


JONES-DOLE COEFFICIENTS OF ELECTROLYTE SOLUTIONS OF ZnCl2 IN MIXTURES OF PROPYLENE-CARBONATE AND 1,2-DIMETHOXYETHANE


ABSTRACT
[bookmark: _Hlk213338955][bookmark: _Hlk213339902]The paper reports the contrasting impact of non-bonding electrostatic interactions - dipole-dipole and ion-dipole interactions in ZnCl2 electrolytes; prepared in mixed solvents of propylene carbonate and 1,2-Dimethoxyehane. The organic electrolyte solutions were constituted by incorporating ZnCl2 salts in the mixed solvents at concentrations of 0.01 M, 0.05 M and 0.10 M at 298.15 K. Density and viscosity measurements were determined at different solvent compositions at 298.15 K. The viscosity data was fitted to the Jones-Dole equation and coefficient values for A and B extrapolated from plots of of ( r − 1)/ versus  The A coefficient values decreased from 0.784 to 0.079 over the composition (0-100% DME). The B coefficient values increased from 5.033 to 5.775 and from 5.436 to 5.623 over the composition (0-25% DME) and (50-75% DME) respectively. The B coefficient values decreased from 5.775 to 5.436 and from 5.623 to 3.490 over the composition (25-50% DME) and (75-100% DME) respectively. 
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1. INTRODUCTION
[bookmark: _Hlk213426036][bookmark: _Hlk213436030][bookmark: _Hlk215768386][bookmark: _Hlk214009668][bookmark: _Hlk214732643][bookmark: _Hlk213501175][bookmark: _Hlk213753194][bookmark: _Hlk214960120][bookmark: _Hlk213860284][bookmark: _Hlk213758814]Zinc is foremost cheap, benign and naturally abundant. The cost of rechargeable zinc batteries, subsuming zinc-ion batteries is comparatively lower than conventional lithium-ion batteries. Several rechargeable battery designs have emerged following the discovery of the compatibility of zinc metal in aqueous media. However, commercialization of these technologies has been impeded based on the complexity of battery chemistry. For instance, the presence of water in Zn-MnO2 batteries can generate adverse side reactions and passivating products by dint of MnO2 dissolution (Xue, T. & Fan, H.J., 2021). Furthermore, the formation of insoluble carbonates owing to the intrinsic presence, during battery operation of environmental CO2 has been associated with the short cycle-life of zinc-air batteries (Chen et al., 2020). The zinc anode suffers significant setback during operation in aqueous media. As a result, enduring reversibility in such environment is hampered primarily due to the formation of Zn dendrites during the charging cycle - with the consequence of battery capacity loss and dismal life-cycle of the cell (Shang et al., 2020). This instability of the zinc anode in aqueous media limit battery cycle life and current capacity, leading to early short-circuiting and surface passivation that hinder electrochemical reversibility, chemical stability and practical implementations of reversible zinc batteries. Organic electrolytes on the other hand offer a theoretical solution to zinc anode thermodynamic instability, presenting undemanding electrochemistry at the electrode-electrolyte-interface (EEI) in consort with enhanced reversibility and cycling stability. Amongst the major challenges to the zinc anode is the competing and rather parasitic reaction of the evolution of hydrogen which occludes the electrochemical reversibility of zinc batteries in aqueous media. Current researchers have contrived means of stifling dendrite formation, along with improving the coulombic efficiency and hence, the cycle-life of rechargeable zinc batteries by adopting nonaqueous media, including organic solvents (Chae et al., 2017).  ZnCl2 electrolytes constituted with organic solvents have been employed in energy storage devices. They offer the benefit of excellent cycling stability, reversibility and higher coulombic efficiency. Zn anodes have proven compatible 
with non-aqueous electrolyte cells, presenting the benefit of conveying higher volumetric and gravimetric capacities (5,851 mAh m and 820 mAh , respectively) than those for the graphite anode materials utilized in Li-ion batteries (756 mAh m and 372 mAh ) (Blanc et al., 2020). A superior electrolyte should essentially establish benign physical interaction at the EEI, enabling rapid ion diffusion and electron transfer. As a consequence, in recent years, electrolyte systems containing marginal to zero water molecules (organic electrolytes) have become prominent for their potential to enhance the chemical stability of Zn anode and extend the life cycle of batteries (Yuan et al., 2021). Preliminary findings have shown that both the solvent and solute play a significant role in the interaction and solvation of  ions (Rajput et al., 2018). Faster dynamics of  ions transpire in weakly coordinating, low viscous solvents such as acetonitrile (AN), whereas the high oxygen donor denticity in solvents as diglyme facilitates stronger chelation with  ions. This facilitates cation-anion dissociation in the presence of diverse zinc salts [Rajput et al., 2018]. The choice of the solvent’s propylene carbonate and 1,2-dimethoxyethane (PC-DME), stem from the crucial role they play in optimizing and stabilizing the Zn battery – fundamental to modifying the properties of the EEI. Technically, the need for solubility remains the principal factor for utilizing mixed solvents. In this study, PC-DME were the organic solvent mixtures utilized. The two components were taken in varying proportions so as to permit the continuous adjustment of the viscosity and dielectric constant of the medium. Constituting mixtures of organic solvents in such a way offers the benefit of generating electrolytes with a robust electrochemical window – stability and enhanced ionic conductivity; key factors which facilitate ion transport by reducing internal resistance, thereby expediting battery cycle rates. These solvents also have a significant impact on the electrochemical behavior of Zn anode, as the size and structure of the solvent molecules influence the ability to dissolve salts. For example, smaller solvent molecules are inclined to have higher polarity and moderate to high dielectric constants; features which can facilitate the solvation of metal ions, improve the ionization of the Zn salt and optimize the ionic conductivity of the electrolyte. Conversely, smaller solvents can lead to stronger interactions with the Zn2+ ions, potentially affecting the stability of the (solid electrolyte interphase) SEI and the rate of Zn plating/stripping. The drawback of this strong solvation is seen in the complexity and difficulty of the Zn2+ ions to desolvate upon reaching the anode surface, slowing down the plating/stripping processes which causes inefficient Zn deposition and may promote dendrite formation by dint of uneven plating (Kakoty et al., 2022). This behaviour is similar to results in aqueous electrolyte mixtures, where ions with small radii and high charge densities promote stronger coordination with water molecules – leading to larger hydrated complexes with high viscosities in solution (Kambarova et al., 2025). On the other hand, larger solvent molecules tend to solvate Zn2+ ions less strongly, making de-solvation easier and promoting more efficient Zn deposition. These solvents typically have lower polarity but higher dielectric constants, which can help maintain good ionic conductivity without hindering the de-solvation process, hence facilitating smoother and uniform plating (Kakoty et al., 2022). Therefore, the selection of favorable organic solvent mixtures is critical because of their varying solvation properties - polarity, viscosity, dielectric constant, and chemical stability. 
2. EXPERIMENTAL METHODLOGY
[bookmark: _Hlk214117015][bookmark: _Hlk214118035][bookmark: _Hlk214016373]The solvents, Propylene carbonate (99.5%) product of BASF, 1,2-Dimethoxyethane (99.5%) product of Sigma-Aldrich and anhydrous ZnCl2 (97%) product of Sigma-Aldrich were sourced and used without further purification. All the solutions were prepared in solvents at concentrations of 0.01 M, 0.05M and 0.1 M at 298.15 K. The mixed solvents PC-DME were prepared in volume percent (0%, 25%, 50%, 75% and 100%). Density measurements were made using single stem pycnometer bottle at 298.15 ± 0.001 K. The solution viscosities were measured in the order of increasing concentrations and measurements were made within few hours of preparing the solutions. Special care was taken to remove air bubbles to minimize foaming while loading the solution in viscometer. For the calibration of the viscometer, distilled water was used as a standard sample for measurements. The flow time of water for the Cannon-Fenske viscometer (size 50) was 192.2 ± 0.2 s at 298.15 K, the time being monitored using a stopwatch with 0.1 s as the smallest increment. This value was used for the calculations of relative viscosity of all the studied solvents and solutions at 298.15 K. All the flow time measurements reported in this work were averaged over three separate measurements of the same sample.  

2.1 CONTEXTUAL EQUATIONS
 The kinematic viscosities were determined using the expression:
											[1]
Where  is the kinematic viscosity,  the viscometer constant and  the flow time.  
[bookmark: _Hlk214114680]The viscosity of dilute electrolyte solutions (r), vary with concentration (c), according to the Jones-Dole equation (Jones & Dole, 1929). 
									[2]
[bookmark: _Hlk214117599][bookmark: _Hlk214115998]Where,  and  are respectively the relative viscosity, viscosity of solution, solvent and the viscosity  and  coefficients. 

2.2 VISCOSITY MEASUREMENTS
The viscometer was secured with clamps in a reproducible vertical position. Prior to undertaking each set of measurements, the viscometer was thoroughly cleaned and solutions for measurements were filtered to remove dust before loading into the viscometer. A stopwatch was used to monitor the time and measurements were repeated until three sets of results were obtained. The viscosity date obtained was used to determine the  and  coefficients with the help of the plot of against for ZnCl2 solution over the composition range of PC-DME at a temperature of 298.15 ± 0.001 K. 


3. RESULTS AND DISCUSSION
Table 1: Density of PC and DME at 298.15 K 
	[bookmark: _Hlk214122246]Vol. %
(100)
	Mole Fraction
	Density () 
	Average

	Solvent
	X1
	
	
	
	
	
	

	PC
	0.000
	2.080
	2.082
	2.084
	2.083
	2.083
	2.082±0.002

	DME
	1.000
	0.881
	0.872
	0.867
	0.867
	0.861
	0.869±0.007



[bookmark: _Hlk214128020]


Table 2: Jones-Dole Parameters for 0.01 M ZnCl2 in PC-DME mixtures at 298.15 K
	% DME
	X1
	
	
	 / o
	

	0
	0.000
	2.361
	2.080
	1.135
	1.350

	25
	0.200
	1.979
	1.780
	1.112
	1.120

	50
	0.420
	1.580
	1.450
	1.090
	0.900

	75
	0.680
	1.135
	1.050
	1.081
	0.810

	100
	1.000
	0.901
	1.042
	1.162
	0.42



Table 3: Jones-Dole Parameters for 0.05 M ZnCl2 in PC-DME mixtures at 298.15 K
	% DME
	X1
	
	
	 / o
	

	0
	0.000
	2.902
	2.080
	1.395
	1.763

	25
	0.200
	2.390
	1.780
	1.343
	1.531

	50
	0.420
	1.896
	1.450
	1.308
	1.373

	75
	0.680
	1.410
	1.050
	1.343
	1.531

	100
	1.000
	1.037
	0.865
	1.199
	0.888






Table 4: Jones-Dole Parameters for 0.10 M ZnCl2 in PC-DME mixtures at 298.15 K
	% DME
	X1
	
	
	 / o
	

	0
	0.000
	3.697
	2.080
	1.777
	2.459

	25
	0.200
	3.130
	1.780
	1.758
	2.399

	50
	0.420
	2.410
	1.450
	1.662
	2.095

	75
	0.680
	1.720
	1.050
	1.639
	2.022

	100
	1.000
	1.185
	0.865
	1.370
	1.171



Table 5: Jones-Dole A and B Coefficients at Different Volume % DME at 298.15 K: 
	% DME
	X1
	Linear Equation
	A (dm3/2 mol-1/2)
	B (dm3/2 mol1/2)

	0
	0.000
	
	0.784
	5.033

	25
	0.200
	
	0.451
	5.775

	50
	0.420
	
	0.296
	5.436

	75
	0.680
	
	0.255
	5.623

	100
	1.000
	
	0.079
	3.490




[bookmark: _Hlk214117890][bookmark: _Hlk215313389][bookmark: _Hlk215417404]The Jones-Dole coefficients enable us gain understanding about the ion-solvent and ion interactions in the electrolyte solution. This formed the basis for examining the results of the viscosity coefficient measurements in the electrolyte solutions of ZnCl2. The Jones-Dole coefficients were obtained by evaluating both A and B from the experimental data using equation [2]. The data was plotted for relative viscosity  as a function of the square root of concentration  (Fig. 1). The plots exhibited a linear relationship at all mole fractions of DME. The value of the A coefficient which corresponds to the ion interactions were extrapolated from the intercept of the plot while that for the B coefficient was extrapolated from the slope. The results obtained were positive over the entire constitution (0-100% DME), suggesting that the mixtures PC-DME interacted strongly with the  ions with attendant solvation of the cations (Table 5). Properties as the ability of the solvents to bestow electron pair to the cation are invaluable to bonding. The solvent PC (larger molecule) has a higher dielectric constant which support and maintain superior ionic conductivity. Contrariwise, DME (smaller molecule) is the solvent with low viscosity, offering excellent medium for rapid ionic mobility which results in improved ionic conductivity. The values of the A coefficient showed a progressive decrease over the composition (0-100% DME). This suggests that ion interactions wane with increasing DME content. The positive magnitude of the B coefficients and its increase over the composition (0-25% DME) and (50-75% DME) (Table 5), indicate the predominance of non-polar interactions. The minimum value of the B coefficient was observed at (100% DME). Previous researchers attributed this behavior to the degree of structuring of solvent molecules around the cation (Stokes, R. H & Mills, R.,1965). Furthermore, the enhanced structuring and coordination of DME molecules with the Zn2+ ions at (0% and 100% DME) may alter the rate of Zn plating/stripping, potentially affecting the stability of the electrolyte and in turn may lead to poor ionic conductivity. The observed decrease in the B coefficients over the composition (25-50% DME) and (75-100% DME) results from the instability of the zinc complex, guaranteeing faster mobility of Zn2+ ions and improved rate of plating/stripping in the battery. The strong interaction between DME molecules and Zn2+ ions may also be explained in terms of DME’s higher denticity and its affinity for ion-dipole interactions rather than for dipolar and dispersion forces between dissimilar molecules. Electrolyte compositions, solvation mechanism and the local dynamics, as well as the transport properties, are critical to understanding the role mixed organic solvents play in enhancing the high performance of the zinc battery (Kar, M. & Pozo-Gonzalo, C., 2021).   
       





[image: ]
Figure 1. Plots of relative viscosity against square root of concentration at different mole fractions of DME

 


4. CONCLUSION  
[bookmark: _Hlk215418055][bookmark: _Hlk215419106][bookmark: _Hlk215769021]It has been shown that faster dynamics of Zn2+ ions occur in the less structured compositions of (25-75% DME). This enhanced transport property of the Zn2+ ions is a direct consequence of the absence of the enfolded solvent sheath of oriented molecules which travel in consort with the Zn2+ ions.  The high O-donor denticity of DME enables stronger chelation with Zn2+ ions, enhancing the cation-anion dissociation in the presence of the zinc salt. The B coefficient values for the less structured compositions (25-75% DME) are 5.775,5.436 and 5.623 respectively. Judging from the work of previous researchers, we can infer that the solvent composition which offers optimal electrical conductivity would be that with a dielectric constant bordering the pure solvent PC – that is, the composition (25% DME). In solvents of low dielectric constants with diminutive ionizing influence on electrolytes, the electrostatic forces between oppositely charged ions will be substantial and conductance values will be diminutive. (Bhattarai et al., 2011). The compositions (50-75% DME) are encumbered by strong electrostatic forces. Moreover, such ion pairs can inhibit the co-intercalation of the organic solvents with Zn2+ ions into the cathode materials of batteries (Kunduet al., 2018). Therefore, the study underscores the significance of understanding the mechanism of solvation and desolvation of Zn2+ ions in organic solvents to modify the diffusion and interactions at the electrolyte-electrode interface. These are the fundamentals to improving properties such as mass transport and the cycle life of Zn2+ ions in organic electrolytes for rechargeable batteries.      
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