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10210 Prg = 6.8637 — s i070:6 wsifor n-CeFu)

212.82 + K

1093.77

215.59 + #°C)

(for perfluoro-2-methylpentane)

logi pmm = 6.8825 —

The normal boiling points for the two compounds as
shown by vapor pressures are 57.23 and 57.74; respectively.
Their molar heats of vaporization at the boiling points are
7307 and 7273 cal., and at 20° they are 7793 and 7740 cal.
(Data for n-C4Fyq are given first in each case.) When cal-
culating the heats of vaporization by the Clapeyron equa-
tion it was assumed that the vapors were ideal. Molar
volumes of the liquids were obtained from their densities.

Discussion
These two isomeric perfluorohexanes compare
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with each other much as do perfluoro-n-pentane
and perfluoroisopentane, The isomers are much
alike but they differ from each other slightly in
directions opposite to those for the corresponding
hydrocarbons. Evidence appears to be accumulat-
ing that chain branching in fluorocarbons results in
higher density, higher viscosity, higher boiling
point, higher index of refraction and higher surface
tension. Apparently the branched molecules can
pack together more closely than the normal ones.

Acknowledgment.—This work was performed
under contract with the Office of Naval Research,
U. S. Navy Department.
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Polarography of Ethylenediamine Tetraacetate Complexes of Europium?2

By E. L. OnstOTT
RECEIVED FEBRUARY 11, 1952

In the presence of a large excess of anions of ethylenediamine tetraacetic acid, europium(III) is reversibly reduced to
europium(II) at the dropping mercury electrode in the pH range of 6 to 13.6. Complex ions identified from h,alf-wave

potential and diffusion current data are: pH 6 to 8, [EuHY]!;
‘Evidence is glven for the existence of [EuHY] ! and [EuY(HY)] 4 m

11to 12, [EuY:]~%; pH 13 to 13.6, [EuY(OH)]~2

pH 11 t0 136, [EuY]~?; pH 6 to 8, [Eu(HY )] 7%

the pH range of 8.5 to 10.3. The ratios of dissociation constants for several of the complex ions are calculated. The equl-
librium constant for the reaction [EuY:]™® 4+ OH~ = [EuY(OH)]~? 4 Y ~*is calculated to be approximately 2.

Few of the known complexing agents are codrdi-
nated strongly to rare earthions. Citrate hasbeen
used extensively in ion exchange separations,?
and recently it has been shown that anions of ethyl-
enediamine tetraacetic acid form stable complexes
with rare earth ions.*—8

Of the rare earths which show oxidation states
other than (III), europium and ytterbium appear
to be the most suitable for studying complex forma-
tion by the polarographic method, since they are
reduced to the (II) state at the dropping mercury
electrode.’~!! This report gives the results ob-
tained in investigating the polarography of euro-
pium complexed by anions of ethylenediamine
tetraacetic acid.

Laitinen and Blodgett!? have used the dropping
mercury electrode as an indicator electrode to
show the presence of ytterbium(II) and absence of
neodymium(II) when complexed by ethylenedi-
amine tetraacetate.
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For simplicity, the symbol proposed by Schwarz-
enbach and Ackermann'® for ethylenediamine
tetraacetic acid, H,Y, will be used.

Experimental

Spectrographically pure europium oxide, obtained from
Johnson, Matthey and Co., Limited, was weighed and dis-
solved in dilute hydrochloric acid to make a stock solution.
The concentration of europium was based on the weight of
the oxide after igniting at 900°. Ethylenediamine tetra-
acetic acid was precipitated from a solution of the sodium
salt (Bersworth Chemical Co.) with concentrated hydro-
chloric acid, then recrystallized twice from 6 N hydrochloric
acid, washed with alcohol and dried under a heat lamp.
This product was weighed and dissolved in sodium hydroxide
to give a stock solution. Sodium hydroxide was used for
the reason that potassium hydroxide and tetrabutylam-
monium hydroxide gave irreversible reductions. Boric
acid was used as a buffer for solutions having a pH of 8 to 10,
and sodium dihydrogen phosphate was used for the pH
range of 6 to 8. Citrate was not a suitable buffer, as irre-
versible behavior was observed when it was used. The
ionic strength of the solutions was adjusted with sodium
chloride. Sodium nitrate was tried as an indifferent elec-
trolyte, but a reduction wave at about —1.5 volts when
europium was present precluded its use.

A modified H-cell having a middle compartment separated
by 20 mm. fine sintered glass discs was used. The first
compartment and middle compartment contained the solu-
tion to be analyzed and in the third compartment was placed
saturated potassium chloride, used as a bridge solution to a
bulb type S.C.E. The a.c. resistance of the four cells used
was 710, 990, 1500 and 1750 ohms, as measured with a Gen-
eral Radio impedance bridge in conjunction with the drop-
ping mercury electrode and S.C.E.

A Sargent Model XXI polarograph was used to record
polarograms. Potential measurements were made with a
Rubicon Type B potentiometer. A Beckman Model G pH
meter was used for pH measurements. For highly alkaline
solutions, a Type E electrode was used.

The polarograph was operated manually. Average cur-
rent data were taken along the polarographic wave and in

(13) G. Schwarzenbach and H. Ackermann, Hely, Chim, Acta, 30,
1796 (1947).
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the diffusion current region. All current values were cor-
rected for residual current and potential values were cor-
rected for ¢R drop of the cell. Plots of log (g4 — 2)/évs. E
were made to determine the reversibility of the electrode
reaction. Half-wave potentials were taken directly from
the logarithmic plots.

Measurements were made at 25 &= 0.1°. Nitrogen, which
was passed through a chromous chloride solution to free it
of oxygen, was used to purge the solutions of oxygen. A
maximum suppressor was not used, as no maxima were
observed.

The capillary used had a m value of 1.471 mg. sec.”!for a
mercury column height of 52.1 cm.

Discussion
Reversibility of the electrode reaction is demon-

strated by the values of the slopes for plots of log
(24 — 1)/4 vs. E shown in Table I.

TaBLE I
No. of Slope of log plot
pH range log plots Av. value Low value High value
6to8 16 0.065 0.063 0.068
8to 1l 8 .065 .064 .067
11 to 12 9 .066 .061 .074
>12 10 .065 .056 071

These values are close to the theoretical value of
0.059 volt for a one-electron reduction. The diffu-
sion current constant (Fig. 5) also i§ of the right
order of magnitude for a single electron-reduction.

In Figs. 1, 2, 3 and 4 are plots of log Cx vs5. Eyp.
Values of Cy, the concentration of complexing
anion, were calculated from the acid dissociation
constants measured by Schwarzenbach and Acker-
mann!® (B = 0.01; %k = 2.14 X 1073; k; = 6.92
X 1077; ks = 5.50 X 1011,

Log Cx is the parameter which determines Ey,
of the following electrode reaction

[EuX plb+3)* 4 e~ —> [Eu X qJ(@d+2* 4 (p — ¢)X?
The equation relating Cx and Ey/, is'* for 25°.
(E1/s)e — (E/2)s = 0.05915 log K3/Ky —

(¢ — ¢) 0.05915 log Cxfx (1)
Superscript b denotes the charge on the ligand X,
while $ and g are symbols for the number of ligands
attached to europium(III) and europium(II),

respectively. The subscript c refers to the complex
ion and s to the simple ion. The dissociation con-
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—~Ey/2v5. S.C.E.

Fig. 1.—Plot of log Cy-4 vs. E,/2: open circles, pH 11 to 12,
variable Y —¢; lined circles, pH 13.2 == 0.1, variable Y4

(14) J.7J. Lingane, Chem. Revs., 29, 1 (1941).
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stant of the europium(III) complex is designated
by Kj, that of the europium(II) complex by XK.
Cx expresses the concentration of complexing agent,
and fx is the activity coefficient of the complexing
agent. Although equation (1) is not exact due to
the assumption that the ratio of the diffusion coeffi-
cients and the ratio of activity coefficients of the
europium(I1I) and europium(Il) complex ions are
unity, it can be used as a good first approximation.

pH 11 to 12.—At a pH of 11 to 12 the complexing
ion is ethylenediamine tetraacetate ion. Figure 1
shows that E,/; varies linearly with the logarithm of
the ethylenediamine tetraacetate concentration.
The reciprocal slope of the plot is 0.055 volt, a
value close to the theoretical value of 0.059 volt for
(p — @) in equation (1) equal to one. Therefore,
europium(III) must have one more ligand attached
than does europium(II). Since europium(II)
should behave like barium(II) in complexing ethyl-
enediamine tetraacetate!®1® and codrdinate one
ligand, then two ligands are attached to europium-
(III) ion. No report has been made in the liter-
ature of trivalent rare earths coérdinating more
than one ethylenediamine tetraacetate group.
However, the experiments that have been carried
outt—® were not of such a nature as to employ a
large excess of the complexing ion, as is used in
polarographic measurements.

pH >12.8.—Above a pH of about 12.8, the half-
wave potential becomes essentially independent of
the ethylenediamine tetraacetate concentration
(Fig. 1), but varies linearly with the logarithm of the
hydroxide ion activity (Fig. 2).
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1.18 1.20 1.22
—Ey/9 vs. S.C.E.

Fig. 2—Plot of pOH vs. Eysa. Open circles, variable pH,
constant V—¢; lined circles, pH 13.2 == 0.1, variable Y4

1.24

Equation (1) is not valid for interpreting these
data, since it is apparent that the europium is
complexed by two different ligands. The correct
equation can be derived by using the same line of
reasoning as was used by Lingane!*in deriving equa-
tion (1). Consider the electrode reaction
[Eu XpZ, |@b+ud+8) " L e~ —>

[Bu X ZoJ(eb+0d+D* 4 (p — ¢)Xb 4 (4 — v)Z3
The derived equation for 25° is
(Evs), — (i), = 0.05915 log K3/Ks — (p —
g) 0.05915 log Cxfx — (# — v) 0.05915 log Cuf, (2)

(15) G. Schwarzenbach and H. Ackermann, Helv. Chim. Acta, 31,
1029 (1948).
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Here the symbols have the same meaning as those
outlined for equation (1). The second ligand is
designated as Z; # and v are the number of attached
groups and d is the charge on Z.

Independence of Ei/, with respect to the ethyl-
enediamine tetraacetate concentration shows that
(p — ¢) in equation (2) is zero, and thus the same
number of ethylenediamine tetraacetate ions is
codrdinated to europium(III) as is coérdinated to
europium(II). The most probable number is one.
If no group were codrdinated, the europium(III)
would precipitate as the hydroxide, and if two or
more groups were coodrdinated, the charge probably
would be too high for stahility of such a complex
ion. From the reciprocal slope of 0.066 volt for the
plot in Fig. 2, it is ascertained that the predominant
species of europium(III) coérdinates one more
hydroxide ligand than does europium(II). The
electrode reaction can be written

(EuY(OH)]"2 4+ e~ —> [EuY]~% + OH"

This reaction appears to be the most logical, since
europium(II), like barium(II), should not be
sufficiently strong as an acid to cogrdinate hy-
droxide 1ons readily. Hydroxo-ethylenediamine
tetraacetate complexes are not unusual; Schwarz-
enbach and co-workers have shown the existence of
transition metal complexes of this type.!316-18 Quite
recently Schwarzenbach and Heller!® have given
quantitative interpretation to the study of iron(1I)
and iron(III) complexed by both hydroxo and
ethylenediamine tetraacetate ligands.

pH 6 to 8.—In the pH range of 6 to 8 the complex-
ing anion appears to be monohydrogen ethylenedi-
amine tetraacetate. Figure 3 shows the variation
of Euj, with the logarithm of the ligand concentra-
tion. The straight line is drawn with the five
closed circles as a foundation, these circles repre-
senting data taken at a pH of 6.7 = 0.1 with vari-
able total ethylenediamine tetraacetic acid concen-
tration. The reciprocal slope of the plot is 0.057

—log C uy 2.

N O N S A B

112 1.14 1.16

—El/z vs. SCE

Fig. 3.—Plot of log Cuv—? vs. Ei/2.
8; crossed circles, pH 6.15 == 0.05;
6.7 &= 0.1; lined circles, pH 8.5 to 10.3.

(18) G. Schwarzenbach and W, Biedermann, Helv. Chim, Acta., 31,
459 (1948).

(17) G. Schwarzenbach, ¢bid., 32, 839 (1949).

(18) G. Schwarzenbach and J. Heller, ébid,, 34, 576 (1951).
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Open circles, pH 6 to
closed circles, pH
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volt, indicating that europium(III) is complexed
by one more ligand than 1s europium(II). If the
same reasoning is used as was used in establishing
the formulas of the complexes present at a pH of
11 to 12, it follows that two ligands should be
e<1tta)1ched to europium(III) and one to europium
II).

pH 8.5 to 10.3.—Above a pH of about 8.5 but
less than 10.3, the behavior of Ey, with respect to
log Cx is not well defined. The five vertical lined
circles which deviate from the straight line in Fig.
3 are also plotted in Fig. 4. A straight line is ob-
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Fig. 4.—Plot of log Cy~*vs. Ei/2; pH 8.5 to 10.3.

tained by plotting the logarithm of the concentra-
tion of ethylenediamine tetraacetate ion as the
ordinate, but the reciprocal slope of 0.018 volt is not
indicative of definite complex species. Such devia-
tion from ideality would be expected if the euro-
pium(III) complex and/or europium(II) complex
were being neutralized in this pH region. A con-
sideration of the magnitude of Ei, helps to estab-
lish the principal electrode reaction. For the same
concentration of ethylenediamine tetraacetate ion,
Ey, at a pH of 8.5 to 10.3 is more negative than it
is at a pH of 11 to 12. This can be explained by
assuming the following electrode reaction to be the
principal one at a pH of 8.5 to 10.3

[Eu(HY)Y]™ + e~ —> [EuHY]"! + Y~¢ (3)

The half-wave potential of this reaction should be
more negative than that of the reaction

[EuY;]~® 4+ e~ —> [EuY]2 + Y4 (4)

for the reason that K;/ K, for reaction (3) would be
expected to be a smaller number than K;/K; for
reaction (4). The addition of one hydrogen ion to
(ethylenediamine tetraacetate) europate(II) ion
should make it proportionately more unstable than
the addition of one hydrogen ion to bis-(ethylene-
diamine tetraacetate) europate(III) ion.

Diffusion Current Data.—The diffusion coeffi-
cient of an ion varies directly with its equivalent
ionic conductance and inversely with its charge.!¢
Thus the diffusion current constant often can be
used to distinguish different ionic species diffusing
to a dropping mercury electrode. Two ions of
approximately the same structure and size but hav-
ing different charges have similar equivalent ionic

(19) J. J. Lingane and I, M. Kolthoff, THis JournNaL, 61, 825
(1939).
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conductances due to the fact that the higher charge
15 in part compensated for by more hydration.
Since a diffusion coefficient varies with the degree
of hydration of the ion, the diffusion current cou-
stant indirectly measures the charge on the ion.
In Fig. 5 is plotted the diffusion current constant
vs. the pH of solutions having a constant total
ethylenediamine tetraacetic acid concentration
and constant europiuin concentration. There are
three distinct regions of constancy corresponding to
the europium(III) complex ions postulated for
these pH ranges. The relative order of magnitude
»f the diffusion current constant that is expected
for these ions is: [EuVY:]™® < [Eu(HY):]? <
[Eu Y(OH)]-2 The complex ion, (ethyvlenedi-
amine tetraacetate)—(monohydrogen ethylenediam-
ine tetraacetate) europate(III) ion, is not shown
distinctly by the plot in Fig. 5, but ueither was it
identified positively by Eu, data.
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6.5 8.5 10.5 12.5

pH.

Fig. 5.—Plot of diffusion current constant vs. pH: total
H.Y, 0.05 molar; europium, 0.46 millimolar; u, 0.5 for
pH = 12, 1.0 for pH > 12.

Reduction to the Amalgam.—Further reduction
of the europium(II) comiplexes to the amalgam

H. F. HoLtzcraw, Jr., K. W. R. JounsoN AND F. W. HENGEVELD
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could possibly be observed if the electrode reaction
were reversible and the polarographic wave were
not obliterated by discharge of other ions. Several
experiments were performed in which tetrabutyl-
ammonium ion was used as the indifferent cation
and the pH was kept high to prevent a hydrogen
wave, but no wave for the reduction to the amal-
gam was observed. Probably the reduction proc-
ess is irreversible under the conditions tried, since
the europimn(III) to europium(II) reduction was
found to be irreversible when tetrabutylammonium
ion was present.

Calculations.—Data obtained in this investiga-
tion are not of such a nature so as to permit calcula-
tion of individual dissociation constants of the
complex ions identified, but the ratio K3;/K, can
be calculated from equations (1) and (2). Iu
Table V are listed the complex ions, the extrapo-
lated E,J; values, and calculated values of K;/Ko.
In making these calculations the value of —0.671
volt vs. S.C.E. measured by Laitinen and Taebel?®
was used for L., of the simple ion reduction.

TaBLE 11
—E1/qat1 M Cx
Eu(I1I) complex Eu(IT) complex vs, S.C.E. Ky/K2 X 10/
[Bu (HY),]™? [Eu HY]"? 1.223 4.7
{Eu Y,]~5 [EuY]? 1.250 1.6
[EuY (OH)]~2 [EuY]? 1.270° 0.74
@ zf: = 1.

By combining the values of K;/K, for the second
and third entries in Table V and eliminating X,
the equilibrium constant, K., for the following
reaction can be calculated

[EuY:]™ + OH- = [EuY(OH)]-2 + Y—*
A value of K.q =22 is found.
Los Aramos, NEw MEXICO
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Polarographic Reduction of the Copper Derivatives of Several 1,3-Diketones in Various
Solvents!

By Henry F. HorrzeLaw, JR., KARL W. R. JoENSON AND FRANK W. HENGEVELD
RECEIVED JANUARY 31, 1952

The polarographic reductions of the copper chelate derivatives of 2,4-pentanedione, l-phenyl-1,3-butanedi_one, 1,3-
dipheny!-1,3-propanedione, 3-methyl-2,4-pentanedione, 3-ethyl-2,4.pentanedione and 3-n-propyl-24-pentanedione are

studied.

Solvents used are water and aqueous solutions of ethanol, 2-methoxyethanol and dioxane.

The effects of the sol-

vents upon the half-wave potential and upon the diffusion current constant and the trends within each solvent are discussed.

Introduction

The choice of solvent is difficult in the polaro-
graphic study of metal chelate compounds of the
1,3-diketones because of their insolubility. A sat-
isfactory solvent must not only dissolve the chelate
in satisfactory concentration but must also fulfill the
other requirements for polarographic analysis.

Calvin and Bailes? have reported half-wave po-
tentials for a considerable number of copper chelate

(1) Abstracted from the M.A. ‘Theses of Karl W. R. Johnson, Aug-
ust, 1950, and Trank W. ilengeveld., August, 1951, University of
Nebraska.

(23 M. Calvin and R, }. Bailes, TH1s JouRNAL, 68, 949 (1916).

compounds in 509 aqueous pyridine solution
Evidence of two reduction steps in pyridine was
shown. These authors, in reporting qualitative
trends of half-wave potential in that solvent, point
out that the codrdinating ability of the pyridine con-
stitutes an obstacle to any interpretation other than
the observation of orders of magnitude.

The purpose of the present investigation is to
study polarographic reductions of copper deriva-
tives of several 1,3-diketones in water and in aque-
ous solutions of ethanol, 2-methoxyethanol and di-
oxane,



