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Two π-bonded aromatic systems, Mg
3

2– and Be
3

2– and their couple of sandwich complexes are geometry optimized at 
the B3LYP/6-311+G[d] level of theory. Nature of bonding and possible aromaticity in those systems are analyzed in 
terms of different conceptual density functional theory based reactivity descriptors as well as the nucleus independent 
chemical shift. As shown before for the Be cluster, the other dianion can as well stabilize a direct Zn–Zn bond.  
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Introduction 

In order to explain the exceptional stability of the 
benzene molecule the concept of aromaticity was 
introduced by Kekulé [1]. Later on Pauling [2] 
explained it in the light of quantum mechanics and 
Hückel [3] rationalized the same through his famous 
(4n+2) π electron rule. Although numerous definitions 
of aromaticity exist [4, 5] based on the geometric, 
energetic, magnetic or electronic criterion an exact 
definition is still elusive. An acceptable definition of 
this concept may be stated as, “An aromatic molecule 
is one in which the electrons are free to cycle around a 
cyclic arrangement of atoms connected via identical 
bonds which are actually the resonance hybrid of 
single and double bonds. It shows an exceptional 
stability compared to its similar nonaromatic molecule 
and possesses a planar structure with (4n+2) π 
electrons in a single ring. On the other hand, an 
antiaromatic molecule is less stable, possesses 4n 
(n≠0) π-electrons, may be planar or non-planar and 
more reactive in nature than a nonaromatic or an 
aromatic molecule” [1-5].  

 There has been a recent extension of the concept 
of aromaticity beyond the typical organic compounds 
as well as the molecules like borazine (inorganic 
benzene) to the all-metal compounds, like Al4

2– or Al4

4– 

[6, 7]. A number of various other triangular, 
tetragonal, pentagonal and hexagonal all-metal units 
along with their various bimetallic species, e.g., M3

– 
(M=Al, Ga) [8], X3

– (X=Sc, Y, La) [9a], X3

+ (X=H, Li, 
Na, K, Cu) [9b], X3

2– (X=Zn, Cd, Hg) [10], M4

2– 
(M=Ge, In, Tl, Sb, Bi) [11a-d], M4

2+ (M=Se, Te) 
[11e,f], Hg4

6– [12], M5

– (M=Sb, Bi) [13], M5

6– (M=Ge, 
Sn, Pb) [14], Au5Zn+ [15], Al6

2– [16], MX3 (M=Li, Na, 
K; X=Sc, Y, La) [9a], XCl3 (X=H, Li, Na, K, Cu) [9b], 
etc. have come into fore through experimental/ 

theoretical investigations. Although most of these 
metal clusters exhibit both σ and π aromaticities 
[8,9,11-16], there are systems like Be3

–, Mg3

–, NaMg3

–, 
Na2Mg3 etc. [10, 17] which exhibit exclusively π- 
aromaticity since in these molecules a single π- bond 
has been shown [17] to bind 3, 4 or 5 atoms. Recently 
Roy and Chattaraj [18] have studied the π- aromaticity 
in Be3

2– dianion. The aromaticity on the 3D structure is 
reviewed by King et al. [19] Also, the complexation of 
different units mentioned above has been attempted to 
form systems like MAl4TiMAl4 (M=Li, Na, K) [20, 
21], Na2Al4Cl4(NH3)4 [22a], Li4Al4Fe(CO)3 [22b] etc. 

 Density functional theory (DFT) [23, 24] has 
played an important role in predicting stability, 
reactivity and aromaticity in such all-metal molecules 
along with the organic [25] and inorganic [20, 26–28] 
molecules. Various global and local reactivity 
descriptors, e.g., electronegativity (χ) [29], hardness 
(η) [30], polarizability (α) [31], electrophilicity (ω) 
[32-34], Fukui function [35], philicity [36] etc. based 
on conceptual density functional theory (DFT) [23, 24] 
have been successfully used in analyzing a wide 
variety of systems and reactions [37-41] mainly 
through the corresponding electronic structure 
principles, viz., electronegativity equalization principle 
(EEP) [43], hard-soft acid-base (HSAB) principle [44-
46], maximum hardness principle (MHP) [47, 48], 
minimum polarizability principle (MPP) [49], 
minimum electrophilicity principle (M-El-P) [50] etc. 
Electronegativity equalization principle (EEP) [43] 
may be stated as, “Electrons flow from a system of 
lower electronegativity to one with higher 
electronegativity until they get equalized”. Hard-soft 
acid-base (HSAB) principle [44-46] states that, “Hard 
likes hard and soft likes soft for both thermodynamic 
and kinetic considerations”. Maximum hardness 
principle (MHP) [47, 48] is stated as, “There seems to 
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be a rule of nature that molecules arrange themselves 
so as to be as hard as possible”. Since soft molecules 
are more polarizable than hard ones, a minimum 
polarizability principle (MPP) [49] may be envisaged 
as, “The natural direction of evolution of any system is 
towards a state of minimum polarizability”. Minimum 
electrophilicity principle [50] may be stated as, 
“Electrophilicity often attains a minimum value for a 
stable configuration or a favourable process”. 

 Stabilization of different aromatic/antiaromatic/ 
metallocene compounds through complexation 
processes to form various sandwiches has gained a lot 
of attention owing to their usefulness and applicability 
in diverse fields [51-59]. For a proper understanding 
the knowledge of stability, bonding, reactivity and 
aromaticity of those sandwich complexes are also 
important [51-59]. Pentamethylcyclopentadienyl anion 
(Cp*– =C5Me5

–) and more commonly used 
cyclopentadienyl anion (Cp–=C5H5

–) are well known 
versatile units in sandwiching metal atoms like 
ferrocene [CpFeCp], chromocene [CpCrCp], 
cobaltocene [CpCoCp] and nickelocene [CpNiCp] 
[60]. Recently Resa et al. [61] discovered the first 
direct Zn-Zn bonded sandwich, decamethyl-
dizincocene, Zn2(η

5-C5Me5)2 which was obtained 
unexpectedly from the reaction of (η5-Me5C5)2Zn with 
Et2Zn. Various experimental/ theoretical investigations 
have been carried out to predict the structure and 
reactivity of other possible direct metal-metal bonded 
analogues of the original synthesized compound, e.g. 
M2(η

5-Cp′)2 (Cp ′–= Cp* – / Cp– ; M=Cd, Hg, Ni, Cu, 
Be) [56-59]. It has been shown [18] that Be3

2– (D3h) 
unit is also capable of stabilizing the direct Zn-Zn 
bond (where two metal atoms are directly bonded to 
each other) in a thermodynamically more favorable 
manner than Cp–.  

 Various mono-metallic units, Mn

q, where M is a 
metal like Au, Ag, Si, Al, Ga etc., q is the molecular 
charge and n is an integer, have been synthesized, 
characterized and used to design various useful 
materials [62-66]. These metal units are used as 
building blocks of the electrodes in the molecular 
electronic devices, e.g., molecular rectifiers, wires, 
semiconductors and transistors [62-66]. For this 
purpose the understanding of the chemical nature and 
reactivity of these building blocks is important [21, 62-
66]. 

 In the present work, potency of the Mg3

2– (D3h) unit 
in stabilization of direct zinc–zinc bond is investigated 
through the substitution reaction of Cp– (=C5H5

–) by 
Mg3

2– unit. Reactivity and aromaticity of this dianion 
in its sandwich complexes are also analyzed using 
DFT based descriptors and nucleus independent 
chemical shift (NICS) values. Various electronic 
structure principles, e.g., MEP, MHP, MPP and M-El-
P are tested for the related substitution reactions. 
Possible existence of the Ferrocene analogue of the 
Mg3

2– and Be3

2– units are investigated. The efficacy of 
the Mg3

2– unit in application to the field of molecular 

electronics is also analyzed.  

Theoretical Background 

For an N-electron system global descriptors like the 
electronegativity (χ) [29] (negative of the chemical 
potential [67] (μ)) and the chemical hardness (η) [30] 
are defined respectively as the following first and 
second order derivatives :  
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where E is the total energy and ( )v rr  is the external 
potential.  

  A finite difference approximation to the above 
formulas provide [30, 67], 

 
2
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2
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where I and A are the ionization potential and the 
electron affinity respectively. A ΔSCF method yields 
the following equations: 

 I ≈  E (N-1) – E (N) ; A ≈  E (N) – E (N+1)  ...(4) 

where E (M) is the electronic energy for the M-
electron ( M = N-1, N, N+1) system.  

 Elecrophilicity index (ω) is expressed as follows 
in terms of the chemical potential and the hardness and 
it measures the stabilization in energy when a system 
acquires an additional electronic charge from the 
environment [32] 

 
2 / 2ω μ η=  …(5) 

 Although ω contains both thermodynamic and 
kinetic information of a chemical system it should not 
be exclusively used as an index of the rate of a 
reaction or as that of the spontaneity of a reaction 
(through M-El-P, say). There are some attempts [68, 
69] to correlate kinetic quantities with ω. It has also 
been shown [68] that a good correlation is obtained in 
such cases only after removing the outliers.  

 Fukui Function (FF) [35] is one of the widely used 
local density functional descriptors to model chemical 
reactivity and site selectivity and is defined as:  

 [ ] [ ] )()()()( rvN Nrrvrf r
rrr ∂∂== ρδδμ  …(6) 

 As proposed by Yang and Mortier [70] the 
condensed Fukui function (FF) may be expressed 
based on a finite difference method as follows:  

( 1) ( )k k kf q N q N+ = + −  for nucleophilic attack …(7a) 

( ) ( 1)k k kf q N q N− = − −  for electrophilic attack …(7b) 

[ ]( 1) ( 1) 2o
k k kf q N q N= + − − for radical attack …(7c) 
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where kq is the electronic population of atom k in a 

molecule. 

 Chattaraj et al. [36] proposed the generalized 
concept of philicity, which contains almost all 
information regarding the global and local properties 
of a molecule as well as the nucleophilic/ electrophilic 
power of a given atomic site. The philicity at any 
atomic site k is defined as: 

 .k kf
β βω ω=  …(8) 

where (β = +, - and 0) represents local philic quantities 
describing nucleophilic, electrophilic and radical 
attacks.  

 The group philicity, which is sum of the individual 
philicities over a group of relevant atoms may be 
expressed as [71]: 

 
1

n
g kk

ββω ω∑
=

=  …(9) 

where n is the number of atoms coordinated to the 
reactive atom, ωk

β is the local electrophilicity of the 
atom k, and ωg

β is the group philicity obtained by 
adding the local philicity of the nearby bonded atoms, 
and (β = +, -, 0) represents nucleophilic, electrophilic 
and radical attacks respectively. 

 One may define a local temperature [72], ( )θ rr  as 

 3( ) ( ) ( )
2 Bt r r k rρ θ=r r r  …(10) 

where ( )t rr  is the kinetic energy density (KED), 

( )rρ r
 is the electron density and kB is the Boltzman 

constant. An atomic temperature, θk has been obtained 
[73] by using a Thomas-Fermi type KED and then 
obtaining a corresponding condensed-to-atom 
quantity. For several systems θk correlates [73] very 
well with different physico-chemical properties 
including the Hammett σ constant. Since the 
condensation of a nonlinear function of ( )rρ r

 in terms 
of qk is not straight forward other approaches are being 
tested in our laboratory. Mathematically inexact 
condensed quantities are in use though [74]. 

 Recently a new local reactivity descriptor, 

nucleophilicity excess or net nucleophilicity (Δ gωm ) is 

proposed along the line of dual descriptor [75] to 
account for the nucleophilic or electrophilic nature of a 
group of atoms or a part of a molecule as [21, 76]: 

 ( )Δ g g g g gf fω ω ω ω− + − += − = −m
 …(11) 

where 
1

n

g k
k
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=
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k
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∑  are the group 

philicities of the nucleophile/ electrophile in the 
molecule due to electrophilic and nucleophilic attacks, 

respectively. For a nucleophile, Δ gωm  is expected to be 

positive while it should be negative for an electrophile 
in a molecule. 

 The electric dipole polarizability (α) is represented 
as the second order variation in energy with respect to 
the electric field F as, 

 ( )
ba FF

E
ba ∂∂

∂−= 2

,α  zyxba ,,, =  …(12) 

which is a measure of the linear response of the 
electron density in the presence of an infinitesimal 
electric field F. 

 The isotropic dipole polarizability ( α ) is 

calculated as the mean value as given in the following 
equation 

 ( )zzyyxx αααα ++= 3
1  …(13) 

 The nucleus independent chemical shift (NICS) 
[77] is defined as the absolute magnetic shielding 
computed at the center of a ring in a molecule. The 
NICS (0) and NICS (1) values are calculated at the 
center and 1Å above the ring respectively. Various 
other aromaticity indices are also known, e.g., 
Hemmett sigma parameter (σ) [78a], molecular 
electrostatic potentials (MESP) [78b], multicenter 
bond indices (MCI) [78c] etc. 

Computational Details 

The geometries of Mg3

2–, Be3

2–, Cp– (C5H5

–, D5h), 
CpZn2Cp (D5h), [Mg3Zn2Mg3]

2– (D3h), CpFeCp and 
[Be3FeBe3]

2– molecules are minimized at the B3LYP/6-
311+G[d] level of theory using GAUSSIAN 03W [79] 
program. Harmonic vibrational frequency analysis is 
also performed at the same level of theory to find out 
the minima on the potential energy surface. All the 
molecules considered here possess zero number of 
imaginary frequency (NIMAG=0). The molecular 
orbital (MO) pictures are generated through the 
GAUSSVIEW 03 [80] viewing software. Ionization 
potential (I), electron affinity (A) and hardness (η) are 
calculated using ΔSCF method. Atomic charges and 
Fukui functions (essentially for using in eqs 8, 9 and 
11) are calculated using the Mulliken population 
analysis (MPA) schemes [81]. 

Results and Discussion 

Mg3

2– Dianion and Direct Zn-Zn Bond Stabilization 

Figure 1 presents the minimum energy structures of 
the cyclic Mg3

2– (D3h) and Be3

2– (D∞h) units. Unlike the 
Be3

2– (D∝h) isomer [18], linear form of Mg3

2– is not 
found to be stable (NIMAG≠0). The energy (E), 
polarizability (α), hardness (η), chemical potential (μ) 
and electrophilicity (ω) values of Mg3

2– (D3h) and Be3

2–

(D3h) units are given in Table 1. Some pertinent 
frontier molecular orbitals of Mg3

2– (D3h) molecule is 
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Fig. 1: Optimized geometries of the cyclic Mg
3

2– and Be
3

2– molecules. 

 
Table 1. Energy (E), polarizability (α), hardness (η), chemical 
potential (μ) and electrophilicity (ω) values of the various 
compounds considered in the present work. 
 

Molecule Energy (E)† α† η‡ μ‡ ω‡ 
Mg3

2– (D3h) -600.2145 1128.920 0.806 3.296 6.737 
Be3

2– (D3h) -44.0034     357.010 0.914 3.989 8.703 
Cp– -193.5699 78.350 3.424 1.515 0.335 
CpZnZnCp -3945.8430 166.729 4.177 -3.703 1.641 
[Mg3ZnZnMg3]2–     -4759.3223 2204.868 1.060 -2.295 2.484 
†In a.u. ‡In eV 
 

shown in Fig. 2. As in Be3

2– [18], a possible π-
aromaticity may be expected in the case of the Mg3

2– 

especially from their HOMOs.  

 Table 1 also provides the energy, polarizability, 
hardness and electrophilicity values of Cp– (C5H5

–), 
CpZnZnCp and [Mg3ZnZnMg3]

2– compounds. In order 
to check the potential of Mg3

2– (D3h) unit in stabilizing 
the direct zinc-zinc bond we study the 
[Mg3ZnZnMg3]

2– complex. The reaction to form the 
new all-metal complex, [Mg3ZnZnMg3]

2– is presented 
below:  

  2 Zn+ + 2 Mg3

2– → [Mg3ZnZnMg3]
2–; 

 ΔH= –549.79 Kcal/mol …(A)  

It is found that the reaction A is highly exothermic 
compared to its Cp– (C5H5

–) analogue to stabilize the 
direct Zn-Zn bond [18]. The substitution of Cp– in the 
CpZnZnCp compound by the Mg3

2– unit (Fig. 3) is 
given by Equation (B): 

 CpZnZnCp + 2 Mg3

2– → [Mg3ZnZnMg3]
2– + 2 Cp–; 

  ΔH=–122.89 Kcal/mol  …(B)  

The highly exothermic nature of the reaction B implies 
that the reaction is thermodynamically favorable albeit 
with an increase in the Zn-Zn bond distance. The 
relative polarizability (Δα1/3), relative hardness (Δη, 

geometric mean) and relative electrophilicity (Δω) 
values of the reactions A and B are presented in Table 
2. These relative quantities are calculated for the 
products relative to reactants so that they contain the 
information regarding the spontaneity of a reaction 
vis-à-vis the associated electronic structure principles. 
It is found that except for the Δη of reaction A, both 
the reactions A and B follow the principles of 
minimum polarizability (MPP) [49], maximum 
hardness (MHP) [48] and minimum electrophilicity 
(M-El-P) [50].  
 

Table 2: Relative polarizability (∆α1/3)†, relative hardness (∆η)‡ 
and relative electrophilicity (∆ω)‡ values of various 
reactions considered in the present study. 

Reactions ∆α1/3 ∆η (GM) ∆ω 

A -12.993 -2.770 -54.187 
B  -4.755   0.099 -11.961 
C  -0.498   0.300 -14.276 
†In a.u. ‡In eV 
 

 In order to investigate the possible aromaticity in 
the [Mg3ZnZnMg3]

2– complex we calculate NICS (0) 
and NICS (1) values on the Mg3

2– dianion and 
compared the same in CpZnZnCp complex. The NICS 
(0) and NICS (1) values on the Cp– and Mg3

2– units in 
the respective complexes are presented in Table 3. It is 
found that Mg3

2– unit exhibits more aromatic nature 
(NICS(0)=–21.42 ppm and NICS(1)=–14.23 ppm) in 
[Mg3ZnZnMg3]

2– complex compared to the Cp– unit 
(NICS(0)=–14.76 ppm and NICS(1)=–10.08 ppm) in 
its CpZnZnCp complex. Fig. 4 shows some pertinent 
frontier molecular orbitals of the [Mg3ZnZnMg3]

2– 
compound. A distinct antibonding nature is found in 
the LUMO and an electron delocalization along the C3- 
axis is noticed in the HOMO and that on the Mg3

2– 
units in the HOMO-1. 

 
Fig. 2: Some important molecular orbital pictures of Mg3

2– (D3h). 
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Fig. 3: Substitution reaction in CpZnZnCp to produce [Mg3ZnZnMg3]2–. Bond lengths are in Å. 
 
 

 

 
 

Fig. 4: Some important molecular orbital pictures of [Mg
3
Zn

2
Mg

3
]2– (D

3d
). 

 
Table 3: NICS(0) and NICS(1) values of Cp– and Mg3

2– rings in 
CpZn2Cp and [Mg3Zn2Mg3]2– as well as CpFeCp and 
[Be3FeBe3]2– molecules. 

NICS† Cp– ring Mg3
2– ring Cp– ring Be3

2– ring 
 (CpZn2Cp) ([Mg3Zn2Mg3]2–) (CpFeCp) ([Be3FeBe3]2–) 
NICS (0) –14.762 -21.420  -45.871 -34.596 
NICS (1) –10.080 -14.230  -17.654 7.080 
 †In ppm 
 
 Atomic charges (Qk) are considered to be 
important descriptors in understanding electrostatic 
interactions [82–84]. A negatively (positively) 
charged center is expected to interact with a 
positively (negatively) charged species or a hard 
electrophile (nucleophile). It is known that the hard-
hard interactions are charge controlled, while soft-
soft interactions are frontier orbital controlled [82–
84]. Table 4 presents the atomic charges and philicity 
values of the CpZnZnCp and [Mg3ZnZnMg3]

2– 
molecules. In [Mg3ZnZnMg3]

2– molecule, Mg atoms 
in Mg3

2– units show almost equal charges due to the 
D3h symmetry of the complex as is found for the C 
atoms in Cp–, due to the D5h symmetry in the 
CpZnZnCp complex. It also may be noted that 

positive net nucleophilicity (Δ gωm ) of the all-metal 

Mg3

2– (D3h) unit implies the possible applicability of 
this unit in the field of molecular electronics. 

Possible Ferrocene Analogue of Be3

2– Dianion 

Ferrocene (CpFeCp) is the first molecule to be 
discovered in the area of organometallic chemistry 
[85]. The presence of the twelve π-electrons in the 
two Cp– units along with the six π-electrons from the 
Fe2+ provides an inert gas electronic configuration 
with 18 π-electrons which makes ferrocene an 
exceptionally stable and aromatic compound. 
Counter to the previous knowledge it has been 
reported [86] that the equilibrium state of ferrocene 
is the eclipsed form (D5h) whereas the staggered form 
(D5d) represents a saddle point. This result is in 
conformity with the corresponding experimental 
observations through X-ray diffraction, gas-phase 
electron diffraction and neutron diffraction. Of 
course, the rotational barrier between these two 
configurations is not very large. We make an attempt 

 



16 Debesh Ranjan Roy et al. 

Table 4: Atomic charge (Qk), electrophilicity (ω)† and group philicity (
+
gω ,

−
gω )† values for nucleophilic and electrophilic attacks respectively 

for the ionic units of CpZn2Cp and [Mg3Zn2Mg3]2– molecules. 

Isomers Atom Charge (Qk) ω Unit +
gω  −

gω  m

gωΔ  

CpZn2Cp C -0.332, -0.333, -0.331, 
(D5h)  -0.335,-0.335 1.6413 2Cp -3.4352 1.7566 5.1918 
 Zn 0.623, 0.624  Zn2

2+ 5.0766 -0.1152 -5.1918 
        
[Mg3Zn2Mg3]2– Mg -0.146, -0.146, -0.145 2.4842 2Mg3

2–  0.0625  11.1238  11.0613 
(D3d) Zn -0.5635, -0.5635  Zn2

2+ -2.5467 -13.6080 -11.0613 

 †In eV 
 

to investigate the ferrocene analogues of Mg3

2– (D3h) 
and Be3

2– (D3h) units. For this purpose stable 
configurations with minimum energy and zero 
NIMAG values for [Mg3FeMg3]

2– and [Be3FeBe3]
2– 

are searched for. Although no identical ferrocene 
analogues (NIMAG=0) are found in those cases, the 
[Be3FeBe3]

2– molecule in its minimum energy 
eclipsed (D3h) and staggered (D3d) forms are obtained 
with non-zero number of imaginary frequencies. We 
also found a new stable all-metal ansa-metallocene 
compound, [Be3FeBe3]

2– in C2v symmetry 
(NIMAG=0) with unequal sides in the Be3

2– units to 
gain stability (Fig. 5). The ansa-metallocenes are 
bridged, bent metallocene compounds and are of 
immense importance owing to their use as catalytic 
precursors in organic synthesis [87-89]. This bent 
structure appears to be helpful in its use as a catalyst 
or in molecular electronics. The substitution reaction 
of CpFeCp by the Be3

2– unit to form [Be3FeBe3]
2– 

complex is as follows: 

 CpFeCp + 2 Be3

2– → [Be3FeBe3]
2– + 2 Cp– ; 

 ΔH= –148.91 Kcal/mol  …(C) 

 The high exothermicity of the reaction C in the 
forward direction indicates the stability of this new 
all-metal compound, [Be3FeBe3]

2– (C2v). Above 
reaction (C) is in conformity with the MHP, MPP 
and M-El-P (Table 2). Also a high negative NICS (0) 
value of -34.60 ppm on the Be3

2– unit (Table 3) in the 
[Be3FeBe3]

2– complex implies an aromatic nature of 
that complex. However, the NICS (1) values on these 
units are positive implying hindered electron  

delocalization 1Å above the ring presumably because 
of its bent configuration.  

Conclusions 

Various reactivity and aromaticity descriptors like 
the hardness, polarizability, electrophilicity, and 
nucleus independent chemical shift as well as the 
associated electronic structure principles are made 
use of in obtaining insights into the bonding, 
reactivity and aromaticity in some sandwich-like 
metal clusters. While the global descriptors explain 
the characteristic of a molecule as a whole, a local 
quantity takes care of that of a specific site in a 
molecule and the same for a group provides insights 
into the behaviour of a few bonded atoms forming a 
group. Like Be3

2–, Mg3

2– is shown to be a π-bonded 
aromatic system which can stabilize a direct Zn-Zn 
bond (in comparison to a free Zn-Zn molecule) to 
form a dizincocene-like compound. An all-metal 
ansa-metallocene, [Be3FeBe3]

2– complex is expected 
to be aromatic. Both Be3

2– and Mg3

2– form more stable 
sandwich complexes than the prototypical 
cyclopentadienyl anion. 
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Figure 5 Substitution reaction in CpFeCp to produce [Be3FeBe3]2–. Bond lengths are in Å. 
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