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The extraction of the vanadyl ion (VO?*") from aqueous solutions by di-n-butylphosphoric acid ((C,H,0),-

PO,H) in hexane has been studied by ESR.

It has been found that monomeric and trimeric vanadyl di-n-butyl-

phosphate complexes were present in the organic phase, and the equilibrium constant of the reaction involving
monomeric and trimeric forms was determined. The ESR spectrum of the trimeric complex, characterized by
22 hf lines with a separation of 39 gauss, was interpreted as resulting from the magnetic exchange interaction be-

tween three vanadyl ions.

be (VOX,);, where X represents (C,H,0),PO,".

A crystalline vanadyl complex was isolated from the hexane solution and found to
The properties of the complex were investigated by means

of ESR, IR, and the optical absorptions. The mechanism of the extraction of VO by (C,H,0),PO,H was
discussed, and a cyclic model was proposed for the structure of (VOX,)s,.

The extraction of the vanadyl ion (VO?t) dissolved
in aqueous solutions by di-(2-ethylhexyl)-phosphoric
acid (HDEHP) in kerosene has been studied by several
workers.1?  Accordingly, the vanadium/HDEHP ratios
of the extracts ranged from 0.25 to 0.50, suggesting
that at least two species of vanadyl complexes were
formed. Moreover, it has been suggested? that poly-
meric vanadyl complexes are formed at lower HDEHP
concentrations, while monomeric complexes are formed
at higher HDEHP concentrations.

In the present study, the vanadyl complexes extracted
from sulfuric acid solutions into the hexane phase by
di-n-butylphosphoric acid (HDBP) have been inves-
tigated, with special interest being taken in the forma-
tion of polymeric species. Preliminary observations of
extracts by electron spin resonance revealed that tri-
meric complexes rather than polymeric ones are formed.
It was decided, therefore, to investigate first the con-
ditions for the formation of the trimeric complex.
Subsequently attempts were made to isolate the com-
plex and to clarify the chemical stoichiometry and
properties of the complex. The present paper will
report the results of these investigations.

1) T. Rigg and J. O. Garner, J. Inorg. Nucl. Chem., 29, 2019
(1967).
2) T. Sato and T. Takeda, ibid., 32, 3387 (1970).

Experimental

Materials. HDBP (E.P. grade, Tokyo Kasei Kogyo
Co.,) was used without further purification. The IR spec-
trum showed few impurities. Hexane (G.R. grade, Wako
Junyaku Kogyo Co.,), which has previously been known to
be the most effective diluent in the extraction of vanadium
by HDEHP,» was used as the diluent after distillation.
The vanadyl sulfate hydrate (VOSO,-nH,0) was obtained
from Kishida Kagaku Co.; the colorimetric peroxide method
indicated that the VOSO, content was 55 wt%. All the
other reagents used were of a reagent grade and were com-
mercially available.

Extraction of the Vanadyl Ion (VO?**) by HDBP. The
extraction of VO?** from acidic aqueous solutions by HDBP
in hexane was carried out in a 300 ml separating funnel,
generally with equal volumes (100 ml) of the aqueous and
organic phases. The two phases were mixed vigorously by
shaking for about 10 min at the ambient temperature, and
were then allowed to stand until the separation into two
layers was complete. Little trouble was experienced with
emulsions. The extractions were carried out under the
following conditions:

initial HDBP concentrations as monomer in the organic

phase: Cuxy=0.12—1.2M

initial VO?* concentrations in the aqueous phase:

Cy=0.02—1.5M
final pH values in the aqueous phase:
PH(f) =0.8—5.5
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The variation in the final pH values in the aqueous phase
was accomplished by adding the requisite amounts of H,SO,
or NaOH solutions either immediately before or during the
mixing. The pH;, values were determined by means of a
Toadempa pH-meter (Model HM-5A) after the separation.

Isolation of the Trimeric Vanadyl Complex. The hexane
phase was dehydrated with anhydrous sodium sulfate, and
then the solvent was evaporated under a reduced pressure.
The resulting blue viscous liquid was then chromatographed
over a column packed with SiO,, using benzene as the eluent;
the blue fractions thus obtained were evaporated under a
sufficiently reduced pressure 10-% Torr) at 60°C for about
3hr to give again a blue, oily liquid. After 1—2 weeks’
standing in a refrigerator, a light blue crystalline material
was obtained (mp 43°C).3)

Measurements of ESR, IR, and Optical Spectra. The ESR
spectra were recorded at room temperature with a JEOL
spectrometer, Model JES P-10 (X-band), using 100 KHz
field modulation. The magnetic field was calibrated with
an ESR marker, MgO:Mn?* powder, supplied by JEOL.
Powdered DPPH was used as a reference in the determination
of the g-values. Samples from the extracted organic phases
were subjected to ESR measurements without any pretreat-
ment, while those from isolated crystals were measured,
generally in vacuo, after dissolving them in various organic
solvents.

The IR spectra were recorded on a DS-402G grating spec-
trophotometer (Japan Spectroscopic Co.,) in Nujol mulls and
in thin liquid films. The optical spectra were recorded on a
Hitachi spectrophotometer (Model EPS-3T) in the range of
300—1200 nm.

Chemical Analyses. Vanadium was analysed by the
colorimetric peroxide method. Samples dissolved in hexane
were back-extracted with 2n HCI, and color development was
performed by the successive additions of 2n H,SO,, 85%,
phosphoric acid, and 309, hydrogen peroxide. The optical
densities of the colorimetric solutions were determined at
wavelength of 450 nm with a Shimadzu spectrophotometer
(Model QV-50). The analyses of carbon and hydrogen
were performed at the Microanalytical Center of our labora-
tory.

Molecular-weight Measurements and Differential Scanning Calo-
rimetry. The molecular weights were determined in a
chloroform solution at 35°C using a Hitachi Model 115
vapor-pressure osmometer calibrated with benzil. Scale read-
ings were made 5 min after a drop of the solution had been
placed on the thermistor. The concentrations of the solution
were in the range of 10->—103>-M. The DSC thermograms
were recorded on a DSC-IB calorimeter (Perkin-Elmer) in
an atmosphere of nitrogen.

Results and Discussion

ESR Spectra of Extracted Vanadyl Complexes.
Hexane solutions of the extract were subjected to
preliminary ESR measurements at room temperature

3) In some cases the crystallization did not take place even after
a much longer period of standing. This was because of the
contamination by a small amount of monomeric species in a blue
oily liquid; the contamination was obvious from the ESR and
molecular-weight measurements. It was necessary in such cases
to wash the blue oily liquid after dissolving it in hexane with an
appropriate amount of the 0.01n NaOH solution and then to repeat
the treatment described above.

4) E.R. Wright and M. G. Mellon, Ind. Eng. Chem., Anal. Ed.,
9, 375 (1937); A. Weissler, ibid., 17, 695 (1945).
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in order to obtain some information about the states of
the extracted vanadyl complexes.

Two types of spectrum were observed, depending
upon the extraction conditions. As will be discussed
below, one was assigned to a monomeric vanadyl
species, and the other, to a trimeric one. Hereafter,
the former will be denoted as the ‘“M-spectrum’, and
the latter, as the “T-spectrum”.

-~
100 G

DPPH

Fig. 1. ESR spectrum of the hexane phase (M-spectrum)
obtained under the following extraction condition; Crx )=
1.20M, Cv(i) =0.30M, pH(f)=0.8.

Assignment of M-spectrum: A typical M-spectrum ob-
tained from the hexane solution extracted under the
conditions; Cupxop =120 M, Cyyy=0.30 M, and
pH(»=0.8, is shown in Fig. 1. The spectrum was
characterized by eight resonance lines with unequal
separations and linewidths. It is quite similar to the
reported spectra® for many monomeric vanadyl com-
plexes in liquid solutions, and can be interpreted by an
isotropic spin Hamiltonian as:

# = g pHS, + al-S (1)
§=1/2, I=7/2

where the z axis is defined by the direction of the
external magnetic field, where g, is the isotropic g
value, where a is the isotropic hyperfine constant due
to the vanadium nucleus, and where the other symbols
have their usual meanings. The solution of the above
Hamiltonian up to second order of a leads to the re-
sonance condition described as:5:%
- _a (63 _
hy = gopH 4 am + 2g0ﬂH< 3 " ) (2)
m=17/2,5/2, 3/2, -..-.- , —5/2, —=7/2

The M-spectrum shown in Fig. 1 was then fitted to
the equation to obtain the following parameters:

g, = 1.961 a = 119 gauss

These values are in good agreement with those
reported for monomeric vanadyl complexes coordinated
with oxygen ligands, such as VO(H,0);2+%7 VO(Ac),,®
and VO(phthalic acid)y*=.%

On the other hand, it has generally been accepted
that dialkylphosphoric acids ((RO),PO,H) extract a

5) H. A.Kuska and M. T. Rogers, “Radical Ions,” ed. by E. T.
Kaiser and L. Kevan, Interscience Publisher (1968), p. 579.

6) R.N.Rogers and G. E. Pake, J. Chem. Phys., 33,1107 (1960).

7) N.S. Garifianov and B.M. Kozyrev, Doklady Akad. Nauk SSSR,
98, 929 (1954) ; B. M.. Kozyrev, Discuss. Faraday Soc., 19, 135 (1955).

8) H.R. Gersmann and J. D. Swalen, J. Chem. Phys., 36, 3221
(1962); I. Bernal and P. Reiger, Inorg. Chem.,2, 256 (1963).

9) K. Wuethrich, Hely. Chim. Acia, 48, 1012 (1965).
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number of metal cations by this ion-exchange re-
action:19

M5 + n(HX)z) = M(XH)neoy + nHG, (3)

in which X represents the anion (RO),PO,~; (HX),,
the dimeric (RO),PO,H; and (a) and (o), the aqueous
and organic phases respectively. Furthermore, Sato
et al.? have recently shown that the mechanism is
applicable also in the case of the extraction of VO2+
by excess HDEHP, and they have confirmed the
existence of VO (X,H),, X=(CsH,;,0),PO,, in kerosene
from an analysis of the partition coefficients. There-
fore, it is quite natural in our system also that the
monomeric vanadyl complex VO(X,H),, X=(C,H,-

0),P0,, is formed in hexane via the reaction:
VO + 2(HX)y ) = VO(X;H)z(y + 2HG, (4)

Consequently, the M-spectrum can be interpreted as
resulting from the monomeric vanadyl complex, VO-
(X,H),. This assignment may be further supported
by the spin Hamiltonian parameters, and also by the
experimental findings to be described in the later
sections.

|

DPPH

Fig. 2. ESR spectrum of the hexane phase (T-spectrum)
obtained under the following extraction condition; Cux )=
0.12M, Cvuy=1.5M, pH¢y=1.6.

Assignment of T-spectrum: When the extraction was
carried out under these conditions; Cuxg =0.12 M,
Cyey=1.5M, and pH =1.6, a typical T-spectrum
was obtained. As is illustrated in Fig. 2, the T-spec-
trum has the following characteristics; (I) 22 resonance
lines are found to be equally spaced with a separation
almost equal to one-third of the average splitting found
for the M-spectrum, (II) the resonance intensity for
each line decreases with the line position almost sym-
metrically from the center of the spectrum to the
outside. From such characteristics, it can readily be
presumed that there are magnetic exchange interactions
between three vanadyl ions.

In order to explain the observed T-spectrum qualita-
tively, we further assume that vanadium atoms of the
trimer form equilateral triangular arrangements and
that three vanadium ions of S=1/2 are exchange-
coupled with an isotropic exchange Hamiltonian:

Hox = J(SI-S2—|—S2-S3+S:,-SI) (5)

where J denotes the isotropic exchange integral and

10) C. A.Blake, Jr., C. F. Baes, Jr., K. B. Brown, C. F. Coleman,
and J. C. Whiie, Proc. 2nd. Int. Conf. on Peaceful Uses of Atomic Energy,
28, 289, Geneva (1958); C.A. Blake, Jr., C.F. Baes, Jr., and K. B.
Brown, Ind. Eng. Chem., 50, 1763 (1958); D. F. Peppard, G. W.
Mason, W. J. Driscoll, and R. J. Sironen, J. Inorg. Nucl. Chem.,
7, 276 (1958).
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where S, S,, and S, are the spin operators for the
respective vanadium ions. Thus, the total spin
Hamiltonian describing the system becomes:1

H =K1+ Ho+ #H5 + Hex (6)

in which #,, #,, and #, are each given by the form
(1); it can be rewritten as:
H = goPH(S1,+ 82, +S5,) + a(Sy- L+ Sy I+ S5+ L)
+ J(S1°S,+ 8, S5+ .55-5) (7)

The eigen values of this Hamiltonian can readily be
evaluated'®13 by solving the secular determinant of the
Hamiltonian on the assumption |J[>>|a|; we then
obtain the following ESR transitions'® for the quartet
state and for the two doublet states which are degenerate
and which lie at a distance 3/2 |J| from the quartet
state.

Transitions for the quartet state:

hv = gofH + a/3(my+my+my) 8)
Transitions for the two doublet states:
hv = gofH + a/3(my+ my+my)
+ 2/3a(my2 + my? + mg? — mymy — mymy — mymy) Y2 (9)

where m;, my, and m, are the magnetic quantum num-
bers for each vanadium nucleus; each takes on the
value of 7/2, 5/2, 3/2, - , —5/2, —7/2.

Thus, it can be shown for the quartet-state spectrum
that the 22 hf lines have the equal separation of a/3
and the intensity ratio of 1:3:6:10:15:21:28: 36:42:
46:48:48:46:42: -+ , while the predicted spectrum
for the doublet states consists of two sets of irregularly-
spaced hf lines, both of which are symmetric to each
other with respect to the magnetic filed defined by
hv=g,8H.

The characterisic (I) for the observed T-spectrum
is quite consistent with the above expectation for the
quartet-state spectrum. Furthermore, the observed in-
tensity distribution of hf lines (Characteristic (II)),
which is difficult to measure accurately, seems to follow
approximately the expected one. One can, then, re-
asonably state that the T-spectrum results from the
quartet-state transitions. On the other hand, it is not
obvious at the moment why irregularly-spaced hf lines
due to the doublet-state transitions are not observable.

The parameters determined from the T-spectrum on
the basis of Eq. (8) are:

11) G. F. Kokoszka and G. Gordon, Transition Metal Chem., 5,
181 (1969).

12) A. Hudson and G. R. Luckhurst, Mol. Phys., 13, 409 (1967).

13) A. Hasegawa, Y. Yamada, and M. Miura, This Bulletin, 42,
846 (1969); A. Hasegawa, J. Chem. Phys., 55, 3101 (1971).

14) The second-order correction terms with respect to a must
be added to Egs. (8) and (9). The correction terms evaluated for
(8) are as follows:

a 2 mt 2

18g,pH {311 +1) —m,®—my?—m4?}

a2
18g,8H
where I=7/2 and ms=3/2, 1/2, —1/2. However, these terms are
much smaller than that given in Eq. (2) and do not contribute to
the line positions very much. Thus, the terms are ommitted from
Eq. (8), although it seems that the terms are more or less related
to the linewidth because of the superposition of resonance lines
differing in ms values.

+ (2ms— 1) (my + my+ms)
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g0 = 1.960

These values are in good agreement with those obtained
for the monomeric complex VO(X,H),, indicating that
our interpretation is valid. Moreover, the interpreta-
tion is consistent with that reported by Hasegawa
et al.,® who studied the ESR of the trinuclear vanadyl
pyrophosphate complex.

As will be described in the later section, a crystalline
trimer was in fact isolated from the hexane solution.
Thus, it can be concluded with reasonable certainty
that the appearance of the T-spectrum results from a
trimeric vanadyl complex.

Extraction Conditions for the Formation of the Trimeric
Vanadyl Complex. In order to find how extracting
conditions affect the selective formation of the trimeric
or monomeric complex, the ESR measurements were
further applied to hexane solutions obtained under
systematically varied conditions. The results are sum-
marized in Table 1.

a/3 = 39 gauss

TaBLE 1. ExTrACTION cONDITIONS AND ESR
SPECTRA OF HEXANE PHASES

Type of
Exp Cuxa Gy Cuxi/ pHe %]"%(;{0
o M M) v spectra®
1 0.024 5.0 M
2 1 0.048 2.5 MST
3 0.096 1.25 MST
4 (012 g0 ol50 (1314 Sy
5 J 0.48  0.25 TSM
6 1.20  0.10 T
7 0.012 0.10 T
8  0.060 0.50 TSM
9 0.15 10.12 1.25 {1.7—1.8 TSM
10 0.30 2.5 MST
11 0.60 5.0 MST
12 0.03 0.3 M
13 0.10 1.0 M
14 0.20 '0.10 2.0 (0.9-1.0 M
15 0.40 4.0 M
16 1.0 10.0 M
17 0.03 0.3 T
18 0.10 1.0 T
19 0.20 t0.10 2.0 !3.6—4.0 T
20 0.40 4.0 T
21 1.0 10.0 T
99 0.9 M
23 1.3 M>T
24 {0.40 lo0.20 2.0 1.9 T
25 2.9 T
26 4.6 T
27 0.8 M
28 1.7  M>T
29 L1.0 lo.s 6.7 3.4 T
30 4.3 T
31 5.7 T

gijiiﬁeié}iwtgi—m;ﬁSEof the M- and T-spectra are ng};{ T
roughly by an inequality.

Effect of Cvy: Extractions were carried out with
Cyw values varying from 0.024 to 1.2 M, while Cguxw
and pH(y were kept constant as follows: Cuxi=0.12
M, pHy=1.3—1.4 (Table 1, Exp. No. 1—6).

As is shown in the last column of Table 1, the M-
and T-spectra were obtained for Cv,=0.024 and 1.2
M respectively. However, when Cy() was intermediate
between the above two extreme values, superimposed
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(A)

e

Fig. 3. ESR spectra of the hexane phases obtained under
the following extraction conditions; (A) Crxa)=0.12M,
Cvi=0.096M, pHrn=1.4; (B) Cmxim=0.12M, Cvun=
0.24M, pH¢)=14.

DPPH

spectra of the M- and T-spectra with varying relative
intensities were obtained. Some of the superimposed
spectra are illustrated in Fig. 3.

As can be seen from Table 1 (Exp. No. 1—6), an
increase in Cva caused a progressive decrease in the
ratio of the monomeric to the trimeric vanadyl complex;
that is, Cvw had a significant effect on the selective
formation of the respective vanadyl complex.

Effect of Cuxwy: As is obvious from Table 1 (Exp.
No. 7—11), Caxw also had a singificant effect; the
increase in Cyuxuy favored the formation of the mono-
meric vanadyl complex. The increase in the ratio of
Cuxmy to Cy resulted in a greater formation of mono-
meric vanadyl complex, but the decrease in the ratio
resulted in that of trimeric one, as is evident from Table
1 (Exp. No. 1—11).

Such effects of Cuxy/Cvwy were closely correlated
with the pH values of the final aqueous phase (pH()
and were noted only in the pH(, range from 1.0 to
2.0. For example, when the pH(, values were kept
constant at 0.9—1.0 (Table 1, Exp. No. 12—16), only
the monomeric complex was formed for any value of
Cuxw/[Cvw, while the trimeric complex was selectively
formed for pH(, from 3.6 to 4.0 (Table 1, Exp. No.
17—21). Therefore, it appears that the effect of Cuxc)/
Cva is less significant than that of pHy.

Effect of pHy:  Extractions were further carried out
with pH¢, values varying from 0.8 to 5.7 and with a
constant Cuxw/Cvw (Table 1, Exp. No. 22—31). As
expected, the extracted vanadyl complex was mono-
meric at pH¢, values below 1.0. The monomeric
complex was, however, replaced by the trimeric one
when pH(, reached 1.3—1.8, while the trimeric com-
plex was exclusively formed at higher pH(, values. It
is interesting to note that the coexistence of monmeric
and trimeric complexes in the extracted hexane phase
is limited to a narrow range of pH(,, where the effect
of Cuxw/[Cvw 1is significant.

Distribution Ratios for Vanadium: Although we have
not measured accurately the distribution ratios for
vanadium (Dy=[V]/[Vw]) as functions of Cuxe),
Cyvw, and pH(p, it has been found that Dy depends
rather sensitively upon pH¢,. Dy increased markedly
with the increase in pH, from 1.0 to 2.0. It reached
a maximum at pH(, about 2.0, and then decreased
remarkably beyond pH(, 3—4, accompanied by the
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appearance of turbidity or a precipitate of hydrolyzed
vanadyl ions in the aqueous phase. On the contrary,
Dy was not markedly influenced by Cuxwy and Cyq
except in the pH¢, range below 2, where the increase
in Cuxw/Cvw brought about an increase in Dy.

Chemical Stoichiometry and Properties of Trimeric Vanadyl
Complex. Isolation and Thermal Properties: As has
already been described in the Experimental section, a
light blue crystalline solid with a somewhat amorphous
appearance was isolated from the hexane phase which
exhibited the T-spectrum. The crystalline solid was
stable to air and light. It melted at about 43°C to a
blue, oily liquid, which was also stable in air but which
decomposed to a dark brownish mass at higher tem-
peratures (about 260—280°C).

(4) )

Endotherm
—

(B)

-—_
©)

i P S 1 s L L1 N I . 1

30 40 50 60 20 260 280 300
Temp (°c)

Fig. 4. DSC thermograms of trimeric vanadyl complex
(sample S-II) crystallized from the oily state at the ambient
temperature for different periods of time; (A) about 60 days,
(B) 5 days, (C) 1 day.

(Heating rate and recorder sensitivity are 2°C/min and
Range-4 for the low temperature region and 4°C/min and
Range-16 for the high temperature region, respectively.)

Such thermal behavior of a crystalline sample is
shown diagrammatically in the DSC thermograms (Fig.
4). The thermograms further indicated that the sample
crystallizes with considerable difficulty. As isillustrated
in Fig. 4, the crystallization took place very slowly when
the crystalline sample was once melted to an oily liquid
and then allowed to stand at the ambient temperature.

TABLE 2. ANALYTICAL DATA OF THE TRIMERIC
VANADYL GOMPLEX

Elementary analyses

Sample® Molecular
N Weight
° V(%) C(%)  H(%) e
S~1 10.3 39.32 7.57 1385—1435
S-2 10.2 39.58 7.51 1365—1450
S-3 10.4 39.81 7.47 1390—1465
Caled® 10.50 39.60 7.48 1456.1
a) Crystalline solids obtained from three independent
preparations.

b) Calculated values for (VOX,),

Chemical Stoichiometry: ‘Three crystalline samples ob-
tained from independent preparations were subjected to
chemical analyses and molecular-weight measurements;
the results are summarized in Table 2. No significant
difference was found between the three samples, indi-
cating that all the samples were chemically identical
and of a high purity, in spite of the facts that they were
obtained without further recrystallization and were
somewhat different in the color and crystallinity from
each other.

Trimeric Vanadyl Dibutylphosphate Complex 731

The chemical formulae determined from the results
given in Table 2 were in close agreement with the
following stoichiometry:

| (VOX,),5 n=3

where n denotes the association value, and X, the di-n-
butylphosphate anion (C;Hy,0),PO,~. The association
value of 3 is consistent with the appearance of the
T-spectrum.

Dissolved States of (VOX,); in Various Solvents:
Although the crystalline sample of (VOX,); was in-
soluble in water and ethyleneglycol, it was highly
soluble in most of the organic solvents. However, the
dissolved state and stability of (VOX,); were found to
be dependent upon the solvents.

As is summarized below, the solvents were classified
roughly into two groups according to the type of ESR
spectrum of the solution in vacuo:%

1)  Non-polar or weakly polar solvents (hexane, iso-
pentane, benzene, toluene, chloroform, methylenechlo-
ride, carbon disulfide, ethylacetate, acetone, ethylether,
tetrahydrofuran, efc.): (VOX,); was dissolved in these
solvents to give the T-type spectra. This means that,
in these solvents, (VOX,), is present as the trimeric
state.

(A)

DPPH

Fig. 5. ESR spectra resulting from methy! alcohol (A) and
pyridine (B) solutions of (VOX,),.

2) Polar solvents (methyl alcohol, ethyl alcohol,
pyridine, picolines, etc.): In these solvents, the M-type
spectra shown in Fig. 5 were observed with the disap-
pearance of the T-type spectra. The ESR parameters
for some of the M-type spectra were determined as
follows:

2,=1.968 a=106 gauss
20=1.962 a=117 gauss

(for a pyridine solution)
(for a methyl alcohol solution)

The results imply that (VOX,), reacts with these polar
solvents to be converted into monomeric species. The
reactions can presumably be expressed as follows:

(VOX,); + 6Py = 3VOX,Py, (10)
(VOX,); + 6ROH = 3VOX,(ROH), } (11)
VOX,(ROH), + 2ROH = VO(RO),(ROH), + 2HX

where Py denotes pyridine or picolines, and ROH,
methyl or ethyl alcohol. Here, the di-n-butylphosphate

15) Although no spectral change with time was observed in vacuo,
some of the solutions were found to show progressive spectral changes
with time when the solutions were exposed to air. Work along
this line is now in progress; the details will be reported in the future,
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anion, X, in monomeric species is assumed to be
coordinated as a monodentate ligand. The ESR para-
meters given above do not seem to be incompatible with
these postulated monomeric species, because vanadyl
complexes coordinated with nitrogen ligands usually
give smaller hf constants than with oxygen ligands.

(B)

(A)

Transmittance

1 1 1 1 L 1

1300 1200 100 1000 900 800

(ecm™)

Fig. 6. Infrared spectra of (VOX,;); as a Nujol mull (A) and
of (HX), as a thin liquid film (B).

Frequency

IR Spectra: The spectrum of (VOX,), as a Nujol
mull is given in Fig. 6, where it is compared with that
of HDBP as a thin liquid film. As is shown in the
literature,'$1?) the spectrum of HDBP shows the P=O
stretching band at 1230 cm~1, the superimposed bands
due to P-O-(C), P-O-(H), and (P)-O-C stretching
modes in the 10001070 cm~1! region, and three broad
bands at ca. 2700, 2350, and 1700 cm~! which are
assignable to the vibrational modes of hydrogen-bonded
hydroxyl groups in the HDBP dimer, (HX),.

It is seen, however, in the spectrum of (VOX,), that
the P=O stretching band splits into two peaks at 1215
and 1240 cm—1, with the complete disappearance of the
hydrogen-bonded hydroxyl bands. Furthermore, the
spectrum of (VOX,); shows a well-resolved structure
in the 940—1100 cm~! region with new bands at 945
and 1105 cm™1, the former of which is presumed to be
the V=0 stretching vibration.?18)

Although an unambiguous assignment of each band
is difficult, the above results may indicate that HDBP
is coordinated to vanadium through two vacant oxygens
as a result of the ionization of hydroxyl hydrogen atom,
causing hence the spectral change from HDBP to
(VOXy)s.

Visible Absorption Spectra:  The visible absorption
spectrum of the trimeric complex (VOX,), dissolved
in hexane is presented in Fig. 7, along with that assign-
able to the monomeric complex VO(X,H),. The latter
spectrum was obtained from the hexane solution con-
taining (VOX,), and a large excess of HDBP. The
details will be described below.

16) D. F. Peppard, J. R. Ferraro, and G. W. Mason, J. Inorg.
Nucl. Chem., 7,231 (1958).

17) D. F. Peppard and J. R. Ferraro, ibid., 10, 275 (1959); J.
Kennedy and A. M. Deane, bid., 19, 142 (1961).

18) J. Selbin, L. H. Holmes, Jr., and S. P. McGlynn, ibid. 25,
1359 (1963).
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Absorbance

600 800 1000 1200
Wave Length (nm)
Fig. 7. Visible absorption spectra of (VOX,); (A) and VO-
(X,H), (B).

The following absorption maxima (with molar ex-
tinction coeflicients given in parentheses) were derived
from Fig. 7:

(VOX,), 680 nm (40 M~*.cm™)
780 nm (45 M~1.cm™1)
980 nm (19 M™t.cm™)
VO(X,H), 700 nm (19 M~t.cm™)

805 nm (23 Mt.cm™)

As will be shown below, VO(X,H), may have a local
symmetry of C,, with an unpaired electron in the
3d,, orbital. Thus, according to the Ballhausen and
Gray energy level scheme,'® it seems probable that
the absorption bands for VO(X,H), at 700 and 805
nm can be identified as B,(3d,,)—B,*(3d,:_,2) and
B,(3d,,)—E.*(3d,,,3d,,) transitions respectively.

On the other hand, the situation in (VOX,), is more
complicated, because exchange interactions among three
vanadium ions exert a perturbing influence on the
energy levels derived from the combination of three
sets of monomeric energy levels. It is not within the
scope of this paper to examine possible assignments for
the visible spectra of (VOX,);. However, it seems
likely that the three absorption bands at 680, 780, and
980 nm originate from the perturbed d—d transitions,
since the typical exchange energies for most of the
polynuclear metal complexes thus far reported are of
the order of a few hundred cm-? or less.1V)

Equilibrium Reaction between (VOX,); and VO(X,H),
in Hexane. In order to get information about the
extraction mechanisms of (VOX,); and VO(X,H),,
the reaction of (VOX,); with HDBP in hexane was
investigated at the ambient temperature (about 20°C)
by both ESR and visible-absorption methods.

ESR Method: When HDBP was added, little by
little, to a hexane solution of (VOX,),, the ESR spec-
trum of the solution was found to show gradual changes
from the T-spectrum to the M-spectrum with an
increasing HDBP through such an intermediary spec-
trum as is given in Fig. 3. The change was reversed
when (VOX,); was added to a HDBP solution. It
was thus presumed that (VOX,), reacts reversibly with
HDBP to form VO(X,H), according to:

(VOXy)s + 3(HX), = 3VO(X,H), (12)

19) C.J. Ballhausen and H.B. Gray, Inorg. Chem., 1, 111 (1962).
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Fig.8. Continuous variation method as applied to the
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Fig. 9. Mole ratio method as applied to the (VOX,);~-(HX),
system by ESR measurements. [(VOX,);]=2x10"*M
(const)

where HDBP is assumed to exist as the dimer, (HX),,
in hexane.

Then Job’s method of continuous variations and the
mole-ratio method?” were applied to Eq. (12) in order
to verify the validity of the assumed reaction and also
to determine its equilibrium constant. Both results
are presented graphically in Figs. 8 and 9. It is
apparent from Fig. 8 that the signal intensity due to
the M-spectrum, which is proportional to the concen-
trations of VO(X,H), formed, reaches a maximum at
about 25 mol%, of (VOX,),, indicating that one mole
of (VOX,), reacts with three moles of (HX), in accord-
ance with the presumed reaction scheme. On this
basis, the equilibrium constant was evaluated directly
from Fig. 9, where the equilibrated concentrations of
VO(X,H), and (VOX,); are plotted as functions of
the mole ratio of (HX), to (VOX,);. The equilibrium
constant thus obtained is given by:

20) A. Nakahara, “Jikken Kagaku Koza,” Vol. 6, ed. by The
Chemical Society of Japan, (1965), p. 184; H. Hosoya, “Jikken

Kagaku Koza,” Vol. 11, ed. by The Chemical Society of Japan

(1965), p. 523.
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_  [VOXH),J?
[(VOX,)s][(HX) ]

The rather poor accuracy of the value seems to have
arisen from the inaccurate determination of the equi-
librium concentrations because of the superposition of
the M- and T-spectra.

Visible Absorption Method: The continuous-variation
method was applied to the visible absorption spectra
of the reaction system in a manner similar to that used
in the case of the ESR measurements. Unfortunately,
however, the method was found to be unusable for
this system because the effective variation in the absorb-
ance with a change in the mol%, of (VOX,); was too
small.

= (1.0=£0.5) x 1071 1/mol

Absorbance

1 1
600 800 1000 1200
Wave Length (nm)

Fig. 10. Mole ratio method as applied to the (VOX,),-
(HX), system by visible absorption measurements.
[(VOX,)s]l=1x10"2M (const.); [(HX),]=2x102M (1),
3x1072M (2),5x1072M (3), 1 X 10M (4), 1.5x 107M (5),
2x107*M (6), 3 x10—*M (7), 8~12 x 10~M (8).

On the other hand, the mole-ratio method was found
to be successful in the evaluation of the equilibrium
constant. A typical set of data is illustrated in Fig. 10,
where a sharp isosbestic point is observed at 920 nm;
this is consistent with our hypothesis of the presence of
two absorbing species, (VOX,); and VO(X,H),, in
solutions.

The equation used for the calculation of the equi-
librium constant was:2)

x {13, A= |

where &7 and ey are the molar extinction coefficients
at the chosen wavelengths for (VOX,); and VO(X,H),
respectively; 4, the measured absorption at the wave-
length (A=2e:[(VOX,);] +eu[VO(X,H),]); 4, the
absorption of (VOX,), in the absence of (HX), (4,=
er[(VOXy)s5le), and [(VOX,)s], and [(HX),],, the
initial concentrations of the two species.

The resulting K values were then averaged to give
the following one, with a much smaller deviation than
that determined by the ESR method:

K = (1.1£0.2) x 1071 1/mol

21) R.L. Carlin and F. A. Walker, J. Amer. Chem. Soc., 87, 2128
(1965).
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The extinction coefficient, ey, used for the calculation
was approximated by that obtained from the spectra
of the solution containing a large excess of (HX),,
ranging from 80 to 120 times the amount of (VOX,),.
Under such conditions, the absorbance of the solution
showed no significant change in relation to the variation
in the (HX), concentration, suggesting that (VOX,),
is almost completely converted into VO(X2H)2 Con-
sequently, one can consider the approximation in ey
fairly good.

Mechanism of the Formation of VO(X,H), and (VOX,),.
It is well known that dialkyl phosphoric acids show a
strong tendency to form dimers!'®:22-24) in non-polar
solvents similar to carboxylic acids. The proposed
structure®22-24) of the dimer is illustrated in Fig. 11
(A), where an eight-membered ring structure is formed
as the result of hydrogen bonding. If one of the
acidic hydrogen atoms of this dimer is removed by
ionization, and if the remaining hydrogen bond is not
broken, the resulting, singly-charged dimeric anion
should have the possibility of a relatively stable chela-
tion with metal ions.

Nz
o
-u\:u

e
e

o
H 1'1 “vo
<') o o/ A 0,
/ NSNS
RO/ \RO RO/ \RO / \RO
(A) (B)

Fig. 11. Proposed structures of (HX),'%22-29 and mono-
meric vanadyl complex VO(X,H),".

From this point of view, it is well understandable that
HDBP dimer extracts the vanadyl ion by the simple
hydrogen ion-exchange reaction!® given in Eq. (4),
which then leads to the formation of a monomeric
complex, VO(X;H),, with the structure? shown in
Fig. 11(B).

However, it should be noted here that the formation
of VO(X,H), by this mechanism is strongly dependent
upon the extraction conditions. As was described in
the previous section, the monomeric complex VO-
(X,H), was selectively formed when the pH¢, was
below 1. However, as the pH(, increased from 1 to
2, the selective formation was suppressed by the simul-
taneous formation of the trimeric complex (VOX,),;
this was observed in this pH¢) region only when
HDBP was present in excess. Furthermore, an in-
crease in pH¢, values above 2 brought about the
selective formation of (VOX,); in place of VO(X,H),.

It is thus obvious that the simple ion-exchange
mechanism is not applicable to all cases, and we are
now in a position to take another mechanism into

22) D.F. Peppard, J. R. Ferraro, and G. W. Mason, J. Inorg.
Nucl. Chem., 4, 371 (1957).

23) D. Dyrssen, Acta Chem. Scand., 11, 1771 (1957).

24) D. Dyrssen and L. D. Hay, ibid., 14, 1091 (1960).

25) C. F. Baes, Jr., R. A. Zingaro, and C. F. Coleman, /. Phys.
Chem., 62, 129 (1958).
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consideration in order to interpret the formation of
(VOX,),.

According to Rigg et al.,V who investigated the
extraction isotherm for the vanadium-HDEHP system,
a monomeric complex with the VOX, stoichiometry
is formed at higher vanadium concentrations via this
reaction:

VO + VO(X,H)ay = 2VOXyy + 2HG,  (13)

where the formation of polymeric species is discounted
on the ground that no increase in viscosity is noticeable
in the solvent extracts. On the other hand, it has been
postulated more recently by Sato et al.? that the forma-
tion of polymeric species is involved under the condition
of a relatively low HDEHP concentration and that all
the extraction reactions in the vanadium-HDEHP sys-
tem can be described by the following general equi-
librium reaction:

nVOIS + (n+1)(HX),()
= (VO)nXZ(n+1)H2(0) + 2nH(+a) (14)

where n>1.

The latter mechanism, leading to the formation of a
chain polymer of the HX,(VO)X,(VO)X,:---(VO)-
X,(VO)XH type, is the most readily acceptable one
if one remembers that Equation (14) is only an exten-
sion of the simple ion-exchange mechanism and that
such a mechanism has already been accepted for the
extraction of such metal ions as UQ,?+,25:26) Thi+?27)
and Zr**.%® In fact, the mechanism can interpret the
extraction isotherm, because the (VO),X;3(s+1H, chemi-
cal stoichiometry can be approximated to 1:2 for the
vanadium-to-HDEHP mole ratio when 7 is large.

Unfortunately, the previous workers did not isolate
the extracted vanadyl species. In view of the extrac-
tion conditions employed by the previous workers, it
seems very likely that the postulated complex, VOX,
or (VO)X,sm+nH,, is identical with the trimeric com-
plex, (VOX,),, disclosed in the present work.

Equation (14) does not exclude the formation of
trimeric species; according to this equation, many
sorts of polymeric species, such as dimer, trimer, and
tetramer, could be present. In this work we have
observed no vanadyl species other than monomer and
trimer.  Furthermore, the chemical stoichiometry,
(VOX,);, determined for the isolated species was quite
different from the formula, (VO),X H,, expected from
Eq. (14).

It has now become clear that Egs. (13) and (14),
proposed by previous workers, are inadequate for ex-
tractions at high pH, values and at high vanadium
concentrations.  Accordingly, the over-all reaction
scheme under such conditions must be rewritten as
follows:

3VOE + 3(HX)yo) = (VOXy)s + 6Hg,  (19)

At the same time, one can obtain from Eqs. (4) and
(15) such additional reactions as:

26) T. V. Healy and J. Kennedy, J. Inorg. Nucl. Chem., 10, 128
(1959); T, Sato. tbid., 27, 1853 (1965).

27) T. Sato, ibid., 27, 1359 (1965).

28) T. Sato and T. Nakamura, ibid., 33, 1081 (1971),
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VO (X:H)zo) +2VO5+ (HX) o0y = (VOXy)5(,) +4HE, (16)
2VO(X;H)s(o) + VOGS = (VOXy)5(0) + (HX) () +2HG,
These equations are similar to the Eq. (13) proposed
by Rigg et al.,! suggesting that the monomeric complex,
VO(X,H),, once formed via Eq. (4) reacts immediately
with excess vanadyl ions to give the trimeric complex,
(VOX,)s. It thus seems probable that the formation
of (VOX,); proceeds consecutively through Reactions
(4) and (16).

On the other hand, by eliminating VO?2*,, and
H+* from (4) and (15), one can obtain another equa-
tion, expressed as:

3VO(X;H)so) = (VOXy)s(o) + 3(HX) (0 (17)

This indicates that the formation of (VOX,), is possible
even in the organic phase; this is in contrast to Eq.
(16), which formally shows the formation of (VOX,),
on the boundary between aqueous and organic phases.
As was described in the previous section, it was found
experimentally that Reaction (17) actually took place
reversibly and attained an equilibrium rapidly with
the equilibrium constant K=[VO(X,H),]3/[(VOX,),]-
[(HX);]3=1.1x10"11/mol. Accordingly, it also seems
possible that (VOX,); is formed consecutively through
Reactions (4) and (17).

Consequently, there are two possible reaction path-
ways, differing in the second reaction step, although it
is not experimentally determinable which contributes
to the formation of (VOX,);. However, the mole
ratio of (VOX,); to VO(X,H), formed in the organic
phase should be ultimately determined by the equi-
librium reaction (17), irrespective of the pathway. It
can readily be seen from the equilibrium relation that
the final mole ratio [(VOX;)3¢,]/[VO(XH)s] is
strongly dependent upon the HDBP concentrations,
[(HX)3(0y ], in the organic phase. That is to say, the
trimer, (VOX,);, is formed predominantly when
[(HX)g(0)] is small, whereas the monomer, VO(X,H),,
is formed when it is large. A

From the above considerations, the finding that
(VOX,); is formed favorably in the presence of an
excess of vanadyl ions is understandable, because
[(HX)g(0)] can be expected to become small under such
conditions because of the almost complete utilization of
(HX),( in Reaction (4).

On the other hand, [(HX),,] is influenced not only
by a complex formation reaction such as (4), (16), and
(17), but also more strongly by the following dimeriza-

tion, distribution, and dissociation reactions of
HDBP:23,24,29)
2HX () = (HX)300) K, = 10%-% (18)
HX(y = HX () Ky = 107230 (19)
HXq) = H + Xo K, = 10719 (20)

where K,, K4, and K, denote the equilibrium constants
for the respective reactions and where the numerical
values, experimentally determined in hexane by Dyrssen
et al.,?»? are each illustrated.

Accordingly, HDBP is present almost completely as

29) C. J. Hardy and D. Scargill, J. Inorg. Nucl. Chem., 11, 128
(1959),
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the dimer in hexane, and its concentration, [(HX),,1,
is strongly dependent on the pH values in the aqueous
phase. For example, [(HX,),]is expected to decrease

remarkably with an increase in pHy, above 1.0 as a

result of the displacement of Equilibrium (20) to the
right, while the variation in [(HX,),] with pHy, is
small when pH, is below 1.0.

Thus, the experimental finding that (VOX,), is selec-
tively formed at pH >2 can reasonably be inter-
preted on the above grounds, although it is not clear
why (VOX,), is selectively formed in place of the chain
polymer, (VO),X,+yH,, or the monomer, VOX,,
proposed by the previous authors. In any event, one
can conclude with reasonable certainty that the selec-
tivity for the formation of the (VOX,), trimer or of
the VO(X,H), monomer is governed by the equili-
brium reactions, (17) or (12), in the organic phase and
altered or enhanced by extraction conditions, such as
PH(f) and Cuxw/Cva-

Structure of the Trimeric Vanadyl Complex. In this
section we wish to propose a structure for the trimeric
vanadyl complex. It is assumed first that each vanadyl
ion is tetragonally coordinated by oxygen atoms of di-n-
butyl phosphate anions to form a tetragonal pyramidal
structure with the vanadyl oxygen perpendicular to the
square plane. This is the basic type of coordination
known for many vanadyl complexes.?® Next, each di-
n-butylphosphate anion is assumed to act as a bidentate
ligand through two vacant oxygens, either to form a
four-membered chelate ring or to link pairs of vanadium
atoms.

On the basis of these assumptions, we can discuss
two types of possible structures; one is linear trimer,
while the other is a cyclic one. Each structural model
is illustrated schematically in Fig. 12.

The structural model (I), quite similar to the molec-
ular structure previously proposed for the polymeric
uranyl-HDEHP complex (UQO,),X,,+1,H,,2» was de-
rived by first supposing that the trimer was '‘formed
according to the ion-exchange reaction (14). However
this model was found to be inadequate in the case of
the trimeric vanadyl-HDBP complex, because the chem-
ical stoichiometry determined in this work was incom-
patible with the one expected from such a coordination
model.

The other models (IT and III) of the linear trimer are
also compatible with the stoichiometry (VOX,),. It
can be expected from such linear models that a series
of polymeric species, such as dimer, trimer, and tetra-
mer, should be formed consecutively with a certain
distribution via the reaction:

(VOXy)ntor + HX)a(oy + VO
= (Voxz)n+1(o) + 2H(4;1) (21)

However, such reactions were not observed under the
conditions employed in this work. On this basis, the
models (IT and III) were also ruled out. Consequently,
a cyclic structural model was finally taken into con-
sideration.

The structural model for the cyclic trimer is illustrated

30) R.]J.H.Clark, “The Chemistry of Titanium and Vanadium,”
Elsevier Publishing Company, New York (1968), p. 202,
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Fig. 12. Possible structures for trimeric vanadyl complex;
(I) linear trimer for the stoichiometry (VO);X,H,, (II),
(III) linear trimer for the stoichiometry (VOX,),;, (IV)
cyclic trimer for the stoichiometry (VOX,);, where each P
represents P(OR), with the two OR groups toward the
outside.

in Fig. 12 (IV), where three vanadium atoms are
assumed to be linked by the double-phosphate bridge
in an equilateral triangle. A simple geometrical con-
struction using a molecular structure model (HGS,
D-type, Maruzen Co.), with the usual bond lengths,
showed that this cyclic structure appeared reasonable,
with no undue strain nor steric hindrance. Moreover,
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this cyclic structure can well explain the T-spectrum on
the assumption that the magnitude of exchange inter-
action between vanadium ions satisfies the relation
[J[>]al.

A similar structural model has recently been pro-
posed by Hasegawa et al.*® for the trimeric vanadyl
pyrophosphate complex, Nag(VOP,0;) ;- 12H,0, on the
basis of ESR and magnetic susceptibility measurements,
where magnetic electrons on the three vanadium atoms
were found to interact antiferromagnetically with the
exchange integral of | J|==30 cm~. It can, therefore,
be presumed that the exchange integral for (VOX,),;
does not differ greatly from that determined for Nag-
(VOP,0,),-12H,0, and that the relation |J|>>]a| is
valid. Thus, we can consider that the cyclic model
(IV) is most probable for the structure of the trimeric
vanadyl di-n-butylphosphate complex, (VOX,),.

It is interesting to note that the proposed structure
is closely related to those determined by X-ray single-
crystal studies of such trimeric complexes as Pdg-
(CH;COO)4-1/2H,0%30  and  Cry(CH;COO),OCI:
5H,0.33  Our complex differs from Pd;(CH;COO),-
1/2H,0O only in that the three metal ions are linked
together by double-phosphate bridges rather than by
double-acetate bridges. Needless to say, the final proof
of the structure must await study by X-ray diffraction.
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31) A. C. Skapski and M. L. Smart, Chem. Commun., 1970, 658.
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