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ABSTRACT

The bonding in and stability of dimeric group 15wmunds of the general formulaRz
has been investigated in the past mainly with E £Mnd R = H, CH In this study, we extend
these investigations to all group 15-elements Ehvidit= N, P, As, Sb, Bi and analyze the
character of the E-E bond forHe, compounds with the aid of Atoms in Molecule (Alhd
natural bond orbital (NBO). We carried out a coetmnsive-theoretical investigation of
covalent EH, compounds and the changes in bonding electronitdemyon mono- and di-
auration. The theoretical results clearly showt th@ N-N bond in BH, gets longer upon
complexation with AuCl while the P-P-, As-As-, Sb-Sand Bi-Bi-bonds exhibit the opposite
trend, although the E-E Wiberg bond indices (WBitmkase upon auratioifhe condition of a
negative total energyH(r) < 0) in the bonding region holds for all E-E boradsmolecules in
the AIM analysis. All complexes,H,, EH,AuUCIl, EH,(AuCl), complexes (E = N-Bi) are
suitable targets for synthesis which would open egmpletely new perspectives for
experimental research.

Keywords atoms in molecules (AlM), natural bond orbital (@B bonding electron density,
mono-and di-auration.

1. INTRODUCTION

The experimental research for investigating theperties of group-15 double bond
contraction upon mono-and di-auration ofREwith E = N, P and R = H, CHcompounds
include X-Ray, NMR spectroscopy and neutron ditiiat has been studied [1]. After that, the
recent chemical bonding for complexes of the grbSipelements have been synthesized by
adding phenyl, hydrogen or methyl groups in oradeinvestigate the stability of the unusual
bonding modes [2]. These compounds have also eesubject of several theoretical efforts
which focused on relative stabilities and rotatlobarriers, and also on the comparative
performance of different computational methods [3].

The AIM methodology has offered a unique tool ta mesight into the concept of the
chemical bond and the bond strength in terms atrele density distribution [4]. The definition



Nguyen Thi Ai Nhung, Nguyen Van Ly, Do Dien, Pham Van Tat

of the chemical bond is based on the existencebaing critical point (bcp), extreme of density
and the corresponding bond path linking two nuofeneighboring atoms through a gradient
path. At the bond critical point, the gradient &datron density distributiodlo(r) in the region

of two atoms bond always changes between positidezaro. It has been indicated that the
4p(r) provides a qualitative measure for the accumulatib the electron density in bonding
region and the bonding models in which the existewita covalent bond is dependent upon a
finite bonding electron densitdo(r) gives somewhat dubious [5]. The natural bond albit
(NBO) procedure uses only the information in thenat orbital overlap and density matrices,
and consists of two basis steps: an orthogonadizati the atomic orbital basis to form the
natural atomic orbitals (NAOs), and a bond orhitahsformation from the NAO set to the final
set of NBOs [6].

In order to further explain the chemical bondingeiE double bond of HH, compounds

(E = N-Bi) that carry mono- and di-auration, we digiee methods of AIM and NBO analyses
which were proposed for study of intermolecularerattions. The points of view that we
consider the geometries and energies $f,Eipon mono- and di-auration with the hydrogen in
compounds and further explain the nature chemigatllof E-E double bonds in AIM and NBO
analyses. The computational assessment of theaecstructure for this study present indicate
a rather comprehensive theoretical data base awidprmany point of comparison with future
experimental studies.

2. COMPUTATIONAL METHODS

We optimized geometries and computed energiesliftheamolecules at the four different
methods BP86 [7], B3LYP [8], M0O5 [9], and MO5-2X(Hwith the basis set def2-TZVPP [11]
using the Gaussian03 [12] in order to fimdnima on the energy potential surface (EPS).
Vibrational frequencies have also been calculatédeasame level of theory to confirm that the
structures are minima on the EPS.

The topological analyses of electron densities nbstll bonds and wave functions were
obtained using the WFN option through single-paiatculations. The electron density was
analyzed with the AIMPAC set of program using thaver function as input parameters [13] at
the BP86 [7] /def2-TZVPP level of theory. The lewéltheory is denoted as BP86/def2-TZVPP
and used for the calculation of the Wiberg bondemsdvhich was analyzed using the natural
bond orbital (NBO) program [14] available in GaassD3.

3. RESULTS AND DISCUSSION

The optimized geometries structures @HE(cis-trang compounds at the four different
methods BP86, B3LYP, M05, and M05-2X with basis &¢ef2-TZVPP are shown in Figure 1
and Table 1. Experimental geometry gHNis only given [14]. The calculated results in Teabl
1 show that bond lengths of N-N, N-H and the bongl& of H-N-N are nearly similar among
difference methods, the experimental value gfiNor N-N (1.252 A) and N-H (1.028 A) bond
length are slightly longer than the theoreticaladdthe P-P bond length is significantly longer
than N-N bond length and the E-E bonds increasthéoheavier homologues.
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Figure 1 Optimized structures of,H, (cis-trans) at the BP86, B3LYP, M05, M05-2X levelith the
basic set def2-TZVPP.

Table 1 shows that the bond length of As-As is @nfpan P-P bond length and becomes
longer from As-As to Bi-Bi bond. Besides, the othend lengths and bond angles are also not
big difference among these compounds. Note thawéhges of related energies are observed
similar trends we also found that almost tadns structures are lower in energies theis
structures. From those, we choose ttla@s structures of EH, compounds upon mono- and di-
auration and the level of theory BP8@&f2-TZVPPfor continuously investigating in the
following studies.

The referee asked the reason &pplying different methods and for selecting the
BP86/def2-TZVPPevel among 4 different levels of theory while yhexhibit nearly the
same values of bond lengths and energies, we wdddto explain as followsAs
mentioned in the abstract, in this study, we extimege investigations to all group 15-elements
E with E =N, P, As, Sb, Bi and analyze the chanaot the E-E bond for H, compounds with
the aid of Atoms in Molecule (AIM) and natural boodbital (NBO). This is because the
finding suggest that it would be worth investiggtthe EH, compounds (E = N-Bi) that carry
mono- and di-auration, which may exist, but have yet been synthesized, except for the
experimental study for M, compound. Furthermore, to the best of our knowdedge present
work is the first detailed study of the geometaes bonding situation of thelf,, E;H,AUCI,
E-H,(AuCl), complexes (E = N-Bi). Originally we only used th8LE¥P level with the basis set
def2-TZVPP and then we decided to extend thesauledilons to BP86, M05, and M05-2X
levels with the same basis set in order to find thet significantly differences among those
methods. In the end, we realized that althoughetlage not different much for structures and
energies among the four methods but the BRIg&2-TZVPRevel would be chosen for further
investigating due to the higher accuracy withdBkpoint group symmetry of JH, molecules.

Table 1 Optimized geometries of,H, compounds with E = N —Bi at BP86, B3LYP, M05, MRX%-
levels with basis set def2-TZVPP, and the calcdlagéative energies [kcal/mol] with different metiso

Molecule Method d(E-EY d(E-H)? o (H-E-E)” Erel®
BP86 1.245 1.052 112.8 5.0
N,H,-cis  B3LYP 1.234 1.039 112.9 5.4
MO5 1.231 1.035 112.7 5.6
M05-2X 1.226 1.031 112.4 6.0
BP86 1.249 1.045 106.3 0
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N,H.-trans  B3LYP 1.235 1.033 107.0 0
MO5 1.234 1.030 106.5 0
M05-2X 1.226 1.027 107.1 0
Exp[15] 1.252+0.002 1.028+ 0.005 106.9+0.5 -
BP86 2.052 1.435 99.3 3.5
P,H,-cis B3LYP 2.037 1.422 99.7 3.5
MO5 2.033 1.424 98.9 3.8
MO05-2X 2.021 1.417 98.9 3.6
BP86 2.043 1.438 93.6 0
P,H,-trans B3LYP 2.029 1.426 94.2 0
MO5 2.022 1.427 93.2 0
MO05-2X 2.012 1.420 94.0 0
BP86 2.280 1.540 96.9 2.7
AsyH,-cis B3LYP 2.266 1.529 97.5 2.7
MO5 2.245 1.530 97.6 2.8
MO05-2X 2.238 1.520 97.3 2.7
BP86 2.269 1.546 91.9 0
As;H,-trans  B3LYP 2.256 1.533 92.6 0
MO5 2.235 1.534 92.6 0
M05-2X 2.230 1.525 92.8 0
BP86 2.669 1.728 94.5 21
ShH,-cis B3LYP 2.657 1.717 95.1 21
MO5 2.670 1.729 95.0 2.3
MO05-2X 2.598 1.703 96.0 2.0
BP86 2.655 1.734 90.4 0
ShH,-trans  B3LYP 2.644 1.722 91.1 0
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MO5 2.656 1.735 90.8 0
MO05-2X 2.590 1.708 91.9 0
BP86 2.823 1.808 94.0 1.9
Bi,H,-cis B3LYP 2.813 1.798 94.6 1.9
MO5 2.873 1.826 93.9 2.3
MO05-2X 2.729 1.772 94.4 2.0
BP86 2.809 1.815 89.7 0
BiH,-trans  B3LYP 2.800 1.805 90.3 0
MO5 2.855 1.834 89.7 0
M05-2X 2.720 1.781 90.5 0

[a]: in A; [b]: in degree; [c]: in kcal/mol
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E,>H, EszAUCl Esz(AUCl)Z
d(N-N) = 1.249 d(N-N) = 1.258 d(N-N) = 1.282
d(P-P) = 2.043 d(P-P) = 2.033 d(P-P) = 2.031

d(As-As) = 2.269 d(As-As) = 2.256 d(As-As) = 2.249
d(Sh-Sb) = 2.655 d(Sh-Sb) = 2.636 d(Sh-Sb) = 2.625
d(Bi-Bi) =2.809 d(Bi-Bi) = 2.791 d(Bi-Bi) = 2.781

Figure 2 Optimized geometries of,H, (trans), EH,AUCI, E;H,(AuCl), compounds (E = N —Bi) with
point group symmetries: c2h fosHk (trans-planar) and c(s) foslH, 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 oL, E;H,AUCH EH,(AuCl), complexes with E = N — Bi
together with the calculated values for the bonadgtles are shown in the Figure 2. The
equilibrium structures of the systems possess tln nkE-E bonds. All complexes are
experimentally unknown except for geometry gHM[15]. Figure 2 shows that the E-E bond
increases from the lighter to the heavier compleMege that the N-N bond length il is the
shortest bond (1.249 A) and the bond lengths inanand di-auration increase from 1.258 A in
E;H,AuCl to 1.282 A in BH,(AuCl),, whereas the bond lengths of P-P slightly deerdasn
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P,H, (2.043 A) to BH,(AuCl), (2.031 A) and this trend is also observed for conmals of As,
Sbh, and Bi.

We continue investigating the nature chemical boh&-E double bonds using the AIM
method approach for the neutral complexebl,@rans), E;H,AUCI and EBH,(AuCl),. It is
pointed out that the AIM approach relies on an ymalof the topological properties of the
charge densitylo(r) and its quality depends on the computational letielsen. In this case, we
analyzed theo(r) directly from the sign of the Laplacian of densithich is determined by
relationship Withﬁp(r) = A1 + A+ A3(A: <0, A, <0 andA; <0 are the three nonzero eigenvalues
of the Hessian matrix gf(r)). If the electrons are locally concentrated padicular point and
shared by both nuclei in covalent interaction, tHép(r) is negative. In contract to this, the
values of/7¢(r), if the electron are depleted from the bond ailtjwoint (bcp) and concentrated
in each of the atomic basin (closed-shell intecan}ti/7o(r) is positive. Both the gradient and
the Laplacian of the charge denditp, and /7p, respectively, can be analyzed and provide
complementary information on bonds.
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Figure 3. Contour line of diagram of Laplace field and gath of the charge densifp in EH, (trans)
(a: NoHy; b: BH,; ¢: AsHo; d: SBHy; e: BiH,); f: As,H,AuCl and g: AsH,(AuCl),.

The critical points/jp, give information about the existence of bonds,levttie sign of
[Fp at the same point reflects the kind of the intéoac namely the Laplacian of the charge
density,/#p, is negative at the critical point for covalerteiractions, and it is positive for closed
shell interaction, such as E-H, E-Au or Au-Cl bandbe plot of the gradient of the charge
density/Jp, in the plane of the MH,, E:H,AuCl, and EH,(AuCl), molecules interaction are
given in the Figure 3. The map of the Laplacian trelpath of the charge densifjp in the
H....E...E...H; H....E....E...H with E...Au...Cl, and H...E...E...H witHE....Au....Cl),
planes is also shown.

There are critical bonds between each set of twmstdefining a covalent bond and
Wiberg bond orders of the E- E bonds which are showTable 2. The features of the most
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relevant critical points for those bonds are sugdbr the bonds of investigated complexes.
Table 2 shows that the laplacian at N-N, P-P, asdAé bond critical points are negative and
become smaller and bigger in all of them. Theyragative at the Sb-Sb bond critical points of
ShH, and become positive in $HAuCl (0.122 e.X) to -0.075 e.& in ShH,(AuCl),. In
contrast to this, the laplacian values are alwagtipe at Bi-Bi bond critical points from Bil,
(0.946 e.X) to Bi,H,(AuCl), (1.030 e.X). The Wiberg bond orders of N-N -, P-P-, As-As; S

Sb- and Bi-Bi- bonds are not different and espgcthky decrease upon mono- and di-auration
in the compounds.

We realize that one possibility to analyze thesanges in the bonding region is provide by
the relation2G(r) + V(r) = ¥ [7o(r), derived by the Bader theory [15] which connetis t
kinetic energy densit@(r) and the potential energy densit{r) with the Laplace field ofr).
Point wise analysis dB(r) andV(r) indicates that for covalent bonds the local eneatggysity
H(r) = G(r) + V() at sites of maximum concentration ofr) is always negative. This also
applies to the E-E bonds in our current study.ufgd clearly show that the Laplacian at N-N,
P-P, and As-As bonds critical pointsanb, andc are negative but they are nearly zero for Sb-
Sb and Bi-Bi bonds il ande. The Laplacian at As-As bond critical points isadihmegative in
both cases of ABl,AUCI and AsH,(AuCl), in f and g. The AIM pictures of the other

compounds upon mono- and di-auration are quitdairnompared with As compound and they
are not shown in figure 3.

Table 2 Characterization of covalent bonds by total etectensity and Wiberg bond indices (WBI) of
E,H,(trans), EH,AUCI, and EH,(AuCl), molecules with E = N — Bi.
[a]: e.A3 [b]: e.A® [c]: Hartree A%,

Molecule Bond o )P Fo(r)® H(r)™ WBI

N,H, N-N 3.227 -32.280 -4.286 2.065
N,H,AUCH N-N 2.896 -23.630 -3.305 1.840
NoH,(AUCH), N-N 3.067 -25.593 -3.662 1.593
P,H, P-P 0.988 -5.623 -0.678 2.046
P,H,AUCI P-P 0.977 -1.851 -0.878 1.808
P,Ho(AuCI), P-P 1.015 -7.178 -0.763 1.642
AsH, As-As 0.736 -1.573 -0.388 2.029
As,H,AUCI As-As 0.728 -1.195 -0.379 1.798
As,Hy(AuCl), As-As 0.742 -1.501 -0.388 1.624
ShH, Sb-Sb 0.494 -0.043 -0.181 2.021
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SkyH,AuCl Sb-Sb 0.489 0.122 -0.189 1.790
SkpH,(AUCI), Sb-Sb 0.502 -0.075 -0.199 1.645
Bi,H, Sb-Sb 0.424 0.946 -0.121 2.017
Bi,H,AuCl Sb-Sb 0.410 1.121 -0.121 1.753
Bi,H,(AuCl), Sb-Sb 0.420 1.030 -0.127 1.636

From above results, we can assert that the bondatayn is associated with a gain in
molecular energy and this gain is a result of thenglex interplay of changes in potential and
kinetic energy. These also apply to all bonds eixdep the different Laplacian value of
ShH,AuCI complex. It can be seen in table 2 that thextebn density flows out of the inter-
nuclear region upon bond formation. Note that timgilar trends for the local energy density
H(r) are observed for the compounds of P, As, Sb and'Bble 2 also shows that the condition
H(r) is negative in the bonding region which holdsdbicovalent bonds in this study. From this
it can follow that the N-N bond in MM, is stronger and shorter than the other bonds vihiRe
bond in BH,(AuCl), is nearly stronger than P-P bond iHPand 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 studgrbleshow that the N-N bond in,N, gets
longer upon complexation with AuCl while the P-Rs-As-, Sb-Sh- and Bi-Bi-bonds exhibit
the opposite trend, although the E-E Wiberg bomtices (WBI) decrease upon auratiofihe
condition of a negative total energyl(f) < 0) in the bonding region holds for all E-E borads
molecules in the AIM analysis.
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TINH TOAN Li THUY ET CAC HOP CHAT E;H,, EH,AUCH, EsH(AUCH), (E = N-Bi):
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LIEN KET TU NHIEN
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Ban chit lién két va tinhon dinh dia cac lp chit nhém 15 c6 cong tit chung ER; Véi
E =N, P va R = H, Ckda dugc nghién au trueéc day. Trong nghiéntiu nay, ching téi
rong cac tinh toan chattca cac lyp chit voi E = N, P, As, Sb, Bi va phan tich ot tinh @ia
lién két chinh E-E cho cacdp chit E;H, véi bang cac phrong phap nguyénittrong phantt
(AIM) va phan tich orbital liénd ty nhién (NBO). Mt nghién ¢u toan dén bing tinh toan Ii
thuyét cho cac bip chit cong héa t E;H, va nhiing thayddi trong mit do dién tir lién két trong
hop chit E,H, chira lan luot AuCl va (AuCl) (mono-va di-auration). & qua Ii thuyét cho thiy
do dai lién Kt N-N trong NH, dai hon khi tao phirc v6i AuCl trong khi céac lién & P-P-, As-
As-, Sb-Sb va Bi-Bi-, ric du cAc lién & tinh dién Wiberg E-E (WBI ) gim khi hop chit
nghién ¢u tao phic véi AuCl va (AuCl). Cécdiéu kién cia Hng ning lwong (H (r) <0) trong
viing lién Kt hoan toan phidp cho #t ca cac lién Kt E-E dia cac phanittrong phan tich AIM.
Tat ca cac lyp chit E;H,, E;H.AUCIH, EH,(AuC), véi E = N-Bi trong nghién @u li thuyét nay
hoan toan phudp dé dinh hréng cho cac nghiéniw thec nghiém, dit biét véi hy vong mo ra
nhiéu vién canh hoan toan 4i cho cac nghiénig vé méi trong.

Tur khéa nguyén it trong phant (AIM), orbital lién két ty nhién (NBO), tinh toamh trén Ii
thuyet phiem ham nit d6; mono-va di-auration.
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