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The effect of a varying, directional Ex, Ey and Ez electric field on the ethene molecule was investigated using next-

generation quantum theory of atoms in molecules (QTAIM). Despite using low E-field strengths that are within the realm 

of experiment and do not measurably alter the molecular geometry, significant changes to the QTAIM properties were 

observed. Using conventional QTAIM, the shifting of the C-C and C-H bond critical points (BCPs) demonstrates 

polarization through an interchange in the size of the atoms involved in a bond, since a BCP is located on the boundary 

between a pair of bonded atoms. Next generation QTAIM, however, demonstrates the polarization effect more directly 

with a change in morphology of the 3-D envelope around the BCP. Modest increases of ≈ 2% in the ellipticity ε of the 

BCP were uncovered when the C-C bond was aligned parallel or anti-parallel to the applied Ex-field. Significant 

asymmetries were found in the response of the next generation QTAIM 3-D paths of the C-H bonds to the applied E-field. 

When the E-field coincided with the C-C bond, the BCP moved in response and was accompanied by the envelope 

constructed from 3-D next generation paths. The response displayed a polarization effect that increased with increasing 

magnitude of the Ex-field parallel and anti-parallel to the C-C bond. Our analysis demonstrates that next generation 

QTAIM is a useful tool for understanding the response of molecules to E-fields, for example for the screening of 

molecular wires for the design of molecular electronic devices. 

mailto:steven.kirk@cantab.net


2 
 

1. Introduction 

 

Assembling electronic devices using individual atoms and/or molecules remains one of the ultimate goals in 

electronics.[1] With miniaturization of semiconductor devices as described by Moore’s Law[2] reaching its 

physical limits, the single-molecule-junction research field is currently attracting increased interest.[3] The 

interaction of molecules with for example oriented E-fields fields can significantly alter the potential energy 

surfaces (PES) that control chemical reactions, that is, the breaking and making of chemical bonds.[4]–[10] 

Sowlati-Hashjin and Matta investigated strong external homogenous E-fields (±10x10
9
 Vm

-1
) and discovered 

that parallel E-fields increasingly stretch a bond with increasing E-field strength; conversely antiparallel fields 

compress the bond but to a lesser extent.[11] In this investigation we will use smaller external E-fields in the 

range ±40x10
-4

 au ≈ ±2.1x10
9
 Vm

-1
 that are easily accessible experimentally, for example within a Scanning 

Tunneling Microscope (STM).  

Previously we examined the directional character of the functioning of a recently proposed Fe-doped switch[12] 

involving hydrogen atom transfer[13] in response to a varying E-field.[14] This switching process involved the 

formation and breaking of chemical bonds. More subtle than the details of the formation and rupture of 

chemical bonds[15]–[19] are changes to the electronic charge density distribution such as bond critical points 

(BCPs). This is because molecular geometries cannot change as rapidly as applied E-fields can be switched, 

whereas the electronic charge density distribution can respond much faster. 

Identifying candidate molecules for electronic components requires a deeper understanding of the reaction of 

the electronic structure to an external electric E-field. Examination of the energy barrier only enables an 

understanding of the energetics of the switch, but does not provide directional information on the effect of 

varying the direction or orientation of the applied E-field, which may lead to very little measurable difference in 

the molecular geometry, see Figure 1. The main goal of this investigation is to obtain the basic principles 

governing the dependency of electronic charge density distribution with a varying external E-field using the 

highly symmetric ethene as model system. The determination of the directional effects of an applied E-field on 

a given candidate molecule, proposed for use as a molecular electronics building block, without needing to 

distort the molecular geometry, will enable candidate molecules to be screened faster. In addition to building 

blocks, ‘wires’ must also be considered in the design of molecular electronic devices. The desirable properties 

of conjugated carbon ‘linkages’, e.g. -C=C-, as wires between building blocks have prompted a huge and 

diverse body of research in polyenes, cumulenes and related molecular motifs [20]–[25]. 

In this investigation we will use next generation QTAIM that includes a 3-D, non-minimal three-stranded 

directional interpretation of bonding, incorporating the most preferred direction of electronic charge density 

accumulation using ethene as the molecular wire.[26] This directional approach can be used in a variety of 
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circumstances where conventional QTAIM,[27] that only provides scalar measures such as bond ellipticity ε, is 

not useful. Examples that highlight the utility of this directional approach of next generation QTAIM include 

understanding the consequences of application of external forces, e.g. normal modes[26] excited states, 

torsions[14], [28], [29] and stereochemistry.[30] 

 

2. Theory and Methods 

 

2.1 The QTAIM and stress tensor BCP descriptors; ellipticity ε and stress tensor trajectories σ(s) 

We use QTAIM[27] and the stress tensor analysis that utilizes higher derivatives of the total charge density 

distribution ρ(rb) at the bond critical point (BCP) where the subscript ‘b’ refers to the BCP, in effect acting as a 

‘magnifying lens’ on the ρ(rb) derived properties of the wave-function. QTAIM allows us to identify critical 

points in the total electronic charge density distribution ρ(r) by analyzing the gradient vector field ∇ρ(r). These 

critical points can be divided into four types of topologically stable critical points according to the set of ordered 

eigenvalues λ1 < λ2 < λ3, with corresponding eigenvectors e1, e2, e3 of the Hessian matrix. In the limit that the 

forces on the nuclei become vanishingly small, an atomic interaction line (AIL)[31]
 
becomes a bond-path, 

although not necessarily a chemical bond.[32] The complete set of critical points together with the bond-paths 

of a molecule or cluster is referred to as the molecular graph, with the constituent atoms being referred to as 

nuclear critical points (NCPs).The ellipticity ε provides the relative accumulation of ρ(rb) in the two directions 

perpendicular to the bond-path at a BCP, defined as ε = |λ1|/|λ2| – 1 where λ1 and λ2 are negative eigenvalues of 

the corresponding e1 and e2 respectively.  

The eigenvectors e1 and e2 correspond to the least and most preferred directions of charge density accumulation 

ρ(rb), and the e3 eigenvector is always directed along the bond path. The QTAIM eigenvector trajectories (s) 

are constructed from the set of shifts dr(s), associated with steps s, where the parameter s is a sequence number 

of a given BCP in 3-D Cartesian space as an ordered set of vectors drꞌ(s) in the eigenvector projection -space. 

Earlier, for a series of competitive ring-opening reactions, some of the current authors found a BCP that moves 

further relative to the {e1σ, e2σ, e3σ} framework at the transition state of that BCP, i.e. with a longer l signifying 

the attainment of a lower transition state energy barrier than a BCP trajectory σ(s) with a shorter l.[33]  The 

real-space lengths l(s) of the stress tensor (s) and QTAIM (s) are calculated as the sum:  

l =S
s)(dr                                                                                                                               (1) 

 

The procedure used to generate the l is provided in the Supplementary Materials S2. 
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In this investigation, we do not consider varying an external electric field E and the presence of dopants or 

atomic substituents on the functioning of the switch. We will use the real-space length l of the BCP trajectory 

(s) to examine the dependency of the direction of the applied electric field Ex (+Ex = C1→C2, -Ex = C1←C2), Ey 

and Ez, see Figure 1. 

 

2.2 The QTAIM bond-path properties; the bond-path framework set  

We refer to the next-generation QTAIM interpretation of the chemical bond as the bond-path framework set, 

denoted by , where  = {p,q,r}, with the consequence that for a given electronic state a bond is comprised of 

three ‘linkages’; p, q and r associated with the e1, e2 and e3 eigenvectors, respectively. Here the p and q are 3-D 

paths constructed from the values of the least (e1) and most (e2) preferred directions of electronic charge density 

accumulation ρ(r) along the bond-path, referred to as (r). An in depth discussion with derivations of  = 

{p,q,r} is provided in the Supplementary Materials S2. 

The orbital-like packet shapes that the pair of q- and q′-paths form along the BCP are referred to as a {q,q′} 

path-packet. Extremely long {q,q′} path-packets indicate the imminent rupture caused by the coalescence of a 

BCP with the associated RCP. Larger {q,q′} and {qσ,qσ′} path-packets in the vicinity of a BCP signify an easier 

passage of the BCP as opposed to smaller {q,q′} and {qσ,qσ′}-path packets. The stress tensor results are 

presented in the Supplementary Materials S2 and Supplementary Materials S4. 

In this investigation the response of the {p,p′} and {q,q′} path-packets to a varying directional applied E-field 

will determine the dependency of chemical behavior of the ethene molecule. For instance the dependency of the 

shape, symmetry, area and movement of the centre, i.e. the position of the BCP, of the {p,p′} and {q,q′} path-

packets can all provide the next generation QTAIM interpretation of the response of the applied E-field. 

 

3. Computational Details 

 

The molecular structure was optimized with Gaussian 09[34] using DFT at the PBE0[35] /cc-pVTZ[36] level of 

theory, with Grimme's empirical 3-center dispersion correction with Becke-Johnson damping[37], [38]. 

Gaussian’s 'ultrafine' DFT integration grid was used for all calculations. These settings were retained and the 

converged geometry (nuclear positions) kept fixed in all subsequent calculations. Single-point SCF calculations 

were then performed with the aforementioned DFT settings and basis set, with additional stricter convergence 

criteria; < 10
-10

 RMS change in the density matrix and < 10
-8

 maximum change in the density matrix, with a 

range of external electric field values applied, see Table 2. Care was taken to ensure consistency of the +Ex 

corresponding to the C1→C2 direction and -Ex to C1←C2 direction, aligned along the Cartesian x-axis and the 
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conventional definition of the field direction[39] used by Gaussian 09, consistent with earlier literature [11]. 

These calculations yielded the wave-functions needed for QTAIM analysis. Calculations of the molecular 

graphs and critical point properties were performed using AIMAll.[40] All molecular graphs were additionally 

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

 

4. Results and Discussion 

 

In this investigation, we chose the highly symmetric planar ethene molecule to determine any dependency of the 

QTAIM properties on the applied E-field straightforwardly. Examination of the relative energy ∆E 

demonstrates the effect of both the magnitude and direction of the external E-field, see Figure 1. The effect of 

an increase in the magnitude of the E-field in both the negative and positive directions decreases the relative 

energy, shown relative to the energy calculated in the absence of the external E-field, in the order Ex > Ey > Ez, 

see Figure 1. The decrease in the relative energy ∆E is proportional to the dipole moment and polarizability of 

the system in that direction. The orientations of the Ex, Ey and Ez-fields coincide with the e3, e1 and e2 

eigenvectors of the Hessian matrix that correspond to the bond-path, and least and most preferred directions of 

charge density accumulation respectively. This explains why the variation of the ellipticity ε for the C1-C2 BCP 

with associated bond-path aligned with ±Ex-field is ordered in terms of decreasing response: Ex > Ez > Ey, see 

the left panel of Figure 1(b). The Ex > Ey-fields both comprise components along the bond-paths of the C-H 

BCPs and so the magnitude of the ellipticity ε response is Ex > Ey > Ez, see the right panel of Figure 1(b). The 

C1-C2 BCP for ±Ex-field = 200x10
-5 

au displays a decrease in the ellipticity ε ≈ 2%. The variation of the total 

local energy density H(rb) for the C1-C2 BCP in order of decreasing strength Ez > Ex > Ey can be explained by 

the alignment with the bond-path (e3) and the most (e2) and least (e1) preferred directions of charge density 

accumulation respectively, see the left panel of Figure 1(c). For the C-H BCPs the response of the H(rb) is 

almost linear, see the right panel of Figure 1(c).  

The response of the bond-path lengths (BPL) to the applied E-field is presented in Table 1. The BPL for the 

bond-path of the C1-C2 BCP remains unchanged and therefore insensitive to the magnitude and direction of the 

applied E-field. The BPL of the C1-H4 BCP becomes shorter/longer with an increase in the negative/positive 

values of the applied Ex and Ey directions to an equal extent. The position of the BCP indicates the boundary of 

the two atoms (NCPs) that are defined to be bonded. The movement of the C1-C2 BCP, for instance towards to 

the C1 NCP, which occurs for -Ex (= C1←C2), indicates that the electronic charge density is shifting from the 

C1 NCP towards the C1 NCP across the atomic boundary defined by the C1-C2 BCP, see Figure 1. This 

indicates that the C2 NCP is increasing in size at the expense of the C1 NCP. The converse is true for the 

application of the +Ex (= C1→C2) where the C1 NCP increases in size at the expense of the C2 NCP. 
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Table 1. The values of the bond-path lengths (BPL) (in a.u.) for the applied E-field (in a.u.); Ex , Ey and Ez (up to 200x10
-

5 
a.u.) are presented. The complete table is provided in Table S2(b) of the Supplementary Materials S2, see Figure 1 for 

further details. The BPL of the C2-C1 BCP bond-path = 2.5006 a.u. in all cases. 

                                    Ex                    Ey                   Ez 

E-field  C1-H4        C1-H4             C1-H4 

-200  2.0160       2.0159             2.0174 

-100  2.0167       2.0167             2.0174 

   0  2.0174       2.0174             2.0174 

+100  2.0182       2.0183             2.0174 

+200  2.0189       2.0189             2.0174 

 

 

The BPL of the C1-C2 BCP is always 2.501 a.u. and is therefore invariant to either the magnitude or direction of 

the applied E-field. The results for the partial bond-path lengths (BPL) show how the C2-BCP and BCP-C1 

distances vary with the applied E-field, as presented in Table 2, see also Figure 1. Significant variations with 

the magnitude for the Ex direction for the partial C1-C2 BCP bond-lengths are observed due to the motion of 

the BCP being much greater than that of the bonded atoms. In other words the location of the BCP, unlike the 

BPL, is a sensitive indicator of the effect of the applied E-field. Significant and slight dependencies are also 

noted for the Ey and Ez directions respectively for the C1-H4 BCP, see Table 2. 

 

Table 2. The values of the partial bond-path lengths (BPL) (in a.u.) for the applied E-field; Ex , Ey and Ez (up to 200x10
-5 

a.u.) are presented, see Figure 1 and Figure 2 for further details. 

                                         Ex                                                                 Ey                                                                 Ez 

E-field    C1-BCP,C2-BCP  C1-BCP,BCP-H4          C1-BCP,C2-BCP,  C1-BCP,BCP-H4             C1-BCP,C2-BCP  C1-BCP,BCP-H4 

 

-200    1.2199,1.2807    1.3370,0.6790  1.2503,1.2503 1.3383, 0.6776  1.2503,1.2503 1.3142, 0.7032 

-100    1.2352,1.2654    1.3249,0.6918  1.2503,1.2503 1.3256, 0.6911  1.2503,1.2503 1.3132, 0.7042 

   0    1.2503,1.2503    1.3129,0.7045  1.2503,1.2503 1.3129, 0.7045  1.2503,1.2503 1.3129, 0.7045 

+100    1.2654,1.2352    1.3012,0.7170  1.2503,1.2503 1.3003, 0.7180  1.2503,1.2503 1.3132, 0.7042 

+200    1.2807,1.2199    1.2898,0.7291  1.2503,1.2503  1.2876, 0.7313  1.2503,1.2503 1.3142, 0.7032 

 

There is a linear dependency of the observed C1-C2 BCP and symmetry inequivalent C-H BCP shifts for the 

±Ex and ±Ey directions, with larger magnitude of the ±Ex and ±Ey-fields resulting in larger BCP shifts, see 

Figure 2(a) and Figure 2(b) respectively. The bond-path of the C1-C2 BCP displays the largest BCP shift, 

which can be explained by its orientation and is directed along the +Ex direction. The C1-C2 BCP moves away 

from the direction of the applied ±Ex-field. For -Ex-field this results in the C1-C2 BCP being located closer to 

the C1 NCP than the C2 BCP. The reverse is true for +Ex-field compared to the case of no applied E-field, 

where the C1-C2 BCP is positioned midway between the C1 NCP and C2 NCP. The application of the applied 

E-field in the ±Ez direction produces C-H BCP shifts of an order of magnitude lower for the C-H BCP with a 

harmonic variation, see Figure 2(c). The C1-C2 BCP shifts are insignificant in both the ±Ey and ±Ez direction. 
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                                                                                                  (c) 

Figure 1. The variation of the relative energy ∆E for varying values of the E-field up to [200x10
-5 

a.u. (60.91 kJ/mol)] 

where Ex, Ey and Ez correspond to the directions x, y, z shown in the inset of Figure 1(a). Here a positive sign of Ex 

corresponds to the C1→C2 direction and a negative sign to C1←C2. The numbering scheme used throughout for the 

molecular graph of the ethene molecule is shown in the inset of Figure 1(a). The black lines indicate the bond-path (r) 

with the green spheres denoting the bond critical points (BCPs). The variations of the ellipticity ε and the total local 

energy density H(rb) with the applied E-field are presented in sub-figures (b-c).  
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The motion of the C1-C2 BCP {q,q′} path-packet subjected to the ±Ex-field follows the motion of the C1-C2 

BCP along the associated bond-path, where the C1-C2 BCP {q,q′} path-packet shifts almost match the C1-C2 

BCP shifts, compare Figure 2(a) with Figure 2(d). This is because the {q,q′} path-packet does not spread out, 

as demonstrated by the lack of variability of the {q,q′} path-packet area, see the black plot line in Figure 4(a). 

The C-H BCP {q,q′} path-packets however, do spread out as is demonstrated by the variability in the path-

packet areas, see Figure 4(b-d) and the lack of matching between the C-H BCP shifts and C-H BCP {q,q′} 

path-packet shifts, compare Figure 2(a-c) and Figure 2(d-f). 

 

 

 

 

 

 

 

                             (a)                                                                   (b)                                                                    (c) 

 

 

 

 

 

 

 

                             (d)                                                                   (e)                                                                    (f) 

Figure 2. The variation of the BCP shift along the associated bond-path with the E-field; Ex , Ey and Ez are presented in 

sub-figures (a-c), respectively. The corresponding path-packet shifts are presented in sub-figures (d-f), respectively, see 

Figure 1 and Table 1 for further details. 

 

Significant C1-C2 BCP (left panel) and C1-H4 BCP shifts (right panel) can be observed for the applied E-field 

corresponding to the ±Ex and ±Ey directions in terms of the bond-path ellipticity ε profiles, see Figure 3(a-b) 

and the Supplementary Materials S1. 

If we first consider the absence of any applied E-field for the C1-C2 BCP, we see that the bond-path ellipticity 

profile ε is symmetrical and the C1-C2 BCP is located at the mid-point of the bond-path of the C1-C2 BCP, see 

Figure 5(b). The application of the E-field corresponding to the -Ex direction breaks this symmetry and results 
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in the C1-C2 BCP moving closer to the C2 NCP, see Figure 5(a). The converse is true for increases in 

magnitude along the +Ex direction in that the C1-C2 BCP moves away from the C2 NCP and closer to the C1 

NCP, see Figure 5(c) and the left panel of Figure 3(a). In addition to the symmetry breaking caused by the 

±Ex-field, the height of the bond-path ellipticity profile ε for the C1-C2 BCP increases relative to the absence of 

the applied ±Ex-field.  

The C1-H4 BCP bond-path is not aligned along any of the E-field directions and the response of the ellipticity ε 

profile shows a dependency on the direction of the applied E-field. These dependencies are apparent as 

increases/decreases in the maximum peak in the ellipticity profile corresponding to more negative/positive 

values of the Ex-field, see the right panel of Figure 3(a). The opposite trend is found for the application of the 

Ey-field to the C1-H4 BCP, see Figure 3(b). There are visible but insignificant variations in both the C1-C2 

BCP and C1-H4 BCP for the ±Ez directions, see Figure 3(c). 

In addition, we provide a summary of the effect of the bond-path ellipticity profiles ε by providing the {q,q′} 

path-packets, for the cases of E = 0, ±20x10
-5 

au that are overlaid for each of the ±Ex, ±Ey and ±Ez directions, 

see the middle panels of Figure 3.  

Examination of the {p,p′} and {q,q′} path-packets subject to the varying, directional E-field demonstrates 

visible differences for the application of the Ex and Ey-fields, see Figure 3(a) and Figure 3(b) respectively. The 

largest changes relative to ethene without the applied E-field are apparent for the Ex-field, also see Figure 2(a). 

The corresponding eigenvector following path lengths , ʹ, 
*
 and 

*
ʹ of the symmetry inequivalent values 

are provided in Table S3(b) of the Supplementary Materials S3. 

The change in chemical character of the C1-C2 BCP relative to E = 0 is seen, in addition to the BCP shift, in a 

symmetry breaking of the {q,q′} path-packet, which is distorted such that the blunt end faces the direction of 

the applied Ex-field. The pointed end of the {q,q′} path-packet moves along with the C1-C2 BCP, in the 

direction of the Ex-field, i.e. the pointed end of the {q,q′} path-packet indicates the direction of the C1-C2 BCP 

and applied Ex-field. 

The {q,q′} path-packet and bond-path of the C1-H4 BCP are not in alignment with the Ex or Ey-fields, but share 

some component along both directions that results in the resultant {q,q′} path-packet responding according to 

the direction of the applied Ex or Ey-field, see Figure 3(a) and Figure 3(b) respectively. There is no significant 

response of the {q,q′} path-packets of the C1-C2 BCP or C-H BCPs to the Ez-field due to the planar nature of 

the ethene molecule, see Figure 3(c).  
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(c) 

Figure 3. Variations of the bond-path ellipticity ε profile (in a.u.) with the applied E-field (in a.u.); Ex , Ey and Ez are 

presented for the C1-C2 BCP (left panel), the superimposed {p,p′} and {q,q′} path-packets (blue and magenta insets in 

the middle panel) and the bond-path ellipticity ε profile C1-H4 BCP (right panel) in sub-figures (a-c) respectively. See 

also Figure 5, Figure 6, the Supplementary Materials S1 and Supplementary Materials S2.  
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                                                (a)                                                                                               (b) 

 

 

 

 

 

 

 

 

 

                                                (c)                                                                                               (d) 

Figure 4. The variations of the {q,q′} path-packet areas with the applied E-field (in a.u.), see Figure 1 and 

Supplementary Materials S2 for further details. Note, the same y-axis range of 0.05 a.u. is used for comparison in sub-

figures (a-d). 
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(a) 
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(c) 

Figure 5. The ethene bond-path framework set  displaying two views of the {q,qʹ} path-packets for values of the 

external electric field, Ex = -200×10
-4

 a.u. (pale-magenta), Ex = 0 (red) and Ex = +200×10
-4

 a.u. (dark-magenta), are 

presented in sub-figures (a-c), respectively, see the middle panel of Figure 3 for the superimposed plots of Ex. For a 

complete set of the bond-path framework set  see the Supplementary Materials S2. 
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(c) 

Figure 6. The ethene bond-path framework set  displaying two views of the {q,qʹ} path-packets for values of the 

external electric field, Ey = -200×10
-4

 a.u. (pale-magenta), Ey = 0 (red) and Ey = +200×10
-4

 a.u. (dark-magenta), are 

presented in sub-figures (a-c), respectively, also see the middle panel of Figure 3 for the superimposed plots of Ey.  
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5. Conclusions 

 

We have used next generation QTAIM to quantify the effect of a varying and directional E-field on the 

electronic charge density of the ethene molecule that does not sigificantly alter the molecular geometry. We find 

that for the ±Ex-field, which coincides with the bond-path of the C1-C2 BCP, the associated {q,q′} path-packet 

shifts along with the C1-C2 BCP parallel to the direction of the ±Ex-field due to the fact that there is very little 

spreading of the {q,q′} path-packet. The area of the {q,q′} path-packet of the C1-C2 BCP subject to the ±Ex-

field remains constant regardless of the magnitude of ±Ex, but the height increased with increase in the ±Ex-

field, indicating a polarization effect that increases with applied ±Ex-field. In other words the decrease in the 

relative energy ∆E is proportional to the polarizability of ethene along the ±Ex-field direction. The application 

of the ±Ex-field that is parallel/anti-parallel to the C1-C2 BCP results in a modest ≈ 2% decrease in the C1-C2 

BCP ellipticity ε.  

For the C-H BCPs, which do not align parallel/anti-parallel to any of the Ex , Ey and Ez orientations of the 

applied E-field, the response of the bond-path and BCP ellipticity ε is asymmetrical, unlike the C1-C2 BCP and 

the {q,q′} path-packets, which spread out by almost a factor of three for the ±Ex-field. 

The sensitivity of next generation QTAIM to the application of modest E-fields on the electronic charge density 

demonstrates the utility of considering more sublte details than molecular geometries that respond more slowly 

than applied E-fields can be varied. QTAIM measures such as bond-path lengths were found invariant to the 

application of the E-field.  

This approach for the first time uses the 3-D next generation analysis to determine the response of molecular 

wires in molecular electronic devices. 
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