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Abstract


We communicate the preliminary results of simple spreading and detachment experiments at a stationary mercury electrode. The effect of potential is observed on the organic droplets deposited at the mercury pool/aqueous electrolyte interface. Shape and detachment of droplets of insoluble organic liquids hexadecane, squalene and methyl oleate are controlled by the applied potential and buoyancy. At the potential of zero charge of the metal and maximum adhesion force, droplets form lenses with the largest contact area, but they do not spread completely to a film. By scanning potential beyond the critical value of wetting the contact area reduces and the droplets shape changes towards ideal sphere. The particular shapes are perfectly reproducible and stable at constant potentials. Detachment of the droplets by buoyancy takes place only when the applied potential largely exceeded the critical potential of wetting. The difference between experimentally observed potential of detachment of hexadecane droplets and the critical potential of wetting ((E>700mV) is ascribed to modification of the mercury surface by a hexadecane monolayer. Separately performed modification of the mercury interface by a monolayer of adsorbed dextran had a similar effect on the shape and detachment of hexadecane droplets, while droplets of more polar organic liquids (squalene and methyl oleate) showed a complex dynamics and instability phenomena.
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Introduction


Recent applications of electrical potential to control the shape of organic droplets at solid substrates1 and  the results of potential induced spreading/detachment of insoluble LB monolayers2-4 point out to the importance of a general understanding of dynamics and equilibrium of wetting processes at electrodes. According to Whiteside et al.1 the effects of applied potential on wettability of organic droplets are large only if the change of potential resulted in an electrochemical reaction with a large change in the surface species. Walters and Fokkink5 described recently how electric double layer on hydrophobed electrode surfaces may lead to pronounced potential-dependent changes in the wettability.


 


Bizzotto and Lipkowski2 demonstrated with the help of spectroelectrochemical techniques that the repeatable potential-induced detachment and spreading of an insoluble dye-surfactant monolayers involved micelles in the subsurface region and spreading of micelles onto the electrode surface without any loss of material. They concluded that spreading of the insoluble film at the gold electrode is a reversible process although taking place at largely different potentials (attachment at potential of zero charge and detachment at sufficiently high charge densities of the metal). Structure and stability of insoluble monolayers  were shown to be potential dependent.3  


Our studies at the dropping mercury electrode6,7 in aqueous dispersions of insoluble organic liquids proved that potential dependent interfacial tension of pure metal/aqueous electrolyte interface controls the rate of spreading and the wetting equilibrium of organic microdroplets. According to Young-Dupr(  equation the total Gibbs energy of interaction between a droplet and the aqueous mercury interface  is


-(G = A ((12 - (13 - (23)	(1)


where (12, (13  and  (23 are interfacial tensions at mercury/water,  mercury/droplet and water/droplet interfaces, respectively.6 The expression in parentheses is equal to the spreading coefficient, S


S = (12 - (13 - (23	(2)


For the positive values of S the organic droplet will spread spontaneously to the greatest extent possible (monolayer) and displace water molecules from the interface. For S < 0 the spreading process will not proceed spontaneously. The critical interfacial tension of wetting, ((12)C, defined by S=0, will be


((12)C =  (13 + (23	(3)


As mercury electrode surface is atomically smooth, fluid and chemically inert, with well known surface charge densities and interfacial tensions,8 ((12)C can be determined with precision for a large range of organic liquids by measuring critical potentials of wetting,7 Ec. In the case of n-alkanes the experimentally measured critical values showed perfect agreement with wetting equilibrium calculations.9 The critical values of interfacial tensions are identical at positive and negative electrode charges confirming that the electrode potential acts through the interfacial tension of the mercury/solution interface and that (13 and (23 are independent of potential. In the electrowetting experiments described previously,10,11 mercury was not used as the electrified interface but as a wetting liquid at solid electrodes.


We communicate here the preliminary results of simple spreading and detachment experiments at a stationary mercury electrode. The effect of potential is observed on the macroscopic organic droplets deposited at the mercury pool/aqueous electrolyte interface.


Experimental


The scheme of experimental setup is shown in Fig.1. The cell was a commercial spectrophotometric cuvette and the mercury pool electrode formed at its bottom had the surface area of 6 cm2. Ag/AgCl reference electrode, separated by a ceramic frit, together with a Pt counter electrode completed a 3-electrode system. The mercury electrode was polarized using PAR 174A polarographic analyzer. At the beginning of experiment 20 mL of aqueous electrolyte solution (0.1 M NaCl) was added above the mercury pool. Polarization of mercury pool was started only after a thorough elimination of dissolved oxygen by  bubbling  a stream of nitrogen. Nitrogen atmosphere was maintained above the solution throughout the experiments.


Deposition of organic droplets was performed at -400 mV vs. Ag/AgCl. This potential is close to the electrocapillary maximum (-550 mV) and in the potential range of highest attraction between organic liquids and aqueous mercury interface. Fig.2. shows the electrocapillary curve in 0.1 M NaCl (data from Grahame)12 with the range of working potentials used. We performed detachment experiments at negatively charged electrode because of its broader range of working potentials. A small organic droplet, approximately 70 (L (r(2.5 mm), was gently placed onto charged mercury pool/aqueous electrolyte interface using micropipet and laterally viewing with microscope (Prior ZS 2500 Zoom Stereo Microscope). Switching of potential to other constant values was performed by manual adjustment of the potentiometer, since potential steps produce vibrations of the large mercury surface which could cause mechanical detachment of droplets. It is interesting to note that deposition of droplets, when performed in the same way at open circuit did not lead to attachment. 


All measurements were performed in organic-free 0.1 M NaCl with addition of 5 mM NaHCO3, to maintain pH 8. Temperature was 25oC. Metallic mercury was purified by thorough chemical removal of trace impurities and double step distillation. Organic liquids of highest commercial grade were used without further purification. Nonpolar dextran D-500 of average molecular weight 500,000 was used as a 60 mg/L solution.  


Results 


Table 1. summarizes relevant bulk and interfacial properties of water insoluble organic liquids studied. N-hexadecane (HD) is the highest, saturated n-alkane that is fluid at room temperature (mp=18.2oC), and there exists a large amount of calculations and experimental data on its surface tension and interphase interface behavior.9,13,14 A more polar unsaturated, branched hydrocarbon, squalene (SQ) and methyl oleate (MO) were selected because of their stronger interactions with the  aqueous mercury interface.


Fig. 3 shows photographs of a HD droplet ((70(L) at the mercury pool/aqueous electrolyte interface at several characteristic potentials. The droplet was deposited to the mercury surface at potential -400 mV. Immediately upon attachment the droplet forms a planar-convex lens at the electrode interface. By scanning potential beyond the critical value of wetting ( Ec= -750 mV) the contact area reduces and the droplet shape changes from planar-convex lens towards an ideal sphere. Each particular shape established instantaneously upon changing potential. At a constant potential, the droplet shape remains stable over an infinite period of time. The particular shapes were reproducible in independent experimental series and perfectly repeatable by successive changes of potential within the range where detachment does not take place. At  -550 mV (potential of zero charge of the metal and the maximum adhesion force)  the lens has the largest contact area with the electrode, but  it does not spread completely to a film. By changing potential towards Ec  the contact area reduces only slightly, while approaches semispherical form. At -1400 mV  the droplet shape is spherical, and at -1450 mV it is still attached at the electrode, although with a minimum contact area. With a further slight negative shift of potential (6 mV) the droplet slowly detaches and rises to the surface. The detachment of droplets by buoyancy takes place only when the applied potential largely exceeded the Ec ((E< -700 mV). For  smaller droplets the detachment potential, ED,  was  slightly more negative, depending on their size.  


Droplets of SQ and MO, that were studied in less detail, showed qualitatively  the same spreading and detachment behavior as HD droplets implying a similar underlying mechanism. We could also detect a marked influence of the composition of the supporting electrolyte: there was no attachment of HD droplets at the mercury electrode when chloride was substituted by strongly adsorbable iodide ion.18


In the present experiments with macroscopic droplets and the stationary mercury pool electrode the effect of potential  differs from its effect upon microdroplets at the dropping  mercury electrode.6,7 At the dropping mercury electrode, immersed in the aqueous dispersion, spreading of microdroplets (d(1-10(m) to monolayer domains is unconstrained as the growth of the free mercury surface area exceeds the rate of spreading.19 The observed stable attachment of macroscopic HD droplets at the mercury pool electrode beyond the critical potential of wetting,  E<< Ec( as illustrated in  Fig. 3, cannot fit thermodynamics  of  the simple system  equatin-hexadecane/mercury electrode/aqueous electrolyte solution according to eqs.1-3. The difference of - 700 mV between detachment potential, ED, and the critical wetting potential, Ec( would correspond to a difference of 80 mJ/m2 in interfacial tension at the mercury electrode/aqueous electrolyte interface, suggesting rather a modification of the mercury by a HD monolayer. Thus, the actual interface where spreading and detachment of the droplet takes place is a HD monolayer modified mercury/aqueous electrolyte interface. The effect of potential on the double layer at the modified electrode and the interfacial tension, (M12, should also differ from the free metal interface.20 


We note a stricking similarity in effect of potential on the shape of micelles on the gold electrode, recently reported by Bizzotto and Lipkowski.21  


Shape of  a HD droplet, in absence of buoyancy, could be analyzed in terms of Young's equation.22,23  The  equilibrium shape of a HD droplet could be described by the equilibrium contact angle, (,  for the case of a free mercury surface 


cos ( = ((12 - (13)/ (23	(4)


As (13 and (23  are independent of potential,7 only (12 varies with potential and the contact angle varies as well. The contact angle should change from zero at potentials  where  ((12 - (13) ( (23  (E= - 550 mV) to values higher than 90( at potentials more negative than Ec(, and  the droplet is expected to detach. However,  for  a HD droplet  at HD monolayer covered mercury electrode,  the contact angle is defined as


cos ( = ((M12 - (13)/ (23	(5)


Experimentally we observe that at E= - 550 mV there is a finite contact angle (EXP > 0 (Fig.3), and (EXP < 90( at potentials significantly more negative  than Ec( (E= - 1300 mV, Fig. 3). The droplet detaches only when (Ec(  -  E) >  700mV. It follows that (M12 < (12. It is justified to assume that detachment of HD droplet takes place simultaneously with dewetting of the HD monolayer. Thus for ED= - 1456 mV,  (M12 = (12. The value of the interfacial tension of the detachment, taken from the electrocapillary data in the pure electrolyte,12 is 338 mJ/m2. Introducing (M12 = 338 mJ/m2 in equation (5) gives the contact angle of dewetting24 of 120o.  It should be noted that buoyancy (for the droplet in Fig.3 amounts 0.16 mN)  affects the contact angle at each given potential and  enhances the detachment.   


We have also performed a series of experiments by depositing droplets at the mercury electrode modified by a monolayer of adsorbed dextrane.25 Shapes of the HD droplets were surprisingly similar to those shown in Fig.3 and the detachment potential was again more negative than -1400 mV. SQ and MO droplets  that have stronger affinity for the free mercury interface and a broader range of wetting potentials (Table 1) displayed a more complex dynamics, forming, respectively a mixed film with dextrane and an oscillating lens (Table 2).


Conclusion


Spreading and shape of droplets of insoluble organic liquids at the mercury pool/aqueous electrolyte interface depend on the interfacial forces that are controlled by the applied potential. Our preliminary results indicate a simple way to measure interfacial forces26 in the system organic droplet - mercury electrode/aqueous electrolyte solution when adhesion counteracts buoyancy of the droplet.  The difference between experimentally observed potentials of detachment of HD droplets and critical potentials of wetting (exceeding -700 mV) is ascribed to the modification of the mercury interface by a HD monolayer film that forms simultaneously to the deposition of a drop. Formation of a monolayer and the lens instead of a thick film is characteristic for spreading of higher n-alkanes on other aqueous interfaces27  and can be related to general wetting phenomena obtained other solid and liquid substrates.22,23 Further studies on the properties of the HD monolayer should involve differential capacity measurements.28 Modification of mercury interface by a monolayer of adsorbed dextran had a similar effect on the shape and detachment of HD droplets, while droplets of more polar organic liquids showed complex dynamics and instability phenomena (MO) in attachment and spreading at the electrified interface.


The significance of this work that the wetting phenomena in the model system apply more generally, for insoluble films on other electrode materials, such as gold,2,21 and the findings can be extrapolated to complex electrochemical systems of fundamental and technological importance.5
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FIGURE CAPTIONS


Figure 1. Experimental setup with the electrochemical cells and a 3-electrode system: mercury pool working electrode (WE), platinum counter electrode (CE) and Ag/AgCl reference electrode (RE).


Figure 2.  Electrocapillary curve in 0.1 M NaCl (data from Grahame)12 with indications of the deposition potential and critical parameters of wetting also given in Table 1.


Figure 3. Photographs (magnification 10x) of a n-hexadecane droplet ((70(L), deposited at mercury pool/electrolyte interface at -400 mV, taken at constant potentials  of   -550, -1300, -1400 and -1450 mV. 
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Table 1. Some bulk properties of organic liquids15-17 and interfacial properties at negatively charged dropping mercury electrode/0.1M electrolyte solution interface:6,7 critical wetting potential, Ec( and the corresponding critical interfacial tension of wetting, ((12)c .


organic 


liquid�
dipole


moment, D�
density20o


g mL-1�
viscosity


mN s - 2 m- 2 �
log Po/w16�
wetting at negatively charged electrode�
�
�
�
�
�
�
Ec( 


mV�
((12)c


mJ m-2�
�
hexadecane�
0�
0.770�
3.591�
8.782�
-750a �
418.2 �
�
squalene�
0.68�
0.860�
12.000�
13.226�
-990a �
400.0�
�
methyl oleate�
1.44�
0.879�
4.880�
7.973�
-1200b�
377�
�



a 0.1 M NaF7;  b 0.1 M NaCl6








Table 2. Comparison of spreading and detachment of organic droplets ((70 (L) at the mercury pool electrode modified by a dextran monolayer.


organic droplet�
deposition at -400 mV�
detachment at -1450 mV


�
�
n-hexadecane�
stable lens�
slow detachment of  drop�
�
squalene�
mixed film with dextran�
evolution of many small droplets 


with rapid detachment 


�
�
methyl oleate�
oscillating lens gliding over 


the interface towards solid 


boundaries�
             (�
�
�
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