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HIGHLIGHTS

A new [CsDABCO™[PFs] based ionicliquid

The IL was characterized by using NMR and FTIR and Raman spectroscopies

The thermal property of IL waas investigated by means TGA and DTA measurements.
B3LYP/6-31G* calculations support the high solvation energy value of IL

DABCO structure plays a very importantrole in the properties of IL
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ABSTRACT

In this paper, a new ionic liquid; [CsDABCO'][PFs] was prepared, its structure was well
confirmed by *H, *C, °F and *'PTNMR spectroscopies. Besides, thermal behavior has been
discussed through TGA and DTA in the temperature range from [-80 to 200 °C] and [25 to
700 °C] respectively. Theoretical studies were performed by DFT method to investigate the
structural, electronic and topological properties. B3LYP/6-31G* calculations support the high
solvation energy value of IL in aqueous solution (DG.= -122.9 kJ/mol) and it probably
explain the high dipole moment value, the volume expansion in this medium (7.3 A%) and
also because the cation-anion interactions still remain in solution. Seven interactions were
predicted by AIM calculations but only two cation-anion interactions have short distances.
NBO studies reveal that IL is more stable in solution probably due to its higher solvation
energy. The DOS spectrum in aqueous solution shows clearly that the orbitals belonging to
the atoms of cage-like DABCO structure participle in both HOMO and LUMO and, hence,
will confirm that DABCO is engaged in halogen interactions, as suggested from NBO
analyses. These studies show that DABCO structure participates in the properties of
[CsDABCO™][PF¢]. Complete assignments of IR and Raman spectra were reported.

KEYWORDS: DABCO-ionic liquids; NMR; Raman/IR vibrational spectra; TGA /DTA thermal analysis; DFT

calculations.



1. Introduction

Whatever material is used in a specific application, its properties depend on its structure and
are strictly related to the nature of the intermolecular interactions between its constituents.
Therefore, the comprehension of a relationship between the properties and the chemical
architecture is essential for designing materials, in particular ionic liquids (ILs), with
desirable properties.

Recently, a significant research effort has been focused on the synthesis and the
physicochemical characterization of ionic liquids [1]. A special emphasis has been devoted to
the study of their spectroscopy vibrational properties [2]. These new compounds can be
useful in various areas and their important properties make them good candidates for multiple
applications including catalytic reactions, engineering, inorganic chemistry, spectroscopy,
electrochemistry and energetic material [3].

Compared to other ionic liquids, the synthesis and studies of DABCO ILs class are few, it
was shown in last decade publications that a number of DABCO-based ionic liquids have
characteristics that permit us to use them in many applications and especially for the catalytic
reactions [4]

Elucidate the relation between the structure of ILs and their physicochemical properties it is a
very difficult task. In this regards, detailed spectroscopic studies with the help of DFT
calculations indicate that small changes in the structure of ILs (e.g. cation, anion or the alkyl
group attached to the cation) give rise to a drastic change in their macroscopic properties and
result in an important impact on physical properties such as melting points, viscosity and
transport properties [5]. Consequently, the knowledge of their most stable chemical structure
is required not only to understand the nature of ionic liquids and rationally expand their
applications but also to assign the vibrational spectra.

IR and Raman spectroscopy have shown detailed information on the hydrogen-bonded
interaction between coupled cation and anion in ionic liquids [6]; for example, by the
combination of infrared/Raman spectroscopy studies with computational DFT methods. This
way, the molecular structure, the intermolecular interactions and the vibrational spectra of
[CsDABCO™] [Br] were recently investigated by us [7].

To the best of our knowledge and in contrast to the extensive studies on vibrational spectra of
other ionic liquids, investigations of the vibrational properties of CsDABCO are substantially
fewer; this last theme is the subject of this paper. We will therefore systematically investigate

the  structural, thermal, electronic, topological and vibrational properties  of



[CsDABCO™][PFs] IL by using the experimental NMR, TGA/DTA, IR and FT-Raman
spectra with the support of DFT calculations and the hybrid B3LYP/6-31G* method [8-9].

2. Materials and methods

All materials were of analytical grade and procured from Fluka. The precursors as DABCO
(>99%), 1-bromooctane (98%), ammonium hexafluorophosphate (99.5 %), this includes
solvents for the synthesis (ethyl acetate, diethyl ether and deionized H,O ).

2.1.  Synthesis of [CsDABCO™][PF¢].

The detailed synthesis procedure for the first step was described in our previous paper [7]. In
the second step, [CsDABCO'][PFs] IL was subjected to anion exchange from bromide to
hexafluorophosphate anion through a metathesis reaction according to the literature method
[10]. The Scheme 1 resume the synthetic procedure of [CgDABCO*][PFs]. To elimination of
possible water contamination before their use, [CsDABCO'][PFs] was dried under vacuum
(10 bar) on phosphorus pentoxide for 3 days. The determination of water was performed by
coulometric Karl Fischer titration using a Metrohm 831 and was found below to 325 ppm.
The NMR analysis (*H, *3C, *°F, 3!P-NMR) of [CsDABCO™][PFs] IL is described in Section
3.2 and confirmed the structure of obtained [CsDABCO™][PFs].

2.2.2. NMR measurements

The NMR analysis includes H-NMR (500 MHz), *C-NMR (125.75 MHz), °F-NMR
(470.62 MHz) and *'P-NMR (202.47 MHz) spectra were recorded by using Bruker DRX 500
MHz spectrometer. The chemical shifts () are given in ppm and referenced to the internal
solvent signal namely TMS, HsPO, and CFCl, respectively. The coupling constants (J) are
expressed in Hertz (Hz).

2.2.3. FT-Raman and FT-infrared measurements

The FT-Raman spectra of [C;DABCO'][PFs] were acquired in the 45-4000 cm™ with a
resolution of 1 cm™ and 128 scans at room temperature on a Vertex 70-RAM Il Bruker FT-
Raman spectrometer. Additionally; the FT-IR spectrum of [CsDABCO™][PFs] in the solid state
was recorded as KBr pellet between 4000 and 600 cm™ with a spectral resolution of 1 cm*
and 64 scans on a Bruker Vertex II-70RAM Spectrometer (Bruker Analytical, 7Slough,
United Kingdom).

2.2.4. Thermal analysis



The thermal stabilty of [CsDABCO'][PFe] IL was examined using a Setaram Setsys
Evolution 1200 TG System,. The thermal analysis through DTA and TGA methods were
collected from [-80 to 200 °C] and [25 to 700 °C] respectively at 5°C/min in an argon flux of
60 mU/min with the sample mass of ~30 mg.

2.3. Computational details

The optimized cation and anion structures by using the B3LYP/6-31G* method from
previous works reported by our research group were used to model the structure of
[CsDABCO™][PFe] IL with the GaussView program [7,8, 9, 11]. After that, the optimizations
of IL in the gas phase and in aqueous solution were carried out with the Gaussian 09 program
[12]. As in similar works, the NBO and AIM 2000 programs have computed atomic charges,
electrostatic potentials, bond orders, stabilization energies and topological properties [12-15]
while reactivities and behaviours were performed with HOMO-LUMO calculations [7, 10-
11]. Here, the GaussView program was employed as aid to perform the vibrational
assignments of FTIR and FT-Raman spectra of [CsDABCO*][PFs] IL because the complete
assignments for [CsDABCO™] cation and [PFe] anion were already reported by separate with
the scaled quantum mechanical force field (SQMFF) approach [7,11,16,17]. Better
correlations between experimental and theoretical Raman spectra were obtained correcting
activities at intensities, as suggested in the literature [18]. Finally, the *H-, *3C-, 3!P- and *°F-
NMR chemical shifts were predicted in aqueous solution with the Gauge-Independent
Atomic Orbital (GIAO) method and, later they were compared with the corresponding
experimental ones [19]. In solution, the calculations were performed with the self-consistent
reaction force (SCRF) method by using the integral equation formalism variant polarised
continuum method (IEFPCM) and the solvation model [20-22]. The changes in the volume
were calculated with the Moldraw program [23].

3. RESULTS AND DISCUSSION
3.1. Optimizations

The optimized structure of [CsDABCO™][PFs] IL in gas phase with C; symmetry by using
the B3LYP/6-31G* method can be seen in Figure 1 together with the atoms labelling and
with the two closest interactions predicted between cation and anion which are: C7-
H19.--F48 (2.072 A) and C20-H21---F50 (2.156 A). In Table 1 are shown calculated total
energies (E), dipole moments (m) and volumes of [CsDABCO'][PF¢] IL in gas phase and



aqueous solution and its cation and anion in gas phase by using the B3LYP/6-31G* method.
These results show that when the anion is incorporate to cation the expected volume of IL is
299.3 + 84.5 = 383.8 A®, however, the calculated volume is lower (369.9 A%) due to that the
interactions between both species probably reduces it to 13.9 A3. In the same way, the total
uncorrected energy between cation and anion by separate is -660.2297 - 940.6432 = -
1600.8729 Hartrees, it is a lower value than the calculated (-1601.3896 Hartrees) due to the
interactions between both species. Then, energies corrected by ZPVE in the three species
decrease, comparing with corresponding uncorrected ones. Besides, when the cation
interaction with the anion we observed that m increases in the IL. Then, the effect of anion on
m of cation is very important in this IL because Figure S1 shows that the path and direction
of m vector in the cation is different from the IL. This way, in the cation the direction of
vector is from the C24 atom passing through the centre of the N23 atom, as it is observed in
Figure S1 while the direction of the vector in the IL is perpendicular to the three rings and to
the side chain. Hence, the anion produces modifications in the direction, orientation and
magnitude of m of cation. Besides, in aqueous solution the cation undergoes a strong
expansion of volume (7.3 A®) with an increase in the m value from 14.39 D in gas phase to
20.86 D in solution. As a consequence of hydration, an increase in the distances of those two
predicted interactions C7-H19---F48 (2.463 A) and C20-H21---F50 (2.436 A) are observed in
solution. These interactions remain in solution probably due to its high corrected solvation
energy because in aqueous solution its value is DG.= -117.51 -5.39 = -122.9 kJ/mol. The DG,
value is calculated with the Ezpve (Solution T gas) and the value of non-electrostatic terms
determined from PCM calculations by using the B3LYP/6-31G* method.

In Table 2 only the predicted geometrical parameters related to N1 and N23 atoms of
[CsDABCO™][PF¢] ionic liquid in both media and to the bonds C7-H19 and C20-H21 lengths
involved in the cation-anion interactions are compared with those reported for cation in gas
phase by using the B3LYP/6-31G* method. The results show that the N-C distances of IL in
gas phase practically are similar to cation while in the IL these distances are slightly different
in both media. However, in solution the C7-H19 and C20-H21 distances present practically
the same values while modifications in the H19-F48 and H21-F50 distances are observed, as
was mentioned before. The values of IL are compared with the corresponding to cation by
using the root means square deviation (RMSD) values. Higher variations are observed in the
bond lengths (1.405-1.404 A) as compared with the bond angles (1.1-0.7 ©).






















































