
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


 

 

1 

Anatomy of Intramolecular Atomic Interactions 

in Halogen-Substituted Trinitromethanes 

 

Ekaterina V. Bartashevich1*, Ángel Martín Pendás2 and Vladimir G. Tsirelson3 

1
Department of Chemistry, South Ural State University (National Research University), 454080 

Chelyabinsk, Russia, Phone: +7(351) 267-95-64, kbartash@yandex.ru 
2
Departamento de Química Física y Análtica, Facultad de Química, Universidad de Oviedo, 

33006 Oviedo, Spain 
3
D.I. Mendeleev University of Chemical Technology, 125047 Moscow, Russia 

 

 

Abstract 

The intramolecular interactions in substituted trinitromethanes, XC(NO2)3 (X = F, Cl, I, H) are 

studied and clarified by using a combination of the Quantum Theory of Atoms in Molecules (QTAIM), 

the Non-Covalent Interaction analysis and the Interacting Quantum Atoms (IQA) methods. The 

stretching vibration modes are formed by the concerted displacements of atoms involved in the 

covalent bonds showing the significant multiatomic influence in substituted trinitromethanes. In 

agreement with that, the arrangement of the local reduced density gradient minima indicates that the 

electron density favors the non-covalent intramolecular interactions X···O and N···O. However, the 

corresponding QTAIM bond paths are not formed; instead, such contacts, which we call uncompleted 

links in this context, are accompanied by "quasi-bonding channels" corresponding to λ2(r) ≤ 0 regions 

on the sign[λ2(r)]ρ(r) contour maps. The intramolecular IQA energy contributions signal the 

appreciable electron exchange between the pairs of atoms associated with potential atomic interactions 

or the bond-path-free non-covalent links. The IQA analysis shows that the electrostatic term 

destabilizes FC(NO2)3 and distinctly stabilizes IC(NO2)3, it is close to neutral in ClC(NO2)3. The 

exchange energy between the X atom and the NO2 groups, on the contrary, stabilizes all the molecules.  

 

Keywords: halogenated trinitromethane compounds, non-covalent interactions, Interacting 

Quantum Atoms, NCI analysis, electron delocalization indices. 

 

 

Introduction 

Halogenated trinitromethane compounds (HTC) which are known as explosives and propellants 

are also of interest from the fundamental viewpoint1-3. Indeed, the specific structural organization of 

these compounds with an electronegative halogen and three nitro groups linked by a common carbon 

atom4-6 leads to non-trivial mutual atomic influence. Unfortunately, the current interpretation of non-

covalent intramolecular interactions in these systems may not seem satisfactory now. For example, the 

very short C−Cl covalent bond of 1.694(1) Å in chlorotrinitromethane crystal is explained as a result 
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of intramolecular electrostatic interactions between oppositely charged chlorine and oxygen atoms7. 

This explanation is based on the molecular electrostatic potential features and, therefore, is unable to 

span all the features of the atomic interactions. Therefore, it is of great interest to consider the nature of 

atomic interactions in HTC from the charge-density perspective. In the present study we focus on this 

point by using the Quantum Theory of Atoms in Molecules (QTAIM)8, the Interacting Quantum Atom 

(IQA) method9-12 and the NCI approach based on Reduced Density Gradient (RDG) analysis13-15.   

QTAIM8 defines the boundaries of atoms in complex systems as the closed surfaces each 

containing only one nucleus; the flux of the gradient of electron density through these surfaces is zero.  

The bonding between atoms is associated with lines of maximal electron density, which link certain 

pairs of atomic basins, the bond paths. This association is based on observations16,17, therefore the 

treatment of the bond paths as a necessary and sufficient sign of the attractive interatomic bonding, 

which accumulates influences of all the atoms in a system and finds their expression as the bridges of 

the electron density between specific atomic pairs17, is in the focus of many studies18-31. They look at 

this problem from different viewpoints; however, the charge-density community is still far from the 

consensus in this question. For example, in an early application of the QTAIM to HCT, Cioslowski et 

al.
32,33 have already found three pairs of the bond paths and corresponding bond critical points (BCP) 

between oxygen atoms of the adjacent nitro groups34 in C(NO2)3
−. They have noted35,36, that the 

presence of bond paths delineate major interactions, which, however, do not have to be bonding. 

Indeed, they are not accompanied by any interaction energy value.  

The IQA method9,10 yields another approach to this problem. It provides an exact 

decomposition of the total molecular energy, E, into intra-atomic, Eself(A), and interatomic, Eint(A, B), 

components, which are computed by integration over one or two atomic basins, respectively, it is valid 

for both stationary and non-equilibrium geometries. In IQA, E = ∑AEself(A) + ∑A<BEint(A, B), A, B 

label the atomic basins. Eself(A) stands for the atomic self-energy, since it contains the kinetic energy 

of the electrons within the A atom, together with their electron-nucleus attraction to the A nucleus and 

their mutual electron-electron repulsion. If an atom is isolated, its self-energy is its total energy. 

Similarly, Eint(A, B) contains all the energetic terms related to the pair of basins A, B: inter-basin 

nuclear repulsion, electron-nucleus attraction and electron-electron repulsion.  

The usefulness of IQA is due to clear-cut separation of energetic scales: although total 

molecular energies are measured in thousands of kcal/mol, Eint(A, B) is much smaller and easy to 

interpret chemically. To that end, it is useful to gather all the classical electrostatic terms contained in 

Eint(A, B) (nuclear repulsion, electron-nucleus attraction, and the Coulomb part of the electron-electron 

repulsion) into the classical energy, Vclas(A, B). This is the exact electrostatic interaction between the 

electrons and nuclei contained in atomic basins A and B. The remaining terms in Eint(A, B) are purely 

quantum-mechanical in nature, depending only on the non-classical (exchange and correlation, Vxc(A, 
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B)) part of the electron-electron interaction. Summarily, Eint(A, B) = Vclas(A, B) + Vxc(A, B). It has 

been shown10-12 that Vclas(A, B) measures the ionic-like component of a given interaction, while Vxc(A, 

B) is linked to the electron-sharing or covalent-like energy contribution. Correspondingly, it may be 

used to locate the atomic pairs, which contribute to stabilization or destabilization of a system under 

consideration.  

The atomic basins in IQA cannot be chosen unambiguously; however there are arguments that 

their determination according to the QTAIM is the most attractive10,12. Since the union of any set of 

QTAIM basins is also a zero-flux bounded region, the IQA analysis may be performed not only at the 

atomic level, but also at the functional group one. We will do that when we consider a nitro group in 

the following.  

The NCI approach13 is based on the analysis of the Reduced Density Gradient (RDG) 

distribution in intra- and intermolecular space. According to Ref.13, low RDG regions are correlated to 

relevant interactions, either attractive (if sign[λ2(r)] <0), or repulsive, if sign[λ2(r)] >0. We note that 

any QTAIM critical point provides a null RDG, while the low RDG regions can be there where the 

critical points do not appear. Then the RDG analysis becomes a useful complementary tool for 

recognizing the uncompleted links as we will discuss below. 

In the case of bond paths, their corresponding RDG region characterizes the presence of certain 

intermolecular interactions in both the calculated and experimentally electron densities13-15, 37-39. 

However, in the vicinity of ring and cage critical points, the treatment of low RDG regions is much 

vaguer. Moreover, the analysis of the electron density in perhalogenated ethanes X3C–CY3 (X, Y = F, 

Cl)40 has revealed intramolecular RDG minima in the absence of any critical points in intramolecular 

regions of sterically hindered molecules. 

It is worth noting that the nature of structure-forming non-covalent interactions between highly 

electronegative atoms located close to each other has always attracted much attention. The O···O bond 

paths in the dinitramide anions41 and crystalline dinitrogen tetroxide42 as well as the F···F ones in LiF43  

perfluorodiethyl ether44, difluorinated aromatic compounds45 and in orthorhombic chlorine trifluoride46  

have been determined. At the same time, association of the bond path between atoms which carry the 

same sign charge with a certain type of bonding − attractive or repulsive − does still remain a 

controversial issue. 

The intramolecular X···O interactions (X = F, Cl, Br, and I) in a set of derivatives of 3-

halopropenal with five-membered quasi-ring structures were investigated in 26,47. Later the nature of 

the Cl···O contact in 3-chloropropenal was studied by using a dimer model27. The BCP parameters for 

these interactions allowed concluding that they had closed-shell nature as indicated by low values of 

electron density (0.008 − 0.013 a.u.) and positive values of both its Laplacian and the total electronic 

energy density. The authors26 have concluded that all these X···O interactions are nonbonding and 
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destabilizing despite the bond path presence: that follows from the positive values of interaction 

energies obtained by several different methods. In the "open-closed method"31,48 the energies of 

different conformers having exactly the same values of geometrical parameters as in the closed ZZ 

conformer are compared. The isodesmic reactions49 method has also been used to that end. It has been 

shown26,27  that the X···O interactions are characterized by negative values of MEP50-52 both for 

halogen and oxygen, thus indicating electrostatic destabilization of a system. 

The IQA energy partition for the same set of halogenated propenal derivatives with O···X 

intramolecular contacts (X = O, S, Hal) was discussed in 28. As it turned out, the bond paths were not 

detected for all possible O···Hal interactions. It was concluded28 that interatomic interaction energies 

did not serve as a universal tool for predicting the existence of bond paths between atoms. Another 

question concerns the nature of O···Hal intramolecular contacts: are the interactions between two 

electronegative atoms O···Hal stabilizing or destabilizing, and what factors define the nature of these 

interactions? The authors28,29 have noted that the exchange energy is not predominant for the reported 

observations and that electrostatics usually establishes the sign of the total interaction energy between 

O and X. Nevertheless, the exchange energy could be used to predict the bond paths much better than 

the interaction energy. 

The specificity of atomic interactions in HTC consists of the possible intramolecular indirect 

contacts between a connivent halogen atom and the X-facing oxygens of nitro groups in the absence of 

corresponding bond paths. As we will show below, the electron density in these areas tends to form the 

density "channels" along the interatomic vectors: they exhibit negative density curvatures λ1(r) < 0 and 

λ2(r) < 0 that are however not accompanied by a bond path. Such bond-path-free features can be 

considered as a signature of uncompleted links with low (but non-zero) RDG and negative λ2(r) 

values, and their characterization deserves a special attention. In this study we have examined these 

features of the electron density in the HTC molecules by combining QTAIM, RDG and IQA methods. 

We apply the QTAIM to locate the critical points and bond paths in electron density and to determine 

the atomic basins in HTC molecules. The RDG analysis has been applied to identify the possible non-

covalent interactions. The quantitative evaluation of interatomic energy contributions has been done 

with the IQA approach; we used these contributions to establish their stabilizing or destabilizing 

influence on bonding between halogen and oxygen or nitrogen and oxygen of the neighboring nitro 

groups. It allowed us to get a deeper insight into the features of mentioned atomic interactions. 

 

Theoretical Methods 

The sample set of molecules FC(NO2)3 (1), ClC(NO2)3 (2), IC(NO2)3 (3), HC(NO2)3 (4), 

ClC(CN)3 (5) has been used for analysis of intra-atomic non-covalent interactions. The computations 

of the wave functions have been carried out by the Kohn-Sham method53 in the CPBE96/6-311G(d,p) 
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approximation54,55 by applying the software package Firefly, version 8.0.056. The functional CPBE96 

includes 100% Hartree-Fock exchange and PBE correlation, and it leads to the shortening of C–Cl 

bond in the isolated molecule (1.677 Å). 

Geometry optimizations have been carried out and the minimum-energy character of the 

equilibrium structures of all molecules has been confirmed by calculating their harmonic vibrational 

normal modes. CUBE-files for MEP and RDG functions have been prepared using the program 

Multiwfn 3.2.157. The same program package has been used to construct the 2D contour maps of 

sign[λ2(r)]ρ(r),  the colored RDG(r) maps, and the RDG(r) – sign[λ2(r)]ρ(r) diagrams for intra-

molecular contacts. The 3D diagrams for RDG-indicated features have been obtained with the 

MoleCoolQt and MolIso programs58,59.  

The obtained wave functions have been used in further analysis of electron density. In 

particular, the electron density values ρ(rb) and Laplacian of electron density ∇
2
ρ(rb) at the bond 

critical points rb, of covalent bonds C–X and non-covalent contacts O···X, N···O (X = F, Cl, I, H) 

have been calculated. Electron Delocalization Indices δ(A, B)60,61 – the average number of electrons 

shared between the considered atoms A and  B – have also been calculated. The QTAIM net atomic 

charges Q(A), have been obtained as differences between the nuclear charge of atom ZA and integral 

electron population of corresponding atomic zero-flux basin.  All the abovementioned descriptors have 

been calculated by АIMALL (version 13.10.19) software62 and collected in the Table 1. 

IQA analyses have also been performed with PROMOLDEN. Two words of caution should be 

said about the use of IQA-based partitioning in DFT calculations. When we use Kohn-Sham (KS) 

pseudo-wave functions, no true second-order density matrix is used; therefore, no well-defined 

electron-electron repulsion might be reached. IQA-DFT quantities, however, have been used 

successfully many times28,63. Also, at the single-determinant level, exchange-correlation energies are 

actually exchange-only contributions, Vx(A, B).  

 

Discussion 

NCI analysis in the halogen-substituted trinitromethanes 

The NCI approach based on the Reduced Density Gradient function reveals two types of low-

valued spatial regions in the studied halogen-substituted trinitromethanes, described by C3v symmetry, 

XC(NO2)3 – see Fig.1. First, three well-localized minima in RDG-indicated regions between the 

halogen atoms and each of three O atoms of nitro group are detected (contact X···O). Second, three 

minima in RDG-indicated regions between the N and O atoms for each pair of neighboring nitro 

groups are observed (contact N···O). Each RDG surface of 0.6 a.u. encompasses relatively high ρ(r) ≤ 

0.03 a.u. electron density values for non-covalent interactions. The function sign[λ2(r)]ρ(r)13 mapped 

onto the mentioned RDG-surface demonstrates that a significant part of each of the six surfaces, 
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inward-facing the molecule, lies in area of the positive values of λ2(r) > 0 (shown in red). The rest part 

on the periphery of RDG-surfaces lies in the range of negative values of λ2(r) < 0 (shown in blue). 

Green regions on the periphery of the RGD-surfaces with values λ2(r) ≈ 0, correspond  to very low 

values of the electron density ρ(r) ≤ 0.006 a.u. Note that, in contrast to halogenated molecules, only 

three RDG minima between atoms of N and O are observed in the trinitromethane. 

 

Fig.1. The RDG(r) isovalue in HalC(NO2)3 molecules and the mapped sign[λ2(r)]ρ(r) function  

 

Let us now compare the RDG features in the ClC(NO2)3, HC(NO2)3 and ClC(CN)3 with 

bonding information obtained by the other tools. In Figures 2–4, the molecular structures, the 2D 

sign[λ2(r)]ρ(r) contour maps,  the colored RDG(r) maps and the RDG(r)–sign[λ2(r)]ρ(r) diagrams, as 

well as the superposition of these functions in significant planes, are presented. In this series the 

molecular symmetry is held, the Cl atom is replaced by an H atom, and the NO2 group is replaced by a 

CN group. The RDG(r)–sign[λ2(r)]ρ(r) diagram for the ClC(NO2)3 (Fig. 2) shows the presence of two 

relatively wide spikes in the left part. They correspond to the two mentioned types of minima in RDG-

indicated regions between Cl and O atoms and between O and N atoms belonging to neighboring nitro 

groups. In contrast, only one spike is detected in trinitromethane (Fig. 3); it corresponds to a decrease 

in the RDG between the nitro groups. And, finally, in ClC(CN)3 (Fig. 4), where there is no steric 

hindrance created by the three nitro groups, and four electronegative substituents are present in 

halogenated trinitromethanes, there are no spikes on the RDG(r) – sign[λ2(r)]ρ(r) diagram associated 

with a decrease in the RDG. 

The RDG(r) – sign[λ2(r)]ρ(r) plots together with sign[λ2(r)] colored density isolines show the 

RDG contact regions in the Cl-C-O and N-C-N planes in Fig. 2–4, where three interatomic boundaries 

corresponding to the condition of zero-flux of gradient of electron density8 can also be seen. In the 

case shown in Fig. 2a, the interatomic boundaries of Cl and O atoms are coming extremely close; 

especially at the interatomic vector Cl···O, where they almost touch each other. However, the common 

boundary for Cl and O atomic basins is absent (Fig. 5) because the C and N atomic basins wedge 

between Cl and O atoms. Therefore, from the strict standpoint of the QTAIM theory, immediate pair-
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wise atomic interactions Cl···O do not exist. Areas where four atomic basins meet each other are 

clearly revealed by the RDG function. The NCI-indicated region is placed between O and Cl atoms 

and the RDG function monotonically decreases in the orthogonal direction from the center to the 

periphery of the molecule. A similar situation takes place between O and N atoms belonging to 

neighboring nitro groups (Fig. 2b and 3): the O···N bond paths for atoms of neighboring nitro groups 

are not observed and four atomic basins form the local minima in NCI-indicated regions on the 

interatomic vector N···O in N-C-N-O fragment.  

 

 

a          b 

Fig.2. Cl-C-O (а) and N-C-N (b) planes in ClC(NO2)3.  

The contact regions are colored according to the RDG, to be read on the right scale. The contour lines 

of function sign[λ2(r)]ρ(r) are colored: blue lines correspond to λ2(r) > 0, while pink lines show λ2(r) 

< 0. Note that all the covalent bonds fall into the range of λ2(r) < 0. At the middle of Cl···O (A, left) 

and N···O (B, right) contacts, pink color regions with λ2(r) < 0 values are clearly seen. 

 

Fig.3. N-C-N plane in HC(NO2)3.  
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The RDG contact area between the N···O atoms is seen on the colored map. The contact regions are 

colored according to the RDG, to be read on the scale. There is no RDG minimum on the colored map 

between the H and O atoms, therefore only one spike is present on the RDG(r)–sign[λ2(r)]ρ(r) 

diagram. The electron density is 0.019 a.u. at the RDG=0.25 minimum. 

 

 

Fig.4. N-C-Сl plane in ClC(CN).  

The contact regions are coloured according to the RDG, to be read on the scale. There are no 

significant RDG minima and corresponding spikes on the RDG(r)–sign[λ2(r)]ρ(r) diagram for this 

intramolecular electron density organisation. 

 

Let us consider the features of local regions defined by the sign of λ2(r). The region with λ2(r) ≤ 0 

(shown by the pink-dotted lines in Fig. 2–4) always encloses the bond paths in the three-dimensional 

molecular space. Similar, the interatomic vectors Cl···O and N···O, despite the absence of 

corresponding bond paths, are enclosed by the volumes of negative values λ2(r), each of such regions 

forms "channels" of electron density. Note that in the ClC(CN)3 molecule (Fig. 4) the minimum of 

RDG between the Cl and N atoms is not observed and the "channels" in electron density and the 

regions with λ2(r) ≤ 0 in the intramolecular space are absent. The interatomic surfaces in the N···O and 

Cl···O regions are extremely close and almost touch each other, but there is no direct contact between 

N and O  or Сl and O. 
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a)                                                    b) 

Fig. 5. СlC(NO2)3: the interatomic surfaces in the a) N···O and b) Cl···O regions  

 

According to the NCI viewpoint, the minima in the RDG-indicated regions around the 

corresponding interatomic vectors can be associated, in principle, with the presence of non-covalent 

interactions between the atoms or atomic groups in these regions. The existence of channels with λ2(r) 

≤ 0 between Cl···O and N···O atoms also supports the presence of corresponding atomic contacts, 

which are not accompanied by the formation of bond paths, however. As such channels are always 

observed for covalent bonds, we can speculate about their attractive nature. Further, the λ2(r) function 

changes its sign close to the Cl···O and N···O vectors; that adds to the idea that interactions in the 

studied structural fragment are not described as the sum of the pair-wise atom-atom interactions only: 

the electron-density curvature in this fragment is formed by contributions of several atoms and directly 

affects the nature of the atomic interactions in the abovementioned intramolecular regions. It looks as 

if the RDG approach would indicate a variety of areas which are or can be associated with potential 

atomic interactions (uncompleted links), pair-wise or multiple (many-atomic) contacts, while the bond 

paths of QTAIM identifies the immediate pair-wise atomic interactions among them. 

 

Atom-atom interaction properties: IQA energies and delocalization indices 

The calculated IR stretching vibration frequency of C–Cl bond (B3PW91/6-31G(d,р)) in 

methyl chloride (743.9 cm-1) and сhlorоtrinitromethane (1041.8 cm-1; d(C–Cl) = 1.713 Å)7 showed that 

trinitromethyl group caused a significant frequency increasing (300 cm-1), the so-called  blue shift. 

This fact signaled about C–Cl bond length shortening in the gas phase. Calculation for the 

сhlorоtrinitromethane dimer with halogen bond O⋅⋅⋅Cl showed that dimerization had almost no 

influence on the frequency and Cl–C bond length7.  

Our computation has shown that C–Cl mode in СlC(NO2)3 with frequency of 1020.3 cm-1 (an 

intensity is 1.06 km/mol) corresponds to complex vibration: extension of the C–Cl bond is 

accompanied by a decrease of the C–N bond distance. Also, the N=O bonds of all nitro groups also 

take part in the formation of this vibration. Restoring the displacement of atoms along vibration modes 
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on the same scale shows that the shortening of the C–N stretching vibration amplitude is about 80% of 

the elongation of C–Cl bond. The next vibration containing a large contribution of C–Cl bond has a 

frequency of 1263.4 cm-1 (with an intensity of 2.30 km/mol). Contribution of C–N bond to this mode is 

about 50% according to the ratio of amplitudes. It can be noted that there are two constituent vibrations 

– 798.9 cm-1 and 510.9 cm-1 – involving the C–Cl bond stretching. However, they show very low 

intensities: 0.25 and 0.02 km/mol, correspondingly. Vibrations for the light F atom more favorably 

admix with the vibrations of nitro groups. In general, the complex stretching vibrations, when the 

simultaneous displacements of atoms involved to the bonds C–X, C–N and N=O, are observed, it 

indicates the large multiatomic nature of these interactions in halogenated trinitromethanes.  

According to the early experimental investigations of reactivity and chemical properties of 

halotrinitroalkanes64, the strength of C–X interaction increases as С–I < C–Br < C–Cl < C–F. Redox 

process at the dropping mercury electrode for these compounds also gives a similar series: the bond 

strength C–X grows from I to Cl because of reduced positive half-wave potential values E1/2
64 from 

iodine to chlorine. In general, the C–X bonds in substituted trinitromethanes are essentially less strong 

than bonds in haloalkanes. It is assumed that after dissociation of the C–X bond, the halogen leaves a 

molecule with notable deficiency of electrons that likely has a positive charge. This hypothesis is 

confirmed by the oxidative power of the eliminated halogen: it oxidizes hydrazine into molecular 

nitrogen64. In halotrinitromethanes, calculated delocalization indices60,61 for C–X bonds (Table 1) are 

inversely correlated to the experimentally observed strength of these bonds. The bond C–F has the 

lowest delocalization index δ(C–F) = 0.67; the highest delocalization index is δ(C–Cl) = 1.1, and δ(C–

I) = 1.04 is just slightly lower. Note that the delocalization indices for C–N bonds vary significantly 

from 0.58 to 0.76, while for N···O contact δ = 0.050 ± 0.004 remains nearly constant. The inverse 

relationship between δ and the bond strength can be explained by the fact that δ reflects the electron 

delocalization, which arises from the covalent fraction of bonding60. However, in practice it is often 

the heterolytic (ionic) mechanism for the C–X bond dissociation which is observed in such systems64. 

On the other hand, it is interesting to observe how the delocalization indices, being characteristic of 

atom-atom interactions, allow interpreting the nature of the intramolecular interactions Cl···O and 

N···O involving significant influence of other distant atoms. 

 

Table 1. Electron density, ρ(rb), and Laplacian of electron density, ∇2
ρ(rb) at the bond critical 

points together with electron delocalization indices, δ(A, В), and IQA energy contributions (kcal/mol) 
for atomic contacts in substituted trinitromethanes  

 

Molecule 
Bond/ 

Contact 
ρ(rb), a.u 

∇
2
ρ(rb), 
a.u 

δ(A, В) 
 

Vclas Vx Eint 

HC(NO2)3 
C – H 0.306 -1.231 0.832 84.7 -164.8 -80.1 
C – N 0.286 -0.978 0.739 33.3 -154.1 -120.7 
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H···O – – 0.014 -15.5 -1.4 -16.9 
H···O' – – 0.009 -11.7 -0.5 -12.2 
H···N – – 0.031 11.9 -3.5 8.4 
O···N – – 0.046 -32.2 -5.8 -37.9 

 
FC(NO2)3 

C – F 0.321 0.691 0.668 -477.4 -141.7 -619.1 

C – N 0.298 -1.060 0.697 127.9 -151.3 -23.4 
F···O – – 0.054 46.1 -6.3 39.8 

F···O' – – 0.015 34.0 -0.9 33.2 
F···N – – 0.098 -49.7 -12.5 -62.2 
O···N – – 0.046 -36.7 -6.0 -42.7 

 
ClC(NO2)3 

C – Cl* 
0.247 
0.246 

-0.533 
-0.521 

1.103 
1.105 

45.8 
45.4 

-198.4 
-198.7 

-152.5 
-153.3 

C – N 
0.287 
0.286 

-0.968 
-0.957 

0.742 
0.742 

82.9 
84.3 

-157.5 
-157.3 

-74.5 
-72.9 

Cl···O – – 
0.073 
0.073 

-0.7 
-0.02 

-7.7 
-7.7 

-8.4 
-7.7 

Cl···O' – – 
0.019 
0.019 

-2.1 
-1.4 

-0.9 
-0.9 

-3.0 
-2.3 

Cl···N – – 
0.078 
0.076 

0.6 
0.8 

-7.4 
-7.4 

-6.8 
-6.5 

O···N – – 
0.051 
0.051 

-39.5 
-39.9 

-6.9 
-6.8 

-46.4 
-46.7 

IC(NO2)3 

C – I 0.131 0.137 1.037 31.0 -149.9 -119.0 
C – N 0.284 -0.958 0.761 45.7 -154.4 -113.7 
I···O – – 0.078 -30.8 -7.5 -38.3 

I···O' – – 0.019 -23.3 -0.8 -24.1 
I···N – – 0.060 31.8 -4.8 27.0 

O···N – – 0.052 -38.3 -7.0 -45.4 

ClC(CN)3 
C – Cl 0.213 -0.396 1.051 19.3 -178.8 -159.5 
Cl···C – – 0.087 -3.9 -8.4 -12.4 

Cl···N – – 0.045 7.0 -2.5 4.6 
*For ClC(NO2)3 molecule different calculation data are offered: CPBE96/6-311G(d,p) in the first line, 
CPBE96/6-311+G(d,p) in the second line  

 

The delocalization indexes which are built on Kohn-Sham orbitals must be taken cautiously 

since they do not include the electron correlation effect65. IQA66 energy decomposition analysis allows 

better ascertaining the nature of the intramolecular interactions in the XC(NO2)3  (X = F, Cl, I, H) 

molecules. Classical (Coulomb), exchange, and total energy components for most of the relevant 

interactions are shown in Table 1. The first interesting point regards the C–X interaction.  Its covalent 

or exchange energy component, Vx, roughly follows the values of δ/RC-X, as already noticed67, 

evolving from –141 kcal/mol in the FC(NO2)3  to –198, –150, and –165 kcal/mol in the rest of the 

series, respectively. This allows for an easy rationalization of the covalent contributions to C–X bonds. 
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The electrostatic or ionic energy component, Vclas, is purely classical in nature, and it is usually 

dominated by the monopolar terms, QCQX/RC-X, together with generally smaller dipolar energies. This 

simple fact also explains the sequence that we have found, which in the above order, is –477.4, +45.8, 

+31.0, and +84.7 kcal/mol. Notice that the energy of the C–F interaction has a considerably larger Vclas 

than Vx component, and that the rather large increase of Vclas when we pass from X = I to X = H is 

related to the drop in the C–X bond distance. Adding the Vclas and Vx terms together, the C–X 

interaction energies turn out to be –619.1, –152.5, –119.0, and –80.1 kcal/mol.  

If we restrict ourselves to the halogen-substituted compounds, these facts allow us to 

understand the origin of the failure of δ in these systems, the value which has been successfully used to 

measure bond strengths: the electrostatic contribution to bonding cannot be neglected in very polar 

interactions. Bonding is usually dominated by the Vx terms, since the different Vclas contributions tend 

to cancel out: if there is an appreciable electron transfer from atom A to atom B, for instance, the 

electrostatic stabilization achieved through the dominant QAQB/R term will be balanced by the (large) 

destabilization in Eself(A), which may be estimated as a product of QA and IP(A), where IP(A) is the 

ionization potential of A. However in cases such as the ones that we are examining, the large 

electrostatic terms alter the conclusions drawn from δ or Vx, and their consideration is essential to 

understand the bond strength. 

It is also interesting to analyze the C–N interaction. Given its relatively constant distance, the 

δ(C–N) value correlates well with the covalent C–N energy contribution Vx (C, N), which is  –151,   

–158, –159, and –154 kcal/mol for the X = F, Cl, I, H series. The electrostatic contribution is always 

destabilizing, due to the relatively high positive charges of C and N in all cases, and according to the 

previous arguments, it markedly decreases on passing from fluorine to iodine to hydrogen. In the end, 

the C–N interaction energy evolves along the following sequence; –23.4, –74.5, –113.8, –120.7 

kcal/mol.  

Let us now turn to consideration of the relevant halogen indirect contacts X⋅⋅⋅O, where O is the 

X-facing oxygen of a NO2 group. It is found that the electrostatic energy contribution depends on the 

sign of the X atomic charge. It changes from +40 kcal/mol when X = F to –38 kcal/mol when X = I. 

More interesting is the change in energy of its corresponding (through-space) electron-sharing 

(covalent, exchange) terms Vx(X···O): –6.3, –7.7, –7.5, –1.4 kcal/mol along the series. Also 

remarkable are the Vx(X···N) values: –12.5, –7.4, –4.8, –3.5 kcal/mol, respectively. The Vx(X···O') 

terms, where O' is the X-opposing oxygen of the nitro groups, are considerably smaller. Notice how 

the trinitromethane molecule has very small X···H exchange. This is clearly compatible with the 

absence of an RDG spike in the HC(NO2)3 RDG plot commented above. Adding together the X···N 

and X⋅⋅⋅O exchange interactions, and taking into account that there are three equivalent nitro groups, 

we get, for instance, that the energy Vx stabilizes the XC(NO2)3  molecules by about 59, 48, 39, and 16 
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kcal/mol along the X = F, Cl, I, H series. For the halogens these are values that cannot be considered 

negligible in respect to the Vx(C, X)  or  Eint(C, X) energies. This is an important actor in the 

explanation of the short C–X distances found in the halogen-substituted trinitromethanes.  

The IQA energy for O···N contacts has led us to two important observations about the ranking 

of stabilizing interactions in substituted trinitromethanes. First, O⋅⋅⋅N interactions are stabilized due to 

electrostatic component Vclas (see Table 1). The stabilization effect through the three nitro groups per 

ClC(NO2)3 molecule is –139.2 kcal/mol. It is comparable with energy of the covalent C–Cl bond: –

152.5 kcal/mol. The same stabilization energy exceeds the energy of the C–I covalent bond in 

IC(NO2)3 by 17.2 kcal/mol, and the energy of the C–H covalent bond in HC(NO2)3 molecule by 33.6 

kcal/mol. Second, it has become clear how the variation of the X atom (X = F, Cl, I, H) leads to a 

change in priority among the pair-atomic contributions to the stabilization of the whole system. In the 

IC(NO2)3 molecule, the stabilizing contributions through the nitro groups, I···O interactions and 

covalent bond C–I are equally distributed. Contributions of the C–N covalent bonds are large in all 

these molecules. In HC(NO2)3, the stabilization through the three nitro groups exceeds that through the 

covalent bond C–H. In the ClC(NO2)3 molecule, the covalent bond C–Cl dominates in the stabilization 

of the whole system. This fact is also in good agreement with the "abnormally" short C–Cl bond 

distance in chlorotrinitromethane7. 

The comparison of Vx(X···N) and Vx(X···O) is also interesting. It favors the X⋅⋅⋅N contribution 

in FC(NO2)3 (–12.5 and –6.3 kcal/mol, correspondingly), and shifts progressively towards favoring the 

X⋅⋅⋅O contact as the halogen grows in size (–4.8 and  –7.5 kcal/mol in IC(NO2)3). Notice that there is 

no accordance in the identification of the possible X···N, X···O and N···O interactions by Vx and NCI. 

NCI -indicated regions are present between X and O atoms and between O and N atoms being far from 

the X···N vector. At the same time, values Vx(Cl···O) = –7.4 and Vx(Cl···N)= –7.7 kcal/mol are very 

close to each other in ClC(NO2)3.   

IQA methodology represents that the estimation of the exchange Vx(A, B) and electrostatic 

Vclas(A, B) components of interacting atoms energies is suitable for predicting the bond path 

existence28,29 between the atoms. Comparing the interaction between electronegative atoms O···Сl in 

the series of substituted propenal, the authors28,29 noticed that the electrostatically destabilizing 

interactions (Vclas > 0) could not be compensated by a contribution of the exchange energy Vx. In 

work28 the numerical criterion α = Vx/Vclas (−1 < α < 0 for positive Vclas values) has been suggested. 

Our α values support this observation: α  = −0.13 for F···O and α  = −0.43 for  Cl···O interactions. 

Similarly, the Ref.28,29 appointed that the value β = Vx
primary/ Vx

secondary seemed an appealing 

numerical criterion: the "primary" interactions were accompanied with the bond path while the 

"secondary" ones were not. We have checked this statement for the systems with multiple interactions 

O···X, N···X (X = H, F, Cl, I). In substituted trinitromethane molecules, the bond paths are absent in 
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all cases of non-covalent interactions O···X, N···X. We have verified that despite the relatively close 

exchange energy contributions, the interactions F···O and I···O essentially differ in the electrostatic 

stabilization. It is interesting that the electrostatic components Vclas of O···X, N···X interactions tend 

to compensate each other in all molecules examined here. Note that in the molecule FC(NO2)3 the 

electrostatic stabilization (Vclas < 0) is entered by the interaction between halogen and nitrogen atoms, 

as compared with the molecule IC(NO2)3, where the stabilization appears between halogen and 

oxygen. This fact is clearly illustrated in Fig. 6. The values Vx and Vclas of O···Cl and N···Cl 

interactions are very small, but they are mutually compensated in the СlC(NO2)3 molecule. Thus, 

generally speaking, it is impossible to give priority in stabilizing mission to N···X or O···X 

interactions in substituted halotrinitromethanes. A halogen atom directly defines which interaction 

(with N or with O) will be electrostatically stabilizing in XC(NO2)3 molecules.  

 

Fig. 6. Exchange and electrostatic IQA energy contributions (kcal/mol) for atomic interactions in 

substituted trinitromethanes and ClC(CN)3 molecule 

 

The numerical ratios Vx(О···X)/Vx(N···X) decrease in our molecule series from I to H (I > Cl 

>F > H) as 1.7, 1.0, 0.5, 0.4. The ratio Vx(О···Cl)/Vx(N···Cl) is lower than β-criterion from Ref28 (β = 

1.35 for O···Cl interaction). This condition is completely consistent with our observations: between 

chlorine and oxygen in the СlC(NO2)3  molecule the bond path should not exist.  

We also like to show in the quantitative manner that electrostatics alone, as stated in Ref7, 

cannot be responsible for shortening the X–C bond distance. The Vclas values provided by IQA 

measure exactly the classical electrostatic interaction among all the electrons and nuclei contained in 

two different regions of the space, for example, in the X and C atomic basins. They thus include full 

volumetric density reorganizations that accompany the formation of a bond of or an interaction, and 
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not only those that can be visually grasped from examining the value of the MEP in more or less 

arbitrarily chosen around-molecule electron-density surfaces. We conclude that the sign of electrostatic 

interactions cannot (and should not) be obtained from the surface-mapped MEP values.   

This is particularly clear in the examples considered in this study: the Vclas energy series 

examined in the previous paragraph shows that X···O electrostatic interactions evolve in the opposite 

direction expected from surface mapping.  The Vclas would destabilize the FC(NO2)3  compound, 

would be neutral in the ClC(NO2)3 molecule, and would heavily stabilize the IC(NO2)3 and  HC(NO2)3 

systems. If the complete nitro group is taken into account instead, the situation stays the same: the Vclas 

(X···NO2) values are +30.0, –2.3, –22.3, and –15.3 kcal/mol along the series. Actually, Vclas(X···NO2) 

is almost fully determined by the Vclas(X···O') values: +34.0, –2.1, –23.3, and –11.7 kcal/mol, where 

O' is the more distant oxygen atom from Х in a nitro group. This means that the electrostatic 

interaction between the X atom and the N and O atoms almost cancel each other.  It is not Vclas, but Vx 

that correlates with the C–X bond length shortening that is found for X = halogen (and absent when X 

= H). More indications pointing towards this view are easily found. For instance, the O (X facing 

oxygen) net charge is rather insensitive to the system, but shows a very smooth variation, –0.497,  

–0.509, –0.519, –0.524 e. It is known67 that electronic charge flows to maximize stabilization by 

electrostatic terms in similar molecules, so if electrostatics is behind the short X–C distances in these 

systems, the negative charge on O atom should decrease in the above sequence. In fact, the numbers 

above show that the electrons in the O atom avoid the region facing towards negatively charged 

species like the F atom, as much as possible, and flow towards positively charged ones, like the H 

atom. 

 

Conclusion 

Combined QTAIM and NCI analysis of electron density has led us to the following picture of 

the atomic interactions in substituted trinitromethanes, XC(NO2)3 (X = F, Cl, I, H). The NCI approach 

exhibits six regions in each molecule (three in the HC(NO2)3), which, in principle, favors the formation 

of intramolecular interactions X···O (X = F, Cl, I) between a halogen and the nearest X-facing oxygen 

atom as well as between the three nitro groups along the N···O line. However, corresponding bond 

paths in electron density are not found. The comprehensive anatomy of electron density features in 

substituted trinitromethanes is revealed by different tools compatible among each other, and has led us 

to define the uncompleted bond-path free non-covalent intramolecular interactions X···O (X = F, Cl, I) 

and N···O in multicenter structural fragments. The last assertion is in conformity with harmonic IR 

frequency analysis that has shown that the stretching vibration modes are formed by the concerted 

displacements of atoms involved in the covalent bonds. At that, the neighboring carbon and nitrogen 

atomic basins penetrate into the interatomic space as extremely thin layers preventing possible direct 
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N···O and X···O contacts. For such contacts, we observe low RDG quasi-bonding channels embracing 

the electron density values with λ1(r)<0 and λ2(r)<0 that extended in a space between oxygen, nitrogen 

and halogen, rather than bond paths. These channels correspond to λ2(r) < 0 regions on the two-

dimensional sign[λ2(r)]ρ(r) contour maps.  

The IQA method, which allows estimating the diatomic contributions to the total molecular 

energy irrespective of presence/absence of corresponding bond paths, enabled us to compute the 

corresponding energy values for both covalent bonds (C–X, C–N) and non-covalent contacts (X···O, 

N···O) in our set of halogenated molecules. The energy of corresponding through-space exchange 

terms Vx(X···O) has the lowest negative value for X = Cl and the highest value for X = H. For the 

latter case it becomes clear that the absence of an RDG spike is a result of very low H···O exchange in 

the HC(NO2)3. In this sense IQA has also shown to be compatible with the basic RDG results.  

Considering the multiple bond-path-free non-covalent contacts as interactions of a halogen 

with three equivalent nitro-groups, we have found that the corresponding exchange energy Vx 

stabilizes the F-, Cl-, and I-trinitromethanes by 59, 48, and 39 kcal/mol, respectively. These data 

explain the short C–Cl bond length of 1.694(1) Å found in chlorotrinitromethane7. IQA calculations 

show that the classical electrostatic interaction among all the electrons and nuclei contained in the 

space between halogen and entire nitro group would destabilize the FC(NO2)3  compound, would be 

neutral in the ClC(NO2)3 molecule, and would heavily stabilize the IC(NO2)3 system. Thus, the 

combinations of different approaches has enabled us to reach a deeper insight into the nature of 

complicated and even uncompleted links where the application of the standard QTAIM does not find 

fully developed bond critical points. 
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