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Abstract

The design of new ILs with different anions coulid\pde interesting physico-chemical properties
and, for these reasons, the knowledge about ththesin, the thermal, vibrational, topological,
electronic, electrochemical properties and intéoacbetween coupled selected cation-anion in these
ILs are important subjects. Therefore, the undedste about these properties of these compounds is
an important subject of study. In this work, wedstd three ionic liquids based on the 1-decyl-1,4-
diazabicyclo [2.2.2] octane, DABCO-cation, where ttorresponding anions were [BPK]’, and
[N(SO,CFs),]". The syntheses of these bicyclic DABCO ILs areebdasn an alkylation reaction of
1,4-diazabicyclo [2.2.2] octane and 1-bromodecaltievied by anion exchange. The obtained ILs are
characterized byH, °C, F and *P-NMR spectroscopy. Vibrational spectroscopy swidiee
conducted by infrared (FTIR/ATR) and Raman spectpg in the wavenumber range0-4000 crit

and 45-3500 crit, respectively. Furthermore, the thermal stabditiwere investigated using the
thermogravimetric analysis (TGA) method. Resultiaate that the thermal stability follow the order
[C1:DABCOQ][Br]<[C;0DABCO][PFs]<[C;,DABCO][N(SO,CFs),]. Additionally, the structural
parameters, electrostatic potential (ESP) mapsrdantion energies, non-covalent interaction (NCI),
atoms in molecule (AIM) analysis, natural bond t@bi(NBO), frontier molecular orbital (FMO)
analysis and Electrochemical window (ECW) are giddind analyzed by means of DFT calculations
at the M06-2X-GD3/AUG—cc—pVDZ level of theory.

KEYWORDS: DABCO; ionic liquid; NMR; IR/Raman spectroscopy; IESNCI ; DFT calculations.



1. Introduction

The concept of “green chemistry” has led organienaists to rethink their synthesis methods.
Catalysis, microwave activation, replacement ofaorg solvents are developments towards
processes with limited waste production [1]. In toatext of eco-compatible chemistry, the
use of ionic liquids (IL) as new reaction mediaraedo be a good alternative to pre-existing
methods [2]. lonic liquids have a low vapor presswrhich facilitates their recycling [3].
Their particularly interesting and unique physicatiical properties make them attractive
candidates for various applications [4], particiylan organic synthesis and catalysis [5,6].
lonic liquids based on DABCO (1,4-diazabicyclo [2]2 octane) known also as
triethylenediamine, due to their bicyclic “cagetfustture, show weak alkalinity and medium-
hindrance [7], that make it a useful organo-catalyshe synthesis of many heterocyclic [8].
Furthermore this family of ILs is compatible withamy organic reactions and widely utilized
in organic synthesis reactions as a catalyst aagerd, with the advantage of recovering the
latter at the end of the reaction.

Most researchers have been focusing their attewtiothe synthesis of new DABCO based
ionic liquids [9-10] and their properties for device applications. Wylkesl MacNell
indicated that the presence of the tertiary nitrogethe cation which, although significantly
diminished in basicity relative to DABCO [11]. & area of green chemistry; DABCO
based ionic liquids have been the subjects theysblidraisal et al [12]; these authors have
been developed a series of deep eutectic solveasgsdbon DABCO-derived quaternary
ammonium salts and applied them as promising @aatmedium in gaining access to
terpyridines. Moreover, Mondal et al. evaluated peeformance of DABCO-based acidic-
ionic-liquid-supported ZnO nanoparticles and exadintheir catalytic activity in the
synthesis of N-aryl poly-substituted pyrrole detives [13]. Ying et al. developed an array
of DABCO based ionic liquids and used as an efficend recyclable catalysts for the aza-
Michael addition of various amines and a wide ranfe:, B-unsaturated amides under
solvent-free conditions [14]. In addition, Zhangdahis group [15] demonstrated that
DABCO-based ionic liquid [€DABCO][N(SO,CF;),] was a suitable solvent for the
extraction of Rh(Ill) from high-concentration hyditdoric acid medium. Ishtiag et al. [16]
synthesized DABCO-EF and DABCO-G-F and investigated their efficiency for the
synthesis of indoles and 1,4-dihydropyridines.



The correlation of the structure and propertieshaf family of ionic liquids is essential for
make the selection of ILs easier for a particulppli@ation. In view of this, a detailed
vibrational spectroscopic analysis and quantum-atedncalculation were performed to
explore the interionic interactions ig@ABCO cation and hexafluorophosphate anion-based
ILs [17]. To date, only few experimental studiesvdnabeen dedicated to illustrate the
vibrational mode assignments of this bicyclic [Lauw et al. [18] have reviewed and
discussed the structure of 1-ethyl-1,4-diazabicyclo[2.2.2] octanium
bis(trifluoromethylsulfonyl)imide ([@DABCO][N(SO,CF;),]) and bromide precursor by
single crystal X-ray diffraction, thermal study aRdman spectroscopy. Their studies show
that the stronger electrostatic interaction betwegesthyl-1,4-diazabicyclo [2.2.2] octanium
and bromide, which is a smaller anion with a lesglded and more localized charge than
bis(trifluoromethylsulfonyl)imide, and moreover has higher symmetry compared to
[N(SO,CF;),], which has two low energy transoid and cisoid oamfations. These two
factors increase the relative packing density dfidiency of [C;DABCO][Br] in the crystal
lattice. Recently and with the same objective, wgehinvestigated by means of combined
experimental and theoretical approaches, the siei@nd vibrational properties 1-octyl-1,4-
diazabicyclo [2.2.2] octan-1-ium FDABCO] with three types of counter anions i.e :
bromide, hexafluorophosphate and bis-(trifluorongisihifonyl)imide by spectroscopic
methods, such as nuclear magnetic resondhte’C, **F and,*'P-NMR), Fourier transform
infrared (FT-IR) and Raman spectroscopy [7,19],

Recently the use of quantum chemical computati@isre doing any experimental effort for
synthesis and properties exploration of the newpmmds is obtaining large consideration.
Density functional theory (DFT) is a reliable anddely used tool to obtain information
about the energetics, structure, transition stades, reaction pathways at relatively low
computational cost with a high accuracy [20-29]e Bynthesis and studies of ILs based on
DABCO compared to other ILs are les spread, asatitee review revealed. Also, the results
indicated the cation-anion interactions play an angnt role on the structural, thermal,
electronic, topological and vibrational propert@sl-octyl-1,4-diazabicyclo [2.2.2] octan-1-
ium ILs [18, 19, 30] . In continuation of our ingst in new structure of ionic liquids, as to the
best of our knowledge no structural or electronic vibrational data on 1-decyl-1,4-
diazabicyclo [2.2.2] octan-1-ium jgDABCO] has been published, in present paper, the
structure and some of the properties of some litB thie [GoDABCO]" cation coupled with

the bromide ([Br), hexafluorophosphate ([El5 and bis-(trifluoromethylsulfonyl) imide



(IN(SO,CF;),]) anions are studied and analyzed combinindtthe™*C-, *°F-NMR, infrared
and Raman spectra with DFT calculations at M06-D3@AUG—cc—pVDZ level of theory.
Also, the experimental and thermal properties @sénew ionic liquids were evaluated
together with the calculations of their structuraibrational, topological, electronic
properties and electrochemical stability in the glagse and acetonitrile solvent.

1. Experimental

2.1. Materials and methods

All the chemicals and reagents used in this woik d@alytical grades and were not purified
before being utilized. 1,4-diazabicyclo [2.2.2]tate (>99%), 1-bromodecane (98%),
potassium hexafluorophosphate ({fFs]”), lithium bis(trifluoromethanesulfonyl)imide
[Li] *[N(SO.CR),]-, ethyl acetate, diethyl ether, were purchased ffdoka and used as
received. The employed water (DeionizegD was obtained with a Millipore ion-exchange
resin deionizer (Merck KGaA, Darmstadt, Germany).

In the first step by using alkylation reaction thelecyl-1,4-diazabicyclo [2.2.2] octane
bromide [GoDABCO][Br] was synthesized via a previously repdrtmethod Both ionic
liquids [C,)DABCO][PFs] and [GoDABCO][N(SO,CF;),] were prepared as reported in our
previous works [17, 19], and were characterizedngans ofH, **C and**F-NMR infrared
(IR) and Raman spectroscopy. The NMR analysis dediti-NMR (500 MHz), **C-NMR
(125.75 MHz) *®F-NMR (470.62 MHz) and®P-NMR (202.47 MHz) spectra that were
recorded in DMSO-+solution by using a Bruker-Neo 600MHz spectrométes. chemical
shifts were referenced to TMS as external standarthe wavenumber range 45-4000tm
the FT-Raman spectra of three ILs were acquirett wiresolution of 1 cih adding 128
scans at room temperature by a Vertex 70-RAM Il kBruFT-Raman spectrometer.
Additionally, between 4000 and 600 ¢mthe FT-IR spectra of [GDABCO][BI],
[C10DABCO][PFs] and [GoDABCO][N(SO,CF;),] were recorded with a spectral resolution
of 1 cm® adding 64 scans on a Bruker Vertex |I-70RAM Speutter (Bruker Analytical,
7Slough, United Kingdom).

The thermal stability of three investigated ILs veasmmined by thermogravimetric analysis
(TGA) in the temperature range [25 to 700 °C]; theasurements were collected by means
of a Setaram Setsys Evolution 1200 TGA system imart helium flux of 60 mL/min.

In the present study, the three DABCO ionic liquads synthesized through an alkylation

reaction of ofl,4-diazabicyclo [2.2.2] octane, &plhyed in Scheme 1. Briefly, a mixture of



equimolar 1,4-diazabicyclo [2.2.2] octane (10g,188&hmol) and 1-bromodecane (19.70g,
90.1 mmol), mixed in AcOEt (125 ml) at room temgera for 24 hours was prepared.
Rotatory evaporation at 40 °C with reduced presaa® utilized to eliminate the solvent and
the obtained light yellow solid was washed withtlaly ether (100 mL) to yield the-decyt
1,4-diazabicyclo [2.2.2] octafi-ium bromide [GoDABCO][Br]. The recovered mass of this
product is 27.05g.

The [GoDABCO][PF] and [GoDABCO][N(SO,CF;),] were synthesized through a simple
anion exchange reactions as shown in Scheme 1. |#imso of 1.66 g of potassium
hexafluorophosphate [K][RFin 10 mL of distilled water and a solution of @3of l-decyt
1,4-diazabicyclo [2.2.2] octafi-ium Bromide [GoDABCO][Br] in 10 mL of distilled water
were mixed in a flask with stirring for 2 hour abm temperature.

At the same manner, a solution of 2.58 g of lithibis(trifluoromethanesulfonyl)imide [Lf]
[N(SO,CR),]™ in 10 mL of distilled water and a solution of @®f 1-decyt1,4-diazabicyclo
[2.2.2] octanl-ium Bromide [GoDABCO'][Br] in 10 mL of distilled water were mixed in a
flask with stirring for 2 hour at room temperatéiieer isolation of [GoDABCO][PFg] or
[C10DABCO][N(SO,CF;),] by centrifugation for 60 s, the obtained,fDABCO][PFs] was a
white solid at room temperature, while the JGABCO][N(SO,CF;),] was recovered as a
colorless liquid.

In order to obtain high purity, the three obtaif@dBCOILs were further dried in a high-
vacuum line (p<10 bar) for 3 days in phosphorus pentoxideQ#. The water content in
[C10DABCO][Br], [C10DABCO][PFs] and [GoDABCO'|[N(SO,CF;),] was ~ 481, 374 and
562 ppm, respectively; these measures were cartiedy coulometric Karl Fischer titration,

performed by a Metrohm 831.
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Scheme 1Schematic representation of the synthesis rdif@,:gDABCO][X](with X = [Br] ",[N(SO,CFR;).]
and [PR]).



Theoretical Calculations

1. Computational analysis
Density functional theory (DFT) calculations wersged for the structural optimization of all
investigated compounds including fDABCQO]" cation, [Br], [PR] and [N(SQCF;),]
anions and all the ILs which are formed by comborabf any of anion separately with the
DABCO based cation. The calculations were perforraed106-2X-GD3/AUG—-cc—pVDZ
[31] level of theory in gas phase using Gaussiarsd@f@vare [32-34]. At the same level of
theory, frequency calculations were performed @ndptimized structures to make sure the
structures are true minima and to characterize-gentt vibrational energy (ZPVE) as well
as thermochemical quantities. Additionally, elestabic potential (ESP) maps were evaluated
to find the active sites of the cation and anid@df%.[ The NBO analysis was carried out using
version 3.1 of NBO package and topological propserof electron charge density were also
investigated by the AIM2000 program package at NOG&D3/AUG-cc—pVDZ level of
theory. The electrochemical stability of the ioffiguids was theoretically evaluated by the
electrochemical window width (ECW).ECW of the ILsaasvcalculated using COSMO-RS
method at BVP86/TZVP level in the acetonitrile sl at 298 K. The frontier molecular
orbitals (FMO), FMO energy diagrams and quantumecwhr descriptors of optimized
structure of the ILs were investigated at M06-2X-38UG—-cc—pVDZ level of theory.

3. RESULTS AND DISCUSSION

3.1.NMR Spectroscopic analysis

'H, *C and *F and*P-NMR spectra are used for evaluation and confionabf the
molecular structure of the synthesized ILso[IABCO][Br], [C10DABCO][N(SO,CF;),]
and [GoDABCO][PF]. NMR spectra were analyzed in CRGWVer the scan range 0 to &0
ppm for'H NMR (a), from 0 to 10@ ppm for**C NMR (b), and in DMSQis from -120 to -
1706 ppm for®P NMR (c) and from -100 to -48 ppm for**F NMR of [C;,¢DABCO][PF]
(d) and from -130 to -36 ppm for*°F NMR of [C;,(DABCO][N(SO,CFs).] (e). As shown in
Figure 1 (a) 'H-NMR analysis of [GuDABCO][Br] shows a triplet betweeti= 0.86-0.89
ppm, which is ascribed to the terminal methyl grdtd), while the two intense signals
betweens=1.26-1.34 and 1.60- 1.70 ppm are assigned to rest@yprotons in the decyl
chain (Hz.10).The latter signals indicated the successful reactof alkylation in

[C10DABCOI][BTr] that is in accordance with our previoteports [7, 17, 19]. In contrast, the



characteristic peaks for DABCO hydrogeft$:1) appeared a6=3.16-3.22ppm; another
characteristic peak is observed arouwd3.29-3.32ppm and is ascribed to the DABCO
deshielded protonéHi,), consistently with our recent works [7, 17,19]n the **C-NMR
spectrum of [GDABCO][Br] (Figure S1 (b), the signals between 14.10 and 31.80 ppm
were attributed to the carbons of the decyl chihia,signal found at 65.07 ppm is ascribed to
carbon situated near to the DABCO cycle. The spentFigure S1 (c and d)were recorded
for the [GoDABCO][PFs] in DMSO-ds. The six fluorines are all equivalent in the §PF
anion and so th&P NMR spectrum consists of a septet. The separhébmeen any adjacent
pair of peaks is the P-F coupling constant, in ttiise 711 Hz. Since all six fluorine nuclei
are equivalent they couple to just the phosphouatens to give a doublet, again separated
by 711 Hz which confirms the anionic exchange ofxdfleiorophosphate. In
[C10DABCO][N(SO,CF;),], the appearance of two new signals in tf@&-NMR spectrum
(Figure S1 (e))as a doublet ai = 124.54/122.75 ppm is due to the carbon atonms fitte
CFs groups of the anion.The anionic exchange reaati¢€;,DABCO][N(SO,CF;),] is well
confirmed by the appearance of a intense singlgeoed around —78.85 pprRigure S1 (f))
attributed to fluorine atoms in anion. For an ovenw the spectroscopic data are given below
and the”C-NMR (b) of [C;;DABCO][Br], **F3**P-NMR (c-d) of [C;;DABCO][PF, 2*C*°F
-NMR (e-f) of (IN(SO,CF;);]") spectra are shown in Figure S1 of the supplemgnta
material, respectively.

[C1oDABCO][Br]: 'H-NMR, (CDCL) du(ppm) =0.86-0.89 (t,3H), 1.26-1.34 (m, 14H),
1.60 (m, 2H),1.70 (m, 2H),3.16-3.22 (t, 6H),3.283B. (t, 6H)®C-NMR-
[C10DABCO][Br], (CDCls) c(ppm) = 14.10, 21.67, 22.57, 26.18, 28.72, 29.0&22, 31.80,
45.16, 52.56, 58.50, 65.07.

[C10DABCO][PFg]: *F-NMR (DMSO-ds) two signals at:-69.19, -71.08 (pm: -70.13,
doublet, 3=712Hz).*'P-NMR (DMSO-ds) seven signals at: -131.03, -135.45, -139.84, -
144.24, -148.62, -153.11, 157.36ppm:-144.24, septuplety2710Hz).
[C10DABCO][N(SO,CF;),]: *C-NMR- anion: 124.54, 122.75°F-NMR (DMSO-d;) 8¢
ppm=-78.85 (s, [N(SECR;),]).
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Figure 1. (a) Hydrogen atom labeling artéh-NMR spectrum of the DABCO cation.

3.2.Electrostatic potential (ESP) maps

The electrostatic potential (ESP) maps area use&ihod to determine the locations with
high electron density in anions or low electron signin cations of ILs. It can be used to
predict the reaction center of anions with catiorthe ILs. The electrostatic potential (ESP)
maps obtained for [C10DABCO]cation and [Br] [PR], [N(SO,CFs).](s) and
[N(SO,CF;).] (as)anions at M06-2X/AUG—cc—pVDZ level of theory areoslm in Figure.2.

It should be noted that [N(SOF;),]” anion has two configurations, symmetric and
asymmetric, which are shown in this paper with[SO,CF;),] (s) and [N(SQCR;),] (as)
symbols, respectively).

Figure.2 shows that the highest negative electron densigyon is located around the Br
atom, F atoms of [RF anion and O atoms of [N(SGCF;);](s) and [N(SQCR;);] (as)
anions while the positive electron density regisnmainly located on H4, H18 and H22

atoms of the DABCO ring and alkyl group.
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Figure.2 Electrostatic potential (ESP) maps for the cati®hQDABCO] and anions [Bf] [PR],
[N(SO,CR),](s) and [N(SQCF;);] (as)yat M06-2X-GD3/AUG-cc—pVDZ level of theory.

The large blue region on the DABCO ring indicatest the H4 and H18 atoms of DABCO

ring and H22 atom of alkyl group would be the m@active center in the cation in terms of
positive charge density and orientation to formrogeén bonds with the anions. According to
the electrostatic potential maps of the cation anmns, there are a significant number of
possible interaction sites around the cation thabres can be interacted with it. After

analyzing all the possible conformations of alligeed ILs, the configurations reported in

Figure 3 are the most stable for the three ILs.
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C-H4MF2 :2.153A4 157.7
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C-H3MD1 :2.614A 116.3
C-H21MD3: 2.3624 144.8
C-H220D3 :2.5354 138.7

[C10DABCO][N(SO,CF3),] (sO)

C-H4D1 :2.2154 154.7
C-H18MD1 :2.434A 137.3
C-H3F4 :2.547A 103.8
C-H25ID2 :2.447A 120.9
C-HA4IF4 :2.5484 103.7
C-H22MF4: 2.4334 124.6
C-H18MmD2 :2.311A 146.9

C-H22mD1 :2.621A 139.4
C-H270N : 2.6094 159.5>.§
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Figure. 3. The optimized structures at M06-2X-GD3/AUG—cc—pV[R¥el of theory for [GDABCQO][Br],
[C10DABCO][PF], [C1DABCO]IN(SO,CF:)] (d1), [C10DABCO][N(SO,CFs).] (),
[C10DABCO]IN(SO,CF:),] (ad]) and[GDABCO][N(SO,CFs),] (ad]) ILs in gas phase.

This figure shows that spherical [Bgnd [PF] anions locate above the DABCO ring, near to
the alkyl chain in [ogDABCO][Br] and [C,oDABCO][PFg] ILs, while [N(SC,CF;),] (s) and

10



[N(SO,CFRs),] (as) anions can be located above the DABCO ring, iordiguration parallel
or perpendicular to the alkyl chain in the {BABCO]IN(SO.CF:).] (d1),
[C10DABCO][N(SO,CFs),] (s0),  [Ci0DABCO]IN(SO,CF:),] (asl)  and
[C10DABCO]IN(SO,CFs),] (asd) ((]) and (O) refers to the configurations in those the
[N(SO,CFs),] anion is approached in line with or perpendicularttie cation C10 alkyl
chain, respectively).

3.3. Structural parameters

As shown inFigure. 3, the interactions between the anion and catichefstudied ILs could
be characterized by intermolecular hydrogen bord3-6i1IBr, C-HIIF and C-HID types,
that formed mainly between the electronegative Brand O atoms of the [Br][PR],
[N(SO,CFs),] (s) and [N(SQCFs),] (as) anions and the-€ bonds of the [gDABCO]"
cation. The H bond lengths and their correspondingles are shown by dashed lines in
Figure.3. It should be noted that the IL having [N(8LF;),](s) and [N(SQCF;).] (as)
anions adopts the four configurations J@ABCO][N(SO.CF:),] (dI),
[C10DABCO][N(SO,CFs),] (sD), [C10DABCO][N(SO,CFs),] (adl)
and[GoDABCO][N(SO,CF;),] (asd), and the [GDABCO][N(SO,CF:),] (d]) structure is
more stable than the others. The latter configomais in good agreement with that reported
by Haddad et a[19] for DABCO-based ionic liquids containing [N(SOF;).] anion.
Generally, a structural measure of existence ofoRding interaction in ILs is the fact that
the distance between the H atom on the donor gobaption and the acceptor atom of anion
are lower than the sum of their van der Waals raitiicordingly, there are three and six
hydrogen bonds of €H---Br and CH---F type in the [GDABCO][Br]
and[GoDABCO][PF] ILs, as shown by dashed lineskigure. 3. While in the ionic liquid
containing [N(SQCF;).] anion, there are 8, 6, 7 and 9 hydrogen bondgectisely, that are
formed between the O or F atoms and C—H bondseoDIABCO ring and alkyl group of
cation. The values of hydrogen bond distances agtea between anions and cations in the
studied ionic liquids are listed Figure.3. In addition to Hbond distance, the linearity of-H
bond angles can be considered as a measure of ¢H dbe@ngth. The structural parameters
show that the hydrogen bonding distance (angléjooid C-H181Br in [C;,DABCO][BT],
bond G-H18IF1 in [C,iDABCO][PF, bond G-H18ID2 in [Ci,eDABCO]IN(SO,CF:),]
@dl), bond GH18ID3 in [CDABCO]N(SO,CF;),] (sO), bond GH18ID1 in
[C10DABCO][N(SO,CF),] (adl) and bond E€H18ID2 in [CDABCO]IN(SO,CF:),]
(ad) are 2.480 (148.6), 2.115 (141.7), 2.170 (161.B92(147.8), 2.435 (138.9) and 2.311
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(146.9) A ¢), respectively. It is expected tihe strength of these hydrogen bonds in each of
the studied ionic liquids can be larger than ttighe other hydrogen bonds in each IL. Also,
the average of thieydrogenbond distancegngles) in [GoDABCO][Br], [C1:DABCO][PF],
[C10DABCO][N(SO,CFs),] @), [C10DABCO][N(SO;CFs).] (sD),
[C1iDABCO][N(SO,CF;);] (adl) and [GoDABCO][N(SO,CFs),] (asd) ILs are 2.569
(144.3), 2.179 (142.3), 2.468 (128.0), 2.179 (142R468 (128.0) and 2.424 (138.8) (°),
respectively. The results show that the position of anions netatio the cation in
[C10DABCO][PF], [C1.0DABCO]IN(SO,CF;);] (d]), [C10DABCOJIN(SO;CFs).] (sD),
[C10DABCO]IN(SO,CFs),] (ad|) and [GiDABCO]IN(SO,CFs),] (as) ILs is not suitable
for a strong H-bonding interaction to occur.

3.4. Interaction energies

The interaction energieME) in the investigated ILs are calculated usingagign (1 )at
MO06-2X/AUG—-cc—pVDZ level of theory in gas phase.

AEeiec (IL) = EeledIL) - (Eciedcation)) — Eedanion)) (1)

The values of interaction energies of the ILs waygected by basis set superposition errors
(BSSE) and zero-point vibrational energies (ZPVH).addition, since the interactions
between the [@DABCO]" cation and [Br] [PR]’, [N(SO,CF;),] (s) and [N(SQCFs),] (as)
anions in the studied ILs are influenced by van\dails interactions, the interaction energies
were corrected by the inclusion of empirical dispan at the same level of theory. The
calculated interaction energyAE:), Gibbs free energyAG; and enthalpy AHc) of
[C10DABCO][BH], [C10DABCO][PF], [C10DABCO][N(SO,CF;),] ),
[C10DABCO][N(SO,CFs),] (s0),  [Ci0DABCO]IN(SO,CF:),] (asl)  and
[C10DABCO][N(SO,CR),] (ad]) ILs are calculated using equati() in the gas phase and
are summarized ifiable 1

AX. (IL) = AXeedIL) + BSSE +AZPVE +AEgs, X: E, G and H(2)

Table 1
Interaction thermodynamic parameterSE( AH and AG (in kcal mol?) calculated for [GDABCO][BI],
[C10DABCO][PF, [C10DABCO][N(SO,CF;),] dl), [C10DABCO][N(SO,CF;),] (s,

[C10DABCO]IN(SO,CFs),] (ad!|) and[GoDABCO]N(SO,CF;).] (add) ILs at M06-2X-GD3/AUG—cc—pVDZ
level of theory. All quantities are given with a@@.kcal mol*uncertainty.

ILs AE AZPVE BSSE %AEgs, AE AH. AG,
[C.:DABCO][BY] -89.93 0.18 0.65 1.92 -90.86 -90.81 -83.62
[C..DABCO][PF{] 8198 1.14 240 2.86 -80.85 -79.17 -68.01

[C1iDABCO]N(SO,CF;).]

-83.86 1.07 3.88 418 -8257 -81.09 -68.14
(stO)
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[CLDABCOJIN(SOLCRo)2l g9 71 097 332 404 -7982 -7823 -66.71

(sO)
EE%%;*BCO][N(SOZCE)Z] 7477 084 3.00 430 -7429 -72.94 -61.01
EE%?ABCO][N(SOZCE)Z] 78.04 129 356 452 -76.87 -75.17 -62.09

As can be seen inTable 1 the corrected interaction energyAEc) values of
[C10DABCO][BH], [C10DABCO][PF], [C10DABCO][N(SO,CF;),] ),
[C10DABCO][N(SO,CFs),] (s0),  [Ci0DABCO]IN(SO,CF:),] (asl)  and
[C10DABCO][N(SO,CF;)] (ash) ILs are -90.86, -80.85, -82.57, -79.82, -74.29 afti87
kcal mol. The percentage of increase in interaction enepgy dispersion correction for the
studied ILs is 1.92, 2.86, 4.18, 4.04, 4.30 and0A4fespectively. The contribution of
dispersion energies obtained by using M06-2X-D3fiamal for [GDABCO][N(SO,CF;),]
dl), [CiDABCO]IN(SO,CFs);]  (s0), [CidDABCO]IN(SO,CFs);] (adl) and
[C10DABCO][N(SO,CFR;),] (add) ILs are higher than for [GDABCO][Br] and
[C10DABCO][PF¢] ILs. The corrected interaction energy valuesddferent configurations
of ionic liquids containing [N(S€CF:),] anions show that [GDABCO][N(SO,CF;),] (d])
configuration for symmetrical type anion of [N(8CTF;),] (s) and
[C10DABCO][N(SO,CF;),] (ad]d) configuration for asymmetric type anion of [N(8CF;),]
(as) are more stable than the other mentioned configurst In general, the most stable
configuration among the fourones of this series danic liquids is the
[C10DABCO][N(SO,CF;),] (d]) configuration. Therefore, in the continuation ofeth
theoretical studies, we will only examine the mststble configuration of the studied ionic
liquids, i.e. [GoDABCO][Br], [C1¢DABCO][PFs] and [GoDABCO][N(SO,CFs),] (d) ILs.
Based on the calculatext., the predicted stability order for the ILs formfedm interaction
between [GDABCO]" cation and [Br] [PF6]- and [N(S@QCF;),] anions is
[C10DABCO][Br] (-90.86 kcal mol) > [C1)DABCO][N(SO,CF;),] (d1) (-82.57 kcal mot)
>[C10DABCO][PFg] (-80.85 kcal maf). It is clear that the most and least stable sires
correspond to ILs formed from the interaction ofJ@ABCO]" cation with [Br] and [PF]
anions, respectively. According to the results give Table 1, the ILs composed of the
anions with stronger basicity show the strongeerantion with the cation compared with
weaker ones.

3.5. Non-covalent interaction (NCI) and atoms in molecule (AlM) analysis
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The Non-covalent interaction (NCI) technique is dige detect non-covalent interactions
such as van der Waals (vdW) interactions, hydrogends and steric repulsion in the
molecular systems. The reduced density gradiergraia (RDG) and the NCI index are
based on the electron density and its derivatiaes, are reported in blue, red, and green
color dependenly orky(r) x p(r) values to indicate hydrogen bonds, strong &pal
interactions and vdW interaction, respectiveligure. 4 shows thely(r) x p(r) sign
isosurfaces and the RDG versus(r) x p(r) sign plots of [GDABCO][Br],
[C1DABCO][PFRs] and [GDABCO]IN(SO,CF;),] (d]) ILs to reveal noncovalent
interactions. As can be seen, these figures cortherexistence of non-covalent interactions
such as van der Waals (vdW) interactions and wegdkolgen bond interactions between the
cation and the anions and also and steric repuisiangs of the studied ILs.
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Figure. 4. RDG isosurfaces (s = 0.5 a.u.), plots of RDG isfamas versus sigiif) x p(r) and molecular graphs
from topological analysis of [RDABCO][Br], [C1dDABCO][PFs] and [GoDABCO][N(SO,CFs),] (d]) ILs.
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Topological parameters derived from the quantunorthef atoms in molecules (QTAIM)
are useful quantities to determine the nature t&rimolecular and intramolecular hydrogen
bonds interactions in the ILs. Topological datahsas electronic density(r), its Laplacian,
v?p(r), and electronic energy density, H(r), electeottinetic energy density, G(r), and
electronic potential energy density, V(r) at thellogen bond critical points (HBCPs) and the
molecular graphs including theovalent and noneovalent bond critical points (BCPSs),
hydrogen bond critical points (HBCPSs), ring critigaoints (RCPs) and bond paths for
[C10DABCO][Br], [C1eDABCO][PFs] and [GoDABCO]IN(SO,CF;),] (d1) ILs are shown
in Table 2andFigure.4.

Table 2

Topological properties of the electron density (a.ealculated for most stable [{®DABCO][Br],
[C1oDABCO][PFy] and [GiDABCO][N(SO,CFs),] (d1) ILs.

p(r) Lp()  O%p() K V() H(r)

[C.cDABCOI][BI]

C—HABr 0.0153 -0.0090 0.0360 0.0089 -0.0087 0.0001
C-H18TBr 0.0199 -0.0120 0.0480 0.0119 -0.0118 0.0001
C-H22MBr 0.0169 -0.0103 0.0413 0.0102 -0.0100 0.0002
[C::DABCO][PF]

C—HAIIF1 0.0143 -0.0131 0.0525 0.0127 -0.0122 0.0004
C-HAEF2 0.0155 -0.0135 0.0538 0.0133 -0.0130 0.0002
C-H18TF1 0.0175 -0.0155 0.0619 0.0153 -0.0152 0.0001
C-H181F3 0.0162 -0.0144 0.0577 0.0142 -0.0139 0.0002
C-H22F2 0.0147 -0.0129 0.0515 0.0126 -0.0122 0.0003
C-H221F3 0.0142 -0.0127 0.0509 0.0124 -0.0120 0.0003
[C10(DABCO][IN(SO,CFs).]

s

C—HATD1 0.0114 -0.0085 0.0341 0.0084 -0.0082 0.0001
C-HATID?2 0.0092 -0.0074 0.0295 0.0069 -0.0064 0.0005
C-H18TD2 0.0161 -0.0133 0.0530 0.0125 -0.0118 0.0007
C-H22mD1 0.0098 -0.0082 0.0327 0.0073 -0.0065 0.0009
C-H1710D3 0.0107 -0.0103 0.0414 0.0089 -0.0075 0.0014
C-H22103 0.0104 -0.0087 0.0347 0.0081 -0.0075 0.0006
C-H25103 0.0112 -0.0101 0.0404 0.0091 -0.0081 0.0010
C-H27ID4 0.0076 -0.0064 0.0257 0.0056 -0.0048 0.0008
C-H30MD4 0.0067 -0.0061 0.0243 0.0052 -0.0043 0.0009
C-H33mD4 0.0063 -0.0058 0.0234 0.0050 -0.0041 0.0009

The sum of electron density at all hydrogen bonticat points Ep(r)c---8r or F or @ CaN be
considered as a measure of the strength of hydrbged interactions. The sum of electron
densities at all hydrogen bond critical pointSp(€)c-+--8r or F or 9, Of [CLo0DABCO][Br],
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[C10DABCO][PFs] and [GoDABCO][N(SO,CF;),] (d]) ILs is 0.0173, 0.0154 and 0.0099
a.u., respectively. This value is higher iiJGABCO][Br] higher than in [GoDABCO][PFg]
and [GDABCO]IN(SO,CF:),] (d|), which is in agreement with the interaction energy
trends obtained for those ionic liquids.

As discussed above in the geometrical structuréiosgchydrogen bond €H18IBr in
[C10DABCQ][Br] IL, hydrogen bond €H181F1 in [C;,DABCO][PF] IL and hydrogen bond
C-H18MD2 in [C;,DABCO][N(SO,CF;),] IL have the smallest distance and the largest
hydrogen bond angle, in other words, they are cltisa standard hydrogen bond in terms of
angle and distance. The results of AIM datdable 2 also show that the electron density of
the mentioned hydrogen bonds is also higher thainaihthe other hydrogen bonds in each of
the ionic liquids. The hydrogen bond energies (B are also calculated using equat{@)
[36]:

En..v = (1/2)V(r) (3)

On the other hand, half of the electronic poterdgiargy density value of a hydrogen bond
indicates the strength of the hydrogen bond inkibed. The values of V(r) in hydrogen
bonds GH181Br, C-H18IF1 and CH18II2 are higher than other hydrogen bonds in
any of the studied ionic liquids. The sign and thagnitude of Laplacian of the electron
density {%p®) and electronic density energy®(r)) at the HB@Rs be used to investigate
the nature of the hydrogen bond interactions beatwine studied anions and cation in
[C1dDABCO][Br], [C1DABCO][PFs] and [GJDABCO][N(SO,CF:),] (d!) ILs. Data in
Table 2 show that the sign of botf?p(r) and H(r) in all hydrogen bond critical points i
[C10DABCO][Br], [C10DABCO][PFs] and [GDABCO][N(SO,CF:),] (d1) ILs are positive,
indicating that the nature of these hydrogen basmeétectrostatic.

3.6. Natural bond orbital (NBO) and frontier molecular orbital (FMO) analysis

The natural bond orbital (NBO) calculations is afustechnique for evaluation of the atomic
charge distribution in the ILs. The results of NB@luding natural charge of atoms and
charge transfer (CT) values are summarizedable 3. The NBO charge analysis reveals
that a charge transfer (CT) occurs from the aniontghe [GoDABCO]" cation upon the

formation of the ion pair.

Table 3

NBO data, HOMO and LUMO energy and HOMO-LUMO enempgp calculated for [GDABCO][Br],
[C1DABCO][PF] and [GDABCO]IN(SO,CF;),] (d]) ILs, isolated cation and anions at MO6-2X-
GD3/AUG—cc—pVDZ level of theory in gas phase.

[BI” [PRI" [N(SO,CF;),] D]" [DI[Br] [D][PFe [D]IN(SO,CF;),
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] 1sl)

OH4 0.2599 0.3047 0.3018 0.2868

a7 0.2596 0.2327 0.2426 0.2596
Ohize 0.2527 0.3118 0.3015 0.2968
Ohizz 0.2534 0.3039 0.2979 0.2501
Oz 0.2366 0.2583 0.2481 0.2531
CT 0.1081  0.0500 0.0816
ger  -1.0000 -0.8919

OF1 -0.6281 -0.6384

Or2 -0.6281 -0.6274

O3 -0.6281 -0.6346

Jos -0.9648 -0.9928
Jor -0.9591 -0.9610
Joz -0.9501 -0.9781
Evumo 332 078 -091 -0.87
Evowo -2.13  -7.71 -5.96 -6.42  -8.88 -8.94
Egar 564  7.97 8.08

& D=C,,DABCO

The hydrogen bond interactions between the catiod anions in [GDABCO][BTr],
[C10DABCO][PFs] and [GoDABCO][N(SO,CF;).] (d|) ILs lead to an increase of the
positive charge of atoms of H4, H18 and H22 as aglldecrease the negative charge of Br,
F and O atoms compared to those charges on isotatésh and anions. The transferred
charge values from anions to cation inJ@ABCO][Br], [C1:DABCO][PFs] and
[C10DABCO][N(SO,CF:),] (d]) ILs are about 0.1081, 0.0500 and 0.0816 a.u., ctispéy.

As can be observed, the increase in the interaeti@ngies is accompanied by an increase in
CT value of [GoDABCO][BI], [C10DABCO][PFs] and [GDABCO][N(SO,CF).] (d]) ILs.

The CT decreases on going from [Bxhion to [PE]” one as the interaction energy decreases.
The charge transfer is an important factor whichld¢dde used when stability of the ILs is
under consideration. It is well known that the deatransfer value has a direct relation to
stability and interaction energy of the ILs in aywhat the increase of it leads to form more
stable ionic liquid configuration. Frontier moleaulorbitals (FMOs) play a key role in
determination of stability, reactivity and electgooperties of ILs. FMOs diagram in ILs are
useful for understanding the intermolecular inteaas, especially charge transfer process. In
the ILs generally LUMO of cation and HOMO of aniane very important, because, the
charge transfer occurrs from the HOMO orbital ofoanto the LUMO orbital of cation.
Therefore, as the energy difference between HOM® lAvMO orbitals decreases and the
charge transfer increases, stronger interactiotisbeiformed. The energy of the HOMO
orbital of the anions can be sufficient to detemrtine easiness of the charge transfer from the

anionic part to the cationic part, that is directglated to the strength of the formed
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interaction between cation and anion in an ionguil. The FMOs energy diagram for
[C10DABCO][Br], [C10DABCO][PFs] and [GoDABCO][N(SO,CF:),] (d]) ILs are depicted
in Figure. 5. As shown inFigure. 5, LUMO of cation is aoc* molecular orbital in nature
(ELumo= -3.32 eV) and HOMO of the anions are localizedBsratom, six PF bonds and
four S=O bonds in [Bf] [PR] and [N(SQCF;);]anions, respectively. HOMO energy
values for anions are -2.13, -7.71 and -5.96 e\peetsvely for [Br], [PR] and
[N(SO,CR;),] anions. An analysis of the HOMO orbitals of;{CABCO][Br] IL reveals
that they consist of p orbitals of Br atom amd bond orbital of EH bonds. In
[C10DABCO][PFg] IL, the HOMO orbitals is composed lwyorbitals of DABCO ring of the
cationic part, while the HOMO orbitals in fDABCO][N(SO,CF:),] (d) IL is due to both
anion and cation parts. The distribution of LUMDitals is different from HOMO ones in
the ILs. They are mainly identical and antibondotgrbitals. The LUMO orbitals of the
studied ILs are mainly distributed on DABCO ringtbé cationic part.
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Figure. 5. Frontier molecular orbital (FMO) energy diagramg@f,DABCOQ][Br], [C;.DABCO][PFs] and
[C1DABCO]IN(SO,CF;),] (d4]) ILs at M06—2X-GD3/AUG—cc—pVDZ level of theory in gphase.

Considering the HOMOs location on the anionic paldp LUMOSs on the cationic one in the
frontier molecular orbital energy diagrams, itlisar that CT occurs from the anions to cation
and the anionic part acts as an electron donatnigdoring ionic liquid formation. Also, the
HOMO-LUMO energy gap (&p defined as the energy difference between HOMO and
LUMO, has an important role in chemical reactivatyd the structural stability of ILs. The
value of HOMO-LUMO energy gap for [gDABCO][Br], [C1iDABCO][PFs] and
[C10DABCO][N(SO,CF:),] (d1) ILs is 5.64, 7.97 and 8.08 eV, respectively. It wksr that
the Eap in the studied ILs decreased with [Bgnion and increased with [N(SOFR;)]
anion, implying an increase in reactivity of the;JQABCO][Br] IL and a decrease in
reactivity of the [GDABCO][N(SO,CF:),] (d1) IL.

3.7. Electrochemical window (ECW)

The electrochemical stability of an ionic liquid idetermined by the width of the
electrochemical window (ECW), the voltage rang&vich the IL is electrochemically inert.
The ECW of ILs depends mostly on the resistancéhefanion against oxidation and the
resistance of the cation against reduction. ltauesatan also be predicted by quantum
chemical calculations such as DFT by using the HOW@ LUMO energy levels of isolated
cation and anions and the potentials of cathodid anodic limits (\L and Vjao)in
acetonitrile solvent. ECW values of {ABCO][Br], [C1iDABCO][PF] and
[C1DABCO]IN(SO,CFs),] (d|) ILs were calculated using CPCM (COSMO-RS) approach
at BVP86/TZVP level of theory and were estimatexuhfithe following equations:

VaL = -Eromo/€ = Va "M = min (VaLcS™M, VaL,aS"M) 4
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Ver = -ELumo/€ = Ve P = max (Ve &PM, Ve, aS"M) ®)
ECW =V - Ve (6)

The HOMO and LUMO energy levels of isolated catsond anions, values of ECW and the
potentials of the cathodic €/) and anodic limits (%) of ILs[C;;DABCO][Br],
[C10DABCO][PFs] and [GoDABCO][N(SO,CF;),] (d]) ILs are listed iriTable 4. There is a
minor change in ECW for the ILs with different ang although all ILs have wide ECWs
4.79-5.48 V. The cathodic limits of the studied ILs withe same cation follows the
sequence of [GDABCO][N(SO,CF;),] (d]) >[C1;DABCO][Br] =[C1)DABCO][PFs] and
comparison of HOMO energy of the anions with HOM@emrgy of the cation in the ILs
shows that anodic stabilities can be charactefgetthe cation. Thus, the anodic limits of the
ILs are similar and about 5.55 V and are in gooc@gent with those of reported by Ong et
al. [37].

Table 4

The LUMO and HOMO energies of free cation and agjdhne potentials of the cathodicqY and anodic limits
(Va) and ECW of ILs using CPCM (COSMO-RS)method at BEAZVP level of theory in acetonitrile
solvent.

[C1DABCO]* [Br] [PRs] [N(SO.CF;).]'s
LUMO -0.07 6.39 0.26 -0.77
HOMO -5.55 -5.69 -8.43 -7.10
EA 0.07 -6.39 -0.26 0.77
IE 5.55 5.69 8.43 7.10

[C1DABCO][N(SO,CF3),]
[C1cDABCO][Br] [C 1c:DABCO][PFq s(l)

Ver 0.07 0.07 0.77
Va 5.55 5.55 5.55
ECW 5.48 5.48 4.79

ECW values of [GDABCO][BI], [C10DABCO][PFs] and [GoDABCO][N(SO,CF;),] (d1)
ILs are 5.48, 5.48 and 4.79 V. Therefore;o[TABCO][Br] and [G:DABCO][PFK] ILs have
the widest ECW at 5.48 V and fDABCO][N(SO,CF;),] (d]) IL has the narrowest ECW
at 4.79V that it is most likely due to the therratbility of [C,dDABCO][N(SO,CF:),] (d|)
IL. It is predicted that [(sDABCO][Br] and [GDABCO][PFg]ILs with the ECW about 5.48
V have more electrochemical stability thamJOABCO][N(SO,CF;).] (4]) IL for use in
electrochemical devices.

3.7. Vibrational spectroscopy analysis:
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The experimental FT-IR [600-4000 &jnand FT-Raman [45-3500 chspectra of the three
investigated ILs [@DABCO][Br], [C1:DABCO][PF] and [GoDABCO][N(SO,CF;),],
measured at room temperature are showkigare 6. The assignment of infrared and Raman
vibration frequencies are reported Tables S1-S2of the Supporting Information and the
discussion of assignment of the most importantatibns is presented as follows:

3.7.1. Cations vibrations:

The [GoDABCO] cation consists of 50 atoms. The vibrationaddes have been assigned
according to our three published works [7, 17, TBjhe antisymmetric and symmetric
stretching modes of GHand CH groups of cation are observed in the region 350BZm

! the intense bands observed at 2854/2923 for FTpittsa and at 2853/2938 for FT-
Raman spectra in [gDABCO][Br], 2846/2931 for FT-IR spectra and at 28065 for FT-
Raman spectra in [@DABCO][PFs], 2852/2925 for FT-IR spectra and at 2852/2935H0f
Raman spectra [@DABCO][N(SO,CF;),] are assigned to symmetric gbtretching modes,
while the strong band located in FT-Raman spextt2892 crit in [C;;DABCO][Br], 2894
cm? in [CLdDABCO][PFRg], 2897 cnt in [Ci,¢DABCO][N(SO,CF;),] can be assigned to
symmetric CH stretching mode [7, 19, 38-40].

For the three investigated ILs, the €#eformation modes are observed in the region 1500-
1300 cnt. Also, the strong infrared and Raman bands whiehlacated atl056 chin
[C10DABCO][Br], 1058 cmi* in [C,)DABCO][PFs] and at 1055 cfh in
[C10DABCO][N(SO,CF;),] cm™ are assigned to C-C and C-N stretching modes. Qe
twisting modes are observed between 900 and 60barrd are in good agreement with our
recent values. It has been noted that the vibratiorodes are corresponding to the anion
together with CH and CH twisting and C-C and C-N stretching and CCN, C&€Eletal
modes are observed in the regions of below 1006[88) 40-44].

The bands observed at 702, 700 and 703icRT-IR spectra are assigned to Qiisting
vibrations [42, 44]. The same vibrations in FT-Ranspectrum are at 795, 794, 795%tm

respectively.
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Figure 7 Experimental FT-IR and FT-Raman vibrational speofrfC,,DABCO][Br], [C1;DABCO][PFs] and
[C10DABCO][N(SO,CFs).].

3.7.2. Anions vibrations:

The observed bands of the P—F stretching vibrationgC;0)DABCO][PFs] IL have been
found to be very strong in the Raman spectra aesetlppear in the range 900-700'cand
600-200 crit (Figure 6).

Also, the antisymmetric P-F stretching modes argepked at 821 ciffor FT-IR spectra and
888 cni' for Raman spectra while the symmetric stretchimmglenis assigned to the Raman
band at 734 cihfor FT-IR spectra 470 cthfor FT-Raman spectra [17-45].

For the [N(SQCF;),] anion, the antisymmetric and symmetric stretchiragles of S@ and
CF; groups are located from 1244 to 1028 '§h®, 40, 46-47]. In some cases, the
antisymmetric S@and CF stretching modes are coupled between them. Moretheebands
observed at 279, 298, 327, 340, 406, 1135, 1241 fomFT-Raman spectra are assigned to a
CF; symmetric stretching (1227 ¢ty and two S@antisymmetric stretching modes [19, 46-
47]. The strong bands at 1137, 1184 for FT-IR gpeate associated to the trans-form
vibrations [47]. The very strong Raman band andsti@ulder observed in the region below

200 cm" are associated to a cation-anion interaction amernolecular normal modes [49].
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3.8.Thermal analysis:

Generally, ionic liquids are stable chemically ahdrmally, these advantages are directly
linked to their applications in several industipabcesses [50]; therefore, the knowledge of
the thermal stability of ILs provides valuable infation on their application domain [4,17,
29]. The thermal stabilities of three studied;J@ABCO]-based ionic liquids were
investigated using the thermogravimetric analyJi&€A) method. TGA thermograms are

illustrated inFigure 8.

= C, DABCO][(CF,SO,),N])
=== [C, DABCO"][PF]
0,41 [C,,DABCO[Br]

'lxo N R SR R I B
100 200 300 400 500
Temperature (°C)

Figure 8: Thermogravimetric analysis (TGA) thermograms fantBgsized [GDABCO][X](with X = [Br]"
[PRsJ'and [N(SQCF;).]).

Upon heating, the TGA curves of {{DABCO'] ILs show that their decomposition start at
220-240°C and in the temperature range 350—-480h&Ccomplete decomposition occurs,
depending on their structures and especially tmipled anion type [42-43, 50]. Thus from
these curves and depending oR[@ABCO'] IL ionic liquid type, it can be safely interprete
that the thermal stability follow the order: {DABCO][Br] < [C10DABCO][PFs] <
([C10DABCO][N(SO,CFs);]) , which indicated that [N(S£LF;),] is thermodynamically
more stable [29, 42]. Compared with fluorinatedoasi[PF]” and [N(SQCFs),], it is clear
that [GoDABCO][Br] significantly reduce thermal stabilityirce they possess both a
relatively high nucleophilic and basic characted,[60]. Moreover, a larger size of
[N(SO,CF;),] anion tended to induce thermal decomposition @ BBCO][N(SO,CFs;),]

IL at a higher temperature. In addition, it wasalslicated that investigated IL exhibited the

best thermal stability compared with analogue bdmmdue to the strong ionic linkage
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between the cation [@ABCO]" and the anion [N(SECF;),]” and the anion’s inability to
hydrogen bond. To the best of our knowledge, theee no other reports of the thermal

stability of these three selected ILs.
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Conclusion

In the first experimental step, three ionic liqulmssed (ILs) on the 1-decyl-1,4-diazabicyclo
[2.2.2] octane (DABCO) cation were synthesized.aAsns [Br], [PR] and [N(SQCR;),]
were selected. The structure of the obtained ILeewenfirmed byH, **C,**F and®'P-NMR
spectroscopy and characterized by infrared and Rapectroscopies. The thermal behavior
confirmed that [GoDABCO] ILscontaining [N(S@CFs),] and [PF] are more stable that the
bromide [Br],and they show a good thermal stability up to 36@Hich makes them suitable
for thermal application. In the next theoreticastthe electrostatic potential (ESP) maps,
structural parameters, interaction energies, andiest and analyzed by means of DFT
calculations at the M06-2X-GD3/AUG—cc—pVDZ level thleory. The result indicated that
the contribution of dispersion energies obtained using M06-2X-D3 functional for
[C10DABCO][N(SO,CF:;).] @), [C10DABCO][N(SO,CFs),] (sh)),
[C10DABCO][N(SO,CF;).] (as|) and [GoDABCO][N(SO,CF;),] (as)) ILs are higher than
for [C1oDABCOQ][Br] and [CoDABCO][PF] ILs. Also, the non-covalent interaction (NCI)
and atoms in molecule (AIM) analysis results caonfithe existence of non-covalent

interactions such as van der Waals (vdW) interast@and weak hydrogen bond interactions
between the cation and the anions and also stgidsion in rings of the three studied ILs. In
addition, natural bond orbital (NBO) and frontieplecular orbital (FMO) analysis results
indicated that the transferred charge decreasemwioig from [Br] anion to [PE]” one as the
interaction energy decreases. Finaly, by usingtilelbemical window (ECW) analysis, it is
predicted that [@DABCO][Br] and [G,;DABCO][PFg] ILs with the ECW about 5.48 V have
more electrochemical stability than HDABCO][N(SO,CF:),] (d]) IL for use in

electrochemical devices.
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