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Hydrolysis of the Oxovanadium(1v) Ion and the Stability of its Complexes 
with the I ,2-Dihydroxybenzenato(2-) Ion 

By R.  Peter Henry, Philip C. H. Mitchell,* and (the late) John E. Prue, Department of Chemistry, The 

A technique which eliminates effects of changes in asymmetry potential has been adapted for use in pH titrations 
with high-resistance glass electrodes. A study, using cells without liquid junctions, has been made of the hydrolysis 
of the oxovanadium( iv) ion and of its complexes with the 'I ,2-dihydroxybenzenato(2-) ion. Equilibrium constants 
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are reported. 

THE oxovanadium(1v) ion, V02+, forms stable complexes 
with the 1,2-dihydroxybenzenat0(2 -) ion in aqueous 
solutions, but the results of earlier quantitative studies 
of the stabilities, and even the identities, of these com- 
plexes are discrepant and unsatisfactory. Potentio- 
metric studies 1-3 were made on cells with liquid junctions 
and with uncertain control of ionic activity coefficients. 
Furthermore, the effects of hydrolysis of the oxovanad- 
ium(rv) ion or the formation of complexes with sulphate 
or chloride ions were ignored or inadequately considered. 
Spectrophotometric measurements lead to stability- 
constant values which disagree with those reported from 
potentiometric measurements. 

In the present study precise potentiometric measure- 
ments have been made on cells with glass and silver- 
silver chloride electrodes which avoid liquid junctions. 
A careful examination of the hydrolysis of the oxovanad- 
ium(1v) ion was necessary before the investigation of the 
complexes. The only satisfactory previous study 5 of 
this hydrolysis relates to measurements in S~-sodium 
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perchlorate. Another reason for this study of the 1,2- 
dihydroxybenzenato-complexes was the previous isola- 
tion of thallium(1) salts of the anion [v(c6H,02),]2-. 
The only evidence for the existence of such an anion 
in detectable amounts in solution was a report of 
spectrophotometric evidence for the slow formation in 
solution at pH 4 of a 1 : 3 VIv complex with the anion. 

EXPERIMENTAL 

Reagents.-For the preparation of oxovanadium(1v) per- 
chlorate, a glass apparatus was used in which solutions 
could be manipulated in an atmosphere of nitrogen gas. 
Oxovanadium(1v) sulphate solution was deoxygenated and 
the oxide VO, precipitated by addition of concentrated 
ammonium carbonate. The oxide was then filtered off, by 
inversion of the apparatus, and washed (24 h) with oxygen- 
free demineralised water until no sulphate ions were detected 
in the washings. The minimum quantity of perchloric acid 
(AnalaR, 60%) necessary to dissolve the oxide was then 
added and the resulting solution diluted with oxygen-free 
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demineralised water to the required concentration. The 
vanadium(1v) concentration was determined by titration 
against standard potassium permanganate solution and the 
excess of perchloric acid concentration by titration against 
standard sodium hydroxide. The end-point of the latter 
titration was difficult to determine because of hydrolysis of 
the oxovanadium(1v) ion, but Gran's method,* for finding 
the end-point by extrapolation of points on the titration 
curve before the end-point is reached, overcame this prob- 
lem. 

Bromide-free sodium chloride was prepared by a standard 
method,O and the bromide content of hydrochloric acid was 
reduced to (0.002 mole yo by two distillations. A solu- 
tion (0.01 mol k g f )  of the latter was prepared and standard- 
ised conductimetrically.1° Carbonate-free sodium hydr- 
oxide solution was standardised against the hydrochloric 
acid solution by weight titration. 1,2-Dihydroxybenzene 
(AnalaR) was sublimed in a nitrogen atmosphere under re- 
duced pressure. 

Ap$aratus.-The titration cell, which was immersed in a 
water thermostat a t  25 "C, was a cylindrical flat-bottomed 
glass vessel of ca. 400 cm3 capacity. It was fitted with a 
rubber stopper which gave an airtight seal and carried 
ground-glass sockets for the introduction of the electrodes, 
etc. Glass electrodes used were of type GHS 33/13 (Elec- 
tronic Instruments, Ltd.), the stems of which were thinly 
coated with paraffin wax to reduce adhesion of liquid to the 
electrode when it  was removed from solution (see below). 
Thermal-electrolytic silver-silver chloride electrodes were 
used. The potential was measured with a Cropico Vernier 
potentiometer type P 1 0 ;  the final 0.5 mV was displayed on 
a Hitachi 159 recording potentiometer and followed as a 
function of time. The null-point detector was a Vibron 
Electrometer model 62A. Careful attention to electrical 
shielding was necessary to prevent interference from the 
thermostat motor, operator movements, etc. The coaxial 
lead from the glass electrode was bound with aluminium foil, 
shielded cables being used elsewhere in the circuit; the 
thermostat-bath stirrer motor was shielded with a copper 
sheet, and the shielding was connected to an earthed ' equi- 
potential surface ' of copper sheets on which the apparatus 
rested. 

Procedure.-A technique previously used with low-resist- 
ance glass electrodes was adapted for the titrations.ll A 
glass-electrode (g.e.) was transferred between the cells (A) 
and (B) [equations (1) and (2)]. Provided the transfer 

The product melted sharply at 104 "C. 

(A) g.e. ]HC1 (0-01 mol kg-l))AgClIAg 

(B) g.e. ]VO(ClO,),, C,H4(0H),, NaC1, NaOH1AgClIAg (2) 

technique eliminates any effect of changing asymmetry 
potentia1,ll the potential difference E(  = EB - E A )  is given 
by (3) which on rearrangement gives (4), where mcl and m~ 

are the molalities of chloride and hydrogen ion respectively 
in cell (B), yi is the mean ionic activity coefficient of HC1 
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in cell (B), and wzl and yl are the molality and mean ionic 
activity coefficient, respectively, of the hydrochloric acid 
in reference cell (A).  The value of y for 0.01 mol lrg-1 
hydrochloric acid is accurately known.12 There are no 
liquid junctions in the cells; the chloride ion concentration 
in cell (B) was kept sufficiently low for the degree of form- 
ation of VOCl+ to be negligible.13 

The solution in the titration vessel [cell (B)] was made up 
by weight. The two cells were immersed in the thermostat- 
bath, and two silver-silver chloride electrodes of small bias 
potential (usually < 40 pV) were inserted in each vessel. 
White Spot nitrogen was passed through the solutions, 
after passage through presaturators, and the solutions were 
set aside (1 h) . In  experiments involving 1,2-dihydrosy- 
benzene, the latter was added at this stage and deoxygen- 
ation was continued (2 h). The glass electrode was then 
removed from a conditioning solution [a mixture of the 
solutions in vessels (A) and (B) at 25 O C } ,  thoroughly washed 
with hydrochloric acid (0.01 mol kg-l) from a Polythene 
washbottle kept in the thermostat-bath, and placed in cell 
(A). The e.m.f. of the cell was followed until any change 
was linear with time. Under normal conditions the changes 
were linear a t  the outset, and the glass electrode was re- 
moved from cell (A) after ca. 12  min, rinsed thoroughly with 
distilled water a t  25 O C ,  inverted so that water adhering to  
the bulb ran down on to the stem where it was removed with 
filter paper (touching the bulb disturbs the potential), and 
finally inserted into cell (B). The e.m.f. was again followed 
until its change was linear with time. The linear portions 
of the e.m.f. against time curves, before and after transfer, 
were extrapolated to the time of transfer and the e.m.f. 
difference AEE determined at that time. 

The composition of the test solution was then changed by 
adding a small increment (ca. 0.01 cm3) of sodium hydroxide 
with a previously calibrated Agla micrometer syringe. The 
change of e.m.f., AEl, associated with this addition was 
obtained by extrapolating linear portions of the e.m.f. 
against time curves before and after the addition. This 
procedure was repeated for every addition of sodium 
hydroxide during the course of the titration and, in general, 
E = AEt + AE, + AE2 + AE, for n additions o€ alkali. 
A test of the procedure with acetic acid 14 established that 
a precision equal to that attained in the best work with 
hydrogen electrodes is attainable. 

In  the study of the hydrolysis of the oxovanadium(1v) ion, 
a cross-check on the concentrations was possible by extra- 
polation of the first few points of the titration curve by 
Gran's method 8 to determine the excess of perchloric acid. 
At the conclusion of each titration, the solution was acidi- 
fied with perchloric acid and a spectrophotometric determin- 
ation of the vanadium(1v) concentration established that 
no oxidation had occurred during the titration. 

RESULTS AND DISCUSSION 

Hydrolysis of the Oxovanadium(1v) Ion.-Satisfactory 
results were obtained with WZH > 5 x mol kg-l; 
below this concentration, e.ni.f, against time curves were 
non-linear and only approached the usual shape after 
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some hours. The conclusion that a hydrolytic reaction 
slowly approaching equilibrium was superimposing its 
effect on a changing asymmetry potential, was confirmed 
by the failure of back-titrations with perchloric acid to 
show reversibility in this region of the titration curve. 
It is presumably the slow formation of higher polymeric 
species, which may be insoluble, which is responsible for 
this c~mplication.~ 

We postulate, following Rossotti and Rossotti? that 
only two hydrolysed species exist in the range 2 x 
niol kg-l > mH > 5 x rnol kg-l [equations (5) and 
(S)]. The equilibrium constants for the two species 

V02+ + H20 + VO(OH)+ + H+ (5) 
2V02+ + 2H20 + [VO(OH)]z+ + 2H” (6) 

VO(OH)+ and [VO(OH)],+ are defined by Kh= 

mvo2y2+2. The solutions used throughout were judged 
to be sufficiently dilute for activity-coefficient values to 
be given by equation (7), where I is the ionic strength 

f~VO(OH)mHy+2/mVOy2+2 and Kh’ = mmO(OH)]2mHv2+Y+2/ 

- log yi = zi2 A I’/(l + 1’) (7) 
and 2; the charge number of ion i. Combination of Kh 
and Kh’ with the material-balance equations for vanad- 
ium(1v) and hydrogen ions gives equation (€9, where mv 

ffZH(mV mV0) Y+2/mvOy2+ = 

is the total analytical concentration of vanadium(1v). 
A suitable iterative computer program was used to 

calculate mcl from equation (4) and then values of 
mV~/nzH and the left-hand side of equation (8) ; in calcu- 
lating the ionic strength values, it was assumed, with 
sufficient accuracy, that the vanadium(1v) was only 
present as V02+. A least-squares program was then 
used to calculate the best-fit values of the constants. 
The average values from three titrations were Kh = 
2-16 X lop6 mol kg-l and Kh’ = 2-13 x lo-’ mol kg-l. 
Differences 6E between experimental e.m.f. values and 
those calculated from the values obtained from the 
constants are listed in Supplementary Publication 
No. SUP 20685 (11 pp., 1 microfiche).“ The agreement, 
with a standard deviation of 0.08 mV, is satisfactory 
and confirms Rossotti and Rossotti’s conclusion that, 
over the concentration range investigated, the titration 
curves are adequately explained by two equilibria. 
Comparison with Rossotti and Rossotti’s results gives 
values of 0-46 and 0-62 for the activity-coefficient 
quotients of the expressions for Kh and Kh’ in 3 ~ -  
sodium perchlorate. The values are reasonable, but 
could not of course have been theoretically predicted. 

Equilibria between the Oxovanadium(1v) 10% and 1,2- 
Dihydroxybenzene (H,L) .-A preliminary study with an 
automatic titrimeter showed that, with mv ca. 1.6 x 

mol kg-l and a 1 : 1 H2L : VIV mole ratio, there was 
an end-point after the addition of 3 moles of alkali per 

Kh + (2Kh’WbO/?fi€C) (8) 

* For details see Notice to Authors No. 7 in J .  Chem. SOC. [ A ) ,  
1970, Index Issue. 

mole of vanadium(1v) (subsequent to the neutralisation 
of the excess of perchloric acid). Presumably the form- 
ation of the chelate complex VO(L) is followed by its 
hydrolysis to VO(L) (OH)-. With the same vanadium- 
(IV) concentration and H2L : VIV mole ratios >2 : 1, 
there was an inflexion after the addition of 1 mole of 
alkali and finally an end-point when 4 moles of alkali 
per mole of vanadium@) had been added, thereby 
indicating formation of VO(L),2-. In both cases a total 
titration time of at least 30 min was necessary to obtain 
reproducible titration curves. Earlier workers 1-3 make 
no mention of the time required to obtain stable poten- 
tials. In the precise measurements, at least 30 min were 
required after each addition of alkali before the normal 
e.m.f. against time variation appeared. This inevitably 
restricted the precision of the measurements ; the longer 
the time required for the system to attain chemical 
equilibrium, the longer the extrapolation of the linear 
portion of the e.m.f. against time plots back to the addition 
of alkali, and the reliability of the extrapolation is there- 
by reduced. The vanadium(1v) ion molalities were kept 
within the range 10-3-10-2 mol kg-l; automatic titri- 
meter experiments showed that, with a concentration of 
loa4 mol kgl ,  the end points, whatever the H2L : VIV 
mole ratio, always appeared at 3 moles of alkali per mole 
of vanadium(1v). A t  the higher pH values of the 
titration curves with the more dilute vanadium(1v) 
solutions, the reaction appears not to proceed beyond 
formation and hydrolysis of the 1 : 1 chelate complex 

Solutions containing approxi- 
mately 1 : 1 H2L : VIV mole ratios were used. Approxi- 
mately 2 moles of alkali could be added before there were 
signs of increasing slowness of attainment of equilibrium 
( > 3 0 4 0  min), probably due to formation of the hydro- 
lysed species VO(L) (OH)- and its subsequent polymeris- 
ation. Titrations were stopped at this point. In fitting 
the results, the equilibria taken into account were (5),  
(6), and (9). Combination of the material-balance 

VO(L). 
The Com#Zex VO(L) . 

V02+ + H2L == VO(L) + 2H+ (9) 
relations for vanadium(1v) and hydrogen ions with the 
hydrolysis equilibrium constants gives equation (10). 

amvo2 + bmvo + c = 0 (10) 
where n = 2Kh’ y2+/mH2 y+2 

= + ( K h  Yz+/mH y+2) 
c = 2mV - mH - mNaOn + m H O I O p  

An iterative computer program was used to calculate 
from equation (4) and then rnV0 from equation (10). 

Equation (7) was again used for ionic activity coeffi- 
cients, but all species were taken into account in calculat- 
ing ionic-strength values. Knowing mvo, the concentra- 
tion of all other species could be calculated and the 
equilibrium constant K, = mvo(L) mH2 y2+2/mvo WZH,L y2+ 
then obtained. The average value of K, was 6-89 x 
lo4 mol kg-l. The results, and values of the difference 
6E between experimental and calculated e.ni.f. values, 
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are given in the Supplementary Publication. The 
standard deviation is 0-40 mV. 

The complex VO(L),2-. Solutions with H,L : V I V  

mole ratios >2 were titrated against alkali. The 
results for the first half of the titration curve, up to the 
addition of 2 moles of alkali per mole of vanadium(Iv), 
confirmed the value for K, reported above. The second 
part of the titration curve was used to obtain a value 
of the equilibrium constant for reaction (11). The 

V02+ + 2H,L + VO(L),2- + 4H+ (11) 

precision technique revealed that, over this point of the 
titration curve, 2-3 h were required after each addition 
of alkali before chemical equilibrium was reached. The 
precision of the extrapolations was therefore severely 
reduced. The equilibrium constant K, = m V o ~ ) ,  m$- 
y2- y+4/mvo r n = , ~ ~  y2+. Combination of the material- 
balance relations for vanadium(1v) , 1,2-dihydroxy- 
benzene, and hydrogen ions with the equilibrium con- 
stants &, Kh‘, K,, and K,  gives equation (12). 

amro3 + bmvo2 + cmvO +- d = 0 
where 

(12) 

a = 2K{Kly2t2/mH4y+4 
= (6Kh’%+2/mH29’+”r2+) -k (KhK1Y2+2/mH3%4) 

c = 4 + (3Kh”~+/mHy+~) 

d = m~ --k mNaOH - WHClO, - 4mv 

K1y2+(2mHSL - flzH - 
mNaOH + mHC10,) /mH2Y+, 

With known values of Kh, Kh’, and K,, equation (12) 
was iteratively solved for mvo. Knowing mvo, the 
concentration of all other species could be calculated 
and thence K,; the mean value was 1.19 x 10-13 mo12 
kg-2. Values of 6E calculated from our equilibrium 
constant values are given in the Supplementary Publica- 
tion. The fit of the results can be improved by intro- 
ducing a further equilibrium constant, Klh, for reaction 
(13) , where Klh = mVO(L)(OH)mH3~-y+3/mVOmH,0~2+. A 

V02+ + H,L + H,O &VO(L)(OH)- + 3H+ 

value of ca. 1 x 
(13) 

mo12 k g 2  for Klh had been ob- 

tained from a preliminary automatic-titration study and 
this together with the other constants gives the SE‘ 
values in the Supplementary Publication. Values of KIb 
which were ten times greater or ten times less than this 
value, and also a dimer equilibrium were tried and 
rejected. The standard deviation of the 8E‘ values is 
0.56 mV compared with that of 0.86 mV for 8E values. 

A meaningful comparison with earlier work is not 
possible. In addition to the points mentioned in the 
Introduction section, a titration curve reported by La1 
and Agerwa13 coincides with the results of Beltran and 
Mateo in spite of a five-fold difference in the vanadium- 
(IV) concentration ! Earlier workers do not mention 
the time required to each equilibrium. Although this 
severely limited the precision of the present work, it is 
nevertheless believed that the results are incomparably 
more reliable than those reported earlier. Values of 
stability constants for VO(L) and VO(L),,- can be 
obtained by combining K ,  and K,  values with the 
successive acidity constants of 1,2-dihydroxybenzene. 
The values in 0.1M-potassium nitrate determined by 
L‘Heureux and Martell l5 were converted to values in 
water by the use of equation (7). The values so obtained 
are pK, = 9.44 and pK, = 12-41, and these give the 
successive stability constants KvoG) = mol kg-l 
and KvoQP2- = 1014.09 mol kg-l. 

Finally, we note that the results provide no evidence 
for the presence of the complex VL32- in the solutions 

V0(L),2- + H,L p- VLZ- + H,O (14) 

studied. Presumably equilibrium (14) lies far to the 
left and the ion VL32-, which can be precipitated as the 
thallium(1) salt,6 would be present in significant quanti- 
ties only in much more concentrated solutions. 
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