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Abstract: The nature of metal-metal bonding in main-group elements remains a significant challenge for electronic structure
theory. In this work, we present a comprehensive computational study of a binuclear beryllium complex, Be:C12N2Hu4,
utilizing Density Functional Theory (DFT) and high-level DLPNO-CCSD(T) calculations. The complex features a
remarkably short Be-Be bond of 1.884 A. Natural Bond Orbital (NBO) and Energy Decomposition Analysis (EDA-NOCYV)
confirm a strong covalent ¢-bond stabilized by significant electron correlation and electrostatic interactions. Topological
analysis via the Quantum Theory of Atoms in Molecules (QTAIM) reveals the presence of non-nuclear attractors,
characterizing a unique electron-trapping bonding environment. Time-Dependent DFT (TD-DFT) predicts an intense
absorption peak at 399.8 nm, suggesting potential applications in optoelectronic materials.
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L INTRODUCTION Energy Decomposition (LED) at the DLPNO-CCSD(T)

level."” Topological analyses, including QTAIM, Localized

The chemistry of beryllium is characterized by high
toxicity and unique bonding protocols dictated by its s?p’
valence configuration. While beryllium usually forms
electron-deficient compounds, the realization of stable Be—Be
bonds has become a focal point in main-group chemistry.!"!?
Theoretical models suggest that such bonds can be stabilized
through the use of bulky, electron-donating ligands that
mitigate the high reactivity of the Be centres. > This study
aims to provide a multi-dimensional analysis of a specific Be;
complex, Be,C12N>H,4, bridging the gap between geometric
structure, energy decomposition, and topological electron
density analysis to clarify the nature of the Be—Be interaction.

II. COMPUTATIONAL METHODS

Geometry optimizations and vibrational frequency
calculations were performed using the ORCA 6.0.1 package'®
at the TPSS/def2-TZVP level. Resolution of identity (RI)
with the def2/J auxiliary basis was used for efficiency.
Natural Bond Orbital (NBO) analysis, Energy Decomposition
Analysis with Natural Orbitals for Chemical Valence (EDA-
NOCV)!® was performed to partition the binding energy.
High-level correlation effects were evaluated using Local
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Orbital Locator (LOL), and Laplacian mapping, were
performed using Multiwfn.?

II1. STRUCTURAL AND VIBRATIONAL
RESULTS

The optimized structure of Be,Ci2N>H 4 shows a Be—Be
bond length of 1.884 A, significantly shorter than the sum of
covalent radii. Coordination to the nitrogen atoms of the
ligand occurs at 1.549 A. Vibrational analysis confirmed the
structure as a true minimum (zero imaginary frequencies).
The Be—Be stretching vibration was identified at 579.27 cm ™,
serving as a diagnostic IR signature for the metal-metal bond.
Thermochemical analysis at 298.15 K yields a Gibbs free
energy (G) of -604.8215 Eh, indicating high thermal stability.
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Fig 1 Optimized Structure of Be>C12N>Hi4

» Natural Bond Orbital (NBO) and MO Analysis

NBO analysis identifies a single o-bond between Bel0
and Bell with a high occupancy of 1.985 e™. The hybrids are
composed of 92% s-character and 7% p-character. Natural
Population Analysis (NPA) assigns a partial charge of +0.59
e to the Be centres. Frontier molecular orbital analysis shows
that the HOMO (-2.648 eV) is a bonding c-orbital localized
on the Be; core (96% Be contribution), while the LUMO (-
2.212 eV) is the corresponding antibonding c"-orbital.

» Energy Decomposition (EDA-NOCV & LED)

The bond energy was calculated at -73.18 kcal/mol via
EDA. The interaction is a balance between Electrostatic
Attraction (-69.56 kcal/mol) and Orbital Interaction (-38.93

kcal/mol), offset by Pauli Repulsion (+69.66 kcal/mol).
NOCYV analysis identifies the primary c-donation (-17.21
kcal/mol) with density accumulation between the nuclei.?!

The electronic structure of the central Be-Be unit can
be described by the interaction of two sp-hybridized fragment
orbitals. The EDA-NOCYV Pair 0 corresponds to the formation
of the ¢ Be-Be bonding orbital (HOMO). The large energy
gap and the high occupancy (1.985¢’) of this ¢ orbital,
coupled with the empty ¢ orbital (LUMO), rationalize the
short bond length of 1.884 A. This interaction is primarily s-
s in nature (92% s-character per Be), which minimizes Pauli
repulsion while maximizing the orbital overlap energy (AEom
= -38.93 kcal/mol)

J J

Fig 2 Plot of the deformation densities A for the two most significant NOCV pairs in the [Be,L,] complex. (Left) NOCV pair 0,
representing the ¢ (Be-Be) bonding interaction (AE = -17.21 kcal/mol). (Right) NOCV pair 1, representing ligand-to-metal
coordination and w-reorganization (AE = -2.16 kcal/mol). Red/Orange indicates density accumulation, while Blue indicates

density depletion. Isosurface value = 0.002 a.u.

The LED analysis at the DLPNO-CCSD(T) level
provides a robust energetic benchmark for the Be-Be
interaction.???* The large inter-fragment correlation energy of
-72.58 kcal/mol highlights the 'charge-shift' nature of the
bond, where correlation effects are as vital as the mean-field
electrostatic terms. The orbital populations (Orbitals 52 and
53) show a near-equal distribution between both fragments
(52%/48%), confirming a perfectly symmetric and highly
covalent sharing of the bonding electrons within the Be; core.

Reference (HF) Interaction Energy (AErgr): -854.68
kcal/mol

Electrostatics (AEeisiat) : -691.76 kcal/mol

Exchange (AEcxch): -162.92 kcal/mol

Total Inter-fragment Correlation: -72.58 kcal/mol.
Triples Correction [(T)]: -12.92 kcal/mol.
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» Topological Analysis (QTAIM, LOL, Laplacian)

Topological analysis confirms the Be—Be interaction via
Bond Critical Points (BCPs) of type (3,-1). The Laplacian of
electron density (V2p) at the BCP is positive, while the
Localized Orbital Locator (LOL) shows a localization plateau
(>0.5) in the internuclear region.?>® Notably, the discovery
of Non-Nuclear Attractors (NNAs) (Index 44, 67) suggests
that electron density is trapped in the centre of the Be—Be
bond, characteristic of metallic-like covalent bonding.
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Localized orbital locator (LOL) map with superimposed
bond paths and critical points. The high-value region between
the Beryllium atoms indicates a formal bonding basin
associated with the Be—Be 6-bond. Bond paths (solid lines)
connect the (3,-3) nuclear/non-nuclear attractors through (3,-
1) bond critical points.?’-2

Table 1 Comprehensive Table of Topological Parameters

Interaction Type V2p at BCP Bonding Classification
Be—Be (3,71 Positive (Depletion) Charge-Shift / Metallic-like
Be—N (3,71 Positive (Depletion) Polar Covalent / Dative

Cc—C (3,71 Negative (Concentration) Shared Covalent

Fig 3 Molecular Graph (BCPs, RCPs, and Bond Paths)

Fig 4 LOL Map with Bond Path Superposition
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Fig 5 Contour map of the Laplacian of the electron density V?p) in the Be-Be—N plane. Solid lines represent charge concentration
(V?p < 0) and dashed lines represent charge depletion (V2p > 0). The bond paths and critical points are superimposed to illustrate
the connection between the nuclear attractors and the bonding basins.

» Electronic Spectra (TD-DFT)

TD-DFT calculations predict an intense ultraviolet
absorption at 399.8 nm with an oscillator strength of foc =
3.86. This transition is identified as a Metal-to-Ligand Charge
Transfer (MLCT) from the Be—Be bonding framework to the
ligand n-orbitals. This high intensity suggests that the
complex exhibits strong chromophoric properties.

Iv. CONCLUSION

A robust, covalent Be characterizes the Be,C1,NoHi4
complex—Be bond stabilized by both electrostatic and
significant correlation effects. The unique topological
signature of non-nuclear attractors and the intense 400 nm
absorption peak distinguish this system as a significant
example of main-group binuclear chemistry. This study
provides a predictive framework for the experimental
characterization of similar beryllium-based materials.
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