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Abstract 

A well-known method to characterize non-covalent interactions consists in the topological analysis 

of electron density distribution (EDD) functions, complemented by the search for minima in the 

reduced gradient density (RDG) distributions. Here, we characterize intermolecular interactions 

occurring in crystals of benzyl chalcocyanate compounds through bond critical points (BCP) of 

the promolecular electron density (ED) built from the crystallographic Cromer-Mann parameters, 

at several smoothing levels t. The trajectories formed by the t-dependent BCP locations are 

interpreted in terms of the intermolecular interactions occurring within the crystal arrangements. 

Chalcogen…nitro BCPs are clearly present in the unsmoothed EDDs but are annihilated as t 

increases, while chalcogen…chalcogen BCPs appear and are among the only BCPs left at the 

highest smoothing level. The chalcogen bonds are differentiated from the other chalcogen 

interactions through the linear chalcogen…BCP…nitro geometry at low smoothing level and their 

more negative Laplacian values. The annihilation of CPs can be followed by the apparition of a 

RDG minimum, associated with a very weak interaction. Along the BCP trajectories, the Laplacian 

shows a progressive concentration of the ED in the intermolecular space within the crystals and 

adopts the most negative values at the shortest atom…atom separations. At the termination point 

of a BCP trajectory, the drastic increase of the ellipticity value illustrates the flattening of the EDD. 

 

Keywords 

promolecular electron density, smoothing, reduced density gradient, critical points, non-covalent 

interactions, crystal benzyl chalcocyanates  
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Introduction 

Since the fundamental and influential work of R. Bader about the topology of electron 

density distribution (EDD) functions [1], numerous developments have been brought to the 

analysis of non-covalent interactions (NCIs) such as hydrogen [2], halogen, chalcogen, and 

pnictogen bonds [3,4]. All are directional and may possibly be competitive interactions with 

comparable strength properties [5,6].  

Promolecular EDDs have long been considered as good models in chemical bond analyses 

[7,8], molecular-similarity applications [9], crystal density analyses [10], and molecular surface 

calculations [11,12].  Such ED descriptions have also been considered as a way to correct atom-

based electrostatic interaction energies [13].  

Several papers report on the absence of a direct relation between the ED topology and 

chemical concepts such as the chemical bond [14-16]. It is likely due to the fact that promolecular 

EDDs, i.e., built from non-interacting atoms, present some common characteristics with quantum 

mechanics (QM) EDDs, at the level of the critical points (CPs) and bond paths [7,8,14,17].  In 

their recent comparative study, Keyvani et al. conclude that small deformations originating from 

the interactions between atoms can affect the topology of an EDD [14]. Taylor also reports that 

similarity between promolecular and ab initio QM EDDs is one of the multiple arguments against 

the idea that bond paths and their CPs depict bonding interactions [16]. Saleh et al. studied 

differences between low temperature experimental and promolecular EDDs [18]. They also 

concluded that despite the information decrease in the promolecular model, there is a one-to-one 

correspondence between the NCIs detected in an experimental and a promolecular EDD. Second, 

they observed that the intermolecular EDD is reasonably well approximated by a promolecular 

model, while strong interactions may lead to more significant ED topology changes [18]. Indeed, 

a promolecular ED representation based on spherical and independent atoms cannot depict effects 

of, e.g., asphericity and electron delocalization between atoms. It is not N-representative, i.e., it 

does not contain the information needed to derive a proper quantum mechanical wavefunction. It 

is a subject which is largely discussed within the field of quantum crystallography [19-21].  

The Quantum Theory of Atoms in Molecules (QTAIM) developed by R. Bader allows to 

investigate peculiar non-bonding and bonding intramolecular situations. As examples, Bader and 

Matta showed the absence of bond paths at the level of short C-Ti distances [22]. Thus, close atoms 

do not necessarily lead to the presence of a bond path. It also allows to confirm the presence of 
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bond paths between distant atoms which are considered to be non-bonded, e.g., between hydrogen 

atoms bearing identical or similar charges [23].  

In the present work, we limit our investigations to intermolecular regions of the EDDs. We 

use an already described approach suitable for the construction [24] and analysis of Gaussian type 

EDDs at various levels of smoothing [25,26]. Gaussian-based functions present the great 

advantage to allow fast and analytic ways to provide ED-derived properties such as similarity 

indices [24,27,28],  convolution products [29,30], and topological quantities based on ED first and 

second derivatives. The method is applied here to crystal structures of small molecules interacting 

through chalcogen bonds [25,26]. Particularly, analytical promolecular EDD functions are built 

from the Cromer-Mann (CM) approximation of QM scattering factors. For each atom type, the 

scattering factors are easily computed from the tabulated coefficients that are commonly 

implemented in crystallography softwares. They present the advantage to be available for a large 

set of elements [31].  

Four benzyl chalcocyanate structures were selected, i.e., p-nitrobenzyl thiocyanate (CSD 

code CIGGII), p-nitrobenzyl selenocyanate (CSD code CIGGEE), p-nitrobenzyl tellurocyanate 

(CSD code NOTECN), and benzyl selenocyanate (CSD code CIGGOO) [32,33].  With the aim to 

go beyond a single analysis of distance-based contacts, through an analytical and fast calculation 

method, the results are interpreted in terms of interaction types as they evolve with the smoothing 

degree of the EDD function. Chalcogen bonds were differentiated from other non-covalent 

interactions and specific descriptors have been suggested. In the next section, we first describe 

how the CPs in a progressively smoothed EDD are located. Then details regarding the 

implementation of the analytical expression for the CM-based EDD are given. In the Results 

section, the CP trajectories along the smoothing degree are described and assessed in terms of 

intermolecular interactions. 

 

Methods 

a. Critical points and reduced density gradient 

CPs are points where the gradient of the EDD is zero. The so-called bond CPs (BCPs) are 

characterized by two negative (l1 and l2) and a positive (l3) eigenvalues of the local Hessian 

matrix H (a matrix built on the local second derivatives of the ED). They are located between two 

ED maxima. In an unsmoothed EDD, the BCPs are located between covalently bound atoms, but 
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can also be observed between non-covalently bound atoms such as at the level of intermolecular 

atom…atom interactions [34]. The ring CPs (RCPs) are characterized by one negative (l1) and 

two positive (l2 and l3) eigenvalues of H. They generally corrrespond to ED minima within ring 

structures. 

The sign of the Laplacian L = ∑ 𝜆!"
!#$  that is associated with a CP provides information on 

the local concentration (L < 0) or depletion (L > 0) in the ED. The sign of l2 is considered as an 

indicator of the bonding (l2 < 0) or non-bonding (l2 > 0) character of the CP [35]. Another 

property of interest is the ellipticity 𝜀 = %$
%&
− 1 of the EDD at a BCP. It is usually related to the 

bond order at the BCP as it allows to evaluate the accumulation of the ED in a plane [36].  

In a previous work [25,26], we used the iterative Newton-Raphson algorithm to locate the 

CPs in a molecular EDD function expressed as a summation over atomic Gaussian functions 

according to:  

 

𝒓'((*+$)		 = 	𝒓'((*) − 	𝛿	𝑯.
/$	∇𝜌(𝒓)		 (1) 

 

where r is the position vector of the CP, n, the iteration step number, d, the allowed displacement, 

Hn, the Hessian matrix at step n,	and	∇𝜌(𝒓),	the	gradient	of	the	ED	𝜌(𝒓). 

In a NCI approach, the EDD is analyzed so as to identify extended regions of space where 

the reduced density gradient (RDG) function s(r) approaches zero [3,37,38]:   

 

𝑠(𝒓) = |∇2(𝒓)|
&("4!)"/$2(𝒓)%/$

  (2) 

 

Thus, at the CP locations, the function s(r) is zero. Particularly, the BCPs and RCPs, which 

are characterized by negative and positive l2 values, point to the so-called bonding and non-

bonding sites, respectively. The regions surrounding BCPs and RCPs are characterized by low but 

non-zero values of s(r) [18]. To search for the RDG-based NCIs, we adopted a flood-filling type 

algorithm that is described in a previous paper [25,26]. In the present work, RDG grids were built 

with a grid step of 0.1 Å and a spatial cutoff criteria chosen to select RDG holes located in the 

intermolecular interaction regions only, i.e., in a distance range of 0.8 to 3.5 Å from the selected 

molecular structure. 
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b. Smoothed Cromer-Mann electron density distributions functions 

The CM coefficients, obtained by fitting versus QM X-ray scattering factors, allow to 

analytically evaluate such factors for free atoms and ions according to a nine-coefficient 

expression: 

 

𝑓 ?56* 7
%
@ = 𝑐 + ∑ 𝑎! 	𝑒

/8&	9
'()*
+ :

!
;
!#$  (3) 

  

where 2q is the X-ray scattering angle and l, the wavelength. The corresponding atomic EDD 

function is obtained as the Fourier transform (FT) of f. Particularly, the FT of the constant c is a 

delta function centered at the atom position, while the FT of the four Gaussian functions in 

Equation 3 are also Gaussian functions. In such a context, the parameters bi in Equation 3 are 

inversely proportional to the width of their corresponding EDD Gaussian function, i.e., a narrow 

EDD contribution is associated with a low value of bi. In the direction of the incident X-ray beam 

(q = 0°), f(0) is equal to the number of electrons.  

In a previous paper, Equation 3 was approximated by a combination of Gaussian functions 

only [39]:  

 

𝑓<!= ?
56* 7
%
@ = ∑ 𝑎′!𝑒

/8>&	9
'()*
+ :

!
;
!#$  (4) 

 

where the coefficients a’ and b’ were obtained by fitting Equation 4 to the original Equation 3. In 

such a way, the EDD of an atom is also a combination of four Gaussian functions. The model is 

named cm_fit further in the text. 

Equation 4 can be easily smoothed, at any smoothing degree t, through a convolution product 

with another Gaussian function [29]:  

 

𝜌(𝑟) = ∑ 𝑎′! ?
;4
8>&
@
"/& $

@$	+	A	!,
!

-.&
	=B
	𝑒
C /%,!	1!

-.&	2"	3	4	
!,!
-.&

	56
D

;
!#$  (5) 
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Such an expression can be seen as the solution to a diffusion equation, where  the smoothing 

factor t is the product of a diffusion coefficient D multiplied by the time. It has also been shown 

that t is mathematically equivalent to the crystallographic concept of overall isotropic displacement 

parameter <u2> [39]. Both descriptions explain that t has area units. On the whole, smoothing 

corresponds to a spread of the EDD which preserves the total number of electrons. For large atoms 

such as Se and Te, the fit expressed by Equation 4 is not fully satisfying, i.e., the f values at small 

angles are not properly approximated (Figure SI1). As numerical illustrations, the residual standard 

deviation between Equations 3 and 4 for Te and Se is 0.6118 and 0.4170, respectively, while it is 

only 0.0410 and 0.0071 for lighter atoms such as S and O, respectively. Consequently, another 

approximation procedure for the atomic EDD function was followed. 

First, at t = 0 bohr2, removing the parameter c from Equation 3 affects the ED values only at 

the atom position since the EDD is a delta function. It is thus assumed that neglecting this term 

does not significantly affect the interatomic BCPs properties. Consequently, Equation 5 is then 

used to calculate r, a’ and b’ being replaced by a and b, respectively. The model is named cm_trunc 

further in the text. As example, a comparison of the unsmoothed EDD calculated for the atom pair 

O…N separated by a distance of 2.70 Å (as in a hydrogen bond), using the fitted parameters a’ and 

b’ (Equation 4) and considering the original CM parameters excluding c, is illustrated in Figure 1. 

At the O and N positions, the respective higher and lower peaks obtained with the cm_trunc model 

versus the cm_fit one are due to the neglect of the negative and positive values of c for N and O. 

Contrarily, at the BCP location, the differences in the position coordinate x, the ED r, the 

eigenvalue l2, the Laplacian L, and the ellipticity e are less significant. Particularly, one obtains x 

= 1.328 and 1.330 Å, r = 0.01278 e/bohr3 in both cases, l2 = -0.01181 and -0.01193 e/bohr5, L = 

0.05038 and 0.05110 e/bohr5, and e = 0 in both cases, for the cm_fit and cm_trunc cases, 

respectively.  

Second, at t > 0, the parameter c can not be neglected since the peaks of the EDD are not 

located on the atoms any longer [25]. To overcome the problem, Equation 3 is considered to be a 

sum over five Gaussian terms, with a5 = c  and b5 = 0. However, Equation 5 is not strictly 

applicable when bi’ (or bi) = 0. Nevertheless, at the limit 𝑏E → 0, the corresponding EDD function 

term simplifies to: 
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𝜌E(𝑟) = 𝑎E ?
$

;4	=
@
"/&
	𝑒@

/	1!

%,	5B (6) 

 

The resulting analytical expression of the EDD function based on the CM parameters is thus 

a combination of Equation 5, that is applied to the CM pairs (ai, bi) i = 1 to 4, and Equation 6 

applied to the last pair (a5, b5). The model is named cm_lim further in the text and is relevant only 

at values t > 0 bohr2.  Figure 2 illustrates the evolution of the absolute differences Dr, Dl2, and 

DL for sulfur (an atom for which the cm_fit model is reliable) [39] with the smoothing degree t. 

The differences are all lower or equal to 10-3 starting at t = 0.3 bohr2. Differences are small at even 

lower values of t in the case of an interatomic BCP. Indeed, differences observed at the BCP of 

the N…O atom pair are all lower than 10-4, at t = 0.1 bohr2 and beyond. 

 

 
Figure 1. Superimposition of the unsmoothed EDD along the O…N axis as obtained using the 

cm_fit (plain line) and cm_trunc (dotted line) models. 
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Figure 2. Difference (delta) between r (e/bohr3; black plain line), l2 (e/bohr5; black dotted line), 

and L (e/bohr5; grey plain line) values for the S atom as a function of t, as obtained by comparing 

the cm_lim and cm_fit approaches. 

 

To locate the CPs in progressively smoothed CM-based EDDs, the search algorithm 

illustrated by Equation 1 is applied from t = 0.00 to 5.00 bohr2 with a Dt of 0.05 bohr2. At t = 0 

bohr2, the model cm_trunc is selected with the original CM parameters (ai, bi) i = 1 to 4 only 

(Equation 5), while from t = 0.05 bohr2, the model cm_lim is used. The refinement process 

expressed in Equation 1 stops when a lower limit |Ñr(r) | = 10-5 e/bohr4 is reached. 

 

Results and Discussion 

a. Crystal structures 

As already mentioned in the Introduction, four molecules belonging to the benzyl 

chalcocyanate series were selected (Figure 3). CIGGEE and NOTECN are isomorphous crystal 

structures32 with, each, two short chalcogen…O distances, at 3.00 and 3.17, and 2.95 and 3.18 Å, 

respectively. The chalcogen…O network of CIGGII differs, as only one S…O interaction is 

characterized by a distance of 3.17 Å. In CIGGII, two other S…O contacts are present at distances 

of 3.59 and 3.72 Å. Chalcogen bonds correspond to the shortest chalcogen-O distances, i.e., below 

3.2 Å [40,41]. In the structures CIGGII and CIGGOO, only one of such bonds is clearly identified, 

the second shortest distance being slighly longer than 3.5 Å, i.e., close to the sum over the van der 

Waals radius of the atoms.   
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In structures CIGGII and CIGGOO, each chalcogen atom is surrounded by a first layer of 

other chalcogen atoms located at a distance of 4.00 and 3.89 Å, respectively. The second layer of 

chalcogen atoms occurs at distances larger than 5 Å. In CIGGEE and NOTECN, the two chalcogen 

layers surrounding each chalcogen atom are located at distances of 4.74 and 4.75 Å, and 4.51 and 

4.75 Å, respectively (Figure 3). For comparison purposes, two artificial crystal structures were 

built by substituing S by Se, and inversely, in structures CIGGII and CIGGEE. They are named 

CIGGII_Se and CIGGEE_S further in the text. 

To analyze the BCPs involved in interactions with a molecule inside the crystal structure 

(further named the central molecule), we considered all atoms surrounding the central molecule at 

distances ≤ 8 Å. H atoms were introduced using the program Avogadro [42]. All BCPs included 

in a region limited by a lower and a larger bound of 0.8 and 2.8 Å from the central molecule were 

analyzed. The superimposition of the BCP positions along t provides the so-called BCP trajectory. 

To directly focus on the main intermolecular interactions, all analyses were carried out starting at 

the BCPs obtained from smoothed EDDs, at t = 1.5 bohr2 [25].  

 

   
 

CIGGII (S) CIGGEE (Se) NOTECN (Te) CIGGOO (Se) 

 

Figure 3. Crystal packing of the benzyl chalcocyanate derivatives with selected intermolecular 

chalcogen…Onitro and chalcogen…chalcogen distances (in Å). (H = white, C = cyan, N = dark blue, 

O = red, S and Se = yellow, Te = brown). Chalcogen bonds are identified using (*). 

 

b. Interactions with the chalcogen atoms 

It is known that CPs always annihilate with the scale [43]. The number of CPs is thus reduced 

when t increases [25]. At t < 0.1 bohr2, all atoms, including the H atoms, are seen as density maxima 

* * 

* 
* * 

* 
* 
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(peaks). At t = 0.1 bohr2, the H atoms are not detected any longer. Around t = 1.5 bohr2, the number 

of density peaks is reduced so that there remain three to four peaks per molecule, one on the NO2 

group, one on the chalcogen atom, and one to two peaks at the level of the aromatic ring. In 

CIGGOO, there is one peak less due to the absence of the nitro group, while in NOTECN, there is 

one peak less in the ring due to the large size of the Te atom. At about t = 2.0 bohr2, three peaks 

(or less for CIGGOO and NOTECN) can be assigned to each molecule (NO2 group, chalcogen 

atom, aromatic ring), and at t = 3.0 bohr2, only two peaks remain for each molecule, in the vicinity 

of the nitro and chalcogen atoms.  Thus, smoothed EDDs appear to depict medium or low 

resolution maps. It has been shown that for proteins, EDDs show similar shapes at t = 0.45 bohr2 

and resolution d = 2 Å , at t = 0.8 bohr2 and d = 2.5 Å, and at t = 1.5 bohr2 and d = 3 Å [39].  

In the unsmoothed EDD, BCPs are well aligned with their two closest atoms, i.e., either two 

oxygen atoms of the surrounding nitro groups or, in CIGGOO, two nitrogen atoms of the cyano 

groups. They actually correspond to the interactions identified by Maartmann-Moe et al. [32] in 

the crystal structures CIGGII, CIGGEE, NOTECN, and CIGGOO, and encompass the chalcogen 

bonds. Additional chalcogen…BCP…O motifs observed in the nitrobenzyl chalcocyanate 

compounds correspond to the longest chalcogen…O/N distances and are not perfectly linear. 

When the smoothing degree is significantly larger than zero, good alignements are observed 

between a BCP and two more distant atoms.  

A description of the BCPs involving the chalcogen atoms is reported in Table 1, in terms of 

trajectory length [ti-tf], atom…atom distance, and occurrrence of a RDG minimum. Due to the 

crystal environment, a BCP associated with an atom1 of the central molecule and an atom2 of a 

neighboring molecule has an image located between atom2 of the central molecule and atom1 of 

a neighboring molecule. Table 1 reports data for one image only.  

 

c. Chalcogen…nitro and chalcogen…cyano bond critical points 

As mentioned above, the chalcogen…nitro BCPs appear at the shortest corresponding 

intermolecular distances. They mainly involve O atoms of the nitro groups, but some of them 

involve the nitrogen of a nitro group (Table 1, Figure 4).  In CIGGII, three of such BCPs are 

observed at t = 0 bohr2 (inversely, three BCPs are observed between the nitro group of the central 

molecule and neighboring chalcogen atoms). They initiate BCP trajectories, with tf end values that 

are inversely correlated with the distance S…O/N. Precisely, the distance-tf pairs are (3.17, 5), 
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(3.72, 3), and (4.35 Å, 1.9 bohr2). In CIGGEE_S, where the crystal parameters are too large for 

the S-containing compound, all BCP trajectories exist up to t = 5 bohr2, while only one BCP of 

CIGGII is part of a complete trajectory. In contrast, in CIGGEE that originally contains Se, all 

three BCP trajectories end before t = 3.7 bohr2 and, likely due to steric constraints, a BCP trajectory 

of CIGGII_Se ends prematurately at tf = 1.8 bohr2. 

Five chalcogen…nitro BCP trajectories with the most negative L values, i.e., the highest 

local ED concentration, characterize each a BCP involved in a chalcogen bond, i.e., CIGGII (dS-O 

= 3.17 Å), CIGGEE_S (d S-O = 3.00 Å), CIGGEE (d Se-O = 3.00 Å), and NOTECN (d Te-O = 2.95 Å), 

as well as the BCP of CIGGII_Se with a Se…O distance of 3.17 Å (Figure 5). The three most 

negative, but also the three shortest, profiles are associated with the heaviest chalcogen atoms Se 

and Te. 

The ellipticity profiles reported in Figure 5 show that the BCPs undergo a drastic flattening 

of the local EDD right before annihilation. The moderate increase of e in the third BCP trajectory 

of CIGGEE_S suggests that the annihilation of that BCP is expected to appear soon after t = 5 

bohr2, while the three other complete trajectories tend to exist longer after t = 5 bohr2. 

 

Table 1. BCPs involved in the chalcogen-dependent interactions with the corresponding 

chalcogen…atom distance (A: d), where A and d stand for the atom type and the distance value 

(Å), respectively. [ti-tf]-ts is the trajectory length involving the BCP (bohr2) followed by the ts value 

(in italic) at which a RDG minimum is observed (bohr2). Trajectories up to t = 5 bohr2 are noted 

in bold. 

 chalc…nitro chalc…chalc chalc…arom 
S compounds 
CIGGII [0.0-5.0] (O: 3.17) 

[0.0-3.0]-3.1 (O: 3.72) 
[0.0-1.9] (O : 3.59) 
 

Two trajectories [0.0-5.0] 
Coalescence at t = 0.9 (S: 4.00) a-0.9 
[0.0-5.0] (S: 5.13) a-1.9 

/ 

CIGGEE_S [0.0-5.0] (O: 3.00)  
[0.0-5.0] (O: 3.17)  
[0.0-5.0] (N: 3.80)  
 

[0.0-0.0] (S: 4.74) / 

Se compounds 
CIGGEE [0.0-3.3] (O: 3.00) 

[0.0-3.6] (O: 3.17) 
[0.0-3.4]-3.5 (N: 3.80, 
O:3.83) 
 

[0.0-5.0] (Se: 4.75) b  
[0.0-5.0] (Se: 4.75) a-3.0, b 
[1.6-5.0] (Se: 4.74) a-2.6 

[0.0-1.6] (C: 4.16) 
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CIGGII_Se [0.0-3.5] (O: 3.59) 
[0.0-3.3] (O: 3.17) 
[0.0-1.8] (O: 3.72) 
 

Two trajectories [0.0-5.0]  
Coalescence at t = 1.9 (Se: 5.13) a-1.9 

[0.0-5.0] (Se: 4.00) a-0.0 

/ 

CIGGOO / 
 
 
 
 
 

Two trajectories [0.0-5.0]    
Coalescence at t = 1.5 (Se: 5.12) a-1.5 

Two trajectories [0.0-5.0] 
Coalescence at t = 2.2 (Se: 5.23) a-2.2 

[0.0-5.0] (Se: 3.89) a-0.0 

[0.0-5.0] (C: 4.03) b 
[0.0-2.5]-2.6 (C: 4.02) b 

Te compound 
NOTECN [0.0-2.4] (O: 2.95) 

[0.0-2.4]-2.5 (O: 3.18) 
[0.0-2.5]-2.6 (N: 3.85)  
[0.0-1.6]-1.7 (O: 4.11) 

[0.0-5.0] (Te: 4.51) a-0.0 
[1.7-5.0] (Te: 4.75) 
[1.6-5.0] (Te: 4.75) 

/ 

a-t immobile BCP from the mentioned value of t 
b not perfectly in the alignment of two chalcogen atoms at t = 1.5 bohr2 
 

 

 
 

 
CIGGII 

 
CIGGEE 

 
NOTECN 

 

 
 

 
CIGGII_Se 

 
CIGGEE_S 

 
CIGGOO 

Figure 4. BCPs at t = 1.5 bohr2 depicting the chalcogen…nitro and the chalcogen…Ncyano 

interactions in CIGGOO (green spheres), BCP (pale yellow spheres), and RCP (pale grey spheres) 

trajectories. BCPs at t = 0.0, 3.0, and 4.5 bohr2 are shown in black, orange, and purple, respectively. 

Distances are in Å. 



 14 

 

It was observed that chalcogen-nitro BCP trajectories that terminate before t = 5 bohr2 meet 

a RCP trajectory and further yield a RDG minimum. It is especially clear for the NOTECN 

structure (Figure 6, Table 1). Most of the RDG minima are characterized by negative values of l2, 

but all have an extremely low value of s(r), consistently with the original value of s(r) = 0 for a 

CP.  The merge of trajectories of different types explains the decrease in the number of CPs as t 

increases [43]. RDG minima are also found at the end of single CP trajectories (Figure 6). 

The absence of nitro groups in CIGGOO leads to two chalcogen…Ncyano BCPs (dSe-N = 3.11 

and 3.64 Å) which are observed only in that particular structure (Figure 4). Their trajectory starts 

at t = 0 bohr2 and ends at tf = 2.7 and 2.1 bohr2, respectively. They correspond to the two interactions 

originally detected by Maartmann-Moe et al. [32] The corresponding Laplacian profiles show a 

minimum between 1.8 and 2.0 bohr2, and the ellipticity increases just before annihilation (Figure 

SI2). 

 

 

 

 
Figure 5. Profile of the Laplacian and ellipticity as a function of t for the BCP trajectories involved 

in a chalcogen…nitro interaction (CIGGII: plain black, CIGGEE_S: dashed black, CIGGEE: 

dotted black, CIGGII_Se: plain grey, NOTECN: dashed grey). 

 

 

Te 
Se 

S 



 15 

 
Figure 6. BCPs at t = 1.5 bohr2 (green spheres) depicting the chalcogen…nitro interactions in 

NOTECN, BCP (pale yellow spheres), and RCP (pale grey spheres). BCPs at t = 0.0, 3.0, and 4.5 

bohr2 are shown in black, orange, and purple, respectively. RDG minima at t = 1.7, 2.5, and 2.6 

bohr2 are shown with pink spheres and arrows. 

 

d. Chalcogen…chalcogen bond critical points 

In the unsmoothed EDDs, the BCPs that are associated with that family of interactions are 

not perfectly aligned with two neighboring chalcogen atoms. They become linearly placed at about 

t = 3 bohr2, and they are all present until t = 5 bohr2, except in the artificial structure CIGGEE_S 

wherein no clear chalcogen…chalcogen BCP is detected. Actually, beyond t = 3 bohr2, all detected 

BCPs are chalcogen…chalcogen ones, except for the S-containing structures, i.e., CIGGII and 

CIGGEE_S, wherein S is not large enough to mask other interactions such as, e.g., the S…nitro 

and nitro…nitro ones.  

In the isomorphous crystal structures CIGGEE and NOTECN, several 

chalcogen…chalcogen BCPs belong to trajectories that begin after t = 0 bohr2. This is not observed 

in the S-containing structures. After a short smoothing stage, the Se and Te EDD mask the EDD 

of the cyano groups when the chalcogen…chalcogen separation distances are ≤ 4.75 Å. In 

CIGGII, one of the BCP depicts a chalcogen…chalcogen interaction only after t = 0.9 bohr2. Its 

location actually results from the merge of two BCP trajectories that begin at the level of two 

H2C…chalcogen mid-distances to yield a single BCP that stays immobile from t = 0.9 to 5.0 bohr2 

(Table 1, Figure 7). A second chalcogen…chalcogen BCP is linearly placed between its two 

neighboring chalcogen atoms at t ≥ 1.9 bohr2. A number of chalcogen…chalcogen BCP 

t = 2.5 bohr2 

t = 2.6 bohr2 

t = 1.7 bohr2 

t = 2.5 bohr2 
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trajectories are initially located between two close H2C-chalcogen or cyano-chalcogen chemical 

bonds and eventually end to form linear chalcogen…BCP…chalcogen patterns. In contrast, many 

chalcogen…chalcogen BCPs, whose trajectory starts at t = 0 bohr2, are immobile after some value 

of t. It is observed in the structures containing the largest chalcogen atom, Se or Te, i.e., in 

CIGGEE, CIGGOO, CIGGII_Se, and NOTECN, but also in CIGGII with a peculiar BCP behavior 

for the longest S…S distance of 5.13 Å (Table 1). In NOTECN, three BCPs are associated with 

chalcogen…chalcogen interactions. Those BCPs are aligned with their chalcogen neighbors only 

from t = 3 bohr2 except for the immobile BCP associated with the shortest Te…Te distance of 4.51 

Å (Figure 7). 

In CIGGEE_S, despite the presence of a S…BCP…S alignment in the unsmoothed EDD, 

no linear S…BCP…S patterns are observed at t = 1.5 bohr2. It could explain the natural 

crystallization arrangement CIGGII versus CIGGEE_S. In CIGGII_Se, the other artificial 

structure considered, only two linear Se…BCP…Se arrangements are detected, compared to the 

original Se-based structure CIGGEE which involves three of such arrangements. One is already 

present from t = 0 bohr2 along the shortest Se…Se separation distance of 4.0 Å, the other is fully 

established at t = 2.0 bohr2, at the longest separation distance of 5.13 Å. It results from the merge 

of two BCP trajectories starting at the level of the two Se…cyano separation vectors (dSe-N = 3.55 

Å). At t = 4.5 bohr2, the number of chalcogen…chalcogen BCPs is maximized compared to the 

artificial structures, i.e., two BCPs in CIGGEE versus none in CIGGEE_S, and three BCPs in 

CIGGII versus two in CIGGII_Se. Finally, the CIGGOO structure is the only one to show complete 

BCP trajectories (from 0 to 5 bohr2) associated with three Se…Se interactions (Table 1). One BCP 

remains immobile and is linearly placed between the two closest Se atoms (dSe-Se = 3.89 Å), while 

the two others result from the merge of two trajectories starting either between two parallel 

Se…CH2 (dSe-C = 4.08 Å) or two Se…cyano (dSe-N = 3.64 Å) vectors, and are seen at Se…Se 

separation distances of 5.12 and 5.23 Å (Figure 7). These two last BCPs actually stay located at 

central positions between two facing H2C-Se bonds and two Se-cyano bonds from t = 1.5 and 2.2 

bohr2, respectively. A peculiarity of the NOTECN structure is the absence of any central Te-

cyano…cyano-Te BCP compared to the other five structures. Indeed, Te is so large that it rapidly 

masks the EDD of the other atoms as t increases. 

At t = 1.5 bohr2, all intermolecular BCPs are characterized by L > 0 (Figure 8). Above 

t = 2.5 bohr2, the intermolecular region is progressively enriched in ED versus the intramolecular 
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regions, and thus shows negative values of L [25]. At t > 4.5 bohr2, all chalcogen…chalcogen 

BCPs are eventually characterized by L < 0,  except for the BCP appearing at t = 1.6 bohr2 in 

CIGGEE. Figure 8 also shows discontinuities along the L profiles of a BCP in CIGGOO and 

CIGGII_Se, each occurring at the coalescence of two BCPs trajectories at t = 2.2 and 1.9 bohr2, 

respectively (Table 1). Such L discontinuities correspond to a maximum in the ellipticity profiles. 

However, a maximum in an ellipticity profile does not necessarily correspond to a discontinuity in 

L, as illustrated in Figure 8 for the second BCP of the CIGGII system which adopts the linear 

S…BCP…S pattern starting at t = 1.9 bohr2. 

 

e. Chalcogen…aromatic ring bond critical points 

Chalcogen…aromatic interactions are observed, to a limited extend only, in the Se-

containing structures CIGGEE and CIGGOO (Table 1). In the nitro-containing structure CIGGEE, 

the single BCP trajectory ends at tf = 1.6 bohr2, while in CIGGOO, the two BCP trajectories are 

longer, i.e., they end at t = 2.5 and 5.0 bohr2. They are likely favored by the absence of nitro groups. 

The longest trajectory starts between Se and an aromatic ring, and eventually moves to a 

H2C…aromatic type interaction. The L and e profiles suggest that the longest BCP trajectory of 

CIGGOO is expected to last after t = 5 bohr2 (Figure SI3). 
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CIGGII 

 
CIGGEE 

 
NOTECN 

 

   

CIGGII_Se 
 CIGGEE_S CIGGOO 

Figure 7. BCPs at t = 1.5 and 3.0 bohr2 depicting the chalcogen…chalcogen interactions (green 

and orange spheres, respectively), BCP (pale yellow spheres), and RCP (pale grey spheres) 

trajectories. BCPs at t = 0.0 and 4.5 bohr2 are shown with black and purple spheres, respectively. 

Distances are in Å. 
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Figure 8. Profile of the Laplacian and ellipticity as a function of t for the BCP trajectories depicting 

a chalcogen…chalcogen interaction (CIGGII: plain black, CIGGEE: dotted black, CIGGII_Se: 

plain grey, CIGGOO: dotted grey, NOTECN: dashed grey). 

 

f. Nitro group…aromatic ring bond critical points 

Besides chalcogen…nitro BCPs, nitro…aromatic ring interactions are detected in all 

structures with a nitro group (Table 2, Figure SI4). The BCP trajectories remain confined in a 

limited area between the nitro group and the aromatic cycle of the central molecule, in a region of 

low ED r. In the three structures containing the heaviest Se and Te, the BCP trajectory terminates 

by a RDG minimum at the meeting point with a RCP trajectory, while in the two S-based 

compounds, there is no RCPs in the direct vicinity of the BCP trajectories. One also notices slight 

discrepancies between BCP trajectories and their symmetry image, e.g., in CIGGEE, the trajectory 

lengths are characterized by [0.0-3.6] and [0.1-3.5] bohr2. Such interactions are likely to be less 

precisely located due to extremely low r values and flat EDDs. 

As the atomic number of the chalcogen atom increases, the BCP trajectories end at 

decreasing values of tf (Table 2). Particularly, tf is at least equal to 5 bohr2 for S-containing 

structures. It is due to the fact that the EDD shape is guided by the molecular skeleton up to a 

progressively larger tf value, before being oriented along the chalcogen atom crystal rows (Figure 

SI5). In the case of CIGGII-based structures, the Nnitro is almost directly facing a carbon atom of 

an aromatic ring (Nnitro…Carom distance = 3.54 Å). In the other structures, Nnitro is facing the aromatic 

ring region which is ED-depleted.  
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Except for CIGGEE, all L values are negative at t = 3.5 bohr2 and beyond, depicting a 

concentration in the ED (Figure SI6). Regardless of the different tf values, the L profiles are 

evolving similarly whatever the nature of the chalcogen atom; it is consistent with the position of 

the BCPs away from the chalcogen locations. As already observed earlier, the ellipticity profiles 

show an abrupt increase at the annihilation t, or smoothly increase for the persistent BCPs. 

A number of other types of BCPs involving the nitro or the cyano groups of the considered 

chalcocyanate crystals, as well as the aromatic rings, have also been identified. For completeness, 

they are all reported in the Supplementary Information section of the paper (Table SI1). 

 

Table 2. BCPs involved in the nitro…aromatic interactions; [ti-tf]-ts is the trajectory length 

involving the BCP (bohr2) followed by the ts value (in italic) at which a RDG minimum is observed 

(bohr2). Trajectories up to t = 5 bohr2 are noted in bold. 

  [ti-tf]-ts 
S compounds CIGGII [0.7-5.0] 
 CIGGEE_S [0.0-5.0] 
Se compounds CIGGEE [0.0-3.6]-3.7 
 CIGGII_Se [1.1-4.2]-4.3 
Te compound NOTECN [0.0-2.8]-2.9 

 

 

Conclusions and perspectives 

A study of intermolecular interactions, based on the critical point (CP) analysis of 

promolecular Cromer-Mann (CM) electron density distribution (EDD) functions at different 

smoothing degrees, is applied to several crystal systems involving chalcogen bonds. The approach 

allows the visualization of the trajectories of the bond and ring CPs (BCPs and RCPs) along the 

smoothing factor t. The interactions are described in terms of their trajectory length and the 

presence of a Reduced Density Gradient (RDG) minimum. The Cromer-Mann EDDs, analytically 

constructed from tabulated parameters, provide an enriched set of interactions compared to an 

atom…atom distance analysis. The search for CPs is fast and does not require any grid 

calculations. 

Smoothing the EDD is a procedure that allows to preserve the number of electrons and to 

mimick the effect of temperature to some extent. Smoothing leads to a progressive loss of details 

as also observed experimentally following a change in the crystallographic resolution, e.g., t = 1.5 
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bohr2 leads to similar EDD shape as at a resolution of 3 Å. Working with smoothed EDD allows 

to focus on a limited set of significant interaction types, herein especially the chalcogen-based 

interactions. Interestingly, it unveils interactions during the progress of the EDD smoothing. 

Within the selected benzyl chalcocyano structures (CSD codes CIGGII, CIGGEE, 

NOTECN, and CIGGOO), several kinds and number of interactions are observed, depending upon 

the type of chalcogen atom, the presence of a nitro group, and the smoothing level.  

In the unsmoothed EDDs, i.e., at t = 0.0 bohr2, the chalcogen bonds appear as linear 

chalcogen…BCP…O/N patterns, with the most negative Laplacian values at the BCP locations. 

The BCP trajectories end at progressively lower values of tf as the atomic number increases. In the 

absence of a nitro group, i.e., in CIGGOO, other linear patterns are observed for the 

chalcogen…BCP…aromatic and chalcogen…BCP…Ncyano interactions, the latter corresponding 

to chalcogen bonds. At t = 1.5 bohr2, other linear chalcogen…BCP…nitro patterns are observed 

with trajectories ending below tf = 5 bohr2 as for the chalcogen bonds. At a value of t = 3.0 bohr2, 

linear chalcogen…BCP…chalcogen patterns are unveiled. They are the only observable 

interactions left, except for the S-containing compounds wherein S is not large enough to mask 

other types of interactions. Several chalcogen…chalcogen BCPs actually originate from the 

coalescence of two BCP trajectories. Once the coalescence is achieved, the BCP remains immobile 

with t. The number of chalcogen…chalcogen BCPs is reduced in the artificial structures built by 

exchanging S with Se, compared to the original crystal arrangements. 

The merge of a BCP and a RCP trajectories leads to the occurrence of a minimum in the 

reduced density gradient (RDG) distribution. Such phenomenon is more likely to occur in the Se 

and Te-containing structures. It suggests that specific interactions, such as chalcogen…nitro, 

nitro…aromatic, cyano…aromatic, and aromatic…aromatic, can subsist as weak interactions after 

the disappearance of their corresponding BCP. The occurrrence of RDG minima is also observed 

at the termination of single BCP and RCP trajectories, showing a progressive weakening of the 

corresponding interactions. 

 

Non-covalent interactions (NCIs), and their strength, are generally analyzed from (QM) ED 

maps [44]. To evaluate the evolution of the CPs in QM ED maps at various levels of details, it is 

suggested that smoothing of the ED maps could be achieved through numerical techniques such 

as wavelet multiresolution analysis [45] or convolution neural networks [46], as instances. Another 
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approach consists in using a database of QM aspherical structure factors, such as in the Invariom 

refinement method [47,48], from which EDDs could be reconstructed at different levels of 

resolution. The assignment of an energy-related descriptor to the BCPs found in smoothed EDDs 

can also lead to the evaluation of the interaction competitiveness. Such an energy descriptor has 

already been proposed to assess hydrogen bonds in QM and experimental ED maps [49]. It is based 

on the density and Laplacian values at the BCP locations. Despite the questionning about its 

validity [50], it is considered as a starting point for an energy-based classification of the BCPs. 

The evaluation of the energetics of NCIs can also be carried out by integrating selected properties 

inside low-value RDG isocontours [51]. 
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Figure SI1. Superimposition of the scattering factors of Te as obtained using the original CM 

coefficients (Equation 3, plain line) and using Equation 4 (dotted line). The fit was achieved using 

an ordinary least square approach, with analytical derivatives, applied to 400 values of f in the 

range 0 to 2.0 Å-1. 

 

 

 

 

 

 
Figure SI2. Profile of the Laplacian and ellipticity as a function of t for the BCP trajectories of 

CIGGOO involved in the chalcogen…Ncyano interactions. 
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Figure SI3. Profile of the Laplacian and ellipticity as a function of t for the BCP trajectories 

involved in chalcogen…aromatic ring interactions (CIGGEE: dotted black, CIGGOO: dotted 

grey). 

 

 
 

 

CIGGII CIGGEE 
RDG minimum @ 3.7 bohr2 

NOTECN 
RDG minimum @ 2.9 bohr2 

  

 

CIGGII_Se 
RDG minimum @ 4.3 bohr2 

CIGGEE_S 
 

 

 

Figure SI4. BCPs at t = 1.5 bohr2 depicting the nitro…aromatic interactions (green spheres), BCP 

(pale yellow spheres), and RCP (pale grey spheres) trajectories. BCPs at t = 0.0, 3.0, and 4.5 bohr2 

are shown in black, orange, and purple, respectively. RDG minima observed between BCP and 

RCP trajectories are in pink (arrows). 
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CIGGII 

t = 4.5 bohr2 

iso = 0.081 e/bohr3 

CIGGEE 
t = 3.0 bohr2 

iso = 0.080 e/bohr3 

NOTECN 
t = 2.5 bohr2 

iso = 0.080 e/bohr3 
 

Figure SI5. Superimposition of the crystal structure, the ED iso-contour, and the nitro…aromatic 

BCPs (spheres) of CIGGII, CIGGEE, and NOTECN. 

 

 

 

  
Figure SI6. Profiles of the Laplacian and ellipticity as a function of t for the BCP trajectories 

involved in the nitro…aromatic interactions (CIGGII: plain black, CIGGEE_S: dashed black, 

CIGGEE: dotted black, CIGGII_Se: plain grey, NOTECN: dashed grey). 
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CIGGII 
 

CIGGEE 
 

NOTECN 
 

 

  
CIGGII_Se CIGGEE_S CIGGOO 

 

Figure SI7. BCPs at t = 1.5 bohr2 depicting the Ncyano…arom interactions (green spheres), BCP 

(pale yellow spheres), and RCP (pale grey spheres) trajectories. BCPs at t = 0.0, 3.0, and 4.5 bohr2 

are shown in black, orange, and purple, respectively. Distances are in Å. 

 

 

  
CIGGEE NOTECN 

Figure SI8. BCPs depicting the transformation of the Ncyano…arom to Ncyano…Ncyano interactions, 

BCP (pale yellow spheres), and RCP (pale grey spheres) trajectories. BCPs at t = 0.0, 1.5, 3.0, and 

4.5 bohr2 are shown in black, green, orange, and purple, respectively. Distances are in Å. 
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Figure SI9. Profiles of the Laplacian and the ellipticity as a function of t for the BCP trajectories 

involved in a Ncyano…Carom interaction (CIGGII: plain black, CIGGEE_S: dashed black, CIGGEE: 

dotted black, CIGGII_Se: plain grey, CIGGOO: dotted grey, NOTECN: dashed grey). 

 
 

 

 
 

CIGGEE NOTECN 

Figure SI10. BCPs depicting the conversion of the Ncyano…arom to Ncyano…Ncyano interactions, BCP 

(pale yellow spheres) and RCP (pale grey spheres) trajectories. BCPs at t = 0.0, 1.5, 3.0, and 4.5 

bohr2 are shown in black, green, orange, and purple, respectively. The BCP position at t = 4.6 to 

4.8 bohr2 are displayed in dark blue. 

 

  



 33 

 

 
Table SI1. BCPs involved in the various types of interactions involving aromatic (arom) and cyano 

groups. The corresponding atom…atom distance value is in parentheses (Å); [ti-tf]-ts is the 

trajectory length involving the BCP (bohr2) followed by the ts value (in italic) at which a RDG 

minimum is observed (bohr2). Trajectories up to t = 5 bohr2 are noted in bold. 

 Ncyano…arom Ncyano…CH2 arom…arom Other 
S compounds 
CIGGII [0.0-2.6] (3.39) 

[0.0-2.0]-2.1 (3.43) 
 

[0.0-1.7]-1.8 (3.69) / / 

CIGGEE_S [0.0-3.0] (3.39) 
[0.0-5.0] (3.55) 
 

[0.0-3.0]-3.1 (4.75) a [0.0-1.9]-2.0 (3.76) / 

Se compounds 
CIGGEE [0.0-5.0] (3.55) 

[0.0-2.9]-3.0 (3.39) 
 

/ [0.0-1.7]-1.8 (3.76) Onitro…Onitro 

[0.0-1.6] (3.21) a 

CIGGII_Se [0.0-1.9]-2.0 (3.70) 
[0.0-1.8]-1.9 (3.39) 
 

/ / / 

CIGGOO [0.0-1.8]-1.9 (3.59) / [0.0-3.7]-3.8 (3.72) 
[0.0-2.8]-2.9 (3.77) 
[0.0-2.7]-2.8 (3.84) 
 

 
 

Te compound 
NOTECN [0.0-5.0] (3.55) 

[0.0-2.9]-3.0 (3.36) 
/ [0.0-1.7]-1.8 (3.81) / 

a immobile 

 

 In addition to the BCPs described in the main text of the paper, several other types of 

interactions are frequently observed, such as those involving Ncyano and an aromatic ring (Table 

SI1, Figure SI7). They are observed in all structures and tf does not appear to strongly depend on 

the atomic number Z. Particularly, in the isomorphous structures CIGGEE and NOTECN, each 

BCP involved in a complete trajectory merge with its inverse image at t = 5 bohr2. Each of the four 

trajectories (2 BCPs and their inverse) starts between a Ncyano and a Carom atom and then moves to 

the central position between two Ncyano atoms separated by a distance of 5.04 and 5.02 Å, 

respectively (Figure SI8). Such central positions are, in the unsmoothed EDD, seen as RCPs. In 

both crystal structures, the central BCP is surrounded by two almost perpendicular RCP 

trajectories at a minimal distance of 0.5-0.6 Å.  
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Located away from the chalcogen atoms, the BCP trajectories often end with a RDG 

minimum (Table SI1). It is especially verified for the weak aromatic…aromatic BCPs which all 

terminate before t = 5 bohr2. In CIGGOO, a significant number of Carom…Carom BCPs appear due 

to the absence of nitro groups, while the number of Ncyano…Carom BCPs is halved with respect to 

the other four structures. Indeed, there is only one BCP trajectory left (as well as its image) starting 

from Ncyano of the central molecule for CIGGOO compared to the other structures. Both BCP 

trajectories of CIGGII_Se are shorter than in the original structure CIGGII. All structures but 

CIGGOO actually involve a Ncyano…Carom distance of about 3.36 to 3.39 Å. However, as already 

discussed, CIGGOO is the only system that involves chalcogen…Ncyano BCPs. 

There is a complete Ncyano…Carom BCP trajectory only for the series CIGGEE and 

CIGGEE_S, and NOTECN (Table SI1, Figure SI9). All values of L are positive, at all t, showing 

a permanent depletion in the ED.  Two L profiles show a slight shoulder between t = 4.6 and 4.8 

bohr2. They correspond to larger position changes of the BCPs when moving with t (Figure SI10); 

they are clearly detected through maxima in the ellipticity profiles (Figure SI9). As for the 

aromatic…aromatic BCPs, a BCP trajectory which ends at tf < 5 bohr2 often meets a RCP trajectory 

at that particular value of tf and further generates a RDG minimum (Table SI1). The isomorphous 

arrangement of the series CIGGEE_S, CIGGEE, and NOTECN, favors the presence of a complete 

Ncyano…aromatic BCP trajectory (Table SI1). 

 

 

 


