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a b s t r a c t 

In this study, the new dication ionic liquids (DILs) based on para-xylyl linked bis-1,8-diazobicyclo [5.4.0] 

undec-7-ene ([p-C 6 H 4 (CH 2 DBU) 2 ] 
2 + ) dication and their corresponding monocation ionic liquids (MILs) 

containing the bis(trifluoromethanesulfonyl) imide [NTf 2 ] 
− and trifluoromethanesulfonate [OTF] − anions 

are synthesized. The method is based on the functionalization reaction of DBU salts using a simple pro- 

cedure under microwave irradiation, followed by anion exchange. The obtained ILs are characterized by 
1 H-NMR, 13 C-NMR, and FT-IR spectroscopy. The thermal decomposition of [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 , [p- 

C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 , [C 6 H 5 −CH 2 DBU][NTf 2 ] and [C 6 H 5 −CH 2 DBU][OTF] ILs are measured using thermo- 

gravimetric (TGA) analyses and differential scanning calorimetry (DSC) in the temperature range from 25 

to 800 °C. The thermal behavior confirmed that the DILs and MILs including [NTf 2 ] 
− are more stable 

than the DILs and MILs including [OTF] − that is in good agreement with the greater dispersion energy 

calculated for [NTf 2 ] 
− based ILs. The [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 DIL shows good thermal stability up to 

435 °C which makes them suitable for thermal application. Finally, the cation-anion interactions were in- 

vestigated in both DILs and MILs using DFT-M06-2X functional in conjunction with the 6-311 ++ G(d,p) 

basis set. The results indicate that hydrogen bonding is stronger in the IL containing [OTF] − anion. The 

calculations in the solution phase with COSMO-RS method show that the ILs including [OTF] − anion have 

greater solvation energy and for the DILs are larger than those of MILs. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

During the last decade, ionic liquids (ILs) have been the atten- 

ion of the scientific community. They because of their unique and 

unable physicochemical properties have been a highly active field 

f research in many applications [1] . 

At the laboratory level, 1,8-diazobicyclo [5.4.0]undec-7-ene 

DBU) is a non-nucleophilic and belongs to the family of amidine 

ompounds that is used as catalyst in organic synthesis [2] . Reed 

t al. reported for the first time the remarkably strong nucleophilic 

ehavior of DBU in the reaction with halogenated compounds [3] . 

BU has excellent catalytic activity, but, the separation of DBU 

rom the products mixture is generally difficult. The ionic liquids 

ased on functionalized DBU as task-specific ionic liquids (TSILs) 

ith special functions can overcome this drawback and exhibit a 
∗ Corresponding author. 

E-mail address: hroohi@guilan.ac.ir (H. Roohi). 

n

n

D

ttps://doi.org/10.1016/j.molstruc.2021.131123 

022-2860/© 2021 Elsevier B.V. All rights reserved. 
imilar basicity to DBU accompanied with the general features of 

he ILs. 

The chemical reaction of the precursors as 1,8-diazobicyclo 

5.4.0]undec-7-ene (DBU) with alkyl halides yields transfer of the 

lkyl group to the precursor ring and results in halogenides ionic 

iquids. Unfortunately, the range of obtained ionic liquids during 

his step is limited and it is not of primary concern for applica- 

ions. The reaction of halogenides ionic liquids with different bulk 

nions opens a wide range of opportunities for obtaining new ionic 

iquids with special properties [ 4–7 ]. So far, many ionic liquids 

ased on DBU include bis(trifluoromethylsulfonyl) imide, nitrate, 

lkyl sulphates, dicyanamide, thiocyanate, trifluoromethanesulfate, 

etrafluoroborate, and hexafluorophosphate, etc. anions have been 

eported [ 8–17 ]. Moreover, the possibility of functionalization of 

BU precursor opens up even a wider opportunity for obtaining 

ew functionalized ionic liquid with different properties [ 4 , 6 , 8 , 18 ]. 

Recently, a new class of ionic liquids has been introduced, 

amely dicationic ionic liquids (DILs) [ 19–31 ]. Compared to MILs, 

ILs are more tunable. Because of a large number of possible 

https://doi.org/10.1016/j.molstruc.2021.131123
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.131123&domain=pdf
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hanges in cation, anion or in the side chain (linker) resulted into 

wo head groups linked by a rigid or flexible spacer and two 

onoanions [19] . 

Compared to their monocationic counterparts, DILs usually dis- 

lay higher thermal stability: their thermal decomposition temper- 

tures range from 330 °C up to 400 °C, while they can be as low

s 145–185 °C for monocationic ILs. Also, the viscosity of DILs is 

ore than that of the usual ionic liquid and the viscosity of DILs 

an be tuned by varying the length of the chain linking and type 

f anions [ 32–36 ]. DILs can be used in applications concerning lu- 

rification at high temperatures, as an agent for the extraction of 

henolic compounds from oil mixtures, as a surfactant, or as cata- 

ysts for the esterification reaction [ 32 , 36–38 ]. 

Despite the wealth of papers on based-DBU monocationic ionic 

iquids and their applications [ 8–17 ], there are a few experimen- 

al and computational studies on the corresponding DILs to un- 

erstand the Gibbs free interaction energies, (structural, topolog- 

cal and electronic) properties and vibrational frequency spectra. 

lso, these relationships with physicochemical properties of the 

ILs [39] . 

In previous work [40] , we synthesized a series of DBU-based 

ILs ([Bn-DBU] [Y 1–6 ], (Y 1–6 = [CH 3 CO 2 ] 
−, [C 6 H 5 SO 2 ] 

−, [HCO 3 ] 
−,

CF 3 CO 2 ] 
−, [BF 4 ] 

− and [SCN] −)) and evaluated their electrochem- 

cal stability by cyclic voltammetry (CV) and theoretical com- 

utation. Also, in other research work [41] , we introduced [Bn- 

BU][CF 3 CO 2 ] MIL as an efficient catalyst for the synthesis of 1H- 

yrazolo[1,2-b]phthalazine-5,10-diones via the three-component 

eaction of phthalhydrazide, aromatic aldehydes, and active a- 

ethylene nitriles. 

In this work, the four new ([p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 and 

p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 ) DILs and [C 6 H 5 −CH 2 DBU][NTf 2 ]) 

nd ([C 6 H 5 −CH 2 DBU][OTF]) MILs based on para-xylyl linked 

is-1,8-diazobicyclo [5.4.0] undec-7-ene dication and its corre- 

ponding monocation containing the bis(trifluoromethanesulfonyl) 

mide [NTf 2 ] 
− and trifluoromethanesulfonate [OTF] − anions 

 Fig. 1 ) were synthesized and characterized by 1 HNMR and 

3 C-NMR. The thermal stability of [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 , 

p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 , [C 6 H 5 −CH 2 DBU][NTf 2 ] and 

C 6 H 5 −CH 2 DBU][OTF] ILs and their decomposition process were 

nvestigated. In addition, the energy minimum structures of the 

Ls were calculated at M06-2X/6-311 ++ G(d,p) level of theory. 

. Experimental methods 

.1. Material and methods 

Chemicals were purchased from Fluka, Merck, and Aldrich 

hemical companies and used without further purification. FT-IR 

pectra of the products were obtained in KBr wafers on a VERTEX 

0 Brucker (Germany) instrument. 1 H NMR and 

13 C NMR spec- 

ra were recorded on a Bruker (DRX-400 Avance) spectrometer 

t 400.22 and 100.62 MHz, respectively. The chemical shifts were 

easured in ppm relative to the resonance of the deuterated sol- 

ent and TMS. Thermogravimetric analyses (TGA) were performed 

n a DSC-TG analyzer model Q 600 TA (USA). The thermal behavior 

f the samples was scanned from 25 to 800 °C at the rate of 20 °C
in 

−1 under air atmosphere. 

.2. Synthesis of [C 6 H 5 CH 2 DBU][OTF] and [C 6 H 5 CH 2 DBU][NTf 2 ] MILs 

rom [C 6 H 5 CH 2 DBU][CL] salt 

For the synthesis of [C 6 H 5 CH 2 DBU]Cl, a mixture of DBU (0.76 g,

 mmol) and benzyl chloride (1.01 g, 8 mmol) was heated un- 

er the microwave (360 W) for 2 periods of 1 min irradiation 

ith a break time (of ~25 s, for temperature measurement) be- 

ween them. The average temperature of the reaction mixture 
2 
uring microwave irradiant was about 100 °C. After cooling at 

oom temperature, the resulting mixture was washed with di- 

thyl ether (3 × 5 mL) to remove the unreacted starting materi- 

ls and thereby the salt [C 6 H 5 CH 2 DBU]Cl was obtained as a brown

olid in 96% yield. To derive the desirable MILs, [C 6 H 5 CH 2 DBU]Cl 

1.12 g, 4 mmol) and a slightly excess amount (0.72 g, 4.6 mmol) 

f [Li][OTF] or (1.32 g, 4.6 mmol) of [Li][NTf 2 ] were added to ace- 

onitrile (15 mL) in a canonical flask equipped with a magnetic 

tirrer. The flask was sealed and stirred at room temperature for 

 h. Next, the solid phase was removed by centrifugation and the 

iquid phase was evaporated at 50 °C under reduced pressure to re- 

ove acetonitrile and any other volatile impurities. The viscous IL 

emained after evaporation of the solvent was collected and dried 

t 80 °C for 5 h. By this method, the MILs [C 6 H 5 CH 2 DBU][OTF] and

C 6 H 5 CH 2 DBU][NTf 2 ] were obtained in 91% and 93% yields, respec- 

ively, and have been sufficiently pure for synthetic applications, as 

etermined by their 1 H NMR spectra ( Scheme 1 ). 

.3. Synthesis of DILs [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 and 

p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 from the salt [p-C 6 H 4 (CH 2 DBU) 2 ][Br] 2 

A mixture of p-xylylene dibromide (1.32 g, 5 mmol) and DBU 

1.52 g, 10 mmol) was heated under microwave (360 W) for 2 pe- 

iods of 1 min irradiation with a break time (of ~25 s., for tempera- 

ure measurement) between them. The average temperature of the 

eaction mixture during microwave irradiant was about 100 °C. The 

rude product was washed with diethyl ether (3 × 5 mL) to give 

p-C 6 H 4 (CH 2 DBU) 2 ]Br 2 as a white hygroscopic solid in 97% yield. 

ext, to derive the desirable DILs, [p-C 6 H 4 (CH 2 DBU) 2 ]Br 2 (2.27 g, 4

mol) and a slight excess amount of [Li][OTF] (1.44 g, 9.2 mmol) 

ere added to acetonitrile (15 mL) in a canonical flask contain- 

ng a magnetic stirring bar. The reaction mixture was stirred for 

 h at 50–60 °C. After this time, the solid phase was removed 

y centrifugation and the supernatant liquid phase was evaporated 

t 80 °C under reduced pressure to remove acetonitrile and any 

ossible volatile impurities. This method gave the DIL [p-C 6 H 4 (CH 2 

BU) 2 ][OTF] 2 as a white amorphous solid in 95% yield, ( Scheme 2 ).

he structure of this compound has been confirmed by IR, H NMR 

nd C NMR spectroscopy. 

To achieve the synthesis of [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 , a mix-

ure of [p-C 6 H 4 (CH 2 DBU) 2 ]Br 2 white powders (2.27 g, 4 mmol) 

nd a slight excess amount of LiNTf 2 (2.64 g, 9.2 mmol) were 

dded to acetonitrile (15 mL) in a canonical flask containing a mag- 

etic stirring bar. The suspension was stirred at room temperature 

or 5 h. After this time, the suspension was filtered off. The fil- 

rate was washed with deionized water, evaporated under a re- 

uced pressure at 50 °C, and dried in an oven at 80 °C for 5 h

o obtain the white powder of [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 (Mp. 

8 °C) in 95% yield ( Scheme 3 ). 

The structures of these DILs have been confirmed by IR, H 

MR and C NMR spectroscopy. Based on the NMR spectra, the 

ILs are reasonably pure for synthetic applications. The ener- 

etically optimal structures of the MILs [C 6 H 5 CH 2 DBU][OTF] and 

C 6 H 5 CH 2 DBU][NTf 2 ] as well as the DILs [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 
nd [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 have been investigated at M06–

X/6-311 ++ G(d,p) level of theory in the gas phase using DFT cal- 

ulations. 

. Computational details 

Density functional theory (DFT) was employed for predicting 

he geometrical structure, energetic and electronic properties and 

haracterization of the nature of intermolecular interactions be- 

ween the cation and anion of the ionic liquids. The M06–2X 

xchange-correlation functional with the 6-311G ++ (d,p) basis set 

as used to perform the conformational analysis and geometry 
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Fig. 1. Overview of the dication, monocation and anions optimized structures of DBU-based dicatonic and monocationic ionic liquids. 

Scheme 1. Preparation of [C 6 H 5 CH 2 DBU][OTF] and [C 6 H 5 CH 2 DBU][NTf 2 ] MILs. 
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ptimizations [ 42–44 ]. The interaction energies for each isolated 

onic liquid were corrected with the basis set superposition error 

BSSE) using the Boys Bernardi counterpoise technique (CP) [45] . 

o characterize the stationary points and calculation of zero-point 

ibrational energy (ZPVE) as well as thermochemical quantities, vi- 

rational frequency analysis was performed at the mentioned level 

f theory. All the above calculations were performed by using the 

aussian program [46] . The interaction energy is defined as the 

ifference between the energy (corrected by the ZPVE) of the sys- 
y  

3 
em E IL and the sum of the energies of the ions (E cation + E anion ) by

he following equation: 

E ( kcal mo l −1 ) = 627 . 51 × [ E IL ( au ) − −( E cation ( au ) + E anion ( au ) ) ]

here E IL is the electronic energy of the ionic liquid system and 

E cation + E anion ) is the energy sum of pure cation and anion. 

The electronic distribution in a molecule can be explored us- 

ng the molecular electrostatic potential (MESP) topography anal- 

sis based on the electrostatic potential index, V ( r ), [47] . The
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Scheme 2. The reactions leading to the synthesis of [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 DIL. 

Scheme 3. The reactions leading to synthesis of [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 DIL. 
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ESPs on the 0.001 au contours were calculated at the M06–2X/6- 

11 ++ G(d,p) level using the Multiwfn program [48] . 

. Results and discussion 

.1. Experimental results 

.1.1. Spectroscopic characterization of ILs 

The FT-IR and 

1 H NMR and 

13 C NMR spectra of the synthe- 

ized MILs and DILs were given as supplementary information 

n Figs. S1, S2 and S3, respectively. The [C 6 H 5 CH 2 DBU][OTF], 

C 6 H 5 CH 2 DBU][NTf 2 ], [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 and [p- 

 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] ILs were characterized by 1 H NMR, 13 C 

MR and FT-IR as follows: 

The selected data of [C 6 H 5 CH 2 DBU][OTF] : Pale yellow oil; 1 H 

MR (DMSO-d 6 , 500 MHz), δH ppm: 7.42 (2H, t, J 7.6 Hz, Ar-H), 

.34 (1H, t, J 7.2 Hz, Ar-H), 7.29 (2H, d, J 7.6 Hz, Ar-H), 4.85 (2H, s,

H 2 ), 3.67 (2H, s, CH 2 ), 3.55 (2H, t, J 5.4 Hz, CH 2 ), 3.48 (2H, t, J 5.2

z, CH 2 ), 2.88-2.86 (2H, m, CH 2 ), 2.05-2.00 (2H, m, CH 2 ), 1.65-1.62

4H, m, 2CH 2 ), 1.50 (2H, br s, CH 2 ); 
13 C NMR (DMSO-d 6 ) δ ppm:

66.7, 135.5 (2C), 128.9, 127.7, 126.9, 71.4, 55.8, 54.2, 47.2, 27.7, 25.3, 

2.3, 19.4; FT-IR (KBr, cm 

−1 ): 2938, 2867, 1623, 1528, 1453, 1328. 

The selected data of [C 6 H 5 CH 2 DBU][NTf 2 ] : Pale yellow oil; 1 H

MR (DMSO-d 6 , 500 MHz), δH ppm: 7.41 (2H, t, J 7.6 Hz, Ar-H), 

.34 (1H, t, J 6.7 Hz, Ar-H), 7.29 (2H, d, J 7.6 Hz, Ar-H), 4.85 (2H,

, CH 2 ), 3.68 (2H, s, CH 2 ), 3.55 (2H, t, J 5.7 Hz, CH 2 ), 3.48 (2H,

, J 5.7 Hz, CH 2 ), 2.89-2.87 (2H, m, CH 2 ), 2.05-2.00 (2H, m, CH 2 ),

.65-1.61 (4H, m, 2CH 2 ), 1.51 (2H, br s, CH 2 ); 
13 C NMR (DMSO-

 6 ) δ ppm: 166.7, 135.5 (2C), 128.9, 127.8, 126.6, 55.8, 54.2, 48.6, 

7.2, 27.7 (2C), 25.3, 22.3, 19.4; FT-IR (KBr, cm 

−1 ): 2937, 2867, 1624, 

528, 1453. 
4 
The selected data of [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 : White solid 

aste; 1 H NMR (DMSO-d 6 , 500 MHz), δH ppm: 7.33 (2H, s, Ar-H), 

.87 (2H, s, CH 2 ), 3.68 (2H, s, CH 2 ), 3.56 (2H, t, J 5.8 Hz, CH 2 ), 3.48

2H, t, J 5.3 Hz, CH 2 ), 2.89-2.86 (2H, m, CH 2 ), 2.05-2.00 (2H, m,

H 2 ), 1.66 (4H, br s, 2CH 2 ), 1.50 (2H, br s, CH 2 ); 
13 C NMR (DMSO-

 6 ) δ ppm: 166.7, 162.3, 135.2, 127.2, 55.4, 54.2, 48.7, 47.2, 27.7 

2C), 25.3, 22.3, 19.4; FT-IR (KBr, cm 

−1 ): 2939, 2872, 1659, 1619, 

527, 1443, 1327. 

The selected data of [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 : White powder; 
 H NMR (DMSO-d 6 , 500 MHz), δH ppm:7.32 (2H, s, Ar-H), 4.86 (2H, 

, CH 2 ), 3.68 (2H, s, CH2), 3.55 (2H, t, J 5.7 Hz, CH 2 ), 3.46 (2H, t, J

.4 Hz, CH 2 ), 2.87-2.85 (2H, m, CH 2 ), 2.05-2.00 (2H, m, CH 2 ), 1.66

4H, br s, 2CH 2 ), 1.50 (2H, br s, CH 2 ); 
13 C NMR (DMSO-d 6 ) δ ppm:

66.7, 135.2, 127.1, 120.8, 55.4, 54.2, 48.7, 47.2, 27.7 (2C), 25.3, 22.3, 

9.4; FT-IR (KBr, cm 

−1 ): 2939, 2861, 1631, 1533, 1445, 1334. 

The chemical shifts of the CH 2 group between DBU and phenyl 

ings were used for the characterization of the MILs and DILs. The 

hemical shifts of the CH 2 group is 3.67, 4.86, 3.68 and 4.86. As 

an be seen, the chemical shift of the CH 2 group of the ILs for 

he [OTF] − anion is smaller than [NTf 2 ] 
− ones, indicating that the 

trength of the interaction is further affected by the variation of 

he anions type rather than the cations type. 

.1.2. Thermogravimetric analysis 

Thermal stability as an important property of ILs depends on 

he type of anion and cation [49] . The thermal stability of both 

icationic ionic liquids and the corresponding monocationic ionic 

iquids ([p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 ,

C 6 H 5 CH 2 DBU][OTF] and [C 6 H 5 CH 2 DBU][NTf 2 ]) were evaluated 

y TGA and DSC that their spectra were shown in Fig. 2 . The

ecomposition temperature (T d ) of the new ionic liquids involves 

wo stages within the temperature range of 400–545 °C. The TGA 
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Fig. 2. (a) TGA and (b) DSC curves for [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 DIL, [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 DIL, [C 6 H 5 CH 2 DBU][OTF] MIL and [C 6 H 5 CH 2 DBU][NTf 2 ] MIL. 
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urve of the ILs shows that the first stage from weight-loss to the 

ain decomposition stage can be attributed to the evaporation 

f absorbed water by the samples exposed to humidity. The 

rst stage of weight loss of mono and dicationic ionic liquids 

ontaining the [OTF] − anion occurs over a wider temperature 

ange and shows that the weight loss in these ILs is greater than 

onic liquids containing the [NTf 2 ] 
− anion. The initial weight-loss 

n the DSC curve of the ionic liquids represents an endothermic 

rocess in the range of 90–95 °C, which is related to the evapo- 

ation of adsorbed water molecules by the above samples. Main 

ecomposition temperature (T d ) of the ILs is initiated at 400, 420, 

10 and 450 °C for [C 6 H 5 CH 2 DBU][OTF], [C 6 H 5 CH 2 DBU][NTf 2 ],

p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 and [p-C 6 H 4 (CH 2 DBU) 2 ] [NTf 2 ] 2 ILs,

espectively, that indicating T d is highly dependent on the nature 

f the constructive anions of the ionic liquids. Certainly, many 

orces such as hydrogen bonds, van der Waals forces and ion-ion 

nteraction affect the thermal stability of the ionic liquids. The 

ype of anion and its orientation relative to the cation affect the 

ecomposition temperature of the ILs. 

As can be seen, ILs containing the [NTf 2 ] 
− anion are more 

table than the others. DSC curve of the four [C 6 H 5 CH 2 DBU][OTF], 

C 6 H 5 CH 2 DBU][NTf 2 ], [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 and [p-C 6 H 4 

CH 2 DBU) 2 ][NTf 2 ] 2 ionic liquids indicate two peaks that the first 

s in the range of 90–95 °C and the second is in the range of

45–550 °C. As can be seen, the intensity of the peaks in the 

ange of 90–95 °C for [C 6 H 5 CH 2 DBU][OTF] ionic liquid is much 

igher than other ionic liquids. The second peak can be related to 

he thermal decomposition of the ionic liquids. 

.2. Quantum mechanic results 

.2.1. Electrostatic potential (ESP) maps 

The ESP map is a very useful descriptor in understanding 

lectrophilic and nucleophilic attacks in chemical reactions. It 

an be used to recognize regions of local negative and positive 

otentials in a molecule and to explain the intermolecular interac- 

ions between polar species. In this paper, the interaction between 

ation and anion were studied. The possible interaction sites 

round [p-C 6 H 4 (CH 2 DBU) 2 ] 
2 + dications and [C 6 H 5 −CH 2 DBU] + 

onocation that [OTF] − and [NTf 2 ] anions are approaching 

an be characterized from electrostatic potential ESP maps. 

hese maps display the variably charged regions of a molecule. 
5 
ig. 3 displays the ESP maps of the free anions and cations 

f [p-C 6 H 4 −(CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 −(CH 2 DBU) 2 ][NTf 2 ] 2 ,

C 6 H 5 −CH 2 DBU][OTF] and [C 6 H 5 −CH 2 DBU][NTf 2 ] ILs assessed 

t M06-2X/6-311 ++ G(d,p) level of theory, where the red- 

olored surfaces represent the negative electrostatic potential 

nd the blue-colored surfaces signify the positive one. As can 

e observed in Fig. 3 , all regions around [C 6 H 5 −CH 2 DBU] + and

p-C 6 H 4 (CH 2 DBU) 2 ] 
2 + cations have positive electrostatic poten- 

ial. Because of darker blue-colored surface, the positive charge 

istributions were mostly located on N1, C7, N8 atoms (sur- 

ace map value = 0.1402, 0.1267 and 0.1321) and C-H bonds of 

C 6 H 5 −CH 2 DBU] + cation as well as on N1 (N1 ′ ), N8 (N8 ′ ), C7 (C7 ′ )
toms (surface map value = 0.2043 (0.1892), 0.1880 (0.1959) and 

.2081 (0.1954)) and C-H (C 

′ −H 

′ ) bonds of [p-C 6 H 4 (CH 2 DBU) 2 ] 
2 + 

ications. A negative charge concentration was seen over the oxy- 

en atoms of [OTF] − and [NTf 2 ] 
− anions, respectively, as indicated 

y the red color. According to ESP maps, the main interactions can 

e occurred between the O atoms of [OTF] − and [NTf 2 ] 
− anions 

nd positive regions of the cations (N1 (N1 ′ ), N8 (N8 ′ ), C7 (C7 ′ )
toms and C-H (C 

′ −H 

′ ) bonds). So, the hydrogen bonds can be 

ormed between the O atoms of [OTF] − and [NTf 2 ] 
− anions and 

–H (C 

′ −H 

′ ) bonds of the cations. 

The value of ESP minimum (V min ) in a non-covalent bind- 

ng interaction is a useful parameter showing the shift of 

lectron density from one atom to another. V min in the 

SP topography provides a quantitative interpretation of 

he basic strength and position of the lone pair. Magni- 

ude of the sum of V min values for O atoms of anions in- 

olved in interaction with the dication and monocation in 

he [p-C 6 H 4 −(CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 −(CH 2 DBU) 2 ][NTf 2 ] 2 ,

C 6 H 5 −CH 2 DBU][OTF] and [C 6 H 5 −CH 2 DBU][NTf 2 ] ILs is -134.7 

 −118.5), −108.2 ( −99.5), −130.5 and −111.6 kcal mol −1 , re- 

pectively. Its value for O atoms of isolated anions [OTF] − and 

NTf 2 ] 
− is −364.7 and −339.1 kcal mol −1 . Thus, it is estimated 

hat the strength of the interaction is different in the DILs 

nd MILs formed by [OTF] − and [NTf 2 ] 
− anions. The change in 

um of V min of O atoms involved in interaction with cations 

or [p-C 6 H 4 −(CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 −(CH 2 DBU) 2 ][NTf 2 ] 2 ,

C 6 H 5 −CH 2 DBU][OTF] and [C 6 H 5 −CH 2 DBU][NTf 2 ] ILs are 476.1 

230.0 and 246.1 for two anion), 470.6 (231.0 and 239.7 

or two anion), 234.2 and 227.6 kcal mol −1 , respectively, 
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Fig. 3. The optimized structures and electrostatic potentials calculated at the M06-2X/6311 ++ G(d,p) level of theory and mapped on to the 0.001 electron density isosurface 

for free [p-C 6 H 4 (CH 2 DBU) 2 ] 
2 + dication, [C 6 H 5 CH 2 DBU] + monocation, [OTF] − and [NTf 2 ] 

− anions in the gas phase. 

Table 1 

Change in zero-point energy ( �ZPVE), basis set superposition error (BSSE), Electronic interac- 

tion energy ( �E), corrected electronic interaction energy ( �E c ) deformation energy (E def ) dis- 

persion energy (E disp ) (kcal mol −1 ) of ILs calculated at M06–2X/6311 ++ G(d,p) level of theory. 

Structure �ZPVE BSSE �E �E c E def E disp 

[p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 3.19 7.46 −218.82 −214.08 4.89 −5.91 

[p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 3.08 11.13 −206.51 −199.76 6.18 −7.45 

[C 6 H 5 CH 2 DBU][OTF] 1.47 3.33 −90.27 −88.29 2.44 −2.82 

[C 6 H 5 CH 2 DBU][NTf 2 ] 1.47 5.39 −85.27 −82.21 2.28 −3.81 

�E = E elec(DIL )- (E elec(Dication ) + 2E elec(Anion) ). 

�E c = �E + BSSE + �ZPVE + E Dispersion . 

E def = E dicat(DIL ) + E ani(DIL ) + E ani ′ (DIL ) – (E dicat(free) + 2E ani(free) ). 
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howing that the shift of electron density in the [OTF] − an- 

on is more than [NTf 2 ] 
− anion when anions interact with 

ations in the DILs and MILs. The most stable structures of 

he DILs and MILs obtained from the interaction between 

ations ([p-C 6 H 4 (CH 2 DBU) 2 ] 
2 + and [C 6 H 5 (CH 2 DBU)]) and an- 

ons ([OTF] − and [NTf 2 ] 
−) are shown in Fig. 4 . This figure

hows that [OTF] − and [NTf 2 ] 
− anions locate above and 

early perpendicular to seven-membered rings of cations 

n [p-C 6 H 4 −(CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 −(CH 2 DBU) 2 ][NTf 2 ] 2 ,

C 6 H 5 −CH 2 DBU][OTF] and [C 6 H 5 −CH 2 DBU][NTf 2 ] ILs. 

.2.2. Interaction energies 

The physicochemical properties of ILs are always related 

o the intermolecular interactions between anion and cation. 

he ions type and their possible configurations can have 

any effects on the interaction energy and physicochem- 

cal properties of the ILs [ 50–58 ]. The interaction energy 

 �E) of [p-C 6 H 4 −(CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 −(CH 2 DBU) 2 ][NTf 2 ] 2 ,

C H −CH DBU][OTF] and [C H −CH DBU][NTf ] ILs corrected by 
6 5 2 6 5 2 2 

6 
he BSSE and ZPVE terms in the gas phase are reported in Table 1 .

ince the interactions between the anions ([OTF] − and [NTf 2 ] 
−) 

nd cations ([p-C 6 H 4 (CH 2 DBU) 2 ] 
2 + and [C 6 H 5 (CH 2 DBU)]) of the

ILs and MILs are influenced by van der Waals interactions, thus 

nteraction energies were corrected by the inclusion of empirical 

ispersion at GD3-M06-2X/6-311 ++ G(d,p) level of theory. 

As can be seen in Table 1 , electronic interaction ener- 

ies ( �E c ) corrected by dispersion, BSSE and ZPVE for [p- 

 6 H 4 −(CH 2 DBU) 2 ][OTF] 2 and [p-C 6 H 4 −(CH 2 DBU) 2 ][NTf 2 ] 2 DILs are

214.1 and −199.8 kcal mol −1 and those of [C 6 H 5 −CH 2 DBU][OTF] 

nd [C 6 H 5 −CH 2 DBU][NTf 2 ] MILs are −88.3 and −82.2 kcal mol −1 

t M06-2X/6-311 ++ G(d,p) level of theory. Based on the �E c , the 

ollowing order can be obtained for strength of the cation-anion 

nteractions in the studied ILs: [p-C 6 H 4 −(CH 2 DBU) 2 ][OTF] 2 > [p- 

 6 H 4 −(CH 2 DBU) 2 ][NTf 2 ] 2 > [C 6 H 5 −CH 2 DBU][OTF] > [C 6 H 5 −CH 2 

BU][NTf 2 ]. 

Comparison between the interaction energies of the [p- 

 6 H 4 (CH 2 DBU) 2 ]-based DILs and [C 6 H 5 −CH 2 DBU] based MILs 

hows that the magnitude of interaction energy for the DILs is 
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Fig. 4. The optimized structures at the M06-2X/6311 ++ G(d,p) level of theory for [C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 , [C 6 H 5 CH 2 DBU][OTF] and 

[C 6 H 5 CH 2 DBU][NTf 2 ] ILs in gas phase. 
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reater than the MILs and is much greater than twice the val- 

es obtained for the MILs at M06-2X/6-311 ++ G(d,p) level of the- 

ry. The strong electrostatic attractions between the dication [p- 

 6 H 4 (CH 2 DBU) 2 ] 
2 + and the anions may be responsible for the 

igher melting point and thermal stability of the DILs. 

Owing to the structures of the cations and anions change 

pon ionic liquids formation, deformation energies (E def ) 

f [p-C 6 H 4 −(CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 −(CH 2 DBU) 2 ][NTf 2 ] 2 ,

C 6 H 5 −CH 2 DBU][OTF] and [C 6 H 5 −CH 2 DBU][NTf 2 ] ILs are calcu- 

ated and given in Table 1 . 

The deformation energy (E def ) in the DILs is calcu- 

ated by equation: E def = E dicat(DIL) + E ani(DIL) + E ani ′ (DIL) –

E dicat(free) + 2E ani(free) ), where the E dicat(DIL) and E anion(DIL) are, 

espectively, energy of dication and anion in the structure of 

ptimized DIL in absence of anion and dication, and E dicat,anion(free) 

s the energy of free optimized ions. As can be seen, the E def for

p-C 6 H 4 −(CH 2 DBU) 2 ][OTF] 2 and [p-C 6 H 4 −(CH 2 DBU) 2 ][NTf 2 ] 2 DILs 

4.9 and 6.2 kcal mol −1 ) are more than [C 6 H 5 −CH 2 DBU][OTF] and

C 6 H 5 −CH 2 DBU][NTf 2 ] MILs (2.4 and 2.3 kcal mol −1 ). 

.2.3. Interaction Gibbs free energy and solvation energy in water 

Gibbs free energy of solvation and the Gibbs free interaction en- 

rgy of [p-C 6 H 4 −(CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 −(CH 2 DBU) 2 ][NTf 2 ] 2 ,

C 6 H 5 −CH 2 DBU][OTF] and [C 6 H 5 −CH 2 DBU][NTf 2 ] ILs in solvent 

edia were calculated in the water media using COSMO-RS 
7 
ethod at M06–2X/6-311 ++ G(d,p) level of theory using optimized 

tructures obtained in the gas phase. Besides, the Gibbs free inter- 

ction energies were calculated in the gas phase. 

The non-electrostatic ( �G ̊nonelc ) and electrostatic ( �G ̊elc ) con- 

ributions to the Gibbs free energy of solvation ( �G 

°
solv ), change in 

ibbs free energy of solvation upon ion pair formation ( ��G 

°
solv ), 

nteraction Gibbs free energy of the ILs in the gas phase ( �G 

°
g )

nd interaction Gibbs free energy of the ILs in water solution 

 �G 

°
sol ) are listed in Table 2 . 

These results reveal that the non-electrostatic contribution 

o the �G 

°
solv for the ILs in water is positive and the 

on-electrostatic contributions to �G 

°
solv is more positive for 

he ILs including [NTf 2 ] 
− anion. The electrostatic contribu- 

ion to �G 

°
solv is mainly responsible for the changes of rel- 

tive energies. The order of �G 

°
solv values in water is as: 

p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 > [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 > [C 6 H 5 -

H 2 DBU][OTF] > [C 6 H 5 -CH2DBU][NTf 2 ]. The value of �G 

°
solv is a 

easure of the strength of the interaction between solute and sol- 

ent. Therefore, it is expected that �G 

°
solv be greater for the DILs 

nd MILs having [OTF] − anion. 

The calculated dipole moment values of the ILs in 

oth gas and water phases are 19.11 and 25.25 De- 

ye in [p-C 6 H 4 −(CH 2 DBU) 2 ][OTF] 2 , 20.36 and 26.91 De- 

ye in [p-C 6 H 4 −(CH 2 DBU) 2 ][NTf 2 ] 2 , 10.27 and 12.83 De- 

ye in [C H −CH DBU][OTF] and 11.37 and 14.37 Debye in 
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Table 2 

The solvation energies ( �E solv = E elec (solvent) − E elec (gas)), the electrostatic �G °elc , and non-electrostatic, 

�G °noelc , contributions to the Gibbs free energy of solvation, �G °solv , change in Gibbs free energy of solvation, 

��G °solv of the studied ILs at M06–2X/6311 ++ G(d,p) level using COSMO-RS method in water and also interac- 

tion Gibbs free energy of the ILs in the gas phase and water solution, ( �G ̊g and �G °sol ) calculated at M06-2X/6–

311 ++ G(d,p) level of theory. All energies are in kcal mol −1 . 

IL �E solv �G ̊elc �G ̊nonelc �G ̊solv ��G ̊solv �G ̊g �G ̊sol 

[p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 −37.51 −46.07 29.25 −16.82 200.47 −183.45 17.02 

[p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 −38.35 −46.85 37.41 −9.44 185.95 −168.35 17.60 

[C 6 H 5 CH 2 DBU][OTF] −20.90 −24.60 17.12 −7.48 82.88 −73.68 9.20 

[C 6 H 5 CH 2 DBU][NTf 2 ] −20.88 −24.38 21.29 −3.09 76.32 −66.75 9.57 

Fig. 5.. (a) The correlation between ��G °solv and �E c , (b) The relationship between ��G °solv and �G °g of [C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 , 

[C 6 H 5 CH 2 DBU][OTF] and [C 6 H 5 CH 2 DBU][NTf 2 ] ILs in gas and water phases at M06-2X/6-311 ++ G(d,p) level of theory. 
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C 6 H 5 −CH 2 DBU][NTf 2 ] at M06-2X/6-311 ++ G(d,p) level of theory. 

he order of magnitude of the dipole moment in both phases is 

p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 > [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 > [C 6 H 5 -

H2DBU][NTf 2 ] > [C 6 H 5 -CH 2 DBU][OTF] and the dipole moment of 

he DILs is more than those of MILs. 

As can be seen in Table 2 , the values of ��G 

°
solv for 

cation + anion → ionic liquid) process in water are positive and 

ncreases as �E c of the ILs increases. Consequently, there is a 

orrelation between ��G 

°
solv and �E c in water ( Fig. 5 (a)). The 

elationship between �G 

°
g ( �G c ) and ��G 

°
solv is depicted in 

ig. 5 (b). It is obvious from Fig. 5 (b) that an increase in the ab-

olute value of �G 

°
g is accompanied by an increase in ��G 

°
solv . 

t is predicted that the nonspecific interactions between water and 

ons are notably more effective than with the ILs. In order to an- 

lyze the consequence of these results, we have also calculated 

he Gibbs free interaction energy of the DILs and MILs in wa- 

er ( �G 

°
sol ). The �G 

°
sol of the ILs in water was calculated ac-

ording to the relation of �G 

°
sol = ��G 

°
solv + �G 

°
g , where the 

�G 

°
solv = �G 

°
solv, I L − ��G 

°
solv,Ions . The results show that the 

ibbs free interaction energy of the ILs drastically diminishes with 

he polarity of solvent: for example, from -183.45 kcal mol −1 for 

p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 in the gas phase to 17.02 kcal mol −1 in

ater. From �G 

°
sol values given in Table 2 , it is found that all

G 

°
sol values are positive, indicating that the degree of association 

f ions decreases on going from gas phase to liquid solution phase. 

n fact, the ILs are scarcely associated in water. Based on the equa- 

ion given above, the value of �G 

°
sol depends on both ��G 

°
solv 

nd �G 

°
g . In fact, since the absolute value of �G 

°
g is negative and

maller than ��G 

°
solv , �G 

°
sol values for the ILs become positive. 

herefore, the results show that the formation of the ILs in the 

olution phase of water is not a spontaneous process. It should be 
8 
lso noted that the �G 

°
sol value of the ILs decreases on going from 

ILs to MILs. Therefore, as expected, ionic association of the ILs de- 

reases in water. 

The solvation energies of [p-C 6 H 4 −(CH 2 DBU) 2 ][OTF] 2 , 

p-C 6 H 4 −(CH 2 DBU) 2 ][NTf 2 ] 2 , [C 6 H 5 −CH 2 DBU][OTF] and 

C 6 H 5 −CH 2 DBU][NTf 2 ] ILs calculated in water media accord- 

ng to equation �E solv = E elec (solvent) − E elec (gas) are listed 

n Table 2 . As can be seen, �E solv for the ILs in water is neg-

tive, showing that the solvation process of ILs is energetically 

avorable. The �E solv values range between −20.88 kcal mol −1 

or [C 6 H 5 −CH 2 DBU][NTf 2 ] MIL and −38.35 kcal mol −1 for [p- 

 6 H 4 −(CH 2 DBU) 2 ][NTf 2 ] 2 DIL in water. As can be seen, the 

olvation energies in water for the DILs are larger than those 

alculated in the MILs and the ILs including [NTf 2 ] 
− anion have 

reater solvation energy. The relationship between �E solv and �E c 
s depicted in Fig. 6 . It is obvious from Fig. 6 that an increase in

he value of �E c is accompanied by an increase in �E solv . 

The macroscopic properties such as melting point, critical tem- 

erature, enthalpy of vaporization and electrical conductivity can 

e mainly characterized by the strength of intermolecular interac- 

ions between cations and anions of the ILs [ 59–61 ]. Researchers in 

ecent years reported the relationships between the interaction en- 

rgy of ILs and their macroscopic parameters [ 62–65 ]. The results 

evealed that the increase in the interaction energy is accompanied 

y an increase in the melting points, critical-point temperature and 

nthalpy of vaporization of the ILs. Accordingly, it can be predicted 

hat the melting point, critical-point temperature and enthalpy 

f vaporization of studied ILs decreases in the following order: 

p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 > [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 > [C 6 H 5 -

H 2 DBU][OTF] > [C 6 H 5 -CH 2 DBU][NTf 2 ]. From the comparison 

f the interaction energies of the ILs, it can be suggested 
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Fig. 6. The relationship between �E solv and �E c of [C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 , [p- 

C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 , [C 6 H 5 CH 2 DBU][OTF] and [C 6 H 5 CH 2 DBU][NTf 2 ] ILs in gas 

and water phases at M06-2X/6-311 ++ G(d,p) level of theory. 

t

t

C  

a

c

t

t

c

t

i

e

t

(

i

d

a

t

i  

[  

−
f

t

b

l

i

4

s

(

[  

i  

w

e

a

i

l

r

C

t

i

N

c

a

(

(

o

[

a

a

o

t

T

[  

0

d

a

i

b

s

l

i

[

o

p

a  

[  

T

a

t

m

d

a  

[  

1  

a

i

e

b

i

w

a

4

s

T

t

i

I

t

p

c

b

i

[

o

u  

[

l

a

o

l

hat the melting points, critical-point temperature and en- 

halpy of vaporization of [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 and [p- 

 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 DILs is greater than [C 6 H 5 -CH 2 DBU][OTF]

nd [C 6 H 5 -CH 2 DBU][NTf 2 ] MILs. 

Also, it is predicted that the electrical conductivity of ILs de- 

reases as the interaction energy increases. The ionic associa- 

ion leads to a reduction of the number of ions in the solu- 

ion phase that is responsible for the reduction of the electri- 

al conductivity of the solution. Moreover, the electrical conduc- 

ivity of ILs can be affected by the relative basicity of the an- 

ons and their ability to form hydrogen bond interactions. Bernard 

t al. [66] and Panic et al. [67] discovered a linear correla- 

ion between the dispersion component of the binding energy 

DCBE) and transport properties such as conductivity and viscos- 

ty of mentioned ILs. The greater the DCBE, the smaller is con- 

uctivity and the greater is viscosity. Therefore, dispersion inter- 

ctions have a more significant effect on the transport proper- 

ies of ILs. The calculated dispersion energy component of bind- 

ng energy for [C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 ,

C 6 H 5 CH 2 DBU][OTF] and [C 6 H 5 CH 2 DBU][NTf 2 ] ILs are −5.91, −7.45,

2.82 and −3.81 kcal mol −1 , respectively. Based on correlation 

ound between DCBE and transport properties, it can be concluded 

hat viscosity of NTf 2 
− based ILs is greater than OTF − based ones, 

ecause of greater size of NTf 2 
− anion. In addition, there is a corre- 

ation between thermal stability and dispersion energy; the greater 

s dispersion energy, the greater is thermal stability. 

.2.4. Geometrical structures 

In this section, the structural parameters of the most 

table configuration of the DILs and MILs based on DBU 

[p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 DIL, [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 DIL, 

C 6 H 5 CH 2 DBU][OTF] MIL and [C 6 H 5 CH 2 DBU][NTf 2 ] MIL) are stud-

ed, as are shown in Fig. 4 . The structure and size of anions as

ell as their possible arrangements around the cations have many 

ffects on the structure of the MILs and DILs. In the studied MILs 

nd DILs, anions lie above the DBU rings and through heteroatoms 

nteract with the C −H bonds of the dication and monocation. 

The optimization structural parameters show that the 

ength of the N8-C12 bond between CH 2 group and DBU 

ing in [C 6 H 5 CH 2 DBU] decreases upon MIL formation. In [p- 

 6 H 4 (CH 2 DBU) 2 ] 
2 + dication, N8-C12 bond length is 1.469 Å 

hat decreases to 1.467 in [p-C H (CH DBU) ][OTF] DIL and 
6 4 2 2 2 

9 
ncreases to 1.471 Å in [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 DIL, whereas 

8 ′ -C12 ′ bond length in the dication increases from 1.475 Å in 

ation to 1.483 and 1.484 Å in both [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 
nd [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 DILs. The C2–H19 (C2 ′ –H19 ′ ), 
C3 ′ –H21 ′ ), C5–H25, C6–H27 (C6 ′ –H27 ′ ), C9–H29 and C11–H33 

C11 ′ –H33 ′ ) bonds of DBU rings, the C12–H35 (C12 ′ –H35 ′ ) bond 

f the CH 2 group and C14 ′ –H37 ′ bond of the phenyl group in 

p-C 6 H 4 (CH 2 DBU) 2 ] 
2 + dication and [C 6 H 5 CH 2 DBU] + monocation 

re generally involved in interaction with three O atoms of [OTF] −

nd O, F and N atoms of [NTf 2 ] 
− anions. The average value 

f C–H bond lengths ( < C −H > ) involved in H-bonding interac- 

ions decreases in the MILs and DILs upon complex formation. 

his decrease for [C 6 H 5 -CH 2 DBU][OTF], [C 6 H 5 -CH2DBU][NTf 2 ], 

p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 and [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 ILs is

.0 02, 0.0 01, 0.0 02 and 0.0 01 Å, respectively, indicating that the 

ecrease for ILs composed of OTF − anion is greater than NTf 2 
−

nion. Based on decrease in C–H bond lengths upon interaction, an 

mproper (blue-shifting hydrogen bonding) H-bonding is formed 

etween ions in these ILs. In the improper H-bonding C–H bond is 

trengthened and its bond length is shortened. The C12–H35 bond 

ength and C12–H35 (C12 ′ –H35 ′ ) bond lengths of the CH 2 group 

ncrease, respectively, with formation of the MIL and DIL including 

NTf 2 ] 
− anion, whereas this bond length decreases with formation 

f [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 DIL and [C 6 H 5 -CH 2 DBU][OTF] MIL. 

The values of H-bonding distance, C–H ���X, and angle between 

roton donors of cations and heteroatoms of anions as proton 

cceptors in [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 ,

C 6 H 5 CH 2 DBU][OTF] and [C 6 H 5 CH 2 DBU][NTf 2 ] ILs are listed in

able 3 . 

As can be seen in Table 3 , H-bonding distance of C9H29 ���O40 

nd C12H35 ���O41 in all ILs smaller than other ones. These 

wo C–H bonds are directly connected to N8 atom of six- 

embered ring of cation. The average values for H-bonding 

istances and H-bonding angles of bonds involved in inter- 

ction for [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 ,

C 6 H 5 CH 2 DBU][OTF] and [C 6 H 5 CH 2 DBU][NTf 2 ] ILs are (2.441 Å and

25.0 °), (2.467 Å and 129.0 °), (2.450 Å and 124.9 °) and (2.469 Å

nd 128.1 °), respectively, The C–H ���X bond angles are bent from 

deal 180 ° to satisfy the boundary conditions required by the co- 

xistence of different C–H ���X H-bonding. As can be seen, the H- 

onding distance as well as angle for ILs containing [OTF] − anion 

s lower than those of [NTf 2 ] 
− anion which is in good agreement 

ith the greater interaction energy obtained for ILs having [OTF] −

nion. 

.2.5. Electrochemical window (ECW) 

Ionic liquids are generally used as an electrolyte so it is neces- 

ary to determine the electrochemical stability of the studied ILs. 

he electrochemical stability of an ionic liquid is determined by 

he width of the Electrochemical window (ECW), the voltage range 

n which the ionic liquid is electrochemically inert. The ECW of 

Ls depends mostly on the resistance of the cation against reduc- 

ion and the resistance of the anion against oxidation. For this pur- 

ose, the ECW of the ionic liquids is experimentally evaluated with 

yclic voltammetry measurements. Also, the ECW of the ILs can 

e estimated from quantum chemical calculations using difference 

n energy levels of HOMO of the anion and LUMO of the cation 

 68 , 69 , 70 , 71 ]. 

The HOMO and LUMO energy levels, the potentials 

f cathodic (V CL ) and anodic limits (V AL ) and ECW val- 

es of [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 ,

C 6 H 5 CH 2 DBU][OTF] and [C 6 H 5 CH 2 DBU][NTf 2 ] ILs are also calcu- 

ated theoretically in solvent acetonitrile using COSMO-RS method 

t BVP86/TZVP level of theory (the experimentally ECW values 

f ILs is usually determined in solvent acetonitrile [72] ) that are 

isted in Table 4 . The results show that the LUMO and LUMO 
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Table 3 

The values of H-bonding distance ( ̊A) and angle ( °) between C–H bonds of cations as proton donors and heteroatoms of anions as proton acceptors in 

studied ILs. 

H-bonding [Cation][OTF] 2 distance(angle) [Cation][NTf 2 ] 2 distance(angle) [Cation][OTF] distance(angle) [Cation][NTf 2 ] distance(angle) 

C2H19 ���O42 2.372(127.3) 2.559(119.0) 2.386(126.5) 2.579(118.1) 

C5H25 ���O41 2.574(111.9) 2.595(108.4) 2.579(112.0) 

C5H25 ���O42 2.428(152.1) 2.506(146.3) 2.433(151.7) 2.489(145.8) 

C6H27 ���O41 2.563(101.7) 2.499(106.1) 2.589(101.5) 2.478(107.8) 

C9H29 ���O40 2.264(125.2) 2.233(141.9) 2.274(125.5) 2.250(141.4) 

C9H29 ���N39 2.694(124.6) 2.692(124.6) 

C11H33 ���O40 2.400(130.8) 2.452(131.0) 

C11H33 ���O42 2.662(118.9) 2.432(120.9) 2.626(119.4) 2.425(120.8) 

C12H35 ���O41 2.278(131.1) 2.263(132.0) 2.369(135.7) 

C12H36 ���O40 2.453(131.5) 2.467(130.3) 

C2 ′ H19 ′ ���O42 ′ 2.463(109.8) 2.304(135.0) 

C3 ′ H21 ′ ���O42 ′ 2.499(114.4) 

C3 ′ H21 ′ ���O41 ′ 2.485(149.6) 

C3 ′ H21 ′ ���N39 ′ 2.525(138.7) 

C6 ′ H27 ′ ���O40 ′ 2.362(123.3) 

C6 ′ H27 ′ ���O41 ′ 2.403(119.8) 

C9 ′ H29 ′ ���O40 ′ 2.226(127.2) 

C9 ′ H29 ′ ���O41 ′ 2.375(128.3) 

C11 ′ H33 ′ ���O40 ′ 2.416(125.8) 

C11 ′ H33 ′ ���O41 ′ 2.494(126.7) 

C11 ′ H33 ′ ���O42 ′ 2.244(129.8) 

C12 ′ H35 ′ ���O40 ′ 2.496(121.3) 

C14 ′ H37 ′ ���O40 ′ 2.385(107.8) 2.639(140.0) 

C14 ′ H37 ′ ���O41 ′ 2.644(147.0) 2.588(139.7) 

C14 ′ H37 ′ ���F43 ′ 2.403(139.5) 
a �< C-H > 0.002 0.001 0.002 0.001 
b < R H ���X ) > 2.441 2.467 2.451 2.469 
c < C-H ���X > 125.0 129.0 124.9 128.1 

a The change in average value of C-H bond lengths. 
b The average values of H-binding distances. 
c The average values of H-binding angles. 

Table 4 

The HOMO and LUMO energy level of isolated dication, cation and anions, the 

cathodic and anodic limit potentials (V CL and V AL ) and electrochemical window 

(ECW) of [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 , [C 6 H 5 CH 2 DBU][OTF] 

and [C 6 H 5 CH 2 DBU][NTf 2 ] ILs are theoretically calculated by COSMO-RS method at 

BVP86/TZVP level of theory in acetonitrile solvent. 

Ions dication cation [OTF] − [NTf 2 ] 
−

E HOMO /eV −6.92 −6.03 −6.38 −7.02 

E LUMO /eV −2.81 −1.57 0.88 −0.48 

IE/eV 6.92 6.03 6.38 7.02 

EA/eV 2.81 1.57 −0.88 0.48 

ILs [cation][OTF] 2 [cation][NTf 2 ] 2 [cation][OTF] [cation][NTf 2 ] 

V AL /V 6.38 6.92 6.03 6.03 

V CL /V 2.81 2.81 1.57 1.57 

ECW/V 3.58 4.12 4.46 4.46 

V AL = −E HOMO /e 
− = V AL 

CPCM = min (V AL,C 
CPCM , V AL , A 

CPCM ). 

V CL = −E LUMO /e 
− = V CL 

CPCM = max (V CL,C 
CPCM , V CL , A 

CPCM ). 

ECW = V AL − V CL . 

e
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c

[

nergy levels of the dication and monocations solely determines 

he resistance of [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 , [C 6 H 5 CH 2 DBU][OTF]

nd [C 6 H 5 CH 2 DBU][NTf 2 ] ILs against reduction and oxidation. 

he cathodic stability of [p-C 6 H 4 (CH 2 DBU) 2 ] 
2 + dication (2.81 V) 

gainst reduction is more than [C 6 H 5 CH 2 DBU] + moncation (1.57 V) 

n acetonitrile solvent. Comparison of HOMO energy of the anions 

ith HOMO energy of the cations in [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 ,

C 6 H 5 CH 2 DBU][OTF] and [C 6 H 5 CH 2 DBU][NTf 2 ] ILs shows that an-

dic stabilities can be characterized by the corresponding dication 

nd monocation (6.92 and 6.03 V). In [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 
IL, the cathodic stability and anodic stability are deter- 

ined by [p-C 6 H 4 (CH 2 DBU) 2 ] 
2 + dication (2.81V) and [OTF] −

nion (6.38V). The anodic stability of the DILs and MILs 

re in the following order [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 > [p- 

 6 H 4 (CH 2 DBU) 2 ][OTF] 2 > [C 6 H 5 CH 2 DBU][OTF] ≈ [C 6 H 5 CH 2 DBU][NT

nd are in good agreement with those of calculated by Ong 

t al. and Özdemir et al. [ 73 , 74 ]. The ECW values calcu-
 t

10 
ated for [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 , [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 ,

C 6 H 5 CH 2 DBU][OTF] and [C 6 H 5 CH 2 DBU][NTf 2 ] ILs are 3.58, 4.12,

.46 and 4.46 V in acetonitrile solvent. The ECW values of 

C 6 H 5 CH 2 DBU][OTF] and [C 6 H 5 CH 2 DBU][NTf 2 ] MILs is the same. 

nspection of ECW values reveals a correlation between V AL and 

CW values. The electrochemical windows of the DIL containing 

NTf 2 ] 
− anion is more than [OTF] − anion. The ECW values of the 

ILs are more than those of corresponding DILs. Therefore, MILs 

re the most stable ILs while [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 DIL is the

east stable one among the ILs examined in this work. 

. Conclusions 

In this work, new class of DBU-based dication ionic liquids 

onsist of the [p-C 6 H 4 (CH 2 DBU) 2 ] 
2 + dication and [OTF] − and 

NTf 2 ] 
− anions and corresponding mono ionic liquids were syn- 

hesized and identified. The obtained ILs are characterized by 
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 H-NMR, 13 C-NMR, and FT-IR spectroscopy. The thermal decom- 

osition of [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 , [p-C 6 H 4 (CH 2 DBU) 2 ][OTF] 2 ,

C 6 H 5 −CH 2 DBU][NTf 2 ] and [C 6 H 5 −CH 2 DBU][OTF] ILs are measured 

sing thermogravimetric (TGA) analyses and differential scanning 

alorimetry (DSC) in the temperature range from 25 to 800 °C. 

he thermal behavior confirmed that the DILs and MILs including 

NTf 2 ] 
− are more stable than the DILs and MILs including [OTF] −. 

he [p-C 6 H 4 (CH 2 DBU) 2 ][NTf 2 ] 2 DIL shows good thermal stability 

p to 435 °C which makes them suitable for thermal application. 

he structural characteristics and interactions energies of the DILs 

nd MILs were investigated at M06-2X/6-311 ++ G(d,p) level of the- 

ry. Among the studied DILs and MILs, ILs including [OTF] − an- 

on have stronger hydrogen bonds than those having [NTf 2 ] 
− an- 

ons and in turn have the greater interaction energy. From the 

alculated interaction energies ( �G g ) of the DILs and MILs it can 

e estimated that the thermal stability of the DILs is more than 

ILs with the same anion. From the corrected interaction energy 

 �E c ) values, it can predicted that the melting point and enthalpy 

f vaporization of the DILs increases as the �E c increases. It is 

ound a direct correlation between dispersion energy and viscos- 

ty as well as thermal stability of ILs. The ECW values calculated 

f [C 6 H 5 CH 2 DBU][NTf 2 ] and C 6 H 5 CH 2 DBU][OTF] MLs is more the

orresponding DILs. 
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