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Abstract: Covalent bonding between atoms (molecules) constitutes the rich diversity of nature ranging
from the very recently realized one-electron carbon-carbon c-bond to the well-known hybridized bonds
in diamond. This diversity in covalent interactions raises fundamental questions about universal
correlations between their electronic structure and mechanical properties. We unveil in this report a
general linear correlation of bond strength with the bond order of C—C covalence. From the one-electron
c-bond predicted by Pauling ! and vindicated by Shimajiri et al. > with a bond strength of 1.49 nN and a
bond length of 1.98 A, all the way to the six-electron ¢ + 21 bond of 25.72 nN in bond strength 1.20 A in
length, the strength and the order of C—C bonds follow a linear relationship with a slope of 8.9 nN/order.
The linearity persists in 13 types of covalent interactions, with prominent examples including Si—Si and
B-N covalent bonds. Such a linear scaling law establishes a broad guidance for predictive tuning of

covalent bond strengths via bond order engineering.
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Introduction

Covalent bonding as a fundamental building block of organic and inorganic materials exhibits a rich
hierarchy of bonding configurations governed by electron occupancy and orbital hybridization. Taking
the well-explored carbon as a model case, covalent carbon-carbon (C-C) bonds are classified into four
categories based on their bonding orbitals and electron delocalization, including single (o), double (¢ + n),
triple (¢ + 2x), and delocalized = bonds in aromatic systems® 3. A ¢-bond is formed by head-on overlap
of hybrid orbitals, while = bonds have lateral orbital overlaps, shortened bond length and enhanced bond
strength*’. From o-bond in diamond to delocalized 7 bonds in graphene, its versatility underpins carbon’s
unparalleled role in materials science®!°. While conventional bonding configurations have been
extensively studied with well-established structure-property relationships, odd-electron bonds remain
enigmatic despite their potential to unlock unprecedented material functionalities'*4. Historically, odd-
electron bonds are regarded as transient intermediates in radical reactions and are weaker than even-
electron bonds, as postulated by Pauling in 193118, A recent breakthrough provides direct evidence on
the existence of a carbon-carbon one-electron -bond (C---C)2. Those authors realized a stable molecular
cation of hexaphenylethane 1, which is termed as 1+ and has an elongated C---C bond of 2.921 A in
length. This bond, stabilized by a single electron, broadens the mechanical and electronic diversity of C—
C bonding family which lies at the heart of material innovation® *°.

The versatile C—C bonds raise as a corollary the interest in their mechanical dependence on bond order?.
Furthermore, while the existence of one-electron s-bond predicted by Pauling in 19317 has been
demonstrated by Shimajiri et al.?, one may wonder whether there are common features among other types
of covalence with a variety of bond orders. We aim to explore the two points in this report. We pick C-C
covalence to decode the mechanical properties of bonds of distinct bond orders through first-principles
calculations. A systematical investigation on 13 covalent systems across 7 elements (B, C, N, O, Si, P and
S) is performed. Those systems include most quasi-diatomic bonds with multiple bond orders?*. This
exploration unveils a linear relationship between the bond strength and bond order in those covalent
systems.



Results and Discussion

A. One-electron o-bond in cation 1+

Being a prominent example of the one-electron o-bond, we zoom in on the molecular structure of the
cation 1" in Fig. 1(a). Using natural bond orbital (NBO) analysis, we explore the destabilizing electronic
features in this one-electron bond system. The occupancy of bonding orbital between C---C is 0.768, and
its antibonding orbital has an occupancy of 0.345. We hence obtain a bond order of 0.216 for cation 1.
In contrast, a typical two-electron ¢ bond has a bond order of ~1.0?2. The NBO energy of the C---C bond
of cation 1" is -8.76 eV, in contrast, a typical alkane C—C bond has an NBO energy of -22.77 eV?*. We
further perform EDA of the two vdW planes consisting of two proximal aryl fragments (Fig. S1,
Supporting Information). The sobEDA method 2* breakdowns the interaction energies into six parts,
namely the electrostatic interaction, exchange repulsion, Pauli repulsion, orbital interaction, density
functional theory (DFT) correlation and dispersion correlation. Their respective contributions are 206.9,
-76.4, 228.6, -39.1, -36.7, and -101.1 kJ/mol, in turn. In combination, the net inter-fragment repulsion
energy is 152.2 kJ/mol. The positive Pauli repulsion and total repulsion between the vdW planes are
balanced by the attraction of C—C bond at the bottom part in Fig. S1(a). During the potential energy
scanning, the vdW planes are replaced with hydrogen atoms in the truncated model (Fig. S1(b)) to
preserve the coordination environment while allowing for separation in the one-electron bond. All other
degrees of freedom are fully relaxed. We show in Fig. S1(c) the change of potential energy during the
bond separation, from which we see an energy barrier up to 1008.3 kJ/mol for bond dissociation. The
barrier far exceeds those repulsive energies mentioned above, and demonstrates its stability.

The energy stretching curve (Fig. 1(b)) is influenced not only by the one-electron 6-bond interaction but
also by the interplay of vdW forces and covalent bonds within the base plane, as seen from the dashed
lines from the counterpart of an isolated o-bond (H3C:--CH3"). We show with the methane cation
(H3C---CH3") distinct electronic signatures of the carbon-carbon one-electron 6-bond (Fig. S2, Supporting
Information). The a-spin orbital occupation number between the two carbon atoms is 1, while that of -
spin orbital occupation is ~0, consistent with a formal single-electron bonding interaction. As a
comparison, carbon-hydrogen covalence exhibits conventional two-electron bonding characteristics,
evidenced by their double spin orbitals (a~1,~1). The non-bonded C-H interactions exhibit an
exceptionally weak second-order perturbation energy E(2) of 0.25 kcal/mol, well below the empirically
established threshold of 0.5 kcal/mol for significant intermolecular interactions®’. This justifies their
negligible contribution to the system's electronic structure. Similarly, non-bonded hydrogen-hydrogen
interactions demonstrate no meaningful E(2) values, suggesting the absence of direct H---H orbital
coupling. This conclusion is further supported by the complete lack of spatial overlap between o(C1-H)
and o(C2-H) orbitals in the supplementary Fig. S2(a) — a critical observation given hydrogen's lack of
lone pairs, which restricts potential interactions to c-orbital pathways. Topological analysis of the electron
density (Fig. S2(b)) provides additional confirmation: No bond critical points (BCPs)?* are observed
between non-bonded C---H or H---H pairs. Absence of BCPs definitively rules out hydrogen bond
formation or other non-covalent interactions that might complicate our mechanical property calculations®®
27 The collective evidence establishes that the simplified model successfully isolates the C-C one-electron
o-bond, ensuring subsequent mechanical analyses specifically probe this unique interaction without
interference intermolecular forces, at least at a negligible level.

After each increment of distance between a C—C bond subjected to stretching, we relax the rest atoms in
the molecule. The external force is defined as the negative derivative of the potential energy with respect



to the bond separation. In convention, we refer the bond to be in tension when the force is positive and
negative forces correspond to its compressive state. The distinction in the force-separation curve of the
isolated H3C---CH3" system and that of cation 1* demonstrates how these ancillary interactions modulate
the mechanical response relative to the idealized single-bond scenario. To explicitly decompose the force
exclusively acting on the one-electron o-bond in this system, we conduct EDA method to compute the
intrinsic C---C interaction energy at various C---C bond separation. The resulting force profile (Fig. 1(c))
reveals that the bond within the molecular cation 1™ is perceivably lower relative to the isolated one-
electron bond system, potentially due to electronic delocalization. At its equilibrium configuration, the
SOMO of cation 1* exhibits delocalization over the entire aryl groups, with partial bonding between the
two carbon atoms of one-electron bond (Fig. 1(d, 3)). The electron density distribution of the C:--C bond
exhibits a peanut-shaped SOMO. The bond stiffness is 57.5 N/m, in line with the frequency-based
estimates, confirming the internal consistency of our mechanical analysis. A transition from the rugby-
ball shaped electron density distribution (Fig. 1(d, 1-2)) to the peanut-shaped profile (Fig. 1(d, 3)) marks
the outset of strain softening when gradually separating the C---C bond apart ?®. Further separation leads
to a SOMO showing a nodal plane with a wave function of zero amplitude (Fig. 1(d, 4)), which is the
starting point of homolytic cleavage of covalent bonds?’. Note non-covalent forces beyond this point
remain active through collective electronic effects®®. At a separated distance » = 3.62 A when the bond is
stretched by 0.77 A (Fig. 1(d, 5)), the overlapped electron density distribution of the C---C bond
disappears.

B. Isolated carbon-carbon odd-electron bonds

To establish a fundamental understanding of the diatomic bonds, we start with the simplified systems with
odd-electron C—-C bonds composed of two carbon atoms, as depicted in Fig. 2(a). Isolating the C---C one-
electron o-bond enables us to probe its unique interaction free from interference from ancillary
intermolecular forces. This approach is in parallel with the study of ethane3, ethylene®*°, and ethyne
cations*® 4t with varying bond orders.

At equilibrium, the C—C odd-electron bonds have perceivably longer interactions in contrast to even-
electron bonds, with the ethane cation being the longest. Fig. 2(b) illustrates the Kohn-Sham orbitals of
the SOMO of each cation*?, and that of the ethane cation is characterized by one c-orbital—indicative of
a one-electron o-bond, whereas the ethylene and ethyne cations are characterized by r-orbitals. It is noted
that not all chemical bonds form odd electron bonds upon losing one electron: Fig. S3 in the Supporting
Information demonstrates that one-electron and three-electron bonds do not spontaneously form in
nitrogen-nitrogen systems. Upon a single-electron removal from the N-N single bond, the SOMO is not
localized between nitrogen atoms, nor does it exhibit 6- or -orbital features observed in hydrocarbon
cations (Fig. 2 (b)). Odd-electron bond formation requires precise geometric conditions—as demonstrated
by the quintuple-bond candidate in Fig. S3(3), where electron density characterizes a N-N separation of
1.34 A.

We show in Fig. 2(c) the Raman spectra of the three types of C—C cations with odd-electron bonds. Here
the absence of imaginary frequencies validates the stability of these cations*®. The ethane cation exhibits
a lower frequency mode for its weaker one-electron s-bond. In contrast, ethylene and ethyne cations
display higher frequency peaks, in accord with their stronger n-bonds.

Table 1. The lengths and the energies of typical C—C bonds with a variety of shared electrons. Boldface
in the second column represents the corresponding dissociated group.



Atoms Bond Bond energy Bond Bond

Bond name Typical formula (C-0O) length (A)  (kJ/mol) order  strength (nN)
Ogebjr'ff?f“) (CaoH1)C--C(CooHiz)  sp™--sp®  2.92° ?g:r veq) 0216 068
gr_]g(')f]'gc”o“ HsC---CH3" sposp®  1.98 137.2 0.504 1.49
o-bond HsC—CHs sp®-sp? 1.53 407.8 1.157 6.59
o-bond HsC—-CH=CH, sp®-sp? 1.50 426.3% 1.147 7.10
o-bond H3C—CgHs sp3-sp? 1.51 426.8% 1.486 7.11
o-bond HsC-C=CH sp*-sp 1.46 529.3% 1172 7.90
o-bond H.C=HC-C=CH sp>-sp 1.43 572.4% 1.188 851
o-bond HC=C-C=CH sp-sp 1.38 670.34 1.262 11.41
delocalized w bond  graphene sp’—sp? 1.42 601.9 1.333  9.10
delocalized m bond ~ CeHs sp’—sp? 1.39% 509.5 1.658 —
three-electron bond ~ H2C=CH sp?=sp? 1.42 696.8 1.668  10.89
o+n bond H>C=CH; sp?=sp? 1.32 792.4 2.148 14.65
five-electron bond HC=CH Sp=sp 1.26 828.1 2.643 2181
o+27 bond HC=CH sp=sp 1.20 990.3 3112 25.72

Several empirical relationships between bond length, bond energy, and vibrational force constants have
long been established in chemical bonding theory. Pauling’s work® % qualitatively correlated bond order
with bond energy and inversely with bond length. Badger’s rule*” and Johnston’s theorem*® further linked
bond length to force constants and bond energy. More recently, Kraka and coworkers*® adopted bond
critical point electron densities as a unified descriptor for bond strength. In contrast to these classical
relationships, which focus on bond energy or small-deformation force constants, our work systematically
investigates the rupture force—a direct measure of mechanical strength and the quantity accessible in
single-molecule force spectroscopy experiments—across the full bond-order spectrum including odd-
electron bonds. Moreover, we reveal element-dependent scaling coefficients and a negative intercept that
together provide a complete picture of covalent bonding under tension.

The mechanical properties of C—C bonds from DFT calculations are shown in Fig. 3. The total potential
energy as a function of bond distance for seven types of C—C bonds in Fig. 3(a) illustrates their distinction
in both energy levels and in response to stretching (see Fig. 3(b) and Table 1 for an overview). Force
versus bond separation curves, after the initial linear region, soon reach a force plateau, and then a
softening region. The softening part can be well characterized in displacement-controlled loading but
often leads to instantaneous bond breakage under force-controlled loading mode, in line with prior
observations®®-°2, The combined representation in the inset in Fig. 3(b) is the detailed view of the one-
electron bond (bond order = 0.504, H3C:--CH3"). It highlights how the force-energy relationship evolves
during bond separation: within the region of ro to rm, increasing resistance to stretch occurs. After the
force reaches its maximum (termed as the bond strength om) at a critical length rm>3, the chemical bond
enters the softening regime where the attractive force diminishes with further separation. Among the
diverse metrics for characterizing bond strength®°, the peak force serves as a convenient parameter
quantifying the quasi-diatomic molecular systems. Although direct experimental measurement of an
isolated C—C single bond rupture force remains challenging, extensive studies have validated the ability
of DFT calculations to accurately predict bond rupture forces. For example, Grandbois et al. measured
the rupture force of Si—C bonds using AFM (2.0 = 0.3 nN) and found quantitative agreement with DFT
calculations *°. The emergence of imaginary frequencies in the phonon spectra of stretched lattice beyond



this point is a sign of lattice instability®® 7. In the softening region, the curves undergo abrupt changes at
the point (marked off with ‘x’ in Fig. 3(a-b)) when a n-bond breaks, consistent with the abrupt rupture
observed at crack tips during crack propagation®®. A greater number of shared electrons leads to shorter
bonds (r,) at equilibrium, and results in smaller critical length (rm). Since bond order emerges as the
decisive physical parameter governing the chemical bond contrast based on scanning probe microscopy®
60 We plot in Fig. 3(c) the changes in bond length, critical length and bond dissociation energy with
different bond orders. All bond orders reported are Wiberg bond orders® computed from NBO analysis,
which provides a consistent metric for comparing covalent interactions across diverse bonding
environments, including odd-electron bonds and delocalized systems. A n-bond of graphene has a bond
order of 1.333 and there is nil bond order for vdW interactions®?.

Bond stiffness ko, defined as the slope of the force-distance curve at equilibrium, quantitatively describes
a chemical bond's resistance to elastic deformation. The bond stiffness at the equilibrium configuration is
highly correlated with bond strength, as shown in Fig. 3(d). While Pauling’s valence bond theory
qualitatively anticipated a correlation between bond order and bond energy, a quantitative verification
spanning the full spectrum of bond orders—from the recently confirmed one-electron o-bond to triple
bonds—across multiple elements, using the experimentally relevant metric of bond strength (peak rupture
force), remains unseen. The same linear scaling is also obtained at the MP2 and CCSD(T) levels (Fig.
S10 in the supporting information), confirming its robustness. Excluding the vdW interaction, we see
from Fig. 3(d) that the bond strength (om) and bond order () exhibit a linear relation for C—C bonds that
om = k-n + oo, where k£ = 8.9 nN/order, 6, = —2.8 nN, and the Pearson’s correlation coefficient R = 0.995.
The negative represents the contribution from non-covalent interactions (primarily Pauli repulsion) to the
peak force at zero bond order. To the limit of n — 0, where no shared electrons exist between atoms, the
interatomic interaction is dominated by repulsion and therefore a negative force. The bond order of the
C:--C interaction in cation 1'*is 0.216 by performing NBO analysis, whereas that of an isolated c-bond
(HsC---CHzs") is 0.504. Their bond stiffnesses and bond strengths of cation 1*in Fig. 3(d) therefore fall
at the lower end of the linear correlation. To assess the predictive capability of the empirical linear
relationship om = 8.9n — 2.8 (nN), we performed a blind test on a C—C bond system that is not included in
the original fitting procedure. Specifically, we selected the C—C single bond in HsC—CH=CHa- (propene),
which has a Wiberg bond order of 1.147 (as computed from NBO analysis at the M06-2X/6-311+G**
level). The predicted bond strength is 7.4 nN. The calculated rupture force from the DFT force—distance
curve is 7.1 nN (see Table 1). The discrepancy between the prediction and the calculation is only 4.2%
which confirms the validity of the linear scaling.

C. General covalent systems

Building upon the established linear relationship between bond strength and bond order in C---C bonds,
we further examine the generalizability of this correlation. We investigate 13 covalent systems across 7
elements (B, C, N, O, Si, P and S) , which possess substantial bonding strength and consequently superior
material characteristics such as thermal conduction®®. As shown in Fig. 4(a), all examined systems exhibit
remarkable linearity between their bond strength and bond order, in agreement with the general form of
om = k-n + go. Resources and numerical data can be found in Table S1 in the supporting information. We
note that for most element pairs, only a limited number of bond orders (typically 2—4) are available in
stable quasi-diatomic systems. This is inherent to the simplified model design, which deliberately
excludes environmental perturbations to isolate intrinsic bonding behavior. Nevertheless, the high



linearity observed for the C-C system and Si—Si system demonstrates its robustness. We note here that
we have carried out systematic validation by adopting seven density functionals (M06-2X%, PBEQ®®,
B3LYP%, ®B97XD®", TPSSh® 8 cam-B3LYP', and B2PLYP", and all independent calculations are
detailed in Figs.S4-S9 of the Supporting Information), confirm the robustness of this linear relationship.
For non-integer bond order predictions, we employed a strategy analogous to the C-C systems, and
constructed quasi-diatomic molecular cations for comparative analysis. All examined systems display
near-parallel regression lines with characteristic slopes ranging from 4 to 11 nN per bond order. We plot
in Fig. 4(b) those element-dependent coefficients k. The specifics may originate from atomic radii,
valence electron configuration, electronegativity and other features of elements. Notably, we observe that
elements with smaller atomic radii and higher electronegativity (e.g., C, N, O) tend to exhibit larger slope
of k, indicating a higher sensitivity of bond strength to bond order changes. In contrast, larger atomic radii
and lower electronegative elements (e.g., Si, P, S) show smaller slopes. The linear scaling established
here is validated for quasi-diatomic covalent bonds involving main-group elements in their ground
electronic states. Its applicability to excited states, strongly correlated systems, or bonds under extreme
strain beyond the peak force has not been tested and may require further investigation.

The linear correlation between bond strength and bond order, om = k-n + oo, established for 13 covalent
systems, provides a quantitative foundation for tuning covalent bond strengths. Bond order engineering
refers to the deliberate modulation of electron occupancy in bonding orbitals through chemical or physical
means. Experimentally, many groups have demonstrated tunable bond order through redox reactions (e.g.,
oxidation of ethane to its cation reduces the C—C bond order from 1 to 0.5)*2 3, by ligand effects that
modify orbital overlap’?, or by external stimuli such as electric fields which have been shown to tune bond
strength in single-molecule junctions”. The linear relationship derived here enables a quantitative
prediction: for a desired bond strength, the required bond order can be directly estimated, and conversely,
a change in bond order induced by molecular design is expected to yield a predictable change in bond
strength. This framework thus bridges electronic structures to mechanical properties, offering a design
guideline.

From an experimental standpoint, the linear relationship can be validated and exploited through several
established techniques. Single-molecule force spectroscopy (SMFS) and atomic force microscopy (AFM)
enable direct measurement of bond rupture forces, providing experimental benchmarks for the predicted
bond strengths across different bond orders®® °1, Moreover, bond order modulation itself is experimentally
accessible: redox chemistry offers reversible control over electron occupancy, while chemical synthesis
enables systematic variation of bond orders through ligand design or incorporation of odd-electron bonds.

Following the guidance from Pauling that the shorter a chemical bond’s length is, the greater its strength®,
a number of empirical formulae have been proposed relating bond length and bond strength. Recent work
by Frenking and coworkers demonstrated that chemical bond strength can be effectively characterized at
the equilibrium configuration’. To systematically compare the energetics of covalent bonds with
conventional bond types (covalent, ionic, metallic, hydrogen, and vdW), we employ the bond dissociation
energy and the bond length as the metrics (data involved with bond length from?!, and those of energy
from*, see Table S2 in the Supporting Information). Representative bond lengths (r0) and bond energy
(Esp) for a great number of bond types are shown in Fig. 5. While we see the rough tradeoff of bond
energy and bond length in a wide range of quasi-diatomic systems, the C—C bonds (black solid stars)
based on our calculations demonstrates more clearly the linear correlation for the entire covalent spectrum
from one-electron c-bond at the lower boundary to the ultra-strong triple bond (c+2m). We further
demonstrate its validity in the inset based on our calculations for other covalent atomic pairs of distinct



bond orders. Here the energy level of one-electron o-bonds sits at the lower bound of their respective
covalent family.

In this study, we have successfully elucidated a unified mechanical framework for covalent bonds through
first-principles investigations. The anomalous one-electron C---C o-bond in cation 1, which owes a
maximum bond strength of 3.00 nN, delineates the lower bound of covalent interactions. A linear
correlation between bond strength and bond order across carbon covalence is revealed to be in the form
om = Kk-n + oo, where £ = 8.9 nN/order and o, = —2.8 nN. Notably, this relationship transcends elemental
specificity and is seen in 13 types of covalent interactions exhibiting multiple bond orders. We further
observe that bond dissociation energy—bond length inverse correlation is also suitable for covalent with
different bond orders, along with traditional covalent, ionic, metallic bonding and weak interaction
regimes such as hydrogen bonding and vdW interactions’™ 6. Although notable exceptions exist where
stronger bonds aren't necessarily shorter”’, it is noted that the strength-bonder order correlation revealed
here strictly applies to one specific type of bonds. Since tuning bond strengths by the placement of
electron-withdrawing or —donating groups on a molecule is a promising routine of making new
materials’ 8 7° we expect these insights may further supply guidance to the development of advanced
materials of variable strengths through bond order modulation.

Methods

We adopt density functional theory (DFT) calculations analyzing the molecular structures, mechanical
and electronic properties of those quasi-diatomic bonds. Unless stated otherwise, all DFT calculations are
performed using Gaussian 16 package®®, which employs the M06-2X functional® with the 6-311+G**
basis set®!: #2. Such a combination is well-suited for describing the bonding and electronic properties of
those covalent systems. Geometry optimization and frequency calculations are carried out to determine
the equilibrium state of the molecules in question.

Bond order analysis

All bond orders reported in this work are Wiberg bond orders, which are defined within the natural bond

orbital (NBO) framework as:
Was = ) ) (P’ (1)

UEA VEB

where B, is the density matrix element between atomic orbitals u and v. The Wiberg bond order index

provides a measure of the net covalent bonding interaction between two atoms and is well-defined for
both closed-shell and open-shell systems, including both odd-electron bonds and delocalized structures.

Periodic systems calculations

For periodic systems such as graphene and graphite, we employed the Vienna Ab Initio Simulation
Package (VASP) to perform DFT calculations®’. In these calculations, the Perdew-Burke-Ernzerhof
(PBE) functional® % is used to describe the exchange-correlation interactions, and the plane-wave basis
set with a cutoff energy of 520 eV is adopted. DFT-D3 correction is used to account for the van der Waals
(vdW) effect®. The Brillouin zone is sampled using a Monkhorst-Pack grid®®. We use GaussView
software®’ for molecular visualization, vibrational mode and Raman spectra analysis.



Visualization and analysis tools

The analysis of the singly-occupied molecular orbital (SOMO) which provides insights on the electronic
structure of the one-electron bond is performed using Multiwfn?*. We visualize the SOMO by using the
Visual Molecular Dynamics (VMD) software®®.

Supporting Information.

Details of one-electron o-bond of 1*, cross-validation on C-C one-electron o-bond, dataset of bond
information and Systematic validation of linear bond strength and bond orders.

Data availability

The datasets include energy versus length trajectory by Gaussian for the 13 covalent systems and 1+ and
Raman spectra of the three types of C—C cations. They are available at https://github.com/zs-ustc/Linear-
bond-strength-bond-order-relationship-in-covalent-interactions.
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Figure Legends

Figure. 1. Deformation behavior of a one-electron c-bond as a function of separation between the C---C
bond in cation 1. (a) Molecular structure of 1* viewed from different perspectives. Here 6 denotes the
dihedral angle between the van der Waals (vdW) planes of proximal aryl fragments (determined by three-
atom coordinates in each central carbon ring). (b) The relative energy (solid black) and force (solid red)
versus C---C bond distance of the molecular shown in (a). The relative energy is the variance in total
potential energy from its equilibrium configuration. Dashed lines are the corresponding terms of the
isolated o-bond in H3C---CH3" molecule. (¢) The interaction energy between the C---C bonded C atoms
in cation 1'* from calculations using energy decomposition analysis (EDA) method (solid black) and its
derived force (solid red). (d) Snapshots (following the sequence keyed on the solid black curve in (b)) of
the singly-occupied molecular orbitals (SOMOs), indicating the variation in electronic distribution while
straining the C---C bond.

Figure 2. C-C interactions through odd-electron bonds. (a) Redox interconversion among ethane,
ethylene, and ethyne cations. (b) Kohn-Sham orbitals of the SOMO for each cation. (¢) Simulated Raman
spectra of the three types of C—C cations.

Figure 3. Properties of C—C bonds with various shared electrons. (a) Bond potential energy versus bond
distance curves for C—C bonds (with a zero-energy point related to the dissociated state), where ‘x’ marks
off the breakage of n-bond beyond which the energy curve undergoes an abrupt drop. (b) Force exerted
on the bond as a function of bond distance, with peak load labelled with circles. Detailed view of the one-
electron bond (bond order = 0.504, H3C---CH3") showing combined force-energy relationship, where the
blue curve (left axis) represents the potential energy and the red curve (right axis) for the force. (¢) Bond
length (70), critical length () and bond dissociation energy (Esp) against bond order. (d) Bond stiffness
(k», slope at the nil force point in ‘b’) compared to bond strength (om).

Figure 4. Universal linear correlation between bond strength and bond order. (a) Calculated bond strength
vs. bond order for various covalent systems with linear regression analysis. (b) Corresponding Pearson
correlation coefficients R and linear slopes & for each type of covalent systems at UM06-2X/6-311+G**
level.

Figure 5. Bond dissociation energy versus length over a wide range of quasi-diatomic systems
demonstrating a bond energy-bond length tradeoff. Here C—C bonds with exceptional high potential
energy from our study are highlighted with black stars. In the inset, we show the log-log plot of bond
dissociation energy versus length of the 13 covalent systems reported here.
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