- \
v
A4

http://pubs.acs.org/journal/acsodf

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @
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ABSTRACT: We report the synthesis and characterization of novel antimony(III)
complexes: Sb(mpa); (1), Sb(mmpa); (2), Sb(mdpa); (3), Sb(epa); (4), Sb(empa); N

(5), and Sb(edpa); (6) (mpa = N-methoxypropanamide, mmpa = N-methoxy-2- N
methyl-propanamide, mdpa = N-methoxy-2,2-dimethylpropanamide, epa = N- 2 N
ethoxypropanamide, empa = N-ethoxy-2-methylpropanamide, and edpa = N-ethoxy-
2,2-dimethylpropanamide, via a salt-elimination reaction with SbCl; and sodium-
substituted carboxamide. The molecular structure of 6 revealed the formation of a
homoleptic conformer with a highly distorted pentagonal bipyramidal geometry, as 4
determined by X-ray crystallography. Thermogravimetric analysis showed excellent

volatility at elevated temperatures, with complex 4 displaying the lowest residual mass Aﬁ:p :99.93 kJ/mol "
0f 0.16% at 500 °C. For complexes 4, S, and 6, the temperature at a vapor pressure of 1 A . . . . .
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Torr and the enthalpy of vaporization were estimated to be 58, 64, and 45 °C and 1000/T
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83.31, 103.58, and 99.93 kJ/mol, respectively.

B INTRODUCTION

Thin films containing antimony (such as oxides, nitrides,
sulfides, and chalcogenides) have gained considerable interest
owing to their various applications, such as catalysts for
photoelectrochemical water-splitting,’ anode materials for
lithium-ion batteries,” light sensitizers for solar cells,’ and
ultraviolet filters for interferometric applications.”> Among
antimony oxides, antimony trioxide (Sb,0;) has excellent
electrical properties, good transparency, a high refractive index
(2.0—-2.5), a wide band gap (>3.4 €V), and a high breakdown
voltage (~5.7 GV m™"), making it suitable for a wide range of
applications, including gas sensors,”’ dielectric mirror systems
for the UV region,4 electronic devices, and thin film transistors
(TFTs).>?

Antimony trioxide thin films have been previously prepared
by thermal sputterin%,lO thermal evaporation,'' chemical vapor
deposition (CVD),”™* and atomic layer deposition (ALD)."'*
The fabrication method significantly influences the morpho-
logical and chemical properties of the thin films. In particular,
ALD is a powerful thin-film deposition technique owing to its
precise control of film thickness and excellent reproducibility
as well as high-quality conformality on a variety of substrates,
all of which are essential for most of the aforementioned
applications.'

Volatility and thermal stability are prerequisites for CVD
and ALD precursors for transportation and deposition.
Therefore, the design and synthesis of precursors are important
to ensure properties, such as a low melting point, high vapor
pressure, high volatility, good thermal stability, and self-
limiting reactivity. The antimony(III) precursor for the CVD
process was first synthesized by Horley et al. in 2002 using
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tris(dimethylamino )antimony(III) and 2,6-dimethylphenol in
dry hexane via the Schlenk technique.'® Horley et al. prepared
homoleptic antimony carbamate complexes (Sb(O,CNR),,
where R = Me, Et, Pr') and used Sb(O,CNMe,); as a single-
source precursor in the low-pressure chemical vapor deposition
of Sb,0; thin films. Although these precursors have sensitivity
to moist air and sufficient volatility, they require deposition at a
high temperature of approximately 400 °C."” Yang et al.
described ALD processes using a trivalent antimony precursor
Sb(NMe,); and ozone, resulting in Sb,O; thin films."?
Recently, Yang et al. reported that Sb(NMe,); and H,0, via
low-temperature ALD processes generated a mixture of Sb,O;
and Sb,03, in which high deposition temperature increased the
Sb,0; phase in the thin film.”

This study focuses on synthesizing novel antimony
precursors with improved properties for thin film deposition.
Metal precursors utilizing alkoxy-modified carboxamide ligands
have been widely investigated in our group for thin film
deposition.*~*°
ligands were employed to satisfy the oxidation number and
binding site of antimony(III). Additionally, tuning the pendant
group at the a carbon position and the oxygen atom of the
amide group effectively reduced interactions between mole-

Three monoanionic bidentate carboxamide
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cules, resulting in a high vapor pressure and a low melting
point.

To develop novel antimony precursors, we synthesized six
Sb(III) carboxamide complexes, Sb(mpa); (1), Sb(mmpa),
(2), Sb(mdpa); (3), Sb(epa); (4), Sb(empa); (5), and
Sb(edpa); (6), as potential precursors for Sb-based thin
films. All complexes were characterized by Fourier transform
infrared (FT-IR) spectroscopy, nuclear magnetic resonance
(NMR), elemental analysis (EA), and thermogravimetric
analysis (TGA). Complex 6 was subjected to a single crystal
X-ray diffraction (SCXRD), as well as density functional theory
(DFT) calculations. For § and 6, vapor pressure was
performed using a dynamic method.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Antimony complexes
1—6 were synthesized via a salt-elimination reaction with 1
equiv of SbCl; and 3.2 equiv of sodium-substituted L1Na—
L6Na in toluene (Scheme 1). For all reactions, the mixture

Scheme 1. Synthetic Route of Sb Complexes 1—-6

Toluene o
SbCl; + 3.2

[}
NN

R; N Ry r.t, under Ar

1: R1=Me, Ro=Et
2: Ry=Me, Ry=Pr
3: Ry=Me, R,='Bu
4: Ry=Et, Ry=Et
5: Ry=Et, Ry="Pr
6: Ry=Et, R,='Bu

gradually became cloudy with the addition of the ligand
solution into the metal solution, indicating the progress of the
reaction. All complexes were stable under inert conditions,
such as a nitrogen or argon atmosphere. The prepared
complexes had a high solubility in chlorinated organic solvents
as well as benzene, hexane, THF, and diethyl ether. The crude
product Sb(L1);-Sb(L6); was easily isolated as a colorless
liquid of 1, 2, and 4, a white solid of 3 and 6, and a yellow solid
of § after filtration, followed by the removal of volatile
chemicals. The purification of the final products was
accomplished by distillation (1, 2, 4, and §), sublimation
(3), or recrystallization (6) from the hexane solution. Final
complexes were characterized by various methods, including
NMR spectroscopy, EA, IR spectroscopy, and X-ray
crystallography.

The 'H NMR spectrum of 1—6 in CDCl, solution showed
diagnostic shifts without concomitant formation of side
products (Figures S7—S18 in the Supporting Information).
For 1-3, the methoxy group shifted upfield compared with
that of the free ligands (from 3.83 to 3.66 ppm of 1, from 3.62
to 3.78 ppm of 2), whereas 3 was shifted downfield from 3.66
to 3.77 ppm. The OCH,CHj of the ethoxy group in 4—6
shifted downfield relative to those of the relevant starting
materials L4—L6 (from 3.93 to 4.08 ppm for 4, from 3.86 to
4.06 ppm for S, and from 3.86 to 4.06 ppm for 6), thereby
indicating that the oxygen in the electron donor was
coordinated to the antimony atom. The imine peak of all
complexes in the *C NMR spectrum showed peaks in the
range of 163.66—168.38; this range is similar to that observed

for previously reported homoleptic metal monomer complexes
using these types of ligands.'®'” These observations confirmed
that the ligand was attached via a desalted oxygen atom to the
antimony metal center.

Crystal Structure. To further establish the chemical
identity of 6, single crystals suitable for X-ray diffraction
were grown from a saturated hexane solution at 30 °C. The
selected bond distances and angles are listed in Table 1. The

Table 1. Selected Bond Lengths (A) and Bond Angles (deg)
for Complex 6

bond lengths (A) bond angles (deg)

Sb1-01 2.0248(14) 05-Sb1-03 85.41(6)
Sb1-02 2.5274(14) 01-Sb1-03 88.37(6)
Sb1-03 2.0251(15) 05-Sb1-02 76.99(5)
Sb1-04 2.5822(14) 03-Sb1-06 78.65(5)
Sb1-05 2.0232(14) 02-Sb1-06 114.52(5)
Sb1-06 2.5441(14) 02-Sb1-04 120.11(5)
bite angles trans angles

01-Sb1-02 66.55(5) 01-Sb1-06 149.14(5)
03-Sb1-04 65.61(5) 02-Sb1-03 150.18(5)
05-Sb1-06 66.07(5) 05-Sb1-04 146.15(5)
others ligand dihedral angels
05-Sb1-01 85.23(6) 02-N1-C1-01 1.4(3)
01-Sb1-04 77.20(5) 04-N2-C8-03 2.0(3)
06—-Sb1-04 120.68(5) 06—-N3-C15-05 1.1(3)

mononuclear antimony complex 6 crystallizes in a monoclinic
P2,/n space group with four molecules in a unit cell. The
obtained antimony(III) complex showed a homoleptic
monomeric conformer in a solid-state structure. The
mononuclear Sb atom was surrounded via seven coordinates
with three ligand molecules chelated via a x*~O2 binding mode
and a lone pair of electrons. The coordination polyhedron
defined by the atoms directly bonding to antimony can be
described as a highly distorted pentagonal bipyramidal
geometry, in which O2 and O3 occupy axial positions (03—
Sb—02; 150.18(5)°), and O1, 04, OS, and O6 and a lone pair
of electrons occupy the equatorial plane.”’ The angles of O—
Sb—O located in the equatorial plane vary from 66.07(5)° to
85.23(6)°, and those of E—Sb—O (where E represents the
electron pair) centered on the lone pair between O4 and 06
were estimated to be 59.59(6)° and 61.09(6)°, respectively.
The bite angles of O—Sb—O also exhibited a narrow range
from 65.61(5)° to 66.55(5)°; those of O—Sb—O (trans)
ranged from 146.15(5)° to 150.18(5)°. Ligand dihedral angles
(OCNO) within the five-membered chelate ring were 1.4(3)°
for O(1)—0(2), 2.0(3)° for O(3)—0(4), and 1.1(3)° for
O(5)—0(6). The sum of the angles at ONCO planes from
chelated ligands in 6 was 329.09°; it tilted by an average of
86.9° in the same direction, leading to a propeller-like
conformation for minimizing steric interactions. As shown in
Figure 1, the bond distances between the Sb metal center and
oxygen atoms contributed by the ligand molecule vary from
2.023 to 2.582 A due to the unsymmetrical chelation mode, as
is evident from the two sets of Sb—0O),,, and Sb—Ojp, bonds.
The Sb—O covalent bond distances, ranging from 2.023(14) to
2.025(15) A, are shorter than those of the coordinate bonds,
ranging from 2.527(14) to 2.582(14), with the longest bond
being adjacent to the lone pair at the equatorial position. Also,
the Sb—O bond distances in 6 are similar to those reported
antimony(I1I) f-diketonate complexes composed of three five-

https://doi.org/10.1021/acsomega.4c03482
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Figure 1. Highlighted bond lengths of complex 6 from X-ray crystal
structures with thermal ellipsoids at the 50% probability level. Alkyl
chains and hydrogen atoms are not shown for visual clarity (gold,
antimony; blue, nitrogen; red, oxygen; gray, carbon).

membered metallacycles based on 2,2,6,6-tetramethyl-3,5-
heptanedione (thd) with a ¥*-O2 binding mode.”” The Sb—
O lengths in Sb(thd); range from 2.446(3) to 2.468(3) for
Sb—Oyypg and from 2.055(3) to 2.065(3) for Sb—Og,,

Theoretical Calculations. Theoretical calculations were
performed using the Gaussian 16 software to investigate the
stability of the structure and the presence of a lone pair of
electrons between O4 and O6. The geometry of the ground
state of 6 was optimized in a chloroform solution at the B3LYP
functional®® and 6-31G** basis set”* for nonmetal atoms and
SBKJC VDZ ECP basis set>* for Sb atoms. As shown in Figure
2, a lone pair of electrons exists between the orbitals of O4 and
O6 at the equatorial plane. Distortion from ideal geometry on
metal center showed somewhat narrow O—Sb—O trans angles
attributable to the lone electron pair. The bond angles of O—
Sb—O (trans) were calculated as 146.40° (O1-Sb1-06,
equatorial), 146.45° (02—Sb1—03, axial), and 146.39° (04—
Sb1—05, equatorial), respectively. Based on these results, the
DEFT calculations predicted that complex 6 possesses a highly
distorted pentagonal bipyramidal geometry, which agrees with
the molecular structure observed from single-crystal X-ray
diffraction shown in Figure 1. Selected bond lengths (A) and
angles (deg) for 6 are listed in Table S3.

Thermal Analysis. The thermal behavior and volatility of
1-6 were explored using TGA in the temperature range of
30—500 °C under a constant flow of nitrogen. The physical
properties and TGA traces of 1—6 are shown in Table 2 and
Figure 3, respectively. The TGA trace of 2 and § show three-
step weight losses, with the first weight loss of approximately
20% at 157 °C for 2 and 170 °C for 5. The greatest weight loss
occurred between 150 and 190 °C, and the third step occurred
between 430 and 500 °C with nonvolatile residues of 7.0% for
2 and 17.2% for S. The TGA traces of 3 and 6 showed two-
step weight losses; the onset of mass loss occurred at 89 °C for
3 and 106 °C for 6. Complexes 3 and 6 showed considerable
weight loss up to their decomposition temperatures (203—216
°C) and small weight loss at 400—500 °C, with nonvolatile
residues of 11.9% for 3 and 5.9% for 6. 1 and 4 show single-

Figure 2. Top view of the HOMO energy level of the optimized
molecular structure of complex 6 from DFT calculations. Hydrogen
atoms are not shown for visual clarity (purple, antimony; blue,
nitrogen; red, oxygen; gray, carbon).

Table 2. Physical Properties of Complexes 1—6

melting onset of residual

mol wt point mass loss” mass

complex formula (g/mol) (°C) (°C) (%)
1 C,H,N,O,8b  428.10 117 64

2 CisHyN;O8b 47018 486 100 7.0

3 CsHiN;O(Sb  512.26 55.3 89 11.9
4 CisHyoN;OxSb  470.18 123 0.16

s CgH;N,O6Sb 51226 34.6 114 172

6 C, HuN,OSb 55434 807 106 59

“Temperature at 2% mass loss. “Residual mass at 500 °C.
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Figure 3. Thermogravimetric analysis (TGA) traces of complexes 1—
6 at a heating rate of 10 °C/min.

step weight losses starting at approximately 120 °C. A weight
loss of approximately 50% was observed at 201 °C for 1 and
209 °C for 4. The percent nonvolatile residue for 4 up to 500
°C was the lowest among the six complexes (nonvolatile
residues of 4 < 1,2,6 < 3 < §5).

https://doi.org/10.1021/acsomega.4c03482
ACS Omega 2024, 9, 31871-31877


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03482/suppl_file/ao4c03482_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03482?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03482?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03482?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03482?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03482?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03482?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03482?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03482?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03482?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03482?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03482?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03482?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf Article
Temperature (°C) Temperature (°C) Temperature (°C)
144 111 84 60 33 21 5 o 144 111 84 60 39 21 5 -0 111 84 60 39 21 5 -10
6 . . h . . . 403.43 6 L L . L L L 403.43 6 . : : ' - 403.43
—a—y —a—5 —=—6

44 Linear Fit [54.60 44 Linear Fit [ 54.60 4 Linear Fit | 54 60
2 F7.39 . p7-se = 2 +7.39
g T o] 1.00 S
2o 10 T 2 T & o 100 T
£ 2 E 24 014 2 = )
= 24 Fo14a o = o -2 014 o
T S 002 & F .
E £

4 F0.02 N Fo.002 4 L0.02

-6 F0.002 8] F0.0003 6 10.002

R?=1 R%=1 Re=1
-8 ; : : . : : 0.0003 -10 ; : . ; . . 4.5E-03 -8 . : . : T 0.0003
24 26 28 30 32 34 36 38 24 26 28 30 32 34 36 38 26 238 3.0 3.2 3.4 36 38
1000/T 1000/T 1000/T

Figure 4. Vapor pressure (In P) versus temperature (1000/T) plots for complexes 4, S, and 6.

Vapor Pressure Measurement. Vapor pressure was
measured to determine the volatilities of 4, S, and 6 (Figure
4). The vapor pressure—temperature correlation can be
described by eqs 1, 2, and 3 for complexes 4, 5, and 6,
respectively.

thin films using complex 6, which had the lowest temperature
values at 1 Torr vapor pressure, are in progress.

B EXPERIMENTAL SECTION
General Synthetic Procedures. All commercially avail-

In P = —10021/T + 30.219 1 able chemicals were used as received. Air-sensitive reactions

were performed in an inert atmosphere of argon using standard
InP = —12459/T + 36.927 @) Schlenk and glovebox techniques. All anhydrous-grade solvents
InP = —12020/T + 37.752 ) (n-hexane and toluene) were purified by a Pure Solv-MD

Here, P is the pressure in Torr and T is the temperature in K.
The vapor pressures at 30 °C for 4, 5, and 6 were measured to
be 0.05, 0.015, and 0.14 Torr, respectively; thus, 6 is 10 times
more volatile than 5. The temperature values at 1 Torr vapor
pressure, which are often used as a comparison target for the
precursor volatility in industrial applications, were 58 °C for 4,
64 °C for 5, and 45 °C for 6; these temperature values are
lower than those for commonly known precursors, except for
tris(dimethylamido)antimony(III). The vapor pressure of
commercial precursors are as follows. SbCly: 1 Torr at S0
°C;*® Sb(OCH,CH,);: 1 Torr at 95 °C;* [(CHS,);Si],Sb:
0.15 Torr at 40 °C;”® Sb[N(CH,),];: 1.04 Torr at 30 °C.*’
The enthalpy of vaporization from the Clausius—Clapeyron
equation was estimated to be 83.31, 103.58, and 99.93 kJ/mol
for 4, 5, and 6, respectively.

B CONCLUSION

Six homoleptic Sb(IIT) complexes, Sb(mpa); (1), Sb(mmpa),
(2), Sb(mdpa); (3), Sb(epa); (4), Sb(empa); (5), and
Sb(edpa); (6), were successfully synthesized and character-
ized. Complexes 1, 2, 4, and S were distilled at 50 °C under 0.7
Torr, at 120 °C under 0.9 Torr, at 70 °C under 0.6 Torr, and
at 75 °C under 0.6 Torr, respectively. Complexes 3 and 6 were
sublimed at 70 and 80 °C under 0.4 and 0.6 Torr, respectively.
X-ray crystallography and theoretical calculations confirmed
that the molecular structure of 6 showed seven-coordination
with three ligand molecules chelated via a k*-O2 binding mode
and a lone pair of electrons. The geometry was described as a
highly distorted pentagonal bipyramidal geometry. In TGA
traces, complexes 2, 3, 5, and 6 showed multistep weight loss,
whereas 1 and 4 showed single-step weight loss. The
nonvolatile residues of 1—6 at 500 °C ranged from 0.16% to
17.2%. The temperature at a vapor pressure of 1 Torr and the
enthalpy of vaporization for 4, 5, and 6 were calculated to be
58 °C and 83.31 kJ/mol, 64 °C and 103.58 kJ/mol, and 45 °C
and 99.93 kJ/mol, respectively. Based on these physicochem-
ical properties, these complexes are promising materials for
thin film growth via ALD. Further studies of antimony oxide

solvent purification system from the Innovative Technology,
Inc. 'H and "C spectra were recorded on a Bruker DPX 400
MHz FT-NMR spectrometer (400 MHz for 'H, 101 MHz for
BC) at ambient temperature. Infrared (IR) spectra were
measured in the range of 4000—400 cm ™" with KBr pellets on
Bruker ALPHA II spectrometer. Melting points were measured
using open-ended capillaries on an electrothermal melting
point apparatus and are uncorrected. All TGA experiments
were conducted on a TGA 2 instrument in Mettler Toledo
inside of 10 °C/min to a maximum temperature of 500 °C
with mass loadings of ~10 mg. All measurements were
conducted nonisothermally. Elemental analyses were per-
formed by using a Thermo Scientific Flash 2000 CHNS
analyzer. The ligands L1Na—L6Na were modified using
previously reported procedures.'®*°

Synthesis of Sb(mpa); (1). Na(mpa) (1.00 g, 8.00 mmol,
3.2 equiv) was added dropwise to a solution of SbCl; (0.570 g,
2.50 mmol, 1.0 equiv) in toluene (20 mL) at room
temperature, and the reaction mixture was stirred for 24 h
under an argon atmosphere. The mixture was filtered through
fritted glass filter, the volatile solvent in the filtrate was
removed under reduce pressure to produce the desired product
as a colorless liquid. The crude product was purified by
distillation to obtain residue product of colorless liquid. Yield:
47.9%. Distillation: 50 °C/0.7 Torr. '"H NMR (400 MHz,
CDCly) § (ppm): 3.75—-3.54 (m, J = 20.5 Hz, 9H, OCH,),
2.24-1.92 (m, 6H, CH,CH,), 1.08—0.91 (m, 9H, CH,CH,).
3C NMR (101 MHz, CDCl,) § (ppm): 163.70, 60.04, 24.79,
10.60. Anal. caled for C,H,,N;0Sb: C, 33.67; H, 5.65; N,
9.82. Found: C, 33.82; H, 5.66; N, 9.28. FT-IR (KBr, cm™!):
2978 (s), 2941 (s), 2904 (m), 2881 (m), 2818 (w), 1657 (w),
1614 (s), 1464 (s), 1437 (m), 1377 (m), 1346 (s), 1281 (s),
1257 (s), 1189 (m), 1060 (s), 1037 (s), 999 (s), 933 (m), 854
(m), 797 (w), 710 (w), 629 (m), 496 (w), 451 (m).

Synthesis of Sb(mmpa); (2). Na(mmpa) (0.700 g, 5.03
mmol, 3.2 equiv) was added dropwise to a solution of SbCl,
(0.359 g, 1.57 mmol, 1.0 equiv) in toluene (30 mL) at room
temperature, and the reaction mixture refluxed for 24 h under
argon atmosphere. The mixture was filtered through fritted

https://doi.org/10.1021/acsomega.4c03482
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glass filter, the volatile solvent in the filtrate was removed
under reduce pressure to produce the desired product as a gray
liquid. The crude product was purified by distillation to obtain
product of colorless liquid. Yield: 74.4%. m.p: 48.6 °C.
Distillation: 120 °C/0.9 Torr. '"H NMR (400 MHz, CDCL,) &
(ppm): 3.78 (s, 9H, OCH,;), 2.53 (p, ] = 6.9 Hz, 3H,
CCH(CH,;),), 1.11 (d, J = 6.9 Hz, 18H, CCH(CH,),). *C
NMR (101 MHz, CDCly) 8(ppm): 166.73, 60.11, 31.25,
19.89. Anal. Caled For C,;H;oN,0Sb: C, 38.32; H, 6.43; N,
8.94. Found: C, 38.17; H, 6.49; N, 8.61. FT-IR (KBr, cm™):
2974 (s), 2940 (s), 2903 (s), 2875 (s), 2822 (m), 1645 (s),
1604 (s), 1469 (s), 1440 (m), 1386 (s), 1336 (s), 1282 (s),
1256 (s), 1190 (s), 1163 (m), 1075 (s), 1040 (s), 950 (s), 892
(s), 840 (m), 822 (s), 723 (m), 678 (s), 614 (s), 582 (m), 482
(s), 458 (m).

Synthesis of Sb(mdpa); (3). In a manner analogous to the
procedure for 1, Na(mdpa) (0.49 g, 3.20 mmol, 3.2 equiv) was
added dropwise to a solution of SbCl; (0.228 g, 1.00 mmol, 1.0
equiv) in toluene (20 mL). The crude product was purified by
sublimation to give a white solid. Yield: 93.8%. m.p: 55.3 °C.
Sublimation: 70 °C/0.4 Torr. '"H NMR (400 MHz, CDCL,) &
(ppm): 3.77 (s, 9H, OCHjy), 1.16 (s, 27H, C(CH;);). C
NMR (101 MHz, CDCL,) & (ppm): 168.38, 60.05, 36.32,
27.80. Anal. caled for C,gHaN;O(Sb: C, 42.20; H, 7.08; N,
8.20. Found: C, 42.37; H, 7.45; N, 8.00. FT-IR (KBr, cm™):
2974 (s), 2962 (s), 2937 (s), 2905 (s), 2869 (s), 2816 (m),
1653 (s), 1599 (s), 1482 (s), 1461 (s), 1394 (s), 1365 (s),
1323 (s), 1227 (s), 1182 (s), 1047 (s), 937 (m), 917 (m), 864
(s), 810 (w), 796 (m), 726 (m), 618 (s), 543 (m), 481 (s),
429 (w).

Synthesis of Sb(epa); (4). In a manner analogous to the
procedure for 1, Na(epa) (1.00 g, 7.19 mmol, 3.2 equiv) was
added dropwise to a solution of SbCl; (0.512 g, 2.25 mmol, 1
equiv) in toluene (20 mL). The crude product was purified by
distillation to obtain product of colorless liquid. Yield: 77.9%.
Distillation: 70 °C/0.6 Torr. '"H NMR (400 MHz, CDCl,) 6
(ppm): 4.08 (q, J = 7.1 Hz, 6H,0CH,CHS,), 2.20 (q, ] = 7.5
Hz, 6H, CH,CH,), 1.30 (t, J = 7.1 Hz, 9H, OCH,CH,), 1.11
(t, ] = 7.5 Hz, 9H, CH,CH,). '*C NMR (101 MHz, CDCL,) §
(ppm): 163.66, 69.31, 25.30, 15.04, 10.96. Anal. calcd for
C,sH;,N;04Sb: C, 38.32; H, 6.43; N, 8.94. Found: C, 38.65;
H, 6.49; N, 8.76. FT-IR (KBr, cm™'): 2976 (s), 2939 (s),
2892(s), 2726 (w), 1665 (m), 1610 (s), 1462 (s), 1380 (s),
1346 (s), 1280 (s), 1252 (s), 1169 (m), 1125 (s), 1046 (s),
1002 (s), 944 (m), 922 (s), 900 (s), 850 (m), 800 (m), 708
(m), 631 (s), 495 (m), 459 (w), 429 (m).

Synthesis of Sb(empa); (5). In a manner analogous to the
procedure for 2, Na(empa) (1.50 g, 9.79 mmol, 3.2 equiv) was
added dropwise to a solution of SbCl; (0.698 g, 3.06 mmol, 1.0
equiv) in toluene (30 mL). The crude product was purified by
distillation to obtain the residue product of a yellow solid.
Yield: 94.7%. m.p: 34.6 °C. Distillation: 75 °C/0.6 Torr. 'H
NMR (400 MHz, CDCL,) 5 (ppm): 4.06 (q, J = 7.1 Hz, 6H,
OCH,CH,), 2.51 (p, ] = 6.8 Hz, 3H, CCH(CH,),), 1.29 (t, ]
= 7.1 Hz, 9H, OCH,CH,), 1.09 (d, ] = 6.8 Hz, 18H,
CCH(CH,),). “C NMR (101 MHz, CDCly)) § (ppm):
166.19, 69.22, 31.36, 19.89, 15.06. Anal. calcd for
CgH34N;04Sb: C, 42.20%; H, 7.08%; N, 8.20%. Found: C,
41.60%; H, 7.08%; N, 7.94%. FT-IR (KBr, cm™): 2973 (s)
2935 (s), 2893 (m), 2876 (m), 2810 (w), 1656 (m), 1609 (s),
1471 (m), 1385 (s), 1335 (s), 1280 (s), 1256 (m), 1165 (m),
1125 (s), 1094 (s), 1075 (s), 1047 (s), 969 (m), 919 (s), 897

(m), 823 (m), 791 (w), 722 (m), 675 (m), 617 (m), 514 (w),
475 (m), 433 (w).

Synthesis of Sb(edpa); (6). In a manner analogous to the
procedure for 1, Na(edpa) (1.03 g, 6.17 mmol, 3.1 equiv) was
added dropwise to a solution of SbCl; (0.440 g, 1.93 mmol, 1
equiv) in toluene (40 mL). X-ray quality crystals were grown
from hexane by slow evaporation at room temperature. Yield:
76.4%. m.p: 80.7 °C. Sublimation: 80 °C/0.6 Torr. '"H NMR
(400 MHz, CDCL,) & (ppm): 4.06 (g, J = 7.0 Hz, 6H,
OCH,CHj,), 1.29 (t, ] = 7.0 Hz, 9H, OCH,CH,), 1.15 (s, 27H,
C(CH;);). *C NMR (101 MHz, CDCl;) 6 (ppm): 167.72,
69.21, 36.40, 27.82, 15.12. Anal. caled for C,H,,N;0¢Sb: C,
45.50; H, 7.64; N, 7.58. Found: C, 45.40; H, 7.97; N, 7.42. FT-
IR (KBr, cm™): 2977 (s), 2936 (s), 2893 (s), 2872 (m), 2808
(w), 1650 (m), 1601 (s), 1483 (s), 1458 (m), 1386 (s), 1360
(m), 1323 (s), 1261 (w), 1225 (m), 1183 (s), 1160 (m), 1123
(s), 1093 (m), 1046 (s), 962 (m), 941 (m), 922 (s), 864 (m),
812, (w), 795 (w), 724 (w), 633 (m), 616 (s), 574 (w), 510
(w), 472 (m), 440 (w), 416 (w).

Crystallography. Single crystals of complex 6 were
prepared from saturated hexane solutions at room temperature.
Reflection data for 6 were collected by using a Bruker SMART
Apex II-CCD area detector diffractometer with graphite-
monochromated MoKa radiation (4 = 0.71073 A). The
hemisphere of the reflection data was collected as @ scan
frames at 0.3° per frame and an exposure time of 10 s per
frame. The cell parameters were determined and refined by
using the APEX2 program.’’ The data were corrected for
Lorentz and polarization effects. An empirical absorption
correction was applied using the SADABS program.’” The
structures of the complexes were solved using direct methods
and refined by full-matrix least-squares methods using the
SHELXTL program package® and Olex2** with anisotropic
thermal parameters for all nonhydrogen atoms. The data are
summarized in Table S1. CCDC 2323975 for complex 6
contains the supplementary crystallographic data for this study.
These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif

Theoretical Calculation. Theoretical calculations of
complex 6 were performed using Gaussian 16 software® on
a supercomputer (KISTI, Neuron). The initial structure of 6
was based on the obtained X-ray crystal structure and the
molecular structures was optimized in chloroform solution at
the B3LYP/SBKJC VDZ ECP level of theory.

Vapor Pressure of 4, 5, and 6. The vapor pressures of
complexes 4, 5, and 6 were measured in accordance with
OECD Test Guideline 104 at the Korea Polymer Testing and
Research Institute (Koptri).
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