
                          Tolladay, M. J., Scarpa, F. L., & Allan, N. L. (2021). Interatomic forces
breaking carbon-carbon bonds. Carbon, 175, 420-428.
https://doi.org/10.1016/j.carbon.2020.12.088

Peer reviewed version
License (if available):
CC BY-NC-ND
Link to published version (if available):
10.1016/j.carbon.2020.12.088

Link to publication record in Explore Bristol Research
PDF-document

This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via Elsevier at https://doi.org/10.1016/j.carbon.2020.12.088. Please refer to any applicable terms of use of the
publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/

https://doi.org/10.1016/j.carbon.2020.12.088
https://doi.org/10.1016/j.carbon.2020.12.088
https://research-information.bris.ac.uk/en/publications/d6d5f251-0ffb-4c89-8e20-5e151a5a5a55
https://research-information.bris.ac.uk/en/publications/d6d5f251-0ffb-4c89-8e20-5e151a5a5a55


Interatomic forces breaking carbon-carbon

bonds

Mat Tolladay,∗,†,¶ Fabrizio Scarpa,† and Neil L. Allan‡

†Bristol Composites Institute, CAME School of Engineering, University of Bristol, Bristol,

UK

‡School of Chemistry, University of Bristol, Bristol, UK

¶Current address: Department of Chemical Engineering, University of Bath, Bath, UK

E-mail: m.j.tolladay@bath.ac.uk

Abstract

We compare computational methods for determining the force between carbon

atoms in small organic molecules as a function of bond length, using density-functional

theory, post-Hartree-Fock methods, density-functional tight-binding and two commonly

used molecular mechanics potentials. Every method produces di�erent quantitative

results for the peak restorative force between the carbon atoms. Nevertheless, the

electronic structure results predict very similar bond lengths at which this peak force

occurs while the molecular mechanics potentials struggle to reproduce the behaviour

of the electronic structure methods both qualitatively and quantitatively. Tight-binding

results are broadly similar to those from the �rst-principles methods but depend markedly

on which parameter sets are chosen. Methods that recover dynamic correlation predict

higher peak forces than those that recover static correlation. This shows the importance

of the electronic behaviour for the carbon-carbon interatomic forces relevant to the

determination of the mechanical strength of materials at atomic-length scales.
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Introduction

Nanostructures are an increasingly important topic in material science, with potential uses

in electronics,1 hydrogen storage,2 water puri�cation,3 catalysis4 and composite materials.5

Experimental investigation of nanostructures remains di�cult and costly to perform and

results often require veri�cation through theoretical calculations. Simulating these structures

requires modelling from a few hundred up to a few thousand atoms which is problematic for

most electronic structure methods. The computational cost of these methods scales poorly

with the number of electrons leading to limits on the size of the nanostructures which can

be investigated.

There is a great deal of interest in using carbon nanostructures as components of composite

materials. In order to understand which nanostructures are best suited to this task requires

knowledge of what loads they can withstand and the degree of deformation to which they

can be subjected. Determining mechanical properties, such as the tensile strength, of

nanoscale devices experimentally is an exceptionally complex task due to the di�culty of

manipulating them accurately and without causing damage while setting up the experiment.

The alternative is to use simulations. Such calculations require accurate mathematical

descriptions of bonds being stretched to breaking point and beyond. A few classical potentials

claim to have the ability to achieve this and are regularly employed for simulating carbon

based structures undergoing catastrophic failure. The two most common are Terso�-Brenner

type potentials6,7 and the ReaxFF potential,8 both used for predicting the strength of

graphene nanoribbons9�11 and fracture growth in graphene.12�14 They rely on approximating

the interatomic forces rather than explicitly determining them through electronic structure

calculations. Computational chemistry has many tools capable of determining the electronic
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structure but there is always a trade o� between accuracy and computational expense and

bond dissociation is known to be particularly challenging. It is important that reliable

methods for simulating failure of nanostructures, containing thousands of atoms, are identi�ed.

Intramolecular forces in molecular simulations are often calculated close to energy minima

where the forces can be approximated as linear. Such forces are used primarily in chemical

applications to calculate vibrational frequencies, to locate key points on potential energy

surfaces and in molecular dynamics simulations. Another particularly important but much

less common study is the investigation of atomic scale failure mechanisms of materials under

mechanical stress, where bond lengths and angles are far from their equilibrium values.

Failure at the macroscale is de�ned by the strength of a material: the peak stress the

material can carry before catastrophic failure. Stress has units of force per unit area and the

peak stress occurs at the peak force for a constant cross sectional area. From this perspective,

a bond's tensile strength can be considered as the maximum force that it can withstand.15

If a constant tensile force greater than this limit is applied to a pair of bonded atoms then

it will overcome the restorative force of the bond, causing the atoms to dissociate. The peak

restorative force occurs at the in�ection point in the variation of the bond energy with bond

length,16 as shown in �gure 1.

Determining values for this quantity experimentally is challenging but has been achieved

using polysaccharide molecules covalently bonded to a substrate, using an atomic force

microscope tip to apply a tensile force to the molecules.15 One of the di�culties of such

experiments is determining which bond breaks. This is possible a posteriori by comparison

with theoretical calculations considering the various bonds in the test molecule and for those

that attach it to the substrate.

Accurate electronic structure methods are computationally expensive. Methods such as

density functional theory (DFT), Møller-Plesset perturbation theory and many others are

capable of considerable accuracy but their costs scale poorly with system size. Furthermore,

it is necessary to employ multi-reference methods to capture the energetics of bond breaking17�20
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(a) (b)

Figure 1: (a) total energy (hartree) of H2 as a function of internuclear separation R (Å) and
(b) magnitude of the force on a hydrogen atom in H2 as a function of internuclear separation.
Dotted lines indicate that the plotted state is not the single determinant ground state. The
two PBE functional based density functional theory results are for where the electrons are
spin paired (S = 0) and unpaired (S = 2), respectively. The spin-paired PBE calculation
tends towards an incorrect energy as R → ∞, higher than one hartree, and tends to this
value more slowly than the CASSCF result. The S = 2 plot crosses the S = 0 curve at
which point it becomes the single determinant ground state which leads to an unphysical
discontinuity in the force at the crossing point. The complete active space self consistent
�eld (CASSCF) result shows the correct physical behaviour as R → ∞, approaching an
energy value of one hartree, the energy of two hydrogen atoms at in�nite separation. The
multi reference CASSCF calculation contains contributions from a number of excited-state
determinants so avoids the discontinuity seen in the DFT results.
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due to the lack of size consistency and inability of single-reference methods to account for

static correlation e�ects. This can be seen graphically in �gure 1 which shows the potential

energy and corresponding force for the H2 molecule over a range of bond lengths. This �gure

shows the results of a single reference method, PBE based DFT, using two di�erent spin

states compared with the multi-reference method CASSCF(2,6).

Mechanochemistry has undergone considerable development over the last two decades.

This has included investigations of how polymer chains break and how otherwise inaccessible

reaction pathways can be exploited to improve addition polymerisation rates23 and to provide

visible changes to polymers that have been subjected to mechanical stress.24 Experimental

studies have used atomic force microscopy to study the mechanical strength of individual

polymer chains,15,21 ultrasound to open up reaction pathways in mechanophores contained

in dissolved polymers22,23 and externally applied force to macroscale polymer samples.24 In

parallel, theoretical mechanochemistry has developed to relate to the experimental work. The

constrained-geometry-to-generate-external-force (COGEF) method16 uses relaxed potential

energy scans to determine atomic forces. In this method a constraint variable is scanned

stepwise with the atomic positions allowed to relax at each step. The peak forces found

in these scans can then be used to construct Morse potentials for use in calculations of

the kinetics of bond rupture. An alternative method, external-force-is-explicitly-included

(EFEI),25 applies forces to the atoms during the optimisation process. Although this allows

the determination of the structural response to the applied force mapping of the post-peak-

force landscape is di�cult. Both methods can be used to determine which bond breaks in

a particular molecule but it is equally important to understand why a speci�c bond breaks.

Both the peak restorative force of a bond and the alignment of the bond relative to an

applied force determine whether it will or will not fail.26 Analysis of the Hessian matrix of

a molecule, using a redundant internal coordinate system, provides one way for calculating

the distribution of energy within the conformal degrees of freedom for a molecular structure.

This method, called the judgement of energy distribution (JEDI),27 can be used to study how
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stress is distributed throughout a molecule. A combination of these methods can be used

to �nd transition states for mechanochemically induced reactions but an alternative method

for mapping such reaction pathways has also been developed.28 This method notes that as

an increasing external force is applied to a molecule the potential energy surface changes

shape causing transition and reactant states move towards each other until they collide at

which point the system is no longer well de�ned. By making a cubic approximation for the

potential energy as a function of the reaction coordinate at this point the method allows for

the determination of the entire mechanochemical pathway through the reaction space to be

determined. In the work presented here there is only a single reactant state minimum which

disappears from the potential energy surface as the external applied force is increased. For

this reason a relaxed scanning method, similar to the COGEF method is employed here.

In this work, calculations on small hydrocarbon molecules are carried out, over wide

ranges of carbon-carbon bond lengths, in order to determine the peak restorative forces

and the bond lengths at which they occur. A range of techniques from computationally

expensive multi-reference calculations down to much cheaper molecular-mechanics methods

are examined and compared. We examine whether multi-reference methods are required

to calculate accurate peak restorative forces and corresponding bond lengths. Finally, we

investigate the e�ect of the environment of the bond on its peak restorative force.

Methods

Theoretical methods

In this paper we study bond breaking in ethene, ethane, butane, trans-β-butene (henceforth

referred to as butene), isobutane and isobutene (see �gure 2). These molecules were selected

as they include both single and double carbon bonds and allow examination of the e�ect of

the local environment on individual bond breaking. Single carbon-carbon bonds connecting

atoms indicated by the superscripts A and B in �gure 2 were extended to just beyond the
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Figure 2: The structures of ethene, ethane, butane, isobutane, trans-β-butene and isobutene.
The superscripts A,B and C indicate carbon atoms that were manipulated in the bond length
scans.

point of peak restorative force. Double bonds connecting atoms marked by the superscripts

A and C were tested independently from the single bond tests.

Potential energy curves were generated for a range of small hydrocarbon molecules. The

internuclear distance for a bonded pair of carbon atoms was increased in steps of 0.01 Å. At

each step the molecular geometry was optimised, allowing all other atoms to relax. This well

known method is conceptually similar to the COGEF method but it scans a well de�ned

molecular internal coordinate rather than a redundant coordinate involving pairs of atoms

separated by large distances and multiple bonds. The total energy and force along the

bond direction were calculated and plotted as a function of internuclear distance. The peak

restorative force is de�ned as the maximum value of dE/dR at bond lengths greater than

the equilibrium bond length. The magnitude of the peak restorative force is equal to the

maximum constant force that can be applied to the atom before molecular fragmentation

and dissociation. Restorative forces may still be present at bond lengths greater than that

at which the peak occurs but these would be overcome by any external force of magnitude

larger than the peak value. We compare the values of the peak restorative force and the

corresponding internuclear distance calculated using di�erent computational methods.
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A variety of single reference ab initio electronic structure techniques, a multi-reference

method, density functional tight binding and two popular reactive molecular mechanics

potentials were employed for the calculations. The single reference methods include density

functional theory (DFT) using a range of exchange-correlation functionals. The PBE29

functional was used since it is a very popular functional in current use. B3LYP30,31 was also

selected as it is the most commonly used hybrid functional in DFT calculations. Finally, the

more recent B2PLYPD332 was chosen as it contains both exact exchange, a perturbation

theory based correlation correction and a dispersion term. The other single reference method

tested was Møller-Plesset perturbation theory,33 MP2, which is capable of recovering signi�cant

amounts of dynamic correlation.

Complete-active-space-self-consistent-�eld (CASSCF) calculations were performed to investigate

the relevance of the multi-reference nature of bond breaking events. At the point of scission,

the electronic wavefunction is best described by sums of multiple degenerate or nearly

degenerate determinants. Multi-con�guration methods, such as CASSCF, capture these

static correlation e�ects, unlike single-reference methods, which use only a single determinant.

The orbitals that were included in the active space were chosen by running a single point

calculation and then generating and visualising the natural bond orbitals. In general, the

bonding and anti-bonding orbitals related to all the carbon-carbon bonds and the carbon-

hydrogen bonds adjacent to the stretched bond were included. This led to an active space of

(12,12) for ethene, butene, isobutene and isobutane and an active space of (14,14) for ethane

and butane. Due to the computational cost of this method only a handful of geometry steps

were investigated for all the molecules except for ethene and ethane where the active space

included all valence electrons. For the larger molecules MP2 geometries close to the point of

scission were obtained and then reoptimised using the CASSCF method with the length of

the bond under investigation �xed appropriately. The natural bond orbitals were inspected

to ensure the same active space was used for each optimisation.

These unrestricted spin calculations were performed using Gaussian 09.34 The PVTZ
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basis set (cc-PTVZ)35 was selected as it o�ered the best balance between accuracy and

computational speed. Higher zeta and augmented basis sets were tested using ethane and

ethene and the maximum forces were the same to two signi�cant �gures as those from the

cc-PTVZ calculations.

These methods are all computationally expensive calculations and are unfeasible for

systems containing thousands of atoms. Nevertheless, they do provide useful benchmarks

against which computationally cheaper methods can be tested. Two commonly used methods

for larger systems and simulating nanostructure failure are the reactive molecular mechanics

potentials REBO and ReaxFF. Brenner's reactive empirical bond order potential (REBO)7

and its derivatives have been widely used for modelling hydrocarbon nanostructures.10,36,37

Di�erent parametrisations of this potential have also been used for boron nitride based

structures.38,39 This potential and its derivatives have been implemented in many popular

atomistic modelling packages. Here, the adaptive intermolecular REBO (AIREBO)40 variant

as implemented in LAMMPS41 was used. The AIREBO potential was modi�ed to reduce

the range of the switching function which reduces carbon-carbon interactions to zero, as

suggested in earlier work;42 the switching function is converted from a cosine form to a step

function at 2.0 Å.

The other reactive potential considered here is ReaxFF.8 This is also available in LAMMPS

with a number of di�erent parametrisations so the default parameter �les that are distributed

with the software were employed.

Finally, density-functional tight-binding (DFTB) was used as implemented in DFTB+.43

This is described as a non-orthogonal electronic structure method as it does not guarantee

exactly orthogonal electron orbitals unlike those generated using self-consistent �eld methods.

This method has three main variants: non-self-consistent-charge (non-SCC-DFTB),44,45 self-

consistent-charge (SCC-DFTB)46 and third-order self-consistent-charge (DFTB3).47 The

non-SCC variant does not take account of charge transfer between the atoms whereas SCC-

DFTB includes charge transfer by way of a second order approximation of DFT. DFTB3
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includes third-order corrections by allowing atomic hardness to vary as a function of the

charge on each atom. DFTB relies on parameter sets based on DFT calculations using

arti�cially constrained electron densities to provide two-centre Fock and overlap matrix

elements over a range of internuclear distances. Once these matrix entries are determined, a

repulsive potential is �tted by calculating the di�erence in energy between DFTB and high

quality ab initio calculations for various test molecules. Charge self-consistency is determined

by including an internuclear partial charge term using atomic hardness parameters. Third

order DFTB extends the SCC correction using the gradient of the atomic hardness. The

method has also been extended to include unrestricted spin calculations which requires

additional parameters. There are three main parameter sets available for DFTB, each

re�ecting a di�erent stage of the development of the method. The oldest set used here

is referred to here as pbc, the next mio and the most recent set 3ob. The pbc and mio

sets are both usable for SCC calculations but the 3ob set is described by its authors as only

suitable for DFTB3 based calculations.48 These all contain parameters for hydrogen and

carbon.

Results and discussion

Single bonds

The predicted peak restorative forces for the carbon-carbon single bonds studied are presented

in table 1 and the corresponding bond lengths listed in table 2. The DFT and MP2

calculations produce fairly consistent predictions for the failure bond length ≈ 1.95 Å but

the di�erence in peak force between the PBE and MP2 results is about 12%. Both MP2 and

B2PLYPD3 methods incorporate similar terms for the correlation energy and the restorative

forces from both were greater than those from PBE and B3LYP. The CASSCF calculations

were performed using fourteen electrons and fourteen orbitals such that all valence electrons

and bonding and corresponding antibonding orbitals were included. The CASSCF result
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Table 1: Peak restorative forces for carbon-carbon single bond simulations (nN).

Method Ethane Butane Isobutane Butene Isobutene
AIREBO 4.90 4.89 4.88 5.24 5.36
ReaxFF 11.05 16.03 18.56 11.71 15.46
DFTB3 6.70 6.35 5.94 6.85 6.56
PBE 5.89 5.71 5.50 6.38 6.08
B3LYP 6.05 5.90 5.70 6.57 6.30
B2PLYPD3 6.20 6.04 5.87 6.74 6.51
MP2 6.59 6.43 6.30 7.09 6.86
CASSCF 5.83 5.56 5.45 6.08 6.10

Table 2: Bond lengths at peak force for carbon-carbon single bond simulations (Å).

Method Ethane Butane Isobutane Butene Isobutene
AIREBO 1.88 1.88 1.89 1.85 1.85
ReaxFF 1.98 2.08 2.04 1.79 1.89
DFTB3 1.96 1.96 1.96 1.93 1.94
PBE 1.97 1.96 1.96 1.94 1.94
B3LYP 1.98 1.97 1.97 1.95 1.95
B2PLYPD3 1.96 1.94 1.94 1.93 1.93
MP2 1.98 1.97 1.97 1.94 1.94
CASSCF 1.98 1.97 1.97 1.95 1.96
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is remarkably similar to that calculated using the PBE functional, both of which suggest

a signi�cantly lower peak force than MP2. This suggests that the dynamic correlation

recovered by MP2 is less important for the peak force value than the static correlation

recovered by CASSCF.

The self-consistent �eld electronic structure methods all show the same trends in the

variation of the peak force with the number of carbon atoms bonded to the two atoms

involved in the bond extension. For molecules involving single carbon-carbon bonds, the

bond between the two primary carbon atoms in ethane generates the largest restorative

force, followed by the primary-secondary bond in butane and then the primary-tertiary

bond in isobutane. A similar pattern is seen with butene and isobutene but the presence

of the double bond in these molecules increases the maximum restorative force compared to

butane and isobutane.

The variation in peak forces was also compared with that in bond dissociation energies

(BDEs) calculated at the MP2/CC-PVTZ level of theory. The BDEs mostly followed the

same trends as the peak forces except for ethane which has a marginally lower BDE than

butane (≈ 0.004 eV). These variations are displayed graphically in �gure 3.

Figure 3: The peak force and the BDE for the single bond dissociations as calculated using
MP2/CC-PVTZ.

The AIREBO result provides a smooth variation in the restorative force with internuclear
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separation up to the discontinuity in the energy at 2.0 Å caused by the step-wise cut-o�

function as shown in �gure 4. The AIREBO data indicate a weaker restorative force than

(a) (b)

Figure 4: Energy (a) and force (b) plotted as functions of internuclear separation for
the carbon-carbon bond in ethane calculated using both the original and modi�ed REBO
potentials. The overbinding caused by the energy cuto� function can be seen in the REBO
result and the discontinuous energy can be seen in the AIREBO result.

the electronic structure methods but the peak force appears to vary with the environment

of the stretched bond in a similar manner to the higher-order methods. The peak forces for

the single bonds in butene and isobutene as calculated by AIREBO are greater than that

for the other molecules, which agrees with the electronic structure results but this e�ect is

less pronounced.

ReaxFF generates very poor forces in comparison to the ab initio methods and indeed

struggles to produce reasonable energy curves as can be seen in �gure 5. The cause of the

erroneous peak at approximately 1.25 Å for ethane is the bond order calculation used in

ReaxFF. This potential uses a function which is the sum of three exponential functions of

interatomic distance to determine a bond order that varies continuously from zero to three

for a carbon-carbon bond. One of the exponential terms tends to zero at the bond length

corresponding to the erroneous force peak. After the minimum energy at 1.59 Å in �gure

5, the magnitude of the force rises steadily before reaching a plateau followed by a peak at

2.0 Å. This non-physical behaviour appears due to the bond order function as �rst one of

13



(a) (b)

Figure 5: Energy and force plotted as functions of internuclear separation for the carbon-
carbon bond in ethane calculated using ReaxFF. The poor approximation of the energy
curve results in an even worse approximation of the forces.

the exponential terms and then another tends to zero. The curvature of these terms is lower

and so the corresponding peaks in the force are less pronounced.

Only results for DFTB3 are given due to erroneous forces present in the SCC-DFTB

calculations which can be seen in �gure 6. The earlier parameter sets used in non-DFTB3

(a) (b)

Figure 6: Energy and force plotted as functions of internuclear separation for the carbon-
carbon bond in ethane calculated using di�erent DFTB variants. The poor approximation
of the energy curve results in an even worse approximation of the forces.

calculations produce unphysical force displacement plots with a characteristic double peak.

14



The cause is the repulsive potential, a sum of pairwise interaction terms which includes

ionic repulsion and exchange-correlation contributions among others, used within the DFTB

parameter sets. This potential can be considered the DFTB analogue for the exchange-

correlation functional of DFT.49 It is calculated as the di�erence between the sum of the

tight-binding band structure and Coulomb energies and a total energy calculated from higher

accuracy calculations. This potential is then represented by an exponential function at short

range, then a series of cubic splines at intermediate distances and �nally a �fth order spline.

The role of the �fth order spline is to provide continuous �rst and second derivatives with

the preceding cubic spline and to force the potential and its derivatives to zero at some cuto�

distance. The �fth order splines used in earlier DFTB parameter sets cause erroneous, albeit

continuous, force curves.

Encouragingly, in contrast to the earlier DFTB parameters, DFTB3 results are physically

reasonable. They show slightly higher restorative forces than the higher order electronic

structure methods but the location of the peaks are in good agreement. The environment

of the bond appears to in�uence the restorative forces calculated using DFTB3 in the same

way as the higher order electronic structure calculations. All the results show the same

environment-dependent variation of the failure bond length for single bonds.

Double bonds

The predicted peak restorative forces for carbon-carbon double bonds are presented in table

3 and the corresponding bond lengths at which they occur are in table 4. DFT and

MP2 calculations predict fairly consistent bond failure lengths of ≈ 1.73 Å for the double

bonds. PBE and B3LYP results indicate a longer failure bond length for the double bond

simulations than MP2 and B2PLYPD3. The peak forces of B3LYP are consistently greater

than the other DFT functionals and MP2 calculations. The CASSCF calculations show

lower peak forces than all the other electronic structure methods investigated here. The

results show that single reference methods may overestimate peak restorative forces but the

15



Table 3: Peak restorative forces for carbon-carbon double bonds (nN).

Method Ethene Butene Isobutene
AIREBO 9.52 9.66 9.72
ReaxFF 30.07 24.33 25.04
DFTB3 13.90 12.98 12.92
PBE 13.04 12.35 12.23
B3LYP 13.80 13.19 13.10
B2PLYPD3 13.17 12.69 12.68
MP2 12.83 12.29 12.64
CASSCF 12.03 12.10 12.17

Table 4: Bond lengths at peak-force for carbon-carbon double bonds (Å).

Method Ethene Butene Isobutene
AIREBO 1.60 1.59 1.59
ReaxFF 1.59 1.60 1.60
DFTB3 1.71 1.72 1.73
PBE 1.75 1.74 1.75
B3LYP 1.75 1.74 1.74
B2PLYPD3 1.72 1.72 1.73
MP2 1.71 1.71 1.75
CASSCF 1.73 1.74 1.75
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corresponding bond lengths will be within a few percent of those calculated using multi

reference methods.

The BDEs follow a similar trend to the peak force calculations, as shown in �gure 7. The

Figure 7: The peak force and the BDE for the double bond dissociations calculated using
MP2/CC-PVTZ.

peak forces and BDEs are both larger than the those for single bonds.

The AIREBO results underestimate the bond strength and failure bond lengths for double

bonds, as it did for the single bonds. ReaxFF massively overestimates the restorative forces

and fails to reproduce the failure bond lengths seen in DFT or MP2.

The results from this work highlight the di�culty of trying to �nd reliable estimates for

peak restorative forces. There is considerable variation of this property even when only the

electronic structure calculations are considered. The average standard deviation of the peak

force across the di�erent molecules is 5.4 % for single bonds and 3.8 % for double bonds.

Di�erences of up to 1 or 2 nN can be seen between di�erent ab initio methods for certain

molecules. This makes it di�cult to draw any conclusions about which method is the most

reliable for predicting these properties, even though qualitative trends are consistent.

The multireference CASSCF values are lower for all cases except for the single bond in

isobutene where PBE produced a marginally smaller value. The dynamic correlation energy,

as calculated using MP2 and B2PLYPD3, increases the peak force values for the single bonds
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but lowers them for the double bonds. These lower values are close to those calculated using

CASSCF which suggests the multireference nature of bond breaking events are less important

when considering double bonds. This is evident in the di�erence between the occupancy of

the CASSCF orbitals in the tests of double and single bonds. Obviously, for single bonds

only the σ-orbital at the point of peak restorative force is active in the CASSCF active

space. As this orbital is solely responsible for the restorative force the multireference e�ects

in�uence the calculated values. For double bonds, the occupancy of the π-orbital is reduced

while that of the σ-orbital is not. Here, the multireference nature of bond breaking is less

relevant as both the π- and σ-orbitals are responsible for generating the restorative force but

only the π-orbital is active in the CASSCF space.

The results presented here show the e�ect of the local environment of a bond on its

peak restorative force is two-fold. First, the peak restorative force for a bond involving only

primary carbon atoms is larger than that between a primary and a secondary carbon atom,

which in turn is larger than that between a primary and a tertiary carbon atom. Second,

the presence of a double bond adjacent to a single bond increases the single bonds peak

restorative force, as shown in a comparison of the results for single bonds using butane/butene

and isobutane/isobutene.

The electronic structure results, although they vary in magnitude, do provide some

benchmark for comparison with the molecular mechanics potentials. Of the two potentials

investigated, the AIREBO potential is clearly the superior. ReaxFF produced inconsistent

results; testing of similar carbon-carbon bonds in di�erent molecules produced a signi�cant

spread in both peak restorative forces and the corresponding bond lengths. ReaxFF peak

forces were much higher than those of any other method and did not follow the general trends

seen in the results from electronic structure methods. AIREBO did at least reproduce the

trends seen with the electronic structure methods regarding whether the molecule contained a

carbon-carbon double bond and between primary, secondary and tertiary carbons. However,

it consistently predicted lower peak restorative forces and shorter corresponding bond lengths.
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This potential may provide qualitatively correct behaviour when simulating catastrophic

failure of carbon structures but it will most likely underestimate the forces required to cause

failure and the structures strain at failure. The hard cuto� required to use this potential for

these types of simulations may also cause other problems when attempting such simulations.

Conclusions

This work has compared di�erent methods for calculating forces between carbon atoms for

a range of bond lengths. Peak restorative forces, an analogue for mechanical strength, and

the bond lengths at which they occur have been calculated for a range of carbon-carbon

bonds occurring in a variety of di�erent molecules. The type and environment of the bond

was shown to in�uence the peak restorative force and the bond failure length. These data

provide a useful benchmark for testing other methods for calculating such forces.

Single bonds between two carbon atoms, where one of these atoms is doubly bonded

to a third atom, show greater maximum restorative forces and slightly shorter bond failure

lengths compared to carbon atoms involved in only single bonds. The peak restorative forces

of single bonds involving a primary carbon atom decrease as the other atom in the bond

changes form primary to secondary to tertiary. Carbon-carbon double bonds have larger

peak restorative forces at smaller bond lengths than single bonds. The qualitative variation

of bond dissociation energies from molecule to molecule is similar to that of peak force, but

the correlation is not su�ciently strong to allow accurate prediction of the force solely from

knowledge of the BDE.

The unmodi�ed REBO and the ReaxFF force displacement curves show signi�cant errors

and cannot be relied upon for simulations of nanostructures under stretch to failure type

conditions. The modi�ed AIREBO results show lower peak restorative forces and shorter

failure bond lengths compared to the electronic structure methods for all bond types considered.

Although the modi�ed potential may not provide accurate quantitative results, the qualitative
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behaviour seen in this work was superior to ReaxFF. However, the inclusion of the switching

function produces erroneous forces near the peak restorative force but its removal creates

discontinuous energies and forces. Applying such a cuto� produces unreliable behaviour in

any situation where a bond breaks but the atoms involved in the bond are still relatively close

together. Overall the results show DFTB3 and the higher order electronic structure methods

are in reasonable agreement, producing qualitatively similar variations of the measured

properties with bond type and environment.

Prediction of the forces between atomic nuclei is extremely di�cult. Molecular mechanics

potentials, which are computationally cheap even for relatively large nanostructures, can

su�er from non-physical behaviour either due to discontinuous energies and gradients or

due to poor choice of switching functions. Even complex and computationally expensive

electronic structure calculations struggle to agree over large ranges of internuclear separation.

Parametrised methods such as DFTB3 can produce reasonable results in comparison to

higher order methods but only if the parametrisation is performed with care. This is

particularly encouraging for future applications to much larger structures.
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