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Abstract
Context  Proton transfer in acid–base systems is not well understood. Some acid–base reactions do not proceed to the extent 
that is expected from the difference in the pKa values between the base and acid in aqueous solutions, yet some do. In that 
regard, we have computationally studied the process of proton transfer from the acids of varying strength (benzenesulfonic 
acid (BSu), methansulfonic acid (MsO), and sulfuric acid (SA)) to the amines with different numbers of propyl substituents 
on the nitrogen atom (propylamine (PrA), dipropylamine (DPrA), and tripropylamine (TPrA)) upon complexation. Den-
sity functional theory calculations were used to thoroughly examine the energetic and structural aspects of the molecular 
complexes and/or ionic pairs resulting from the acid–base interaction. The potential energy curves along the proton transfer 
coordinate in these acid–amine systems were analyzed. The change in free energies accompanying the molecular complexes 
and ionic pair formations was calculated, and the relationship between the energy values and the ΔРА parameter (difference 
in proton affinity of the acid anion and amine) was established. The larger ΔРА values were found to be unfavorable for the 
formation of ionic pairs. Using structural, energy, QTAIM, and NBO analyses, we determined that the hydrogen bonds in 
the molecular complexes PrA-MsO and PrA-BSu are stronger than those in their corresponding ionic pairs. The ionic pairs 
with the TPrA cation possess the strongest hydrogen bonds of all the ionic pairs being studied, regardless of the anion. The 
results showed that hydrogen bonding interactions in the molecular complexes contribute significantly to the energies of the 
acid–base interaction, while in the ionic pairs, the most important energy contribution comes from Coulomb interactions, 
followed by hydrogen bonding and dispersion forces. The ionic pairs with propylammonium, dipropylammonium, and tripro-
pylammonium cations have stronger ion–ion interactions than tetrapropylammonium (TetPrA)-containing ionic pairs with 
the same anions. This effect rises with the order of the cation: TetPrA → TPrA → DPrA → PrA, and the sequence of anions 
is SA → BSu → MsO. The results obtained here expand the concept of acid–base interaction and provide an alternative to 
experimental searches for suitable acids and bases to obtain new types of protic ionic liquids.
Methods  All quantum-chemical calculations were carried out by using the DFT/B3LYP-GD3/6-31++G(d,p) level as imple-
mented in the Gaussian 09 software package. For the resulting structures, the electron density distribution was analyzed by 
the “atoms in molecules” (QTAIM) and the natural bond orbital (NBO) methods on the wave functions obtained at the same 
level of theory by AIMAll Version 10.05.04 and Gaussian NBO Version 3.1 programs, respectively.
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Introduction

Salts or ionic liquids with melting points below 100 °C, or 
below the boiling point of water, are very promising but far 
from being fully studied. Unlike molecular liquids, which 
are composed of neutral particles, the particles of ionic liq-
uids carry electrical charges. Ionic liquids are often called 
“designer solutions” because altering the cation and anion 
types in their composition as well as changing the length, 
branching, and functionalization of the alkyl chain enable 
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the synthesis of the salts with different physical and chemical 
properties for a particular application [1–3]. Of notable inter-
est here are the proton ionic liquids (PILs) as a subclass of 
ionic liquids due to the fact that they contain an active (reac-
tive/transferring) proton, which determines their high proton 
conductivity and allows them to be used in the creation of 
proton-conducting membranes for hydrogen fuel cells [4–6].

As protic ILs are formed by the proton transfer from a 
Brønsted acid (AH) to a Brønsted base (B) [7, 8], there is 
a possible equilibrium that can return the components to 
the neutral particles. The proton transfer equilibrium can be 
represented by the following equation: acid (AH) + base (B) 
<=> AH...B <=> A-…BH+ <=> A- + BH+, corresponding 
to the molecular complex, neutral ionic pair, and dissoci-
ated ions. PILs are often a mixture of ionic and molecular 
particles. The more the equilibrium shifts to the right, the 
more ions are in the mixture. Because the properties of PILs 
are largely dependent on their degree of ionization, most 
researchers are interested in predicting what type of particles 
will form when selected bases and acids interact with one 
another: molecular acid–base complexes, cation–anion pairs, 
or a mixture of both.

According to numerous studies [9–14], the degree of 
ionization in the PIL can correlate with the difference in 
the proton dissociation constants (ΔpKa) between the base 
and acid in aqueous solution. Using the ΔpKa data cal-
culated for 6465 crystalline complexes in the Cambridge 
Structural Database, Cruz-Cabeza [9] stated that the ΔpKa 
= 4 is enough for complete proton transfer from the acid 
to the base and the formation of the PIL ions. Yoshizawa 
et al. [10] demonstrated that PILs can be formed only if the 
ΔpKa value is higher than 10. Miran et al. [12] concluded 
that the PIL formed will have the highest ionicity if the 
ΔpKa value is higher than 15. In that context, larger ΔpKa 
values are advantageous because of the increased proton 
transfer. When ΔpKa is small, a certain fraction of the par-
ticles remains neutral, which is certainly not desirable for 
the PILs. Despite this, Stoimenovski et al. [13] reported 
that ionicity and proton transfer from acetic acid to pri-
mary and tertiary amines with similar pKa values mainly 
depend on the structure of the ammonium ions rather than 
the ΔpKa. Triethylammonium acetate PIL is only partially 
ionic, with a majority of neutral particles. In addition, it 
was noted in ref. [14] that the ionic nature of PIL cannot be 
rationalized simply through the ΔpKa because the degree 
of proton transfer in some acid–base reactions is lower than 
expected from the pKa values of the acids and bases that 
are PIL precursors.

The degree of acid-to-base proton transfer can also be esti-
mated using computational chemistry methods [15–20]. It was 
found that the difference between the anion and base proton 
affinities in the gas phase (ΔPA) can serve as an alternative 
and more suitable indicator of the degree of proton transfer. 

Based on electronic structure calculations of imidazolium-
based PILs with bis(trifluoromethylsulfonyl)imide, mesylate, 
triflate, acetate, and trifluoroacetate anions, Pant et al. [15] 
concluded that the proton transfer from the acid to the base 
takes place only if the ΔPA value is lower than 377 kJ/mol. 
This calculated threshold ΔPA value is slightly higher than the 
360 kJ/mol obtained in ref. [19], which deals with the inves-
tigation of a significant number of protic acids and alkylimi-
dazoles as PIL precursors. Analysis of a set of combinations 
of various alkylamines and acids showed that the acid-to-base 
proton transfer and the formation of an ionic pair are achieved 
with ΔPA < 400 kJ/mol (or ΔpKa > 12) [20].

On the whole, it can be said that the role of computa-
tional modeling is enormous, despite the clear priority of 
experimental research in the field of ionic liquids. The most 
significant are the computational results that are impossible 
or extremely difficult to determine by experimental means. 
Quantum chemical calculations are used to probe the poten-
tial energy surfaces for proton transfer in acid–base systems 
in order to determine not only the equilibrium configura-
tions but also the potential energy barriers for this process 
[21–25]. Direct calculations of the structure and ion–ion 
interactions in the ionic pairs enable the identification of 
unique cation/anion combinations, yielding task-specific 
PILs. From a computational point of view, these compounds 
are better described when using an isolated single ion pair 
approach and density functional theory (DFT) methods, 
which were employed in the literature to calculate many 
ionic liquids [22, 25–28].

In this work, we continue to investigate protic ILs based 
on alkylammonium cations. We recently published a mini 
review [21] on the structures and physicochemical properties 
of these PILs by pointing out gaps in the computational and 
experimental data on the PILs with cations bearing propyl 
radicals. So far, only PILs containing the propylammonium 
[26] and tripropylammonium [29] cations and the hydrogen 
sulfate anion have been studied using the DFT method. The 
physicochemical properties of tripropylammonium hydrogen 
sulfate PIL have also been reported [21, 30]. Here, we exam-
ine the acid–base interactions of amines having different 
numbers of propyl substituents on the nitrogen atom (pro-
pylamine (PrA), dipropylamine (DPrA), and tripropylamine 
(TPrA)) with sulfuric (SA), methansulfonic (MsO), and ben-
zenesulfonic (BSu) acids using computational chemistry 
methods. The study also provides comprehensive details on 
the compounds formed by this interaction, including their 
structure and interparticle interactions.

The scientific novelty and practical significance are defined 
by the fact that this work is the first to conduct a comparative-
generalizing study of the structural and energetic characteristics 
of compounds resulting from acid–base interactions, without 
which it is impossible to predict the physico-chemical proper-
ties of liquids. The results obtained here broaden the concept 
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of acid–base interaction and provide an alternative to searching 
experimentally for suitable acids and bases to produce new types 
of protic ILs. Moreover, as noted above, the existing studies of 
PILs with cations bearing propyl radicals are limited. Our find-
ings can represent a unique opportunity for the identification of 
trends between structure and properties in a series of alkylammo-
nium-based PILs when elongating the alkyl radical of a cation.

The main findings of this investigation are presented in three 
parts. The effects of the acid nature and the hydrogen atom sub-
stitution on the nitrogen atom in the amine during the process 
of the acid-to-base proton transfer will be examined first, fol-
lowed by a discussion of the structures formed by the interaction 
between the acid and the amine. Second, we will try to shed some 
light on the quantum nature of hydrogen bonding interactions 
in the resulting structures. Third, we will estimate the strength 
of individual hydrogen bonds and their contribution to the total 
interaction energy. These data were all first-time acquisitions.

Computational methods

The structures of all the compounds presented in this 
work were obtained with the B3LYP-GD3 functional and 
6-31++G(d,p) basis set using Gaussian 09 software [31] 
via full geometry optimization in the gas phase. The amine 
and acid molecules at their lowest energies were used to con-
struct the initial structures of different configurations in the 
acid–amine systems. As a result of acid–base interactions, sev-
eral configurations of the molecular complexes and ionic pairs 
were obtained. Frequency calculations were done in order to 
verify that the obtained geometries are true minima with no 
imaginary frequencies and to evaluate their thermodynamic 
characteristics. The structures that best reflect energetically 
preferred configurations and thermodynamic stability are 
shown in Fig. 1 below.

The proton affinities of amines and acid anions were deter-
mined as the difference between the enthalpy values of the 
cations and acids and their corresponding amines and anions.

The proton transfer potential energy curves in the 
acid–amine systems were obtained by the method of scanning 
proton transfer coordinate along the potential energy surface 
(PES) as implemented in Gaussian 09. In all cases, a hydrogen 
atom was shifted from the oxygen atom in hydroxyl group of 
sulfonic acid to the nitrogen atom of amine with an increment 
of 0.05 Å. This can schematically be represented as

At each point of the scan, the transition state structure was 
optimized without any constraint. The energies associated 
with proton transfer were calculated from the energy differ-
ence between the transition structure with the ri and δi param-
eters and the global minimum structure (r, δ). The calculation 

formula is as follows ∆E = Ei(Ri, δi) − E(R, δ). The proton 
transfer coordinate was represented by the value δ that was 
calculated by the following relation δ = r1 − r2.

The possibility of formation of different hydrogen-bonded 
structures in the acid–amine systems in terms of the standard 
Gibbs free energy at 298 K was estimated as the difference 
between the free energy of the compound resulting from the 
acid–base interaction and the sum of the free energies of the 
amine and acid molecules.

The interaction energies Eint for the molecular complexes 
were obtained by subtracting the sum of energies of the acid 
and amine molecules from the total energy of the complex, 
while the Eint values for the ionic pairs were calculated by 
subtracting the sum of energies of the cation and anion from 
the total energy of the ionic pair. The binding energies Ebind 
were determined in the same way, but in this case, the ener-
gies of separately optimized molecules and ions were used. 
The difference between binding and interaction energies is the 
deformation energy Edef, the energy required to distort the two 
molecules (or two ions) from their isolated geometry to that 
adopted in the complex structure. Both Ebind and Eint were 
corrected from the basis set superposition error (BSSE) using 
the full counterpoise technique of Boys and Bernardi [32].

Topological analysis of electronic density (quantum the-
ory of atoms in molecules (QTAIM)) was performed based 
on the B3LYP-D3/6-31++G(d,p) wave function in the opti-
mized geometries using the software package AIMAll (ver-
sion 10.05.04) [33]. Natural bond orbital (NBO) analysis was 
carried out using the NBO (version 3.1) program [34], which 
is a component of the Gaussian 09 program [31].

Results and discussion

Formation of neutral molecular complexes and/
or ionic pairs

The interaction of the alkylamines—PrA, DPrA, and TPrA—
with the selected sulfonic acids—MsO, SA, and BSu—results 
in the formation of the structures shown in Fig. 1, where we 
have highlighted the geometric characteristics of hydrogen 
bonds (proton acceptor distance and bond angle). And it is 
worth paying attention to some moments here. When the 
amines considered in this work interact with sulfuric acid, 
the hydroxyl proton in the acid migrates to the nitrogen atom 
of the amine, thus enabling the formation of the cation and 
anion. The NH proton-donating group in the cation is involved 
in hydrogen bonding to the oxygen atom of the anion, and 
this in turn leads to the formation of the hydrogen-bonded 
cation–anion pairs (structures 1a–1c in Fig. 1). For these ionic 
pairs, the H…O distances in the N–Н…О motifs are larger 
than the N–H ones, which are ~ 1.1 Å.

It can also be seen from Fig. 1 that the only hydrogen-
bonded ionic pairs are formed by the interaction of MsO and 
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BSu with DPrA (structures 2b and 3b) and TPrA (structures 
2c and 3c). The acid–base interactions in the MsO-PrA and 
BSu-PrA systems, by contrast, lead not only to the forma-
tion of the ionic pairs 3a and 5a but also to the formation 
of the molecular complexes 2a and 4a (see Fig. 1). For the 
molecular complex structures, the proton in the O–H…N 
hydrogen bonding motifs is closer to the oxygen atom of 
the acid than to the nitrogen atom of the propylamine, i.e., 
rНO < rНN. Initially, we attribute this result to the relatively 
small strength of these two acids, the pKa values of which 
are 0.7 (BSu) [35] and – 1.92 (MsO) [36], as compared with 
sulfuric acid (pKa = – 3) [37]. In like manner, judging from 
the pKa of protonated amines in water [35], propylamine 
(pKa = 10.53) is a weaker base than dipropylamine (pKa = 
10.91) and tripropylamine (pKa = 10.66).

To give a clearer description of the proton transfer pro-
cess in these acid–base systems, the scanning proton transfer 

coordinate along the PES in all the acid–amine pairs was 
performed. The resulting potential energy curves are plot-
ted in Fig. 2. Since a spontaneous proton transfer occurs 
during the molecular geometry optimizations, it is expected 
that there is no or a very low energy barrier to this process. 
Indeed, the potential energy curve for the proton transfer 
from the SA molecule to the amine in all the systems con-
firms the hypothesis. Ionic structures with the proton on 
the amine are clearly the only stable minimum on the PES 
(Fig. 2a). Similar results are obtained for proton transfer 
from MsO and BSu to DPrA and TPrA (Fig. 2b). We have 
not shown the potential energy curves for the acid–DPrA 
systems because the energy curves for the acid–TPrA sys-
tems are the same as those for DPrA cases. Comparing the 
PES of different systems, it can be found that the energy 
values associated with proton transfer from the acid to the 
amine increase in the following order of amines PrA → 

Fig. 1   Calculated structures of the ionic pairs of propylammonium 
(1a, 3a, 5a), dipropylammonium (1b–3b), and tripropylammonium 
(1c–3c) cations with hydrogen sulfate, mesylate, and besylate anions, 

and molecular complexes of propylamine with methanesulfonic (2a) 
and benzenesulfonic (4a) acids. The structure of the TPrA/SA was 
taken from our previous work, ref. [29]
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DPrA ~ TPrA, as seen in Fig. 2a, which is also consistent 
with the larger base strengths of DPrA and TPrA in com-
parison with PrA.

The PES for proton transfer from BSu and MsO to the 
propylamine, in contrast to the previous examples, reveals 
the energy minimum corresponding to neutral structures 2a 
and 4a with a proton on the oxygen atom of the acid. But in 
addition to this minimum, another one occurs for the ionic 
state at the larger value of the OH distance (Fig. 2c). The 
energy barrier for proton transfer from the acid to the pro-
pylamine is equal to 0.52 (BSu) and 0.38 (MsO) kJ/mol. 
This extremely low energy barrier, which is even lower 
than the RT value at 298 K (< 2.5 kJ/mol), could not pre-
vent the spontaneous proton transfer during the acid–amine 
interaction. This suggests that the acidic proton will easily 
pass through this minimal barrier just by means of thermal 
motion. Figures 2b and 2c also show that the energy proton 
transfer in the studied systems increases with the order of 
acids BSu ~ MsO → SA. This sequence correlates well with 
an increase in the proton donor ability pKa of these acids.

For the tested systems, it is possible to discuss the pro-
cess of proton transfer between the acids and amines in 
terms of Gibbs free energy change (ΔG298) reported in 
Table 1. The ΔG298 values calculated for the complexes 
and ionic pairs in Fig. 1 are all negative, indicating that 
their formation processes take place. The ΔG298 values for 
the molecular complexes PrA-BSu and PrA-MsO are some-
what more negative than for their corresponding ionic pairs 
PrA/BSu and PrA/MsO. The formation of the molecular 
complexes of these acids with the propylamine is thus more 
thermodynamically favorable than the cation–anion pairs. 
It is evident that the strong Coulomb interaction between 
the positively charged cation and the negatively charged 
anion in these ionic pairs leads to a reduction in hydrogen 
bond distance to such a degree that back proton transfer 
becomes preferred during the gas phase optimization, 
thus favoring the formation of neutral particles. A similar 
phenomenon was observed for many acid–base systems, 

especially imidazole- and trimethylethylamine-based ones 
[38]. It is also noted that the acids that are more likely 
to exhibit the ability to form molecular complexes during 
gas-phase optimizations are hydrochloric, methansulfonic, 
trifluoromethanesulfonic, and trifluoroacetic acids.

The Gibbs energies of ionic pair formations increase 
along the order PrA → DPrA → TPrA, with the sequence of 
anions being MsO~Bsu → SA (see Table 1, Fig. 3). Since all 
the calculations are performed in the gas phase, the increase 
in the ΔG298 in the abovementioned series of cations and 
anions is more closely related to the change in their PA val-
ues than to the pKа obtained in the aqueous solution.

In our previous study [20], using the Gibbs free energies 
for the optimized gas-phase structures of both cation–anion 
pairs and acid–base complexes along with their ΔPA values, 
we found that the ionization by proton transfer and the forma-
tion of ionic pairs with the general formula (R)nNH4-n/A can 
take place only when the ΔPA value is smaller than 400 kJ/
mol. As is revealed from an inspection of Fig. 3a, the results 
obtained here fit well into these data points, showing that the 
larger ΔРА values are certainly not desirable for the ionic pair 
formations. From the obtained new results and in previous sets 
of data, it is impossible to define a clear relationship between 
ΔG298 and ΔрKa values because the pKa values for acids and 

Fig. 2   Potential energy surfaces of sulfuric acid–amine (a), acid–tripropylamine (b), and acid–propylamine (c) systems along the δ coordinate. 
At each point on the curve, all structural parameters were optimized

Table 1   Gibbs energy change ΔG298 of the formation of the molecular 
complexes and ionic pairs. The numbers given in parenthesis refer to the 
proton affinities of amines and acid anions. All values are quoted in kJ/mol

Amines Acids

SA (1290.34) MsO (1330.64) BSu (1319.72)

PrA (916.76) − 53.23 − 37.01 (mol_
comp)

− 35.72 (mol_
comp)

− 33.06 (ion_
pair)

− 34.78 (ion_pair)

DPrA (960.96) − 76.32 − 53.91 − 54.75
TPrA (991.63) − 78.99 − 55.60 − 59.91
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bases were determined experimentally and have a certain error 
in their determination. As shown in Fig. 3b, the data points for 
the BSu–amine and MsO–amine systems fall into the region 
of ΔpKa values in which the molecular complexes together 
with ionic pairs can coexist. There is, however, a high prob-
ability of obtaining fully ionized liquids with SA anion due 
to the large difference in pKa values.

Structural features

Let us now discuss the results of quantum chemical calcula-
tions of the molecular complexes and ionic pairs, focusing 
on the characteristics of hydrogen bonds. Since, as men-
tioned above, the molecular complexes PrA-MsO and PrA-
BSu can be transformed into cation–anion pairs, both types 
of structures were carefully considered. As displayed in 
Fig. 1, the structures of the molecular complexes PrA-MsO 
2a and PrA-BSu 4a have only one hydrogen bond between 
the hydroxyl proton of the acid and the nitrogen atom of the 
propylamine. The H…N distance in the O–H…N motifs is 
much shorter than the sum of the Van der Waals radii of the 
H and N atoms, ΣrvdW = 2.75 Å [39]. This proves, accord-
ing to the guidelines set by IUPAC [40], the existence of 
hydrogen bonds within these complexes. For the complex 
with MsO, the H…N distance is shorter than that found for 
the complex with BSu, which is consistent with its acidity 
strength. The bond angle OHN values are slightly smaller 
than those of the ideal hydrogen bonding geometry of 180°. 
Geometrically [41], the (O–)H…N bonds between the acid 
and the propylamine molecules can be classified as very 
strong hydrogen bonds with rHN smaller than 1.5 Å.

We note here that the ionic pairs sharing the same alkylam-
monium cation but different anions have, in general, similar 

structures, and the cation in each of these ionic pairs exhibits 
qualitatively similar binding patterns to anions. From the results 
in Fig. 1, it is seen that the formation of the ionic pairs with PrA 
cation 1a, 3a, and 5a and those with DPrA cation 1b–3b is 
accompanied not only by the transfer of a proton from the acid 
to the amine, resulting in the formation of two ions as well as a 
hydrogen bond (N–)H...O, but also by an additional hydrogen 
bond between the other proton in the cation amino group and 
the oxygen atom in the acid anion. A similar phenomenon was 
observed for the ionic pairs with primary (methyl, ethyl, propyl 
and butyl) and secondary (dimethyl, diethyl, ethylmethyl and 
dibutyl) ammonium cations and anions of various sulfonic acids 
[21, 26, 42]. Despite the strong electrostatic force of attraction 
between ions, these ionic pairs show typical hydrogen bond 
distances and bond angles as known for hydrogen bonds in 
molecular liquids [40]. The (N–)H...O bonds in the ionic pairs 
with PrA and DPrA cations have different lengths, except for 
PrA/MsO and DPrA/MsO, whose formation results in two 
structurally equivalent hydrogen bonds. The NHO angles in all 
the abovementioned ionic pairs are distorted from their linear 
geometry. Interestingly, the ring structures of dual hydrogen 
bonds in the ionic pairs with DPrA cation and SA or BSu anion 
are more symmetrical than those in the ionic pairs with PrA 
cation, which is seen via the quite close lengths of both hydro-
gen bonds. The same results were found in Hun’s study [26] by 
comparing the calculated (N–)H…O bond lengths in the ionic 
pairs composed of primary (ethyl, propyl, isopropyl, and tert-
butyl) and secondary (dimethyl and ethylmethyl) ammonium 
cations paired with SA anion. Our optimized PrA/SA structure 
does not differ essentially from the geometry obtained in ref. 
[26] using the B3LYP-D3(BJ)/6-311++(3df,3pd) level, except 
for the hydrogen bonds, which have slightly shorter distances 
of 1.651 and 1.728 Å.

Fig. 3   Change in Gibbs free energies of the formation of molecular complexes and ionic pairs on the ΔPA (a) and ΔpKa (b) parameters. All data 
were obtained from the B3LYP-GD3/6-31++G(d,p) level
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Compared to this, a sole (N–)H…O hydrogen bond is 
formed in the ionic pairs with TPrA cation 1c–3c (see Fig. 1). 
In these cases, the bonds are characterized by relatively short 
distances and the linearity of the N–H…O motifs. Based on 
Fig. 1, it is seen that the H…O distance increases in the order 
BSu→MsO→SA, which is inverse to the relative strength of 
these acids. With geometric criteria, the hydrogen bond in the 
ionic pairs with the TPrA cation, regardless of the anion, is 
much stronger in strength than each of the hydrogen bonds in 
the ionic pairs with the PrA and DPrA cations. For ionic pairs 
with TPrA cation, some test calculations were carried out by 
applying wB97X-D level with the same basis set, and no quali-
tatively different result was observed. The optimized geometries 
of the investigated systems are quite similar for both methods. 
At the same time, the B3LYP-GD3 functional predicts lower 
values of the H…O distances in the hydrogen-bonded frag-
ments than the wB97X-D level (1.530, 1.537, and 1.560 Å for 
TPrA/BSu, TPrA/MsO, and TPrA/SA, respectively), while the 
H-bond angle values are close to each other for both methods. 
We obtained the same trends in the geometric parameters of 
the hydrogen bonds and energy characteristics in the series of 
ionic pairs of tripropylammonium-based PILs (at the qualitative 

level) as B3LYP-GD3 calculations. The results of all these cal-
culations can also be found in Table 2 below.

The analysis of QTAIM and NBO parameters

The presence of hydrogen bonds in the molecular complexes 
and ionic pairs was verified and analyzed using the QTAIM 
theory [43–45]. On the basis of this theory, the character-
istics of hydrogen bonds at bond critical points (BCPs) can 
be evaluated in terms of many topological descriptors [21, 
27, 46, 47]. The following parameters of the BCPs are con-
sidered here: the electron density ρ(r), its Laplacian ∇2ρ(r), 
and the total electron energy density H(r), and these values 
are summarized in Table 3. The magnitude of the electron 
density at the BCPs of interacting atoms has a central role 
in the QTAIM analysis and is quite often used to charac-
terize the strength of bonding interactions. The higher the 
ρ(r) value at the BCP is, the more the electronic charge is 
concentrated on the surface at this critical point, making the 
considered interaction stronger and more covalent. QTAIM 
allows for the classification of atomic interactions into two 

Table 2   Calculated energetic 
characteristics of the molecular 
complexes and ionic pairs; 
the interaction energy Eint

a, 
the binding energy Ebind, 
the deformation energy Edef, 
hydrogen bond energy EHB, and 
EHB-Espinosa (all values are in kJ/
mol)

The numbers in parenthesis refer to the total energy of two hydrogen bonds
a For comparison purposes, our data from the wB97X-D/6-31++G(d,p) calculations were also added

Compounds EHB EHB-Espinosa Eint Ebind Edef Edisp

PrA-MsO − 83.16 − 117.18 − 111.76 − 82.30 29.46 − 
21.10

PrA-BSu − 80.97 − 112.54 − 103.26 − 78.68 24.58 − 
21.48

PrA/MsO − 72.46; − 72.32
(− 144.77)

− 50.44; − 
50.25

(− 100.69)

− 514.72 − 492.71 22.01 − 
23.17

DPrA/MsO − 67.87; − 67.87
(− 135.74)

− 46.88; − 
46.85

(− 93.73)

− 486.31 − 468.44 17.87 − 
29.20

TPrA/MsO − 107.79;
− 101.93a

− 90.28
− 84.15a

− 468.98
− 460.70a

− 448.56 20.42 − 
37.53

PrA/BSu − 94.15; − 54.66
(− 148.81)

− 72.49; − 
36.80

(− 109.29)

− 503.88 − 478.84 25.04 − 
24.10

DPrA/BSu − 68.56; − 67.45
(− 136.01)

− 47.55; − 
46.66

(− 94.21)

− 475.72 − 456.52 19.20 − 
36.65

TPrA/BSu − 109.58
− 103.72a

− 92.93
− 86.08a

− 457.78
− 448.99a

− 433.55 24.23 − 
39.83

PrA/SA − 78.71; − 57.85
(− 136.56)

− 56.01; − 
39.03

(− 95.04)

− 487.86 − 468.16 19.70 − 
20.89

DPrA/SA − 68.01; − 61.75
(− 129.76)

− 46.36; − 
41.50

(− 87.86)

− 460.27 − 442.20 18.07 − 
27.91

TPrA/SA − 98.87
− 95.45a

− 78.89
− 76.14a

− 443.71
− 438.02a

− 424.15 19.56 − 
37.11
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broad categories [48]: (1) shared interactions, such as cova-
lent and polarized bonds with ρ(r) > 10−1 a.u. and ∇2ρ(r) < 
0, and (2) closed-shell interactions, such as hydrogen bonds 
and van der Waals interactions, and in this case ρ(r)~10−2 
a.u. and ∇2ρ(r) > 0.

In the present study, all the (O–)H…N interactions in the 
molecular complexes and the (N–)H…O interactions in the 
ionic pairs are characterized by low ρ(r) and positive ∇2ρ(r) 
values, which are typical of hydrogen-bonded closed-shell 
interactions. We note that the (O–)H…N interactions in the 
molecular complexes PrA-MsO and PrA-BSu have the high-
est ρ(r) values, which are indicative of the strongest hydro-
gen bonding interactions and the highest covalent character 
of these interactions compared to the (N–)H…O interactions 
in the ionic pairs with the corresponding cation and anion.

In all of the ionic pairs with PrA and DPrA cations and 
the studied anions, with the exception of MsO, the differ-
ence in the ρ(r) values at the BCPs of the (N–)H…O bonds 
clearly reflects their non-equivalence. Herewith, the ρ(r) 
value of one hydrogen bond when going from the PrA to 
the DPrA cation in the ionic pairs with the same anion 
decreases, while this value for another bond increases. This, 
in turn, reduces the difference between the electron densities 
on dual hydrogen bonds and leads to a smaller difference in 
the bond distances, which agrees with a more symmetrical 
ring structure in the latter. Among all the ionic pairs, the 
obtained values for electron density at the (N–)H…O BCPs 
are the largest for the ionic pairs with the TPrA cation, indi-
cating the strongest interaction between the interacting H 
and O atoms. From the analysis, it can also be concluded 
that the strength of the hydrogen bonding interactions in the 

ionic pairs with the TPrA cation increases with the order of 
anions SA → MsO → BSu. Note that the ρ(r) parameter of 
hydrogen bonds in all the compounds studied here correlates 
well with the hydrogen bond distance and is reflected in the 
exponential decay in Fig. 4a. As is seen, for the ionic pairs, 
there is a decrease in the electron density at the BCPs of the 
hydrogen bonds and their strength with increasing H…O 
distance because the increase in the atomic separation leads 
to a smaller orbital overlap and decreases the electron den-
sity along the bond path. The same is true for the molecular 
complexes with propylamine, despite the fact that their data 
fall outside the scope of the general correlation.

In addition, the sign of the total electron energy density 
H(r) at the BCP can characterize the degree of covalency 
of the hydrogen bonds [49]. The H(r) > 0 denotes weak 
hydrogen bonding interactions that are mainly electrostatic 
in nature. When the H(r) < 0, the covalent component 
contributes partially to the hydrogen bond. An analysis of 
Table 3 reveals that the H(r) at the BCPs is negative in both 
the molecular complexes and ionic pairs. These observations 
suggest that all of the considered (O–)H…N and (N–)H…O 
interactions are rather strong hydrogen bonds with a partly 
covalent character.

Further information on hydrogen bonding in the molecu-
lar complexes and ionic pairs was obtained from NBO analy-
sis [50]. According to the NBO methodology, the formation 
of the hydrogen bonds denotes that a certain amount of elec-
tronic charge is transferred from the proton acceptor lone 
pairs (LP) to the proton donor antibonding orbital (BD*). 
The magnitude of charge transfer (qCT) can be obtained from 
the following equation qCT = n × (Fij/(εi − εj))2, where n is the 

Table 3   QTAIM (electron 
density at the bond critical point 
ρ(r) (au), its Laplacian ∇2ρ(r) 
(au), total electron energy 
density H(r) (au)) and NBO 
(second order perturbation 
energy Е(2) (kJ/mol) for orbital 
interaction and charge transfer 
qСТ (ē)) parameters for the 
hydrogen bonds in the tested 
complexes and ionic pairs

Compounds Bond type ρ(r) ∇2ρ(r) H(r) E(2) qСТ

PrA-MsO (O–)H…N 0.0924 0.0473 − 0.0387 326.56 0.182
PrA-BSu (O–)H…N 0.0901 0.0571 − 0.0357 308.12 0.176
PrA/BSu (N–)H…O (1) 0.0645 0.1562 − 0.0080 241.32 0.126

(N–)H…O (2) 0.0361 0.1024 − 0.0012 85.01 0.047
DPrA/BSu (N–)H…O (1) 0.0461 0.1289 − 0.0020 138.74 0.078

(N–)H…O (2) 0.0453 0.1270 − 0.0019 134.56 0.075
TPrA/BSu (N–)H…O 0.0756 0.1678 − 0.0147 311.56 0.169
PrA/MsO (N–)H…O (1) 0.0489 0.1336 − 0.0025 144.35 0.080

(N–)H…O (2) 0.0488 0.1333 − 0.0024 144.14 0.080
DPrA/MsO (N–)H…O (1) 0.0456 0.1267 − 0.0021 136.90 0.075

(N–)H…O (2) 0.0456 0.1266 − 0.0020 136.69 0.074
TPrA/MsO (N–)H…O 0.0743 0.1664 − 0.0138 305.93 0.165
PrA/SA (N–)H…O (1) 0.0534 0.1431 − 0.0035 170.96 0.093

(N–)H…O (2) 0.0384 0.1094 − 0.0012 94.22 0.050
DPrA/SA (N–)H…O (1) 0.0457 0.1266 − 0.0018 138.11 0.078

(N–)H…O (2) 0.0412 0.1155 − 0.0013 112.20 0.060
TPrA/SA (N–)H…O 0.0679 0.1646 − 0.0095 271.58 0.135
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orbital occupancy, Fij is the off-diagonal NBO Fock matrix 
element, and εi and εj are the diagonal elements (orbital 
energies). The interaction energies between the donor and 
the acceptor NBO orbitals (or stabilization energies, E(2)) are 
calculated by second-order perturbation theory as follows: 
E(2) = n × F2

i,j
∕
(

εi − εj
)

 . The greater the E(2) value is, the 
more intensive is the donor–acceptor interaction and the 
stronger is the hydrogen bond.

As given in Table 3, the larger Е(2) energy of the orbital 
interaction LPN→BD*O–H in complex PrA-MsO implies 
that the (O–)H…N bond in this complex is stronger than 
that of complex PrA-BSu, which is in good agreement with 
the results of the aforementioned geometric and topological 
analysis of these interactions. If the hydrogen bond is formed 
within the ionic pairs PrA/MsO and PrA/BSu, the orbital 
interaction LPO→BD*N–H is accompanied by a smaller sta-
bilization energy in contrast to their molecular complexes. 
The Е(2) values are very close for both hydrogen bonds in 
the PrA/MsO as well as in the DPrA/MsO. The formation of 
hydrogen bonds in the ionic pairs with the same cations but 
BSu and SA anions leads to an increase in the Е(2) values for 
one of the bonds and a decrease in these values for the other 
bond. Among the ionic pairs studied, the strongest electron 
donation occurs from the lone pair orbitals of the oxygen atom 
of the acid anion to the BD*(N–H) orbital of the TPrA cation. 
Figure 4b shows the excellent correlation between E(2) for the 
LPO→BD*N–H interaction and electron density values in the 
(N–)H…O BCPs for the examined ionic pairs. The molecular 
complexes with the LPN→BD*O–H interactions lie outside of 
such a relationship. Notably, the charge transfer values for the 
LPN→BD*O–H interactions in the molecular complexes and 
the LPO→BD*N–H interactions in the ionic pairs are larger in 
all the cases than the accepted standard for the formation of 

conventional hydrogen bonds (qCT ≥ 0.01 ē) [51] indicating 
that the covalent part of the hydrogen bond is highly stabi-
lizing. The two independent approaches (QTAIM and NBO) 
employed here are complementary, and together, they pro-
vide a more complete understanding of the hydrogen bonding 
interactions in the studied compounds.

Hydrogen bond energies and stability

In terms of quantum chemical calculations, the interaction 
energy, which directly reflects the stability of both molecular 
complexes and ionic pairs, is of special interest. The more nega-
tive is the energy value, the more stable is the formed structure. 
The interaction energies and their components for the investi-
gated complexes and ionic pairs are presented in Table 2.

As is seen, the interaction energies of the molecular com-
plexes are characterized by much lower values than those 
of the ionic pairs. Obviously, the major energetic difference 
between the complexes and the ionic pairs is the growing 
role of Coulomb attraction that ensures stronger interaction 
in the latter. Among the two complexes under study, PrA-
MsO has a slightly larger Eint than PrA-BSu, which is also 
consistent with the sequence of their acid strengths (MsO > 
BSu). Comparing the Eint values for the ionic pairs, it can be 
immediately seen that the highest energy is registered in all 
the ionic pairs with the PrA cation. The energy of ion–ion 
interactions in the ionic pairs with the same anion decreases 
as the number of propyl groups in the cation (PrA → DPrA 
→ TPrA) increases, owing to weakening Columbic interac-
tions imposed by increased cation size. When going from 
primary to tertiary ammonium cations bearing methyl, ethyl, 
or butyl radicals, the ionic pairs with mesylate [42], hydro-
gen sulfate [42], triflate [21], and trifluoroacetate [52] anions 

Fig. 4   Electron density versus hydrogen bond distances (a, left) and second perturbation energies E(2) (b, right) for the studied systems. The 
numbers in parentheses refer to the numbering of hydrogen bonds
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exhibit the same pattern. And furthermore, for a series of 
alkylammonium PILs with trifluoroacetate anion, the trends 
in changes in the geometric parameters of the hydrogen bond 
and the energy of ion–ion interactions depending on the cat-
ion are similar in both the gaseous and liquid phases [52]. 
After analyzing our results and the literature data [21, 42] on 
structurally similar alkylammonium-containing ionic pairs 
with the studied anions, we also reveal that the increase of 
the alkyl group size in the tertiary cation (TMA < TEA < 
TPA < TBA) weakens the ion–ion interaction in the ionic 
pair regardless of the anion. From Table 2, it follows that 
the replacement of the hydroxyl group in the hydrogen 
sulfate anion by the benzene ring (Bsu) and methyl group 
(MsO) in the ionic pairs with the same cation leads to an 
increase in the energy of ion–ion interactions. This series 
correlates very closely with the proton affinity of the con-
sidered acid anions, showing that the anions with larger PA 
have a strong tendency to bind with the cation in the ionic 
pairs. Our calculations show that the TPrA cation interacts 
far more strongly with all the studied anions in the ionic 
pairs than with the triflate anion (− 418.15 kJ/mol) [21] and 
the bis(trifluoromethanesulfonyl)imide anion (− 388.90 kJ/
mol) [29], the PA values of which are 1247.94 and 1228.83 
kJ/mol, respectively.

It is already well known that the ion–ion interaction 
in the ionic pairs is definitely stronger in protic ILs than 
aprotic ILs due to the directional nature of hydrogen bond-
ing, shorter interatomic distances between the ions partici-
pating in the hydrogen bonding, and the limited number 
of hydrogen bonds [21, 38, 53]. To verify these claims, 

we also performed quantum chemical calculations for the 
ionic pairs with the tetrapropylammonium cation (TetPrA) 
in combination with each of the studied anions. Figure 5 
depicts the optimized geometries of these ionic pairs. 
Also given in this figure are hydrogen-bonded distances 
between the cation and the anion. It is seen that the anion 
in these ionic pairs forms multiple hydrogen bonding 
interactions with the hydrogen atoms in the propyl chains 
of the cation. All of the (C–)H…O bonds, however, have 
interatomic distances greater than 2 Å and are closed-shell 
weak interactions (∇2ρ(r) = 0.0461–0.0257 au and H(r) = 
0.0001–0.0012 au). The CHO bond angles are in the range 
of 125.1–165.5° clearly showing the nonlinear geometry 
of the hydrogen-bonded motifs. The change in anion type 
in the ionic pair with the TetPrA cation leads to a decrease 
in the Eint values in the order of anions MsO → BSu → SA 
(− 390.66, − 379.95 and − 369.28 kJ/mol, respectively), 
which is in line with the change in energy in the series of 
the ionic pairs of protic ILs detected above. For the latter, 
however, the Eint values are much more negative than those 
of the aprotic ones, which indicate strengthened ion–ion 
interactions in protic ILs. In ref. [53], a thorough investi-
gation of the ionic pairs containing tertiary diethylmeth-
ylammonium and quaternary ethyltrimethylammonium 
cations in anion yielded similar results.

Returning to the data in Table 2, we see that the energetic 
stability of the formed molecular complexes is significantly 
influenced by the deformation of the molecules upon forma-
tion of their complex structure. This term contributes about 
25–26% to the interaction energy of the complexes; thus, its 

Fig. 5   Optimized geometries of the ionic pairs with quaternary tetrapropylammonium cation and different anions
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contribution is very important. The considerable molecular 
deformation upon complex formation promotes a substan-
tial charge transfer for the LPN→BD*O–H donor–acceptor 
interactions, which, in turn, leads to the formation of the 
strongest hydrogen bond. And the larger the deformation 
energy required to form the molecular complex structure, 
the stronger are the hydrogen bonding interactions and the 
acid–base interactions in general. That was observed for 
hydrogen-bonded molecular complexes [54]. The deforma-
tion energies required to form the ionic structures are very 
similar to those found for the molecular complexes, but at 
the same time, their contribution is less than 5.5% of the 
ion–ion interaction energy. The Edef value for the ionic pairs 
would be expected to increase with the growth in the ion–ion 
interaction energy, as in the molecular complexes. However, 
the ionic pairs with the DPrA cation exhibit the smallest 
deformation energy among all the ionic pairs studied here, 
which is evidently caused by more stable ring structures with 
an insignificant amount of ring strain. A comparative analy-
sis of the data shown in Table 2 reveals that the deformation 
energies resulting from complexation and ion pairing reduce 
the binding energies significantly, i.e., the values become 
less negative than the Eint. But despite this, the Ebind and Eint 
follow the same strength order, and both are thus appropri-
ate for estimating the energetic stability of both the complex 
and the ionic pair.

The energy of hydrogen bonds (EHB) is another impor-
tant quantity for judging the strength of binding interac-
tions between neutral molecules in the molecular complex 
or between oppositely charged ions in the ionic pair. To 
estimate these bond energies, there are various approaches 
in computational chemistry (see, e.g., refs. [55–57]). The 
simplest and most frequently used method of estimating the 
energy of hydrogen bonds is the supermolecular approach, 
in which the hydrogen bond energy is estimated as the dif-
ference in the energy between monomers and a hydrogen-
bonded system. In the molecular hydrogen-bonded com-
plexes mainly hydrogen bonding contributes to the binding 
energy between molecules, suggesting that the changes 
in the EHB and Ebind values are in line with each other. 
By analyzing the data reported in Table 2, it can be noted 
that, among the two complexes of interest, PrA-MsO has 
a slightly larger Ebind than PrA-BSu. This means that the 
(O–)H…N hydrogen bond between the propylamine and 
MsO molecules in the complex is far stronger than in the 
case with BSu. A significant disadvantage of this method is 
that it is applicable only to the evaluation of the energy of a 
single hydrogen bond in the molecular complex. When the 
binding energies include not only the effects of the hydrogen 
bond formation but also the “pure” Coulomb attraction of 
two oppositely charged ions, it is very arduous to estimate 
the hydrogen bond energy. The main difficulty here is isolat-
ing the (N–)H...O hydrogen bonds present in the ionic pairs.

An outstanding correlation formula for predicting the EHB, 
proposed by Espinosa et al. [58] in 1998, is based on the rela-
tionship between the potential electron energy density V(r) 
at the bond critical point of the hydrogen bonding interac-
tion and its corresponding energy according to the empirical 
expression, EHB = 1/2 × V(r). Despite its popularity, this equa-
tion has numerous limitations, as discussed in [59–62], and 
it is safe to use for weak and moderate hydrogen bonds with 
rHO > 1.60 Å and EHB < 60 kJ/mol. Recently, Emamian et al. 
[63] revisited the equation of Espinosa to determine whether 
it really is able to predict the hydrogen bond energies with 
acceptable accuracy, and the results are unsatisfactory. They 
further put forward new empirical correlations for the molecu-
lar complexes EHB = − 223.08 × ρ(r) + 0.7423 and for the ionic 
pairs EHB = − 332.34 × ρ(r) − 1.0661. These equations have 
been successfully employed by several research groups for 
exploring the strengths of different types of hydrogen bonds 
in task-specific ILs [64–67].

To test the predictive power of these models, we calcu-
lated the hydrogen bond energies in the molecular com-
plexes and ionic pairs and compared them with each other 
(Table 2). And, as it turned out, for molecular complexes, 
the hydrogen-bonded energies calculated using the Espi-
nosa’s method (EHB-Espinosa) are significantly overestimated 
compared to those obtained by the Emamian’s correlation 
(EHB). Apparently, this is due to the inapplicability of the 
Espinosa’s approach to hydrogen bonds, which are charac-
terized by strong interaction and covalent characteristics, 
as mentioned above. The hydrogen bonded energies esti-
mated by the Emamian’s method are close to the binding 
energies in the molecular complexes. A completely different 
picture is observed in the ionic pairs studied here. The esti-
mated EHB-Espinosa energy values are much smaller than the 
respective EHB ones calculated by the Emamian’s correla-
tion. Although these two approaches result in very different 
outcomes, the order of the hydrogen bond energies in the 
ionic pairs in the series of the cations and anions is the same.

We found it interesting to estimate the contribution made 
by hydrogen bonds to the total interaction energy in each ionic 
pair. As it can be seen from Table 2, the sum of the energies of 
the two hydrogen bonds in the ionic pairs with PrA and DPrA 
cations is rather large; thereby, the role of hydrogen bonding 
in defining the ionic pair stability is all too apparent. Despite 
the formation of an extremely strong (N–)H…O hydrogen 
bond in the ionic pairs with the TPrA cation, its contribution 
to the ion pair stability is less than that in the ionic pairs with 
PrA and DPrA cations, regardless of the anion. The hydrogen 
bonding as a percentage of the binding energy in the ionic 
pairs with PrA is 21.7%, while in the ionic pairs with TPrA, it 
is 17.8% if the EHB-Espinosa values are taken into account in the 
calculation. A few higher energy percentages of the hydrogen 
bonds, ranging from 29.7 to 22.3%, are obtained from Ema-
mian’s equation because the EHB values in these cases are 
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larger than the EHB-Espinosa values. Regardless of the method 
used to calculate EHB, the hydrogen bonding interactions in 
the ionic pairs with the PrA cation have the highest percentage 
of binding energy among the ionic pairs.

Moreover, some evidence suggests that the dispersion 
interactions are also important for the structure of the molec-
ular complexes [68] and ionic pairs [69–71]. To investigate 
this observation further, the structures presented in Fig. 1 
were subjected to single-point energy calculation using the 
“standard” B3LYP functional with the same basis set. The 
difference between the interaction energy calculated using 
the B3LYP-GD3 method and that calculated at the B3LYP 
level was considered as dispersion energy (Table 2). As is 
seen, the dispersion interactions in the molecular complexes 
PrA-MsO and PrA-BSu are not much different from those 
in their corresponding ionic pairs. The dispersion energies 
in the ionic pairs with the same anion gradually increase 
along the sequence of PrA → DPrA → TPrA, which is quite 
expected if taken into account the number of propyl groups 
in the cation increases. A similar trend is seen among the 
ionic pairs with the same cation as the size of the anion 
grows. Also of note, the dispersion energy amounts to 4–9% 
of the ion–ion interaction energy, and its contribution is 
smaller than that of hydrogen bonding in general.

Combined with the results of our previous work [20] on 
studying the ionic pairs of alkylammonium–based PILs, we 
graphically plotted the energy of ion–ion interactions Eint 
versus the ΔРА parameter in Fig. 6. These data show that 
by increasing the ΔРА, the interaction between the cation 
and anion in the ionic pairs increases.

Recently, much attention has been paid to finding cor-
relations between the physicochemical properties of PILs 
and their structural-energetic parameters derived from 

quantum-chemical calculations of single ionic pairs [19, 
21, 52, 72–75]. Particularly, it was found that increasing the 
length of the alkyl radical from С1 to С4 in the alkylimida-
zolium cation [19] as well as replacing hydrogen atoms with 
alkyl groups when going from primary to tertiary ammonium 
cations [21, 52] results in a decrease in melting points in a 
series of PILs with the same anion because the interactions 
of the ions become weaker. For some alkylammonium PILs 
with different anions, it was noted a growing trend in vis-
cosity correlated with an increase in the ion–ion interaction 
energy derived from the quantum chemical calculations [21, 
72]. The change in melting temperature and viscosity in a 
series of primary ammonium PILs with thiocyanate, formate, 
nitrate, and hydrogen sulfate anions is the same as the change 
in strength of hydrogen bonds between the ions [75]. Due to 
the sparse experimental data, the structure–property relation-
ship for the studied PILs cannot be established. However, as 
Fig. 6 shows, we can expect that low melting temperatures in 
combination with low viscosity and high proton conductivity 
will be achieved for PILs with smaller ΔPA values.

Note that the results of quantum chemical calculations do 
not always directly correlate with experimental data because 
they do not take into account the many-particle interactions 
caused by cations and anions in liquids. But these quantum 
chemical methods, in particular DFT, have been and remain 
an indispensable tool for the study of the IL’s structure, and 
their use makes it possible to give a primary assessment of 
ion–ion interactions. They are the basis for classical molecular 
dynamic (MD) simulations of bulk liquids, where intramolec-
ular and intermolecular distances, atomic charges, and ener-
gies obtained from quantum chemistry calculations are used 
for developing force field parameters. And, despite the dis-
crepancy between the gas phase and real liquid, in a number of 
works, as noted above, it is possible to find certain correlations 
between the calculated and experimental data for protic ILs. 
MD simulations of triethylammonium-containing PILs with 
different anions [23] show that motifs of binding anions and 
cations into ion pairs, obtained by quantum-chemical calcula-
tions, are preserved in the bulk phase of the liquid. The trends 
in change in geometrical parameters of hydrogen bonds and 
the energy of ion–ion interactions in trifluoroacetate-based 
PILs depending on the alkylammonium cation are similar to 
those observed for the structures of the ion pairs obtained 
from the DFT method [52]. We assume that the results of our 
computations of the ion pairs with monopropylammonium, 
dipropylammonium, and tripropylammonium cations can also 
reflect the pattern of the bulk liquids and correlate with their 
physicochemical properties in a certain way.

This work is a starting point for further investigation of 
the structural changes when going from single ionic pairs to 
the bulk phase of the liquid.Fig. 6   Change in the energy of ion–ion interactions in the ionic pairs 

with the alkylammonium cation and different anions as a function of 
ΔPA. All data were obtained from the B3LYP-GD3/6-31++G(d,p) 
level
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Conclusions

To conclude, we have computationally studied the process 
of proton transfer from the acids of varying strength (benze-
nesulfonic (BSu), methansulfonic (MsO), and sulfuric (SA)) 
to the amines with different numbers of propyl substituents 
on the nitrogen atom (propylamine (PrA), dipropylamine 
(DPrA), and tripropylamine (TPrA)) upon complexation. 
Our results show that propylamine interacting with benze-
nesulfonic and methansulfonic acids can form both neutral 
molecular complexes and ionic pairs with hydrogen bonds. 
In the rest of the cases, the proton is fully transferred from the 
acid molecule to the amine, forming only ionic pairs. Taking 
into account the results from our previous quantum-chemical 
studies of the alkylammonium-containing ionic pairs with the 
different anions along with the new data, we can conclude 
that a larger difference in the proton affinity of the acid anion 
and amine is certainly not desirable for the ionic pair forma-
tions. The nature and strength of hydrogen bonding in both 
the molecular complexes and ionic pairs were compared. The 
QTAIM analysis revealed that the strength of the hydrogen 
bonds in the molecular complexes PrA-MsO and PrA-BSu is 
generally greater than that in their corresponding ionic pairs, 
but all of them comprise both covalent and ionic components. 
According to the second-perturbation energies in the NBO 
method, the highest values of charge transfer are along the 
hydrogen bond for both molecular complexes, which confirms 
that these bonds are more covalent in comparison with the 
hydrogen bonds in the ionic pairs. Among all the ionic pairs, 
the hydrogen bond in the ionic pairs with the TPrA cation is 
stronger than each of the two bonds in the ionic pairs with 
the PrA and DPrA cations regardless of the anion. However, 
there is a greater overall contribution of hydrogen bonds to 
the ion–ion interaction as the number of hydrogen atoms in 
the cation amino group increases. Good correlations of the 
electron density with the hydrogen bond distances and sta-
bilization energies have been obtained. The analysis results 
show that the hydrogen bonding interaction in the molecu-
lar complexes contributes significantly to the energies of the 
acid–base interaction. For all the ionic pairs, the most impor-
tant energy contribution comes from Coulomb interactions, 
followed by hydrogen bonding and dispersion forces. The 
ionic pairs with monopropylammonium, dipropylammonium, 
and tripropylammonium cations have stronger ion–ion inter-
actions than ionic pairs with tetrapropylammonium (TetPrA) 
cation and the same anions, which further increases in the 
order of the cation TetPrA → TPrA → DPrA → PrA, with 
the sequence of anions being SA → BSu → MsO.
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