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cording to the F test, and calculated titration curves with and
without the additional species were just barely discernible. For
several individual titration curves the calculation even failed
to converge to physically sound, i.e. positive, values for all
stability constants with the complete model.

Quite to the contrary, the results from the spectrophoto-
metric titrations were always highly significant according to
the F test. As shown in Figure 6 for one of the experiments
with the amide, visual inspection also very clearly suggests the
necessity of the complete model. These conclusions are even
further substantiated by the reasonable spectra that are cal-
culated for these minor species. Thus, while in no way ad-

vocating the abolition of potentiometric titrations, we are
strongly in favor of also including the spectrophotometric
variety whenever this is feasible. It is to be expected that the
latter method will prove to be essential for establishing the
correct chemical model in many cases.
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The complex formation in aqueous solution between copper(II) or cadmium(II), respectively, and p-(+)-tartrate has been
studied in the pH range of 4-11 in 0.5 mol L™! KNO; at 25 °C. The emphasis is on the alkaline region with the ligand
in excess and on the formation of polynuclear, especially binuclear, complex species. A potentiometric method using glass
and metal ion selective electrodes has been applied. The experimental data indicate the formation of mononuclear, binuclear,
and more highly polymerized species. The evaluated stability constants are presented in Table I. The stabilities of the
proton complexes of the ligand have been evaluated in the same ionic medium. The existence of heteronuclear copper—cadmium
D-tartrate complexes has been probed spectrophotometrically by the lack of pairwise electronic excitations in the UV region.

Introduction

Metal tartrate complexes in solution exhibit manifold
possibilities in composition and structure. The ligand contains
two carboxyl and two hydroxyl groups, and the complexing
agent may be expected to form chelate rings including one
metal ion as well as bridges between several metal ions.!*?

We have an interest in polynuclear complex formation in
hydroxy carboxylate systems, with a main emphasis on citrate
systems.>”* The degree of polynuclearity of metal chelates
seems to be governed mainly by the ligand as exemplified by
the dimeric species of formulas M,H_,L°% M,H_L,*, and
M,H_,L,* formed in the copper(II) and cadmium(II) citrate
systems (H;L = citric acid).**

Crystal structure investigations of various basic metal tar-
trates show discrete dimeric units in the solid state.'? It seems
reasonble to assume that the same type of dimeric units also
will appear in solution.

The existence of dimeric species in copper(II), lead(II), and
antimony(III) tartrate solutions was first suggested by Kah-
lenberg® in 1895 from freezing point depression and emf data,
but these findings were opposed by later investigations.” In
1957, Lefebvre® made a reinvestigation of the cupric tartrate
system by means of combined pH and pCu (=-log [Cu?*])
measurements and found evidence for an octanuclear complex,

CugH_;T%, (H,T = tartaric acid) in neutral solutions,
whereas in alkaline solutions there is an equilibrium,
Cu;H (T,5 + 3T* = 3CuH_,T,*, which is dependent on the
excess of ligand. The existence of the complexes CugH_;,T(&
and CuH_,T,* was confirmed in a later investigation.’

The copper(1I) tartrate complexes in acid and neutral so-
lutions have been thoroughly investigated by Bottari et al.10!!
and by Johansson.!*’*  According to the potentiometric
studies, mononuclear and binuclear complexes are formed in
weakly acidic solutions. In the copper(Il) D-tartrate system
the dimer Cu,T,® undergoes a stepwise ionization reaction to
form Cu,H_, T, and Cu,H_,T,* (pK values are 4.40 and 4.56)
when the pH value of the solution is increased to neutrality.!?
At the same time, an additional condensation takes place,
yielding an octanuclear complex, CugH_;;T¢5.

Studies of complex formation in the cadmium(II)—tartrate
system are scarce.!*!6 In an investigation of the alkaline pH
range, the ionization of the CdT? complex to CdH_; T~ and
CdH_,T% was determined (pK values are 8.59 and 10.28 at
33 °C). It was assumed that the complexes formed are mo-
nonuclear.

The aim of the present paper was to investigate the metal
chelates formed with triply as well as quadruply ionized tar-
trate. The investigation was carried out for two different
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Table I. Stability Constants of Complexes MpH, T, Formed in
Metal D(+)-Tartrate Solutions at 25 °C and Ionic Strength 0.5
mol L™* (KNO,

r q r reaction log Bpgr? + 30
0 1 1 H* + T*- 2 HT" 3.7220.01
0 2 1 2H* + T* 2H,T 6.36 = 0.03
log B_,,q,.b z 30
P q r reaction Cu3* Cd?*
1 1 1 M¥™+H4+T2 55+0.1
MHT*
1 0 1 M4 T2ZMT® 2.5+0.1 1.6 £0.1
1 0 2 M*42T> 2 MT,* 3.00.2
2 0 2 2M* 42T 8.7+0.1 4.6 +0.2
M,T,°
2 -1 2 2M* 42T7*- 2 4.520.1
M,H., T, + H
2 =2 2 M 42T 2 0.1:0.1 -8.6 £0.2

M,H,T,” + 2H*
2 -3 2 aMP 42T 2
M,H_,T,*" + 3H*

-7.0+0.1 -183=:0.1

2 —~4 2 2M# 42T 2 -17.3 £ 0.1
M,H_,T,* + 4H*
8 -10 6 S8M* 46T 2 -7.5+0.2

M,H_,,T,*" + 10H*

@ Stated errors are equal to 3 standard deviations. © The
stability constant 8,4, for the general species M, H, T, 2P+3-2"
(M = Cu?*, Cd**) is defined by the equation pM** + gH* +
T2 MpH, T, 2P+a-2r,

cations with differing hydrolytic behavior in order to compare
how closely the ionization of the metal tartrate follows the
binary hydrolysis of the aquo cation. Our choices were Cu?*
and Cd?*, as for both metal ions reasonably well-functioning
metal ion selective electrodes are available.

Experimental Section

All chemicals were of reagent grade and were used as received.
The experiments were carried out at 25 £ 0.1 °C in solutions of ionic
strength 0.5 mol L™! (KNO;).

The potentiometric measurements were carried out with two Orion
Model 801 pH/mV meters. A Radiometer metal ion selective SE-
LECTRODER was used for the pCu and pCd measurements. The
linearity of the electrode was tested by using various metal buffers
and was found to be good. The Ey° value of the electrode was
measured in the metal ion solution before the addition of the ligand
and was checked after the titration. A glass electrode was used for
the pH measurements, and the hydrogen ion concentration was
calculated from the pH readings by using the relationship ~log [H*]
= pH - 0.14.

All the calculations were performed with the aid of a programmable
pocket calculator of the type HP-41 CV.

Results

Tartaric acid forms weak complexes with potassium ions,
and the protonation constants were determined in the same
ionic medium. The results are given in Table I.

The data required to analyze the equilibria in a system
containing polynuclear species must involve variables measured
over a wide concentration range. We have chosen to use
combined pH and pM measurements as variables, since the
determination of the free metal ion concentration provides a
convenient method of studying the formation of polynuclear
metal complexes.®!’

The evaluation of the stability constants follows the theory
outlined in an earlier article.* A short presentation is given
below: Let us assume that the predomonant species in solution
are dimers of the composition M,H_, T,"; i.e., a stepwise ion-
ization of the dimer is allowed. The free metal ion concen-
tration in a solution containing an excess of the ligand will then

(17) Rossotti, F. J. C.; Rossotti, H. “The Determination of Stability
Constants”; McGraw-Hill: New York, 1961,
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Figure 1. Lower curves: Recorded pCu values vs. pH for solutions
with a Cp,:Cr ratio of 1:2, Ce, = 5.0 and 1.0 mmol/L, respectively.
Upper curves: log K'cy,r, as a function of pH.

be determined by the conditional constant (all charges are
omitted)

R2M2T = [(_M. ZTZ)./.] = E2M2T 2
MY = TR T M;T:9M,T,H,0H)/ (eTg))
(1

where
[(M,Ty)] = ;[MzH-.-Tz] 2)
[T] = Z[HT] (3)

i

arg) and ay,,m,ony denote distribution or « coefficients and
have their usual definitions:

atan = [T’]/[T] = 1 + [H]KPyp + HPPKMyr 4)
am,T,mon) = [(M,T,5)1/IM,T,] &)

Substitution of the mass balance equations (C denotes total
concentration)

[(M.T,)'] = A(Cy - [M]) (6)
[T = Cr-Cu + M] (7)
into eq 1 yields
log K'm,r, = log K™M2Ty 1 + log ay,t, =
(Cm - [M])/2
2pM + 2 log a1 + log p 8)
(Cr-Cu + [M])

Equation 8 shows that a dilution experiment can be used
to test the existence of dimeric species in solution. A differ-
entiation of the equation yields for [M] << Cy

dpM/dpCy = -} )
More generally we obtain? for the polymeric species M,, T,
dpM /dpCy = ~(t - 1)/m (10)

In both cases we assume a constant pH value and a fixed
C\:Cr ratio.
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Figure 2. Potentiometric titration of a 10 mmol/L p-tartrate solution
with a 200 mmol/L cupric salt solution. The pH was kept constant
at 8.75 and 10.55, respectively, by addition of a 200 mmol/L NaOH
solution. The upper half of the figure shows the consumption of base
as a function of added amount of copper, whereas the lower half gives
recorded emf values of the ion-selective electrode.

If mononuclear complexes coexist in solution, we have to
introduce additional terms in the mass balance equations.

In the copper(Il) p-tartrate system the solutions were mixed
in the ratio Ce,:Cr = 1:2. The results are given in Figure 1
as a plot of pCu vs. pH. The curves have a spacing, dpCu/
dpCe, = -!/,, indicating the formation of a dimer, and a slope
that is a function of pH. The calculated value of log K'y,r,
(eq 8) is also given as a function of pH.

A more elaborate analysis of the plot in Figure 1 shows the
following features: In acid solutions with a pH value of 3-4
we have an equilibrium between the dimer Cu,T,® and the
mononuclear complexes CuT? and CuHT?* with the dimer
predominating. When the pH value of the solution exceeds
4, the dimer starts to ionize to Cu,H_;T;” and Cu,H ,T,". In
the pH 5-9 region a further polymerization is taking place.
The slopes of the plots of log K 'Cuz'r; vs. pH (the plots shown
for the two solutions do not coincide in this pH region as
dpCu/dpCc, amounts to —0.55) indicate a complex with a
Cu:OH ratio of 1:1.25. At pH values exceeding 9 the plots
coincide again, yielding evidence for a continued ionization
to CUZH_3T23- and CUZH_4T24_.

The composition of the polymeric species was checked by
a titration at a constant pH value of 8.75. The breakpoint at
Ccy:Con:Cr = 4:5:3 shown in Figure 2 indicates that the
complex is either tetranuclear Cu,H_sT;* or the octanuclear
CugH_,(T¢® reported earlier.®!3 According to eq 10 the
tetranuclear complex will have a spacing of —0.50, whereas
the value for the octanuclear one will be =0.625. The obtained
result of —0.55 gives indication for the octanuclear one. In
our rather dilute solutions considerable amounts of the dimers
Cu,H_,T,* and Cu,H_;T,* are in eqiulibrium with the higher
polymer. In the model used to explain our experimental data
we have introduced only the complex CugH_;; T as a better
fit is obtained with the octanuclear complex than with the
tetranuclear one.

Figure 2 shows also a pH-static titration performed at pH
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Figure 3. Lower curves: Recorded pCd values of solutions with a
Ccq:Cr ratio of 1:5 as a function of pH. C¢,; = 8.0 and 0.8 mmol/L,
respectively. Upper curves: log K'cy,r, vs. pH. Included is also a
titration with Cey = 20 mmol/L and C; = 40 mmol/L.

10.55. The breakpoint at Coy:Ct = 0.5 and Coy:Cr = 0.95
indicates the complex CuH_,T,* reported earlier.®® The base
comsumption at C¢,:Cr = 1.0 is Coi:Cr = 1.75, which is
consistent with the equilibrium Cu,H_,T, = Cu,H_ T, +
H*.

The pH-static titrations shown in Figure 2 can be carried
out to a C¢,:Cr ratio of ca. 2.0 before the onset of cupric
hydroxide precipitation. The result indicates a complex that
may be formulated (Cu,H_;T),” with n probably greater than
1.

The stabilities of the mononuclear complexes CuT® and
CuHT? have been evaluated from data obtained in the acid
pH region for solutions with a low concentration of cupric ions.
In the final refinement of the constants of the dimeric species
account has to be taken of the mononuclear complexes in the
acid pH region and the octanuclear complex in neutral solu-
tions.

The obtained stability constants together with the errors at
95% confidence level are presented in Table 1.

The composition of the complexes formed in the cadmium
D-tartrate system should be very similar to those found in the
corresponding cupric system. The ionic radius of the Cd?* ion
is about 50% bigger than the radius of the Cu?* ion, and, as
a consequence, we can expect a lower stability of the cadmium
complexes.

The solubility of the cadmium tartrates in neutral solutions
is rather low, and a fairly narrow concentration range with
the ligand in excess is accessible to experimental measure-
ments. The Cd-selective electrode (used in emf titrations of
neutral solutions) may be prone to systematic errors in the E°
determination, and the model with the complexes CdT®,
Cd,T,?, and CdT,?* should be considered tentative.

Figure 3 shows the formation of dimeric species in alkaline
solutions. At low concentrations of metal ion and ligand, the
dimer Cd,H_,T,% seems to be partly dissociated into mono-
nuclear species. At higher concentrations (Cgy = 20 mmol /L,
Cr = 40 mmol/L) the plot gives some indication of a further
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Figure 4. Influence of ammonia on recorded pCu values vs. pH of
solutions. Total concentrations in mmol/L: (a) Ce, = 5.0, Cr = 10.0,
Gy, = 0.0; (b) Cey 5.0, Gr 10.0, Cy, 50.0; (€) Cey 1.0, Gy 2.0, Gy,
50.0.

condensation complex with a Cd:H ratio of 1:~1.25, which may
correspond to the octanuclear curpic complex.

Potentiometric titrations at constant pH value (carried out
as a titration of the ligand in 10 mmol/L concentratior with
a cadmijum ion solution and measuring the consumption of
base) gave the following values of the consumption of base per
cadmium ion:

pH 8.0 9.0 10.0 10.7
mol of OH /mol 0.92 1.04 1.18 1.36
of C4**

The results are in agreement with Figure 3. The obtained
stability constants are presented in Table I.

Crystal structures of binuclear D-tartrates show a rather
open coordination sphere of the cations, and the remaining
coordination positions may easily be filled by bidentate ligands
such as 2,2’-bipyridyl or 1,10-phenanthroline forming a 2:2:2
complex.’® We want to report some preliminary titration
results indicating ternary cupric—tartrate-ammonia complexes
in solution. Figure 4 shows the combined pCu-pH data
obtained for solutions with constant concentration of ammonia
(curves b and ¢). The deviation from the titration plot of a
solution with no ammonia (curve a) and the spacing occurring
on dilution can be interpreted in terms of a polymeric ternary
complex. The response of the cupric-selective electrode
(containing Ag,S and CuS) is, however, not well characterized
in solutions containing ammonia, and the system awaits a
closer spectroscopic investigation.

Discussion

The aim of the present work was to clarify the composition
of the polymeric cupric D-tartrate complexes formed in neutral
and weakly alkaline solutions. Our interest was mainly focused
on solutions containing a moderate excess of the ligand, but
some remarks will be made for solutions containing an excess
of metal ion. In addition we wanted to carry out the inves-
tlgatlon for the correspondmg cadmium system as the Cd?*
ion has a considerably greater ionic radius and hence a smaller
polarizing power than that of the Cu?* io

(18) Ortega, R. B,; Tapscott, R. E.; Campana, C. F. Inorg. Chem. 1982, 21,
2517.
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Table II. Compilation of Proposed Cupric D-Tartrate Complexes
and Their Stability Constants (Given as log § Values)

ref 7 9,10 12,13 this work
temp, °C 20 25 25 25

ionic strength 1.0 1.0 1.0 0.5
electrolyte NaClO, NaClO, NaClO, KNO,

pH range 3.7-7 2-6 4-12
CuHT* 545+0.05 558:001 55=:0.1
CuT® 3.2 270+ 0.03 263+0.03 25=+0.1
CuH'lT -26+0.3

QuT,*" 4.00£0.03 4.38+0.02

CuH_,,T,* -6.8 exists
Cu,T,° 8.58+0.05 8.60=:0.01 8.7=:0.1
Cu,H ,T,” 4.20+0.02 4.5:0.1
Cu,H_,T,* -0.24 £ 0.20 -0.35+0.03 0.1 0.1
Cu,H_,T,*" -7 -7.020.1
Cu,H,,T,* -17.3:0.1
Cu,H T,6; -23.7

Cu,,H_,oT%" -6.9 -7.38+0.05 -7.5+0.2
Cu,H.,T,*" —5.52+0.05

= IogK:t‘)H
Figure 5. The third ionization constant of the binuclear tartrate

complexes as a function of the first binary hydrolysis step. The
equilibrium constants are defined in the text.

Equilibrium studies of metal tartrates in alkaline solutions
are scarce. Information obtained from spectroscopic'®*2! and
solid-state!>?? studies points to the existence of dimeric species
with a 1:1 metal:tartrate ratio in solution. Our potentiometric
studies can be interpreted in terms of dimeric species of the
type Cu,H_ T~ (i=0-4). A compllatlon of results obtained
in more recent investigations®!'!3 is given in Table II. A
comparison shows the general consensus about the composition
and stability of the complexes formed in weakly acid and
neutral solutions, whereas the situation is more uncertain in
alkaline solutions.

The dimeric tartrate complexes M, T, (20 (n = charge of
the cation) can be considered as tetrabasic acids, and the
alcoholic groups of the ligand will be deprotonated with in-
creasing pH of the solution. An example is the cupric D-
tartrate system with the acidity constants 4.2, 4.4, 7.1, and
10.3 (see Table I). The differences in the ionization constants
can be attributed to the polarizing power of the cation and
to intramolecular as well as intermolecular hydrogen bonding.
The influences on the acidity caused by a strong intramolecular
hydrogen bond? and by intermolecular hydrogen bonds! have
been pointed out earlier. We want to stress that the polarizing
power of the cation is operative in the ionization of the tartrate
complexes. The effect of the cation can be illustrated by a
comparison of the first hydrolysis step of the cation

(19) Chasteen, N. D.; Belford, R. L. Inorg. Chem. 1970, 9, 169.
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(23) Robbins, G. L.; Tapscott, R. E. Inorg. Chem. 1976, 15, 154.
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MM = M(OH)("_I)+ + H* K—HMOH (11)
and the third ionization step of the metal tartrate complexes
M,H_, T, = M,H_,T,02- + H* KHyy 1, (12)

The result of the comparison is given in Figure 5, where lit-
erature data have been used for the binary hydrolysis con-
stants,? as well as for the D-tartrate complexes of ferric ion,*
chromic ion?* [a study of (phen),Cr,H_,T, (phen = o-
phenanthroline and H,T = mesotartaric acid) and corrected
for the influence of the ternary ligand], and vanadyl ion.%
Figure 5 shows a good correlation between the two ionization
constants, with the vanadyl system being an exception.
Equilibrium studies?® show that the species (VO),H_;T,* is
present to only a small extent in any pH region due to an
immediate further ionization. The absence of this species in
the vanadyl D-tartrate system may be due to the well-known
trans effect operative in oxocation systems and is an indirect
indication of the intramolecular hydrogen bond being formed
in other metal tartrate systems.

We wanted to confirm the existence of polymerized species
in alkaline solutions by a spectroscopic method. Our choice
was to show the existence of mixed Cu(II)/Cd(II) p-tartrate
species by difference UV spectroscopy® (with the technique
of that ref). For polymerized complexes there is the possibility
of spin—spin interactions giving rise to simultaneous pair
electronic excitations?’ due to an exchange-dependent mech-
anism.2® In heteronuclear tartrate complexes we may expect
geometrical distortions arising from the different coordination
geometries of the cations (such a deformation has been ob-
served in mixed As(IIT)/Sb(III) tartrate complexes®).
Difference spectra were recorded for tartrate solutions of pH
~9.05 containing the metal ions in differing Cu:Cd ratios. A
sharp absorption peak at ca. 319 nm is observed with a de-

(24) Baes, C. F., Jr.; Mesmer, R. E. “The Hydrolysis of Cations”; Wiley-
Interscience: New York, 1976.

(25) Timberlake, C. F. J. Chem. Soc. 1964, 1229.

(26) Pettit, L. D.; Swash, J. L. M. J. Chem. Soc., Dalton Trans. 1978, 286.

(27) Schuger, H. J.; Rossman, G. R.; Barraclough, C. G.; Gray, H. B. J. Am.
Chem. Soc. 1972, 94, 2683.

(28) Lohr, L. L., Jr. Coord. Chem. Rev. 1972, 8, 241.

(29) Marcovich, D.; Tapscott, R. E. J. Am. Chem. Soc. 1980, 102, 5712.
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creased absorption for the mixed complex. A Job plot failed
to give conclusive results regarding the composition of the
heteronuclear complex(es) present at this pH value but gave
strong evidence that such species are formed in solution and
that polynuclear complexes are present in at least one of the
binary metal tartrate systems.

The polynuclear complexes formed in alkaline solutions with
an excess of cupric ions and denoted as (Cu,H_;T)," seem
to have a rather open structure so that a stepwise addition of
cupric ions is possible. Figure 2 shows good metal buffer
capacity of the solution for Cc,:Cr ratios close to 2. Our
conclusion is that the value of n will be greater than 1.

In this context we want to refer to the measurements per-
formed by Johansson!2!4 at pH 4.40 including solutions with
an excess of cupric ions. Both potentiometric and CD data
are best described in terms of a predominating complex
CugH_¢T,. The CD spectrum of this complex resembles that
of Cu,H_;T  reported?! at pH 9.8, whereas the spectrum of
CugH_,, T, differs considerably.'* A possibility is that the
CugH_¢T, complex at pH 4.40 will ionize into a complex
CugH_,,T,* at higher pH values. The CD spectra show that
the structures of CugH_;oT(* and (Cu,H_;T),* must be quite
different.

The CugH_,oTs* complex formed in neutral solutions is of
considerable stability. The potential jump shown in Figure
2 indicates that the octamer is a predominating species over
a wide range of tartrate concentrations, and a rather compact
structure with respect to further addition of tartrate ions may
be suggested. The octamer is formed in the same pH range
as Cu,H_,T,* and Cu,H_;T,*>. The deprotonated alcoholic
groups of the ligand may promote the polymerization reaction
by acting as bridges between cupric ions. From the compo-
sition of the involved species we will, however, suggest that
the octamer in addition will contain OH" bridges.

The structure of the cage formed by the cupric ions in the
octameric complex is of crystallographic interest, as is the use
of this special topology in other chemical reactions.
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