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In this investigation we seek to understand the role of non-nuclear attractors (NNAs) of the neutral Li2 dimer subjected 

to an electric (±E) field that is directed parallel (±Ex) and perpendicular (±Ey) to the bond-path. The ±Ex-fields and ±Ey-

fields are separately applied to the Li2 molecular graph until the bond ruptures. The next generation quantum theory of 

atoms in molecules (NG-QTAIM) interpretation of bonding was constructed with the stress tensor σ(r) eigenvectors on 

the Hessian of ρ(r) molecular graph. The asymmetry induced by both the ±Ey-field and ±Ex-field was detected in terms 

of the rotation of the orthogonal triad of stress tensor σ(r) eigenvectors {e1σ, e2σ, e3σ} relative to the Cartesian coordinate 

frame. The orthogonal triad of Hessian of ρ(r) eigenvectors {e1, e2, e3} however, were only able to detect rotation induced 

by the high degree of asymmetry present for bent bond-paths induced by the ±Ey-fields. Larger movement of the NNAs 

along the bond-path correlated with greater bond critical point (BCP) bond metallicity ξ(rb). The effect of applying the 

±Ex-field was compared with unpublished results on neutral Li2 subject to a stretching distortion. The lack of NNA 

motion along the bond-path for the stretching distortion correlated with a lower degree of bond metallicity ξ(rb). The 

stress tensor σ(r) eigenvectors have a unique ability to detect rotation relative to the Cartesian coordinate frame for high 

bond-path symmetry occurring for the bond-stretching distortion and application of the ±Ex-field. Suggestions for future 

work are provided. 
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1. Introduction 

 

Previously we investigated the presence of non-nuclear attractors (NNAs) in small neutral lithium clusters Lim 

(m = 2-5) [1]. NNAs were found to be present for all relaxed geometries corresponding to the Hessian of the 

molecular electron density ρ(r), commonly referred to as QTAIM (Quantum Theory of Atoms in Molecules) 

molecular graphs. None of the corresponding molecular graphs for the Ehrenfest Force F(r) partitioning 

contained NNAs. This finding is in agreement with a recent thorough investigation by Terrabuio and Teodoro 

et al. where NNAs were discovered in all cases for the Hessian of ρ(r) molecular graphs and none were found 

on any of the Ehrenfest Force F(r) molecular graphs [2]. This work of Terrabuio and Teodoro et al. also 

provided evidence that a small difference in the polarizability between the Li atoms in the Li2 cluster is an 

important feature that favors the occurrence of NNAs. The quantum stress tensor σ(r), using Bader’s definition, 

was used in our earlier investigation [3], obtained within the QTAIM Hessian of ρ(r) [4] partitioning. The 

quantum stress tensor σ(r) directly relates to the Ehrenfest force F(r) by the virial theorem and so provides a 

useful physical explanation into the molecular structural rearrangements that occur during chemical reactions 

and low frequency normal vibrational modes [5]–[13]. The Ehrenfest Force F(r) partitioning scheme relates 

the net force exerted on ρ(r) at a given point r, by summing the forces of attraction by all the nuclei and forces 

of repulsion by the average electron density [5], [14], thereby providing a physical basis of understanding. As 

a consequence of the Ehrenfest F(r) = -∙σ(r) = 0, formed from the dot product (∙) of the gradient () operator 

and the stress tensor (σ(r)) where the position of the stress tensor σ(r) bond critical point (BCP) will coincide 

with the Ehrenfest Force F(r) BCPs.  

In this investigation we will use next generation QTAIM (NG-QTAIM) [15]. The origins of NG-QTAIM arose 

from discovering that the e2 and e1 eigenvectors indicate the most and least preferred directions of ρ(rb) motion, 

accumulation and subsequent direction of the BCP bond displacement[16] when a molecular structure is 

subjected to an external force or field. In this previous investigation of neutral lithium, the three-stranded 

interpretation of the bond by NG-QTAIM was used, where the stress tensor σ(r) version σ is constructed 

using the least preferred (e2σ) and most preferred (e1σ) directions of charge density ρ(r) accumulation, along 

with the bond-path (r), obtained from the stress tensor eigenvectors. The σ was then transplanted on both the 

Hessian of ρ(r) and Ehrenfest Force F(r) molecular graphs and compared. We found that the σ using the 

stress tensor σ(r) eigenvectors on the Hessian of ρ(r) molecular graph was comparable to the σF that used the 

stress tensor σ(r) eigenvectors on the Ehrenfest Force F(r) molecular graph. 

We therefore provide a method to examine NNAs whilst providing insight from the Ehrenfest Force F(r) 

without the difficulty of calculating the Ehrenfest Force F(r), which requires very large basis sets. 

Simple insight into the effect of the NNA on the topological stability of the neutral Li2 dimer was gained by 

performing a stretching distortion that led to a large increase in the degree of asymmetry of the σ and σF, 

which was apparent as persistent bond-path torsions. Sufficient stretching of the Li2 bond-path annihilated the 
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NNA and appeared to increase the degree of bond-path twisting, which led us to hypothesize that prior to 

rupture the NNA provided a topologically stabilizing effect by inhibiting the bond-path twisting.  

In the current investigation on neutral Li2 we will use the stress tensor σ(r), which is sensitive to changes in 

topology, and will use NG-QTAIM to determine the effects of an applied electric (±E) field, see Scheme 1.   
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Scheme 1. The numbering scheme of the relaxed structure of the neutral lithium (Li2) molecular graph is shown, where 

the purple spheres (Li1 and Li2) represent the lithium nuclear critical points (NCPs), the pale-blue sphere (NNA3) and 

green spheres (BCP1 and BCP2), non–nuclear attractor (NNA) and the bond critical points (BCPs), respectively. The 

Cartesian axes correspond to the electric (±Ex, ±Ey and ±Ez) field directions. 

 

In particular, we seek to explain and quantify the origins of torsions of the {pσ, p′σ} path-packets, associated 

with the Li2 bond, that occurred when the Li2 bond was stretched; these were previously only observed [1]. 

This will be undertaken by quantifying the metallic character and topological stability of the bond critical 

points (BCPs) and non-nuclear attractors (NNAs). Understanding of the topological stability involves tracking 

the creation and/or annihilation of the BCPs and NNAs. The values of the E-field used will be large enough to 

rupture the neutral Li2 bond, i.e. to separate the two Li nuclei. The E-field will be applied to the symmetry 

inequivalent directions: parallel (±Ex) and perpendicular (±Ey) to the bond-path. We will compare the effect 

of the ±Ex field with previously unpublished results from the Li2 subject to the bond-stretching distortion, up 

to 12 a.u., where due to the axial symmetry the ellipticity ε remained zero along the entire bond-path. Therefore, 

in this investigation we will use the ellipticity εσH of the stress tensor σ(r) to scale the σ within the Hessian 

of ρ(r) partitioning, which is able to detect changes in symmetry [17], [18]. This is due to the mismatch in 

positions of -∙σ(r) = 0 for the stress tensor σ(r) calculated on the Hessian of ρ(r) partitioning. 

 

2. Theoretical Background and Computational Details 

 

Scalar QTAIM, critical points, metallicity ξ(rb) and the total local energy density H(rb)  

 

The four types of QTAIM critical points are labeled using the notation (R, ω), where R is the rank of the 

Hessian matrix, i.e., the number of distinct non-zero eigenvalues, and ω is the signature (the algebraic sum of 

the signs of the eigenvalues); the (3, -3) [nuclear critical point (NCP), a local maximum], (3, -1) and (3, 1) 

[saddle points, referred to as bond critical points (BCPs) and ring critical points (RCPs), respectively] and (3, 

3) [the cage critical points (CCPs)]. Another category of (3, -3) local maximum are non-nuclear attractors 

(NNA), which will be considered in this investigation. Additional background on QTAIM and the stress tensor 

σ(r) are provided in the Supplementary Materials S1. 

The earlier observation for a tendency of ρ(r) to remain at a closed-shell BCP rather than moving towards the 

atomic basins, which resulted in lower positive values of the Laplacian ∇2ρ(rb), where rb indicates the position 

of the BCP, led directly to the concept of metallicity ξ(rb). The Laplacian ∇2ρ(rb) for a closed-shell BCP and 
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a shared-shell BCP is always positive and negative, respectively. This relative tendency for the charge to 

remain at or move away from a closed-shell BCP is defined as the metallicity ξ(rb): 

 

ξ(rb) = ρ(rb)/∇2ρ(rb) ≥ 1 for  ∇2ρ(rb)  > 0                                 (1) 

 

Values of the metallicity ξ(rb) ≤ 1 from equation (1) for closed-shell BCPs correspond to non-metallic or 

insulating BCPs. We earlier examined the metallicity ξ(rb) for very high pressure ice X [19] and intra-

molecular proton transfer [20]. Values of the metallicity ξ(rb) for a wide range of elements and compounds 

[21] were examined and it was discovered that ξ(rb) relates inversely to “nearsightedness” of the first-order 

density matrix and is suitable for closed-shell systems [22]. Note the concept of metallicity ξ(rb) relates to the 

relative delocalization of the total electronic charge density ρ(rb) [22]. The metallicity ξ(rb) will be calculated 

on a BCP by BCP basis to enable the understanding of local changes to ξ(rb) along the Li1-L2 bond-path i.e. 

the metallicity ξ(rb) will not be summed. 

A property associated with BCPs possessing metallicity ξ(rb) is that for high values of the metallicity ξ(rb) > 

1, the total local energy density H(rb) < 0 for closed-shell BCP interactions. The total local energy density 

H(rb) is defined as: 

 

H(rb) = G(rb) + V(rb)                                                         (2) 

 

Where G(rb) and V(rb) correspond to the local kinetic energy density and the potential energy density, 

respectively. A previous QTAIM investigation into unusually strong hydrogen bonding found that hydrogen-

bond BCPs with values H(rb) < 0, possess a degree of covalent character [23], [24]. 

 

The NG-QTAIM vector-based interpretation of the chemical bond 

The bond-path framework set σ is the NG-QTAIM interpretation of the chemical bond using the stress tensor 

σ(r) on the Hessian of ρ(r) bond-path r (black-line) molecular graph, see equation (3) and Figure 1. Note, the 

orthogonal triad of stress tensor eigenvectors {e1σ, e2σ, e3σ} and Hessian of ρ(r) eigenvectors {e1, e2, e3σ} are 

referred to as bond-path frameworks. 

Bader’s definition [3], [25] of the stress tensor σ(r) is used in this work as it has been successfully used before 

to provide physical insight into low frequency vibrational modes associated with internal molecular 

rearrangement [26]–[28] and is directly related to the Ehrenfest force by the virial theorem. The usual criterion 

for topologically stable BCPs is two negative eigenvalues and one positive eigenvalue directed perpendicular 

and parallel to the bond-path respectively. For topologically unstable BCPs however, there may be three 
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negative eigenvalues when the stress tensor σ(r) is used [18]. The stress tensor σ(r) ellipticity εσH is used as a 

scaling factor in the construction of the {pσ, p′σ} path-packets in equation (3), due to how r is constructed 

from (e3) using the Hessian of ρ(r): 

 

  pσ = ri + εσHie2σ,i, p′σ= ri - εσHie2σ,i                          (3) 

       

‘Path-packet’ refers to the orbital-like packet shapes that the pair of pσ, p′σ paths form along the bond-path (r) 

that will be on a Hessian of ρ(r) molecular graph, but has earlier been superimposed onto an Ehrenfest Force 

F(r) molecular graph [1]. The {pσ, p′σ} path-packets will be used to quantify the resistance to the applied 

electric-field (±Ex) and (±Ey) due to the {pσ, p′σ} being constructed from e2σ, the least preferred direction of 

electronic charge density motion ρ(r) for the stress tensor σ(r). 

 

Computational Details 

 

The molecular structure was optimized with ‘verytight’ convergence criteria within Gaussian 09 v.E.01 [29] 

using the CAM-B3LYP [30]/ANO-RCC [31], [32] DFT functional and basis set. We chose this theory level to 

enable comparison with results, in particular unpublished metallicity ξ(rb) values, from our previous 

investigation on the neutral Li2 cluster [1]. Gaussian’s 'superfine' DFT integration grid was used for all 

calculations, with an accuracy setting of 10-14 for the two-electron integrals. Geometry-optimization and 

single-point SCF calculations were performed with the aforementioned DFT settings, with the convergence 

criteria of < 10-12 RMS change in the density matrix and < 10-10 maximum change in the density matrix, with 

a range of external electric field values applied. These calculations yielded the wavefunctions needed for 

QTAIM and NG-QTAIM analysis. Calculations of the molecular graphs and critical point properties were 

performed using AIMAll [33], and NG-QTAIM calculations and visualization were performed using our 

QuantVec [34] code; the ‘topviz’ visualization component of QuantVec being based on the Mayavi [35] toolkit.  

 

3. Results and Discussions 

 

 3.1 The Torsion of the Bond-Path Framework Set σ, Metallicity (rb) and BCP-NNA Separations 

 

Inspection of the Hessian of ρ(r) bond-path framework sets  reveal {p,pʹ} and {q,qʹ} path-packets that are 

featureless as a consequence of the application of the electric fields ±Ex and (±Ey = ±Ez). These featureless 

Hessian of ρ(r) path-packets do not enable the investigation of the origins of the bond-path torsion previously 
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observed [1] for the ±Ex-field due to the complete absence of ellipticity ε, see Scheme 1 and the 

Supplementary Materials S2. The stress tensor σ will therefore be used to track the effect of the applied 

±Ex and ±Ey scaled with the Hessian of ρ(r) version of the stress tensor σ(r) ellipticity εσH = |λ1σ|/|λ2σ| – 1, 

which is not featureless along the bond-path, see the Supplementary Materials S3.  

The stress tensor {pσ, pʹσ } path-packet forms a single envelope around all three critical points, BCP1, NNA3 

and BCP2, for the E-field = 0, see Figure 1. The stress tensor e2σ eigenvector was used for displaying the 

{pσ,pʹσ} path-packets because once the ±E-field was applied, it remained aligned exactly with one of the 

Cartesian y or z directions for both the ±Ex and ±Ey. Conversely, the stress tensor e1σ eigenvector was 

misaligned with any of the Cartesian axes for ±Ey due to fractional rotation of the bond-path framework {e1σ, 

e2σ, e3σ}, see the Supplementary Materials S4. 

Examination of the Cartesian x, y, z axes of the stress tensor σ(r) eigenvectors {e1σ, e2σ, e3σ} for the E-field = 

0 demonstrates that the e1σ is aligned with the Cartesian x-axis, i.e. the bond-path, instead of the usual case of 

e3σ being aligned with bond-path. At E-field = 0 the orthogonal set of stress tensor eigenvector bond-path 

framework {e1σ, e2σ, e3σ} was rotated by π/2 radians relative to the Cartesian coordinate frame, compared with 

that of the Hessian of ρ(r), which was aligned with the Cartesian coordinate frame. The stress tensor 

eigenvectors σ(r) were oriented {e1σ → x, e2σ → y,, e3σ → z} compared with the Hessian of ρ(r){e1 → y, e2 → 

z,, e3 → x} where x, y, z correspond to the Cartesian axes where x is aligned with the bond-path, see Figure 1. 

The eigenvectors {e1, e2, e3} of the Hessian of ρ(r) for E-field = 0 however, possess a positive λ3 eigenvalue 

associated with the bond-path, where the Hessian of ρ(r) eigenvector e3 is aligned with bond-path as in most 

molecular graphs, see the Supplementary Materials S5.  

 

 

 

 

 

 

 

 

Figure 1. The neutral Li2 lithium molecular graph displaying the stress tensor {pσ(blue), pʹσ (cyan)} path-packets on the 

Li1-Li2 bond-path (r), for values of the electric field, E-field = 0, see Scheme 1 for the ±Ex, ±Ey and ±Ez directions. 

 

The effect on the {pσ,pʹσ} path-packets of the ±Ex and ±Ey electric fields, with magnitudes up to ±100.0x10-4 

a.u., are presented in Figure 2 and Figure 3, respectively. The corresponding {pσ,pʹσ} path-packets for the 

largest ±Ex and ±Ey electric fields before bond-path rupture are presented in Figure 4 and Figure 5 

respectively. 

Additional views in the x-z plane of the {pσ,pʹσ} path-packets subjected to the ±Ex and ±Ey electric fields are 

provided in the Supplementary Materials S6.  
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The stress tensor {pσ,pʹσ} path-packets subject to the ±Ex-field for E = 0 and some low field values, surround 

both BCPs in a single envelope, which separated into two envelopes as the magnitude of the ±Ex-field 

increased. These envelopes surrounding the BCPs persisted in the vicinity of the NNA after the BCP had 

ruptured. A single envelope persisted with application of the ±Ey-field, until the bond had ruptured. 

For all values of ±Ex-field the e3 eigenvector of the Hessian of ρ(r) remained aligned with the bond-path, 

whereas the Cartesian directions of the e1 and e2 swap, due to the consistently zero ellipticity ε values rendering 

e1 and e2 equivalent. The eigenvectors of the Hessian of ρ(r) were initially in a topologically stable 

configuration, but were destabilized by the application of the ±Ey-field and reoriented to a stable configuration 

for the highest E-field values before bond rupture. There is continuous rotation of the Hessian of ρ(r) bond-

path framework with increase in ±Ey-field. This results in the e3 eigenvectors of BCP1 and BCP2 at ±Ey = 

±160.0x10-4 a.u. of the Hessian of ρ(r) bond-path framework, which was initially orientated along the z-axis, 

rotating to realign with the x-axis. This rotation of the Hessian of ρ(r) bond-path framework from initial 

alignment of the e3 eigenvector with the x-axis to alignment with the z-axis coincides with the maximum value 

of the metallicity (rb) for the ±Ey-field, Figure 7(b) and the Supplementary Materials S7. All instances of 

metallic character, i.e. (rb) ≥ 1, also possess small negative values of the total local energy density H(rb). 

Finally, just before bond rupture, the Hessian of ρ(r) bond-path framework rotates back to the initial 

configuration along the x-axis. 

Significant differences in the effect on the path-packet morphology and orientation are clearly seen in the 

stress tensor {pσ,pʹσ} for the +Ex and -Ex directions of the E-field for both the lower and higher values of ±Ex, 

see Figure 2 and Figure 4, respectively. There are also differences in the {pσ,pʹσ} path-packet morphology 

and orientation as a function of the magnitude of the ±Ex-field. The origins of these differences in the {pσ,pʹσ} 

path-packet morphologies are explained by the changing orientation of the stress tensor σ(r) bond-path 

framework constructed from the orthogonal set {e1σ, e2σ, e3σ}. Significant differences in the {pσ,pʹσ} are not 

apparent for the corresponding +Ey and -Ey directions of the E-field; however the bond-paths for higher +Ey 

and -Ey values bend significantly along the +y and -y Cartesian directions, respectively, see Figure 3 and 

Figure 5.  

An NNA-NNA BCP exists for values of the ±Ey-field = ±255.0x10-4 a.u..to ±269.0x10-4 a.u., which is a unique 

topological feature that has an associated non-rotated bond-path framework {e1σ, e2σ, e3σ}, i.e. e3σ is aligned 

with the bond-path and the x-axis, see Figure 5(c). NNAs were absent and only a single BCP remained for the 

Li2 molecular graphs just before the rupture of the bond-path for both the ±Ex and ±Ey fields. 

  



9 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

(c) 

 

 

 

 

 

 

 

 

(d) 

 

 

 

 

 

 

 

 

(e) 

 

Figure 2. The {pσ,pʹσ} stress tensor path-packets for values of the electric field, for (+Ex) are presented in the left and 

right (-Ex) panels respectively. Values of the Ex-field (in a.u.) = ±20.0x10-4, ±40.0x10-4, ±60.0x10-4, ±80.0x10-4, 

±100.0x10-4 correspond to sub-figures (a-e), respectively. See Figure 1 for the E = 0 {pσ,pʹσ} path-packets and Scheme 

1 for the E-field directions. 
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(e) 

 

Figure 3. The stress tensor {pσ,pʹσ} path-packets for values of (+Ey) are presented in the left and right (-Ey) panels 

respectively, for values of the ±Ey-field (in a.u.) = ±20.0x10-4, ±40.0x10-4, ±60.0x10-4, ±80.0x10-4, ±100.0x10-4 

correspond to sub-figures (a-e), respectively. See Figure 2 for further details. 
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(f) 
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(h) 

 

Figure 4. The stress tensor {pσ,pʹσ} path-packets for values of (+Ex) are presented in the left and right (-Ex) panels 

respectively. the values of the electric field, ±Ex-field (in a.u.) = ±110.0x10-4, ±120.0x10-4, ±130.0x10-4, ±140.0x10-4, 

±141.0x10-4, ±142.0x10-4, ±143.0x10-4, ±144.0x10-4 correspond to sub-figures (a-h), respectively. See Figure 2 for 

further details. 
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(f) 

 

Figure 5. The stress tensor {pσ,pʹσ} path-packets for (+Ey) are presented in the left and right (-Ey) panel respectively. 

Values for ±Ey-field (in a.u.) = ±255.0x10-4, ±256.0x10-4, ±257.0x10-4, ±269.0x10-4, ±270.0x10-4 and ±294.0x10-4 

correspond to sub-figures (a-f), respectively, see Figure 2 for further details.  
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The NNA is generally more mobile, i.e. possesses larger Li-CP separations, than the BCPs along the bond-

path for both the ±Ex-field and ±Ey-fields, see Figure 6. Comparing the effect of the ±Ex-field and ±Ey-field, 

the mobility of the NNA is significantly higher, although the BCPs possess generally similar mobility for both 

E-field directions. These differences in the mobility of the NNA for the ±Ex-field and ±Ey-field direction may 

account for the corresponding differences in the BCP metallicity (rb), see Figure 7. The metallicity (rb) 

attains much higher values for the ±Ex-field compared with the ±Ey-field direction, where BCP1 and BCP2 

possess mirror image values of (rb) for the ±Ex-field direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                        (a)                                                  (b) 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

                        (c)                                                  (d) 

Figure 6. Plots of the variation of the Li-CP separation with ±Ex are presented in sub-figures (a) and (b). Critical points 

(CPs) correspond to the bond critical points (BCPs) and non-nuclear attractors (NNAs). The NNA3 and NNA4 are shown 

surrounding the central BCP on the Li2 molecular graph in Figure 5(c), also see Scheme 1. The corresponding plots for 

the variations of ±Ey are presented in sub-figures (c) and (d). 
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(a)                                                    (b) 

Figure 7. The variation of BCP metallicity (rb) with the ±Ex-field and ±Ey-field of the Li2 molecular graph are presented 

in sub-figures (a-b), respectively. a.u. units are used throughout. Notice the log10 scale for sub-figure (a), see Scheme 1 

for further details.  

 

Comparison can be made with previously overlooked and unpublished results from our earlier investigation 

into stretching distortions of neutral Li2, in the absence of an E-field, with the effects of the ±Ex-field. The 

Hessian of ρ(r) results, including ρ(rb), Laplacian ∇2ρ(rb) and BCP metallicity (rb) corresponding to the 

neutral Li2 stretching distortions, were not previously published; only the geometric bond-length (GBL) was 

previously published [1].  

For a ±Ex-field value of ±144.0x10-4 a.u. the NNA is annihilated and the BPL is 6.406 a.u. The Li2 bond-path 

ruptures for a value of the ±Ex-field = ±145.0x10-4 a.u. The critical points are not positioned symmetrically 

for all values of the applied ±Ex-field, see Figure 6(a-b) where it can be seen that the NNAs are significantly 

more mobile on the bond-path than the BCPs, see the Supplementary Materials S8. Significant values of the 

metallicity (rb) occur for a wide range of ±Ex-field values. 

In comparison, the neutral Li2 subjected to the stretching distortion exists until the bond-path length (BPL = 

GBL) is 12.1 a.u., although values of the Laplacian ∇2ρ(rb) are insignificant beyond 10.1 a.u. and the NNA is 

annihilated when the BPL is 7.1 a.u. Additional new results for the stretched neutral Li2 include the 

eigenvectors {e1, e2, e3} of the Hessian of ρ(r) and the stress tensor σ(r) eigenvectors {e1σ, e2σ, e3σ}, see the 

Supplementary Materials S9. For all values of the stretching distortion the critical points are positioned 

symmetrically about the geometric centre of the Li1-Li2 bond-path and the NNA remains fixed at the centre 

of the bond-path for all stretching distortions. A significant value of the metallicity (rb), i.e. (rb) = 40.1 a.u., 

only occurs for a Li1-Li2 separation of 6.1 a.u., which may be explained by the lack of mobility of the NNA 

for the stretching distortions. The stress tensor eigenvalue λ3σ for the stretching distortion was negative up to 
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an extension of 6.1 a.u., where there were two BCPs. All longer extensions were associated with a single BCP 

and a positive value of stress tensor eigenvalue λ3σ. 

 

4. Conclusions 

 

In this investigation we set out to better understand the underlying causes, firstly of torsion of the {pσ,pʹσ} 

path-packets, and secondly changes to the critical point topology of the molecular graph of neutral Li2 as a 

consequence of applying an electric (±E)-field, both parallel (±Ex) and perpendicular (±Ey) to the bond-path. 

We have used NG-QTAIM with the stress tensor σ(r) to understand the directional properties associated with 

the eigenvectors of scalar QTAIM and the Hessian of ρ(r). In addition, the stress tensor ellipticity εσH was 

non-zero for the application of the ±E-field, in contrast with the Hessian of ρ(r), which had two associated 

negative BCPs. 

The scalar QTAIM properties were used to obtain the neutral Li2 molecular graph, BCPs, NNAs etc. and 

metallicity (rb) using the Hessian of ρ(r) partitioning, since the stress tensor σ(r) lacks an associated scalar- 

or vector-field partitioning scheme. The rotation of stress tensor bond-path framework {e1σ, e2σ, e3σ} due to 

the application of both the ±Ex and ±Ey-field occurred despite the absence of structural asymmetry induced 

by the ±Ex-field. This finding indicates that the stress tensor σ(r) eigenvectors can be used to detect the 

presence of the bond-path framework {e1σ, e2σ, e3σ} rotation, i.e. topological instability, regardless of the 

induced bond-path asymmetry caused by bond-path bending. This topological instability can be explained by 

the presence of three negative BCP stress tensor eigenvalues, which is characteristic of topologically unstable 

BCPs [18].  

The Hessian of ρ(r) bond-path framework {e1, e2, e3} did not rotate in response to the application of the ±Ex-

field, due to the lack of bond bending, i.e. asymmetry induced by the ±Ey-field.  

For the highest ±Ex-field values before bond rupture, the {pσ,pʹσ} path-packets persisted in the vicinity of the 

NNA after the BCP had ruptured, which is an indicator of the topologically stabilizing effect of the NNA. For 

the ±Ey-field a single {pσ,pʹσ} envelope with the largest extent surrounding the NNAs persisted until the bond 

ruptured, which also indicated a topologically stabilizing effect of the NNA.  

An NNA-NNA BCP was uniquely present as an adaptation to the higher values of the ±Ey-field =   

±255.0 x10-4 a.u. to ±269.0x10-4 a.u., which resulted in significant neutral Li2 BCP bond-path bending. This 

can be explained by the NNA-NNA BCP possessing a positive stress tensor eigenvalue λ3σ, which is associated 

with topologically stable BCPs. The NNAs shifted along the bond-path more for the applied ±Ex-field than the 

±Ey-field, which can explain the presence of higher values of the metallicity (rb) for the ±Ex-field compared 

with the ±Ey-field. 

The overall directional effect of the applied ±Ex and ±Ey-fields is to reorient the stress tensor σ(r) eigenvectors 

with increase in ±E-field until just before the bond rupture, where the stress tensor e3σ eigenvector is finally 

orientated along the bond-path with a single BCP and no NNAs. The overall scalar effect induced by the 
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applied ±Ex and ±Ey-fields is to increase the values of the metallicity (rb) and motion of the NNAs along the 

bond-path. 

Comparison of the stretching distortion of neutral Li2 in the absence of an applied ±Ex-field was made. The 

stretching distortion resulted in the GBL being approximately twice (≈12 a.u.) that of the neutral Li2 subject 

to the ±Ex-field (≈6 a.u.) before bond rupture. This difference could be explained by the greater motion of the 

NNAs and higher metallicity (rb) present for the Li2 subjected to the ±Ex-field, which causes the bond to 

rupture at shorter lengths compared with the Li2 stretching distortion. Our work here is consistent with the 

work of Terrabuio and Teodoro et al. since the polarization effect induced by the applied ±Ex-field, induced a 

greater stabilization, up to and including values of ±Ex-field = ±143.0 x10-4 a.u., of the NNAs. This stabilization 

effect took the form of the reorientation of the stress tensor σ(r) bond-path framework {e1σ, e2σ, e3σ} and 

Hessian of ρ(r) bond-path framework {e1, e2, e3} 

Future investigations with NG-QTAIM and lithium clusters could include charged species and manipulation 

of the positions and existence of the NNAs using linearly polarized non-ionizing ultra-fast laser irradiation. 

The laser irradiation would be on sufficiently fast timescales to avoid disrupting the lithium nuclei positions. 
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