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The speciation in the H*-H,VO,~-C{H;O,*~ system was determined from potentio-
metric (glass electrode) and 'V NMR measurements. The study was performed in
0.6 M Na(Cl) medium at 25°C. Due to heavy reduction in acidic solutions, especially
with excess citrate, the calculation of emf data had to be restricted to V/Cit = 1.8 and
—log[H*] = 3. Calculations in this range, using the computer program LAKE,
indicated the existence of three ternary complexes, (H*) (H2V04 (C‘;,Hso7 s
havmg the (p,q,r) values (1,2,1), (2,2,1) and (3,2,1) with logél 21 = 12. (5) logB, ,,

19.68(2) and logBs,; = 24.12(3). A tentative structure of a V,Cit species is
proposed and protonation sites are discussed. The NMR data were recorded in the
extended region 1 < —log[H*] < 8, including solutions with excess of citrate but
freshly prepared so that reduction was negligible. On combining all NMR and emf
data at V/Cit = 0.9, the occurrence of a (3,1,1) complex with logf;,, = 18.1 was
indicated. Moreover, with excess of citrate the NMR spectra showed the existence of
an additional minor species, the composition of which could not be determined trom

the present data set.

In a series of investigations in progress at our department
the complexation of V(V) and Mo(VI) with organic oxo
ligands is being studied. As V(V) is released to the environ-
ment when fossil fuels are burnt and analysis of the
vanadium content for instance in trees has revealed an
increasing uptake,! we have recently focused our attention
on V(V) — organic ligand systems. Oxalic acid was first
chosen,? since it is one of the most abundant organic li-
gands in nature.® As the second example we chose citric
acid, CO,H-CH,-C(OH)(CO,H)-CH,-CO,H, which is an
important metabolic product in all cells and also present in
plant leachates* and in some soil solutions.* Moreover, it
forms complexes of similar stability to those of “fulvic
acid”® and is a potentially tetradentate ligand, which makes
the complexation more interesting from a structural view-
point.

In our previous study of the vanadooxalate system’ no
indication of any ternary complex containing more than
one vanadium atom was found. However, Tracey et al. have
reported binuclear vanadium complexes with methanol’
and with bi- and tridentate a-hydroxocarboxylic acids® as
ligands. These complexes are rather weak, and a large
excess of the ligand was used. The authors suggest that the
oxygen coordination to each vanadium is octahedral, that
the two octahedra have one oxygen in common and that the
ligands are non-bridging. In a '"H,"*C and 'V NMR study of
vanadium(V) complexes with bi- and tridentate a-hydroxo-
carboxylic acids, Caldeira et al.® found that the predom-
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inant complexes have a 1:1 composition and “almost cer-
tainly in a polymeric structure.” One of the ligands studied,
the tridentate L-Malic acid, CO,H-CH,-CHOH-CO,H, is
structurally related to citric acid. If malic acid forms poly-
nuclear V complexes, citric acid would certainly have the
same ability.

Concerning vanadocitrate species, an X-ray structure de-
termination of a V,Cit, compound has been reported.® To
our knowledge, no equilibrium analysis of the system has
been published. The results from the present study are
therefore of interest from a physiological and environmen-
tal point of view.

Experimental

The present study was carried out in a manner analogous to
that in the vanadooxalate study.?

Chemicals and analyses. Trisodium citrate dihydrate,
Na,CH;0, - 2H,0 (Merck p.a.), was dried over concen-
trated sulfuric acid and used without further purification.
The other chemicals used were treated and analysed as
described in Refs. 2 and 11. The concentration of H*-con-
suming impurities in the titration solutions was found to be
2-107° M.

Potentiometric measurements. The measurements were car-
ried out as a series of titrations in 0.6 M Na(Cl) medium at
25°C. As anion equilibria were being studied, the counter-
ion in the medium, Na*, was held at a constant concen-



tration. The measurements were made with an automated
potentiometric titrator, which has been described in
Ref. 12, but subsequently improved. The glass electrodes
used were of the general purpose type, Ingold 201-NS. The
free hydrogen ion concentration was calculated from the
measured emf (in mV) using the equation

E = E, + 59.157 log[H*] — 76[H"]
where the last term is the liquid junction potential.

NMR measurements. 'V NMR spectra were recorded at
65.76 MHz (5.9T) using a Bruker WM-250 FT spectro-
meter. The probe temperature was 24+1°C throughout. The
spectra were obtained from the accumulation of 8000-
240000 transients at acquisition times 10™' s. All Free In-
duction Decays have been multiplied by a line broadening
function, LB, of 3 Hz. Due to severe overlapping of peaks,
most spectra were also examined under Gaussian resolu-
tion enhancement.”” NMR data were evaluated from com-
puter integrals of peak areas or manually by multiplying the
peak height and the half-height width.

Notation. The equilibria studied are written with H*,
H,VO,™ and C,H;O,* as components and thus the com-
plexes are formed according to

pH* + ¢H,VO,” + rCH,0;’” «
(H"),(H,VO,),(CH;0777),.
Equilibrium constants are denoted 3, ,, and complexes are,
for brevity, often given the notation (p,q,r). The symbols V
and Cit stand for the total concentrations of vanadate and
citrate, respectively. H is the excess concentration of hy-
drogen ions relative to the zero level (H,O, H,VO,™ and
C4H;0,*"). The deviation between H calculated from po-
tentiometric data, H,., and H calculated from analytical

concentrations, H,, is denoted AH. The free concentra-
tion of H* is denoted A.

Computer programs. The mathematical analysis of data
was performed with the least-squares program LAKE, a
very useful interactive program under development at our
department.’ Included in the program are facilities for
selecting data points, total concentration ratios and/or free
concentration ranges (e.g. [H*]). Some valuable proce-
dures in the LAKE program are given in Ref. 15. In the
present study the analysis of emf data was much simplified
and speeded up by the (p,q,r) grid facility. The error
squares sum, U = Z(AH)?, and the B values for a (p,q,r)
combination are first calculated. Then p and q or r are
automatically changed a preset number of times by preset
increments (usually integers). The U values obtained for
the different p(g), or p(r), ranges covered are finally plot-
ted.

In LAKE, the residuals for all the total concentrations
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Table 1. Species and formation constants used in the LAKE
calculations [0.6 M Na(Cl), 25°C].

(g n 109 Boqr Formula NMR
assignments

1,0,0 - H* -

-1,1,0 -7.92 HVO,2 A
0,1,0 - H,VO,”

-2,2,0 -15.17 V,0,4

-1,2,0 —-5.25 HV,0,%" B
0,2,0 277 H,V,0,2

-2,40 -8.88 V057" c

-1,40 0.22 HV,0,,5"
0,4,0 10.0 V,0,.* D
0,5,0 124 Vs0,5° E
4,10,0 52.1 V o0z
5100  58.1 HV;605° FF
6,10,0 61.9 HoV10026*~ T
7,10,0 63.5 AT
2,1,0 6.96 VO,* G
0,0,1 - CeHs0,%~ -
1,0,1 5.217 CeHeO2 -
2,0,1 9.298 CeH,0,” -
3,0,1 12.067 CeHgO; -

are minimized. We have, however, used a weighting factor
that gives H the predominant contribution to the sum of
residuals. The calculations thus become equivalent to LE-
TAGROP calculations.

The LAKE program has also been used for calculating
the percentage of vanadium in different species. Calcula-
tion and plotting of distribution and predominance dia-
grams were performed with the program SOLGASWA-
TER.'® The computers used were a Cromemco System 300
at our department and a CD Cyber 180-850 at the Uni-
versity Computer Center.

Binary equilibria. The formation constants in the binary
H*-H,VO,™ and H*-C,H;O,*" systems were recalculated
from Refs. 11 and 17, since in these references the species
HVO,~ and C¢HzO, were chosen as components. The
(p,q,r) and B, , values are given in Table 1.

Description of data. NMR data. In total, NMR spectra were
recorded for 67 vanadocitrate solutions in the ranges 1 <
—logh <8, 1<V/mM<36.4 and 0.025 < V/Cit< 40 (Fig.
1). Representative spectra are shown in Figs. 2 and 3. For
most solutions the —logh value was taken from the corre-
sponding potentiometric titration. In some cases, the
—log h value was evaluated from the chemical shift values
of the binary vanadate peaks or measured on a calibrated
pH-meter, or was calculated from known total concentra-
tions and the final ternary model using SOLGASWATER.
In our previous studies on the binary vanadate system!"'%1
the different peaks were assigned letters, and we have
retained that notation (Table 1).

In Fig. 4 the chemical shift values of the ternary peaks 1,
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Fig. 1. Points, V/Cit (—log[H*]), where NMR spectra have been
recorded. The filled and half-filled symbols mark the NMR
spectra shown in Figs. 2 and 3, respectively.

1, 1" and 2 are plotted as a function of —log k. The ternary
species first formed on acidification of a neutral vanado-
citrate solution give rise to peak 1, which is a single peak
even when using high resolution enhancement. At —logh
=~ 7 the peak begins to broaden, and on further acid-
ification it splits into two peaks, 1’ and 1”. Below —logh =
4 no —logh dependence of the chemical shifts is observ-
able. The peaks have equal areas independent of V/Cit and
—logh. The apparently larger area of 1’ at —logh < 2
results from the VO,* cation, peak G, which has almost the
same shift (Fig. 2). At —logh < 4 and V/Cit < 1 a third
peak, peak 2, shows up between 1’ and 1". This peak has no
—log h dependence at all.

Still another peak, denoted peak 3 (not plotted in Fig. 4),
is discernible in spectra of solutions at V/Cit = 1 when
—log h = 6 (Fig. 3). The chemical shift value is pH-depend-
ent indicating protonation. The present data set shows that
the species giving rise to peak 3 never predominates. Even
with a four-fold excess of citrate only =10 % of the total
vanadium concentration is present in the peak 3 species (cf.
Table 4). From the present data it is not possible to deter-
mine the compositions and formation constants for these
species. In the near future we intend to make a comple-
mentary study of the system in the region where optimum
amounts of the peak 3 species are formed.

All the peaks are fairly broad. The approximate line-
width at half height is 2.6 - 10 Hz for 1, 3.3 -10? Hz for 1’
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and 3.6-10% Hz for 1". Since peak 2 is located between 1’
and 17, the linewidth could not be evaluated.

Potentiometric data. The present cover the ranges 1 <
—logh < 8.5,1 < V/mM < 40 and 0.125 < V/Cit < 40. A
total of 47 titrations were performed and data for 478
experimental points were collected. As reduction of V(V)
occurred in slightly acidic solutions even when V/Cit > 1,
no stable acidic solutions containing both vanadium and
citric acid could be prepared. Therefore, neutral vanado-
citrate solutions were titrated with HCI. With this proce-
dure it was possible to titrate down to —logh = 3 before
any observable drift of the emf values occurred. Some
titrations at approximately constant —logh (—logh > 5)
and with varied V/Cit ratio were also performed. After a
thorough inspection of data, more than half of the titration
data points had to be excluded due to a slight drift, leaving
244 stable data points that could be used in the calculations.

Analysis of data. The analysis of emf data was carried out in
a manner analogous to that in Ref. 2. The AH curves
indicated a p/q ratio of 1 at high —log . In the search for
the first complex formed, the pH range was restricted to
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Fig. 2. Some %'V NMR spectra for a —log[H*] titration at

V/Cit = 4. Letters refer to binary vanadates (see Table 1) and
figures to ternary species. To the right: spectra with resolution
enhancement, LB = —400.
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Fig. 3. %'V NMR spectra for solutions with —log[H*] = 3.2 but
different V/Cit ratios. The total vanadium concentrations are
13.8, 7.40 and 10.4 mM for V/Cit = 4, 2 and 0.25, respectively.
Letters refer to binary vanadates and figures to ternary species.
To the right: spectra with resolution enhancement, LB = —500.

—~logh = 6 (83 titration data points) as the NMR spectra
indicated the presence of only one ternary peak in this
region. With only binary constants in the model the dis-
crepancy between H,. and H,,, AH, was large and the
error squares sum, U, was 2256 - 10® M2. In the (p,q,r)
search the lowest U value (38 - 107° M?) was obtained for a
(2,2,1) species. A (3,3,2) complex gave the next lowest U
(53 - 107® M?). The U value obtained when (1,2,1) and
(2,2,1) were covaried was as low as 1-107° M? and the
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Fig. 4. Chemical shifts, 9, as a function of —log[H*] for
vanadocitrate species. The shifts for peak 3 have not been
included.
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remaining residuals were negligible. A dimeric vanadium
species is also in accordance with the splitting in more
acidic solutions into two NMR peaks, 1’ and 1", which have
equal areas (Figs. 2 and 4). Moreover, the g/r ratio of 2 is
strongly supported by the fact that the ternary species bind
half the vanadium at V/Cit = 4 and all the vanadium at
VICit = 2 (Fig. 3).

When the —logh range in the emf calculations was ex-
tended to =3 (244 titration data points), (3,2,1) was ac-
cepted while (4,2,1) was rejected. The (p,2,1) complexes
were from now on considered to be established, and in the
continued (p,q,r) search, B, ,; and f,,, were kept constant
while B,,, was covaried with the new complex(es) tested.
Covariation of a constant and simultaneous establishment
of a grid in (p,q,r) is another valuable facility of LAKE.
The lowest U value was obtained for (3,1,1), viz. U =
20-107% M?, and the next lowest for (6,2,2), viz. U =
25107 M2 Due to the restricted stability range, emf data
are thus not very decisive with regard to the species giving
rise to peak 2. As (3,1,1) gave a somewhat lower U value
and as the species just gives rise to one peak (peak 2), we
decided on the monomer. However, some systematic resid-
uals indicated that an additional species was present. A
(2,1,1) species was accepted and explained most of the
residuals, whereas the next member in the series, (1,1,1),
gave such a small contribution that it was excluded. Finally,
the (1,2,1), (2,2,1), (3,2,1), (2,1,1) and (3,1,1) complexes
were covaried in the range —log = 3 and V/Cit = 0.9. The
last restriction was inserted to minimize the contribution of
the peak 3 species. The remaining residuals were small, and
it appeared that the speciation was fully established.

The percentage of vanadium bound in different species
was then calculated using LAKE. However, when this dis-
tribution was compared to the percentages of V obtained
from the NMR peak areas, assuming that peaks 1, 1’ and 1”
originate from the (p,2,1) species and peak 2 from the
(p,1,1) species, a rather poor fit was obtained in the coexis-
tence region. According to NMR data the (p,1,1) com-
plexes are much weaker and more acidic than indicated
from calculations on emf data. The discrepancy may arise
from not taking the peak 3 species into account. The
(p,2,1) complexes were therefore optimized at V/Cit = 1.8
and —logh = 3 where none of the other ternary species
should interfere. The result of this calculation is found in
Table 2, Calc. No. 1. The emf residuals were negligible and
the formation constants obtained are in full agreement with
the experimental NMR data (Table 3). In subsequent calcu-
lations these (3 values were kept constant.

For establishing the peak 2 species the V/Cit ratio has to
be lowered. We decided to restrict the ratio to V/Cit = 0.9,
since at lower values the contribution from the peak 3
species is not negligible. As expected, the (p,2,1) species
could not explain the emf data in the expanded range (2 >
VICit > 0.9). The o(H) value increased by a factor of three
(Table 2, Calc. No. 2). In the earlier calculations, when no
VICit restrictions was applied, the lowest U values were
obtained for species with g/r = 1. Such species were there-
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Table 2. Results of the final LAKE calculations. Data for titrations in the range 3 < —log[H*] =< 8.2. The binary constants used are
compiled in Tabel 1 [0.6 M Na(Cl), 25°C]. The error squares sum U = Z(H,, —H,,)? is minimized. In calculations Nos. 2-7 the
formation constants obtained in calculation No. 1 are kept constant.

Calc. ®qn log Byq (30)* V/Cit Number U-107/m2 o(H)/mM

No. combination of points
1,2,1 12.84(5)

1 2,2,1 19.68(2) =18 93 9.3 0.10
32,1 24.12(3)
1,2,1 12.84

2 2,21 19.68 =09 143 120.1 0.29
3,2,1 24.12

3 3,1,1 18.35(7) =09 143 31.9 0.15
2,11 14.1(1)

4 311 18.41(6) =0.9 143 234 0.13

5 6,2,2 39,1(1) =09 143 41.6 0.17
422 31.3(1)

6 52,2 35.3(2) =09 143 20.7 0.12
6,2,2 39.2(1)

7 3,1,1 18.1° =09 143 52.5 0.19

2When no 30 is given the constant has not been varied. °Constant that fits NMR data.

Table 3. Comparison of emf model with NMR data in the (p,2,1)
range. The emf model used is that of calcuiation 1 in Table 2.

VICit VimM —log[H*] % Vin (p,2,1)
Exp. NMR Emf
data model
40 36.4 49 5 5.0
4 14.8 5.0 50 49.8
4 14.0 3.7 51 49.2
2 18.5 6.9 40 416
2 13.3 6.7 58 54.7
2 17.0 6.2 80 799
2 16.5 5.9 90 92.0
0.5 13.7 741 79 74.7

fore once again thoroughly tested (Calc. Nos. 3-6). The
triplet (4,2,2), (5,2,2), (6,2,2) gave a somewhat lower U
value than the monomeric pair (2,1,1), (3,1,1). It is, how-
ever, not likely that three binuclear species would give rise
to only one NMR peak, which moreover is not —logh
dependent. We therefore decided on the monomers. Dif-
ferent values for their formation constants were system-
atically tested until a reasonable fit to the NMR data was
obtained. The (2,1,1) species could be excluded, and
logB;,,; = 18.1 gave a reasonable fit to both emf data
(Calc. No. 7) and NMR data (Table 4). The NMR data are
difficult to evaluate quantitatively in the present study and
are therefore not of the highest quality. Due to severe
overlapping of the peaks 1’, 1” and 2, resolution enhance-
ment had to be used, which introduced an error in the

Table 4. Comparison of emf model and the combined emf-NMR model with NMR data in the reduction range which means that emf
values are not quite reliable. The models used are those of calculation 4 (Emf model) and 7 (Combined model) in Table 2.

V/Cit VimM  —log[H*] % Vin (p,2,1) % Vin (p,1,1) % V in
peak 3

Exp. NMR Emf Comb. Exp. NMR Emf Comb. Exp. NMR
data model model data model model data

1 133 4.0 95 93.4 96.7 - 6.6 3.3 5

0.5 9.8 4.5 96 93.9 97.0 - 6.1 3.0 4

0.5 8.5 3.5 79 52.7 78.3 16 47.3 21.7 5

0.5 7.5 2.6 67 30.4 59.7 26 69.2 39.8 8

0.25 14.3 5.0 92 82.8 95.7 1 171 4.3 8

0.25 11.1 3.7 72 43.8 741 19 56.2 259 9

0.25 104 3.2 54 27.7 59.4 39 72.3 40.6 7

0.25 9.1 2.2 24 135 40.1 64 85.8 58.7 5

0.125 5.0 2.2 25 9.5 334 65 89.7 65.2 6
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integrals of peak areas. An extreme example of this is
shown in Fig. 3. Peak 3 totally disappears when LB is
changed from 3 to =500 Hz.

Results and discussion

From potentiometric and >'V NMR data we have been able
to determine the speciation in the H*-H,VO, -C;H;0,*~
system, although in a somewhat restricted range. The fol-
lowing species and formation constants were obtained:
(1,2,1), (2,2,1) and (3,2,1) with log,,; = 12.84(5),
logB,,; = 19.68(2) and logP;,, = 24.12(3). The errors
given are 30. We are confident that these constants are of
high quality, and they agree excellently with NMR data
(Table 3). A preliminary analysis of data for the lower V/Cit
range indicated formation of a (3,1,1) species with logf;
= 18.1. This monomeric species is formed in the reduction
range, and the value of the formation constant is mainly
based on NMR spectra recorded for freshly prepared so-
lutions.

The vanadocitrate system presents exceptional prob-
lems. When V/Cit > 2, some of the vanadium is uncom-
plexed and forms decavanadates. The decavanadates are
very slowly decomposed, so that equilibration of these
solutions takes up to 24 h. At low V/Cit there is spontan-
eous reduction. In Fig. 1, the area in which reduction takes
place is marked; as can be seen, a large part of the com-
plexation region is affected. As the oxidation/reduction
process is slow, especially at low total concentrations, and
as the equilibria at V/Cit < 2 are fast, it has been possible to
carry out potentiometric titrations down to —logh = 3. The
(p,2,1) complexes (peaks 1, 1’ and 1”) are very strong, as
shown in Fig. 3. At V/Cit = 4, half of all vanadium, and at
VICit = 2, practically all vanadium is bound. This means
that in order to obtain appreciable amounts of the other
ternary species a large excess of citric acid is needed, which
on the other hand leads to increased reduction. Moreover,
the (3,1,1) complex (peak 2) is acidic and thus hard to
evaluate from the restricted emf data range (—logh = 3).
Without resolution enhancement the existence of the peak
2 species could not have been verified (Fig. 3, lowest spec-
trum). With enhanced resolution, good shift values for
peak 2 can be obtained, but the peak areas are difficult to
estimate. Although the presence of the (3,1,1) complex is
in accordance with a single NMR peak, the composition of
peak 2 cannot be considered firmly established. Further-
more, the species giving rise to the minor peak 3 could not
be determined from the present data set and are therefore
not included in the emf model.

A good fit between the emf model and the NMR data
cannot be achieved with a large excess of citrate, especially
in acidic solutions. In Table 2, constants derived in different
ways are given. In Table 4, comparisons between the NMR
peak areas and different models are made. It is clear that
the results obtained in an equilibrium study can be very
misleading when using only one experimental method.

The features of Fig. 4 are somewhat peculiar. In the
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range 8 > —logh > 7, peak 1 has approximately the same
shift value. At —logh = 7 it starts to broaden. Below
—logh = 6 it splits into two peaks which gradually move
apart on acidification. The —log 4 dependence of the peaks
indicates some sort of exchange, which is fast on the NMR
time scale, involving either protons or citrate ligands. Con-
sidering our final equilibrium model, Fig. 4 can be ex-
plained by the formation of an alkaline complex which
has two vanadium atoms with the same chemical environ-
ment. An oxygen atom near the vanadium atom which
gives rise to peak 1’ is then protonated, which causes
broadening and then splitting of peak 1. From the emf
calculation we obtained pK,,;, = 6.84, which is in the
—log h range where the peak broadens. For —logh < 5.5
the chemical shift value of peak 1’ becomes constant, while
peak 1” still shows some —logh dependence. The second
proton therefore seems to be located on an oxygen atom
adjacent to the vanadium atom giving rise to peak 1”. From
emf data, a pK, of 4.44 was established. The presence of a
mononuclear species which dimerizes on acidification could
also explain Fig. 4 if the exchange is fast. However, the
(p,2,1) species fit the emf data so well that no other species
were accepted.

To obtain definitive structural information, crystallisa-
tion experiments are in progress. We will thereby focus on
the (p,2,1) species to investigate whether citrate acts as a
bridge between two V monomers or stabilizes a binuclear
vanadate group. Despite the use of a variety of cations we
have so far not obtained crystals of any vanadocitrate spe-
cies.

A discussion of some structural aspects will however be
given, ending up with the proposal of a tentative structure
for the V,Cit species, including possible protonation sites.
As four oxygens tetrahedrally coordinated to V give rise to
a sharp peak, the broadness of the 1, 1’ and 1" peaks (=300
Hz) strongly favours 5 or 6 coordination to oxygen. Dis-
torted octahedral configurations are most frequently found
in the vanadoorganic structures published so far. More-
over, these complexes are mononuclear in vanadium and
two oxygens are more firmly bonded than the others, form-
ing a VO,* unit. This is valid even with such different
ligands as bidentate oxalic acid® and tetradentate EDTA.*!
In Fig. 5, a tentative structure of a (p,2,1) unit is drawn
schematically, based on the assumptions that (i) vanadium
is octahedrally coordinated to oxygen, (ii) the two octa-

Fig. 5. Schematic structure of a proposed (1, 2, 1) species. The
central C atom and the two CH, groups are not marked with
letters.

141



EHDE ET AL.

() V=160 mM
Cit = 4.00 mM

Fi
—log[H"]
(b) vV =8.00 mM
Cit = 8.00 mM
' (2,2.1)
= 2(0,q.0)
0.8 (3.2,1)
06
F
0.4
0.2
0 ! 2 3 4 5 6 7 8
—log[H"]
(© V=0.001 mM
Cit = 0.030 mM
1.0
N
0.8 (2.1.0)
o6l
F,
0.4} 2(p.2,1) (-1.1,0)
0.2}
N n ~ 1 .
0 1 2 3 4 5 6 7 8

—log[H"]
Fig. 6. Diagrams showing the distribution of vanadium in soluble
species as a function of —log[H*]. The quantity F; is defined as
the ratio between vanadium in a species to total vanadium. In
the calculations, the constants given in Table 1 and Table 2
(calc. No. 7) were used. Species with F; < 0.06 have been
omitted.

hedra share an edge, (iii) two oxygens form strong bonds to
each V forming a VO,* unit, and (iv) chelate rings with 7
or more atoms are not likely to be formed.

The first (p,2,1) species formed in the system has p = 1
and a charge of —4. Five protons attached to oxygen thus
have to be added. We have given the most likely positions
in Fig. 5. The two V atoms are equivalent and thus give rise

142

Cit=1mM

7
6

—log[H*] 5

4
(3,2,1) (3,1,1) -
3 —
1 ] " 1
— 4 5 log vV
0 -1 -2 log VICit

Fig. 7. Diagram showing predominance areas for V-containing
species at Cit = 1 mM. In each area, the species which has the
highest vanadium content is marked.

to only one NMR signal (peak 1). The most probable
protonation site when forming the (2,2,1) complex is the
“free” carboxylic group. This would not account for the
splitting to 1’ and 1", unless the —COOH group is hydrogen
bonded to a terminal vanadium-bound oxygen in one of the
two octahedra. The second protonation probably occurs on
the V-O-V oxygen.

Although 6-coordination is to be expected, 5 coordina-
tion cannot be excluded. This is easily obtained by remov-
ing the water molecule.

The distribution of vanadium in different species is
shown in Figs. 6a—c. As the hydrolysis of vanadium(V) is
very complex, the diagrams easily become unclear. There-
fore, all species that contain less than 6 % of the total
vanadium concentration have been omitted. Moreover, on-
ly the sum of the decavanadate species and the different
metavanadate species is shown. Fig. 6a shows the distribu-
tion when V/Cit = 4. The complexation starts already at
—logh = 8 and almost half the vanadium is bound in the
ternary (p,2,1) complexes in the range 2 < —logh < 6.
Only at low —logh is some of the vanadium bound in the
(3,1,1) species. When V/Cit = 1 (Fig. 6b) no decavanadates
are to be found and the ternary species are quite predom-
inant in the range 2.5 < —logh < 5.5. The (3,1,1) species
has gained in importance but is still a minor species.

The distribution between the (p,2,1) and the (3,1,1) spe-
cies is dependent on the total vanadium concentration. The
monomeric species is favoured by low concentrations. This
is exemplified in Fig. 6¢c, where the distribution has been
plotted for V and Cit concentrations which can be found in
the environment. Even at such low concentrations, vanado-
citrates seem to play an important role in the speciation of
vanadium. In Fig. 7 the species that contains most vana-
dium in an (—logh, —logV) area is marked out. The
(p,2,1) species are the predominant ternary species, and
only in acid solution, with a large excess of citrate, does
(3,1,1) become predominant.

The most interesting finding of the present study is that a
polydentate organic oxo-ligand such as citrate can form
binuclear vanadium complexes. Although seldom encoun-
tered in the current literature, polynuclear species will, in



our opinion, become the rule rather than the exception
when systems containing vanadate and organic polydentate
oxoligands are studied.
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