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The cation-anion interactions present in the 1-butyl-3-methylimidazolium nitrate ionic liquid [BMIm]
[NOs] were studied by using density functional theory (DFT) calculations and the experimental FT-Raman
spectrum in liquid phase and its available FT-IR spectrum. For the three most stable conformers found in
the potential energy surface and their 1-butyl-3-methylimidazolium [BMIm] cation, the atomic charges,
molecular electrostatic potentials, stabilization energies, bond orders and topological properties were
computed by using NBO and AIM calculations and the hybrid B3LYP level of theory with the 6-31G* and
6-311++G** basis sets. The force fields, force constants and complete vibrational assignments were also
reported for those species by using their internal coordinates and the scaled quantum mechanical force
field (SQMFF) approach. The dimeric species of [BMIm][NO3] were also considered because their pres-
ence could probably explain the most intense bands observed at 1344 and 1042 cm™! in both experi-
mental FT-IR and FT-Raman spectra, respectively. The geometrical parameters suggest monodentate
cation-anion coordination while the studies by charges, NBO and AIM calculations support bidentate
coordinations between those two species. Additionally several quantum chemical descriptors were also
calculated in order to interpret various molecular properties such as electronic structure, reactivity of
those species and predict their gas phase behaviours.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The structures of the ionic liquids are based on organic cations,
such as the imidazolium, pyridinium, pyrrolidinium, tetraalky-
lammonium and phosphonium cations [1—17] which are weakly co-
ordinated to inorganic or organic anions, being the most used anions
bis(trifluoromethane sulfonyl)amide, trifluoromethanesulfonate,
hexafluorophosphate, nitrate, dicyandiamide, tosylate, or n-alkyl
sulfates among others [1,2]. The observable properties of these ionic
liquids are related directly to the presence of intra- or inter-molecular
interactions in their structures and, also to the orientations of cation
and anion, as evidenced by using electrochemical studies for 1-butyl-
3-methylimidazolium dicyanamide at the platinum-liquid interface
by Aliaga and Baldelli [ 13]. For these reasons, the structural studies of
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these species are of great interest to explain their behaviour in
different media and, especially when these species interact with
other [1,3,4,6,9,13,15]. For the same reasons, the vibrational studies of
these ionic liquids are of great significance to identify interactions
between cation and anion, as reported by Wang et al. [ 14] for 1-butyl-
3-methylimidazolium hexafluorophosphate ionic liquid by using the
31p NMR and FT-IR spectra. So far, the structural and vibrational
studies of 1-butyl-3-methylimidazolium nitrate were not reported
and, only the infrared spectrum and some bands were identified by
Gruzdev et al.[17] while their conductivity, density and viscosity were
recently reported by Bennett et al. [3]. The preparation of 1-butyl-3-
methylimidazolium salts and their intra-molecular interactions
were also studied by Gruzdev et al. [17] while the water effect on
physicochemical properties of 1-butyl-3-methylimidazolium were
published by Grishina et al. [18]. In this context, the aims of this work
are: (i) to know the different types of interactions that present 1-
butyl-3-methylimidazolium nitrate, such as ionic interactions
(cation-anion) or of hydrogen bonds because for this ionic liquid so far
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they are not reported NBO and AIM studies [19—21], (ii) to know the
structural properties of this ionic liquid because the atomic charges,
bond orders, molecular electrostatic potentials, stabilization energies,
topological properties were not studied for this ionic liquid and, (iii) to
perform the complete vibrational assignments in order to identify
this ionic liquid by using the vibrational spectroscopy and to report
their force fields and force constants. Here, the theoretical calcula-
tions, based on the density functional theory (DFT) by using the
hybrid B3LYP method with the 6-31G* and 6-311+-+G** basis sets are
also useful to predict the infrared and Raman spectra which were later
compared with the corresponding experimental ones in order to
perform the complete assignments. The properties for the 1-butyl-3-
methylimidazolium cation were also predicted in order to compare
them with those obtained for their ionic liquid. The complete vibra-
tional assignments of ionic liquid and their cation were performed
taking into account their internal coordinates and corresponding
force fields calculated at the same levels of theory by using the SQMFF
methodology and the Molvib program [22,23] and, by using the
experimental available infrared spectrum [17]. Here, the experi-
mental Raman spectrum for [BMIm][NOs] in the liquid state was
recorded by us. A 1-butyl-3-methylimidazolium nitrate dimeric
species was also considered in order to explain the strong intensities
of some bands observed in the vibrational spectra. This work was
completed with the calculations of frontier orbitals [24,25] and
quantum chemical descriptors for the ionic liquid and their cation
[26—28]. After that, all properties were totally evaluated and
compared for the cation and their ionic liquid.

2. Experimental section

FT-Raman spectra of 1-butyl-3-methylimidazolium nitrate
[BMIm][NO3] were typically measured at room temperature
(298 K) using the Bruker MultiRAM FT-Raman spectrometer with
the motorized xyz-sample stage and with the high-sensitivity
liquid nitrogen cooled germanium detector. The 1064 nm wave-
length beam of the pulsed Nd:YAG laser (500 mW) as the excitation
source using the 180° scattering geometry was employed in the
experiments, while the resolution of the spectrometer was set to
the 2 cm . The FT-Raman spectrum was recorded with 400 scans
between 4000 and 70 cm~ . To avoid the background, samples were
prepared and measured in Silica cells.

3. Computational details

The GaussView program [29] was used to model the initial
structures of [BMIm][NOs3] and their [BMIm] cation while the
hybrid B3LYP method with the 6-31G* and 6-311++G™** basis sets
were employed together with the Gaussian 09 program Revision
A.02 [30] to optimize both structures. It is necessary to explain that
the position of the NO3 anion confined in the initial structure of
[BMIm][NO3] was taken in accordance to those reported in the
literature for other ionic liquids [15,16,31]. The potential energy
surfaces (PES) for [BMIm][NOs] by using both levels of theory were
studied for variations of the dihedral N2—-C12—C15-C18,
C12—C15—C18—C21 and C1—H25—026—N27 angles. Hence, four
structures, named C1, C2, C3 and C4, with energies minima were
found on the PES where C2 presents a global minimum by using the
B3LYP/6-31G* level of theory while C1 and C3 also present global
minima by using the 6-311++G** basis set, as it is observed in
Table S1 and Figure S1. On the other hand, from Table S1 we clearly
observed that C2 presents practically the same energy than C4 with
the greater basis set and, for this reason, their properties are basi-
cally the same and, hence, the properties for C4 were not consid-
ered in this work. Fig. 1 shows the most stable structures C1, C2, C3
and C4 of [BMIm][NOs] while in Fig. 2 is presented the electronic
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Fig. 1. The B3LYP/6-311++G** optimized molecular structures of all conformers of 1-
butyl-3-methylimidazolium nitrate ionic liquid with the atoms numbering.

structure of [BMIm] cation in accordance to that reported for imi-
dazolium cation by Bennett et al. [3]. The atomic natural pop-
ulations (NPA) and the Mulliken charges were studied for those
three structures including the cation while the Merz-Kollman (MK)
charges were employed to calculate the corresponding molecular
electrostatic potentials (MEP) [32]. The topological properties were
calculated employing the AIM2000 program [20] while the, bond
orders expressed by Wiberg's indexes and the acceptor-donor in-
teractions energies were obtained from NBO calculations [19].
SQMFF methodology [22] and the Molvib program [23] were used
together with the corresponding normal internal coordinates in
order to obtain the harmonic force fields for all species. The
vibrational assignments were performed from the force fields by
using the Potential Energy Distribution (PED) contributions > 10%
and the experimental available FT-IR spectrum of [BMIm][NOs] [17]
and their experimental FT-Raman spectrum collected for only one
sample -1-butyl-3-methylimidazolium nitrate by us. At this point,
the dimeric structure of [BMIm][NO3] with the two nitrate anions
linked to the C—H bonds belong to the rings [31] was also consid-
ered, as shown in Fig. 3. The assignments for the dimeric species
were performed with the aid of the GaussView program [29]. Now,
the predicted infrared and Raman spectra for the dimeric structure
are similar to the experimental ones. Here, it is very important to
mention that the calculated geometrical parameters and wave-
numbers by using both basis sets were compared with the corre-
sponding experimental values by using the root-mean-square
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Fig. 2. Molecular theoretical structure of 1-butyl-3-methylimidazolium cation and the
atoms numbering by using the B3LYP/6-311++G** method (upper). A scheme of their
electronic structure is also presented (bottom).
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Fig. 3. The geometrical structure of dimer 1-butyl-3-methylimidazolium nitrate ionic
liquid calculated by using B3LYP/6-311++G** level. Intramolecular H-bonds are rep-
resented with dashed lines.

deviation (RMSD) values in order to find the best results and
method in order to perform the corresponding assignments. For all
species the volumes in gas phase were computed by using the
Moldraw program [33]. The gap values for all species were calcu-
lated with the frontier orbitals [24,25] while their reactivities and
behaviours were predicted by using global descriptors, as reported
in the literature [26—28].

4. Results and discussion
4.1. Structural study in gas phase

In Table 1 the calculated total and relative energies are sum-
marized, together with dipole moments, volume values and pop-
ulations for the four most stable conformers of [BMIm][NOs3] and,
for both cation and dimer. The results by using the B3LYP/6-31G*
method show that C2 is the most stable conformer of [BMIm]
[NOs3] with higher population while C1 and C3 are the most stable
species when the 6-311+-+G** basis set is used. Besides, C1 presents
higher relative energy and dipole moment but low population in
gas phase by using the B3LYP/6-31G* method. However, when the
other basis set is used, their dipole moment and population in-
creases from 12.64 to 13.94 D and from 10.26 to 29%, respectively.

Table 1

Calculated total (E) and relative energies (AE), dipolar moment (1), volume (V) and
population values for the most stable conformers of 1-buthyl-3-methyl imidazolium
nitrate and their cation in gas phase.

Conformers E (Hartrees)  4E (kJ/mol) u (Debye) V (A3) Population%
B3LYP/6-31G*method/Gas phase

1-buthyl-3-methyl imidazolium nitrate

C1 —703.6701 4.20 12.64 2226 1023
Cc2 —703.6717 0.00 11.86 2211  56.82
c3 —703.6707 2.62 11.67 219.0 19.88
Cc4 —703.6703 3.67 12.04 2231 13.07
1-buthyl-3-methyl imidazolium species

Cation —423.1781 5.04 188.2

Dimer —1407.3829 6.31 454.9
B3LYP/6-311++G**method/Gas phase

C1 —703.8838 0.00 13.94 2283 29
Cc2 —703.8835 0.79 13.51 226.7 21
c3 —703.8838 0.00 13.84 2243 29
Cc4 —703.8835 0.79 13.89 2265 21
1-buthyl-3-methyl imidazolium cation

Cation —423.2869 491 191.3

Dimer —1407.8013 5.68 458.1

On the other hand, the pairs of conformers C1 and C3 and, C2 and
C4 have the same populations and total and relative energies by
using the 6-311++G™** basis set. The orientations and directions of
the dipole moments vectors corresponding to the four conformers
change strongly in relation to the cation, as observed in Fig. 4.
Obviously, the presence of two nitrate anions in the dimer
evidently modifies the cation structure and, for this reason, also
their properties. Hence, when two units of [BMIm][NOs]| are
considered by using the 6-31G* basis set the dipole moment value
decreases in the dimer to 6.31 D while its volume increases at
454.9 A3,

The calculated geometrical parameters for [BMIm][NOs] by us-
ing the 6-31G™ level of theory compared with those obtained to the
[BMIm] cation by using the RMSD values can be seen in Table 2
while in Table S2 the values for the other basis set are presented
In general, the RMSD values for C1 with the 6-31G* basis set are
different from those calculated for C2 and C3 where, obviously the
better correlations are observed for C2 and C3 but, when the
greater basis set is used, C3 clearly presents better correlations for
bond lengths and angles (0.008 A and 1.3°). Carefully evaluating the
results, we observed that the N2—C3, C3—C4, C4—N5 and N5—C1
bond lengths practically do not change for one of the two NO3
anions of the dimer. However, the values of some parameters for
the second nitrate group significantly change, particularly the
dihedral angles, as observed in Table 2 and S2. Besides with both
basis sets, it is observed that in both monomeric and dimeric spe-
cies the C1—N2 and N5—C1 bond lengths present practically double
bonds characters having in the cation the same values while
slightly change in the conformers of ionic liquid. On the other hand,
the differences observed in the N2—C12 and N5—C8 bond lengths
for the ionic liquid and their cation probably indicate that these two
distances are strongly dependent on the length of side chain, thus,
when the N atom is linked to the methyl group the value for N5—C8
of C2 is lower by using the 6-31G* basis set (1.467 A) than N2—C12
whose N atoms are linked to the butyl group (1480 A), as observed
in Table 2 and S2. When the C1—H25 distances are analyzed for all
species, we observed that the cation value is lower than those
corresponding to the three conformers of [BMIm][NOs], as it was
expected, because the incorporation of the nitrate group to the
cation generates H bond interaction between the H25 and 026
atoms and, as a consequence the enlargement of the C1—H25 bonds

C3

Fig. 4. Magnitudes and orientations of dipole moment vectors corresponding to the
most stable conformers of 1-butyl-3-methylimidazolium nitrate and their cation in gas
phase at the B3LYP/6-311++G** level of theory.
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Table 2

Calculated geometrical parameters for 1-buthyl-3-methyl imidazolium nitrate monomer and dimer compared with those corresponding to the cation.

B3LYP/6-31G* Method*

Parameters Cation 1-buthyl-3-methyl imidazolium nitrate

Monomer Dimer

C1 Cc2 c3 c2
Bond lengths (A)
C1-N2 1.338 1.342 1.340 1.339 1.342/1.338
N2—C3 1.382 1.384 1.385 1.386 1.386/1.382
C3-C4 1.363 1.362 1.362 1.362 1.363
C4—N5 1.382 1.384 1.383 1.384 1.382/1.383
N5—C1 1.339 1.339 1.338 1.338 1.338/1.341
N2—C12 1.484 1.478 1.480 1.476 1.480/1484
N5—-C8 1.469 1.467 1.467 1.466 1.470/1.466
C1-H25 1.079 1.112 1.107 1.106 1.090/1.098
H25—-026 1.744 1.758 1.751 1.977/1.872
N27-026 1.287 1.283 1.283 1.267/1.280
N27—-028 1.268 1.269 1.269 1.266/1.254
N27-029 1.233 1.237 1.236 1.252/1.249
RMSD 0.012 0.010 0.010
Bond angles (°)
C1-N2—-C3 108.2 109.0 108.9 108.9 108.4/108.7
N2—-C3-C4 107.3 106.9 107.0 106.8 107.5/107.1
C3—-C4—N5 107.0 106.8 106.8 106.9 106.3/106.9
C4—N5-C1 108.3 109.2 109.1 109.0 109.4/108.7
N5—C1-N2 109.0 107.8 108.0 108.1 108.1/108.4
N5—C1-H25 1254 126.9 125.2 127.2 126.3/126.5
N2—-C1-H25 125.5 125.1 126.6 1244 125.1/124.9
C4—N5—-C8 125.7 126.7 127.3 127.5 125.1/126.7
C1-N5—-C8 125.9 123.9 1233 1233 125.3/124.5
C1-H25-026 168.6 167.2 158.3 146.1/162.6
RMSD 11 1.2 14
Dihedral angles (°)
H25—-C1-N2—C12 -23 1.2 2.1 -0.7 3.7/-3.4
H25—-C1-N5—C8 -03 -13 0.5 -0.6 -6.3/2.7
C1-N2-C3—-C4 -0.1 -0.2 -0.1 -0.3 —-0.0/0.2
C3—C4—N5—C1 -0.0 -0.0 -0.1 -0.2 0.4/0.0
C12—-N2—-C3-C4 —-178.1 —-179.5 —-179.1 -175.3 -177.5/-179.4
C8—N5-C4—C3 -179.3 1794 176.2 176.3 —179.7/-179.5
RMSD 1464 145.1 145.2

#Values corresponding to the second nitrate group.
2 This work.

is observed in the three conformers. In relation to the nitrate
groups, we observed that the coordination modes of these groups
with the cation is clearly monodentate because the N27—028 and
N27—-029 bond lengths have lower and different values than the
N27—-026 bonds by using both basis sets. Hence, partial double
bonds characters are observed in those first two bonds, especially
by using the 6-311++G** basis set, while the N27—026 bonds
lengths present simple bond characters because these bonds are
coordinated to the cations by means of the C1—H25 bonds.
Analyzing the bond angles, it is observed that for the cation all the
angles by using both basis sets are practically different from those
observed in the three conformers of [BMIm][NOs]. Hence, the three
conformers practically show better RMSD values by using the 6-
311++G™* basis set. Higher differences are observed in the dihedral
angles showing better correlations when the 6-311++G** basis set
is employed. Such differences can be easily attributed to the
different signs and values that present the H25—C1—-N2—C12 and
C8—N5—C4—C3 dihedral angles. Hence, the length of the side chain
has clearly notable influence on the geometrical parameters and,
especially on the dihedral angles. Hence, these values also change
in the other nitrate group of dimer. Finally, the best approximation
to the experimental values was obtained by using the 6-311++G**
basis set.

4.2. Charges, molecular electrostatic potentials and bond orders
studies

In this section, we have studied the atomic charges, molecular
electrostatic potentials and the bond order values for [BMIm]
[NOs] and their cation these properties are important due to their
ionic nature and to the different interactions expected for these
species. Thus, the atomic Merz-Kollman (MK) and Mulliken
charges were investigated for all species as a consequence of the
nitrate ions present in the ionic liquid. Thus, in Table 3 the
calculated MK and Mulliken charges are presented for the most
stable conformers of 1-buthyl-3-methyl imidazolium nitrate
together with the corresponding to the cation by using the B3LYP/
6-31G* level of theory. Table S3 shows those calculated charges by
using the 6-311++G** basis set. Note that the MK charges values
for the four species by using both basis sets are completely
different from the Mulliken ones including for a same atom the
values and signs are completely different. For instance, the MK
charges on the N2 atoms of the four species by using the 6-31G*
basis set have positive signs although the Mulliken ones in these
species show negative signs but, by using the 6-311++G** basis
set all charges on the N2 atoms have positive signs in all species.
On the other side, contrary results can be observed on the C3 and
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Table 3

Calculated MK and Mulliken charges for the most stable conformers of 1-buthyl-3-methyl imidazolium nitrate compared with the corresponding to the cation.

B3LYP/6-31G* Method*?

MK Mulliken
Atoms Cation Atoms C1 C2 c3 Cation C1 c2 C3
1C —-0.067 1C -0.137 0.000 —-0.058 0.302 0.283 0.297 0.292
2N 0.108 2N 0.242 0.140 0.083 -0.381 -0.417 -0.413 -0.404
3C -0.133 3C —0.256 -0.292 -0.198 0.034 0.017 0.018 0.016
4C -0.164 4C -0.196 -0.165 -0.238 0.031 0.018 0.019 0.020
5N 0.191 5N 0.226 0.185 0.271 —-0.390 —0.403 —-0.400 -0.398
6H 0.227 6H 0.202 0.200 0.210 0.234 0.191 0.192 0.191
7H 0.209 7H 0.224 0.235 0.219 0.235 0.192 0.192 0.192
8C -0.374 8C -0.318 —0.359 —-0.380 —0.346 -0.359 -0.349 -0.348
9H 0.175 9H 0.200 0.202 0.213 0.214 0.271 0.260 0.259
10H 0.184 10H 0.140 0.154 0.158 0.230 0.182 0.179 0.182
11H 0.181 11H 0.115 0.130 0.126 0.230 0.182 0.186 0.185
12C -0.233 12C -0.317 -0.147 —-0.140 -0.195 —-0.155 —-0.160 -0.182
13H 0.136 13H 0.134 0.095 0.128 0.201 0.192 0.185 0.214
14H 0.145 14H 0.103 0.082 0.093 0.205 0.161 0.163 0.166
15C 0.046 15C 0.231 0.107 —-0.044 -0.263 —-0.291 -0.301 —-0.262
16 H 0.050 16 H 0.001 0.016 0.018 0.186 0.217 0.147 0.133
17H 0.020 17H -0.023 0.000 0.037 0.156 0.143 0.209 0.152
18C 0.154 18C 0.052 0.022 0.266 -0.271 —-0.257 —-0.260 -0.274
19H —0.002 19H 0.010 —0.004 —0.001 0.150 0.145 0.115 0.157
20H —-0.019 20H —0.009 0.041 -0.015 0.137 0.126 0.161 0.186
21C -0.368 21C —-0.279 —-0.302 —-0.450 —-0.447 —0.447 —-0.457 —-0.447
22H 0.115 22H 0.079 0.085 0.129 0.173 0.146 0.143 0.173
23 H 0.101 23 H 0.084 0.069 0.087 0.166 0.175 0.130 0.130
24H 0.097 24H 0.064 0.098 0.101 0.158 0.144 0.200 0.138
25H 0.220 25H 0.240 0.183 0.184 0.250 0.322 0.307 0.309
26 0 -0.576 —0.553 —0.566 -0.520 —0.506 -0.516
27N 0.827 0.820 0.848 0.705 0.688 0.693
280 —-0.588 —0.566 —-0.590 -0.521 -0.507 -0.513
290 -0473 -0.476 —0.492 —0.442 —0.438 —0.445

C4 atoms with both basis sets. Very important results are obtained
regarding the total sum of the MK and Mulliken charges on the C1,
N2 and N5 atoms that belong to the imidazole ring, in accordance
to the scheme proposed in Fig. 2. We observed that the total sum
of the MK charges on those three atoms result in positive values by
using both basis sets while the total sum of the Mulliken charges
generate negative values for the three conformers of [BMIm][NOs]
with both basis sets, including the cation. Hence, the scheme
presented in Fig. 2 where the ring has positive charge is better
represented with the MK charges, as compared with the Mulliken
ones. The Mulliken charges on the 026 and 028 atoms belong to
the nitrate groups and predicted practically the same values by
using 6-31G* basis set but slightly different from those observed
on the 029 atoms. Hence, this level of theory suggests bidentate
coordinations of the nitrate groups in the three conformers.
However, a different result is observed from the MK charges,
because these charges on the 026 and 028 atoms are unlike be-
tween the three O atoms.

In Table 4 the molecular electrostatic potentials (MEP) are
summarized for the three conformers of [BMIm][NOs] and their
cation by using the B3LYP/6-31G* level of theory while these values
by using the other basis set is presented in Table S4. The mapped
surfaces for all species are represented graphically in Fig. 5. The
results of Table 4 shows clearly that the MEPs values on all atoms
slightly change from cation to the three conformers but the most
significant changes are observed on the C1, N2 and N5 atoms
located in the rings, in accordance with the corresponding MK
charges. Besides, the H25 atoms belong to the C1—H25 bonds also
change significantly due to the H bonds formed as a consequence of
the coordination of those atoms with the nitrate groups. Here,
another very important result is observed in the similar MEP values
on the 026, 028 and 029 atoms by using both basis sets indicating
probable monodentate coordination for the nitrate groups. If now,

we analyzed the different colorations observed from Fig. 5, we
observed that the expected blue color that is observed on the cation

Table 4
Calculated molecular electrostatic potentials for 1-buthyl-3-methyl imidazolium
nitrate compared with the corresponding to the cation.

B3LYP/6-31G* Method?

Atoms Cation Atoms C1 c2 Cc3
1C —14.474 1C —14.642 —14.640 —14.641
2N —18.090 2N —18.231 —18.232 —18.233
3C -14.523 3C —14.652 —14.654 —14.655
4C —14.523 4C —14.654 —14.655 —14.654
5N —18.083 5N -18.229 —-18.231 -18.231
6H —0.900 6H -1.025 -1.026 -1.026
7H —0.902 7H -1.024 —-1.026 -1.026
8C —14.528 8C -14.676 -14.674 —14.672
9H -0.928 9H —-1.082 —-1.081 -1.078
10H -0.934 10H -1.073 -1.070 -1.069
11H -0.935 11H -1.075 -1.074 -1.073
12C -14.533 12C —14.659 —14.659 —14.663
13H —0.946 13H -1.076 -1.076 -1.077
14H —0.947 14H —1.068 -1.070 -1.074
15C —14.599 15C —14.726 —-14.729 —-14.719
16 H —0.986 16 H -1.117 -1.111 -1.106
17H —-0.987 17H -1.111 -1.120 -1.106
18C -14.616 18C —14.728 —14.740 —14.747
19H —1.009 19H -1.122 -1.131 -1.139
20H —1.008 20H -1.121 -1.135 -1.142
21C —14.645 21C —14.747 —14.765 —14.756
22H -1.027 22H -1.127 -1.143 -1.139
23 H -1.027 23H -1.130 -1.143 -1.135
24H —1.026 24H -1.127 -1.149 -1.136
25H —-0.870 25H -1.039 —-1.039 —1.040
260 -22.377 -22.371 —22.374
27N —18.148 —-18.143 —18.146
28 0 -22.379 —22.372 —22.375
290 —22.380 —22.374 -22.377
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Fig. 5. Molecular electrical potential surfaces of 1-butyl-3-methylimidazolium nitrate
and their cation obtained from B3LYP/6-311++G**. Color ranges, in au: from
red —0.090 to blue +0.090 and isodensity value of 0.005. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)

clearly represents electrophilic sites while the red and green col-
ours indicate nucleophilic and inert sites, respectively. Here, the red
colours observed on the nitrate groups of the three conformers
indicate nucleophilic places due to the anionic characteristics of
those groups while on the C—H bonds of the rings and, on part of
the C—H belong to the CH3 groups blue colours are observed
because these sites are electrophilic places. Finally, on the butyl side
chain green colours are observed indicating clearly that these sites
are completely inert.

In relation to the bond orders, in Table 5, the bond orders (BO)
expressed by Wiberg's indexes for 1-buthyl-3-methyl imidazolium
nitrate are given in Table 5 together with the cation while in
Table S5 these values are presented by using the other basis set. The
bond order values were calculated with the NBO program [19]
because they are very useful to indicate the characteristics of the
different bonds. In general, the addition of nitrate group to the
cation clearly increases the BO of some atoms, as observed by using
the 6-31G* basis set. However, when the other basis set is used few
atoms decrease their values, as can be seen in Table S5. The BO
values for the 026 and 028 atoms belonging to the nitrate groups in
the three conformers have approximately the same and low BO
values (O—N—O) than those corresponding to the 029 atoms (N=
0) which present higher values by using the 6-31G™* basis set. But
when the other basis set is employed the three O atoms present
approximately the same BO values. Evidently, here different coor-
dination modes by using both basis set are predicted for the nitrate
groups.

4.3. Energy interactions and topological studies

The above studies by using MK and Mulliken charges, MEPs and
bond orders have suggested different coordination modes of the
nitrate groups in the three conformers of [BMIm][NOs] and, for
these reasons, the donor-acceptor energy interactions and the to-
pological properties for all species are necessary in order to eluci-
date the type of interactions that is present in these species. Hence,
NBO [19] and AIM calculations were performed to analyze the
stabilities of these species by using the topological properties
calculated with the AIM2000 program [20] and the Bader’ theory

Table 5

Calculated bond orders expressed, as Wiberg indexes by atoms, for the three con-
formers of 1-buthyl-3-methyl imidazolium nitrate compared with the correspond-
ing to the cation.

B3LYP/6-31G* Method?®

Atoms Cation Atoms C1 Cc2 c3
1C 2.747 1C 3.730 3.742 3.738
2N 2.649 2N 3,514 3.513 3,514
3C 2.897 3C 3.876 3.875 3.876
4C 2.883 4C 3.877 3.876 3.877
5N 2.669 5N 3.523 3.523 3.517
6H 0.800 6H 0.935 0.935 0.935
7H 0.802 7H 0.935 0.935 0.935
8C 2.990 8C 3.710 3.715 3.718
9H 0.751 9H 0.915 0918 0.917
10H 0.734 10H 0.943 0.943 0.943
11H 0.734 11H 0.945 0.944 0.944
12C 3.078 12C 3.811 3.811 3.801
13H 0.739 13H 0.937 0.937 0.929
14H 0.740 14H 0.945 0.945 0.942
15C 3.110 15C 3.880 3.879 3.902
16H 0.745 16H 0.928 0.942 0.951
17H 0.742 17H 0.948 0.931 0.942
18C 3.145 18C 3.905 3.904 3.889
19H 0.735 19H 0.948 0.956 0.947
20H 0.738 20H 0.953 0.946 0.938
21C 3.060 21C 3.843 3.837 3.848
22H 0.749 22H 0.946 0.947 0.939
23H 0.745 23 H 0.943 0.955 0.955
24H 0.744 24H 0.951 0.937 0.953
25H 0.797 25H 0.917 0.918 0.917
26 0 1.852 1.863 1.860
27N 4.076 4.077 4.077
280 1.858 1.866 1.861
290 1.989 1.977 1.975

[21]. These donor-acceptor energy interactions for the three con-
formers of 1-buthyl-3-methyl imidazolium nitrate compared with
the corresponding to the cation can be seen in Table 6 while in
Table S6 their values are observed with the other basis set. These
energy interactions are calculated from the NBO program by using
the Second Order Perturbation Theory Analysis of Fock Matrix in
NBO Basis, which are expressed as E(2). The deep analysis of these
results clearly shows the differences that present the three con-
formers of [BMIm][NOs3] and their cation. Obviously, the cation is a
charged species and, for this reason, it is an unstable species with
low donor-acceptor energy interactions, as compared with the
neutral species. A total of six interactions are observed for the three
conformers but in the cation the A4ET;p_, ,+ and A4ET;_, ,* in-
teractions related to the nitrate groups are not observed, as it is
expected. Here, the total energy donor-acceptor energy interactions
values for C1 and C2 conformers by using both basis sets are higher
than those corresponding to C3, being the most stable the C1
conformer by using the 6-31G* basis set but C2 is the most stable
species by using the other one. Here, higher stabilities of C1 and C2
are clearly attributed to the # C1-N2— LPN5 and 7(C3-C4— LPN5
interactions which are not present in C3. Probably, these results
could in part be justified by the higher dipole moment values which
are observed for both C1 and C2 species and by the higher values of
the C1-H25—026 bond angles observed from Table 2 for those two
species (168.6° in C1, 167.2° in C2 and 158.3° in C3). When the
greatest basis set is used a new 4ET,_, 4+ interaction appears which
can only be observed in C3. Thus, the total energies support high
stabilities for the three species but specifically for C1 by using the 6-
31G* basis set and for C2 by using the greatest basis set.

The atom in molecules (AIM) Bader's theory is useful to analyze
the intra-molecular and inter-molecular interactions that present
different species by using their topological properties [21]. Hence,
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Table 6
Main donor-acceptor energy interactions (in kj/mol) for the three conformers of 1-
buthyl-3-methyl imidazolium nitrate compared with the corresponding to the
cation.

B3LYP/6-31G*

Delocalization Cation Cl1 Cc2 Cc3

7w C1—N2—LPN5 95.60 90.33 89.37

mC3—C4— LPN5 0.00 549.00 547.75

AET,_, 1p 95.60 639.33 637.12

wC1—-N2 - 7*C3—C4 71.48 77.96 76.91 76.49
wC3-C4—7* C1—N2 62.41 49.07 4891 48.24
AET, ., o~ 133.89 127.03 125.82 124.73
LPN5— w*C1—N2 332.10 326.63 328.76 326.33
LPN5 — 7*C3—C4 125.07 136.98 137.40 136.90
LP026 — m*N27—029 404.42 304.76 276.97
LPO28 — m*N27—029 484.09 339.79 306.02
AETip_, o+ 457.17 1352.10 1110.71 1046.21
LPO26—0*C1—H25 111.48 87.82 87.11
LPO26 — ¢*N27—029 61.78 67.59 67.17
LPO28 — d*026—N27 53.17 53.92 54.38
LPO28 —0*N27—029 69.56 68.84 67.84
LPO29—0*026—N27 8347 80.76 80.47
LP029 — ¢*N27—028 79.55 78.79 79.50
AETip_. &+ 459.01 437.73 436.48
7*C1—N2 - 1*C3—C4 70.98 104.04 102.91 104.67
T*N27—029— m*N27—029 48.03 45.48 43.68
AET,_, o+ 70.98 152.07 148.39 148.35
T*N27—-029 — ¢*N27—029 104.79 141.08
AET,_, 4+ 104.79 141.08
AErotal 757.63 2729.54 2564.55 1896.85

the electron density, p(r) and the Laplacian values, V2p(r) were
calculated for the three conformers of [BMIm]|[NOs] and their
cation in the bond critical points (BCPs) by using the AIM 2000
program [20]. The results of those two properties obtained for all
species can be seen in Table 7 while in Table S7 the results for the
other basis set are summarized. Here, only the interactions for the
three conformers were presented because there are not observed

Table 7
Analysis of the topological properties for the three conformers of 1-buthyl-3-methyl
imidazolium nitrate compared with the corresponding to the cation.

B3LYP/6-31G*
C1

Parameter (a.u.) H9---028 H16---026 H25---026

p(re) 0.0202 0.0122 0.0459

v2p(rc) 0.0644 0.0380 0.1338

Distances (A) 2.1030 2.3820 1.7440

c2

Parameter (a.u.) H9---028 H17---026 H25---026 H24---029 H20---028
p(re) 0.0173 0.0121 0.0443 0.0075 0.0032
v2p(rc) 0.0542 0.0384 0.1307 0.0260 0.0134
Distances (A) 2.2030 2.3960 1.7580 2.5800 3.0100

c3

Parameter (a.u.) H9---028 H25---026 H20---029

p(re) 0.0152 0.0451 0.0066
v2p(rc) 0.0494 0.1357 0.0265
Distances (A) 2.2550 1.7510 2.7060

interactions for the cation. It is necessary to clarify that in V2p(r) >
0 and |A1]/A3 < 1 the interactions are of the H bonds, in accordance
with the Bader's theory [21]. Here, the eigenvalues (11, A2, A3) of the
Hessian matrix were no presented. Table 7 and S7 show H bonds
formations in the three conformers; having C1 and C3 three H
bonds of different characteristics while in C2 the number of H
bonds increases to five. Note that by using the 6-31G* basis set the
H9---028 and H25---026 interactions are present in the three
conformers and, that the density observed for the H25---026
interaction is higher in the C1 conformer probably because the
distance between those two atoms is lower. With the other basis set
the number of interactions decreases for C1 from 3 to 2 and for C2
from 5 to 3 while for C3 the number of interactions does not
change. Those two interactions clearly support the bidentate co-
ordination for the three conformers. Clearly, C2 has the higher
number of H bonds and, as a consequence, higher stability is ex-
pected for this conformer by using the 6-31G* basis set but, when
the other basis set is employed C2 presents the same stability than
C3. Obviously, the basis set has notable influence on the H bonds
interactions and, hence, on their stabilities.

4.4. Evaluation of gap energies and global descriptors

The energy difference between the HOMO and LUMO frontier
orbitals (gap) is important to predict the reactivities of diverse
species, in accordance to Parr and Pearson [24] and Brédas [25].
Thus, the HOMO and LUMO orbitals, defined as highest occupied
molecular orbital and the lowest unoccupied molecular orbital
respectively, are also practical to calculate useful descriptors that
are necessary to predict the behaviour of the species in different
media [26—28]. Hence, in Table 8 the calculated frontier orbitals,
energy band gap, chemical potential (u), electronegativity (x),
global hardness (1), global softness (S), global electrophilicity index
(w) and global nucleophilicity index (£) for [BMIm][NOs] and their
cation are compared with the values obtained for p-xylylenedia-
minium bis(nitrate) and their cation [34]. Then, in Table S8 the
values by using the 6-311++G™** basis set are presented. If first, the
gap values for the three conformers and their cation are compared
by using the 6-31G* basis set, we observed the same values for C2
and the cation (—4.36 eV) and for C1 and C3 (—4.3764 eV) where
the two first have lower values than the second ones, for these
reasons, these two C1 and C3 species have slightly low reactivities
as compared with those two species. When these gap values are
compared by using the B3LYP/6-311++G** method the cation and
C2 are the most reactive species but the three conformers of ionic
liquid are more reactive than their cation and than the p-xylyle-
nediaminium and their cation [39]. Note that the p-xylylenedia-
minium cation is less reactive than the [BMIm] one by using the 6-
31G* basis set but on the contrary is observed with the other basis
set. Analyzing the descriptors, we observed that despite C2 and the
[BMIm] cation and C1 and C3 have the same gap values all species,
they show different softness values by using both basis sets. In
relation to the electrophilicity and nucleophilicity indexes, it is
observed that the cations of both nitrate species present higher
indexes than the corresponding neutral species but these values are
higher for p-xylylenediaminium bis(nitrate) in relation to the ionic
liquid probably because this species has two nitrate groups in their
structure while the ionic liquid presents only one nitrate group.
Both cations are positively charged species and electrophilics and,
for these reasons, they have higher electrophilicity indexes. These
descriptors are compared in Table 8 and S8 with other reported for
species with different properties, such as, the two antimicrobial
tautomers of 1,3-benzothiazole, thione and thiol [35], the antiviral
thymidine [36] and with the toxic species CN~, CO and saxitoxin
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Table 8

Calculated HOMO and LUMO orbitals, energy band gap, chemical potential (1), electronegativity (), global hardness (1), global softness (S), global electrophilicity index (w) and

global nucleophilicity index (£) for [BMIm][NO3] and their cation.

B3LYP/6-31G* method*®

B3LYP/6-311++G**"

Frontier [BMIm] [BMIm][NO3] p-Xylylenediaminium p-xylylenediaminium bis(nitrate)
orbitals Cation C1 C2 Cc3 Cation neutral
(eV)
HOMO —11.6033 —5.0336 —5.1743 —5.0980 —14.4150 -7.5729
LUMO -4.8613 —-0.8388 —0.8143 -0.7216 —-8.5800 -1.8621
GAP —4.3600 —4.3764 —4.3600 —4.3764 —5.8350 —5.7108
Descriptors (eV)
%« -3.3710 —2.0974 —2.1800 —2.1882 -2.9175 —2.8554
1 —8.2323 —2.9362 —2.9943 —2.9098 -11.4975 -4.7175
n 3.3710 2.0974 2.1800 2.1882 29175 2.8554
S 0.1483 0.2384 0.2294 0.2285 0.1714 0.1751
[0} 10.0520 2.0552 2.0564 1.9347 22.6551 3.8970
E —27.7511 —6.1584 —6.5276 -6.3672 —33.5440 —13.4703
B3LYP/6-31G*
Frontier Thionec Thiol® Thymidine® CN—© co*© Saxitoxin®
orbitals
(eV)
HOMO —6.4443 —6.8847 —6.9621 —21.0491 -10.1077 -13.656
LUMO -2.7918 —2.6194 —1.4443 —18.8917 -0.5926 -7.1273
GAP —3.6525 —4.2653 -5.5178 —2.1574 -9.5151 —6.5287
Descriptors (eV)
%« -1.8263 -2.1327 —2.7589 -1.0787 —4.7576 —3.2644
[ —4.61805 —4.7521 —4.2032 —19.9704 —-5.3502 -10.3917
n 1.8263 2.1327 2.7589 1.0787 4.7576 3.2644
S 0.2738 0.2345 0.1812 0.4635 0.1051 0.1532
[0} 5.8388 5.2943 3.2018 184.8600 3.0083 16.5403
E —8.4337 —10.1345 —11.5962 —21.5421 —25.4536 —33.9220

% = - [E(LUMO) - E(HOMO)]/2; i = [E(LUMO) + E(HOMO)]/2; n = [E(LUMO) — E(HOMO)]/2.

S=vm; w=p%/2n; E = w*n.
¢ This work.
b From Ref [34].
€ From Ref [35].
4 From Ref [36].
€ From Ref [28].

[28]. Here, we observed that the electrophilicity index values for
the three conformers of the ionic liquid by using both basis sets are
closer to the values observed for CO while their cation also presents
nucleophilicity index closer to toxical agent CO [28]. Note that the
nucleophilicity indexes for the three conformers with the 6-
311++G** basis set are closer to thione [35]. With the greater basis
set, C2 is the most reactive conformer including those two
compared species while the compared cations have high values of
electrophilicity and nucleophilicity indexes. These latter indexes
calculated with the 6-311++G** basis set are closer to the value
observed for thione [35]. Thus, these results clearly evidence that
the basis set has remarkable influence on the reactivities and be-
haviors of these species in gas phase.

5. Vibrational analysis

In this analysis, the optimized structures in gas phase of the
three conformers of [BMIm][NOs] with monodentate coordination
and their cation were considered by using the B3LYP/6-311++G**
method, in accordance to their calculated low RMSD values for
both geometries and wavenumbers. Hence, all monomeric struc-
tures were optimized with C; symmetries where the monomers
and their cation present 81 and 69 vibration normal modes,
respectively and, where all modes present activity in both spectra.
The FT-IR spectrum was taken from that reported for [BMIm][NO3]
in liquid phase by Gruzdev et al. [17] while their FT-Raman

spectrum was recorded by us. Both spectra are respectively given
in Figs. 6 and 7, compared with the corresponding predicted for the
most stable monomers C1 and C3 and the dimer. In those two
figures we observed good correlations among the experimental and
the predicted spectra when the dimeric species are considered. In
particular, the Raman spectra shows a very good correlation when
the predicted spectrum expressed in activities are corrected to in-
tensities by using equations reported in the literature [37,38]. The
band observed in the infrared spectrum at 3490cm~! can be
assigned to the OH stretching modes of water, as reported by
Gruzdev et al. [17] because during the preparation of this ionic
liquid the reactives are dissolved in water. On the other hand, the
band at 2386 cm™! is clearly attributed by Gruzdev et al. [17] to the
cation-anion interaction between the imidazole ring and the ni-
trate groups. Here, the very strong band observed in the IR spec-
trum at 1344 cm~!, which is assigned to vibrations NO3 by Gruzdev
et al. [17], is predicted with low intensity in the IR spectra of the
monomer while the intensity of this band is increased in the dimer.
In the same way, the band at 1362 cm™! predicted in the Raman
spectrum with low intensity is clearly increased in the dimer. Be-
sides, the groups of bands located in the higher wavenumbers re-
gion in the Raman spectrum of the monomer are visibly predicted
with higher intensities than in the dimer. Hence, the presence of
the dimer could probably justify the strong intensities of those
bands in both spectra. On the other side, the strong Raman band at
1417 cm™~! could also justify the presence of the dimer because a
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Fig. 6. Comparison of experimental FTIR spectrum [17] with predicted (B3LYP/6-

311++G**) gas phase infrared spectra for the most stable monomers C1 and C3 and the
dimer of the most stable conformer of 1-butyl-3-methylimidazolium nitrate.
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Fig. 7. Experimental Raman spectrum of 1-butyl-3-methylimidazolium nitrate
compared with the predicted for the most stable structures of monomer and dimer in
the gas phase at B3LYP/6-311++G** level of theory.

symmetric CH3 deformation mode is predicted in this species at
1416 cm~!. Here, the differences observed between both

experimental and predicted spectra can be in part attributed to the
calculations because they were performed in gas phase where the
packing forces were not considered. The force fields of those
monomer and cation species were computed by using the internal
coordinates and the SQMFF procedure [22] with the Molvib pro-
gram [23] and considering harmonic force fields. The scale factors
used in the refinement process to obtain the harmonic scaled force
fields were those reported in the literature [22]. In Table 9 the
observed and calculated wavenumbers are presented together with
assignments for the monomers and dimer of 1-buthyl-3-methyl
imidazolium nitrate and their cation in gas phase by using the
B3LYP/6-311++G** level of theory. Here, the better approximations
are obtained with that method because the initial RMSD values for
C1, C2, C3 and their cation are respectively 46.70, 45.21, 48.20 and
68.12 cm ! while the final values decrease up to 19.73, 19.01, 18.03
and 24.14cm™’, respectively. These values are also presented in
Table 9. The complete assignments for the three monomers and
their cation were performed using the potential energy distribution
(PED) contributions > 10% and the corresponding experimental
spectra while for the dimer the assignments were performed with
the GaussView program [29]. We have discussed below only the
assignments performed for the most important groups of [BMIm]
[NOs3] and their cation (see Table 9).

5.1. Bands assignments

5.1.1. C—H modes

For the three conformers of [BMIm][NOs] and their cation are
expected the stretching, in-plane and out-of-plane deformation
modes due to the C1—H25, C3—H7 and C4—H6 groups that belong
to the imidazoline rings. Here, in the three conformers and their
cation the C3—H7 and C4—H6 stretching modes are predicted
coupled between them by SQM calculations in the 3156-3139 cm ™!
region while in the dimer these modes are predicted between 3203
and 3007 cm~! and, for these reasons, those modes are assigned
between 3170/3163 and 2942/2941 cm™ . As expected, in the four
species the symmetrical modes are assigned to the Raman band of
medium intensity at 3163 cm~! while the corresponding antisym-
metric modes can be assigned to the IR bands at 3147 and
3101 cm~L Note that in the three conformers of [BMIm][NO3] the
C1—H25 stretching modes are predicted at 2793 and 2717 cm ™,
hence, they are easily assigned to the IR and Raman bands at 2743
and 2738 cm~!, respectively. In the cation, the C1—H25 stretching
mode is predicted at 3142 cm™! and assigned to the IR band at
3147 cm~ . Obviously, the presences of the nitrate groups shift
these modes toward lower wavenumbers in the three conformers.
However, the C1—-H25 in-plane deformation modes are predicted
in all conformers between 1312 and 1307 cm™~! while in the cation
this mode is predicted at 1134cm~ .. Hence, those modes are
assigned in the predicted regions by SQM calculations. The other
C3—H7 and C4—H6 in-plane deformation modes are predicted in
the cation to higher wavenumbers (1272/1095 cm~!) than the three
conformers (1081 and 1078 cm™"). Thus, these modes are assigned
between 1272 and 1078 cm™ . In the dimer these modes are pre-
dicted between 1319 and 1191 cm™ .

5.1.2. CH3 modes

In the monomers and cation a total of 18 vibration normal
modes are expected because there are two CHs groups in their
structures. Hence, the antisymmetric modes were predicted be-
tween 3033 and 2959 cm~! while the symmetric modes between
2942 and 2893 cm . Hence, the Raman bands of the medium in-
tensities at 2941, 2913 and 2874 cm™~! are assigned to those sym-
metrical modes. The deformation modes are predicted in species
containing these groups between 1474 and 1366 cm™~! [26,36,39],



Table 9

Observed and calculated wavenumbers (cm™') and assignments for the most stable conformers of 1-buthyl-3-methyl imidazolium nitrate and their cation and dimer in gas phase.

Experimental Monomer Dimer*
Cation® c1? c2°? Cc3*

IR Ra? SQM° Assignment® SQM° Assignment® SQM° Assignment® SQM* Assignment® Calc? Assignment®
3170sh 3163 m 3203 vC—H
3170sh 3163 m 3156 vsC—H 3155 vsC—H 3156 vsC—H 3154 vsC—H 3163 v,CH3

3147 m 3147sh 3142 vC1-H25 3137 v,C—H 3139 v,C—H 3137 vo,C—H 3151 vC—H
3101s 3101w 3139 va,C—H 3011 v,CH3(C8) 3007 vaCH3(C8) 3013 vaCH3(C8) 3144 vC—H

3101s 3101w 3033 v,CH;(C8) 3000 vaCH;(C8) 2998 vaCH;(C8) 3000 v,CH;(C8) 3131 vaCH;

VSCHz
3057sh 3022sh 3018 vaCH3(C8) 3050 vsCH3
2988sh 2988sh 2995 vaCH,(C12) 2992 vaCH,(C12) 2977 vaCH,(C12) 2993 vaCH,(C12) 3007 vC—H
2962s 2962 m 2979 vaCH;(C21) 2967 vaCH;(C21) 2969 vaCH3(C21) 2967 vaCH;(C21) 3003 vsCH>
29625 2962 m 2967 vaCH3(C21) 2959 vaCH5(C21) 2960 vaCH3(C21) 2955 vaCHs(C21) 2998 vsCH>
2953sh 2951 vsCH,(C12)
2942sh 2941 m 2942 vsCH5(C8) 2942 vaCH,(C15) 2943 vaCH,(C15) 2940 vsCH»(C12)
2942sh 2941 m 2937 vaCH,(C15) 2932 vsCH(C12) 2929 vsCH»(C12) 2932 vaCH,(C18)
2924sh 2913 m 2920 vsCH3(C8) 2915 vsCH3(C8) 2921 vsCH3(C8)
2924sh 2913 m 2909 vaCH,(C18) 2917 vaCH,(C18) 2909 vaCH,(C18) 2918 vaCH,(C15)
2924sh 2913 m 2907 vsCH5(C21) 2898 vsCH3(C21) 2900 vsCH5(C21) 2897 vsCH»(C18)
2875s 2874m 2898 vsCH»(C15) 2891 vsCH»(C15) 2897 vsCH(C15) 2893 vsCH5(C21)
2875s 2874 m 2882 vsCH,(C18) 2885 vsCH,(C18) 2872 vsCH,(C18) 2884 vsCH(C15)
2743w 2738w 2743 vC1-H25 2717 vC1-H25 2793 vC1-H25
1646w 1662w 1608 vC=C,vC=N
1579s 1569w 1548 vC3—C4,vN5—-C1 1550 vC3—-C4 1550 vN5—C1 1550 vC3—-C4 1599 vC=C,vC=N
1579s 1569w 1539 vN2—C1 1534 BC1—-H25 1539 vC3—C4,vN2—-C1 1533 vN2—-C1 1582 vC=C,vC=N
1465s 1450 m 1449 3.CH5(C8) 1450 3.CH5(C8) 1450 3.CH5(C8) 1450 32CH5(C8) 1495 3CH>
1465s 1450 m 1445 3,CH3(C21) 1448 3CH,(C18),3CHx(C15) 1448 3,CH3(C21) 1446 3CH,(C18) 1488 3CH,
1465s 1450 m 1443 3,CH5(C8) 1447 3.CH5(C8) 1442 3CH(C12) 1469 3sCH3
1465s 1450 m 1438 3.CH3(C21) 1440 vaNO, 1442 dCH,(C12) 1441 3,CH3(C8) 1450 vaNO2
1465s 1450 m 1434 3CH,(C12) 1438 3aCH3(C21),3CH,(C12) 1437 vaNO, 1440 vaNO, 1440 vaNO,

1417s 1429 3CH,(C18) 1435 3,CH5(C21) 1436 3,CH3(C21) 1436 3,CH5(C21)
1417s 1428 3CH(C18) 1432 3CH(C15) 1430 3.CH5(C21) 1427 wagCH,
1417s 1422 3,CH3(C8) 1423 dCH,(C15) 1424 dCH,(C18)
1417s 1414 3CH,(C15) 1417 3CH,(C15) 1416 3CH3
1408sh 1387 m 1396 3sCH5(C8) 1400 dsCH3(C8) 1402 dsCH3(C8) 1400 pCH,(C12),vN2—C1 1407 wagCH,
1408sh 1387 m 1391 vN2—-C3 1396 vN2—-C1,vyN2—-C3 1396 wagCH5(C15) 1399 dsCH3(C8) 1400 wagCH,
1387 m 1375 wagCH;(C15) 1385 wagCH,(C12) 1388 wagCH,(C12),(C15) 1387 wagCH,(C18) 1388 wagCH,
1344vs 1338 m 1363 wagCH,(C12),(C18) 1368 wagCH,(C18) 1371 wagCH,(C12) 1364 VN—C,v,NO,
1344vs 1338 m 1361 dsCH3(C21) 1358 dsCH3(C21) 1360 VN—C,vaNO2
1344vs 1338m 1354 wagCH(C12) 1353 3sCH5(C21) 1352 wagCH,(C12) 1354 3sCH3(C21) 1357 VN—C,v,NO,
1344vs 1338 m 1316 wagCH,(C18) 1344 vN5—-C1 1340 vN2—-C3 1343 vN5—-C1 1348 VN—C,voNO,
1312sh 1312 BC1—H25,8C4—H6 1327 wagCH,(C18) 1316 wagCH,(C15) 1319 BC—H
1302sh 1300 wagCH,(C18),(C15) 1302 VN2—C12 1312 BC1-H25 1310 pCH,(C18) 1315 BC—H
1302sh 1300 1302 pCH,(C18),pCH,(C15) 1301 ©C1—H25,vN2—C12 1307 BC1—-H25
1286sh 1283sh 1292 pCH,(C18) 1282 wagCH,(C15) 1289 pCH,(C18) 1293 pCH,(C18),vN5—C8 1282 pCH,
1286sh 1283sh 1272 BC3—H7 1271 pCH(C18),pCH,(C12) 1279 pCH>
1266sh 1254w 1235 pCH,(C15) 1257 VN27—-026,vsNO, 1249 pCH,(C12) 1241 pCH,
1266sh 1254w 1244 vN27-026 1250 pCH,(C15) 1237 pCH,(C15) 1237 pCH,
1212w 1188 pCH,(C12) 1192 pCH5(C12) 1207 pCH»(C12) 1197 pCH,(C12) 1191 BC—H
1169s 1168w 1147 vN5—-C8 1155 1C1-H25,1026—H25 1139 BC1—H25,vN2—C12 1168 pCH3
1130sh 1134 BC1—H25 1131 p'CH3(C8) 1132 p'CH3(C8) 1132 p'CH5(C8) 1146 pCH3
1119w 1117w 1118 p’CH3(C8) 1105 pCH5(C21) 1121 pCH3
1099sh 1090w 1095 BC4—H6 1094 pCH5(C21) 1092 pCH5(C21) 1109 pCH;
1087sh 1087 pCH5(C21),vC15—C18 1079 BC4—H6,BC3—H7 1081 BC3—H7,pC4—H6 1078 BC4—H6,8C3—H7 1072 vsNO,
1048w 1042vs 1075 p'CH5(C21) 1074 p'CH3(C21),swCH,(C15) 1080 p'CH5(C21),pCH3(C8) 1071 p'CH5(C21) 1062 vC—C
1042vs 1069 pCH5(C8) 1070 pCH5(C8) 1073 pCH5(C8) 1067 pCH;5(C8) 1040 3
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1042vs 1023 BRy 1024 BR> 1027 BRa 1030 BRyvN2—C3 1038 BR2
1042vs 1013 BRyVN5—C4 1021 vsNO, 1025 1C1-H25,r026—H25 1021 vsNO, vN27—-026 1032 BRy
1028w 1023 m 1017 vC15—C18,vC18—C21 1017 yC1-H25 1031 BR
1028w 1023 m 1003 vC18—C21 1014 tC1-H25,51026—H25 1011 vC18—C21
988vw 998 BR;,vN5—C4 999 VN5—C4,BR; 999 BRyVN5—C4 999 BRy,vC—C
988vw 992 yC1-H25 993 yC1-H25 993 vC—C
982vw 974w 976 vC12—C15 962 vC12—C15,vC18—C21 989 yC—H
952vw 947w 957 vC12—C15 959 vC12—C15 957 TwCH,
897sh 906w 908 pCH5(C21) 893 TWCH,(C12),p'CH3(C21) 910 TWCH,(C12) 911 TWCH,(C12) 921 yC—H
883w 888 pCH3(C21),vC15—C18 891 TwCH,
862sh 860vw 867 vaC—H 858 yC—H
862sh 860vw 842 TwCH;(C15) 847 TwCH;(C15),p'CH3(C21) 844 TwCH(C15)
837m 826w 821 yC1-H25 838 yaC—H 840 yaC—H 839 yaC—H 836 YNO,
825sh 811w 814 YNO, 817 YNO, 814 YNO, 828 YNO,
761 m 774 TwCH,(C12),vC15—C18 776 TwCH,(C12),vC15—C18 778 vC15—C18 764 TwCH,
743sh 752w 741 ysC—H 740 TWCH,(C18) 760 TwCH,
731sh 733w 727 ysC—H 729 ysC—H 727 ysC—H 745 yC—H
731sh 733w 721 VvN2—C12 720 3NO,
711sh 701 TWCH,(C18) 712 pNO, 717 3NO,
702w 706w 710 pNO; 710 pNO, 710 pNO, 716 3NO,
TwCH(C18)
702w 706w 706 3NO, 707 3NO, 706 3NO, 715 3NO,
699sh 702 TWCH,(C18) 706 VN—C
672sh 668 VN5—C8 669 TwCH,(C15) 673 TwCH;(C18),vN5—C8 673 VN5—C8 672 R
658w 658w 650 YN2—C12 663 Ry
624 m 624w 634 TRy 636 1C1-H257R, 636 R 641 Ry
604w 601w 613 TRy 618 TRy 615 TR3TR; 615 TRy 635 TRy
604w 601w 610 Ry 600 Ry
604w 601w 570 VvN2—C12 578 vN2—C12 581 VvN2—C12 592 Ry
500w 481 0c12C15C18 432 0c15C18C21,3N2C12C15 501 0c15C18C21 486 0c12C15C18 499 dccc
415w 410 BN5—C8,8N2—C12 409 BN2-C12 413 BN5—C8 417 BN5—C8,8N2—C12 420 BN—C
326w 320 dN2C12C15 315 vN2—C12 318 3N2C12C15 311 0c15C18C21,0N2C12C15 331 3CCC,INCC
285vw 282 0c15C18C21 281 BN5—C8 294 BN2—C12,yN2—C12 299 BN5—C8,BN2—C12 294 BN—C
258vw 241 YN5—C8 244 YN5—C8,6c12C15C18 251 YN5—-C8 241 YN5—C8 253 YN—C
215sh 221 TwCH;3(C21) 210 TwCH;(C21) 223 TwCH;5(C21) 219 TwCHs3(C21),yN5—C8 219 YN—C
198sh 201 6c12C15C18,yN5—C8 195 YN5—C8,6c12C15C18 199 6c12C15C18 204 TwCH5(C21) 204 TwCH3
198sh 176 tC1-H25,51026—H25 175 wC—C
163 VvH25-026 164 vH25-026 157 VvH25-026 162 TwCH3
141 YN2—C12 145 TwCH5(C8) 154 YN2—C12 149 TwCH3
136 TwCH5(C8) 134 TwCH5(C8) 142 TwCH3
110s 105 tC15—C18 113 0125026N27,6c1H25026 125 3CHO,3HON
110s 100 0125026N27 95 0125026N27 104 SHON
84sh 82 tC1-H25 86 1C1-H25,1026—H25 86 wC—C
84sh 75 tC15—C18,7:C12—C15 78 tC15—C18,7C12—C15 78 ™N-0
66 YN5—C8 74 tC12—C15 70 1C12—C15,5C15—C18 70 tC1-H25 72 ™N-O
69 tC1-H25
58 TwCH5(C8) 56 ™N27-026 60 0125026N27,0c1H25026 60 tC—H
50 0125026N27,5C1—H25 45 1C1-H25,1026—H25 46 0125026N27,0c1H25026 48 tC-H
33 TwC12-N2 31 TN27-026,1wC12—N2 37 TwC—N
26 tC1-H25,1026—H25 28 TN27-026 23 0c1H25026 28 TwC—N
19 TwC12-N2 17 0c1H25026 14 t026—H25 20 t0—H
11 1026—H25 9 1026—H25 13 t0-H
RMSD (cm™1) 24.14 19.73 19.01 18.03

Abbreviationsv, stretching; wag, wagging; 7, torsion; p, rocking; tw, twisting; 8, deformation; a, antisymmetric; s, symmetric.

2 This work.
b From Ref [1

¢ From scaled quantum mechanics force field B3LYP/6-311++G** method.
4 From B3LYP/6-311++G** method.
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Comparison of scaled internal force constants for the most stable conformers of 1-buthyl-3-methyl imidazolium nitrate and their cation in gas phase.

B3LYP Method

Force constants

6-31G**

6-311++G** 6-311++G

1-buthyl-3-methyl imidazolium

1-buthyl-3-methyl
imidazolium nitrate

p-xylylene-diaminium bis(nitrate)” Chromyl nitrate®

Cation C1 2 c3
f(lvN=0) 8.50 8.30 8.30 9.74 15.83
f(vN—0) 6.80 6.90 6.90 4.25 3.22
f(vC—H) 5.50 5.16 523 5.20
flvCH>) 4.80 4.78 4,78 4.81
f(vCH3) 4.97 4.88 4.88 4.90
f(vC—N)r 6.75 6.75 6.82 6.75
flvC—N) 4,25 445 4.50 4.50
flvC=C) 7.70 7.80 7.80 7.80
fvC=C) 4.00 4.03 4.03 4.03
f(6CH>) 0.80 0.80 0.80 0.80
f(6CH3) 0.57 0.60 0.58 0.55
f(ONO2) 1.60 1.60 1.60 1.53
Force constants 6-311++G** 6-311++G** 6-311++G
1-buthyl-3-methyl imidazolium 1-buthyl-3-methyl p-xylylene-diaminium bis(nitrate)” Chromyl nitrate®
imidazolium nitrate
Cation C1 Cc2 C3
f(vN=0) 8.00 8.00 7.95 9.74 15.83
f(lvN—0) 6.50 6.50 6.50 4,25 3.22
flvC—H) 5.40 5.10 5.14 5.13
f(vCH3) 4.73 4.73 4.71 4.73
f(vCH3) 4.87 4.82 4.80 4.82
f(vC—N)r 6.60 6.57 6.60 6.60
f(vC—N) 4.15 435 4.35 4.35
f(vC=C) 7.60 7.60 7.60 7.60
fvC-C) 3.93 3.93 3.93 3.93
f(6CH3) 0.77 0.8 0.80 0.80
f(6CH3) 0.52 0.52 0.53 0.52
f(ONO2) 1.60 1.60 1.60 1.53

Units are mdyn A~! for stretching and mdyn A rad—2 for angle deformations.
¢ This work.
b From Ref, [34].
¢ From Ref, [41,42].

in the three conformers they are predicted between 1450 and
1396 cm~! and, for this reason, those modes were clearly assigned
in this region, as detailed in Table 9. The symmetric CH3 deforma-
tion mode predicted in the dimer at 1416cm™' can be easily
assigned to the strong Raman band at 1417 cm~. The rocking
modes are predicted in different regions and in some cases coupled
with other modes, thus, in the cation they are predicted between
1118 and 908 cm™ !, in the three conformers between 1132 and
847 cm™~! while in the dimer between 1168 and 1109 cm™ .. Hence,
the bands observed in those regions are assigned to these vibration
modes.

The twisting modes are predicted for all species in approxi-
mately the same regions, and in particular, in C3 one of them is
predicted coupled with the out-of-plane deformation mode. In the
cation, these modes are predicted in 221 and 58 cm~! while in the
monomers between 223 and 134 cm ™}, as in species with similar
groups [26,36,39]. In the dimer these modes are predicted between
204 and 142 cm™}, as indicated in Table 9.

5.1.3. CH> modes

The antisymmetric and symmetric stretching modes expected
for the three CH, groups of cation and the three conformers of
[BMIm][NOs] are predicted between 2993 and 2872 cm~! while in
the dimer, they are predicted between 3003 and 2998 cm ™, hence,
the IR and Raman bands observed in these regions can be assigned
to those vibration modes. Note that the symmetric modes were

assigned to the Raman bands of medium intensities at 2962, 2941,
2913 and 2874 cm ™!, as observed for other species containing these
groups [26,27,36,39]. The deformation, wagging, rocking and
twisting modes expected for these species were predicted in the
expected regions [26,27,36,39] and for this reason, they were
assigned to the IR and Raman bands at 1450/1417, 1417/1283, 1302/
1112 and 952/672 cm™, respectively.

5.14. Nitrate groups

Here, the nitrate groups in the three monomers and dimer of
[BMIm][NO3] were considered with monodentate coordinations
because the N—O bonds were predicted by SQM calculations with
different values (see Table 2) because one of the tree bonds is
predicted with lower value (N—O) than the other ones (O=N=0),
as observed in similar nitrate species [35,40—43]. For instance, the
N=0 stretching modes are observed between 1672 and 1460 cm ™!
[40—42] but, in NbO(NO3)3; these modes were assigned between
1763 and 1753 cm™! [43]. Considering bidentate coordination in p-
xylylenediaminiumbis(nitrate) [34], the NO, antisymmetric
stretching modes were assigned at 1313cm™! while the N=0
stretching modes were assigned at 1536 cm ™. Here, we expected
for the nitrate groups of monomers two NO, antisymmetric and
symmetric stretching modes and only one N—O stretching mode.
The strong IR band at 1465 cm™! is clearly assigned to the NO,
antisymmetric stretching modes for the three monomers while in
the dimer these modes are assigned to the strong IR band at
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1344 cm™!. However, the corresponding symmetric modes are
predicted in different regions in the three species, thus, these
modes in C1 and C3 are assigned to the very strong Raman band at
1042 cm~! while in C2 that symmetric mode is predicted at
1257 cm™! coupled with the N27—026 stretching mode. In the
dimer the symmetric stretching mode is predicted at 1072 cm™!
but assigned to the strong Raman band at 1042 cm™. In p-xylyle-
nediaminiumbis(nitrate) [34] the deformation modes were pre-
dicted by calculations at 783cm~! while the two O=N=0
deformation modes in the monomers and dimer species are pre-
dicted between 720 and 706 cm~ . Here, these deformation modes
were assigned to the Raman bands between 733 and 706 cm ™!
while the rocking modes were also assigned to the shoulder at
711 cm~! because these modes are predicted in this region. The
wagging modes were assigned to the weak Raman bands at 826 and
811 cm~! because they are predicted by calculations at 836/
814cm™'. The torsion modes were assigned as predicted by cal-
culations at 78/28 cm™, as detailed in Table 9.

5.1.5. Skeletal modes

The N5=C1, N2=C1 and C3=C4 stretching modes were pre-
dicted in the three conformers and the cation in different regions,
and, for these reasons, these bonds present different double bond
characteristics, as observed in Table 9. Thus, in the cation, these
modes are predicted at 1548 (N5=C1, C3=C4) and 1539 (N2=C1)
cm~! and with double bond characters while in C1 are predicted at
1550 (C3=C4), 1396 (N2=C1) and 1344 (N5=C1) cm~!, where
clearly only the two latter have partial double bond character. In C2,
the three bonds have double bond characters because they are
predicted at 1550 and 1539 cm™! while in C3, the C3=C4 and N2—
C1 stretching modes are predicted with double bond characters at
1550 and 1533 cm ™! while the N5—=C1 stretching mode is predicted
with partial double bond character because it is predicted at
1343 cm™ . Evidently, the presence of the anion and the position of
the side chain modify in part the nature and characteristics of these
bonds. The N5—C8 stretching modes, in species containing the
N—CHs3 group, such as tropane species, are predicted at 1128-
1031 cm ™' [44—46]. Here, the N5—CHj3 stretching modes of the four
species are predicted in different regions, hence, in C1 is predicted
at 1147 cm~! while in the cation, C2 and C3 are predicted between
673 and 668 cm ™. The other N2—C12 bonds are linked to the buthyl
groups, as it is expected due to their longer chain in the lower
wavenumbers region. Thus, in the cation that mode is predicted at
570cm~), in C1 at 315cm™, in C2 at 578 cm™! while in C3 at
581 cm~ L Later, they were assigned in these regions, as can be
observed in Table 9. The C—C stretching modes corresponding to
the butyl chain are predicted with simple bond characters, as it is
expected and, for this reason, they are assigned between 1017 and
778cm~), as predicted by calculations. The two expected de-
formations (Bry and Prz) and torsions (tgr; and Tgry) rings, for the
imidazoline rings were assigned as predicted the SQM calculations
and, as reported for similar species with five members rings
[44—46].

6. Force constants

In Table 10, for the three conformers of [BMIm][NOs]and their
[BMIm] cation, the calculated force constants are presented
compared with those reported for p-xylylene-diaminium bis(ni-
trate) [34] and chromyl nitrate [41,42]. They were computed from
their corresponding harmonic force fields calculated at by the using
6-31G* and 6-311++G** basis sets and with the SQMFF method-
ology [22] and the Molvib program [23]. Analyzing the force con-
stants values for the three conformers at by the using 6-31G* basis
set we observed that the f{lyN=0) and f(vN-O) constant values

practically do not change in C2 and C3 but in C1 the values are
slightly different from C2 and C3. On the other hand, the f{yxC—N)g
and f(vC—N) force constants related to the rings and to the side
chains are completely different, as it is expected because the bonds
related with these constants that belong to the rings present double
bonds characters and, for this reason, they have higher values than
the other ones. And, for the same reason, the f{vC=C) and f(vC—C)
force constants present different values. When the other basis set is
used the values undergo clear diminishing with exception of the
f(6CH>) and f(0NO;) force constants probably because their corre-
sponding bond angles do not change when the size of the basis set
increases. When the values for the f{[vN=0) and f(vN—O) constants
are compared with those reported for p-xylylene-diaminium bis(-
nitrate) [34] and for chromyl nitrate [41,42] we observed different
values. In the first case, probably the observed differences can be
justified by the two nitrate groups present in p-xylylene-dia-
minium bis(nitrate) [34] while in the second case the presence of
strong bidentate coordinations with the Cr atom can explain those
differences observed.

7. Conclusions

In the present work, we have studied the cation-anion in-
teractions of the 1-butyl-3-methylimidazolium nitrate ionic liquid
in gas phase by using the hybrid B3LYP/6-31G* and B3LYP/6-
311++G** calculations and the experimental Raman spectrum.
From the four C1, C2, C3 and C4 conformers found in the PES for this
ionic liquid, by using both levels of theory, only three of them were
studied because C2 and C4 have practically the same energies and
properties. The results obtained for C1, C2 and C3 show better
correlations in geometries and wavenumbers when the 6-
311++G™* basis set is employed, as evidenced by their corre-
sponding RMSD values. Here, the atomic charges, molecular elec-
trostatic potentials, stabilization energies, bond orders and
topological properties were computed for those three most stable
isomers. The MK charges suggest coordination monodentate for the
three conformers while the studies by means of the Mulliken
charges, MEPs and BO clearly support the coordination bidentate
for the nitrate groups of [BMIm][NOs]. Besides, the total sum of the
MK charges on the C1, N2 and N5 atoms evidence positive sign on
the imidazole ring, a result different from that obtained for the
Mulliken ones. The NBO study shows clear differences among the
three conformers being the more stable C1 by using 6-31G* basis
set and C2 with the other basis set. Besides, the NBO study evi-
dences high stability of the neutral species as compared with the
cation. Evidently, the nitrate groups strongly stabilize the [BMIm]
cation in the ionic liquid. The AIM study reveals the high stability of
the C2 conformer of [BMIm][NOs] and clearly supports the biden-
tate coordination for their three conformers. Both NBO and AIM
calculations support the high stability of C2 by using the B3LYP/6-
311++G™* level of theory. The SQMFF procedure was employed
together with the normal internal coordinates and the experi-
mental available FTIR and FTRaman in order to perform the com-
plete vibrational assignments of all species. The force constants
were also reported for the monomers and their cation by using both
levels of theory. The presence of the dimeric species of ionic liquid
supports the strong bands observed in both experimental infrared
and Raman spectra at 1344 and 1042 cm™ !, respectively. The study
by the frontier orbitals reveals that the ionic liquid is slightly less
reactive than the cation probably due to the low values of nucleo-
philicity and electrophilicity indexes of the ionic liquid. Finally, the
reactivities and behaviour of these species in gas phase slightly
change when the size of the basis set increases.
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