



DFT investigation of the molecular structure and electrical properties, including global descriptors and spectral analysis of the crystalline complex 2-hydroxybenzoate-kO)triphenyl(triphenylphosphine oxide-kO)tin(IV) (C6H4(OH)CO2SnPh3OPPh3)


Abstract

Organometallic compounds, particularly organotin compounds, are of crucial importance in catalysis and molecular stabilization due to the polarity and reactivity of Sn–C bonds. In order to gain a detailed understanding of the structural and electronic behavior of organometallic compounds, it is essential to adopt an integrated approach that includes theoretical simulations. This work comprises an in-depth theoretical analysis using Density Functional Theory (DFT), aimed at elucidating the molecular structure, electronic properties, and spectroscopic attributes of the crystalline complex (2-hydroxybenzoato-κO)triphenyl(triphenylphosphine oxide-κO)tin(IV), with the formula C₆H₄(OH)CO₂SnPh₃OPPh₃. The analysis of the molecular geometric parameters confirms the structural stability of the complex and highlights the interaction of the tin(IV) atom with the surrounding organic ligands. It also reveals excellent agreement between the calculated geometric parameters and those obtained experimentally for this organotin complex. Furthermore, the study of Mulliken and NBO charge distributions indicates an electron transfer from the ligand to the metal center, thereby confirming the formation and stability of the complex. Global descriptors such as the energy gap, electronegativity, hardness, and electrophilicity index, with values of 4.95, 7.01, 1.79, and 13 eV, respectively, indicate that the complex exhibits moderate electronic stability accompanied by a pronounced electrophilic character. Frontier molecular orbital (HOMO–LUMO) analysis highlights an intramolecular charge transfer (ICT) from the donor ligand to the acceptor center across the entire molecule. In addition, theoretical spectral analysis, including infrared (IR) spectra, further validates the chosen computational approach. These results demonstrate the importance of ligands in tuning the electronic and spectroscopic properties of the tin(IV) complex, emphasizing the relevance of such molecules for potential applications in materials chemistry and molecular sciences.
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1. Introduction

Organotin complexes play a crucial role in coordination chemistry due to their diverse applications in catalysis, polymer stabilization, and biocidal agents, owing to the polarity of Sn–C bonds and their tunable reactivity [1–3]. The chemical versatility of tin, capable of adopting various oxidation states and coordination geometries, offers a wide range of possibilities for the design of new molecular motifs [4]. These tin-based complexes are of scientific interest because of their stereochemical diversity (tetrahedral or octahedral) and their redox properties, which promote advances in the fields of hybrid materials and targeted therapies [5–7]. Innovative synthesis offers the opportunity to create new species with tailored ligands, thereby enhancing their chemical and physical properties. For example, Arraq [8] improved the photostabilization of poly(vinyl chloride) in the presence of tin–cephalexin complexes as additives. This additive was used for PVC, significantly enhancing its stability and considerably reducing the rate of PVC photodecomposition. Tin–cephalexin complexes absorb harmful radiation, neutralize hydrogen chloride, and intercept high-energy species such as peroxides, thus acting as stabilizers for PVC. Similarly, studies have been conducted on the synthesis and application of tin–levofloxacin complexes as new photostabilizing agents for poly(vinyl chloride) [9]. The recently developed tin–levofloxacin complexes absorb ultraviolet light and neutralize highly reactive species, such as free radicals generated during photodegradation. Akbulatov [10] demonstrated that the efficiency of perovskite solar cells was improved through the use of optimized interlayers of tin complexes with salicylimine (1) or 2,3-dihydroxynaphthalene (2) ligands. To gain an in-depth understanding of the structural and electronic behavior of these complexes, it is essential to adopt a combined approach that encompasses synthesis, spectroscopic studies, and theoretical simulations. Moreover, computational methods, particularly density functional theory (DFT), enable an in-depth analysis of electronic properties and provide validation for experimental models.

In this context, the present study focuses on the synthesis of a new organotin complex, 2-hydroxybenzoato-κO)triphenyl(triphenylphosphine oxide-κO)tin(IV) (C₆H₄(OH)CO₂SnPh₃OPPh₃), followed by an in-depth spectroscopic analysis aimed at defining its structure and coordination modes. Additionally, DFT calculations were performed to refine the molecular structure, examine the electronic distribution, and correlate theoretical insights with experimental findings. The objective of this work is to enhance the understanding of the structural and electronic interactions associated with organotin complexes, while considering potential applications in the development of new functional materials.

2. Experimental

2.1 Materials and methods 

Our reagents, such as salicylic acid, triphenyltin(IV) hydroxide, triphenylphosphine oxide, and ethanol, were obtained from Sigma-Aldrich. X-ray diffraction data were collected using a Bruker D8 Venture diffractometer with Mo Kα radiation at a wavelength of λ = 0.71073 Å. All data collections were carried out at low temperatures. The crystal structures were solved and refined using the programs SHELXS2013, SHELXL2014, SADABS2014/4, SAINT (2013) V8.34A, XT, XL, Jana2006, and Olex2.



2.2. Synthesis of complex

The complex 2-hydroxybenzoato-κO)triphenyl(triphenylphosphine oxide-κO)tin(IV) (C₆H₄(OH)CO₂SnPh₃OPPh₃) was obtained in two steps: the formation of C₆H₄(OH)CO₂SnPh₃ via a condensation reaction, and the formation of the complex via an addition reaction.

Formation of the derivative, triphenyltin salicylate (C₆H₄(OH)CO₂SnPh₃). The compound C₆H₄(OH)CO₂SnPh₃ was obtained by equimolar condensation of 4 mmol of salicylic acid with 4 mmol of triphenyltin(IV) hydroxide in 50 mL of ethanol, according to the following reaction (Scheme 1). The resulting solution was stirred for approximately two hours (2 h) in order to obtain a stable compound. A clear and limpid solution was then subjected to slow evaporation. The white crystals were collected after three days.

	


	Scheme 1. Synthesis of the complex triphenyltin salicylate 




The complex (C₆H₄(OH)CO₂SnPh₃OPPh₃) was obtained by mixing an alcoholic solution (ethanol) containing 1 mmol of the synthesized derivative, triphenyltin salicylate (C₆H₄(OH)CO₂SnPh₃), with 1 mmol of the Lewis base triphenylphosphine oxide (OPPh₃), according to the following reaction (Scheme 2). The obtained solution was stirred for approximately two hours (2 h) in order to obtain a stable compound. A clear and transparent solution was then left to undergo slow evaporation. Yellow crystals suitable for X-ray diffraction analysis were collected after a few days. Table 1 represent the crystal data collection and structure refinement details

	


	Scheme 2. Synthesis of the complex 2-hydroxybenzoato-κO)triphenyl(triphenylphosphine oxide-κO)tin(IV) 



Table 1 the crystal data collection and structure refinement details

	[bookmark: _Hlk226895611]Chemical formula
	C₆H₄(OH)CO₂SnPh₃OPPh
	

	molecular molar mass (g/mol)
	765.37
	

	Temperature
	293 K
	

	Wavelength
	0.71073 Å
	

	Crystal system
	Orthorhombic
	

	space group
	P 212121
	

	a
	9.25180(10) Å
	α = 90°.

	b
	17.6168(2) Å
	β = 90°.

	c
	22.1244(3) Å
	γ = 90°.

	Volume
	3679.2 (2)  Å3
	

	Z
	4
	

	Calculated density
	1.410 Mg/m3
	

	absorption coefficient
	0.795 mm-1
	

	F(000)
	1560
	

	Crystal size
	0.250 x 0.250 x 0.050 mm3
	

	deb interval
	3,095 à 27,468°,
	

	hkl intervalle
	-11≤h≤11, -22≤k≤22, -28≤l≤28
	

	Reflections collected
	62926
	

	Independent reflections
	8224 [R(int) = 0,0527]
	

	Restricted data setting
	8224 / 0 / 446
	

	Goodness-of-fit on F2
	1,063
	

	Facteur de réalisabilité final [I>2sigma(I)]
	R1 = 0,0244, wR2 = 0,0508
	

	Absolute structure parameter
	-0,032(7)
	

	Residual electron density
	0,357 and -0,500 e,Å-3
	




2.3. Computational method 

[bookmark: _Hlk216600335]Density functional theory (DFT)–based calculations were carried out using the Gaussian 16 software package [11]. Molecular geometry optimization was performed using the three-parameter hybrid Becke–Lee–Yang–Parr (B3LYP) exchange–correlation functional [11]. For geometry optimizations and NBO analysis [12], the def2-TZVP basis set [12] was employed, including an effective core potential (ECP) [12] applied to the tin (Sn) atom [12]. These calculations were performed in solution (ethanol) under standard conditions of temperature (298.15 K) and pressure (1 atm). 

The absence of imaginary frequencies among the vibrational frequencies calculated at the DFT/B3LYP level confirms that all optimized structures correspond to energy minima [13]. The analysis of frontier molecular orbitals (HOMO–LUMO) [13], as well as chemical reactivity parameters such as chemical hardness, electronegativity, chemical potential, and electrophilicity index, was also carried out [13].

3. Results and discussions

3.1. Crystal structure analysis
The compound C₆H₄(OH)CO₂SnPh₃OPPh crystallized in an orthorhombic system and the space group is P 212121. The structure of C₆H₄(OH)CO₂SnPh₃OPPh is discretely with a C6H4(OH)COO- monodentate anion. The environment around tin is trigonal bipyramidal. An image of the asymmetric unit is shown in Figure 1. The crystal system of the compound PhSO3SnPh3OPPh3 is monoclinic and the space group is P21/c. The structure of PhSO3SnPh3OPPh3 is discrete with a PhSO3- monodentate anion, the environment around the tin being trigonal bipyramidal. The PhSO3- anion and the Lewis base OPPh3 occupy the axial positions while the equatorial positions are occupied by the ipso carbons of the phenyl groups linked to the tin atom. An ortep image of the asymmetric unit.
[image: ]
Figure 1: asymmetric unit of the complex

3.2. Computational structural analysis 

To clarify the nature of the interactions between tin (Sn) and the carbon and oxygen atoms in the complex C₆H₄(OH)CO₂SnPh₃OPPh₃, DFT calculations at the B3LYP/def2-TZVP level were carried out. This approach is among the most commonly used methods for the study of organotin complexes [14,16, 17]. Figure 2 shows the optimized structure of the complex obtained using the basis set mentioned above. The complex crystallizes in the monoclinic system, space group P2₁/c, with four molecules per unit cell. The tin atom is hexacoordinated and adopts a distorted octahedral geometry [18]. The carbon atoms C2, C3, and C6 occupy equatorial positions, while the oxygen atoms O7 and O8 are located along the axial direction. Selected calculated and experimental geometric parameters (bond lengths and angles) of the complex are listed in Table 2. The optimized structure reveals intramolecular Sn···X (X = C, O) interactions ranging from 2.150 Å (Sn1···C2) to 2.416 Å (Sn1···O8). These distances are significantly shorter than the sums of the corresponding van der Waals radii, estimated at 3.87 Å for Sn1···C2 and 3.69 Å for Sn1···O8 [19]. The Sn atom exhibits a distorted octahedral environment, with C2–Sn1–C3 (124.4°), C2–Sn1–C6 (117.5°), C3–Sn1–C6 (117.0°), C2–Sn1–O7 (95.3°), and C2–Sn1–O8 (86.1°) bond angles. The Sn1–C2, Sn1–C3, and Sn1–C6 bond lengths obtained from X-ray diffraction are 2.126 Å, 2.128 Å, and 2.132 Å, respectively, while the calculated values are 2.150 Å, 2.151 Å, and 2.154 Å. Similarly, the experimental Sn1–O7 and Sn1–O8 bond lengths are 2.124 Å and 2.451 Å, compared with 2.190 Å and 2.416 Å obtained from DFT calculations at the B3LYP/def2-TZVP level. The calculated bond lengths are slightly longer than the experimental ones, which is classically attributed to the fact that the calculations are performed in solution, whereas the experimental data are derived from the solid state [13, 20]. Nevertheless, the standard deviation between calculated and experimental parameters remains small: less than 0.066 Å for bond lengths and 5.4° for bond angles. Overall, the results show very good agreement between the calculated geometric parameters and those observed experimentally for this organotin complex.


[image: ]
Figure 2. Optimized molecular structure of the complex.

Table 2. Experimental and calculated bond distances (A) and bond angles (degrees) for (2-Hydroxybenzoato-kO)triphenyl(triphenyl-phosphine oxide-kO)tin(IV) 
	Interatomic distances
	
	Experimental 
	Calculated
	Ecart type (|ΔL|)
	Bond angles 
	Experimental
	Calculated
	Ecart type (|Δϴ|)

	[bookmark: _Hlk216452938]Sn1-C2
	Sn1-C
	[bookmark: _Hlk216452958]2.126
	2.150 
	0.024
	C2-Sn1-C3
	123.4
	124.4 
	1.0

	[bookmark: _Hlk211113697]Sn1-C3
	Sn1-C
	[bookmark: _Hlk216452994]2.128 
	2.151 
	0.023
	C2-Sn1-C6
	119.6 
	117.5 
	2.1

	[bookmark: _Hlk216453024]Sn1-C6
	Sn1-C
	[bookmark: _Hlk216453047]2.132
	2.154 
	0.022
	C2-Sn1-O7
	95.5 
	95.3 
	0.2

	[bookmark: _Hlk216453261]Sn1-O7
	Sn1-O1
	[bookmark: _Hlk216453282]2.124
	2.190 
	[bookmark: _Hlk216457820]0.066
	C2-Sn1-08
	83.8 
	86.1 
	2.3

	[bookmark: _Hlk216453295]Sn1-O8
	Sn1-O4
	[bookmark: _Hlk216453310]2.451
	2.416 
	0.035
	C3-Sn1-C6
	114.4
	117.0 
	2.6

	O7-C17
	O1-C1
	1.294
	1.282 
	 0.O12
	C3-Sn1-O7
	101.8
	96.4 
	5.4

	O8-P18
	O4-P1
	1.489 
	1.505 
	0.016
	C3-Sn1-O8
	85.6 
	86.1 
	0.5

	
	
	
	
	
	C6-Sn1-O7
	88.4
	88.4 
	0.0

	
	
	
	
	
	C6-Sn1-O8
	84.3
	87.3 
	3.0




[bookmark: _Hlk216713034]3.3. Mulliken and NBO charges 

[bookmark: _Hlk216714625]The study based on Density Functional Theory (DFT) represents an effective approach for analyzing the electronic structure and reactivity of metal complexes, particularly those of tin [21, 22]. In this context, several analytical methods can be employed, including Mulliken charges and charges derived from Natural Bond Orbital (NBO) analysis. Mulliken atomic charges play a crucial role in applying quantum chemistry calculations to molecular systems, as they influence various molecular properties such as dipole moment and polarizability. In contrast, NBO charges provide a more realistic and chemically intuitive description of the electronic distribution, based on localized orbitals corresponding to Lewis structures. This allows for a detailed analysis of donor–acceptor interactions, the nature of chemical bonds, and charge transfer within the molecule. Figures 3 and 4 summarize the Mulliken and NBO charges of all atoms in the (2-Hydroxybenzoato-kO)triphenyl(triphenyl-phosphine oxide-kO)tin(IV) complex. These figures show that all hydrogen atoms carry positive charges, which can be explained by the electropositive nature of hydrogen. Among these atoms, the maximum Mulliken and NBO charges reach 0.171001 and 0.22689, respectively. As expected, the phosphorus atom, bonded to three carbon atoms and one oxygen atom, carries a positive charge. Similarly, the tin atom (Sn) exhibits a positive charge, due to its coordination with more electronegative atoms. Furthermore, the figures indicate that oxygen atoms, acting as donors in the complex, carry negative charges. Most carbon atoms also exhibit negative charges, except for atoms C17 and C43, which show positive charges of 0.508518 and 0.76997 according to Mulliken analysis, and 0.212182 and 0.34170 according to NBO analysis, respectively. Overall, these results indicate that carbon and oxygen atoms carry negative Mulliken and NBO charges, while the tin atom carries positive charges. This charge distribution highlights an electronic transfer from the ligand to the metal, thereby confirming the formation and stability of the studied complex. 


	



	Figure 3. The Mul liken atomic charge distribution of complex



	



	Figure 4. The neutral bond orbitals (NBO) atomic charge distribution of the complex



3.4. Vibrational spectral analysis

In Table 3, spectroscopic analysis reveals a medium-intensity band at 1230 cm⁻¹, attributed to P–O stretching in a carbon-containing environment [23]. This experimental value is very close to that found in the case of DFT, which is on the order of 1225 cm⁻¹. These results show a concordance between theory and experiment. A very intense peak appears at 3100 cm⁻¹, characteristic of aromatic C–H vibrations [24]. The O–H group, generally observed in the 3700–3600 cm⁻¹ region, shows here a stretching band centered around 3200 cm⁻¹. This shift to lower frequencies is explained by the formation of an intramolecular hydrogen bond between the hydrogen of the O–H group and the oxygen atom of the carbonyl group located at the β position [25]. Peaks around 1600 cm⁻¹ and 1580 cm⁻¹ are characteristic of the C=C and C–C bonds of benzene rings, respectively. The B3LYPa method shows that the υC=C and υC–C stretching modes of benzene approximately coincide with the experimental FTIR values. These values ​​are around 1610 and 1600 cm⁻¹, respectively.
A band appearing at 1660 cm⁻¹ is attributed to the C=O group; this group, conjugated with a benzene C=C bond, exhibits a lowered frequency [26]. The low-frequency, low-intensity band observed at 460 cm⁻¹ is assigned to O–Sn–O stretching [27], confirming the presence of tin in the structure. This characteristic O–Sn–O band is observed around 480 in the case of calculated frequencies. The experimentally obtained spectral results were meticulously compared with theoretical values ​​derived from density functional theory (DFT) calculations. This was done to confirm, validate, and provide further insights into the structural characterizations of the compound under examination. The calculated results agree well with the associated experimental and theoretical structural vibrational assignments.

[bookmark: _Hlk226915488]Table 3: The frequency values ​​and their allocation were determined by the experimental DFT method.
	
	No.
	Experimental frequency (cm-1)
	calculated frequency (cm-1)
	Vibrationnel assignments

	1
	3192 
	3210
	(O-H)ט

	2
	3119
	3180
	(C-H)ט

	3
	1666
	1760
	(C=O)ט

	4
	1625
	1690
	(C=H)ט

	5
	1600
	1610
	(C=C)ט

	6
	1590
	1600
	(C-C)ט

	7
	1334
	1374
	(C-O)ט

	8
	1274
	1225
	(P-O)ט

	9
	712
	750
	(C-H)ט

	10
	461
	480
	(O-S-O)ט







3.5. Frontier molecular orbital analysis 

In order to determine the electron transfer interaction within the complex, as well as the electronic charge density of the HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital), the energy gap and some global reactivity descriptors were calculated using Equations 1 to 5 [28, 29]. 
[bookmark: _Hlk190179426]
= 		(1)

		             (2)

		(3)

				(4)

				             (5)

The analysis of frontier molecular orbitals (FMOs) is an essential tool for evaluating the electron-donating properties associated with the highest occupied molecular orbital (HOMO) and the electron-accepting properties linked to the lowest unoccupied molecular orbital (LUMO) of the complex [30]. The HOMO and LUMO energies provide information on the distribution and delocalization of electronic charge within the molecule, while the energy gap between these orbitals (HOMO–LUMO gap) is a key indicator of the chemical stability of the system [31]. These parameters were calculated using quantum chemistry with the B3LYP functional in combination with the def2-TZVP basis set. The obtained energies for the HOMO and LUMO are −6.32 eV and −1.37 eV, respectively, leading to an energy gap of 4.95 eV. The relatively high value of this HOMO–LUMO gap suggests good chemical stability of the studied complex. Global reactivity parameters were determined from the frontier orbital energies (HOMO and LUMO) and are presented in Table 4. Chemical hardness (η), electronegativity (χ), chemical potential (μ), and electrophilicity index (ω) are important descriptors for evaluating the chemical reactivity and electronic stability of the studied complex. A small energy difference between the HOMO and LUMO indicates higher chemical reactivity, whereas a large energy gap is associated with greater kinetic stability [29,30]. The obtained global parameters suggest that the complex exhibits moderate electronic stability and significant electrophilic character. Figure 5 illustrates the HOMO–LUMO transition. This figure shows that the HOMO is mainly localized on the triphenylphosphine oxide group, while the LUMO is predominantly distributed over the Lewis base triphenylphosphine oxide and the phenyl groups bound to the metal, indicating an intramolecular charge transfer (ICT) from the donor ligand to the acceptor center across the entire molecule.


[bookmark: _Hlk216599795]Table 4. Frontier Molecular Orbital properties of 2-Hydroxybenzoato-kO)triphenyl(triphenyl-phosphine oxide-kO)tin(IV)
	Property 
	Values

	 
	-6.32

	 
	-1.37

	
	4.95

	
	1.79

	
	7.01

	
	-7.01

	
	13


η: Chemical hardness, χ : electronegativity, μ : chemical potential, ω : electrophilicity index, gap energy, HOMO : Highest Occupied Molecular Orbital, LUMO : Lowest Unoccupied Molecular Orbital 




	[image: ]

	[bookmark: _Hlk216712008]Figure 5. Frontier Molecular Orbital of (2-Hydroxybenzoato-kO)triphenyl(triphenyl-phosphine oxide-kO)tin(IV) 




4. Conclusion

In this work, we studied the performance of the hybrid functional B3LYP for the structural and electronic description of the complex (2-hydroxybenzoato-κO)triphenyl(triphenylphosphine oxide-κO)tin(IV). Calculations were performed using the B3LYP/def2-TZVP method. The study focused on the determination of the optimized geometry, Mulliken and NBO charges, infrared (IR) spectrum, frontier molecular orbitals (HOMO/LUMO), energy gap, as well as global molecular descriptors. The calculated structural parameters, notably bond lengths and angles, are in good agreement with experimental data. The analysis of Mulliken populations and NBO charges highlights a positive charge localized on the tin atom and negative charges on the atoms (C2, C3, C6, O7, and O8) coordinated to Sn, thus confirming the formation of the studied complex. Furthermore, the infrared spectra simulated using the B3LYP method corroborate the structure of the compound determined experimentally by X-ray diffraction. The analysis of the frontier molecular orbitals and global descriptors (hardness, electronegativity, chemical potential, and electrophilicity index) reveals moderate electronic stability associated with a pronounced electrophilic character. Altogether, these results confirm the formation of the complex and demonstrate that the B3LYP/def2-TZVP method is a reliable tool for studying tin complexes. Additional work is ongoing, particularly regarding the determination of the electrochemical parameters of the complex.
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CCDC-reference: 1517672. contains the supplementary crystallographic data for this paper. These data can be obtained free of charge via https://doi.org/10.1107/S24143141601601840X/wm4029sup1.cif

Further details of the crystal structure investigation(s) may be obtained from the deposition number CSD Entry: ABOMIQ, and  DOI: https://doi.org/10.1107/S2414314161601840X/wm4029Isup2.hkl
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Figure 13 : unité asymétrique du complexe CH(OH)SnPh;OPPhs




image4.png




image5.emf
1 C

2 C

3 C

4 C

5 O

6 O

7 C

8 C

9 C

10 H

11 C

12 H

13 C

14 C

15 C

16 P

17 C

18 H

19 C

20 H

21 C

22 H

23 H

24 C

25 H

26 C

27 H

28 C

29 O

30 C

31 C

32 C

33 C

34 H

35 H

36 H

37 C

38 H

39 H

40 C

41 C

42 C

43 C

44 C

45 C

46 C

47 C

48 H

49 H

50 C

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Mulliken Charges

Atom (Sn)


oleObject3.bin

image6.emf
1 C

2 C

3 C

4 C

5 O

6 O

7 C

8 C

9 C

10 H

11 C

12 H

13 C

14 C

15 C

16 P

17 C

18 H

19 C

20 H

21 C

22 H

23 H

24 C

25 H

26 C

27 H

28 C

29 O

30 C

31 C

32 C

33 C

34 H

35 H

36 H

37 C

38 H

39 H

40 C

41 C

42 C

43 C

44 C

45 C

46 C

47 C

48 H

49 H

50 C

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

NBO

Atom (Sn)


oleObject4.bin

image7.png




image8.png




image9.png
£




image1.emf
Sn

OH

C

O

OH

OH

+

Sn

C

O

O

O H

+   H

2

O



