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A B S T R A C T   

This work reports the theoretical study carried out with the M06-2x functional and the aug-cc-pVTZ basis set of 
four ammonium and two phosphonium salts, Me3NH+Cl–, Me3NH+Br–, Me4N+Cl–, Me4N+Br–, Me4P+Cl– and 
Me4P+Br–. The structure of the monomeric and dimeric complexes (between 1 and 5 conformations each) has 
been analyzed in what concern geometries, energies and NH+ stretching frequencies. The ammonium geometries 
were successfully compared with the X-ray structures found in the CSD.   

1. Introduction 

The structure of tertiary and quaternary ammonium salts has been 
the object of many studies starting from old times since these com-
pounds are archetypical organic equivalent to inorganic salts of the 
sodium chloride class [1,2]. The main structural difference between 
these classes is that only tertiary salts are able to form hydrogen bonds 
(HBs) [3]. Quaternary salts are much more important than tertiary ones 
in biology (acetylcholine) and in applications (detergents, surfactants, 
antimicrobial, disinfectants). 

Tertiary salts of general formula R3NH+X– (R groups can be identical 
or different) have been the subjects of many structural and spectroscopic 
studies. They include conductance studies of R3NH⋅picrates and the ef-
fect of the addition of amines mediated by HBs [4,5]. Electrical dipo-
le–dipole interactions and ion pairs were studied by IR and dynamic 1H 
NMR (DNMR) [6–8]. A combination of IR and 1H NMR was used in the 
case of tributylammonium salts [9]. NH and ND distances of trimethy-
lammonium chloride were obtained by dipolar 15N solid state NMR [10]. 
The use of IR predissociation (IRPD) spectroscopy allows one to record 
the IR spectra using a mass spectrometer of the isolated Me3NH+ cation 
without the counterion but with several neutral proton acceptors. For 
instance, the Me3NH+⋅⋅⋅X dimer with X  = argon shows a νN–H+ peak at 
3278 cm− 1 [11]. 

Due to its importance, the bibliography concerning quaternary salts 

is very large: their interaction with nitriles has been studied [12,13]; X- 
ray crystallography including polymorphism [14] and solvates with 
nitriles [13]; their use as chiral catalysts [15] and within receptors 
(acetylcholine) [16]. Amongst the theoretical studies, the complexes of 
quaternary ammonium cations (tetramethyl, trimethylethyl, choline 
and acetylcholine) with OH–, F– and Cl– were studied at the B3LYP and 
MP2 levels: stable structures correspond to ones where the anion is 
bonded to the three H atoms directed away from the cationic head on 
each of three methyl groups [17]. A more recent paper reported the 
structural and dynamic properties of tetraalkyl-ammonium bromide 
aqueous solutions [18]. Finally, there is one paper in 2020 on the 
fluorination of 2-bromobenzonitrile by means of tetramethylammonium 
fluoride (Me4N+F–) [19]. In this paper Me4N+F– was calculated at the 
6–31+G(d) using the X3LYP functional of Goddard [20]; monomer, 
dimer and tetramer of Me4N+F– were calculated. 

2. Computational methods 

The geometry of the systems has been optimized with the M06-2x 
functional and the aug-cc-pVTZ basis set. Frequency calculations have 
been carried out to confirm that the systems obtained correspond to 
energetic minima. For the infrared spectra, the harmonic frequencies 
have been scaled by a factor of 0.9679 [21]. These calculations have 
been carried out with the Gaussian-16 program [22] 
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The electron density of the systems has been analyzed within the 
Quantum Theory of Atoms in Molecules (QTAIM) methodology [23,24] 
and the interactive quantum atoms (IQA) partition method [25] has 
been used to analyze the interatomic energies with the AIMAll program 
[26]. 

3. Results and discussion 

We will consider only the cases of chlorides and bromides, by far the 
most studied. The iodides need relativistic corrections [27,28] and the 
fluorides, like Me4P+F–, exists in a pentavalent form, according to Kor-
nath [29]. All the optimized geometries are reported in the Supple-
mentary Material (Table S1). 

3.1. The trimethylammonium cation, Me3NH+, and its salts Me3NH+X– 

3.1.1. Energetic aspects 
The isolated Me3NH+ cation 1a presents C3v symmetry with a 

calculated NH distance of 1.021 Å (Fig. 1a). Three minima have been 
found in the Me3NH+X– potential energy surface (Fig. 1b, 1c and 1d). 
The most stable one 1b corresponds to the interaction of X– with the NH 
group and can be envisioned as the complex formed by the Me3N and 
HX. In fact, at the computational method used here, the hydrogen bond 
complex 1b spontaneously evolves towards the proton transfer complex 
in agreement with the experimental microwave spectroscopy results 
[30]. The binding energies of complexes 1b are very large (–490 and 
–462 kJ⋅mol− 1 as expected for the interaction between an anion and a 
cation. 

The second minimum found for the Me3NH+X– complexes corre-
sponds to the interaction of the anion with the three methyl groups 
simultaneously (1c). These minima are 73 and 67 kJ⋅mol− 1 less stable 
than (1b) for X  = Cl and Br, respectively. The comparison of 1c with the 
isolated Me3N plus HX showed that for X  = Cl (1c) is less stable by 6 
kJ⋅mol− 1 while for X  = Br it is more stable by 18 kJ⋅mol− 1. 

The last minimum (1d) shows an interaction of the anion with a 
single methyl group. It is the least stable minimum with relative energies 
to the most stable minimum of 151 and 137 kJ⋅mol− 1 for X  = Cl and Br, 
respectively. 

Using the minima located for the Me3NH+X–system, four minima 
have been build and optimized for (Me3NH+X–)2 (Fig. 2). 

The energetics of these systems indicates that complexes 2a-2c are 
stabilized with respect to the dissociation in two 1b complexes (Table 1 
while conformer 2d is the less stable. For the same conformation, the 
stabilization of the bromide derivatives is slightly larger than the 

chloride ones (between 2 and 4 kJ⋅mol− 1). 

3.1.2. Geometrical and electron density aspects 
A variety of intermolecular interactions are present in the systems 

studied. They include standard NH⋅⋅⋅X hydrogen bonds, CH⋅⋅⋅X, H⋅⋅⋅H, 
C⋅⋅⋅X, and X⋅⋅⋅X contacts which present the corresponding bond critical 
point (BCP) in the AIM analysis. The molecular graphs derived from the 
electron density analysis of the isolated 1a and the 1b minima are shown 
in Fig. 1 and those of the (Me3NH+Cl–)2 dimers are gathered in Fig. 2. 
The analogous molecular graphs of Me3NH+Br– are gathered in the SM 
(Fig. S1). The IQA methodology has been used to identify the attractive 
or repulsive nature of such interactions. 

3.1.2.1. Classical hydrogen bonds N+–H⋅⋅⋅X–. The N+–H distance in 
isolated Me3NH+ (1a) is 1.021 Å. In the monomeric complexes, 
Me3NH+Cl– and Me3NH+Br– they are 1.166 and 1.120 Å, respectively. 
Thus the elongation is greater for the chloride than the bromide, as 
expected [31,32]. For polycrystalline trimethylammonium chloride an 
N+–H distance of 1.093 Å has been observed for (CD3)3NH+Cl– as well as 
an ND+ distance of 1.079 Å for (CH3)3ND+Cl– by dipolar 15N solid state 
NMR [10]. The calculated value is 0.073 Å longer than the experimental 
value probably due to phase effects. Thus, the N+–H distance in the two 
more stable dimers 2a and 2b, with X  = Cl, is reduced to 1.074 and 
1.105 Å, respectively, as clear indication that the presence of more 
molecules tend to reduce this distance. Similar results are obtained for 
X  = Br, where the N–H distance in 2a and 2b are 1.058 and 1.086 Å, 
respectively. 

3.1.2.2. C–H⋅⋅⋅X– Hydrogen bonds of the methyl groups in 1c and 1d. The 
elongation of the C–H bonds of the three methyl groups pointed to the 
anion can be estimated by comparison with the remaining hydrogens 
not involved in the HBs. Obviously, the effects are much weaker than 
those involving the N+–H group, but the effect has the same sign in 
average, 0.0055 Å for Cl– and 0.0045 Å for the Br–, respectively. The 
effects are weaker for phosphonium than for ammonium, also as ex-
pected, about by 0.0025 Å [33]. 

3.1.2.3. X–⋅⋅⋅X–and C⋅⋅⋅C interactions (halogen and tetrel bonds). In the 
AIM analysis appear two (BCPs) that are very unusual: monoatomic 
anion-anion interaction in complexes 2a with values of 4.176 Å for the 
chloride and 4.295 Å for the bromide. The IQA analysis of 2a shows 
attractive terms between associated to the X–⋅⋅⋅H–N BCPs (–192.0 and 
–157.9 kJ⋅mol− 1 for X  = Cl and Br, respectively) and X⋅⋅⋅HC ones (–41.6 
and –37.5 kJ⋅mol− 1 each contact) while repulsive interatomic energies 

Fig. 1. Molecular graphs of the structures of: a) Me3NH+ (1a), b) Me3NH+X– (1b), c) Me3NH+X– (1c) and d) Me3NH+X– (1d). The figures correspond to X  = Cl 
(Fig. S1 gathers the molecular graphs for X  = Br). The location of the bond, ring and cage critical points is indicated with green, red, and blue dots, respectively. μ 
Dipole moments (Debye) and νNH stretching frequencies (cm− 1) are also given. 
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between the two halogen atoms are found with values of + 109.7 and +
102.8 kJ⋅mol− 1 for X  = Cl and Br, respectively. Similar results for 
monoatomic anion-anion connected by a BCP are described in the 
literature [34,35] while those in stable polyatomic anion-anion minima 
have been described as locally attractive [36–38]. In 2b, attractive in-
teractions associated to the X–⋅⋅⋅H–+N contacts (–217.9 and –185.3 

kJ⋅mol− 1) and tetrel X–⋅⋅⋅C bond (–54.5 and –51.8 kJ⋅mol− 1) are found. 
Each of the H⋅⋅⋅H contact has only a very minor stabilization contribu-
tion (–0.4 kJ⋅mol− 1 for both X  = Cl and Br). 

3.2. The tetramethylammonium cation, (Me4N+) and its salts 
(Me4N+X–), X  = Cl, Br 

The tetramethylammonium cation (3a) shows Td symmetry with four 
identical methyl groups surrounding the nitrogen atom (Fig. 3a). Two 
minima have been found for the Me4N+X– systems. The most stable 
minimum 3b is trisector to three methyl groups while the second min-
imum 3c is trisector to a single methyl group (Fig. 3b and c). In both 
cases, the symmetry of 3b and 3c is C3v. Complex 3b shows interaction 
energies of –406 and –386 kJ⋅mol− 1 and they are 74 and 67 more stable 
than 3c for X  = Cl and Br, respectively. The interatomic N⋅⋅⋅X distances 

Fig. 2. Molecular graphs of the structures corresponding to the (Me3NH+X–)2 minima. The figures correspond to X  = Cl. νNH Stretching frequencies (cm− 1) are 
also given. 

Table 1 
Binding energy (kJ⋅mol− 1) of the (Me3NH+X–)2 versus two times Me3NH+X– 

(1b).  

X (Me3NH+X–)2 

(2a) 
(Me3NH+X–)2 

(2b) 
(Me3NH+X–)2 

(2c) 
(Me3NH+X–)2 

(2d) 

Cl –84.9 –52.7 –39.5 +55.7 
Br –87.9 –57.0 –41.6 +45.3  

Fig. 3. Molecular graphs of the structures of: a) Me4N+ (3a), b) Me4N+X– (3b) and c) Me4N+X– (3c). The figures correspond to X  = Cl.  
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are 3.527 (3.726) and 4.355 (4.527) Å for 3b and 3c, respectively, with 
X  = Cl (Br). 

Five minima have been found for the (Me4N+X–)2 dimers (Fig. 4) and 
their binding energies are reported in Table 2. The order of stability is a 
> b > c > d > e for both anions; the values being very similar. Dimer 4a 
has the same structure as the Me4N+F– dimer [19]. 

3.2.1. The tetramethylphosphonium cation, (Me4P+) and its salts 
(Me4N+X–), X  = Cl, Br 

A single minimum has been found for both the Me4P+X– and 
(Me4P+X–)2 systems (Fig. 5). These phosphonium structures correspond 
to the ammonium structures 3a, 3b and 4a. The calculated binding 
energies of 5b are –410.3 and –389.2 kJ⋅mol− 1 for X  = Cl and Br, 
respectively and the binding energy of 5c with respect to two times 5b 
are –129.0 and –133.4 kJ⋅mol− 1. 

3.3. N–H Stretching frequencies 

Figs. 1 and 2 contain the stretching frequencies of the NH groups of 
Me3NH+X– complexes, monomers and dimers, respectively. The eleven 
values of chlorides and bromides are related: Br– = 719 + 0.79⋅Cl– (R2 =

0.997) as indication of the analogous character of the interactions but 
modulated by the nucleophilic properties of each anion. For dimers 
(Fig. 2) having two NH groups, they appear as one symmetric and one 
antisymmetric vibration. 

One of us [6] has reported the behavior of trioctylammonium chlo-
ride in CCl4 at different concentrations. The effect of the concentration 
was interpreted as the monomer existing in diluted conditions and a 
dimer existing at higher concentrations. The measured values are for 
chloride 2050 cm− 1 (monomer) and 2400 cm− 1 (dimer) and for the 
bromide 2300 cm− 1 (monomer) and 2500 cm− 1 (dimer). These values 
correspond to 350 cm− 1 and 200 cm− 1 shifts for Cl– and Br–, 
respectively. 

Our values (methyl in lieu of octyl and gas phase instead of carbon 
tetrachloride) are much lower but the two differences are in the same 
direction. They correspond to “Our calculations” = 0.573 × “Experi-
mental results”. 

There has been a recent paper where the νNH stretching of Me3NH+

cation (without a counteranion) has been measured in the gas phase 
[11]. Using IR predissociation (IRPD) spectroscopy and MP2/aug-cc- 

pVDZ calculations the authors established that Me3NH+ associated 
with different molecules shows Fermi splitting bands in the case of CO, 
C2H2, H2O, MeOH and EtOH but not in the case of Ar (νN–H+ = 3278 
cm− 1) and N2 (νN–H+ = 3265 cm− 1). The authors indicate that their 
values are related to the seven molecules proton affinities. We carried a 
linear regression with their data and found an intercept (PA = 0) of 
3513 cm− 1. This value that corresponds to the absence of association 
agrees with our value (3459 cm− 1, Fig. 1). 

3.4. Comparison with X-ray structures 

To answer the question if the structures calculated for the gas phase 
bear some similitude with those determined by X-ray crystallography, a 
search in the CSD [39] was carried out. The emphasis was put on 
arrangement more than in distances and angles. In the years 2018–2020 
the X-ray structures of Me3NH+Cl–, Me3NH+Br–, Me4N+Cl– and 
Me4N+Br– were published (see Table S2). It is possible to find fragments 
of these crystal structures, cutting them in different ways, that resemble 
the complexes we have reported in the previous sections of this article. 
For instance in the crystal structures of Me3NH+Cl– (TMAMMC03 [40]) 
and Me3NH+Br– (ZZZGVM03 [41]) fragments similar to complexes 1b, 
1c and 1d of Fig. 1 were found. The same happens for (Me3NH+X–)2 
(Fig. 2) where fragments corresponding to 2a, 2b, 2c and 2d were found 
both for Cl– and for Br–. 

Fig. 4. Molecular graphs of the structures of (Me4N+X–)2 minima. The figures correspond to X  = Cl.  

Table 2 
Energetics (kJ⋅mol− 1).   

X = Cl X = Br  

Erela Ebb Erel Eb* 

(Me4N+X–)2 (4a) 0.0 –141.4 0.0 –142.6 
(Me4N+X–)2 (4b) 25.1 –116.4 26.2 –116.4 
(Me4N+X–)2 (4c) 67.5 –73.9 65.1 –77.5 
(Me4N+X–)2 (4d) 93.5 –47.9 95.0 –47.6 
(Me4N+X–)2 (4e) 155.2 13.8 150.7 8.1  

a Relative energy with respect to the most stable (Me4N+X–)2 dimer.  

b Energetic difference between these complexes and two isolated Me4N+X– 

(3b)  
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In the case of Me4N+Cl– (ZZZUQM02 [42]) and Me4N+Br– 

(ZZZUQO04 [43]) situations similar to those represented in Fig. 3 and 
Fig. 4 have been found. For chloride, 4a, a new dimeric motive is present 
in the crystal of ZZZUQM02; this dimer in the gas phase calculations has 
one imaginary frequency. Its existence in the crystal is probably due to 
intermolecular interactions with surrounding molecules that stabilize it 
and that are absent in the calculated monomer. Also for the bromide 4a 
there is a dimer with one imaginary frequency that is present in the 
ZZZUQO04 crystal. 

In summary, an unexpected good agreement exists between crystal 
structures and gas phase calculations. 

4. Conclusions 

We have explored the non-covalent interactions in trimethylammo-
nium and tetramethylammonium chlorides and bromides by theoretical 
calculations in the gas phase, mainly but not only, hydrogen bonds [44]. 
The trimethylammonium cation was selected as the simplest ammonium 
cation with only one HB to avoid multiples HBs. Note that the tetra-
methylammonium cation is the product of the Menshutkin reaction 
between MeCl and Me3N. Both types of cations are representative of the 
chemistry of ammonium salts, including amino acids in their zwitter-
ionic forms. Comparing the calculations with the available experimental 
data results in a more than satisfactory agreement. 

The quaternary phosphonium salts present a much-simplified 
arrangement compared with the quaternary ammonium salts: complex 
5b corresponds to 3b but the minimum corresponding to 3c is absent; 
furthermore, there is only the dimer 5c (corresponding to 4a) while the 
minima corresponding to 4b, 4c, 4d and 4e are absent. 
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