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Complex formation between tungstate and malate has been investigated in the range pH 1.5-8.5 by potentiometric
and enthalpimetric titrations at 25 °C in 1.0 mol dm ™~ (Na)CI. The ‘best’ reaction model comprises mono-, di- and
tetra-nuclear complexes. The formation constants of the complexes, denoted by B,,,., where the subscripts p, g and
r refer to the stoichiometric coefficients in the general formula [(WO,),(mal),H,], have the values: log B,;, = 8.85,
log B,, = 14.78, log By13 = 17.26, log B,,, = 17.20, log By, = 21.70, log B, = 25.61, log B,,5 = 23.07, log B,,, = 18.87,
log B,,5 = 25.72, log B,,, = 31.88 and log B,4;, = 73.60. Enthalpy and entropy changes for complexes occurring in
sufficiently high concentrations were calculated from the calorimetric data using these formation constants:
AH®;, = =64, AH®;;, = —65, AH®, ;3= —67, AH®,, = —86.0, AH® 53 = —92, AH®},, = —91, AH°,,, = —115,

AH°,,, = —121, AH°,,, = —120 and AH°,,;; = —240 kJ mol %,

This investigation is a continuation of our research on the com-
plexation of molybdenum(vi) and tungsten(vi) with different
carboxylate and hydroxycarboxylate ligands. The research is
directed at the identification and characterization of the various
complexes in terms of structure, stability and thermodynamic
quantities. Despite the complexity of the systems which is fur-
ther exacerbated by the tendency of molybdenum(vi) and tung-
sten(vi) to form polyoxoanions, a reasonably clear picture of
the co-ordination behaviour of these elements has emerged
from these and other studies reported in the literature. Typic-
ally, mono-, di- and tetra-nuclear complexes, protonated to
various extents, have been found to exist in solution, some of
which are often only minor species. A small number of these
complexes have been isolated in the solid state and character-
ized by X-ray analysis. Previous investigations of the complex-
ation of tungsten(vi) with malate [malic acid, Hsmal = CH(O-
H)(CO,H)CH,CO,H] have shown the presence of complexes
having 1:1, 2:2, 2:1 and 1:2 tungstate:malate stoichio-
metries.? Proton NMR spectroscopy has been used by Gil et
al.* to demonstrate the existence of four complexes namely 1:2
(two), 1:1 and 2:1. A concentration effect and a slow rate
of formation suggested that the 1:1 complex was dinuclear.
Although useful information about the relative concentrations
of these complexes has been obtained from Job curves there is
still a lack of solid thermodynamic data such as stability con-
stants and enthalpy and entropy changes. Further, there is dis-
agreement about the composition of the major complexes. For
example, Cervilla et al.,? also applying proton NMR spec-
troscopy in addition to polarimetric and cryoscopic measure-
ments, preferred to formulate the 1:2 complexes identified by
Gil et al. as 2: 2 species.

The occurrence of protonated forms of different types of
complexes can lead, depending on the conditions, to strong
overlap of their stability regions. Knowledge about species dis-
tributions, based on reliable formation constants for all com-
plexes, is therefore essential and ought to provide the necessary
insight to resolve conflicting interpretations of experimental
results obtained under diverse conditions.

In this paper we report the results of a potentiometric and
enthalpimetric investigation of the complexation of tungstate
with malate. A reaction model and set of equilibrium constants
have been established which give a satisfactory description of
the complexation behaviour under different conditions. Using
these results the change in concentration of various complexes
could be directly correlated with some experimental measure-

ments previously reported.? The reaction model also served as
a basis for a calorimetric investigation of the system and the
determination of the enthalpy and entropy changes of the
complexes.

Experimental
Reagents and solutions

All reagents were of analytical grade (Merck, BDH, Aldrich)
and solutions were prepared with water obtained from a Mil-
lipore Milli-Q system. Sodium tungstate stock solution was
prepared from the recrystallized salt Na,[WO,]-2H,0 and
standardized gravimetrically as described previously.® Hydro-
chloric acid was standardized indirectly against potassium
hydrogenphthalate by titration with sodium hydroxide. Sodium
chloride was purified as described previously.* pL-Malic acid
was used as received but its purity was checked by titration with
sodium hydroxide. Malate solutions were prepared by accurate
neutralization of malic acid.

Potentiometric titrations

Mixtures of sodium tungstate and sodium malate (80 cm?®) were
titrated with hydrochloric acid at 25 °C using either a Metrohm
636 Titroprocessor or a Metrohm Dosimat. All solutions were
made 1.0 mol dm™2 with respect to chloride ions by addition of
the appropriate amount of recrystallized sodium chloride. To
exclude carbon dioxide from the system a stream of purified
nitrogen was passed through 1.0 mol dm~3 NaCl and then bub-
bled slowly through the titration solution. The initial concen-
trations (mol dm~3) of tungstate and malate were as follows:
0.01, 0.01; 0.01, 0.02; 0.01, 0.03; 0.01, 0.05; and 0.05, 0.10 thus
obtaining solutions with equal concentrations of tungstate and
malate or an excess of malate. The pH, range covered was 8.5—-
1.5. In the case of the titration pertaining to equal concen-
trations of tungstate and malate (0.01 mol dm~3) only data for
pH. > 4 were used because preliminary calculations indicated
the presence of higher than 7% isopolytungstate ions at lower
pH.. Titrations were carried out in duplicate and the final com-
puter treatment was based on about 560 data points.

The free hydrogen-ion concentration, h, was determined by
measuring the potential, E°, to +£0.2 mV using a Ross combin-
ation electrode (Orion 8102 SC) with a 3.0 mol dm 3 KClI bridge
solution. Equation (1) was used to calculate h from the meas-

E=E°+59.16 log h + E Q)
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ured potential at each titration point. Values for E° and E; (the
liquid-junction potential) were determined from titrations of
1.0 mol dm~® NaCl with HCI as described by Rossotti.®> For
brevity —log h is denoted by pH..

Calorimetric titrations

An isothermal calorimeter, Tronac model 1250, was used for
the enthalpy measurements. Solutions containing tungstate and
malate (25.0 or 20.0 cm®) were titrated with 1.0 mol dm™
hydrochloric acid from a precision microburette (2.5 cm?®). The
initial concentrations (mol dm~3) of tungstate and malate were
as follows: 0.02, 0.04; 0.02, 0.15; 0.10, 0.10. Although the con-
centrations of the latter titration are rather high the pH, of the
solution after the addition of 2.0 cm?® acid is only 7.3 and poly-
tungstate ions are therefore absent. In the case of the seven-fold
excess of malate an additional titration was done with a solu-
tion that already contained some acid (0.01 mol dm™3) in order
to cover the low pH, range. All titrations were done in duplicate
and the data were collected automatically by means of a per-
sonal computer using software supplied by Tronac. Again, all
solutions were made 1.0 mol dm~3 with respect to chloride by
addition of the appropriate amount of recrystallized sodium
chloride. The data were corrected for the endothermic heat of
dilution of hydrochloric acid titrated into sodium chloride by
using results of previous blank titrations.®

Results and Discussion
Potentiometric investigation

The various protonation, condensation and complexation reac-
tions that can take place when a solution containing tungstate
and malate is acidified are represented by the general equation
(2). The malate anion is formulated as Hmal*~ to show the

pWO,2" + gHmal?>~ + rH* —— [complex]®*277~ (2)

proton of the a-hydroxyl group which (in the pH range in ques-
tion) is released only when complexation takes place. Overall
formation constants are denoted by B, in accordance with the
description of species in terms of the stoichiometric coefficients
of the reactants, for example, [0,1,2] for malic acid; thus
Borz = [Hsmall/[Hmal*~J[H %,

The results of some representative titrations of malate and of
mixtures of tungstate and malate with hydrochloric acid are
shown in Fig. 1 as plots of F against pH,. The function F [equa-
tion (3)] represents the fraction of the total negative charge

F=(H — h)/(2B + 2C) 3)

neutralized due to protonation where H, B and C are the ana-
lytical concentrations of acid, tungstate and malate respectively.
An F value of 1.0 therefore indicates an average charge of zero
for the species in solution. For a solution containing only
malate species F ~ 0.98 at pH, ~ 1.5 indicating almost complete
protonation to Hymal (Fig. 1). The F vs. pH, curves for mix-
tures of tungstate show how protonation is affected by com-
plexation. The curve for an equimolar solution (0.01 mol dm™3)
of tungstate and malate represents complete complexation with
no excess of either reagent and shows an inflexion at F ~ 0.5.
This value indicates the presence of a complex with (p,q,r) stoi-
chiometry of [1,1,2]*" and/or [2,2,4]*". At low pH, the F values
show that protonation of the complexes is more difficult than
protonation of malate itself, and that these complexes are still
anionic.

In the absence of complexation agents acidification of tung-
state results in slow reactions at F = 0.6. An excess of tung-
state could therefore not be used in the experiments. Even for
equal concentrations of tungstate and malate the concentrations
had to be as low as 0.01 mol dm~3 to exclude these slow reac-
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Fig. 1 Plots of function F versus pH, for some representative
potentiometric titrations

tions. At F < 0.6 for tungstate the presence of small amounts
of the polyanions [W0,,(OH),]*~, [W,0,,]°", [HW,0,,]°" and
[H,W,,0,,]* could be taken into account using previously
reported equilibrium constants pertaining to the ionic medium
1 mol dm~3 NaCl.” However, even at the low equimolar concen-
tration of 0.01 mol dm~2 preliminary calculations showed that
from pH, 4 to 2 the percentage concentration of tungstate pres-
ent as polyanions would increase from about 7 to more than
50%. For this titration, data pertaining to pH, <4 were neg-
lected in the calculations. The effect of the presence of the poly-
anions can also be seen from the shape of this particular F
curve which differs from the others in the pH, region < 3. To
account for the protonation of free malate species, previously
determined values for the equilibrium constants in 1.0 mol
dm™3 NaCl were used.?

Model testing was done with the program SUPERQUAD.®
On account of our previous experience with systems of this
type all possible complex species with p=1 to 4 and having
reasonable g and r values have been considered in the calcula-
tions to find the ‘best’ reaction model. The program automatic-
ally rejects species for which the relative standard deviation of
the formation constant is greater than 33% (or 3o > 0.43 log
units). The final model comprises eleven species of which only
the [2,1,3]*” and [4,4,11]° have standard deviations of greater
than 8%, actually 23 and 12% respectively. These species occur
in very low percentage concentrations under the conditions
employed. Higher concentrations of the reagents, and also an
excess of tungstate as required by the stoichiometry of [2,1,3]°*",
would however not be feasible. The value for the sample stand-
ard deviation,® s = 1.24, based on errors of 0.01 cm® in the vol-
ume and 0.002 in the pH, implies a very good fit. The distribu-
tion of the complexes as a function of pH, at concentrations
chosen to illustrate the stability regions are shown in Figs. 2
and 3.

The tungstate : malate stoichiometry of the complexes is typ-
ical of those previously observed for other comparable tung-
sten— and molybdenum-ligand systems.® In particular, the
model does not differ much from that obtained for molyb-
denum(vi) with malate as ligand.2 However, the tungsten com-
plexes are more stable than the analogous molybdenum com-
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Fig. 2 Distribution of species in the tungsten(vi)-malate system as a
function of pH,. Total concentrations of tungstate and malate are 0.02
and 0.04 mol dm™3, respectively
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Fig. 3 Distribution of species in the tungsten(vi)-malate system as a
function of pH,. Total concentrations of tungstate and malate are 0.02
and 0.15 mol dm™3, respectively

plexes, e.g. the difference in the values of the formation con-
stants of the 1:1 complexes is in each case about 1.4 log units
(Table 1); in the case of the three 1:2 complexes the differences
are 1.7, 1.6 and 1.5 respectively. These differences in stability are
mainly derived from the more favourable enthalpy changes for
the tungsten(vi) complexes (cf. next section).

Classified in terms of tungsten—malate stoichiometry there
are five different types of complexes protonated to various
extents. With the exception of the 4:4 type, salts of the molyb-

Table 1 Values of the formation constants and other thermodynamic
quantities (kJ mol™*) for tungsten(vi)-malate complexes and some
molybdenum(vi)-malate® complexes in 1 mol dm 3 NaCl at 25 °C

Complex AG°/ AH°/ TAS°/
[p,a.r] 10g Bygr £ 30 kJ mol™* kJ mol™* kJ mol™*
Tungsten(v)

[1,1,1 8.85 +0.01 —50.5 —641+03 —13.6
[L,1,2]>  1478+006  —84.4 (—65)* (19)*
[1,1,3] 17.26 +0.03 —98.5 —67 %2 32
[1,2,2]* 17.20+=0.01 —98.2 —86.0%£0.2 12.2
[1,2,3P 21.70+0.02 —123.9 —91.8+0.5 32.1
[1,2,4] 25.61+0.01 —146.2 —90.6+0.6 55.6
[2,1,3P 23.07+0.33 —131.7 — —
[2,2,2]° 18.87x0.06 —107.7 —115%2 -7
[2,2,3]° 2572+0.10 —146.8 —121+2 26
[2,2,4]* 31.88+0.07 —182.0 —-120%2 62
[4,4,111° 73.60+0.15 —420.1 —240+ 20 180
Molybdenum(vr)®

[1,1,1 7.47 £0.01 —42.6 —479+04 —-5.3
[1,1,2]> 13.23+0.01 —75.5 —555+12 20
[1,1,3] 15.87 £ 0.08 —90.6 —57+4 33
[1,2,2]* 15.48 = 0.01 —88.4 —77.0%0.2 114
[1,2,3P 20.13+0.01 —1149 —83+1 32
[1,2,4] 2414+0.01 —137.8 —85.6+0.8 52
[2,1,3P 20.10+0.04 —1147 —75+4 40
[2,2,4]* 28.06 £0.03 —160.2 —85x10 75
[4,4,111° 69.92+0.09 —399.1 —221+14 178

* Values in parentheses are approximate.

denum analogues of all types have been isolated in the solid
state either as malate or citrate complexes (H,cit= citric
acid = 3-carboxy-3-hydroxypentane-1,5-dioic acid). Thus, salts
of the [1,2,2]*", [1,2,3]* and [1,2,4]> malate complexes have
been prepared,™ e.g. Cs,[M00O,(mal),]-2.5H,0, [NH,];[MoO,-
H(mal),]-H,0 and Cs,[MoO,(Hmal),]-H,O. A 2:2 citrate com-
plex of tungsten(vi), Nag[W,0Oq(cit),]-10H,0, has been isolated
and structurally characterized by X-ray analysis.*? Citrate com-
plexes of molybdenum*® which have been obtained by precipi-
tation from aqueous solution and have stoichiometries which
correspond with those of malate complexes now identified are
potassium salts of [1,1,1]*", [2,2,4]°" and [2,2,6]*". These com-
plexes have been characterized by chemical analysis and various
other methods.

If tridentate co-ordination of malate, similar to that of cit-
rate,'%? is assumed, structures with five- and six-membered rings
with tungsten will be formed as shown in Scheme 1 for the 1:1
and 2:2 type of complexes. Tridentate co-ordination is expected
to have a stabilizing effect on these complexes allowing them to
compete successfully with the [1,2,r] complexes under suitable
conditions. The typical behaviour of a-hydroxycarboxylic acids
towards tungsten(vi) and molybdenum(vi) is to form particu-
larly stable 1:2 rather than 1:1 and 2:2 complexes. Whereas the
[2,2,4]*" complex can be assumed to have a structure similar to
that of the crystallized citrate compound*? (Scheme 1), the
[2,2,2]°" and [2,2,3]°" complexes must have different structures
because these complexes cannot be formed just by deproton-
ation of the [2,2,4]*". The structure proposed for the [2,2,2]°~
complex differs from that of the [2,2,4]*" in that the tungsten
atoms are linked by the two malate ligands and not by a single
oxygen bridge.

One might have expected a [4,2,8]*" complex similar to that
identified in molybdenum(vi)-malate® and —citrate® solutions
and also obtained in the solid state by several authors.***" As
dictated by the stoichiometry, however, an excess of tungstate
would be needed and a rather low pH to form this complex,
requirements which cannot be met for this system as discussed
above.

The reaction model established and the available formation
constants can now be employed to calculate the distribution of
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Scheme 1 Proposed structures of some complexes of tungsten(vi) and
malate

species in solutions employed in previous investigations. Of
particular interest is the work of Gil et al.* and Cervilla et al.
where interpretations regarding the stoichiometry of major
complexes differed. Comparison of results where these authors
conducted measurements on solutions having a large excess of
tungstate is obviously not meaningful, but all other results are
found to be compatible with the present reaction model. The
Job curves constructed from NMR data by Gil et al.* at pH 3.0,
4.3and5.5showal:1,a2:1andtwo 1:2 complexes. Depend-
ing on the pH chosen, our calculations show that the 1:2 com-
plexes are the [1,2,2]*", [1,2,3]*” and [1,2,4]*" now identified; the
peaks of the Job curves coincide in each case with the max-
imum concentration of the particular complex. The 1:1 com-
plex shown by the authors to be concentration dependent and
for which a 2:2 stoichiometry was suggested corresponds with
the [2,2,4]*". They also found indications of a 2: 1 species which
can be associated with the [2,1,3]*" complex, but in view of the
high concentrations used (and excess of tungstate) it could just
as well be a [4,2,8]* complex analogous to the molybdenum
complex isolated in the solid state.

The polarimetric measurements by Cervilla et al.? clearly
showed the difference in optical activity of solutions when
either malate or tungstate is in excess (actually twenty-fold).
With malate in excess the change in optical activity with pH as
reported by these authors correlates well with the distribution
of the[1,1,1]*", [1,2,2]*" and [1,2,4]*~ complexes (cf. for example
Fig. 3); due to considerable overlap of stability regions of the
complexes it is not surprising that their D vs. pH curve does not
show an inflexion at the pH where the [1,2,3]* occurs in max-
imum concentration. The interpretation of this curve by these
authors in terms of the formation of only one 1:2 but two 2:2
complexes can not therefore be accepted which also implies that
the interpretations of Gil et al.* regarding the existence of 1:2
complexes were correct. However, it is now clear that the 1:1
complex of Cervilla et al.,2 which occurs at high pH, is indeed a
[1,1,1]* complex and therefore different from the 1:1 com-
plexes of Gil et al. which are in fact dimers. The existence of
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Fig. 4 Measured heat as a function of the molar ratio of acid to
tungstate for titrations of the following solutions ([W"']:[mal]) with
hydrochloric acid: 0.02:0.04 () and 0.02:0.15 mol dm~2 (O)

dimeric complexes in solutions with an excess of tungstate has
also been postulated by Cervilla et al.? The present reaction
model therefore accommaodates quite well the experimental data
of these two research groups and successfully resolves the con-
flicting interpretations.

Enthalpimetric investigation

The results of two representative enthalpimetric titrations are
shown in Fig. 4 where the total amount of heat measured, Q, is
plotted against the molar ratio of acid added to tungstate. (The
curves do not start at the origin because the enthalpy of the first
few data points, before a steady state is reached, are not
included.) The different shapes of the two curves at the same
tungstate concentration but with different malate concentra-
tions reflect the change in relative concentrations of the com-
plexes. Above a 1:1 mole ratio of acid to tungstate less heat is
developed in the solution having a smaller excess of malate
because of the lower percentage of [1,2,r] complexes which have
(as the calculation will show) the most favourable AH® values.
From mole ratio 4 to 5:1, which corresponds to a pH change
from 2.9 to 2, this curve shows that the conversion of the
[1,2,4]*" complex into the [1,1,3]” and [4,4,11]°~ complexes is an
endothermic process. For the solution with the greater excess of
malate (7.5-fold) the [1,2,r] species dominate (cf. Fig. 3) and in
keeping with this complete conversion into the [1,2,2]* com-
plex is indicated by a distinct break in the curve occurring at a
tungstate : acid mole ratio of 1:2 (Fig. 4).

The enthalpy changes for the formation of the complexes
were calculated from the measured heat, Q, corrected for dilu-
tion effects [equation (4)] where n,, is the number of moles

Q =Zny, AH®, (4)

formed and AH®,, the molar enthalpy change of a given spe-
cies [p,g,r] at 25 °C in 1.0 mol dm~3 (Na)Cl medium. The set of
linear equations obtained from corresponding Q and n,,, values
were solved for the unknown AH°,,. parameters using a BMDP
least-squares program.*®



The n,,, values at each titration point were calculated, in a
subroutine supplied to the BMDP program, from the concen-
trations of the species obtained by simultaneous solution of the
three mass-balance equations (5)-(7) where b, ¢c and h are the

B=b + ZpB,,bPcth’ )
C=c + ZqB,,bPch’ (6)
H=h + SrBy,bPcth” @)

equilibrium concentrations of [WO,J*>~, Hmal?*~ and H* respect-
ively. The enthalpy changes for the protonation of Hmal?™ in 1
mol dm~2 NaCl, AH®y;; = —2.0 kJ mol~* and AH°;, = —6.5 kJ
mol~*, determined previously ® were treated as fixed parameters
in the calculation of the AH®,, values of the complexes.

The concentration of the [2,1,3]*~ complex is too small under
the experimental conditions to attempt calculation of its
enthalpy change and it was therefore neglected. Owing to the
strong correlation between the concentrations of the [1,1,2]*"
and [2,2,4]*" complexes, entirely independent values for their
AH? values could not be calculated: the enthalpy change of the
[1,1,2]*" complex, which is present at much lower concentration
than the [2,2,4]*", was fixed at a reasonable value, i.e. between
the values of the [1,1,1]° and [1,1,3] complexes, and AH°
values for all the other complexes were calculated. The results
are given in Table 1.

The quite favourable enthalpy change for complexation is
typical for tungstate and is the result of an increase in co-
ordination number of tungsten from four to six. When the
thermodynamic quantities of the tungsten—-malate complexes
are compared with those of analogous molybdenum com-
plexes® it is seen that the tungsten complexes are in each case
more stable and that the major contribution comes from the
enthalpy change. For example, the three 1:2 complexes of tung-
sten and molybdenum have very similar TAS® values, but the
AH° values are significantly more favourable in the case of
tungsten. This difference clearly illustrates the greater tendency
of tungsten(vi) to expand its co-ordination number from four
to six.

Also noteworthy is the contribution of the enthalpy change
to the greater stability of the 1:2 complexes compared to that
of the other complexes; for the 1:2 complexes the enthalpy
change is about 25 kJ mol~* (per W atom) more favourable than
for the other complexes. The difference in enthalpy change can
be explained in terms of the different structures. For example,
the [1,2,2]*" complex in comparison with the [1,1,1]* gains in
stability because of the formation of two stable five-membered
rings as against one five- and one six-membered ring in the
[1,1,1]*" complex. Also to be considered is the enthalpy cost
involved in the ionization of the alcoholic proton of malate in
the formation of the 1:1 complex, but which can be regained
(with profit) via liberation of a water molecule when two lig-
ands are co-ordinated to form the [1,2,2]*~ complex. The prom-
inence of 1:2 complexes in the case of a-hydroxycarboxylic
acids has been noted in previous papers and especially for
monocarboxylates such as lactate and mandelate
[PhCH(OH)CO,].1e%°

Conclusion

Depending on the concentration of tungstate and malate sev-
eral complexes occur in varying quantities in the range pH, 1.5

7.5. Complexes with five different stoichiometric ratios of tung-
state to malate have been identified, namely 1:1, 1:2,2:2,2:1
and 4:4. These stoichiometries are similar to those of molyb-
denum malate complexes previously reported.® The complexes
can be described as follows: the mononuclear complexes
[WO,(mal)]*~ and [WO,(mal),]*~ and their protonated forms,
the different dinuclear complexes [W,Oq(mal),]®~, [W,04(OH)-
(mal),]>~, [W,0O4(mal),]*", [W,04(mal)(H,0),]*>~ and finally the
tetranuclear complex [Mo,0,,(OH)(Hmal),]>". The stoichio-
metries of complexes which were previously reported only in
terms of tungstate:malate ratios have now been fully deter-
mined. The formation constants have been used to calculate the
concentrations of complexes under various conditions; this
information facilitated unambiguous interpretation of experi-
mental work of some earlier investigations and helped to
resolve contradictory conclusions. Thermodynamic quantities
for the complexes have been determined and compared with
those previously reported for the molybdenum-malate
complexes.
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