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 DIFFERENTIAL CAPACITY AT MERCURY AND POTASSIUM CHLORIDE INTERFACE1291
 
 Examination of the powder patterns of the alleged sodium hexatitanate revealed a decrease in "d" spacings compared with the potassium compound, which is in approximate agreement with that expected upon replacement of potassium atoms by the smaller sodium atoms in the same structure. A comparison of interplanar spacings determined from powder patterns of the original KzTiaOla and NazTi6013 obtained by replacement with those calculated from the lattice parameters of Berry, et d.,* is shown in Table 111. I t is to be noted that agreement is quite satisfactory. Microscopic examination reveals identical fi-
 
 [CONTRIBUTION FROM
 
 THE
 
 brous character for both potassium and sodium hexatitanate. This evidence, together with the observations described in the tracer replacement experiments, indicates that fibrous sodium hexatitanate has been prepared by the exchange of ions in a flux. Acknowledgments.-The foregoing investigation forms part of a program of research on distribution of ions between melts and solid phases using radioactive tracers which is supported by contract AT(30-1)-1154 with the Atomic Energy Commission. The authors wish to thank Dr. Roland Ward for his continued interest and suggestions throughout the course of this investigation.
 
 DEPARTMENTS OF CHEMISTRY, AMHERSTCOLLEGE, AMHERST, MASSACHUSETTS, AND BRISTOL UNIVERSITY, BRISTOL, ENGLAND]
 
 Components of Charge and Potential in the Inner Region of the Electrical Double Layer: Aqueous Potassium Chloride Solutions in Contact with Mercury at 25' BY DAVIDC. GRAHAME'~ AND ROGER PARSONS RECEIVED AUGUST5, 1960 Following similar work with potassium iodide solutions,1b the differential capacity of the interface between mercury and aqueous potassium chloride solutions of seventeen different concentrations between 0.01 and 4 M has been measured a t 25'. The components of the charge in the solution have been computed and analyzed into contributions from the diffuse layer and from the inner layer. The potential drop across the inner region due t o the ionic double layer has been computed from the experimental measurements. Using these results, the inner layer capacity has been analyzed into a capacity at constant amount of specific adsorption and one a t constant charge on the mercury. The former is similar to that for the potassium iodide system and hence to the total inner layer capacity for potassium fluoride solutions. The latter is considerably larger than that for the potassium iodide system indicating that the inner Helmholtz layer is probably thicker for the chloride ion than for the iodide ion. Somewhat less laborious methods have been developed for calculating the relative thicknesses of inner and outer Helmholtz layers and the potential a t an anion site in the inner Helmholtz plane, although it is clear that the value of these results is limited by the simplicity of the model assumed for the inner layer.
 
 Introduction A recent analysis2 of the structure of the inner region of the double layer at the mercury-aqueous solution interface has been applied to experimental results for the mercury-aqueous potassium iodide interface. lb The experimental results were in satisfactory agreement with the theory and in fact led to a somewhat simpler model of the inner layer than might have been expected a priori. Nevertheless certain anomalies were apparent and were expressed in terms of a non-uniform dielectric constant in the inner region. The measurements reported here were undertaken to extend and confirm this analysis. Experimental Details and Methods of Calculation The experimental measurement of the capacity of the mercury electrode in contact with aqueous solutions of potassium chloride a t 25" followed the methods described p r e v i o ~ s l y . ~ ~ -Twice 3 ~ * recrystallized . reagent grade salt was dissolved in conductivity water to make solutions of seventeen concentrations. The calculation of the surface excess of cations and anions in the double layer was carried out precisely as described for the potassium iodide system.1b Values of the potential of the electrocapillary maximum were taken from previous work.beSb (1) (a) Late professor at Amherst College. (b) D. C. Grahame, THISJOURNAL, 80, 4201 (1958). (2) D. C . Grahame, Z . Elekfrochem. 62, 264 (1958). (3) D. C. Grahame, TEISJOURNAL, 71, 2975 (1949). (4) D. C. Grahame, 2. Electrochem., 69, 740 (1955). (5) (a)YD. C. Grahame, E. M. Coffin and J. I. Cummings, T e c h . Rep. No. 2 t o the Office of Naval Research March 9, 1950; (b) J. R.
 
 Results For direct comparison with the results for the potassium iodide system, the present results are plotted in two ways. I n Fig. 1, ni is plotted against log U A for a given value of q. The corresponding plot for K I gave straight lines whenever ni was greater than about 6 pcoul. ern.+. These results on the other hand show marked curvature a t all values of q irrespective of the value of n,, though there is some suggestion that each curve approaches linearity a t the higher concentrations. Further, i t is worth noting that the slope of this approximately linear region is about twice that of the straight lines obtained for KI. If ai, the surface concentration of specifically adsorbed ions, is plotted against g, the charge density on the mercury surface, for each solution, the plot is very similar to that for KT and, as previously noted, the slope of the approximately linear section is nearly the same for K I and for KCI. The main difference noticeable is that the curves for the more dilute solutions are more crowded together for KC1 than they are for KI. In Fig. 2 , the potential across the inner region, $", is plotted against ni for a given value of q. Like the data for KI, these suggest that the relation between 1c/" and n' is approximately linear. However, for KCI quite large deviations from linearity are apparent with Sams, Jr., C. W. Lees and D. C. Grahame, J. Phys. Chem., 63, 2032 (1959).
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 Fig. 3.-Integral capacity KO2 of the inner region of the double layer at constant x i ; comparison of an adsorbed and a non-adsorbed electrolyte.
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 because i t is uncertain a t present why the deviations should occur. Comparison of the results shown in Figs. 1 and 2 with the corresponding results for K I does suggest that the ni values obtained for the dilute KC1 may be too high, but a t present no convincing reason for this has been found. If i t is assumed that the straight lines drawn in Fig. 2 are correct, then these results may be analysed in a way similar to that used previously. It is clear from Fig. 2 that the potential across the inner region depends upon two quantities q and ni. Thus, i t may formally be written as
 
 +
 
 I)u = $"
 
 +"
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 (1)
 
 where depends only upon ni and #02 only upon q. This dependence may be expressed in terms of integral capacities p = ni/Kn $02
 
 = q/K02
 
 (2) (3)
 
 I t may be noted that the quantity X defined in the previous paper is the reciprocal of &' and that KO2 is the integral capacity related to the differential capacity Co2of the previous paper by
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 Fig. 2.-Potential across the inner region of the double layer I)u as a function of amount of specifically adsorbed anion ~ i .
 
 the results from the most dilute solutions. It would be possible to smooth these results on the assumption that the straight line is correct, as done previously with KI. However, deviation is larger for KCl than for K I and also apparent in several measurements. Consequently, the results presented have not been smoothed in this way
 
 (5)
 
 and it is evident that Kn is obtained directly from the slope of the lines drawn in Fig. 2 , whereas KO2 is simply related to the shift of the line in a direction parallel to the axis. Since Kn is not constant, i t is evident that KO2 must depend to some extent on the value of ni for which it is calculated. The values shown in Fig. 3 are those obtained from the intercept on the potential axis and therefore correspond to ni = 0. This slight dependence of KO2 upon ai was also noted for the K I system; it is much less remarkable than the similarity between the values of KO2 and the integral capacity of the inner region for the K F system which was mentioned before and is shown in Fig. 3. Comparison of the integral rather than the differential capacity seems more satisfactory because i t does not require such high accuracy in the data. It may be noted a t this point that the dependence of Kn upon q and hence of KO2upon ai (cf. 6 ) means that equation 1 is only approximately valid. Severtheless, i t seems to be a sufficiently good (6) R . Parsons, Trans. F a r a d a y SOL.,66, 999 (1959).
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 Fig. 4.-Potential across the inner region of the double layer $" as a function of log (ni/a,) - $"F/2.303 RT for a mercury electrode in aqueous KI.
 
 working approximation to be retained for the present. A possibility which should be considered is that equation 1 is strictly valid but that K" depends upon ni only and KO2 depends upon q only. This would mean that the lines of Fig. 2 are not straight but are curves which could be superposed by shifting in a direction parallel to the potential axis. Inspection of Fig. 2 and the corresponding graph for K I suggests that the lines would not superpose in this way and an attempt to superpose the lines in the KC1 diagram showed that the misfit is larger than seems consistent with the accuracy expected for the data. In the previous paperlb the electrical potential (p) a t an anion site in the inner region was calculated by a method based upon the equation x i = Ka, exp ( @ F / R Texp ) ($'F/RT) =
 
 K'u* exp ( $ i F / R T )
 
 (6a) (6b)
 
 This is essentially an expression of the concentration of ions in the inner region in terms of a Boltzmann distribution law with a n energy difference (+ p) (expressed as a potential) between the bulk solution and the inner region. The division of this energy into two parts is to be thought of as an attempt to separate it into a chemical part I#I and an electrical part $. The chemical part is analogous to Stern's specific adsorption potential and i t is assumed that i t may depend upon q since
 
 +
 
 the charge on the electrode may affect the strength of the chemical bond between the metal and an adsorbed atom. K is a constant for a given system but K' 'is a function of q. A somewhat simpler method will be used to calculate qi from the experimental data using (6) than was used previously. Besides its simplicity, it has the advantage that some of the assumptions necessary for the earlier method need not be made (for example, it is not necessary to express ai in terms of and then to differentiate equation 6). The potential difference, 1c.' - #O = between the inner and outer Helmholtz planes may be expressed as a fraction of the potential difference across the inner region ,)i
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 $0
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 + Y)
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 This is equation 12 of ref. l b , which was derived assuming a linear potential drop across the inner region. Strictly, a linear drop of potential is implied only if p and y are identified with the distances between metal surface and inner Helmholtz plane and between the latter and the outer Helmholtz plane, respectively. If equation 7 is substituted into equation 6b, the resulting equation can be rearranged to obtain In (ni/a,)
 
 -
 
 $OF/RT = log K'
 
 + ( p F / l ? T ) ~ / ( +f i
 
 7)
 
 (8)
 
 All the quantities on the left hand side are known and when plotted against #" a t a constant value of q will give a linear plot if r/(@ 7) is independent of n'. I n this way, b0t.h r/(P y) and K' can be obtained. Fig. 4 shows a plot of this type using the K I results of ref. 2. Satisfactory straight lines are obtained and the resulting values of r/(P y) and K' are in excellent agreement with those found previously, which indicates that the assumptions made earlier were valid. Fig. 5 shows the same type of plot for the KCl results. The points here do not lie so close to straight lines.
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 Fig. 7.-Specific adsorption potential log K’ as a function of surface charge density g for KI and KCl.
 
 about 0.3 D A. (These are all rough figures to give an idea of the orders of magnitude involved.) Since the diameter of an iodide ion with a complete first shell of water molecules is about 10 8., i t seems that the largest possible value for D, the dielectric constant, is about 30. If this value is used throughout, then the center of charge of the iodide ion is about 5.4 A. from the mercyry, while that of the chloride ion is about 7.5 A. These values are probably still too large, especially if a specifically adsorbed ion is visualized as forming a chemical bond with the mercury surface. It is possible as suggested in ref. l b that the decrease of y in the series iodide, bromide and chloride is a result of the decreasing tendency to bond $v = - 4snir/DDo (9) formation with the mercury. This is confirmed Similarly the potential due to the charge on the by the relative values of K’ in equation 6b. It electrode is (equation 18, ref. l b ) can be seen from Fig. 7 that I
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