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In summary, therefore, it appears that shifts in
band III with variation of the ~v-substituent are in
accord with the assignment of the band as a #—7*
transition, and therefore provide support for this as-
signment.

It also will be noted that the energy of band II is
practically insensitive to variation in the y-substituent.
Such behavior is in accord with the proposed assign-
ment of this band as a charge transfer band as discussed
in part II1.2 In particular, the possibility that bands
II and III might be the two components of a wy—m,*
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transition is rendered very unlikely by the very dif-
ferent degrees of sensitivity of these two bands to -
substituents.
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The extent of association of hydrogen ions with copper pyrophosphate complexes has been evaluated on the basis of potential

measurements using a dropping copper amalgam electrode.
ated hydrogen ions and the stability as well as the basicity of the complex.

Correlations have been made between the number of associ-
In terms of concentrations the stepwise forma-

tion constants of CuP;0:2~ and Cu(P;01)sf~ are 109-¢7 and 10458, respectively, at an ionic strength adjusted to unity with

tetramethylammonium nitrate at 25°.

are 1067, 105-7, 1044, and 103%-2%,

One hydrogen ion associates readily with each POy tetrahedron.
formation constants for the successive addition of hydrogen ions to CuP:O:2~ are 1042 and 10331,

The stepwise
For Cu{P:0q)%~ they

The association with hydrogen ions greatly decreases the stability of the complex.

Some association of alkali metal ions with Cu(P207),#~ is indicated by the slightly increased stability of this complex ion

in the presence of up to 0.1 3/ Na* or K+,

Introduction

The purpose of the present study was to establish
the extent of association of hydrogen ions with copper-
(II) pyrophospate complexes and to determine
the effect of this association on the stability of the
complex. In addition, various effects which decreased
the accuracy of previous studies were eliminated.,

It has been known for a long time that pyrophos-
phate is capable of forming complexes in acidic solu-
tions. XKolthoff and Watters? obtained potentiometric
evidence that manganese(III) forms a complex with
H,P,0;2~, while Laitinen and Onstott? obtained polaro-
graphic evidence for the existence and stability of the
copper(II) complexes CuHP;O;'~ and Cu(HP,0;),4~.
Spectrophotometric evidence for the existence and
stability of the species Cu(Py07)2~ and Cu(P,0r).5~
has been obtained in this Laboratory® and confirmed
in other laboratories.6—8

The tendency of polyphosphate ions even when

(1) Presented in part before the Division of Inorganic Chemistry at the
135th National Meeting of the American Chemical Society, Boston, Mass.,
April 6, 1959. Abstracted from theses by Orion E. Schupp III (1958)
and by Peter E. Sturrock (1960) submitted in partial fulfillment of the
requirements for the Ph.D. degree, The Ohio State University.

(2) Communications should be addressed to J. I. Watters.

(3) I, M, Xolthoff and J. 1. Watters, Ind. Eng. Chem., Anal. Ed., 18, 8,
(1948); J. Am. Chem. Soc., 70, 2455 (1948),

(4) H. A, Laitinen and E. I. Onstott, ibid., 72, 4729 (1950).
(5) J. I. Watters and A. Aaron, ¢bid., 78, 611 (1953).

complexed with a metal ion to associate with hydrogen
ions results in fairly complicated equilibria, so that
calculations based on the assumption that particular
species predominate in particular ranges of pH and
ligand concentrations may lead to inaccurate results.
Modern functions such as those of Leden, Bjerrum,
and Froneus® eliminate the need for approximations of
this type. As shown in earlier papers,’®! Leden’s
function expressed in terms of electrode potentials can
be readily applied when the complexed, as well as the
free, ligands tend to associate with hydrogen ions.

A further complication is the fact that alkali metal
ions are known to form complexes with pyrophosphate®!?
and triphosphate.l® In the present study, alkali
metal ions were replaced by tetramethylammonium ion
in both the polyphosphate and in the supporting electro-

(8) 7. Bjerrum, G. Schwarzenbach, and L. G. 8illén, “*Stability Constants,
Part II, Inorganic Ligands,’”’ Special Publication No. 7, The Chemical
Society, London, 1958,

(7) K. B. Yatsimirskii and V. P. Vasil'ev, “Instability Constants of
Complex Compounds,’”’ Permagon Press, New York, N. ¥., 1960. Also
Zh. Analit. Khim., 11, 536 (1956).

(8) E. A. Ukshi and A. I, Levin, Zh. Qbshch. Khim., 26, 2657 (1956),

(9) J. C. Sullivan and J. C. Hindman, J. Am. Chem. Socc., T4, 6091
(1952).

(10) J. I. Watters and J. G. Mason, ibid., T8, 285 (1956).

(11) J. I. Watters, J. G. Mason, and O. E. Schupp III, ibid., T8, 5782
(19586).

(12) S. M. Lambert and J, I. Watters, ibid., 79, 4262 (1957).

(13) J. I. Watters, S. M. Lambert, and E. D. Loughran, ibid., 79, 3651
(1957},
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lyte through the use of cation-exchange resins. The
effect of alkali metal ions on the complexes also was
studied.

It has been observed in this Laboratory that the
potentials of stationary copper or copper amalgam
electrodes in pyrophosphate solutions drift in a positive
direction, presumably due to oxide formation as dis-
cussed in a previous paper.!*

Previous polarographic studies®!%1® of this system
using the conventional mercury electrode have been
limited because poorly shaped cathodic polarograph
waves are obtained in neutral or alkaline solutions.
As a consequence, conventional polarographic data
have never been obtained over a sufficiently broad
range of conditions to calculate an internally consistent
set of equilibrium constants in which the relative
stabilities and acidities of the various complex species
areindicated. The dropping copper amalgam electrode,
described in a previous paper,** was found applicable
in the study of copper(II) pyrophosphate complexes
since the potentials could be measured at zero current
under conditions of equilibrium with the bulk of the
solution.

In previous studies in this Laboratory, methods have
been developed for the potentiometric and polaro-
graphic investigation of mixed complexes'®!! and for
the application of the dropping amalgam electrode to
stepwise complex equilibria.* It also has been shown
that the various equilibria of polyphosphate complexes
can be treated in terms of hydrogen ions and the com-
pletely dissociated polyphosphate ion instead of species
containing associated hydrogen ions, such as HP,O;*~
and H,P;0.2~. The corresponding complexity con-
stants are readily converted to forms involving the as-
sociated species actually present in the complex. In
the present study, copper(II) ion corresponds to M,
hydrogen ion to A, pyrophosphate ion to B, and hy-
droxyl ion to C in the formulas given in the previous
papers. In the following expressions, the symbol L
indicates the pyrophosphate ligand including its ionic
charge, and ks and %, are the last two acidity constants
of pyrophosphoric acid, measured in the absence of
complex forming metal ions. The charge on the com-
plex ion is indicated by the superscript, v—. Assuming
only mononuclear species exist in significant concen-
trations with an excess of ligands present one writes the
general expressions

Cu?* 4 iH* + jL 4+ kOH~ = CuH:L;(OH )*~
Bisk = [CuHLL;(OH)w~}/[Cu?*](H*)}[LJ/(OH ) (1)

These are general expressions. Either 7 or 2 must
be zero in any particular expression. As discussed
in the previous study,'” association of hydrogen and
hydroxide ions may be expected to occur in different
pH ranges, although this is not structurally necessary.

(14) O. E. Schupp I1I, T. Youness, and J. I. Watters, J. 4m. Chem. Soc.,
84, 505 (1962)

(15) E. Eriksson, Kgl. Lontbruks-Hogskol, Ann., 16, 72 (1949).

(16) L. B, Rogers and C. A, Reynolds, J. Am, Chem. Soc., T1, 2081
(1949},

(17) P. E. Sturrock, E. D, Loughran, and J. I. Watters, Inorg. Chem., 1,
457 (1962).
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The simultaneous association of the complexed pyro-
phosphate with hydrogen ions and the complexed
copper(1I) with hydroxide ion is structurally possible
to form the complex CuH,(P,0;),0H,%~2~. This
species cannot be distinguished from Cu(P,0;),% =2~
and both will contribute to the complexity constant
of the latter. The concentrations of all species except
hydrogen and hydroxyl ions, indicated by brackets,
are used in the equilibrium constants. However, when
hydrogen or hydroxyl ions are involved in the equilibria,
their activities, indicated by parentheses, are used in-
stead of concentrations since their activities were
measured by means of a glass electrode standardized
in the conventional way.

The form of Leden’s function F(H+,L,0H~), used
in the present study is
F(H*L,0H"), = antilog [(Eaq — Eo)(0.484205/RT)] =

antilog AE(0.4342nF/RT) =

2N N 2N
Y, 2 X Be(HA[LI(OH™)E (2)

i=0 j=0 k=0

Since the term for 1=j=k=0is unity
F(H*L,OH™) = (F(H*L,0H"), — 1)/[L]  (8)

The latter expression can be expanded for all possible
mononuclear complexes

F(H*L,0H™): = Buo + Bon[L] + 5110(H ) + Buo(H*)? +
Buro(HF)[L] + Bao(H L] + Baao(H *)4[L] + Ban(H *)*[L} +
Bot(OH ™) 4 Bue(OH )24 ... .. (4)

The potentials, E.q and E,, are measured in non-
complexing solution and the complexing solution,
respectively, which contain the same total concentra-
tions of copper(Il), copper amalgam, and supporting
electrolyte. These potentials may be spontaneous
potentials or half-wave potentials. The original com-
plexity constants were calculated in terms of the equi-
librium with H+, P;Os4~, and OH~. The numerical
subscripts after 8 indicate the number of each of these
species. These are converted to equivalent equilibria
and complexity constants in terms of the species con-
taining associated hydrogen ion such as HP,0.;%~ and
H,P,0:*~ and these constants are indicated by 8™ umr.
The latter have the advantage over those solved by
determinants in that their magnitude is an indication
of the stability of the complex. Equilibria among the
species can. be considered in terms of stepwise forma-
tion constants for association with hydrogen ion which
show the influence of complex formation on the acidity
of the ligands. These constants are indicated by
symbols such as K™"ymr. Details concerning the
calculations, general experimental techniques, and
apparatus are described in previous publications.81

Resuts and Discussion

In Fig. 1 are shown typical anodic—cathodic polaro-
grams of copper(II) in the ligand-free supporting elec-
trolyte and in pyrophosphate solutions having various
pH values. As observed by Laitinen and Onstott?
for cathodic waves of the complex, it is evident that the
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Fig. l.—Anodic—cathodic polarograms obtained with the dropping copper amalgam electrode and copper(II) in pyrophosphate
solution at various pH values: Cpy0;t~ = 0.0500 M (except in polarogram 1); Cou = 1.000 mM; p = 1.00 with N(CH;);NOs; methyl

red = 0.0005%; amalgam = 0.0005% Cu,
6, pH 8.44; 7, pH 0.60; 8, pH 10.55.

entire waves are essentially reversible in fairly acidic
pyrophosphate solutions and in the acidic solution
containing no complexing agent since the waves cross
the zero current axis without inflection and have the
theoretical slope (AE/A log (fa. — 2)/{(i — fidan)) of
0.030 volt for a two-electron electrode reaction. Fur-
thermore, the diffusion current comstant of 3.79
wa./mM concentration of copper(II) per unit capillary
characteristic is consistent with a two-electron reduc-
tion of copper(Il) directly to free copper. In moder-
ately alkaline pyrophosphate solutions the waves
have an anomalous appearance since the cathodic
current does not develop normally. Infact, a cathodic
current decrease with increasing voltage has been ob-
tained in several laboratories.#®!¢ The final irre-
versible wave which finally yields a comparable total
diffusion current is attained at a much higher applied
potential.

With copper(II) ions absent in the bulk of the pyro-
phosphate solution, reversible anodic waves having the
theoretical slope of 0.030 volt are obtained at all pH
values except in the regions close to 7.5 and 4.0, where
the slopes are about 0.36. ‘This increase in slope is due
to the poor poise®® of the electrode at the acidic equiva-
lence points of pyrophosphorie acid discussed in a
previous paper!t and is not due to electrode irreversi-
bility. With increased acidity, the waves shift in a
regular manner consistent with the proposed complex
equilibria. The shift in anodic half-wave potential
due to complex formation in solutions of similar ligand
composition agrees well with the shift in spontaneous
potential of the composite wave if the pH is below 6.

(18) L. Meites and H. C. Thomas, “Advanced Analytical Chemistry,”
McGraw-Hill Book Co,, Inc.,, New York, N. ¥., 1858, p. 43.

Polarogram 1, pH 3.10 (no P;0;¢); 2, pH 4.78; 3, pH 6.03; 4, pH 6.89; 5, pH 7.70;

At higher pH values the shifts of the anodic waves due
to complex formation at the surface of the drops are
less than the corresponding shifts of the cathodic waves
due to reduction of the complex already present. Qur
attempt. to resolve this difference led to a logical ex-
planation for the anomalous shape of cathodic waves
obtained in alkaline solutions. Evidence obtained in
this study indicates that the dipyrophosphate complex
containing no associated hydrogen which is produced
anodically has a less stable configuration than the form
which is present after final equilibrium is attained. The
latter form is finally irreversibly reduced at a much
higher potential.

The anomalous wave shape has been ascribed to
stepwise reduction,!® to film formation,'® and to the
presence of different complexes in sluggish equilibrium.*
The first possibility has been eliminated because step-
wise waves of equal height usually are not obtained.
The possibility of film formation was eliminated in this
Laboratory when it was observed that the current de-
crease with increasing cathodic voltage could be elimi-
nated by the addition of sufficient maximum suppres-
sor. Furthermore, film formation itself is known to
suppress maxima.'* By no conceivable variation of
ligand or copper(II) ion concentration was it possible
to obtain a single reversible wave. Conditions such
as low copper(II) ion concentration and high ligand con-
centration whieh should have hindered the formation of
a precipitate of, for example, Cu;P:07, always decreased
the height of the first wave. No film could be ob-
served visually on the drop or on a large mercury pool
even after prolonged electrolysis.

The possibility remained that some complex species

(19) T. M. Kolthoff and V. Okinata, J. Am. Chem. Soc., 88, 47 (1861).
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in sluggish equilibrium with other species is not readily
reduced so that cathodic currents decrease in magni-
tude. At zero current, this condition should not in-
fluence the electrode potential if, in the process of meas-
uring the potential, there is no appreciable change in
the concentration of electrolyzable species which rapidly
reach equilibrium with the electrode but reach equi-
librium tnore slowly with other non-electrolyzable
species.

The first evidence was obtained by slope analysis.
If the final cathodic diffusion currents of the anomalous
wave are used in this analysis, curved lines are always
obtained in the AE vs. A log (fac — %)/(¢ — %aan) plots
even in the anodic region. However, if the first
cathodic diffusion current is used, linear plots with
the reversible slope of 0.030 volt are obtained. This
evidence indicates that some complex species, prob-
ably Cu(P:07):°~, behaves as though it is absent inso-
far as any cathodic reduction is concerned. The
possibility that this complex is absent in the anodic
equilibrium also was investigated. However, the shift
in the anodic waves with variation in the total pyro-
phosphate concentration at constant pH conforms with
a mean number of bound ligands, 7, close to 2, thus

AE = 72.303n5/RT log (P20~ %/ (PO ™):  (5)

where (P,O:4~); and (P,0:%~); are two different pyro-
phosphate concentrations at the same pH.®* Fur-
thermore, the presence of this complex is necessary to
account for the shift in the spontaneous or half-wave
potential in Leden’s expression.

In Table I are given the spontaneous potential data

TaBLE I

PoTteENTIAL DATA OF THE PYROPHOSPHATE-COPPER(II) SYSTEM
Coy = 0.001 M, g = 1.0 &= 0.2 with N(CH;),NO;s, E,q = 0.0252.v.
vs. s.c.e., amalgam = 0.00059, Cu

—log log F1 log Fi
pH AE [P2O7¢-] exptl. caled.
(A) Cp0*~ = 001 M
2.27 0.01596 12.77 13.16 13.14
2.94 .02164 11.28 11.92 11.93
3.63 03170 9.87 10.91 10.91
3.88 .03729 9.38 10.62 10.60
4.70 .06380 7.75 9.90 9.85
5.85 .11496 5.63 9.53 9.50
6.44 .14359 4.75 9.61 9.61
7.00 .17010 4.09 9.84 9.85
7.53 .19812 3.54 10.24 10.21
7.95 .21938 3.13 10.55 10.56
8.44 .24360 2.71 10.95 10.95
9.08 .26560 2.32 11.30 11.34
9.54 .27340 2.19 11.43 11.46
(B) Croit™ = 0.05'M
2.51 0.04115 11.45 12.82 12.84
3.02 0479 10.35 11.98 11.98
3.60 .0479 9.20 11.15 11.14
4.49 .0856 7.39 10.31 10.32
5.50 .1347 5.45 10.03 10.03
6.50 L1872 3.91 10.24 10.27
7.53 .24345 2.76 10.99 10.97
8.40 .2890 1.97 11.74 11.69
9.47 .3216 1.43 12.30 12.22
10.05 .32445 1.35 12.32 12.30
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along with the experimental and calculated values of F;
based on the values obtained for the various original
complexity constants calculated in terms of Cu?,
H+, P;0;4~, and OH~. After showing that the mean
number of bound ligands in the higher pyrophosphate
concentrations was two by means of eq. 5, third-order
determinants were used to obtain preliminary values
for the constants By, Bizo, and Bage above a pH of about
5.5. Above pH 9 an accurate value could be obtained
for Beo. Then a third-order determinant with By as
a known yielded an accurate value for Bix and pre-
liminary values for By and Bew. The remaining con-
stants finally were calculated in a similar manner from
the data in the lower pH range.

After calculating the fraction of each species present
from its term in the summation divided by the entire
summation term, third-order determinants containing
the constants for minor species as knowns were used
to solve accurate values for all of the constants. Iu this
way the original constants having the form of eq. 1 were
calculated

Bow = [CuP0:27]/[Cut*][P20n)#~ = 10% (6)
Bozo = [Cu(P:07)28~]/[Cu2*][Py0r4-]2 = 10188 7)
B = [CuHP:0.17]/[Cut](HH)[P:0:4"] = 10143  (R)

All other possible mononuclear species containing one
or two pyrophosphate ions and one or two hydrogen
ions for each pyrophosphate ion were found to be pres-
ent. Their formulas and complexity constants having
forms similar to that of eq. 8 but with (H*) and P04~
raised to the appropriate powers were: CuH,P;0x,
B = 1017'61; CuH(PQO7)25_, B = 10¥-4; CuH,-
(PyOr)2t—, Bazo = 10%:%; CuH;(Py0r)e*~, B0 = 10359,
and CuH(Py07)s2—, Base = 1038, No hydroxide com-
plex was detected in the pH range below 10. With an
excess of P,O;4~ present it is probable that only the com-
plex CuP;0;(0OH).*~ would be formed since observations
in this Laboratory always have indicated that, in
copper(II) complexes, monodentate ligands .replace
bideritate ligands in pairs. The electrode: became
unstable with respect to the formation of Cu;O above a
pH of 10, where hydroxide complexes should be de-
tected. '

The distribution of the various species as a function
of pH is shown in Fig. 2. Also shown as a dashed
curve is the fractional decrease in the first diffusion
current as a function of pH. It can be observed that
this dashed curve follows the curve for the relative
abundance of Cu(P;O7).®~ rather closely. This is
strong evidence that the Cu(P;07),5~ species which is
finally present does not undergo reversible electrolytic
reduction at all and that at least a part of the CuH-
(Py07).°~ species may not be completely reversibly
reduced. This is in agreement with a deduction by
Laitinen and Onstott! based on the fact that the wave
height decreased in the region where these species
might reasonably be expected to exist. A Cu(P,Or)5~
species having a complexity constant of 10'*% was con-
firmed on the basis of the shift in the anodic half-wave
potentials. This evidence indicates that the anodically
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PERCENTAGE DISTRIBUTION OF COMPLEX SPECIES

Fig. 2.—Percentage distribution of copper(II) pyrophosphate complex species as a function of pH: Coy = 1.00 mM; Croit~ =

10.0

0.05 M. Complex species: curve 1, CuH:P:0;; 2, CuH(P:07):2~; 3, CuHP.O7"; 4, CuHy(P;04),3~; 5, CulHy(P,01)s4~; 6, CuP, 02~
7, CuH(P:07)#~; 8, Cu(P:07),5~; 9 (dashed curve), fractional decrease in the first diffusion current as a function of pH.

produced species undergoes some rearrangement to
a more stable but not reversibly reducible species at a
rate which is slow compared to the rate of thermal dif-
fusion or the establishment of the electrode potential.
When the potential corresponding to equilibrium be-
tween the electrode and the bulk of the solution is de-
scribed by Leden’s equation it is not necessary that all
species be involved directly in the electrode reaction.
The only essential condition is that at least one of the
species, which can reach equilibrium with the electrode
as well as with all other species, must be present in
sufficient concentration so that the electrode potential
can be measured without appreciably altering this con-
centration. As is evident from curve 5, Fig. 1, this
condition is fulfilled in the present study up to a pH
of at least 7.7 and the data below this pH were sufficient
to calculate complexity constants for all species.

The original constants containing (H¥) were con-
verted to the following constants in terms of HP,O;3~
and H,P;O;*~ since the latter indicate the strength
of the bond between the ligand and the copper(II)

BCumy = [CuHP:0717]/[Cu?+] [HP,O87] = 10887 9)
8%0umr = [CuHpP:0:]/[Cu?*][H:P:0p27] = 10285 (10)
By, = [CuH(P;07)#~]/[Cu®*][Py0r¢~] [HP0 ] =

‘ 10148 (11)
ﬁcucgﬂsz= [CuHy(P;07):4~] /[Cu2 +] [HP,0:3]2 = 10838 (12)

B%cunzr, = [CuHy(Py07):°~]/[Cu?*] [HP:073 "] [H:P:0:2] =
R 10890 (13)

8%umL,= [CuH(P:07):27]/[Cut+][HoP20:27]2 = 10%9  (14)

ion. In Table II the results are summarized as loga-

rithms of stepwise formation constants for the addi-
tion of PyO;*~, HP;O;3~, and H,P;0;*~ to the species
indicated in the first column. As one might predict,
the successive addition of hydrogen ions to the pyro-
phosphate greatly decreases the strength of the bond
with copper. In CuP;O.2~ the log of 8“cum1 de-
creases from 9.07 to 5.37 and finally to 2.55, which is
close to a factor of two for the association with each
additional hydrogen ion. In Cu(P,0O7)sf~ the associa-

TaBLE IT
SUMMARY OF LOGARITHMS OF STEPWISE FORMATION CONSTANTS

Original Species added

species PO~ HP,07¢~ H:P:072~
Cu?+ 9.07 5.37 2.56
CuP,0;2~ 4.58 2.41 o
CuHP,0;t~ 6.11 2.96 1.29
CuH,P:0r a 4.05 1.23

a Improbable configuration.

tion with odd-numbered hydrogen ions causes log
8%%cum,1, to decrease by about 2 units while the as-
sociation with even-numbered hydrogen ions causes it
to decrease by about 3 units. It will be shown that the
stepwise constants for the successive addition of hy-
drogen ions have values which are consistent with the
inductive effect if each pyrophosphate ion is assumed
to be bonded to the copper ion by a 6-membered chelate
ring. No association of more than two hydrogen ions
per complexed pyrophosphate ion was detected. This
is quite reasonable if one extrapolates to predict the
complexity constant for the association of an additional
hydrogen ion.
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A simple confirmation of the complexity constants
containing odd numbers of hydrogen ions can be made
on the basis of a calculation of mixed complexity con-
stants described in a previous paper.® If the com-
plexes, CuH(P,0;); and CuH;P;0;, are treated as mixed
complexes of Cu with P,Or*=, HP,O:*~, and H,P,0,*~
their constants can be calculated according to eq. 26 of
the previous paper.!” On this basis one calculates 10116
compared to the observed 1048 for 8¢, ur, and 106
compared to the observed 108 for 8%cum,1,. ;

The successive formation constants for the bonding
of CuP.0;*~ with hydrogen ions are 1052 and 10%3.,
For bonding with -Cu(P;0r)#~ they are 1087, 10578,
1044, and 10321, ‘

The constants for the association of the first hydrogen
ion with complexed P,O;4~ are 1052 for CuP,0;%~ and
10578 and 1057 for Cu(P,0;)+#~, compared to 1089, the
corresponding constant for free P,O;*~. The constants
for the association of the second hydrogen ion with each
complexed P,O:4~ are 1033 for CuP:0;?~ and 104%
and 1032 for Cu(P;0;):*~, compared to 10%%3, the cor-
responding second constant for free P,O4~.

The magnitudes of these constants are influenced by
a purely- statistical effect.®® In discussing this effect
it will be assumed that the most stable configuration is
predominant. Thus; it is assumed that hydrogen ions
associate with the non-bridging oxygen atoms on
the PO, tetrahedra containing the smaller number of
hydrogen ions and that one oxygen atom is primarily
involved in the bonding. It is further assumed that
ionization occurs predominantly from tetrahedra con-
taining the larger number of hydrogen ions. In CuP,-
O;'~ there are four equivalent sites at non-bridging
or complexing oxygen atoms for hydrogen ions but
the associated form contains only one hydrogen ion.
Eliminating this statistical effect of 4/1 reduces the con-
stant from 105-2 to 104%%. In the next step, two sites
are available but, in the associated form, there are two
equivalent hydrogen ions to dissociate iso that the
statistical effect is unity and the secénd constant
retains the value 10%-%, The statistical effects in the
successive basicity constants of Cu(P;O;), are 8/1,
4/2, 4/3, and 2/4, which change the successive con-
stants to 10%-%, 1054 104%, and 10%%'., Applying the
same reasoning to the first two stepwise formation
constants of pyrophosphate not complexed with hy-
drogen ion yields statistical effects of 6/1 and 3/2,
which changes the first two successive hydrogen as-
sociation constants to 108-16 and 10%-%.

The bonding of a copper ion with the pyrophosphate
ion in the 1:1 complex reduces the first corrected
formation constant for the addition of hydrogen
ion from 10818 in P,0;*~ to 10482 in CuP;O;2—. 1In the
1:2 complex the corrected constants for the bonding
of single hydrogen ions to the two pyrophosphates are
reduced to 10%% and 10%%. Thus, the shared copper-
(II) ion in the 1:2 complex is, as one would predict,

(20) J. I. Watters and R, DeWitt, J. Am. Chem. Soc., 82, 1333 (1960).
(21) J. Bjerrum, “Metal Ammine Formation in Aqueous Solution,” P.
Haase and Son, Copenhagen, 1941,
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less effective than the unshared copper(II) ion in the
1:1 complex in reducing the stepwise formation con-
stant for adding the first hydrogen ion to each pyro-
phosphate. Furthermore, in both the 1:1 and .the
1:2 complexes the copper ion is somewhat more ef-
fective in reducing the basicity of P,O;4~ than is a pre-
viously added hydrogen ion. Thisisreasonable because
the copper(II) ion probably is bonded directly to both
phosphate tetrahedra while in the simple acid it is
reasonable to assume that each hydrogen ion is bonded
to only one PO, tetrahedron.

The corrected formation constant for the addition
of the second hydrogen ion in the 1:1 complex is 10%3!
and in the 1:2 complex the formation constants for
adding the second hydrogens to the two complexed
P,Os*~ ions are 10%!° and 10%!!. In contrast to the
above effect these values are much larger than the con-
stant, 1018}, for the addition of a third hydrogen ion
to HoP;0;%~. This indicates that a hydrogen ion
combined with the phosphate tetrahedron involvéd
in accepting a second hydrogen ion is much more ef-
fective than a copper ion in the same position. This is
reasonable because the intrinsic strength of the bond
of a copper ion to the pyrophosphate ion is much smaller
than that of the hydrogen ion. The free energy change
due to complex formation between copper and pyro-
phosphate is due in a large part to the chelation effect.!?
Therefore, the inductive effect of hydrogen ion oh
basicity in a particular POj tetrahedron is much
greater than that of copper ion when both are bonded
to that tetrahedron. As a “consequence all comi-
plexed PO, tetrahedra in pyrophosphate complexes
have fairly similar basicities. ~However, the strength
of the bond between the copper ion and the tetrahedron
is greatly reduced as a result of association with each
successive hydrogen ion. The latter property of the
complex offers a method for increasing the concentration
of aquocopper ion in a regular manner in a well poised
system through variation of pH. It should enhance
the usefulness of pyrophosphates in such applications
as elution in ion-exchange colurins and in certain physio-
logical situations. '

The results obtained in the present study are believed
to be more accurate than those of former studies since
various complicating factors already discussed have
been eliminated. The results are consistent with both
the polarographic experimental data obtained in this
Laboratory® and by Laitinen and Onstott? in the pres-
ence of alkali metal ions. The différence in the mag-
nitudes of the over-all complexity constant for Cu-
(P:07)8~ was due largely to the use of an indirectly
determined E.,, for aquocopper ion of +0.0002 v. vs.
the saturated calomel electrode in the former study®
instead of +0.024 v., which was measured directly.!
The difference in the constants for CuH,(P.0;)s!~ was
due to the use by Laitinen and Onstott! of the acid
constants at infinite dilution instead of constants meas-
ured in solutions of similar composition. The latter,
which are always used in Leden’s or Bjerrum’s functions,
yield complexity constants in terms of concentrations.
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In the early phases of this study it was anticipated
that the complexity constants of the copper complexes
could be calculated by correcting the pyrophosphate
concentration for that lost through simple complex
formation with the alkali metal ions. Such a pro-
cedure would be valid only if no complexes of the type
Na,Cu(P:07):6~"~ were formed. On the basis of this
assumption the presence of increasing concentrations of
alkali metal ions should have decreased the potential
shift. Instead, the presence of up to 0.1 M Cs*, K+,
and Nat enhanced the potential shift as much as
10 mv. in the more alkaline solutions. In the presence
of lithium ions, the voltage shift due to complex forma-
tion was enhanced only slightly from a pH of 5 to 8
and was greatly reduced above pH 8. These results
constitute good evidence that the copper pyrophos-
phate complexes also associate with alkali metal ions,
which enhances the stability of the complex Cu(Ps-
O7)2®~ which is predominant in the more alkaline solu-
tions. The effect is too large to be due to activity
effects but is too small to permit a calculation of the

extent of association. It is possible that the alkali

Inorganic Chemistry

metal ions are held by loose ion-pair bonds at the outer
surface of the complex. Their presence could enhance
the stability of the complex by a reduction of the re-
pulsive forces of the two negatively charged pyrophos-
phate ions which surround the copper(II) ion. Since
the strength of the bond with alkali metal ions in-
creases with decreasing ionic radii it is possible that
lithium ions not only decrease the repulsive forces but
weaken the copper(IT) pyrophosphate bond in the
same manner as do hydrogen ions. If the apparent
acidity constants, measured in the same supporting
electrolyte and the same concentrations, are used to
calculate the concentrations of P;0;4~, HP,O;5~, and
H,P;0;%~ ions and any association with alkali metals
is disregarded, the values obtained for the stability
constants of the copper complexes agree reasonably
well with those obtained in the absence of alkali metal
ions. Their use in practical situations under similar
experimental conditions thus is justified.
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The acid dissociation constants for a series of zic-dioximes and the stability constants of their nickel(11) complexes were

measured in dioxane—water mixtures.
constants in water solution.
water solution.

Estimates are given for the values of the acid dissociation constants and stability
The solubility product constants for the nickel(II)—vic-dioxime complexes were measured in
The stability constants and the solubility product constant were used to calculate the intrinsic solubility.

It was found that, in general, an increase in the distance between nickel atoms in the crystal of the complexes results in an

increase in the solubility of the complexes.

It is believed that the phenomena above may be accounted for in part by

metal-rmetal bonding in some of the nickel(II}-zic-dioxime complexes.

Introduction

Several quite insoluble nickel(II)—,2 palladium (IT)~,*$
and platinum(II)~vic-dioxime* complexes have been
shown to have, in general, the same crystal structure
as does nickel dimethylglyoxime,® [Ni(DMG).]. This
rather unique crystal structure in which the metal

(1) a) Work was performed in the Ames Laboratory of the U. 8. Atomic
Energy Commission. ) (b) Paper No. XXXI in a series on “Chemistry of
the wic-Dioximes.” Previous papers in this series were No. XXVIII,
‘“Proceedings of the Symposium,” Feigl Anni-ersary Symposium, Birming-
ham Univ., Birmingham, England, April 9-13, 1962; No. XXIX, J. Am.
Chem. Soc., 84, 1486 (1962); and No. XXX, J. Phys. Chem. (Feb., 1963).
Abstracted from dissertation submitted by Samuel Anderson to graduate
faculty of Iowa State University in partial fulfillment of requirements for
the degree of Doctor of Philosophy, 1962.

(2) C.V. Banks and D. W. Barnum, J. Am. Chem. Soc., 80, 3579 (1958).

(3) C. Panattoni, E. Frasson, and R. Zannetti, Gazz. chim. ital., 89, 2132
(1959).

(4) E. Frasson, C. Panattoni, and R. Zannetti, Acia Crysi,; 12, 1027
(1959).

(5) L. B. Godycki and R. BE. Rundle, ¢bdd., 6; 487 (1083).

atoms lie in a straight row extending throughout the
length of the crystal led Godycki and Rundle? to postu-
late the presence of metal-metal bonding which could
contribute significantly to the crystal energy and thus
perhaps explain the limited solubility of these com-
plexes. The fact that nickel(II)-ethylmethylglyox-
ime,® [Ni(EMG),], and copper(II)-dimethylglyoxime,’
[Cu(DMG);], are much more soluble in water than is
Ni(DMG); and that both have crystal structures which
are not compatible with metal-metal bonding lends
support to this postulate. Banks and Anderson® meas-
ured the heats of solution of Ni(DMG): and Ni(EMG);
in both z-heptane and carbon tetrachloride and found
AHY was about 10 kcal. greater for Ni(DMG), than

(8) E. Frasson and C. Panatoni, ¢bid., 18, 893 (1959).
(7) E. Frasson, R. Bardi, and S, Bezzi, ¢b7d., 13, 201 (1939).
(8) C. V. Batks and S. Anderson, J, Am. Chem, Soc., 84, 1486 (1082),





