives of dichalcogenoimidodiphosphinate com-
plexes are well known for their sublimating nature, and for
the same reason, they have been precursors of choice for the
deposition of different metal chalcogenide thin films by low-
pressure chemical vapor deposition (LP-CVD).****®* Gen-
erally, for metal—organic precursors, the percentage of the
residual mass can indicate the nature of the metal chalcogenide
phase formed. However, because of sublimation, the
determination of the nature of the metal chalcogenide formed
on the decomposition of the precursor is impossible to
determine via the percentage of the residual material.

Structural Analysis of the Metal Chalcogenides. As
the TGA indicated that all the complexes decomposed around
400 °C, therefore, for better crystallinity, the pyrolysis
experiments were carried out at 500 and 550 °C. The
solvent-less thermolysis of all complexes 1—6 at 500 and 550
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°C produced black powders, which were pulverized and
characterized by p-XRD. The black powder obtained from the
diseleno-analogue 1, at 500 °C, produced no diffraction
pattern, whereas decomposition at a higher temperature of 550
°C with p-XRD analysis confirmed the deposition of cubic
manganese selenide, MnSe, (ICDD 03-065-3336, a = b = c =
6.4300 A, space group number Pa-3(205)) (Figure Sa). The

(a)

Intensity (a.u.)

Figure 5. (a) X-ray diffractogram of cubic MnSe, obtained from the
pyrolysis of complex (1) at 550 °C. (b,c) SEM images of manganese
selenide prepared at 500 and 550 °C, respectively. TEM images of
manganese selenide prepared at (d) 500 °C and (e) 550 °C,
respectively (inset shows the SAED pattern).

obtained lattice parameter of a = 6.4287 A matches the
literature-reported value (Table S1, ESI). The observed
reflections occurred at 26 values of 27.37°, 31.22° and
49.89°, which corresponded to (200), (210), and (222) planes.
The morphologies of the deposited materials and composition
were investigated by SEM and EDAX. Manganese selenide
obtained from complex 1 showed sheet-like structures
arranged in a random orientation, both at 500 and 550 °C
(Figure Sb,c). However, the particles were more agglomerated
at a higher temperature. The composition determination by
EDX analysis at 500 °C indicated selenium-deficient
compound with the Mn:Se ratio as 57.9%:42.1%. As the p-
XRD of this sample showed amorphous nature, it was difficult
to determine the exact phase; however, EDX analysis indicated
that Mn and Se are present closer to 1:1 ratio, which suggests
the formation of the MnSe phase. In addition, the elemental
mapping shows the presence of both manganese and selenium
uniformly distributed in the sample (Figure S4). Meanwhile,
the composition of manganese selenide obtained from same
complex 1, at 550 °C, indicated the presence of Mn and Se in
the 37.9%:62.1% ratio, respectively. Phosphorus was also
observed as an impurity. Previous reports indicated that the
use of these ligands for the deposition of thin films by aerosol-
assisted chemical vapor deposition (AACVD) or LPCVD also
resulted in phosphorus contamination.'*>* In addition, it was
observed that the amount of phosphorus as an impurity varied
from precursor to precursor, ranging from a trace amount of
phosphorus to as high as 10%. Mn and Se are approximately
present in 1:2 ratio, which is in accordance with the p-XRD
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analysis that indicated the formation of the MnSe, phase.
MnSe, is an important two-dimensional layered material, and
the morphology was also analyzed via TEM analysis, which
showed irregular sheet-like structures aggregated together
(Figure Sd,e). The selected area electron diffraction (SAED)
pattern showed diffused rings for both samples (inset (Figure S
d,e)), indicative of their amorphous nature, and is in
agreement with the p-XRD data.

For the dithio analogue of Mn 3, although no diffraction
pattern was observed at 500 °C, however, cubic manganese
sulfide, MnS (ICDD 03-065-0891, a = b = ¢ = 5.2190 A, space
group number Fm-3m(225)) was deposited at 550 °C (Figure
S5(a)). Although the intensity of the peaks was very low, the
lattice parameter (determined by taking into account the low-
intensity peaks) of a = 5.2185 A matches the literature value
(Table S1, ESI). The low-intensity diffraction peaks were
observed at 34.71° and 49.79°, having (200) and (220) planes,
respectively (Figure S5(a)). As the p-XRD analysis showed
amorphous behavior and inconclusive of the formation of
MnS, the formation of MnS was also confirmed by EDX and
elemental mapping. The elemental mapping confirmed the
presence of uniformly distributed Mn and S (Figure S6), and
EDX analysis indicates that the product is sulfur-deficient with
a Mn:S ratio of 68%:32%, respectively, at 550 °C. The
presence of phosphorus as an impurity was also observed. The
morphology of particles showed the formation of irregular
sheetlike structures at both temperatures as indicated by SEM
and TEM analyses (Figure S5(b—e)). Moreover, lateral growth
was observed over the sheets, which makes the sheets thicker.
The SAED pattern showed diffused rings, which indicates
amorphous behavior and agrees with the p-XRD analysis.

Because complex 2 contains both sulfur and selenium atoms,
it was used in anticipation of forming mixed thio-/seleno-alloy.
Complex 2 was also decomposed at similar temperatures, that
is, 500 and 550 °C. The diffraction peaks were located in
between the peaks for MnS and MnSe (Figure 6a). Both binary
MnS and MnSe exist in the cubic crystal structure and display
similar reflections of planes. A slight displacement of the peaks
may indicate the successful formation of MnSSe alloy. The
shifting of peaks is observed due to the fact that sulfur is
smaller in size than selenium; therefore, when sulfur is
incorporated into the crystal lattice of MnSe, it changes the
lattice parameters. As the theta value is inversely proportional
to d-spacing, a shift toward a higher theta value is expected.
The peaks were obtained at 26 values of 33.17°, 47.59°, and
59.00°, with the preferred orientation along the (200) plane.
The diffraction patterns were sharp, intense, and clearly visible
at both pyrolytic temperatures.

The presence of all the atoms, that is, Mn, S, and Se, was
also confirmed by EDX analysis and elemental mapping
(Figure 6d). The analysis confirmed the formation of alloyed
MnSSe with a ratio of the elements, that is, Mn:Se:S as
27%:48%:25% at 500 °C. The elemental mapping confirmed
the uniform distribution of all the elements. The morphology
was not different from manganese sulfide and selenide
prepared by complexes 1 and 3. Both SEM (Figure 6b,c)
and TEM (Figure 6ef) analyses show the formation of
irregular sheet-like structures with some stacking and
agglomeration. SAED of the samples showed defined spots,
which indicates better crystallinity and is also supported by the
p-XRD data.

Likewise, the solid-state pyrolysis of the copper complexes
was also investigated. The decomposition of complex 4 at 500
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Figure 6. (a) X-ray diffractograms of manganese sulfo-selenide from
complex (2), at 500 and 550 °C. (b,c) SEM images of manganese
sulfo-selenide prepared at S00 and 550 °C, respectively. (d) Elemental
mapping and (e,f) TEM images of manganese sulfo-selenide prepared
at 500 and 550 °C, respectively (inset shows the SAED pattern).

°C yielded pure phase of cubic copper selenide, Cu,_,Se. The
intensity profile of the diffraction pattern and the observed
lattice parameter matches well with the standard pattern
(ICDD 00-006-0680, a = b = ¢ = 5.7390 A, observed lattice
parameter of a = 5.7435 A) (Table S1, ESI) (Figure 7a). The
peaks were sharp and intense, indicating the crystalline nature
of the synthesized material. The formation of the selenium-

(a)

(111)
(220)

(550°C)  «

Intensity (a.u.)

(500 °C)

20

Figure 7. (a) X-ray diffractograms of copper selenide from complex 4,
at 500 and 550 °C (* indicates the presence of Cu;Se, phase). (b, c)
SEM images of copper selenide prepared at 500 and 550 °C,
respectively. (d,e) TEM images of copper selenide prepared at 500
and 550 °C, respectively (inset shows the SAED pattern).
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deficient phase is facilitated probably due to high partial
pressure associated with chalcogenides and also easy
reducibility of copper at high temperatures. With an increase
in decomposition temperature to 550 °C, low-intensity
diffraction peaks of another selenium-deficient phase, that is,
Cu;Se, (ICDD 01-071-004S) started to appear as an impurity
phase. Copper chalcogenides exist in various compositions/
phases, and a slight variation in the reaction conditions can
induce the formation of a different phase. For such materials,
obtaining a phase-pure product is a challenge, and in this case,
a temperature of 500 °C is an optimal temperature for phase-
pure Cu,_,Se.

Copper chalcogenides show a range of morphologies, such
as spherical, sheet-like, discotic, hexagonal, or multifaceted
polyhedral nanoparticles. Therefore, the morphology was
analyzed by SEM and TEM analyses and similar to manganese
chalcogenides, that is, without any defined shape, and no
control over shape and size was observed in the absence of
surfactants (Figure 7b—e). SEM images showed particles with
irregular morphology, while TEM analysis indicated the
formation of sheetlike structures with sizes in the micron
range. There was no significant effect of temperature on
morphology or size, being polydispersed at both temperatures.
The composition was further confirmed via EDX analysis,
which showed the percentage composition of copper and
selenium to be 66.9 and 33.1%, respectively, for pure Cu,_,Se
deposited at 500 °C. The ratio confirms the presence of copper
and selenium in a desired 2:1 ratio. The elemental mapping
also confirmed that both elements were well distributed in the
synthesized product (Figure S7).

Similarly, the dithio-analogue of copper complex 6 was
thermolyzed under similar conditions to obtain copper sulfide.
However, at both temperatures, that is, at 500 and 550 °C, a
mixture of hexagonal copper sulfide CuS (ICDD#01-075-
2236) and orthorhombic copper sulfide Cu,S (ICDD#00-012-
0227) was observed (Figure S8(a)). As mentioned earlier,
copper chalcogenides exist in various phases, and a slight
change in the stoichiometry or reaction conditions may favor
the formation of a different phase. No defined morphology was
observed at both temperatures either by SEM or TEM analysis,
and agglomerated platelets like structures were formed (Figure
S8(b—e)).

After dithio- and diseleno-analogues, a mixed thio-/seleno-
complex of copper 5 was pyrolyzed to observe whether it
formed the alloyed copper sulfo-selenide. The diffraction
pattern showed that at both decomposition temperatures, that
is, 500 and 550 °C, tetragonal copper selenide and Cu;Se,
(ICDD#00-019-0402, a = b = 6.4060 A, ¢ = 4.2820 A) were
deposited as a parent phase (Figure 8a). The intensity profile
slightly changed with the change in temperature, and at higher
temperature, maximum diffraction peaks were observed. The
peaks were slightly shifted to higher theta values, which may
indicate the presence of sulfur in the crystal lattice. However,
only p-XRD analysis was insufficient to confirm the presence of
sulfur. Therefore, EDX analysis and elemental mapping were
performed to observe the presence of sulfur. Elemental
mapping clearly showed the presence of sulfur, although
relatively in a small amount, along with copper and selenium
(Figure 8d). EDX analysis showed the elemental composition
to be Cu, 65%; Se, 30.5%; S, 4.5% at 500 °C. It is interesting to
note that the diseleno-analogue yielded the Cu,_,Se phase at
500 °C and started to transform to the Cu;Se, phase with an
increase in temperature, whereas the decomposition of the
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Figure 8. (a) X-ray diffractograms of copper sulfo-selenide from
complex (5), at 500 and 550 °C. (b,c) SEM images of copper sulfo-
selenide prepared at 500 and 550 °C, respectively. (d) Elemental
mapping and (e,f) TEM images of copper sulfo-selenide prepared at
500 and 550 °C, respectively (the inset shows the SAED pattern).

mixed thio-/seleno-complex resulted in the formation of the
Cu;Se, phase at both temperatures. As seen for the other
samples, the solvent-less decomposition resulted in the
formation of particles with agglomerated and randomly
oriented sheetlike structures. The morphological analysis of
sulfur-incorporated Cu,Se, by SEM (Figure 8b,c) and TEM
(Figure 8ef), at both temperatures, showed the formation of
nonuniform and polydispersed sheetlike structures.

The formation of mixed chalcogenide alloys is interesting as
earlier reports indicated unsuccessful attempts of alloy
formation via the use of a mixed thio-/seleno-complex. For
instance, O’Brien and co-workers prepared such mixed anionic
complexes of nickel, that is, Ni[{(SP'Pr,)(SeP'Pr,)N},] and
Ni[{(SeP'Pr,)(TeP'Pr,)N},] for the preparation of NiSSe or
NiSeTe.”*** However, the CVD of Ni[{(SP'Pr,)(SePPr,)N},]
precursor yielded nickel phosphide or nickel selenide thin films
depending on the deposition conditions, whereas Ni-
[{(SePPr,)(TeP'Pr,)N},] yielded only nickel telluride films.
Similarly, the decomposition of [Ag('Pr,P(S)NP(Se)™Pr,)],
precursors for the deposition of Ag,S;sSeys thin films via
AACVD and LPCVD was not successful.”** It was presumed
from their study that the final product was formed with the
heavier chalcogen atom. However, the solvent-less decom-
position shows that the synthetic route plays an important role
in determining the nature of the final product.

B CONCLUSIONS

Dichalcogenoimidodiphosphinate complexes of Mn and Cu
have been synthesized through metathetical reactions. The
complexes were employed as single-source precursors to
deposit crystalline metal chalcogenides through solvent-less
thermolysis. Tuning the structural composition of volatile
dichalcogenoimidodiphosphinate molecular precursors may
yield manganese and copper sulfides, selenides, or mixed
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sulfo-selenide alloys, by a solvent-less pyrolysis route. It
showed that in addition to the nature of the precursor, the
synthetic route played a significant role on the phase and
composition of the synthesized product. The X-ray single-
crystal structure analysis indicated triclinic crystal systems for
[Mn{(SeP'Pr,),N},] 1 and [Mn{(SP'Pr,)(SeP'Pr,)N},] 2.
The decomposition of these molecular precursors yielded
materials with sheetlike structures, however, there was no
control over size and shape. Moreover, phosphorus appeared
as an impurity in the final product. The percentage of
phosphorus varied between 4 and 12% for different precursors
at different temperatures. Phosphorus contamination was also
reported previously for metal chalcogenide thin films deposited
from similar ligands and was observed for other phosphorus-
based ligands as well, such as chalcogenophosphinates and
chalcogenophosphates complexes. The future work on these
materials will include molecular structure tuning to investigate
the effect of aryl groups or longer alkyl chains on the size and
shape of deposited materials. Moreover, different synthetic
routes will be tested to see whether they are suitable for the
deposition of alloyed films without the incorporation of

phosphorus.
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