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ABSTRACT

In this work, Aliquat 336 ([Aliquat’]) based ionic liquids containing the fluorinated anion
bis(trifluoromethylsulfonyl)imide [NTf;] is successfully prepared by the anionic exchange
replacement of the chloride anion. The reaction of lithium bis(trifluoromethylsulfonyl)imide
with N-Methyl-N,N, N-trioctylammonium chloride ([N;sss][Cl] in water leads to the
corresponding IL, namely ([Aliquat'][NTf;]). The obtained ionic liquid was characterized by
using infrared and Raman spectra and its structure was confirmed by '"H-NMR, “C-NMR, and
YF-NMR. The thermal properties were investigated by two complementary thermal analysis
techniques: TGA and DTA. A hexadentate coordination mode between cation-anion was
predicted by atoms in molecules (AIM) studies for the [Aliquat'][NTf,;] IL by using
B3LYP/6-31G* calculations where three O atoms of the anion are linked to six H atoms of
cation by S-O---H interactions. Changes in the bond orders of S and O atoms of the cation
support such observations. The predicted cation-anion distances are in the range 2.30-2.60 A.
The harmonic force fields of cation and anion were calculated and the complete assignments
were performed for both species while the most important bands observed in the infrared and
Raman spectra of the IL were assigned. In addition, the scaled force constants of cation and

anion of the IL are also reported.

KEYWORDS: Aliquat 336; Trioctylmethylammonium; bis (trifluoromethylsulfonyl) imide; Thermal analysis;

FTIR/Raman measurements; DFT calculations.



1. INTRODUCTION:

Investigations on ionic liquids have increased remarkably in recent times due to their versatile
physical-chemical properties which include very low vapor pressure, liquid state at room
temperature, non-flammability, high solubility power, good solvent capacity and their
potential as designer solvents for catalytic, chemical applications and in processes relating to
transport and storage of energy [1-9]. lonic liquids (ILs) such as, imidazolium, pyridinium,
ammonium, pyrrolidinium were investigated as potential candidates for many applications
[10-13], e.g. as efficient corrosion inhibitors for several metals and alloys [14]. In particular,
the tetraalkylammonium salts [C;C;C.C/N]" (with i,j.k,I referring to number of carbon atoms in
alkyl chains) have evidenced good corrosion inhibition properties compared with their
heterocyclic analogues [15]. In this sense, Aliquat 336, also known as ([N;gss][CI]) or N-
Methyl-N, N, N-trioctylammonium or tricaprylmethylammonium, is a quaternary ammonium
salt that exhibits quite unusual and distinctive properties with major applications, such as
phase transfer catalysis, lubrication, metal extraction, and removal of metals from
hydrochloric acid solutions [16-21]. Besides, Aliquat 336 is more stable against air and
moisture attack than other cationic ligands and it is easy to handle [22]. A great advantage is
that the synthesis reactions of Aliquat ionic liquids are more environmentally benign and
friendly [23]. Hence, the preparation and properties of this family are a rapidly growing area
of research interest [24-26]. Mikkola et al. have reported that the use of Aliquat 336 in many
chemical reactions could be limited due to the strong coordination effect of the chloride anion
[27]. Hence, the cation-anion interaction in ionic liquids is a key factor determining the
physico-chemical properties of ILs [28,29]. The design of new ILs with anions different from
Cl' could provide interesting physico-chemical properties and, for these reasons, the
knowledge about the synthesis, the thermal and vibrational properties and interaction between
coupled cation-anion in these ILs are important subjects. Studies on vibrational properties,
intermolecular vibrations, molecular conformations, and hydrogen-bonded interactions are of
great interest in ionic liquids [30-34]. Experimental techniques such as, infrared (IR) and
Raman spectroscopies have provided new insights on ionic interactions and the resulting
liquid structure in ionic liquids [35-38]. The combination of synthesis and spectroscopic
properties with quantum chemistry calculations allows the elucidation of intra- and inter-ionic

interactions in new ionic liquids [35-38]. Structural and vibrational studies of quaternary



ammonium prepared from mono-, bi-, tri-, and tetra-alkylammonium cations combined with
several anions have been reported by different authors [36, 39-49] but, so far, the complete
assignments of FTIR and Raman spectra of Aliquat 336 have not been reported, yet. The
present work focuses on the synthesis, characterization of the thermal and vibrational
properties of a Aliquat based ionic liquid, namely Aliquat (bis(trifluoromethylsulfonyl) Imide)
([Aliquat ][NTf,]). This Aliquat ionic liquid has been synthesized and characterized by
infrared and Raman spectroscopies being its structure confirmed by using 'H, “C and "F-
NMR spectroscopies. The interpretation of vibrational spectra performed using infrared
(FTIR/ATR) and Raman spectroscopy and a detailed DFT investigation of ionic liquid was
also performed. In this work, the cation and anion of the Aliquat based ionic liquid were also

structural and vibrationally characterized.
2. Experimental
2.1. Materials and methods

The chemicals used in this study are N-Methyl-N,N, N-trioctylammonium chloride (> 99%)
and lithium bis(trifluoromethylsulfonyl)imide (99%). They were purchased from Aldrich and

used as received. Deionized H.O was obtained with a Millipore ion-exchange resin deionizer.
2.2. General procedure for the synthesis of Aliquat 336 IL

Firstly, the quaternary ammonium salt ([Aliquat’][CI]) is obtained commercially and was
used as received. The reaction of lithium bis(trifluoromethylsulfonyl)imide with N-Methyl-
N, N, N-trioctylammonium chloride in water leads to the corresponding IL namely ([Aliquat’]
[NTf;]). In detail, the synthesis of ([Aliquat’][NTf,]) can be described as follows [50].
Lithium bis(trifluoromethylsulfonyl)imide (2.87 g, 10 mmol) dissolved in 10 mL of deionized
water was added in a flask containing N-Methyl-N, N, N-trioctylammonium chloride (4.32 g,
10mmol) dissolved in 5 mL of deionized water. The mixture consisted of two separate phases:
the ionic liquid at the bottom and an aqueous solution at the top. The former was separated
from the latter by centrifugation (2000 rpm) for 600 seconds. After isolation, the obtained
[Aliquat ][NTf,] was washed with distilled water several times to eliminate LiCl residues and
was dried in phosphorus pentoxide, P,Os, to remove residual water. The obtained product is
yellowish viscous liquids (Yield: 65%). The removal of the chloride ions was followed by

testing the aqueous solution by chloride precipitation using AgNOs. The obtained compounds



were investigated by NMR in order to probe the desired structure (see next sub-section).The

structure of the ionic liquid prepared and studied in the present work is shown in Scheme 1.
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Scheme 1: The synthesis process of ([Aliquat J[NTf,]).

2.3. NMR analysis

The structure and purity of the synthesized ionic liquid was confirmed by NMR analysis: "H-
NMR (400 MHz) and “C-NMR (100 MHz) spectra were recorded on a DRX 400 MHz
spectrometer (400 MHz). The chemical shifts (8) are given in ppm and referred to the internal
solvent signal namely tetramethylsilane (TMS) and trichlorofluoromethane (CFCls).

2.4. Thermal analysis

Concomitant measurements of thermogravimetry (TGA) and differential thermal analysis
(DTA) were performed by means of a Setaram Setsys Evolution 1200 TG System, with a
fixed temperature rate of 5°C/min, in an argon flux of 60 ml/min. For each sample, an initial

mass of ~20 mg was used.
2.5. Vibrational spectroscopy
2.5.1. FTIR/ATR measurements

The FTIR/ATR measurements were acquired on a Bruker Vertex II-70RAM Spectrometer
(Bruker Analytical, Madison, WI) operating with a Golden Gate diamond ATR accessory TM
(Specac Ltd, Slough, United Kingdom). The FTIR/ATR spectra were collected with 1 cm™
nominal resolution by co-adding 64 scans for each spectrum in the range 600-4000 cm™. The

OPUS Software 6.0 for Windows was used for the management of the instrument.

2.5.2. FT-RAMAN measurements



FT-Raman spectra were acquired on a Vertex 70-RAM II Bruker FT-Raman spectrometer.
This instrument is equipped with a Nd:YAG laser (yttrium aluminium garnet crystal doped
with triply ionized neodymium) with a wavelength of 1064 nm and a maximum power of 1.5
W. The measurement accessory is pre-aligned: only the Z-axis of the scattered light is
adjusted to set the sample in the appropriate position regarding the local measurement point.
The RAM II spectrometer is equipped with a liquid nitrogen cooled Ge detector. FT-Raman
spectra were collected with 1 em™ resolution by co-adding 128 scans for each spectrum at
room temperature in the range 45-4000cm™. The OPUS 6.0 software was used for the spectral
acquisition, manipulation and transformation. These both measurements FTIR/ATR and FT-

RAMAN were performed in the Walloon Agricultural Research Center (Craw) Belgium.
3. Computational

The GaussView program was used to model the [Aliquat'][NTf,] ionic liquid and its
[Aliquat’] cationic and [NTf,] anionic species [51] and, later the three structures were
optimized in gas phase with the Revision A.02 of Gaussian 09 program [52] by using the
functional hybrid B3LYP with the 6-31G* basis set [53,54]. The structures of cation and
anion are shown in Figure 1 while the corresponding [Aliquat’][NTf,] ionic liquid can be

seen in Figure 2.
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Figure 1. Structures of [Aliquat’] cation and [NTf,y]  Fjgure 2. Structure of [Aliquat'][NTf;] ionic liquid
anion species of [Aliquat'][NTf,;] ionic liquid and 4nd atoms labelling.

atoms labelling.

J

Natural bond orbital (NBO) and atoms in molecules (AIM) calculations were performed in
order to investigate donor-acceptor energy interactions, atomic charges, molecular
electrostatic potentials, bond orders, and topological properties of those three species at the

same level of theory [55-58]. Then, the determinations of force fields of cation and anion



were carried out with the scaled quantum mechanical force field (SQMFF) methodology by
using the normal internal coordinates, transferable scaling factors and the Version 7.0 of
Molvib program [59-61] while the vibrational assignments for the ionic liquid were
performed with the aid of GaussView program and, using a scale factor only for the vibration
modes corresponding to higher wavenumbers [51]. Known equations were used to transform
the Raman spectra predicted in activities for the three species to intensities [62,63]. On the
other side, the gauge-including atomic orbital (GIAO) method was used to predict the "H and
BC-NMR chemical shifts because it is a quantum mechanical technique for the calculation of
magnetic properties of chemical systems [64]. Finally, the gap values together with interesting
chemical potential (u), electronegativity (), global hardness (1), global softness (), global
electrophilicity index (w) and global nucleophilicity index (£) descriptors were calculated

from their corresponding frontier orbitals [34,37,38].
4. Results and discussion

4.1. NMR results

In order to confirm the absence of significant impurities in the investigated IL, the 'H, '*C and
PF-NMR spectroscopy was used to confirm the formation of the [Aliquat’][NTf,] IL by
anionic exchange from [Aliquat'][CI']. The spectroscopic data are given below and the H and

C atom labelling and the corresponding spectra are shown in Figure 3 (A, B and C).

[Aliquat*][NTf;]:'"H-NMR (400 MHz, (CDCl;) 8y (ppm)= 3.11-3.15 (N*—(CH,),—, 6H), 2.96
(N*-CH3,3H), 1.58 (N*<(CH,)—(CH,)—, 6H), 1.23-1.31 ((CH,)s—, 30H), 0.83-086 (—~(CHa),—
CHs, J=4 Hz, 9H).®C-NMR(100 MHz, (CDCl) 8¢ (ppm)= 121.07(Canion), 118.14 (Canion),
61.62 (C7), 48.34 (C8), 31.60, 31.42 (C6), 28.79 (C5), 25.95 (C4), 22.49 (C3), 22.39 (C2),
13.86 (C1).”F-NMR(100 MHz, CDCls) &5 (ppm) =-78.82 ppm singulet.

As shown in Figure 3 (A), the signals at 6 =3.11-3.15 ppm were assigned to the methylene
protons on the alkyl rings N*—(CH,),—. The signal at 6 =2.96 ppm corresponding to the N"-
CHjs, thus, another three signals in the range of 6 =1.58, broad at & =1.23-1.31 ppm and &
=0.83-086 ppm were attributed to the methylene N*—(CH,)—(CH,)- and —(CH,),— groups in
octyl chains and terminal methyl group —(CH).—CHjsrespectively.
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Figure 3. Hydrogen atom labeling and "H-NMR spectrum, carbon atom labeling and "*C-
NMR spectrum and "F-NMR spectrum of ([Aliquat'][NT£,]).

Moreover, the anionic exchange replacement of  the chloride by
bis(trifluoromethylsulfonyl)imide is demonstrated by the appearance of two new signals in
the 13 C spectrum (Figure 3 B) as a doublet at 6 = 121.07/118.14 ppm corresponding to the
signature of the carbon of the [NTf,] anion indicating the successful synthesis of [Aliquat’]
[NTf,]. Comparisons of predicted 'H and "“C-NMR chemical shifts by using the
GIAO/B3LYP/6-31G* method for the [Aliquat'][NTf;] IL in gas phase by using the root-
mean-square deviation (RMSD) values show a better correlation for the H nuclei (0.5 ppm)
than the C atoms (20.3 ppm) [64]. The employed method and the gas medium justify such

differences. Here, the IL calculations were not optimized in a solution.
4.2. Optimization geometries

The hybrid B3LYP/6-31G* method was used to optimize the ionic liquid couple due to the 95
atoms present in the structure; for comparison its cationic and anionic species were also
optimized at the same level of theory. When the anion is optimized with C,, symmetry by

using the B3LYP/6-31G* method imaginary frequencies are obtained, while if this species is



optimized with C; symmetry all positive frequencies are calculated when the 6-311++G**
basis set is used. On the contrary, both cation and ionic liquid species are optimized with C,
symmetry and all positive frequencies are obtained by using the B3LYP/6-31G* basis set.
Calculated total energies, dipole moments and volumes of cation, anion and [Aliquat'][NTf;]
ionic liquid in gas phase by using the functional hybrid B3LYP method and the 6-31G* and
6-311++G** basis sets can be seen in Table 1. Comparing the properties for the anion with
both methods it is observed that lower dipole moment and volume values are obtained with

the higher size basis set.

Table 1. Calculated total energies (E), dipole moments (i) and volumes (V) for cation, anion
and [Aliquat'][NTf,] ionic liquid in gas phase by using the hybrid B3LYP/6-31G* Method.

B3LYP/6-31G* Method

Species E (Hartrees) u (D) V (A%

INTET (Co) 11827.0348 549 1855

[Aliquat'] (C)) -1039.7644 467  509.0

[Aliquat INT£] (C)) -2867.0854 13.62 6904
B3LYP/6-311++G** Method

[NTE] (C)) 118276092 436 1833

“Imaginary frequencies. The corresponding symmetries are indicated in parentheses

As expected due to its larger size, the [Aliquat™][NTf,] ionic couple presents higher dipole
moment and volume. Regarding the dipole moment vectors for the three species in gas phase
by using the two B3LYP/6-31G* and B3LYP/6-311++G** levels of theory, it is observed
from Figure S1 that orientations and directions of dipole moment vectors for the anionic and
cationic species change notably in the ionic couple. Thus, in the anion the vector is located
from centre of N atom in direction towards outside of two CF; groups while in the cationic
species; the vector is located forming a certain angle in the direction of N1-CH; bond, as
shown in Fig. S1. On the other hand, in the ionic liquid, the vector is practically parallel to
N1-CH; bond in direction towards the large side chain. These results show that in the

formation of ionic liquid the anion and the cation modify their dipole moment vector s.

Also other parameters are modified passing from the isolated ions to the ionic couple.In Table
2 the calculated bond lengths and angles for anion, cation and ionic couple in the gas phase
are summarized by using two levels of theory. The differences between cation and IL and
between anion and IL are expressed by means of the root-mean-square deviation (RMSD)
values.

Table 2. Comparison of calculated geometrical parameters for cation, anion and [Aliquat’][NTf,] ionic liquid
in gas phase at different levels of theory.
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B3LYP/6-31G**

Bond lengths (A)  [Aliquat’]  [Aliquat'][NTf;] Bond angles (°)  [Aliquat'] [Aliquat'][NTf>]
N1-C2 (R) 1.531 1.517 C2-N1-C5 111.6 111.5
N1-C5 (R) 1.536 1.539 C2-N1-C30 112.0 112.0
N1-C30 (R) 1.536 1.541 C5-N1-C30 106.4 107.2
N1-C77 (CHs) 1.505 1.505 C2-N1-C77 107.9 108.8
RMSD 0.008 1.1
Bond lengths (A) [NT£ ] [Aliquat'][NTf,]  Bond angles (°) [NTEH ] [Aliquat'][NT£,]
N81-S82 1.599 1.631 S82-N81-S83 125.9 122.3
N81-S83 1.614 1.605 084-S82-085 119.3 118.2
S82-084 1.460 1.479 086-S83-087 118.2 117.3
S82-085 1.463 1.464 N81-S82-084 108.7 111.6
S83-086 1.463 1.474 N81-S83-087 113.1 108.1
S83-087 1.462 1.477 N81-S82-C88 96.0 96.6
S82-C88 1.897 1.868 N81-S83-C89 103.9 104.6
S83-C89 1.891 1.869
RMSD 0.020 2.7

*This work, “From B3LYP/6-311++G** method; RMSD values in letter bold.

The higher differences in the RMSD values are observed in bond lengths and angles of the
anion with values of 0.020 A for lengths and 2.7 ° for angles while for the cation the
variations for bond lengths and angles are ~ 0.008 A and 1.1 °, respectively. This way, the
anion undergoes important changes in the formation of IL. These observations could be

justified due to the long side chains that probably stabilize anion and cation in the IL.
4.3. Atomic charges, molecular electrostatic potentials and bond orders

The slight modifications observed in the geometrical parameters of anion suggest that this
species play a important role in the formation of IL and in their properties and, for this reason,
atomic charges, molecular electrostatic potentials and bond orders are investigated for cation
and anion by separate and, then, for the IL. Hence, in Table S1 we presented atomic Merz-
Kollman (MK), Mulliken and natural population (NPA) charges, molecular electrostatic
potentials and bond orders only for the atoms corresponding to cation and anion of those three
species in gas phase. Note that for the cation only the three types of charges on N1 atoms are
compared in Table S1 with that corresponding to IL while in Figure S2 we presented the
variations in MK, Mulliken and NPA charges observed only on the atoms corresponding to
anion and to IL. Analyzing the three charges on the N1 atoms of cation it is observed that only
the MK charge on N1 of cation (0.133 a.u.) is different from that observed in the IL (-0.376

a.u.) while the Mulliken and NPA charges are practically the same in both species. Hence, the
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values of the MK charges on N1 atoms demonstrate differences between the cationic and IL
species. Then, the graphics shows important differences among those charges. Hence, Figure
S2 (a) shows differences in the Mulliken charges on the S, O, C and F atoms belonging to
anion and IL observing higher positive values on the S2, S3, C8 and C9 atoms and more
negative values on the four O atoms of IL. Besides, the two S and C atoms present the same
charges values in the IL but different in the anionic species while the Mulliken charges on the
N1 atoms remains practically constant in the anion and IL and, only more negative charges
values are observed on the six F atoms of IL. On the other side, Figure S2 (b) reveals
differences in the MK charges on S2 and S3 atoms showing higher values for S3 in the anion
and S2 in the IL. The charges on C8 atoms in both species are the same while the MK charge
on C9 is higher in the IL. The MK charges on the four O atoms are more negative in the anion
while the charges on O5 and O6 are less negative in the IL. The MK charges on the six F
atoms are slightly higher in the anion than the observed in IL. On the contrary, Figure S2 (c)
evidence practically the same NPA charges on all atoms of both species. Hence, the NPA
charges have practically no influence on the properties of IL. These studies show that the
different MK charges on two S and C atoms evidence different behaviours of [NTf,] groups
in the anion of IL and, hence, suggest different coordination modes of these groups in the IL
while the same Mulliken charges values on those atoms suggest similar coordination modes of

those groups in the IL.

When the molecular electrostatic potentials (MEPs) on N1 atom of the cation (-18.080 a.u.) is
compared with the corresponding to IL (-18.196 a.u.) (see Table S1) a more negative value is
observed in the IL. However, when the MEPs on the atoms of anion and IL are compared the
values remain unchanged, as observed in Figure S3. This result is similar to what was
observed forthe MK charge on N1 atom of cation , as expected because the MEP values are
obtained from those MK charges [55]. Therefore, both MK charges and MEP values indicate
that the incorporation of anion has influence on the cation in the formation of [Aliquat’]
[NT,] ionic liquid. If now the mapped MEP surfaces for the three species are compared in
order to investigate the nucleophilic and electrophilic regions one can observe in Figure S4
that the mapped surface of cation is completely blue being stronger the coloration around the
quaternary N, as expected because this species is positively charged. Hence, the cation is
electrophilic while the mapped surface of anion is totally red due to that this species is

negatively charged. Strong red colours are observed on the SO, groups of anion. Hence, the
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anion is nucleophilic. On the contrary, the mapped surface of the IL shows less strong red and

blue colorations on the SO, groups of anion and on the quaternary N of cation, respectively.

Another interesting property to investigate in the cation, anion and IL is the bond order (BO)
expressed as Wiberg index. Thus, from Table S1 when the value for N1 atom of cation is
compared with the corresponding value of IL we observed the same values (3.594); however,
when the BOs of the atoms of anion are compared with the corresponding to IL the values
slightly change for the S and O atoms while for the remain atoms the values are practically
similar, as observed in Figure S5. These results show that possibly those S and O atoms
belonging to [NTf:] anion will be involved in the coordination modes to cation during the

formation of IL and, for these reasons, the BOs values of those atoms change.
4.4. NBO and AIM studies

The presence of intra-molecular or H bonds interactions stabilize an ionic liquid, as observed
in previous related studies [34,37,38] and, for these reasons, the second order perturbation
theory analyses of Fock matrix in NBO Basis and the topological properties were calculated
for the IL and its cationic and anionic species in gas phase by using the NBO and AIM 2000
programs, respectively [56-58]. Both calculations are important and useful to determine
different transitions and ionic or H bond interactions. The interactions observed by NBO
calculations for the cation present very low energies (<<<10 kcal/mol) and, for these reasons,
they are no presented here. Therefore, calculated donor-acceptor energy interactions for anion
and IL in gas phase at different levels of theory are observed in Table S2. Only, two types of
interactions are observed in both species which are the n—>o0*and o*—oc* interactions. In the
former interactions transitions from lone pairs of N, O and F atoms corresponding to anion
and IL to anti-bonding N-S, S-O, S-C and C-F orbitals are involved, as detailed in Table S2.
Note that the energies of these interactions are higher in the IL (1856.42 kJ/mol), as compared
with the observed for the anion (203.36 kJ/mol), while in the o*—>0c™* interactions transitions
from anti-bonding N-S and S-O orbitals to anti-bonding N-S and S-O orbitals are involved.
These interactions are also higher in the IL than in the corresponding anion. Hence, the total
energy clearly favours the IL (2317.22 kJ/mol) and reveals that cation increases in significant

form the energy of the anion (366.84 kJ/mol) due to the additional transitions.

The topological properties allows to determine the nature of different interactions such as,
intra-molecular, H bonds, ionic, covalent polar, etc., by using the AIM 2000 program and the
Bader’s theory of atoms in molecules [57,58]. The electron density, p(r), the Laplacian

13



values, V?p(r), the eigenvalues (41, A2, A3) of the Hessian matrix and, the |11|/43 ratio should
be calculated in the bond critical points (BCPs) and ring critical points (RCPs). Thus, these
calculations were performed for the cation, anion and IL in gas phase at different levels of
theory. In the cationic species in gas phase no new interactions are observed, while for the
anion and the IL in gas phase the topological properties are modified as reported in Table S3.
In the anion, only an H bond interaction with characteristics corresponding to an ionic or
highly polar covalent interaction can be seen where A1/43< 1 and V?p(r) > 0 (closed-shell
interaction). The new S3-06---F14 interaction formed in the anion is shown in the molecular
graphic presented in Figure S6 which form a RCP named RCPN. In the IL eleven new
interactions are observed where only nine of them have characteristics of H bonds interactions
and six of them are of type S-O---H, two of type C-H:--H and one C-H:--N, another is ionic,
as observed in the cation (S2-O85---F90) and, another one is an halogen interaction (C11-
H13---F93). Due to number of interactions and to the complexity of molecular graphic for the
IL only some interactions can be observed in Figure S7 but, all topological properties for
those eleven interactions are presented in Table S3. Note that the closer distances between the
involved atoms are observed in the two C-H---H interactions (2.159/2.151 A) while the ionic
interaction presents higher distance between the O and F atoms (3.170 A). In the IL, three O
atoms (084, O86 and O87) of anionic species are coordinated to two H atoms by S-O---H
interactions, as graphed in Figure S8 by using the Moldraw program [65]. Hence,
hexadentate coordination mode can be seen in the IL and, due to number of interactions
present, this species is the more stable than the anionic one, as expected because the ionic

charged species are unstable.
4.5. Frontier orbitals studies

Comparisons of calculated geometrical parameters for cation, anion and IL have shown that
anion undergoes changes in the formation of IL, while the different MK charges observed on
N1 atoms of cation and IL suggest that this property is modified in the IL. On the other hand,
the interactions predicted in the IL by using NBO and AIM calculations reveal different
characteristics and support a hexadentate coordination mode between cation and anion of IL.
Hence, the high number of interactions and high dipole moment and volume values of IL
justify its higher stability as compared to the cationic and anionic species. Now, in order to
investigate the reactivities and behaviours of those three species in gas phase, the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) were

calculated together with the energies of gap values and the chemical potential (w),
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electronegativity (y), global hardness (7), global softness (), global electrophilicity index ()
and global nucleophilicity index (E) descriptors [34,37,38]. These results and the equations
used to calculate the descriptors are presented in Table S4. The values for the three species
are compared in Table S5 with those reported for other ionic liquids such as, 1-ethyl-3-
methylimidazolium hexafluorophosphate [34], 1-buthyl-3-methyl imidazolium nitrate [37]
and 1-buthyl-3-methyl imidazolium trifluoromethanesulfonate [38]. Comparing first the gap
values for cation and anion of [Aliquat'][NTf,] IL it is observed that cation gap (8.2152 eV)
is higher than anion gap (7.2600 eV) and, that the anion produces a decrease in the gap value
of IL (7.5158 eV). Therefore, the most reactive species with low gap value is the anion, in
agreement with the low stabilization energy calculated by NBO analysis, while the less
reactive species is the cation probably due to the three large side chains. The IL is more stable
than the anion due to the eleven interactions observed by AIM analysis and to high number of
transitions evidenced by NBO studies. If now the gap values for cation and anion of
[Aliquat™][NTf,] IL are compared with [EMIM][PFs] IL and its [EMIM™] cation and [PF¢]
anion [34], it is observed higher reactivities in [EMIM ][PF¢] IL and its cation but the [PFs]
anion is less reactive than [NTf;]. On the other side, both [BMIM][OTF] and [BMIM][NO;s]
ILs are more reactive than the other ones being, 1-buthyl-3-methyl imidazolium nitrate the
most reactive. Regarding the global electrophilicity index (w) and global nucleophilicity
index (E) the cation of [Aliquat™][NTf,] IL presents the higher values (w = 4.7950 ¢V and E=
-25.7805 eV), as compared with the anion and IL while the [EMIM®] cation shows higher
values (w = 10.9934 eV and E= -28.6227 eV) than the other one.

4.6. Thermal analysis

The knowledge of the thermal properties of ILs is crucial from an engineering point of view
as they are important parameters for determining process conditions. In order to obtain a
comprehensive picture of the thermal behaviour, two complementary thermal analysis
techniques were used. Firstly, knowing that [([Aliquat’][NTf;]) is liquids at room
temperature, upon heating, we observed that the thermal decomposition occurs in the

temperature range =~ 360—500 °C, with a mass loss that reaches 83% at 483 °C.
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Figure 4. TGA (a) and DTA (b) curves of ([Aliquat ][NTf,]) ILs.

Comparing our TGA measurements of ([Aliquat'][NTf,]) with those reported by Mikkola et
al [27], it can be noted that [([Aliquat'][NTf,]) is thermally more stable than [Aliquat’]
containing the nitrate [NOs] (Tq = 202 °C), hexafluorophosphate [PFs] (Tq = 274 °C) and
tetrafluoroborate [BF,] anion ( T4 =294 °C). Many previous studies indicated that the thermal
stability of ionic liquids strongly depends on the type of anion [67], the fact that ([Aliquat’]
[NT£,]) is thermally more stable than the cited ILs [27] can be explained by the high thermal
stability of bis(trifluoromethylsulfonyl)imide anion, its larger size and molecular structure
[31,66]. As reported in Figure 4, the DTA curves confirm that the decomposition temperature

for ([Aliquat™][NTf;]) was found at 483 °C.
4.7. Vibrational studies

B3LYP/6-31G* calculations have optimized the cation and IL with C; symmetries while the
anion was optimized with the same symmetry but by using the B3LYP/6-311++G** method.
Due to the presence of 80 and 15 atoms in the structures of cation and anion, respectively, 234
and 39 vibration modes are expected in these species while in the IL a total of 279 vibration
are expected . The vibration modes of the three species present activity in both infrared and

Raman spectra. Here, the scaled quantum mechanical force field (SQMFF) methodology was
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used to determine the force fields of cation and anion considering the corresponding normal
internal coordinates, transferable scaling factors and the Molvib program [59-61] while the
vibrational assignments for the ionic liquid were performed with the aid of GaussView
program and, using a scale factor only for the vibration modes corresponding to the higher
wavenumbers region [51]. In the definition of normal internal coordinates of cation the
quaternary N atoms was considered with Csv symmetry because that atoms is linked to three
similar side chains and to a CH; groups. Vibrational measurements are carried out using
FTIR-ATR and RAMAN techniques. In Figures S and 6 we presented respectively the
experimental ATR and Raman spectra of [Aliquat’][NTf,] IL in solid phase compared with
the predicted for the cation, anion species and IL in gas phase by using the hybrid B3LYP
method. A detailed investigation of the vibrational frequencies and the assignment of the

observed bands are provided in Table 3 and will be discussed in the following sub-sections.
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Figure 5. Experimental Infrared spectra of Figure 6. Experimental Raman spectra of
[Aliquat'][NTfy] IL in liquid phase compared [Aliquat'][NTf;]IL in liquid phase compared with
with the predicted for the cation, anion and IL in the predicted for the cation, anion and IL in gas

gas phase by using the hybrid B3LYP method. phase by using the hybrid B3LYP method.

Table 3. Observed and calculated wavenumbers (cm™) and assignments for [Aliquat][NTf,] ionic liquid and its
cation and anion in gas phase by using the hybrid B3LYP method and different basis sets.

Exp’ B3LYP method®
6-311++G** 6-31G*
IR Raman [NTE;] [Aliquat'] [Aliquat [[NTE; ]
SQM® Assignments® SQM* Assignments® sQm! Assignments®
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304w 284 pSOx(S2) 278 3C11C14C175C20C23C26 289 pSO;,

227m 259 v83-C9Y 269 SC55C58C61 274 vS-C
258sh 252 vS2-C8 248 §C36C39C42tC30-C33 263 pCF,
240 1,CHy(CT77) 255 1,CH;
228 1C61-C64 254 1,CH;
225 1,CHy(C51) 3C33C36C39 250  1,CH;
223 1,CHy(C26) 247 1C-C
223 1,CHy(C51) 230 1C-C
213 1,CHy(C73) 203 1C-C
203sh 197 1C14-C17 201 1C-C
187 p’CFy(C9) 195 1C58-C618C64C67CT0 198 p’CF,
186 p’CFy(C8) 183 5C17C20C23 195 1,CH,
173sh 163 §NIS3C9 172 1C33-C36 168 SSNS
156sh 149 §NIS2C8 158 1C5-C8 146 C-C
137 1C39-C42 141 wCcC
132 1C45-C48 134 wCC
121sh 118 1C42-C45 122 wCC
112 1C67-C70 116 C-C
109w 109 1C8-Cll 113 wCcC
100 §S2N1S3 105 1C2-C55tC30-C33 105 tSNO
99 1C5-C8tC30-C33 96  1C-C
95  1C5-C8tC2-C55 84  1C-C
87sh 88  1C5-C81C8-Cl1 76 1C-C
76sh 78 1C11-C14tC5-C8 73 C-C
74 1C20-C23 69  1C-C
63sh 60  1S2-NI 62 1C30-C33 66  1C-C
55 1C64-C67 63  1C-C
49s 48 1C58-C61t,NC; 53 1C-C,t.NG;
45 1C36-C39 47 1C36-C39
34sh 38 1,CF(C9) 40 1C17-C20 45 1,CF
30 1,CFy(C8) 30 1C58-C61tC5-C8 42 1,CFR
15sh 5 1S3-NI 18 1,NC;tC2-C55 7 1SN

Abbreviations: v, stretching; wag, wagging; t, torsion; p, rocking; 1., twisting; 8, deformation; a, antisymmetric;
s, symmetric; “This work, "From scaled quantum mechanical force field with B3LYP/6-311++G** method,
From scaled quantum mechanical force field with B3LYP/6-31G* method; ‘From B3LYP/6-31G* method.

4.7.1. Bands assignments

4.7.1.1. 4000-2000 cm™ region. In this region, no bands of the anion are expected and only
vibartional bands for the cation and the IL are predicted. The anti-symmetric and symmetric
stretching modes of CH, and CH; groups are expected in this region. In the [Aliquat™][C1]] IL
the terminal CH; experimental anti-symmetric stretching band was observed at 2954 cm™ and
in [Aliquat ][NTf,] at 2956 cm™, respectively [68,69]. Here, this IL has four terminal CHj
groups (C26, C51, C73, C77) where three of them belong to larges side chains (C26, C51,
C73) and the remains belong to N-CHj group (C77). The SQMFF calculations predict the two

anti-symmetric modes of latter group at higher wavenumbers than the other ones and, for
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these reasons, the very weak Raman band at 3051 cm™ is assigned to those vibration modes.
The anti-symmetric stretching modes for the other CH; groups are predicted mixed with the
anti-symmetric modes of CH, groups. The detailed assignments of these groups taking into
account the SQM calculations can be seen in Table 3.

4.7.1.2. 1500-1000 cm™ region. In this region the vibration modes of anion, cation and IL
appear. Thus, the anti-symmetric SO, stretching modes of both groups are predicted at 1236
and 1221 cm™ and, hence, the Raman and IR bands respectively at 1242 and 1187 cm™ are
assigned to those two vibration modes. The corresponding symmetric modes are predicted at
1056 and 1041 cm™ and assigned respectively to the band and shoulder located at 1058 and
1044 cm™. In the IL, the anti-symmetric modes are predicted at 1299 and 1271 cm™ while the
symmetric ones at 1104 and 1086 cm™. The six anti-symmetric and symmetric stretching
modes of two CF; groups are predicted by SQM calculations between 1157 and 1104 c¢cm™
while in the IL these modes are predicted between 1254 and 1206 cm™. Hence, the IR and
Raman bands observed in that region are easily assigned to those stretching modes. In this
region, for the cation the deformation, wagging and rocking modes of CH, groups and, the
anti-symmetric and symmetric deformation and rocking modes of CH; groups are expected.
The deformation modes of both groups appear mixed among them in the region between 1496
and 1381 cm™, thus, the bands and shoulders observed in that region can be assigned to those
deformation modes. The wagging modes of CH, groups are predicted from 1432 up to 1230
cm while the rocking modes between 1423 and 1168 cm™ and, hence, those two vibration
modes can be assigned, as predicted the SQM calculations and according assignments for
similar species [34,37,38]. The rocking modes of CHs groups in the cation are predicted in
this region between 1188 and 1083 cm™ while in the IL between 1269 and 1149 cm™. Other
rocking modes in the cation are also predicted between 920 and 865 cm™ and in the IL
between 977 and 891 cm™. Therefore, the IR and Raman bands and shoulders located in those
regions are assigned to those rocking modes. Note that in this region are also predicted C-C
stretching modes and CCC deformation modes.

4.7.1.3. 1000-10 cm™ region. In this region the C-C and N-C stretching modes of cation and
IL and the S-N stretching modes of anion are expected. Besides, the deformation, rocking and
twisting modes of SO, groups and deformation modes of CF; groups of anion are predicted in
this region together with the twisting modes of CH, and CHj groups of cation. The N-CHj;
stretching mode is predicted in the anion at 958 ¢cm™ and at 1002 cm™ in the IL. Hence, the
weak Raman band at 962 cm™ is assigned to that vibration mode of both species. The S-N

stretching mode is predicted in the anion at 684 cm™ while in IL at 714 cm™.Hence, the IR and
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Raman bands at 655 and 737 cm™ respectively can be assigned to the symmetric deformation
of CF; group and to the wagging mode of SO, group of anion and IL, respectively [70]. Both
bands can also be simultaneously assigned to CH, twisting modes of cation. As reported in
literature, the medium band around 790 cm™ can be assigned to vibrations related to the N-C
group [71].The strong band at 618 cm™ is attributed to anti-symmetric deformation of CF;
group of anion and IL. The deformation, rocking and twisting modes of SO, groups are
assigned as predicted by calculations at 497/483, 331/284 and 409/366 cm™ while the
deformation and rocking modes of CF; groups can be assigned to the bands located between

550/528 and 310/303 cm™, respectively.

4.8. Force Fields

The harmonic force fields calculated with the SQMFF methodology and the Molvib program,
for the anion of IL with the B3LYP/6-311++G** method and for its cation with the
B3LYP/6-31G* level of theory, have allowed the determination of scaled force constants for
those two species of IL in gas phase. These parameters are important to characterize the force
of different bonds.In Table 4 the results of main force constants are compared with those
reported for the [BMIM][OTF] IL and its cationic and anionic species [38].

Table 4. Scaled internal force constants for cation and anion of [Aliquat'][NTf,] in gas phase by using the
B3LYP method and different basis sets.

B3LYP Method
6-311++G**

Force constants [NTf,]® [OTF]° [BMIM][OTF]*
fVvS0.) 8.20 7.63 7.65
f(VCF3) 5.31 4.98 5.20
f(vS-C) 2.16 2.03 2.21
f(VS-N) 4.56
1(5S0;) 1.93 1.62 1.82
f(5CFs) 1.51 1.54 1.23
f(5S-N-S) 0.79
Force constants 6-31G* 6-311++G**

[Aliquat'T* [BMIM® [BMIM][OTF]®
f(vN-CH;) 3.95 4.40 5.06
f(vCH>) 4.75 4.73 4.73
f(VCH;) 491 4.87 4.84
f(6CH,) 0.79 0.77 1.28
f(6CH;) 0.56 0.52 0.54

Units are mdyn A for stretching and mdyn A rad? for angle deformations.

*This work, °From Ref [38] for [BMIM][OTEF].
Analyzing first the force constants of anionic species of both ILs, we observed higher values

in the f(vSO;) and f(VCF’;) force constants, as expected because the [NTf, ] anion presents two
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SO, and two CF; groups while [OTF] has only one SO; and one CF; group [38]. However, the
values of those two force constants increase in the [BMIM][OTF] IL. Comparing now the
cationic species of both ILs, it is observed that despite of three long side chains present in
[Aliquat’] the values of all force constants are practically the same and only a slight lower
value is observed in the f(vN-CH;) force constant. This minimum difference could be
explained in [Aliquat’] because the N atom of group is not linked to a ring, as in [BMIM]
[38]. In the [BMIM][NO:s] IL, the value of the f{vN-CH;) force constant is 4.70 mdyn A [37]
while in the free base of alkaloids as scopolamine, the value is 4.76 mdyn A™' and, in heroin
and morphine the value increase at 4.83 mdyn A' [72-74]. In all those alkaloids, the N atom
of N-CHj; group is part of a ring.
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5. Conclusions

[Aliquat ][NTf,] IL is successfully synthesized by anionic exchange of [Aliquat™][Cl]. Its
structure was confirmed by 'H-NMR, "“C-NMR, and "F-NMR spectroscopy and
characterized it by infrared and Raman spectroscopies. The thermal stability of this IL was
investigated by TGA and DTA measurements. The thermal behaviour indicated that
[Aliquat ][NTf,] is stable up to 483°C. The structures of cation and IL were determined by
theoretical B3LYP/6-31G* calculations while the anionic species was optimized by using the
B3LYP/6-311++G** level of theory. A hexadentate coordination geometry between cation-
anion was predicted by atoms in molecules (AIM) studies for the [Aliquat’][NTf,] IL by
using B3LYP/6-31G* calculations where three O atoms of anion are linked to six H atoms of
cation by S-O---H interactions. Changes in the bond orders of S and O atoms of cation of IL
support such observations. The predict cation-anion distances are in the range 2.30-2.60 A.
The MK charge on N atom of cation (0.133 a.u.) is different from that observed on the IL (-
0.376 a.u.) in accordance to the corresponding MEP values. The frontier orbital studies
predict that gap cation (8.2152 eV) is higher than gap anion (7.2600 eV) and, hence, the anion
is the most reactive species, in agreement with the low stabilization energy calculated by
NBO analysis, while the less reactive species is the cation probably due to the three long side
chains. The harmonic force fields of cation and anion were calculated by using the SQMFF
methodology and the complete assignments of 234 and 39 vibration modes expected for the
cation and anion respectively were performed. The scaled force constants of both species
were also reported. Then, the most important bands observed in the infrared and Raman

spectra of IL were assigned.
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