N

N

Synthesis, NMR, IR, Raman spectra and DFT

calculations of 1-octyl-1,4-diazabicyclo [2.2.2]

octan-1-ium bis(trifluoromethylsulfonyl)imide
Boumediene Haddad, Silvia Antonia Brandan, Bekhaled Fetouhi, Annalisa
Paolone, Mostefa Boumediene, Didier Villemin, Mustapha Rahmouni, Serge

Bresson

» To cite this version:

Boumediene Haddad, Silvia Antonia Brandan, Bekhaled Fetouhi, Annalisa Paolone, Mostefa Boume-
diene, et al.. Synthesis, NMR, IR, Raman spectra and DFT calculations of 1-octyl-1,4-diazabicyclo
[2.2.2] octan-1-ium bis(trifluoromethylsulfonyl)imide. Journal of Molecular Structure, 2023, 1288,
pp.135792. 10.1016/j.molstruc.2023.135792 . hal-04265847

HAL Id: hal-04265847
https://normandie-univ.hal.science/hal-04265847
Submitted on 31 Oct 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Copyright


https://normandie-univ.hal.science/hal-04265847
https://hal.archives-ouvertes.fr

Revised Manuscript Click here to view linked References %

Synthesis, NMR, IR, Raman spectra and DFT calculations of
1-octyl-1,4-diazabicyclo [2.2.2] octan-1-ium
bis(trifluoromethylsulfonyl)imide

Boumediene Haddad'?”, Silvia Antonia Brandan®BekhaledFetouhi*° Annalisa Paolone® ,
MostefaBoumediene?, Didier Villemin?, Mustapha Rahmouni®, Serge Bresson’

! Department of Chemistry, Dr. Moulay Tahar University of Saida, 20000 Saida, Algeria.

2LCMT, ENSICAEN, UMR 6507 CNRS, University of Caen, 6 bd MI Juin, 14050 Caen, France.

3 Cétedra de Quimica General, Instituto de Quimica Inorganica, Facultad de Bioquimica. Quimica y Farmacia,
Universidad Nacional de Tucuman, Ayacucho 471, (4000) San Miguel de Tucuman, Tucuman, Argentina

4 Faculty of Natural and Life Sciences, University of Tiaret, BP78 ZaarouraTiaret 14000, Algeria.

5 Synthesis and Catalysis Laboratory LSCT, Tiaret University, Tiaret, Algeria

8CNR-ISC, U.O.S. La Sapienza, Piazzale A. Moro 5, 00185 Roma, Italy

"UP Transformations & Agro-Ressources, InstitutPolytechniqueUniLaSalle, SFR Condorcet 3417, BP 30313,
F-60026 Beauvais, France

*Corresponding author: Tel.: +213676802567
E-mail :haddadboumediene@yahoo.com (Prof. Dr. HADDAD Boumediene).



mailto:haddadboumediene@yahoo.com
https://www.editorialmanager.com/molstruc/viewRCResults.aspx?pdf=1&docID=69394&rev=1&fileID=1735322&msid=dafdad0c-4bb8-4407-9969-56c45328f760
https://www.editorialmanager.com/molstruc/viewRCResults.aspx?pdf=1&docID=69394&rev=1&fileID=1735322&msid=dafdad0c-4bb8-4407-9969-56c45328f760

ABSTRACT

In this study, a novel [CsDABCO™][(CFsSO2)2N"] ionic liquid (IL) was prepared by an al-
kylation reaction and then characterized it by experimental *H-, *3C-, and °F-NMR, IR and
Raman spectroscopies together with B3LYP/6-311G** calculations in gas phase and aqueous
solution to confirm its structure. DSC and TGA measurements show that it can be classified
as a thermally stable ionic liquid. Three different structures (1), (1) and (I11) were proposed
for the IL with Cis and Trans positions of CF3z groups of anion evidencing better correlations
among experimental and predicted spectra for structure (Il1). Strong S-O---H interactions
were predicted in the gas phase while in solution the C-F---H distance is shorter (2.654 A)
than the S-O---H ones (2.827 A). The analysis of MK charges reveals the presence of positive
charges on quaternary N23 atoms both in vaccum and in solution; conversely positive Mulli-
ken charges reside on 049 and O50 in the gas phase, while negative ones are found in solu-
tion. Molecular Electrostatic potential (MEP) surfaces support the electrophilic sites on qua-
ternary N23 while the nucleophilic sites are observed on O, N and F atoms of the anion. NBO
and AIM calculations reveal the characteristics of cation-anion interactions in the two media,
as supported by the different f(1N-C), f(+503), f(6502) and f(dCH2) force constants values.
Gap values suggest that [CsDABCO*][(CF3S02):NT is less reactive than [CsDABCO™][Br]
while the characteristics of frontier orbitals justify the cation-anion interactions and support
the important role of 1,4-diazabicyclo[2.2.2]octane (DABCO) in the properties of
[CsDABCO™][(CFsS0O2)2N7] IL in both media. The complete assignments of 174 vibration
modes expected for [CsDABCO™][(CF3S0O2)2NT IL are reported together with the scaled
force constants.

KEYWORDS:1-octyl-1,4-diazabicyclo [2.2.2] octan-1-ium; bis(trifluoromethanesulfonyl)imide; NMR;Raman
spectroscopy; IR spectroscopy; TGA; DTA; DFT calculations.



1. Introduction

lonic liquids are salts structurally composed of a sizeable, charge diffuse, organic cation and
an inorganic/organic anion [1-2]. Due to a number of advantageous properties, ionic liquids
have attracted largeattention as solvents, also because of their low vapor pressure and
flammability [3-4].Different cation-anion combinations can in principle lead to the
synthesisof new andnumerous organic salts [5].To date, ionic liquids (ILs) are classified and
used as biosolvents in several areas to avoid serious environmental impacts[5].In the last
decade, also multivalent and bicyclic cations have been used to form ionic liquids,useful
forbiologicalapplications[6-7]. It is possible to form symmetrical or asymmetrical ILs from
heterobicyclic compound, likel-alkyl-4-aza-1-azaniabicyclo [2.2.2] octyl ammonium
(DABCO), containing different substituents, that are commonly known as DABCO-based
ionic liquids. These compounds can be applied as building units of excellent molecular
ferroelectrics and are very useful as solvents for organic synthesis [8-9]. 1,4-
diazabicyclo[2.2.2]octane (DABCO) ILscontributed to populate an emerging variety of ionic
liquids by introducing chemical modifications of cations and anions [10-13], and are
excellent candidates to prepare new ionic liquids [14].The influence of structural parameters
such as, the type of the cation and the nature of the anion, the length of the side chain on the
physicochemical properties of ILs has been partially studied [15]. Ishtiag et al. [16]
investigated the catalytic efficiency in catalyzing the organic reactionsof 1,4-
diazabicyclo[2.2.2]octane (DABCO)-based ionic liquids with fluoride anions. Their results
indicated that DABCO-F can be successfully utilized in organic syntheses by their dual role
as ionic liquid and as a catalyst. With the same objective, Safari et al [17] reported the
structural and thermal properties of [C4(H-DABCO),][HSOa4]4 and showed the application as
an efficient, acidic catalyst for the acceleration of the synthesis of 2H-indazolo [2,1-b]
phthalazine-trione and [1,2,4] triazoloquinazolinone derivatives. Very recently, we have
investigated the molecular structure and the vibrational properties of 1-octyl-1,4-diazabicyclo
[2.2.2] octan-1-ium coupled with the bromide and hexafluorophosphate anions by using
NMR, IR and Raman spectroscopy. The results indicated the cation-anion interactions play
an important role on the structural, thermal, electronic, topological and vibrational properties
of 1-octyl-1,4-diazabicyclo [2.2.2] octan-1-ium ILs [18-19]. To the best of our knowledge,
manydetails of structures and structural, thermal, electronic, topological and vibrational
propertiesand their relationship with microscopic properties are not covered yet by the
literaturedue to the impossibility of obtaining crystals for structural determination using X-

ray diffraction. In this context, to elucidate the structure of a new ionic liquid, its
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experimental characterizations by means of 1H-, 13C-, and 19F-NMR, mass, infrared Raman
and ultraviolet spectroscopies must be combined with theoretical calculations in order to
confirm the proposed structure by means of comparisons of its corresponding spectra [2,17-
21]. In the present study, the structure and properties of 1-octyl-1,4-diazabicyclo [2.2.2]
octan-1-ium bis- (trifluoromethylsulfonyl)imideionic liquid,[CsDABCO™][(CF3SO2)2N7,are
studied and analyzed combining the H-NMR, BC-NMR, °*F-NMR, infraredand Raman
spectra with B3LYP/6-31G* and B3LYP/6-311G** calculations. Also, the experimental
thermal properties of new ionic liquid were also evaluatedtogether with its structural and
vibrational, topological, electronic properties and reactivities in the gas phase and aqueous
solution. Here, complete assignments of vibrational spectra and the force constants of anion
and cation were reported.

2. Experimental

2.1. Materials and methods

2.1.1. Chemicals for Synthesis

Chemicals and reagents, i.e 1,4-diazabicyclo [2.2.2] octane (DABCO) (>99%), 1-
bromooctane (98%) and lithiumbis(trifluoromethanesulfonyl)imide ([Li*][(CF3SO2)2N
]),were of analytical grade and procured from Fluka. All solvents, such as ethyl acetate, di-
ethyl- ether and deionized H-O, were purchased from Sigma Aldrich.

The general synthesis of the studied ionic liquid namely 1-octyl-1,4-diazabicyclo [2.2.2] oc-

tan-1-ium bis(trifluoromethanesulfonyl)imide is illustrated in Scheme 1.
Synthesis of 1-octyl-1,4-diazabicyclo [2.2.2] octan-1-ium Bromide [CsDABCO*][Br7]:

The synthesis procedure was carried out as reported in our recent papers [18],1,4-
diazabicyclo [2.2.2] octane (9.95 g, 88,7 mmol)) and 1-bromooctane(18g, 93,2 mmol)were
dissolved in AcOEt (125 ml) before being stirred at room temperature (25 °C) for 24 h. The
obtained [DABCO8*][Br] was evaporated under vacuum to remove AcOEt and then washed
with diethyl ether (100 mL) to give the 1-octyl-1,4-diazabicyclo [2.2.2] octan-1-ium Bromide
[DABCO8™][BrT] as a yellowish solid (16,91g). The yield of this reaction was 57%.

Synthesis of 1-octyl-1,4-diazabicyclo [2.2.2] octan-1-ium bis(trifluoromethanesulfonyl)imide
[CsDABCO™][(CF3S0O2)2N]:

The synthesis was performed at room temperature (25 °C)through a metathesis reaction:2.88
g of lithium bis(trifluoromethanesulfonyl)imide [Li*][(CF3SO2)2N"] dissolved in 20 mL of
deionized water were added toa flask containing 3g of [DABCO8"][Br7] dissolved in 20 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 (3000 rpm) for 60 s. After isolation, the obtained [CsDABCO*][(CF3S02)2N]
was dried in vacuum at 100 °C for 2 h, yielded 59% of colorless to pale yellow liquid
product. The ionic liquid was dried in phosphorus pentoxide, P2Os, to remove residual water.
The determination of water content was performed by coulometric Karl Fischer titration
using a Metrohm 831 and was found to be lower than420 ppm.The NMR analysis (*H, *C,
E-NMR) of the [CsDABCO*][(CF3sS02).N7 IL is described in Section NMR Spectroscopic
study.
Scheme 1.General synthesis of [CsDABCO*][(CF3S02).N1.

2.2.2. NMR measurements

The NMR analysis includes *H (500 MHz), 3C (125.75 MHz), °F (470.62 MHz) and 3!P-
NMR (202.47 MHz) spectra thatwere recorded in CDClz and DMSO-dg solutions by using a
Bruker DRX 500 MHz spectrometer. The chemical shifts (8) are given in ppm and referenced
to the internal solvent signal namely TMS, CFCls and H3sPOs, respectively. The coupling
constants (J) are expressed in Hertz (Hz).

2.2.3. FT-Raman andFT-infraredmeasurements

The FT-Raman spectrum of [CsDABCO*][(CF3SO2)2N7] was acquired in the wavenumber
range 4000-45 cm™ with a resolution of 1 cm™,adding 128 scans at room temperature bya
Vertex 70-RAM Il Bruker FT-Raman spectrometer. Additionally, the FT-IR spectrum of
[CsDABCO][(CF5S02).N7] in the liquid state was recorded between 4000 and 600 cmwith
a spectral resolution of 1 cm™adding 64 scans on a Bruker Vertex 11-70 Spectrometer (Bruker
Analytical, Slough, United Kingdom).

2.2.4. Thermal characterization

In the temperature ranges[-80 to 200 °C] and [25 to 700 °C] respectively, DSC and TGA
measurements were collected by means of a Mettler Toledo DSC3 and a Setaram Setsys Evo-
lution 1200 TGA system in an inert (argon) helium flux of 60 mL/min. Experiments in scan-
ning mode at 5 or 10 °C/min were conducted for DSC and TGA, respectively on heating. The
initial mass of the samples for the two types of experiments was in the range of 15 mg.

2.3. Computational details

Two initial structures of [CsDABCO™][(CF3S0.)2N ionic liquid were theoretically modelled
taking into account the previously optimized structures of cation [CsDABCO™] and anion
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[(CF3S0O2)2NT] by using B3LYP/6-311++G** calculations with the GaussView program [20-
23]. In the structure (I) the CF3 groups of anion has Cis position, while in (11) it has the Trans
one. Both IL structures were optimized with the B3LYP/6-31G* level of theory and the two
are reported in Figure 1. Then, when the theoretical calculations were performed with the
B3LYP/6-311G** method another different structure (111) of lower energy was optimized.
Figure 2 shows the optimized structure (111) with the CFs groups of anion in Trans position.
Therefore, the three structures were optimized in gas phase and aqueous solution by using the
hybrid B3LYP method with the Gaussian 09 program [23-26]. Only in (1), the CF3z groups of
anion presents Cis position while in (I1) and (111) they are in trans position because these are
the most stable positions with lower energies. The three structures show different S47-
049---H16 and C53-F60---H29 interactions with distances between 2.077 and 3.388 A (See
Figuresl and 2) but in (111) the distances are around 2.189 and 2.261 A while the values in (1)
are between 2.077 and 2.250A. Although the distances are slightly smaller for (1), here we
present in Table 5 the values only for structure (111) because it is the one that presents the best
correlations between the experimental spectra, as was later mentioned in the Results and
Discussion section. The characteristics of the reached stationary points were checked by
positive frequencies. Here, it is very important to mention that enhanced correlations among
the experimental NMR, IR and Raman spectra with the predicted ones were obtained for the
structure (I11) and, for this reason,only this structure was considered to predict the properties
of new IL by using the B3LYP/6-311G** method. Atomic charges, stabilization energies,
bond orders, molecular electrostatic potentials and topological properties were predicted for
IL in both media by using natural bond orbital (NBO) and atoms in molecules (AIM)
calculations [27-30]. Changes in volumes were analysed with the Moldraw program [31]. The
harmonic force fields of IL in the two media were computed with the scaled quantum
mechanical force field (SQMFF) methodology and the Molvib program taking into account
the normal internal coordinates for cation and anion and transferable scaling factors [32-
34].Improvedrelationshipswere obtained transforming the predicted Raman spectra
fromactivities to intensities [35]. The NMR chemical shifts were predicted by using a gage-
invariant linear combination of atomic orbitals (LCAO) method [36]. Reactivities and
behaviors of IL and its cation and anion in both media were predicted by using the frontier
orbital and clasical equations [18,19,37-39]. Finally, the electronic spectrum of IL in aqueous
solution was predicted and compared with the corresponding to cation and anion in the same
mediumby using the time-dependent DFT calculations (TD-DFT) with the Gaussian 09
program [23].



3. Resultsanddiscussion

3.1. NMR spectral analysis

Due to that the structure of synthesised [CsDABCO*][(CF3S0.).N7] IL was not experimental-
ly determined by X-ray diffraction, the confirmation of it was performed by comparisons
between the experimental *H, 3C and °F-NMR spectrawith the corresponding theoretical
predicted for those three optimized structures by using the root-mean-square deviation
(RMSD) values. These spectral analyses of NMR measures are useful to determine the struc-
ture of organic compounds and to identify the chemical environment of each atom; it is a very
reliable method to verify the molecular structure of compounds. Therefore, these spectral data
are given below.

!H-NMR (CDCls) du(ppm) = 3.25-3.19 (t,%J=7.4 Hz,6H), 3.15-3.12 (t,3)J=8 Hz,2H), 3.08
(s,6H), 1.64-1.63 (m, 2H), 1.58-1.52 (m, 2H),1.27-1.22 (m, 2H), 1.19 (m, 6H), 0.82-0.79
(t,3=7.2 Hz,3H).

13C-NMR (CDClI3) dc(ppm) =120.81 ,118.60, 64.88, 52.57, 44.98, 31.59, 28.85, 25.92,
22.33, 21.64, 13.74.

19F_NMR (DMSO-ds) 8 ppm= —78.93 (s, [NTf,]).

In Figures 3a, 3b and 3c we report the experimental H, *C and F-NMR spectra of IL in
CDCls, respectively while in Tables 1, 2 and 3 the experimental 'H,*C and®F-NMR
chemical shifts are shown compared with the calculated ones for the three structures by using
the Gauge-Independent Atomic Orbital (GIAO) method, the B3LYP level of theory and the
6-31G* and 6-311G**basis sets. In the 'H-NMR spectrum of [CsDABCO'][(CF5sS02).N]
reported in Figure 3a, one can note a triplet peak around 0.81 ppm related to the terminal
methyl group (Ha), while the intense signals between 1.19 and 1.27 ppm are related to
methylene protons in the Octyl chain (Hbcderf). The calculated *H chemical shifts of protons
appear in the region 0.68-0.88 ppm and 0.99-1.37 ppm, respectively, which are closely
matching the experimental chemical shifts. The peaks at 1.52 and 1.64 ppm indicate the
presence of the methylene protons (Hg) proton, which are expected at 0.99 ppm and 1.47 ppm
from DFT calculations. The broad singlet centered around 3.08-3.15 is attributed to DABCO
hydrogens (Hn-i) and in the calculated spectrum, the computed values are around 1.89 -3.74
ppm. Another triplet is observed around 3.22-3.25 ppm and is ascribed to the DABCO
deshielded protons (Hj); their calculated values are between 2.12 and 3.72 ppm, in good

agreement with the experimental values. In the *H-NMR spectrum, the chemical shifts



appearing in the region 0.79-1.64 ppm indicate the alkylation reaction of the octyl chain.
Considering the RMSDs values for the structures (1), (I1) and (1) of 0.57, 0.57 and 0.47 ppm
(see Table 1), respectively, we observed a better concordance for structure (I11). For the
isolated cation the value is the lowest (0.45 ppm).

In the 3C-NMR spectrum (Figure 3b and Table 2), eleven signals were observed; the signals
between 13.94 and 31.55 ppm can be attributed to the carbons of octyl chain. Indeed, the cal-
culated values of carbon atoms Ca, Cb, Cc, Cd, Ce and Cr are expected between 8.46 and
27.05 ppm, while for Ci and C;j they should appear at 38.15 ppm and 44.17 ppm, respectively.
Experimentally, both signals at 44.96 and 52.57 ppm are related to DABCO carbons and in
theoretical calculation, the computed values are37.90 and 58.94 ppm. The signal experimen-
tally found at 64.75 ppm is attributed to carbon (Cn) of methylene protons situated near to the
DABCO cycle. Moreover, carbon atoms of the [(CF3SO2)2N"] anion appear experimentally as
a downfield signal at 121.17 ppm for Ck and at 118.36 ppm for Ci. In simulated NMR spec-
trum, the computed values are between 115.80 and 127.84 ppm, which confirms the anionic
exchange of bromide by bis(trifluoromethanesulfonyl)imide. Comparing the respective
RMSDs values for the structures (1), (1) and (111) of 5.68, 5.71 and 4.74 ppm, we observed
better concordance for the structure (111), as observed for the H nuclei.Here, the effect of in-
corporation of anion to cation is also observed in the predicted 3C chemical shifts of IL
which are higher, as compared with the values of cation (5.36 ppm).

Finally, in the observed °F-NMR spectrum(Figure 3¢ and Table 3), it is evidentthat the
chemical shift for fluorine nucleiofthe —CFs moiety of the anion gives only a single experi-
mental peak at -78.93 ppm while the computed chemical shifts for those three structures pre-
dict high RMSDs values, as compared with the experimental ones (35.01-50.12 ppm). Here,
we use CCIsF as reference to obtain the predicted signal of *°F.In the same way, the effect of
incorporation of cation to anion is also observed in the predicted °F chemical shifts of IL
which are highest, as compared with the values of anion (32.72 ppm).At this time, the struc-
ture (I11) evidences a clear better agreement. Such high differences could be attributed to the
reference used and to the different the cation-anion interactions predicted in the three struc-
tures.

3.2. Optimizations in different media

From the above NMR studies is clear that the structure (111) (See Figure 2) is the one that best
represents the [CsDABCO™][(CF3S0O2)2NT ionic liquid. Besides, when those three structures
of IL were optimized by using the B3LYP method and the 6-31G* and 6-311G** basis sets
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in gas phase and aqueous solution we observed lower energies for the structure (I11). Thus,
calculated total energies, dipole moments (u) and volumes of ionic liquid in gas phase and
aqueous solution, compared with the cation and anion in gas phase by using 6-311++G**
basis set are summarized in Table 1.Whereas in Figure Sl it is observed the optimized
structure (I11) together with the atoms labelling. Hence, we see that when the anion is
incorporate to cation the expected volume of IL is 287.1 + 183.3 = 470.4A3, computed with
the 6-311++G** basis set. However, the calculated volumesareslightly lower (6-311G**
basis set) probably due to effect of interactions that reduce the values.Note that with the
incorporation of cation the dipole moment of anion increase in remarkable form from 4.36 D
in gas phase to 13.68 D and 22.53 D in (Il) in both media. In (I1), the dipole moment values
of IL are predicted to be 13.89 and 23.29 D in gas phase and solution, respectively.
Expansions of volume in the three structures are observed in solution, as a consequence of
increase in the dipole moment values.In this IL, the effect of the anion on the dipole moment
(w) of the cation can be seen in Figure S2 because it shows that the magnitude, direction and
orientation of the dipole moment vector in the cation is different from the that in the IL. The
direction of vector in the cation is from the C atom linked to the tertiary N atom passing
through the centre towards the quaternary N atom, as it is observed in Figure S2 while the
direction of the vector in the IL is perpendicular to the three rings and to the side chain. Thus,
modifications in the direction, orientation and magnitude of IL are observed from the gas
phase to solution. Regarding the energies values, the structure (1) present the lowest values
in the two media due to basis set and,it is observed that when the total energies are corrected
by Zero-point vibrational energy (ZPVE) the values decreases in all cases, as also was
observed in other IL [18,19]. When the anion is incorporated to the cation the expected total
uncorrected energy between cation and anion by separate is -660.2297 - 1827.6092 = -
2487.0096 Hartrees, the resultant value is lower or less negative than the calculated for (1)
(-2488.0891 Hartrees). Newly, the cation-anion interactions could justify such differences.
B3LYP/6-311G** calculations predict the interactions presented in Table 5, being the S47-
049---H16 (2.261 A) and S47-050---H22 (2.189A) interactions those with lower distances in
gas phase while the lower distances in solution are observed in the S48-051---H10 (2.827 A)
and C54-F55.--H14 (2.654 A) interactions. This latter interaction justifies the high °F
chemical shifts predicted for the proposed structure (I1l) of IL because in solution the
distance of C-F---Hinteraction is shorter (2.654 A) than the other S-O---H ones (2.827 A).



Predicted geometrical parameters for the two tertiary and quaternary N atoms of
[CsDABCO*][(CF3S02)2N7 IL in both media and for the shorter bonds C-H lengths involved
in the mentioned cation-anion interactions are compared in Table 6 with those reported for
the cation and [CsDABCO*][PF¢] IL in gas phase by using the B3LYP/6-31G* method
[19].In the [CsDABCO™][PF¢] IL, the N-C distances in gas phase are similar to those of the
cation but are different in the two media; in the [CsDABCO*][(CFsSO2):N] IL there is are
larger difference in the bond lengths in the two media. However, the bond angles in solution
present a lower difference in the [CsDABCO*][(CF3S02).N7] IL, as compared with the other
one. As expected, higher variations in the geometrical parameters of tertiary N1 atoms in the
two media are observed than the quaternary ones (N23) because the lone pairs of N1 are
probably hydrated in solution. Evidently, the [PFe¢] anion produces higher modifications in
the bond anglesrelated to N1 of [CsDABCO*][PFes] IL [19] as compared with the
corresponding one for the [(CF3SO2):N7 anion of [CsDABCO*][(CF3S0O2).N7] IL. In this

latter IL, the angles related to N1 are less influenced by the anion.

3.3. Atomic charges, bond orders and molecular electrostatic potentials

Structural studies have evidenced the presence of different H bonds in the
[CsDABCO™][(CFsS02):N7] IL due to the acceptors and donor’s groups which present
different characteristics in the two media. Thus, in the gas phase the S47-049---H16 and S47-
050---H22interactions have shorter distances while in solutionother different S48-051---H10
and C54-F55---H14interactions with short distances are observed.To investigate such
differences, three types of charges were analysed in this IL, which are Merk-Kollman (MK),
Mulliken and atomic natural population analysis (NPA) charges only for the two tertiary and
quaternary N atoms and the C, O and F atoms of anion in the twomedia by using the
B3LYP/6-311G** method. These results are shown and compared in Table S1 while the
behaviours of these charges in the two media are presented in Figure S3. Here, the most
important pointis that only the MK chargeson N23 show positive values in both media, as
expected because they correspond to cation positively charged on quaternary N23 atoms
while the Mulliken and NPA charges on N23 present negative values. Other very important
results are observed in the Mulliken charges on the C53 and C54 atoms because in solution
the charges on these atoms present positive values, differently from thegas phase, as shown in
Figure S3b. Other important results are observed in the positive Mulliken charges on F55 and
F56 in gas phase because in solution the three charges on these atoms present negative

values. These differences could be attributed to different interactions where these F atoms are
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involved which were not considered in Table 5, as that C54-F55---H14 interaction observed
in gas phase. Note that only the Mulliken charges on 049 and O50 show positive values in
gas phase but negative ones in solution, as the other ones, justifying this way, the
enlargement of the interactions in solution where these atoms are involved.

The molecular electrostatic potentials (MEP) and bond orders (BO), expressed as Wiberg
indexes of IL were also studied because they are essential factors to analyse the different
reaction sites and the different strength of bonds. These parameters for the
[CsDABCO™][(CFsS02)2N7 IL in both media are presented in Table S2. Thus, the exhaustive
analyses of MEP values on all considered atoms show practically few changes of values in
solution and the typical MEP tendency taking into account the different electronegativity of
atoms (F > O > N > C). Note that the F (F60) and O atoms (049, O50 and O51) involved in
the H bonds present lower MEP values. Obviously, the H atoms present the less negative
MEP values, as expected because they are the most labile atoms. When the mapped surfaces
of [CsDABCO][(CFsSO2)2N] IL in both media are shown in Figure S4 we can see the
different nucleophilic and electrophilic sites of reaction. Thus, the three fused rings show
blue colours, as expected because the quaternary N23 is positively charged and are
electrophilic sites while the strong red colours are observed on the O, N and F atoms of anion
due to the lone pairs of these atoms, thus, the reaction sites are nucleophilic.The MEP
surfacesof IL in both media change from 0.069 a.u. in gas phase to 0.085 a.u. in solution.
Evaluating the bond orders totals by atom, expressed as Wiberg indexes of IL in the
twomedia by using the same level of theory from Table S2, it is observed that the 049, O51
and F60 present slight differences in solution due to the formation of H bonds. When Wiberg
bond index matrix in the NAO basis are calculated from NBO calculations it is observed that
S47-050---H22 interaction in gas phase has a BO of 0.0124 higher than the predicted 0.0075
for the S47-049---H16 interaction while in solution the S48-O51:--H10 interaction presents a
bond order of 0.0022 similar to the value predicted for the C54-F55---H14 interaction of
0.0023. These results show that the interactions are different in the two media, as was
previously mentioned.

3.4. NBO and AIM studies

The stability of the [CsDABCO][(CF3S0O2)2N7] IL was studied by using two different
procedures because the presence of two tertiary and quaternary N atoms produce different
interactions in gas phase and aqueous solution. One of them is by using the NBO program in
order to calculate the acceptors-donors interactions energies with the Second Order

Perturbation Theory Analysis of Fock Matrix in NBO Basis [27] while the other one is by
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using the Bader’s theory of atoms in molecules with the AIM 2000 program [28,29]. In the
first case, the calculated acceptors-donors interactions energies (E2) by using NBO
calculations [27] are summarized in Table S3. Only two types of interactions are predicted
for the IL in both media. One of them consists of then—»o™ interactions from lone pairs of N,
O and F atoms of the anion to different antibonding S-O, S-C, N-S and C-F orbitals, while the
other ones are the o*—o* interactions. These latter transitions have low energy values and
occur from antibonding N-S and S-Oorbitals to antibonding N-S, C-F or S-O orbitals, as
observed in Table S3. The contribution of those two types of transitions to the total energy is
of 1906.92 kJ/molin gas phase and of 2017.23 kJ/mol in solution. Hence,the proximities in
the values suggest that the IL presents practically the same stability in both media.

In the other study of intramolecular interactions by using the Bader’s theory, the topological
properties of IL (electron density, p(r), the Laplacian values, V2p(r), the eigenvalues (11, A2,
A3) of the Hessian matrix and, the |A1|/A3 ratio) were computed with the AIM 2000 program
in the bond critical points (BCPs),ring critical points (RCPs) andcage critical points (CCP)
[28,29]. Table S4 shows the different and similar intramolecular interactions predicted for the
IL in the two media by using the B3LYP/6-311G** method. In gas phase there are nine
predicted BCPs (7 C-O---H, C-F---H and C-F---0), eleven new RCPNs in addition to the
three RCPs of rings and, four CCPs, while in solution only eight BCPs (five C-O---H, C-
F---H, C-F---O and C-H---H), nine RCPNSs, three RCPs and three CCPs are predicted. The
ring critical points formed as a consequence of new H bonds interactions are named RCPNs.
All interactions for IL in both media are shown and clearly indicated in Figure S5. The
characteristics of intramolecular H bonds interactions are different in the two media; the
shortest two interactions in both media are specified in Table S5 by using bold letters (See
distances in Table S5). Note that the C53-F60---H29 interaction is predicted in gas phase
while, on the contrary,only the C53-F55---H14 interaction is expected in solution. Figure S5
shows that in gas phase only the F55 and F60 atoms are involved in intramolecular
interactions while in solution only the F55 is taking part in.These studies show that the IL
form different intramolecular H bonds in the two media but in both cases only two of them
present short distances. Thus, the two NBO and AIM studies reveal that IL has practically the
same stability in the two media.

3.5. Frontier Orbitals studies

NBO calculations evidenced approximate energy values of [CsDABCO™][(CF3S02)2N] IL in
both media (1906.92/2017.23 kJ/mol) whilethe AIM studies also predict similar stabilities in
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these media due to eight/nine new intramolecular H bonds interactions; however, reactivities,
stability kinetic and behaviours of IL in the two media have not yet been investigated.
Therefore,to predict the reactivity and behaviours in the two media,the frontier orbitalsshould
be computed and from their differences the gap values are obtained. After that, with these
parameters theglobal hardness (7), global softness (S) and global electrophilicity index (w)
descriptors can be calculated.Accordingly, Table S6 shows calculated HOMO and LUMO
orbitals, energy band gap, global hardness (7), global softness (S) and global electrophilicity
index (w) for the [CsDABCO™][(CF3SO2)2N7 ionic liquid in gas phase and aqueous solution
by using the B3LYP/6-311G** method. The parameters for cation and anion in gas phase by
using the B3LYP/6-311++G** method, respectively can be also observed in the table while
the gap value in gas phase for the cation using the 6-31G* basis set is 7.1512 eV [18,39].
Regarding Table S6, we observed that the gap values of [CsDABCO'] cation and
[(CF3S0O2)2NT anion are different between them (6.4818/7.2600 eV) [18,39] but the ionic
crystalpresents lower values in both media, as compared tothe anion.Thus, the incorporation
of anion to cation generate lower gap value in solution but higher in gas phase. Hence, the
[CsDABCO™][(CFsS02)2N7] IL is more reactive in solution than the two separated species.
Comparing the gap value of IL in solution (5.7389 eV) with the one reported for
[CsDABCO*][Br] IL (5.0558 eV), it is clear that [CsDABCO*][(CF3S0.):NT is less reactive
[18]. As a consequence, the effect of [Br] on [CsDABCO™] is higher than thatobserved for
[(CF3S0.)2N] on the cation of IL, specifically in solution. However, the [PF¢] anion
increases the gap values of [CsDABCO™][PFe7] to 7.4368 eV in gas phase and 7.4668 eV in
solution [19].When the characteristics and forms of frontier orbitals of IL in both media are
carefully analysed from Figure S6, we observed that orbitals belonging to the atoms of cage-
like DABCO structure participateto LUMO in both media,while the anion participateto
HOMO in both media, even though in the gas phase also the N1 orbital and some C orbitals
contribute to HOMO. Probably, this observation justifies the lower reactivity of IL, the lower
total energy (1906.92 kJ/mol) and the eight new intramolecular interactions predicted by
AIM analyses in this media. Thus, the participation of orbitals belonging to the atoms of
cage-like DABCO structure and of anion in both HOMO and LUMO suggest thatcation and
anion are engaged in the different interactions predicted by NBO and AIM calculations.
Consequently, the DABCO structureplay very important role in the properties of IL in the
two media, as also was observed in [CsDABCO*][PF¢] IL [19]. The evaluation of descriptors
suggests that the higher reactivity of IL in solution could be associated to its higher global

electrophilicity index (w).Note that the effect of anion on IL in gas phase is the decreasing of
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global electrophilicity index (w) of cation from 7.7572 eV to 2.0720 eV or the increase of gap
value from 6.4818 eV t0 6.7756 eV in the IL.

3.6. Vibrational analyses

The structure of [CsDABCO'][(CF3SO2)2NT] IL was optimized by using the B3LYP/6-
311G** method withC; symmetry and with the two CF3z groups of anion inTrans position.
Due to the 60 atoms present in IL in total 174 normal vibration modes are expected. All
vibration modes present activity in both infrared and Raman spectra. In Figures 4 and 5 the
experimental FT-IR and FT-Raman spectra of IL in the solid phase are compared with the
corresponding spectra predicted for IL and its cation and anion in the gas phase at different
levels of theory. Figure S7shows comparisons of experimental FT-IR spectrum of IL with
the corresponding predicted for IL in gas phase and aqueous solution by using the B3LYP/6-
311G** level of theory.Note that the IR spectra of IL in both media are practically the same
and only slight variations in the intensities of bands in the region 2000-1000 cm™ are
observed.On the other hand, Figures 4 and 5 show better correlations in the Raman spectra, in
particular because the predicted Raman spectra were corrected from activities to intensities
[35]. Figure 4 shows that for the IL and anion the bands between 2000 and 1000 cm™ are
predicted with higher intensities, as compared with the experimental one. Hence,the effect of
the cation justifies the lower intensities observed in the experimental IR spectrum.The
harmonic force fields for the IL in both media were calculated with the scaled quantum
mechanical force field (SQMFF) methodology and the Molvib program [32-34]. For this IL,
the normal internal coordinates of cation (129 vibration modes) and anion (39 vibration
modes) previously reported were used [18,39] while six new internal coordinates due to the
two S-O---H interactions were addeduntil completing the 174 vibrations expected. Here,
transferable scaling factors were used for IL [33]. Table 7 shows assignments for IL, cation
and anion together with experimental and calculated wavenumbers by using the hybrid
B3LYP method and different levels of theory [18,39]. Here, we reported the complete
vibrational assignments for the 174 vibration modes of IL. We observed from Table 7 that
cation shifts the bands of anion toward higher wavenumbers in the IL, as a consequence of

interactions due to H bonds. Below, some main assignments are discussed by regions.

3.6.1. Assignments C-H groups.
3.6.1.1. 4000-2000 cm™ region.In this region, only the antisymmetric and symmetric
stretching modes of CH2 and CH3 groups of cation are expected [18,19,39]. Here, the anion

shows a clear effect on cation because the assignments predict for the IL with the B3LYP/6-
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311G** level of theory are different from those predicted for the cation by using the
B3LYP/6-31G* method [18,19]. In part, the difference can be attributed to the different
methods used and in part to the cation-anion interactions evidenced by NBO and AIM
studies. Then, the IR bands and shoulders observed in this region are assigned to those
vibration modes, as specified in Table 7. The intense Raman band observed at 2966 cm™ are
assigned to symmetric CH stretching modes,as expectedwhile the strong band at 2901 cm*
can be assigned to symmetric CHz stretching mode. In the [CsDABCO*][PF¢] IL [19], the
symmetric CH stretching modes are assigned to the band at 2974 cm™.

3.6.1.2. 2000-1000 cm™* region.In this region, the vibration modes corresponding to CHs and
CH2 deformation, CH> wagging, CH3 and CH; rocking modes are expected [18,19,39].
However, the SQM calculations predict at 1966 cm™ the wag CH2(C3) mode and at 1507 cm®
1 a torsion mode (t049-H16) related to S47-049---H16-C6 interaction and to adeformation
CH> mode due to the same interaction (CH2(C6)). The assignment of waging mode in that
unexpected frequency is justified by the other S48-O51---H10-C3 interaction where the C3
atom is involved. The IR and Raman bands observed in the spectra of IL between 1934 and
1133 cm™ are assigned to CH3 and CH. deformation, CH, wagging, CHs and CH> rocking
modes of cation, as predicted by SQM calculations while the antisymmetric and symmetric
stretching modes of SO, and CFs groups are predicted from 1244 to 1028 cm™. In some
cases, the antisymmetric SO, and CF3 stretching modes are predicted coupled between them
at 1197 and 1166 cm™. Thus, the intense IR and Raman bands at 1243, 1180, 1133, 1058 and
1052 cm™ are clearly assigned to those vibration modes, as predicted by SQM calculations.
The symmetric stretching modes of two CFs groups are predicted in the anion at 1150 and
732 cm™ while in the IL at 751 cm™ not as a pure mode but coupled with a deformation mode
at 737 cm™. Hence, the very strong Raman band at 739 cm™ is assigned to those vibration
modes. The IR and Raman bands between 1052/1058 and 1015 cm™ are assigned to C-C and
C-N stretching modes.

3.6.1.3. 1000-10 cm™ region. Here, the CHs and CH> twisting and C-C and C-N stretching
and CCN, CCC skeletal modes of cation are expected together with vibration modes of anion
[18,19,39]. The CH, twisting modes are predicted in the cation between 936 and 662 cm™
while in the IL between 935 and 655 cm™. Evidently, these modes are poorly influenced by
the anion but they appear strongly coupled as a consequence of cation-anion interactions.
Here, it is observed that the SO, wagging mode related to the S47-049---H16-C6 interaction

is predicted at 280 cm™ while for the other group is predict at 581 cm™; however, in the anion
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both modes are predicted at 616 and 568 cm™. Hence, we can easily see the influence of
cation on anion. Another thing, the deformation, rocking and twisting modes of SOzgroups
and rocking and twisting modes of CFs groups are marginally influenced by the cation-anion
interactions, as observed in Table 7.

3.7. Scaled force constants

Scaled force constants are interesting parameters that show how the interactions present in a
compound can affectits properties and, also bond lengths and angles, vibration modes and
force constants, such as those cation-anion interactionspredicted in this IL. For these reasons,
for [CsDABCO™][(CF3S02)2NT IL in both media those factors were computed from the
previously obtained harmonic force fields with the SQMFF methodology and the Molvib
program [32-34]. Hence, in Table 8 are summarized the scaled internal force constants for
the [CsDABCO™][(CF3sS02)2N7] ionic liquid in both media and for its [CsDABCO™]cation
and [(CFsS02)2N] anion in gas phase by using the hybrid B3LYP method and different basis
sets [18,19,39].Comparing first the force constants for IL in both media, we observed
important and significant variations in the f(¥N-C), f(150.), f(6SO2) and f(JCH:)force
constants when the medium change from the gas phase to aqueous solution.Obviously, these
discrepancies are associated to the different interactions predicted for IL mainly by NBO and
AIM calculations. Thus, from Table 5 two interactions in each medium were predicted with
short distances, which are, S47-049---H16-C6 and S47-050---H22-C20 in gas phase while
other different S48-051---H10-C3 and C54-F55---H14-C5 in solution. Higher distances are
observed in the gas phase because the molecules have greater freedom of movement due to
that the forces of crystalline packing were not considered. Hence, the main SO> groups and
some F and C atoms of CFz and CHz groups are involved in these cation-anion interactions
and, as a consequence, the force constants related change with the medium. Then, when the
force constants of cation are compared with the two ILs, only the f(1N-C) and f(6CH>) force
constants show changes with the medium, being more evident in this IL, as compared to
[CsDABCO'][Br] [18]. If now the force constants for IL are compared with the
corresponding anion we observed that the f(1SO2) and f(6SO2) force constants of IL show
strong changes in solution which are attributed to cation-anion interactions. The different
values observed in the main force constants of IL in both media supports the different cation-
anion interactions predicted for IL in the two media.

3.8. Thermal analysis
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One of the most important properties of ionic liquidsistheir thermal behaviour and the
temperature range of application. These properties depend on the ionic structure of anions
and cations. To obtain information on the thermal stability and degradation of
[CsDABCO*][(CF3S02)2N7, the thermal properties were investigated in the temperature
range [25°C /700°C] using thermogravimetric analysis (TGA) and in the interval [-80 / 200
°C] by differential scanning calorimetry (DSC) on heating the sample. As shown in Figure 6,
[CsDABCO™][(CF3sS02)2N]shows a small endothermic peak at -51 °C corresponding to the
glass transition (Tg). The exothermic peak at -13°C is associated with the so-called cold
crystallization. Finally, a clear endothermic peak at 27°C corresponds to the melting process
(Tm).As the melting point is lower than 100°C, [CsDABCO*][(CFsS0O2)N] can be classified
as an ionic liquid. Regarding the TGA results, the thermal decomposition of
[CsDABCO™][(CFsS02)2N] occurs in the temperature range [350°C /470°C], and reaches a
mass loss of 100% at 470 °C. The high decomposition temperature of the sample suggests
that that it could be adequate for applications as electrolyte for electrochemical devices.

4. Conclusions

In this investigation, the [CsDABCO*][(CFsSO2).N7] IL was prepared and its structure
characterized and confirmed by using H, *3C and ®F-NMR, IR and Raman spectroscopies.
In addition, its thermal stability and decomposition process were studiedby using TGA
andDSC analyses. Theoretically, three different structures (1), (1) and (I11) were proposed for
this IL where the CF3 groups of anion present Cis or Trans positions. Comparisons among
the experimental *H, 3C and ®F-NMR, IR and Raman spectra with the corresponding
predicted for those structures have evidenced better correlations with the structure (111)
optimized by using the hybrid B3LYP/6-311G** method in gas phase and aqueous solution.
Hence, structural, electronic and topological properties were predicted for this structure of IL
in gas phase and aqueous solution. Hybrid B3LYP/6-311G** calculations predict two S47-
049---H16-C6 and S47-050---H22-C20 interactions in gas phase and other two S48-
O51---H10-C3 and C54-F55---H14-C5 in solution where the latter interaction could
justifythe high predicted °F chemical shifts for the proposed structure (111) of IL because in
solution the distance of C-F---Hinteraction is shorter (2.654 A) than the other S-O---H ones
(2.827 A). The studies of charges show that only the MK charges on quaternary N23 atoms in
both media are positively charged because they belong to cation while the positive Mulliken
charges on 049 and O50 in gas phase become negative in solution and justify those two

interactions in this medium. The mapped MEP surfaces support the electrophilic sites on
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positive charges of quaternary N23 while the nucleophilic sites are observed on the O, N and
F atoms of anion.The NBO and AIM calculations show that the characteristics of cation-
anion interactions predicted for the IL in gas phase are different from those predicted in
solution, as suggested by the different values observed in the f(W-C), f(1S0,), f(650;) and
f(’CH,) force constants in both media. The gap values suggest that
[CsDABCO™][(CFsS02)NT] is less reactive than [CsDABCO][Br] IL while the
characteristics of frontier orbitals justify the cation-anion interactions and support the
important role of DABCO in the properties of IL in the two media. The complete assignments

of 174 vibration modes expected for IL are reported together with the scaled force constants.
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Figure Caption

Scheme 1.General synthesis of [CsDABCO*][(CF3S02).N1.

Figure 1. Optimized theoretical structures(l) and (Il) of [CsDABCO*][(CFsSO2)N7]IL by
using the hybrid B3LYP/6-31G* methodtogetherwithintramolecular H-bonds represented
with dashed lines.

Figure 2. Optimized theoretical structure (111) of [CsDABCO*][(CF3S02)N]IL by using the
hybrid B3LYP/6-311G** methodtogether withintramolecular H-bonds represented with
dashed lines.

Figure 3. a) Hydrogen atom labeling and *H-NMR spectrum (upper panel), b) carbon atom
labeling and *C-NMR spectrum (intermediate panel) and c) °F-NMR spectrum (lower
panel) of ([CsDABCO*][(CF3S02)2NY).

Figure 4. Experimental FT-IR spectrum of ionic liquid in the solid phase compared with the
corresponding predicted for IL and its cation and anion in the gas phase at different levels of

theory.

Figure 5. Experimental FT-Raman spectrum of ionic liquid in the solid phase compared with
the corresponding predicted for IL and its cation and anion in the gas phase at different levels

of theory.

Figure 6: TGA and DSC curves of ([CsDABCO*][(CFsS0).N7) lonic Liquid, both measured

on heating.
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Highlights (for review)

HIGHLIGHTS

The [CsDABCO™][(CF3S02)2NT IL was prepared by an alkylation reaction.

IL was characterized by *H-, *C-, and 1°F-NMR, IR and Raman spectroscopies.
Two different cation-anion interactions were predicted for IL in gas phase and in
aqueous solution.

NBO and AIM calculations reveal the nature of cation-anion interactions.

Frontier orbitals support the important role of DABCO in the properties of IL.
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Figure S1. Optimized structure (111) of [CsDABCO*][(CF3S02)2N] ionic liquid in gas
phase by using the B3LYP/6-311G** level of theory showing the formation of intra-
molecular H bonds between the S=O group and the H atoms of CH2 groups.
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Figure S2. Orientations and directions of dipole moment vectors for
[CsDABCO*][(CF3sS02)2N7 IL (upper) in both media and its [CsDABCO?] cation and
[(CF3S02)2NT anion (bottom) in gas phase by using the B3LYP level of theory and
different basis sets.
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Figure S3. Calculated atomic MK, Mulliken and NPA charges on the N, C53, C54 and
F atoms of [CsDABCO™][(CFsS02)2N7 IL,(a) in gas phase and (b) in aqueous solution
by using the B3LYP/6-311G** level of theory.
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Figure S4.Calculated electrostatic potential surfaces on the molecular surface of
[CsDABCO*][(CF3S02)2NT IL,(upper) in gas phase and (bottom) in aqueous solution
by using the B3LYP/6-311G** level of theory. Iso-density value of 0.005.
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Figure S5. Molecular graphicsfor [CsDABCO*][(CF3S02)2N7] IL,(a) in gas phase and
(b) in aqueous solution by using the B3LYP/6-311G** level of theory.
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Figure S7.Experimental FT-IR spectrum of ionic liquid in the solid phase compared
with the corresponding predicted for IL in gas phase and aqueous solution by using the
B3LYP/6-311G** level of theory.



Table S1.Calculated atomic MK, Mulliken and NPA charges on the N, C53, C54 and F
atoms of [CsDABCO™][(CF3S0O2)2NT IL in gas phase and in aqueous solution by using
the B3LYP/6-311G** level of theory.

B3LYP/6-311G**METHOD
[CsDABCO*][(CF3S0O2)2NT]

Atoms Gas Phase AqueousSolution

MK Mulliken NPA MK Mulliken NPA
1N -0.365 -0.294 -0.490 -0.388 -0.285 -0.482
23 N 0.592 -0.398 -0.326 0.658 -0.393 -0.322
49 O -0.499 1.042 -0.954 -0.518 -0.512 -0.926
50 O -0.544 1.023 -0.952 -0.576 -0.534 -0.956
51 0 -0.528 -0.535 -0.992 -0.580 -0.547 -0.966
52 0 -0.489 -0.531 -0.883 -0.541 -0.470 -0.895
53 C 0.473 -0.574 0.922 0.495 0.439 0.916
54 C 0.424 -0.445 0.898 0.315 0.446 0.888
55 F -0.129 0.427 -0.349 -0.111 -0.187 -0.361
56 F -0.140 0.457 -0.338 -0.123 -0.172 -0.339
57 F -0.166 -0.182 -0.350 -0.149 -0.190 -0.354
58 F -0.140 -0.170 -0.334 -0.144 -0.170 -0.337
59 F -0.145 -0.186 -0.336 -0.155 -0.173 -0.340
60 F -0.136 -0.161 -0.353 -0.167 -0.188 -0.351




Table S2.Molecular electrostatic potentials (MEP) and Bond orders (BO) expressed as
Wiberg bond index, totals by atomfor theN, C53, C54 and F atoms
of[CsDABCO*][(CF3S02)N7] IL in gas phase and in aqueous solution by using the
B3LYP/6-311G** level of theory.

Atoms MEP (a.u.) Bond Orders
Gas Aqueous Solution Gas Aqueous Solution

1N -18.365 -18.347 3.114 3.111
23 N -18.242 -18.220 3.568 3.570
49 O -22.391 -22.416 1.601 1.636
50 O -22.391 -22.410 1.604 1.603
51 O -22.388 -22.409 1.549 1.589
52 O -22.398 -22.423 1.698 1.674
53 C -14.505 -14.524 3.655 3.651
54 C -14.515 -14.524 3.643 3.631
55 F -26.573 -26.571 1.034 1.020
56 F -26.575 -26.583 1.050 1.048
57 F -26.574 -26.576 1.032 1.029
58 F -26.570 -26.588 1.055 1.051
59 F -26.569 -26.587 1.052 1.047
60 F -26.568 -26.583 1.601 1.031




Table S3. Main delocalization energy (in kJ/mol) of [CsDABCO™][(CF3S0O2)2NT IL in
gas phase and in aqueous solution by using the B3LYP/6-311G** level of theory.

B3LYP/6-311G** METHOD
[CeDABCO*][(CF3S02)2N]

Delocalization Gas PCM
LP(2)N46—0*S47-049 57.39
LP(2)N46 —0*S47-050 43.85 54.84
LP(2)N46 —0*S48-C54 70.60 77.54
LP(2)049—»0*N46-S47 69.81 71.39
LP(2)049—0*S47-050 63.41 66.55
LP(3)049—»0*S47-C53 98.31 102.66
LP(2)0O50—»>0*N46-S47 72.73 73.57
LP(2)0O50—»0*S47-049 61.74 59.02
LP(3)050—»0*S47-C53 99.02 98.44
LP(2)051—»>0*N46-548 82.51 87.74
LP(3)051—»0*S48-052 47.07 51.21
LP(3)051—»0*S48-C54 72.90 77.96
LP(2)052—»0*N46-548 77.87 76.37
LP(2)052—»0*S48-054 51.54
LP(3)052—»0*548-C51 83.56 71.81
LP(3)052—0*S48-C54 54.97 64.58
LP(2)F55—>0*S48-C54 43.39 0.00
LP(3)F55—>0*C54-F57 52.88 44.60
LP(2)F55—>0*S48-C54 46.57
LP(3)F56 —»0*C54-F55 48.32 49.62
LP(3)F56 »0*C54-F57 46.11 45.06
LP(2)F57 —>0*S48-C54 42.18
LP(3)F57 —>0*C54-F55 47.40 51.00
LP(3)F57 —>0*C54-F56 42.43
LP(2)F58 »0*S47-C53 46.15 47.94
LP(3)F58 »0*C53-F59 43.26
LP(3)F58 »0*C53-F60 61.20 51.25
LP(2)F59 —»0*S47-C53 45.60 46.57
LP(3)F59 —»0*C53-F60 60.90 56.14
LP(2)F60—>0*S47-C53 41.93
LP(3)F60—>0*C53-F58 42.26
LP(3)F60—>0*C53-F59 45.90 49.45
AETLpo* 1778.55 1560.48
0*N46-S47 —0*N46-548 252.10
0*N46-548 —0*C54-F57 55.89
0*548-051 —»0*548-052 72.48 204.65
AET 0+ 128.37 456.75

AETToTAL 1906.92 2017.23




Table S4. Predicted intramolecular interactions for the [CsDABCO™][(CF3S0O2)2N]
ionic liquid in gas phase and aqueous solution by using the topological properties and
the B3LYP/6-311G** Method.

Interactions?

Gas Phase Aqueous solution
S47-049---H16 S47-049---H16
S47-049---H26
S47-050---H14
S47-050---H22 S47-050---H22
S48-051---H10 S48-051---H10
S48-051---H14 S48-051---H14
S48-051---H16 S48-051---H16
C53-F60---H29
C54-F55---050 C54-F55---050

C54-F55---H14
C14-H25---H18

aThis work; Letters bold, shorter distances.



Table S5. Analysis of the topological properties for the [CsDABCO*][(CF3S02)2N]
ionic liquid in gas phase and aqueous solution by using the B3LYP/6-311G** Method.

Parameter Gas Phase Aqueous Solution
(au) S47-049---H16  S47-050---H22 S48-051.---H10 C54-F55.--H14
p(rc) 0.0143 0.0164 0.0038 0.0047
V2p(re) 0.0471 0.0547 0.0140 0.0187
A1 -0.0153 -0.0185 -0.0030 -0.0045
A2 -0.0145 -0.0174 -0.0028 -0.0044
A3 0.0770 0.0906 0.0197 0.0276
[hal/a
Distance (A) 2.261 2.189 2.827 2.654




