ability of a localized pair of electrons on the oxygen
atom. The kinetic data suggest that delocalization by
m bonding occurs to a lesser extent in the pyrophos-
phite than in the pyrophosphate linkage, making it more
receptive to attack by the hydrogen ion. This ex-
planation is consistent with the conclusion reached by
Grant and Payne® in explanation of the absence of
chelation stabilization in pyrophosphite complexing.
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The hydrolysis of pyrophosphite resembles closely that
of trimetaphosphate which is both acid and base
catalyzed.
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Abstract:

The interaction of the oxovanadium ion with 3,5-disulfopyrocatechol, salicylic acid, 5-sulfosalicylic

acid, 5-sulfo-8-hydroxyquinoline, and salicyl phosphate was studied by potentiometric measurement of hydrogen ion

concentration.

Data taken over a range of metal ion and ligand concentrations were used to determine formation

constants of the metal chelates having a 1 : 1 molar ratio of ligand-to-metal ion, their hydrolysis constants, and the

equilibrium constants for the formation of binuclear diolated chelates.

Suggestions are made for the bonding and

structures of these coordination compounds in aqueous solution.

he purpose of the investigation was to determine the

complex species present in systems containing
vanady! salts, organic ligands, and salicyl phosphate
by potentiometric measurements. Such information is
required for a study of the kinetics of the vanadyl ion
and vanadyl chelate catalyzed solvolysis of salicyl
phosphate in aqueous solution, to be reported in a sub-
sequent paper. As a result of this study, the species
present in solution will be described in terms of the
stability constants of the metal chelate compounds
formed, the equilibrium constants for the formation of
polynuclear complexes, and the acid dissociation con-
stants of all other solution constituents.

A search of the literature revealed that only a few
equilibrium formation constants of vanadyl chelates
have been reported. Constants for the formation of the
ethylenediamine-N,N,N’,N’-tetraacetic acid (EDTA)
and cyclohexanediamine-N,N,N’,N’-tetraacetic acid
(CDTA) chelates have been reported by Schwarzen-
bach, et al.* The formation constant for the inter-
action of the vanadyl ion and oxalic acid has been
described.* Several constants also have been reported
by Trujillo and co-workers with acetylacetone, pyro-
catechol, 1,10-phenanthroline, and 8-hydroxyquino-
line.>—8

(1) Abstracted in part from a dissertation submitted by G. E. Mont
to the Faculty of Clark University in partial fulfillment of the require-
ments for the degree of Doctor of Philosophy.

(2) This work was supported by the National Science Foundation
under Research Grants G-9998 and G-21055 to Clark University and
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37, 937 (1954).

(5) R. Trujillo and F. Turres, Anales Real Soc. Espan. Fis. Quim.
(Madrid), BS2, 157 (1956); Chem. Abstr., 50, 16528 (1956).

The ligands employed in the investigation were 3,5-
disulfopyrocatechol  (I), salicylic acid (II), S-

sulfosalicylic acid (III), 5-sulfo-8-hydroxyquinoline
0,8 OH ©\/OH
OH (.f/OH
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(1V), and salicyl phosphate (V). The selection of I-IV
was predicated on the fact that these were the only
readily available ligands which formed partially co-

(6) R. Trujillo and 1. Brito, Anales Real Soc. Espan. Fis. Quim. (Ma-
drid), B52, 407 (1956); Chem Abstr., 50, 15320 (1956).
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(8) R. Trujillo and I. Brito, Anales Real Soc. Espan. Fis. Quim.
(Madrid), BS3, 313 (1957); Chem. Abstr., 54, 2076 (1960).
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ordinated aquooxovanadium(IV) ions with stability
over a convenient pH range in solution. A previous
survey of vanadyl-ligand interactions® showed that
many ligands provide such little stability that solid
hydrolysis products are formed, while, on the other
hand, others are so stable that the vanadyl ion is com-
pletely coordinated, and the resulting chelates do not
exhibit catalytic activity on salicyl phosphate hydrolysis.

Experimental Section

Reagents. Salicyl phosphate was obtained from the California
Foundation for Biochemical Research and was used without further
purification, since potentiometric titration of an aqueous solution
showed no detectable impurities, and the melting point was in
agreement with that reported (162.5-163.0°),1°

Vanadyl sulfate was standardized by titration with standard
potassium permanganate solution according to the method de-
scribed by Scott. 1!

The bidentate ligands were the highest quality commercial sam-
ples available, obtained from sources described previously.? 12
The purity of the ligands was further checked by potentiometric
titration of the acid forms with base and calculation of equivalent
weights from the inflections in the titration curves. In all cases
the values obtained were very close to the theoretical values.
Acid dissociation constants were also calculated.®

Potentiometric Titratlon. A Beckman Model GS pH meter was
employed to determine the hydrogen ion concentration. The pH
meter was fitted with extension glass and calomel electrodes, which
were calibrated in terms of hydrogen ion concentration by titration
with hydrochloric and acetic acids as described by Courtney, et al.1®
The use of KNOj; to adjust the ionic strength to 0.10 M effectively
estublishes 0.10 A KNO; solution as the standard state for the equi-
librium constants, enthalpies, and entropies of reaction reported
in this paper,!4.1¢

Titrations were carried out in a jacketed glass cell, through which
constant temperature water was circulated, The circulating water
was pumped from a constant temperature bath maintained at 9.5°
+ 0.1 in the case of the lower temperature, and at 25.0° =& 0.1
and 34.9° £ 0.1 for the higher temperatures. Nitrogen was
passed over ascarite, presaturated with water, and bubbled through
the solution to keep the system free of carbon dioxide.

Results

Salicylic Acid (SA). Potentiometric titration of a
2:1 molar ratio of salicylic acid to OV(IV) shows the
start of an inflection just prior to m = 3 (m = moles
of base per gram ion of metal). By potentio-
metric titration, carried out in the usual way, it was
not possible to reach the point where 3 moles of base
had been added under equilibrium conditions. This
effect was probably due to extensive hydrolysis of the
chelate compound. An attempt to calculate a forma-
tion constant for the 2:1 complex, from data obtained
for values of “m” (moles of base added per gram ion of
metal) less than 3, proved unsuccessful. By addition of
the abscissas of separate potentiometric titration curves

9) G. E. Mont, Master’s Thesis, Clark University, 1958,

(10) J. D. Chanley, E. M. Grindler, and H. Sabotka, J. Am. Chem.
Soc., 74, 4347 (1952).

(11) “Scott’s Standard Methods of Chemical Analysis,”” N. H. Fur-
man, Ed., 5th ed, D. Van Nostrand Co., Inc., New York, N. Y., 1939.

(12) R. Hofstetter, Y. Murakami, G. E. Mont, and A. E. Martell,
J. Am. Chem. Soc., 84, 3041 (1962).

(13) R. C. Courtney, R. L. Gustafson, S, Chaberek, Jr., and A. E.
Martell, ibid., 81, 519 (1959).

(14) For a standard state of 0.10 M KNO; it follows that activities of
solutes, s, are defined as lim(M — 0) as/ M = 1. The very small slope of
this extrapolation for most ionic species makes the equilibrium con-
stants reported in this paper very close to the true thermodynamic con-
stants for this standard state.

(15) The use of definite concentrations of supporting electrolyte as
standard states for complex formation has been recommended recently
by the Commission on Equilibrium Data, IUPAC. Copies of reports
describing this recommendation are available from L. G, Sillén, Stock-
holm, and from A. E. Martell, Chicago.
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for salicylic acid and the 1:1 vanadyl-salicylic acid
chelate, a calculated curve was obtained for a system in-
volving no interaction between the second mole of
salicylic acid and the 1:1 chelate. The calculated curve
was similar to the experimental curve, with an inflec-
tion at a value of m = 3, and thus indicated that a 2:1
chelate compound is not formed in significant amounts
under the experimental conditions employed.

Potentiometric titration of a 1:1 molar ratio of
salicylic acid and VO?* gave generally unsatisfactory
results. Beyond 2 moles of base per mole of ligand a
very slow but irreversible hydrolysis began to take place,
so that it was not possible under these conditions to
calculate equilibrium constants for hydroxo complex
formation and polymerization of mononuclear che-
lates.

Sulfosalicylic Acid. The results obtained from the
titrations of a 2: 1 molar ratio of sulfosalicylic acid and
vanadyl ion were similar to those obtained with
salicylicacid. The titration curve appeared to approach
an inflection at about m = 3. That there was prob-
ably no interaction between the 1:1 chelate and the
second mole of sulfosalicylic acid under the experi-
mental conditions employed was also shown in this
case by the calculation of the titration curve with the
assumption that the 2:1 chelate is not formed. There
was excellent agreement between the experimental 2:1
titration curve and the composite curve obtained by
adding the abscissas of the 1:1 vanadyl-sulfosalicylic
acid curve and the free ligand curve at appropriate
concentrations.

When the titration of the 1:1 molar ratio of vanadyl
salt and sulfosalicylic acid was carried out beyond the
value of m = 2 as rapidly as possible, it was found that
in contrast to the results obtained with salicylic acid,
the data thus obtained could be employed in the cal-
culation of dimerization and hydrolysis constants. The
following reactions are assumed to take place in the
region betweenm = 2and m = 3

ML- —— M(OH)L?*" 4 H*
2ML- — (M(OH)L),*~ + 2H*

where M2+ is the vanadyl ion and ML~ is the 1:1
vanadyl-sulfosalicylate chelate formed by the displace-
ment of 2 equiv of hydrogen ion from the donor groups
(i.e., carboxyl and phenolic groups) of the ligand.
M(OH)L?- is the monohydroxo chelate formed by the
dissociation of an equivalent of hydrogen ions from
water bound to the metal ion, and (M(OH)L),*" is the
dimer formed by the combination of 2 moles of the
monohydroxo chelate. The equilibrium constant ex-
pressions for these reactions are
M(OH)L*-[H*
Kyvomr = L—(—[_L}I%“j (1
and

[(M(OH)L).“"J[H*]*
KD = [ML.—]Q (2)

If these are the only metal complex species in solution,
then the following expression is obtained
(H*](aTy + [H*] — [OH]) _

(ML-]

2[ML-]

HT Ko + Knvomr  (3)
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Table I. Equilibrium Constants for the Interaction of Oxovanadium(IV) with Various Ligands (25°, x = 0.10 (KNO3))
Ligand pkKi pK: Log KuL pPEmomL Log K44
Salicylic acid 2.70 = 0.02 13.90 = 0.10 13.38 + 0.03
Sulfosalicylic acid 2.67 +0.04 11.67 = 0.03 11.71 = 0.07 7.22 4+ 0.05 5.33 £ 0.05
Tirone 7.60 = 0.04 12.60 =+ 0.06 16.74 &= 0.03 6.30 = 0.20 4,30 = 0.20
5-Sulfo-8-hydroxoquinoline 3.92 +0.03 8.48 &= 0.05 11.79 £+ 0.03 6.45 &= 0.03 4.84 &+ 0.04
Salicyl phosphate 3.69 & 0.05° 6.61 &= 0.04¢ 5.81 = 0.04 5.70 = 0.20 2.30 = 0.30
s Log K(VOL* 4 L4 = VOLy) = 14,20 == 0,04, ® pK,. °pK: 9Ky = [(M(OH)L))/[M(OH)L]2
where T is the total concentration of metal species, 2, the following equation will apply
T is the total concentration of ligand species, and a = [ML,%-]
. 2

moles of base added per mole of ligand present (thus Kmi, = W (6)

aTy, = total moles of base added = Toy). Thus, if a

dimer is formed, a plot of [H*}(aT. + [H*] — [OH-))/ Ty — X[L*] + Kmi[L4 Ty — X[L4] 7

[ML-] against 2] ML-]/{[H*] should give a straight line, Kvr, = K  XTL* ] M

the slope of which is equal to K and the intercept of
which at 2[ML-]/[H*] = 0 is equal to KncomL.

The equilibrium constant for possible trimer forma-
tion is
_ [(M(OH)L),[H*? @

[ML-J?

and can be determined by employing the following equa-
tion.

(H*)(aTy + [H*] — [OHT]) _
(ML-] B

Kr

3K ML
(H*]?

A plot of the data corresponding to eq 3 is shown in
Figure 1. The straight-line correlation, in addition to
the fact that the corresponding plot of eq 5 does not
give a straight line, indicates that a dimer is probably
initially formed in the hydrolysis of the 1:1 chelate com-
pound. If the solution is allowed to stand, then further
polymerization takes place and a straight-line plot is no
longer obtained. The values of the negative logs of the
equilibrium constants obtained at 25 and 34.9° are
listed in Tables I and II.

+ Kmomr  (5)

Table II. Equilibrium Constants for the
Interaction of Oxovanadium(IV) with
Various Ligands (34.9°, u = 0.10 (KNO3))

Ligand pKi pK. Log Kur
Salicylic acid 2.45+0.02 13.400.10 12.89 % 0.05
Sulfosalicylic acid 2.360.02 11.5940.03 11.294-0.08
Tiron 7.494+0.02 12.08=+=0.05 16.05+0.05
5-Sulfo-8-hydroxy- 3.85+=0.04 8.41+0.02 11.32+0.04

quinoline
Salicyl phosphate 3.60£0.032 6.4540.01* 5.6840.02
¢ pKy b pkKs.

The titration of a 1:1 molar ratio of sulfosalicylic
acid and OV(IV) was also carried out at a temperature
of 9.5°. The equilibrium constant at 9.5° for the
following reaction was found to be 6.17 X 10-3,

OV(V) + H.L —= VOL- +- 2H*

3,5-Disulfopyrocatecho! (Tiron). Ifa2:1 molar ratio
of Tiron to OV(IV) is titrated, as is indicated in Figure
2, an inflection at m = 2 and a second inflection at
about m = 4 are observed. In the region above m =

where Ty, T, and a have the same meaning as before,
and

(2 — o)L — [H*] + [OH7]
2[H**/ K, + [HY)/K,
(H7* | [H]
Kk T T
[L4] is the concentration of the completely ionized
ligand; [ML.%*] and [ML?-] are the concentrations of

the 2:1 and 1:1 chelate, respectively; Ky is the
equilibrium formation constant of the 1:1 chelate, and

[Le] =

X =

vOSSAT/IHIF X 10°
|

1
n

(€]

n

(&)
SOIX [YSSOAL/{[,HI+"°L} [LH]

HI{T,, + (H'1}/[VOSSAIX 10°

] !

| 2
2[VOSSAI/IH' X 10°

Figure 1. Plot of [H*)(a7w. + [H*])/[ML"] against 2[ML-]/[H*]
for the 1:1 OV(IV)-SSA chelate, illustrating the presence of a dimer
at 25°; concentrations: 0—0 3.13 X 1073 M, 5—01.59 X 10-3 M,
A—A 774 X 1074 M, v—v 4.74 X 104 M (top). Plot of [H*].
(aTv + [H*]/[IML"]) against 3((ML-]/[H*])? for the 1:1 OV(IV)-
SSA chelate illustrating the absence of a trimer at 25°; concentra-
tions: 0O—32.78 X 1073 M, V—V 4,14 X 108 M, A—A 7.59 X
10-¢ M, 0—0 1.47 X 10~2 M (bottom); aTy, = Toxm.

Ki and K; are the first and second dissociation constants
of the ligand. The logs of the formation constants
calculated from eq 7 are given in Tables I and II.
Hydrolysis and dimerization constants of the 1:1
chelate, determined as described above, are listed in
TableI.

An attempt was made to determine if a dimeric
species persists in the 1:1 system over an extended
period of time by use of the graphical method de-
scribed above for the vanadyl-sulfosalicylic acid sys-
tem. The solutions of the 1:1 chelate compound were

Mont, Martell | Oxovanadium(IV) Chelates
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Olk

1

2
m
Figure 2, Potentiometric titration of 1:2 OV(IV)-Tiron chelate;
u = 010 (KNO;); 2Ty = Ty = 3.13 X 1073 M at 25°.

prepared at two different concentrations, and a suf-
ficient amount of standard base was added in order to
obtain m values of from 2.3 to 2.8. The samples
were then thermostated at 25° and the pH measure-
ments were taken at various time intervals, The pH
values were found to be still decreasing over a 1-month
period. In some cases a precipitate was formed.
In addition, plots of eq 3 and 5 did not give a straight
line.

5-Sulfo-8-hydroxyquinoline (HQS). Titration, at
25 and 34.9°, of a 1:1 molar ratio of vanadyl salt to
5-sulfo-8-hydroxyquinoline gave a titration curve
with an inflection at m = 2. Calculations based on the
titration curve in the region m = 0.2 to 1.0 gave con-
stant values of the formation constant of the 1:1
chelate compound for each temperature and concen-
tration at which the titration was carried out. The
formation constant was calculated by means of an
equation similar to (8), and the hydrolysis and olation
reactions were calculated as described above (eq 3).
The resulting equilibrium constants are given in
Tables I and II.

Interaction of OV(IV) and Salicyl Phosphate. In
order to determine the extent of interaction of vanadyl
ion and the substrate, titrations of different concen-
trations and ratios of metal salt to salicyl phosphate
were carried out at two different temperatures, 25 and
9.5°. The titrations were performed as rapidly as
possible to minimize the error caused by hydrolysis
of salicyl phosphate. Titration of a 1:1 molar ratio
of OV(IV) salt to salicyl phosphate gives a very slight
inflection at about m = 3, followed by a sloping buffer
region, which continues on beyond m = 4, The 1:1
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~LOGI[H'I

Figure 3. Potentiometric titration of 1:1 OV(IV)-salicyl phosphate
chelate at 9.5° and ¢ = 0.10 (KNOj;); concentrations: O—0O 7.90
X 1074 M, v—v1.58 X 10-¢ M, @—@ 3.13 X 1073 M, 0—2 4.76
X 1073 M, A—A 6.36 X 1073 M.

titration curves obtained at 9.5° for different concen-
trations are shown in Figure 3.

Calculations based on the part of the titration curve
from m = 1 to m = 1.7 gave constant values for the
formation constant of the 1:1 chelate compound for
each temperature and concentration at which the titra-
tion was carried out. The formation constant was
calculated by means of the following equations

T, — X[L+
Kaw = T ®
where
Lo = aTi—[HY
(L1 = JHYKK, + (HK
and

X = [HY¥K:K; + [HH]/K; + 1

where K; and K; are the second and third dissociation
constants of salicyl phosphate. The values obtained
for log Kyyp are listed in Tables I and II.

In the region between m = 3 and m = 4 an attempt
was made to determine if a dimeric species was formed.
The plot at 25°, based on eq 3, gave a scatter of points,
from which rough values of pKp (9.1) and of pKuomL
(5.7) were calculated. At 9.5° the dimer plot was not
so satisfactory and the values obtained are 9.7 for pKp
and 6.9 for pKyromyr. In spite of the scatter, the data
in Figure 4 were fitted to a straight line by least squares.
The resulting solution of eq 3 indicates that the forma-
tion of a dimeric species is probable. This conclusion
is further supported by the fact that a trimer plot was
not linear.
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Figure 4. Plot of [H*)(Ton + [H*])/[ML-] against 2[ML-]/[H"]
for the 1:1 OV(IV)-salicyl phosphate chelate at 9.5° illustrating the
presence of a dimer; the data are taken from the potentiometric
titration curves presented in Figure 3. The line represents a least-
squares fit of the data; a7y = Togm.

The titration of a 2:1 molar ratio of vanadyl salt to
substrate resulted in inflections at m = 1.5, m = 2.5,
and m = 3.5, as is seen in Figure 5. The inflection at
m = 1.5 indicates the possible formation of a species
of the type M,L. Formation of hydroxo complex
species would possibly give inflections at m = 2.5 and
also at 3.5. The following reaction would give an
inflection atm = 1.5.

2M?%*F - H L =— M,L* 4 3H*
A reaction such as
M.L* == M,L(OH),~ + 2H*
would explain the inflection at 2 = 2.5. The equilib-
rium constant for the latter reaction was calculated
by the following equations.
[M:L(OH),~H*]*
[M.L+] -
(aTy, + [H*] — [OH-D[H]?
(2 = a)Tr, — [H*] + [OH"]
where 77 is the total ligand concentration and T, is the
total metal ion concentration. The value obtained
for '—'IOg KNIQ(OH)zL is 9.28 =+ 0.07.

In order to explain the inflection at m = 3.5, the
reaction proposed is

M,L(OH),~ —== M,L(OH),3~ + 2H*

Kaomyr =

Calculations based on this assumption were unsuccess-
ful. It was then assumed that in competition with this
reaction, the reaction to form the dimer was taking
place. The equations were derived and were trans-
formed to the slope-intercept form. The dimer plot,
however, gave an unsatisfactory (negative) slope so
that mathematical treatment of the type described did
not support the proposed reactions.

Titration of a 1:2 molar ratio of vanadyl salt to
salicyl phosphate (Figure 6) gave an inflection at m =
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o

~LOGIH"
Q

Figure 5. Potentiometric titration of 2:1 and 1:1 OV({IV)-salicyl
phosphate at u = 0.10 (KNOj) and 9.5°; concentrations: @—@
Ty = 2T4 =317 X 1003 M, 0—0OTu = Ta = 3.17 X 1073 M,
O—07y = 2T, = 1.58 X 1073 M, m = moles of base added per
mole of metal ion.

o
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Figure 6. Potentiometric titrations of 1:1 and 1:2 OV(IV)-salicyl
phosphate chelates and the 1:2 calculated titration curve at 25° and
# = 0.10 (KNO;); concentrations: O—OTs = Ty = 3.17 X 10-3
M for 1:1 experimental titration curve, @—@ T = 2Ty = 3.09 X
10=3% M for 1:2 experimental titration curve, O—0J calculated titra-
tion curve, 72 = moles of base added per mole of metal ion.
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5. The only possible way to explain this observation
is to assume that there is no interaction between the 1:1
vanadyl-salicyl phosphate chelate and the second mole
of salicyl phosphate. This assumption is verified by
the addition of abscissas of the titration curves for the
1:1 chelate and for salicyl phosphate. The resulting
calculated curve shows an inflection at m = 5 in agree-
ment with the experimental results (Figure 6).

To gain some insight into the interaction between the
substrate and the various chelate compounds which were
used as catalysts, titrations of 1:1:1 molar ratios of
metal to ligand to substrate were carried out. An in-
flection at m = 4 was observed in each case. If a
stable mixed ligand chelate were formed, the inflec-
tion would be expected to occur at an m value of 5.

If it is assumed that there is no interaction between
the metal chelate and the substrate, one can calculate a
theoretical titration curve. The actual titration curve
and the theoretical curve for VO-SSA-SP were com-
pared. The agreement was good, and it seems reason-
able to assume that no stable mixed chelate is formed
and that there is no appreciable degree of mixed ligand
complex formation between the 1:1 vanadyl-sulfo-
salicylic acid chelate and the -salicyl phosphate.

The equilibrium data obtained at two or more tem-
peratures were used in calculating the heats and en-
tropies of formation of the vanadyl complexes containing
1 mole of ligand per mole of oxovanadium ion. The
results are given in Table III.

Table III. Thermodynamic Data for Formation of 1:1
OV(1V) Chelates of Various Ligands (25-35°, 4 = 0.10 (KNO,))

—AH?, +AS®,
Ligand kcal/mole eu
Salicylic acid 2.1x=0.5 54 43
Sulfosalicylic acid 1.7+0.5 4543
Tiron 2.5+0.5 67 =3
5-Sulfo-8-hydroxy- 1.7£0.5 45 = 3
quinoline
Salicyl phosphate 0.5+0.5 253
Discussion
Salicylic Acid and Sulfosalicylic Acid. In the case

of both salicylic acid and sulfosalicylic acid, a chelate
compound having a 1:1 ratio of ligand to metal ion is
formed, and 2 moles of acid is produced per mole of
metal chelate formed. The salicylic acid chelate is
about 100 times more stable than the corresponding
sulfosalicylic acid chelate. Neither of these ligands
forms chelate compounds containing 2 moles of ligand
per gram ion of metal.

The fact that the 1:1 chelate of sulfosalicylic acid
combines with hydroxyl ion was shown by the deter-
mination of the dimerization and hydrolysis constants
calculated in the region beyond the point where 2
moles of base has been added. If the titrations are
carried out rapidly, dimeric species are initially formed,
as was demonstrated in Figure 1. When the solution
was allowed to stand after the addition of each incre-
ment of base, it was not possible to detect a dimer,
although the solutions remained homogeneous in
most cases. It seems probable, therefore, that ex-
tensive polymerization takes place through the initial
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formation of a dimeric species, which condenses
further to higher polynuclear complexes.

3,5-Disulfopyrocatechol  (Tiron). Further evi-
dence of polymerization of the vanadyl chelate through
the formation of a dimer is given by the 1:1 vanadyl-
Tiron system. When the titration was carried out
rapidly, a reasonably good dimer plot was obtained.
However, when the pH measurements were taken over
a long period of time, no evidence of the dimeric species
could be found. However, many of the solutions
remained free of precipitation, while gradual drift of
pH to lower values indicated that progressive hydrolysis
was occurring. The system did not appear to be at
equilibrium even after a period of a month.

The only ligand in this investigation which forms a
2:1 ligand-metal chelate compound with OV(IV) is
Tiron. This complex seems to form in two steps:
the formation of the 1:1 chelate, followed by the binding
of the second mole of the ligand at higher pH.

5-Sulfo-8-hydroxyquinoline. A 1:1 chelate com-
pound, which has a stability roughly equivalent to
that of the sulfosalicylic acid chelate, is formed with 8-
hydroxyquinoline-5-sulfonate. The observed inflection
at m = 2 is indicative of the binding of the vanadyl ion
to the aromatic nitrogen and phenolic oxygen to form
a five-membered ring.

Salicyl Phosphate. The interaction of the sub-
strate itself with the vanadyl ion is quite complex and
interesting. The most acidic hydrogen of the phos-
phate group of the salicyl phosphate is completely
ionized in aqueous solution at low pH in the absence
of a metal ion. In the presence of OV(IV), the titra-
tion shows a slight inflection at m = 3, which indicates
that a chelate compound having the arrangement of
coordinate bonds shown in VI is probably formed.

VI

If the vanadyl ion was bound only to the phosphate, an
inflection at m = 2 would be expected since the in-
fluence of coordination on the acidity of the remote
carboxyl group would not be sufficient to increase its
dissociation constant to the point where it would not be
observed as a separate step in the titration curve. 1f
the metal ion were bound only to the carboxylate group,
the acidity of the acid phosphate group would not be
greatly affected. It seems, therefore, that the vanadyl
ion is probably bound to both the carboxylate and
phosphate groups with the formation of a weak eight-
membered chelate ring. This conclusion is supported
by the rather low stability found for this metal chelate
compound.

As the pH is raised, the OV(IV) chelate hydrolyzes
and forms a binuclear diolated complex. The forma-
tion of the dimer is indicated by the success of the cor-
relation shown in Figure 4 and the failure of other
types of correlation attempted. It was not possible to
measure the hydrogen ion concentration over a long
period of time because of the slow solvolysis of the
salicyl phosphate ligand to salicylate and phosphate



ions. Itis also quite likely that further polymerization
takes place, but such a reaction is probably very com-
plicated and cannot be determined by potentiometric
techniques of the type used in this research.

It appears from the results obtained that a binuclear
chelate compound of the type ML is formed between the
vanadyl ion and salicyl phosphate. If a chelate com-
pound with 2:1 molar ratio of metal ion per ligand is
formed, the titration should show an inflection at
m = 1.5. The complexes formed might have the
arrangements of coordinate bonds as shown in VII or

VIII. From potentiometric titration data it is im-
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possible to determine which arrangement is the more
probable but VII is favored because of the relative
basicities and charges of the oxygen atoms bound to
the metal ions.

The inflections which occur at m = 2.5 and at m =
3.5 then seem reasonable if water molecules coordinated
to the vanadyl ion are assumed to dissociate to give IX
and X, respectively. The formation of the hydrolyzed
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species IX would then account for the inflection
at m = 2.5, and the formation of X would account for
the inflection at m = 3.5. Other arrangements of
groups are, of course, possible.

Thermodynamic Data. The heats and entropies of
formation of the 1:1 vanadyl chelates listed in Table
IIT are quite similar in magnitude, indicating the sim-
ilarities of the reactions involved. The greatest dif-
ference is the less favorable entropy of formation of the
1:1 vanadyl-salicyl phosphate chelate, in accordance
with the much larger chelate ring formed in this case.
The heats of reaction show that the strengths of the
metal-ligand bonds in these chelates are not much
greater than the metal-oxygen bonds of the hydrated
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vanadyl ion, and that the driving force of these re-
actions comes mainly from the entropy of reaction,
which is in turn due primarily to the change in hydration
that occurs on charge neutralization as a result of com-
plex formation.

Relative Stabilities. A comparison of the stabilities
of the chelates studied shows that the most stable 1:1
chelate is formed by Tiron. The binding of the very
basic catecholate group to the vanadyl! ion results in a
very stable chelate compound. In addition, only
Tiron is able to form a chelate compound of the type
ML,. The salicylic acid chelate is about three orders
of magnitude less stable than the Tiron chelate. The
less basic carboxyl group apparently does not interact
as strongly with OV(IV) as the phenolate group.
The sulfonate group in sulfosalicylic acid has little
effect on the acidity of the carboxyl group but increases
the acidity of the phenolic group and results in the
formation of a 1:1 chelate compound which is ap-
proximately one-hundredth as stable as the salicylic
acid chelate. The 1:1 chelate compound of 5-sulfo-8-
hydroxyquinoline is about equivalent in stability to
the sulfosalicylic acid chelate. It appears that the
presence of the basic phenolic group helps the formation
of the 1:1 chelate since the diamines® previously
studied do not form stable chelates with OV(IV).
On this basis it is not surprising that the least stable of
the 1:1 chelate compounds of OV(IV) is that formed
with salicyl phosphate. The rather low stability might
be the result of the formation of an eight-membered
chelate ring as proposed, VI.

A comparison of the stabilities of the vanadyl che-
late compounds, given in Table I, with other transition
metal chelates and the same ligands shows that the
oxovanadium chelates generally are more stable.
The following order of stabilities is observed: OV(IV)
> Cu(ll) > Zn(1l) > Co(II) > Ni(II) > Fe(I). In
particular, it should be noted that in all cases the
vanadyl chelate compounds are more stable than those
formed with Cu(II). This might possibly be a result of
the influence of the highly electronegative oxygen which
is bound to the vanadium atom. The resulting higher
electropositive character of the vanadium would thus
make it a stronger Lewis acid and lead to more stable
chelates.

The remarkable ease of hydrolysis of the vanadyl
chelate compounds should also be emphasized. The
vanadyl chelate compounds hydrolyze much more
easily than any of the other metal chelates of the first
transition series. The vanadyl chelates discussed above
prefer combination with hydroxyl ions to a second mole
of ligand. The only exception to this is the very basic
catecholate dianion which can compete with the hy-
droxyl ion to form a stable 2:1 chelate compound.

Other Ligands. Titration of solutions having1:1and
2:1 ratios of ethylenediamine, hydroxyethylethylene-
diamine, diethylenetriamine, and triethylenetetramine
to vanadyl salt all lead to precipitation of vanadyl
hydrous oxide. It seems reasonable to assume that,
since the precipitates formed in all cases at approx-
imately the same pH value of 4.4 (the pH at which
VO?2+ salts precipitate), either no chelate is formed or
that any chelate formed is extremely weak.
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