Experimental study and computer simulation of surface conductivity at liquid/solid dielectric interface
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ABSTRACT 

Surface conductivity at the interface between liquid and solid dielectrics is studied. The new method of determination of surface conductivity was used in experiments where both bulk and surface conductivity were recorded. Several types of interfaces of solid and liquid dielectrics with electrolytic additives were measured. Computer simulation based on the finite element method made it possible to estimate the dissociation rates. Computations and measurements are compared.

Introduction

As it was shown early, there are two mechanisms of ion concentration increase in the the liquid close to the bound with solid dielectrics [1,2]. The first one concerns double electric layer formation due to (-potential of bound. The other one concerns ion concentration increase due to enhanced dissociation close to interface between nonpolar liquid dielectrics and polar solid dielectrics. For distinction between these mechanisms it is of interest to check surface resistivity (SR) in several combinations of liquid and solid dielectrics. Especially useful could be choosing of the ion pairs with equal radii of ions and without specific adsorption. In this case one should expect the surface conductivity (SC) due to (-potential will be neglected.  
Samples Preparation

SR was measured using the method described early [3]. The measurements of concentration dependence of SR and bulk resistivity (BR) were added. Besides, the basic liquid transformer oil was processed additionally with the help of vacuum treatment and heating up to the temperature 90 (C. The criteria of adequacy were both stopping of oil bubbling due to boiling of excess water and permanent pressure establishment in the system. Ceramics TCM-40 on the basis of BaTiO3, production of Novosibirsk Electrovacuum Plant, was used as solid dielectrics which has  dielectric permittivity (2 =40, bulk resistivity (v>1011 Ohm(m. The other solid dielectrics’ were Teflon which has (2 =2, (v>1014 Ohm(m and polyethylene with (2 =2.3, (v=1014 Ohm(m. 
An ion pair with ions of equal radii was found. It was tetrabutylammonium- tetrabutilborate (TBA-TBB):  N+(n-C4H9)4 B-(n-C4H9)4 (M=242,46 – cathion, 239,27 - anion), product of  FLUKA, catalogue number 03569. For determination of intercharge distance their structure was simulated applying the method of molecular mechanics MM2 and then by the semi empirical quantum mechanics method АМ1. The distance from the centre of nitrogen atom to the centre of boron atom was found as 0.51202 nm. The maximal distance from the centre of N atom to the centre of H atom in methyl group (in NBu4-cathion) is equal to 0.59733 nm, the distance from borate atom to the centre of H atom in methyl group (in BBu4-anion) is equal to 0.61024 nm. Due to high conformation mobility the sum of these distances one could consider as a maximal distance where Van der Waals repulsive forces are acted. The supposed structure of this ion pair after optimization is presented in fig.1.   
[image: image1.wmf]
Fig.1. The structure of ion complex.

Measurements

The measurements were made for several combinations of liquid and solid dielectrics. As the liquid dielectrics was used transformer oil GK by production of Angarsk plant, fluorocarbon liquid H-(CF2)nCl, where n=(6(10) and silicon fluid “Copolymer F5”. Dielectric permittivities of these liquids are in the range from 2 to 3. As additives in the form of ion pairs was used  AOT  9(di-2-ethylhexylsodium sulfosuccinate) and TBA-TBB.
Fluorocarbon liquid  
This liquid has advantages of the perfluorocarbon dielectrics but its cost could be less than the cost of usual fluorinated liquids. H-(CF2)nCl is purified wastes of the Teflon production. Clean liquid without additivities has bulk resistivity 0.8 1011 Ohm(cm, surface resistance at the interface both with teflon and ceramics is 1.8 1013 Ohm. The attempts to dissolve AOT heating up to 60-70(C were unsuccessful, liquid exfoliate on light conductive part and heavy dielectric part. Their conductivities differ more than 100 times! 
Silicon fluid 
This liquid dielectrics has bulk resistivity (v equals to 2.4 1012 Ohm(cm. BR of saturated solution of AOT in silicon fluid  is 0.9 1011 Ohm(cm. Semi quantitative experiments show that the concentration of AOT 1.4 G/l gives (v (  3.4 1011 Ohm(cm. It is close to  (v (  3.6 1011 Ohm(cm having at concentration 1.5 g/l of AOT in the transformer oil. The concentration dependence of bulk conductivity was approximately linear: if the solution having (v = 0.9 1011 Ohm(cm mixed 1:1 with the solution being (v = 2.4 1012 Ohm(cm resulting in resistivity was 1.8 1011 Ohm(cm. If the solution having (v = 3.4 1011 Ohm(cm mixed 1:1 with the solution being (v = 2.4 1012 Ohm(cm resulting in resistivity was 6 1011 Ohm(cm. It well corresponds to linear dependence of conductivity upon concentration.

The conductivity depends on the electrode material. In preliminary experiments the resistivity for cooper electrodes was less than for stainless steel electrodes and titanium electrodes. Perhaps electrolytic dissolving of cooper took place. That is why all the following measurements were made with stainless steel and titanium electrodes.
Table 1. Bulk and surface resistivity of silicon fluid at the interface with several solid dielectrics
	(v, Ohm(cm
	(s, Ohm
	Inaccuracy of measurements
	Dielectrics

	1.5(1012
	4(1015
	-50%+100%
	Polyethylene 

	6(1011
	1.1(1015
	-30%+40%
	Teflon, polyethylene.

	3.4(1011
	5.5(1014
	-25%+35%
	Teflon, polyethylene, ceramics.

	1.8(1011
	1.8(1014
	-20%+30%
	Teflon, polyethylene, ceramics.

	0.9(1011
	7.5(1013
	-15%+25%
	Teflon, polyethylene, ceramics.


These results are given in fig. 2. From data of Table 1 and Fig.1 one could see that the surface conductivity of silicon fluid with AOT didn’t depend on the kind of solid dielectrics. The dependence of the surface resistivity is practically proportional to the bulk resistivity of the liquid. 
[image: image2.wmf]
Fig.2. The surface resistivity on the bound of silicon liquid and some solid dielectrics vs bulk resistivity of liquid.
Transformer oil with TBA-TBB  

The most unexpected results were obtained in case of transformer oil with ion pair doping that has ions of equal radius. These results concern both bulk resistivity and surface resistivity. The results of bulk resistivity of dry transformer oil with addition of TBA-TBB are shown on fig. 3. 

[image: image3.wmf]
Fig. 3. Bulk conductivity of TBA-TBB solution in the transformer oil. Points are experimental data, red line is the approximation without ion complexes, and green line is the approximation according to ion complex formations.
As for the surface resistivity it was not registered up to voltage 300 V neither for ceramics, nor teflon, nor polyethylene. In all cases SR was exceeded 1015 Ohm. Here it meant that measurements were performed after the establishment of the steady state of resistivity.  The question is that resistivity value increase during some time after voltage action. Transient period depends on resistivity of liquid. The less the bulk resistivity was the less transient period in which resistivity of cell tends to its “bulk” value. If the sample has (v = 4.8 1010 Ohm(cm transient time is 1 minute, for (v = 8 1010 Ohm(cm - (6-8) minutes. 

Sign of charge

Besides of conductivity measurements the sign of charge the solid dielectrics obtained in contact with liquid dielectrics was determined. For this purpose some amount of solid dielectrics was dispersed. In this experiment it was controlled to which electrode this dust attached. In case of AOT application all particles attached to cathode both in silicon liquid and in transformer oil. After the polarity change particles detach and move to opposite electrode and attach to it.  In the solution of TBA-TBB in transformer oil attachment was not observed. 

 More polar liquids
As more polar liquids the phenetole ((=4.5) and bromonaphthalene ((=5.1) were used. 
As for as surface conductivity with TBA-TBB it was not observed at steady state conditions neither at the boundary with polar ceramics nor the boundary with nonpolar polymers. The bulk conductivity is higher than in the case of transformer oil, but the behavior is the same: at concentrations more than 10-4 Mol/l the specific conductivity is proportional to the concentration (fig.4).
[image: image4.wmf]
Fig.4. Bulk conductivity of TBA-TBB solution in phenetole and bromonaphthalene.
Discussion
How could be explained the experimental data?  Especially the absence of surface conductivity in case of TBA-TBB both in the transformer oil and in the more polar liquids?
Firstly, it is clear from the fact of absence of attachment of particles in experiments with TBA-TBB that in this case specific adsorption was absent. Therefore (-potential should be very small and double electric layer should be absent. That is why the surface conductivity due to double layers should be absent. 
Electrical surface conductivity due to enhanced dissociation of ion pairs was estimated as described early [3].  The computer simulation of ion pair dissociation with the help of the finite element method the constant of dissociation near the bound with solid dielectrics with high permittivity was performed. The principal role in the estimation is which radius of the equivalent sphere one should apply in computation. It seems as the sum of cathion and anion radii one could choose the shortest distance between the centers of ions in ion pair, namely 0.51 nm. If one take into consideration this value and suppose local dissociation-recombination equilibrium then one could estimate “excess” conductivity and ascribe it to surface conductivity. Despite the fact that computing rates of dissociation near the surface of the ceramics is 11 orders of magnitudes greater than in the bulk of liquid (as for transformer oil) the layer of high conductivity is very small (~5 nm). The computation shows that surface conductivity should be less than 10-15 Cm. It is so close to the sensitivity of our method of SC registration. For more effect one should to choose ion pair additives with a bigger (but equal to one another) radii of ions. In this case the rate of dissociation will be greater, therefore the surface conductivity would be greater and registration would be easier to register. 
Secondly, what it means that bulk conductivity has linear dependence on the concentration of ion doping? If the conductivity is determined by single ion movement than the bulk conductivity will depend on concentration as square root. The dependence will change its law when single ions attach to ion pairs and form triple ion complex [4.5].   In the paper [5] the expression for the bulk conductivity is obtained, where possible role of single ions and “triple” ion complexes is taken into consideration.
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where (1, (2 –motilities of single ions, (3 , (4 – motilities of ”triple ions”, K3 – dissociation constant of “triple ions” on ion pairs and single ion,  n0 – concentration of doping, ( - coefficient. One can show that in case of low concentrations ( ~ n0-1/2, but in case of high concentrations ( ~ n0-1. Rough estimations of  K3 show that in the conditions of our experiments K3n0>>1. Therefore one can conclude that bulk conductivity should be approximatively proportional to doping concentration.  It well corresponds to experimental data.

Conclusion

Measurements of surface and bulk conductivities of liquid dielectrics in contacts with solid dielectrics were performed. In case of absence of specific adsorption surface conductivity doesn’t recorded. It is easier to explain the measurements of bulk conductivity if “triple” ions  were formed.   
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