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The synthesis of chelated ruthenium(II) complex type Ru(η 6 -HMB)(NHC)Cl (NHC=Nheterocyclic carbene, HMB=hexamethylbenzene) is presented. The ruthenium(II)-NHC complex 6 was obtained in good yield and was fully characterised by NMR spectroscopy, Xray diffraction and HRMS analysis. Electrochemical analysis by cyclic voltammetry (CV) revealed reversible redox behaviour at the ruthenium centre in 6. DFT studies and the catalytic activity of complex 6 on transfer hydrogenation reaction of aryl ketones are also presented. The potential hybrid capacitor applications of Ru-NHC complex is discussed and reported firstly in the literature. It was found that the highest performance was found at 20.1 F/g, which is a promising result for energy storage applications.

Introduction

N-heterocyclic carbenes (NHCs) have become a widely used as a class of complexes in different areas such as transition metal catalysis [START_REF]From Laboratory Curiosities to Efficient Synthetic Tools[END_REF], organocatalysis [2], biochemistry and medicine [3]. They are seen as an alternative to phosphine ligands, although their σ-donor property is more pronounced. This pronounced σ-donor property of NHC leads to more stable different transition metal ions at the centre of the molecule in the catalytic reaction, which does not readily undergo ligand dissociation [4]. Metal-carbon (M-C) bond stability may always be useful for catalytic activity, as many complexes carrying flexible NHC ligands combined with the robust nature of the M-NHC bond have been successfully used in high temperature required catalytic reactions [5][6][7][8]. Examples of ruthenium complexes (numbered 1-5 as seen in Figure 1), produced by chelating NHCs bearing oxygen [9,10], phosphorous [11,12], allyl [13], sulphur [14] and nitrogen [15][16][17][18][19][20][21][22][23][24][25][26] moieties, have been used successfully as catalysts for the transfer hydrogenation reaction. Peris and coworkers reported on rhodium and ruthenium complexes derived from an NHC ligand functionalised with a pendant alcohol [27]. In our case, a bidentate NHC-Ru(II) complex with a tethered carboxylate group was obtained by transmetallation of silver(I)-NHC to ruthenium(II) in dry dichloromethane (DCM). According to studies conducted by Peris et al., such complexes are formed as a result of in situ oxidation of the alcohol group. The results we reported in this study are consistent with this comment that Peris and his colleagues have done.

Compared to other imidazole functionalised NHC complexes, benzimidazole basedfunctionalised NHC ruthenium (II) complexes are still merit [28]. As far as we know, complex 6 in Figure 1 is the first example of a benzimidazole-based carboxylate donor functionalised NHC ruthenium(II) complex. In addition to the unique catalytic properties of N-heterocyclic carbenes, In addition to the catalytic activities of the NHCs, it is possible to have hybrid capacitor capability. Thus, they may be used on the energy storage devices . Hybrid capacitors consist of electrodes and electrolytes. In recent decades, hybrid capacitors have garnered considerable attention due to their intrinsic properties, i.e. a high capacity value of 4-250 Fg -1 [29]. It is well-known that a high capacity value of a hybrid capacitor can be achieved by the increasing the surface area and/or the conductivity of the electrodes [30]. Another important aspect of capacitors is to the search for new electrode materials. The highest capacitive performance of supercapacitors has been obtained with carbon-based materials [31]. Recently, studies have focused on metal oxide materials, i.e. Ni, Mn, Fe and Co, to achieve high capacitive performance [32]. Organic materials are another group of capacitors used in different devices such as poly(3,4ethylenedioxythiophene) and poly(methyl methacrylate) [33]. Although organometallic complexes may consider as possible electrode materials for a device, there is no information about their capacitive performance.

M A N U S C R I P T A C C E P T E D

The electrolyte materials are another important component of hybrid capacitors, as it is wellknown that the capacity value changes from one electrolyte to another. For example, if the
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electrolyte is changed from 1-ethyl-3-methylimidazolium bis(trifluoromethylsulphonyl)imide to H 2 SO 4 , the capacity of the cell increases from 65-150 Fg -1 to 454-710 Fg -1 [34].

Our group has been interested in the chemistry and catalytic activity of functionalised Nheterocyclic carbene and related transition metal complexes since the early 1990s. The study reported here describes the preparation of a redox-active benzimidazole-based oxygen donor NHC-ruthenium complex, which was assessed in the context of DFT, the catalytic activity during the transfer hydrogenation reaction and hybrid capacitor applications.

Results and Discussion

2.1.Synthesis and characterisation

The N-heterocyclic carbene precursor has been synthesized by addition of 2-iodoethanol to a n-BuOH solution of 1-(pentamethylbenzyl)benzimidazole at room temperature. Then the reaction mixture was heated and stirred at 120 o C for 24 h. This residue was purified to obtain 1-pentamethylbenzyl-3-hydroxyethylbenzimidazolium iodide salt as yellow crystalline solid. This salt soluble in water, methanol, acetonitrile, chlorinated solvents and DMSO. The resonance of the NCHN proton of 1-pentamethylbenzyl-3-hydroxyethylbenzimidazolium iodide salt in 1 H NMR (DMSO-d 6) observed at 8.97 ppm and NCHN carbons resonate in the 13 C{ 1 H} NMR spectra at 141.8 ppm (see supporting information for NMR spectra). The Ag(I)-NHC complex did not isolated and used as formed for the synthesis of complex 6.

However, 1 H, 13 C and APT NMR spectra of in situ generated Ag(I)-NHC complex were recorded in order to understand in which step the oxidation of ligand takes place. The NMR spectra sign out that oxidation of pro-ligand occurs during the synthesis of silver-NHC complex due to a signal at 165.6 ppm which attributed to carbonil carbon of carboxylate group on the 13 C NMR spectra. In this light, the proposed structure for the in situ synthesised silver complex is shown in Figure 3. We think that carboxylate specie coordinates to silver centre due to 13 C NMR chemical shifts of carboxylate group on Ag(I)-NHC and complex 6 at 167,2 and 170, 6 ppm respectively. The NC 2 N-Ag carben carbon peak was not detected probably due to low concentration or nature of silver-NHC complex. ACCEPTED MANUSCRIPT resonate at 170.6 ppm which is the expected value (Figure 2). The APT NMR spectra of complex 6 confirming the formation of a CH 2 COO-group by giving a peak in the negative zone at 170.6 ppm (Figure 2). The HRMS spectra were verified the proposed structures for the 6, recorded in methanol in negative-ion mode. The most intense peaks correspond to molecular fragment ionized by the loss of one ion (Cl -) in negative-ion mode. The HRMS spectra of complex 6 in methanol displayed ruthenium containing peaks.

2.2.Crystallography

The molecular structure of the complex 6 obtained from the ORTEP analysis of single crystal

x-ray diffraction is given in Figure 4. The bond lengths (Å) and bond angles ( o ) of the complex are shown in Table 1. The molecule structure of the complex was investigated by DFT calculations. The obtained crystallographic data, which included bonds lengths and the angles between atoms, is given in Table 1 and compared with the experimentally obtained crystallographic data. It can be seen that the computational and experimental crystallographic data were compatible with each other. For example, the experimental and computational bond lengths of Ru1-C26 and Ru1-O21 were 2.028-2.013 Å and 2.412-2.485 Å, respectively. The experimental and computational angles 
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According to crystal structure of complex 6, it can be said that the Ru(II) complex with an octahedral environment has a t 2g 6 e g 0 electronic configuration. It should be pointed out here that thermal spin state transition is not expected for the complex of 4d and 5d transition elements since the ligand field strength is very high when compared with similar 3d complexes. Hence, practically all 4d and 5d transition metal complexes show a low spin electronic configuration. The strength of the ligand fields was in order of 5d>4d>>3d [START_REF] Khan | Activation Of Small Inorganic Molecules[END_REF].

Thus, a low spin configuration is expected in complex 6, which was also support by the NMR results of the complexes. 

2.3.HOMO and LUMO analysis

The electronic structure of complex 6 was calculated by the DFT computation technique from the optimised structure. Structural concordance was observed from the comparison of bond lengths and angles between the calculated and X-ray determined structure of 6. The B3LYP/LanL2DZ basis set was used for the calculation of the energy of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The energy of HOMO and LUMO orbitals were found to be -5.34186 eV and -1.454720 eV, respectively.

The molecular energy gap (E g = LUMO-HOMO) from the optimised molecular structure by DFT method was calculated as 3.88714 eV. The MEP results of the complex are given in Figure 6 and the green colored regions on correspond to positive electrostatic region and the red sink regions represent the negative electrostatic potential surface in the complex 6. It is found that the value of the positively charged region is low when compared with the negatively charged region in Figure 6. So, it can be predicted that the complex has a nucleophilic character and is sensitive against electrophilic sort. It can be seen in Figure 6 that the electrophilic region of the complex has a small value, which means weak attractive potential for negative complexes, but the red region in Figure 6 shows a good electrophilic effect, especially in the region with Cl -ions. 

2.4.Catalysis

The transfer hydrogenation reaction of ketones was conducted in refluxing 2-propanol using the ruthenium-based catalyst in the presence of a base; this is an important reaction in industry [START_REF] Blacker | Enantioselective transfer hydrogenation[END_REF][START_REF] Ikariya | [END_REF]. Under these conditions, stable catalysts are readily able to catalyse transfer hydrogenation reactions. The action of chelating donor-functionalised NHCs could be to stabilise the ruthenium centre while decomposition take place. The potency of chelating ruthenium NHC complexes as catalysts in the transfer hydrogenation reaction have been reported by different groups [9][10][11][12][38][39][40][41][42]. a Yields were determined by GC with undecane as internal standard and were reported as an average of three runs.

To our knowledge, there are no any reports on the transfer hydrogenation catalysed by ruthenium complexes with benzimidazole-based carboxylate-functionalised chelating NHCs.

Complex 6 catalysed the transfer hydrogenation of ketones at 80 o C with 2-propanol as the hydrogen source in the presence of KO t Bu as an activator (catalyst/base/substrate, 1:25:250;

Table 2). With this loading under an air atmosphere, different ketones were turned into the corresponding alcohols with good to high yields in 2 hours. waves corresponding to the Ru(II) a Ru(III) interconversion, which was highly reproducible as quasi-reversible in each of several scans. The redox potential of complex 6 was E pa = -0.13

2.5.Redox properties

V, E Pc = 0.14 V, E 1/2 = 0.005 V for a 100 mV/s scan rate, as shown in Table 3. We concluded that low redox potential of complex 6 may help catalyse the transfer hydrogenation reaction. 

2.6.Design of the hybrid capacitor and performance analysis

It was important to investigate the capacitive behavior of the complex. For this, we designed a device including an electrolyte and electrodes with the hybrid capacitor. To determine the cycle life and capacity of the device, fabricated using complex 6 as an electrode material, we fabricated a capacitor using a CR2032 coin cell case. The hybrid capacitors were designed in the electrode/electrolyte/membrane (cellulose)/electrolyte/electrode device configuration. Figure 9a shows charge and discharge curve of the capacitors in the potential range of -0.3-0.8 V for different electrolytes. It can be seen that the charge curve shows an increase and the discharge curve exhibits an exponential decrease depending on the time, which is characteristic behaviour of a capacitor. A change in the electrolyte changed the time constant of the charge-discharge curve. It is well-known that the charging and discharging time is directly related to the capacity of the cell, and it can be seen in Figure 8a that the charging time is longer than discharging time, which is unwanted behaviour of the cell.

M A N U S C R I P T A C C E P T E D

The capacity of the cell for different electrolyte materials was calculated by the following equation:

= - ΔV Δ • 1
Where I is the applied constant current, which is positive for charging and negative for discharging, ∆V/∆t is the slope of the charge and discharge curve and m is the mass of the coated sample on the Ti substrate. 
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The capacity changes in the capacitors over 1000 cycles were measured, as seen in Figure 8b.

Four different electrolyte materials were used to see the change in the capacity value of the cell. Figure 8b shows that the capacity of the cell fabricated using n-Bu 4 NClO 4 was zero after 140 cycles of the cell and, when the cell was disassembled, we saw that the electrolyte was dried and it was concluded that the loss of capacitive behaviour of the cell was directly related with the drying of the electrolyte. When we compared the discharge capacity of the cell for different electrolytes, it was found that KOH˃NaCl˃Na 2 SO 4 . This needs further intensive study to develop higher capacity cells. The charge/discharge capacity at the first, 100th, 250th, 500th and 1000th cycle and the capacity fade values of the cell for different electrolytes are presented in Table 4.
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The first capacity value of the cell with KOH showed 20.2 Fg -1 , which is close to the capacity value of a traditional supercapacitor cell [44]. It was concluded that the complex 6 has excellent potential in supercapacitor applications, and we believe that these organometallic compounds will be used as supercapacitors in the near future after improving their properties.

The explanation of the fast decrease on the capacity of the cell is an important for future studies. The decrease may be related to the reactions with the electrolyte (the K + and OH -ions for KOH) and complex 6 which causes to obstruct the formation of electric field. Another factor may be given the formation of buffer layer which block the formation of uniform electric field due to motion of ions in electrolyte component. The last possible mechanism may be the loss of the ionic permeability of the membrane. As a result, the fast capacity fade of the cell should be pointed out some in situ experiments during the cycling of the cell.

Conclusions

In this study, we successfully synthesized complex 6 and the crystal structure data was compared with experimentally obtained and theoretically calculated data from the Gaussian program. It found that the structure matched the theoretically calculated data. The energy gap of HOMO and LUMO of complex 6 was 3.88714 eV, which is important for the catalytic activity.

We used complex 6 as a hybrid capacitor cell by using as an electrode material. Different electrolyte materials were used to determine the highest performance of the cell. It should be noted that KOH as an electrolyte in the cell was the best capacitive performance among the others in this study. The highest obtained capacity value of complex 6 was 20.2 F/g, which is a promising result for the energy storage applications for organometallic compounds. For
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energy technology, the capacitive properties of Ru-complexes is important, and we believe that this type compound will be used as an energy storage material in the near future.

Experimental Section

4.1.General procedures

The The structure was solved by a dual-space algorithm using the SHELXT program [45], and then refined with the full-matrix least-squares methods based on F2 (SHELXL) [46]. The contribution of the disordered solvents to the calculated structure factors was estimated following the BYPASS algorithm [47], implemented as the SQUEEZE option in PLATON [48]. A new data set, free of the solvent contribution, was then used in the final refinement. All non-hydrogen atoms were refined with anisotropic atomic displacement To perform a device of the hybrid-capacitor, the following procedure was used. Before the film application, the mixture of 80% complex 6, 10% carbon black and 10% PVDF were milled in an ball milling system for 2h then an appropriate amount of NMP was added to powder and re-milled for 24h. The obtained gel form of the mixture were coated on the Ti foil using 100 µm doctor blade and were dried at 100 o C for evaporation of the solvent. The film was cut for 1.5 cm diameters for the insertion of the CR2032 case. Since the anode and cathode of the capacitor are same, we named as electrode for both component of the cell.

Na 2 SO 4 , KOH, NaCl and n-Bu 4 NClO 4 were used as electrolyte materials for the cells. The hybrid capacitors were designed as electrode /electrolyte/membrane (cellulose)/electrolyte /electrode configuration for device fabrication. The CV measurement of the cell was performed using a two-electrode configuration and the capacity was measured using a constant current of ±1 mA for the voltage range of (-0.4)-(+0.8) V since the largest loop was obtained for this range in the CV graph of the cells.

The hybrid capacitors were designed using a CR2032 coin cell case and the electrode /electrolyte/membrane (cellulose)/electrolyte /electrode configuration was used for device fabrication. The electrode materials were coated on Ti foil 8 mm in diameter using a doctor blade. The film was fabricated using 80% active material, 10% carbon black and 10% PVDF to increase conductivity and the grip of the electrode materials on the Ti substrate. Na 2 SO 4 , KOH, NaCl and n-Bu 4 NClO 4 were used as electrolyte materials for the cells. The CV measurement of the cell was performed using a two-electrode configuration and the capacity was measured using a constant current of ±1 mA. 

Figure 1 .

 1 Figure 1. Some examples of bidentate chelating NHC-Ru(arene) complexes

Figure 2

 2 Figure 2 1 H, 13 C and APT NMR spectra of complex 6

Figure 3 .

 3 Figure 3. Proposed structure of in situ synthesised Ag(I)-NHC complex and 13 C NMR spectra

Figure 4 .

 4 Figure 4. ORTEP plot of the complex 6

  of N25-C26-Ru1 and N25-C26-N33 were 120.91 o -122.43 o and 105.88 o -105.92 o , respectively.

FigureFigure 5 .

 5 Figure 5b and c show the HOMO and LUMO states of the molecule, related to electrostatic

Figure 6 .

 6 Figure 6. (a) front and (b) back view of MEP surface of the complex (green color indicates

Figure 7

 7 Figure7shows the cyclic voltammograms taken in a 0.05 M acetonitrile solution of n-

E

  Pc and E pa values changed with an increasing scan rate, which can be explained by the Randles-Sevcik equation showing that the peak values in CV are proportional to the square root of the scan rate.

Figure 7 .

 7 Figure 7. CV of the complex 6 for different scan rate

Figure 8 .

 8 Figure 8. Cyclic Voltograms of complex 6 in different electrolytes

Figure 9 .

 9 Figure 9. (a) Charge/discharge curve and (b) capacity-cycle number measurement of the cell

  1 H and 13 C NMR spectra were recorded with a Bruker Avance III 300 or 400 MHz NMR spectrometer with sample solutions prepared in CDCl 3 . The chemical shifts were reported in δ units downfield from the internal reference (Me 4 Si) as seen in Figure2. (C 33 H 41 ClN 2 O 2 Ru); M= 634.20.D8 VENTURE Bruker AXS diffractometer *, Mo-K α radiation (λ = 0.71073 Å), T = 150 K; triclinic P -1 (I.T.#2), a = 8.7163(7), b = 11.0249(10), c = 17.5312(15) Å, α = 81.993(3), β = 87.738(3), γ = 83.814(3) °, V = 1658.0(2) Å3. Z = 2, d = 1.270 g.cm-3, µ = 0.582 mm -1 .

  parameters. H atoms were finally included in their calculated positions and treated as riding on their parent atom with constrained thermal parameters. A final refinement on F2 with 7599 unique intensities and 359 parameters converged at ωR(F2) = 0.0546 (R(F) = 0.0227) for 6958 observed reflections with I > 2σ(I). The ORTEP plot of the crystal structure is given in supporting info. Cyclic voltammetry of 6 was performed by using Zive SP1 potentiostat/galvanostat. A threeelectrode electrochemical cell system was used for CV measurements and the Ag/AgCl electrode was chosen as the reference, a platinum disk as the working electrode and aM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPTplatinum wire in the as the counter electrode were used in the cell, with acetonitrile containing tetrabutylammoniumperchlorate (TBAP) as the supporting electrolyte. Electrochemical grade TBAP and acetonitrile were purchased from Sigma-Aldrich. The CV of 6 was studied in the potential range of +0.8 to -0.3 V at a differential scan rate of 10-400 mV/s.

Table 1

 1 Analogy of experimental and theoretical computation bond length and angle results of the complex

		Exp.	DFT
	Bond	Lenght (Å)	Lenght (Å)
	Ru1-Cl1	2.412	2.485
	Ru1-O21	2.108	2.076
	Ru1-C26	2.028	2.013
	C26-N25	1.355	1.383
	C26-N33	1.368	1.389
	O21-C22	1.281	1.320
	C22-O23	1.232	1.258
	C22-C24	1.530	1.550
	C24-N25	1.460	1.470
	Ru1-C5	2.222	2.353
	Ru1-C6	2.199	2.318
	Ru1-C3	2.305	2.433
	Ru1-C2	2.301	2.411
	Angle	( 0 )	( 0 )
	C4-Ru1-Cl1	92.19	91.58
	C3-Ru1-Cl1	88.74	88.58
	C5-Ru1-C26	93.30	99.97
	C1-Ru1-O21	89.74	88.59
	Ru1-O21-C22	125.57	126.60
	O21-C22-O22	124.28	124.68
	C22-C24-N25	115.86	116.53
	C24-N25-C26	126.10	125.89
	N25-C26-Ru1	120.91	122.43
	C26-N33-C34	122.89	122.27
	N25-C26-N33	105.88	105.92
	O21-Ru1-C26	83.99	85.96
	O21-Ru1-Cl1	84.77	86.55

Table 2 .

 2 Results of transfer hydrogenation of ketones catalyzed by complex 6.

	Entry	Catalyst	Ketone	Product	Yield(%) a
	1	6	O	OH	99

All reactions were carried out with a Catalyst/KO t Bu/Substrate ration of 1:25:250 in isopropanol (3 mL) at 80 o C in 2 hours under anhydrous and air free reaction conditions.

Table 3 .

 3 CV properties of complex 6 on different scan rates

	Scan Rates (mV/s) E Pc (eV)	E Pa (eV)	E 1/2 (eV)
	400	0.18	-0.14	0.02
	200	0.16	-0.14	0.01
	100	0.14	-0.13	0.005

Table 4 .

 4 The capacity of the cell for charging (Ch), discharging (Dch) and capacity fade (C.F) of the cells fabricated using different electrolytes

Electrolyte 1 st Cycle 100 th Cycle 250 th Cycle 500 th Cycle 1000 th Cycle Ch

  

		(Fg -1 )	(Fg -1 )	%	(Fg -1 )	%	(Fg -1 )	%	(Fg -1 )	%
	Bu 4 NClO 4	0.28 0.12 0.08 0.07	50	-	-	-	-	-	-
	KOH	20.2							

. Dch. Ch. Dch. C.F Ch. Dch. C.F Ch. Dch. C.F Ch. Dch. C.F

0.36 0.67 0.28 12 0.59 0.3 6 0.52 0.33 3 0.38 0.35 1 NaCl 1.11 0.35 0.40 0.25 14 0.35 0.23 12 0.29 0.21 14 0.24 0.19 16

  

	Na 2 SO 4	0.76 0.17 0.18 0.15	2	0.18 0.15	2	0.18 0.15	2	0.18 0.15	2
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DFT optimisations of complex 6 were performed using the GAUSSIAN 09 W software package with the B3LYP (Becke, 3-parameter, Lee-Yang-Parr)/LanL2DZ (Los Alamos National Laboratory 2 Double Zeta) basis set. First, the molecular geometry was optimised by DFT to determine the global minimum energy level and the optimised structure. The excited level, HOMO and LUMO energies and molecular electrostatic potential (MEP) of complex 6 were obtained by these calculations. GC analyses were performed on a Shimadzu GC-2010 Plus equipped with an HP-5 capillary column. The yields were calculated by GC using an internal standard (undecane); the yields are based on ketones.

4.2.Synthesis

1-pentamethylbenzyl-3-hydroxyethylbenzimidazolium iodide

1-(pentamethylbenzyl)benzimidazole (1 mmol) was dissolved in n-BuOH (5 mL), then 2hydroxyethyl iodide (1.2 mmol) was added. The solution was stirred for 24 h at 120 o C. The precipitated yellow solid was filtered, washed with diethyl ether (3x5 mL) and dried under high vacuum. The precipitate was then crystallised from DCM-diethyl ether to give the title compound as a yellow crystal (0.35 g, 75%). 1 H NMR (400 MHz, CDCl 3 ) δ = 8.97 (s, 1H, NCHN), 7.80-7.50 (m, 4H, C 6 H 4 ), 5.59 (s, 4H, CH 2 C 6 (CH 3 ) 5 -2,3,4,5,6), 4,64 (t, J=8 Hz, 4H, NCH 2 CH 2 ), 3.95 (t, J=8 Hz, 4H, NCH 2 CH 2 ), 2.32 and 2.29 (s, 15H, CH 2 C 6 (CH 3 ) 5 -2,3,4,5,6). 13 

Synthesis of complex 6

A suspension of 1-pentamethylbenzyl-3-hydroxyethylbenzimidazolium iodide (1 mmol) and Ag 2 O (1 mmol) was added to 10 mL of ad DCM, placed in a Schlenk tube and stirred in the dark for 5 hours. Then, 0.5 mmol RuCl 2 (HMB) 2 was added to the solution. After stirring in
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the dark for 24 hours, the crude product was filtered through a pad of Celite in air. The filtrate was concentrated to 5 mL and 10 mL of hexane was added to afford complex 6 as orange crystals (0.4 g, 63%). 1 
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Highlights:

-Benzimidazol based NHC ligand and its chelated Ru(II)-NHC complex was reported.

-Structure for Ag(I)-NHC was proposed.

-Hybrid capacitor potential of chelated Ru(II)-NHC complex was investigated and reported for the first time.