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TARTRATE COMPLEXES OF MOLYBDENUM(VI) 
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The formation of MoOz(TH_1)i- and (MoOzh(TH_z)i- complexes was proved in roughly 
neutral aqueous solutions and their equilibrium constants were determined by potentiometric 
neutralization titrations. The possi ble ways of bonding of the tartrate ligand to the central Mo(VJ) 
atom and the compositions of the Mo(VJ) tartrate chelates are 'discussed. 

In aqueous solutions of tartaric acid (Hz T), both of the two carboxy groups dissociate, 
pKa1 2'9, pKaz 4·0 (I 0'1, t = 21°C; ref.1). The protons of the alcohol groups split 
off in concentrated alkali hydroxide solutions or during complex formation. Anions 
of the type HTH:'~ can occur as ligands in complex compounds! (the symbol is used 
to denote tartaric acid from which two hydrogen atoms have split off, one from 
a carboxy group and one from an alcohol group). The central atom is bonded to 
the tartrate ligand Z either via the two oxygen atoms of the alcohol groups (I) or via 

the oxygen atoms of the neighbouring carboxy and alcohol groups (II); in view of 
the analogy of tartaric and aspartic acids, bonding via the two carboxy and an alcohol 
functional groups (III) is also conceivable. If a central atom is capable of formation 
of tartrate complexes of both I and II types, then the latter appear in more acidic 
solutions than the formerz. In type II complexes only "a half" of the tartrate ligand 
is exploited, so that another central atom can bond to the other half; in this manner 
polynuclear complexes involving a tartrate bridge are formed 3

• 

The Mool - or MoO z(oH)l- molybdate anions are mononuclear in dilute aqueous 
solutions at pH ~ 6. Formation of 0ligomolybdates4 in weakly acidic solutions is 
associated with a consumption of hydrogen ions; the oligonuclear species decom­
poses on additional acidification in solutions at pH < 3·5. The formation of oligo­
nuclear Mo(VI) compounds can be prevented 5 by chelating agents. Electroneutral 
molecules of molybdic acid predominate6 in solutions, at pH ~ 2, Mo(VI) cations 
have been detected6 ,7 in solutions at pH < 2. The MO(VI)-tartaric acid system has 
been extensively studied, e.g. in the works 8 -15, by employing diverse physico-chemi­
cal methods, but the published data on the complex composition and stability 
are not clearcut and also are not quite mutually consistent. 
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The present work is a continuation of the study of Mikanova16
, who investigated 

potentiometrically the formation of Mo(VI) chelates with hydroxyacetate, malate, 
and tartrate, respectively, in solutions at pH 6 -7. For all of these aliphatic cx-hydroxy­
acids, she established the occurrence of complexes of the type II, the M : L ratio 
being invariably 1 : 2. She has given evidence that two mol of hydrogen ions are 
taken up in the chelation of one mol of molybdate10

, and suggests that the interaction 
of molybdate with tartrate can be represented by the equation: 

EXPERIMENTAL 

The chemicals used were of reagent grade purity (Lachema, Brno). Sodium molybdate was re­
crystallized from hot water, the concentration of its solutions was checked by acidimetric titration 
in sorbitol mediuml 7. No specification was given by the manufacturer of the commercial tartaric 
acid and sodium potassium tartrate preparations, but the optical activity measurements indicate 
that D-tartaric acid was involved which is in accordance with the fermentation manufacturing 
procedure . 

For the cryoscopic measurements, a test tube containing about 5 ml of solutions was cooled with 
a mixture of ice and sodium chloride, the temperature was read by means of a Beckmann thermo­
meter graduated to O'Ol°C divisions. 

Titrations with 0'lM-HN03 were performed at 20 ± 1°C on ABU-12, PHM-26, TTT-ll, 
and SBR instruments for automatic titration (Radiometer, Copenhagen) . The electrode response 
of the glass electrode used in conjunction with a saturated calomel electrode was checked by 
titration of a strong acid (HN03 ) with a strong base (NaOH). The pH-meter was adjusted prior 
to each titration by using a phosphate buffer of pH 6'50 ± 0·02 (Radiometer). 
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1572 Havlova, Havel, Bartusek : 

The z function is used to indicate the average number of mol of hydrogen ions bonded to 
a mol of molybdate ion Mooi -. The equilibrium constant calculation proceeded from the 
activity of hydrogen ions and concentrations of the remaining components involved. The obtained 
values are presented as log K ± s(log K), where K is the mean value and s(log K) = [log (K + 
+ s) - log (K - s)1 /2, where s is the standard deviation of the mean. 

The POT-LETAG program used1s employs a minimization procedure to seek for the "opti­
mum" constants for the input equilibria. The U quantity is the sum of squares of the differences 
between the observed z values and those calculated for the chosen constants of the equilibria con­
sidered; the minimum U value is indicative of the "optimum" constants, which are regarded as 
correct. The program also affords the S quantity characterizing the standard deviation calculated 
from the differences between the observed and calculated z values. The calculations using the 
POT-LETAG program were carried out on an ECI033 computer at the Computer Centre, 
Purkyne University, Brno. 

Electrophoresis experiments were performed on Niederschlag 29 F 11 paper (GDR) cut to 
23'5 X 8 cm stripes, using the arrangement devised by Jok119. The electrophoresis proceeded 
for 45 min, the applied voltage gradient was 10 V /cm, the metal plate was thermostatted to 20·0 ± 
± O' l oC with flowing-through water. Hydrogen peroxide served as the electroosmosis indicator, 
bromate ion, as the mobility standard. The reported 19 values of the relative mobility represent 
the ratios of the observed mobilities of Mo(VI) or W(VI) compounds to the standard. The 
electrophoresis was conducted in tartrate, acetate, pyridine, and ammoniacal buffer solutions. 
The ionic strength was adjusted to 10·7 by adding potassium nitrate; except for acidic solutions, 
in which an' insoluble precipitate of KHT formed. The chromatographic treatment of the systems 
used in the electrophoresis gave evidence that the sorption of the Mo(VI) or W(VI) compounds 
by the paper was negligible, the RF values found were 0·9-}·0. Approximately I/!l of solution 
prepared by mixing equal volumes of 0'05M-Na2Mo04 and tartrate-containing buffer solutions 
was applied to the start by means of a micropipette; spraying of a saturated solution of chloranilic 
acid in a 2 : I mixture of ethanol with concentrated hydrochloric acid served for the detection2o . 

RESULTS 

Potentiometric Titrations 

Two series of solutions containing sodium potassium tartrate and disodium molybdate 
were titrated with the acid titrant solution. In the first series, the tartrate was present 
in a rugh excess and the ionic strength was adjusted to I 0·4 with potassium nitrate; 
the composition of the solutions is given in Table I (No 1-6). The acid consumption 
in the titrations of solutions containing the two components was observed at higher 
pH values as compand with titrations of solutions in which only one of the compo­
nents was present. This implies that protons are taken up for complex formation. 
Assuming the occurrence of reaction (A), the z value is given by the relation 

and the constant of the reaction can be calculated from the equation 

(2) 
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(the ion charges are omitted for simplicity). As Table I (No 1-6) demonstrates, the 
KA values calculated from a total of 41 experimental points for various concentration 
of the reacting components differ only very slightly, thus warranting the assumption 
that only reaction (A) takes place in the solutions under study. 

Approximately equimolar solutions of molybdate and tartrate were treated like­
wise (Table I, No 7, 8). The results indicate that at the beginning of the complex 
formation, at pH ,..., 7, when free tartrate is still present in a rather high concentration, 
equilibrium (A) predominates, but the assumption of the reaction (A) solely cannot 
account for the experimental data in the region pH 6.5 - 6.0, where oligo molybdates 
do not yet form in solutions in which molybdate is present in the eM concentration 
used and from which tartrate is absent. 

Based on reaction (A), use can be made of the titrations for a determination of 
Na2 Mo04 as a dihydric "complex base" in solutions containing excess tartrate. 
However, since the consumption of the acid for this reaction is closely followed by 
its consumption for the protonation of the tartrate T 2

- anion, no pH jump appears 
in the equivalence point. The titration end point was therefore sought by applying 
Gran's type linear graphical transformation21

•
17

. Denoting the volume of the added 
acid solution v and that corresponding to the equivalence point Ve' the equilibrium 
constant can be expressed as 

with the limit 

TABLE I 

Results of the potentiometric study of the complexes for cT ;;;; cM; 10'4, t = 20 ± 1°C 

No 

4 

CM 
mmoll- 1 

16 
10 
16 
10 
16 
10 
16 
10 

CT 
mmoll- 1 

120 
120 
80 
80 
40 
40 
16 
16 

a Number of experimental points. 

pH 

7,8-6,7 
7,3-6,7 

7'5-6'3 
7·7 ± 6-3 
7·7 ± 6-6 
7-6 ± 6-1 
7-1 -6-6 
7-1-6-3 
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0,1-1 '7 7 16'40 ± 0-01 
0'9-1 '8 4 16·47 ± 0·02 
0,1-1,8 16·53 ± 0·02 
0-1-1'9 16·43 ± 0·02 
0'1-1'0 16'52 ± 0·02 
0·1- 1·8 16'52 ± 0·01 
0'1-0-3 4 16·69 ± 0·02 
0-1-0'7 16·48 ± 0·02 

(3) 

(4) 
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Providing that the free tartrate concentration does not change considerably during 
the titration, the end point can be determined by the simple graphical transformation 

V. 102pH+const = f(v) . (5) 

If, however, the condition of a constant tartrate concentration is not met, Gran's 
function (5) is nonlinear (Fig. 1, curve 1), and a linear Gran's transformation is only 
obtained by introducing the appropriate correction for the variation in the tartrate 
concentration brought about by the dilution of the solution titrated and by the com­
plex formation, 

V. 1Q2 pH + const(v + v)2 (c~ - 2c~vlvet2 = f(v) (6) 

(Fig. 1, curve 2). Here V is the volume of the titrated solution and c~ and c~ are the 
concentrations of the two components, all at the beginning of the titration. The Ve 

value requisite for the calculation of the corrected Gran's function (6) is estimated 
graphically by using the simple Gran's function (5) (Fig. 1, curve 1). For a sufficient 
excess of tartr~te (c~ .,- 2c~ ~ 0·02 mol 1- 1

) the inaccuracy in the estimate does not 
affect the linearity of the function (6). The linear Gran's function (6) (Fig. 1, curve 2) 
served also as a test for verifying that the asssumption of a single reaction (A) occur­
ring in the solution was correct. 

In the second series of the solutions titrated, molybdate was present in excess and 
their ionic strength was I 0·2 (KN03 ) ; a survey is given in Table II. Here, too, the 
consumption of acid in titrations of solutions containing both of the components 

ml 

FIG.l 

Gran's transformations for the titration of 
5 ml ofO'016M-Na2Mo04 and O'080M-NaKT 
with O·lM-HN03 . 1 Eq. (5), 2 Eq. (6) 
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was observed at higher pH than in titrations of solutions containing only one of them 
in the same concentration. The titrations were evaluated only in that pH region in 
which the formation of oligomolybdates in solutions with the same molybdate con­
centrations and free of tartrate was negligible. The assumption of the occurrence of 
reaction (A) solely was unable to account for the experimental data obtained. At 
CM > Cn both halves of the tartrate anion take probably part in the complex forma­
tion. In the analogous reaction of molybdate with hydroxy acetate, no M : L = 1 : 1 
complexes have been detected. Thus, formation of chelates in which the central 
Mo(VI) atom is bonded to a single tartrate anion is rather unlikely. One can expect 
the formation either of binuclear (M002)2 (TH - 2)~ - complexes via the reaction 

(formula IV), or of (Mo02)n (TH- 2)n - l (TH_l)~2n+2)- oligonuclear chains via reac­
tions such as that for n = 2, 

Formula V represents a chain complex with n = 3. 
The computer-evaluated experimental data indicate that in the first stage of the 

titration, hence at higher pH values, small amounts of the mononuclear Mo02 . 
. (TH -l)i - complex are formed in the solutions, whereas additional acidification leads 
to the predominant formation of the binuclear (M002)2 (TH_ 2)i- complex. 
In the latter stage the concentration of the species not bonded in the complexes 
as well as that of the mononuclear chelate decrease. No chain-type polynuclear 

Table II 

Results of the potentiometric study of the complexes for cM > cT ; cM = 0·04 moll-I, 10'2, t = 

= 20 ± 1°C. <Xl = 2[Mo02(TH_1hl/cp <X2 = 2[(Mo02)2(TH_ 2hl/cT 

CT 
mmoll- 1 

4 

12 
16 

pH 

6'7-6' 1 
7'0 - 6' 1 
7'3 - 6' 1 
7'4 - 6,0 
7'5- 5,9 

2-10 14-24 5-67 
2- 20 15 - 30 2-70 
2-35 6- 37 1-72 
2-56 6- 40 1-80 
2-78 5-43 1-85 

a Found by the POT-LETAG program for 62 experimental points. 
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Parametersa 

U= 0'016 
S = 0·016 
log KA = 16'64 ± 0'005 
log KB = 30·90 ± 0·003 
log Kc = 30'9 ± 1·2 
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complexes could be detected in the systems under study; only a very low concentra­
tion, below O·OOlcT , of the complex with n = 2 and zero concentrations of complexes 
with n = 3,4, and 5 were found by the computer. The computed negligible concentra­
tions of the chain-type complex withn = 2 in conjunction with the high s (log Kc) 
value (Table II) imply that this complex virtually did not form in the solutions investi­
gated. 

Sodium molybdate (0.04 moll-I) was also titrated with the acid in the presence 
of glycerol in concentrations 0'08, 0'04, 0'016, and 0 moll - I. The acid consumption 
for the formation of oligomolybdates at pH 6,0-4,7 in such solutions is unaffected 
by the glycerol present, hence the latter does not form complexes with Mo(VI). 

Electrophoresis 

The electrophoretic mobility of Mo(VI) and W(VI) was studied in tartrate solutions 
of concentration 0·2 moll - I. At pH 8 -10, constant -"values of the relative mobility 
were observed, U I -1,01 (Mo) and - 0·95 (W). As the acidity increased in the region 
of pH 8 - 6, the anionic mobility decreased until at pH 6 - 4 it was constant again, 
U 2 - 0'77 (Mo) and - 0·80 (W). At pH < 4 the anionic mobility dropped further with 
increasing acidity; for Mo(VI) the decrease did not stop at pH > 1, for W(VI) a con­
stant value of U 3 - 0·40 was attained at pH 2 -1. Graphical evaluation of the u = 
= f(pH)cT dependence afforded the U = (u l + uz)/2 value for pHl/Z ~ 6·8 (Mo) 
and 7· 3 (W). Supposing that the mobility change at pH 6 - 8 was due to transforma­
tion of the non-complex MO; - anions (M = Mo, W) into complexes by virtue of 
reaction (A), we calculated the approximate log Ka values, 15·0 (Mo) and 16·0 (W) , 
from the known pHl/Z and CT values, by using the equation 

(7) 

The u = (u z + u3)/2 value for W(VI) was attained at pH ~ 3, which indicates that 
for the carboxy groups not bonded to the central atom in the complex· there is pKa ~ 
~ 3·0. lokI's equationzz , 

U/Z = a~r..1-1 / 2 + b, (8) 

interrelates the mobility u, molecular weight M, and the ion charge Z. For the arran­
gement used, the values obtained were a = 8'0, b = -0,16. The observed U z and U3 

mobilities obeyed lokI's relation for the presumed formation of the MOz (TH_I)i­
and WO z (HTH_I)~- ions. 

Cryoscopy 

Sodium molybdate solutions of the concentrations 0·066 and 0·022 moll - 1 exhibited 
pH 6·8 and 7·0 and freezing point depression ~Tl = 0·33 and 0·11 K, respectively. 
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Equimolar solutions of sodium molybdate and tartaric acid with concentrations 
0·066 and 0·022 moll- 1 displayed pH 4·8 and 4·7 and llTz = 0·09 and 0·06 K, 
respectively. Thus, solutions of sodium molybdate alone give a neutral reaction and 
the llTvalues decrease linearly with the decreasing concentration. By addition of tar­
taric acid the molybdate solutions become acidic; if the reaction (B) proceeded quan­
titatively, the solution would remain practically neutral and the freezing point de­
pression would obey the relation llTz/llTl = 5/6. The freezing point depression in 
solutions of molybdate alone can be divided into the contributions from the sodium 
and the molybdate ions, making 2/3 and 1/3 of the total llTl value, respectively. 
If tartaric acid reacted with Mo(VI) solely, leaving the sodium ions intact, the ratio 
would be II Tz/ llTl ~ 2/3. The observed II T values indicate that on the addition of 
tartaric acid to the molybdate solution the number of cryoscopically active sodium 
ions diminishes too. We suggest that this is accounted for by the formation of oligo­
nuclear complexes possessing a high negative charge, imparting to the complexes the 
nature of a cation exchanger capable of binding sodium ions. Such anions with a high 
charge may be chain-type Mo(VI) complexes with tartrate. In concentrated solutions 
there are more favourable conditions for the formation of polynuclear complexes, in 
dilute solutions the ekctrolytes dissociate more readily; therefore, the observed llTz/ 
/j.T1 ratio decreases with increasing concentration. 

DISCUSSION 

In approximately neutral aqueous solutions containing tartrate in a sufficient excess, 
only reaction (A) takes place. Protons are consumed in thisreaction, and consequent­
ly, the complex created is steady in acidic solutions and decomposes in basic solutions. 
During the formation of the MoOz(TH_1)i - tartrate complex, similarly as in the 
case of the Mo(VI)- pyrocatechol systemS

, no stepwise coordination of the ligands 
was established. The central Mo(VI) atom in the MoOz(TH_1)i - complex is coordi­
nation-saturated, a next ligand can only be bonded after some of the existing ligands 
is split off; tartrate ligands can be exchanged for hydroxy ligands in alkaline solu­
tions, oxide ligands do not split off in aqueous solutions. The complex MoOz· 
.(TH_1)i- anion is a base, the dependence of the electrophoretic mobility on pH 
points to protonation of the carboxy groups not bonded in the complex, pKa ::::0 3, 
and to MoOz (HTH _ I)~ - complex formation; the occurrence of the MoOz (HTH_ 1)· 
.(TH_ 1)3- ion is also conceivabl~. Protonation of the ~MoOz group, reported for 
the catechol complexesz, could not be established by the potentiometric titrations, 
as the resolving pOWer of the technique at pH ::::0 3 in solutions with the requisite 
excess of tartaric acid is insufficient. 

As the acid is gradually added to a neutral solution containing molybdate and tar­
trate, C

T 
< c~, a small amount of the mononuclear MoOz(TH_1)i- chelate forms 

first , in the next stage the formation of the binuclear (MoOz)z(TH-z)i- complex 
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prevails. In the latter, all of the four functional groups are coordination-bonded. 
The coordinative saturation of the central Mo(VI) atom in the binuclear complex 
is of the same nature as in the mononuclear tartrate complex. The binuclear chelate 
was only examined in solutions at pH ~ 6; its formation is conditioned by a low 
tartrate concentration~ In acidified solutions, formation of a complex mixture is to be 
expected containing also oligomolybdates free of the tartrate ligand and oligomolyb­
dates to which one or more tartrate ligands are attached. The complexity of the mix­
ture of complexes formed in weakly acidic solutions in which tartrate is not present 
in a sufficient excess is indicated by cryoscopy experiments, pointing to the occurrence 
of bulky anions of ion exchanger nature. Presumably, in such bulky oligonuclear 
anions the central Mo(VI) atoms are joined via tartrate bridges. 

In all of the complexes observed, molybdenum is bonded to one alcohol and one 
carboxy group of the tartrate. Consequently, two mol of hydrogen ions were found 
consumed in the chelation of one mol of molybdate in neutral solutions. Binding 
of one mol of tartrate in molybdate complex calls for one or two mol of protons in 
neutral solutions, for the formation of the mono- or binuclear complex, respectively. 
The possibility of Mo (VI) bonding to tartrate via two oxygens of the alcohol groups 
has been sugg'ested8 

,9. This reaction, 

(n = 1 or 2), analogous to that with o-diphenols5
, should occur in neutral or basic 

solutions; in acidic media, reaction (A) can be expected to prevail over reaction (D). 
As to reactions of oligo alcohols with Mo(VI), reaction of dimolybdate with alco­

holic sugars has been reported23
,17, actually proceeding without participation of 

hydrogen ions, but observed only with alcoholic sugars with a minimum of four 
alcohol groups. With alcohols containing less than four alcohol groups, such as glyce­
rol, the reaction of Mo (VI) does not take place in aqueous solutions. That the equili­
brium (D) does not establish in aqueous tartrate solutions is evidenced by potentio­
metric titrations for CT > CM' as the scatter of the KA values calculated from Eq. (2) 
would be considerably higher if the equilibrium (D) also established in the solutions. 

The stability constant of the Mo02(TH_ 1)i- complex is • 

(9) 

constants of this type have been published8
,24. The knowledge of the K(MoO~- + 

+ 4 H+ = MoO~ + ) and K(T2- = TH=-;' + H+) values is presequisite for con­
verting KA to p. However, the MoO~+ and TH=-;' species do not form in dilute aque­
ous solutions, they appear in measurable concentrations only at pH < 1 or pH > 13. 
The values of the two constants required for the conversion of KA to p have been, in 
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fact, published6
,25, but we do not consider them reliable enough in view of the 

difficulties in measuring pH in extremely acidic or extremely basic solutions, For this 
reason, conversion of the equilibrium constants determined to the stability con­
stants26 was rejected, 

The part of this paper dealing with electrophoresis has been taken from the diploma work of 
Dr A. Mikan27 and consulted with Professor V. lokI; thanks are due to both of them for the per­
mission to publish the results, 
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