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(m), 1433 (m), 1395 (m), 1366 (s), 1336 (w), 1311 (w), 1298 (w),
1239 (m), 1215 (s), 1204 (m), 1170 (m), 1128 (m), 1080 (m), 948 (m),
and 882 cm™! (m).

Anal. Caled for CyH;:F: C, 82.35;
Found: C,82.29; H, 11.38; F, 6.50.

H, 11.44; F, 6.20.
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Abstract:
have been measured in anhydrous methanol at 25°.

The equivalent conductivities of the K+, Mg?*, Co?+, Ni?+, Cu**, and Zn?*t m-benzenedisulfonates
The data for the 2:2 salts have been interpreted by the Fuoss—
Kraus technique for determining the limiting equivalent conductance and association constant.

The data for K-

BDS have been analyzed by the Fuoss—Edelson technique obtaining the limiting conductance A, and therefore

N /spse- from the known conductance of K+ in methanol.

favorably with the data of Hartley and Raykes.

The values of A%/, for Mg+? and Zn** compare

With the so-determined values of Ay, the Fuoss—-Onsager equation

is fitted to the data as a two-parameter equation in the association constant K. and collision diameter a. The
sum of the Stokes hydrodynamic radii (R+* + R-9) is of the same order of magnitude as a,.

tis about 100 years since the pioneering measurements
of ac electrical conductivity by Kolhrausch were
performed in aqueous solutions of electrolytes. During
this time the Onsager theory® at different levels of
sophistication® has given a rather exhaustive micro-
scopic picture of the phenomenon of conduction, at
least in the diluted range. Other nonelectrochemical
methods have been developed in the meantime, like nnmr
relaxation, * ultrasonic absorption, and other relaxation
methods,’ uv, visible,’® and Raman spectra.®® These
techniques have offered intimate insights into the phe-
noniena of solvent exchange in the first coordination
sphere of the metal cation,* of the mechanism of ligand
substitution during the process of complexation,® and
of the coordination of ligands by the metal cation.”
While the above does reflect a harmonic development
of a branch of science from the classical to the molecular
approach, in nonaqueous solvents a strange state of
affairs exists. Indeed, modern kineticists and spectro-
scopists have often applied their techniques to solutions
of, say, transition metal ions in nonaqueous solvents.”
However, the corresponding classical measurements

(1) This work is part of the thesis of R, Lovas in partial fulfillment for
the requirements of the degree of Bachelor of Sciences, Polytechnic In-
stitute of Brooklyn, 1970.

(2) L. Onsager, Phys. Z., 28, 277 (1927).

(3) (a) R. M. Fuoss and F. Accascina, *‘Electrolyte Conductance,”
Interscience, New York, N. Y,, 1959; (b) R. M. Fuoss and L. Onsager,
J. Phys., Chem,, 36, 2689 (1932); 61, 668 (1957); 69, 2581 (1965).

(4) T.J. Swift and R. E. Connick, J. Chem, Phys., 37,307 (1962); 41,
2553 (1964).

(5) M. Eigen and L. DeMaeyer in *‘Technique of Organic Chemis-
try,” Vol. VIII, PartII, A, Weissberger, Ed., Wiley, New York, N. Y.,
1963, p 895,

(6) (a) C.K. Jorgensen, ‘‘Absorption Spectra and Chemical Bonding
in Complexes,” Pergamon Press, London, 1961; (b) J. W. Macklin and
R. A. Plane, Inorg. Chem., 9, 821 (1970), and previous literature.

(7) C. H. Langford and T. R. Stengle, Annu. Rev. Phys. Chem., 19,
193 (1968).

like thermodynamical and transport ones are often
lacking (perhaps due to the decline of electrochemistry
in the current fashion list of scientific topics).

Still, the classical measurements are needed since they
often give necessary and precise information like the
degree of association and the activity of an electrolyte.
Itis enough to think of the dangers of neglecting associa-
tion in arriving at any conclusion about the rate of ex-
change of the solvent around a particular cation.

If the anion that one must necessarily add partici-
pates in the first and even the second coordination
sphere as a complexed or paired species,” the rate of
exchange of the solvent can be dramatically altered.
This may happen both because of a statistical effect of
occupation of an exchange site or because the partial
or total charge neutralization may effect the tightness
by which the solvent is retained in the coordination
shell around the metal cation.®

In an effort to avert the present situation and to re-
balance our state of knowledge of the classical and non-
classical information of divalent ions in nonaqueous
solvents, it has been decided in this laboratory to carry
measurements of electrical conductance of Mg?+, Co?*,
Ni?*, Cu?t, and Zn?* m-benzendisulfonates in methanol.
The choice of the anion has been dictated by a parallel
study by P-jump relaxation kinetics® and by the solubil-
ity (~5 X 10—2 M) being high enough to carry a con-
ductance study without difficulties. Methanol has
been chosen as the natural starting point from water.
The conductance of K,BDS has also been measured in
order to calculate the limiting conductance of the ben-
zenedisulfonate anion in methanol.

(8) G. G. Hammes and J. L. Steinfeld, J. Amer. Chem. Soc., 84, 4639
(1962).
9y G. Macri and 8. Petrucci, Inorg. Chem., 9, 1009 (1970).
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Table I

' Temp, Cation anal ——97 cation—— Anion anal ——97 anion——

Salt °C method Exptl Theor method Exptl Theor

MgBDS 85 Hydroxyquinolate 9.52 9.33 Cation exchange 90.53 90.67

CoBDS 120 a-Nitroso-g-naphthol 20.16 19.97 Cation exchange 79.77 80.03

NiDBS 110 Dimethylglyoxime 19.60 19.91 Cation exchange 80.48 80.09

CuBDS 70 Iodometry 20.86 21.20 Cation exchange 79.30 78.80

ZnBDS 70 Ferricyanide 21.31 21.68 Cation exchange 78.72 78.32
Experimental Section Table II. Concentration (M) and Equivalent Conductance

The instrumentation, method, and procedure have been described
elsewhere.’® The only change, in order to improve the accuracy of
the conductance values, was to prepare and analyze the stock
concentrated solution by weight. A simple error analysis shows
that when a concentration method is used the largest possible
systematic error one can make is in the concentration analysis of
the stock solution. After conversion of a weighted amount of the
methanolic solution containing the BDS salt into the corresponding
acid, this was analyzed by weight burets containing a Tham stock
solution,!! using a Beckmann expanded-scale pH meter as the
sensor device. The final result was a factor expressing the moles
of salt per gram of stock solution in vacuo. This was used to
calculate the portions of salt added to the solution in the con-
ductance cell. The conversion to the molarity scale was made
for the solutions in the conductance cell by approximating the
density of its solutions (¢ < 50 X 10~¢ M) to that of the solvent.
The cell used had a constant K, = 0.1143 + 4 X, where X is the
specific conductance of the solution, All the operations like trans-
fer of solvent and stock solution were performed in a drybox under
a dry N; atmosphere.

Materials. Methanol (Baker ACS reagent) was purified by dis-
tillation in a 3-ft, all-Pyrex, Vigreux column over aluminum amal-
gam, collecting only the middle portion boiling at 64.5° (Karl
Fisher and vpc analyses, performed just before the runs indi-
cated less than 0.01 %, of water content in the methanol).

The salts were prepared by purifying m-benzenedisulfonic acid
(K and K, technical grade) by decoloration with Norit-A decoloriz-
ing carbon neutral and converting it into BaBDS with BaCOs;.
The BaSO, precipitate from the aqueous solution of BaBDS was
filtered off. The solution was reduced in volume by heating and
cooled, and the BaBDS was precipitated with distilled acetone
(1:10, Metro scientific NF grade).

The BaBDS was redissolved in water. To this solution the metal
sulfates (recrystallized twice from conductance water), in stoichio-
metric amounts, were added. The final solution was tested for
lack of a excess either of Ba?* or of SO, (after filtration of
BaSO4).

The metal BDS salts were recrystallized twice from acetone-water,
air-dried, and then dried in a vacuum oven at 50 X 10— mm at
temperatures less than 150° until, by analysis, they were dry.

These temperatures, checked by vapor chromatography for the
release of water and absence of decomposition, are reported in
Table I. The analyses of the anhydrous salts, stored in a vacuum
dessicator over anhydrous Mg(ClO.),, are also reported in Table
L

K:BDS was prepared by reacting BaBDS with K.CO; and filtering
off the resulting BaCQO;. The solution was boiled down to a small
volume and the salt precipitated from acetone-water, It was then
recrystallized from conductance water three times, dried in air, and
then dried in a vacuum oven at 75° and 50 X 10~ mm. Analysis
showed it to be anhydrous,

Results and Calculations

In Table II the results (expressed in equivalent con-
ductance A (ohm~! cm? equiv—1!) at the concentration
¢ (M) studied for the various salts investigated) are re-
ported. For the calculations the density of the sol-
vent, p = 0.7866 g/cc, the dielectric constant, D = 32.66,
and the viscosity, n = 0.005445 P, were used.

(10) 8. Petrucci, P. Hemmes, and M, Battistini, J. Amer. Chem. Soc.,
89, 5552 (1967).

(11) L. Meites in ‘““Handbook of Analytical Chemistry,”” McGraw-
Hill, New York, N. Y., 1963, p 334,

(ohm~! cm? equiv 1) for the Electrolytes Investigated
in Methanol at 25° @

Electrolyte ¢ X 104 A Electrolyte ¢ X 104 A
K:BDS 1.8764 96.225 MgBDS  1.361g  43.241
4.2628 88.615 3.2710 31.629
7.4011 82.32 6.169¢9 25.085
9.9499 78.912 10. 669 20.540
14,11y 74.623 17.794 17.199
17.799 71.770 25.221 15.313
CoBDS  2.5453 36.808
(first 5.8052 27.428
run) 9.812p 22.739
11.719 21,387
18.413 18.297
34.238 15.039
CoBDS 2.9864 34.75¢ NiBDS 0.66550 59.03¢
(second 6.8874 25.77% 2.4934 38.831
run) 11.04¢ 21.793 4.8011 30.972
13.999 20.087 8.2413 25,654
32.081 15.332 11.951 22.574
16.614 20.229
21.473 18.614
CuBDS 1.5037 41.378 ZnBDS 1.9027 40.42¢
2.7938 33.252 3.2808 33.408
4.4329 28.143 4.7491 29.267
7.9143 22.818 6.7663 25.788
13.10¢ 19.08p 9.3251 23.032
21.227 16.211 12,8939 20.580
26.569  15.101 15.9320 19.167

31.13g  14.463

e At least one figure in excess with respect to the sensitivity of the
method is reported in the above. This is done in order to avoid
round-off errors in future recalculations by others from these data.

The analysis of the data of Table II was first tried by
the 1959 version of the Fuoss-Onsager equation®
(adapted to 2:2 salts) for associated electrolytes?®

A=A — S\/Z&+Ecalogca+
Jea — Kacafi?A (D)

where the symbols have their usual meaning.!® During
the analysis it became clear that no unique solutions
were obtainable for the three parameters Ay, J, and K,
given the large association and size of the competing
terms Eca log ca and Jew at these dielectric constants
(effective dielectric constant of (32.66/4) =~ 8.2 for a
corresponding 1:1 electrolyte). Values of A, oscillating
between 60 and 140 ohm~! cm? equiv—! could be im-
posed on the data with a very sluggish conversion or no
conversion at all on a y—x plot. In fact, from Figure 1
it can be seen that the plot of A vs. v/c for ZnBDS re-
sembles that of a weak electrolyte like acetic acid in
water (the A, reported in Figure 1 has been calculated
as shown below). Fuoss in his monograph® warned
against the insensitivity of the y-x procedure when Ka
was larger than several thousand units. Under the
circumstances, and in the absence of the knowledge of
Ay, it is more convenient® to drop the Eca log ca and

Lovas, Macri, Petrucci | K+, Mg*t, Co®, Ni**, Cu**, and Zn** m-Benzenedisulfonates
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Figure 1. Plot of A vs. v/¢ for ZnBDS in methanol at 25°.

Jea terms, reducing the conductance equation to a two-
parameter expression in A, and K,. The Fuoss-
Kraus!? or Shedlovsky method!® may be conveniently
used up to association constants of the order of K, =~
105 M—1,

The Fuoss-Kraus method!? consists of plotting (F/A)
vs. (cAf.%/F)according to the function

F_ 1 ALKy
T (A)

A A F

where F = 4/; cos?[!/3 cos™1 (—3"22/2)], f,.? is the limit-
ing Debye-Hiickel function for the activity coefficients,
and z = (S/A//(CA)/. Values of the function F
have been tabulated ! for useful ranges of the variable z.
Consequently, a plot of F/A vs. (CAf,*/F) will determine
(1/A0) and (Ka/Ao?) as intercept and slope, respectively,
whence A, and K, simultaneously.

By starting with an arbitrary value of A, say 100
ohm~! cm? equiv—1, to calculate the function z, a cycle
of approximations can be performed until convergence
of Ag and K. In our case a computer program was
used. In Figure 2, the final plots of the quantity F/A
vs. (cAf. % F) are reported for the five electrolytes in-
vestigated. In Table III the results for A, and K, are
also reported. In order to have an assessment of the
reliability of the method used, the Kohlrausch rule has
been used as a check of the above results for the two
cases for which the value of the limiting mobility of the
cations in methanol is known, ¥ namely, Mg*+ and Zn?*.

In order to have an evaluation of the value of A\_° for
the BDS?~ ion the data for K;BDS reported above have
been treated by the Fuoss-Edelson!® technique. This

(12) R. M. Fuoss and C. A, Kraus, J. Amer. Chem. Soc., 55, 476
(1933).

(13) T. Shedlovsky, J. Franklin Inst., 225, 739 (1938),

(14) R. M. Fuoss, J. Amer, Chem. Soc., 57, 448 (1935).

(15) H. Hartley and H. R. Raykes, Trans. Faraday Soc., 23, 393
(1927); A. Unmack, D, M. Murray-Rust, and H. Hartley, Proc. Roy.
Soc., Ser. 4, 127, 228 (1930).

( (16) R. M. Fuoss and D. Edelson, J. Amer. Chem. Soc., 73, 269
1951).
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Figure 2. Fuoss-Kraus plot for Me!’BDS in methanol at 25°.

method consists in evaluating the A, and K, for an un-
symmetrical electrolyte of the type M:A, for instance.
K4, refers to the equilibrium

M* + A == MA-

while the equilibrium leading to the neutral species
M:A is neglected. Because of the presence of the con-
ducting species MA~, one has to consider Aya-. Itis
approximated to Alya- = 0.5A%/4.-. Other approxi-
mations are introduced, such as the activity coefficient

Table ITI. Results of the Fuoss-Kraus and of the

Fuoss y-x Analysis®
Ao,

ohm~! Ka Ka J X a X

cm? (Fuoss—Kraus), (y-x), 10-3, 108,

Electrolyte equiv! M1 M- cm cm

MgBDS 120.5 48,500 46,000 200 13.5

CoBDS 123.5 44,400 41,700 200 12.9

NiBDS 120.5 37,300 35,300 200 13.4

CuBDS 119 47,900 45,000 200 13.9

ZnBDS 117 39,700 37,300 193 13.4

¢ Limiting conductance and association constant for the 2:2
electrolytes investigated in methanol at 25°. (The limiting con-
ductances are precise to about £=19, the association constants to
about +=5%.) The parameters J and a have been obtained from
the y-x analysis. The values of a are precise within =1 X 10-2
cm.

equality, fm+ = fma-, and the single ionic coefficient
far-introduced through the Debye-Hiickel limiting law.

Despite all these approximations the method gives
useful results especially reliable for A, It consists
of using the equation

KA1
X Ao

Plotting A* vs. x, A¢ is obtained from the intercept and
Ka /A, from the slope, whence K, is obtained.

A* = A, — (I1I)

Journal of the American Chemical Society | 92:22 | November 4, 1970
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Figure 3. Fuoss—Edelson plot for K,BDS in methanol at 25°.

In the above, A* = Ayy; and

A [ 1 ][ 1 N xo,/,Az-]
M= L T+ N 280 || T = (Sa/hgT” T 24

where Sp. is the Onsager conductance coefficient for a
1:2 electrolyte

S, = 1.98 X 108 g*
12 = (DT)""

1+\/lF|ZIZZIAO+

29.16
7(DT)"*
and T is the ional concentration, I" = 3Ny, = 3N. In
the above, x = Nfa = A*¥(A* — 0.5A,), where N is the
concentration in equivalents/liter.

Starting from a preliminary value of A, obtained
through a free-hand extrapolation from a A-+/¢ plot
a series of approximations are performed in order
to evaluate A* and x. The final plot of A* vs. x is shown
in Figure 3. The results are A, = 110.5 ohm™! cm?
equiv—! and K, = 320 M—-!. The plot becomes non-
linear if the concentration is increased because of the
failure of the approximations involved in the theory
and the onset of the association of the M,A species.

From the value of A, and from the known value of the
limiting conductance of K+ in methanol,’” A\o¢ . = 52.4,
one can calculate A /gps:- = 58.1. Then, adding the
limiting values of conductance!s of Mg?t and Zn?**,
)‘Ol/zMgﬁ* = 60 and )\Oznz+ = 595, one has Aol/zMgBDS =
118.1 and A%, z,mps = 117.6, which compare favorably
with the quantities reported in Table III, given the sen-
sitivity of the Fuoss-Kraus and of the Fuoss-Edelson
methods for the present case (£ 1 %).

In order to investigate the effect of having neglected
the E and J terms in the conductance equation, a cal-
culation of a y-x type, using eq I, was tried. By im-
posing the now determined Ao, the quantity y can now be
calculated from

= ‘% —J—KafitA=J— Kax  (IV)

where A’ = A 4+ Sv/ca — Eca log ca. Plotting y vs.
x, J and K, are obtained as slope and intercept. This
is shown in Figure 4; the results are reported in Table

(21| +1Z:)

y

(17) 1. P, Butler, H. 1. Shiff, and A. R. Gordon, J. Chem. Phys., 19,
752 (1951).
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Figure 4. Fuoss y—x plot for Mel’BDS in methanol at 25°,

ITI. It may be seen that the differences between the
calculated K, from the Fuoss-Kraus method!? and the
ones from eq IV are within few per cent. The values
of the parameter g, the collision distance between ions,®
are also reported in Table III.

Discussion

From the determined values of A, and Nli/,pps:-, it
is possible to calculate the limiting conductance for the
various cations investigated. The accuracy of the
cation mobilities so determined is estimated to be about
£27%. This is not unreasonable considering the sen-
sitivity of the methods used to determine A, and the
extreme strains imposed on the conductance theories
(for 2:2 electrolytes at this dielectric constant).

The A%/meqr) are reported in Table IV together with

Table IV. Ionic Limiting Equivalent Conductance and Stokes
Hydrodynamic Radii for the Electrolytes Investigated in Methanol

Al A2, (R +
ohm™! ohm-! R X RIX RYHOX
cm? cm? 108, 108, 108,
Electrolyte  equiv-! equiv-! cm cm cm
K:BDS (52.4)  38.1 2.88 5.2 8.1
MgBDS 62.4 58.1 4.8 5.2 10
CoBDS 65.4 58.1 4.6 5.2 9.8
NiBDS 62.4 58.1 4.8 5.5 10
CuBDS 60.9 58.1 4.9 5.2 10.1
ZnBDS 58.9 58.1 5.1 5.2 10.3

the Stokes hydrodynamic radii calculated through the
relation

V)

The values of R, of the order of 5 A strongly suggest
that the hydrodynamic entity moving is the solvated
metal cation. The diameter of a molecule of methanol

Lovas, Macri, Petrucci | K+, Mg, Co®, Nitt, Cu?t, and Zn*t m-Benzenedisulfonates
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can be taken to be 4 A.18 The crystal radius of the
metal cations investigated are of the order of 1 A
Therefore, the found R, = 5 A seems to reflect the
first solvation shell of the cations moving with them,
possibly with an octahedral geometrical arrangement.

Next, the significance of the parameters a, reported
in Table III is discussed. The need of a Ji/,c*/* term
in the conductance equation has been disputed,® and
the identification of a; with the Bjerrum distance ¢ has
been claimed®® and debated,?! where

q = |Z:1Z,|e*/2DkT

for the minimum approach of the free ions. It is in-
teresting to notice that in our case ¢ = 34.3 A. There-
fore, the Js;, coefficient should be of such size as to
force J to become much larger in order to fit the con-
ductance data with a, = ¢q. Having dropped in our
case the Js/zc”2 term from the conductance equation,
it remains in doubt whether a still retains any precise
physical significance.

Comparison between the sum of the hydrodynamic
radii R,° 4+ R_° (Table IV) and a; could, however,
suggest that @, may represent the sum of two solvated
ionic radii, since (R,? + R_%and a,are of the same order
of magnitude as in the original postulation of the the-
ory.%

A parallel kinetic investigation in this laboratory® by
relaxation techniques indicates, for these 2:2 electrolytes
in methanol, a multistep process of complexation. In-
deed it could be argued, by conductance theory alone,
that a continuum could not be assumed as a valid model

(18) R. Pearson and P, Ellgen, Inorg. Chem., 6, 1379 (1967).

(19) F. Basolo and R. G. Pearson, ‘‘Mechanism of Inorganic Re-
actions,” 2nd ed, Wiley, New York, N. Y., 1967,

(20) (@) J. C. Justice, J. Chim. Phys. Physicochim. Biol., 65, 353
(1968); (b) R. M., Fuoss and K, L. Hsia, Proc. Nat. Acad. Sci, U. S., 57,
1550 (1966); 58, 1818 (1967).

(21) R. M., Fuoss, J. Chim. Phys., Physicochem. Biol., 66,1191 (1969);
J. C. Justice, ibid., 66, 1193 (1969).

for the association of these systems. If one believes a,
to represent the distance of approach of free ions, then
substituting @, in the Fuoss function??(a,; = 13.5 on the

_ 4rNa® (]zlzzleZ)

Kr = VI

® 773000 aDKT VD
average) one may evaluate K = 979 M—1, much less
than the determined K(A) that is of the order of 40,000
M-

On the other hand, if one would force the Fuoss
function?? to reproduce K(A), the calculated a would be
ax =2 6.2, much less than a.

Assuming a two-step mechanism from the kinetic
evidence® of the existence of a multistep process of asso-
ciation

Met+ + BDS?- —f_—" Mez+ (MeOH),

k2
[53 C2

k
BDS?2- —‘é MeBDS
Ks2
<3

one has®
Kz ! = K(A) = Kun(1l + Ka) (VII)

where Kz~! is the overall association constant, K» =
Ki2/kn, and K32 = ksg/ks. Setting the Fuoss function??
to describe properly only the first step of the associa-
tion, where a continuum seems still a reasonable model,
one can calculate

_ KQ&) _
Kr
Therefore, K3 becomes of the order of 40. Since®
K3 = c3/c,, this also indicates the ratio between contact-

associated species and solvated ion pairs, if the above
scheme is correct.

(22) R. M, Fuoss, J. Amer, Chem. Soc., 80, 5059 (1958).
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