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 Conductivity of Supercooled Aqueous Potassium Chloride Solutions to -27 OC and 50 MPa Robin J. Speedy Chemistry DepaHment, Vlctorie University of Wellingfon, Wellington, New Zealend (Received: June 14, 1982; In Final Form: September 14, 1982)
 
 Specific resistivities of 0.1 and 1.0 M aqueous KC1 solutions are reported to -27 "C and 50 MPa. The atmospheric pressure results, together with literature values in the concentration range 0-1 M and 0-30 "C can be represented to within 1 or 2% by I" = r,(T/T, - l)?, where r is the resistivity, rzCzo = 0.1316(1 + 0.65 C2$/2) 0 mol dm-2, T, = 224.8(1- 0.035C201/2) K, and y = 1.45. Cz0is the molar concentration of the solutions at 20 "C. The results are interpreted as supporting the hypothesis that there is a structuring phenomenon in supercooled water which generates long-range correlations.
 
 Introduction Extreme changes in the mobilities of ions in aqueous solution as the temperature is reduced below 0 "C can be expected in view of the dramatic variation in the properties of pure water at low temperatures.l-1° The study of these changes is expected to provide insights into the influence of solvent properties on solute mobilities and also to contribute to the understanding of pure water. Electrical conductivity can be measured more precisely than other transport coefficients and so offers a good probe for the temperature dependence of solvent properties. Most of the extensive analysis of electrolyte conductivity focusses on interpreting the concentration dependence near the limit of infinite dilution at constant temperature and pressure in terms of ion-ion interaction Ionsolvent interactions are incorporated into the theories through the inclusion of the solvent viscosity and relative permittivity, and by the inclusion of an ion size parameter which can be adjusted to reflect solvation of the ion. Treatments of the temperature dependence of aqueous solution conductivities and the concentration dependence above about mol dmW3 are not accurately predictive.l'J2 A motivation for the present study is the idea that in pure liquid water there is a mechanism which generates long-range structural c~rrelations~J~-'~ at low temperatures (1)C. A. Angell, 'Supercooled Water" in "Water-A Comprehensive Treatise", Vol. 7,F. Franks, Ed., Plenum Press, New York, 1982. (2)R. J. Speedy and C. A. Angell, J. Chem. Phys., 65, 851 (1976). (3) Yu. A. Osipov, B. V. Zheleznyi, and N. F. Bondarenko, Russ. J. Phys. Chem., 51, 1264 (1977). (4)J. Hallett, Proc. Phys. Soc., 82,1046 (1963). (5)H. R.Pruppacher, J. Chem. Phys., 56,101 (1971). (6)K.T. Gillen, D. C. Douglas, and M. J. R. Hoch, J. Chem. Phys., 57, 5117 (1972). (7)E. Lang and H.-D. Ludemann, J. Chem. Phys., 67,718(1977);Ber. Bunsenges. Phys. Chem., 84,462(1980);E. Lang, Disaertation, University of Regensberg, 1980;E. Lang and H.-D. Liidemann, Ber. Bunsenges. Phys. Chem., 85,603(1981);E.Lang and H.-D. Ltidemann In 'Water and Steam", J. Straub and K. Scheffler, Ed., Pergamon Press, New York, 1980,pp 233-54. (8) D. Bertolini, M. Cassettari, G. Salvetti, J . Chem. Phys., 76,3285 (1982). (9)E. Lang and H.-D. Ludemann Angecu. Chem. Jnt. Ed. Engl. 21,315 (1982). (10)C.A. Angell, M. Oguni and W. J. Sichina, J. Phys. Chem., 86,998 (1982). (11)R. A. Robinson and R. H. Stokes, "ElectrolyteSolutions",2nd ed, Butterworths, London, 1959. (12)H. S. Harned and B. B. Owen, "The Physical Chemistry of Electrolyte Solutions", 2nd ed, Reinhold, New York, 1950. (13)S. I. Smedley, "The Interpretation of Ionic Conductivity in Liquids", Plenum Press, New York, 1980. (14)R. J. Speedy, J. Phys. Chem., 86,982 (1982). (15)H.E. Stanley and J. Teixeira, J . Chem. Phys., 73,3404 (1980). (16)F. H.Stillinger, Science, 209, 451 (1980).
 
 which would eventually result in an instability2J4J6at a temperature Tu(latm) e 228 K, if freezing could be avoided. Many physical properties of water, including thermodynamic properties,'v2J0 structural relaxation times,- the self-diffusion coefficient,5i6and the viscositF4 have a dominant temperature dependence of the form2 X = Xo(T/T, - l ) - Y x (1) which is consistent with this view. A unified interpretation of many of the anomalies of water can be given14 if one assumes that the isothermal compressibility, KT (which appears to conform to diverges as T T,. This would imply that the density-density correlation function becomes long range,ls with concomitant long-range structural correlations and long structural relaxation times, as T Tu. Takisawa, Osugi, and Nakaharalg have shown that their measurements of the limiting ionic mobilities of Li+, K+, C d , and C1- to -8 "C conform to eq 1. If eq 1holds for ionic mobilities over a wide temperature range, then a reinterpretation of the concentration dependence of ionic mobilities may be required. The longrange structural correlations in supercooled water, which are particularly sensitive to the presence of solutes, appear to dominate the temperature dependence of structural relaxation times. Some solutes apparently disrupt the correlations1 and turn supercooled water into a relatively normal (and less viscous) liquid. This effect should be reflected in the concentration dependence of T,, and thereby influence the mobilities. The results reported here indicate that the resistivity of aqueous KC1 solutions is well represented by F = r,(T/T, - 1)' (2) with r2Czoand T, both linear in CZo1/*up to the highest concentration, Cz0 = 1 mol dm-3 (at 20 "C), studied. A plausible interpretation of this empirical observation is that the concentration dependence of r2 reflects ion-ion interaction effects, while the second term accommodates the influence of ion-induced changes in the solvent structure on the ionic mobility. At normal temperatures the Cm'/2 dependence of r2Cmdominates, causing the ionic mobility to decrease with concentration, as expected in terms of the well-known Onsager analysis.'lJ2 However, below -30 "C the concentration dependence of the second 1),2917
 
 -
 
 -
 
 (17)R. J. Speedy, J. Phys. Chem, 86,3002 (1982). (18)H. E. Stanley, "Introduction to Phase Transitions and Critical Phenomena", Oxford University Press, New York, 1971. (19)N. Takisawa, J. Osugi, and M. Nakahara, J. Phys. Chem., 85,3582 (1981).
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 3~ 41 5 Figure 1. Diagram of the conductivity cell (not to scale). (1) Stainless steel pressure tubing which is sealed to the pyrex capillary (2) with epoxy resin and acts as an electrode. The tube terminates at a bleed valve which can be opened to flush the system. (2) Pyrex capillary 17 cm long, 20 pm i.d., 200 pm 0.d. containing the sample. (3) Pyrex support tube 300 pm i.d. 450 mm 0.d. sealed into the thermostat vessel (4) with epoxy resin at each end. (4) Thermally insulated pyrex thermostat vessel. (5) As for (1) but connected to a pressure gauge and hydraulic pump. (6) Electrical leads to the resistance bridge. (7) Circulating thermostat fluid. (8) Thermometer well. (9) Platinum resistance thermometer. 11
 
 2~
 
 term dominates and the measured ionic mobilities increase with concentration. If, as the fits to eq 2 suggest (but the present measurements do not establish), this trend continues to the limit of infinite dilution then the Onsager limiting law"J2 may need to be modified for aqueous solutions. Conversely, experimental tests of the law may provide evidence (a change in the sign of the limiting slope, for instance,) for additional source of long-range interactions in water. It is important to test eq 2 by making measurements close to T,.The difficulty is that T,lies well below the freezing point and to avoid crystallization very small samples are essentia1.l The results reported here were obtained in the course of an ongoing project to develop methods of meausring the resistivity of very small fluid samples. Experimental Section Conductivity Cell. The solutions were contained in a 20-pm diameter pyrex capillary about 17 cm long, as illustrated in Figure l. The ends of the capillary, for about 1 cm, were sealed into stainless steel pressure tubing, maintained at room temperature, which acted as the electrodes. The central 15 cm length of the capillary was thermostated. The volume of supercooled solution was about 5 X cm3. Samples were forced into the capillary by applying about 20 MPa pressure. The capillary was flushed with many times its volume of solution before closing the bleed valve. The capillary was changed after each run because after a solution had frozen in it once, at about -27 "C, it would freeze at about -20 "C on subsequent cycles. In view of the high surface-to-volume ratio of the cell some dissolution of the ion exchange, or surface conductivity e f f e ~ t s ~are l - ~possible, ~ but unlikely, at the concentrations used here. Flushing of the capillary to replace the solution with a fresh sample did not change the resistance. The method of calibration would compensate to some extent for any reproducible effects of this kind and make them difficult to detect. (20)A. Olivei, Jp. J. Appl. Phys., 12, 1534 (1973). (21)A. J. Rutgers and M. de Smet, Tram. Faraday SOC.,43, 102 (1947). (22)J. A. Shufle and N. T. Yu, J. Colloid. Interface Sci., 26, 395 (1968). (23)N.V.Chureav, I. P. Sergeeva, V. D. Sobolev, and B. V. Derjaguin, J. Colloid. Interface Sci., 84,451 (1981).
 
 Resistance Measurement. Resistances of the cell were in the range lo7 to 5 X lo9Q. A General Radio dc megohm resistance bridge (Type 1644A, range 1 kQ to 1 TQ)with a guard ring circuit was used. The bridge sensitivity was about 0.5%. The guard ring circuit was connected to a wire wrapped around the thermostat vessel, but its use proved to be unnecessary. The resistance of the cell when the capillary contained a bubble or when the sample froze was always more than 200 times greater than the sample resistance, with or without the guard ring. The bridge calibration was checked against a standard (f1%) 10g-Q resistor to within 1% . In view of the very large sample resistance, electrode resistance and polarization effects can be neglected. The measured resistance was independent of the applied potential difference in the range 100-1000 V. Measurements were made at the lowest potential difference which gave full sensitivity (100 or 500 V). Calibration. The measured resistance, R , of the cell is the sum of two parts R = Ro l r / a (3)
 
 +
 
 Ro is the resistance of the solution in the ends of the capillary, at room temperature. 1 is the length, a is the cross-sectional area, and r is the resistivity of the thermostated solution. Equation 3 neglects the effect of the finite width of the temperature gradient between the two regions. This effect is probably small (R, is less than 2% of R at the lowest temperatures and less than 10% at room temperature) and is compensated for by the method of determining Ro and lla. Measured values of R were interpolated to obtain values at 0, 18, 25, and 30 "C. When plotted against literature values12i26of r they were linear to within the &0.5% uncertainty in R. The slope and intercept of the graph give lla and Ro. These values agreed with estimates based on the capillary dimensions which are, however, limited by a f20% uncertainty in the optical measurement of the bore diameter. Results. Aqueous KC1 solutions were made to 0.100 and 1.00 mol dm-3 volumetrically at 20 "C by using AR KC1 and deionized water. The molar concentrations of these solutions at temperatures below 0 "C are not known because the densities are not known. For this reason we refer to the concentration C2, of the solution at 20 "C. The resistivities of these solutions at 0.1 and 50 MPa are reported in Table I. A total of four points which lay more than 2.5% from a smooth curve has been rejected, but otherwise no corrections were applied. Molar conductivities A = l/rC where C is the molar concentration, can be estimated, but 'since C is not known accurately below 0 "C A is not tabulated. Figures 2 and 3 show the rapid increase in r as the temperature is reduced. Results for the two independent runs on 0.1 M KC1 at 0.1 MPa are in good agreement. The precision of the results is better than 1% (Table 11). Analysis of the Results. Table I1 shows that the measured resistivities are well represented by eq 2. If this equation continues to hold outside the range of the fit then T , is the temperature at which the solution becomes an insulator and r2 is the resistivity when T = 2T,. (24)G. Jones and B. C. Bradshaw, J. Am. Chem. SOC.,55,1780(1933). (25)R. A. Robinson and R. H. Stokes, J. Am. Chem. SOC.,76,1991 (1954). (26)H.E.Gunning and A. R. Gordon, J. Chem. Phys., 10,126(1942).
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 TABLE I : Specific Resistivity, r , for Three Independent Runs (with Different Capillaries) on 0.1 and 1 M Aqueous KCl Solutionsa 0.100 0.100 0.100 0.100 C,,/(mol dm-3) 1.00 1.00 0.1 0.1 0.1 50 p/MPa 0.1 50 T/K r/(ncm) r/(n c m ) T/K r / ( n cm) r / ( n cm) T/K r / ( n cm) T/K r / ( n cm) 297.6 9.03 8.65 259.3 2 24 197 302.5 70.7 249.8 337 303.0 8.23 7.90 264.1 187 168 293.5 85.8 248.1 367 307.9 7.69 7.35 268.7 159 146 283.2 108 246.8 392 292.7 9.87 9.45 274.0 136 125 278.3 122 248.8 3 50 11.0 10.4 278.4 121 113 273.7 136 249.8 332 287.8 101 271.2 147 250.1 3 29 282.5 12.3 11.7 283.0 108 278.1 13.7 12.9 288.1 95.0 90.0 268.9 158 241.3 3 82 273.0 15.3 14.5 292.5 87.5 83.0 263.8 186 245.8 410 18.8 307.4 66.4 63.0 258.5 227 froze 263.1 20.3 259.0 23.3 21.6 301.2 74.9 70.1 256.5 246 218.3 120 254.5 27.3 25.0 296.5 80.7 76.7 261.5 201 274.8 133 250.4 32.5 29.2 268.2 162 264.8 179 270.2 153 246.1 39.2 34.5 254.2 274 235 270.7 149 283.2 104 249.9 339 279 263.8 187 291.1 88.6 259.2 222 302.0 70.4 255.4 257 298.6 76.4 252.4 295 295.0 82.4 250.9 318 283.0 108 a The precision of the results is better than 1% (Table 11). These data are shown in Figures 2 and 3. C,, is the molar concentration o f the solutions at 20 "C.
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 2 80 300 T / K Flgure 2. The resistivity rof aqueous KCI solutions, C20= 0.100 mol dm3 at 20 OC,plotted against temperature. The squares and circles indicate results from two independent runs. Data from Table I . 240
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 The standard deviations are close to the resolution of the resistance bridge so most of the scatter can be attributed to that source. The fitting parameters can be varied interdependently over range of about f0.15 in y, A7 K in T,,and f2% in r2 before the standard deviation exceeds twice the value in Table 11. If the form of eq 2 has any fundamental significance then one would expect the exponent y to be independent of concentration and pressure. So the results were refitted, as shown in Table 111, with a constant value of y = 1.45. The resulting values r2 and T,vary in a more regular manner with Czoand p than the values in Table 11.
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 Flgwe 3. The resistivity r of an aqueous KCI solution, C20= 1.00 mol dm-3 at 20 'C. plotted against temperature. Data from Table I .
 
 TABLE 11: Best-Fit Parameters in the Equation r = r , ( T / T , - 1)-7a C'Oi (mol PI d ~ n - ~ MPa )
 
 %
 
 dm-')
 
 7
 
 T,/K
 
 std dev
 
 0.1 0.2171 1.469 216 0.64 50 0.2214 1.534 211 0.59 0.1 0.1581 1.555 219 0.82 223 0.68 0.1 0.1656 1.429 0.51 50 0.1727 1.618 212 a Data from Table I. C,, is the concentration at 20 OC. % std dev = ( . Z ( 1 0 O A r / r ) ' / ( N- 3))"'. 1.0 1.0 0.1 0.1 0.1
 
 Table I11 also shows values of r2 and T,obtained by fitting literature values of r and l/Ao for KC1 with y = 1.45.
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 TABLE IV: Best-Fit Parameters in the Equation A ' = A , ~ ( T / T-, ~l ) r a
 
 TABLE 111: Fitting Parameters in the Equation
 
 r = r,(T/T, - 1)'Y with 7 = 1.45 T range/
 
 P/
 
 "C
 
 MPa
 
 rzCzo/(~ m ol dm;')
 
 Czoi (mol dm-3)
 
 323
 
 electroA,'/(S lyte cm' mol-')
 
 %
 
 Ts/K
 
 std dev
 
 0.65 -27 to 35 0.1 0.218 216.6 1.0 0.1 0.1 0.165 222.0 1.0 -27 to 28 -24 t o 29 0.1 222.4 0.70 0.1 0.164 214.0 0.68 -27 t o 3 5 50 1.0 0.223 218.0 0.89 -24 to 28 50 0.1 0.175 0 to 25a 0.1 1.0 0.2183 217.2 0.16 0 to 25a 0.1 0.1 0.1592 223.2 0.10 224.4 0.10 0 to 25a 0.1 0.01 0.1409 5 to 55 0.1 C-' O b 0.1316 224.8 0.13 a Values of r from ref 24. Values of l / A o from ref 25. 0,22
 
 LiCl NaCl KC1 KBr KI
 
 651.16 699.91 766.23 758.56 748.54
 
 Tso/K
 
 7
 
 % std dev
 
 225.5 225.5 227.0 226.5 226.5
 
 1.530 1.509 1.406 1.398 1.394
 
 0.06 0.02 0.07 0.09 0.09
 
 a A O is the limiting molar conductance of the aqueous solutions in the temperature range 5-55 "C. Data from appendix 6 . 2 of ref 12.
 
 TABLE V : Molar Conductance A of KCl Solutions in the Temperature Range 15-45 "C Fitted by A = A , ( T / T , - l ) 7 with 7 = 1.4a 104ci
 
 Az/(s
 
 5 10 20 50 100
 
 758.58 752.30 744.37 731.18 714.06
 
 (mol dm-3) cm' mol-') rz czo
 
 I n m o l dni2
 
 T,/K
 
 % std dev
 
 227.4 227.3 227.2 227.1 226.8
 
 0.06 0.05 0.07 0.07 0.08
 
 = These parameters can be represented by + bc"') to within 0.1%,T , = TSo( 1 - a ~1 to~ / ~ within 0.05 "C with A z o = 772.2 S cm' mol-', b = 0.81 dm3/2,TSo= 227.55 K, and a = 0.033 dm3lz. These parameters (not optimized) reproduce A ( c , T )given in Table V of ref 26 to within 0.15%. a
 
 A z o / (1
 
 0.13
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 qCzo/ mol dm-'
 
 . 1
 
 Flgure 4. The atmospheric pressure fming parameters r2Cz0and T in the equation r = rdT/T, - 1)-, with y = 1.45 plotted against Cal'! Data from Table 111.
 
 Figure 4 shows that, when y is fixed, both r2Czoand T, are linear in C201/2to within the probable errors in these quantities. This implies that all the atmospheric pressure measurements and the literature data in Table 111, which covers the concentration range 0-1 mol dm-3 and the temperature range -27 to +30 "C, can be represented to within 1 or 2% (no attempt has been made to optimize the parameters) by eq 2 with r2C20= r2Czo(1 bC201/2) (4)
 
 +
 
 T, = T,O(1 - ~ C z o l / ~ )
 
 (5)
 
 r2Cm = 0.1316 Q mol dm-2, b = 0.65 (mol dm-3)-1/2,T,O = 224.8 K, u = 0.035 (mol dm-3)-1/2,and y = 1.45. The parameter values are somewhat arbitrary since they depend on the particular choice of y, and because it would be more appropriate to fit values of the molar conductance. Nonetheless,two significant points emerge from the fitting exercise. First, Table I11 shows that the values of T, and r2 obtained by fitting the precise literature values of r from about 0 "C are essentially the same as those obtained by fitting the present measurements to -27 OC, implying that the present measurements could have been accurately predicted. This point is emphasized because it helps to allay the suspicion with which, since the polywater controversy, reports of the extreme temperature dependence
 
 of the properties of supercooled water may be received. Secondly, there is now a good deal of evidence that T, is an important characteristic parameter of water and aqueous solutions, so the indication that T, for a particular solution can be estimated from literature data available above 0 "C may be useful in correlating the properties of solutions. Table IV shows the best-fit parameters obtained for a number of alkali halides in water and confirms that eq 1 applies as well to molar conductance data. Despite the long extrapolations involved, and the small variation in the best fit values of y, the best fit values of T,O for all the salts agree to within f l "C. This is the result to be expected since T:, being a solvent property, should be independent of the solute at infinite dilution. It is also important to verify that the simple c1l2 dependence of the parameters (eq 4 and 5 and Figure 4) persists when precise molar conductance data are examined at low concentration. For this purpose we have fitted the very accurate data of Gunning and Gordon26for KC1 solutions over a range of both temperature and concentration. The results are given in Table V. Finally, if we speculate that the first term in the equation given in Table V, A2 = A 2 / ( l + bc1l2),takes account of the effect of ion-ion interactions on the limiting slope then the value of b should be consistent with the Onsager limiting law. A2 represents the value of A when T = 2T, N 450 K. Using extrapolations we estimate that the viscosity of 71 = 0.0014 P and the relative permittivity e = 39 at 450 K. The Onsager law12then predicts that b = 0.9. If we allow &lo%for the extrapolations this value agrees with the estimate b = 0.81 in Table V. Discussion The ability of the fitting equation of the last section to accommodate the experimental values of A(c,T) over wide ranges of both c and T i s impressive, but the precise forms used need to be taken with a grain of salt. There are no doubt several different factors with different temperature dependences which contribute to A(c,T). Only near the
 
 324
 
 The Journal of Physical Chemistry, Vol. 87, No. 2, 1983
 
 Speedy
 
 -
 
 limit T T , will the factor which apparently gives rise to a ( T /T, - 1 ) y dependence be totally dominant, so it is likely that this term is being forced to accommodate others, with consequent variations in best fit values of y and T,. As a guide to the direction of further studies we examine here some implications of a more general equation A = F(c,T)Az(T/T,-
 
 1)y
 
 (6)
 
 where
 
 hz = AZo/(1+ bc'/') T, = T,O(1- ~ ' 1 ~ )
 
 (7)
 
 (8)
 
 F(c,T) is an unspecified but analytic function. The inclusion of a "background correction" analytic term is familiar in discussions of, for instance, the viscosity divergence at a spinodal line near a liquid-liquid critical point.27 The limiting slope from eq 6-8 is lim (a In = -b + a y ( T / T , ) / ( T / T ,- 1) (9) C'/'--o
 
 F(c,T) makes no contribution to this limiting slope because it is analytic in c. Using, as a guide, the parameters from Table V we find that this limiting slope goes to zero a t -32 "C and is positive below that temperature. The measurements reported in Table I confirm that (d In A / ~ C ' / changes ~)~ sign a t --27 "C between 0.1 and 1 M, but this cannot be regarded as strong evidence that the limiting slope changes sign. An experimental study at low concentrations and low temperatures would be of great interest since the implications of eq 6-8 are in obvious conflict with the Onsager limiting law. A more striking implication of eq 6-8 is that
 
 Equation 10 implies that near T, the presence of an ion can increase the mobility of another ion, even near the limit of infinite dilution where the ions are separated by large distances. Thus the tests of eq 6-8 can be regarded tentatively as supporting the notion that there is a clustering mechanism in water which generates long-range correlations. Adding KC1 evidently disrupts the clusters, (27) Y. Izumi and Y. Miyake, Phys. Reu. A,, 16, 2120 (1977).
 
 making the solvent more fluid and allowing increased mobility to dissolved ions. The essential features of a physical model which could explain the present results and relate them to the thermodynamic anomalies of supercooled water1 are as follows: (1)there exist in water some low-density structure^^^'^^'^ which increase in concentration as the temperature is reduced; ( 2 ) there is an element of geometrical cooperativity2J5J6by which one low-density structure can enhance the probability of another, giving rise to clusters which grow in size as the temperature is reduced. The cooperative effect is required to produce an accelerating, and eventually divergent,16rate of growth of the clusters as T T,. This picture can account for a diverging density-density correlation length, with consequent18 diverging compressibility, expansivity, and heat capacity, as is required by the stability limit conjecture,17and for structural relaxation times which diverge with the correlation length18so that h 0 as T T,. The effect of pressure is to decrease T, because, by Le Chatelier's principle, the concentration of the low-density structures is decreased by increasing pressure. The effect of solutes is also to decrease T , because they are likely to interfere with,'J5 rather than enhance, the cooperative growth of the clusters. It is not yet clear why T, should vary as c1I2for KC1, and the evidence given here that it does is not conclusive. If T, varies as some higher power of c then there is no conflict with the Onsager law because the parameter a in eq 9 is then zero. It has been suggested16that the clusters may be structurally similar to the water in aqueous clathrate crystals. If this is so, then solutes which are known to form clathrates ought to enhance the formation of clusters in solution and thereby increase T,. There is as yet no evidence that any solute increases T,. Conductivity measurements, because of their simplicity and precision, offer a good probe, particularly for locating T,, and thus for studying the effects of solutes on T,.
 
 -
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