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We use the newly introduced spanning stress tensor trajectory σ-space construction within next generation quantum 

theory of atoms in molecules (NG-QTAIM) for a chirality investigation of singly and doubly substituted ethane with 

halogen substituents: F, Cl, Br. Singly substituted ethane was overall achiral comprising cancelling chiral components 

in σ-space. The resultant axial bond critical point (BCP) sliding responded more strongly to the increase in atomic 

number of the substituted halogen than the chirality. The presence of the very light F atom was found responsible for a 

very high degree of achiral character of the doubly substituted ethane. 
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1. Introduction 

 

As early as 1848 Louis Pasteur proposed biomolecular homochirality as a possible simple ‘chemical 

signature of life’[1]. More recently, Prelog[2] and Quack[3,4] considered the origins of homochirality. 

Quack concluded from extensive theoretical investigations that no direct relationship between energy 

difference and the left or right handedness of a chiral molecule existed, as may be expected for the L-amino 

acid dominant world. A chiral molecule generally has at least one chiral center and the Cahn–Ingold–Prelog 

(CIP) priority rules, which have recently been updated[5], are used to determine the chiral configuration 

(R/S) without calculations[6,7]. There are however situations where chirality cannot be assigned from the 

CIP rules, such as achiral molecules including optical isomers of coordination compounds used as 

stereoselectivity catalysts. Scalar chirality measures based on distances and other parameters including 

dihedral angle [8,9] have been in existence for decades[10–13]: however, they cannot be used to distinguish 

enantiomers.  

The existence of chirality has important implications[2,14,15] for the origin of chiral asymmetry[16], which 

is one of the great mysteries in the understanding of the origin of life[17]. Distinguishing and understanding 

the chirality is essential to understanding the important role homochirality plays in life on earth[18–20]. 

A pair of S and R stereoisomers possess very similar physical properties but demonstrate strong 

enantiomeric preferences during chemical and biological reactions. Quantifying enantiomeric excess and 

handedness of chiral molecules therefore plays a crucial role in biochemistry and pharmacy[21–23]. As a 

result, development of ever more reliable methods to differentiate S and R stereoisomers is of current 

interest[24]. The recent work of Tremblay focuses on understanding the conditions required to modify the 

chirality during ultrafast electronic motion by bringing enantiomers out of equilibrium [25]. A selection of 

ultrashort linearly-polarised laser pulses were used to drive an ultrafast charge migration process by the 

excitation of a small number of low-lying excited states from the ground electronic state of Sa and Ra 

epoxypropane stereoisomers. 

Recently, some of the current authors quantified a chirality-helicity measure[26] using next generation 

QTAIM (NG-QTAIM) [27]. This chirality-helicity measure is an association between molecular chirality 

and helical characteristics known as the chirality-helicity equivalence, introduced by Wang[28] that is 

consistent with photoexcitation circular dichroism experiments. Wang stated that the origin of this helical 

character was not provided solely by molecular geometries or attributable to steric effects, but would require 

future insight provided from the electronic structure. The interdependence of steric-electronic factors was 

recently discovered to be more complex[29] than was discernable from the molecular structures for the 

helical electronic transitions of spiroconjugated molecules[30,31]. 

Banerjee-Ghosh et al. demonstrated that charge density redistribution in chiral molecules, and not spatial 

effects[32], was responsible for an enantiospecific preference in electron spin orientation, consistent with 

Wang.  



A recent investigation to quantify the chirality-helicity equivalence proposed by Wang discovered that what 

is generally understood as chirality is only part of the complete understanding of the behavior associated 

with ‘chirality’. To address this realization we demonstrated that the bond-axiality, which is concerned with 

the motion of the bond critical point (BCP) along the torsion bond, should also be considered[31], in 

addition to the asymmetry of the chiral carbon, which is generally understood to be associated with chirality.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Axial and in-plane views down/along the torsion C1-C2 BCP bond-path of the molecular graph of singly 

substituted ethane (top) with x = F, Cl, Br, where x is bonded to the C1 atom. For the doubly substituted ethane the 

Sa-stereoisomer (bottom-left) and Ra-stereoisomer (bottom-right), the heaviest halogen atom is located at x and the 

lighter one at y; therefore the three pairs of Sa-stereoisomer and Ra -stereoisomer correspond to {x = Cl, y = F}, {x = Br, 

y = Cl}, {x = Br, y = F}. Note that y is replacing the H4 and H5 atom for the Sa-stereoisomer and Ra-stereoisomer, 

respectively, see Table 1 and Table 2. The grey, blue and red shading indicate the dihedral angles used to construct the 

symmetrically inequivalent D3127, D4127 and D5128 isomers respectively, see Figure 1 and Tables 1-2. 

 

Recently, we undertook an NG-QTAIM investigation into the chiral properties of ethane, where a new 

category of σ-space chirality assignment was discovered with ‘null’ chirality, which we referred to as a Qσ 

isomer in σ-space [33]. We also discovered Sσ and Rσ stereoisomers in σ-space and used this to explain the 

staggered conformation of ethane in terms of a preference for steric effects over hyper-conjugation.  

In this investigation we will consider the NG-QTAIM perspective of the achiral and chiral behaviors of 

singly and doubly substituted ethane, see Scheme 1. We will consider the effect of increasing the atomic 

number of the halogen substituents, F, Cl and Br on the balance of the Qσ, Sσ or Rσ σ-space chirality 

assignments. Firstly, we will consider the singly (F, Cl, Br) substituted ethane isomers that are all formally 

achiral. Secondly, we will consider the chiral doubly {(F-Cl), (Cl-Br), (Br-F)} substituted ethane that all 

possess Sa- and Ra- geometric stereoisomers. Note we use the subscript “a” to denote geometric 

stereoisomers to differentiate from the σ-space stereoisomers Sσ and Rσ. We will consider the effect of 

increasing the atomic number of the halogen substituents, F, Cl and Br on the balance of the Qσ, Sσ or Rσ 

σ-space chirality assignments of the singly substituted ethane isomers as well as the doubly substituted 

ethane Sa- and Ra- geometric stereoisomers. In particular, achiral singly substituted ethane will be 



investigated to determine if the σ-space chirality increases with substituent atomic number. Similarly, we 

can consider if the substituent (F), closest in atomic number to H, consequently renders the chiral doubly 

substituted {(F-Cl), (Br-F)} ethane more achiral in σ-space than the (Cl-Br) substituted ethane. 

 

2. Theoretical Background and Computational Details 

 

The essential background of QTAIM and next generation QTAIM (NG-QTAIM)[34–40] is provided in the 

Supplementary Materials S1, including the procedure to generate the stress tensor trajectories σ(s). The 

ellipticity ε, defined as ε = |λ1|/|λ2| – 1, that determines single (ε ≤ 0.1) or double bond character (ε ≥ 0.25), 

where the λ1 and λ2 eigenvalues of the Hessian of ρ(r) are associated with the shortest (e1 eigenvector) and 

longest (e2 eigenvector) axes of the elliptical distribution of ρ(rb), respectively. The ellipticity ε quantifies 

the relative accumulation of ρ(rb) in the two directions (e1 and e2) perpendicular to the BCP. Bader’s 

formulation of the quantum stress tensor σ(r) [41] is used to characterize the mechanics of the forces acting 

on the electron density distribution in open systems, defined as: 
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Where γ(r,r′) is the one-body density matrix, 

 

           𝛾(𝐫, 𝐫′) = 𝑁 ∫ 𝛹(𝐫, 𝐫2 , … , 𝐫𝑁)𝛹∗(𝐫′, 𝐫2, … , 𝐫𝑁)d𝐫2 ⋯ d𝐫𝑁                                            (2) 

 

The stress tensor is then any quantity σ(r), that satisfies equation (2) since one can add any divergence free 

tensor to the stress tensor without violating this definition[41–43]. 

Bader’s formulation of the quantum stress tensor σ(r), equation (1), is a standard option in the AIMAll 

QTAIM package [44] and is used in this investigation because of the superior performance of the stress 

tensor compared with the Hessian of ρ(r) for distinguishing the Sa- and Ra-stereoisomers of lactic acid[45]. 

The σ(s) are constructed from the stress tensor σ(r) {±e1σ,±e2σ,±e3σ}, with a corresponding reference 

coordinate frames referred to as σ-space, see Figure 1. The C1-C2 BCP bond-path associated with a 

suspected chiral-like carbon atom is subjected to geometric torsional counter-clockwise (CCW) and 

clockwise (CW) distortions to impose a symmetry breaking perturbation that creates the stress tensor 

trajectory σ(s) used to determine the NG-QTAIM stereoisomer Sσ or Rσ classifications independent of the 

CIP rules; note the subscript “σ” is used of the σ(s). The CCW and CW directions of torsion indicate 

left-handed and right-handed directions of bond torsion respectively. This is consistent with optical 

experiments that exhibit a form of optical activity (circular dichroism) that reveal different refractive indices 

for left-handed (S) and right-handed (R) circularly polarized light. The maximum stress tensor projections 



σ(s)max = {t1max, t2max, t3max} define the dimensions of a ‘bounding box’ around each σ(s) and are used to 

calculate the chirality σ, bond-flexing σ and bond-axiality σ. The subscript “max” corresponds to the 

difference between the minimum and maximum value of the projection of the BCP shift dr onto e1σ, e2σ or 

e3σ along the entire σ(s). 

The chirality σ quantifies the bond torsion direction counter-clockwise (CCW) vs. clockwise (CW), i.e. the 

circular C1-C2 BCP displacement, where the largest magnitude stress tensor eigenvalue (λ1σ) is associated 

with e1σ. The e1σ corresponds to the direction in which the electrons at the C1-C2 BCP are subject to the 

most compressive forces, and therefore will be the direction along which the C1-C2 BCP electrons will be 

most displaced when the C1-C2 BCP is subjected to torsion[46]. The chirality σ is defined as the difference 

in the maximum projections (the dot product of the stress tensor e1σ eigenvector and the BCP displacement 

dr) of the σ(s) values between the CCW and CW torsion :  

 

σ = [(e1σ∙dr)max]CCW - [(e1σ∙dr)max]CW                               (3) 

 

The bond-flexing σ is defined as: 

 

σ = [(e2σ∙dr)max]CCW - [(e2σ∙dr)max]CW,                                                      (4) 

 

Where equation (4) provides a measure of the ‘flexing-strain’ of a bond-path.  

 

The bond-axiality σ, which provides a measure of the chiral asymmetry, is defined as: 

 

 σ = [(e3σ∙dr)max]CCW - [(e3σ∙dr)max]CW.                              (5) 

 

Equation (5) quantifies the direction of axial displacement of the bond critical point (BCP) in response to the 

bond torsion (CCW or CW), i.e. the sliding of the BCP along the bond-path[47]. The signs of equations (3-5) 

defining the chirality σ, bond-flexing σ and bond-axiality σ determine the prevalence of Sσ ( σ > 0, σ > 0,

σ > 0) or Rσ ( σ < 0, σ < 0, σ < 0) character, see Table 1 and Table 2. The intermediate results for the 

σ-space distortion sets { σ, σ, σ} are provided in the Supplementary Materials S5. 

An additional null-chirality assignment Qσ (≈ 0 chiral character) occurs where a plot of ellipticity ε vs. torsion 

 displays CCW and CW portions that are symmetrical about torsion  = 0.0º. The ± sign is therefore not 

used with the chirality σ assignment Qσ as it is for the Sσ and Rσ assignments, where for the latter mirror 



symmetry is only present for the Sσ CCW vs. Rσ CW and Sσ CW vs. Rσ CCW plots of ellipticity ε vs. torsion 

. 

We include all contributions to the σ-space chirality from the ‘chiral’ centre C1 by considering the entire 

bonding environment of the ‘chiral’ carbon atom (C1) by constructing all nine torsion C1-C2 BCP σ(s) 

using dihedral angles that include the C1 atom, see Scheme 1 and the Computational Details section. We 

refer to this process of using all nine torsion C1-C2 BCP σ(s) as the spanning σ-space chirality 

construction due to being constructed from all nine possible dihedral angles{(3126, 3127, 3128), (4126, 

4127, 4128), (5126, 5127, 5128)}. The NG-QTAIM interpretation of the singly and doubly substituted 

ethane as either an achiral or chiral molecule requires calculation of all the symmetry inequivalent stress 

tensor trajectories σ(s) through the torsion C1-C2 BCP. This results in a complete set of ethane σ-space 

isomers, with possible chirality assignments Qσ, Sσ or Rσ.  

The linear sum of the individual components of the symmetry inequivalent σ-space distortion sets ∑{ σ, σ, 

σ} will be calculated to provide the resultant chiral character for the singly and doubly substituted ethane 

molecular graph. Then helicity (= σ| σ|) of the resultant linear sum ∑{ σ, σ, σ} in addition to the sum of 

the individual helicity; values of ∑ helicity ≈ 0 correspond to the null-chirality assignment Qσ, see Table 1 and 

Table 2. In this investigation the presence of a mix of Sσ and Rσ chirality assignments for an Sa or Ra 

stereoisomer will be referred to as mixed chirality in σ-space. An equal mixing of the Sσ and Rσ chirality 

for the Sa and Ra geometric stereoisomers, as determined by the value of ∑Sσ{ σ}/|∑Rσ{ σ}|} = 1, would 

correspond to pure achiral character present in σ-space for each of the Sa and Ra geometric stereoisomers. 

 

 

Computational Details 

 

The singly and doubly substituted ethane molecular structures were initially geometry-optimized with 

‘verytight’ convergence criteria at the B3LYP/cc-pVQZ level of DFT theory using Gaussian 09.E01 [48] 

with an ‘ultrafine’ integration grid. We follow the practice, as recommended in recent literature [49] on 

QTAIM-derived properties, of using a quadruple-zeta basis set with a DFT functional. As our interest is in 

accurate densities and NG-QTAIM properties, rather than thermochemistry or barrier energies, the B3LYP 

DFT functional is sufficiently accurate for this purpose. The wavefunctions were converged to < 10
-10

 RMS 

change in the density matrix and < 10
-8

 maximum change in the density matrix. We determine the direction 

of torsion as CCW (0.0º ≤ θ ≤ +180.0º) or CW (-180.0º ≤ θ ≤ 0.0º) from an increase or a decrease in the 

dihedral angle, respectively. The σ(s) for all nine possible ordered sets of four atoms that define the 

dihedral angle {(3126, 3127, 3128), (4126, 4127, 4128), (5126, 5127, 5128)} are calculated. The dihedral 

atom numbering is provided in Scheme 1.  



Single-point calculations were then undertaken on each torsion scan geometry, where the SCF iterations 

were converged to < 10
-10

 RMS change in the density matrix and < 10
-8

 maximum change in the density 

matrix to yield the final wavefunctions for analysis. QTAIM and stress tensor analysis was performed with 

the AIMAll[44] and QuantVec[50] suite on each wavefunction obtained in the previous step. All molecular 

graphs were additionally confirmed to be free of non-nuclear attractor critical points.  

 

3. Results and discussions 

 

The scalar measures of distance, relative energy ∆E and ellipticity ε used in this investigation for the singly 

and doubly substituted ethane are insufficient to explain any chiral effects and are provided in the 

Supplementary Materials S2-S4 respectively.  

Previously, an investigation into ethane [33] subjected to an applied electric field used a representative 

selection of three σ-space distortion sets { σ, σ, σ} of the C1-C2 BCP σ(s). In this investigation on singly 

and doubly substituted ethane we will use all nine possible σ-space distortion sets { σ, σ, σ}, see Scheme 

1, Table 1 and Table 2.  

The stress tensor trajectory σ(s) plots for the singly (F, Cl, Br) substituted ethane are rather similar to each 

other and therefore are provided in the Supplementary Materials S5. The complete tables of results for all 

nine isomers for the singly and doubly substituted ethane are provided in the Supplementary Materials S6 

and Supplementary Materials S7 respectively. Geometry-optimized molecular structures, optimized 

energies and frequency check in .XYZ format metadata lines are provided in the Supplementary Materials 

S8.  

The NG-QTAIM interpretation of the chirality of the singly substituted (F or Cl or Br) ethane is that ethane is 

an achiral molecule with constituent chirality assignments Qσ, Sσ or Rσ, see Scheme 1 and Table 1. This 

result was obtained by including all nine possible torsion C1-C2 BCP stress tensor trajectories σ(s). For 

comparison, the pure ethane molecule possesses values of the chirality helicity function helicity = 0, +0.0003 

and -0.0003 for the Qσ, Sσ and Rσ stereoisomers in σ-space, respectively [33]. 

The σ(s) plots for the doubly substituted ethane are provided in Figure 1. For the singly substituted ethane 

the isomer pairs: (D3127 and D3128), (D4128 and D5127) and (D4127 and D5128) each possess opposite Sσ and Rσ 

chirality assignments with approximately equal magnitudes of the corresponding elements of the distortion 

sets { σ, σ, σ}. Therefore, the (D3127 and D3128), (D4128 and D5127) and (D4127 and D5128) pairs of isomers 

can be regarded as stereoisomers in σ-space. For the singly substituted ethane the D3126, D4126 and D5126 

isomers are each indicated as possessing chirality assignment Qσ. This assignment (Qσ) corresponding to 

null-chirality on the basis of the very low values of the chirality σ and bond-axiality σ, i.e. an order of 



magnitude lower than for the Sσ or Rσ. The linear sum of the distortion sets ∑{ σ, σ, σ} = 0 for the 

complete set of nine isomers {(3126, 3127, 3128), (4126, 4127, 4128), (5126, 5127, 5128)} corresponds to a 

chirality assignment Qσ that we refer to as ‘null-chirality’, consistent with the singly substituted ethane being 

formally achiral. The sum of the chirality-helicity function ∑ helicity = 0 for the complete set of nine distortion 

sets { σ, σ, σ} also corresponds to a chirality assignment Qσ. The sums of the Sσ components ∑Sσ{ σ, σ} 

and Rσ components ∑Rσ{ σ, σ} are approximately equal in magnitude. This demonstrates the stereoisomer 

character of the singly substituted ethane in σ-space. Additionally, the ∑Sσ{ σ, σ} increase with atomic 

number (F, Cl, Br) with the strongest correlation for σ. 

Examination of the doubly substituted ethane for the Sa and Ra geometric stereoisomers demonstrates 

agreement with the CIP rules for the largest value of ∑Sσ{ σ} or ∑Rσ{ σ}, respectively, of the Sa and Ra 

stereoisomers. In particular, the separate contributions of the chirality σ of the Sa geometric stereoisomer 

∑Sσ{ σ} = 1.898 and ∑Rσ{Cσ} = -0.9977, see Table 2. The sum over all nine isomers ∑Sσ,Rσ{ σ, σ, σ} 

results in equal magnitudes of each of the σ, σ and σ, e.g. for the F-Cl ethane: σ = 0.901 [Sσ] and 

-0.901[Rσ] for the Sa and Ra geometric stereoisomers respectively, thus demonstrating stereoisomer 

characteristics in σ-space. The sums of the chirality helicity function helicity, ∑ helicity, possess equal 

magnitudes, but opposite sign, for the Sa and Ra geometric stereoisomers. In other words, the Sa geometric 

stereoisomer is demonstrated to comprise a mix of chirality contributions, dominated by contributions from 

the Sσ, but containing a sizable contribution with a Rσ chirality assignment. The converse is true for the Ra 

geometric stereoisomer. The presence of a mix of Sσ and Rσ chirality for each of the Sa and Ra geometric 

stereoisomers is referred to as mixed chirality in σ-space. The doubly substituted ethane with the lowest 

mixed chirality in σ-space is Cl-Br-ethane, where ∑Sσ{ σ}/|∑Rσ{ σ}|} ≈ 12. In contrast, F-Br-ethane and 

Br-F-ethane both possess ∑Sσ{ σ}/|∑Rσ{ σ}|} ≈ 2, see Table 2. 

  



Table 1. The singly substituted ethane torsion C1-C2 BCP σ-space distortion sets {chirality σ, bond-flexing σ, 

bond-axiality σ}, sum of the nine isomers: ∑Sσ,Rσ{ σ, σ, σ}, sum of the Sσ components ∑Sσ{ σ, σ}and Rσ 

components ∑Rσ{ σ, σ}, chirality-helicity function helicity = ( σ)(| σ|) and the sum of helicity over the nine isomers 

∑ helicity. The four-digit sequence (left column) refers to the atom numbering sequence for the dihedral angles used to 

construct the σ(s). The displayed entries correspond to the symmetry inequivalent D3126, D4127 and D5128 isomers, see 

Scheme 1. The values of the total sums in the table correspond to all nine isomers, the complete table for all nine 

isomers is provided in the Supplementary Materials S6. Values of the helicity with a magnitude of less than 10
-5

 are 

considered insignificant. 
    

F-ethane 

Isomer     { σ, σ, σ}            helicity          [ σ, σ] 

D3126   {-0.000014[Rσ], -0.000002[Rσ], -0.000022[Rσ]}    = 0 (-3.14×10
-10

)    [Qσ] 

D4127   {0.235443[Sσ], -0.291961[Rσ], -0.001050[Rσ]}     0.0002           [Sσ,Rσ] 

D5128   {-0.235470[Rσ], 0.291163[Sσ], 0.001052[Sσ]}     -0.0002           [Rσ,Sσ] 

              Sum of the Sσ subset from all nine isomers Sum of the Rσ subset from all nine isomers        

                          ∑Sσ{ σ, σ} 

                    {0.6141[Sσ], 0.0192[Sσ]} 

∑Rσ{ σ, σ} 

{-0.6141[Rσ], -0.0193[Rσ]}          

      Total sum of all nine isomers  

                        ∑Sσ,Rσ{ σ, σ, σ}                           ∑ helicity     

               {-0.00001[Rσ], -0.0029[Rσ], -0.00003[Rσ]}        0                [Qσ] 

Cl-ethane 

Isomer     { σ, σ, σ}            helicity          [ σ, σ] 

D3126   {-0.000001[Rσ], -0.000009[Rσ], 0.000006[Sσ]}        = 0 (-7.65×10
-12

)   [Qσ] 

D4127   {0.525440[Sσ], -0.156354[Rσ], -0.019219[Rσ]}     0.0101            [Sσ,Rσ] 

D5128   {-0.525488[Rσ], 0.156356[Sσ], 0.019231[Sσ]}     -0.0101            [Rσ,Sσ] 

 

              Sum of the Sσ subset from all nine isomers Sum of the Rσ subset from all nine isomers    

                          ∑Sσ{ σ, σ} 

                    {1.5282[Sσ], 0.0498[Sσ]} 

∑Rσ{ σ, σ} 

{-1.5272[Rσ], -0.0498[Rσ]} 

                                      Total sum of all nine isomers 

                       ∑Sσ,Rσ{ σ, σ, σ}                            ∑ helicity   

               {0.0010[Sσ], 0.0012[Sσ], 0.000006[Sσ]}             0           [Qσ] 

Br-ethane 

Isomer     { σ, σ, σ}            helicity          [ σ, σ] 

D3126   {-0.000049[Rσ], 0.000013[Sσ], -0.000012[Rσ]}     = 0 (-5.84×10
-10

)    [Qσ] 

D4127   {0.540902[Sσ], -0.166512[Rσ], -0.028603[Rσ]}     0.0155            [Sσ,Rσ] 

D5128   {-0.540781[Rσ], 0.166429[Sσ], 0.028581[Sσ]}     -0.0155            [Rσ,Sσ] 

                Sum of the Sσ subset from all nine isomers Sum of the Rσ subset from all nine isomers                          

                         ∑Sσ{ σ, σ} 

                    {1.5918[Sσ], 0.0820[Sσ]} 

∑Rσ{ σ, σ} 

{-1.5917[Rσ], -0.0820[Rσ]}                       

  Total sum of all nine isomers  

                       ∑Sσ,Rσ{ σ, σ, σ}                            ∑ helicity    

              {0.00005[Sσ], -0.0009[Rσ], 0.000006[Sσ]}            0                [Qσ] 

                          

  



Table 2. The doubly substituted ethane torsion C1-C2 BCP σ-space distortion sets { σ, σ, σ} and the σ-space 

achirality ratio ∑Sσ{ σ}/|∑Rσ{ σ}|. Refer to the caption of Table 1 for further details. Note that Sa and Ra correspond 

to the geometric stereoisomers, see Scheme 1. The values of the total sums in the table correspond to all nine isomers, 

the complete table for all nine isomers is provided in the Supplementary Materials S7. 

 

F-Cl-ethane 

                         Sa Ra  

Isomer         { σ, σ, σ}          helicity  [ σ, σ] 

D3126  {0.142058[Sσ], 0.098417[Sσ], 0.023993[Sσ]}   0.0034  [Sσ,Sσ] 

D4127  {0.532049[Sσ], 0.095174[Sσ], -0.032489[Rσ]}  0.0173  [Sσ,Rσ] 

D5128  {-0.362224[Rσ], -0.574683[Rσ], 0.023966[Sσ]} -0.0087  [Rσ,Sσ] 

{ σ, σ, σ}           helicity   [ σ, σ] 

{-0.142118[Rσ], -0.099095[Rσ], -0.023983[Rσ]}  -0.0034  [Rσ,Rσ] 

{0.362047[Sσ], 0.574724[Sσ], -0.023964[Rσ]}    0.0087   [Sσ,Rσ] 

{-0.532089[Rσ], -0.095057[Rσ], 0.032494[Sσ]}   -0.0173  [Rσ,Sσ] 

   Total sum of all nine isomers of Sa 

       ∑Sσ,Rσ{ σ, σ, σ}                  ∑ helicity 

{0.9008 [Sσ], -1.1910 [Rσ], 0.0585 [Sσ]}            0.0340  [Sσ,Sσ] 

Total sum of all nine isomers of Ra 

∑Sσ,Rσ{ σ, σ, σ}             ∑ helicity 

{-0.9006 [Rσ], 1.1898 [Sσ], -0.0589 [Rσ]}       -0.0342  [Rσ,Rσ] 

     Sum of the Sσ, Rσ subsets from all nine Sa isomers Sum of the Sσ, Rσ subsets from all nine Ra isomers         

      ∑Sσ{ σ, σ}                       

{1.8984 [Sσ], 0.1597 [Sσ]} 

          ∑Rσ{ σ, σ} 

{-0.9977 [Rσ], -0.1013 [Rσ]} 

∑Sσ{ σ, σ}                       

{0.9984 [Sσ], 0.1013 [Sσ]} 

        ∑Rσ{ σ, σ}    

{-1.8989 [Rσ], -0.1602 [Rσ]} 

Ratio of the Sσ and Rσ subsets from all nine Sa isomers 

∑Sσ{ σ}/|∑Rσ{ σ}|} |Sa = 1.9028 

Cl-Br-ethane 

Isomer         { σ, σ, σ}          helicity  [ σ, σ] 

D3126  {0.142347[Sσ], -0.126939[Rσ], 0.030052[Sσ]}  0.0043  [Sσ,Sσ] 

D4127  {0.804689[Sσ], 0.410931[Sσ], -0.050652[Rσ]}  0.0408  [Sσ,Rσ] 

D5128  {-0.113693[Rσ], -0.315810[Rσ], 0.003891[Sσ]} -0.0004  [Rσ,Sσ] 

{ σ, σ, σ}           helicity   [ σ, σ] 

{-0.142405[Rσ], 0.125579[Sσ], -0.030034[Rσ]}  -0.0043  [Rσ,Rσ] 

{0.114210[Sσ], 0.315839[Sσ], -0.004005[Rσ]}   0.0005  [Sσ,Rσ] 

{-0.804516[Rσ], -0.410188[Rσ], 0.050681[Sσ]}  -0.0408  [Rσ,Sσ] 

Total sum of all nine isomers of Sa 

       ∑Sσ,Rσ{ σ, σ, σ}                  ∑ helicity 

{2.2161 [Sσ], -0.0656 [Rσ], -0.0504 [Rσ]}           0.1239  [Sσ,Rσ] 

Total sum of all nine isomers of Ra 

∑Sσ,Rσ{ σ, σ, σ}            ∑ helicity 

{-2.2173 [Rσ], 0.0646 [Sσ], 0.0504 [Sσ]}         -0.1239  [Rσ,Sσ] 

  Sum of the Sσ, Rσ subsets from all nine Sa isomers Sum of the Sσ, Rσ subsets from all nine Ra isomers   

         ∑Sσ{ σ, σ} 

   {2.4135 [Sσ], 0.1184 [Sσ]} 

∑Rσ{ σ, σ} 

{-0.1973 [Rσ], -0.1688 [Rσ]} 

∑Sσ{ σ, σ} 

{0.1973 [Sσ], 0.1688 [Sσ]} 

∑Rσ{ σ, σ}   

{-2.4146 [Rσ], -0.1185 [Rσ]}      

Ratio of the Sσ and Rσ subsets from all nine Sa isomers 

∑Sσ{ σ}/|∑Rσ{ σ}|} |Sa = 12.2326       

Br-F-ethane 

Isomer         { σ, σ, σ}          helicity  [ σ, σ] 

D3126  {0.186670[Sσ], 0.033778[Sσ], 0.024561[Sσ]}   0.0046  [Sσ,Sσ] 

D4127  {0.445947[Sσ], 0.187811[Sσ], -0.042255[Rσ]}  0.0188  [Sσ,Rσ] 

D5128  {-0.329263[Rσ], -0.653104[Rσ], 0.025360[Sσ]} -0.0083  [Rσ,Sσ] 

{ σ, σ, σ}           helicity   [ σ, σ] 

{-0.186563[Rσ], -0.033845[Rσ], -0.024561[Rσ]} -0.0046  [Rσ,Rσ] 

{0.328508[Sσ], 0.653119[Sσ], -0.025453[Rσ]}   0.0084  [Sσ,Rσ] 

{-0.445767[Rσ], -0.187671[Rσ], 0.042154[Sσ]}  -0.0188  [Rσ,Sσ] 

Total sum of all nine isomers of Sa 

      ∑Sσ,Rσ{ σ, σ, σ}                 ∑ helicity 

{0.8728 [Sσ], -1.4535 [Rσ], 0.0332 [Sσ]}            0.0431  [Sσ,Sσ] 

Total sum of all nine isomers of Ra 

∑Sσ,Rσ{ σ, σ, σ}            ∑ helicity 

{-0.8729 [Rσ], 1.4542 [Sσ], -0.0334 [Rσ]}      -0.0430  [Rσ,Rσ] 

     Sum of the Sσ, Rσ subsets from all nine Sa isomers Sum of the Sσ, Rσ subsets from all nine Ra isomers   

         ∑Sσ{ σ, σ} 

    {1.6984 [Sσ], 0.1672 [Sσ]} 

∑Rσ{ σ, σ} 

{-0.8256 [Rσ], -0.1340 [Rσ]} 

∑Sσ{ σ, σ} 

{0.8255 [Sσ], 0.1339 [Sσ]} 

∑Rσ{ σ, σ}   

{-1.6984 [Rσ], -0.1673 [Rσ]}         

Ratio of the Sσ and Rσ subsets from all nine Sa isomers 

∑Sσ{ σ}/|∑Rσ{ σ}|} |Sa = 2.0572 

  



 

(a) 

 

(b) 

 

(c) 

Figure 1. The doubly (F-Cl, Cl-Br and Br-F) substituted ethane C1-C2 BCP stress tensor trajectories σ(s) for the 

Cartesian CW and CCW torsions for Sa and Ra geometric stereoisomers of the Sσ (blue) and Rσ (red) σ-space 

stereoisomers are presented in sub-figures (a-c) respectively, see Table 2. 

 

 

  



Conclusions 

 

In this NG-QTAIM chirality investigation, the singly and doubly halogen (F, Cl and Br) substituted ethane 

molecules were determined to be overall achiral and chiral in σ-space respectively. The three singly 

substituted ethane molecular graphs were found to comprise Qσ (the ‘null’ chirality assignment) along with 

Sσ and Rσ chirality σ assignments, but the total resultant contribution to the chirality-helicity function 

∑ helicity = 0 indicated an overall lack of chiral character in σ-space. The bond-axiality σ was found to 

respond much more strongly to the increase in atomic number of the singly substituted halogen than the 

chirality σ. The F atom substitution resulted in significantly lower chirality σ contributions compared with 

the Cl and Br that suggest that the presence of F atom would increase the achiral characteristics of doubly 

substituted ethane. 

Examination of the doubly halogen (F, Cl and Br) substituted ethane demonstrates agreement with the CIP 

naming schemes for all the Sa and Ra geometric stereoisomers for the dominant σ-space Sσ and Rσ chirality 

stereoisomers. The additional feature provided by NG-QTAIM, compared with the CIP rules, is that we 

demonstrate there is a mix of Sσ and Rσ chirality for each of the Sa and Ra geometric stereoisomers. The 

presence of equal magnitude and opposite signs for the ∑ helicity for the Sa and Ra geometric stereoisomers 

demonstrates consistency. In this investigation, on the basis of the lowest ratio for the Sa geometric 

stereoisomer ∑Sσ{ σ/|∑Rσ{ σ}|}, it is demonstrated that the F-Cl-ethane stereoisomers in σ-space are the 

most achiral, closely followed by the Br-F-ethane stereoisomers, with the Cl-Br-ethane stereoisomers in 

σ-space being the least achiral (most chiral). This indicates that the presence of the very light F atom, 

which is more similar to the hydrogen atom of the singly substituted ethane than Cl or Br, is responsible for 

the higher degree of achiral character present for the F-Cl-ethane and Br-F-ethane. This finding is consistent 

with the results from the singly (F) substituted ethane.  

Future work on the nature of chiral and formally achiral molecules could be undertaken using σ(s) 

constructed from all possible torsion BCPs associated with any suspected chiral center. Further exploration 

of the newly discovered NG-QTAIM mixed chirality of stereoisomers in σ-space could be undertaken by 

manipulating the degree of chiral/achiral character in σ-space with, for instance, applied electric fields or 

laser irradiation. Reversing the σ-space chirality with electric fields or laser irradiation fast enough to avoid 

disrupting atomic positions is in principle possible. Such a reversal of chirality in σ-space would result in 

the Sa and Ra geometric stereoisomers predominately comprising Rσ and Sσ chirality assignments in 

σ-space respectively. Reversing the Rσ and Sσ chirality may reasonably be expected to occur via a chiral to 



achiral transition in σ-space. Therefore, the limitations of the current method that include some form of 

distortion of the nuclear skeleton either by performing a bond torsion or inducing normal modes [47] could 

be overcome.  

 

Funding Information 

 

The National Natural Science Foundation of China is gratefully acknowledged, project approval number: 

21673071. The One Hundred Talents Foundation of Hunan Province is also gratefully acknowledged for the 

support of S.J. and S.R.K. H.F. and T.v.M. gratefully acknowledge computational support via the 

EaStCHEM Research Computing Facility.  

 

References 

 

[1] H. Flack, Louis Pasteur’s discovery of molecular chirality and spontaneous resolution in 1848, together with a 

complete review of his crystallographic and chemical work, Acta Crystallographica Section A. 65 (2009) 371–389. 

https://doi.org/10.1107/S0108767309024088. 

[2] V. Prelog, Chirality in Chemistry, Science. 193 (1976) 17–24. https://doi.org/10.1126/science.935852. 

[3] M. Quack, On Biomolecular Homochirality as a Quasi-Fossil of the Evolution of Life, in: A.R. Dinner, S.A. Rice 

(Eds.), Proceedings of the 240 Conference -Science’s Great Challenges, John Wiley & Sons, Ltd, 2014: pp. 247–291. 

https://doi.org/10.1002/9781118959602.ch18. 

[4] R. Berger, M. Quack, Electroweak Quantum Chemistry of Alanine: Parity Violation in Gas and Condensed Phases, 

ChemPhysChem. 1 (2000) 57–60. https://doi.org/10.1002/1439-7641(20000804)1:1<57::AID-CPHC57>3.0.CO;2-J. 

[5] R.M. Hanson, S. Musacchio, J.W. Mayfield, M.J. Vainio, A. Yerin, D. Redkin, Algorithmic Analysis of Cahn–Ingold–

Prelog Rules of Stereochemistry: Proposals for Revised Rules and a Guide for Machine Implementation, J. Chem. Inf. 

Model. 58 (2018) 1755–1765. https://doi.org/10.1021/acs.jcim.8b00324. 

[6] R.S. Cahn, C. Ingold, V. Prelog, Specification of Molecular Chirality, Angew. Chem. Int. Ed. Engl. 5 (1966) 385–415. 

https://doi.org/10.1002/anie.196603851. 

[7] V. Prelog, G. Helmchen, Basic Principles of the CIP-System and Proposals for a Revision, Angew. Chem. Int. Ed. 

Engl. 21 (1982) 567–583. https://doi.org/10.1002/anie.198205671. 

[8] Y. Baruch-Shpigler, H. Wang, I. Tuvi-Arad, D. Avnir, Chiral Ramachandran Plots I: Glycine, Biochemistry. 56 (2017) 

5635–5643. https://doi.org/10.1021/acs.biochem.7b00525. 

[9] A.W. Kaspi-Kaneti, I. Tuvi-Arad, Twisted and Bent Out of Shape: Symmetry and Chirality Analysis of Substituted 

Ferrocenes, Organometallics. 37 (2018) 3314–3321. https://doi.org/10.1021/acs.organomet.8b00514. 

[10] H. Zabrodsky, D. Avnir, Continuous Symmetry Measures. 4. Chirality, J. Am. Chem. Soc. 117 (1995) 462–473. 

https://doi.org/10.1021/ja00106a053. 

[11] M. Petitjean, Chirality and Symmetry Measures: A Transdisciplinary Review, Entropy. 5 (2003) 271–312. 

https://doi.org/10.3390/e5030271. 

[12] M. Pinsky, C. Dryzun, D. Casanova, P. Alemany, D. Avnir, Analytical methods for calculating Continuous Symmetry 

Measures and the Chirality Measure, Journal of Computational Chemistry. 29 (2008) 2712–2721. 

https://doi.org/10.1002/jcc.20990. 

[13] C. Dryzun, D. Avnir, Chirality Measures for Vectors, Matrices, Operators and Functions, ChemPhysChem. 12 (2011) 

197–205. https://doi.org/10.1002/cphc.201000715. 

[14] L. Pasteur, Recherches sur les propriétés spécifiques des deux acides qui composent l’acide racémique, Ann. Chim. 

Phys. 28 (1850) 56–99. 

[15] N. Katsonis, F. Lancia, D.A. Leigh, L. Pirvu, A. Ryabchun, F. Schaufelberger, Knotting a molecular strand can invert 



macroscopic effects of chirality, Nature Chemistry. 12 (2020) 939–944. https://doi.org/10.1038/s41557-020-0517-1. 

[16] S.M. Morrow, A.J. Bissette, S.P. Fletcher, Transmission of chirality through space and across length scales, Nature 

Nanotechnology. 12 (2017) 410–419. https://doi.org/10.1038/nnano.2017.62. 

[17] J.E. Hein, D.G. Blackmond, On the Origin of Single Chirality of Amino Acids and Sugars in Biogenesis, Acc. Chem. 

Res. 45 (2012) 2045–2054. https://doi.org/10.1021/ar200316n. 

[18] J.L. Bada, Origins of homochirality, Nature. 374 (1995) 594–595. https://doi.org/10.1038/374594a0. 

[19] D.G. Blackmond, The Origin of Biological Homochirality, Cold Spring Harbor Perspectives in Biology. 2 (2010) 

a002147. https://doi.org/10.1101/cshperspect.a002147. 

[20] U.J. Meierhenrich, Amino Acids and the Asymmetry of Life, European Review. 21 (2013) 190–199. 

https://doi.org/10.1017/S106279871200035X. 

[21] K. Mori, Bioactive natural products and chirality, Chirality. 23 (2011) 449–462. https://doi.org/10.1002/chir.20930. 

[22] P. Fischer, F. Hache, Nonlinear optical spectroscopy of chiral molecules, Chirality. 17 (2005) 421–437. 

https://doi.org/10.1002/chir.20179. 

[23] Y. Inoue, V. Ramamurthy, eds., Chiral Photochemistry, 1st ed., CRC Press, Boca Raton, 2004. 

https://doi.org/10.1201/9780203026342. 

[24] E. Castiglioni, S. Abbate, G. Longhi, Experimental methods for measuring optical rotatory dispersion: Survey and 

outlook, Chirality. 23 (2011) 711–716. https://doi.org/10.1002/chir.20981. 

[25] S. Giri, A.M. Dudzinski, J.C. Tremblay, G. Dixit, Time-dependent electronic current densities in chiral molecules, 

Phys. Rev. A. 102 (2020) 063103. https://doi.org/10.1103/PhysRevA.102.063103. 

[26] T. Xu, J.H. Li, R. Momen, W.J. Huang, S.R. Kirk, Y. Shigeta, S. Jenkins, Chirality-Helicity Equivalence in the S and 

R Stereoisomers: A Theoretical Insight, J. Am. Chem. Soc. 141 (2019) 5497–5503. 

https://doi.org/10.1021/jacs.9b00823. 

[27] S.R. Kirk, S. Jenkins, Beyond energetic and scalar measures: Next generation quantum theory of atoms in molecules, 

WIREs Computational Molecular Science. Early View (2022) e1611. https://doi.org/10.1002/wcms.1611. 

[28] D. Zhigang Wang, A helix theory for molecular chirality and chiral interaction, Mendeleev Communications. 14 (2004) 

244–247. https://doi.org/10.1070/MC2004v014n06ABEH002051. 

[29] K.C. Harper, M.S. Sigman, Three-Dimensional Correlation of Steric and Electronic Free Energy Relationships Guides 

Asymmetric Propargylation, Science. 333 (2011) 1875–1878. https://doi.org/10.1126/science.1206997. 

[30] M.H. Garner, C. Corminboeuf, Helical electronic transitions of spiroconjugated molecules, Chem. Commun. 57 (2021) 

6408–6411. https://doi.org/10.1039/D1CC01904J. 

[31] H. Xing, A. Azizi, R. Momen, T. Xu, S.R. Kirk, S. Jenkins, Chirality–helicity of cumulenes: A non-scalar charge 

density derived perspective, International Journal of Quantum Chemistry. 122 (2022) e26884. 

https://doi.org/10.1002/qua.26884. 

[32] K. Banerjee-Ghosh, O. Ben Dor, F. Tassinari, E. Capua, S. Yochelis, A. Capua, S.-H. Yang, S.S.P. Parkin, S. Sarkar, L. 

Kronik, L.T. Baczewski, R. Naaman, Y. Paltiel, Separation of enantiomers by their enantiospecific interaction with 

achiral magnetic substrates, Science. 360 (2018) 1331–1334. https://doi.org/10.1126/science.aar4265. 

[33] Z. Li, T. Xu, H. Früchtl, T. van Mourik, S.R. Kirk, S. Jenkins, Chiral and steric effects in ethane: A next generation 

QTAIM interpretation, Chemical Physics Letters. 800 (2022) 139669. https://doi.org/10.1016/j.cplett.2022.139669. 

[34] M.X. Hu, T. Xu, R. Momen, A. Azizi, S.R. Kirk, S. Jenkins, The normal modes of vibration of benzene from the 

trajectories of stress tensor eigenvector projection space, Chem. Phys. Lett. 677 (2017) 156–161. 

https://doi.org/10.1016/j.cplett.2017.04.017. 

[35] W.J. Huang, T. Xu, S.R. Kirk, M. Filatov, S. Jenkins, QTAIM and stress tensor bond-path framework sets for the 

ground and excited states of fulvene, Chem. Phys. Lett. 713 (2018) 125–131. 

https://doi.org/10.1016/j.cplett.2018.10.029. 

[36] J.H. Li, W.J. Huang, T. Xu, S.R. Kirk, S. Jenkins, Stress Tensor Eigenvector Following with Next-Generation 

Quantum Theory of Atoms in Molecules, Int. J. Quantum Chem. 119 (2018) e25847. 

https://doi.org/10.1002/qua.25847. 

[37] H. Guo, A. Morales-Bayuelo, T. Xu, R. Momen, L. Wang, P. Yang, S.R. Kirk, S. Jenkins, Distinguishing and 

quantifying the torquoselectivity in competitive ring-opening reactions using the stress tensor and QTAIM, J. Comput. 



Chem. 37 (2016) 2722–2733. https://doi.org/10.1002/jcc.24499. 

[38] P. Yang, T. Xu, R. Momen, A. Azizi, S.R. Kirk, S. Jenkins, Fatigue and photochromism S1 excited state reactivity of 

diarylethenes from QTAIM and the stress tensor, Int J Quantum Chem. 118 (2018) e25565. 

https://doi.org/10.1002/qua.25565. 

[39] T. Xu, L. Wang, Y. Ping, T. van Mourik, H. Früchtl, S.R. Kirk, S. Jenkins, Quinone-based switches for candidate 

building blocks of molecular junctions with QTAIM and the stress tensor, Int. J. Quantum Chem. 118 (2018) e25676. 

https://doi.org/10.1002/qua.25676. 

[40] T. Xu, J. Farrell, R. Momen, A. Azizi, S.R. Kirk, S. Jenkins, D.J. Wales, A Stress Tensor Eigenvector Projection Space 

for the (H2O)5 Potential Energy Surface, Chem. Phys. Lett. 667 (2017) 25–31. 

https://doi.org/10.1016/j.cplett.2016.11.028. 

[41] R.F.W. Bader, Quantum topology of molecular charge distributions. III. The mechanics of an atom in a molecule, The 

Journal of Chemical Physics. 73 (1980) 2871–2883. https://doi.org/10.1063/1.440457. 

[42] J.S.M. Anderson, P.W. Ayers, J.I.R. Hernandez, How Ambiguous Is the Local Kinetic Energy?†, J. Phys. Chem. A. 

114 (2010) 8884–8895. https://doi.org/10.1021/jp1029745. 

[43] J.S.M. Anderson, P.W. Ayers, Quantum Theory of Atoms in Molecules: Results for the SR-ZORA Hamiltonian, J. 

Phys. Chem. A. 115 (2011) 13001–13006. https://doi.org/10.1021/jp204558n. 

[44] T.A. Keith, AIMAll, Revision 19.10.12, TK Gristmill Software, Overland Park KS, USA, 2019. 

http://aim.tkgristmill.com. 

[45] T. Xu, S.R. Kirk, S. Jenkins, A comparison of QTAIM and the stress tensor for Chirality-Helicity equivalence in S and 

R stereoisomers, Chemical Physics Letters. 738 (2020) 136907. https://doi.org/10.1016/j.cplett.2019.136907. 

[46] P. Szarek, Y. Sueda, A. Tachibana, Electronic stress tensor description of chemical bonds using nonclassical bond 

order concept, J. Chem. Phys. 129 (2008) 094102. https://doi.org/10.1063/1.2973634. 

[47] T. Tian, T. Xu, S.R. Kirk, I.T. Rongde, Y.B. Tan, S. Manzhos, Y. Shigeta, S. Jenkins, Intramolecular Mode Coupling of 

the Isotopomers of Water: A Non-Scalar Charge Density-Derived Perspective, Phys. Chem. Chem. Phys. 22 (2020) 

2509–2520. https://doi.org/10.1039/C9CP05879F. 

[48] Michael J. Frisch, G. W. Trucks, H. Bernhard Schlegel, Gustavo E. Scuseria, Michael A. Robb, James R. Cheeseman, 

Giovanni Scalmani, Vincenzo Barone, Benedetta Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, Xiaosong Li, 

H. P. Hratchian, Artur F. Izmaylov, Julien Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. 

Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery Jr., J. E. 

Peralta, François Ogliaro, Michael J. Bearpark, Jochen Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, Rika 

Kobayashi, J. Normand, Krishnan Raghavachari, Alistair P. Rendell, J. C. Burant, S. S. Iyengar, Jacopo Tomasi, M. 

Cossi, N. Rega, N. J. Millam, M. Klene, J. E. Knox, J.B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E. 

Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski, R.L. Martin, K. Morokuma, V.G. 

Zakrzewski, G.A. Voth, P. Salvador, J.J. Dannenberg, S. Dapprich, A.D. Daniels, Ö. Farkas, J.B. Foresman, J.V. Ortiz, 

J. Cioslowski, D.J. Fox, Gaussian 09, Revision E.01, Gaussian, Inc., 340 Quinnipiac St Bldg 40 Wallingford, CT 

06492 USA, 2009. www.gaussian.com. 

[49] É. Brémond, V. Tognetti, H. Chermette, J.C. Sancho-García, L. Joubert, C. Adamo, Electronic Energy and Local 

Property Errors at QTAIM Critical Points while Climbing Perdew’s Ladder of Density-Functional Approximations, J. 

Chem. Theory Comput. 18 (2022) 293–308. https://doi.org/10.1021/acs.jctc.1c00981. 

[50] S.R. Kirk, S. Jenkins, QuantVec, BEACON Research Group, College of Chemistry and Chemical Engineering, Hunan 

Normal University, Changsha, Hunan, P.R. China, 2021. https://doi.org/10.5281/zenodo.5553686 Alpha release 

20211007.001. 

 


