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ABSTRACT

In this study, a new para-xylyl linked di-imidazolium [p-CeHa(CH21mMe),*] ionic liquid
(DIL) containing the bis(trifluoromethanesulfonyl)imide [(CF3SO2)2N"] anion is synthesized.
The method is based on the alkylation reaction of 1-methyl imidazole, followed by anion
exchange. The obtained DIL is characterized by *H-NMR, BC-NMR, *F-NMR and FT-IR
spectroscopy. The melting point and the subsequent decomposition of [p-
CsHa(CH2ImMe)2*][(CF3S02)2N"]2 are measured by using differential scanning calorimetry
(DSC) and thermogravimetric (TGA) analyses in the temperature range from 25 to 700 °C.
Thermal analysis indicated that this DIL melted below 100 °C and can, therefore, be
classified as an ionic liquid. Vibrational spectroscopy studies were conducted by infrared
(IR), Raman (FT-Raman) spectroscopy and DFT calculations. Moreover, the crystal structure
is investigated by single crystal X-ray diffraction (XRD) method. The X-ray studies on [p-
CsHa(CH21mMe)2*][(CF3S02)2N]2 show that it crystallizes in the monoclinic system with
space group P21/c. The theoretical structural parameters such as bond lengths, bond angles
and dihedral angles determined by DFT methods are in good agreement with the XRD
results.

KEYWORDS: di-imidazolium; bis(trifluoromethanesulfonyl)imide; para-xylyl; crystal structure; vibrational
spectra; thermal stability; Raman measurements; DFT.



1. INTRODUCTION

During the last decade, the chemistry of ionic liquids has garnered spectacular interest from
the scientific community. Due to their industrial accessibility and their tunable physico-
chemical properties [1], these fascinating fluids have been a highly active field of research in
many applications.

At the laboratory level, the chemical reaction of the precursors as imidazole [2], phosphine
[3], piperidine [4] or pyrrolidine [5] with alkyl halides yields transfer of the alkyl group to the
precursor ring and results in halogenides ionic liquids. Unfortunately, the range of obtained
ionic liquids during this step is limited and it is not of primary concern for applications.

The reaction of halogenides ionic liquids with different bulk anions opens a wide range of
opportunity for obtaining new ionic liquids with special properties [6-7]. The list of the
resulting ionic liquids includes bis(trifluoromethylsulfonyl)imide [8], nitrate [9], alkyl
sulphates [10], dicyanamide [11], thiocynate [12], trifluoromethanesulfate [13],
tetrafluoroborate [14], and hexafluorophosphate [15]. Moreover, the possibility of
functionalization of imidazole precursor opens up even a wider opportunity for obtaining new
functionalized ionic liquid with different properties [16].

Quite recently, a great deal of interest has taken place in the synthesis of a new category of
ILs, namely dicationic ionic liquids (DILs) [17]. Compared to traditional monocationic ILs,
dicationic liquids are more tunable. Moreover, the large number of possible change in cation,
anion or in side chain (linker) resulted into two head groups linked by a rigid or flexible
spacer and two monoanions [18].

Compared to their monocationic counterparts, DILs usually display a higher thermal stability:
their thermal decomposition temperatures range from 330 °C up to 400°C, while they can be
as low as 145-185°C for monocationic ILs.[17-19] Also the viscosity of DILs is higher than
that of usual ionic liquid [19]. Moreover, the viscosity of DILs can be tuned by varying the
length of the chain linking the anions: the longer the chain, the higher the viscosity.[19]
These properties can be used in a combined way in applications concerning lubrification at
high temperature.[19] DILs have found also application as agent for the extraction of
phenolic compounds from oil mixtures [17], as surfactant [20] or as catalysts for the
esterification reaction [18,21].

Despite the wealth of papers on dicationic ionic liquids and their applications [20-23], there
are a few experimental and computational studies on these compounds to understand their
structure-property relationships and vibrational spectra [18, 24-27].

In this paper, a new para-xylyl linked di-imidazolium lonic Liquid (DIL) containing the
bis(trifluoromethanesulfonyl)imide [(CFsSO2):N] was prepared and characterized by ‘H-
NMR, BC-NMR, F-NMR spectroscopy. Its structure was also determined by a single-
crystal X-ray  diffraction. Moreover, the  thermal stability  of [p-



CsHa(CH21mMe)2*][(CF3S02)2N]2  and its decomposition process were investigated.
Furthermore, the relationship between the structure and the melting point is discussed.

Additionally, the vibrational behaviour of [p-CsHs(CH2lmMe)."][(CF3S0O2).NT]. was
investigated by measuring the infrared (IR) and Raman spectra and by a comparison with
calculations based on the Density Functional Theory (DFT).

2. EXPERIMENTAL

2.1 Materials, synthesis, and characterization

The reagents used in this study, 1-methyl-1H-imidazole (>99%), a,0’-dichloro-p-xyléne
(98%), lithium bis(trifluoromethylsulfonyl) Imide (99%), diethyl ether and N,N-
dimethylformamide were purchased from Aldrich and used as received. Deionized H2O was
obtained with a Millipore ion-exchange resin deionizer.

The synthetic route used to prepare the a,a’ diimidazolium-p-Xxylene dichloride DIL described
herein is depicted in Scheme 1. Briefly, the [p-CsHa(CHz2ImMe)2][Cl]2 was prepared in high
yield (93%) from 1-methylimidazole (4.26 g, 40 mmol) and the p-xylylene dichloride (2.27 g,
10 mmol) by slight modifications of the procedures reported in the literature [28-29].

[p-CsHa(CH2ImMe)2"][(CF3S02)2NT]2 was prepared by an anion exchange reaction from CI-
to [(CF3S02)2N"] which was carried out by mixing [p-CeHa(CH2ImMe)2"][CI]2 and lithium
bis(trifluoromethylsulfonyl) Imide (molar rate = 1:1) in 20 mL of distilled water at room
temperature for 2 h. Two phases appeared; the lower phase was the ionic liquid; it was
washed with water (2x10 mL) and then recovered after ten minutes of centrifugation (3000
rpm). Aspect: white solid, yield: 95 %, mp: 65 °C.

In order to obtain high purity, the obtained DIL was dried in a high-vacuum line (p<10 bar)
for 4 days at approximately 40°C. Finally, the water content was below 150 ppm in [p-
CsH4(CH21mMe);][Cl]2 and below 350 ppm in [p-CeHs(CHz2ImMe)2*][(CF3S02)2N]2; this
measure was carried out by coulometric Karl Fischer titration performed by means of a
Metrohm 831.

(IN-CHs N-CH
CHj (CF3S02),NT
B DMF (ILi"][(CF3S0,):N)
NG MW -
N Cl . H,0
Cl [(CF3S0,)oNT]
-
'\@N‘CHa @N—CHg

Scheme 1. General synthesis of [p-CeHa(CH21mMe).][(CF3SO2)N7]2, MW = microwave.

'H-NMR (500 MHz), 3C-NMR (125.75 MHz) and **F-NMR (470.62 MHz) spectra were
recorded on a Bruker DRX 500 MHz spectrometer. Spectra were recorded in
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dimethylsulfoxide (DMSO-ds), using the DMSO residual peak as the *H internal reference (&
= 2.5 and 3.3), and the central peak of DMSO-ds at § = 39.5 for the 3C reference. Chemical
shifts (8) are given in ppm and referred to the internal solvent signal, namely TMS and
CFCls, respectively. Preliminary IR spectra were recorded on a FT-IR Perkin-Elmer
Spectrum BX spectrophotometer with a resolution of 4 cm™ in the range 4000-650 cm™? in
order to check the occurrence of the expected chemical reactions and the production of the
DIL (see Section 4.1). Afterwards, IR absorbance spectra were collected with a better
resolution as described in Section 2.4 for comparison with DFT calculations (reported in
Section 4.3).

2.2 X-ray Diffraction

The single crystal of [p-CsHa(CH2ImMe)2*][(CF3S02)N]. available for the X-ray single-
crystal determination can be easily obtained by recrystallization from a mixed
chloroform/acetonitrile (1:1) system. Single crystal structure was determined at 293 K by a
Bruker-Nonius Kappa CCD area detector diffractometer with graphite monochromatized
MoK radiation (A= 0.71073 A). Moreover, the powder X-ray diffraction (XRD) pattern was
collected on a Rigaku Miniflex 600 X-Ray Diffractometer using Ni filtered Cu Ko radiation
(A =1.54056 A) in the 20 range 5-50° with a step size of 0.02° at room temperature. The
programs for structure solution and refinement were SHELXS-97 [30] and SHELXL-2014
[31], respectively.

2.3 FT-Raman measurements

The FT-RAMAN spectrum was acquired on a Vertex 70-RAM 1l 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 Il spectrometer is equipped with a liquid nitrogen cooled Ge detector. FT-
Raman spectra [45-4000cm™] were collected with 1 cm™ resolution by co-adding 128 scans
for each spectrum at room temperature. The OPUS 6.0 software was used for the spectral
acquisition, manipulation and transformation. These measurements were performed in the
Walloon Agricultural Research Center (Craw) Belgium.

2.4 IR measurements

The absorbance spectrum of [p-CsHa(CH2ImMe)2*][(CF3S02)2N7]2 was measured by means
of an Agilent Cary 660 spectrometer equipped with a ceramic source, a DTGS detector and a
KBr beamsplitter. A few mg of powder were dissolved in KBr powder in a mass ratio of
3:100 and pressed in a dye in order to obtain a self standing pellet.

2.5 Thermal measurements
Concomitant thermogravimetric analysis (TG) and differential scanning calorimetric (DSC)
measurements were performed by means of a Setaram Setsys Evolution 1200 TG System. In



the experiment an initial mass of ~15 mg was used; the heating temperature was fixed at 5
°C/min under a dynamical helium atmosphere with a flux of 60 ml/min.

3. COMPUTATIONAL

The isolated [p-CeHs(CHz2ImMe)2*] and [(CFsSO2)2N7 ions composing the studied DIL were
investigated computationally by means of the Spartan software [32-33]. The structure of the
relevant ions (trans- and cis-[(CF3S02)2N7] and trans- and cis-[p-CeHa(CH21mMe)2™]) was
determined by the minimization of energy, using DFT calculations at the B3LYP level of
theory with a 6-31G** basis set. This basis set has been largely utilized for determining the
structure and the vibrational properties of a large number of ionic liquids [34-36].

Both the Raman and the IR spectra of each ion were simulated by summing Gaussian curves
centered at each calculated vibrational frequency with a fixed 10 cm™ peak width.

4. RESULTS AND DISCUSSION

4.1 NMR results

The structures of synthesized DILs are confirmed by using *H, *C, ®F-NMR and FT-IR
spectroscopy, in order to check the occurrence of the expected chemical reactions and
confirm the absence of any impurities. The spectroscopic data are given below and the H and
C atom labeling and the corresponding *H, 3C and °F-NMR spectra are shown in Fig. 1(a, b
and c).

3,3'-dimethyl-1,1'-(1,4-phenylenedimethylene)-di(1H-imidazolium) dichloride:
[p-CsHa(CH2ImMe),"] 2[CIT:

'H-NMR (DMSO-ds) o1 (ppm) : 9.48 (s, NCHN, 2H), 7.85 (s, NCHC, 2H), 7.74 (s, NCHC,
2H), 7.51 (s, -CeHas-, 4H), 5.47 (s, -CH2-, 4H), 3.86 (s, 2xCHas, 6H);

13C-NMR (DMSO-ds) & ppm: 36.26, 51.58, 122.54, 124.46, 129.19, 135.85, 137.22;

IR (‘7/cm*1): 3032 [v(=C-H)arom], 2874[v (C-H)], 1560[v(C=C)], 1442 [5(C-H)], 1081 [v(C-
N)], 742 [v(C-H)].

3,3'-dimethyl-1,1'-(1,4-phenylenedimethylene)-di(1H-imidazolium)
di(bis(trifluoromethylsulfonyl) Imide):[p-CsHs(CH2ImMe)2*][(CF3S02)2N]2:

'H-NMR (DMSO-ds) 81 (ppm) : 9.20 (s, NCHN, 2H), 7.75 (s, NCHC, 2H), 7.71 (s, NCHC,
2H), 7.46 (s, -CeHs-, 4H), 5.42 (s, -CH2-, 4H), 3.85 (s, 2%CHj3, 6H);

13C-NMR (DMSO-ds) & ppm: 36.46, 51.78, 118.51, 120.97, 122.53, 124.50, 129.19, 135.65,
136.95.

PF-NMR (DMSO-ds) 8 (ppm): -78.94 (s, [(CF3S02)2NT).

IR (‘7/cm*1): 3150-3200 [v(=C-H)arom], 2892 [v (C-H)], 1630 [(C=N)], 1540 (C-C),
1510[v(C=C)], 1442 [5(C-H)], 1200[(S-0)], 1081 [v(C-N)], 710 [v(C-H)].
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Figure 1. Hydrogen atom labeling and *H NMR (500 MHz) (a), carbon atom labeling and
13C NMR (125.75 MHz) (b) and ‘°F NMR (470.62 MHz) (c) of [p-

CsH4(CH2ImMe)2 ][(CF3S02)2N ]2

4.1 Thermal analysis

The results of the thermogravimetric analysis of [p-CsHi(CH21mMe)2*][(CF3SO2)2N]. are
shown in Figs. 2 (a and b). Upon heating, we observed that the thermal decomposition occurs
in the temperature range ~ 400-500 °C, with a mass loss that reaches 85% at 485 °C. The
corresponding DSC signal shows two endothermic peaks, the first one (around 65 °C) can be
assigned to the melting process and, therefore, the DIL can be categorised as a room-
temperature ionic liquid [37]. The second peak can be attributed to the thermal
decomposition. Differently from Ibrahim el al [38], this DIL has a lower melting point
compared to the same cation [p-CsHs(CH2ImMe),*] with dibromide anion, mp : 245-247 °C;
di(tetrafluoroborate), mp : 225-228 °C; di(hexafluorophosphate), mp: 213 °C and with
triflate anion with melting point equal to 155-157 °C. Indeed, this difference in melting
points is due to related cation—anion interaction type. Following the work of Weingartner
[39], an increase in size, anisotropy, and internal flexibility of the ions should lower the
melting temperature. Furthermore, as reported by Wilkes in 2002 [40], the ionic liquids with
large cations and large anions should have even lower melting points, which is exactly what
is observed in our DIL case. As [p-CsHs(CH21mMe),*] cation is bulky, its charge is not
localized: it generates few interactions with [(CF3SO2)2N"] anion, which lower the melting
point of the obtained ionic liquid.



0.0

] (a)
-0.2

£-04-
E g
<-0.6 -

-0.8

485°C— "

B B e T e T o L o B
100 200 300 400 500 600 700 800

O—- “,f\\ T (oc) (b)
54

_10_- T

15 ] melting point

{around 65 °C
-20 -

Heat exchange (a.u.)

25 4

1 1 1 rrrrrrrrrrrrrrrrrrrr
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 2.The TG (a) and DSC (b) curves of [p-CsHa(CH21mMe)2*][(CF3S02)2N1..

4.2 Experimental X-ray diffraction results and comparison with computational results
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Figure 3. Powder X-ray diffraction pattern of [p-CsHs(CH2ImMe)2"][(CF3S02)2NT2.
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The powder XRD pattern of [p-CsHa(CH21mMe)2"][(CFsSO2)2N7]2 is shown in Fig. 3. It shows
many fine and quite intense peaks, which indicate a good crystallinity of our DIL.

The structure of the [p-CsHa(CH2ImMe)2*][(CF3SO2)2N7]2 is shown in Fig. 4. Crystal

structure is deposited in Cambridge Crystallographic Data Centre as supplementary

publication number CCDC-1815473 and can be freely accessed at www.ccdc.cam.ac.uk. A

summary of the crystal data obtained from single crystal diffraction data of [p-

CsHa(CH2ImMe)2"][(CF3S0O2)2N]2 is presented in Table 1.

Figure 4. A view of the molecular structure of [p-CsHa(CH2ImMe).][(CF3S02)2N]2 with
ellipsoids shown at the 30% probability level.

Table 1. Crystallographic data for [p-CsHa(CH21mMe)2"][(CF3S0O2)2N72.

Compound [p-CsHa(CH21mMe),*][(CF3S0O2)2N ]2
CCDC no. 1815473

Empirical formula C26H3208N6F12S4

Formula weight 828.65

Temperature /K 291

Wavelength /A 0.71073

Crystal system monoclinic

Space group P 2i/n

Unit cell dimensions /A,° a=8.68540 (10) A

b =13.6572(2) A
¢ =13.9674(2)A

o= 90°
B = 90.328(10) °
y=90°

Volume /A3 1656.76 A3

Z 4

Crystal size /mm?® 0.30 x 0.25x 0.21




Goodness-of-fit on F2 1.05
Final R indices [I - 26(1)] R1=0.075
R indices (all data) WR2 = 0.264

This DIL crystallizes in the monoclinic system, space group P 2:/n; the unit cell parameters
determined at 291 K are: a =8.68540 (10) A, b =13.6572(2) A, ¢ =13.9674(2)A, o = 90°, p =
90.328(10) °, y = 90°, Cell volume: 1656.76 A3, Z = 4.

A combination of experimental X-ray diffraction and DFT calculation is necessary to localize
the interactions between anions and cations and explore conformational stability at molecular
level. The possible geometry of [p-CesHa(CH2lmMe)2*] and [(CF3SO2)2N]2> molecular crystal
is optimised by B3LYP method using 6-31G** basis set and is presented in Fig. 5. The
calculated optimised geometrical parameters namely bond lengths, bond angles and selected
dihedral angles are listed in Table 2.

trans-p_xylene cis-p_xylene

trans-[(CF;SO,),N] cis-[(CF5S0O,),N]

o Bl
N e

Figure 5. Schematic view of the possible geometries of the ions composing the ionic liquid.

Analyses of the experimental bond lengths and angles clearly show that the two imidazolium
rings in [p-CsHa(CH2ImMe)2™] cation are placed on the opposite sides of the p-xylene plane
in a transoid configurations with N-C-C-N torsion angle = 180 °, which, according to DFT
calculations, has the minimum energy between the two investigated conformers. The same
conformation of the imidazolium rings have been reported for other fluorinated imidazolium
salts, namely the 3,3'-dimethyl-1,1'-(1,4-phenylenedimethylene)-di(1H-imidazolium) DILs
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containing the bis(tetrafluoroborate), bis(hexafluorophosphate) or the bis (triflate) anions [38,
41].

Table 2 reports a comparison of the significative interatomic distances obtained by means of
X-Ray diffraction of [p-CeHs(CHz2ImMe)2*][(CF3SO2)2N]2 with the results of the present
computational study. One can observe that the bond lengths and bond angles are generally in
good agreement between the calculated distances and angles and the X-Ray experimental
ones.

Table 2. Comparison of significative bond lengths (in A) and angles (in degrees) of the a,a’
diimidazolium-p-xylene ion obtained by a computationally study or by XRD experimentally.

Trans-p_xylene  Cis-pxylene XRD results
(DFT (DFT
calculations) calculations)
Bond lengths (A)
C1-C2 1.39 1.40 1.377(6)
Cl-H1 1.09 1.09 0.930
C2-C3 1.52 1.52 1.493(4)
C3-N1 1.49 1.48 1.475(4)
N1-C4 1.38 1.38 1.365(4)
N1-C5 1.34 1.34 1.311(4)
C4-C6 1.36 1.36 1.339(5)
N2-C7 1.47 1.47 1.469(5)
Angles (degrees)
N1-C3-C2 113.24 114.16 111.8(3)
N1-C3-C8-N3  179.72 77.39 180

Upon close inspection of the experimental results by means of XRD diffraction, the
[(CF3S0O2)2N7] anion show a Trans conformation with S—-N-S bond angle, 128.62°; and C-S--
----S-C torsion angle = 168.12°,(-CFs groups locate on the opposite sides of the plane
defined by the S—N—S bonds); indeed, the trans conformer is more stable than the cis one due
to the bulky -CFs group, following the results of Holbrey and coworkers [42].

We noticed that the S—O bond length falls in the range 1.31(2)-1.433(9) A° and the O—S—-O
angles fall in the range 122.0(8)°-119.5(6)°. Symmetry code : @x,y,z ; ®1/2-x,1/2+y,1/2-z
[0 x -y,-z ; D1/2+x,1/2-y,1/2+z.

As shown by Fig. 6, XRD results indicate that in the asymmetric unit, the [p-
C3Hs(CH2lmMe)] cation and [(CF3SO2)N7 anions are related through four bonding
interactions as shown by dashed lines. Two H-bonds occur between the hydrogen of
methylene group (-CH2-), as proton donors, to [(CFsSO2)2N"] oxygen, that acts as proton
acceptors atom. Their distances are (F...... Himethylene =2.446A) and (F...... Himethylene =2.559A),
respectively.

Furthermore, the [(CF3S0.)2N] anion participates also by the oxygen atoms of -SO> moieties
as proton acceptors and the acidic imidazolium C(2)-H as proton donors with the distances
(C(2-H ....... O =3.129 A). Finally, one hydrogen-bonding contact between the hydrogen
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attached directly to the imidazolium ring C(4)-H and N atom of [(CF3S02)2N" anion with
(C4)-H ....... N =2.563 A).

According to Levason and co-workers [43] and Panda et al [44], all these four contacts can be
classified as weak hydrogen bonds since their distances are higher than 2.3 A.

cCCeeCe
mwozzIon

Figure 6. Hydrogen bonding surrounding each cation in the crystal of [p-
CesHa(CH2ImMe)2 ][(CF3S02)2NT2.

The packing diagram of the investigated DIL is presented in Fig. 7. When viewed
along the a axis, the packing comprises of [p-CsHs(CH21mMe),*] cation forming Z-shaped
zigzag patterns in layers around rows of the counter anions [(CF3SO2)2N].

Figure 7. View of crystal packing along the a axis for [p-CsHa(CH21mMe)2*][(CF3SO2)2N ..
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4.3 Vibrational spectroscopy measurements and comparison with computational
results; detailed FT-Raman and infrared spectroscopy study.

The FT-Raman [45-3300 cm™] and the IR absorbance [400-3300 cm™] spectra of the
investigated DIL, namely [p-CeHa(CH2ImMe)2*][(CF3SO2)2N]2, measured at room
temperature are reported in Figures 8. The lines observed as well as their vibrational
assignments are summarized in Table 3. Assignments are aided by the DFT calculations and
based on a review of the literature assignments performed on related molecules [44-59].

500 1000 1500 2000 2500 3000

0.25 15
0.201
. 1.0
Zors]
(7]
c 0.15
o &
g 8
% —0.58_
€0.10- g
gy 3
0.05- - L 0.0
0.00 L— S

500 1000 1500 2000, 2500 3000
wavenumber (cm )

Figure 8. Experimental Raman and infrared vibrational spectra of [p-
CeHa(CH2ImMe),*][(CF3sS02)2N]z in the frequency range 45-3300 cm

In the following the comparison of the experimental Raman or infrared spectra with the
calculated ones in selected frequency ranges will be presented in order to confirm
information about the occurrence of conformers either of the [p-CsHa(CH2lmMe),*] cation
or of the [(CF:SO2)2N"] anion. The calculated vibration frequency, Raman activity and
infrared intensity calculated for the two conformers of the cation are reported in Table S1 of
the Supplementing Information, while the same quantities for the conformers of anion have
been already reported in the previous literature.[60-61].

Figure 9 reports the experimental Raman spectrum of the compound, compared with the
calculated spectra of the two conformers of both anion and cation. Concerning the cation, the
absence of the vibration lines centered around 485 and 680 cm™ (marked with the red
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asterisks in Fig. 9) indicates the absence of the higher energy conformer (cis geometry), while
the spectral marks of the trans geometry of the cation (lines centered around 620, 710 and
783 cm™) are clearly visible in the experimental Raman spectrum. Concerning the anion,
poor information seem to be obtainable from the Raman spectrum. Indeed, the best markers
of the presence of the cis or trans conformer of [(CF3SO2).N] are the lines centered around
327 and 340 cm™, respectively [62]. However, in the present compound a strong Raman band
due to the cation is expected around 314 cm™, and therefore it is not clear whether the
experimental band found at 328 cm™ is due to cis-[(CF3SO2)2N] or to the cation.
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Figure 9. Experimental Raman vibrational spectrum of [p-CeHa(CH21mMe)2*][(CF3SO2)2N72
in the frequency range 45-500 cm™ (magenta line) and calculated Raman spectra of the two
conformers of [p-CsHa(CH21mMe),*] and [(CF3S02)2N"] (lower part).

Further information can be obtained from the Infrared spectrum, reported in Fig. 10 in the
frequency range between 380 and 1000 cm™, together with the comparison with calculations.
Concerning the cation, the absence of the vibration lines centered around 485, 700 and 950
cm® (marked with the red asterisk in Fig. 10) indicates the absence of the higher energy
conformer (cis geometry), while all the spectral marks of the trans geometry of the cation
centered between 700 and 900 cm™ are clearly visible in the experimental IR spectrum.
Concerning the anion, it is well known that the lines centered around 600 and 650 cm™ are
due to the cis conformer (marked in orange in Fig. 10), [34-60] while the single absorption
around 620 cm™ is attributable to trans-[(CFsSO2)2N7]. [63-64]. The line at 600 cm™ which
could be attributed to the cis conformer is clearly absent in the absorbance spectrum of the
presently investigated DIL. A narrow absorption band is visible in the experimental spectrum
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around 662 cm™; its width and position is different from that usually reported for the band
due to cis-[(CF3S02)N7] [34,60,63,64], and, therefore, it is more likely due to the trans
conformer of the cation.
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Figure 10. Experimental IR vibrational spectra of [p-CsHa(CH21mMe)2*][(CF3SO2)N 72 in
the frequency range 380-1000 cm™ (magenta line) and calculated IR spectra of the two
conformers of [p-CsHa(CH21mMe)2*] and [(CF3S02)2N"] (lower part).

Summing up the vibrational studies, they reveal that in the presently investigated compound
only the trans conformer of [(CFsSO2)2N] and the trans conformer of the cation are present,
in agreement with the results of the XRD measurements.

4.4 Vibrational Band Assignments of [p-CsHs(CHz21mMe)2*][(CF3SO2)2N]2

The discussion of assignment of the most important groups for the studied DIL (see Table 3)
is presented as follows:

C-H vibrations:

Generally the C-H stretching vibrations give rise to bands in the region of 3200-3000 cm™ in
all aromatic compounds, Raman and IR spectra of [p-CeHa(CH21mMe)2*][(CFsSO2)2N1z,
were measured over the frequency range 45-3500 cm™ and 400-3500 cm™. In the range
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2700-3500 cm, we found several bands originating from both 1-methylimidazole ring, a
phenyl ring, and a methylene group. In this region, the C-H bands are affected appreciably by
the nature of the substituents and the neighboring group. Accurately, the FT-Raman band
observed at 3113, 3128, 3155 and 3177 cm?, are assigned to Imidazole C—H vibrations, also,
the peak positions in the IR spectrum at 3111, 3126, 3163 cm™, were attributed to the same
modes. These stretching frequencies of are similar to those observed by Socrates et al [65].
The similar vibration is computed at 3319, 3299, 3206, 3190, 3174 and 3133 cm™* by DFT
with B3LYP/6-31G** basis, in FT-Raman spectrum and at 3319, 3299, 3202, and 3189 cm™*
in IR spectrum. In contrast, the CH stretching bands occurring in this region are remarkably
weak in the IR spectrum, which is strongly dominated by contributions from the
[(CF3S0O2)2NT anion, and it shows very good correlation with the experimental data.

The methyl group vibrational modes of are observed at 3025, 3052, 3070 cm™ in the FT-
Raman spectra, and at 3005 cm™ in IR spectrum. Moreover, the aromatic C—-H modes of
phenyl rang are observed in the region 2933, 2968, 2999, cm™ in the FT-Raman spectra, and
at 2967 in IR spectrum. The bands observed at 2836, 2903 cm™* in FT-Raman spectrum and
at 2855 cm?, in IR spectrum are assigned to the C—H asymmetric and symmetric stretching
vibrations in the methylene group. In accordance with the computed wavenumbers these
bands are located at 3086 cm™in IR spectrum and at 3088 cm™ in Raman one.

As reported by Silverstein et al [66], the in-plane C—H bending vibrations appear in the range
of 1300-1000 cm™ in the phenyl and the out-of-plane bending vibrations occur in the
frequency range of 1000-750 cm™.

C=C vibrations:

In the present work, C=C stretching bands are observed at 1566, 1579, 1617 cm™ for IR
spectrum and at 1565, 1580, 1589 and 1618 cm™ for FT-Raman, The C=C corresponding
vibrations appear in DFT calculations at 1491, 1505, 1518, 1601, 1623 cm™.

C—C and C—N vibrations:

The bands observed at 663 and 729 cm™ in FT-IR are assigned to C-C deformation vibrations
of the phenyl ring. The same vibrations in FT-Raman spectrum are at 641, 659, 707 cm™. The
theoretically computed values at 624, 637, 663, and 733 cm™ by the B3LYP/6-311+G(d,p)
are in excellent agreement with experimental data.

In addition, both of a C—C stretching and a N-CHs twisting are observed at 1051 cm™ [67]. IR
spectrum of [p-CeHa(CH21mMe),™] and [(CFsS0O2)2N"] shows two bands at 1413, 1428, 1462
cm?, and at 1418, 1432, 1462 cm™ for FT-Raman one, which may be assigned to the
imidazole ring stretching consisting of C—N stretching and in-plane N-C—H bending.

As is seen in Table 3, bands which appears at 1333, 1350 cm™ in the infrared spectrum and at
1319, 1334, 1352, 1364, 1390 cm™ in the FT-Raman spectrum is attributed both to the
vibration (C—C) and to the stretching vibration (C-N). In (N)CH2 and (N)CHs, the C-N and
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C—C stretching vibrations are observed at 1160, 1184 for IR spectrum and at 1161, 1193 cm’
! for FT-Raman, The theoretically calculated values are observed at 1130 and 1176 cm™.

[(CF3SO2)2N] anion vibrations:

A number of groups have studied the vibrational spectroscopy of [(CF3SO2)2N"] anion
experimentally and computationally [18, 26, 33, 34, 42, 50, 51]. Previous experimental
studies based on Raman and infrared spectroscopy, combined with ab-initio or DFT
calculations of the vibration frequencies, indicate that this flexible anion can exist in two
conformational isomers, cis and trans and all these studies are based on the twisting, wagging
and rocking modes of SO». In the term of interaction, when Coulombic interactions are
predominant, the trans conformer is the most probable, while when the hydrogen bonding or
van der Waals interactions become important the cis conformer is favored.

The corresponding FT-Raman and IR spectra are shown in Fig. 6, respectively, which both
experimental spectra are presented and predicted also by the DFT calculations.

Based on the existing literature and DFT Calculation, the FT-Raman spectrum is strongly
dominated by contributions from the [(CFsSO2).N] anion. The Raman modes at 123 and 168
cmt are assigned to an intramolecular normal mode of [(CFsSO2)2N"] anion, Moreover, the
bands observed at 277, 297, 314, 327, 340, 396, 412, 535, 555, 571, 588, 616, 641, 659,
707,741. 1133, 1241, 1334, 1352 cm™ are associated with the vibrations of the [(CF3SO2)2N]
anion. An examination of these bands clearly shows that the mediums bands at 277, 297, 314,
340, 402 and 412 cm™ are associated to the trans-form vibrations.

In IR spectra, the presence of a characteristic band of the trans conformer is observed at 615
cmt, which indicates that this is the dominant conformation of [(CFsSO2)N]. In same Fig. 8
one clearly observes the absence of the IR bands around 600 and 653 cm™, which are
attributed to cis-form. This indicates that the trans conformer is the predominant species in
the experimental sample and this is in agreement with our measurement XRD diffraction.
Other bands are also observed at 741, 1051, 1133, 1241, 1334, 1352 cm assigned to a CFs
symmetric stretching (1227 cm™), and two SO antisymmetric stretching modes.

Our DIL having two [(CF3S0)2N"] anions and two [p-CsHs(CH2ImMe),*] cations in the unit
cell. As reported in XRD section, hydrogen bonding between the anion and cation takes place
through the methylene group (-CHa-) and the oxygen atoms of [(CF3SO2)2N]. Also, between
C(2)-H of the imidazole ring and the oxygen atoms of [(CF3SO2).N7 anion. Thus, these
hydrogens bonding with the SO, group probably facilitating the adopting of the trans
conformation.

Table 3. observed Raman and IR bands of [p-CsHa(CH21mMe)2*][(CFsSO2)2N]2
and their assignment according to the literature or to the present calculations. (vw = very

weak, w = weak, m = medium, s = strong, sh = shoulder, Str = stretch, & = deformation, bend
= bending deformation, y= out the plane deformation, ® = wagging, p = rocking, sym =
symmetric, asym = antisymmetric).
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IR Raman vibrational assignment Refs
57 (sh) Intermolecular vibration [26] /[45] /[46]
91(s) Intermolecular vibration [26] /[45] /[46]
123(sh) Intermolecular vibration [26] /[45] /[46]
168(vw) Intermolecular vibration [26] /[45] /[46]
198(w) T(N-C)/p(CHz), NCH3 [26]/[27]
241(vw) p(CH2), CHa(N) bend [25]/[47]
277(m)/297(w) | p(CH2), CN stretch, Trans-TFSI: pCF3vas(CS) [46]/ [48]
314(m) CN stretch , SC Str Trans-TFSI: p(SO.), p(CF3) [18]/ [46]/ [48]/ [50]
327(m) p(SOy), [18]/ [46]/ [48]/ [50]
340(m) 8NCHj, Trans-TFSI: ©(SO,) [18]/ [46]/ [48]/ [50]
395(vw) 396 (m) p(CH2),(N)CH: str, Trans-TFSI: »(SOz) [[18]/ [46]/ [48]/ [50]
406(w) 412 (m) (N)CH_ str, Trans-TFSI: o(SO,) [18]/ [46]/ [48]/ [50]
507(sh) 84CF3 [51]
514(s) 8:CF3 [51]
535 (vw) Trans-TFSI: das(CF3) [18]/ [46]/ [48]/ [50]
555 (w) Trans-TFSI: s(SO2) [18]/ [46]/ [48]/ [50]
569(s) 571 (w) Trans-TFSI: 3as(CFs) [18]/ [46]/ [48]/ [50]
588 (w) Trans-TFSI: das(CF3), 8ip as(SO2), 6S(NSO-) [18]/ [46]/ [48]/ [50]
610(s) 616 (m) Trans-TFSI: 6SNS, Phenyl ring vC=C [18]/ [46]/ [48]/ [50]
623(sh) CH3(N) CN Str [49]
641 (w) 3CC [52]-[59]
663(w) 659 (w) 8CC, C=C-H [52]-[59]
707 (W) C=C-H [52]-[59]
729(m)
740(m) 741 (s) Trans TFSI: 85(CF3) [18]/ [46]/ [48]/ [50]
750(w) ring HCCH sym bend, CF3 sym bend [67]
768(w) vsSNS, 3.HCCH [51]
777 (W) 8CC, C=C-H, ring HCCH asym bend [52]-[59]
790(w) ring HCCH asym bend [49]
833(vw) 836 (sh) ring HCCH asym bend [52]-[59]
863(vw) 852 (m) NC(H)N bend, [18]/ [46]/ [48]/ [50]
976(vw) CC str, ring ip asym bend [67]
1034(sh) 1023 (m) 5 CC, [52]-[59]
1051(s) Ring ip asym str, CC str,NCHj3 twist, SNS asym str [67]
1112(sh) | 1113 (vw) 8CH, ring HCCH sym bend [23]
1138(m) 1133 (m) Trans TFSI: vs(SO,) [28]/[30]
1160(m) 1161 (vw) 3CH, [28]/[30]
1184(s) 1193 (sh) Phenyl ring: C-C stretching, C- C-H in plane bending | [52]-[59]
1204(m) 1204 (m) Phenyl ring: C-C stretching [52]-[59]
1226(sh) vaCF3, vCN [67]
1241 (m) Phenyl ring: C-—C stretching/ Trans TFSI: vs(CFs) [52]-[59]
1283(sh) 1288 (vw) Phenyl ring: C—C stretching [52]-[59]
1301 (vw) vsCF3 [67]
1319 (vw) Imidazole ring :C—N/ C=N stretching band [52]-[59]
1333 (m) 1334 (m) Imidazole ring :C—N/ C=N stretching band/ Trans [52]-[59]
TFSI: vas(SOy)
1350 (s) 1352 (vw) Imidazole ring :C—N/ C=N stretching band, Trans [52]-[59]
TFSI: vas(SO2),(N)CH, str
1364 (sh) Imidazole ring :C—N/ C=N stretching band, (N)CH, str | [52]-[59]
1390 (w) Imidazole ring :C—N/ C=N stretching band [52]-[59]
1413(sh) 1418 (m) Imidazole ring :C—N / C=N stretching band, (N)CH> [52]-[59]
str, C—H deformation
1428 (m) 1432 (w) Imidazole ring :C-N/ C=N stretching band, 3(CH2), [52]-[59]
C—H deformation
1462 (w) 1462 (m) Phenyl ring :vC=C, (N)CHj str, C—H deformation [52]-[59]
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1520(vw) Phenyl ring vC=C [52]-[59]
1566(w) 1565 (vw) Phenyl ring :vC=C, Imidazole ring v(N=C) [52]-[59]
1579(w) 1580 (vw)/1589 | Phenyl ring :vC=C, (N)CHz str [52]-[59]
(vw)
1617(w) 1618 (m) Phenyl ring : vC=C [52]-[59]
2836 (w) (N)CH>,(N)CH3 symmetric stretch [18] / [26]/[27]/[45])/[46]/[51]
2855(vw) (N)CH>,(N)CH3 symmetric stretch [18]/[26]/[27]/[45])/[46]/[51]
2903 (w) (N)CH>,(N)CH3 symmetric stretch [18]/[26]/[27]/[45])/[46])/[51]-[59]
2933 (vw) (N)CH>, (N)CH3 symmetric stretch [18]/[26]/[27]/[45])/[46])/[51]-[59]
2967(vw) | 2968 (m) (N)CHs; asymmetric stretch [18] /[26]/[27]/[45]/[46]/[51]-[59]
2999 (w) (N)CHs; asymmetric stretch [18]/[26]/[27]/[45]/[46]/[51]-[59]
3005(vw) [51]-[59]
3025 (w) C-H stretching [18]/[26]/[27]/[45])/[46])/[51]-[59]
3052 (w) C-H stretching, (N)CH, str [18]/[26]/[27]/[45])/[46])/[51]-[59]
3070 (w) C-H stretching [18] / [26]/[27] / [45]/[46] / [51]
3111(sh) 3113 (vw) H-C-C-H asymmetric stretch [18]/[26]/[27]/145]/[46]/[51]-[59]
3126(m) 3128(vw) H-C-C-H asymmetric stretch [51]-[59]
3155 (vw) H-C-C-H symmetric stretch [18]/[26]/[27]/145]/[46]/[51]-[59]
3163(m) H-C-C-H symmetric stretch [18]/[26]/[27]/145]/[46]/[51]-[59]
3177 (w) H-C-C-H asymmetric stretch [18]/[26]/[27]/145]/[46]/[51]-[59]

5. CONCLUSIONS

The molecular vibrations of new para-xylyl linked di-imidazolium ionic Liquid (DIL)
containing the bis(trifluoromethanesulfonyl)imide were investigated by IR and FT-Raman
spectroscopies. In addition, density functional method (B3LYP) was used to determine the
geometrical and vibrational characteristics of this DIL. In order to determine whether any
interactions were present between cation and anion, single crystal X-ray diffraction was
employed. The results indicated that all contacts between cation and anion classified as weak
hydrogen  bonds.  Furthermore, the thermal analysis indicated that [p-
CsHa(CH2ImMe)2*][(CF3S02)2N"]2 can be classed as ionic liquid since it melts below 100 °C.
A comparison of the computational results for the [p-CsHi(CH21mMe),*] cation, the both
[(CF3S0.)2N]2 anion conformers suggested that only the trans conformer of [(CF3SO2)2N]2
and the trans conformer of the [p-CeHa(CH2ImMe),™] cation are present, in good agreement
with the results of the XRD and IR/FT-Raman measurements.
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Highlights

1) Synthesis and crystal structure of [p-CsHa(CH2imMe)2 ][(CF3SO2)2NT2.
2) Thermal stability of [p-CsHa(CHz21mMe)2"][(CF3SO2)2NT.
3) Only the Trans conformers of both cation and anion are present.

4) Interaction between [p-CsHa(CH21mMe)2] and [(CFsSO2)2N].
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