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ABSTRACT 

The bonding in and stability of dimeric group 15-compounds of the general formula E2R2 
has been investigated in the past mainly with E = N, P and R = H, CH3. In this study, we extend 
these investigations to all group 15-elements E with E = N, P, As, Sb, Bi and analyze the 
character of the E-E bond for E2H2 compounds with the aid of Atoms in Molecule (AIM) and 
natural bond orbital (NBO). We carried out a comprehensive-theoretical investigation of 
covalent E2H2 compounds and the changes in bonding elecfron density upon mono- and di-
auration. The theoretical results clearly show that the N-N bond in N2H2 gets longer upon 
complexation with AuCl while the P-P-, As-As-, Sb-Sb- and Bi-Bi-bonds exhibit the opposite 
frend, although the E-E Wiberg bond indices (WBI) decrease upon auration. The condition of a 
negative total energy (H(r) < 0) in the bonding region holds for all E-E bonds of molecules in 
the AIM analysis. All complexes E2H2, E2H2AUCI, E2H2(AuCl)2 complexes (E = N-Bi) are 
suitable targets for synthesis which would open up completely new persptctives for 
experimental research. 

Keywords: atoms in molecules (AIM), natural bond orbital (NBO), bonding elecfron density, 
mono-and di-auration. 

1. INTRODUCTION 

The experimental research for investigating the properties of group-15 double bond 
eonfraction upon mono-and di-auration of E2R2 with E = N, P and R ^ H, CH3 compounds 
include X-Ray, NMR specfroscopy and neufron diffraction has been studied [1]. After that, the 
recent chemical bonding for complexes of the group-15 elements have been synthesized by 
adding phenyl, hydrogen or methyl groups in order to investigate the stability of the unusual 
bonding modes [2]. These compounds have also been the subject of several theoretical efforts 
which focused on relative stabilities and rotational barriers, and also on the comparative 
performance of different computational methods [3]. 

The AIM methodology has offered a unique tool to get insight into the concept of the 
chemical bond and the bond sfrength in terms of elecfron density distribution [4]. The definition 
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of the chemical bond is based on the existence of a bond critical point (bcp), exfreme of density 
and the corresponding bond path linking two nuclei of neighboring atoms through a gradient 
path. At the bond critical point, the gradient of elecfron density distribution Ap(r) in the region 
of two atoms bond always changes between positive and zero. It has been indicated that the 
Ap(r) provides a qualitative measure for the accumulation of the elecfron density in bonding 
region and the bonding models in which the existence of a covalent bond is dependent upon a 
finite bonding elecfron density Ap(r) gives somewhat dubious [5]. The natural bond orbital 
(NBO) procedure uses only the information in the atomic orbital overlap and density matrices, 
and consists of two basis steps: an orthogonalization of the atomic orbital basis to form the 
natural atomic orbitals (NAOs), and a bond orbital fransformation from the NAO set to the final 
set of NBOs [6]. 

In order to fiuther explain the chemical bonding in E-E double bond of E2H2 compounds 
(E = N-Bi) that carry mono- and di-auration, we used the methods of AIM and NBO analyses 
which were proposed for study of intermolecular interactions. The points of view that we 
consider the geometries and energies of E2H2 upon mono- and di-auration with the hydrogen in 
compounds and ftirther explain the nature chemical bond of E-E double bonds in AIM and NBO 
analyses. The computational assessment of the elecfronic structure for this study present indicate 
a rather comprehensive theoretical data base and provide many point of comparison with fiiture 
experimental studies. 

2. COMPUTATIONAL METHODS 

We optimized geometries and computed energies for all the molecules at the four different 
methods BP86 [7], B3LYP [8], M05 [9], and M05-2X [10] with the basis set def2-TZVPP [II] 
using the Gaussian03 [12] in order to find minima on the energy potential siuface (EPS). 
Vibrational frequencies have also been calculated at the same level of theory to confirm that the 
structures are minima on the EPS. 

The topological analyses of elecfron densities most of all bonds and wave functions were 
obtained using the WFN option through single-point calculations. The elecfron density was 
analyzed with the AIM?AC set of program using the wave function as input parameters [13] at 
the BP86 [7] /def2-TZVPP level of theory. The level of theory is denoted as BP86/deG-TZVPP 
and used for the calculation of the Wiberg bond orders which was analyzed using the natural 
bond orbital (NBO) program [14] available in Gaussian 03. 

3. RESULTS AND DISCUSSION 

The optimized geometries structures of E2H2 (cis-trans) compounds at the four different 
methods BP86, B3LYP, M05, and M05-2X with basis set def2-TZVPP are shown in Figure 1 
and Table 1. Experimental geometry of N2H2 is only given [14], The calculated results m Table 
1 show that bond lengths of N-N, N-H and the bond angle of H-N-N are nearly similar among 
difference methods, the experimental value of N2H2 for N-N (1.252 A) and N-H (1.028 A) bond 
length are slightly longer than the theoretical data. The P-P bond length is significantly longer 
than N-N bond length and the E-E bonds increase for the heavier homologues. 
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Figure 1. Optunized structures of E2H2 (cis-trans) at the BP86, B3LYP, M05, M05-2X levels with the 

basic set deG-TZVPP. 

Table 1 shows that the bond length of As-As is longer than P-P bond length and becomes 
longer from As-As to Bi-Bi bond. Besides, the other bond lengths and bond angles are also not 
big difference among these compounds. Note that the values of related energies are observed 
similar frends we also found that almost of trans structures are lower in energies than cis 
structures. From those, we choose the trans structures of E2H2 compounds upon mono- and di-
auration and the level of theory BP86/ de/2-TZVPP for continuously investigating in the 
following studies. 

The referee asked the reason for applying different methods and for selecting the 
BP86/ def2-TZVPP level among 4 different levels of theory while they exhibit nearly the 
same values of bond lengths and energies, we would like to explain as follows: As 
mentioned in the abstract, in this study, we extend these investigations to all group 15-elements 
E with E - N, P, As, Sb, Bi and analyze the character of the E-E bond for E2H2 compounds with 
the aid of Atoms in Molecule (AIM) and natural bond orbital (NBO). This is because the 
finding suggest that it would be worth investigating the E2H2 compounds (E = N-Bi) that carry 
mono- and di-auration, which may exist, but have not yet been synthesized, except for the 
experimental study for N2H2 compound. Furthermore, to the best of our knowledge, the present 
work is the first detailed study of the geometries and bonding situation of the E2H2, E2H2AUCI, 
E2H2(AuCl)2 complexes (E = N-Bi). Originally we only used the B3LYP level with the basis set 
def2-TZVPP and then we decided to extend these calculations to BP86, M05, and M05-2X 
levels with the same basis set in order to find out the significantly differences among those 
methods. In the end, we realized that although there are not different much for structures and 
energies among the four methods but the BP86/ def2-TZVPPlsvel would be chosen for fiirther 
investigating due to the higher accuracy with the c2h point group symmetry of E2H2 molecules. 

Table 1. Optimized geometries of E2H2 compounds with E = N -Bi at BP86, B3LYP, M05, M05-2X 
levels with basis set def2-TZVPP, and the calculated relative energies [kcal/mol] with different methods. 

Molecule 

N2H2-CW 

Mediod 

BP86 

B3LYP 

M05 

M05-2X 

d(E-E)"l 

1.245 

1.234 

1.231 

1.226 

d(E-H)["' 

1.052 

1.039 

1.035 

1.031 

a (H-E-E)"" 

112.8 

112.9 

112.7 

112.4 

E,./" 

5.0 

5.4 

5.6 

6.0 
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^zi^j-trans 

TiHi-cis 

^•iR^trans 

AS2H2-CW 

AS2H2-rran5 

Sb2H2-c« 

?ihiti2-trans 

B3LYP 

M05 

M05-2X 

Exp[15] 

BP86 

B3LYP 

M05 

M05-2X 

BP86 

B3LYP 

M05 

M05-2X 

BP86 

B3LYP 

M05 

M05-2X 

BP86 

B3LYP 

M05 

M05-2X 

BP86 

B3LYP 

M05 

M05-2X 

BP86 

B3LyP 

1.235 

1.234 

1.226 

1.252 ±0.002 

2.052 

2.037 

2.033 

2.021 

2.043 

2.029 

2.022 

2.012 

2.280 

2.266 

2.245 

2.238 

2.269 

2.256 

2.235 

2.230 

2.669 

2.657 

2.670 

2.598 

2.655 

2.644 

1.033 

1.030 

1.027 

1.028*0.005 

1.435 

1.422 

1.424 

1.417 

1.438 

1,426 

1.427 

1.420 

1.540 

1.529 

1.530 

1.520 

1.546 

1.533 

1.534 

1.525 

1.728 

1.717 

1.729 

1.703 

1.734 

1.722 

107.0 

106.5 

107.1 

106.9+05 

99.3 

99.7 

98.9 

98.9 

93.6 

94.2 

93.2 

94.0 

96.9 

97.5 

97.6 

97.3 

91.9 

92.6 

92.6 

92.8 

94.5 

95.1 

95.0 

96.0 

90.4 

91.1 

0 

0 

0 

3.5 

3.5 

3.8 

3.6 

0 

0 

0 

0 

2.7 

2.7 

2.8 

2.7 

0 

0 

0 

0 

2.1 

2.1 

2.3 

2.0 

0 

0 



Bii^-rcls 

Bi2^i-tratis 

M05 

M05-2X 

BP86 

B3LYP 

M05 

M05-2X 

BP86 

B3LYP 

M05 

M05-2X 

2.656 

2.590 

2.823 

2.813 

2.873 

2.729 

2.809 

2.800 

2.855 

2.720 

1.735 

1.708 

1.808 

1.798 

1.826 

1.772 

1.815 

1.805 

1.834 

1.781 

90.8 

91.9 

94.0 

94.6 

93.9 

94.4 

89.7 

90.3 

89.7 

90.5 

0 

0 

1.9 

1.9 

2.3 

2.0 

0 

0 

0 

0 

[a]: in A; [b]; in degree; [c]: in kcal/mol 

/ ^ / / 
E2H2 

d(N-N)= 1.249 
d(P-P)= 2.043 

d(As-As) = 2.269 
d(Sb-Sb) = 2.655 
d(Bi-Bi) =2.809 

EjHjAuCI 
d(N-N)= 1.258 
cl(P-P)= 2.033 

d(As-As) = 2.256 
d(Sb-Sb) = 2.636 
d(Bi-Bi)= 2.791 

E2H2(AuCI)2 
d(N-N) = 1.282 
d(P-P)= 2.031 

d(As-As) = 2.249 
d(Sb-Sb) = 2.625 
d(Bi-Bi)= 2.781 

Figure 2. Optimized geometries of EjHj (trans), EjHiAuCl, E2H2(AuCl)2 compounds (B = N -Bi) with 
point group symmetries: c2h for E2H2 (trans-planar) and c(s) for E2H2 with mono- and di-auration at 

BP86/def2-TZVPP level. Bond lengths are given in A. 
Exp [15] of N-N bond = 1.252 + 0.002. 

The optimized geometries of E2H2, E2H2AUCI, EIHJCAUCI); complexes with E = N - Bi 
together with the calculated values for the bond lengths are shown in the Figure 2. The 
equilibritmi structures of the systems possess the main E-E bonds. All complexes are 
experimentally unknown except for geometry of N2H2 [15]. Figure 2 shows that the E-E bond 
increases fi-om the hghter to the heavier complexes. Note that the N-N bond length in N2H2 is the 
shortest bond (1.249 A) and the bond lengths in mono- and di-auration increase fi-om 1.258 A in 
E2H2AUCI to 1.282 A in E2H2(AuCl)2, whereas the bond lengths of P-P slightly decrease from 
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P2H2 (2.043 A) to p2H2(AuCl)2 (2.031 A) and this trend is also observed for compounds of As, 
Sb, and Bi. 

We continue investigating the nature chemical bond of E-E double bonds using the AIM 
method approach for the neutral complexes E2il2(lrans), E2H2AUCI and E2H2{AuCl)2. It is 
pointed out that the AIM approach relies on an analysis of the topological properties of the 
charge density Ap(r) and its quality depends on the computational level chosen. In this case, we 
analyzed the p(r) directly fi-om the sign of the Laplacian of density which is determined by 
relationship with P^p(r) = Aj + Z2+ ^3 (/I/ <0, Z2 <0 and A3 <0 are the three nonzero eigenvalues 
of the Hessian matrix of p(r)). If the electrons are locally concentrated at a particular point and 
shared by both nuclei in covalent interaction, then ^p(r) is negative. In contract to this, the 
values of ^p(r), if the electron are depleted fi"om the bond critical point (bcp) and concentrated 
in each of the atomic basin (closed-shell interaction), \^p(r) is positive. Both the gradient and 
the Laplacian of the charge density,V/7, and \^p, respectively, can be analyzed and provide 
complementary information on bonds. 

Figure 3. Contour line of diagram of Laplace field and the path of the charge density V p̂ in E2H2 (trans) 
(a; NiHj; b: P2H2; c: AS2H2; d: Sb2H2; e: Bi2H2); f: AS2H2AUCI and g: As2H2(AuCl)2. 

The critical points, Vp, give information about the existence of bonds, while the sign of 
P*/7 at the same point reflects the kind of the interaction, namely the Laplacian of the charge 

density, \^p, is negative at the critical point for covalent interactions, and it is positive for closed 
shell interaction, such as E-H, E-Au or Au-Cl bonds. The plot of the gradient of the charge 
density, Vp, in the plane of the E2H2, EjHjAuCI, and E2H2(AuCI)2 molecules interaction are 
given in the Figure 3. The map of the Laplacian and the path of the charge density P*/? in the 
H....E...E...H; H....E....E...H with E...Au...CI, and H...E...E...H with (E....Au....CI)2 
planes is also shown. 

There are critical bonds between each set of two atoms defining a covalent bond and 
Wiberg bond orders of the E- E bonds which are shovra in Table 2. The features of the most 
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relevant critical points for those bonds are suitable for the bonds of investigated complexes. 
Table 2 shows that the laplacian at N-N, P-P, and As-As bond critical points are negative and 
become smaller and bigger in all of them. They are negative at the Sb-Sb bond critical points of 
Sb2H2 and become positive in Sb2H2AuCl (0.122 e.A'̂ ) to -0.075 e.A"̂  in Sb2H2(AuCl)2. hi 
contrast to this, the laplacian values are always positive at Bi-Bi bond critical points from Bi2H2 
(0.946 e.A-̂ ) to Bi2H2(AuCl)2 (1.030 e.A'^). The Wiberg bond orders of N-N -, P-P-, As-As-, Sb-
Sb- and Bi-Bi- bonds are not different and especially they decrease upon mono- and di-auration 
in the compounds. 

We realize that one possibility to analyze these changes in the bonding region is provide by 
the relation 2G(r) + V(r) = 'A ^p(r), derived by the Bader theory [15] which coimects the 
kinetic energy density G(r) and the potential energy density V(r) with the Laplace field of p(r). 
Point wise analysis of G(r) and V(r) indicates that for covalent bonds the local energy density 
H(r) = G(r) + V(r) at sites of maximum concentration of p(r) is always negative. This also 
applies to the E-E bonds in our current smdy. Figure 3 clearly show that the Laplacian at N-N, 
P-P, and As-As bonds critical points in a, b, and c are negative but they are nearly zero for Sb-
Sb and Bi-Bi bonds in d and e. The Laplacian at As-As bond critical points is small negative in 
both cases of AS2H2AUCI and As2H2(AuCl)2 in / and g. The AIM pictures of the other 
compounds upon mono- and di-auration are quite similar compared with As compound and they 
are not shown in figure 3. 

Table 2. Characterization of covalent bonds by total electron density and Wiberg bond indices (WBI) of 
E2H2(trans), E2H2AUCI, and E2Hi(AuCl)2 molecules with E = N - Bi. 

[a]: e.A-̂  [b]: e.A"'; [c]: HartrecA^ 

Molecule 

N2H2 

N2H2AUCI 

N2H2(AUC1)2 

P2H2 

P2H2AUC1 

P2H2(AuCl)j 

AsiH, 

AS2H2AUCI 

AS2H2(AUC1)2 

Bond 

N-N 

N-N 

N-N 

P-P 

P-P 

P-P 

As-As 

As-As 

As-As 

p(rf-'^ 

3.227 

2.896 

3.067 

0.988 

0.977 

1.015 

0.736 

0.728 

0.742 

^P&f' 

-32.280 

-23.630 

-25.593 

-5.623 

-1.851 

-7.178 

-1.573 

-1.195 

-1.501 

H(rf''' 

-4.286 

-3.305 

-3.662 

-0.678 

-0.878 

-0.763 

-0.388 

-0.379 

-0.388 

WBI 

2.065 

1.840 

1.593 

2.046 

1.808 

1.642 

2.029 

1.798 

1.624 
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SbzHjAuCl 

Sb2H2(AuCl)2 

Bi2H2 

BijHjAuCl 

Bi2H2(AuCl)2 

Sb-Sb 

Sb-Sb 

Sb-Sb 

Sb-Sb 

Sb-Sb 

0.489 

0.502 

0.424 

0.410 

0.420 

0.122 

-0.075 

0.946 

1.121 

1.030 

-0.189 

-0.199 

-0.121 

-0.121 

-0.127 

1,790 

1.645 

2.017 

1753 

1,636 

From above results, we can assert that the bond formation is associated with a gain in 
molecular energy and this gain is a result of the complex interplay of changes in potential and 
kinetic energy. These also apply to all bonds except for the different Laplacian value of 
Sb2H2AuCl complex. It can be seen in table 2 that the electron density flows out of the inter-
nuclear region upon bond formation. Note that the similar trends for the local energy density 
H(r) are observed for the compounds of P, As, Sb and Bi. Table 2 also shows that the condition 
H(r) is negative in the bonding region which holds for all covalent bonds in this study. From this 
it can follow that the N-N bond in N2H2 is stronger and shorter than the other bonds while P-P 
bond in P2H2(AuCl)2 is nearly stronger than P-P bond in P2H2 and the As-As, Sb-Sb, and Bi-Bi 
bonds both change with the same trends in complexes. 

4. CONCLUSION 

The theoretical results presented in this study clearly show that the N-N bond in N2H2 gets 
longer upon complexation with AuCl while the P-P-, As-As-, Sb-Sb- and Bi-Bi-bonds exhibit 
the opposite trend, although the E-E Wiberg bond indices (WBI) decrease upon auration. The 
condition of a negative total energy (H(r) < 0) in the bonding region holds for all E-E bonds of 
molecules in the AIM analysis. 
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Ban chat lien ket va tinh on djnh cua cac hgp chSt nhom 15 co c6ng thirc chung E2R2 vdi 
E = N, P va R = H, CH3 da dugc nghien cuu truoc day. Trong nghiSn cuu nay, chung t6i mo 
rong cac tinh toan cho tAt ca cac hop chSt vdi E = N, P, As, Sb, Bi va phSn tich cac dac tinh ciia 
lien kgt chinh E-E cho cac hgp chat E2H2 voi bang cac phuong phap nguyen tii trong phSn til 
(AIM) va phan tich orbital lien k6t t\r nhien (NBO). Mgt n^ ien cuu toan dien bSng tinh todn li 
tiiuyet cho cac hgfp chat c^ng hoa tri E2H2 va nhimg thay doi trong mat dg dien tii lien ket trong 
hgp ch5t E2H2 chiia lan lugt AuCl va (AuCl)2 (mono-va di-auration). Ket qua li thuyet cho thay 
dg dai lien ket N-N trong N2H2 dai hon khi tao phirc vdi AuCl trong khi cac lien ket P-P-, As-
As-, Sb-Sb va Bi-Bi-, mac du cac lien ket tTnh dien Wiberg E-E (WBI ) giam khi hgp chat 
nghien cuu tao phiic voi AuCl va (AuCl)2. Cac dieu kien cua tdng nang lugng (H (r) <0) trong 
vung lien ket hoan toan phii hgp cho tk ca cac lien ket E-E cua cac phan tu trong phan tich AIM. 
TSt ca cac hgp chSt E2H2, E2H2AUCI, E2H2(AuCI)2 vai E = N-Bi trong nghien cuu li thuygt n^y 
hoan toan phii hgp de dinh huong cho cac nghien cuu thuc nghiem, dgt bi^t voi hy vgng ma ra 
nhieu vien canh hoan toan moi cho cac nghien cuu ve moi truong. 

Tif khoat nguySn tu trong phan tii (AIM), orbital lien kSt tvr nhiSn (NBO), tinh toan dya tren li 
thuyet phi6m ham mat do; mono-va di-auration. 




