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Approximate transference numbers of potassium and chloride ions in formamide at 25° have been deterinined by the
Hittorf method within the concentration range of 0.2 to 0.6 V. Extrapolation of a plot of the Longsworth function yielded

a limiting cation transference number of 00.406.

From the present results and conductance data reported previously the

calculated limiting transference number of the solvated proton in a solution of hydrogen chloride in forinainide was found to

be 0.37 at 25°.

The electrical conductances of solutions of potas-
sium chloride in formamide have been reported in
an earlier paper? from this Laboratory. It was

shown that the slope of the plot of A vs. 4/C cor-
responds closely to the theoretical slope below 0.01
N and that potassium chloride is completely dis-
sociated in formamide even at concentrations consid-
erably above 0.1 V.

Transference data have been obtained by the
moving boundary method in ethanol and in meth-
anol® but numerous experimental difficulties pre-
vented using this method for formamide solutions.
The present investigation was designed to apply
the Hittorf method in an attempt to obtain infor-
mation concerning the relative solvent—solute inter-
action in this medium and in other more familiar
solvents for which reliable data are available in the
literature.

Experimental

Apparatus.—Use was made of the familiar type of Hittorf
cell* which was constructed from large Pyrex glass tubing.
The cell was held in a thermostated water-bath, Care was
exercised to avoid exposure of the solution to the atmosphere
and to prevent its contamination in any other way.

Silver and silver—silver chloride electrodes were constructed
from No. 24 B. and S. gage silver wire. A device employ-
ing a 6F6 pentode tube on a power line with relatively small
voltage fluctuation maintained a constant current.

A Richards silver coulometer was used in the circuit.
Specially constructed weight burets were used for the trans-
fer of larger amnounts of solutions.

Salt.—Potassiun chloride which had been purified espe-
cially for accurate pH work was purchased. The salt was
dried at 110° for ten hours and used without further treat-
ment.

Solvent.—Coinniercial grade formamide was distilled
three times at reduced pressure over calcium oxide. The
middle portion retained from the third distillation was
carried through several fractional freezing cycles using the
procedure described by the present authors in an earlier
paper.’ Physical properties at 25° of the solvent used were
as follows: density = 1.129 g./ml.; viscosity = 0.0331
poise; dielectric constant = 109.5 at 10 mec.; conductivity
= 1-5 X 107 5ohm~tcm. L

The solvent was used as promptly as possible after final
purification and was protected from light while in storage.

Procedure.—Dissolution of the salt required several hours
with frequent agitation of the solution. All solutions were
prepared out of contact with air and dry nitrogen was
bubbled through a solution for one hour before it was trais-
ferred to the cell. TLubriseal was used on the stopcocks and
the usual precautions were observed to ensure tight seals
and the abseiice of air bubbles in tlie cell.

After the cell had been in the thermostat long enough to
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establisll temperature equilibrium the circuit was closed and
electrolysis allowed to proceed for from 24 to 30 hours at
1-3 ma. At higher concentrations the current becaine
larger and the time was decreased.

Changes in salt concentration were measured by poten-
tiometric titration for chloride ion in the formamide solu-
tions. This titration procedure has been described pre-
viously .®

Results and Discussion

The data presented in Table I represent averages
of consistent duplicate or triplicate determinations.
Owing to the instability of formamide and the
difficulty of maintaining it anhydrous as well as
the problems involved in potentiometric titrations
in this solvent, there may be inherent errors in the
results amounting to 2 or 397,

TaBLE I
PorassiuM CHLORIDE IN FORMAMIDE

Conen. G. of Ag+

X 10¢ I (ma)) deposited ¢,
20.04 1.0 0.1247 (.40
2().80 1.0 L1214 .40
24.37 1.2 1337 40
28.98 1.4 .1612 .39
57.28 2.0 L1871 .38
58.91 2.2 1917 .38

Although experimental difficulties prevented ex-
tension of the study to dilute solutions, an attempt
was made to obtain an approximate value for the
limiting transference number by extrapolating a
plot of the Longsworth function.®

LY = (LAY £ VBC Y (AL + BCY)

In this expression, A' = A — (aA; + B)C'7,
B =8242/(DT)"m and o = 8.204 X 10°/(D7T)"-.
D is the dielectric constant, 7 is the viscosity and C
is the concentration in equivalents per liter. The
entries in Table I correspond to the plot in Fig. 1.
A value of 0.406 for the limiting transference nuin-
ber of the potassium ion was obtained by extrap-
olation of the plot; therefore, the limiting trans-
ference number of the chloride ion is 0.594.  Above
3 X 102 N the plot deviates sharply from a
straight line. Conductance data from another
study in progress in this Laboratory, which support
the general validity of these values, will be reported
in a subsequent paper.

Using data from the work of Dawson, Newell
and McCreary? with a value of approximately 29.7
ohms~! cm.? equiv.™! for the limiting equivalent
conductance of potassium chloride at 25° and our
value for fx-, the limiting equivalent ionic con-

() L. i, T.ongsworth, TH1s JOURNAL, B4, 2741 (1932).
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Fig. 1.-—Tlie concentration dependence of the Longsworth
function for potassiuin chloride in formamide.

and )\”(n_ =

ductances become Ng- = 12.1,
17.6. Similarly from a value of 27.9 ohms™? cm.
equiv,~! for the limiting equivalent conductance o
hvdrogen chloride in formamide at 25°, and Nq
= 17.6, the calculated A? value for the solvated hy-
drogen ion is 10.3 and its transference number is
0.37.

e
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In passing from water ({’x* in XCl = 0.49) to
formamide solutions the limiting transference
number of the potassium ion in potassium chloride
is decreased 179;. The relatively larger solute—
solvent interaction with the potassium ion in the
latter solvent probably is an ion—dipole effect re-
sulting from the greater dipole moment of the for-
mamide.” Evidence that the large dipole moment
of formamide produces strong ion-dipole forces ap-
pears also in the decrease in transference numbers
of the solvated proton from 0.82 in water to 0.37
in formamide. In formamide dissociated protons
are held by the solvent molecules with sufficient
force to prevent easv transfer from molecule to
molecule as occurs in aqueous solutions.

The limiting equivalent ionic conductance-
viscosity products for the potassium ion at 25°,
in ohm ! cm.? equiv. ! poise, in methanol, ethanol,
formamide and water are 0.283, 0.233, 0.400 and
0.656. A complete explanation of the relative
magnitudes of these values would involve not only
direct ion-solvent interactions but also short-
range viscosity effects resulting from the influence
of the ions in modifying the normal solvent struc-
ture.

(7) W. W. Bates and M. E. Hobbs, THIs Journ~ar, 73, 2151 (1931).
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Tlie formation constants have been evaluated at an ionic strength of 1.0 and 25.0° for the reactions: Cu** + py =

Cupy~* Cu~* + 2py == Cupy. ™7, ..
105, 3.5 X 108 and 1.0s X 107, respectively.
(OH),Cupys ™.

, Cutt 4+ dpy = Cupy; ™~
Mixtures of these complexes react with hydroxide to form a dimer: py.Cu-
The constant for the reaction 2Cu*~ + 20H ~ + 4py = py.Cu(OH):Cupy. "1 15 5.1 X 10724,

The values found are 3.92 X 102 2.14 X 104 85 X
Tle ab-

sorption spectra of each of the coinplexes were determined and the spectral behavior of the solutions was found to be in ac-
cordance with the interpretation based upon equilibriuin concentration iteasuremntents.

Recent publications have described the formation
of mixed hydroxy complexes of copper(II) with
ethylenediaminetetraacetate,® ethylenediamine,’ 1.-
10-phenanthroline,* «,a’-dipyridyl® and ammonia.®
The hydroxide was shown to occupy a fifth or sixth
codrdination position on the copper in the case with
bis-ethvlenediamine and ethylenediaminetetraace-
tate. However, with 1,10-phenanthroline and o, o’
dipyridyl the codrdination of copper is lower
(excluding water) as only one molecule of the bi-
dentate ligand per copper was observed in the
mixed complexes. The existence of the hydroxy
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ammonia complex® was inferred from spectral evi-
dence and its composition was assumed to be Cu-
(NH;);OH*. Only in the case of ethylenediamine-
tetraacetate was the constant for the formation of
the mixed complex evaluated. This was found to
have a pK of 11.3 for the reaction

CuV=+ OH~ = CuYOH=

The reactions of the copper-pyridine complexes
were investigated in order to throw more light on
the nature of the reactions of the copper ammines
with hydroxide. Pyridine was chosen because it
is a monodentate ligand and its activity in aqueous
solutions can be determined very easily by measur-
ing the distribution into toluene. The conven-
tional pH method of Bjerrum’ cannot be used in
the present case to determine the nature and stabil-
ity of the mixed complexes because the pyridinium
ion does not exist in appreciable quantities at the
pH values optimum for the reaction with hydrox-
ide. In Bjerrum's method the concentration of

(7) J. Bjerrum, “Metal Ammine Formation in Acteous Sohttion,"’
P. Haase and Son, Copenhagen, Denmark, 1941.



