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Introduction 

In recent years, the chemistry of organotin(IV) complexes has witnessed a great interest, owing to their structural 

diversity and wide range of industrial and biological applications [1]. These complexes exhibit expanded coordination 

upon inter- or intra-molecular interaction with hetero donor atoms owing to the low lying empty 5d atomic orbitals 

and pronounced electron-acceptor ability of the Sn atoms, thus making them suitable for the design of newer materials 

with unique structural features [2]. Further, these complexes are found to possess antiproliferative activity, which is 

dependent on the nature of coordinated bonds with the central Sn atom. Accordingly, several organotin(IV) 

complexes of dipeptides have been modelled for metal-protein interactions and also been shown to exhibit wide range 

of biological activities [3-5]. These organotin(IV) complexes of dipeptides possess unique structural and geometrical 

features such as, interaction through hetero donor atoms (N/O) as-well-as existence of a distorted geometrical 

configuration around the central Sn atom. Thus, a thorough study of the electronic structure of these complexes is 

indispensable in order to formulate a theoretical basis of these structural features. 

In the contemporary research, the atoms-in-molecules (AIM) methodology is frequently used in the modeling of 

the electron density distribution   in intermolecular interactions [6]. The topological properties of   have been 

well established for many molecular systems involving organotin(IV) complexes with hetero donor atoms [7-10], but 

the studies on the nature of tin-ligand bond in organotin(IV)-peptide complexes is rarely available. Hence, in order to 

understand the nature of coordinated bonds, a systematic study has been initiated on the topological analysis of 

organotin(IV)-peptide system. The present study attempts to delineate the topological and energetic features of   

using AIM theory, in the coordinated bonds in di-n-butyltin(IV) derivative (n-Bu2SnL) of glycylphenylalanine (H2L), 

a dipeptide containing an aromatic side chain at C-terminal residue. 

 

Abstract 
The topological and energetic properties of the electron 

density distribution   for the tin-ligand interaction in n-

Bu2SnL (where, L is the dianion of glycylphenylalanine), the 

geometric configuration of which was optimized at 

B3LYP/6-31G(d,p)/LANL2DZ(Sn) level of theory, have 

been theoretically calculated at the bonds around the central 

Sn atom in terms of atoms-in-molecules (AIM) theory using 

AIMAll (Version 16.01.09, standard). In n-Bu2SnL, the 

formation of a (3,–1) critical point in the internuclear region 

between tin atom and bonded/coordinated atoms provided an 

evidence of a bonding interatomic interaction, and calculated 

bond path angles indicated a distorted trigonal bipyramidal 

geometry. The calculated topological and energetic 

parameters suggested a weak closed-shell interaction in all 

the bonded/coordinated bonds to Sn atom, which indicated a 

coordination (non-sharing) bonding character in Sn–ligand 

bonding. The calculated atomic charges suggested negatively 

charged centers around the central Sn atom. 
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Computational Details 

The nature of coordinated bonds in n-Bu2SnL has been interpreted in terms of AIM theory using AIMSum component 

of AIMAll software package [11]. The wavefunction input for AIM analysis has been generated from the previously 

optimized geometrical configuration of n-Bu2SnL at B3LYP/6-31G(d,p)/LANL2DZ(Sn) level of theory using the 

Gaussian 09 program package [12]. The topological and energetic analysis of   has been carried out in terms of 

(3,–1) critical points (bond critical points) and (3,+1) critical points (ring critical points) around the central Sn atom in 

n-Bu2SnL derivative. The topological and energetic parameters obtained at the bond critical points (BCPs) are the 

electron density ( ), the Laplacian of the electron density (
2
 ), the principal curvature of   in the normal 

plane to the bond path direction (1CP and 2CP), the principal curvature along the bond path direction (3CP), bond 

ellipticity (), the electron kinetic (G ), potential (V ) and total (H ) energy densities. The atomic 

characteristics such as, atomic volume and atomic charge at the selected atoms, and bond path angles for a group of 

atoms has also been calculated in n-Bu2SnL derivative. The geometric configuration of n-Bu2SnL has been interpreted 

in terms of calculated bond path angles for a selected group of atoms around the central Sn atom.  

Results and Discussion 

The values of electron density distribution   were calculated on the ground state optimized geometry in gas phase 

of n-Bu2SnL derivative of glycylphenylalanine (H2L) at the B3LYP/6-31G(d,p)/LANL2DZ(Sn) level of theory, and 

then   was analyzed within the framework of the AIM theory. The structure of n-Bu2SnL along with the atom 

number notation and the ground state optimized geometry used for wavefunction calculation for AIM analysis is 

represented in Figure 1. As evident from the Figure 1(b), the n-Bu2SnL complex adopts a trigonal bipyramidal 

arrangement around the central Sn atom with two n-butyl groups and a deprotonated peptide nitrogen (Npeptide) 

occupying the equatorial positions, and terminal amino nitrogen (Namino) and the deprotonated carboxylic oxygen 

(Ocarboxyl) in the axial positions. Thus, the insight into this intermolecular interaction of hetero donor atoms in H2L 

with n-Bu2Sn(IV) moiety was obtained from the full topological and energetic analysis of the   at these selected 

BCPs around the central Sn atom in n-Bu2SnL derivative. The formation of a (3,–1) critical point in the internuclear 

region between the central Sn atom and bonded/coordinated atoms in the trigonal bipyramidal arrangement around it 

provided the evidence of a bonding interatomic interaction through the topological analysis of  . The bond path 

corresponding to these critical points link the BCP with two (3,–3) critical points located at the coordinated/bonded 

atoms and the central Sn atom, thus providing an evidence that, in terms of AIM theory, the group of atoms are 

bonded to one another [13]. The values of selected AIM topological parameters at these selected BCPs are presented 

in Table 1. 

 
Figure 1 (a) Structure of n-Bu2SnL along with the atom number notation, and (b) Ground state optimized geometry 

of n-Bu2SnL at B3LYP/6-31G(d,p)/LANL2DZ(Sn) level of theory used for the generation of wavefunction for 

calculation of topological and energetic parameters in AIM analysis 
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Table 1 Topological and energetic properties of   calculated at the (3,–1) and (3,+1) critical point of the selected 

bonded interactions in n-Bu2SnL derivative of glycylphenylalanine (H2L) at B3LYP/6-31G(d,p)/LANL2DZ(Sn) level 

of theory
a 

Typeb 
 c 2 

d 

1CP
e 2CP

 3CP f G g V h H i V / 

G  

H / 

 j 

–1CP/ 

3CP 

(3,–1) critical point or Bond critical point (BCP) 

Sn–N1 0.046 0.182 –0.047 –0.046 0.276 0.011 0.017 –0.023 –0.0061 1.353 –0.133 0.171 

Sn–N9 0.110 0.448 –0.163 –0.145 0.755 0.127 0.041 –0.070 –0.0286 1.693 –0.636 0.216 

Sn–O17 0.109 0.585 –0.170 –0.162 0.917 0.050 0.055 –0.072 –0.0169 1.309 –0.155 0.185 

Sn–C30 0.107 0.193 –0.128 –0.126 0.447 0.022 0.021 –0.064 –0.0433 3.104 –0.406 0.287 

Sn–C33 0.106 0.193 –0.128 –0.125 0.446 0.031 0.021 –0.064 –0.0432 3.089 –0.406 0.288 

(3,+1) critical point or Ring critical point (RCP) 

N1–C3–

C5– 

N9–Sn29 

0.021 0.109 –0.015 0.030 0.094 – 0.023 –0.019 0.0042 0.817 0.205 0.159 

N9–C10–

C13– 

O17–Sn29 

0.025 0.137 –0.020 0.049 0.108 – 0.029 –0.025 0.0043 0.853 0.174 0.183 

O17–Sn29–

C30– 

C36–C39–

H40 

0.006 0.025 –0.004 0.010 0.019 – 0.005 –0.004 0.001 0.759 0.197 0.215 

N1–H2–

H50– 

C49–C46–

C33–Sn29 

0.005 0.018 –0.001 0.006 0.014 – 0.004 –0.003 0.001 0.785 0.175 0.084 

aAll the values are in atomic units; bAtom number as represented in Figure 1(a); cElectron density distribution at the critical point (CP); 
dLaplacian of the electron density at CP; eiCP (i = 1,2,3) are the eigenvalues of the Hessian of   in ascending order, where 1CP and 2CP 

are the principal curvature of   in the normal plane to the bond path direction and 3CP is the principal curvature along the bond path 

direction; fBond ellipticity = [(1CP/2CP) – 1]; gLagrangian form of kinetic energy density; hPotential energy density; iTotal energy density = 

G  + V ; jBond degree parameter.  

At the critical point in the internuclear region, the magnitude of   measures the strength of interaction between 

the involved nuclei, and thus greater the value of   stronger will be the interaction [14]. Further, the interaction 

between the involved atoms can be characterized by the topological properties of   at the critical point, and hence 

according to the AIM methodology the classification of this interaction is defined by the sign of the Laplacian 


2
 . Therefore, the strong shared-shell (SS-) interatomic interaction is evidenced by a local concentration of the 

electron density distribution at the critical point when 
2
  < 0, whereas the weak closed-shell (CS-) interaction 

exhibit its local depletion when 
2
  > 0. As evident from the results (Table 1), the small value of   and the 

positive Laplacian 
2
 , suggests a contraction of an electron charge away from the interatomic region between the 

bonded atom and the Sn atom. According to the   values (Table 1), the bond strength around the central Sn atom is 

in the order: Sn–N1(amino) < Sn–C33(') < Sn–C30() < Sn–O17(carboxyl) < Sn–N9(peptide). 

However, the value of   for Sn–Npeptide and Sn–Ocarboxylic is close, whereas that for Sn–Namino is much smaller to 

that of covalent Sn–C bonds, indicating small dN(peptide)–Sn and dO(carboxylate)–Sn, and large dN(amino)→Sn, owing to the fact 

that strength of the interaction of deprotonated Npeptide and Ocarboxylate is major in comparision to that of Namino. The 

positive values of 
2
  were often found at the BCP between atoms involved in the dative bonds, including the 

intramolecular N→Sn [7], and O→Sn [9] bonds. The magnitude of the curvature or eigenvalue of the Hessian of   

in an atomic surface 1CP and 2CP (where, 1 and 2 are the curvatures of   at BCP directed along axes 

perpendicular to the bond path) are negative, which indicates that the charge density attains its maximum value at the 

BCP, whereas along a bond path 3CP is positive, which indicates that the charge density attains its minimum value at 

the BCP, a behavior at the BCP around the central Sn atom in n-Bu2SnL which is in accordance to the fact put 

forwarded earlier [6]. Further, as evident from the results (Table 1), all the bonds in the coordination sphere around 

the central Sn atom involves weak CS-interaction as the magnitude of the ratio of the perpendicular contractions of 
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  to its parallel expansion i.e., –1CP/3CP < 1 (where, 1CP and 3CP are the lowest and highest eigenvalues of the 

Hessian matrix of  ) [6,14]. Furthermore, the stability of a bond can be measured in terms of bond ellipticity,  = 

[1CP/2CP – 1], which provides a measure of the extent to which charge is preferentially accumulated in a given 

plane, and a high  value indicates an unstable bond [6]. The order of  (Table 1), for BCPs in the coordination sphere 

around the central Sn atom is: Sn–Npeptide > Sn–Ocarboxyl > Sn–C' > Sn–C > Sn–Namino, which indicates that the 

interaction of hetero donor atoms in the ligand (H2L) results in a weaker bond except Sn–Namino in comparison to the 

covalently bonded carbon atoms of the two n-butyl groups in the n-Bu2SnL derivative. 

The AIM energetic parameters at the selected BCPs are also presented in Table 1. For all the selected BCPs 

around the central Sn atom, the G  is less than V  resulting in the negative sign of the total electron energy 

density H  (= G  + V ). The sign of H  has been suggested as one of the sufficient condition (H  < 0) apart 

from the existence of a (3,–1) critical point in the internuclear region (a necessary condition), for a covalent bond 

even though a CS-interaction is involved [14]. Since, the value of H  < 0, thus, Sn–Namino, Sn–Ocarboxyl, Sn–Npeptide, 

Sn–C and Sn–C bonds possess a covalent character. Further, V  and G are interpreted as the pressures exerted 

on and by the electrons at the critical point, and hence the ratio V /G  > 1 for Sn–Npeptide, Sn–Namino, Sn–Ocarboxyl, 

Sn–C and Sn–C indicates that these interactions are stabilized by a local concentration of the charge [6, 14]. For the 

internuclear distances exhibiting a stable bonding molecular orbital configuration (d < dcov), the bond degree (BD = 

H / ) gives the total energy per electron at the BCP [14]. Hence, a parameter covalence degree (CD) can be 

quantitatively assigned to any pairwise interaction, i.e., BD = CD when H /  < 0, and thus, stronger the 

interaction greater will be the CD magnitude. Similarly, an index of non-covalent interactions quantifying a softening 

degree (SD) per electron density unit at the BCP is defined for d > dcov (H /  > 0), and thus, weaker the 

interaction greater will be the SD magnitude. The magnitude of H /  (Table 1) indicates a strong interaction 

quantifying a covalence degree in Sn–Namino, Sn–Npeptide, Sn–Ocarboxyl, Sn–C and Sn–C bonds.  

Apart from the BCP analysis around the central Sn atom in n-Bu2SnL, its structure is further analyzed in terms of 

(3,+1) critical points (RCPs). The number of RCPs formed in n-Bu2SnL is nine, and Poincare-Hopf relationship is 

also satisfied [11]. The topological and energetic parameters for four RCPs viz., N1C3C5N9Sn29 (R1), 

N9C10C13O17Sn29 (R2), O17Sn29C30C36C39H40 (R3) and N1H2H50C49C46C33Sn29 (R4) 

are presented in Table 1. Of these the RCPs viz. R1 and R2 constitute the bipyramidal arrangement above and below 

the trigonal plane, thus establishing that n-Bu2SnL adopts a trigonal bipyramidal arrangement around the central Sn 

atom. Also, the calculated values of  , the Laplacian 
2
  and H  indicates a weaker CS-interaction between 

the involved atoms. 

Table 2 Atomic charge (a.u.) and atomic volume (bohr
3
) at the selected atoms, and bond path angles () at the 

selected group of atoms in n-Bu2SnL at B3LYP/6-31G(d,p)/LANL2DZ(Sn) level of theory 

Atom Characteristics Bond Path Angle 

Atom
a 

Net charge Volume A–B–C Angle 

Sn 1.895 111.6 N9–Sn–N1 73.17 

C30 –0.336 79.9 O17–Sn–N1 152.88 

C33 –0.335 82.5 O17–Sn–N9 79.76 

N1 –1.134 97.6 C30–Sn–N1 86.82 

N9 –1.353 101.0 C30–Sn–N9 119.17 

O17 –1.224 125.2 C30–Sn–O17 105.49 

C3 0.348 59.8 C33–Sn–N1 95.78 

C5 1.562 40.8 C33–Sn–N9 121.56 

C10 0.375 45.6 C33–Sn–O17 99.62 

C13 1.684 37.9 C33–Sn–C30 117.11 

O8 –1.231 148.4    

O18 –1.231 150.6   
a
Atom number as represented in Figure 1(a) 
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The atomic charges and atomic volumes at the all the atoms of n-Bu2SnL have been also calculated using AIM 

theory, and the results for the selected atoms are presented in Table 2. As evident from the results, relative to the 

positively charged Sn atom in n-Bu2SnL all the atoms bonded to it bear negative charge, which further confirms a 

partial transfer of charge density towards these atoms indicative of an ionic interaction in them. The evidence for a 

distorted trigonal bipyramidal arrangement is further obtained from the calculated bond path angles around the central 

Sn atom (Table 2). 
 

Conclusion 
The present study calculates the topological and energetic parameters at the bond critical points on the basis of atoms-

in-molecules theory and hence highlights the features of tin-ligand bonds in di-n-butyltin(IV) complex of 

glycylphenylalanine. The study demonstrates that all metal-ligand bonds in n-Bu2SnL have coordination (non-

sharing) bonding character. Further, the geometric parameters suggest a distorted trigonal bipyramidal arrangement 

around the central Sn atom. Most significantly, the study signifies the importance of AIM theory in understanding the 

structural features and nature of bonding in diorganotin(IV)-dipeptide system. 
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