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The N,N,N-trimethylammonium moiety as tetrel bond donor site: 
crystallographic and computational studies  
Andrea Daolio,a Erna K. Wieduwilt,b,c Andrea Pizzi,a* Alessandro Genoni,b* Giuseppe Resnati,a 
Giancarlo Terraneoa* 

Five structures bearing the N,N,N-trimethylammonium unit have been investigated to address the ability of the N+  ̶CH3 unit 
to function as a tetrel bond donor site. Charged and neutral electron density donors display close contacts with different 
carbon atoms of methyl groups on the ammonium moiety. The Hirshfeld atom refinement (HAR) technique was used on 
selected structures to accurately and precisely determine the hydrogen atom positions and, consequently, to get better 
insights into the N+-C···Nu (Nu= nucleophile) interactions occurring in the crystals. In particular, the performed analyses 
highlighted specific geometrical features of the moieties involved in the interactions and allowed to distinguish between 
tetrel and hydrogen bonds. 

Introduction 
Biological phenomena, materials properties, and chemical and 
biochemical reactions are deeply connected to non-covalent 
interactions.1–4 In fact, in recent years, a large number of 
detailed experimental and computational works focused on 
understating and exploiting the attracting interactions 
promoted by various elements of the periodic table.5–13  
It is known that the electron density distribution in a covalently 
bonded atom is anisotropic and that, on its surface, areas of 
lower and higher electron density can be present. Areas of 
reduced electron density are named s-holes if localized 
approximately along the axis of covalent s bond(s), while they 
are called p-holes if they appear above and below the plane of 
covalent p bond(s). The attractive interactions between these 
areas and electron density donor sites (such as neutral atoms 
with lone pairs, anions or p-systems) are correspondingly called 
s-hole14 or p-hole bondings.15  
The mapping of areas of reduced electron density and the 
analysis of the specific short contacts formed by those areas 
were instrumental in the identification of some characteristic 
features of the Halogen Bond (HaB)16, Chalcogen Bond (ChB)17, 
Pnictogen Bond (PnB)15,16 and Tetrel Bond (TtB).17  
Carbon, the least polarizable tetrel atom, can possess both s 
and p holes, and it can give rise to both s-hole and p-hole 
interactions. However, the majority of the investigations 
discussing supramolecular entities assembled via carbon 
centered TtBs involve sp2-hybidized carbon atoms and are 
discussed in term of p-holes interactions.18–20 Studies on the 
formation of adducts promoted by C(sp3)···Nu (Nu=nucleophile) 

attractive interactions are less numerous and are frequently 
limited to computational analyses21–24 and crystallographic data 
mining research. 25,26  
Among other experimental findings on C(sp3) moieties acting as 
TtB donors27, some of us have recently reported the formation 
of tetrel bonded adducts by a small library of 5,5-
dihalobarbituric acid derivatives where the C···O contact was a 
key supramolecular synthon in the stabilization of all crystal 
lattices.28 Interestingly, upon the replacement of the two 
geminal hydrogen atoms on the barbituric acid ring with F/Cl/Br 
atoms, the carbon s-holes became more effective in favoring 
the approach of an oxygen atom (namely the formation of the 
TtB) with the CF2 moiety being the best TtB donor. 
It is known that strong electron withdrawing groups σ-bonded 
to halogen/chalcogen/pnitogen/tetrel atoms increase the 
ability of the Ha/Ch/Pn/Tt donor atoms to accept electron 
density and thus to form shorter and stronger σ-hole 
interactions.29–34  
In this context and with the aim to assess the ability of electron-
withdrawing groups to promote σ-holes on a sp3-hybridized 
carbon atoms, we directed our attention to the N,N,N-
trimethylammonium moiety.  
Ammonium groups have very high Hammet substituents 
constants and show higher electron-withdrawing ability than 
fluorides, cyano or nitro groups,35 three functionalities which 
are frequently used to promote σ-holes formation. Moreover, 
ammonium residues are routinely employed as “active units” in 
biochemistry,36 organic37 and supramolecular chemistry.38  
For instance, the N,N,N,N’,N’,N’-Hexamethylhexane-1,6-
diaminium (also commonly known as hexamethonium) is a well-
known compound acting as blocking agent of the nicotinic 
receptors and it was also studied as an effective compound for 
the cholinergic control of the neocortical output neurons.39,40 
Associated studies highlighted that the interactions between 
the trimethylammonium heads and electron rich units in the 
protein receptors were key factors in the regulation of many 
functions in living systems.41  
In addition, the hexamethonium moiety has been also exploited 
in the field of crystal engineering where it was used to form 
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functional crystalline architectures able to trap specific guest 
molecules.38 
However, although largely used as an efficient supramolecular 
unit, so far a detailed investigation of the interaction profile of 
the trimethylammonium moiety (N+(CH3)3) in term of TtBs has 
never been addressed in detail.42–45 This lack of experimental 
findings could be possibly related to the fact that it is not trivial 
to distinguish between a TtB and a hydrogen bond (HB) when a 
–CH3 moiety is the electron density acceptor site.46  
In fact, on the one hand it is reasonable to imagine the 
formation of a s-hole on carbon along the extension of the N+–
CH3 bond and thus predict the formation of a TtB with a 
nucleophile, on the other hand it is not easy to reliably rule out 
the formation of HBs between methyl hydrogen(s) and the 
nucleophile due to the enhanced acidity of these hydrogen 
atoms.  
Aiming to investigate this dual behaviour of the 
trimethylammonium moiety, we decided to analyse its 
interaction profile via a combination of experimental and 
computational approaches to dissect the role of TtB and HB in 
driving the formation of supramolecular adducts.  
The N,N,N,N’,N’,N’-hexamethylhexane-1,6-diaminium was 
selected as molecular entity bearing the TtB donor moiety in 
relation to its functional relevance sketched above (Scheme 1).  
 

 

 

Scheme 1. Structural formulas of the investigated hexamethonium derivatives.  

 
Initial single-crystal X-ray diffraction experiments displayed 
close and generally linear contacts between one (or more) C 
atom of the methyl(s) and halide anions or neutral electron rich 
molecules, highlighting the possible presence of a TtB. Since a 
tetrel bonded sp3 carbon forms a pseudo-hypervalent state that 
roughly mimics the transition state of a nucleophilic 
substitution reaction and adopts a “flattened” conformation of 
the tetrahedral arrangement of the hydrogen atoms,47,48 we 
decided to accurately determine the positions of the hydrogen 
atoms using Hirshfeld atom refinement (HAR).49–53 HAR analysis 
is an emerging technique of quantum crystallography54–56 that, 
using only X-ray diffraction data, enables to locate the position 
of hydrogen atoms with the same precision and accuracy that is 
usually attained through neutron diffraction measurements.51  
The crystal structures obtained through HAR were afterwards 
analysed from the geometrical point of view and were used to 
perform quantum topological analyses to better characterize 
the interaction profile between the CH3 units and the 
nucleophiles.57–60 

Experimental methods 
Materials.  

All starting materials and reagents were purchased from 
commercial suppliers (Sigma Aldrich, TCI) and used without 
further purification.  
 
Experimental Conditions.  

Crystals 1-5 were obtained by slow evaporation in a clear 
borosilicate vial of solutions containing 0.1 mmol of 1,6 
trimethylammonium hexane dibromide (1-4) and 1,6 
trimethylammonium hexane diiodide (5). The structure of 
crystal 161 was obtained by slow evaporation of a CH2Cl2 
solution, crystals of 262 were obtained from an H2O solution, of 
3 from a CH3OH solution, of 4 and 5 from an acetonitrile 
solution. In all performed experiments, small needle-like 
crystals suitable for X-Ray diffraction were collected at the 
bottom of the vial. The single crystal data of all the structures 
displayed in this work were collected at Bruker SMART APEX II 
CCD area detector diffractometer at low temperature (see ESI). 
Data collection, unit cell refinement and data reduction were 
performed using Bruker SAINT. 
 
Independent Atom Model Refinements.  

The structures were solved by direct methods using SHELXT63 
and refined by full-matrix least-squares on F2 with anisotropic 
displacement parameters for the non-H atoms using SHELXL-
2016/6. Absorption correction was performed on the basis of a 
multi-scan procedure using SADABS. Structural analysis was 
aided by use of the program PLATON.64 The hydrogen atoms 
were calculated in ideal positions with isotropic displacement 
parameters set to 1.2xUeq of the attached atom. 
 
Hirshfeld atom refinements.  

For crystals 1, 2 and 5, for which quality and resolution of the 
collected X-ray data are sufficiently high, Hirshfeld Atom 
Refinements were carried out exploiting the software Tonto65. 
All the HARs started from crystal structures resulting from 
preliminary independent atom model (IAM) refinements 
performed through SHELXL (see above). The ab initio electron 
densities used in the Hirshfeld atom refinements were 
calculated at Density Functional Theory (DFT) level with hybrid 
functional B3LYP and basis-set DGDZVP.66 In crystals 1 and 2, 
only half of hexamethonium is included in the asymmetric unit. 
Therefore, exploiting the existing inversion centre, the molecule 
was grown and the whole hexamethonium was considered in 
the computations underlying the HARs. In crystal 2, the above-
mentioned inversion centre also connects two solvent water 
molecules, which were also consequently included in the DFT 
calculations. For crystal 5, the whole hexamethonium forms the 
asymmetric unit and only one solvent acetonitrile molecule, 
namely the one closest to hexamethonium, was included in the 
DFT computations. In addition to solvent molecules (where they 
were present), also the surrounding nucleophiles (Nu) were 
necessarily taken into account in the ab initio calculations 
underlying the performed HARs. For this reason, for all crystal 
structures refined through HAR (i.e., 1, 2, and 5) two halide ions 
were also explicitly considered in the computations. Finally, in 
order to account for the effects of the crystal environment, the 

N
N

X-

X-

Solv 1:  X- = Br-
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5:  X- = I-B   Solv: CH3CN
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central systems selected for the ab initio calculations (i.e., 
whole hexamethonium, solvent molecule(s) (when present) and 
halide anions), were embedded in clusters of atomic charges 
and dipoles placed on all the atoms of the surrounding moieties 
having at least one atom within a radius of 8 Å from the central 
system. For the sake of completeness, it is also worth pointing 
out that all HARs were performed against the structure factor 
amplitudes F using an F > 3σ(F) cutoff. Furthermore, for the 
Hirshfeld atom refinement of crystal 2, it was necessary to fix 
the positions and the ADPs of the hydrogen atoms in the water 
molecules to the values obtained from the preliminary IAM 
refinement performed with SHELXL. 
 
Computational details.  
For each crystal structure obtained from the Hirshfeld atom 
refinements, we considered the electron densities resulting 
from DFT calculations at B3LYP/DGDZVP level performed with 
the quantum chemistry package Gaussian09.61 These electron 
distributions were used to carry out Quantum Theory of Atoms 
In Molecules (QTAIM)67 and Non-Covalent Interaction53-56 (NCI) 
analyses with the final goal of detecting or not the presence of 
tetrel bond interactions in the refined structures. The QTAIM 
analyses were performed using the software AIMAll,68 while the 
NCI computations were carried out exploiting the program 
NCIPLOT-3.058 and adopting the default options.  

Results and Discussion 
1. Crystal structures description  

The hexamethonium structures and the contacts between 
carbon atoms and nucleophiles in structures 1-5 are given in 
Figure 1. A more detailed description is given below with a table 
encompassing the geometrical features of the analysed 
contacts (Table 1).	
	
N,N,N,N',N',N'-Hexamethylhexane-1,6-diaminium dibromide 
(1)61 crystallizes in P21/c space group where the 
hexamethonium chain adopts a linear conformation. The crystal 
packing of 1 appears, along the crystallographic b-axis, as a 
layered structure where hexamethonium units and bromide 
anions alternate. The cations and the anions layers interact 
thanks to several HBs occurring between the bromide anions 
and the hydrogen atoms of the N+–CH3 or N+–CH2– moieties. 
Two carbon atoms belonging to different methyl groups display 
linear N-C···Br contacts with different bromide anions. These 
interactions can be considered as weak TtBs despite being very 
close the sum of the respective van der Waals and anionic radii 
(as indicated by the normalized contact (Nc)§ reported in Figure 
1).  
 

  

Figure 1. Ball and stick representation (Mercury) of structures of hexamethonium 
derivatives 1-5. Close C∙∙∙Nu contacts are represented with black dotted lines. N–
C∙∙∙Nu angles (°) and Nc values of C∙∙∙Nu separations (IAM refinements) are given 
near the dotted lines. Colour code: whitish hydrogen, grey carbon, light blue 
nitrogen, red oxygen, brown bromine, purple iodine. 

 

The geometrical parameters are the following: the first contact 
involves C5 and Br1 with C···Br distance of 3.7006(16) Å (Nc 
1.01) and N–C···Br angle of 177.91(10)°, while the second 
contact involves C4 and Br2 (the bromide anion labelled as Br2 
is the symmetry generated of Br1(x,0.5-y,0.5+z) ) with C···Br distance 
of 3.5925(16) Å (Nc 0.98) and N–C···Br angle of 166.63(10)°. 
Both contacts have Nc value close to 1, but, notably, the 
directionality of the angles between donor and acceptor unit 
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agree with the distinctive feature of the s-hole bonding 
interactions. 
When crystallized from water, N,N,N,N',N',N'-
hexamethylhexane-1,6-diaminium dibromide crystallizes in 
P21/c space group as the solvate 2.62 In this crystal the hexyl 
chain adopts a slightly distorted all-trans conformation and the 
bromide anion establishes a close contact with the C atom of 
one N+–CH3 unit. Specifically, the C4···Br distance is 3.4922(14) 
Å (Nc 0.96) and the N–C4···Br angle is 175.69(8)°, namely the 
geometric features of the interaction are those typical for a TtB. 
In addition, the bromide anion also forms many HBs with H 
atoms belonging to water molecules and to CH3 and CH2 groups 
of adjacent hexamethonium units. Waved and alternating 
layers of hexamethonium cations and bromide anions plus 
water molecules are present in the crystal packing as apparent 
when viewing the crystal along the a-axis.  
When crystallized from methanol, N,N,N,N',N',N'-
hexamethylhexane-1,6-diaminium dibromide crystalizes in 
P21/n space group as the solvate 3. Hexyl chains in this crystal 
show the presence of two gauche arrangements, different from 
all other hexamethonium derivatives discussed in this paper 
wherein chains are in an all-trans conformation. Similar to 2, in 
3 the bromide anion Br1 forms several hydrogen bonds with –
CH3 and –CH2– moieties of the cation and a short contact with a 
C atom of the methyl group of the ammonium head (the 
C7···Br1 distance is 3.534(8) Å (Nc 0.97), the N1–C7···Br1 angle 
is 173.2(4)°). Similarly, the anion Br2 engages in multiple HBs 
with the methanol molecule and two different hexamethonium 
units and forms a N–C···Br contact at the van der Waals distance 
which can be rationalized as a TtB (the C12···Br2 distance is 
3.659(7) Å (Nc 1.00) and the N2–C12···Br2 angle is 164.8(4)°). 
Also, the methanol molecule forms several HBs and notably its 
oxygen atom displays a short N–CH3···O contact which can be 
rationalized as a TtB (the C9···O1 distance is 3.215(9) Å (Nc 
0.99), the N1–C9···O1 angle is 168.9(5)° (Figure 1).  
When crystallized from acetonitrile, N,N,N,N',N',N'-
hexamethylhexane-1,6-diaminium dibromide crystallizes in 
P21/c space group as solvate 4. In this structure, the 
hexamethonium units adopt a linear conformation. The 
interaction pattern of bromide anions recalls those observed in 
the previous crystal structures. Both bromide anions show 
multiple HBs with the CH3 and CH2 moieties of hexamethonium 
units and with the CH3 of the acetonitrile. One of these bromide 
anions (Br2) also forms a short contact with the carbon atom of 
one ammonium methyl (the C8···Br2 distance is 3.596(5) Å (Nc 
0.98) and the N1–C8···Br2 angle is 166.5(3)°). Notably, in this 
crystal the acetonitrile molecule displays a very linear contact 
with the carbon atom of one ammonium methyl and the 
geometrical parameters are typical for a TtB (the C9···N3 
distance is 3.065(5) Å (Nc 0.94) and the N1–C9···N3 angle is 
179.9(3)°). 
When crystallized from acetonitrile. N,N,N,N',N',N'-
hexamethylhexane-1,6-diaminium diiodide crystallizes in P21/n 
space group. Similar to 4, the compound crystallizes as the 
solvate 5 and the acetonitrile molecule is engaged in a short and 
linear contact with the carbon atom of an ammonium methyl 
(the C8···N3 distance is 3.016(6) Å (Nc: 0.93) and the N2–C8···N3 

angle is 173.9(2)°). The two iodide anions form multiple HBs 
with hydrogen atoms of hexamethonium units and they both 
give contacts with ammonium methyl groups having Nc values 
close to 1 (the C11···I2 and C7···I1 distances are both 3.816(4) Å 
(Nc 0.99), while the N1–C11···I2 and N2–C7···I1 angles are 
169.3(2)° and 167.6(2)°, respectively).  
Overall, all five crystal structures display close contacts between 
carbon atoms of ammonium methyl groups and electron 
density donor moieties (both neutral and anionic, Table 1). 
These contacts could be described as attractive C∙∙∙nucleophile 
contacts, namely TtBs, but could also be considered short 
C∙∙∙nucleophile contacts resulting from attractive 
H∙∙∙nucleophile contacts, namely HBs, involving the positively 
charged methyl hydrogen atoms. The crystallographic analyses 
described above can hardly discriminate between the two 
possibilities. Therefore, Hirshfeld atom refinements were 
performed on selected structures to determine with higher 
accuracy and precision the positions of the hydrogen atoms 
and, consequently, to acquire a better understanding of the 
actual binding site(s) of the ammonium methyl groups 
responsible for the short contacts with nucleophiles. In fact, 
various studies correlated the W–C∙∙∙Nu vs. C–H∙∙∙Nu angles 
(with W as the electron withdrawing group responsible for 
carbon and hydrogen electrophilicity) with the TtB vs. HB origin 
of the methyl-nucleophile short contact(s).39,42  
 

Table 1. Geometrical features of C∙∙∙Nu close contacts in structures 1-5 from IAM 
refinement and HAR refinement [in parenthesis].  

Structure Nu C∙∙∙Nu distance (Å) N+ ̶ C···Nu angle (°) 

1 

Br1[‘] 
 

3.7006(16)  
[3.7056(13)] 

177.91(10)  
[177.99(8)] 

Br2[‘] 
 

3.5925(16)  
[3.5924(16)] 

166.63(10)  
[166.77(9)] 

2 Br[‘] 
3.4922(14)  

[3.4934(14)] 
175.69(8)  

[175.56(8)] 

3 
Br1 3.534(8) 173.2(4) 
Br2 3.659(7) 164.8(4) 
O1 3.215(9) 168.9(5) 

4 
N3 3.065(5) 179.9(3) 
Br2 3.596(5) 166.5(3) 

5 

N3[‘] 
3.016(6)  

[3.023(6)] 
173.9(2) 

[174.0(3)] 

I1[‘] 
3.816(4)  

[3.826(4)] 
167.6(2) 

[167.5(2)] 

I2[‘] 
3.816(4)  

[3.811(4)] 
169.3(2)  

[169.7(3)] 
 

2. Hirshfeld Atom Refinement 
 
As already mentioned above, when the resolution and the 
quality of the experimental X-ray diffraction data were 
sufficiently high, additional Hirshfeld atom refinements were 
performed, with the final goal of establishing more accurately 
and precisely the positions of hydrogen atoms. This is 
particularly important for a reliable identification of the TtBs 
involving the N+–CH3 moiety. In fact, the accurate 
determination of the hydrogen atom positions in the methyl 
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groups would in principle allow to establish with a higher 
confidence if the electron density donor atoms attractively 
interact with the methyl carbon atom rather than with the 
methyl hydrogen atoms.  
As expected, the HARs provide geometrical features that are 
slightly different from those resulting from the traditional IAM 
refinements described above (Table 1). 
The two C···Br interactions in crystal 1 seem to be more linear 
after HAR refinement than after IAM refinement. HAR uses the 
same atom numbering of IAM and an apex is added (e.g., Br1 in 
IAM is encoded Br1’ in HAR); the N1’–C5’···Br1’ angle is 
177.99(8)° and the N1’–C4’···Br2’ is 166.77(9)° (the values of the 
respective angles after IAM refinement were 177.91(10)° and 
166.63(10)°).  The new refinement seems to have an impact also 
on C···Br distances, but the change is of lower entity (Table 1). 
On the contrary, HAR determines positions of methyl hydrogen 
atoms, which are significantly different from those previously 
obtained through IAM refinements. In general, C–H bonds 
become longer in all the structures treated with HAR. 
Specifically, in 1, the geometrical features of the hydrogen 
atoms of the two tetrel bonded methyl groups reflect a 
different interaction profile with the bromide anion. When the 
electron density donor site is Br1’, the three H···Br1’ distances 
are 3.498(17) Å (Ha), 3.546(17) Å (Hb), and 3.559(17) Å (Hc) 
(Table 2). The values of N’+ ̶ C’ ̶ H angles for all the three 
hydrogen atoms are slightly lower than the IAM values (mean 
angle 107.7° vs. 109.5°), thus HAR indicates a flattening of the 
methyl hydrogen atoms compared to the ideal angle assumed 
in the IAM. In addition, the values of the C’–H···Br1’ angles for 
this methyl group are similar and close to 90° (Table 2). These 
geometrical parameters of the H atoms on the TtB donor site 
C5’ suggest the absence of HBs and, consequently, the 
rationalization of the interaction as a TtB.  
The second methyl group, where the TtB donor site is C4’, 
presents a different geometrical arrangement of the H atoms. 
The three H···Br2’ distances are not similar to each other 
(3.199(16) Å for Hd, 3.456(17) Å for He and 3.621(18) Å for Hf; 
see again Table 2). This is particularly evident for the one that 
involves atom Hd, which is significantly closer to the bromide 
anion than the others. Although the N’+ ̶ C’ ̶ H angles for this 
methyl group do not necessarily show large deviation from 
those obtained for the C5’···Br1’ interaction, it is worth pointing 
out that angle N+ ̶ C4’ ̶ Hd is slightly wider than the other two.  
Finally, if the C4’ ̶ H···Br2’angles are analysed, it is possible to 
notice how the C4’-Hd···Br2’ angle is much closer to “linearity” 
(102.5(9)°) than the other two cases (88.8(9)° and 80.3(10)° 
respectively, Table 2). This spatial orientation of the H atoms is 
quite different from the one observed for the C5’···Br1’ 
interaction and may suggest an attractive contribution of 
hydrogen atom Hd in promoting the interaction between C4’ 
and the electron density donor site Br2’.  
For comparison, it is interesting to analyse the third methyl 
group that does not show any close contact between a bromide 
anion and the carbon atom, but a very clear hydrogen bond with 
another adjacent halide anion (for the sake of this discussion 
here indicated as Br3’). In this case, the distance of Br3’ from 
the carbon is 3.7281(16) Å and the N+ ̶ C6’···Br3’ angle is 

129.54(9)°, strongly consistent with an HB between one of the 
hydrogen atoms (Hg) and the bromide anion. It is clear that the 
geometrical values of this case are much more similar to the 
interaction involving Br2’ than to the one involving Br1’. In fact, 
the C6’ ̶ Hg···Br3’angle is much closer to 180° than the others 
(interaction motives are depicted in Figure 2).  
From the HAR analysis it is then possible to conclude that the 
C5’···Br1’ contact could be considered as a TtB interaction while 
the C4’···Br2’ contact is more likely a HB contact between Hd and 
Br2’ with a possible contribution of TtB interaction. 
 

 

Figure 2. Different interactions in the HAR refined crystal structure 1. The 
interactions are depicted with the nucleophile approaching the carbon atom. The 
associated Br···H  ̶C angles are reported at the bottom of the figure. 

 

Concerning crystal 2, it is clear that the interaction between the 
bromide anion and the C atom of the methyl group should be 
described as a TtB. In the analysed HAR structure the C4’···Br’ 
separation distance is 3.4934(14) Å (Nc value lower than 1) and 
N+ ̶ C4’···Br’ angle is very linear (175.56(8)°). Additionally, the 
better refinement of the hydrogen positions reveals that the 
positions of those atoms are consistent with the geometrical 
features already highlighted in the discussion of the HAR 
structure 1. In fact, in structure 2, the distances between Br’ and 
the hydrogen atoms are 3.253(15) Å (Ha), 3.268(15) Å (Hb), 
3.384(13) Å (Hc) and the C4’ ̶ H···Br’ angles are 93.9(9)°, 
94.0(10)° and 86.8(7)°, respectively, which mirror the values 
observed in the C5’···Br1’ TtB interaction in 1. 

Br1’

Br2’Br3’Br3’

93.0(10)° 102.5(9)° 150.1(13)°
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Finally, crystal 5 presents multiple TtB interactions, all of them 
described in Table 2. First, we discuss the interaction taking 
place between a carbon atom (C8’) of hexamethonium and the 
nitrogen atom of an acetonitrile solvent molecule. All the 
geometrical features of the C8’···N3’ interaction are consistent 
with a TtB contact where the electron density donor site (N3’) 
approaches the C atom on the trajectory of an N+ ̶ C bond with 
a C8’···N3’ distance lower than the sum of the van der Waals 
radii (3.023(6) Å) and an N+ ̶ C8’···N3’ angle close to 180° 
(174.0(3)°). This structural motif is similar to the TtB contacts 
described in the other structures. In fact, the C’ ̶ H···N’ angles 
are close to 90° showing a “flat” disposition of the methyl 
hydrogens. The close contact between anion I2’ and carbon 
atom C11’ on the methyl group seems to unequivocally be a TtB. 
In this case, the N+ ̶ C ̶ H angles are remarkably smaller than 
those observed for the other methyl groups, and, more 
importantly, much closer to planarity than the others (Table 2). 
Instead, the other iodide anion (I1’) is in a situation similar to 
the one seen in structure 1 for site Br2’, where a strong 
contribution of an HB is detected. In fact, the C7’ ̶ Hd···I1’angle 
of 105.0(3)° is consistent with an HB between I1’ and Hd 
 

Table 2. Geometrical features of the hydrogen atoms in the HAR-refined structures 

Structure Nu C-H 
H···Nu 

distance (Å) 
N+ ̶ C ̶ H 
angle (°)  

C ̶ H···Nu 
angle (°) 

1 

Br1’ 
C5’ ̶ Ha 3.498(17) 107.5(9) 93.0(10) 
C5’ ̶ Hb 3.546(17) 107.9(9) 90.4(10) 
C5’ ̶ Hc 3.559(17) 107.2(9) 89.8(10) 

Br2’ 
C4’ ̶ Hd 3.199(16) 108.1(9) 102.5(9) 
C4’ ̶ He 3.456(17) 106.4(9) 88.8(9) 
C4’ ̶ Hf 3.621(18) 107.8(10) 80.3(10) 

Br3’ 
C6’ ̶ Hg 2.781(17) 109.8(9) 150.1(13) 
C6’ ̶ Hh 3.919(17) 106.3(9) 71.9(8) 
C6’ ̶ Hi 4.174(16) 106.1(9) 57.5(8) 

2 Br’ 
C4’ ̶ Ha 3.253(15) 108.7(8) 93.9(9) 
C4’ ̶ Hb 3.268(15) 110.1(9) 94.0(10) 
C4’ ̶ Hc 3.384(13) 109.1(7) 86.8(7) 

5 

N3’ 
C8’ ̶ Ha 2.76(3) 108.7(18) 92.0(19) 
C8’ ̶ Hb 2.87(4) 109.1(18) 87.1(19) 
C8’ ̶ Hc 2.98(4) 107.1(2) 82.3(2) 

I1’ 
C7’ ̶ Hd 3.40(5) 109.8(3) 105.0(3) 
C7’ ̶ He 3.65(4) 107.3(2) 89.8(3) 
C7’ ̶ Hf 3.89(4) 106.4(2) 78.5(2) 

I2’ 
C11’ ̶ Hg 3.46(5) 106.7(2) 98.0(3) 
C11’ ̶ Hh 3.73(5) 103.3(3) 86.9(3) 
C11’ ̶ Hi 3.83(4) 106.1(2) 81.1(2) 

 
3. Topological analyses.  

 
To get further insights into the nature of the above-mentioned 
contacts and to better describe the tetrel bond interactions, NCI 
and QTAIM analyses were carried out exploiting the 
B3LYP/DGDZVP electron densities associated with the 
experimental structures. In these analyses, we considered only 

the obtained HAR structures since for them we have reliable 
positions of the hydrogen atoms. 
The nature of the hexamethonium/nucleophile contacts was 
initially investigated by means of non-covalent interaction (NCI) 
analyses. The obtained reduced density gradient isosurfaces 
resulting from the NCI computations are reported in Figure 3.  
In compound 1, Br1’ establishes an interaction with the closest 
methyl carbon atom. This is clearly supported by the HAR 
refinement of the structures. Also in crystal 2, the reduced 
density gradient isosurfaces indicate the presence of direct 
C4’···Br’ tetrel bond interaction, mirroring and confirming again 
the results of the Hirshfeld atom refinements. Finally, for crystal 
5, always in agreement with the previous structural 
observations, the NCI surfaces indicate the presence of a non-
covalent interaction between acetonitrile and hexamethonium 
as well as presence of iodine/hexamethonium contacts. 
However, in this case, the NCI analysis does not allow to 
accurately discriminate if the latter are mainly due to iodine-
carbon interactions (namely TtB) or to iodine/hydrogen 
interactions. Therefore, to answer these questions and to get 
more insights into the nature of the observed interactions, we 
decided to resort to a QTAIM analysis, whose results are 
presented and discussed in the next paragraphs for all the 
analysed crystal structures.  
 

 

Figure 3. Reduced density gradient isosurfaces (s=0.5 a.u.) obtained from the NCI 
analyses performed on the HAR structures of (a) crystal 1, (b) crystal 2 and (c) 
crystal 5. The NCI analyses are based on electron densities resulting from DFT 
calculations at B3LYP/DGDZVP level.   

 
 
In Table 3 we present the results of the topological analysis. In 
addition, for each detected bond critical point (bcp), we also 
reported the corresponding topological properties (Table 3). For 
both crystals 1 and 2, it is possible to observe the presence of a 
bond path and one bond critical point between the bromine 
atom (Br1’) and the respective carbon atom of the methyl 
group, as predicted by the analysis of the HAR structure. 
Therefore, as already expected from the geometrical and NCI 
analyses, the topological properties of the electron density 
confirm the presence of a TtB interaction between Br’ and C5’ 
(crystal 1) as well as between Br’ and C4’ (crystal 2). 

Br’

Br’

I1’

I2’N3’

Br1’

Br2’

1’
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Table 3. Bond critical points and associated topological properties corresponding to tetrel and hydrogen bonds for the B3LYP/DGDZVP electron densities computed on the crystal 
structures resulting from Hirshfeld atom refinements. 

Structure Atoms 
ρbcp 

(ebohr-3) 
∇2ρbcp 

(ebohr-5) 

Gbcp 
(hartree 
bohr-3) 

Vbcp 
(hartree 
bohr-3) 

|Vbcp|/Gbcp BD DI 

1 Br1’···C5’ 0.006 0.015 0.0031 -0.0024 0.78 0.12 0.06 

2 Br’···C4’ 0.008 0.023 0.0049 -0.0040 0.81 0.12 0.08 

5 
I1’···Hd 0.007 0.018 0.0036 -0.0028 0.77 0.12 0.05 

I2’···C11’ 0.007 0.016 0.0034 -0.0026 0.78 0.11 0.07 

 N3’···C8’ 0.008 0.035 0.0069 -0.0051 0.74 0.21 0.04 

Finally, for crystal 5, a bond path between iodine atom I1’ and 
methyl hydrogen Hd, and another one between iodine atom I2’ 
and the closest methyl carbon C11’. These results highlight how 
the contact involving I2’ is a TtB while the one involving I1’ is a 
HB. In addition, in 5, the analysis also reveals the presence of a 
bond critical point between the nitrogen atom of the 
acetonitrile solvent molecule and methyl carbon C8’ of one of 
the hexamethonium heads, which is consistent with the 
structural observations discussed above and the classification of 
the contact as TtB. 
Further analysing the results of QTAIM (Table 3), for the 
detected C···Nu bond critical points (bcps), we can notice that 
all values of the electron density at the bcps (ρbcp) are quite 
small. However, we can also see that the interactions C4’···Br’ 
and C11’···I2’ in crystals 2 and 5 are characterized by ρbcp values 
that are slightly greater than the ρbcp value obtained for the 
C5’···Br1’ contact in crystal 1. These values suggest that the TtB 
contacts C4’···Br’ and C11’···I2’ in crystals 2 and 5, respectively, 
are slightly stronger than the one detected in crystal 1.  
Furthermore, we can observe that all the Laplacian values at the 
bond critical points (∇2ρbcp) are positive, which allows us to 
classify the analysed interactions as closed-shell.67 Moreover, 
the ratio between the absolute value of the potential energy 
density at the bond critical point (Vbcp) and the kinetic energy 
density at the bond critical point (Gbcp) (namely |Vbcp|/Gbcp ) is 
always lower than 1. For this reason, following the classification 
proposed by Espinosa69, all the detected (non-covalent) 
interactions can be also further identified as pure closed-shell 
interactions and therefore the bond degree (BD) parameter can 
be used as strength-index of the interactions (the stronger the 
interaction, the lower the BD value). Unlike the ρbcp values, the 
BD descriptor indicates that the three considered contacts are 
basically equivalent, with the C11’···I2’ interaction in structure 
5 (BD=0.11) only slightly stronger than C5’···Br1’ and C4’···Br’ in 
structures 1 and 2, respectively (BD=0.12). However, it is worth 
noting that the trends observed for ρbcp are also confirmed by a 
third topological descriptor, namely the delocalization index 
(DI), which is a measure of the electrons shared between two 
atomic basins and generally correlates with bond order. In this 
case, the DI value associated with interaction C4’···Br’ in 2 
(DI=0.08) is greater than the one corresponding to contact 
C11’···I2’ in 5 (DI=0.07), which is in turn greater than the DI value 

for the interaction C5’···Br1’ in 1 (DI=0.06).  Finally, concerning 
the interaction between the acetonitrile solvent molecule and 
hexamethonium in structure 5 (last line of Table 3), we 
observed that, although the ρbcp value of the associated bond 
critical point is comparable to the ones for C4’···Br’ and C11’···I2’ 
bcps in crystals 2 and 5, respectively, the other two topological 
descriptors (BD and DI) indicate that this interaction is weaker 
than those involving halide anions. 
The above described QTAIM analysis provided results of 
topological properties completely in line with those reported in 
previous investigations on tetrel bond interactions 23,70–72and, 
above all, it allowed us to properly classify the contacts between 
electron density donors with different nature (neutral and 
charged) and carbon atoms on methyl groups of the 
hexamethonium dication. Specifically, some of the analysed 
interactions were tetrel bonds while others, classified as 
potential TtBs on the basis of the traditional crystal structure 
analysis, turned out to be probably more similar to HB 
interactions. Therefore, the proposed approach is a valuable 
protocol that can be used to distinguish situations where 
multiple electron density acceptor sites (namely C and H atoms) 
are in proximity with electron density donor units. 
 

Conclusions 
In the present paper, five crystal structures bearing the N,N,N-
trimethylammonium unit have been investigated analysing the 
geometrical and topological features of the N+  ̶ C···Nu 
(Nu=Nucleophile) interaction with the aim to address the ability 
of the C atom belonging to the N+  ̶ CH3 unit to form s-hole 
interactions with different nucleophiles. 
The identification of the N+  ̶ C···Nu contacts has been initially 
performed on structures refined through the standard IAM 
approach. This analysis revealed that nucleophiles formed short 
contacts with the C atom of the N+  ̶ CH3 units; some contacts 
showed geometrical parameters consistent with tetrel bonds, 
(TtBs) while some others exhibited geometrical features which 
rather suggested the possible presence of hydrogen bonds 
(HBs). 
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To better characterize the interactions taking place in the 
structures and to clearly distinguish between a TtB or HB, a 
series of refinement and computational tools were used. First, 
when possible, the structures were refined using HAR allowing 
a more reliable description of the hydrogen atom positions. 
These refined models have shown how a more realistic 
positioning of the H atoms on the N+  ̶CH3 units allowed a better 
description of the angles and thus a clearer distinction between 
TtB and HB. In fact, in the TtB interactions, the classical 
tetrahedral geometry of the H atoms on the N+  ̶CH3 unit evolved 
towards a pseudo-trigonal bipyramid geometry with C ̶ H···Nu 
angle values closer to 90°. Differently, when the interactions 
were HBs, one of the C ̶ H···Nu angles showed a value higher 
than 100°, thus highlighting the contribution of H atom in the 
formation of the contact. This result is in agreement with 
previous findings on TtB interactions32,73 and clearly supports 
the importance to locate the position of the hydrogen atoms on 
a TtB donor site unit showing how the geometrical features of 
the C  ̶H···Nu angles can be used to distinguish between tetrel 
and hydrogen bonds. 
In addition, the HAR structures were also used to further 
characterize the TtB interactions using the QTAIM and NCI 
computational tools. Especially the QTAIM analysis helped to 
distinguish TtBs from HBs. Furthermore, the analysis of the 
topological properties allowed us to estimate the strength of 
the TtB interactions, revealing trends consistent with the 
definition of s-hole interactions.  
Finally, here we have shown that N+  ̶CH3 units can function as 
tetrel bond donor site both with charged and neutral electron 
density donor units. The Hirshfeld atom refinement technique 
is fundamental to determine the hydrogen atoms position 
accurately and precisely, and, consequently, to get more 
insights into the nature of the N+  ̶C···Nu interactions.  
Overall, this work confirms the key role of TtB in stabilizing the 
supramolecular assembling of molecules bearing “TtB active” 
units and further highlights the implication that this non 
covalent interaction could have in different research fields such 
as organic chemistry72 or biomolecules.74  
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